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ABSTRACT

EOS based simulations of thermal and compositional flows in porous media

Three to four phase equilibrium calculations are in the heart of tertiary recovery simulations. In gas
injection, micro-emulsion flooding, steam-injections processes, additional phases emerging from the oil-
gas system are added to the set and have a significant impact on the oil recovery. The most important
computational effort in many chemical process simulators and in petroleum compositional reservoir simulations
is required by phase equilibrium and thermodynamic properties calculations. In chemical process simulators,
the high number of components to deal with makes the equilibrium calculations time-consuming; in reservoir
simulations, the number of components is limited (typically to a dozen), but a huge number of phase
equilibrium calculations is required in field scale simulations. Generally, pseudo-components are generated to
decrease the dimensionality of the system leading to approximations of the original problem. For all these
reasons, calculation algorithms must be robust and time-saving. In the literature, many simulators based on
different equations of state (EoS) have been designed but few of them are applicable to thermal recovery
processes such as steam injection. To the best of our knowledge, no fully compositional thermal simulation of
the steam injection process has been proposed with extra-heavy oils; these simulations are essential and will
offer improved tools for predictive studies of the heavy oil fields. Thus, in this thesis different algorithms
of improved efficiency and robustness for multiphase equilibrium calculations are proposed, able to handle
conditions encountered during the simulation of steam injection for heavy oil mixtures.

Most of the phase equilibrium calculations are based on the Newton method and use conventional
independent variables. These algorithms are first investigated and different improvements are proposed.
Michelsens (Fluid Phase Equilibria 9 (1982) 21-40) method for multiphase-split problems is modified in order
to take full advantage of symmetry (in the construction of the Jacobian matrix and the resolution of the
linear system). The reduction methods introduced by Michelsen (Ind. Eng. Chem. Process Des. Dev. 25
(1986) 184-188) and Hendriks (Ind. Eng. Chem. Res. 27 (1988) 1728-1732) enable to reduce the space of
study from ne (the number of components) for conventional variables to M (with M << nc) and are already
used in some commercial reservoir simulators. A reduction method based on the multi-linear expression of
the logarithm of fugacity coefficients (Nichita and Graciaa, Fluid Phase Equilibria. 302 (2011) 226-233) is
extended to phase stability analysis and multiphase-split calculations. Unlike previous reduction methods,
the set of variables is unbounded and the convergence path is the same as in conventional methods using the
logarithm of equilibrium constants as variables.

The Newton method requires a positive definite Hessian for convergence. Other kinds of minimization
methods are investigated which overcome this constraint; the Quasi-Newton and Trust-region methods always
guarantee a descent direction. These methods represent an interesting alternative since they can reach
supra-linear steps even when the Hessian is non-positive definite, and can reach quadratic steps (Trust-Region)
or nearly quadratic steps (Quasi-Newton) otherwise. A new set of independent variables is proposed (designed
to ensure a better scaling of the problem) for a modified BFGS (which ensures the positive definiteness of
the approximation of the Hessian matrix) algorithm and a Trust-Region method is also proposed for the
stability-testing and phase-split problems.

Subsequently, by assuming the fluid composition as semi-continuous, a methodology based on a Gaussian
quadrature is proposed to mathematically compute a set of pseudo-components capable of representing the
fluid behavior. The methodology can be seen as a lumping-delumping procedure, applicable to any number
of quadrature points and to any feed distribution (even in cases when no distribution function can model the

feed composition, or several distribution functions are needed to model different portions of the mixture.).
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In a last part, a general multiphase flash procedure implementing all the developed algorithms is presented,
and tested against experimental and literature data. Three- and four phase CO2 injection simulations
demonstrate the capability of the program to handle any number of phases. Simulations of steam flooding are
performed for highly heterogeneous reservoirs. Finally, a fully compositional simulation of the steam assisted
gravity drainage (SAGD) process is realized. To the best of our knowledge, this is the first simulation of the

kind for heavy oil mixtures.

Keywords : phase equilibrium calculations, multiphase flash, reduction method, trust-region, quasi-
Newton, convergence, number of iteration, robustness, semi-continuous, Gaussian quadrature, characterization,

thermodynamics, SAGD, compositional, thermal, simulation, heavy oil, steam, injection, steam flooding

Simulation compositionnelle thermique d’écoulements en milieux poreux,

utilisant une équation d’état

Les calculs d’équilibres triphasiques et quadriphasiques sont au coeur des simulations de réservoirs
impliquant des processus de récupérations tertiaires. Dans les procédés d’injection de gaz, de balayage par
microémulsion et d’injection de vapeur, le systeme huile-gaz est enrichi d’une phase additionnelle qui joue un
role important dans la récupération de I'huile en place. Les calculs d’équilibres de phases représentent la majeur
partie des temps de calculs dans les simulateurs de procédés chimiques de par le grand nombre de composants
impliqués, ainsi que dans les simulations de réservoir compositionnelles qui, contrairement aux simulations de
procédés, ne requierent qu'un nombre limité de composants (typiquement une dizaine), mais impliquent un
nombre conséquent de calculs d’équilibre. En général, des pseudo-composants permettant d’approximer le
comportement du fluide sont générés, afin de réduire la dimensionnalité du systeme. Pour toutes ces raisons,
il est important de concevoir des algorithmes de calculs d’équilibre qui soient fiables, robustes et rapides.
Dans la littérature de nombreux simulateurs de réservoirs basés sur des équations d’état ont été congus,
mais peu d’entre eux sont applicables aux procédés de récupération thermique tels que I'injection de vapeur.
A notre connaissance, il n’existe pas de simulation thermique completement compositionnelle du procédé
d’injection de vapeur pour des cas d’applications aux huiles lourdes. Ces simulations apparaissent essentielles
et pourraient offrir des outils améliorés pour aider la récupération améliorée de certains champs pétroliers.
Finalement, dans cette these, des algorithmes robustes et efficaces de calculs des équilibres multiphasiques
sont proposés permettant de surmonter les difficultés rencontrés durant les simulations d’injection de vapeur
pour des huiles lourdes.

La plupart des algorithmes d’équilibre de phases sont basés sur la méthode de Newton et utilisent les
variables conventionnelles comme variables indépendantes. Dans un premier temps, des améliorations de ces
algorithmes sont proposées. Les variables réduites introduites par Michelsen (Ind. Eng. Chem. Process Des.
Dev. 25 (1986) 184-188) et Hendriks (Ind. Eng. Chem. Res. 27 (1988) 1728-1732), permettent de réduire la
dimensionnalité du systéme de nc (le nombre de composants) dans le cas des variables conventionnelles, & M
(avec M << nc), et sont déja utilisées dans certains simulateurs de réservoirs commerciaux. Une méthode de
réduction basée sur expression multilinéaire du logarithme des coefficients de fugacités (Nichita and Graciaa,
Fluid Phase Equilibria. 302 (2011) 226-233) est étendue & l’analyse de stabilité et aux calculs d’équilibres
multiphasiques. A l'inverse des précédentes méthodes de réduction, les variables ne sont pas bornées et
le chemin de convergence est le méme que pour les méthodes conventionnelles utilisant le logarithme des
constantes d’équilibres comme variables indépendantes.

La méthode de Newton nécessite une Hessienne définie positive pour pouvoir étre utilisée. D’autres
méthodes de minimisations sont testées qui permettent de s’affranchir de cette contrainte; les méthodes Quasi-
Newton et Trust-Region garantissent une direction de descente a chaque itération. Ces méthodes présentent
un grand intérét puisqu’elles permettent de réaliser des pas supra-linéaires méme lorsque la Hessienne n’est pas

définie positive, et de réaliser des pas quadratiques (Trust-Region) ou proches de quadratiques (Quasi-Newton)



dans le cas contraire. Un nouveau vecteur de variables indépendantes est proposé (construit afin d’obtenir une
meilleure mise échelle du probléme) et utilisé au sein d’un algorithme BFGS modifié (qui, par construction,
approxime la matrice Hessienne par une matrice définie positive). De méme, une méthode de Trust-Region
est développée pour les problemes de tests de stabilités et d’équilibres multiphasiques.

Ensuite, considérant le fluide comme semi-continu, une méthodologie basée sur une procédure de quadrature
Gaussienne est proposée pour calculer mathématiquement des pseudo-composants capables de représenter le
comportement du fluide. La méthodologie peut étre vue comme une procédure de groupement/dégroupement,
applicable pour tout nombre de points de quadratures et toute composition du mélange (méme dans les cas
ou aucune distribution ne peut modéliser la composition du mélange, ou lorsque plusieurs distributions sont
nécessaires afin de modéliser les différentes portions de mélange). Dans une derniere partie, un algorithme
général pour le calcul des équilibres multiphasiques est présenté incluant tous les algorithmes développés. Cet
algorithme est aussi testé et validé pour des données expérimentales et de la littérature. Des simulations
triphasiques et quadriphasiques d’injection de CO5 démontrent la capacité du programme & traiter un nombre
arbitraire de phases. Des simulations de balayages par la vapeur sont réalisées pour des réservoirs montrant
d’importantes hétérogénéités. Finalement, une simulation totalement compositionnelle du processus de Steam
Assisted Gravity Drainage (SAGD) est réalisée. A notre connaissance, il s’agit de la premiere simulation de
la sorte pour des cas d’applications d’huiles lourdes.

Mots clés: calculs d’équilibres, multiphasiques, méthode de réduction, trust-region, quasi-Newton,
convergence, nombre d’itérations, robustesse, semi-continue, quadrature Gaussienne, caractérisation, thermo-
dynamique, SAGD, compositionnelle, thermique, simulation, huile lourde, vapeur, injection, balayage par la

vapeur
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FRENCH DESCRIPTION OF THE THESIS

0 Introduction

0.1 Les huiles lourdes comme un moyen de répondre a la demande dénergie

croissante

Les besoins en énergie des économies émergentes, et particulierement en Asie (Chine, Inde) sont de plus en
plus importants. Dans ce contexte, la production d’énergie s’accroit chaque année, et 'TEO2013 (International
Energy Outlook 2013) projette que la consommation d’énergie mondiale augmentera de 56% entre 2010 et
2040. Les énergies fossiles représentent la plus grande source d’énergie, et leur production doit étre augmentée

pour satisfaire a la hasse en demande d’énergie.

Les huiles peuvent étre classifiées en différentes catégories selon leur API gravity; qui est une mesure du

poids de I’huile par rapport a celui de 'eau:
e Si elle est plus grande que 10, I'huile est moins dense que 1’eau et flotte.
e Si elle est plus petite, I’huile coule;

Les huiles conventionnelles ont un degré API supérieur a 25. Due a leur faible densité et viscosité, elles
peuvent généralement étre récupérées facilement et leur coup de production reste assez faible. C’est pourquoi
elles ont été exploitées jusqu’a présent. Cependant, les huiles conventionnelles deviennent de plus en plus
rares. Leur production décroit de 5% par an et les réserves prouvées peuvent encore subvenir a 40 ans de

productions en gardant le méme débit.

Les huiles lourdes ont souvent un degré API se situant entre 5 et 22 (voir fig. 1). Due & leur importante
viscosité, des méthodes d’EoR, (Enhanced Oil Recovery) doivent étre utilisées afin d’obtenir un rendement
suffisant, ce qui les rend leur cot de production plus couteuses que pour des huiles conventionnelles. Cependant,
le prix du baril augmentant avec la demande, I’exploitations de champs d’huiles lourdes devient de plus en
plus rentable et pourrait jouer un réle important dans le futur. Avec un volume d’huile en place estimé entre
3000 et 4000 milliards de barils et des réserves potentielles autour de 500 000 milliards de barils, les huiles
lourdes représentent pres de 60% des réserves globales en huiles conventionnelles et représentent 20 & 25%
des ressources de pétrole globales. Leur exploitation pourrait étendre les réserves d’énergies mondiales pour

environ 15 ans. Différentes méthodes d’EOR existent pour permettre la récupération d’huiles lourdes.

0.2 Récupération assistée du pétrole

Le développement de méthodes d’EOR modernes est aujourd’hui vu comme un moyen d’étendre la production
des réserves récupérables. Des estimations ont montré qu’une simple augmentation de 1% de la récupération
d’huile pourrait augmenter les réserves d’huiles conventionnelles autour de 88 000 milliards de barils (3 fois la

production actuelle).

De plus, non seulement les méthodes d’EOR permettent d’étendre la production d’huiles conventionnelles
(qui étaient traditionnellement opérées par le biais de méthodes de récupérations primaires ou secondaires

(fig. 2)), mais elles pourraient aussi étre utilisées a la production d’huiles non-conventionnelles telles que les
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0. INTRODUCTION 2

huiles lourdes, qui ne peuvent étre récupérées directement par simple pompage.

Différentes méthodes d’EOR existent (quelques-unes sont listées fig. 2), les principales méthodes sont:

e L’injection de gaz: en injectant du CO4 ou du Ny dans un réservoir, le gaz se dissous dans ’huile. La

viscosité de I'huile diminue, ce qui rend I’huile mobile et plus simple a récupérer.
e Les méthodes chimiques

— L’injection de surfactant peut créer de la microémulsion a l'interface entre ’huile et ’eau, ce qui
réduit la tension interfaciale et mobilise 1'huile résiduelle. Ce mécanisme permet entre autre de

récupérer une partie de I'huile résiduelle localisée dans les pores.

— L’injection de polymeres est une amélioration du processus de récupération par injection d’eau.
En co-injectant du polymere, la mobilité de I'huile est réduite ce qui crée un front plus large et qui

permet une plus grande zone de balayage.

e Les méthodes thermiques représentent la plupart des projets d’huiles lourdes. Elles sont actuellement
en production et joueront surement un role important dans le futur. En augmentant la température,
Ihuile est chauffée, ce qui réduit sa viscosité. Ce procédé augmente la mobilité (fig. 3) en réduisant
la tension de surface et en augmentant la perméabilité. L’huile chauffée peut aussi se vaporiser et
condenser pour créer une huile améliorée, plus facile a récupérer. Les méthodes thermiques les plus
utilisées sont la combustion In-Situ, I'injection continue de fluides chauds tels que la vapeur, de ’eau ou
des gaz ainsi que les méthodes cycliques. Au sein de ces méthodes, 'injection de vapeur représente la

principale méthode de récupération thermique d’huiles.

Trois méthodes d’injection de vapeur existent principalement dans 'industrie:

— Avec deux puits verticaux (un producteur et un injecteur) séparés par une certaine distance. Ce
processus fonctionne pour des huiles & viscosités moyennes (fig. 4a). Différentes régions peuvent

étre observée fig. 4b.

* Dans la zone de vapeur, pres du puit injecteur, trois phases coexistent: le gaz, I’huile et 1’eau.
La température est assez uniforme, de méme que la saturation en huile.

* Un peu plus loin, la température décroit, I’eau et les composants légers de I'huile condensent
au contact de la matrice froide.

x Ensuite, 'huile est déplacée par 'eau (balayage par 1'eau) dans une troisiéme zone.

% Enfin, loin du front d’injection, les conditions sont identiques a celle du réservoir initial.

— Avec un puit vertical qui joue a la foi le role de producteur et d’injecteur. Le procédé est appelé
stimulation cyclique de vapeur (méthode Huff and Puff) et est assez efficace pour des huiles a
hautes viscosités. Dans un premier temps, de la vapeur est injectée pour chauffer I'huile et réduire
sa viscosité. Ensuite, ’huile est produite par flux naturelles et par pompage. Ces deux phases sont

répétées alternativement.

— Enfin, le procédé SAGD (Steam Assisted Gravity Drainage) est trés efficace pour récupérer les
huiles lourdes avec une tres grande viscosité. Le procédé existe déja en production. Le procédé
SAGD est représenté fig. 5a. La vapeur est injectée dans le puit injecteur (situé au-dessus du puit
producteur). Avec la température, la viscosité de I’huile diminue et I’huile devient mobile. Par

gravité, 'huile coule le long de la chambre de vapeur vers le puit producteur (fig. 5b).
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0.3 Amélioration de la thermodynamique et des simulateurs de réservoirs exis-

tant

0.3.1 Un besoin d’améliorer les simulateurs de réservoirs

La simulation des procédés thermiques n’est pas simple. L’injection de vapeur crée des effets de composition
tels que la distillation de vapeur, la condensation et la vaporisation qui sont essentielles a prendre en compte
pour ce type de récupération. La région tri-phasique est au cur du procédé (eau, gaz, huile) et devrait étre

modélisé de faon précise.

La plupart des simulateurs de réservoirs compositionnels (ECLIPSE 300/ INTERSECT) traitent ’eau
comme une phase pure et ne prennent pas en compte la solubilité de I’eau dans les hydrocarbures. Les calculs
d’équilibres de phases sont effectués entre les phases huiles et gaz, avec I'eau traitée séparément, ce qui peut

conduire a d’importantes approximations.

Il a été montré que la solubilité de I’eau dans I’huile pouvait étre significative pour des hautes températures.
Fig. 6 montre des données expérimentales de [McKetta and Katz [1948]] témoignant de la solubilité de I’eau
dans la phase riche en hydrocarbures pour différentes pressions et températures. Les valeurs de solubilités

changent la viscosité, la densité et d’autres propriétés, ce qui peut affecter les performances de production.

Dans le simulateur STARS (CMG), l'eau est traitée dans les calculs d’équilibres. Cependant, le simulateur
est basé sur des modeles K-value (c’est aussi le cas pour ECLIPSE ou INTERSECT pour les modéles basés
sur les K-value). L’approche K-value peut amener des erreurs importantes dans la simulation de procédés avec
de grands changements de compositions, tels que les procédés thermiques. Réalisant les méme simulations
pour le procédé d’injection de vapeur, [Varavei [2009]] a montré que les différences entre un modele basé sur

les K-value et un modele basé sur une équation d’état pouvaient étre tres significatives.

Ces dernieres années, des simulations tri-phasiques complétement compositionnelles du procédé de balayage
par la vapeur ont été réalisées [Brantferger [1991]], Voskov et al. [2009], Varavei and Sepehrnoori [2009]]
et plus récemment [Zaydullin et al. [2014]]. Cependant, aucune simulation complétement compositionnelle
d’injection de vapeur sur des huiles extra-lourdes n’a encore été proposé dans la littérature. Ces simulations
apparaissent essentielles et pourraient permettre d’aider a la prise de décision de ’exploitation d’un champ,

par prédiction de la possible rentabilité.

Les calculs d’équilibres tri- et quadri-phasiques sont au coeur des procédés de récupération tertiaires. Pour
les procédés d’injection de gaz, de microémulsion, d’injection de vapeur, une phase additionnelle au systeme
gaz/huile apparait, jouant un réle important dans la récupération de ’huile. En chimie des procédés, le nombre
important de composants rend les calculs d’équilibre prohibitifs. Généralement des pseudo-composants sont
générés afin de diminuer la dimensionnalité du systeme, ce qui ameéne a des approximations du probleme

d’origine. Pour toutes ces raisons, des algorithmes rapides et robustes sont nécessaires.

0.3.2 Calculs d’équilibre multiphasiques

La résolution des calculs d’équilibres multiphasiques est basée sur la minimisation de 1’énergie libre de Gibbs.
Différents types d’algorithmes ont été proposés pour traiter ce probleme. Une méthodologie a été développée
[Michelsen [1982b] et Michelsen [1982a]] utilisant alternativement I’algorithme d’analyse de stabilité basé sur
la méthode du plan tangent (T'PD) et le calcul d’équilibre pour un nombre donné de phases.

Deux types d’algorithmes ont été développé dans la littérature.
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e La premiere plus sure, mais plus couteuse utilise est basé sur une procédure de minimisation globale.
[Sun and Seider [1995]] a développé une méthode basée sur les intervalles-Newton et garantie de
trouver le minimum global. [Stadtherr et al. [1995]] a développé une méthode basée sur une méthode
homotopique. [Lucia et al. [2000]] a utilisé le calcul du plan tangent minimisé & 1’aide dune méthode
SQP (Sequential Quadratic Programming), pour tester toutes les paires de composants. [Nichita et al.

[2002]] ont développé une méthode de tunneling.

e Les méthodes de minimisation locales sont plus rapides, mais requieérent des initialisations spécifiques
et multiples pour garantir une certaine probabilité d’obtenir le minimum global. Pour les calculs
d’équilibres, [Michelsen [1982a]] proposa une procédure qui converge généralement vers le minimum
global. Dans un contexte ol les temps de calculs doivent étre extrémement restreints, cette méthodologie

est aujourd’hui la plus utilisée en simulation de réservoir.

Les calculs d’équilibres multiphasiques ont été améliorés afin d’assurer la convergence dans des régions
tres difficiles (comme proches de singularités: points critiques pour les calculs d’équilibres, la limite du
locus de stabilité pour analyse de stabilité). [Risnes et al. [1981]] fut le premier & proposer la méthode de
substitution successives (SS) pour les calculs multiphasiques. Depuis de nombreux auteurs ont travaillé sur le
sujet ([Nghiem and Heidemann [1982]], [Mehra et al. [1982]], [Michelsen [1994]]). [Michelsen [1982b]] fournit
un ensemble de solutions initiales pour les calculs d’équilibres multiphasiques qui furent ensuite étendues par
[Li and Firoozabadi [2012]] qui proposérent une stratégie générale pour traiter des calculs multiphasiques pour
2 et 3 phases. Cependant des améliorations sont encore nécessaires, et particulierement pres des conditions

difficiles ou les algorithmes actuels ont des difficultés.

Le travail de recherche effectué au cours de cette these s’est concentré principalement sur 'amélioration
des calculs d’équilibres de phases afin de pouvoir proposer des simulations completement compositionnelles

d’injection de vapeur avec des huiles extra-lourdes, sous des temps raisonnables.

0.4 Plan de these

Dans la simulation de réservoir, les équations de conservations doivent étre résolues a chaque pas de temps.
Des équilibres locaux sont considérés au sein de chaque cellule et un nombre important de calculs d’équilibres
de phases est requis, basé sur la minimisation de I’énergie de Gibbs. Une erreur dans l'obtention du minimum
peut ensuite étre propagée, menant a des solutions non physiques. Il est donc impératif de développer des
algorithmes efficaces et robustes. Dans cette these, des améliorations de calculs d’équilibre multiphasiques

sont proposés afin de simuler le procéder d’injection de vapeur. Cette these est organisée en cing parties.

Le premier chapitre présente rapidement les équations thermodynamiques a résoudre dans les calculs
d’équilibre ainsi que le modele d’équations cubiques utilisé pour ce travail. Les équations d’état cubiques
fournissent une description raisonnable du comportement de phases pour les composants pures et les mélanges,
ne nécessitant que les propriétés critiques et les facteurs acentriques de chaque composant. Ces modeles sont

tres utilisés dans la simulation de réservoir.

Dans un deuxiéme chapitre, I’algorithme de minimisation de 1’énergie de Gibbs est présenté ( [Michelsen
[1982a]]) . Le test de stabilité et les calculs d’équilibre sont décrits de méme que la procédure globale de

minimisation.

Dans un troisieme chapitre, des améliorations aux algorithmes de calculs d’équilibres sont présentées. La
plupart des algorithmes sont basés sur la méthode de Newton-Raphson et utilisent les variables conventionnelles
comme variables indépendantes. Dans un premier temps des améliorations directes de ces algorithmes sont

proposées. Le logarithme des constantes d’équilibres (InK) semble étre le meilleur choix de variables
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conventionnelles indépendantes pour les calculs d’équilibre. Dans ce travail, ’algorithme de [Michelsen
[1982a]] est étendu aux problemes multiphasiques, en écrivant la matrice Jacobienne comme le produit de
deux matrices symétriques, le systéme linéaire peut étre résolu par une factorisation de Cholesky afin de
réduire le nombre d’opérations arithmétiques effectuées a chaque itération.

Les méthodes de réduction introduites par [Michelsen [1986] and Hendriks [1988]] permettent de réduire
lespace de travail de nc (le nombre de composants) to M (avec M < nc). Une extension de la méthode de
réduction proposée par [Nichita and Graciaa [2011]], basée sur ’expression multilinéaire du logarithme des
coefficients de fugacités est proposée pour I'analyse de stabilité et les calculs d’équilibres multiphasiques. De
plus, des comparaisons entre différentes méthodes de Newton basées sur des variables conventionnelles et
réduites sont effectuées pour I'analyse de stabilité et les calculs d’équilibre multiphasiques. Jusqu’a présent,
les comparaisons observées dans la littérature concernaient le temps CPU global de minimisation de ’énergie
de Gibbs. Dans ce travail, les comparaisons sont effectuées de faon indépendante pour chaque probleme:
stabilité, calculs d’équilibre diphasiques et multiphasiques. De plus le conditionnement ainsi que le chemin de
convergence sont aussi analysés pour obtenir des comparaisons plus détaillées.

La méthode de Newton requiert une Hessienne définie positive pour étre applicable. Dans une nouvelle
section, d’autres types de méthodes de minimisations sont analysées qui peuvent surmonter ce probleme. Les
méthodes Quasi-Newton par exemple garantissent une direction de descente & chaque itération. Ces méthodes
représentent une alternative intéressante car elles permettent de réaliser des pas proches de quadratiques sans
avoir a calculer les dérivées secondes, et ne nécessitent pas de résoudre de systeme linéaire. Une approche
BFGS (Broyden-Fletcher-Goldfarb-Shanno) appliquée avec un nouvel ensemble de variables indépendantes
est ici proposée pour les problemes d’équilibre diphasiques. De plus, en ajoutant un élément sur la diagonale
de la matrice Hessian, les méthodes de Trust-Region permettent de réaliser des pas supra-linéaires jusqu’a
quadratiques, méme lorsque la Hessienne n’est pas définie positive. Une direction de descente est toujours
garantie ce qui les rend des méthodes tres attractives. Une procédure de Trust-Region est proposé dans ce

méme chapitre et appliquée a la fois a I’analyse de stabilité, et aux calculs d’équilibre multiphasiques.

La génération de pseudo-composants capables de représenter précisément le comportement du fluide est
nécessaire afin de réaliser des simulations de récupérations améliorées. Dans un quatrieme chapitre, un algo-
rithme est proposé pour améliorer la caractérisation du fluide basé sur la thermodynamique semi-continue. En
considérant la composition du fluide comme semi-continue, une nouvelle méthodologie basée sur une méthode
de quadrature Gaussienne est proposée pour calculer mathématiquement un ensemble de pseudo-composants
capables de représenter le comportement du fluide. La méthodologie peut étre vue comme une méthode de

lumping-delumping.

Au cours de cette these, un programme de calculs d’équilibre multiphasiques pouvant fonctionner sous un
nombre arbitraire de phases a été développé. Ce programme, regroupant les algorithmes présenté dans le
chapitre 3 a été couplé a divers simulateurs de réservoirs: TPP (simulateur de réservoir interne a Total S.A.)
et AD-GPRS (Automatic Differentiation General Purposes Reservoir Simulator) développé par I'université
de Stanford. Dans un dernier chapitre, le programme est testé par rapport des données expérimentales et
de la littérature en stand-alone. Ensuite, différentes simulations sont réalisées pour simuler des méthodes
de récupération améliorées. Une comparaison avec le simulateur commercial ECLIPSE (Shlumberger) est
effectuée pour un cas tri-phasique de balayage par ’eau (avec ’eau traité comme pure). Ensuite des simulations
completement compositionnelles tri-phasiques et quadri-phasiques d’injection de CO2 sont présentées révélant
ainsi la capacité du programme de calculs d’équilibre développé, a traiter des cas avec un nombre arbitraire
de phases.

Enfin, des simulations completement compositionnelles d’injection de vapeur sont réalisées. Dans un
premier temps, des simulations du balayage par la vapeur dans des réservoirs hétérogenes et homogenes sont

effectuées. Ensuite, des simulations du procédé SAGD sur des huiles extra-lourdes sont présentées. Dans une
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derniére partie, le programme de calculs d’équilibre est testé contre différentes techniques qui permettent de
s’affranchir des calculs de stabilités dans le cadre de la simulation de réservoir. Les temps de calculs sont

présentés pour les différents cas traités.

1 Chapitre 1: Thermodynamique fondamentale

La thermodynamique est au coeur des procédés de récupération thermiques. Dans ce chapitre, une description

des différentes fonctions thermodynamiques utilisées dans cette these est développée.

Commenant par les premieres et secondes lois, les expressions de I’énergie interne, des energies libres de
Gibbs et d’Helmholtz sont dérivées.

Les conditions d’équilibres sont aussi obtenues en recherchant le minimum de 1’énergie libre de Gibbs.

Enfin, la correcte modélisation des différentes phases est un parametre important dans la simulation de
réservoir. De nombreuses equations d’état existent qui relient les différentes variables thermodynamiques
pour une phase donnée. Dans cette these, nous proposons le dévelopement d’algorithmes globaux pour
résoudres les calculs d’équilibres multiphasiques. Les équations d’états cubiques représentent un moyen
efficace pour modéliser les différentes propriétés thermodynamiques requisent dans la simulation de réservoir
(envelopes de phases, enthalpies, densités...) et permettent d’obtenir des résultats convenables pour des
mélanges hydrocarbons. Dans un contexte ot les temps de calculs sont importants, les équations cubiques
offrent un bon compromis entre efficacité et précision. Ces équations d’états sont donc aujourd’hui au coeur
de tous les simulateurs compositionels, et en particulier sont celles utilisées dans cette these. Au cours de ce

chapitre une description des équations d’état cubiques est effectuée.

2 Chapitre 2: La procédure globale de calculs d’équilibre multi-

phasiques

Un calcul d’équilibre P — T consiste a calculer les fractions molaires de phases @, ainsi que les compositions x
qui minimisent ’énergie libre de Gibbs pour une composition globale z, une température 7' et une pression p
(voir fig. 2.1).

Dans la simulation de réservoir, un nombre tres important de calculs d’équilibres doivent étre effectués.
Les outils de minimisation globale ne peuvent étre utilisés car les temps de calculs associés y sont tres élevés.
Ainsi les algorithmes de minimisation locale sont préférés. Une méthodologie proposée par [Michelsen [1982a]]
est basée sur ce dernier type d’optimisation. Elle combine ’analyse de stabilité et les calculs d’équilibre et est

aujourd’hui le standard utilisé dans I'industrie.

e L’analyse de stabilité [Michelsen [1982b]] permet de savoir si un mélange est stable pour un nombre

donné de phases, ou s’il devrait se scinder en un plus grand nombre de phases.

e Les calculs d’équilibre calculent les compositions x et les fractions molaires de phases 8 qui minimisent

I’énergie libre de Gibbs pour un nombre donné de phases.

Cette procédure mene généralement au minimum global et est particulierement efficace. Elle est aujourd’hui
implémentée dans la plupart des simulateurs de réservoir compositionnels et est utilisé dans ce travail. Dans
ce chapitre, les deux problemes seront présentés en détails. La méthodologie globale des calculs d’équilibre de

phases pour minimiser ’énergie libre de Gibbs sera aussi présentée.
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3 Chapitre 3: Amélioration des calculs d’équilibre

Les calculs d’équilibre multiphasiques (calculs d’équilibres, analyse de stabilité) jouent un réle majeur dans la
chimie des procédés et les réservoirs pétroliers. En effet, dans ces deux procédés, ils représentent la majeure
partie du temps de calcul. De plus, la moindre erreur est susceptible d’affecter les résultats ou de mener a
la non-convergence d’une simulation. Dans ce contexte, il devient essentiel de développer des algorithmes
qui soient a la fois robustes et rapides, et d’utiliser des algorithmes adaptés pour chaque cas. En simulation
de réservoir, le nombre de composants est tres limité (souvent moins de douze) et un nombre important de
calculs sont effectués. A l'inverse, en chimie des procédés, le nombre de composants peut étre trés important

(de I'ordre de la centaine).
Dans ce chapitre, des améliorations relatives aux algorithmes de calculs d’équilibre sont proposées.

Dans un premier temps, un algorithme développé par [Michelsen [1982a]] permet d’utiliser une factorisation
de Cholesky pour résoudre le systéme linéaire obtenu par la méthode de Newton, en utilisant le logarithme
des constantes d’équilibres comme variables indépendantes. Cette méthodologie est ici étendu aux calculs
d’équilibre multiphasiques et est aussi appliquée a la méthode proposée par [Haugen et al. [2011]], ou les
fractions molaires de phases et les constantes d’équilibres sont utilisés comme variables indépendantes.

De plus, les méthodes de réductions permettent de réduire 'espace de travail de nc (le nombre de
composants) & M (avec M < nc). Une nouvelle méthode est ici proposée a la fois pour analyse de stabilité et
pour les calculs d’équilibre multiphasiques, basée sur ’expression multilinéaire du logarithme des coefficients
de fugacité. Ensuite, des comparaisons de différentes méthodes de Newton basées sur différentes variables
conventionnelles et réduites sont présentées. Les tests portent a la fois sur les temps de calculs, mais aussi sur
le conditionnement et le chemin de convergence. De plus, chaque probleme est traité de faon indépendante
(stabilité, calculs d’équilibres diphasiques et multiphasiques).

Dans un souci de développer un programme qui se veut modulaire et général, des algorithmes indépendants
de l’équation d’Etat sont aussi testés. Une méthode BFGS (Broyden-Fletcher-Goldfarb-Shanno) est appliquée
pour les calculs d’équilibre diphasiques avec un nouveau vecteur de variables indépendantes. De plus, une

méthode de Trust-Region est appliquée a ’analyse de stabilité et les calculs d’équilibre multiphasiques.

4 Chapitre 4: Amélioration de la caractérisation des huiles lour-

des par la thermodynamique semi-continue

Différents mélanges d’intéréts dans l'industrie, tels que les mélanges d’hydrocarbures contiennent un nom-
bre tres important de composants. Parce qu (i) un grand nombre de composants peut rendre les calculs
d’équilibres couteux (par exemple dans la simulation de réservoir) et (ii) il est impossible d’identifier tous les
composants par des analyses chimiques standards (les fractions lourdes sont les plus difficiles & caractériser),
des pseudo-composants (obtenus en regroupant différents composants individuels) sont utilisés afin de diminuer

la dimensionnalité du probleme de calculs d’équilibres.

Généralement, un mélange est lumpé en pseudo-composants en utilisant des critéres de proximité pour
regrouper les composants [Montel and Gouel [1984], Newley and Merrill [1991], Lin et al. [2008]]. Les
propriétés critiques (température et pression critiques, facteurs acentriques) et les parametres d’interactions

des particules (BIPs) sont calculés en moyennant les propriétés pour chaque pseudo-composant.

Une alternative élégante aux méthodes classiques de lumping est 'utilisation de la thermodynamique
semi-continue, qui est basée sur une approximation de la composition du mélange par une distribution

continue. En thermodynamique semi-continue, les composants individuels sont traités de faon discrete (en
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général, les fractions légeres d’hydrocarbures et les composants non-hydrocarbures: CO2, N2, H2S, H20, etc),
alors que les composants restants sont traités de faon continue. Les principes de thermodynamique continue
et semi-continue furent en premier temps développés par [Ratzsch and Kehlen [1983] et par Cotterman and
Prausnitz [1985]] respectivement. Apres les années 1980, différents auteurs travaillerent a développer des
algorithmes de calculs d’équilibres basés sur ces types de thermodynamique: [Cotterman et al. [1985], Behrens
and Sandler [1986], Shibata et al. [1986], Willman and A.S. [1986], Willman and A.S. [1987a], Willman and
A.S. [1987b], Ratzsch et al. [1988]]. Ensuite la thermodynamique semi-continue a été appliquée & une variété
de calculs d’équilibres: les calculs d’équilibres sous différentes spécifications [Chou and J.M. [1986]], I'analyse
de stabilité en utilisant la méthode du plan tangent [Browarzik et al. [1998], Monteagudo et al. [2001Db]], les
calculs de points critiques [Rochocz et al. [1997]], les gradients de compositions [Lira-Galeana et al. [1994],
Esposito et al. [2000]], les équilibres liquides-solides [Labadie and Luks [2003]], la précipitation d’asphalténes
[Monteagudo et al. [2001a]], les calculs d’équilibre liquides-vapeurs en utilisant des équations d’état avec des
contributions de groupes [Baer et al. [1997]], etc.

Les méthodes les plus utilisées se basent sur une quadrature généralisée de Gauss-Laguerre pour convertir
la concentration molaire (distribution continue) en distribution discréte. Plus récemment, des méthodes ont
été présentées utilisant des méthodes plus spécifiques, telle que la quadrature générale de Gauss-Stieltjes qui
permet de calculer des points et poids de quadratures pour n’importe quelle distribution [Nichita et al. [2001]],
des polynoémes orthogonaux [Liu and Wong [1997]], ou la méthode de quadrature basée sur les moments [Lage
[2007]].

Cependant, la plupart des approches présentées dans la littérature sont basées sur des distributions
standards. Si la composition globale du mélange ne peut pas étre modélisée par une distribution standard,
ou si elle irréguliere, la plupart des méthodes ne fonctionne pas correctement. La méthode semi-continue
basée sur la méthode des moments développée par [Lage [2007]], utilise la composition globale du mélange
comme fonction poids et fonctionne avec n’importe quelle composition. Cependant, dans la formulation de la
méthode QMoM, la quadrature est résolue en utilisant un algorithme de Gordon PDA (Product-Difference
Algorithm) [Gordon [1968]], qui ne fonctionne de faon précise que pour un nombre restreint de points de
quadratures. [John and Thein [2012]] a comparé les performances de la méthode QMoM en utilisant le
PDA avec une méthode LQMDA (long quotient-modified difference algorithm) [Sack and Donovan [1972]] et
lalgorithme de Golub-Welsch [Golub and Welsch [1969]]. Ils ont montré que dans certaines situations, la
procédure de PDA échouait & calculer les points de quadrature (& partir de 8 points de quadratures dans leurs
exemples) alors que les deux autres méthodes testées fonctionnaient correctement. [Gautschi [2004]] a montré
que le probleme est mal conditionné et que le nombre de conditionnement grandissait exponentiellement avec

le nombre de points de quadratures.

Dans ce travail, la méthode QMoM est appliqué aux calculs d’équilibres multiphasiques pour des mélanges
réels en utilisant une équation d’Etat cubique avec des BIPs non-nuls. Le calcul de la quadrature se base sur
la procédure proposée par [Gautschi [1994]] (ORTHOPOL), qui permet d’éviter le mauvais conditionnement
(intrinseque au probléme) et qui est adapté pour tous les nombres de points de quadratures (a 'inverse de la
méthode QMoM couplée avec 'algorithme PDA). Dans certaines applications, il est important d’utiliser un

nombre de pseudo-composants supérieur & sept (ce qui semble étre la limite pour lalgorithme PDA).

Le chapitre se structure comme suit: dans un premier temps, une nouvelle distribution est introduite; apres
un bref rappel sur les quadratures gaussiennes, la description du fluide semi-continue est effectuée. Ensuite,
lalgorithme général est présenté, pour enfin montrer des résultats obtenus pour des calculs d’équilibres
diphasiques et tri-phasiques sur une huiles lourdes mélangée a du dioxyde de carbone et de I'eau. Les détails

du calcul de la quadrature sont donnés en appendices.
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5 Chapitre 5 : Simulation de réservoir

L’un des objectifs de cette these est de réaliser des simulations complétement compositionnelles du procédé de
balayage par la vapeur. Les premiers simulateurs de réservoir traitant de ce processus ont été conus dans les
années soixante (Spillette and Nielsen [1968], Shutler [1969]], Shutler [1970]]). Les premiers modeles étaient
basés sur un modele linéaire tri-phasique [Shutler [1969]], puis étendue & deux dimensions [Shutler [1970]].
Plus tard [Vinsome [1974]], introduisit une méthode IMPES pour simuler le processus de balayage par la
vapeur. [Coats [1976]] proposa le premier simulateur modélisant & la fois la partie thermique et la composition.
[Coats [1978]] présenta une extension de [Coats [1976]], développant un simulateur compositionnel en trois
dimensions pour simuler l'injection de vapeur . Plus tard, [Ishimoto [1985]] proposerent de calculer les
propriétés des hydrocarbures et de ’huile au moyen d’ une équation d’état. La loi de Raoult était utilisée pour
calculer la solubilité de ’eau dans I'huile. Puis, [ citeChein] développa un simulateur compositionnel général
qui pouvait traiter avec des options thermiques . Le simulateur était basé sur deux modeéles compositionnelles:
I'un basé sur une EOS, 'autre sur un modele K-value. Une fois de plus, la phase aqueuse était supposée
idéale.

Plus récemment, [Cicek and Ertekin [1996] et plus tard Cicek [2005]] développérent un simulateur com-
positionnel multiphasique et Fully Implicit pour simuler les problemes d’injection de vapeur. Dans leur
formulation, I’eau est traitée au sein des calculs d’équilibre de phases. Le simulateur est basé sur un modele
K-value. Généralement les tables de K-value sont fonctions d’un seul composant huile, la pression et la
température. L’approche K-value ne permet pas d’obtenir les solubilités des composés hydrocarbures dans

I’eau et la solubilité de I’eau dans la phase hydrocarbure de faon précise.

Cependant, il a été observé (fig. 6) que pour des hautes températures, la solubilité du composant eau
dans la phase riche en hydrocarbure n’était pas négligeable. Les simulateurs commerciaux actuels font
des approximations pour simuler les problemes d’injection de vapeur. Ces approximations sont méme plus
importantes dans le cadre d’huiles lourdes. ECLIPSE 500 et INTERSECT par exemple, sont des simulateurs
thermiques fonctionnant avec des modeles K-value, ou (pour INTERSECT) qui traitent I’eau séparément des

calculs d’équilibres, ce qui conduit & des approximations.

Pour ces raisons, des auteurs ont commencé a développer des simulateurs basés sur des équations d’états
pour réaliser des simulations compositionnelles thermiques du procédé d’injection de vapeur. En utilisant
le fait que la solubilité des hydrocarbures dans ’eau est négligeable pour une certaine gamme de pressions-
températures, des modeles free-water de calculs d’équilibres ont été développés [Luo and Barrufet [2005]], et
plus récemment appliqués pour les problémes d’huiles lourdes [Heidari [2014]]. La méme méthodologie a été

appliquée pour traiter de 'upgrading In-Situ [Lapene [2010]].

Pour des problémes d’injection de CO2 froid, les simulateurs de réservoirs ont été étendus pour intégrer
des calculs d’équilibres multiphasiques (quatre phases) [Varavei and Sepehrnoori [2009] et Okuno [2009]].

Dans leur cas, ils n’ont pas inclus I'eau dans les calculs d’équilibre.

Cependant, I’eau issue des réservoirs est généralement plus proche d’une eau salée que d’une eau pure et
I’hypothese free-water n’est donc pas toujours valide. [Brantferger [1991]] développa un simulateur basé sur
une équation d’état pour calculer les propriétés thermodynamiques de chaque phase (méme la phase eau). Ils
proposerent de traiter le probleme avec un flash isenthalpique, choisissant ’enthalpie comme variable primaire
au lieu d’utiliser la température. [Voskov et al. [2009]] développérent un simulateur général y intégrant
une méthode d’accélération aux calculs de stabilités, en paramétrant I'espaces des tie-lines. [Varavei and
Sepehrnoori [2009]] et plus récemment [Zaydullin et al. [2014]] proposeérent des simulations tri-phasiques

d’injection de vapeur.
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Enfin [Feizabadi [2013]] étendit les simulations compositionnelles pour simuler des procédés d’injection de

solvants quadri-phasiques basés sur une équation d’état.

Il semblerait qu’il n’existe pas de cas de simulations completement compositionnelles basées sur une
équation d’état pour simuler le procédé d’injection de vapeur sur des huiles lourdes, en traitant ’eau de
faon complete (au sein du calcul d’équilibre, sans hypothese simplificatrice). Ces simulations apparaissent
essentielles et pourraient permettre d’aider a la prise de décision de I'exploitation d’un champ, par prédiction

de la possible rentabilité.

Dans ce chapitre, une description des différentes équations utilisées en simulation de réservoirs sont

montrées, ainsi que les différents modeles pour calculer les propriétés du fluide.

Dans le chapitre 3, de nouveaux algorithmes pour résoudre les calculs d’équilibres ont été présentés.
Un programme (Mflash) a été développé combinant ces méthodes et un programme de calculs d’équilibres
multiphasiques, pouvant traiter un nombre arbitraire de phases a été développé.

Dans un premier temps, des tests en stand-alone sont proposés pour comparer les résultats obtenus avec
Mflash, avec des données expérimentales et de la littérature, pour ensuite montrer des résultats au sein d’un
simulateur de réservoir. Au cours de cette these, Mflash a été intégré a deux simulateurs de réservoirs: TPP
(simulateur interne & Total S.A.) et AD-GPRS simulateur de I'université de Stanford [Younis and Aziz [2007],
Voskov et al. [2009], Zhou et al. [2011]].

Différents procédés sont simulés dans ce chapitre. Premiérement, une simulation diphasique d’injection
de vapeur, ou 'eau est traitée indépendamment du calcul d’équilibre. Une comparaison avec le simulateur

commercial ECLIPSE est aussi présentée.

Ensuite, des simulations completement compositionnelles, tri-phasiques et quadri-phasiques d’injection de
CO4 sont montrées. Dans différentes simulations, il a été remarqué que la co-injection de solvant avec de la
vapeur pouvait étre a l'origine d’une nouvelle phase riche en solvant. L’importance de cette phase dans la
récupération de I'huile n’a pas été analysée, mais dans un but de développer un programme thermodynamique
robuste pour simuler le procédé SAGD, une simulation quatre phase a été réalisée et est présenté dans ce
chapitre pour un cas d’injection isothermique.

Enfin, des simulations complétement compositionnelles du procédé de balayage par la vapeur sont réalisées
pour des simulateurs hétérogenes et homogenes. Enfin, des simulations complétement compositionnelles du

procédé SAGD pour des huiles lourdes est présentée.

Dans une derniere partie, différentes méthodologies pour améliorer les temps de calculs d’équilibre dans
les simulateurs de réservoirs sont proposés pour tous les cas présentés. Les tests portent sur les variables
réduites utilisées pour I'analyse de stabilité, la procédure de bypass [Rasmussen et al. [2006]] qui évite certains
calculs de stabilités lorsqu’une cellule est dans 1’état monophasique, la procédure développée par [Voskov
and Tchelepi [2008], Voskov and Tchelepi [2009a], Voskov and Tchelepi [2009b], Iranshahr et al. [2010a]] et
plus récemment [Zaydullin et al. [2013]] ou 'espace d’étude est paramétré, pour réutiliser 'information de

précédents calculs thermodynamiques.
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6 Conclusions et Perspectives

6.1 Conclusions

Dans cette these, 'amélioration des algorithmes d’équilibre a rendu possible la réalisation de simulations

completement compositionnelles d’injection de vapeur avec des huiles lourdes.

La plupart des calculs d’équilibre sont basés sur la méthode de Newton-Raphson et utilisent les variables
conventionnelles comme variables indépendantes. Des extensions de ces méthodes sont ici proposées. Le
logarithme des constantes d’équilibre (In K) est le meilleur choix de variables indépendantes conventionnelles
pour les calculs d’équilibre multiphasiques. Ces variables menent vers des systémes les mieux conditionnés et
les méthodes de Newton basée sur (In K') convergent généralement avec moins d’itérations que pour les autres
variables. Dans ce travail, la méthode de [Michelsen [1982a]] est étendue aux problémes multiphasiques. La
méthode permet d’écrire la matrice Jacobienne comme produit de deux matrices symétriques et de résoudre
le systeme linéaire par une factorisation de Cholesky. Cette méthode a prouvé qu’elle pouvait réduire le

temps de calculs d’environ 30% dans la plupart des cas.

Initiées par [Michelsen [1986] et Hendriks [1988]], les méthodes de réductions ont été développées et ont
prouvé étre tres efficaces. Dans ce travail, une nouvelle méthode de réduction appliquée au test de stabilité et
les calculs d’équilibre a été présentée. Elle est basée sur I’expression multilinéaire du logarithme des coefficients
de fugacité comme fonctions des coefficients f (variables indépendantes non-bornées). La dimensionnalité
du probleme ne dépend uniquement que du nombre de composants ayant des BIPs différents de zéro avec
les autres, et non pas du nombre de composants du mélange, comme pour les procédures conventionnelles.
La méthode proposée a un rayon de convergence plus large et lalgorithme de Newton peut étre utilisée
directement pour l’analyse de stabilité (sans besoin de substitutions successives). Elle a le méme chemin
de convergence que la procédure conventionnelle utilisant le logarithme des constantes d’équilibres comme
variables indépendantes, et a montré étre la meilleure méthode de Newton pour I’analyse de stabilité (en
terme d’efficacité et de nombre de conditionnement).

Des comparaisons entre différentes méthodes conventionnelles et réduites ont été effectuées pour les
problémes d’analyse de stabilité et des calculs d’équilibres multiphasiques. Jusqu’a présent, les comparaisons
observées dans la littérature ne portaient que sur le temps de calcul global pour calculer I'ensemble du probleme
de minimisation de I’énergie de Gibbs. Dans ce travail, les comparaisons ont été effectuées indépendamment
pour chaque probleme (stabilité, flash diphasiques et multiphasiques). De plus, le nombre de conditionnement

ainsi que le chemin de convergence sont aussi analysées, amenant & des conclusions plus précises:

e Pour le probléme de stabilité, la procédure de réduction proposée est la plus efficace est préférable pour

des applications en simulation de réservoir.

e En revanche, pour les calculs d’équilibres multiphasiques, les méthodes basées sur les variables conven-
tionnelles sont plus adaptés pour la simulation de réservoir. Dans le cadre de la chimie des procédés
impliquant un grand nombre de composants, la méthode proposée est largement supérieure comparé

aux autres méthodes.

Ensuite, une procédure de Trust-Region (TR) a été proposée pour traiter des problemes d’analyse de
stabilité et des calculs d’équilibre multiphasiques. TR peut étre vu comme une ’extension’ d’'une méthode de
Newton. Elle permet de réaliser des pas supra-linéaires lorsque la Hessienne n’est pas définie positive et des
pas quadratiques sinon, en ajoutant un élément diagonal a la matrice. Une méthode hybride a été proposée.
Au lieu de réaliser des itérations TR directement apres 1'utilisation d’une méthode de premier ordre (SSI),
des itérations de Newton sont testées dans un premier temps et la méthode TR n’est utilisée uniquement que

si la fonction objective augmente entre deux itérations successives. La méthode hybride a permis de décroitre
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les temps de calculs de faon remarquables, tout en gardant la robustesse intrinseque de la procédure TR. Les
tests ont été réalisés sur un ensemble complet de régions multiphasiques et convergence a été obtenue méme

pour des conditions tres difficiles, telles que proche de points bi-critiques.

De plus, une nouvelle méthodologie a été développée pour trouver des variables permettant d’obtenir
une matrice Hessienne avec une bonne mise a 1’échelle. Cette procédure mene & la variable « introduite par
[Michelsen [1982b]] pour I’analyse de stabilité et vers une nouvelle variable pour les calculs d’équilibres. Une
méthode quasi-Newton avec un retour vers SSI (lorsque I’énergie de Gibbs s’accroit entre deux itérations) a
été développé utilisant cette nouvelle variable et a montré que la convergence était possible, méme tres proche
des frontieres de phase, ou les algorithmes rencontrent souvent des probléemes de convergence. L’algorithme
a montré étre plus efficace (en terme d’itérations et de nombre d’évaluations de fonctions) que le code de
Nocedal LBFGS-B et d’autres méthodes BFGS proposées dans la littérature. Par rapport a lalgorithme de
Newton, quelques itérations supplémentaires sont nécessaires pour obtenir la convergence, ce qui la rend tres

attractive. Cette méthode est tres adaptée pour des modeles d’EoS plus complexes.

En combinant tous les algorithmes présentés, un programme général de calculs d’équilibre a été développé
(Mflash). II a été construit afin de pouvoir traiter un nombre arbitraire de phases. Les résultats obtenus
avec ce programme ont montré étre en accord avec des données provenant de la littérature et des données

expérimentales, validant I’approche proposée.

En plus d’améliorer la robustesse et 'efficacité des calculs d’équilibre, une nouvelle méthodologie pour
générer les pseudo-composants donnant une représentation précise du comportement du fluide a été développée.
Elle est basée sur la méthode de quadrature des moments (QMoM) qui est ici appliquée aux calculs d’équilibre
multiphasiques pour des huiles réelles (combinées avec des composants non-hydrocarbures tels que 1’eau,
le dioxyde de carbone), en utilisant une équation d’état cubique avec des BIPs différents de zéro. La
quadrature est résolue a I’aide d’une procédure (ORTHOPOL) qui permet d’éviter les problemes dus au
mauvais conditionnement du probléeme. Cette méthode est adaptée pour n’importe quel nombre de points de
quadratures (& U'inverse de précédentes formulations).

QMoM permet de relier la composition initiale détaillée et discréte, comportant un grand nombre de
composants a un petit nombre de composants qui approximent la portion continue du fluide. Elle peut étre
vue en un certain sens comme une méthode de lumping. Elle peut étre appliquée méme dans les cas ou
aucune distribution standard ne peut modéliser la composition globale, ou lorsque plusieurs distributions
sont nécessaires afin de modéliser différentes portions du fluides. Dans ce travail, il a été montré que cette
méthodologie couplée & une méthode de delumping permettait de représenter tres précisément le comportement
de fluides réels.

La méthode QMoM dans notre implémentation a été testée pour différentes compositions initiales de
mélanges hydrocarbures pour des calculs d’équilibres diphasiques, et en présence d’eau et de dioxyde de
carbone pour des calculs tri-phasiques. Dans tous les cas, les frontieres de phase, les compositions et fractions
molaires de chaque phase étaient bien respectées, en utilisant la procédure semi-continue présentée (permettant
de calculer une dizaine de pseudo-composants). Dans le cadre de la simulation de réservoir, cet outil apparait
essentiel car le temps de calcul pour chaque pas de temps est proportionnel a la puissance trois du nombre

d’équations a résoudre [Burger et al. [1985]].

Ensuite, le programme de calculs d’équilibre a été implémenté au sein de deux simulateurs de réservoirs:
TPP (développé en interne a Total S.A.) et AD-GPRS (simulateur de Stanford).

Pour des problemes d’injection de vapeur tri-phasiques, les mémes courbes de productions pour les
différentes phases ont été obtenues en utilisant le simulateur ECLIPSE et en utilisant le programme (Mflash)

intégré dans TPP. Ceci témoigne de la capacité de Mflash a converger vers la solution correspondant au
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minimum d’énergie. De plus, des cas d’injection de COs ont été présentées (connus pour étre difficiles). Des
simulations compositionnelles isothermiques, tri-phasiques et quadri-phasiques ont été réalisées jusqu’a la
percée du CO5. Ces simulations montrent la capacité du code de calcul a traiter plus de trois phases, ce qui
peut étre tres difficile d aux infimes différences d’énergies qu’il peut y avoir entre un état a trois phases et un
état & quatre phases.

Des simulations d’injection de vapeurs ont aussi étaient réalisées. Le réservoir SPE10 (connu pour étre
treés hétérogene) a été utilisé pour tester des simulations en trois dimensions de balayage par la vapeur jusqu’a
la percée d’eau. Dans ces conditions (3D, hétérogene), un nombre important de chemins thermodynamiques

sont accédés durant la simulation. Encore une fois, ces exemples témoignent de la robustesse de ’algorithme.

Enfin, des simulations complétement compositionnelles du procédé SAGD ont été réalisées avec des
huiles extra-lourdes. A notre connaissance, il n’existe pas de simulation de la sorte dans la littérature (avec
une modélisation complete de eau au sein des calculs d’équilibres). Les simulations thermiques sont trées
complexes car on y observe d’importants changements de conditions (composition, température, pression).

De plus, la gravité joue aussi un role sur la composition.

Le développement du code a aussi été associé avec différentes méthodes d’accélérations telles que la
méthode Three-Phase-Bypass présentée par [Zaydullin et al. [2013]]. Des simulations complétement composi-
tionnelles, thermiques tri-phasiques ont pu étre réalisées pour simuler le procédé de balayage par la vapeur.
Les calculs d’équilibres représentaient moins de 10% du temps de simulation total & I’aide de cette méthode.
L’un des objectifs de la these était de réaliser des simulations completement compositionnelles du probleme
d’injection de vapeur avec un pourcentage des calculs d’équilibres inférieurs a 50% de la simulation totale.

Cet objectif est donc atteint.

Au travers de cette these, trois papiers ont été publiés [Nichita and Petitfrere [2013], Petitfrere and Nichita
[2014a], Petitfrere and Nichita [2014b]]; un quatrieme papier a été soumis [Petitfrere et al. [2014]] et trois
autres papiers sont en préparation et seront soumis prochainement (ils correspondent aux sections 3.2.4, 3.3
and 3.5).

6.2 Perspectives

A travers le travail réalisé, de nouvelles perspectives apparaissent. Dans cette these, des algorithmes de
minimisation ont été implémentés et ont montré étre plus efficaces que les méthodes préexistantes (Trust-
Region, BFGS). Ces algorithmes sont indépendants du model d’équation d’état. Lorsque la complexité du
modele d’équation d’état augmente, les calculs des fugacités et de leurs dérivées deviennent de plus en plus
prohibitifs. Les méthodes permettant de diminuer le nombre d’itérations par rapport aux méthodes classiques
(exemple: Trust-Region) deviennent donc de plus en plus intéressantes. Ainsi, les méthodes quasi-Newton et
Trust-Region fonctionneraient plus efficacement avec des modeles d’EoS plus complexes; les méthodes de
Trust-Region parce qu’elle diminue le nombre d’itérations et la méthode BFGS car elle ne requiert pas les

dérivées de la fugacité.

Ensuite, la méthode de BFGS a été développée pour les calculs d’équilibres diphasiques et une extension
aux problémes multiphasiques est envisagée. Avec un plus grand nombre de phases, la dimensionnalité du
systéme & résoudre, & chaque itération de Newton s’accrot, et la procédure de BFGS (ot aucun systeme

linéaire nest résolu) pourrait devenir trés compétitive face a la méthode de Newton.

De nouvelles perspectives apparaissent aussi dans la simulation de réservoir compositionnelle. Le pro-
gramme de calculs d’équilibre développé a montré étre tres efficace et robuste et pourrait étre utilisé pour

simuler de nouveaux procédés. En ajoutant un terme source aux équations de conservation de masse et



6. CONCLUSIONS ET PERSPECTIVES 14

d’énergie, des réactions chimiques irréversibles (basées sur des énergies d’activation) pourraient étre modélisées.
Des simulations du procédé d’Upgrading In-Situ pourraient étre effectuées en utilisant cette méthodologie
[Lapene [2010]].

Différentes méthodes d’accélérations ont aussi été présentées. L’une d’entre elles est la méthode Three-
Phase bypass [Zaydullin et al. [2013]] . Elle pourrait étre utilisée pour aider & 'identification des phases.
Lorsque deux phases liquides sont présentes, il est parfois tres difficile d’identifier chacune d’entre elles. La
paramétrisation permettrait d’identifier par continuité chaque phase sur ’ensemble de I'espace des composi-

tions.

Une autre méthode d’accélération a été proposée par [Gaganis and Varotsis [2012]] et pourrait étre tres
efficace dans le cadre de simulations compositionnelles pour des procédés complexes (tel que U'injection de
CO3). En utilisant une méthode de machine-learning, ils entrainent le systéme & générer des fonctions
capables de fournir le signe de la fonction du plan tangent & son minimum, en quelques opérations. Il pourrait

étre intéressant de comparer la méthode face a Three-Phase bypass.

Enfin, les simulations présentées pourraient étre améliorées en utilisant un modele d’équation d’états plus
précis. Il est bien connu que les parameétres volumiques et que la plupart des propriétés dérivées ne sont pas
modélisées correctement par les équations d’état cubiques. Des équations plus complexes pourraient étre

utilisées pour réaliser les mémes simulations d’injection de vapeur proposées dans ce document.



INTRODUCTION

1 The heavy oils, a viable alternative to the increasing energy
demand

Emerging economies, and particularly in Asia such as China and India are more and more energy dependent.
In this context, the need in energy production is rising every year and the International Energy Outlook 2013
(TEO2013) projects that world energy consumption will grow by 56 percent between 2010 and 2040. Fuels repre-

sent the largest source of energy, and their production must be increased to satisfy the growing energy demand.

Oil can be classified in different categories depending on their API gravity; a measure of the weight of

liquid petroleum compared to water:
e If the API gravity is higher than 10, the oil floats on water.

e If it is lower, the oil sinks in water.

API Gravity Liquid Relative Density
0-10 Extra Heavy Crude Heaviest
10 Water
10-22 Heavy Crude Oil
22-38 Medium Crude Oil
>33 Light Crude Oil I
>55 Condensates Lightest

Figure 1: API gravity

The conventional oils have an API gravity above 25. Due to their relatively low density and viscosity,
they generally can be recovered easily and their production cost remain quite small. This is why they have
been exploited for many years. Yet, the conventional oils and gas exploration targets become increasingly
rare; there production declines at a rate of about 5 percent and the proved global reserves can provide energy

for the next 40 years at the current production rate.

Heavy oils can be found with an API gravity between 5 and 22 (see fig. 1). Since they have high viscosities,
Enhanced Oil Recovery (EOR) technics have to be used to be able to reach a sufficient yield, which makes
them more expensive than the conventional oils. Nevertheless, the price of the barrel growing with the
demand, the exploitation of heavy oils becomes more and more profit making and could play a role in reserve
replacement. With a volume of oil-in-place estimated between 3 and 4 trillion barrels and potential reserves
of around 500 billion barrels, the heavy oils are equivalent to 60 percent of the global reserves of conventional
crude oil and account for 20 up to 25 percent of the global petroleum resources. Their exploitation could

extend the world’s energy reserves by 15 years. Various EOR technics exist to enable the heavy oils recovery.

Introduction 15
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2 Enhanced oil recovery

The development and commercial deployment of modern EORs is today seen as the way to extend the
oil production in recoverable reserves. When implemented, EORs make possible to expand the companies’
resources. Some estimates suggest that the growth of just 1 percent of the global Oil Recovery Factor could

increase conventional oil reserves by around 88 billion barrels (three times the current production).

Moreover, not only could EOR methods be a solution to expend the conventional oil production (which
were traditionally operated using Primary or Secondary recoveries (fig. 2)), but they could be used for
non-conventional oils such as heavy oils which cannot be recovered by standard depletion methods (as it has

been mentionned earlier).

Primary Recovery Oil Recovery =
1

I ] Generally <30%
Natural Flow Artificial Lift

Secondary Recovery
l . | 30-50%
Waterflooding  Pressure Maintenance

Tertiary Recovery 50%-80%
1

[ I |
Thermal Gas Injection  Chemical Other

Steam CO. Alkali Microbial
Hot Water Hycfrocarbon Surfactant Acoustic .
Combustion Nitrogen Polynmer Electromagnetic

Figure 2: Enhanced oil Recovery [Larry [1989)]]

Different type of EORs exist (some are listed in fig. 2), the main methods are given by:

e Gas injection: the introduction of CO2 or Ny. By injecting one of those gas into the reservoir, the gas

dissolves in oil. The viscosity of any hydrocarbon is then reduces which makes the oil easier to recover.
e Chemical Methods

— Surfactant flooding can create micro emulsions at the interface between crude oil and water, thus
reducing the interfacial tension. This mobilizes the residual oil and allows recovering trapped oil

within porous media.

— Polymer flooding is an augmented water flooding. By co-injecting polymer, the oil/mobility ratio

decreases which creates a larger front, thus sweeping a larger volume of oil.

e Thermal recovery methods represent most of the heavy oil projects, they are currently used in production
and should probably play a huge role in the future. By raising the temperature the oil is heated with
reduces its viscosity. This process increases its mobility (fig. 3) by reducing the surface tension and
increasing the permeability. The heated oil may also vaporize and then condense to form an improved
oil. The most widely used thermal technics are in-situ combustion, continuous injection of hot fluids
such as steam, water or gases, and cyclic operations. Amoung them, the steam injection processes

represent the main type of thermal stimulation of oil reservoirs.
Three main designs of steam injection exists in the industry:
— With two vertical wells (one producer and one injector) separated from a certain distance, for oils
with medium viscosities (fig. 4a). Different regions can be seen in fig. 4b.

% In the steam zone, close to the injection well, three phase coexist: the gas, oil and water phase.

The temperature is quite uniform, as well as the oil saturation.
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Figure 3: Viscosity versus Temperature

x Farther, the temperature decreases, water and the light oil components condense in the contact

of the cold matrix.
* Then, the oil is displaced by water (water flooding) in a third zone.

+ Finally far from the front, the conditions are identical to the initial reservoir conditions. The

fluid contains the original fluid saturation.

Steam Injection Production Well
I

Sw - 5
1L zone1 | | zone 3 H
Sg F———-—
Heated oil g \+\
<= \
|
R \ zone 4
\
0
z$2 X

(a) (b)

Figure 4: a) Steam injection with vertical wells and b) Steam injection analysis [Baker [1969] and Mandl and
Volek [1969]]

— With one vertical well plays both the role of producer and injector. The process is called cyclic
steam stimulation (or Huff and Puff method) and is quite efficient for oils with extra heavy
viscosities. First steam is injected to heat the oil to reduce its viscosity. Then oil is produced first

by means of natural flow, then by artificial lift. The two phases are repeated several times.

— Finaly, the SAGD process (Steam Assisted Gravity Drainage), is really efficient for heavy oils
with extremely high viscosities. This process is already used in production. In fig. 5a a SAGD
process is represented. Steam is injected in a well located upper a production well. With the
temperature, the viscosity of the oil decreases and becomes mobile. By gravity, the oil flows

towards the production well along the steam chamber (see fig. 5b).

3 Improved reservoir simulation and thermodynamics

3.1 A need to improve the reservoir simulators

Simulations of thermal processes are not easy. Steam injection creates compositional effects such as steam
distillation, condensation and vaporization which are essential to take into account. Three phase regions are

in the heart of the processes (water, gas, oil) and should be modeled accurately.
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Steam Injection

Injection Steam flow
Well ‘ I
Production

Well

Bitumen
flow

Production well
(a) (b)

Figure 5: a) SAGD process and b) SAGD analysis

Most of the commercial compositional reservoir simulators (for instance ECLIPSE 300, INTERSECT)
treat the water phase as pure and do not account for the water solubility in the hydrocarbon phase. Those
compositional thermal simulators treats water separately from the equilibrium calculation which can lead to

important inaccuracies.

Indeed, the solubility of water in the oil can become significant for high temperatures. Fig. 6 gives
experimental data from [McKetta and Katz [1948]] showing the solubility of the water in the hydrocarbon-rich
phase for different pressures and temperatures. Besides, [Wang [1990]] showed that the solubility of water in
hydrocarbon-rich liquid can climb up to 50 percent at high temperatures. The solubility values change the

viscosity, the density and other properties and may affect the production performance.
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Figure 6: Water solubility in gas phase for the C1/nC4/H20 system, after [McKetta and Katz [1948]]

In STARS (simulator from CMG), water is treated within the equilibrium calculation problem. However
the simulator is based on the K-value model (this is also the case in ECLIPSE or INTERSECT when
using K-value models). K-value tables can be tuned to match phase-diagrams. However, the tables are
generally functions of one oil component, the pressure and the temperature. The K-values approach can
lead to important inaccuracies when dealing with processes with high compositional changes, such as ther-
mal processes. [Varavei [2009]] showed significant differences in the oil production performing the same

simulation with a K-value model and an equation of state (EoS)-based approach for a steam injection test case.

In the literature, many authors proposed simulations of the steam flooding process. Starting in the late
sixties [Spillette and Nielsen [1968], Shutler [1969]], Shutler [1970]] were the first to propose numerical models

to simulate this process. Progressively, more sophisticated reservoir simulators were designed including more
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complex physical phenomena and numerical improvements [Coats [1976], Coats [1978]], [Ishimoto [1985],
Chein et al. [1989]]. In most of the simulators, either water was treated as an ideal solution in compositional
simulators or a K-value model was used.

In the last few years, some authors started to perform full three phase compositional simulations of the
steam flooding process. [Brantferger [1991]], Voskov et al. [2009], Varavei and Sepehrnoori [2009]] and more
recently [Zaydullin et al. [2014]] developed full three phase flash simulations and showed simulations of steam
injection problems.

However, no case of fully compositional simulations of extra-heavy oils steam injection or SAGD processes
have been proposed in the literature yet. Those simulations appear essential and will offer better tools to

predict the possible profitability in the exploitation of heavy oil fields.

Three to four phase multiphase calculations are in the heart of tertiary recovery simulations. In gas
injection, micro-emulsion, steam-injections processes, an additional phase from the oil-gas system is added to
the set, which plays a huge impact on the oil recovery. Thermodynamics is in the heart of those processes
and it is important to simulate accurately these multiphase systems. In chemical process simulators, the
high number of components to deal with makes the equilibrium calculations time-consuming. Generally
pseudo-components are generated to decrease the dimensionality of the system leading to approximations of
the original problem. For all these reasons, robust time-saving algorithms are necessary to deal with those

applications.

3.2 Multiphase equilibrium calculations

The resolution of the multiphase phase-split problem is based on the minimization of the Gibbs free energy.
Different types of algorithms have been developed to model this problem. [Michelsen [1982b] and Michelsen
[1982a]] developed a methodology in which stability analysis, based on the tangent plane distance (T PD)
minimization, is used alternatively with a phase-split algorithm.

Two different kinds of algorithms have been developed in the literature.

e A safe but time-consuming procedure uses global minimization algorithms. [Sun and Seider [1995]]
developed an interval-Newton procedure guaranteeing to find the global minimum. [Stadtherr et al.
[1995]] developed a method based on homotopy-continuation functions. [Lucia et al. [2000]] used binary
tangent plane distance to test all pairs of components based on a Sequential Quadratic Programming
(SQP) algorithm. [Nichita et al. [2002]] developed a tunneling based method.

e Local minimization procedures are faster, but they require sculptured initializations. For phase equilib-
rium calculations, [Michelsen [1982a]] proposed a procedure which generally converges to the global
minimium. In a context were time is crucial, this methodology has been widely used in the reservoir

simulation.

In the multiphase equilibrium calculation problem, calculation algorithms were improved ensuring conver-
gence even close to difficult regions (such as in the vicinity of singularities: critical points for flash calculations
and the stability test limit locus for stability analysis) and to increase the probability to converge to the
global minimum. Starting with [Risnes et al. [1981]] who proposed a successive substitution method for
multiphase equilibrium problems, many improvements were proposed to improve multiphase equilibrium
calculations ([Nghiem and Heidemann [1982]], [Mehra et al. [1982]], [Michelsen [1994]]). [Michelsen [1982b]]
provided initial guesses for multiphase problems which were further extended by [Li and Firoozabadi [2012]]
who proposed a general strategy for Stability Testing and Phase-split Calculations in two and three phases.
However, new improvements are still necessary, namely in the difficult regions, where a high number of

iterations are still required by the current equilibrium algorithms to reach convergence.
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The research work undertaken in this thesis focuses on multiphase equilibrium calculations able to simulate
different compositional simulation problems such as steam injection with extra-heavy oils, within acceptable

times.

4 Overview of the thesis

In compositional thermal reservoir simulations, conservation equations must be solved at each time step.
Local equilibrium is assumed in each cell and a huge amount of phase equilibrium calculations is involved,
based on the minimization of the Gibbs free energy. A, a single failure may cause significant error propagation
leading to false solutions. Thus, it is imperative that calculation algorithms are efficient and highly robust:
reliability has to be kept ensuring in the same time a reasonably fast convergence even in very difficult cases.
In this thesis, improvements in multiphase equilibrium calculations are proposed in order to simulate the
steam injection process. The thesis is organized in five parts

The first chapter briefly presents some fundamental thermodynamics and the Cubic EoS model. The cubic
equations of state provide a reasonable description of the volumetric and phase behavior of pure components
and mixtures, requiring only the critical properties and the acentric factors of each component. They have

been widely used in the reservoir simulation framework and there are also used in this work.

In a second chapter, the minimization algorithm (from [Michelsen [1982a]]) is presented. The stability
testing and the phase-split problems are described as well as the general multiphase equilibrium calculation

procedure to minimize the Gibbs free energy.

In a third chapter, multiphase equilibrium algorithms improvements are presented. Most of the equilibrium
calculations are based on the Newton-Raphson method and use conventional independent variables. These
algorithms are first investigated and different extensions are proposed. The logarithm of the equilibrium
constants (In K) seems to be the best choice of conventional independent variables for multiphase equilibrium
calculations. In this work, by extending [Michelsen [1982a]] to multiphase-split problems, we propose to
calculate the Jacobian matrix as a product of two symmetric matrices, and to solve the linear system using a
Cholesky factorization in order to reduce the number of arithmetic operations for each iteration.

The reduction methods introduced by [Michelsen [1986] and Hendriks [1988]] enable to reduce the space of
study from nc (the number of components) for conventional varibles to M (with M < nc). An extension of the
new reduction method proposed by [Nichita and Graciaa [2011]], based on the multi-linear expression of the
logarithm of fugacity coefficients is done for stability analysis and multiphase-split calculations. Furthermore,
comparisons between different conventional and reduction methods are performed for the stability testing
and the multiphase-split calculation problems. Until now, the comparisons from the literature have focused
on the global CPU times to compute the whole multiphase equilibrium problem. In this work, comparisons
are performed independently for each problem (stability analysis, two phase-split and multiphase-split
calculations). Besides, the condition number and convergence paths are also investigated leading to more
detailed and extensive comparisons.

The Newton method requires a positive definite Hessian to be applicable. In a new section, other kinds
of minimization methods are investigated which could overcome this constraint and be applicable for each
iteration. The Quasi-Newton procedures for example guarantee a descent direction for each iteration. These
methods represent an interesting alternative since they approach second order methods without the need
to compute the second derivatives and no linear system needs to be solved explicitly. A BFGS (Broyden-
Fletcher-Goldfarb-Shanno) approach applied with a new set of variables is here proposed for two-phase split
calculations. By adding a diagonal element to the Hessian, the Trust-Region methods enable to perform
supra-linear up to quadratic steps even when the Hessian is not positive definite. A descent direction is

always guaranteed which makes it an attractive procedure. A Trust Region based method is also proposed in
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this same chapter and applied both for stability testing and multiphase-split calculation problems.

The generation of pseudo-components capable of representing the fluid behavior accurately is necessary
to obtain accurate simulations of an enhanced oil recovery process. In a forth chapter, an algorithm is
proposed to improve the characterization of a fluid based on the semi-continuous thermodynamics. Assuming
the fluid composition as semi-continuous, a new methodology based on a Gaussian quadrature is proposed
to mathematically compute a set of pseudo-components capable of representing the fluid behavior. The

methodology can be seen as a lumping-delumping procedure.

Through this thesis, a program including all the presented new algorithms has been developed to deal with
multiphase equilibrium calculations with an arbitrary number of phases. Besides, this program was included
within two different reservoir simulator; the TPP platform (internal reservoir simulator from Total S.A.)
and AD-GPRS (Automatic Differentiation General Purpose Reservoir Simulator) from Stanford University.
In the last chapter, tests of the program in stand-alone computations are performed. Comparisons are
presented between the results obtained with the developed program and literature and experimental data.
Then different reservoir simulations are carried out to simulate different enhanced oil recovery processes. A
comparison with ECLIPSE is performed for a three-phase water injection problem (with the water treated
outside the equilibrium calculations). Then fully three- and four-phase compositional reservoir simulations of
isothermal COs injection problems are presented revealing the capability of the algorithm to handle more
than three-phase simulations.

Finally, fully compositional thermal simulations of steam injections are carried out. In a first step,
simulations of the steam flooding process in heterogeneous and homogeneous conditions is realized. In a
second step, a simulation of the SAGD process is presented with an extra heavy mixture from Canada. In
this last part, the developed equilibrium program is tested with different stability bypass procedures and

computational times are presented for all the steam injection cases.
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An accurate modeling of the different equilibrium phases is highly important in reservoir simulations.
Many equations of state exist relating the thermodynamic variables. In this thesis, the development of a
general algorithm to solve the multiphase flash problem is proposed. Cubic EoS provide an efficient way to
model the different thermodynamic properties required in a reservoir simulation (enthalpies, densities), as
well as the phase envelope construction and they generally lead to an acceptable accuracy for hydrocarbon
mixtures. In the reservoir simulation context, where computation times should remain acceptable, cubic EoS
have been widely used, and are used in this thesis. A description of the cubic EoS is presented in this chapter
and the multiphase equilibrium calculation framework is presented, as well as the thermodynamic functions

that need to be computed in the reservoir simulation.

1.1 Thermodynamics functions

1.1.1 Internal Energy

1.1.1.1 First Law

The first law of thermodynamics corresponds to the conservation of the energy for a system.

For a closed system, for any processes, an infinitesimal change in the internal energy is considered due to
a combination of heat added to the system @ and work done by the system W. Taking U as an infinitesimal
change in internal energy, and considering only the internal energy variations, the work done by pressure and
the thermal exchanges, the first law can be written [Vidal [1997]]:

22
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dU = 6Q + oW (1.1)

In case of equilibrium mixtures, only the work due to the pressure is taken into account (electrical forces

are negligible, no mechanical forces,..). It can be expressed as [Vidal [1997]]
SW = —pdV (1.2)

1.1.1.2 Second law

The entropy change is related to the heat added to the system and the temperature. During a transformation,
the entropy variation can be splitted into two different terms [Vidal [1997]]

where dS. is related to heat exchanges,
0Q
dSe = - (1.4)

For reversible transformations, the second law, states that

dS; >0 (1.5)
Therefore,
oQ
> — .
ds > T (1.6)
Using (eq. 1.1),
dU + PdV —TdS <0 (1.7)

In a reversible process, an infinitesimal variation of the entropy is due to an infinitesimal variation of heat
divided by the temperature of the system. If the work done to the system is limited to the work done by

pressure one can write [Vidal [1997]]

0Q

ds = —- 1.8
T 19

Combining (eq. 1.1, eq. 1.2, eq. 1.8), one obtains
dU = TdS — pdV (1.9)

U is here a function of S and V. The total differential of the internal energy U can be written as:

ou ou
= () a5 () a0
which gives by using (eq. 1.9) in (eq. 1.10),
8U> (8U>
(85 v v /g

For a mixture with different components, the total internal energy of a system can be expressed as a
function of S, V' and the mole numbers n = [ny, na, -+ ,ny) [Vidal [1997]]. By definition the total differential

of the internal energy U can be written as:
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oU oU — [ 0U
dU = () s + () v + ( > dn; (1.12)
o8 V,n ov S,n ; 8’”‘1 S, Vinjz;
with the chemical potential of the component ¢ given by
ou
o = ( ) (1.13)
67’” njxq,V,S
Moreover, the derivatives in (eq. 1.11) still holds for mixtures since V', S and n are independent variables

of U. (eq. 1.11) becomes

oU oU
(as)m =T (av>s,n = (1.14)

Combining (eq. 1.12, eq. 1.13 and eq. 1.14) leads to

nc

dU = TdS — pdV + Y pdn; (1.15)

i=1
Moreover, as all the independent variables of U (S, n and V') are extensive variables, using Euler’s theorem
with (eq. 1.14) leads to

U(S,V,n) =TS —pV + > pin; (1.16)

i=1

1.1.2 Gibbs free energy

The Gibbs free energy is given in [Vidal [1997]]:

Gp,T,n)=U+pV -TS (1.17)

by differenciating this expression:

dG(p,T,n) = dU + pdV + Vdp — TdS — SdT (1.18)

and using (eq. 1.15) in (eq. 1.18), one obtains

dG(p,T,n) =Y _ pidn; + Vdp — SdT (1.19)

i=1

which gives in terms of partial derivatives:

2615, 7.0) (26t ) (26t )
v - s — 1i(p, T, 1.20
(= y ). b)) =m0

) b

Using (eq. 1.16) in (eq. 1.17),
G(p,T,n) =Y min; (1.21)
i=1
and taking the total differentiation of (eq. 1.21),
dG = Znidui + Z widn (1.22)
i=1 i=1

Using (eq. 1.22 and eq. 1.19), the Gibbs-Duhem equation is obtained,
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> nidp; = Vdp — SdT (1.23)
=1

1.1.3 Helmholtz free energy

The Helmholtz free energy is given by [Vidal [1997]]:

A(V,T,n)=U —-TS (1.24)

Differentiating this equation, and using (eq. 1.15), one obtains

dA =" pidn; — SdT — pdV (1.25)

i=1

which leads to the following partial derivatives:

ov or on;

)

(aA(T,v,n)> _ ., (aA(T,V,n)> __g <8A(T, 4 n)) — (T, Vim)  (1.26)
Tn V,n T,V

1.1.4 Enthalpy

The enthalpy is given by means of a Legendre transformation [Vidal [1997]]
H(p,S,n) =U+pV (1.27)

1.1.5 Residual energy

A residual quantity (M") is the difference between the property of a real mixture (M) and that of an ideal gas
at the same pressure, temperature and composition (M*) (or at the same conditions of volume temperature

and composition):

M(T,p,n) = M*(T,p,n) + M"(T,p,n) (1.28)
M(T7 V7 Il) - M*(T7 V7 1’1) + MT(Tv V7 Il) (129)

1.1.6 Maximization of the entropy

The second law states that

ds >0 (1.30)

At equilibrium in an isolated system, the system does not exchange heat or work with the surrondings,

dW =0 dQ =0 (1.31)
Therefore,

AU=0 dV =0 (1.32)

Following [Vidal [1997]] procedure, let split the system within two subsystems A and B separated with an

’artificial barrier’, we have
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dU =dUs +dUg =0  dS =dSa +dSgs (1.33)

and

dVa+dVg =0 (1.34)

Using (eq. 1.15), one obtains

£ _ = V 1.
dS_( )dUA—I—< )d A ( 35)

At equilibrium, dS = 0, the second law states that equilibrium is obtained at the maximum of the entropy,
which corresponds here to the equality of the temperatures and pressures.
Moreover, using (eq. 1.7) at constant pressure and temperature, it leads to

dG <0 (1.36)

At equilibrium,

dG =0 (1.37)

Using (eq. 1.36) and (eq. 1.37), the equilibrium corresponds to the minimum of the Gibbs free energy.

1.1.7 Fugacity and fugacity coefficients

In the case of an ideal gas, the ideal gas law can be applied:

nRT
p

V= (1.38)

Moreover, using (eq. 1.20), the Maxwell relation gives:

(ZZ)T B (?QT (1.39)

Considering the fluid as a pure component, the left side of the equation (eq. 1.39) corresponds to the

molar volume V,,,. For a perfect gas, V,, = RT/p, (eq. 1.39) becomes at constant temperature

P P
/ dp:/ ﬂdp (1.40)
Po Po p

‘Which leads to

@ (T,p) = 1*(T, po) + RT In p% (1.41)

In case of real fluid, [Lewis and Randall [1923]] introduced the fugacity f to act as an effective pressure.

The fugacity represents the value that must be substituted for pressure in order to preserve the expressions
for ideal gas [Vidal [1997]]. The relation (eq. 1.40) becomes for real fluids [Michelsen and Mollerup [2007]]

* T’
w(T,p) = p*(T,po) = RT In f(pop) (1.42)
which gives taking the difference of (eq. 1.42) and (eq. 1.41),
. f(T.p
w(T,p) — (T, p) = RT In <p ) (1.43)

The term within the logarithm corresponds to the fugacity coefficient:
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_f
o= (1.44)

which is the ratio that indicates how the fugacity of a real substance deviates from that of an ideal gas.

For ideal mixtures, the partial pressure is given by [Vidal [1997]] p; = z;p, this gives

zip

wi(T,p) = (T,po) + RT In o (1.45)
For real mixtures, the expression of the fugacity is given for each components:
(T,p,n
wi(T,p,n) = u*(T,po) + RT In fl(pf) (1.46)
Taking the difference (eq. 1.46 - eq. 1.45),
(T, p,n) = i (T,p) + RT In Ji (1.47)
Tip
The expression of the fugacity coefficient is generalized to
i Tv ’
b = fi(T,p, ) (1.48)
Tip
Using the expression of partial derivatives for ideal mixtures p; = x;p, one can write
Z; %
ji(T.p) = p*(T,p) + RTIn ?p = y*(T.p) + RT lnz; (1.49)
Using (eq. 1.47, 1.49),
pi(p, T,n) = RTIn¢; + i (T,p) + RT Inw; = RT'In f; + i (T, po) — RT Inpg (1.50)

Now let’s find an expression for the fugacity coefficient, taking the Gibbs-Duhem equation (eq. 1.23) for a

single component fluid, at constant temperature,

dp = Vi dp Vin =V/n (1.51)

Moreover, by definition of the fugacity, at constant temperature, it can easily be shown that [Vidal [1997]]

dp = RTdn f (1.52)

which means that by definition of the coefficients (eq. 1.44),

d
RTdIn¢ = Viyydp — RTdInp = Vidp — RTE (1.53)
p

When p — 0, the fluid becomes an ideal state and ¢ — 1, therefore, by integrating (eq. 1.53),

P LIVaVs 1
dln¢p = (m - ) dp (1.54)
/170 Po RT p
Taking pg = 0,
Prv 1
Ind = _z 1.55
wo= [ (p—3) @ (1.55)

For mixtures, at constant temperature, the fugacity definition gives

dﬂi = RTdIn fi (156)
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Moreover, using the Maxwell relation with the Gibbs free energy,

6,ui - oP
<6V>T,n a <8ni>T,V,nj¢i (157)

dps = — <8P> v (1.58)
T,V,’ILJ‘#?‘,

which leads to

8ni

Combining (eq. 1.56, eq. 1.58), and eq. 1.48),

P
RTdIn¢; = — 0 dV — RTdn pzx; (1.59)
8ni T,V/I’L]‘;éi

with the compressibility factor Z which indicates the deviation from the ideal gas behavior:

pV
== 1.60
nRT ( )
oP RT
Rlenqs,:—( ) dV + RTdInV — RTdIn (") — RTdInZ (1.61)
3n,; T,V xX;

when V' — oo, the system acts as a perfect gas, ¢; — 1 and Z — 1, with dInV = dV/V | it can be shown

that
1%
o= [ (2
RT J, |V on; T Vo

1.1.8 Condition for equilibrium at constant pressure and temperature

AV —InZ (1.62)

The Gibbs free energy is given by:
G(p,T,n) = Z.Uini (1.63)
i=1

For a closed system, at constant pressure and temperature, the equilibrium is obtained for the state giving
the minimum Gibbs free energy. Using equation (eq. 1.50) in (eq. 1.63), minimizing the Gibbs free energy at

constant p and T is equivalent to minimize:
o §
i i=1
Which can be extended for multiphase problems:

np nc

Gn) _
RT Zznu In fi; (1.65)

j=11i=1
In this subsection, the mole numbers and taken as independent variables. For each phase, the Gibbs-Duhem

relation (eq. 1.23) leads at constant pressures and temperatures,

" Ay,
i=1 ankl

Let z; be the feed composition of the component 7. Taking np as the phase of reference,

np—1

Ninp = Zi — Z N (1.67)
=1
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the minimum is found when the elements of the gradient vector are equal to zero.

0 (G(n) . .
— (RT) =Infij—-Infinp=0 Vi=1lnp-—1 Vi=1,nc (1.68)

And therefore, at the equilibrium,

fij = finp Vi=1lnp—1 Vi=1nc (1.69)

1.2 Equation of State Calculations

1.2.1 Introduction

For a real mixture, the compressibility factor Z indicates the deviation from the ideal gas behavior. In the
equilibrium problems, at a given temperature and pressure, one needs to compute Z. However, V' is unknown.
One equation is missing to close the system.

Cubic equations of state (EoS) have been introduced in this attempt. They are simple equations relating
pressure, volume and temperature (pVT). They provide a reasonable description of the volumetric and phase
behavior of pure compounds and mixtures, requiring only critical properties and acentric factors of each
component.

Through this thesis, a program was developed to solve multiphase calculations problem. Cubic equations

of state were used in this study, but the program was designed so that other Eos models could be integrated.

1.2.2 Cubic equations of state
The general form of two-cubic EoS is

RT a
v—>b (v+461b)(v+ ad)

p= (1.70)

where §; = 0 and &5 = 1 for the SRK Eos [Soave [1972], Redlich and Kwong [1949]] and 1 2 = 1 & /2 for
the PR EoS [Peng and Robinson [1976]].

The implicit form (in compressibility factor Z) of the Eos is obtained by substituting A = z3%=, B = %
and Z = §7 into (eq. 1.70).

Z3 4+ (61 + 6, —1)B—1]Z? [A+6152B — (61 +62)B(B+1)] Z
— [AB+§15232(B+ 1] = (1.71)

The van der Waals one-fluid mixing rules are used for the energy A, and for the volume B, parameters of
the cubic EoS

nc nc

i=1 j=1
and
B = ZBixi (1.73)
=1
where

Aij =VAA; (1-Cij); d,j=1nc (1.74)
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DPri 2 .
Ai = Qaﬁ |:1 + m(wz) (1 -V Tm‘)i| 1= 1, nc (175)
and
Pri .
B; = Qp—; i=1,nc (1.76)
Tri
C;; is an element of the binary interaction parameter matrix (BIP). T;; = 7 is the reduced temperature

(with T,; the critical temperature), p,; = ﬁ, the reduced pressure and w; the acentric factor of the component
1.

For the PR EoS, Q, = 0.45724, Q, = 0.0778, m(w) = 0.37464 + 1.54226w — 0.26992w? for w < 0.49, and
m(w) = 0.379642 + 1.48503w — 0.164423w? + 0.016667w? for w > 0.49 [Robinson and Peng [1978]]. For the
SRK EoS, Q, = 0.42748, Q, = 0.08664 and m(w) = 0.48 + 1.574w — 0.176w?.

1.2.2.1 Solving the cubic polynomial equation

The Cardan procedure enables to compute analytically the roots of the third order polynomial:

73+ a1 2%+ axZ +az3 =0 (1.77)
Taking
3 42
0= 7“29 ! (1.78)
asai;  as 2a:1”
the Discrimant is given by:
D =Q*+ R? (1.80)
o If D > 0, there is only one real root:
Z:\/§R+\/5+\/§R—\/5—% (1.81)
e If D =0, there are three real roots, with two equal:
Z, = 2V3R- % (1.82)
Zy = Zy=—3R— % (1.83)
e Else if D < 0 there are three real roots:
Introducing 6
0 = arccos (\/%> (1.84)

the expression of the roots becomes
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0 a;
2 - — 1.85
e (?) - a5
2/—Q cos <Z+; (1.86)
4
24/ —Q cos ( + W) - (1.87)

3

However, even if the Cardan method provides an analytical solution, in some situations numerical

instabilities can occur [Monroy-Loperena [2012]]. In these cases, a Newton procedure is used to refine the

roots.

When multiple roots are found, in two phase equilibrium calculations, generally, the smallest root is taken

for liquid and the largest is taken for gas. However, in this work, for multiphase calculations, the root which

minimizes the Gibbs free energy is selected for each phase.

1.2.3 Fugacity coefficient

Combining (eq. 1.62 and eq. 1.70), the fugacity coeflicient can be expressed:

Ing; = (Z- 1)% —In(Z-B) -

with

c
= E Aijzi; = 1,nc
=1

1.2.4 Molar Gibbs free energy

(61 — 02)B

L (y% B\ (2408
A B) "\ ZxsB

(1.88)

(1.89)

The dimensionless molar Gibbs free energy g can be expressed as the sum of the ideal and excess molar Gibbs

free energy

g=49r +9E
with
nc
gr = Z x; Inx;
i=1
and

9B = Z z; In ¢;(x)
i=1

The last expression becomes for cubic EoS models,

g = (Z-1)—(Z-B) - 2 E

AB
where E = (Z 4 61B)/(Z + 02B) and A = 61 — dy

(1.90)

(1.91)

(1.92)

(1.93)



CHAPTER 2

Global multiphase flash procedure
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2.1 Introduction

A P —T equilibrium calculation problem consists in finding the phase mole fractions 8 and the compositions x

which minimize the Gibbs free energy for a given feed composition z, temperature T and pressure p (see fig. 2.1).

V) Y1 Yie
l ~

4 )

L, X1,..., Xnc

/
W, Wq,..., W

Figure 2.1: Multiphase flash, input/output

In the reservoir simulation framework, many equilibruim calculations must be performed. Global
minimization cannot be applied because the algorithms are too time consuming, hence local minimization
procedures are preferred. [Michelsen [1982a]] proposed a methodology combining the stability analysis
procedure [Michelsen [1982b]] and phase split-calculations:

32
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e The stability analysis problem [Michelsen [1982b]], enables to know if a mixture is stable for a given

number of phases or should split into more phases.

e The phase-split algorithm computes the compositions x and the phase mole fractions 8 which minimize

the Gibbs free energy for a given number of phases.

This procedure generally leads to the global minimum and has proven to be highly efficient. It has been
implemented in most of the compositional reservoir simulators, and has been used in this work. In this
chapter, both problems will be presented in details, as well as the global minimization algorithm used to

solve the multiphase equilibrium calculations.

In fig. 2.2 a scheme of the multiphase equilibrium calculation procedure is represented.

Stability
analysis

Phase-split
calculations

Figure 2.2: Multiphase equilibrium calculation procedure

2.2 Stability Analysis

[Michelsen [1982b]] proposed to solve the stability analysis, based on the tangent plane distance algorithm.

Let’s now present the method.

At a given temperature and pressure (1p,P), consider a nc component mixture with component mole

fractions (21,22, , Znc). The Gibbs energy of the phase is given by:
nc
Go = szg (2.1)
i
with 4§ the chemical potential of component i.

Assume that an infinitesimal amount e of a new phase II is added to the mixture. Let the mole fractions
of the new phase be (1,22, -+ ,z,.) and let N be the total mole numbers of the single phase. The change
in Gibbs energy is:

AG=G;+Gi1—Gy=G(N —¢€)+ G(e) — Go (2.2)

A Taylor series expansion of G(N — €) gives:
G(N—e)=G(N)—e) 96 =Go—e€» xi (2.3)
- K3 anz N - 1M .

and so,

AG = G(e) = e aid = €3 ai(uile) - i) (2.4)

The right-hand side of the expression gives the tangent plane distance (T'PD) function:

TPD(@) = Y i(pi(a) - i) (2.5)
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The system always tries to minimize the energy. This means that if AG is negative, the system will
change to a two phase system. On the other hand, if AG > 0, the system will remain in one phase. From (eq.
1.50), the dimensionless TPD function becomes [Michelsen [1982b]]

NC
D(x) = > a; (Inz; +In¢;(x) — di(z)) (2.6)
with

If at all stationary points the T'PD function is non negative, the system remains in one phase. When

reaching the stationary point:

In(x;) +In(¢;) —d; =k Vi=1,---,nc (2.8)

By changing the variable: Y; = z;e™%, it can be noticed that

Y;
= — 2.
ri= 3+ (29)
with Y =", | Y, thus Y; can be viewed formally as mole numbers. (eq. 2.8) becomes:
In(Y;) + In(¢;) —d; =0 Vi=1,---,nc (2.10)

Instead of minimizing the tangent plane distance, [Michelsen [1982b]] proposed a modified TPD function:

NC NC
D* = <1—ZY;> +3 Y, (Y 4+ Ings(Y) — dy) (2.11)
1=1 =1

The function D* has the same stationary points and the same sign as the original TPD function D
[Michelsen [1982b]]. When testing if a monophasic fluid is stable, the stability is applied to the feed mole
fractions z. For mixtures with M phases, only one phase need to be tested to assume the mixture as
stable/unstable in M phases. In this work, following [Li and Firoozabadi [2012]], the phase selected is the

one with the highest molecular weight.

2.2.1 The stationary points

At the solution, the stationary points (xgp) are obtained.

e if miny,, TPD(zsp) < 0, the mixture is unstable, a new phase y # z is found which will be used as

initial guess for the equilibrium

o if ming,, TPD(xgp) =0, at the phase boundary, the minimum of the TPD is found for a phase y # z.

The mixture is stable.
e if ming,, TPD(zsp) > 0, the minimum of the TPD is found for a phase y # z. The mixture is stable.

e if miny,, TPD(zsp) = 0, far from the phase boundary, the minimum of the TPD corresponds to the

trial solution z. The mixture is stable.

An example is given in fig. 2.3a where the tangent plane distance function is plotted at the solution of the
stability analysis for the vapor trial phase, for the Y8 mixture [Yarborough [1972]]. In fig. 2.3b, the tangent
plane distance of the liquid trial phase is given. In light grey (respectively dark grey) the area converging to
a stationary solution (zgp) leading to a negative T'PD function (respectively positive TPD function, with a

non-trivial solution) is represented. Elsewhere, the problem converges to the trivial solution.



2.2. STABILITY ANALYSIS 35
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(a) vapor trial phase (b) liquid trial phase

Figure 2.3: Sign of the tangent plane distance for the Y8 mixture

2.2.2 Initial guesses

It has been mentioned that local minimization algorithms were preferred since they are more efficient than
the global procedures. However, these procedures do not guarantee to find the global minimum. To increase
the probability to reach the global minimum, multiple initial guesses are used which generally cover the whole
phase envelope.

[Wilson [1969]] proposed a relation to approximate the equilibrium constants for given pressures and
temperatures:

i c,i Tci
KV hitson Pei exp (5.373(1 +w;)(1 — T) )) (212)
p

For two equilibrium phase calculations, [Michelsen [1982b]] proposed the use the two-sided initialization

based on [Wilson [1969]] equilibrium constants:

1. Y = Z % Kwhiison (Vapor trial)
2. Y? = Z/Kwhitson (Liquid trial)

For multiphase equilibrium calculations, [Li and Firoozabadi [2012]] proposed to add other sets of initial

guesses:
1. Y = Z % Kwhitson (Vapor)
2. Y% = Z/Kwhiison (Liquid)
3. Y3 = Z/Kwhitson (Vapor)
4. Y* = Z//Kwhitson (Liquid)
5. Vi/Mw; < 50, Y =0.9 ,Y]’;Z =0.1/(nc — 1) (Pure components)
6. Vi, Y =0.9 ,YJ’;Z =0.1/(nc — 1) (Pure components)
Where Mw; stands for the molecular weight of the component 7.
Of course, the stability analysis is not performed with all the initial guesses. If a negative T PD function

is found, the mixture is unstable and there is no need to perform the stability analysis on the remaining

initial guesses.
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2.2.3 General minimization algorithm

The minimum of the TPD function is obtained when the elements of the gradient are zero.

The elements of the gradient with respect to the mole numbers (Y;) are given by:

oTPD
oY;

Newton is a non-linear quadratic method, which enables converging to the solution within 2 or 3

=InY;+In (bi(y) —d; (2.13)

iterations. However, the method requires having a positive definite Jacobian. This is generally not the

case for early iterations. The derivatives of the fugacity coeflicients can be ill-conditioned far from the solution.

A more robust procedure is needed. In the literature, generally, SST (Successive Substitution Iterations)
are performed at the beginning [Michelsen [1982a]]. The method has been proven to be unconditionally stable
[Heidemann and Michelsen [1995]]. Then, close to the solution, the Hessian becomes positive definite and a

switch to Newton is carried out.
For the Stability analysis, the SSI update is given by:

Y = d; — Ingi(y") (2.14)

It will be costly to compute the Jacobian at each iteration whereas the SSI method does not require any
derivatives. Therefore, some switch procedures have been developed for this problem [Hoteit and Firoozabadi
[2006]].

In this thesis, the error norm is based on the Euclidean norm of the gradient:

nc

Se=|>_ (InY;+Ing(y) — d;) (2.15)

i=1

Algorithm 2.1 Stability analysis algorithm using the SSI method

Compute In ¢;
Initialize Y; from one of the initial guesses (eq. 2.2.2)
while (Ss > €) do

Calculate the fugacity coefficients ¢;(y)

Update Y from (eq. 2.15)

end while

2.2.4 Bypass acceleration method

Most of the grid cells in the reservoir simulations appear to be in the single phase state. Besides, when a

fluid is single phase in a cell, it is most likely to remain monophasic at the following time step.

In the standard procedure, stability analysis is performed at each time step with different initial guesses.
If the fluid is monophasic in a cell, [Rasmussen et al. [2006]] proposed an efficient method to skip future

stability analysis as long as the conditions (p,T",z) remain sensibly the same.

However, one needs to make sure that the conditions are sufficiently far from a phase boundary. For a
single phase mixture at a given time step (no stationary point of the stability analysis gives a negative T PD

function).

e if one of the initial guesses converges to a positive TPD function (with a solution different from the
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In

trivial solution), the conditions are close to a phase boundary and no stability can be bypassed in the

future step.

if all the stationary points converge to the trivial solution, [Michelsen [1982a]] provides a function to

evaluate the distance with a two phase boundary:

O1n g,
Hy; = bi; + /g ( 8275 ) (2.16)
i/ pT

At the solution, the minimum eigenvalue b of the matrix is computed. Then at the next time step in
the reservoir, if the conditions remain sensibly the same, stability analysis can be bypassed because the

system is most likely to remain as a one phase mixture.

The conditions to skip calculations are:

bnfl
n_ el > 2.1
e R i (2.17)
bnfl_Pn
pr—_prl > 2.1
| \ 0 (2.18)
" — 7" > 106! (2.19)

fig. 2.4, the minimum of the smallest eigenvalue b of the Hessian (eq. 2.16) is given at the solution of

both stability analysis (two sided Wilson initialization), for the Y8 mixture [Yarborough [1972]]. It can be

noticed that getting away from the two phase boundary, b becomes smaller.

2.3

Given

200

a
(=}

Temperature, K

o
=]

50

150 200 250 300 350 400 450 500
Pressure, bar

Figure 2.4: Smallest eigenvalue of (eq. 2.16), for the Y8 mixture

Multiphase-split calculations

e 7 the feed composition of each component

e T the temperature

e P the pressure

e A number of phases np
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The equilibrium calculation problem solves the phase mole fractions 8 as well as the composition for each

phase: x which minimize the Gibbs free energy:

Gibbs oA =
G= e = Z an In f;; (2.20)
j=11:i=1
with
nij =ity Vj=1,np (2.21)

The mass balance equation must also be satisfied,
np
zi=Y Oy Vi=1nc (2.22)
j=1

as well as some closure equations:

> 0, =1 (2.23)

day=1 Vi=1lmnp (2.24)

i=1

Deriving (eq. 2.20) with respect to mole number n;;, the gradient is obtained:

Infi; —Inf; np =0 i1=1,nc Vj=1np—1 (2.25)

To solve the equilibrium calculations, nc(np—1) independent variables are necessary. Combining equations
(eq. 2.24, eq. 2.23 and eq. 2.22), one obtains the Rachford-Rice equation:

nc

Z (Tij — Timp) =0 Vj=1,mp—1 (2.26)

i=1

Using the equilibrium constant defined by,

T
K = Y 2.27
=t (227)
where R denotes the reference phase, the mole fractions xx = (1%, - - - ,xnc,k)T ik = 1,np are calculated
by:
2 K
Tk = k (2.28)
with
np
Bi=1+) 0x(Ky—1); i=1nc (2.29)
k=1
k#£R
the Rachford-Rice equation can be obtained:
Rj=3. =0 Vj=1np—1 (2.30)

S+ (K - 1)
The Rachford-Rice equations are solved in an inner loop of flash calculations for given K-values, which

are updated in the outer loop.
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2.3.1 Solving the Rachford-Rice equation
2.3.1.1 Two phase-split calculations

The Rachford-Rice is a function of the phase mole fractions 8. An iterative procedure enables to solve the

equation for 6. At the end of the calculation, the composition x of each phase can be calculated from the
mass balance equation.

In two phases, let x; stands for the liquid composition of the component i, y; the vapor composition of
the component 7 and 6 the vapor mole fraction. The equation becomes,

C
Z1+0 )zo (2.31)

i=1

The function represents a strictly decreasing function within the negative flash window.

v

Figure 2.5: Rachford-Rice function

To solve this equation [Michelsen and Mollerup [2007]] proposes the Newton procedure coupled with the
dichotomy method. The gradient of the function is given by:

c

)2
; —1 oK 1) (2.32)

When 6 has been computed, the compositions can be recovered:

Zi

A K 9.
ZT; 1—0+ 0K, Yi = Tilsy ( 33)

[Nichita and Leibovici [2013]] proposed a new algorithm (used in this thesis) which proved to be really
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efficient. The method is now presented.
By introducing:
1 60— C1

a =

1_Ki Cn—9

(2.34)

C; =

with ¢; (respectively ¢,) corresponding to the maximum (respectively minimum) equilibrium constant

(c1 = 717; —) and

di = 279 vi=2nc-1 (2.35)
Cp — C1

d = 0 (2.36)

g, = -1 (2.37)

Using a change of variables, the Rachford-Rice equation can be rewritten:

_ a=0 2.38
Z1+Zd—|—a1+d) Zn G (2.38)

Moreover, for a # 0, ¢; # 6 and ¢, # 6, a new function was introduced

Gla) = L) (2.39)

Va > 0, G(a) is convex and monotonically decreasing within the negative flash window, and G(a)G"”(a) >

0 Vag € [0,a*]. With ag the initial @ and a* the root G(a) = 0. Furthermore, a new function was introduced:

L(a) = —ah(a) (2.40)

Va > 0, L(a) is convex within the negative flash window and that L(a)L"(a) > 0 Vag € [a*, 00]. With ag
the initial @ and a* the root L(a) = 0. Based on h, G and L, an algorithm was proposed to switch between

both pairs of convex functions( G and L). No bisection method is necessary in this case.

Moreover, in the procedure, 6 is bounded (6 € [@in, Omaz] [Leibovici and Neoschil [1992]]). In the paper,
[Nichita and Leibovici [2013]], decrease the window by finding initial boundaries for the variable a € [ay, ag]:
21 1—2z,

- - 2.41
L=y eR= (2.41)

with ar, and agr independent of the equilibrium constants.

2.3.1.2 Multiphase equilibrium calculations

2.3.1.2.1 Multiphase positive Rachford-Rice [Michelsen [1994]]

[Michelsen [1994]] proposed an elegant way to solve the Rachford-Rice equation for multiphase problems.
He introduced a function proposed to replace the resolution of the nonlinear system (eq. 2.30) by the
minimization of a convex function @ over the set of variables € (written in terms of constant equilibrium
ratios [Leibovici and Nichita [2008]])

np

ZH - Zzl In E; (2.42)

subject to 6, > 0; m = 1,np, with

np 9k
Bi=> (2.43)
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Algorithm 2.2 Algorithm FGH [Nichita and Leibovici [2013]]

Calculate the solution window, ar, and agr
Calculate the initial guess a = ag
NOTCONV = TRUE
while NOTCONV do
Calculate h(a) and h'(a)
INWIND = FALSE
if F'(a) <0 then
Newton step a**' = a* — h(ax) /P (ax)
Test convergence
if ||h(a)|| <€ V* =V(a") then
NOTCONV = FALSE
STOP
end if
if a**! € [ar, ar] then
INWIND =TRUE
end if
end if
if INWIND = FALSE then
if F(a) > 0 then
"t =a* — G(ar) /G (ar)
else
a* !t = a* — L(ar)/L' (ar)
end if
end if
end while

A Newton procedure is used with an approximated line search method to guarantee convergence. The

gradient is given by :

8@ nc 2
=1 2.44
00; ; Erori (244)
and the Hessian is
8262 < Zk
= 2.45
00,0, kZ:l ER bridrj (2.45)

The minimum of @) subject to the constraints 6; > 0 is given by:

0Q
% . >

7, 0 6,>0

0Q B

A procedure of appearance/disappearance of the phases is used to keep all the molar phase fractions in
the physical boundaries ([0, 1]). It is based on (eq. 2.46). At each iteration, if a phase mole fraction 6; goes
out of the physical bound, it is removed from the set. At the convergence, a phase is 're-activated’ if

oQ
— <0 2.47
5 < (2.47)
At the solution, x can be calculated from
T = Vi=1,nc; Vj=1,n 2.48
T Eigi J p (2.48)

Multiphase positive procedures enable converging to liquid/liquid systems. The equilibrium calculation

generally converges to a liquid/liquid state by performing a three phase calculation which then converges to
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the two liquid phases.

2.3.1.2.2 Multiphase negative Rachford-Rice

Negative flashs have been investigated by different authors. Starting with [Leibovici and Neoschil [1992]] and
then [Leibovici and Nichita [2008]] who proposed the first negative multiphase Rachford-Rice, [Iranshahr
et al. [2010b]] proposed a dichotomy method and showed the robustness with complex systems. More recently,
[Okuno et al. [2010¢]] proposed a faster algorithm using Newton combined with a line search procedure.
Finally, [Yan and Stenby [2012]] extended [Michelsen [1994]] formulation to the negative flash. This is the
one used in this thesis. Here is a description of their methodology.

A variable 6; is taken as a dependent variable. It depends on the other molar fractions by means of:

np—1

Opp=1->_0; (2.49)
i=1
The same convex function as in (eq. 2.42) @ is used, which leads to:
c
QO)=1-> zInE; (2.50)
i=1
Minimizing @) with respect of 8 corresponds to minimize the convex function:

C
Q0)=-> zIE (2.51)
=1

Once again, a Newton procedure is used with an approximated line search method to guarantee convergence.
Using (eq. 2.43) The gradient vector is

Q' X 2 ( 1 1 )
= - - - 2.52
00, kz:; Ep \¢ri  Ornp (2.52)
and the Hessian is
92Q’ ”Czk(1 1)(1 1)
Gy Wi = - -— = 2.53
89103 ’; E]% ¢ki ¢knp ¢kj ¢knp ( )

In the negative flash procedure, it is important to test if the mole fractions remain inside a valid bounded
domain, that is to say E; > 0 Vi = 1,nc. If a solution goes outside of the bound the step length is decreased

to remain inside the domain. At the solution, x can be calculated from

Zi

- Ei¢yj

Tij Vi=1,nc;, Vj=1np (2.54)

2.3.2 Phase-split calculations

The SST exposed in the stability analysis section has also been developed for phase-split calculations [Michelsen
[1982a]]. Tt is generally used before switching to the Newton method. A switch procedure can be found in
[Nghiem et al. [1983]].

The SSI update is given by:

In K" =g,  —Ing, ;5  Vi=1ne Vj=1np—1 (2.55)
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The error is estimated based on the Euclidean norm of the fugacity difference:

nc

S= > (fij = fimp)®  Vi=lmp—1 (2.56)

=1

Algorithm 2.3 Algorithm for the multiphase-split problem (with SSI)

From the initial guess X from Stability analsis + previous multiphase flash solutions
Compute the fugacities (eq. 1.88)
Calculate 0, x, from the multiphase Rachford-Rice.
while NOTCONV do

Compute ¢(x), f

Compute S (eq. 2.56)

if S > e then

Update x and 6 from the Multiphase Rachford-Rice procedure

end if

end while

2.4 General multiphase equilibrium algorithm

In reservoir simulation, in most of the cells, the conditions remain sensibly the same between two consecutive
time steps. Therefore, the solution provided at the time n represents a good initial guess for the time n + 1.
A multiphase flash can directly be used based on the previous time step initial guess, which allows skipping

many stability analyses. The global algorithm used in this study is presented in fig. 2.6.

In the next chapter, new algorithms will be presented to improve robustness and efficiency of the both

stability testing and multiphase-split problems.

Multiphase Stability Yes
flash analysis /

Multiphase
flash
np=np +1

Sability
analysis

Multiphase
flash
np=np +1

Figure 2.6: Multiphase flash calculation procedure
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Phase equilibrium calculations (phase split and stability testing) are very important in chemical process
and petroleum reservoir engineering. In process simulation and reservoir simulation, an important part of the
computational time is spent by phase equilibrium calculations. Moreover, a failure in phase equilibrium rou-
tines may affect the results to a high extent or lead to the non-convergence of the simulation. In this context,
it becomes essential that algorithms for phase equilibrium calculations are both efficient and robust; it is
desirable to use for a given simulation type the most suitable algorithm. In petroleum reservoir compositional
simulation, the number of components in the mixture is limited (typically less than a dozen) and a very large

number of phase equilibrium calculations are performed in full-field scale simulations (in most or all the blocks

44
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of the discretization network, at each time step and at each iteration level). On the contrary, in process simula-

tions, the number of components can be very large (on the order of hundreds, with several feed mixed together).
In this chapter, improvements relative to equilibrium flash calculations will be described.

First, [Michelsen [1982a]] developed an algorithm which uses the Cholesky factorization to solve the linear
system obtained with Newton taking the logarithm of the equilibrium constants as independent variables.
This methodology will be extended to multiphase calculations, and will then be applied to [Haugen et al.
[2011]]’s method where both the phase mole fractions and the equilibrium constant are updated at each
iteration.

Also, the reduction methods introduced in multiphase equilibrium calculations enable to reduce the space
of study from nec (the number of components) for conventional variables to M (with M < nc). A new
reduction method will be proposed both for stability analysis and multiphase-split calculations, based on the
multi-linear expression of the logarithm of fugacity coefficients.

Moreover, comparisons of different Newton methods based on conventional and reduction variables will be
shown. The tests will focus on the computation time, but also on the condition number and the convergence
path. All the problems (stability analysis, two-phase split and multiphase-split calculations) will be treated
independently.

In an attempt to develop a general program, algorithms independent of the EOS will also be investigated.
A BFGS (Broyden-Fletcher-Goldfarb-Shanno) approach applied with a new set of variables will be proposed
for two-phase split calculations. Besides, a Trust-Region based method which could extend the Newton
method to be applied to more difficult problems will be presented both for the stability testing and the

multiphase-split problems.

3.1 Presentation of conventional methods

3.1.1 Stability testing

A mixture is stable if the TP D function is non-negative at all its stationary points; otherwise, the mixture

splits into two or more phases. Michelsen proposed a modified TPD function [Michelsen [1982b]]

D* = <1—i1@> +§Yi(lnYi+ln¢i(Y)—di) (3.1)

i=1 i=1
3.1.1.1 Mole numbers as independent variables

If Y; are the independent variables, the elements of the gradient vector are

_oD*
9i = oY,

=InY;+In¢; —d; ;i=1,nc (3.2)

The iteration equation in the Newton method is

HAY = —g (3.3)
and the elements of the Hessian matrix H are

9°D*  9g; 6y,  Olng,

=1,nc (3.4)

where
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GY} N YT 8:ch

Olng; 1 |[dlng; i Oln ¢;
L

and the partial derivative %ﬁi

is evaluated analytically for cubic EoS.

3.1.1.2 InY; as independent variables

If the nonlinear system of equations g(Y) = 0 is solved with InY; as independent variables, the Newton

iterations are

JAImnY =HU 'AhY =g (3.6)

Where J = HU ! is the Jacobian matrix with elements

9gi Olne; . .
(O = ;o R —— M = 1 .
Ji omY; 6”+81an )= hne (3.7)
and
AlnY = UAY (3.8)

In this thesis, the Newton method taking InY; as independent variable will be called InY. The elements

of the matrix U and of its inverse are

olnY; & L.
E = —_— . :1 .
Usj Y, Y, i1, ,ne (3.9)
and oY
—1 % ..
U;; Y, 0;;; ;i,j=1mnc (3.10)

The Jacobian matrix is non-symmetric, but a Cholesky decomposition of H can be performed to solve for

AlnY = -UL "L g (3.11)

The equilibrium constants for two-phase flash calculations are defined as: K; = y;/x; = ¢;r(xX)/div (X),
which corresponds to the equilibrium (zero gradient) condition, f;;, = f;v. Equilibrium constant for phase
stability, K;, can be defined in a similar way (that is, fulfilling (eq. 2.14), rather than the ratio of mole
fractions. For liquid phase stability (vapor trial phase)

L 3.12
zi  ¢i(Y) (3.12)
and for vapor phase stability (liquid trial phase)
— % (Y
7= 4 oY) (3.13)

f Y; - Diz (Z)

Note that K; differs from K; by a factor of Y. In the rest of this thesis, the formalism will be presented
for liquid phase stability; the case of stability testing of a vapor phase is similar.

Using InK instead of In'Y as independent variables gives identical results, since AlnY = AInK and

the gradient and the Hessian are the same for both sets of variables.

3.1.1.3 « as independent variables

In addition to phase stability calculations using the above sets of independent variables, Michelsen’s variables

([Michelsen [1982b]]) o;; = 21/Y; were also used to establish a comparison of conventional methods. In this
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case the Newton equation is HAa = —g*, in which the gradient vector is
— 0D
9i = 5o = 9iVYi (3.14)

and the Hessian matrix is

2
0“D 5u+\/>\/781n¢L zygl (3'15)

v Oa;0a; 2
in which the second term is of low effective rank (depending on the number of components with non-zero

BIPs) and the last term vanishes at the solution.
Taking the mole numbers as independent variables, for small values of Y;, large diagonal elements are
obtained for the Hessian, which reveals an ill-scaled Hessian. On the contrary, with «;, the Hessian obtained

is well scaled, with diagonal elements close to the identity.

The relationship between g and g, is

g=U"1?g (3.16)
and the relation between H and H is
H=U'Y?HUY24+D (3.17)
where
5557
Dy = 3291 (3.18)

The most difficult conditions for phase stability testing are those in the vicinity of the singularity, namely
the stability test limit locus (STLL) [Hoteit and Firoozabadi [2006], Nichita and Petitfrere [2013], Rasmussen
et al. [2006], Nichita et al. [2007c], Petitfrere and Nichita [2014a]], also called ’limit of parallel tangent plane’
Whitson and Michelsen [1990] or limit of the ’shadow region’ [Rasmussen et al. [2006]].

3.1.2 Multiphase flash calculations
The objective function for multiphase flash calculations is the dimensionless Gibbs free energy, given by

nc np

G=> > nixln fi (3.19)

i=1 k=1
The function G has to be minimized with respect to mole numbers. The material balance must be satisfied

at each step, that it to say,

zi=Y Oprip;  i=1lmnc (3.20)

with

iap =1 (3.21)

p=1

For each component 4, one phase is taken as reference phase (its mole numbers are dependent variables),
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np
NiR = Zi — Z nik; 1 = 1,nc (3.22)
k=1
E#R
3.1.2.1 Mole numbers as independent variables

The elements of the gradient vector g are:

oG

=3 =InK;p +Ingi, —Ingir;i = 1,nc;m = 1,np;m # R (3.23)
Tim

(gi)m
where the equilibrium constants are K, = Tim/Tig = ¢ir/Pim;t = 1,nc;m = 1,np;m # R and the mole
fractions are @i, = nim/ Z;ﬁl Njm;i = 1,nc;m =1,np
The stationary point condition of G is

oG

8nim

=0;i=1,ne;m=1np;m+#R (3.24)

The iteration equation for the Newton method is

HAn=-g (3.25)
where n = (n’{, cend ,nfp)T ik # R, with ng = (n1g, - - ,nm’k)T ;k =1,np. and H is the Hessian
matrix
0*G 1 [ 6 Oln ¢; 1 /6 Oln ¢;r
Hi; = T | — (L o)+ (2 g ) 4 2R (326
( .7)mk (’9nimn]~k k |:0m <5L'zm ) + anm :| + |:QR (miR ) + 8an :l ( )

Vi,j = 1,nc;k,m=1,np;k,m # R

Let V stands for the vapor mole fraction (respectively L the liquid mole fraction). For two-phase cases,

the matrix becomes

1 (5, 2 Oln ¢iL Oln ¢iV

H. = — I 1 3.27
E LV <l‘i’yi ) + 8njL + (9’)’Ljv ( )

The matrix H can be divided into two different terms:
H=U+® (3.28)

where
82GE Oln Dim O0ln iR

D, = ————— = 0k 3.29
( '])mk anim(')njk k 87’ij + 8an ( )

and the elements of the matrix U (which is always positive-semidefinite [Mehra et al. [1983], Ammar and

Renon [1987]]) are for the two phase-split problem,

Ooln K; 1 0,5
Ui = - Tiq): Vij=1, 3.30
oy V(A-V) (u,- ) b= e (3.30)
with
TiYi
;== 3.31
uy = 22 (331)

In this work, the extension to the multiphase-split problem is proposed:
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In K, 1 g 1 g
(Ui guse = 5™ = b LI I . (3.32)
m 0 O

Ok m \ Tim TR

Newton iterations using mole numbers as independent variables are denoted in this work as NLV.

3.1.2.2 Improved mole numbers as independent variables

In the expression of the Hessian matrix, some off-diagonal elements contain the term 1/n;r. This means that
if for certain components n;r ~ 0, the off-diagonal elements may tend to +o0o and the Hessian may be really
ill-conditioned. It is then important to ensure that n;r remains sufficiently large for all the components.
[Michelsen [1982a]] proposed to take the reference phase (hence the dependent variables) different for each
component. For a component i, the reference phase R is taken to be the one with the highest molar amount,
that is, n;gr = mnzl??ép(nim). This requires further calculations but it gives a considerably better conditioned
Hessian than NLV, better suited to both Newton and Trust-Region methods. This procedure is denoted
here as NLVM.

3.1.2.3 In K;,, as independent variables

If In K;,,, are taken as independent variables, the nonlinear system g(n(InK)) = 0 can be solved by means of

a Newton procedure:

JAhK=—-g (3.33)
Where

0?°G

(Jij) ke = m7 i,j=1nc; kym=1np km#R (3.34)

The matrix J can be expressed as (from eq. 3.28):
J=HU !'=1+oU""! (3.35)

3.1.2.3.1 Two-phase split problem (existing methods)

For the two phase-split problem, the inverse U~! is obtained by applying the Sherman-Morrison-Woodbury

for a rank-one update of a diagonal matrix [Michelsen [1982a], [Ammar and Renon [1987]]

on; U;
-1 72‘/ = . . . /A )7 —
o= K, V Lu; ((LJ + S ) : 1,7 =1,nc (3.36)

with s =137 u,.

The Jacobian matrix is non-symmetric, but is the product of two symmetric matrices, H and U~!. As
proposed by [Michelsen [1982a]], the Hessian matrix can be decomposed as H = LL” | then the linear system
is solved for Anyy, = —L~TL™!, and finally (AIn K = UAn;,. [Michelsen [1982a]] used an LDL” rather
than an LLT Cholesky decomposition). Using this procedure, the time required to solve the linear system
is reduced by about a half (as compared with an LU decomposition of J). This procedure will be called
InK — chol..
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3.1.2.3.2 Multiphase-split problem (new proposed procedure)

For the multiphase-split problem, the dimensionality of the problem is nc x (np — 1); Matrices H and J have
a block structure, with (np — 1) x (np — 1) blocks. The Jacobian matrix is non-symmetric, but one can take
advantage of symmetry in constructing it, by calculating only about half of the elements of the symmetric
matrices ® and U~1. Unlike in two-phase equilibrium, it is very difficult to inverse the matrix U analytically.

The elements of U™ are

3nik

A_.l = — 0. = 1 M = 1 M .

U= g, Vhi=lne Vkp=lop kp#R (3:37)
Using the chain rule
E)nik 8ni;€ 2 8mk 89m
— — T ). 3.38
Oln Kjp, (61nij>9+le (69m)K6L7£m (‘mnij)7 ( )
m;ZR '

i,j=1nc; k,p=1,np; k,p # R (339)

The partial derivatives in the above equation are

6n-k n;
) =ik | Okp — —2 | 54,5 = L,nc;k,p=1,np; k 4
<8anjp)0 Jn’“(kl’ zi>vln7 y NC R, P ,np;k,p# R (3.40)
and
on;
( nk) = Oupik — nikwip; i, j = 1ne;  kp=1np; kp#R (3.41)
60m K795¢7n
where

and the partial derivatives 06,,/01n K, are obtained by differentiating the Rachford-Rice equations, (eq.
2.30)

< [ORy 00, IRy, .
==k ) . =1,ne; k,p=1np, k R 3.43
Z (39m>}<,9,¢m (8anjp) (aanJ’p)@7 ’ e v ke 7 ( )

m=1

m#R

The linear system of equations is

00 .
S (aan)jp = (f)jp, j=lne p=Llnp p#R (3.44)

The (np — 1) X (np — 1) matrix S is symmetric (since it is a Hessian, corresponding to the minimization
of Michelsen’s @ function (eq. 2.42) with respect to np — 1 0 variables). The matrix S and its decomposition
are already available from the last iteration in the resolution of the Rachford-Rice system of equations; its

elements are

S = — <8R’“> = wgwis  km=Lap km#R (3.45)
90, K.0szm =1

and the elements of the RHS vector in (eq. 3.44) are

OR .
)iy = | s ) =R (6kp — Opwji) ; j=1mne; kp=1np; kp#R (3.46)
ir K, ),
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Moreover, from the proposed expression of the matrix U for multiphase problems (eq. 3.32), the procedure
InK — chol. (from [Michelsen [1982a]], introduced in two phases) can be extended to multiphase calculations.
The same procedure can be used for stability analysis with In'Y variables and will be called InY — Chol. in
this thesis).

To the best of our knowledge, no reports can be found in the literature on how to use symmetry in
multiphase flash calculations with In K as independent variables.

The Jacobian matrix J in Newton — InK iterations is better scaled than the Hessian for NLVM
iterations; the linear system (eq. 3.33) is better conditioned than the system (eq. 3.25).

3.2 Reduction methods

In order to reduce the computer time in equilibrium calculations, an attractive alternative to the widely
used technique of lumping individual components into pseudo-components is given by the so-called reduction
methods. In the reduction method the dimensionality of the phase equilibrium problem can be significantly
lowered, and the number of independent variables does not depend on the number of components in the
mixture, but only on the number of non-zero binary interaction parameters (BIPs) in the equation of state
(EoS): the use of a detailed fluid composition is thus allowed. The reduction methods are particularly efficient
for mixtures with many components and few non-zero BIPs (such as naturally occurring hydrocarbon systems
or certain feeds in refining problems involving several different crude oils that could bring the total number

of fractions to the order of hundreds).

The first reduction method for flash calculations was proposed by [Michelsen [1986]]. Using EoS parameters
as independent variables, together with the fraction of one equilibrium phase instead of conventional variables
used in the compositional space, he obtained a nonlinear system of only three equations, whatever the number
of components in the mixture. Even though this method is not applicable in practical cases (being limited to
all BIPs equal to zero), Michelsen’s simplified flash formulation is very important since it showed for the first
time that the solution phase equilibrium problems can be sought in a space of reduced dimensionality. A few
years later, [Hendriks [1988]] presented the 'Reduction Theorem’, stating the circumstances under which the
dimensionality of several phase equilibrium problems can be reduced; he explained that various formulations
apparently very different reflect a common underlying mathematical structure. In any reduction method for

phase equilibrium calculations with two-parameter cubic EoS, there are M reduction parameters [Hendriks
[1988]]7 Q = (Qh QQ? T aQM)T, given by

Qo = ZQaimi Va=1,M (3.47)
i=1
Where g, are the elements of the reduction matrix [Hendriks [1988]].

Different sets of reduced variables/reduction procedures have been proposed [Hendriks and van Bergen
[1992], Nichita and Minescu [2004], Li and Johns [2006], Nichita and Graciaa [2011], Gaganis and Varotsis
[2013]], and a number of papers have presented calculation procedures for two-phase flash calculations
[Hendriks and van Bergen [1992], Nichita and Minescu [2004], Li and Johns [2006], Nichita and Graciaa
[2011], Jensen and Fredenslund [1987], Kaul and Thrasher [1996], Pan and Firoozabadi [2003], Nichita et al.
[2007a]], phase stability analysis [Firoozabadi and Pan [2002], Nichita et al. [2002], Nichita et al. [2006a],
Hoteit and Firoozabadi [2006]], multiphase flash calculations [Nichita et al. [2006a], Okuno et al. [2010a]],
critical point calculation [Nichita [2005], Nichita [2006b]], phase envelope construction [Nichita [2008]], or the
application of the reduction concept to solve related problems, such as pseudo-component delumping [Nichita
and Leibovici [2006]]. The implementation of reduction methods in compositional reservoir simulators has also
been evaluated for IMPEC simulator [Okuno et al. [2010a], Okuno et al. [2010b]], in fully implicit [Pan and
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Tchelepi [2011a] and Pan and Tchelepi [2011b]], and is also implemented in INTERSECT. Two- parameter
cubic equations of state are usually used, but it should be noticed that the applicability of the method is
restricted by the mixing rules and not by the form of the equation of state (EoS parameters for mixtures

must be linear forms or decomposable into linear forms [Hendriks [1988]]).

In this work, a presentation of the reduction parameters will be made in a first part. Then, a new
reduction method will be presented for stability analysis and multiphase flash calculations (based on [Nichita
and Graciaa [2011]] methodology (who developed an algorithm for two phases)). Comparisons will be made

with previous variables (conventional and previous reductions) for the different problems.

3.2.1 Presentation of existing reduction based methods

3.2.1.1 Reduction parameters

Any procedure [Hendriks and van Bergen [1992], Nichita and Minescu [2004], Li and Johns [2006], Nichita
and Graciaa [2011], Gaganis and Varotsis [2013]] to decompose the quadratic form A (eq. 1.72, eq. 1.73)
can be used to obtain the reduction parameters and the reduction matrix [Hendriks [1988]]. The spectral

decomposition [Hendriks and van Bergen [1992]] of the matrix C = {1 — Cj;}, j=1 ne (usually of rank r << nc),

m
1-Ciy = Z Aalnidn; (3.48)
a=1

where )\, are the m = r non-zero eigenvalues, and ¢/ ,;;a& = 1,m i = 1,nc are the elements of the
corresponding eigenvectors. The elements of the reduction matrix are related to eigenvectors by q., =
¢iVAi; a=1m i=1nc From (eq. 1.74), A;; can be written as

Aij = Z Aalaidaj (3.49)
a=1

and, using (eq. 3.47) for « = 1,m, (eq. 3.49 and eq. 1.72, eq. 1.73), we obtain A(Q)

A= Z in.’lﬁj < AaQai‘]aj) = Z Aa (Z Qaixi> ZQijj = Z )\aQi (350)
a=1 a=1 i=1 j=1 a=1

i=1 j=1

and 1;(Q)

P = Zivz (Z AaQaiQaj) = Z Aalai Z%jﬂfj = Z AaGaiQa; Vi=1,nc (3~51)
=1 a=1 a=1 J=1 a=1
is obtained from (eq. 3.47, eq. 3.49 and eq. 1.89).
The last reduction parameter is (eq. 3.47 for a =m +1= M)
Qu=B= Z B;x; (3.52)
i=1
h variables were introduced by [Nichita and Minescu [2004]].

By introducing (eq. 3.50, eq. 3.51 and eq. 3.52) in (eq. 1.88), after some arrangement the fugacity

coefficients are obtained as:

M+1
i = Y Gaiha; i=1,nc (3.53)
a=1
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where qo;; a=1,M +1; i=1,nc are the elements of the reduction matrix [Hendriks [1988]], with

qvi = Bi and qary1: = 1.

The coefficients h, (eq. 3.53) are function only of reduction parameters, h, = ho(Q)

he(Q) = —QAAQQ?; In (?Eg; igfhf‘j) a=1m (3.54)
wo - 232 SRy
hu(Q) = —In(Z(Q)—Qu) (3.56)
If all BIPs are zero, m =1 (M = 2), qi; = VA;, qo; = B; and hy = ho(A, B); a=1,2.
In matrix form (eq. 3.53) reads
Ing = CTh (3.57)

where the reduction matrix C is an [(M + 1) x nc] matrix; it also relates reduction parameters to mole
fractions (Q = Cx; (eq. 3.47)).

In terms of reduction parameters, the excess part of the Gibbs free energy is

M+1
95(Q) = ) Quha(Q) (3.58)
a=1
with Qpr41 = 1 for convenience, and its derivatives with respect to the reduction parameters are
99k
= ha 3.59
20, (3.59)

From equations (eq. 3.53, eq. 3.54 to eq. 3.56 and eq. 3.58), fugacity coefficients and molar excess Gibbs
free energy can be viewed as functions of h, as well as functions of reduction parameters Q via h, and not on

phase compositions as in conventional methods.

For two phase-split problems, [Nichita and Graciaa [2011]] developed a new algorithm based on the
exposed h variables:

(eq. 3.53) can be expressed for each phase of a multiphase mixture:

M+1
ik = Y Gailke;  i=1nc (3.60)

a=1

Using [3.60], the equilibrium constants In K; = In ¢;1, — In ;- are

M+1
MK =Y qaiha; i=1,nc (3.61)
a=1
or
nK =C"h (3.62)
with
ha = hra — hyva (3.63)

In reduction methods for phase equilibrium calculations, either the reduction parameters Q [Hendriks
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and van Bergen [1992], Pan and Firoozabadi [2003], Nichita and Minescu [2004], Li and Johns [2006] and
Nichita et al. [2007b]] (the algorithms are denoted Q — red. through this thesis) or the coefficients h from (eq.
3.54, eq. 3.55, eq. 3.56) [Kaul and Thrasher [1996], Pan and Firoozabadi [2003], Nichita and Graciaa [2011]]

(which are Lagrange multipliers; algorithms are denoted h — red.) can be chosen as independent variables.
3.2.1.2 Two phase-split calculations in the reduction approach
3.2.1.2.1 Reduction parameters as independent variables

In [Nichita and Minescu [2004]], a methodology for the two phase-split problem was developed. M + 1

independant variables were used whose corresponding M + 1 error equations are

€a = quyi —Qva=0 Va=1,M (3.64)
=1
nc

e = Y (gi—w)=0 (3.65)
=1

A Newton procedure can be used to update the variables. The Newton iteration equation is

JEQAC = —e (3.66)

where ( = [Qva, -, Qv,um, V}T is the vector of independent variables (QBV iterations [Nichita et al.
[2007D]], used if the mixture is predominantly liquid; otherwise QBL iterations are used [Nichita et al. [2007b]],

and ¢ = [Qr1,--, Qrar, LI7).
The elements of the Jacobian matrix are

_ Oey
JfﬁQ:aQB; a,B=1,M+1 (3.67)

All required partial derivatives are given in [Nichita et al. [2007b]]. The Jacobian matrix is non-symmetric.

3.2.1.2.2 Lagrange multipliers as independent variables

In the reduction method of [Nichita and Graciaa [2011]], the idea is to consider In ¢; = In ¢;(h(Q)) = In ¢; (h),
which suggests to use h = [hy,- -+, hari1] as the vector of independent variables (which are not bounded)

and Q as dependent variables, according to the following sequence:

Given h — InK (eq. 3.61) — V (Rachford-Rice) — x — Q (eq. 3.47) — New h (eq. 3.54, eq. 3.55, eq.
3.56).

In this case the error equations are

eq = ho + hyo — hLa = 0; Va=1,M+1 (3.68)
and the elements of the Jacobian matrix are

- 8€a ahva 8hLa

Jop = 2o g o4 Ove
O oy 2T Bl T oy

(3.69)

where
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M

Ohka _ Z Ohpo 0Quy
Ohy 2= 0Quy Ohy

Va,B=1,M+1, k=L V (3.70)
The partial derivatives required in (eq. 3.70) can be found in [Nichita and Graciaa [2011]].

Previously, h have been used as independent variables by [Kaul and Thrasher [1996]] (for all BIPs equal
to zero) and [Pan and Firoozabadi [2003]]. [Nichita and Graciaa [2011]] reduction method was used by
[Michelsen et al. [2013b], Haugen and Beckner [2013], Gorucu and Johns [2013], Gorucu and Johns [2014]
and Gaganis and Varotsis [2014]]. In [Nichita and Graciaa [2011]] it was observed (but not proved) that
h — red. Newton iterations have the same convergence path as the conventional Newton iterations with In Kj
as variables. A proof of this statement is given in Appendix E. In Appendix D, it is shown that the elements
of h are Lagrange multipliers associated to a constrained minimization of the Gibbs free energy with respect
to component mole numbers and subject to linear equality constraints, and that the error equations and the

Jacobian matrix in [Nichita and Graciaa [2011]] are related to this constrained minimization.
3.2.1.3 Phase stability in the reduction approach
3.2.1.3.1 Reduction parameters as independent variables

[Nichita et al. [2006a]] showed that the tangent plane distance (eq. 3.1) could also be considered with the
reduction variables. They showed that (eq. 3.2) was equivalent to the system of M equations, with M

unknowns (Q = [Q1, - 7QM]T)5

FolQ) =D q0iYi—Qu > Yi=0 a=1M (3.71)
=1 =1

The Newton iteration equation is:

JERAQ=-F (3.72)

From (eq. 2.14),

o, 0nsi(Q).

=y, —— 0= i=1ne B=1M 3.73
0Qp Qg (3.73)
thus,
_ OF, < ) CR )
JEQ = o — 5, Y + Qa L i— a,B=1,M 3.74
1T ag, T N e gg, L tag, 74

The variables Q are bounded by min;—; negas; & = 1, M. Only Newton iterations can be performed;
if a variable hits its bounds or if the T PD function increases between two subsequent Newton iterations,
iterations are reverted to SSI [Hoteit and Firoozabadi [2006]].

For the stability analysis problem, the procedure has been developed in this thesis and will be exposed in

the next session.

3.2.1.4 Pseudo-reduces methods

[Michelsen et al. [2013b]] proposed recently a method called here 'pseudo-reduced’. The idea is to build a
system with a reduced dimensionality using some reduction principles, but starting from the gradient vector

and the Hessian matrix constructed in the compositional space.

For flash calculations, the gradient vector with respect to h is
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. 0G5 0G Ongy B
% By = G Ot O LM S
Or
g-=Tg (3.76)

where T is an (M + 1) X nc matrix with elements:

Oy 2% Ongy OInK; .
Tai — — ) = 17 M 17 = 1’ 3.77
he 2= WK, oh, = ° ThrE e (377

or TT =U-I1CT, or

T=CU! (3.78)

The Hessian matrix with respect to h is

H* = THT” (3.79)

and the Newton iteration equation in the pseudo-reduced method is

H*Ah = —g* (3.80)

Michelsen’s procedure consists in calculating a new Hessian and a new gradient starting from those
evaluated in the conventional method (taking advantage of symmetry properties), then solving a smaller linear
system to update h, and finally calculating updated In K; from (eq. 3.61). The method can be implemented
with minimal modifications in existing codes using conventional methods. The spectral decomposition is
performed only once for all at the beginning of calculations. If Newton iterations are used, the convergence
path of the pseudo-reduced method follows naturally the one of the conventional method using InK as

independent variables.

A similar pseudo-reduced method is proposed by [Michelsen et al. [2013b]] for stability testing. It is shown
in Appendix G that Michelsen’s (eq. 3.80) can be obtained in a different way directly from the Newton
iteration equation with Y; as independent variables, by using a different transformation matrix and without
neglecting any terms. The pseudo-reduced method for phase stability has the same convergence path as the

conventional method with InY; as independent variables.

3.2.2 A new reduction method for the stability analysis problem
3.2.2.1 Introduction

Phase stability testing is an important sub-problem in phase equilibrium calculations; it assesses the state
of a system, (decides whether a system of given composition z is stable at given pressure and temperature
conditions or if it splits into two or more stable phases). Phase stability consists in finding either all stationary
points or only the global minimum of the Gibbs tangent plane distance (T'PD) function [Michelsen [1982Db]].
The results of phase stability analysis are of high importance for initialization of multiphase flash calculations
and for validating the results of a phase split [Baker et al. [1982]].

The T PD surface is non-convex and often highly nonlinear, and phase stability calculations at certain
conditions are rather difficult [Hoteit and Firoozabadi [2006], Nichita et al. [2007c]], mainly in the vicinity of
the stability test limit locus (STLL), also denoted limit of parallel tangent plane [Whitson and Michelsen
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[1990]] or shadow curve [Rasmussen et al. [2006]]. Besides, compositions of many effluents in chemical and
petroleum engineering are characterized by a (very) large number of components, resulting in time-consuming
simulations. In petroleum reservoir compositional simulation, even if the number of components in the mixture
is limited (typically less than ten), a very large number of phase equilibrium calculations are performed
in full-field scale simulations. Depending on the structure of the simulator, flash calculations may be part
of a larger problem, but stability testing must be carried out at any time step in any grid block likely to
experience a phase split; even if stability testing may be bypassed according to some simple criteria [Rasmussen

et al. [2006]], a very large number of calls for the stability routine is expected during a field-scale simulation run.

Recently, [Nichita and Graciaa [2011]] proposed a new reduction method for two-phase flash calculations;
unlike most of the previous reduction methods, the independent variables are not the reduction parameters
and the approach corresponds to the minimization of the Gibbs free energy [Michelsen et al. [2013b], Petitfrere
and Nichita [2014b]], which facilitates the comparison with conventional methods (as recently pointed out by
[Michelsen et al. [2013b]]. Moreover, the number of iterations is the same as in conventional flash calculations
using the natural logarithm of equilibrium constants as independent variables, and the iteration path is
related to that in the conventional method. The present chapter presents a calculation procedure for phase
stability analysis based on the reduction variables proposed in [Nichita and Graciaa [2011]], which exhibits

some very interesting features.

3.2.2.2 Proposed reduction method

One can consider the dependence In ¢; = In ¢;(Q), which leads to the reduced stability formulation of [Nichita
et al. [2007b]], or to consider In ¢; = In ¢;(h(Q)) = In ¢;(h), which suggests to use h = (hy, -+ ,hpr41)T as
the vector of independent variables (in a similar way to the recently reduction method for flash calculations
[Nichita and Graciaa [2011]]), rather than the reduction parameters. The key equation is (eq. 3.53): the
vector of natural logarithms of fugacity coefficients is simply the product between the transposed of the
reduction matrix and the vector h. On the other hand, h, depend only on reduction parameters, directly
and via the compressibility factors, i.e., ho = ho(Q,Z2(Q)) = ha(Q); a=1,M +1 (eq. 3.54, eq. 3.55, eq.
3.56). This suggests the possibility of updating h according to the following iterative sequence:

Given h = In¢ (eq. 3.53) = Y (eq. 2.14) — x (eq. 2.9) = Q (eq. 3.47) — New h (eq. 3.54, eq. 3.55,
eq. 3.56)

Note that the new independent variables h are unbounded, unlike the reduction parameters Q (taken as
independent variables in [Nichita et al. [2007a], Hoteit and Firoozabadi [2006]]) which are bounded. This

have a favorable effect on the convergence behavior and finally on the robustness of the method.

The error equations in the proposed method are

ea =ha —ho(Q)=0;, a=1,M+1 (3.81)
and the elements of the Jacobian matrix are

dea _ 0ha(Q)

ro_ a5 ONa(R) —1,M+1 82
Jozﬁ ah,@ B 8}15 ) aaﬂ ; + (3 8 )

The resulting linear system of equations in the Newton method is

JR(V)Ah(V+1) — 7e(l/) (3.83)

where Ah(*+1) = h(*+1) _ h(*) y is the iteration level and e = (e1,--- ,ears1)”
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The partial derivatives in (eq. 3.82) are calculated as [Nichita and Graciaa [2011]]

Oha BQW _
ahﬁ Z 50, o1, a,B=1,M+1 (3.84)
where
Ohe Ohq Ohg 07
— + [ —= ; a:]_’M-f—l’ :]_7M 3.85
9Q, <8QW)ZQ¢ <6Z>Q8Q7 ! (35
and
0Qy ~~ O, S
o —;qwzahﬁ, B=1,M+1; y=1,M (3.86)

The partial derivatives required in (eq. 3.84, eq. 3.85 and eq. 3.86) are given in Appendix A. The partial

derivatives of mole fractions with respect to the primary variables are

8% 1 aYk .
— = =1 ; =1, M+1 3.87
Where
aY;
= —qg;Y; 3.88
oh, (3.88)
giving
ox;
ah; = (@ — qpi) =i (3.89)
and
5@
R QBQ“/ Z q4pi4~iTs (390)
=1
Since qar41,5 = 1,
a.’ti
= 3.91
Do (3.91)
and
Ohq
7:(5771\/["’17 Oé:17M+]. (3.92)
Ohpr41
the last column in the Jacobian matrix is (0,---,0,1)7.

Thus, it is convenient to solve the linear system of equations of dimensionality M x M

S IRAh = —ea; a=1,M (3.93)

and the last variable is updated at each iteration from

Ahpry1 = —enre1 — aeM“Ah (3.94)
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with the cost of a simple summation over M.

The proposed method can be also formulated in terms of equilibrium constants for phase stability K;

M+1
K = Y qaiha; i=1nc (3.95)
a=1
where
E(Q) = ha(Q) - hozz(Qz)? a=1, M+1 (396)

The second term corresponds to feed composition.

Using h instead of h as independent variables is the same thing, since Ah = Ah and gradients and

Hessians are identical.

It is shown in Appendix B that the proposed method for phase stability corresponds to a constrained
minimization of the modified TPD function, with Lagrange multipliers h. In Appendix C, using some matrix
algebra, the link between conventional and reduction methods is established, as well as an equivalence of

convergence path in both hyperspaces.

At the solution, the relation between Jacobian matrices taking Q and h as independent variables is (see
Appendix F)
1 T

R __ R—-Q _
=y [Jaﬁ } . af=1M (3.97)

It is clear from (eq. 3.97) that the condition numbers of the Jacobian matrix at the solution are the same

for both reduction methods. This is not the case during iterations, each of the two reduction methods having

its own convergence path.

3.2.2.2.1 Calculation Procedure

The calculation procedure consists in Successive Substitution (SS) iterations, followed by Newton iterations;
however, in the proposed reduction method, one can skip the SS sequence and start directly with Newton

iterations.

3.2.2.2.1.a Initialization

Initial guesses for K-values are obtained from the Wilson relation [Wilson [1969]]. The two-sided initialization
[Michelsen [1982b]] is used: Yi(o) = z;K; (for liquid phase stability) and Yi(o) = z;/K; (for vapor phase
stability). Note that in a multiphase context, more initial guesses may be required [Michelsen [1982al]; several
initialization procedures were proposed [Canas Marin et al. [2007], Li and Firoozabadi [2012]]. [Firoozabadi
and Pan [2002]] used a multilinear regression (as suggested by [Kaul and Thrasher [1996]] for flash calculations)
to initialize h by projecting In K onto the h space via an equation similar in form to (eq. 3.95) (this requires
the resolution of a linear system of M + 1 equations and a number of summations over nc). In this work, the

reduction parameters are calculated directly from the initial guess at the first iteration.
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Algorithm 3.1 Stability testing with the new reduction method

Calculate d;, for feed composition
Initialize K-values from Wilson’s relation;
Initialize Y;;
k=0
Newton = false
while S > ¢ do
E=k+1
if k> 1 then
Given h, calculate In ¢; from (eq. 3.53)
if Newton then
Calculate the elements of Jacobian matrix J® (eq. 3.82)
Solve the linear system of equations (eq. 3.93)
Update hY™ = hl) + ARY™, a=1,M
Update har41 from (eq. 3.94)
Calculate K-values from (eq. 3.95)
Calculate Y from (eq. 3.12)
else
Calculate Y from (eq. 2.14)
end if
end if
Calculate mole fractions x from (eq. 2.9)
Calculate reduction parameters (eq. 3.47)
Calculate compressibility factor from the cubic EoS (eq. 1.71)
Calculate h(Q) from (eq. 3.54, eq. 3.55, eq. 3.56)
Compute the error vector e from (eq. 3.81)
Calculate the Euclidean norm, S = /> €2 from (eq. 3.98)
if |AY|| < esw then
Start Newton sequence
Newton = true
end if
end while

3.2.2.2.1.b Stopping/switching criteria

The stopping criterion is based on the Euclidean norm of the error vector (gradient vector in the reduction
method)

(3.98)

(3.99)

A calculation procedure consisting in SS iterations, followed by Newton iterations combines the advantages
and avoids disadvantages of each method. Since, as will be seen in the results section, the convergence radius
of the proposed method is quite large and Newton iterations can be used directly; in this case, one can skip
step (12) in the sequence described above. Both options (with/without switch) are used in the next section.

The criterion for switching from SS to Newton iterations is taken from [Hoteit and Firoozabadi [2006]].

1

nc 2
|AY| = <Z (Yi(u) - 51-(”1))2) < esw (3.100)

i=1
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3.2.2.3 Results

In this section, several conventional and two reduction methods are tested for various test problems. The two
reduction methods considered here are the proposed method (denoted h — red.) and the reduction stability
method of [Nichita et al. [2007b]] (denoted Q — red.), as modified by [Hoteit and Firoozabadi [2006]] (that is,
if a reduced variable Q goes out of its bounds, gamin < Qo < Gamas > revert to SS iterations). Both methods
have a very interesting particularity: convergence is ensured (except near the STLL) using only Newton
iterations. In the conventional methods, three sets of independent variables are used: Y;, InY; and «;. The
tolerance used in all calculations is e = 107! in (eq. 3.99); the norms S (eq. 3.98) and Sy (eq. 3.99) have
the same order of magnitude. The tolerance ey = 1072 (as suggested in [Hoteit and Firoozabadi [2006]])
is used whenever a switch is performed from SS to Newton iterations. The Peng-Robinson EoS [Peng and

Robinson [1976], Robinson and Peng [1978]] is used in all calculations.

3.2.2.3.1 Y8 mixture

The six-component Y8 mixture [Yarborough [1972]] is a synthetic gas condensate mixture containing normal-
alkanes. All BIPs are taken equal to zero (¢ =0, m = 1, A; = 6), thus there are only three equations. The
calculated critical point is T¢ = 293.78 K and pc = 210.67 bar; the phase envelope and the STLL can be
seen in fig. 3.1b from [Nichita et al. [2007c]]. At T" = 335 K (in the retrograde condensation region), the
dewpoint pressure is pg = 224.39 bar, and the stability test limit is at p = 225.26 bar.
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Figure 3.1: a) Euclidean norms vs. iteration level; Y8 mixture at T=335 K and P=200 bar b) Number of
iterations for the Y8 mixture at T=335 K in the conventional method

At P = 200 bar, the variations of the Euclidean norm Sy vs. iteration number are plotted in fig. 3.1a
(in two cases: for switching from SS iterations and for direct Newton iterations) for the proposed stability
reduction method and for the conventional method with InY; as independent variables, as well as the norm S
for the proposed method. The norms Sy are almost identical for InY and h — red. since the two methods
have the same theoretical convergence path. The number of iterations vs. pressure for vapor phase stability
testing on the isotherm 7" = 335 K are plotted for various independent variables in the conventional method
(with switch from SS iteration) in fig. 3.1b and for the two reduction methods (only Newton iterations) in
fig. 3.2a. If one starts directly with Newton iterations for the variables a; (fig. 3.2b), the method eventually
converges, but it requires a quite large number of iterations (more than 20) over a wide pressure interval; in
this case, using the variables Y;, the number of iterations is even higher, and severe convergence problems
occur near the STLL, while using InY; as independent variables, the conventional method converges in
less than 8 iterations, except in the vicinity of the STLL. For liquid phase stability testing, the numbers

of iterations on the same isotherm are plotted in fig. 3.3a for the two reduction methods. The two peaks
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correspond to the intersection of the spinodal with the isotherm, at about 215.5 bar and 73.5 bar (trivial
solution saddle points); convergence problems in the vicinity of the spinodal are much less severe than those
near the STLL.
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Figure 3.2: a) Number of iterations for the Y8 mixture at T=335 K using reduction methods, b) Number of
Newton iterations for the Y8 mixture at T=335 K in the conventional method
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Figure 3.3: a) Number of iterations for the Y8 mixture at T=335 K; liquid phase stability, b) Number of
iterations for the MY 10 mixture at saturation points using reduction methods

3.2.2.3.2 MY10 mixture

The ten-component MY10 (Metcalfe and Yarborough [Metcalfe and Yarborough [1979]]) mixture is a synthetic
oil containing normal alkanes. Composition, component properties and BIPs are taken from [Firoozabadi
and Pan [2002]]. Only methane has non-zero BIPs with the other components, ¢ = 1, m = 3 (non-zero
eigenvalues are \; = 9.9574, Ay = 0.0707, A3 = —0.0280). The calculated critical point is T¢ = 572.2296 K
and poc = 79.9367 bar.

The number of iterations at saturation pressures using the proposed method, as well as those reported
[Firoozabadi and Pan [2002]] (denoted here red-FP), are plotted in fig. 3.3b. Extremely close to the critical
point our method converges in 15 Newton iterations (note that [Firoozabadi and Pan [2002]] does not report
the number of iterations in the temperature window containing the critical point), while at most temperatures

4 to 7 iterations are required for convergence.



3.2. REDUCTION METHODS 63

3.2.2.3.3 MY10/CO; mixture

An amount of 85 % COs is added to the MY10 mixture. In this case, methane and CO have non-zero BIPs
(¢ =2, m =5, and the five nonzero eigenvalues are A\; = 10.7487, Ay = 0.2207, A5 = 0.0643, A\, = —0.0328,
A5 = —8.64e~4). At T = 322 K, the mixture is at near critical conditions, on the dewpoint side; the dewpoint
pressure is pg = 119.64 bar and the STLL is at p = 120.31 bar. For this isotherm, the number of iterations
required for stability testing in the two reduction methods is plotted vs. pressure in fig. 3.4a, and the results

for several independent variables in the conventional method are plotted in fig. 3.4b.
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Figure 3.4: Number of iterations for the MY10 - 85% COy mixture at T=322 K

3.2.2.3.4 Billings Crude/Natural Gas Mixture

A Billings crude oil/natural gas mixture from [Roland [1945]] is described by 11 components, with all relevant
data taken from [Firoozabadi and Pan [2002]], except the BIP between methane and the heaviest pseudo-
component, which is set at Ce,—¢,,+ = 0.04 (there is a possible misprint in Table 3 from [Firoozabadi and
Pan [2002]] where this BIP is zero). Using this characterization, the mixture is a near-critical dewpoint fluid at
the temperature T=366.48 K (the calculated critical point is Te= 355.5929 K and pc= 735.8542 bar), with a
dewpoint pressure p = 718.698 bar and the stability test limit at p = 718.704 bar (extremely narrow ’shadow’
region due to the proximity of the critical point). Only methane has non-zero BIPs with the remaining
components (¢ = 1, m = 3, and the three non-zero eigenvalues are \; = 10.978282, Ay = 5.008757¢~2,
A3 = —2.837006e¢~2), thus there are five independent variables.
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Figure 3.5: Number of iterations for the Billings mixture at T=366.48 K
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The results of stability testing on the isotherm T' = 366.48 K (number of iterations vs. pressure) are given
in fig. 3.5a (for the two reduction methods as compared with the results reported in [Firoozabadi and Pan
[2002]]) and in fig. 3.5b (for the conventional method). The peak at a low pressure corresponds to the lower
branch of the spinodal (at p = 21.84 bar).

3.2.2.3.5 Kilgren Reservoir fluid

This is a near-critical reservoir fluid [Kilgren [1966]]. Its characterization by 14 components (with five
pseudo-components in the C7+ fraction) is taken from [Firoozabadi and Pan [2002]]. Three components (C1,
N2 and COs) have non-zero BIPs with the remaining ones (¢ = 3). The six nonzero eigenvalues (m = 6)
are: A1 = 13.561952, Ay = 0.417676, A3 = 0.071585, Ay = —0.043116, A5 = —0.013293, and ¢ = 0.005196.
According to this reservoir fluid description, at the reservoir temperature T' = 399.82 K, the mixture is a
high-shrinkage oil (the calculated critical point is Te= 476.9271 K and pc=842.5883 bar), with a bubble
point pressure of p, = 1053.144 bar (the stability test limit is at p = 1054.545 bar). Fig. 3.6a depicts the
number of iterations required by the two reduction methods (Q — red. and h — red.) as compared to those
reported in [Firoozabadi and Pan [2002]], while the number of iterations for the conventional method using
various independent variables are plotted in fig. 3.6b (note that for this mixture the switching criterion is
satisfied after just one iteration). As for the previous example, the less pronounced peak at a low pressure

corresponds to the lower branch of the spinodal.
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Figure 3.6: Number of iterations for the Kilgren mixture at T=399.82 K

3.2.2.4 Discussion

It is very important that the independent variables (the elements of h) are unbounded (they are related
to In ¢;) while the reduction parameters Q are bounded (they are related to z; € (0,1)); this is, a major
advantage of the proposed method for phase stability. If Q are independent variables [Pan and Firoozabadi
[2003], Hoteit and Firoozabadi [2006]], they may go out of bounds during Newton iterations; in this case
either a line search procedure is used [Nichita et al. [2007al], or a switch back to SS iterations is required
[Hoteit and Firoozabadi [2006]] (near the STLL in the single phase region, the line search can be often tedious,
and one may need to revert to SS a very large number of times; note that in the latter case, partial derivatives
are evaluated but not used for updating the variables). In the proposed approach, the reduction parameters
are dependent variables (they are calculated by (eq. 3.47) from mole fractions normalized by (eq. 2.9)), and

it is guaranteed that they are always within their bounds (min; ¢»; < Q < max; qqa;; «=1,M; i=1,nc).

Previous conventional methods for phase stability used a; = 21/Y; [Michelsen [1982b]] or the formal
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mole numbers Y; [Hoteit and Firoozabadi [2006]] as independent variables. [Hoteit and Firoozabadi [2006]]
reported that using «; did not add computational efficiency to the Newton method (variables a; are, however,
very important for quasi-Newton methods, which are very sensitive to scaling). In this work we propose
the use of InY; as independent variables for conventional stability testing. Numerical examples show that
using Y; or a; require almost the same number of Newton iterations (with a small advantage for «;, which
requires one iteration less in some cases); InY; performs slightly better than «; when Newton iterations
are preceded by a number of SS iterations. However, without SS, the Newton method converges rapidly in
all cases for InY;, while for a; the Newton method eventually converges, but a large number of iterations
are required (typically more than 20 for the mixtures studied, see for instance fig. 3.2b). This is due
to the fact that for a; the diagonal terms in the Hessian matrix are §;;(1 + 1/2gF), as compared to §;;
for InY;. The Hessian for «; is better conditioned at the solution (where g; = 0), but may have a very
bad condition far from the solution (in early stages of the process). In the conventional method, we advo-

cate the use of In Y; as independent variables. If it to choose between the variables Y; and «;, we recommend «;.

Superior performances (smaller numbers of iterations and the possibility to apply directly the Newton
method without the need of SS in the early stages of calculations) of reduction methods [Firoozabadi and
Pan [2002], Nichita et al. [2006a], Hoteit and Firoozabadi [2006]] with respect to the conventional approach
have been attributed [Firoozabadi and Pan [2002], Hoteit and Firoozabadi [2006]] to a relative smoothness
of the T PD surface in the reduced variable hyperplane. In fact, the proposed reduction method have the
same convergence path (and hence the same number of iterations) as in the compositional space with a
specific change of variables (i.e., InY;), as shown in Appendix C, therefore obtaining the convergence using
only Newton iterations is not a feature of the reduced space as claimed in [Firoozabadi and Pan [2002]].
One can similarly show that the reduced flash of [Nichita and Graciaa [2011]] is linked to conventional flash
calculations using In K; as independent variables (this was observed but not proved in [Nichita and Graciaa
[2011]]; the proof is given in [Petitfrere and Nichita [2014b]]).

A detailed comparative analysis of conventional and reduction methods, including CPU times, is given
in [Petitfrere and Nichita [2014b]]. It appears that the fastest method in conventional stability is In K;
with Cholesky decomposition of the Jacobian matrix in the resolution of the linear system, and that both
reduction methods (h — red. and Q — red.) are faster than any conventional method if nc is large enough
and m is small enough (reduction methods are clearly not efficient for mixtures with small nc and full-ranked
BIP matrices). The proposed reduction method is slightly faster than Q —red.. For example, if two
components have non-zero BIPs with the remaining ones (giving 6 independent variables for Q — red. and
7 for h —red.), the CPU time for a Newton iteration is proportional to [Petitfrere and Nichita [2014b]]:
t = 0.0175 + 0.0011nc + 0.0002nc? for In'Y; (with Cholesky factorization), ¢ = 0.0237 + 0.0025nc¢ for Q — red.,
and t = 0.0269 + 0.0014nc for h — red.. Note that reduction methods exhibit a linear dependence of computa-
tion time vs. the number of components, while for InY; the quadratic dependence exhibits a small curvature
(as recently reported also by [Michelsen et al. [2013b]]). The CPU time per iteration (for the same number of
iterations required for convergence) for the proposed reduction method is smaller than the one required by
InY — chol. starting from 8 components. The proposed method is twice as fast for 20 components, about
three times faster for 30 components; for very many components (hundreds, as encountered in some process
simulations), the proposed reduction method can be several orders of magnitude faster than conventional
ones. Note that these observations were made for an optimized solver for linear systems for InYj;; if the
same solver, that is, LU decomposition, is used for both methods, the differences between conventional and
reduction methods are much higher [Petitfrere and Nichita [2014b]].

The proposed set of variables can also be used in the framework of conventional method for stability

testing (with In'Y as primary variables) in order to reduce the dimensionality of the linear system of equations.
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More precisely, one may keep the InY Newton implementation in an existing code and use the reduction
concept only to solve a linear system of significantly reduced dimensionality; this can be done with minor
modifications in the code [Petitfrere and Nichita [2014b]], and even if it is less efficient than the full reduction,
such an approach can lead to savings in computer time for large systems (mixtures with many components),
mainly if the number of components with non-zero BIPs is small. While such an approach is not efficient
in the typical component range of reservoir compositional simulation, it can be very useful for process or

transport simulations.

The cause of convergence problems in phase stability calculations is the topology of the T'PD surface
(see [Nichita et al. [2007c]] for details, including graphical representations of the T'PD surface for a binary
mixture). At the STLL (’shadow curve’), the stationary point of the TPD function is a saddle point (the
Hessian is indefinite and singular at a non-trivial solution with a positive TPD), and the Hessian matrix is
ill-conditioned in the vicinity of the STLL (the most severe problems arise for a pressure interval above the
STLL; there are no convergence problems for pressures just below the STLL). Phase stability calculations
near the STLL are far more difficult than those in the vicinity of a critical point (where the Hessian matrix
is positive semidefinite). Any algorithm will experience difficulties in a pressure domain above the STLL.
It is clear that a change of variables does not eliminate this problem, since the TPD function in the new
hyperspace inherits certain properties from the original one. Considerable research efforts are currently done
to solve this problem and different techniques (other than changing the variables) are being investigated to

eliminate or at least alleviate problems near the STLL; forthcoming papers will treat this issue.

3.2.2.5 Conclusion

A new reduction method for phase stability testing has been proposed in this chapter, based on the multi-linear
expression of the logarithms of fugacity coefficients as functions of the coefficients h (which are taken as
independent variables and are unbounded). The reduction parameters are dependent variables, which, unlike
in previous formulations, are guaranteed to be within their bounds. The dimensionality of the problem
depends only on the number of components having non-zero BIPs with the remaining ones, and not on the

number of components in the mixture, as in the conventional approach.

The proposed method has a high convergence radius and Newton iterations can be used directly (without
the need of using successive substitutions); it has the same convergence path as the conventional approach
using the natural logarithm of formal mole numbers as independent variables (which seems to be the best
choice in the compositional space). It has been shown that the primary variables in our method are Lagrange
multipliers corresponding to a constrained minimization of the modified TPD function with respect to a
specific set of variables. Thus, the proposed method facilitates comparison of reduced and conventional
approaches for phase stability analysis. An apparently hidden formal link between conventional and reduction

methods is revealed.

Several test problems for various synthetic and reservoir mixtures have proved the robustness of the
proposed method and show that it requires systematically less iterations than i) conventional methods using

other independent variables than InY;, and ii) previous reduction methods.

3.2.3 A comparison of conventional and reduction approaches for phase equi-
librium calculations

3.2.3.1 Introduction

Our recent formulations of reduction methods for flash calculations [Nichita and Graciaa [2011]] and phase

stability testing [Nichita and Petitfrere [2013]] are related to constrained minimizations of the objective
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functions (Gibbs free energy and a modified TPD function) and thus facilitate comparisons with conventional
methods [Michelsen et al. [2013b]]. Besides, they require simpler partial derivatives in the Newton method.
Several very recent papers ([Michelsen et al. [2013b]], Haugen and Beckner [2013], Gorucu and Johns
[2013]] have questioned on the efficiency of the reduction methods as compared to conventional methods. The
common conclusion of these papers is that reduction methods become faster than conventional ones starting
from a certain number of components in the mixture (about 20 if few components have non-zero BIPs).
In this subsection, we intend to look, besides CPU times required by various conventional and reduction

formulations, at:
e Stability testing and flash calculation separately

e Computation times per iteration and globally

Condition number of the matrix in the linear system of equations

The solver for the linear system and the effect of using symmetry

e Formal links between conventional and reduction methods, as well as between different reduction

methods

Numerical experiments are carried out for various formulations and sets of independent variables for
conventional and reduction flash and stability, followed by a discussion and the conclusions. Four Appendices
give: the formulation of the reduction flash as a constrained minimization problem, the equivalence of
conventional and reduction flash methods (convergence path identity), a link between two reduction methods

for phase stability testing and some features of the pseudo-reduced method for phase stability.

3.2.3.2 Results

Numerical experiments have been performed for three mixtures presented in subsection 3.2.2, using the
Peng-Robinson EoS [Peng and Robinson [1976], Robinson and Peng [1978]]:

e Y8 mixture (0 BIP mixture).
e MY10 mixture (1 BIP family mixture).

e MY10+CO2 mixture (2 BIP families mixture). An amount of 16.67% CO; is added to the MY10

mixture. In this case, methane and CO2 have non-zero BIPs (¢ =2, thus m =5 and M +1=7).

The mixture compositions and the non-zero BIPs are presented in table 3.1. The phase envelopes of the

three mixtures (showing the critical points) are plotted in fig. 3.7.

Components Y8 MY10
2 zi Co_;, Cco,—j
C1 0.8097 0.35 - 0.093
C2 0.0566 0.03  0.00 0.128
C3 0.0306 0.04  0.00 0.123
nC4 - 0.06  0.02 0.136
nC5H 0.0457 0.04 0.02 0.125
nC6 - 0.03 0.025 0.131
nC7 0.0330 0.05 0.025 0.120
nC8 - 0.05 0.035 0.120
nC10 0.0244 0.30 0.045 0.120
nC14 - 0.05 0.045 0.120

Table 3.1: Feed composition and BIPs for Y8 and MY 10 mixtures
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Figure 3.7: Phase envelopes of Y8, MY10 and MY104+CO, mixtures

3.2.3.2.1 Solving the linear system

For flash calculation and stability analysis problems, the linear system is generally small. The matrix (ncx nc)
is dense for both problems, where nc exceeds 100 for instance in certain process simulations. Direct solvers
have been applied in this paper as more efficient compared with iterative ones. Two direct solvers have been

used:

e The LU factorization, which is applicable to any system and solves the linear problem in 2/3n3 FLOPs
(FLoating point OPerations).

e The Cholesky factorization, which is applicable to symmetric matrices and takes advantage of the
symmetry to solve the linear problem in n3/3 FLOPs. It is important to note that for a symmetric
matrix (Hessian and U~!), only about half of the matrix (nc x (nc+ 1)/2 entries) needs to be computed

when a Cholesky decomposition is used.

3.2.3.2.2 Independent variables
3.2.3.2.2.a Flash calculations

1. Independent variables leading to symmetric systems solved using Cholesky decomposition
e nL/nV the component mole numbers in liquid or vapor phase are taken as independent variables.
In this case the Rachford-Rice needs not to be solved.

e InK — Chol. the independent variables are the natural logarithms of the equilibrium constants.
The Hessian matrix is decomposed and the linear system is solved as described in a previous

section.

e Michelsen — red. an (M + 1) x (M + 1) linear system is solved for the independent variables h.
2. Independent variables leading to non-symmetric systems, solved using LU decomposition

e InK for the In K; variables, the Jacobian matrix is non-symmetric and the linear system can be
solved directly by means of an LU factorization. Both cases have been tested to see the impact of

the Cholesky solver as compared with an LU factorization for the linear system.

e h —red. Reduction method with h as independent variables.
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e Q — red. Reduction method with Q as independent variables (QBL or QBV iterations).

3.2.3.2.2.b Stability testing

1. Independent variables leading to symmetric systems solved using Cholesky decomposition

e Y the formal mole numbers Y; are independent variables.
e o the independent variables are Michelsen’s .

e InY — Chol. the natural logarithms of Y; are taken as independent variables; the Hessian matrix

is decomposed and the linear system is solved as described in a previous section.

e Michelsen — red. an M x M linear system is solved for the independent variables h.
2. Independent variables leading to non-symmetric systems, solved using LU decomposition

e InY similar to the In K case, the system is also solved by means of an LU factorization to evaluate
the impact of the Cholesky solver as compared to the LU solver.

e h —red. Reduction method with h as independent variables.

e Q —red. Reduction method with Q as independent variables.

3.2.3.2.3 Condition number

The condition number k(A) associated with a linear system of equations Ax = b measures the approximation
on the solution x after solving the system. The bigger the condition number is, the bigger the approximation.

The condition number associated with a matrix A is [Golub and van Loan [1996]]

K(A) = A7 |2.[|A]2 (3.101)

The norm 2 of a matrix A corresponds to the square root of the largest eigenvalue (spectral radius) of the

matrix obtained by multiplying A and its adjoint (transpose for real matrices).
HAH2 = J(A) = )\ma:z(ATA> (3102)

1
A =0(A™Y) = A (ATTAT) = ——— 3.103
A7 ]2 = o(AT) ( ) o (ATA) (3.103)

where o is the spectral radius and A are the eigenvalues.

From (eq. 3.101, eq. 3.102 and eq. 3.103), the condition number is

Amaz (ATA)

K/(A) - )\min(ATA)

(3.104)

For A symmetric, this expression simply becomes the ratio of the largest to the smallest eigenvalue of A.

)\max(A)
A) — 3.105
K(A) i (A) ( )
3.2.3.2.3.a Condition numbers in flash calculations

The condition number for the flash calculation problem has been calculated using various methods and

variables along an isotherm for the Y8 mixture at T=335 K, up to the phase boundary (dewpoint at p = 224.39
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bar) (fig. 3.8a). The condition number of the Jacobian/Hessian matrix is calculated at the solution.

The best condition number is given by the In K variables. Close to unity for most of the points, it still
gives a good condition number close to the phase boundary. The condition numbers for the mole numbers
ng,/ny follow the trend of those for both reduction methods (Q — red. and h — red.) along the two phase
region, with values in the range of 100. However, the system becomes ill-conditioned close to the phase
boundary, which explains the difficulties that can be encountered with this variable in the vicinity of phase

boundaries. The reduction methods are less altered in this region than nl/nv.

Note that in InK — Chol. the linear system in (eq. 3.25) is solved, thus the approximations will be
potentially more important than by solving the non-symmetric system in (eq. 3.33) by an LU decomposition.
Finally, Michelsen — red. gives a bad condition number all along the two phase region (around 105). In this

method, the decrease of the dimensionality of the space is made at the expense of a severe loss of conditioning.

The singularity for the flash calculation problem is at the critical point (for T' # T, the singularities are
at the convergence locus for the negative flash [Nichita et al. [2007c], Whitson and Michelsen [1990]]), where
two eigenvalues of the Jacobian matrix become zero [Michelsen [1982a]] and the condition number is infinite.
Along the phase boundary, the closer to the critical point, the smaller the minimum eigenvalue, the higher

the condition number.
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Figure 3.8: Condition number along the isotherm T=335K for the Y8 mixture

3.2.3.2.3.b Condition numbers in stability testing

The condition number has been calculated using various methods and variables for the stability analysis
problem with the same mixture and on the same isotherm at pressures up to 240 bar (fig. 3.8b). The feed is
tested as a vapor phase. At T=335 K, the STLL is located at p = 225.26 bar. At the STLL (the singularity
for stability testing), one of the Jacobian/Hessian’s eigenvalues becomes zero, and the condition number
becomes infinite (represented by an asymptotic line). This is the reason why phase stability calculations can
be really difficult in the vicinity of the STLL.

As for the flash calculation problem, InY (an analogy can be made with InK for flash calculations
[Nichita and Petitfrere [2013]] gives a really good condition number all along the isotherm, even when the

STLL is approached. The condition number is around unity up to 150 bar and remains below 200 close
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to the STLL. Using ¢ gives a better conditioning than InY; however, far from the solution, especially in
the early iteration stages, the linear system for InY is better conditioned, allowing a safe earlier switch
from SSI iterations, as discussed in [Nichita and Petitfrere [2013]]. The condition number obtained using
Y is rather high (around 100) all along the isotherm and it increases (around 1000) as the STLL is approached.

Both reduction methods (Q — red. and h — red.) have the same condition number at the solution (see
Appendix F). It remains small up to p = 150 bar, but gets larger than for Y when getting closer to the STLL.
As for the flash calculations, the pseudo-reduced method (Michelsen — red.) gives a really bad condition
number all along the isotherm (around 10%) which indicates potentially important approximations when

solving the linear system.

3.2.3.2.4 Computational time

The computational time is a really sensible parameter. It highly depends on many factors, such as computer
features (hardware: processor, memory, etc.), compiler, implementation (cash optimization, vectorization,
etc.). In this thesis, for all calculations, an Intel Xeon ES5405@2.00GHz processor has been used.

The choice of the linear solver is also a really important feature. A specific study has been made over
different sets of linear solvers [Press et al. [1992], Lapack, homemade LU and Cholesky solvers). Some
linear solvers are more adapted for large systems (i.e., Lapack). Some are more adapted for small systems
(home-made). It has been noticed that depending on the solver used, the time spent on the linear solver

ranged from 10% up to 55% of the total time. The homemade LU and Cholseky solvers were used in this paper.

To obtain the same properties for a mixture using a different number of components, some of the com-
ponents were split. Given a mixture with nc components, one of them (different from C; and CO5) with a
feed composition of z; , by splitting z; into 2z} and 2 , with 2] = 2/ = 2;/2 , and assigning to the two new
components the same BIPs and critical properties, a new composition can be created leading to the same

mixture properties.

Two different comparisons were made to test, separately for flash and stability, the time and the efficiency
of each method for various sets of independent variables for mixtures with different number of components: i)

time per iteration and ii) time spent for an entire pressure-temperature domain.

3.2.3.2.4.a Flash calculation
Time spent for one iteration

For a given pressure and temperature in the two-phase region, a switch to Newton iterations is carried out
after performing a certain number of SSI iterations. Then, the Newton iteration is repeated 10000 times for
each set of independent variables. The time spent between the switch to the Newton method and the end of
the 10000 iterations is recorded. This operation is repeated for the three mixtures and for different numbers
of components. This gives the time spent to perform one Newton iteration for different sets of independent
variables, independently of their convergence behavior. This procedure was used for the Y8 mixture (with 0
BIPs) at P=160 bar and T=335 K. The results are given in fig. 3.9a. For calculations performed at P=40
bar and T=550 K, the results are reported in fig. 3.9b for the MY10 mixture (with 1 BIP family) and in
fig. 3.10 for the MY10+CO2 mixture (with 2 BIP families).
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Figure 3.9: Computation time to repeat 10000 times one Newton iteration for the flash problem
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Figure 3.10: Computation time to repeat 10000 times one Newton iteration for the flash problem, MY10+C02

The relative position of the different curves is the same for the different mixtures. As expected, the use of
a Cholesky instead of an LU decomposition to solve the linear system for the InK variables decreases the
computational time. The differences increase with the size of the system. The time earned per iteration
using a Cholesky decomposition varies from a few percent for small systems (see fig. 3.9a for nc < 10) up
to 50% for large systems (fig. 3.10 at nc = 30). This result aspect shows that the resolution of the linear
system represents a small amount of the total computation for a small number of components, and as nc is
increased, the differences become more and more important. As expected, since the Rachford-Rice equation
is not solved, using the mole numbers nl/nv as variables leads to the smallest computational time among
conventional variables. The computational times required by all conventional methods exhibit a quadratic
trend with the number of components. However, for InK — Chol. the quadratic coefficient of the dependence
is the smallest, that is, this dependence is the closest to linearity; this observation is consistent with the
results of [Michelsen et al. [2013b]], who reported an quasi-linear dependence.

Unlike in conventional methods, the use of reduction or pseudo-reduction methods is affected by the
number of BIP families. The full reduction methods (Q — red., h — red.) act similarly and exhibit a linear
increase of the computational time with the number of components, with h — red. faster than Q — red. (here
the partial derivatives in Q — red. were coded as described in [Nichita et al. [2007b]]). A Newton iteration is

always faster in reduction methods than in conventional ones for BIPs all equal to zero (Y8) and for 1-BIP
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family (MY10). As the number of BIP families increases, the time differences between methods diminish,
and for 2-BIP families the time per iteration is almost the same for 11 mixture components. Computational
times per iteration were also recorded for 100 and 200 component mixtures for the MY10 and MY10+CO4
mixtures (see table 3.2). For the MY10-+CO2 mixture the h — red. method is almost ten times faster for 100
components, and almost twenty times faster for 200 components as compared to the InK — Chol. method.
The InK method using an LU factorization requires almost 50% additional time than InK — Chol. for a

large number of mixture components.

Mixture nl/nv InK InK-Chol. Michelsen-red. h-red. Q-red.
1 BIP/100 comp. | 6.89  11.55 7.82 4.03 0.42 0.56
1 BIP/200 comp. | 28.71 46.99 31.36 14.22 0.78 1.09
2 BIP/100 comp. | 4.00 11.42 9.81 4.57 0.57 0.75
2 BIP/200 comp. | 16.16 46.72 37.43 16.68 1.05 1.45

Table 3.2: Time to perform 10000 times one Newton iteration for MY10 and MY 10+CQO, mixtures for the
flash problem

The use of the pseudo-reduced method (Michelsen — red.) leads also to a quadratic shape of time vs.
number of mixture components, but the quadratic coefficient is smaller than for the conventional variables.
For small systems, the computational time is generally higher than for the classical variables. However, as
the quadratic coefficient is smaller, the curves cross each other (with InK — Chol. and nl/nv) after a certain
number of components, depending on the number of BIP families (after 12 for the 0 BIP mixture, and 14
components for the 1 BIP family, and no crossing is seen within the 30 components range for the 2 BIP
families mixture). From table 3.2, the pseudo-reduced method is around two times faster than conventional

methods with 100 component mixtures.

Time spent for the whole two-phase region

For each mixture, a loop over a pressure and temperature domain is made. After performing a stability
analysis, a Wilson initialization is carried out to perform a flash. Starting with SSI iterations, a switch to
Newton is performed once the error in the Euclidean norm of the difference of the fugacities becomes smaller
than le=2. The Newton method is then used up to convergence (le~® in the fugacity error evaluated in the
Euclidean norm). For each set of variables the time spent between the switch to Newton and the convergence
is recorded. In the end, each time is added to get the total time spent to perform Newton iterations within
the whole pressure-temperature range. The methodology, which takes into account both the time spent for
each Newton iteration and the convergence behavior of each method, is repeated for different numbers of

mixture components and for the different mixtures.

For all mixtures, Ap =1 bar and AT = 1K. Fig. 3.11a gives the results obtained using the Y8 mixture
(with 0 BIPs) for pressures between p = 6 bar and p = 250 bar and temperatures between T=150 K and
T=500 K. A number of 40850 flashes were performed within this pressure-temperature window. For the MY10
mixture (with 1 BIP family), calculations were performed for pressures between p = 20 bar and p = 140 bar
and temperatures between T=250 K and T=600 K, and the results are recorded in fig. 3.11b. A number
of 28217 flashes were performed within these p/T ranges. The figure fig. 3.12 gives the results obtained
with the MY10+CO2 mixture (with 2 BIP families) for pressures between p = 20 bar and P=300 bar and
temperatures from T=100 K up to T=500 K. A number of 37852 flashes were performed within these p/T

ranges.
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Figure 3.11: Computation time for the whole two-phase region for the flash problem
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Figure 3.12: Computation time for the whole two-phase region for the flash problem, MY104+C02

The same trend as observed per iteration can be found here for the different curves. The curves
corresponding to conventional and reduction methods cross each other, and starting for a certain number of
components the reduction methods become faster. It appears the reduction method h — red. is more efficient
and stable than the reduction method Q — red. The conventional method using mole numbers as variables,

nl/nv, seems the most efficient but less robust, as will be discussed in the next section.

3.2.3.2.4.b Stability analysis
Time spent for one iteration

The same methodology as for flash calculations is applied for stability analysis. Starting from the [Wilson
[1969]] initialization, five SSI iterations are performed before switching to the Newton method. Fig. 3.13a
plots the results obtained with the Y8 mixture, fig. 3.13b, those obtained with the MY 10 mixture and fig. 3.14
the results for the MY10+CO2 mixture. The pressure and the temperature chosen are the same as for the

flash calculations.
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Figure 3.13: Computation time to repeat 10000 times one Newton iteration for the stability problem
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Figure 3.14: Computation time to repeat 10000 times one Newton iteration for the stability problem,
MY10+C02

As the Rachford-Rice equation is not solved for stability testing, all conventional methods using the
Cholesky factorization (Y, InY, InY — Chol.) act similarly. A quadratic trend of computational time is
observed with the number of components. As expected, using the Cholesky decomposition (InY — Chol.)
decreases the computational time as compared with an LU decomposition (InY). From fig. 3.13a, fig. 3.13b
and fig. 3.14 it can be observed that, unlike in flash calculations, the use of the full reduction methods
(Q —red. and h — red.) is always faster than the use of conventional methods for all three mixtures, even
for a small number of components, h — red. being more efficient than Q — red. The trend is also linear,
which accentuates the differences between full reduced methods and the other methods as the number of

components increases.

In table 3.3, the computational times spent for the MY 10 mixture and the MY10+CO5 mixture with
100 and 200 components are reported. The reduction method h — red. is more than 10 times faster than
conventional methods using Cholesky with 100 components, and more than 20 times faster with 200 component
mixtures. The improvements using the full reduction methods as compared to the conventional methods are

much better for the stability analysis problem than for the flash problems.
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Mixture Y alpha InY InY-Chol. Michelsen-red. h-red. Q-red.
1 BIP/100 comp. | 1.91 197  3.83 1.92 1.09 0.13 0.17
1 BIP/200 comp. | 7.39 7.69 15.83 7.41 3.94 0.24 0.33
2 BIP/100 comp. | 1.89 2.10  3.98 2.51 1.13 0.19 0.26
2 BIP/200 comp. | 7.37 8.37 16.52 8.79 3.90 0.34 0.49

Table 3.3: Time to perform 10000 times one Newton iteration for MY 10 and MY 104+CO, mixtures for the
stability testing problem

The pseudo-reduced method also acts in a similar way as for flash calculations. Generally more time

consuming for a small number of components than methods with classical variables, it becomes more efficient

above a certain number of components. The trend is also quadratic, with a quadratic coefficient smaller than

for classical variables. From table 3.3, with a 200 component mixture the pseudo-reduced method is more

than twice faster than conventional methods, but an order of magnitude slower than full reduction methods.

Time spent for the whole pressure-temperature window
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Figure 3.15: Computation time for the whole P-T window for the stability problem
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Figure 3.16: Computation time for the whole P-T window for the stability problem, MY10+C02

The same methodology as for flash calculations is applied for stability analysis. The switching criterion

used is the one given by [Hoteit and Firoozabadi [2006]]. The same pressure-temperature ranges as for flash
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calculations are used. This time, the number of stability calculations performed for each mixture is directly
given by the number of tested pressure-temperature conditions. The results for the Y8 mixture are given in
fig. 3.15a, for the MY 10 mixture in fig. 3.15b, and for the MY104+COy mixture in fig. 3.16.

The same conclusions as for the time per iteration can be given. The maximum number of iterations
has been set to 200. Moreover, as Ap and AT are not very small (1 bar and 1 K), the number of points
in the immediate vicinity of the STLL might be small as compared to the whole set of points. This could
explain why the convergence behavior does not influence much the shape of the curves; only the time per
iterations seems to influence the global result. However, for pressures just above the STLL, InY and « are

the variables giving a more robust formulation as compared to Y variables (a more detailed discussion can
be found in [Nichita and Petitfrere [2013]]).

3.2.3.3 Discussion

For the flash calculation problem, the use of mole numbers as variables (namely nL/nV) appears to be the
most efficient among the conventional methods, and globally more efficient than reduction methods for a
small number of components. However, this choice of variable does lead to less robustness: in the vicinity of
the phase boundaries (even far from critical points) the nL/nV method has a small convergence ratio and
may require a significantly increased number of iterations (starting from the same switch from SSI iterations)
to achieve convergence, as compared to other conventional formulations, as well as with reduction methods.
The error (Euclidean norm) vs. the iteration level for a two-phase flash of the Y8 mixture at T=366 K and
P=214 bar (very close to the dewpoint pressure in the retrograde condensation region) is plotted for various
methods in fig. 3.17a. The InK, h — red. and Michelsen — red. Newton methods require only 3 iterations
after the switch. The curves are superposed for InK and h — red.; only a slight difference can be observed for
the pseudo-reduced method. The nL/nV method requires more than 60 iterations, with a large number of
switches back from Newton to SSI due to an increase in Gibbs free energy between two subsequent iterations
(note that in this case the Jacobian is evaluated and the linear system solved, but this information is not
used since a SSI step is taken). This kind of behavior is typical for nL/nV. Newton iterations near phase
boundaries, and the severity of these problems increases as the critical point is approached. For this choice
of variables, it is recommended the use of a Trust-region method, which highly improves robustness (see
[Petitfrere and Nichita [2014al] for a detailed discussion on this matter). The Q — red. method also requires
repeated switch-backs, and the total number of iterations is 40; note that after the final switch to Newton

iterations, the Euclidean norm first increases before the method converges quadratically in a few iterations.
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Figure 3.17: Error v.s. iteration number for various methods, for the Y8 mixture at T=350 K and P=230 bar

The Euclidean norm of the error vector is plotted vs. the iteration level for the stability testing of the
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Y8 mixture (with Y, = z;/K;) at T=350 K and P=230 bar (just above the STLL) in fig. 3.17b. The
switching criterion [Hoteit and Firoozabadi [2006]] corresponds in this case to an early switch (except for
the Q — red. method, in which only Newton iterations are performed. Only 6 or 7 iterations are required
for convergence by both reduction methods and by all conventional methods (with InY, h —red. and
Michelsen — red. following the same convergence path), except Y, which requires almost 40 iterations, with
repeated switch-backs to SSI iterations. At even more severe conditions, hundreds of SSI iterations (on switch
back from Newton iterations or by using a very restrictive switching criterion) may be necessary before the
Newton method converges. It was showed earlier [Nichita and Petitfrere [2013]] that formulations in InY and
Michelsen’s ¢ variables are more robust than the one using formal mole numbers as variables and that the
use of a Trust-region method highly improves robustness [Petitfrere and Nichita [2014a]] when Y; are used as

independent variables.

For both flash and stability problems, when using classical variables, the use of a Cholesky solver is
recommended. For small systems, the differences with a flash using an LU decomposition are not significant
(especially for flash calculations), but when nc exceeds 10, the differences increase and become quite important.
The reduction based methods do not suffer the use of LU factorization (in the sense that the trend of time

with ne remains linear) since the dimensionality of the system is decreased to a small size.

It is commonly said that in conventional methods the CPU time increases at least with the square of the
number of components. This is observed in this work when an LU decomposition is used to solve the linear
system of equations. However, a weak quadratic trend is revealed if a Cholesky decomposition is used: this
observation is consistent with that of [Michelsen et al. [2013b]], who report an almost linear trend of CPU
time with nc for classical variables (up to nc = 25 components). The choice of the linear solver influence to a
great extent the efficiency of conventional methods, and it is recommended to take advantage of symmetry

whenever possible.

For the flash calculation problem, the curves of CPU time vs. number of components corresponding to
the conventional (InK — Chol., which is the best conventional method) and reduction methods (h — red. ,
which is the fastest reduction method) cross each other at a certain value of nc, thus, reduction methods
are not more efficient than conventional ones for mixtures with few components (the range of compositional
simulation). This is a common observation of the three recent publications on this matter [Michelsen et al.
[2013b], Haugen and Beckner [2013], Gorucu and Johns [2013]]. Depending on how the comparison was done
and on the implementation, the reported crossing point is around 15 in [Haugen and Beckner [2013]], around
20 in [Michelsen et al. [2013b]] (global time stability and flash using a Trust-region approach) and around 20
in [Gorucu and Johns [2013]]. In this work, the two curves cross each other around 22 components.

It is very important to note that if an LU decomposition is used, the reduction methods are faster than
InK even for a small number of components; a conventional method is faster than a reduction method only if
full advantage of symmetry is taken (in the construction of the Jacobian matrix and the resolution of the

linear system).

The use of pseudo-reduced methods was found (in this work, as well as in [Michelsen et al. [2013b]])
to be more efficient than conventional methods for flash and stability only for a relatively large number
of components. Here it is also shown that full reduction methods are significantly more efficient than
pseudo-reduced methods, having also a better conditioning of the linear system. We however recommend the
use of the pseudo-reduced methods for mixtures with very many components; since the code can be easily

written with minor modifications to an existing code based on conventional methods.



3.2. REDUCTION METHODS 79

For stability analysis, the full reduction methods are the most efficient for any number of components. The
use of reduction methods, especially h — red. (acting better than Q — red. in terms of speed and robustness),

would be efficient for both reservoir simulation and process design number of components ranges.

Summarizing, conventional methods (when symmetry is used) seems to be more efficient in the range of
number of components encountered in compositional reservoir simulation. With nc increasing, the reduction
flash is more efficient (per iteration and global) above the crossing point. Thus, for any flash calculation
involving mixtures with many components (such as in some process design simulations) both reduction

methods give the best results in terms of efficiency, h — red. being more stable and efficient.

This work reveals that if we look separately at stability testing, stability reduction methods are more
efficient than conventional methods for the entire range of number of components. Therefore, reduction

methods for phase stability testing are suitable for compositional reservoir simulators.

Most of the CPU time in compositional reservoir simulations is spent by phase equilibrium calculations.
Depending on the structure of the simulator, flash calculations may be part of a larger problem, but stability
testing must be carried out in most grid blocks (at any time step and at each iteration level in the solution of
the pressure equation) likely to experience a phase split. Phase equilibrium calculations can be either coupled
with or decoupled from the equations describing the flow though porous media [Michelsen et al. [2013a]]. For
"coupled’ simulators, only the stability testing is performed (except in the multiphase case when a very limited
number of flashes may be required for initialization purposes); even though stability testing may be skipped
in some single-phase blocks according to some simple criteria (using the ’shadow region’ method) [Wong et al.
[1990]], a very large number of calls for the stability routine is expected during a field-scale simulation run.
In the case of ’decoupled’ simulators, both stability testing and phase split are required. To the best of our
knowledge, most of commercial and research compositional reservoir simulators are of a ’coupled’ type, with
no explicit flash calculations required. This is the reason why the observation that reduction methods for

phase stability are more efficient than conventional ones for a small number of components is very important.

3.2.3.4 Conclusion

This work presents a comparison between conventional and reduction methods for phase equilibrium cal-
culations, and is complementary with several recent papers [Michelsen et al. [2013b], Haugen and Beckner
[2013], Gorucu and Johns [2013]] which questioned on the efficiency of the reduction methods as compared
to conventional methods. Here, we have looked separately at the computational time spent by stability
testing and flash calculations (per iteration and global). Besides evaluating the computational effort required
by various conventional and reduction formulations, we also analyzed the condition number of the linear
system of equations, the use of symmetry properties and the influence of the linear solver on efficiency. Some
important links are formally established between conventional and reduced or pseudo-reduced methods and

between different reduction methods.

Numerical experiments are carried out for several mixtures and for various formulations and sets of
independent variables for conventional and reduction methods for flash calculations and stability analysis.
The results show that flash calculations using the reduction methods are more efficient than conventional
methods only for mixtures with many components (more than 20) and few non-zero binary interaction
parameters (this is consistent with observations reported in [Michelsen et al. [2013b], Haugen and Beckner
[2013], Gorucu and Johns [2013]]).

This means that reduction methods for flash calculations are suitable for process simulation (in which

mixtures may contain hundreds of components), but there are not suitable for compositional simulation, where
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the number of components is usually limited. Pseudo-reduced methods are also found to be more efficient
than conventional methods only for many components, and may be attractive since they require minor modi-

fication in existing codes (pseudo-reduction methods are however far less efficient than full reduction methods).

The main conclusion of this work concerns the range of number of components (less than a dozen) typical
for compositional reservoir simulation. While the reduced flash appears less efficient than conventional flash
in this range (as also reported in several recent studies), the reduced stability is more efficient than the
conventional stability, even for a small number of components. This is extremely important since in most
compositional reservoir simulators only the stability testing is performed, since no explicit phase split is

required, the flash being part of a bigger problem (coupled with flow equations).

3.2.4 A new reduction method for multiphase equilibrium calculations

3.2.4.1 Introduction

Many authors investigated the multiphase-split calculation problem with conventional variables (in the com-
positional space). [Risnes et al. [1981]], showed a successive substitution method for multiphase equilibrium
problems. [Nghiem and Heidemann [1982]] developed an acceleration procedure for multiphase calculation.
The same year, [Mehra et al. [1982]] applied a multiphase flash to compositional simulations. Later on,
[Michelsen [1994]] proposed a multiphase equilibrium procedure, and provided initial guesses for multiphase
problems. More recently, [Li and Firoozabadi [2012]] extended the number of initial guesses for stability

analysis to propose a solution to general systems.

Conventional variables are the most widely used in chemical processing and reservoir simulators. However,
recently, reduction variables have been applied and show a good efficiency for those problems. [Michelsen
[1986]] is the first to introduce reduction space variables with a three independent variables flash setting all
binary interaction parameters (BIPs) to zero. [Jensen and Fredenslund [1987]] used five independent variables
in the case of only one component having non-zero BIPs with the remaining ones. [Li and Johns [2006]]
proposed another version using a least-square fitting of the binary interaction coefficient matrix leading to a

rank two approximated BIP matrix.

[Hendriks [1988]] and [Hendriks and van Bergen [1992]] developed a reduction based on the spectral
decomposition of the quadratic form of the BIP matrix. This decomposition was in the heart of new reduction
variables such as [Nichita and Minescu [2004]], [Nichita [2006a]]. Finally, [Nichita and Graciaa [2011]]
developed a new reduction to deal with two-phase equilibrium calculations. Unlike all previous reduction
method, the proposed set of independent variables allows a direct minimization of the Gibbs free energy
and leads to an unconstrained problem, with unbounded variables. [Nichita and Petitfrere [2013]] proposed
to solve the stability analysis with this new set. [Gorucu and Johns [2014]] extended [Li and Johns [2006]]

method by implementing this new set of reduction variables for the two phase-split case.

Comparisons were made between conventional and classical methods. [Michelsen et al. [2013b]] showed
computational time for different number of components for the global two phase flash (stability plus phase-
split) and compared reduction and conventional variables, in stand-alone calculations. [Haugen and Beckner
[2013]] also made comparisons for reservoir simulation test cases and showed the interest of using reduction
variables. More recently, [Mohebbinia et al. [2013]] applied [Li and Johns [2006]] method to multiphase flash
and showed that the procedure to perform the whole equilibrium flash using the full multiphase reduction

variables was almost always time earning as compared with classical variables for any number of components.

Reduction methods deriving from a spectral decomposition allow to decrease the system from nc x (np — 1)



3.2. REDUCTION METHODS 81

to m x (np — 1). With an increasing number of phases, [Mohebbinia et al. [2013]] logically showed that the
differences between conventional and reduction methods were more and more in favor of the reduction in

terms of computational time. They made comparisons for two phase-three phase, four phases.

In this subsection, a direct extension of the two-phase flash reduction method of [Nichita and Graciaa
[2011]] is made to deal with multiphase split calculations for any number of phases. Two versions of the
algorithm have been developed which only differs from the way the Jacobian matrix is built. The first one is
a direct extension of [Nichita and Graciaa [2011]]’s method. The second one makes use of the symmetry of
different matrix and allows decreasing the computational time by computing only about half of the elements.
Comparisons of the computational times between conventional variables and the new reduction set will be
shown to perform one Newton iteration and to compute full three- and four phase regions with different
mixtures having different BIP family numbers. A parallel between reduction methods and conventional
variables will be made formally, and numerically. Finally, the convergence behavior will be examined for

different set of variables.

3.2.4.2 Reduction multiphase flash
Two reduction methods are presented:

e A direct extension of [Nichita and Graciaa [2011]] two-phase flash to multiphase equilibrium (denoted
h —red. —d.)

e A constrained minimization of Gibbs free energy, which takes advantage of symmetry (denoted
h —red. —s.).

Both methods lead to the same Newton equation; they differ in the way the Jacobian matrix is constructed.
3.2.4.2.1 Direct extension of Nichita and Graciaa’s (2011) reduction method

Using (eq. 3.60) and In K = In ¢; g — In ¢, the natural logarithm of equilibrium constants can be expressed

in terms of

hak = hor (Qr) — har (Qk);  a=1,M+1; k=1npk+#R (3.106)
as
M+1
In Ky, = Z Quibak; i=1nck=1npk#R (3.107)
a=1
or
InKy = CThy (3.108)

o — T
with hy = (hig, hog, -+ s hars1k) sk =1,np;k # R and Qk = (Q1k, Q2x, - Qi) ik =1,np.

This suggest the following iterative sequence to update the (np — 1) x (M + 1) independent variables

_ S . _m\T
h = (tha"' 7hkT7"' 7hin) 7k7éR

Given h — In Ky (eq. 3.108) — 0 (eq. 2.30) — xi (eq. 2.28) — Qx (eq. 3.47) — h (eq. 3.54, eq. 3.55,
eq. 3.56)— New h (eq. 3.106).

The Newton iteration equation is
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JRAh = —e (3.109)
where e is the error vector e = (elT, el ,ein)T; k # R obtained by concatenating the vectors

ex = (e1x, €k, - - ,eM+17k)T;/<: = 1,np; k # R of elements (eq. 3.106)
eak = Pak + Pak(Qx) — har(QR) = 0; a=1,M+1Lk=1np;k#R (3.110)

and J® is the Jacobian matrix in the reduction method, of elements

JR _ aeak _ ahak ahaR_
Bk = ok Ohs, Ohg,
Bp Bp Bp

= 0030kp + a,B=1,M+1;k,p=1,np;k,p# R (3.111)

The partial derivatives in (eq. 3.111) are (see Appendix H)

Ohak N Ol 0Qk
Dok _ k. B=1,M+1Lkp=1npp#£R 3.112
Oy~ 2= 00, O, B P p;p # (3.112)

and finally the elements of the Jacobian matrix are

M M
Ohak 0Qk Ohar 0Q4R
JE = 6,50 +§ <7 —§ < B=1,M+1;k,p=1,np;k,p#R (3.113
ohe TN T La 9Q Ohgy e OQur Dby 7 p=Lupikp# R (3.113)

The stopping criteria are S < € in term of the Euclidean norm of the gradient vector

(3.114)
and Sy < e¢ in term of the Euclidean norm of the errors in fugacities
np nc
Sf= Z Z(fik — fir)? (3.115)
k=1 i=1
k#R
3.2.4.2.2 Constrained minimization of the Gibbs free energy
The modified reduction parameters are defined as [Kaul and Thrasher [1996]]
Qak = 0kQok = Y _qainir;  a=1,M+1;k=1npk #R (3.116)
i=1
with @M-s-l,k = 0y since qpr4+1,; = 1;¢ = 1, ne. In matrix form, (eq 3.116) is
Qi = Cny (3.117)

—_— = = — T

where Qk = (QlkaQ2ka e 7QM+1,ka9k) ik=1,npk#R.

The dimensionless Gibbs free energy (the objective function) for a multiphase system can be expressed as
G(n,Q) = Gr(n) + Gx(Q) (3.118)

where subscripts I and E denote ideal and excess terms, respectively; G; depends only on mole numbers
— —— T —T —m\T
and G depends only on modified reduction parameters, Q = (Ql Qi s, Qup ) ik # R:
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np nc np nc
Gr= Zznzk Inz;, = Zka In < ik k) = Gy(n) (3.119)

k=11i=1 k=11i=1
and
np nc
GE = Zzn1k1n¢zk *Zekzxzk 111¢zk—20kgEk Qk
k=1 1=1 i=
np Q L
= ) Quiipges(=———)=Gr(Qu) (3.120)

k=1 QM+1 k

where gg i the molar excess Gibbs free energy of the phase k (see eq. 1.93 and eq. D.4).

If G is minimized subject to the constraints given by (eq 3.116), the Lagrangian function is

o L np M+17 nc o
L(n,Q,h) =G(n,Q) - hak (Z Qailik — Qak> (3.121)
k=1 a=1 =1
k#R

where h is the vector of Lagrange multipliers.

From
G =Ky i=1nck=1npk+#R (3.122)
Oonix,
and
oL M+1
=Kk = Qaihor =0;  i=1Lnek=1npk#R (3.123)
anik a=1
we obtain
MA+1
In K;, = Z Goilak; i=1nck=1np;k#R (3.124)
a=1

which is exactly (eq. 3.108), that is, the key equation in the direct extension of [Nichita and Graciaa
[2011])’s reduction method.

T
The elements of the gradient vector gf* = [(glR)T v (gkR)T 7 (gnpR)T] :k # R with

le

R

gt =2 (3.125)
0,

are (see Appendix I)

9% = hak + har(Qx) — har(Qr) = 0;a =1, M + 1;k = 1,np;k # R (3.126)

which are exactly the error equations in the reduction method of [Nichita and Graciaa [2011]], see (eq
3.116).
The Hessian matrix is (its block kp)

e
a@kaép

and it can be expressed as the sum of two ideal and excess parts
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H=HF+HE (3.128)

The elements of H? and HE are given in Appendix J.

The Newton iteration equation is

(H + Hf) AQ = —g* (3.129)
The relation between AQ and Ah is
AQx 0Q; Ahy; k =
Qk_z oh, s k=1npk#R (3.130)
where (eq. J.3)
oQ _
8hk = Hf],, (3.131)

Introducing (eq. 3.131) into (eq. 3.130) and the result in (eq. 3.129) gives

(I+HEH] )AL = —g" (3.132)
or

JEAD = —gft (3.133)

where the block structure of the Jacobian matrix is

Ju o Jine | SV 0 HE,, - HE,,. HE - =

R R
Jnc,l T Jnc,nc 0 co IIWJrl HE,nc,l R : |

E,nene

its block kp is

nc

IE =Ty + Z HE .. [H]L (3.135)
and its elements are
np M+1 .
J(?B,kp = 5(xﬁ5kp + Z Z Hg,a’y,km [Hﬁjl,yﬁ)mp; a,=1,M+Lk,p=1npk,p#R (3.136)
m=1 y=1
m#R

or

np M+1
Ohor  Ohar c’)Qm
JE = 600k + = - — oo, B=1,M+1;k,p=1,np;k,p#R 3.137
aB.kp 80kp Z Z (anm 6Q7m> gy a,p p=1,npk,p# ( )

ml’y—

The Jacobian matrix is non-symmetric, but one can take advantage of symmetry of matrices Hg and
[HE]~!. In building the Jacobian matrix, the construction of the matrices [H?]gpl = CU,;p1 CT (eq. J.3) is
the most time consuming part. This makes the dependence between computational time and the number of

components to be weakly quadratic (inherited from conventional methods via U~!) rather than linear as
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usually in reduction methods. Instead, we can use the following equations to relate ([H ;{]—1)& .xp tO the

partial derivatives %h:; and 8‘9}3 fp

0Q ok 0Qak 00y,

=0 ak=—;a=1,M;8=1, M+ 1;k,p=1,np; k, R 3.138

Dhsy kah,gp +@Q kah,gp a B + D np; k,p # ( )

and
Qi1 00
= = ;8=1,M+1; =1,np; 1
sy ahﬁpﬁ M+ 1k,p=1,np;k,p#R (3.139)

It had been proven [Nichita and Petitfrere [2013], Petitfrere and Nichita [2014b]] that the Newton iterations
in the reduction methods using the Lagrange multipliers as independent variables have the same convergence

paths as the conventional method with In K variables.

3.2.4.3 Results

3.2.4.3.1 Mixtures

Three mixtures were tested. The Maljamar reservoir oil, the Maljamar separator oil from [Orr et al. [1981]]
and the sour gas mixture from [Robinson et al. [1978]]. All relevant data for these mixtures are taken from
[Li and Firoozabadi [2012]]. These three mixtures are mixed in different proportions with carbon dioxide to
obtain three- and four-phase regions; fig. 3.18a depicts the p-z phase envelope of the Maljamar separator oil
mixed with CO5 at T=305.35 K and fig. 3.18b the p-z phase envelope of the Maljamar reservoir oil mixed
with COq at the same temperature. Phase envelopes of the sourgas-COy (at T=178.8K) is given in fig. 3.19a.
Finally, taking the sour gas-CO5 mixture at a lower temperature, T=123.15 K, a four phase region can be
seen whose phase boundary is given in fig. 3.19b. It will be called the sourgasd test case to differentiate from
the three phase sour gas test case at T=305.35 K. Note that all mixtures are exhibiting complicated phase
envelopes; some calculations are performed at extremely difficult conditions, such as the vicinity of bi-critical

points. The Peng-Robinson equation of state is used in all calculations.
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Figure 3.18: Phase envelopes of different mixtures mixed with CO5 at T=305.35 K
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Figure 3.19: b)Phase boundaries of a) the Sour gas mixture at T=178.8K b) the four-phase region for the
sourgas4 mixture at T=305.35 K

3.2.4.3.2 Independent variables

The same solvers as in subsection 3.2.3.2.1 and independent variables as in the subsection 3.2.3.2.2 were
used to test the new reduction variables proposed in this section. The direct extension of the two-phase
reduction from [Nichita and Graciaa [2011]] (h — red.) will be called h — red. — d. and the new symmetric
based reduction h — red. — s.. Both reduction variables lead to a non-symmetric Jacobian. The linear system

is solved based on a LU factorization.

3.2.4.3.3 Computational time

In this section, the computation time spent by Newton iterations in phase split calculations for np phases
(np = 3 for the sour gas, the Maljamar separator and the Maljamar reservoir mixtures and np = 4 for the

sourgas4) are evaluated.

3.2.4.3.3.a Time spent for one iteration
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Figure 3.20: Computational time to repeat 10000 times a Newton iteration
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Figure 3.21: Computational time to repeat 10000 times a Newton iteration

The computational time spent to repeat 10000 times the same Newton iteration (the first one after the
switch from SSI iterations at Sy < 1072) is recorded for each set of variables. This operation is repeated for
different numbers of components. This gives the time spent to perform one Newton iteration, independently
from the convergence behavior of different methods. In fig. 3.20a the computational time is given for the
Maljamar separator mixture at p = 69.5 bar and 95% of COs, in fig. 3.20b the time is given for the Maljamar
reservoir mixture at p = 73 bar and 95% of CO3 and in fig. 3.21a for the sour gas at p = 20 bar and 40% of
COy. Finally, in fig. 3.21b the time is given for the Sourgas4 mixture at p = 15.1 bar and 8% of COs. The
time to repeat 10000 a Newton iteration in the phase stability analysis (for the conventional InY and the
reduction h — red. methods) for the sour gas mixture (3 BIPs) at p = 20 bar and 40% of COs is given in
fig. 3.22.
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Figure 3.22: Computational time vs. number of components for the stability analysis of the sour gas mixture
(10000 iterations at T= 178.8 K and P= 20 bar)

3.2.4.3.3.b Time spent to perform flash calculations within the entire three/four phase region

Flash calculations are performed for different P-z conditions covering the whole np phase region for each
mixture. For the sour gas mixture, the pressure goes from 5 to 35 bar with Ap = 0.5 bar, the CO2 composition
ranges from 30 to 80% with Az = 2%. For the Maljamar separator mixture, the pressures lie between 68 and

74 bar with Ap = 0.03 bar and the CO5 composition ranges from 85 to 99.9 % with a computation every
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0.03%. For the Maljamar reservoir, 70 bar < p < 87 bar and Ap = 0.3 bar and for the CO5 composition, 75 %
< zC045 < 99.9% and Az = 0.3%. Finally, for the sourgas4 mixture, the tested pressures lie between p = 0.1
bar and p = 18 bar with Ap = 0.5 bar and the CO5 composition ranges from 5% to 15% with Az = 0.2%.

For each condition and each set of variables, the computational time spent for the Newton iterations is
recorded between the switch from SSI iterations (at Sy < 1072) and convergence. The iterations are ended as
soon as Sy < 10~7. Since the gradient is different in conventional and reduction methods, for some conditions,
the convergence criterion can be satisfied in the reduced norm (S < 1071%), without being fulfilled in the
conventional norm. In this case, we end up the calculations since the reduction method has converged in its
space, and any gradient based optimization method would not decrease the error any further. Whenever a

Newton step does not decrease the Gibbs free energy, a switch back to the SSI procedure is performed.

Computational times for each p-z point are added to get the global computational time plotted in fig. 3.23a
and fig. 3.23b for the Maljamar mixtures and in fig. 3.24a and fig. 3.24b for the sour gas mixtures. The
average number of iterations to perform flash calculations using InK, InK — Chol. and h — red. within the

whole np phase region is given in table 3.4 for the four mixtures.
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3.2.4.3.4 Convergence behavior

In this section, qualitative comparisons of the convergence properties of the different methods are carried
out. All the np flashes are initialized based on previous phase splits and stability analysis. SSI iterations are
performed as long as S > 1072 and then Newton iterations are used. In fig. 3.25, at T=305.35 K, p = 69 bar
and 95% of COa, the convergence of different three-phase flash methods is analyzed for the Maljamar reservoir
mixture. The Euclidean norm Sy is plotted against the iteration number until convergence. Fig. 3.26a shows
the number of iterations required for convergence for the three-phase flash region, for the Maljamar separator
mixture, for three sets of variables: h — red., nL/nV and InK. The conditions are taken at 95% of COq
and the pressure varies from 68 bar to 70.7 bar. The phase mole fractions along this pressure range are given
in fig. 3.26b. Fig. 3.27a shows the number of iterations required to reach convergence for the three-phase
flash for the sour gas mixture with the same three variables. The conditions are taken at p = 20 bar and
the COy composition varies from 10% to 85%. The phase distribution is given fig. 3.27b. Finally, fig. 3.28a
shows the number of iterations required for convergence of the four-phase flash for the sourgas4 mixture. The
conditions are taken at 7.4% of COs and the pressure varies from 0.1 bar to 18 bar. The phase mole fractions

are given in fig. 3.28b.
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Figure 3.25: Error vs number of iterations at P=69 bar and 95% of CO4 for the Maljamar reservoir mixture
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Figure 3.28: Four-phase flash of the sour gas mixture at 7.4% COq

3.2.4.4 Discussion

From fig. 3.20a to fig. 3.21b and from fig. 3.23a to fig. 3.24b, it is observed that the curves of CPU time vs.
nc are crossing each other at slightly different values of nc if we look at the time per Newton iteration and at
the time to perform Newton iterations over the entire np phase region. There are several explanations for

these differences:

e If a Newton iteration does not decrease the Gibbs free energy, a switch back to SSI is performed (but

the time to compute second-order information and to solve the linear system is recorded)

e Theoretically the convergence path of InK and h — red. methods is the same (see for instance in
fig. 3.25 that the curves are overlapping at each iteration); in practice, this is the case for most of the

points in the three-phase region.

However, for difficult conditions, h — red. may require more iterations for convergence than the conventional
InK method (see certain differences in the average number of iterations in table 3.4. This is due to the

approximation errors (the condition number in reduction methods has been revealed by [Petitfrere and
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Nichita [2014b]] to be larger than in the conventional InK method); iii) Besides, the norm is not the same for
both methods. Sometimes, the convergence is achieved in the reduced space (using the norm S) but is not
achieved in the compositional space (using the norm Sy). In these cases, calculations are stopped because
the reduction method has converged in its space. This explains why the average number of iterations can be
in some cases (i.e., for the Sourgas4 in table 3.4) smaller for h — red. than for InK. Fig. 3.26a, fig. 3.27a
and fig. 3.28a also show that the reduction method h — red. behaves in general similarly to InK, with few

exceptions.

Mixture ‘ In K In K-Chol.  h-red.
Maljamar separator | 6.3377 6.3377 6.3385
Maljamar reservoir | 6.7249 6.7288 6.7256

Sour gas 15.4883 15.4934 15.4927

Sour gas4 6.9423 6.9426 6.9264

Table 3.4: Average number of iterations for the np phase-split calculations for the whole np phase region

The average number of iterations in table 3.4 is also slightly different for InK and InK — chol.. This
difference is also due to approximation errors, since the condition number of the Hessian matrix H is larger
than that of the Jacobian matrix J; the differences are significant in the vicinity of a phase boundary. The
InK — Chol. method is less robust than InK (using an LU factorization). However, the use of Cholesky is
clearly justified since the computational time for InK is much bigger than for InK — Chol. (fig. 3.20a to
fig. 3.21b and fig. 3.23a to fig. 3.24b). InK — Chol. still shows a behavior quadratic in time with respect to
the number of components, but the polynomial constant of the quadratic term is smaller than for the InK
method. Our recommendation regarding conventional methods is to use InK — Chol. (which is faster than
InK), and switch to InK whenever a value of 6 is very small (a phase boundary is approached), or two phase
mole fractions are almost equal (this can indicates the proximity of a critical point), using an € of, say, le 3.
Even though the NLVM method appears to be the fastest conventional method, it is less robust than InK,
requiring systematically more iterations near phase boundaries (its condition number also deteriorates rapidly
as a phase boundary is approached); on the other hand, NLVM is more robust than nL/nV [Michelsen
[1982a]]. In fig. 3.27a, with an early switch, globally nL/nV requires three more iterations than InK for
convergence. For a late switch such as in fig. 3.28a or in fig. 3.27a for CO5 concentrations greater than 57%,

the differences between the methods are small even for the four phase case.

Reduction methods reveal a linear behavior of the time dependence on the number of components in the
mixture. They are more costly than conventional methods (InK — Chol. and NLVM) for a small number
of components, but become time earning with an increasing nc. The crossing of the curves corresponding
to the conventional and reduction methods depends on the number of BIP families. For 1 BIP family
(Maljamar separator mixture) the computational time per iteration of h — red. becomes equivalent to that
of InK — Chol. at 11 components (fig. 3.20a) and at 8 components when looking at the global three-phase
region (fig. 3.23a). For 2 BIP families (Maljamar reservoir mixture), it occurs at 14 components when looking
at the Newton iteration itself (fig. 3.20b) and at 12 components for the entire three-phase region (fig. 3.23b).
For 3 BIP families (sour gas mixtures), it happens at 17 components for both cases (fig. 3.21a and fig. 3.24a).

By comparing both proposed reduction methods, the use of the symmetry allows a small decrease in the
computational time. Both versions reveal a linear trend (fig. 3.20a to fig. 3.21b and fig. 3.23a to fig. 3.24b),
yet the curves are slightly steeper with the direct method. The differences in computational time are not

considerable, but are clearly in favor of the h — red. — s method.

In table 3.5, an extension of the figures fig. 3.20a to fig. 3.21b and fig. 3.23a to fig. 3.24b is given, giving

the results for 200 components. For this number, the reduction method is globally 20 times faster than the
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conventional method InK — Chol. for three phases. For four-phases, it becomes 35 times faster. As expected,
for a system with more phases, conventional and reduction methods become equivalent for a smaller number
of components. For the sour gas mixture in fig. 3.24a with three phases, the crossing occurs at 17 components

and in fig. 3.24b for four phases at 15 components.

Mixture h-red. In K-Chol.
Maljamar separator 3.6 95.27
Maljamar reservoir 4.69 101.85

Sour gas 5.87 104.6

Sour gasd 7.09 245.03

Table 3.5: Computational time per 10000 iterations for conventional and reduction Newton iterations at 200
components

The reduction method is faster than InK (if symmetry is not used) even for a small number of components.
This shows the importance of the linear solver; when a comparison of conventional and reduction methods

is reported, it is thus mandatory to report also how the symmetry properties were used in the conventional case.

In all examples, only the np phase-split calculation results are exposed. Results for stability analysis
and two phase flash calculations (comparison between conventional and reduction methods) were given in
[Petitfrere and Nichita [2014b]]. The global multiphase calculation procedure follows [Michelsen [1982a]],
that is, one or two stability analysis are performed for the feed composition for the vapor and/or liquid trial
phases. Then alternatively with an np — 1 phase-split calculations, at least 7 initial guesses (from [Li and
Firoozabadi [2012]]) are tried to test the stability of one equilibrium phase. This means that the global time
for a three-phase calculation is given by 7/8 stability analysis, one two-phase flash and one three-phase flash.
It has been shown [Petitfrere and Nichita [2014b]] that h — red. performed the stability analysis faster than
the conventional methods or up to 2 nonzero BIP families. For the sour gas mixture (3 nonzero BIP families),
the computational time for the stability analysis is given fig. 3.22. In this case, h — red. becomes equivalent
to InK — Chol. in terms of computational time for 12 components. For all mixtures, if we were to add the
time to compute the stability analysis to the time to compute the two and three phase flashes, the crossing
between the curves corresponding to conventional and reduction methods will appear before those exposed
in fig. 3.20a to fig. 3.21b and fig. 3.23a to fig. 3.24b. Moreover, the time spent by SSI iterations before the
switch was not taken into account. (an SSI iteration is faster in reduction methods, since the evaluation of a
quadratic form is avoided). If we took into account all these times, this will tend to bring the crossing of
conventional /reduction curves at smaller values of nc than in fig. 3.20a to fig. 3.21b and fig. 3.23a to fig. 3.24b

(for example, for the sour gas the crossing is expected to occur somewhere in between 12 and 17).

3.2.4.5 Conclusions

In this work, the reduction methodology of [Nichita and Graciaa [2011]] is extended to multiphase flash
calculations with any number of phases. The independent variables are unbounded and derive directly from
a constrained minimization of the Gibbs free energy. Moreover, theoretically it has been proven that the
convergence path was equivalent than for InK; this was confirmed numerically, except from some difficult

conditions (when the system is not too ill-conditioned).

Two versions of the new method are developed. The first one is a direct extension of the two phase
reduction method from [Nichita and Graciaa [2011]]. The second one makes use of the symmetry and allows
building the Jacobian matrix computing about only half of the elements. The use of the symmetry slightly
decreases the computational time, as compared with the direct method. The reduction methods allow a
linear growth of computational time with respect to the number of components, while a quadratic trend is

observed for conventional formulations. Both versions of the reduction method proved to be more efficient
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than conventional methods after a certain number of components.

For reservoir simulation purposes, the new methodology could be competitive for a small number of BIP
families (< 3). For a large number of components in the mixture (as encountered in chemical processing),
the differences between computational times required by conventional and reduction methods are really
important; reduction variables can have a huge impact on computational time for such problems. Finally, it
is worth mentioning that a big advantage of the reduction methods is that a detailed composition can be
used; no lumping is required (thus no approximations). Lumping may affect to a high extent the location
and size of tiny three-phase regions [Nichita et al. [2006b]].

3.3 Phase equilibrium calculations with quasi-Newton methods

3.3.1 Introduction

The second order Newton methods is the most commonly used in phase equilibrium calculations; however,
their convergence radius can be small, and a number of first order successive substitutions iterations must be
performed before switching to Newton iterations. In this section, we focus on other kinds of minimization
methods: the quasi-Newton ones, which represent interesting alternatives. Their convergence radius is
larger, there is no need to solve a linear system, and the Hessian matrix is approximated with a very low
computational cost. However, quasi-Newton methods are extremely sensitive to scaling; It will be shown that

that physical variables (mole number) are not suited for the quasi-Newton method.

The BFGS method [Broyden [1970], Fletcher [1970], Goldfarb [1970], Shanno [1970]] exhibits a supra-
linear convergence rate. A rank two update of the Hessian matrix at each iteration guarantees its positive
definiteness. The BFGS algorithm has already been applied to both for stability testing and phase-split
problems [Ammar and Renon [1987], Garcia-Sanchez et al. [1996], Garcia-Sanchez et al. [2001], Hoteit and
Firoozabadi [2006]].

For the stability analysis problem, [Michelsen [1982b]] proposed a set of independent variables which
allows a good scaling of the problem and a better conditioned system; using this set, the BFGS method
proved to be quite competitive [Hoteit and Firoozabadi [2006]]. In this work, we develop a methodology for
finding the appropriate change of variables to obtain the best scaling for phase equilibrium problems; applied
to the flash calculation problem, the resulting change of variables lead to a Hessian matrix with a perfect
scaling, i.e., H =1+ D + ND, where I is the identity matrix, D is a diagonal matrix with elements vanishing

at the solution, and ND is an effective low-rank matrix with non-diagonal terms.

3.3.2 The BFGS quasi-Newton method

3.3.2.1 Newton

Let f(x) be the function to minimize and x = [z1,--- ,2x]. Let x) stands for the vector x at the k" iteration.

The minimum is obtained for

g(x)=VE(x)=0 (3.140)

The Newton method enables a quadratic convergence by means of the update:

Xp+1 = Xk — H;lgk (3.141)

with gy is the gradient vector and Hy is the Hessian matrix:
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g = VE(xk)  Hi = V3f(x) (3.142)

3.3.2.2 The BFGS update

The BFGS algorithm approximates the Hessian matrix H by means of a matrix B, depending on the function
f and the gradient g. The approximation of the Hessian matrix By is updated at each iteration by:
yiyk'  Bipxpk’ Bi

Byki1 = Br + - 3.143
et T i Tp px ' Bkpk ( )

with

vk = VE(xk) — VE(xk-1) (3.144)

and

Pk = Xk — Xk-—1 (3145)

As it is a rank-two update matrix, the Sherman-Morrison formula can be used twice to update directly

the inverse of the matrix:

(Px”yx + YkTBk_1Yk) (PxpPk’) _ B 'yipk” + pryk Bi*

B =B '+
(viTpr)’ Prklyk

(3.146)

As the Hessian matrix is approximated, the order of the method is decreased as compared to the Newton

algorithm. The BFGS methods lead to a supra-linear convergence. The update of the variables is given by:

Xpi1 = X, — By gk (3.147)

If Bx ~ Hy, the convergence is nearly quadratic. The first step is carried out choosing B; = I, which
corresponds to a gradient descent step. This approximation only requires the evaluation of the gradient
(first derivatives of the Gibbs energy, which corresponds here to calculate the fugacities). Besides, as the
inverse of the Hessian is updated directly, no linear system needs to be solved. This can be really time saving
when dealing with multiphase systems with a high number of components. An important feature is that
the construction of BFGS formula guarantees the positive definiteness of the matrix, hence it guarantees a
descent direction (unlike the Newton method, in which the Hessian matrix is not guaranteed to be positive

definite). In practice, a line search procedure is used with quasi-Newton methods:

X1 = X, — AB; gk (3.148)
with A a real computed based on a line search procedure.

3.3.2.3 The Line search procedure

We introduce the descent direction vector:

sk = —B; gk (3.149)

The line search algorithm solves A which will sufficiently decrease the Gibbs energy f within the Wolfe
norm. It is a one dimension minimization, the objective function being here considered as a function only of

A

fA) = fxx + Ask) (3.150)
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3.3.2.3.1 The Wolfe conditions

The methods to solve for A are generally iterative. Let \; be the i*" iterate on the variable A , and \g = 0.

The vector solution for the line search procedure is

w = xx + NSk (3.151)
and let us introduce the notations
afi ofi / T
Ji=f(\) gi1(x) = Vfi(x) [axl’ D g1 =81 Sk (3.152)

The iterate u; must satisfy the (weak) Wolfe criteria

fi < fo+ g
gzl < calgp|

In this work, ¢; = 1d — 4 and c3 = 0.9.

Starting from A; = 1 (equivalent to procedures without line search), if u; does not satisfy the Wolfe
conditions, A;; is calculated. The iteration procedure to update A is based on a polynomial interpolation of
the function f [Nocedal and Wright [2006]].

3.3.2.3.2 Second order polynomial interpolation

If A1 = 1 does not satisfy the Wolfe conditions, in a first step, the function f is approximated with a second

order polynomial function
fO) =a >+ b +c (3.153)

Using (eq. 3.153) for A; and Ao = 0, the difference f; — fo is

fi — fo=al} + b\ (3.154)

Differentiating (eq.. 3.153) with respect to A gives:

af(\)
D 2u\+b (3.155)
or,
af (A ;
T(A ) _ gl sk = gj (3.156)

Combining (eq. 3.155) and (eq. 3.156), for A\g = 0 leads to:

gy =" (3.157)
We are looking for the minimum of f with respect to A, which is obtained for 8](;—(;‘) = (0. Combining this
equation with (eq. 3.155) for A\;y;, one obtains
2aMi4+1+b=0 (3.158)
Solving the system based on (eq. 3.154, eq. 3.157 and eq. 3.158) leads to

A _ 796>‘12
T - fo— goAl)

(3.159)
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3.3.2.3.3 Third order polynomial interpolation

The function f is now approximated based on a cubic polynomial function:

FO) =aX +b2\* +cX+d (3.160)

Using (eq. 3.160) for A; and A\p=0, the difference f; — f is

fr = fo = goh = aX] + bA} (3.161)

and using (eq. 3.160) for \;_; and Ag = 0, performing the same operation, one obtains

fie1 = fo— goNi—1 = aX]_; +bA]_, (3.162)

We look for A\;1 which satisfies
afrn)
o\
Combining (eq. 3.163) with (eq. 3.156) for Ao = 0, we get

=3a\? + 20N+ c=0 (3.163)

go=c (3.164)

Besides, we are looking for the minimum of f with respect to A, which is obtained for a)(;(;\) = (0. Combining

this equation with (eq. 3.163) for A;41, one obtains

3aMf 1 +2bAs1 +c=0 (3.165)

Combining (eq. 3.161 and eq. 3.162) leads to the following linear system:

AN a fi—fo—9
= 3.166
(A?_l )\12_1> <b> (fll —fo— 96) ( )

The system is solved to obtain a and b and replacing a, b and ¢ in (eq. 3.165), a second order polynomial
equation is solved to obtain A;+1. At each step, it is important to check if A;y; remains in a correct range.
That is to say A1 < 0.5X; and A\j41 > 0.1);.

In order to develop a reliable algorithm, in this work, a switch back procedure to SSI is performed (see the
BFGS algorithm). As soon as the BFGS update does not decrease the Gibbs free energy, an SSI step is used
instead to guarantee the convergence to the solution. In some situations, it could be more advantageous to
accept steps leading to an increase of the Gibbs energy. However, those methodologies are not totally reliable

for difficult conditions (near the phase boundaries for instance), and could lead to convergence problems.

3.3.2.4 Ammar and Renon BFGS implementation

[Ammar and Renon [1987]] proposed a BFGS implementation based on the logarithm of the equilibrium

constants In K.From (eq. 3.35) and (eq. 3.33), the Newton iteration equation can be written as

JAmWMK =HU 'AInK = —¢g (3.167)

which is equivalent to:

U 'AmnK=-Hlg (3.168)

In the BFGS method, since the Hessian matrix H is approximated by the matrix B, the above eaquation

become
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Algorithm 3.2 Line search algorithm

Given xk, fo, sk
Compute g (eq. 3.156)
end =0
M=landl=1
while end = 0 do
u; = Xk + A\isk
Compute f; and g;
if Wolfe conditions are satisfied then

end=1
else
if =1 then
Use second order interpolation to compute A;41
else
Use third order interpolation to compute A;41
end if
end if
if A\;11 > 0.5\ then
A1 = 0.5
end if
if A\j11 < 0.1\ then
)\l+1 = 01)\[
end if
l=1+1

end while

Algorithm 3.3 BFGS algorithm

Given xo, Bo =1
k=0

Compute fo, go
while ||gk|| < e do

if £k =0 then
Sk = —8k
else

Pk = Xk — Xk-1
Yk = 8k — 8k-1
Update By~ using (eq. 3.146)
sk = —Bi gk
end if
Solve A, Xk4+1 = Xk + Ask (algorithm 3.2)
Compute fii1
if fk+1 > fk then
Update zr+1 based on SS iteration
Compute fr41
end if
Compute gxi1
k=k+1
end while

U !'AlnK=-B'g (3.169)

The vector In K is updated at each iteration with two sequential updates. First

y=-B g (3.170)

and then a line search procedure is used to update In K:

InKjyi1 =InKy + AUy (3.171)

with the matrix U calculated from (eq. 3.30).
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After each update, the Rachford-Rice equation is solved for the vapor mole fraction V', then composition

and mole numbers for each phase are calculated.

3.3.3 Proposed method

3.3.3.1 Two-phase split calculations

3.3.3.1.1 Alpha variables

Given a change of variables o;; = «;(ny,), by using the chain rule, the gradient vector is

and the Hessian matrix is

G _ OG Ony
9: = 80éi - 8niL 80@

(92G 32G 8niL 6njL 3G 3271@

= 80@80@' - aniLé)njL 8ai 8aj

aniL aaiaaj

(3.172)

(3.173)

In order to obtain a well-scaled Hessian, that is, to have the identity matrix I as the first term in the

Hessian matrix expression in (eq. 3.27), the term 6;;/LVu; (with u; given in (eq. 3.31)) from

must be multiplied by:

with

By identification:

and from (eq. 3.176)

Integration gives

Taking C; = 0,

Since 0 < n;1, < z;

to obtain:

(Sij 8niL 8’njL
LVuz 60&1‘ 8aj

niL.Nv niLn;v
LV\/U“/’LL]‘ = \/ . \/ JZ‘j
? J

Onir,  [nipngy

aai Zi

V<
o = /—dTLZL
n;rp

(Zz - niL)

«o; = 2./z; arcsin ( niL) + C;

. niL
o; = 2+/z; arcsin

nir
Zi

0< <1

The liquid mole fractions can be expressed as a function of «;:

- 2

0*G

8niL8njL

(3.174)

(3.175)

(3.176)

(3.177)

(3.178)

(3.179)

(3.180)

(3.181)
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To ensure a bijective restriction one needs to bound «:

a; € [0, m/Z]

Deriving the Gibbs free energy with respect to this variable leads to the gradient vector:

niL.Nv
Zi

gi = [(Inn;, —InL+1Ing;r) — (Inn;y — InV + In ¢;v/)]

And the elements of the Hessian matrix are

Hij = 6ij — Juiu; (1 + LV ®;5) +1/2 6459; (”V‘”L)

%
3.3.3.1.2 Beta variables

A similar procedure can be used by deriving with respect of n;y, to obtain:

Bi = 24/z; arcsin < nw>

Zi

Which leads to the vapor mole numbers:

Let us now establish the relation between «; and 3;. Using (eq. 3.181),

n;L = 2;sin® Qi
= 2
2 7 2 ,—Zi

The mass balance equation z; = n;;, + n;yy enables to compute n;y

niy = 2;CoS> .
(2 (2 2 ,71
Similarly, from (eq. 3.186)

nyy = zisin2 (@)
2\/z;

n;,r = ZiCOS2 ( ﬂl )
2%

From (eq. 3.187) and (eq. 3.190), the following equation is obtained:

cos? B = sin? i
2z ) 2\/zi

Since, «; € [0,77\/27-] and §; € [O,W\/ZT-}, , COS (2\%) > 0 and sin (2?/;) >0

e (25) - (25)

@i = 2,/z; arcsin (cos (2\6/%)) =2V (72T - 2%)

‘Which leads to

Hence,

o =7\/z; — Bi

(3.182)

(3.183)

(3.184)

(3.185)

(3.186)

(3.187)

(3.188)

(3.189)

(3.190)

(3.191)

(3.192)

(3.193)

(3.194)
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The gradient and the Hessian matrix using ; as independent variables are directly related to the gradient

and the Hessian matrix using «; as independent variables since

9B;
=0 1
Da, J (3.195)
and
9B
= 0;:0; 1
OOy, 37k (3.196)

Hence, the Hessian is the same using both sets of independent variables, and the gradients are related by:
a_ _gP (3.197)
9i 9i .

3.3.3.2 Stability analysis

The methodology proposed above can be applied to the phase stability problem. Given a change of variables

a; = a;(Y), using the chain rule, the gradient vector is

_0G  0G oY,

;= = 3.198
9= 9a; ~ 0Y; 0y (8-198)
and the Hessian matrix is
2 2 Y'Z Y. 82}/1
H, = 0°G _ 0°G 0 & a(;i (3.199)
8047;301]‘ 8}/7,33/] 8041- 8aj 8}/1 8041-804]-
The term 6;;/Y; from % must be multiplied by: gZZ %7 to obtain:
di; 0Y; 0Y;
i il R 3.200
Y;‘ 80@ 8aj Y ( )
Which gives by identification:
Y,
=Y 3.201
e~V (3.201)
From (eq. 3.200),
a-—/ L dy; (3.202)
RV '
Integration gives
a; =2Y; +C; (3203)

Taking C; = 0, the procedure leads to the «; variable introduced by [Michelsen [1982b]]. [Hoteit and
Firoozabadi [2006]] developed an efficient BFGS procedure based on these variables to solve stability analysis

problems.

3.3.4 Results

The BFGS algorithm (developed in a previous section) based on the proposed «; and §; variables has been
implemented. The robustness and the efficiency of the method are tested on two mixtures, providing also
comparisons with various methods from the literature [Ammar and Renon [1987], Liu and Nocedal [1989] and
Nocedal [1980]]. In this study, the Peng-Robinson equation of state was used, but it is important to mention

that the proposed method is independent of the EOS model and any equation of state could be used instead.
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3.3.4.1 Tests on different BFGS methods

The BFGS algorithm has been implemented with different variables: « (called alpha), 3 (called beta) as

L or nV (denoted nl/nv). Both variables a and 3 are linked and lead to the same

well as the mole numbers n
Hessian, and g§* = fgf . Independent variables n;y and (; are used if the mixture is predominantly liquid
(L > V); otherwise, component mole numbers in the liquid phase, n;r, and «; are taken as independent
variables [Nghiem et al. [1983]]. The procedure has been tested with and without the line search algorithm.
BFGS methods with a line search procedure have been attributed the suffix L (i.e., alpha — L, beta — L).
The procedure from [Ammar and Renon [1987]] is also implemented (it is denoted as InK — L). We also
compared the results obtained with an open source L-BFGS-B code from Nocedal [Nocedal [1980], Liu and

Nocedal [1989]] against our own implementation of the BFGS method.
To simplify the notations, alpha and beta will be gathered into the same name ().

3.3.4.2 Mixtures used in this study

Two mixtures were used in this study, the Y8 and the MY10 mixtures presented in subsection 3.2.2. For the
Y8 mixture, calculations on two different isotherms have been performed in this section: at T=285K (T' < T,
and close to the critical point) and T=335 K (T > T.). For the MY10 mixture, calculations were performed

along an isotherm at T=565 K located close to the critical point.

3.3.4.3 Error and stopping criteria

The Euclidean norm of the of difference of the logarithm of the fugacities is used to evaluate the error for

each iteration:

nc

Spa=[Y_(nfir —1In fiv)? (3.204)
i=1

Convergence is assumed when Sy < le™8.

Moreover, the BFGS matrix is updated based on the differences between the iteration k& and k + 1. When
the differences of the Gibbs free energy between two iterations become close to the machine error (fy ~ fr_1),
convergence can be considered in this case. The same stopping criteria as [Nocedal [1980], Liu and Nocedal
[1989]] is used in this work:

_ Jr—1— fr

B < €€ hi
max (| fxl, | fe=1],1) machine

Here, ¢ = 1d + 3. The machine error is €,,4chine = 1d — 16.

(3.205)

3.3.4.4 Results

Two configurations were tested with different switching criteria. First, the BFGS has been used starting
directly from the Wilson initialization [Wilson [1969]]. Then, SSI steps were first performed before switching
to the BFGS method when Sy < le™2 (which corresponds to a late switch).

3.3.4.4.1 Starting directly without any SSI

In this section, the Wilson relation [Wilson [1969]] is used to initialize the equilibrium constants from which

the initial phase distribution is inferred, then the BFGS algorithm is applied without any previous SSI.

For the Y8 mixture, along the isotherm T=285 K (respectively T=335K), the number of iterations

required to reach convergence is plotted in fig. 3.29a (respectively in fig. 3.30a), with the corresponding
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number of function evaluations given in fig. 3.29b (respectively in fig. 3.30b). For the MY 10 mixture along the
isotherm T=565K, the number of iterations needed to reach the convergence are given in fig. 3.31a with the
corresponding number of function evaluations in fig. 3.31b. The results show a good regularity concerning the
number of iterations obtained with alpha — L/alpha. This indicates that the method is not really sensitive
to small perturbations, unlike for InK — L, in which various small oscillations appear (fig. 3.30a). Regarding
the number of function evaluations, some oscillations can be seen for alpha — L, especially close to the phase
boundary (see fig. 3.30b). Besides, the use of the line search procedure (alpha — L) slightly increases the
number of function evaluations (particularly in fig. 3.29b). The use of the line search procedure is important
near the phase boundaries. We noted that without any line search, alpha diverged for pressures close to the
saturation pressure (under 0.3 bar). With a line search procedure (alpha — L and InK — L) convergence
was obtained for all the conditions of the isotherms. These examples reveal the robustness of the proposed
algorithm since no switch is necessary to reach convergence, and the capability of the algorithm to handle

difficult conditions.
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Figure 3.29: Iterations and function evaluations starting directly with the BFGS method; Y8 mixture at
T=285 K
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Figure 3.30: Iterations and function evaluations starting directly with the BFGS method; Y8 mixture at
T=335 K
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Figure 3.31: Iterations and function evaluations starting directly with the BFGS method; MY10 mixture at
T=565 K

Except for some low pressures, along the isotherm T=285 K for the Y8 mixture, the number of iterations
are generally smaller for alpha as compared with the InK — L procedure. For the number of function
evaluations, the results are almost always in favor of the proposed method whatever the conditions, including

those close to the phase boundaries.
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Figure 3.32: Comparison between the proposed BFGS algorithm and Nocedal L-BFGS-B for the Y8 mixture
at T=285 K

Taking « or (f) as independent variables, a comparison of the L-BFGS-B code based on [Nocedal [1980],
Liu and Nocedal [1989]] and the proposed implementation of the BFGS method is presented for the Y8
mixture. Fig. 3.32a gives the number of iterations obtained for the Y8 mixture along the isotherm T=285K,
and fig. 3.33a for the isotherm T=335K. The corresponding number of function evaluations are given in
fig. 3.32b along T=285K and in fig. 3.33b along T=335K. In terms of number of iterations, Nocedal’s method
and alpha — L gives close results for pressures located away from the phase boundaries. Close to the phase
boundaries, oscillations can be noticed with Nocedal’s algorithm unlike for the proposed algorithm. Besides,
alpha — L requires less iterations to reach convergence and Nocedal’s algorithm generally requires at least
two more function evaluations to converge than the code based on the proposed method. Close to the

phase boundaries, Nocedal’s algorithm starts oscillating and the differences with the provided algorithm
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increase. It is important to mention that the L-BFGS-B program has been designed to be general, but suited
to large optimization problems. Our approach has been designed specifically for equilibrium calculation
problems (adding a switch back procedure to SSI), which explains the differences, especially close to the

phase boundaries.
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Figure 3.33: Comparison between the proposed BFGS algorithm and Nocedal L-BFGS-B for the Y8 mixture
at T=335 K

3.3.4.4.2 Starting after SSI iterations

Using an initial guess from the Wilson relation, SSI steps are performed as long as Sg2 < le™2, then a switch
to the BFGS method is carried out. For the Y8 mixture, the number of iterations required for convergence
along the isotherm T=285 K (respectively T=335K) is given in fig. 3.34a (respectively in fig. 3.35a). The
corresponding number of function evaluations is given in fig. 3.34b for T=285K, and in fig. 3.35b for the
isotherm T=335K. For the MY 10 mixture along the isotherm T=565K, the number of iterations is given
in fig. 3.36a as well as the corresponding number of function evaluations in fig. 3.36b. In these figures, the

number of SSI iterations before the switch is also given.
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Figure 3.34: Iterations and function evaluations after a switch from SSI, Y8 mixture at T=285 K
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Figure 3.35: Iterations and function evaluations after a switch from SSI, Y8 mixture at T=335 K
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Figure 3.36: Iterations and function evaluations after a switch from SSI, MY10 mixture at T=565 K

Smaller oscillations can be seen with a late switch as compared with a direct start with the BEGS method
(see fig. 3.30b against fig. 3.35b for the Y8 mixture). A late switch enables to initialize the BFGS method with
a composition located closer to the solution (where the Hessian matrix is better scaled and the system is better
conditioned than in early iteration stages), and the number of BFGS iterations after the switch is smaller
than starting directly with the BFGS from the Wilson relation, (see for instance fig. 3.29a and fig. 3.29b vs
fig. 3.34a and fig. 3.34b). This time, for pressures away from the saturation pressures, the proposed method
requires less iterations and function evaluations to reach convergence as compared to InK — L. However,
for conditions close to the phase boundaries, InK — L becomes more efficient (see fig. 3.34a to fig. 3.36b).
Globally, the same number of iterations is obtained for alpha as compared with alpha — L. However, this
time, the convergence is obtained for all the tested conditions even without any line search procedure (alpha).
Since SSI are performed before the switch, the BFGS is started with a better initialization closer to the

solution which makes the convergence easier.

Finally, a comparison is presented between the proposed BFGS method with alpha/alpha — L variables
and the same algorithm using the mole numbers as independent variables. The mole numbers lead to bad

scaling and thus to an ill-conditioned Hessian matrix. This is shown for the Y8 mixture at T=335K in
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fig. 3.37, in which nv/nL requires significantly more function evaluations to reach convergence. Besides, even

with a line search procedure, divergence occurs for many conditions as the phase boundary is approached.
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Figure 3.37: nl/nv-L compared with alpha/alpha-L; number of function evaluations for the Y8 mixture at
T=335 K (after a switch from SSI)

3.3.4.4.3 Convergence analysis

In this section, a comparison of the convergence behavior between various BFGS algorithms (InK — L and
alpha) and the Newton method using In K as independent variables is presented. The BFGS methods are
started directly from the Wilson initialization. For the Newton algorithm, a switch from SSI is performed
when Sy < le™!. The tests were performed using the Y8 mixture at T=335K, and P=50 bar (fig. 3.38a),
P=200 bar (fig. 3.38b), P=220 bar (fig.3.39a) and P=224.2 bar (fig. 3.39b) (the last condition is located very

close to the saturation pressure).

The Newton method (as a second order method) requires fewer iterations to converge to the solution as
compared to the BEGS based algorithms (in which supra-linear steps are performed). Supra-linear behavior
can be seen for instance in fig.3.39a between the 4th and 9th iterations. In the last iterations for the conditions
T=220K and T=224.2K (fig. 3.39a and fig. 3.39b), one can notice that the BFGS method enables to reach

nearly-quadratic steps.

For conditions far from the phase boundary (see fig. 3.38a), alpha requires only two more iterations
than the Newton algorithm to reach convergence. Getting closer to the phase boundary, the differences with
the Newton method become larger (see fig. 3.38b, fig. 3.39a). However, very close to the phase boundary,
three more iterations are necessary for alpha than for the Newton. This demonstrates the efficiency of the
proposed method even for difficult conditions. alpha — L always require less iterations than InK — L for the
four conditions considered. These differences are increasing when getting closer to the phase envelope (see
fig. 3.39b where alpha — L only requires 16 iterations to reach convergence whereas InK — L converges in 36
iterations). This confirms the results obtained for the isotherms starting directly with the BFGS method
(fig. 3.29a, fig. 3.30a, fig. 3.31a).
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3.3.4.5 Discussion

With the use of a line search method, convergence was obtained with the proposed BFGS method for all the
presented conditions; without line search, divergence occurs only near the phase boundaries when starting
directly from Wilson initialization. Globally, the proposed method proved to converge within fewer iterations
and function evaluations than the InK — L procedure from [Ammar and Renon [1987]].

Oscillations have been noticed with InK — L. Most of the line search methods interpolate a function
based on polynomial approximations to compute a step which satisfies the Wolfe conditions. In Ammar and
Renon’s method, the gradient of the Gibbs free energy is calculated with the mole numbers as independent
variables. Therefore the line search procedure is the same as for a BFGS method taking the mole numbers
as independent variables. It has been shown that the BFGS methods based on the mole numbers did not
perform well; InK — L inherits this behavior. With the proposed new set of independent variables, the

gradient and the Hessian derive directly from the Gibbs energy. The line search procedure is more efficient
and convergence to the solution was achieved for all the tested conditions.
For most of the conditions the proposed BFGS based on variables proved to be more efficient (in terms

of number of iterations and function evaluations) as compared to InK — L. Yet, with a late switch, for
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conditions near the phase boundaries, InK — L was shown to reach convergence within fewer iterations.
The In K variables lead to a better conditioned systems. When performing a late switch, the norm of the
fugacity derivatives decreases and the off-diagonal elements become smaller, thus improving the scaling and
the condition number of the Hessian. Close to the phase boundary, starting with a good initial guess (after a
switch) InK — L is based on the most efficient variables and leads to a faster convergence to the solution than
the other methods. However, starting directly from the Wilson relation, a more robust method is necessary;
in this case, InK — L has been shown to be less stable than the proposed method.

Comparisons with the Newton algorithm were also presented. Generally alpha — L requires a few more
iterations to converge than the second order method. Each BFGS iteration is faster to compute than a
Newton iteration since no fugacity derivatives are required and no linear systems need to be solved. Therefore,
even if the BFGS algorithm requires more iterations to converge, the computation time is not necessarily
increased. Even though the BFGS method may not compete with the Newton method for a small number of
components with a cubic EOS, with a high number of component (in chemical process for instance), the
proposed method could become more efficient in terms of computation time. Moreover, it offers an interesting
alternative for difficult EOS models; when the fugacity derivatives are complex and difficult to calculate

analytically, or there are costly, the BFGS method is really attractive as compared to the Newton method.

3.3.4.6 Conclusions/Perspectives

Since quasi-Newton methods are known to be very sensitive to scaling, a new methodology for finding a set
of variables leading to a good scaling of phase equilibrium problems is proposed. A new set of independent
variables is proposed for the flash calculation problem; fore the phase stability problem, the variables
introduced by [Michelsen [1982a]] are found using the proposed methodology. The BFGS algorithm based on
this new set of independent variables for the two-phase-split problem was developed and tested for robustness
and efficiency. The proposed method was shown to reach convergence for all the testing conditions and to
converge generally within fewer iterations and function evaluations than other BFGS methods. Comparisons
with the second-order Newton method showed that the proposed algorithm requires only few more iterations
for convergence (but the cost per iteration is lower, since no derivatives or resolution of a linear system are
required). The BFGS method is attractive for more complex EOS models in which partial derivatives of
fugacity can be costly and/or difficult to compute analytically (as for instance the SAFT family of EOS). The

proposed variables are also particularly suited for trust-region algorithms [Petitfrere and Nichita [2014a]].

3.4 Robust and efficient Trust-Region based stability analysis and

multiphase flash calculations

3.4.1 Introduction

The resolution of the multiphase flash problem requires the minimization of the Gibbs free energy [Michelsen
[1982a]] and of the tangent-plane distance (T'PD) function [Michelsen [1982b]] for phase stability testing.
Traditionally, first-order successive substitution (SSI) iterations are performed before switching to the second-
order Newton method. In most of the cases, the Newton method works fine (convergence to the solution is
achieved in a few iterations) provided the Hessian is positive definite. The most difficult regions in mixture
phase envelopes are in the vicinity of singularities: critical points for multiphase flash calculations, convergence
locus for negative flashes [Whitson and Michelsen [1990]], the stability test limit locus [Whitson and Michelsen
[1990], Hoteit and Firoozabadi [2006], Nichita et al. [2007¢]] (or the ’shadow curve’ [Rasmussen et al. [2006]])
for stability analysis. Near these loci, algorithms either become extremely slow of have difficulties to converge.
In the case of a too early switch, the Newton step is rejected and the calculations are switched back to SSI
iterations. Sometimes a very large number of SSI iterations are necessary before the final switch to Newton

iterations very close to singularities. This convergence behavior suggested us to investigate how Trust-Region
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methods behave in such situations.

Restricted-step methods or Trust-Region methods were first suggested by [Levenberg [1944] and Marquardt
[1963]] to solve nonlinear least-squares problems. They are often put in comparison with line search techniques,
and they have seen considerable improvements in the past thirty years. The first algorithms were designed
to small systems [Hebden [1973], Gill and Murray [1974], Gill and Murray [1978], Gay [1981], Moré and
Sorensen [1983],Moré and Sorensen [1993]]. Then, a second branch of Trust-Region methods started to
see developments since the improvements in computer science enabled to deal with bigger problems: the
method based on high dimension problems, like the conjugate-gradients or generalized Lanczos-Trust-Region
algorithms [Steihaug [1983], Shultz et al. [1985], Byrd et al. [1988]]. Except when dealing with a high number

of components, this category is not suited for phase equilibrium calculations.

The first to introduce a Trust-Region method for equilibrium flash calculations were [Nghiem et al. [1983]].
They applied Powel’s Dogleg method to the two-phase flash calculations. The same method was then used
by [Lucia and Liu [1998]]. The dogleg method is a linear combination between a Cauchy step and Newton
method. [Nghiem et al. [1983]] adapted this method as a linear combination between the SSI and Newton
iterations; the method fails when the Hessian is not positive definite. [Mehra et al. [1982]] extended this

method to multiphase equilibrium calculations.

[Michelsen [1992], Michelsen and Mollerup [2007]] addressed the problem of non-positive definite Hessians
(revealed during decomposition) in phase equilibrium calculations and suggested the use of Trust-Region
methods. If the Hessian matrix H is not positive definite, it is corrected by adding a diagonal element, that
is, H+ AIL. Then some other authors have been investigating the Trust-Region methods in phase equilibrium
calculations: [Trangenstein [1987]] reported minimization with linear constraints for phase stability and
multiphase flash. [Kaul and Thrasher [1996]] used a Trust-Region procedure similar to [Hebden [1973]] for
two-phase equilibrium flash calculations using a set of reduced variables. [Pan and Firoozabadi [2003]] also
used a Trust-Region method; however, there are certain difficulties in combining the Trust-Region approach

with reduction methods.

[Lucia et al. [1993]] developed a Trust-Region method extending the Powell dogleg strategy to the complex
domain; this method was used by [Gow et al. [1996]] to model the VLE of binary refrigerant mixtures. [Lucia
and Yang [2003]] used a Trust-Region method to calculate downhill directions in terrain global methods;
these methods were used to model the complex phase behavior of normal alkane systems [Lucia et al. [2012]],
or within a multi-scale framework for multiphase flash calculations [Lucia et al. [2005]]. [Alsaifi and Englezos
[2011]] used a Trust-Region Gauss-Newton method for simultaneous stability and flash calculations with the
PC-SAFT equation of state. Recently, [Michelsen et al. [2013b]] reported the use of a Trust-Region method

for phase equilibrium calculations.

In this chapter, a Trust-Region method derived from [Moré and Sorensen [1983], Moré and Sorensen
[1993], and Conn et al. [2000]] is adapted and tested successfully for various phase stability analysis and
multiphase flash calculation problems. The section is structured as follows: the proposed Trust-Region
method is presented in detail. The results for phase stability and multiphase flash calculations of various
mixtures with complex phase envelopes and comparisons between the proposed method with Newton methods

using various independent variables are presented before drawing the conclusions.

3.4.2 Trust-Region methods

Trust-Region methods define a region around the current point within which they trust the model to be an

appropriate representation of the objective function. Then, a step is chosen which will minimize the model
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within this region.

The Taylor development of the objective function f (which in our case can be either G or D)) around
Xk 18
1
FGact+) = fi + gis + 55 Bis + O(|s]”) (3.206)

with fr = f(Xk), gk = Vf(Xk) and By = VQf(Xk).
Taylor’s development of the gradient gives

g(xxk +8) = g(xk) + Bs + 0([|s[|*) (3.207)

Minimizing the function f means getting the gradient g = Vf to be zero. Therefore, trying to put

g(xx +s) = 0 we obtain the Newton method, which is quadratic and consists in solving
BkS = —g(Xk) (3208)

3.4.2.1 The Trust-Region subproblem

For solving the system by Newton iterations, the Hessian must be positive definite, otherwise the method
cannot be applied. In the Trust-Region method, the Hessian is corrected to ensure positive definiteness. If
By is not positive definite, by adding a diagonal element to the Hessian, Hy = By + AL, it becomes definite

positive, for a value A > max(0, —A; + &) , where A; is the smallest eigenvalue of the Hessian matrix.
Using (eq. 3.206), a second order approximation leads to:

1
f(Xk+8)~ fr +gis+ §STBkS (3.209)

Solving the Trust-Region subproblem means finding the minimum
1
min my(s) = fr + gL s + =sT Bys 3.210
e k(8) = fr + 8k D) k ( )

Looking more in details to the real step,

1 A
f(xk+s)=fr+grs+ EsTHks - 5sTs +0(|Is||*) (3.211)

The Trust Region carries out steps between the gradient descent (first order) and the Newton (second
order) steps which are generally supralinear.

If the Hessian is positive definite, and if ||—Bl: 1gk|’ < A, a Newton-step is carried out.

3.4.2.2 Solving the Trust-Region subproblem

The main difficulty relies on solving (eq. 3.210). Two methods exist: near exact methods (the one used in
this thesis), and approximated methods (ideal for systems with high dimensionality). It has been proven
[Nocedal and Wright [2006]] than solving the Trust-Region subproblem (eq. 3.210) is equivalent to solving
the problem for:

Bk +A)s = —g (3.212)
AA—|s|) = 0 (3.213)
(Bk + A1) is positive semidefinite (3.214)
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For A > 0 and s feasible.

Three cases can be distinguished.

3.4.2.2.1 Case 1: A =0 and ||s|]| < Ay

If X = 0 satisfies (eq. 3.213 and eq. 3.214), with ||s|| < A, the solution is found (Newton step). Otherwise,
the system (eq. 3.213, eq. 3.214, eq. 3.214) is equivalent to solving

H(Bk + /\I)_lng = Ay (3.215)

With (B + AI) definite positive.
[Conn et al. [2000]] proposed different examples to illustrate the possible roots of the equation ||s(\)[|3 <= A

Let’s suppose the problem defined by

— = =

0
0
3

o o O
o O NN O
- O O O

1 0

B is positive definite. In fig. 3.40 ||s(\)||3 is plotted against .
The case 1 corresponds to the case where A > 1.5 (dashed red line in the fig. 3.40), the solution A = 0,

lies inside the Trust-Region radius. And as it corresponds to the Newton step, this is the optimal one.

30
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NEN 15 U U U \solution curve
<
wn
0 S
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Figure 3.40: Convex example [Conn et al. [2000]]

3.4.2.2.2 Case 2: q7g # 0 and \ € (—\y, +00)
By noting that s is a function of A, and

s(\) = —(Bx + A1) gy (3.216)

(eq. 3.215) becomes

s = Ay (3.217)

If By is positive definite, since Bx symmetric, there is an orthogonal matrix Q and a diagonal matrix A
such that By = QAQT, where A = diag(\1, Ao, ..., \x) with A\; < Xy < ... < Ay are the eigenvalues of By

and the matrix Q contains the orthonormal eigenvectors of By
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Hy =B+ AI=Q (A +AI)QT; VA #£ ) (3.218)
then,
Y qffg
s(\) = —Q(A+ A1) 'QTg = - 12 g (3.219)
= Aj+ A
Where q; denotes the jth column of Q. By orthonormality
2
* (d's)
j
Isll =2 ~——= (3.220)
jz::l (A +A)
therefore, as long as qf g # 0,, a unique solution 0 < —\; < A can be found to solve (eq. 3.215).
Solving (eq. 3.217) is equivalent to solve [Hebden [1973]]
1 1
oAN)=7———-—-—=0 (3.221)
sl A
(eq. 3.221) can be solved with a Newton procedure in one dimension. The derivative of p(X) is
< s(A), Vas(A) >
() = - =L Vas) (3.222)
sl
If H is definite positive, a Cholesky decomposition can be performed
H=LL" (3.223)
and using H(\) = By + AI the scalar product in (eq. 3.222) can be expressed as
<s(A),H '(\)s(A) > = <s(\),L-TL 1s(\) > = < L71s(\), L™ ts(\) > = w3 (3.224)
The update is then given by
A M, — A VI
)\k+1 — )\k _ ()0/( ) — )\k + <||S( )H2 k) ||S( )QZ (3225)
¢'(A) Ak [[wll
[Conn et al. [2000]] proposed a case where B is non-positive definite:
1 -2 0 00
1 0 -1 0 0
g = s B =
1 0 0 00
1 0 0 01

In fig. 3.41 ||s(A\)||3 is plotted against A for the non-convex example.

The case 2 corresponds to two possible problems:

e In the convex example, if A2 < 1.5 (which corresponds to the dashed red line in fig. 3.40), (eq. 3.221)

needs to be solved to reach the optimum and find the correct A.

e In the non-convex example, as H(A\) must be positive definite, the only values of interest are those
where A > A\;. With A\; the minus leftmost eigenvalue. For any values of A, a A can be found to solve

the trust-region subproblem.
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Figure 3.41: Non convex example [Conn et al. [2000]]

3.4.2.2.3 Case 3: qJg =0 and \ € (—Ay, +00)

This problem has been well studied in the literature [Conn et al. [2000], Nocedal and Wright [2006]] and is

referred to as the hard case. It occurs when qj g = 0, that is to say, the subspace made with the eigenvectors

corresponding to the most negative eigenvalue of By is orthogonal to the gradient.
In this case, if ||[s(—A1)|| < Ag, the problem cannot be solved.
We have (Bx — A1I)qq = 0. By calling

s(1) = =Bk — MI) gk + Tan
By orthogonality q;-rql =0, for j #1, we get :

N T
_ 9 8
S = Z )\j_)\quJrqu
Jj=1
Aj#EA

For any 7, and for ||q1 |, = 1, we get :

2
" (ae)
J 2
sl = >_ 7T
j=1 ()‘j - )‘1)
AjFEN
By calculating the correct 7, it is always possible to get (eq. 3.217).

Once again, [Conn et al. [2000]] proposed an example to illustrate the hard case:

= = = O
o |
—_
o O o O
_ o O O

In fig. 3.42 ||s()\)||3 is plotted against A for the hard case example.

(3.226)

(3.227)

(3.228)

As H()) must be positive definite, A < 2 is forbidden. However, unlike for the non-convex case, there is

no direct solution for the problem for any values of A > A e (in fig. 3.42, Aipizic = 1.2).

One needs to use the procedure explained earlier to solve the problem
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Figure 3.42: Hard case example [Conn et al. [2000]]

3.4.2.3 Algorithm for the Trust-Region subproblem

The Newton method to obtain the correct A is not used directly. Safe-guarding techniques must be applied
to get a robust algorithm. The general algorithm is given below. It follows the algorithms given in chapter

7 of [Conn et al. [2000]], which are directly derived from [Moré and Sorensen [1983], Moré and Sorensen [1993]].

Algorithm 3.4 realistic exact trust-Region subproblem [Conn et al. [2000]]
A=0
Try to factorize H(A\)= LLT
if Failure then
Compute Ap
A=\ +e€
Factorize H(\) = LLT
end if
Solve LTs = —¢g
if ||s|l2 < A then
if A\=0or |s|]2 = A then
STOP : the solution has been found
else {Hard case}
Compute an eigenvector u; corresponding to A1 (e.g., Lanczos or QR)

Find the root « of the equation ||s + cu1|/2 = A which minimizes (eq. 3.210)
Replace s by s + aux

STOP : the solution has been found

end if

end if

while |[|s||2 — A| > KeasyA do
Solve Lw = s N A 1|2
Replace X1 = A" + (HS( o’ ) ( ||wu§2>
Factorize H(\) = LL™
Solve LTs = —g

end while

In the algorithm, it has been chosen to calculate the eigenvector and eigenvalues explicitly. [Conn et al
[2000]] proposed another algorithm in which the eigenvector can be approximated. The two methods have
been implemented. As the system is generally small (nc < 12) in the context of reservoir simulators, it is

faster to compute them explicitly. For higher number of components (i.e., chemical processes), the second
method will be more advantageous.
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3.4.2.4 The Trust-Region size

The size of the Trust-Region Ay is critical to the effectiveness of each step. If the region is too small, the
algorithm misses an opportunity to take a step which will get closer to the solution. If it is too large, steps

which should not be acceptable could be accepted.

3.4.2.4.1 Dynamic update of the Trust-Region size

The choice of the Trust-Region size is based on the agreement between the model function my, (see eq. 3.210)

and the objective function f at the previous iterations:

f(a0) = f (% + 5K)

mi (O) — Mg (Sk)

Pk = (3.229)

e If p; < 0, this means that f(xx) < f(xx + sk), the step is rejected

e If pj is small, this means that the Trust Region should be decreased (the model is relatively different to

the reality (complex region)).

o If pi = 1, the Trust Region should be extended, since the model matches the reality and better steps

could be carried out.

3.4.2.4.2 General Algorithm for the Trust Region method

The general algorithm for the Trust Region method is adapted from [Nocedal and Wright [2006]]. Note that
for difficult conditions, mainly in the early iteration stages, the Hessian is so ill-conditioned that the element
added to the diagonal of the Hessian is really high. The Trust-Region radius decreases to a really small value,
and once the Hessian is positive definite, the Trust-Region radius limits the step, and it can take long to
increase it. When A is too high, the step will be a gradient descent which is smaller than that of an SSI
iteration. Therefore, the algorithm is modified in the sense that if A > k and py < 7 an SSI iteration is
performed. The use of only one SSI iteration is purely empirical. Based on numerical experiments on the
mixtures considered in the results section, it was found that performing two or more SSI iterations at this

stage does not decrease the computation time.

The main steps of the Trust-Region (TR) method are summarized below:

Trust-region methods contain tunable parameters (such as the initial trust-region size, the parameter
controlling the increase/decrease of the trust-region size, etc.). Changing these parameters (which are typically
problem-dependent) might affect to a high extent the convergence properties; their choice is empirical and has

been based on many numerical experiments. The values giving the better results on average were adopted.

In this thesis, the initial trust-region radius is calculated by Ay = ||x||/10 for flash and by Ay =
min (|x||/10, 1/10) This is the most sensible parameter. It should be chosen not to large (a step not taking
into account the irregularities of the function could be accepted) and not too small (the descent step would
become too small and close to the one of SSI). This choice generally gives good results for the problems
addressed here (multiphase flash and phase stability testing), but it might not be suited for other minimization
problems. The parameter « is set to zero in the present algorithm; this avoids switching back to SSI too

often when the model function my is significantly different from the objective function f.

For phase stability testing, the problem becomes singular and any iterative method experience convergence
problems. The Newton method is quadratically convergent only in a vicinity of the solution, which shrinks
as a singularity is approached. In this case, Newton steps are often rejected and a switch back to SSI is

performed (sometimes for a very large number of times). It will be shown later on in this chapter on several
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Algorithm 3.5 Trust-Region algorithm: [Nocedal and Wright [2006]]

Given A > 0, Ag € (0,A) and v € [0, %)
for k =0 — kmazx do
Calculate fi, gk
if Error > € then
Calculate By
Calculate pj, solving (eq. 3.210) (TR subproblem)
if pj, < § then
Apy1 = Sk
else
if p, > 2 and [|sk|| = Ay then
Ak+1 = min (QAk, A)
end if
end if
if pr > v and A < Kk then
Xk+4+1 = Xk 1 Sk
else
SSI update
end if
end if
end for

examples how the Trust-Region method improves convergence (in some cases spectacularly) near the STLL.
For flash calculations, convergence problems arise near phase boundaries (and particularly near critical
points), and the Trust-Region method also performs better in this region than Newton’s method (as will be
shown on an example). High quality initial guesses for flash calculations from phase stability analysis are

making these convergence problems less important near phase boundaries.

Close to phase boundaries, the trust-region can partially lie outside the feasible composition space if it
is a radial trust-region. If an Y; < 0 (for phase stability), or an n;, ¢ (0, z;) (for flash calculations) after
performing a trust-region step, the SSI method is used and p is set to 0. Indeed, if a variable goes out of its
bounds it means that the trust-region radius should be decreased to get all the irregularities of the function
and to be able to get closer to the phase boundary without crossing it. This is why p is set to 0 (making
p < 1/4 and A is decreased).

The presence of trace components in the mixture introduces significant difficulties for phase equilibrium
calculation methods. If the composition of a trace component is well below machine precision the Hessian
matrix becomes very ill-conditioned, leading to highly severe convergence problems. In compositional reservoir
simulators, it is really important to be able to deal with this issue, because trace components can occur in
certain applications. In this thesis this problem is overcome by choosing the dependent variable differently for
each component (as proposed by [Michelsen [1982a]], see section 2.2, NLVM method). This highly improves

the condition number of the system, and it allows dealing with trace components.

It is important to note that, as for Newton and SSI methods, the Trust-Region method does not guarantee
to give the global minimum of the objective function (TPD function or Gibbs free energy). This is a gradient
based local method, which converges to a stationary point of the objective function. To guarantee a global
minimum, either a global optimization method, or a global stability analysis mixed with a local minimization
for the flash calculations should be used. However, these methods are quite slow and cannot be used within
reservoir or process simulators. Here the use of multiple initial guesses for a local minimization of the TPD
function in the stability testing allows to get the global minimum with a high degree of certainty (even if the
solution is not theoretically guaranteed), providing in the same time a sculptured initialization for multiphase

flash calculations.
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3.4.2.4.3 Hybrid Newton-Trust Region method

In most cases, phase equilibrium problems (flash calculation and stability analysis) have to be solved for
temperatures, pressures and feed compositions located away from the difficult regions of the phase enve-
lope. From early iteration stages, the partial derivatives of the fugacity coefficients with respect to any
classical variables are small enough to make the Hessian positive definite. Therefore, a convex problem has
to be solved (there is no need to correct the Hessian) and a Newton method is very efficient. When the
Trust-Region method is used in those cases, a Newton step is applied as seen previously, but it requires

the computation of the norm of the descent direction vector step, as well as an evaluation of p at each iteration.

In order to avoid some unnecessary (and time consuming) calculations, a hybrid (Newton-Trust Region)
method is proposed, in which a Newton procedure is tried first after the switch from SSI. Whenever the
objective function (modified TPD function or Gibbs free energy) increases after the update of the variable, a
switch is made to use the Trust-Region method. If there is no increase in the objective function, Newton
iterations are performed until convergence. In the next section, this hybrid approach will be denoted Y — TR
for stability testing and NLVM — TR for flash calculations.

3.4.3 Results

In this thesis, the numerical procedure used in multiphase equilibrium flash calculations is a sequential one
(as first suggested by [Michelsen [1982a]]), and the initialization roughly follows the one proposed by [Li and
Firoozabadi [2012]]. For phase stability testing, the switch criterion proposed by [Hoteit and Firoozabadi
[2006]] is adopted. For flash calculations, the switching procedure is similar to that proposed by [Nghiem
et al. [1983]]. For Newton iterations, a switch back to SSI iterations is carried out whenever, i) the Gibbs
free energy (for flash calculations) or the modified TPD function (for phase stability) increases between two
consecutive iterations, or ii) an independent variables goes out of its bounds (i.e., the bounds are: for mole
numbers, 0 < n;; < z; in flash calculations; for formal mole numbers, (Y; > 0 for stability testing); a switch
back to SSI iterations is required generally for difficult conditions in the early stages of the iterative process
(and indicates a too early switch). The stopping criterion is that the Euclidean norm of the error vector is

less than a tolerance e = 10710,
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Figure 3.43: Phase envelope a) of the MY10 mixture b) of the Oil B mixture mixed with COq at T=307.6K

In this section, the Trust-Region procedure described above is applied to phase stability analysis and two-

and three-phase flash calculations for five synthetic and natural hydrocarbon mixtures, with different amount of
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classical contaminants (CO2, HaS) susceptible to drive the formation of a third phase for four of these mixtures.

The first mixture is the ten-component MY10 [Metcalfe and Yarborough [1979]] (phase envelope in
fig. 3.43a) mixture (already presented). The next four mixtures are: the Maljamar reservoir oil and Maljamar
separator oil from [Orr et al. [1981]], the Oil B mixture from [Shelton and Yarborough [1977]] and the sour gas
mixture from [Robinson et al. [1978]]. All relevant data for these mixtures are taken from [Li and Firoozabadi
[2012]]. These four mixtures are mixed in different proportions with carbon dioxide. Fig. 3.18a depicts the p-z
phase envelope of the Maljamar separator oil mixed with COq at T' = 305.35 K and fig. 3.18b the P-z phase
envelope of the Maljamar reservoir oil mixed with COs at the same temperature. Phase envelopes of the Oil
B CO; (at T = 307.6 K) and of the sour gas CO, (at T = 178.8K) are given in fig. 3.43b and fig. 3.19a,
respectively. Note that the four mixtures are exhibiting complicated phase envelopes; some calculations are
performed at really difficult conditions, such as the vicinity of bi-critical points. The Peng-Robinson equation
of state [Peng and Robinson [1976], Robinson and Peng [1978]] has been used in all calculations.

3.4.3.1 Phase stability testing
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Figure 3.44: Number of iterations for the MY10 mixture, stability analysis (V; = z;/K;)
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Figure 3.45: Number of iterations for the MY10 mixture, stability analysis (Y; = z;/K;)

For phase stability analysis, five methods have been compared: the SSI iteration, the SSI-Newton method
with Y; and «; as independent variables, the Trust-Region (TR) method performed over the Y; variables, and
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the hybrid Newton — TR method (denoted Y — TR). The number of iterations required by phase stability
testing over the whole P-T diagram of the MY 10 mixture is given for different methods, with a liquid trial
phase (Yi(o) = z;/K;) in fig. 3.44a, fig. 3.44b, fig. 3.45a, fig. 3.45b and with a vapor trial phase (Yi(o) = z;K;)
in fig. 3.46a to fig. 3.47b. The steps between two P — T points on the phase diagrams are AP = (0.1 bar and
AT = 0.1 K. Less than ten iterations are required for convergence by Newton and TR methods on most
regions of the phase envelope. An increase in the number of iterations can be clearly seen for all methods
around the STLL (in fig. 3.44a to fig. 3.45b for T > T and in fig. 3.46a to fig. 3.47b for T' < T¢) and the
spinodal (in fig. 3.44a, to fig. 3.45b for T' < T¢ and in fig. 3.46a to fig. 3.47b for T > T¢), which are the
singularities for phase stability. The deterioration of convergence properties as the STLL (non-trivial solution
at a positive TPD function) is approached, is far more severe for Newton and TR methods than near the
spinodal (trivial solution for TPD function equal to zero). It also appears from fig. 3.44a to fig. 3.47b that
near the STLL Newton — a; performs better than Newton — Y;, and that TR is faster than both Newton

versions.
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Figure 3.46: Number of iterations for the MY10 mixture, stability analysis (V; = z;K;)
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Figure 3.47: Number of iterations for the MY10 mixture, stability analysis (Y; = 2z, K;)

The Euclidean norm of the gradient vector is plotted vs. the iteration level for stability testing (Yi(o) =z K;)
at T = 540.5 K in fig. 3.48a and fig. 3.48b at two pressures above the STLL (103.46 bar). For SSI iterations,
the error curve decreases but exhibits an inflection point; TR performs better than Newton methods (at
p = 112 bar, TR requires about half of the iterations required by Newton methods). Convergence properties
deteriorate as one gets closer to the STLL: at P = 103.5 bar (very close to the STLL) the gradient norm
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starts to increase during iterations (see fig. 3.49a) at a certain point (the objective function decreases very
slowly, with about 107° per iteration; a descent direction is guaranteed with SSI iterations, since in the
iteration equation of SSI, an always positive semi-definite matrix multiplies the gradient vector [Heidemann
and Michelsen [1995], Ammar and Renon [1987]]). Newton methods fail to converge (the Hessian matrix is
not positive definite anymore) at the given switching conditions, and a switch back is repeatedly required;
eventually quadratic convergence is obtained, but after more than one hundred SSI iterations (most of them
costly, since second-order information is calculated but finally not used). The TR region method converges
in less than 20 iterations. At even more severe conditions, hundreds of SSI iterations (on switch back from
Newton or using a very restrictive switch) may be necessary before the Newton method converges (a plot is
given for T' = 530.5 K and P = 108.99 bar in fig. 3.49b), while the TR method manages to handle these
extremely difficult conditions within some twenty iterations, with an almost quadratic convergence behavior.
For phase stability, the critical point is a global minimum, while the STLL is a saddle point; its vicinity is

the most difficult region of the phase envelope for phase stability testing calculations.
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Figure 3.48: Error vs. iteration level for the stability analysis (liquid trial phase, Y; = z;K;) of the MY10
mixture at T=540.5 K
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Figure 3.49: Error vs. iteration level for the stability analysis (liquid trial phase, ¥; = z;K;) of the MY10
mixture

For vapor phase stability, table 3.6 lists the average number of iterations for various methods, and table
3.7 gives the required CPU time (in seconds, for an Intel Xeon CPU Processor X5680, 3.33 GHz). For liquid

phase stability, the average number of iterations is given in table 3.8 and the computer time in table 3.9. The
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examined points are those used in constructing fig. 3.18a to fig. 3.19a.

Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B Sour gas
Y 8.82 8.54 10.09 5.91
o 7.96 7.59 9.70 5.67
TR 8.79 8.39 9.91 6.13
Y-TR 7.95 7.69 9.13 5.75

Table 3.6: Average number of iterations for four mixtures and various stability testing methods over the P-z
diagram (initial guess, Y; = 2, K;)

Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B Sour gas
Y 1.679 4.77 5.248 2.645
« 1.565 4.27 5.135 2.735
TR 1.841 5.50 7.835 3.481
Y-TR 1.504 4.56 6.762 2.937

Table 3.7: Computation time (in seconds) for four mixtures and various stability testing methods over the
P-z diagram (initial guess Y; = z; K;)

Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B Sour gas
Y 6.73 8.59 9.17 10.33
«o 6.74 8.72 8.82 10.18
TR 6.73 8.59 9.16 9.71
Y-TR 6.74 8.61 8.82 9.61

Table 3.8: Average number of iterations for four mixtures and various stability testing methods over the P-z
diagram (initial guess, Y; = z;/K;)

Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B Sour gas
Y 1.133 3.965 4.051 4.275
«o 1.147 4.122 3.823 4.361
TR 1.159 4.181 4.385 4.497
Y-TR 1.108 4.109 3.893 4.191

Table 3.9: Computation time (in seconds) for four mixtures and various stability testing methods over the
P-z diagram (initial guess Y; = z;/K;)

In terms of numbers of iterations, Newton — «; performs systematically better than Newton — Yj.
TR requires more iterations than Newton — «; for liquid phase stability ((table 3.6), while the trend is
inversed for vapor phase stability (table 3.7). The hybrid approach Y — TR performs globally better than
both TR and Newton — «;.

In terms of computation time, TR is faster than Newton — Y;, and slower than Newton — a;, (the
cost of an iteration is higher for TR due to additional linear algebra operations), but the hybrid method
Y — TR is globally the fastest method.

3.4.3.2 Multiphase flash calculations

For the equilibrium flash calculations, five methods have been compared: the SSI iteration, the SSI — Newton

method with In K; as independent variables (abbreviated below as InK) and with the improved mole number
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variables (NLVM), the Trust-Region method performed over the improved mole number variables, and
the hybrid Newton NLVM — TR method. It is observed that the Newton method using mole numbers
as independent variables performs really bad for difficult multiphase conditions as compared to the other

methods, thus Newton NLV is not included in the comparison.
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Figure 3.50: Number of iterations for the MY 10 mixture (two-phase flash)
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Figure 3.51: Number of iterations for the MY10 mixture (two-phase flash)

The number of iterations to reach the convergence starting from Wilson initialization with various flash
calculations methods in the two-phase region is represented in the P-T plane for the MY10 mixture in
fig. 3.50a to fig. 3.51b. The steps between two P-T points on the diagram are Ap = 0.1 bar and AT = 0.1 K.
Newton and TR methods converge rapidly except in the vicinity of the critical point (the singularity for flash
calculations); in this region, the TR method performs better than Newton methods (InK perform better
than NLVM).

A comparison of the convergence behavior (Euclidean norm versus the of iteration number) between
various flash calculation algorithms (initialization by K-Wilson) for the Oil B mixture combined with 95%
moles COy at T=307.6 K is shown in fig. 3.52a (at p = 73.6 bar) and fig. 3.52b (at p = 76.9 bar). This kind
of behavior is systematic for difficult conditions.

The number of iterations in flash calculations using various methods (a-SSI; b-Newton — InK; c-
Newton — NLVM; d- TR; e- NLVM — TR. ) is represented in P-z diagrams in fig. 3.53a to fig. 3.55
(Maljamar reservoir mixture/COs at T = 305.35 K), fig. 3.56a to fig. 3.56e (Maljamar separator mixture/COq



3.4. ROBUST AND EFFICIENT TRUST-REGION BASED STABILITY ANALYSIS AND MULTIPHASE FLASH

CALCULATIONS 123
10°
€ €
S S
c c
C C
© [
[0} [0}
) k)
o] ©
> >
w W1 ]
10—15 10—15
0 10 20 30 40 50 0 10 20 30 40 50 60
lterations lterations

(a) P=73.6 bar

(b) P=76.9 bar

Figure 3.52: Comparison between various flash calculation algorithms (initialization by K-Wilson) for the Oil

B mixture/95% CO, at T=307.6 K

at T' = 305.35 K), fig. 3.57a to fig. 3.57¢ (Oil B/CO2 at T' = 307.6 K) and fig. 3.58a to fig. 3.58e (sour gas/COq
at T = 178.8 K). The steps between two points on the diagrams are Ap = 0.1 bar and A (%CO2)=0.1. In

the three-phase region, the number of iterations given in fig. 3.53a to fig. 3.58e is the sum of the iterations for

the two-phase and three phase flash calculations. In all the graphs, the Trust-Region and hybrid algorithms

globally give smaller iteration numbers (for both two-phase and three-phase regions of the phase envelopes)

than all the other methods tested.
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Pz-diagram at T=305.35 K
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Figure 3.54: Number of iterations (two-and three-phase flashes) for Maljamar reservoir mixture over the
Pz-diagram at T=305.35 K
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Figure 3.55: Number of iterations (two-and three-phase flashes) for Maljamar reservoir mixture over the
Pz-diagram at T=305.35 K: NLVM-TR

For the three-phase region of the sour gas COgy mixtures at T = 178.8 K and p = 20 bar, the global
minimum of the modified TP D function vs. the molar amounts of COs is plotted in fig. 3.59a, and the number
of iterations of Newton and TR methods are plotted in fig. 3.59b (the difference between the total number of
iterations and the sum of SSI iterations before switch and Newton iterations represents the number of SSI
iterations performed after a switch back from unsuccessful Newton iterations). The peak in the total number
of iterations corresponds to the angular point of the minimum T'PD (giving the worst initial three-phase
distribution from phase stability). For less than about 56 % moles COg, the TR and hybrid methods perform
remarkably well as compared to the Newton ones. For more than 56 % moles COs, all methods perform
equally well. Note that if a late switch is adopted (at 107° as in [Li and Firoozabadi [2012]]), the peak in
the total number of iterations would be at more than 100 iterations. The error (Euclidean norm) vs. the
iteration level for three-phase flash of the sour gas mixture at T' = 178.8 K, P=20 bar and 51% moles COs. is
plotted for various methods in fig. 3.59b: the Newton methods require 18 iterations (InK) and 21 iterations
(NLVM), while the TR method requires only 8 iterations. It should be also noted that when switching back
from Newton to SSI, the Hessian is calculated, but second order information is finally not used; the TR uses

this information.
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Figure 3.56: Number of iterations (two- and three-phase flashes) for Maljamar separator mixture over the

P-z diagram at T=305.35 K



3.4. ROBUST AND EFFICIENT TRUST-REGION BASED STABILITY ANALYSIS AND MULTIPHASE FLASH
CALCULATIONS 126

99 100 99
62 62
39 39
24 24
] I
Q Qo
o 15 © \ 15
3 =3
a &
5 N\ 5
3 ‘15"!'3:\ oy 3
2 o 2
1 1
0 80 60 70 80 90
C02 % C02 %
(a) SSI (b) Newton-InK
100 99 99
62 62
39 39
24 24
5] IS
Q Q
Py " 15 Py 15
2 \ 2
g "\\ 9 g 9
o e o
NS 5 5
3 F 3
;S |
2 2
1 1
60 70 80 90 90
C02 % C02 %
(¢) Newton-NLVM (d) TR
100 99
62
95
39
90 24
5]
Qo
P 15
5 85 Y
g 9
£
80 s 5
\ 3
75 e, -
2
7 1
%0 60 70 80 90

C02 %
(e) NLVM-TR

Figure 3.57: Number of iterations (two-and three-phase flashes) for the Oil B over the P-z diagram at T=307.6
K
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The average number of iterations for two-phase liquid-vapor flash calculations with several calculation
methods (SSI, InK, NLVM, TR, and hybrid NLVM — TR) is listed in table 3.10 for four mixtures combined
with COg. The examined points are those used in constructing the P-z phase diagrams in fig. 3.53a to
fig. 3.58¢. Table 3.11 gives the average number of iterations for three-phase flash calculations (including the

liquid-liquid phase split case). The CPU time (in seconds) required by various methods for flash calculations
(cumulated for two- and three-phase flash flashes) is given in table 3.12.

Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B  Sour gas
SSI 34.017 33.859 39.169  37.143
In K 8.477 8.787 9.280 8.686
NLVM 9.961 9.854 12.151 9.865
TR 9.863 9.854 12.149 7.641
NLVM-TR 9.843 9.850 12.147 7.771

Table 3.10: Average number of iterations for four mixtures and various flash calculation methods over the
P-z diagram (two-phase flashes)
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Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B Sour gas

SSI 51.031 26.284 82.191 76.102

In K 6.847 5.518 9.814 13.760

NLVM 7.345 6.874 11.770  15.902

TR 7.305 6.874 8.585 12.914

NLVM-TR 7.307 6.841 8.462 13.113

Table 3.11: Average number of iterations for four mixtures and various flash calculation methods over the
P-z diagram (three phase flashes)

Method Mixture
Maljamar Oil (Res) Maljamar Oil (Sep) Oil B Sour gas
SSI 21.070 48.834 20.146  87.025
In K 13.314 29.280 9.832 52.187
NLVM 11.671 18.518 9.552  30.237
TR 14.126 19.897 11.103  23.523
NLVM-TR 14.135 19.882 11.014 24.530

Table 3.12: Computation time (in seconds) for four mixtures and various flash calculation methods over the
P-z diagram, flash (two- and three-phase flash calculations)

In terms of the average numbers of iterations, Newton — InK is the fastest for two-phase flashes, and for
two mixtures out of four for three-phase flashes (for the remaining two mixtures, TR and NLVM — TR
performs better). TR is systematically faster than NLVM, while NLVM — TR is faster than NLVM in

most cases.

In terms of computational time, NLVM is the fastest method (globally speaking, because the reverse is
true for difficult conditions, and it is less robust than the other methods) except for the sour gas mixture.
The other methods require additional workload per iteration as compared to NLVM: TR for solving the
Trust-Region subproblem and InK for the resolution of the Rachford-Rice equations (minimization of the
function @ given by (eq. 2.42) in the multiphase case). Both TR and NLVM — TR methods perform
remarkably well for the sour gas, and computational times for the other three mixtures are only slightly greater
than those required by the other methods. Small differences are observed between TR and NLVM — TR,

without revealing a trend.

It should be noted that comparisons of CPU times is always a delicate matter; the performance of a
method depends, on many factors, and not only on the algorithm itself. Using vectorization, extensive use of
cache memory, optimization flags can greatly improve the performances. Also, the solver can have a huge
impact (Cholesky decomposition / LU factorization). The reported times are given indicatively, reproducing
the global behavior of a method. However, a further optimized code could make the TR method even faster.

One can notice (for all examined mixtures, see fig. 3.53a to fig. 3.58¢) that, even though computationally
more difficult (bad condition numbers), at conditions near the phase boundaries (VLL-VL or VLL-LL) the
number of iterations is smaller than within the three-phase region. The reason is that high quality initial
guesses are obtained in the vicinity of phase boundaries from stability testing (for the mole fractions in the
incipient phase) and two-phase flash results; the quality of initial guesses from stability deteriorates as one
moves away from a phase boundary. This feature was reported for two-phase flash calculations [Pan and
Firoozabadi [2003], Nichita and Graciaa [2011]], for which Wilson K-values give better initialization than

stability testing away from the phase boundaries.
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3.4.4 Conclusions

In this section, a Trust-Region method has been developed and successfully tested for phase equilibrium
problems: stability analysis and multiphase flash calculations. A hybrid approach is also proposed: instead of
performing TR iterations immediately after the switch from the first-order SSI method, Newton iterations
are first performed, and the TR method is applied only if the objective function value is increasing between

two consecutive iterations.

The proposed Trust-Region and hybrid Newton — TR algorithms have been tested for on a variety of
mixtures involving hydrocarbon components, carbon dioxide and hydrogen sulfide, and exhibiting complicated
phase envelopes. The proposed methods compare favorably to the widely used SSI-Newton methods with

various independent variables.

The TR algorithm is mainly decreasing the number of iterations in some parts of the P —T or P — z
diagrams where the Newton methods do not perform well (some regions close to STLL for stability analysis,
close to critical points, or for conditions in which a poor initial guess is obtained from stability for flash
calculations). In these cases, repeated switch back from Newton methods to the SSI method may be required;
using the TR approach, the second-order information is used to progress towards the solution at a supra-linear
rate. The proposed hybrid Newton — TR algorithm performs generally even better than the TR. The more
difficult a test point is, the more spectacular the algorithm acts from both efficiency and reliability perspectives.

The proposed algorithm for phase equilibrium calculations is applicable to an arbitrary number of equilib-
rium phases and it is not dependent on the thermodynamic model; for more complex EoS and/or mixing
rules, if the expression of the analytical Hessian is not available, the Trust-Region method can be used with a

numerically evaluated Hessian.

In this work, the TR method was implemented for phase equilibrium calculations for conventional variables
(in the compositional space). The next step is the extension to reduction methods [Hendriks [1988]]. A
recently proposed reduction method [Nichita and Graciaa [2011]], allows formulation of flash in the reduced
variables space as the minimization of Gibbs free energy, thus it is suitable for a Trust-Region approach,

unlike previous reduction methods [Michelsen et al. [2013b]].

3.5 Multiphase flash, using In K and phase mole fractions as in-

dependent variables

3.5.1 Introduction

[Haugen et al. [2011]] proposed a multiphase flash approach (advocated also by [Li and Firoozabadi [2012]])
which updates both the equilibrium constants and the phase mole fractions at each iteration level. Unlike
the InK approach, there is no explicit resolution of the Rachford-Rice equations, which are solved implicitly
during a Newton update. The resulting linear system is non-symmetric and is solved based on Gaussian
elimination. In a previous chapter, we have shown how symmetry can be efficiently used for multiphase
flashes using In K as independent variables by using a Cholesky factorization. In this section, it is shown how
symmetry can be taken into account in Haugen’s approach, a new algorithm is proposed in which algebraic

transformations are used to recast Haugen’s in a way that enables the use of a Cholesky factorization.

3.5.2 New proposed method

If InK and 0 are considered as independent variables [Haugen et al. [2011]], the error equations are given by:
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gir =In K, +Ing;, —Inp;p =031 = 1,nc; k = 1,npl (3.230)
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Note that we use here a different, more natural, ordering of variables than in [Haugen et al. [2011]].

The Newton iteration equation is

JAE = —f (3.232)
. . . T T T
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ogk :
* Fink, are (nc x nc) matrices.
08k
* 5o are (nc x 1) vectors.

IR
* Ihi are (1 X nc) vectors.

ORy
* Gpo are scalars.

The elements of the Jacobian matrix are:

99k, = ([ Ogik Ongy,
(8anjp>a;<8nsk>e(8ln[(jp>e (3:234)

99ik ) - ( 99k ) <3nsk )
_ (3.235)
(6917 InK ; onsk )1,k \ 9 /) 1k

(331%.7p>9 and (%)mf which are given by (eq. 3.46) and (eq. 3.43) respectively.

The Jacobian matrix is non-symmetric. Using the block structure of J, the linear system can be written

E D))
C D AO R

AAIK +BAO = —g (3.237)

as:

or
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CAInK +DAO = R (3.238)

where the dimensions of the matrices are

e (np—1)ne x (np— Dnc for A = 5782
e (np—1nex (np—1) for B= %
e (np—1) x ne(np—1) for C = 5982
e (np—1)x (np—1) for D = %%
From (eq. 3.238)
A =D !(-R— CAInK) (3.239)

introducing (eq. 3.239) into (eq. 3.238) gives

(A+BD 'C)AlnK = -g+BD 'R (3.240)

or

JAInK = —g* (3.241)

where J* = A + BD1C is formally identical to J, but has a different (lower) implicitness level.

Finally, note that one can take advantage of symmetry by expressing A and B matrices as

A=T1+&M® (3.242)
and
B =&MW (3.243)
with
®\ _ { Onik
), - (5252,
and
(K) Oonix,
M = &k 24

In which partial derivatives are given by (eq. 3.41) and (eq. 3.40).

In the proposed formulation of the In K — 6 multiphase flash, the Jacobian matrix is calculated exactly
as in the InK method (using symmetry in its construction), then a Cholesky decomposition is used for solving
the linear system (eq. 3.237 and eq. 3.238) as described previously, and finally phase mole fractions 6 are
updated using (eq. 3.239). In our formulation, the dimensionality of the linear system is not increased and

full advantage of symmetry is taken, leading to a potentially faster Newton InK — 6 iteration.

3.5.3 Results

Three mixtures were used in this study: the Maljamar reservoir oil, the Maljamar separator oil and the sour

gas mixture exposed in section 3.2.4.3.1. In this section, two different kinds of methods have been tested:
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e InK: only updates InK at each iteration, 8 are updated solving the Rachford-Rice equations.

e InK — 0 : updates both InK and 6 at each iteration. The Rachford-Rice equations need not to be

solved.

For symmetric matrices, the linear system is solved based on the Cholesky factorization. The methods using
symmetry in the resolution of the linear system are; nl/nv, NMVM, Ink — Chol. (see subsection 3.2.3.2.2)
and the proposed method (denoted InK — Chol.).

For non-symmetric matrices, the linear system is solved based on an LU factorization. The methods
concerned are InK, [Haugen et al. [2011]] (denoted here InK — 6), and finally, the new method which makes
the same update of InK and 6, but takes into account the symmetry only in the construction of the Jacobian
(denoted here InK — 68 — sym — LU).

3.5.3.1 Computational time
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Figure 3.61: Computation time to perform Newton iterations through the whole three phase region

In this subsection, the exact same calculation procedure as in the subsection 3.2.4.3.1 in which flash
calculations are performed for different P-z conditions covering the entire three phase region for each mixture.
For each mixture, the same conditions as in the subsection 3.2.4.3.3.b were used to perform the calculations.
Computing times are recorded between the switch to the Newton method and the convergence.

Computational times for each P-z condition are added to get the global computational time plotted in

fig. 3.61a and fig. 3.61b for the Maljamar mixtures and in fig. 3.61c for the sour gas mixtures. In table 3.13,
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the average number of iterations to perform calculations within the entire three phase region is given for
InK, InK — Chol., InK — 0, InK — 8 — Chol. and NLVM for the three mixtures.

3.5.3.2 Convergence behavior
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===In K-8 Newton 4 o In K-6-Chol. 100
= = =nl/nv Newton X ====InK-0
25F == =In K Newton « === nl/nv
e In K
. SSl iterations
S 201 5 ;
8 € 107 4
2 2 2
5 15 = © InK-6-sym-LU Z )
g ] T In K=8-Chol. 1
§ s [ In K-8 \
2" ugJ 107 |-~~~ nimv '
In K \
5 5
15
10
% 90 5 10 15 20
Iterations

(a) (b)

Figure 3.62: a) Convergence properties at 49.6% of COs b) Number of iterations; for the sour gas mixture on
the isobar P=20 bar
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Figure 3.63: Condition number for various methods for the sour gas mixture on the isobar P=20 bar

The convergence properties of various Newton methods are compared. The three-phase flash calculations
are initialized based on previous phase-split and stability analysis, than SSI iterations are performed as long
as S > le~?2 before switching to Newton iterations. For the sour gas mixture at T=305.35 K, P=20 bar and
49.6% moles CO,, the Euclidean norm S (from eq. 3.98) is plotted in fig. 3.62a against the iteration number
for various three-phase flash methods. fig. 3.62b shows the number of iterations required to reach convergence
for the three-phase flash of the sour gas mixture at P=20 bar and compositions varying from 0.10 to 0.85,
using different procedures (nl/nv, InK, InK — 0, InK — 0 — sym — LU and InK — 6 — Chol.. The
condition numbers of the Jacobian/Hessian matrix for InK, InK — 6, nl/nv and NLVM are plotted vs.

composition at the same pressure and temperature conditions in fig. 3.63.
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3.5.3.3 Discussion

The condition numbers for InK and InK — 6 (and to a less extent or NLVM) in fig. 3.63 show an anomaly
between 53% and 57% moles of CO,. (note that at about 57% moles of COy the global minimum of the
tangent plane distance function exhibits an angular point as shown in [Petitfrere and Nichita [2014a]]). The
reason is that for this composition window, the trial phase composition coming from stability analysis is
different, inferring the choice of a different reference phase. The best conditioning of the linear system is
for InK and the worst, as expected, for nl/nv. With respect to nl/nv, the use of NLVM greatly improves
the conditioning, which is comparable to that of InK in the middle of the three-phase region; however, the
condition number for NLVM deteriorates near phase boundaries. The condition number for InK — @ is
greater than the one for InK and NLVM (for almost the entire interval), but, as compared to NLVM,

InK — 0 is far better conditioned near phase boundaries.

Taking advantage of the symmetry in solving the linear system leads systematically to a decrease of the
computational time (from fig. 3.61a to fig. 3.61c), InK — Chol. vs. InK and InK — 68 — Chol., InK — 0;
the effect is more important for InK than for InK — 6, and the differences seems to be more accentuated as
the number of components in the mixture is increasing). InK — Chol. is almost as fast (but more robust) as
NLVM and faster than the other methods. There is little or no gain in computational time if InK — 0 is

used instead of InK, and the condition number (fig. 3.63) is also in favor of InK;

In fig. 3.62a and fig. 3.62b the convergence behavior shows that InK is the method converging within the
smallest number of iterations. InK — 6 and InK — @ — sym — LU have exactly the same convergence
path. This has been shown theoretically and is confirmed numerically in fig. 3.62a and fig. 3.62b. Theoretically,
InK — 0 — Chol. should also have the exact same convergence path. However, fig. 3.62a and fig. 3.62b
clearly reveal that sometimes one additional iteration is necessary for convergence; this comes from the
approximation errors. In methods using a Cholesky decomposition, the matrix to inverse is the Hessian
matrix, which has the worse condition number, see the nl/nv curve in fig. 3.63.

NLVM is the fastest method, globally and per iteration (fig. 3.61a, fig. 3.61b and fig. 3.61c). However,
more iterations are needed to reach convergence (fig. 3.62b) since the problem is really ill-conditioned close
to phase boundaries, and needs much more iterations than InK or InK — 6 to converge. (it is less robust

than any version based on InK).

(table 3.13) shows that the average number of iterations for InK — 8 — Chaol. is quite similar to the one
for InK for two mixtures. However, for the Maljamar separator mixture, the average number of iterations is
much higher for InK — 8 — Chol. than for the other variables (table 3.13). This indicates approximation
errors. The time earned per Newton iteration is lost by the fact that more iterations are necessary to reach
convergence. This explains the small improvement in fig. 3.61a when using InK — 8 — Chol. as compared
to InK or InK — 6.

Mixture In K In K-Chol. In K-V. In K-V-Chol. NLVM
Sour gas 15.3883 15.4985 16.1958 16.3915 16.8825
Maljamar separator | 6.3377 6.3377 6.4893 6.8177 6.7664
Maljamar reservoir | 6.7249 6.7288 6.7537 6.9883 7.1972

Table 3.13: Average number of iterations within the whole three phase region
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4.1 Introduction

Several mixtures for interest in industry, such as naturally occurring hydrocarbon mixtures (crude oils and gas
condensates), feeds encountered in chemical processing, polymer solutions, etc., contain a very large number
of components. Because: (i) a very large number of components can make prohibitive phase equilibrium
calculations (as for instance in petroleum reservoir compositional simulation) and (ii) it is impossible to
identify all components by standard chemical analysis (the heavier fractions are difficult to characterize),
pseudo-components (grouping several individual components or fractions) are used to decrease the dimension-

ality of the phase equilibrium problem.

Usually, a mixture is lumped into pseudo-components using certain proximity criteria to select which
components belong to a given pseudo-component [Montel and Gouel [1984], Newley and Merrill [1991], Lin
et al. [2008]], then pseudo-component properties (critical pressure and temperature, acentric factor) and binary
interaction parameters (BIPs) are assigned using appropriate averaging techniques. This approximation in

fluid composition characterization may lead to significant errors in phase equilibrium calculations.

136
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An elegant alternative to classical lumping procedures is the so-called continuous thermodynamics, which is
based on the description of the composition of multicomponent mixtures by approximation with a continuous
distribution function. In the semi-continuous thermodynamics, some of the individual components are treated
discretely (usually light hydrocarbon components and non-hydrocarbon components: COg, No, HyS, HO,
etc.), while the remaining components (usually the heavy components) are included in the continuous part of
the mixture. Continuous and semi-continuous thermodynamics were first developed by [Ratzsch and Kehlen
[1983] and by Cotterman and Prausnitz [1985]], respectively. Soon thereafter in the 80’s, several authors
worked on developing continuous or semi-continuous thermodynamic phase equilibrium calculation procedures:
[Cotterman et al. [1985], Behrens and Sandler [1986], Shibata et al. [1986], Willman and A.S. [1986], Willman
and A.S. [1987a], Willman and A.S. [1987Db], Ratzsch et al. [1988]]. Later on, semi-continuous thermodynamics
has been applied to a variety of phase equilibrium problems: flash calculations at different specifications
[Chou and J.M. [1986]], phase stability analysis using the Gibbs tangent plane distance [Browarzik et al.
[1998], Monteagudo et al. [2001b]], critical point calculations [Rochocz et al. [1997]], compositional gradients
[Lira-Galeana et al. [1994], Esposito et al. [2000]], liquid-solid equilibrium [Labadie and Luks [2003]], asphal-
tene precipitation [Monteagudo et al. [2001al], vapor-liquid equilibrium using equations of state with group
contributions [Baer et al. [1997]], etc.

The most encountered methods use the generalized Gauss-Laguerre quadrature to convert the continuous
distribution of the mole (mass) concentration into a discrete one. More recently presented approaches are
using specific techniques, such as a general Gauss-Stieltjes quadrature method able to calculate nodes and
weights for any distribution function [Nichita et al. [2001]], orthonormal polynomials [Liu and Wong [1997]]
or the quadrature method of moments [Lage [2007]].

However, most of the approaches presented in the literature are based on standard distributions. If the
feed composition cannot be modeled by a standard distribution functions, or if it is simply highly irregular,
most methods would not work properly. The semi-continuous approach based on the quadrature method
of moments developed by [Lage [2007]] uses an optimal quadrature rule by taking the feed composition
distribution as the weight function and it works with arbitrary compositions. However, in the original
formulation of the QMoM, the quadrature is solved using Gordon’s product-difference algorithm (PDA)
[Gordon [1968]], which works well only for a small number of quadrature points. [John and Thein [2012]]
compared the performance of the QMoM using PDA with the long quotient-modified difference algorithm
(LQMDA) [Sack and Donovan [1972]] and the Golub-Welsch algorithm [Golub and Welsch [1969]]. They
found that in certain situations the PDA failed (starting from eight quadrature nodes in their considered
examples) whereas the two other examined methods were successful. [Gautschi [2004]] showed that the

problem is ill conditioned, and the condition number grows exponentially with the number of quadrature points.

In this work, the QMoM is applied to multiphase equilibrium calculations for actual oil mixtures using a
cubic equation of state with non-zero BIPs. The calculation of the quadrature is based on the procedure
proposed by [Gautschi [1994]] (ORTHOPOL), which avoids problems due to the ill-conditioned nature of the
problem and is suitable for an undetermined number of quadrature points (unlike the QMoM with the PDA).
In some applications, it is important to use a number of pseudo-components larger than seven (which seems
to be the limit of applicability of the PDA).

The chapter is structured as follows: first, a new distribution function is introduced; after a brief recall on
Gaussian quadratures the semi-continuous description is presented. The general algorithm is given, then
results for two- and three-phase flash calculations on a heavy oil mixed with carbon dioxide and water are

presented before concluding. The calculation of the quadrature is detailed in two appendices.
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4.2 A new distribution function

Usually, in semi-continuous thermodynamics, classical distribution functions are used to model the feed
composition, such as the gamma [Cotterman and Prausnitz [1985], Shibata et al. [1986], Willman and A.S.
[1986], Nichita et al. [2001], Whitson [1983]], beta [Park and Kim [1993]], exponential [Behrens and Sandler
[1986], Nichita et al. [2001]] distributions, etc., or even multivariate distributions [Willman and A.S. [1987a],
Willman and A.S. [1987b]]. In this work, a different way to define the distribution function and to use it

within the Gaussian quadrature calculation is presented.

Let us consider the ratio of liquid mole numbers to feed composition

nk x; L B 1 B 1
oz wmL+yVo 14 %Ki 1+ %exp(ani)

(4.1)

Where n{“ are the component mole numbers in the liquid phase, L and V are the liquid and vapor phase
mole fractions, respectively, and K; = y;/z; are the equilibrium constants. From (eq. 4.2), D; is a logistic
function in terms of In K; For two-parameter cubic equations of state (EoS) and van der Waals mixing rules,

the equilibrium constants can be written [Nichita and Minescu [2004]] as

m

In K; = o + cobi + Can/ai + Y ckVhsi (4.2)
k=1

Where m is the number of components having non-zero binary interaction parameters (BIPs) with the
remaining components in the mixture, and the terms ~v;; = (1 — kix)y/a;; ¢ = 1,n; kK = 1, m contain the
non-zero BIPs. In (eq. 4.2), \/a;, b; and 7;; are the elements of the reduction matrix [Hendriks [1988]] and

¢k are functions of the reduction parameters [Hendriks [1988]].

Equilibrium constants can also be expressed as a function of a characterization variable I (which can be
taken as carbon number, molecular weight, true boiling point, or specific gravity; in this work the carbon

number is used as characterization variable):

InK(I) = co + epb(I) + car/a(l) + Y _ cxyi(l) (4.3)
k=1
Where ve(I) = (1 — krr )v/a(I)

The function K (1) is a strictly decreasing function for the C7+ fraction of a same family; the critical prop-
erties and the acentric factor are monotonic: I > J = Tc(I) > T (J),pc(I) < pc(J) and w(l) < w(J).
It is recommended also to use monotonic BIPs (that is, kx; < kis). Therefore, component’ I will be more

present in the liquid phase than the component’ J.

In terms of I, (eq. 4.2), rewritten as

B n®(I) B x(I)L B 1
b == I z(DL+y()V 1+ Yexp(InK(I))

defines a distribution function.

Let us call the distribution D(I) (or (n¥/z) the liquid to feed mole ratio (LFMR). The feed composition
of a Canadian heavy oil (denoted Oil S) is plotted against the carbon number in fig. 4.1. Extended analysis
of the C7+ fraction was available, and mixture composition is described by 100 components. To illustrate
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the shape of the LFMR distribution function, the nX/z; ratio is plotted vs. carbon number in fig. 4.2a and

fig.

800 K). In fig. 4.3a, the initial composition of the oil S has been manually altered to give a highly irregular
feed composition; The LFMR function is plotted for the altered composition in fig. 4.3b, showing that the

proposed function is smooth even though the feed composition is far from classical distributions or it could

4.2b for various pressures in the two-phase region within a large interval of temperatures (from 300 K to

not even be approximated by a smooth function.
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Figure 4.1: Feed composition vs. carbon numbers for the S. oil
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4.3 Gaussian quadrature

A Gaussian quadrature approximates a definite integral by a discrete sum

b n
[ W@ =3 wife) (15)
a 1=0

Where n is the number of quadrature points, f € La([ab]), W € Ly([ab]), x; € R, Vi=1n,w; €
R, Vi=1,n.

The construction of the Gaussian quadrature requires the computation of quadrature nodes and weights.

Let p,, be a nontrivial polynomial of degree n such that

b
/W(m)xkpn(x)dxzo Mk=0,1,....,n—1 (4.6)

If x; € ]a,b] are the n roots of the polynomial p,(z), then there exist n weights w; which make exact
the integral calculated by the Gaussian quadrature for all polynomials ¢(z) of degree 2n — 1 or less. The
polynomial p, () is said to be an orthogonal polynomial of degree n associated to the weight function W (z).

This polynomial is unique and its coefficients must be calculated to solve the quadrature.

The ordinary moments for a given weight function are given by

b
= /ITW(I)dI,T =0,1,...,.2n—1 (4.7

and the modified moments [Wheeler [1974]] are

b
Up = /pn(m)W(m)da: (4.8)

a
In the quadrature method of moments, all the moments of the weight function are calculated (ordinary
moments for Gordon’s PDA [Gordon [1968] and Golub and Welsch [1969]] algorithm, and modified mo-
ments for the LQMDA [Sack and Donovan [1972]] and Wheeler’s algorithm [Wheeler [1974]]). Once all

the moments are computed, the computation of the inner products (see Appendix K) becomes straightforward.

[John and Thein [2012]] showed that the PDA is well suited only up to a certain number of nodes (up
to seven in their examples), and is less robust than the Golub-Welsch algorithm and the LQMDA. Besides
the fact that the QMoM with PDA [Gordon [1968]] leads to an ill-conditioned problem when increasing the
number of quadrature points ([Gautschi [2004]] proved that the condition number grows exponentially with
the number of quadrature points), they showed that in certain cases failures are due to the vanishing of
a moment. [John and Thein [2012]] recommended the use of LQMDA or one of its variants (for instance
Wheeler’s algorithm [Wheeler [1974]]) with the QMoM.

In this work, the calculation of the quadrature is based on the procedure proposed by Gautschi (OR-
THOPOL) [Gautschi [1994]], which avoids problems due to the ill-conditioned nature of the problem. The
calculation of the unique orthogonal polynomial associated to the weight function is presented in Appendix K
and the calculation of quadrature nodes and weights is given in Appendix L. This represents the core routine
of the QMoM. The complexity, as well as the difference between different methods consists in computing

the inner products for a,, and 3, (the coefficients of the recursive formula for orthogonal polynomials), in
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equations (eq. K.2) and (eq. K.3).

4.4 Semi-continuous description

If the composition is discrete, the complementarity relation of feed mole fractions z; can be written by
separating the components which remain discrete in the semi-continuous description from the components

belonging to the continuous part of the mixture

IEED SEE 49
i=1 i=1

For the semi-continuous description, (eq. 4.9) writes as

Tmax
np
> 2P+ / 2C(I)dl =1 (4.10)
i=1 Ioin

with a continuous integral replacing the second summation, where I,,;, and I,,,, are specified and are

related to the minimum and maximum carbon number in the continuous part of the mixture.
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Figure 4.4: Feed composition of the semi-continuous mixture (Oil S) after cubic spline interpolation on the
continuous part

From a discrete feed composition, a cubic spline interpolation can be used to create the continuous
fractions. For the Oil S, there are 6 discrete components (from methane to hexanes fraction; note that normal
and iso intermediary components were grouped together) and 94 components in the continuous part of the
mixture. Feed composition of the semi-continuous mixture (Oil S) is represented in fig. 4.4, showing the
discrete components (the light ones) and the continuous portion of the mixture as obtained after a cubic
spline interpolation. The generation of the continuous part creates a shift in the feed composition (their sum

will not be equal to one anymore), which has to be rescaled as

C
1) = 4.11
) =2 (4.11)
with
Jim= 20 (nydr
X = 4.12
S S 2

Let us consider that the liquid phase composition is described by an arbitrary distribution (not necessarily

the same as for the feed composition). Similar to (eq. 4.10), one can write for the liquid phase
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nD Imax
> aP+ / S (dl =1 (4.13)
i=1 Ioin

or, in terms of liquid mole numbers

Tmax
np
> nin+ / np(Idl = L (4.14)
=1 Ioin

By multiplying and dividing the integrand with z¢(I), (eq. 4.14) writes

Irnax

ZD:M + / () "gég dl =L (4.15)

W

Imin

and one can recognize in the above equation the distribution LFMR, D(I) = nr,(I)/z¢(I), introduced in
the section 2 of this chapter(and plotted for various temperature-pressure conditions in fig. 4.2a and fig. 4.2b
for the Oil S).

The Gaussian quadrature will be quite accurate as long as the function f(x) can be well approximated by
a polynomial function. It has been seen that ny /z has always the same shape, it is smooth, and thus can
be well approximated by polynomial functions. Polynomial regression tests showed that the error is smaller
than 1072 for polynomials with order greater than six. In addition, unlike in a classical Gaussian quadrature
(in which the weight function is given), the procedure of [Gautschi [1994]] allows arbitrary weight functions

W (x). Therefore, the feed composition can be used as the weight function.

The integral in (eq. 4.5) can be approximated using

W(I) =2¢(I) (4.16)
And
_ _ni()
fI)=D() = o) (4.17)
giving
Imax ne
24(1) :gg ; A=Yz LLZ@J’ ) (4.18)
Tmin 7=1 !
Or
Imax ne
W(D) f(I)dl = w; f () (4.19)
Iin J=1

It is very important to note that f is not used within the Gaussian quadrature calculation. The distribution
nr(I)/2°(I) is not known explicitly before performing a flash calculation; however, it is known that the
shape of this distribution function is always the one of a logistic function and it is well approximated by
a polynomial; this is the only requirement on the function f, in order to get an accurate approximation.

Moreover, one can take f = 1; in this case (eq. 4.19) simply reads

Imax
nc

/ 2D)dI =Y 2 (4.20)
j=1

Imin
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The key in Lage’s QMoM is to take the feed composition as a weight function. In fact, Lage’s methodology
might be called the feed-weight quadrature method (FWQM) rather than QMoM (since the quadrature
can be solved also by methods not involving moments directly, see the previous section). In this work, we
have arrived at the same choice in a somewhat different way, by justifying the choice of w; = z; based
on some physics, that is, on the newly introduced LFMR distribution. This choice of the weight func-
tion has been made precisely to obtain the LFMR function (which is smooth for any temperatures and
pressure conditions for a given feed). It is shown above that the given weight function allows to satisfy
the mass balance for the feed, provided f = 1 (the quadrature in (eq. 4.19) is exact for any polynomial
function of order less than 2n — 1). This ensures to compute pseudo-components which will give a really

good representation of the whole continuous fluid and give accurate results for an equilibrium flash calculation.

By solving the above quadrature problem (eq. 4.19), the abscissas (nodes) and the discrete weights
that approximate the continuous integral are obtained. The nodes correspond to the carbon numbers (or
any other characterization variables, as for instance true boiling points) where the quadrature is applied,
and weights give the mole fractions of the pseudo-components. It means that instead of performing the
flash on the semi-continuous mixture, the quadrature calculates N carbon numbers, corresponding to N
pseudo-components, and phase equilibrium calculations can be carried out as for a discrete mixture for

accurately reproduce the fluid behavior.

The procedure presented above can be readily extended if different distributions are used for each
component family or different portions of the continuous part are modeled by different distribution functions,

(eq. 4.9) in the discrete case can be written as

7D naiser ne (k)

YA D A=t (4.21)
=1 k=1 =1

and (eq. 4.10) in the semi-continuous case becomes

np Ndistr Imax(k)
P+ Y / S (dl =1 (4.22)
=1 k=1 J)

Where ng;sir is the number of distributions used.

The method the most commonly found in the literature is to approximate the feed composition with
a standard distribution and to solve a classical Gaussian quadrature. Generally, the parameters of the
distribution giving the best fit of the feed composition have to be calculated, and then the quadrature can be
applied to the approximated distribution. However, the feed composition is not always regular and can have a
shape far away from any standard distribution. In such cases, this methodology cannot be applied accurately.
In the QMoM, the weight function is arbitrary, and for each calculated pseudo-component, the discrete weight
function corresponds to its feed composition. Moreover, the function to which the quadrature is applied is
always regular and smooth, guaranteeing an efficient and adapted computation of the pseudo-components for

every feed composition.
In our implementation, the code was designed to incorporate two options:
e Discrete weights (feed composition) are directly used in the quadrature, as in Lage’s QMoM;

e Interpolated weight functions are used (for instance by cubic splines as mentioned above).

As it will be seen later in the results section, the first option gives more accurate results; the second

option may be useful if the problem is reformulated in terms of a different characterization variable (say true
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boiling points from a distillation curve).

4.5 Calculation procedure

4.5.1 Discrete equilibrium flash calculations

After carrying out the quadrature procedure with the arbitrary weights z{', the abscissas z; (the nodes of the
quadrature) are found. These nodes give the carbon numbers corresponding to the N ’pseudo-components’
in the semi-continuous description of the mixture. The properties required in traditional flash calculations
are then calculated for these carbon numbers, and any flash calculation method can be used as if the system

is discrete.

Pseudo-component properties (critical properties and acentric factor, as well as BIPs between discrete
components and pseudo-components) can be calculated based on any correlation from the literature (in the
present paper, an in-house correlation has been used). The only requirement is to respect the monotonicity
of the critical properties, which is the key point for getting the logistic function. Cubic splines are used
for critical properties, acentric factors and BIPs to create continuous functions of carbon numbers. Then,

the properties are evaluated at each carbon number I to obtain the properties and BIPs for the 'lumped’ system.

A classical equilibrium flash calculation is performed on the discrete composition in which the pseudo-
components corresponding to the continuous part are added. Since pseudo-component properties can be
written as a function of the carbon number, any thermodynamic model (even complex equations of state
with various mixing rules) can be used, as long as the monotonic behavior of K (I) is observed (as in (eq. 4.3)

for cubic equations of state).

In two-phase flash calculations, successive substitution iterations followed by second-order Newton
iterations are used, starting from Wilson’s K-values for initialization. In three-phase flash calculations, the

results of phase stability testing and two-phase flash calculations are used for initialization.

4.5.2 Reconstruction of the initial solution

At the solution of flash calculations on the lumped mixture, it may be needed to calculate the composition of

the full mixture, and not only on the lumped one.

Two methodologies were tested to recover the full composition from the lumped composition:

e The cubic spline interpolation over the In K vs. carbon number distribution. The distribution is a

really smooth distribution as well, and could be very well interpolated by polynomial functions.

e The delumping (inverse lumping) procedure, as developed by [Nichita and Leibovici [2006] and Nichita
et al. [2006b]] for multiphase systems.

It was observed that when all BIPs are set to zero, the first approach acts better. Conversely, when
non-zero BIPs are used in the cubic EoS, the second method is clearly superior. Thus, the delumping method

is the one used in the paper, and the one advised.

Let us suppose that m < n components in the mixture have non-zero BIPs with all the other components,
that is, kg = kji # 0 for I,j = k+ 1,n and kj; = k;; = 0 for 4,5 = m + 1,n. Usually m << n (BIPs are
non-zero for non-hydrocarbon - hydrocarbon pairs, and between light and heavy hydrocarbon components; it

is considered that there are no interactions between components belonging to the continuous portion of the
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mixture, thus BIPs between heavy components are all set to zero).

The key equation for delumping is (eq. 4.2), relating through a multilinear expression the equilibrium
ratios of the detailed mixture to some bulk properties of the lumped mixture (via the coefficients ¢j) and to
some constant properties of the components in the detailed mixture. The delumping procedure consists in

the following steps:
e An equilibrium flash calculation is performed on the semi-continuous ('lumped’) mixture

e The ¢ constants (from eq. 4.2) for the lumped mixture are calculated at the solution.

V/a;, b, v are calculated for the full discrete mixture

In K; are then calculated using (eq. 4.2)

Calculation of phase distribution (Rachford-Rice equation) and compositions

In the multiphase case, the delumping procedure of [Nichita et al. [2006b]] extends the above procedure,
the phase distribution is calculated by the minimization of a convex function rather than by solving a system

of non-linear equations [Michelsen [1994]].

Using a delumping procedure, besides recovering some information on the detailed mixture, allows a
better comparison between discrete and semi-continuous descriptions, not only on phase distribution, but
also on phase compositions.

4.5.3 Algorithm

Summarizing, the calculation algorithm for flash calculations using the semi-continuous description of

hydrocarbon mixtures is as follows:
1. Assign weights as feed mole fractions (either discrete or interpolated by using cubic splines)
2. Solve the quadrature

(a) Calculate the coefficients of the orthogonal polynomial
(b) Find the roots of the orthogonal polynomial (nodes of the quadrature)
(c) Calculate the weights of the quadrature

3. Assign carbon numbers and composition to the pseudo-components
4. Calculate the pseudo-component properties and the BIPs
5. Perform a flash calculation on the lumped mixture

6. Optional, apply the delumping procedure to recover phase composition of the detailed feed and improved

phase mole fractions.

4.6 Results

The accuracy of flash calculations using the semi-continuous description is tested for three different mixtures:
e The recombined S oil (real mixture), denoted hereby mixture A (feed composition in fig. 4.1);

e Two alterations of the mixture A : mixtures B and C (feed compositions vs. carbon number are given

in fig. 4.5a and fig. 4.5b, respectively).
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Figure 4.5: Altered of the S oil (mixture A)

The shape of the composition of Mixture A vs. carbon number suggests that it could be approximated
by a gamma distribution function. The approximation would possibly give a small error. However, altered
mixtures B and C have been created to show that the algorithm can work even with an initial composition

far from known distributions.

Three tests were performed: (i) Two-phase equilibrium flash calculations at T=450 K; (ii) Three-phase
equilibrium flash calculations with a small amount of water (5.4% moles) at T=310 K; and (iii) Three-phase
equilibrium flash calculations with a high amount of COs (90% moles) at T=249 K. The Peng-Robinson
EoS [Peng and Robinson [1976]] is used in all calculations. Non-zero BIPs between C; and hydrocarbon
components are assigned according to [Firoozabadi et al. [1978]]. BIPs for CO2-hydrocarbon pairs are set to
0.12, and for the HyO - hydrocarbon pairs all BIPs are set to 0.5. It should be noted that the QMoM was
tested previously using cubic EoS with zero BIPs [Rodrigues et al. [2012]]. In this work, the QMoM is tested
using large non-zero values of the BIPs; using non-zero BIPs is important in most practical applications when

equations of state are used.

The full discrete flash has been performed with 100 components (in the results, we call the solution dis-
crete). The semi-continuous flash was performed with 5 quadrature points, and 6 discrete components, giving
a total of 11 components for two-phase flash calculations and for three-phase flashes for H,O-hydrocarbon

mixtures. For COz-hydrocarbon mixtures, 6 quadrature points were used, giving a total of 14 components.

The errors between different representations of the mixture feed composition are given as root mean

square error (RMSE) and relative root mean square error (RRMSE). For the phase mole fractions:

np

1 (s0) _ a@df))?
MSE = | — (se) _ g 4.2
RMS np;(@ 8" (4.23)
And
oo (gl /B(df)
RRMSE = ,| — S (4.24)
np =1 B

and for the phase compositions
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np

1 e 2
RMSE; = - (xgj'l) — xz(-;-if)) ii=1,n (4.25)
P
and
n (del) __(df)\ 2
1o [T — 2y )
j=1 Lij

Where n,, is the number of phases in equilibrium, 3; is the mole fraction of the phase j, x;; is the mole
fraction of the component 7 in the phase j, and superscripts (sc), (df) and (del) denote the semi-continuous,
discrete and delumped feeds, respectively. Calculations were performed using the two options for weight
functions (using the discrete feed compositions as weight function or using an interpolated weight function).
The results are presented only for the first option in fig. 4.6 to fig. 4.17b, because, as can be seen from
fig. 4.18a to fig. 4.20b, it gives more accurate results (usually errors are at least one order of magnitude

lower).

4.6.1 Two-phase equilibrium
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Figure 4.6: Mole fraction in the vapor phase for mixture A at T=450 K
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Figure 4.7: Error in phase mole fractions for mixture A at T=450 K
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Two-phase equilibrium flash calculations were performed at T=450 K for the three mixtures. Mixture
A (oil S) is a heavy oil, thus the bubble point pressure is low (12 bar at T=450 K). The mole fractions
in the vapor phase for mixture A are plotted against pressure at T=450 K in fig. 4.6, for the full discrete,
semi-continuous (denoted here lumped’) and delumped representations of the feed composition. An excellent
agreement is observed, the absolute (eq. 4.23, see fig. 4.7a) and relative (eq. 4.24, see fig. 4.7b) errors in
phase mole fractions of lumped and delumped results with respect to the discrete results being of the order

of 10~ or less on the entire pressure interval, except at low pressures.

The absolute errors (eq. 4.25) and relative errors (eq. 4.26) in component mole fractions (between detailed
and delumped feeds) at T=450 K and P=8 bar are plotted against the carbon number in fig. 4.8a and
fig. 4.8b, respectively. The errors are very small for the continuous part of the mixture (RMSE of the order
of 1075 or less, RRMSE of the order of 10~%). Higher deviations are observed for components in the discrete
part of the semi-continuous mixture. Plots of errors against the carbon number at T=450 K and P=8 bar
are given for mixture B in fig. 4.9a (RMSE) and fig. 4.9b (RRMSE), and for mixture C in fig. 4.10a (RMSE)
and fig. 4.10b (RRMSE). It can be seen from fig. 4.8a to fig. 4.10b that the initial composition affects the
accuracy of the results. The errors in composition are increasing with the irregularities (from mixture A to
mixture C), which is normal because the number of pseudo-components (quadrature points) is too small to
model all the irregularities. However, absolute errors are still very small and relative errors reasonably small

for the highly irregular feed composition of mixture C.
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Figure 4.8: Error in phase compositions for mixture A at T=450 K and P=8 bar
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Figure 4.9: Error in phase compositions for mixture B at T=450 K and P=8 bar
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Figure 4.10: Error in phase compositions for mixture C at T=450 K and P=8 bar

4.6.2 Three-phase equilibrium hydrocarbon mixture-water

Three-phase equilibrium flash calculations were performed at T=310 K for mixture B mixed with water. The

phase distribution of mixture B+H>O is plotted in fig. 4.11a for the pressure range in the three-phase region.
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Figure 4.11: a)Phase mole fractions for mixture B + H20O at T = 310 K and b) Errors in phase mole fractions
for mixture B + HyO at T=310 K

Absolute errors (RMSE) in phase mole fractions of delumped and lumped representations with respect to
the detailed representation are depicted vs. pressure in fig. 4.11b. In fig. 4.12a, the absolute errors (in an
Euclidean norm) are presented separately for each equilibrium phase (gas, oil and water-rich liquid); relative
errors are given in fig. 4.12b. The absolute errors are all reasonably small; the highest relative errors are

those for the water-rich liquid phase and for the gas phase et pressures just below the bubble point.

It can be noticed from fig. 4.11b that the delumped phase mole fractions are located between the detailed
and lumped ones, thus the errors are smaller for the delumped than for the lumped representations (see
fig. 4.12a and fig. 4.12b). This confirms earlier observations by [Nichita and Leibovici [2006]] (for two-phase
flashes) and [Nichita et al. [2006b]] (for multiphase flashes). Results of the delumping reveal the quality of

the lumping procedure (in this case of the semi-continuous description of mixture composition). However,
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using any procedure for lumping into pseudo-components leads to certain level of approximation and some

information may be lost on phase compositions and thus on the global behavior of the mixture.
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Figure 4.12: Phase mole fractions for mixture B + HoO at T = 310 K
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Figure 4.13: Errors in phase compositions for mixture B4+H>0O at T=310 K and P=6 bar

The absolute error (RMSE) in component mole fractions is plotted against carbon number at T=310 K
and P=6 bar in fig. 4.13. The absolute (fig. 4.14a) and relative (fig. 4.14b) errors (in Euclidean norms) are
detailed for the composition of each equilibrium phase.

It must be added that the three-phase equilibrium of this hydrocarbon-water system represents an extreme
case for testing the semi-continuous description, because of the extremely low solubility of hydrocarbon
components in water and of very small water mole fractions in the gas phase. This explains why the absolute

errors are small, while the relative errors may be high.
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Figure 4.14: Errors in phase compositions for mixture B+H20O at T=310 K and P=6 bar

4.6.3 Three-phase equilibrium hydrocarbon mixture-carbon dioxide

The phase distribution of mixture A+ COy at T=249 K is plotted in (fig. 4.15) for the pressure range in the
three-phase region. When COs is added to the mixture A, the three phase region is very narrow (less than 1

bar). The semi-continuous description can accurately identify it.
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Figure 4.15: Phase mole fractions mixture A+CQO5 at T=249 K

The absolute error (RMSE) and relative error (RRMSE) in phase mole fractions of delumped and lumped
representations with respect to the detailed representation are plotted vs. pressure in fig. 4.16a. and fig. 4.16b,

respectively.

The absolute errors in component mole fractions (between detailed and delumped feeds) at T=249 K and
P=29.5 bar are plotted vs. carbon number in fig. 4.17a; the relative errors are presented in fig. 4.17b. The
errors are very small for the continuous part of the mixture (RMSE is of the order of 10~° or less, while
RRMSE is of the order of 1072 or less), but larger errors can be observed for components in the discrete part

of the semi-continuous mixture.
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Figure 4.17: Errors in phase compositions for mixture A+COy at T=249 K and P=29.5 bar

4.6.4 Influence of the number of quadrature points on accuracy

The influence of the number of quadrature points (pseudo-components) on the accuracy of two- and three-

phase flash calculations is evaluated. First, at a given temperature, errors on phase mole fractions are

evaluated over an entire pressure interval. The root mean square error is given in this case by

VS.

1 Npts np 4
RMSE = (ﬂ(“) Bl >) 4.7
where 1, is the number of pressure points.
Then, errors on phase compositions are evaluated at a given pressure, with an RMSE given by
n np
RMSE = ZZ ( (sc) _ d@“) (4.28)
=1 j=1

The absolute errors (RMSE given by eq. 4.27) on phase mole fractions (over the entire two-phase region)

the number of quadrature points are plotted for mixture A at T=450 K in fig. 4.18a. In fig. 4.18b,
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absolute errors (RMSE given by eq. 4.28) on phase compositions are represented for mixture A as a function
of the number of quadrature points at P=8 bar. The absolute errors on phase mole fractions (over the entire
three-phase region) are plotted vs. the number of quadrature points in fig. 4.19a for mixture A + HoO at
T=310 K and in fig. 4.20a for mixture A + COy at T=249 K. The absolute errors on phase compositions vs.

the number of quadrature points are plotted in fig. 4.19b for mixture A + HoO at T=310 K and P=6 bar
and for mixture A + CO4 at T=249 K and P=29.5 bar.
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Figure 4.18: Errors vs. the number of quadrature points, mixture A at T=450 K. a) In phase mole fractions
in the two-phase region; b) in compositions at P=8 bar
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Figure 4.19: Absolute errors vs. the number of quadrature points, mixture A+H50O at T=310 K; a) In phase
mole fractions in the three-phase region; b) in compositions at P=6 bar

In Figures fig. 4.18a to fig. 4.20b, errors are plotted for both discrete and interpolated weight functions.
In all cases, the errors are at least one order of magnitude lower for the discrete weight function. It can be
observed from these figures that there is practically no improvement in accuracy for N greater than 6-8 for
the interpolated weight function. However, for the discrete weight function, the decreasing trend is observed
for higher numbers of quadrature points, at least for multiphase flashes.

Theoretically, the error plotted against the number of quadrature points should give a monotonically
decreasing function with a horizontal asymptote (at N — +00). However, this is not the case, as can be seen
from figures fig. 4.18a to fig. 4.20b (a trend line was added to each of these figures). The discrete mixture has

been transformed into a semi-continuous mixture by means of a cubic spline; this approximation changes
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the initial mole fractions. This is why, even for a large number of calculated pseudo-components, the error
between discrete and semi-continuous descriptions never reaches zero; this also explains the non-monotonic
behavior for the interpolated weight functions. In the case of the discrete weight functions, the non-monotonic

behavior can be explained by the irregularity of the feed composition and by the use of non-zero BIPs.
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Figure 4.20: Absolute errors vs. the number of quadrature points, mixture A+CO2 at T=249 K; a) In phase
mole fractions in the three-phase region; b) in compositions at P=29.5 bar

4.7 Conclusion

In this work, the quadrature method of moments (QMoM) is applied to multiphase equilibrium calculations
for actual oil mixtures (combined with non-hydrocarbon components, such as water and carbon dioxide) using
a cubic equation of state with non-zero BIPs. As discussed, Lage’s methodology might be rather called the
feed-weight quadrature method (FWQM) than QMoM (since the quadrature can be solved also by methods
not involving moments directly). The quadrature is solved using a procedure (ORTHOPOL) which avoids
problems due to the ill-conditioned nature of the problem and is suitable for an undetermined number of

quadrature points (unlike the original formulation of the QMoM).

The key in Lage’s QMoM is to take the feed composition as a weight function. In fact, Lage’s methodology
might be called the feed-weight quadrature method (FWQM) rather than QMoM (since the quadrature can
be also solved by methods not involving moments directly). A hidden feature of the QMoM is revealed, by
identifying a distribution function used to approximate a newly considered dependence, denoted the liquid to
feed mole ratio distribution. It is shown that this dependence is extremely smooth, and, the most important,
the shape of the function remains identical for any pressure and temperature conditions for a given feed
composition. It must be noted that the LFMR intervenes in a key point of the derivation of the QMoM,
and its smoothness acts favorably on its performance. Here the choice of the feed composition as the weight

function is based on some physics, that is, on the newly introduced LFMR distribution.

Any calculation procedure for discrete flash calculations can be used for the semi-continuous description
(including discrete components and pseudo-components obtained by solving the quadrature). At the solution
of the flash calculation on the semi-continuous mixture, an analytical and consistent delumping (inverse
lumping) procedure is carried out (with an extremely small computational effort) to recover the detailed
composition in each equilibrium phase and to obtain an improved phase distribution. The delumping

procedure allows a better comparison between discrete and semi-continuous descriptions, not only on phase
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distribution, but also on phase compositions.

The QMoM in our implementation has been tested for different initial compositions of a hydrocarbon
mixture for two-phase equilibrium calculations and in the presence of water and carbon dioxide, for three-phase
flash calculations. In all cases, the location of the phase boundaries, the phase distributions and the phase

compositions are well reproduced by the semi-continuous description.

Since the QMoM relates the discrete initial detailed composition having a large number of components to
a small number of components which approximates the continuous portion of the mixture, it can be viewed in
a larger sense as a lumping - delumping procedure. It is generally applicable, even in cases when no standard
distribution function can model the feed composition, or several distribution functions are needed to model
different portions of the mixture or different homologous series. It is proven in this work that [Lage [2007]]’s
methodology coupled with a delumping procedure and using a cubic equation of state with non-zero BIPs

works for actual oil mixtures with good accuracy.



CHAPTER 5

Reservoir Simulation

Contents

5.1 Inmtroduction . . . . .. ... @ i e e e e e e e e e e e e 156
5.2 Flow of fluids through porous media . . . . . ... ... ... ........... 158
5.2.1 Mass conservation . . . . . ... Lo L Lo e 159
5.2.2 Quantity of movement . . . . . . .. .. L 160
5.2.3 Equation of energy conservation . . . . . ... ... .00 0 oL 160
5.3 Fluid properties . . . . . . . . 0 i i e e e e e e e e e 162
5.3.1 Phase viscosities . . . . . .. L L 162
5.3.2 Mass densities . . . . . . .. Lo e 163
5.3.3 Relative permeability . . . . . . . ... 163
5.3.4 Enthalpy . . . . . . 164
5.4 Three-phase bypass . . . . . .« 0 i i i it i e e e e e e e e e 166
5.4.1 Introduction . . . . . . . . . e 166
5.4.2 Mathematical background . . . . . . ... o000 Lo 166
5.4.3 Parameterization . . . . . . ... L e 168
5.4.4 Status identification . . . . . ... oL L 171
5.4.5 Pressure and Temperature parameterization and interpolation. . . . . . . . .. .. 171
5.5 Simulations . . . . . . . L0 e e e e e e e e e e e e e 172

5.5.1 Two phase case: match with Eclipse (commercial reservoir simulator from Schlum-
DETGEr) . . o o e 172
5.5.2  Full isothermal three phase compositional simulations: COs gas injection . . . . . 173
5.5.3  Full thermal three-phase compositional simulations for steam injection . . . . . . . 179

5.6 Comparisons between different compositional acceleration procedures . .. . 189

B.7 Conclusion . . . . . . . i i i e e e e e e e e e e e e e e e e e e e e e e e e e e 190

5.1 Introduction

One of the objectives of the thesis is to perform fully compositional simulations of the steam flooding
process. The first reservoir simulators dealing with this process were designed in the late sixties (Spillette and
Nielsen [1968], Shutler [1969]], Shutler [1970]]). The first models were based on a three-phase linear model
[Shutler [1969]], then extended to two dimensions [Shutler [1970]]. Later on, [Vinsome [1974]] introduced an
IMPES method to simulate the steam drive process. [Coats [1976]] proposed the first simulator coupling
thermal and compositional modelling. [Coats [1978]] presented an extension of [Coats [1976]] on the base of a
three-dimensional, compositional model to simulate steam injection. Later on, [Ishimoto [1985]] proposed
to compute the hydrocarbon phase properties by means of an equation of state and to use Raoult’s law

to compute the solubility of water in the oil. Then, [Chein et al. [1989]] proposed a general compositional

156
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simulator which could deal with thermal options using both K-value and EOS-based formulations. Once
again, the water phase was assumed to be an ideal solution.

More recently, [Cicek and Ertekin [1996], and later Cicek [2005]] developed a fully implicit compositional
multiphase simulator to simulate steam injection problems. In their formulation, water is treated within
the equilibrium calculations. The simulator is based on K-value models which can be tuned to match
phase-diagrams. However, the tables are generally functions of one oil component, the pressure and the
temperature. The K-values approach generally does not gives correct solubilities of hydrocarbon components

in the water phase and solubilities of water in the hydrocarbon liquid phase.

It has been observed (fig. 6) however, that for high temperatures, the solubility of the water component in
the hydrocarbon rich phase was not negligible. The current commercial softwares make some approximations
to simulate steam injection problems. Those approximations are even more important in case of heavy oils.
ECLIPSE 500 and INTERSECT for instance, are thermal compositional simulators working with K-Values,
or (in case of INTERSECT) which treat water separately from the equilibrium flash calculation; this can

lead to important inaccuracies.

For this reason, some authors started to simulate steam injection with EoS-based full compositional
reservoir simulators. Using the fact that the solubility of hydrocarbons within the water phase is negligible
for some ranges of pressures-temperatures, for steam flooding problems some authors have developed a
free water flash based on this assumption [Luo and Barrufet [2005]] and more recently applied to heavy oil

SAGD problems [Heidari [2014]]. The same methodology has been applied to in-situ upgrading [Lapene [2010]].

For cold COs injection problems, no assumption can be made and some authors have extended simulator
models with full four-phase multiphase flash problems. [Varavei and Sepehrnoori [2009] and Okuno [2009]]
developed a four-phase EOS-based simulator. As the solubility of water in hydrocarbons is negligible for

small temperatures, they did not include water within the equilibrium calculations.

However, the reservoir water is generally closer to brine than to pure water and the free-water hypothesis
is not valid anymore. [Brantferger [1991]] developed a simulator using an equation of state to calculate the
thermodynamic properties of each phase (even for the water phase). They proposed an isenthalpic flash,
taking enthalpy as primary variable instead of the temperature. [Voskov et al. [2009]] proposed a general
purpose reservoir simulator. They developed an efficient way to calculate the phase equilibrium based on the
tie-line parameterization of the flash. [Varavei and Sepehrnoori [2009]] and more recently [Zaydullin et al.
[2014]] developed full three phase flash simulations for steam injection problems.

Finally, [Feizabadi [2013]] extended compositional simulations to simulate isothermal solvent injection

problems with a full four-phase EOS-based compositional simulator.

However, to the best of our knowledge, no case of fully EoS based compositional simulations of steam
injection (like the SAGD process) with extra-heavy oil has been proposed in the literature yet, treating
the water phase within the equilibrium calculations (and without any limiting assumption). This kind of

simulations seem to be important and will offer improved tools for predictive studies for the heavy oil fields.

In this chapter, a description of the different equations used in reservoir simulations will be given, as well

as the different models to represent the physical properties of the fluids.

In the previous chapter of this work, new algorithms for the equilibrium calculation problems were
presented. Based on this work, a program dealing with multiphase calculations has been developed integrating

all the presented features (see chapters 2 and 3), called MFlash in this thesis.
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The program will be first tested in standalone calculations (i.e. without any reservoir simulator) for
various mixtures, and the results will be compared with literature and experimental data. Then some tests
with different reservoir simulators will be performed to check the program efficiency and robustness.

MF1lash has been integrated into two reservoir simulators the T-PP platform (internal reservoir simulator
from Total S.A.) and AD-GPRS from the University of Stanford. The simulator is based on automatic
differentiations [Younis [2009] and Zhou [2012]], which allows a treatment of nonlinear physics [Voskov et al.
[2009d], Voskov and Zhou [2012]]. It is based on flexible discretizations such as Multi-Point Flux Approxima-
tion and on general Adaptive Implicit Method [Zhou et al. [2011]], high performance computing [Zhou et al.
[2011] and Tchelepi and Zhou [2013]], thermal compositional simulations [Iranshahr et al. [2010a], Zaydullin
et al. [2013]]. It also can be coupled with geomechanics [Garipov et al. [2012]] and include ajoint-based
optimization [Kourounis et al. [2010], Volkov and Voskov [2013]].

Different processes will be simulated. First, a two-phase simulation in presence of water treated separately
from the equilibrium calculations, will be tested. A comparison with the ECLIPSE commercial simulator will

also be presented.

Then, three and four-phase fully compositional simulations of CO4 injection problems will be described.
In different simulations, it has been noticed that when co-injecting solvent with the steam, sometimes a
solvent-rich phase could appear. We did not investigate the importance of modelling this phase for the
oil production forecast, but in an attempt to develop a robust thermodynamic package to simulate the
SAGD process, a four-phase simulation has been successfully tested and will be presented for isothermal CO9
injection problems.

Finally, for the thermal processes, fully compositional simulations of the steam-flooding process in hetero-
geneous reservoir as well as fully compositional simulations of the SAGD process will be performed with an

Athabasca bitumen.

In this last part, different methodologies improving computational times in the reservoir simulations will

be compared for all the presented simulations:
e The reduced variables for the stability analysis against conventional variables

e The bypass approach proposed by [Rasmussen et al. [2006]], which avoids stability computations (called
B-R) in this thesis

e The procedure from [Voskov and Tchelepi [2008], Voskov and Tchelepi [2009a], Voskov and Tchelepi
[2009b], Iranshahr et al. [2010a]] and more recently [Zaydullin et al. [2013]] based on the tie-simplex

parameterization of the space will be used together with MFlash.

5.2 Flow of fluids through porous media

At initial conditions, a petroleum reservoir is said to be in hydrostatic equilibrium. All forces (such as
capillarity pressure, gradient pressure, gravity, thermodynamic) are balanced and are in equilibrium. However,
as soon as fluid is injected and/or produced, the forces are not in equilibrium any longer and fluid advection and
diffusion appears. Theoretically, the fluid is not in thermodynamic equilibrium either. However, a generally
accepted assumption in the reservoir simulation framework is to consider the fluid in local thermodynamic
equilibrium. The continuum model can be seen as a large number of differentially small subsystems [Islam
et al. [2010]].
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5.2.1 Mass conservation

5.2.1.1 Accumulation term
For a multicomponent system, the total mole number of a component i in control volume dV is given by:

np
¢ wijp;SidV (5.1)

j=1

with

e pj, the molar density of the phase j (mol.m™3) (all the units will be given in S.I.)

nj .
pi = == Vj=1,np (5.2)
Sz
e n;, the mole number of the phase j (mol)
e S, the saturation of the phase j :
V; .
S; = #V Vj=1,np (5.3)
=11

e V;, the volume of phase j (m?).
e ¢, the porosity of the volume dV'

Hence, the rate of change of the mole number of component i in dV is given by:

0 [ =
5 | ¢ > wijpiSi | dv (5.4)
j=1

5.2.1.2 Advective term

A part of the mole accumulation in dV comes from the transport of components within the phases that flows
in and out of the control volume. Let dS be the differential element of the control volume. The rate of inflow

and outflow of the component i across the boundary of the control volume dV is given by

np np
Z —n.v;z;p;dS = —V. Zvjxijpj av (5.5)
Jj=1 j=1

with vj the velocity of the phase j (m.s™!) and n the vector normal to dS.

5.2.1.3 Diffusive and dispersive term

Diffusion is mathematically treated with a diffusion tensor Dj; of component ¢ in phase j. The flux of diffusion

is taken to be

—D;;.Vpja,; Vi=1,nc Vj=1np (5.6)

where Djj is in (m?.s71)

The total inflow and outflow of component ¢ which goes out of the control volume dV is then given by:

np

np
—1n.¢» Dy;.VpzidS =V. | ¢ Dy.Vpay | dV (5.7)

j=1 =1
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When a fluid flows through a porous medium, the non-homogeneous velocity encountered at the pore-scale
(different velocity within each pore) increases the molecular mixing. This is called the dispersion [Larry [1989]].
The dispersion coefficient is proportional to the local phase velocity. This term is generally comparable or

greater than molecular diffusion.

Generally high numerical diffusion is observed at the field scale simulation. Therefore, the physical

diffusion and dispersion are generally not taken into account.
5.2.1.4 Mass conservation equation
Neglecting the diffusive and dispersive terms at field scale, the mass conservation equation of the component

1 is given by:

9 np np np .
Py ¢ wippS; | + V.| D_oviwgp; |+ gy =0 Vi=1ne (5.8)
j=1 j=1 j=1

where a source term Z;ﬁ 1 pj¢; is added in the unit volume, g; is the reduced source of phase j (reciprocal

of time constant (s71)).

5.2.2 Quantity of movement

At pore scale where the approximation of continuous media exists, the Navier-Stokes equations can be written
for the quantity of movement conservation. At macroscopic (Darcy) scale, for a 3D flow system with the

gravitational force, the Navier-Stokes equation can be simplified to give the generalized Darcy’s law:

kr' .
Vi = _TJK(VpJ - pm,j@vz) J = lanp (59)
J

with

p; phase pressure (Pa), and p;; = p; — p;, capillary pressure between phases ¢ and j.

k,; the relative permeability of the phase j.

pm.,; the mass density of the phase j (kg.m™3).
e ©V2z gravity acceleration (m.s~2).

K is the permeability tensor (m?).

pj is the viscosity of the phase j (Pa.s).

5.2.3 Equation of energy conservation
5.2.3.1 Accumulation

The total energy of a unit volume of the fluid system is given by the sum of the internal energy for each

phase.

np
> riSiU; (5.10)
j=1

where Uj is the specific internal energy of the phase j (in J.mol~1). For a porous media, the energy coming
from the rock should be added:
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np
¢ZPijUj + (1 —=9)prUr (5.11)

Jj=1

where U, is the rock specific internal energy (here per unit of mass), p, is rock mass density.

5.2.3.2 Heat conduction

From the Fick’s law, the heat conduction through the reservoir fluid and rock are:

Qr=-MVT;  Qp=-\VT, (5.12)

where Af, . are respectively the coefficient of thermal conductivity of the fluid and the rock (in W.m ™1 . K~1);
Ty and T, are respectively, the reservoir fluid temperature and the reservoir rock temperature (in K).

In many cases, the rock and the reservoir fluid temperature can be assumed identical, i.e. Ty =T, =T,
as a consequence, the difference between inflow and outflow for the heat flux is then given by:

— V.(AVT) (5.13)

where A is bulk thermal conductivity.

5.2.3.3 Convective term in energy transfer

The enthalpy can be viewed as the sum of the internal energy of a fluid and the work performed on the

system.

H=U+PV (5.14)

Using the specific enthalpy of a phase (h; = H;/n; (in J.mol™1)), the convective term of the energy
equation is given by:

np
VoA D vipihy | dV (5.15)
j=1

5.2.3.4 Energy conservation equation

The energy balance may be given in the form:

0
0 = = 6> piSiUi+ (1= 0)p,Uy
J
np np
+ V. Z pjthj - V(/\VT) + Z hjijj (516)
j=1 j=1

where 37| hjp;q; accounts for the source term, and g; is the same as for (eq. 5.8).
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5.3 Fluid properties

5.3.1 Phase viscosities

5.3.1.1 Light-Medium fluid model

The LBC (Lohrentz-Bray-Clark) viscosity model [Lohrenz et al. [1964]] (model incorporated in ECLISPE
and INTERSECT) is given by:

Pmaz,r

4 4
1 Z r _
k=0 "

, [ 341070 it T, <15
= 1.778.10_4M if T,,>15
with
T 1/6 4 ;—1/2 5—2/3
T, = T G=aTl/ M, '"P, (5.18)

In the original LBC correlation [Lohrenz et al. [1964]],

N v Ve

5.19
[ e/ (5.19)
with z; the phase mole fraction of the phase
nc
Pr = PZ i Vei Pmaz,r = X (520)
i=1
nc 1/6 nc 71/2 nc *2/3
i=1 i=1 i=1

This model is not suited for heavy oils. In other cases, this model can be used to model the viscosity of

any phase.

5.3.1.2 Heavy oil

For heavy oil applications, other models have been integrated. For the oil phase, an exponential law has been

used for each component:

b;
L = a; exp (T) (5.22)

The parameters a; and b; are computed solving a least-square problem to fit the experimental data.

For the water phase, the viscosity model is computed using the STARS formulation. Finally for the gas
phase,

P (5.23)

The parameters ¢; and d; are computed by solving a least-square problem with the experimental data.

In the end, the viscosity of the fluid can be computed for each phase base on the relation

nc
= @i (5.24)
=1
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5.3.2 Mass densities

5.3.2.1 STARS liquid densities

For the extra heavy oil case (SAGD), TOTAL S.A. provided the input parameters to the STARS model to fit
the experimental values, so the liquid densities were computed using the STARS formulation for this test
case.

The pure component mass density is given by

Pm,i = P? €xXp [Ctlk(T - Tref) + CtQk(T2 - T7*2@f)/2 - Cpk(p - p?'ef) - Cptk(p - pref)(T - Tref)] (525)

With p? is the pure component mass density at referent temperature and pressure, (k:g.m_3), ctyx (In
K=Y, cto, (in K72), cpi (in Pa~1') and cpty, (in Pa='K~1) are coefficients which can be tuned to match
the correct mass density of the fluid. The phase density is given by:

p= inpm,i (5.26)
i=1

5.3.2.2 Volume translated Peng-Robinson

For all the other cases, the densities were computed based on the EoS model. The Peng-Robinson equation
of states generally does not predict the liquid densities accurately. Corrections of volume are necessary to fit
the densities observed experimentally. These corrections do not change the equilibrium results and depend

on the temperature and the compositions:

V = VPR L yCORR (5.27)
with
VOORR =N " Cin, (5.28)
=1
C;, =B; (Oéi + ’}/iT) (529)

Here, o; (no unit) and «; (K1) can be tuned to match the experimental volumes and B; is the EOS

parameter

B; = (5.30)

Oy RT,;
Pci
5.3.3 Relative permeability

5.3.3.1 Two- and three-phase relative permeabilities

For two phase systems (i.e. water/oil), [Brooks and Corey [1964]], proposed a relative permeability model

based on the saturations:

krw = (5% (5.31)
kro = (I_S*)Z (532)

where
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Sw - ch

S :lfswcfsor

(5.33)
here

e Sy the irreducible critical saturation; the value for which the water start flowing.

e S, the residual saturation of the oil.

e S, the saturation of the water phase

For three phase systems, [Stone [1973]] proposed a model which interpolates between the two phase

relative permeabilities.

So - Som

Sy = — So > Som 5.34
° 1 - ch - Som - ( )
Sw — Sue
Sy = —2—"" S, > Sue 5.35
v 1- ch - Som - ( )
o= S g5y (5.36)
g B 1- ch - Som o= '

Som being the residual saturation of the oil in the three phase system.

[Fayers and Matthews [1984]] proposed to evaluate S, with the following formulas:

Sy

Som: Sorw 1- Sor; =1-—F——
@ + @)Sorg @ 1— Swec— Syrqg

(5.37)

where S, is the oil residual saturation in the oil/water system and S, is the oil residual saturation in the

oil/gas system.

5.3.3.2 Four-phase relative permeabilities

[Yuan and Pope [2012]] developed new continuous permeability models, which could be used to four phases.
More recently, [Varavei [2009]], [Feizabadi [2013]], choose a [Brooks and Corey [1964]] model to model four
phase relative permeabilities. This model is not physical because each phase moves independently from each
other, which should not be the case. This is the model chosen in this work for the four phase simulation test

cases.

Swe = 1o firw = Ky (Suwe)™

S = Tobs ke = KD (S3e)° [1 = (L= 850)°7] (5.38)
Soe = % k'ro = kgo (506)2 [1 - (1 - SO@)EO] -
S, = % Ky = kO, (Sie)” [1—(1—Si.)]

5.3.4 Enthalpy

5.3.4.1 EoS based enthalpy of the oil and gas phases

Let x; be the composition of the component i for a given phase. The enthalpy H of a given phase at a given

pressure and temperature, can be expressed by

H(p,T,n) = x;H}(T)+ H"(p,T,n) (5.39)
=1
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5.3.4.1.1 Ideal heat capacity and ideal enthalpy

The heat capacity of an ideal gas can be approximated with a polynomial function of the temperature [Reid

et al. [1987]]. For an ideal gas, the molar ideal gas heat capacity is given by:

Cpi(T) = Cpa,i + Cpp T + Cpc;T* + Cpp ; T* (5.40)

[Passut and Danner [1972]] provide data for values of Cpa; to Cpp ; for the most common components in

Petroleum Engineering. By definition the molar ideal gas enthalpy of the component ¢ can be calculated from

T
HX(T)= / Cp;(x)dx (5.41)
T,.Ef
which leads to
Cpp, Cpc. Cop.
HI(T) = Cpa, (T = Tyep) + =07 (17 = TPg) + =50 (I8 = Thy) + =2 (I = Ty)  (5.42)

5.3.4.1.2 Residual enthalpy

The residual enthalpy can be computed from the EoS. From [Michelsen and Mollerup [2007]],

HE(T,p,n) = —RT? <8(1;;¢7:> (5.43)
=1 p,n

)

T4 _ A
<Z+523> (5.44)

R _ N T
H*(T,p,n) = (Z 1)RT+(62_51)Bln Z 16,8

5.3.4.2 Enthalpy of the water phase

The water properties are not really accurate, when computed with a cubic equation of state. Therefore, for
the water phase, another model is used to compute the enthalpy (which is similar to STARS’s model). In

STARS simulator, the molar heat capacity is computed from

Cpy.i(T) = Cpp, + Cpr,T + Cpg, T? + Cpp, T? (5.45)

By integrating with respect to the temperature, the molar gas enthalpy can be obtained:

T
Hyi(T) = /T Cpg,i(x) dz (5.46)

which gives integrating (5.45) into (eq. 5.46):

Cpr, Cpg, . Cpy,
H,y4(T) = Cpg, (T — Tr) + ZFI (T? —T2) + 1;@1 (T3 - T3) + ZH’ (T* - T4) (5.47)
And the gas enthalpy can be obtained from:
nc
Hg (T7 n) = Z xng,i (T) (548)
i=1

with z; the composition of the component ¢ in the water phase.

Hyi(T) = Cpg, (T — Tr) + C% (T? —T%) + C% (T3 - T3) + % (T* —T}) (5.49)

For liquids, the enthalpy of vaporization is subtracted from the mixture enthalpy. The vaporization

enthalpy is computed from:
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0, ifT <Te;
Hvap; = (5.50)
Hury(Te; — T)EVi|  else

with Hvr; and E'V; input data for the reservoir simulator. The enthalpy of the water phase becomes:

H(T,n)=Hy(T,n) — Z:EiHvapi (5.51)
i=1

It should be noticed that it is independent from the pressure.

5.4 Three-phase bypass

5.4.1 Introduction

For given pressure and temperature conditions, if for two different feed compositions z; and zs, the same
phase compositions are obtained at the minimum of the Gibbs energy, z; and zs belongs to the same

tie-simplex.

[Voskov and Tchelepi [2009a]] noticed that for gas injection problems, the solution path involves a limited
number of tie-simplex in thermodynamics. Thus, based on a parameterization procedure, they developed an
algorithm (CSAT: Compositional Space Adaptive Tabulation) which re-uses the information from previous
equilibrium calculation results to bypass the stability for redundant compositions. The procedure has been
developed [Voskov and Tchelepi [2009b]], [Voskov and Tchelepi [2009¢]], [Iranshahr [2012]]. More recently,
[Zaydullin et al. [2013]], [Zaydullin et al. [2014]] extended the procedure to make a more robust algorithm:
the three-phase bypass method (called 3PB afterwards). They reported great improvements in computational
times. To fulfill the objective of the thesis to decrease the CPU time of the equilibrium calculation part, a
collaboration with the University of Stanford was launched to test the 3PB method and compare it with a

classical procedure without 3PB. A presentation of the method is given in the following.

5.4.2 Mathematical background

5.4.2.1 Working space

The system of equations to solve when doing multiphase flash calculations is given by (see chapter 2):

fij—finp = 0 di=1l--nc j=1---np—1 (5.52)
Zi — Z zijﬂj = 0 i=1---nc (553)
Jj=Lnp
nc—1
Z (mi,np - mij) =0 .] = 1) np — 1 (554)
i=0
np—1
=Y 6 = 0 (5.55)
7=0

The overall mole fractions z € R™ are usually used as independent variables in reservoir simulations. One

of them can be expressed as a linear combination of the others:

nc—1

Ze=1- > 2 (5.56)
=1
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Therefore, the working compositional space is given by:

Anel = {z ER™,% >0,y 2z = 1} (5.57)

The compositional space can be expressed as a linear combination of the mole fractions x (eq. 5.53)
np
21229]132] i=1---nc—1 (558)
j=1

This means that for a given tie-simplex A defined by its composition at the equilibrium (x), each feed
composition which belongs to A is only a function of the phase mole fractions. Therefore, for each tie-simplex,
each feed composition (vector of nc — 1 dimensions) can be parameterized with only np dimensions. The (np)

dimensional tie-simplex is defined by:

A" = |6cR™,0,>0,Y 0, = 1} (5.59)

When the dimension np of the tie-simplex is np = 2, the tie-simplex is called a tie-line, when np = 3, it is

called a tie-triangle.

Each tie-simplex A™ represents a convex geometrical form in the compositional space (such as line,
triangle) where each vertex corresponds to the composition of one of the phases. A ternary diagram (for a
given pressure and temperature) is represented in fig. 5.1. A tie-triangle (corresponding to the three-phase
region of composition [x;, yi, wi|) is represented in grey, and different sets of tie-lines are represented in red,

blue and green (which correspond to different two-phase regions).

[Voskov and Tchelepi [2009¢]] showed that for a strictly np-phase system, i.e. for each multiphase region,
the region is convex and there is a unique tie-simplex which intersects a given feed composition.

They also proved [Voskov and Tchelepi [2008]] that a tie-line parameterization of the space is possible for
two phases. Latter on, [Voskov and Tchelepi [2009a]] extended the idea for any number of phases. As long
as the tie-simplex space is not degenerated (i.e. the tie-simplex of dimension N which parameterizes the
space does not becomes a tie-simplex of dimension N — 1), and the phase mole fractions 6 can be greater

or smaller than 0, the tie-simplex space can be used to parameterize the equilibrium thermodynamics problem.

Based on [Voskov and Tchelepi [2009a]] observation in which few tie-simplexes are accessed during a
reservoir simulation, this parameterization was proposed in order to skip most of the stability analysis tests
during a simulation.

To illustrate this idea, an example is given in fig. 5.1. To simplify, let’s consider the temperature and
pressure as fixed. Suppose the tie-simplexes represented in fig. 5.1 have been stored and suppose a stability
analysis is required for a composition z;. As z; lies within the parameterized tie-triangle, it can be known
directly that at equilibrium, three phases are present for this composition and stability analysis can be
avoided. In practice the method is more complex and a description of the method is proposed in the next

subsections.

5.4.2.2 Continuity of a simplex

Tie-simplexes can be used to parameterize the whole system because [Iranshahr et al. [2013]] proved that the
tie-simplex parameterization in the compositional space was a continuous function of pressure, temperature

and composition. The continuity property makes a discretization possible.
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Figure 5.1: Example of parameterization of the tie-simplex space

5.4.2.3 Gibbs energy analysis

Not only is the tie-simplex continuous, but a tie-simplex which parameterizes the thermodynamics in the

tie-simplex space has also been shown to minimize the Gibbs energy [Iranshahr et al. [2012]].
The surface Gibbs energy of a mixture is given by:

F(z) =Y zip (5.60)
i=1

[Iranshahr et al. [2012]] showed that the Gibbs free energy G is convex:

F(z) if single phase
G(z) = NP e i . (5.61)
> j=10;F(x;) if inside a tie-simplex j

5.4.3 Parameterization

In this section, the parameterization of the tie-simplex space is presented, first keeping the pressure and

temperature constant and then with the variation of both parameters.

5.4.3.1 Parameterization of the compositional space

5.4.3.1.1 Parameterization of tie-simplex giving the maximum number of phases (A"?)

Starting from a composition z = Z;ﬁl ;‘—;, in the middle of A™ (a negative flash is performed to locate the
first tie-simplex leading to the maximum number of phases. An example is given here for three components
and three phases (fig. 5.4a). In this figure, the tie-triangle is represented in red.

The composition x gives the np vertices of the tie-simplex. This composition is stored.

5.4.3.1.2 Parameterization of tie-simplex plane

Starting from the edge of the tie-simplex, in the same plane, a mesh is adaptively created in the space [x, 0]

(see fig. 5.4a). This mesh can be more or less accurate depending on its size.
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The status (number of phases obtained with the equilibrium program) is saved for each vertex of the

mesh.

The 3PB algorithm simplifies the problem approximating continuous phase envelopes by means of discrete
envelopes (due to the construction of the mesh). In fig. 5.2, a comparison from [Iranshahr et al. [2012]]
between the phase envelope computed with CSAT (previous version of 3PB) is carried out with the real one

(the same applies for 3PB).

180 T T T :

1601
1401

120t oil

p, bar

1001

Gas-0il
80

601

9 4

0 0.2 0.4 0.6 0.8 1
Xc1

Figure 5.2: Comparisons between the exact phase envelope and the one obtained with CSAT after [Iranshahr
et al. [2012]]

40

Once the plane of the tie-simplex has been meshed, a new composition (taken to be at a distance d from
the previous plane) is computed. As long as the new composition lies within the tie-simplex in np dimensions,

the whole procedure is repeated (see fig. 5.3)

Figure 5.3: Parameterization of different tie-triangle planes

Only a small number of tie-triangles are stored to keep an efficient procedure. The general space is meshed
and interpolations are made.
In most of the cases, the composition does not lie exactly within the plane of a stored tie-triangle. This is

also the case for pressure and temperature.
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5.4.3.2 Parameterization in temperatures and pressures

A good estimation of the range of pressures and temperatures accessed during the injection process in the

reservoir simulator can be known before the beginning of the simulation.

[Iranshahr et al. [2010a]] developed a parameterization procedure for the pressure and temperature for
CSAT (the same procedure is used in 3PB). Here is a description of the methodology.

For each variables, a discrete grid is created giving regular values of T' and p between the a-priori T,y

and Traz (Pmin and pmas respectively) that will be accessed during the simulation.

For a given number of parameterized temperatures (N7) and pressures (N P), a grid is computed with a

step :

Pmaxz — Pmin Tmaa: - Tmzn
Ap=—"—" """ AT = —————— 5.62
P np— 1 Np—1 (5.62)
During the process, interpolation is performed between two adjacent grid cells: p; < p < p;4+1 and

T’j <T<Tj+1.

However, just below the MCP (Minimal Critical Pressure), the parameterization is more difficult. The
MCP is the minimal pressure for which the composition is intersected by a critical tie-line (a critical tie-line
is given by z; = y;; Vi =1,nc). Two nearby discrete temperature values may have really distinct MCPs.
This is why a refinement must be applied to avoid bad interpolations. A refinement procedure is used close
to the MCP is used [Iranshahr et al. [2010a]].

If some pressures and temperatures appear outside of their bounds, the parameterization is extended to

include the new equilibrium conditions.

5.4.3.3 Projection in a tie-simplex space

In the parameterization, only few planes of the tie-simplex space are parameterized for memory and CPU time
purposes. Most of the time the compositions z in the tie-simplex space do not belong to any parameterized
plane. To obtain the status for a given composition z, a projection of z is made to the closest parameterized

tie-simplex. The procedure is now presented.

Any point that belongs to the subspace of the tie-simplex is defined by:

np
Zi(0) = wi;0; (5.63)
j=1

From a given composition z, a projection is carried out in each tie-simplex to find the closest one (in A™P).
The solution of this projection gives the phase mole fractions 6; . The distance from a feed composition to a

tie-simplex is given by:

2

nc nc np
F(0) = Z (Zi(0) — 21)2 = Z zijb; — 2z (5.64)
i=1 i=1 \j=1

From the tie-simplex giving the smallest distance, if the phase mole fractions 6;, ¢ = 1, np are all within
[0, 1], the solution is found. Otherwise, depending on the positive 6;, it is easy to locate the face of the

tie-simplex (and then the np — 1 region in which the projection belongs to).

Within this framework,
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e if F' > ¢, that means that new tie-simplexes have to be computed and stored;

e else, the solution is found.

5.4.4 Status identification

Once the closer tie-simplex from a given composition has been localized, the projection lies within one element
of the parameterized mesh presented earlier. Giving the status of each vertex, the stability analysis can be

passed by or not:

e if all the vertices give the same status, the status is assumed to be the same and the global Newton

method can be performed directly (fig. 5.5b).

e if one status is different from the others, the equilibrium flash calculation is computed to determine the
real status (fig. 5.4b).

A
1 phases

flash to be
performed

2 phases

B C 2 phases
(a) (b)

Figure 5.4: a) Parametrization of the space b)Status identification, stability required

2 phases
2 phases

No flash 2
phases
assumed

2 phases
(b)

Figure 5.5: a) Parametrization of the space b)Status identification, stability skipped

5.4.5 Pressure and Temperature parameterization and interpolation

The interpolation is first carried out in pressure:
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wP,Tk- = wpi;Tk + 6p (’(/}pi+1)Tk: - wpi,Tk) k= ]7.7 +1 (565)

Then in temperature:

wp,T = ’(/};mTj + or ('(/}p7Tj+1 - wp,Tj) (566)

where 1) represents tie-simplex equilibrium compositions and:

s T _ T,
op=-L"P sp= — i (5.67)
Dit1 — Pi Tit1—1T1;

The interpolated tie-simplex is not identical to the actual tie-simplex through the composition and is
acceptable only if they are close to each other within a tolerance (5.64). If the composition is far from the

interpolated tie-line, a new table of tie-lines in the p-T grid is generated.

In each point interpolated point, one needs to pre-compute an estimate of the MCP to be sure that a
parameterization is possible. Moreover, one problem which can occur is when for a given pressure, the two
adjacent interpolations give different number of phases. In this case, the flash is performed to secure the

computation.

5.5 Simulations

5.5.1 Two phase case: match with Eclipse (commercial reservoir simulator from

Schlumberger)

5.5.1.1 Mixture/Reservoir properties

To test MFlash in the reservoir simulation framework, a two-phase case has first been tested. It corresponds

to a gas injection problem which is the third comparative SPE test problem [Kenyon and Behie [1987]].

The simulation domain measures 4022m x 1609m x 48.768m, the porosity is 13%, Kv=10Kz, and the

medium is heterogeneous. The grid is shown in fig. 5.7.

The Peng-Robinson equation of state is used; the component properties are given in table 5.1 and the
BIPs in table 5.2.

In this case, MFlash has been integrated within TPP (reservoir simulator from Total S.A.). A comparison
is done between MFlash+TPP and the ECLIPSE simulator by Shlumberger.

Comp | Tec, K  Pc, bar w Mw, g/mol
CO, 310.25 73.87  0.22500  44.01000
Ny 126.2 33.94 0.04000 28.01300
Cy 190.6 46.04 0.01300 16.04300
Cs 305.43 48.84  0.09860  30.07000
Cs 669.8 42.66  0.15240  44.09700

Cy_g | 448.078 35.5 0.21575  66.86942
L 465.618 28.32 0.31230  107.77943
Lo 587.799 17.07 0.55670  198.56203
Ls 717.717  11.06  0.91692  335.19790

Table 5.1: SPE3, feed properties
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CO, No Cy Cy C3 Cug Li Ly
N -.0200

Cq 1000 .0360

Csy 1300  .0500 .000000

Cs 1350  .0800 .000000 .000

Cy_e | 1277 1002 .092810 .000 .000

Ly 1000 1000 .130663 .006  .006 .0

Lo 1000 1000 .130663 .006 .006 .
Ls 1000 1000 .130663 .006 .006 .0

o
o

=
o

Table 5.2: SPE3, BIP

The injection wells are shown in yellow in fig. 5.7. The production wells are shown in blue in the same
figure. Water is injected at 100 STB/days, gas is produced at a control gas rate of 500 STB/days.

5.5.1.2 Simulation/Results

WatSat
s ——
0.16 0.34 0.51

Figure 5.6: Water saturation at the end of the simulation, SPE3 case

|| [l

OilSat

T I
0.00 0.07 0.14 0.20 0.27

Figure 5.7: Oil saturation at the end of the simulation, SPE3 case

In fig. 5.6 and fig. 5.7, the water saturation (respectively the oil saturation) at the end of the simulations
for MFlash+TPP and ECLIPSE is represented (both simulations lead to the same results). In fig. 5.8 the total
production rates of water, gas and oil are plotted, for the solution generated with ECLIPSE and the solution
generated with MFlash+TPP. The total production rates are identical in the two simulations, validating the
two-phase flash developed in this thesis (see chapter 2 and 3).

The remaining simulations were performed by coupling AD-GPRS and MFlash in the framework of a
collaboration with Stanford University. The simulator was coupled with the developed flash code, used as an

external library. The simulations presented in the following subsections come from this collaboration.

5.5.2 Full isothermal three phase compositional simulations: CQO, gas injection

The phase equilibrium code has been designed to work with np > 1 phases. Multiphase simulations were
carried out, first for COy-rich/gas/hydrocarbure-rich systems. In this section, three and four phase simulations
of CO4 injection will be presented.

In our simulations, it has been noticed that a solvent-rich phase could appear when co-injecting solvent

with the steam in the reservoir. To develop a robust package, the presence of a fourth phase was necessary to
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Figure 5.8: Total production vs time for the SPE3 case, comparisons between ECLIPSE and the flash program
with TPP

avoid discontinuities which could lead to possible crash of the simulation. So, we investigated the presence of

a fourth phase, and developed a four phase CO- injection case.

5.5.2.1 Three-phases, CO; injection

5.5.2.1.1 Stand-alone simulation

The mixture is the Bob Slaughter Block (BSB) West Texas oil. The characterization of the mixture is taken
from [Khan et al. [1992]]. From the experimental data, they provided BIP and critical properties to fit the

results. These parameters are given in table 5.3.

At the reservoir conditions, at 313.71 K, the P-z phase diagram of the BSB oil is represented in fig. 5.9 for
pressures varying between 35 and 135 bar and compositions of CO5 between 10 mol% and 99.9 mol%. In red
the experimental values of the liquid-vapor/liquid transition and the three phase envelope, obtained by [Khan

et al. [1992]] are represented. The results obtained with MFlash are very close to the experimental data.

Components feed  Molecular weight Tc pc w BIP §; co,

COq 0.0337 44.01 304.200 73.765 0.225 -

Cq 0.0861 16.04 160.000 46.002 0.008 0.055
Co_3 0.1503 37.20 344.148  44.992 0.131 0.055
Cy_g 0.1671 69.50 463.222 33.996 0.240 0.055
Cr_15 0.3304 140.96 605.694 21.749 0.618 0.105
Ci_27 0.1611 280.99 751.017 16.541 0.957 0.105
Casy 0.0713 519.62 942.478 16.418 1.268 0.105

Table 5.3: BSB fluid properties

5.5.2.1.2 Reservoir simulations

[Okuno [2009]] developed a test case for this mixture, based on three layers. He developed a four phase
simulation (in presence of water), in which the water is treated separately from the flash. In this thesis, the
same simulation has been carried out without the water. Further, a four phase case in presence of water will
be described.
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Figure 5.9: Phase envelope BSB comparisons with experimental values

The BSB test case parameters (as given in [Okuno [2009]]) are shown in table 5.4. The injection well is
located in the left-hand side of the reservoir and the producer is located in the right hand side (see fig. 5.10).
5% of C1 and 95% of CO5 are injected in the injection well at a BHP of 89.63 bar. The producer produces at
a BHP of 62.05 bar. The initial reservoir pressure is 75.84 bar.

Dimensions of a cell 0.762m x 3.048m x 0.762m
Number of grid cells 200 x 1 x 18
Top layer / Middle layer / Bottom layer
Thickness (m) 6.096 / 3.048 / 4.572
Permeability (mD) 7.0/11.2 /938
Porosity 0.08 / 0.10 / 0.09
W /0O /G /COsrich
Residual saturations 0.40 / 0.20 / 0.05 / 0.05
Endpoint relative permeability model 0.35 / 0.50 / 0.65 / 0.65
Exponent 3.0/30/3.0/3.0

Table 5.4: BSB reservoir properties

The results obtained by [Okuno [2009]] are given in fig. 5.10. The simulations performed in this thesis
were different; [Okuno [2009]] has not provided any volume shift for the density model of the water and the
viscosity model. The number of cells has been increased in our simulations to improve the accuracy. Finally,
there was no water in the simulation performed for this case. In fig. 5.11a, fig. 5.11b, fig. 5.11c, the results we
obtained with MFlash are represented. Furthermore, except for a more important diffusion effect that can be
noticed with the MFlash, the saturation profiles are similar to those obtained by [Okuno [2009]].

5.5.2.1.3 Results

By injecting gas into the reservoir, close to the injection well, the gas sweeps the oil in place. When getting
closer to the front of saturations, the oil phase has not been totally swept yet and both phases are present.
At this stage, the oil is not well displaced by the gas, because at these conditions both phases are not really

miscible.



5.5. SIMULATIONS 176
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(a) Gas saturation (b) Oil saturation
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Figure 5.10: CO; injection process by[Okuno [2009]]
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Figure 5.11: COs injection process, saturations obtained with AD-GPRS + MFLASH

The reservoir pressure is progressively increasing during the injection. Gas and Oil become miscible at
these conditions and a COs-rich phase appears. The saturation of the oil phase becomes really low, while
the CO3 rich phase saturation is significantly increasing. This indicates an extraction of the oil components
by the COs rich phase. Some authors showed that the COs injection increase the production due to the
extraction of medium and heavy oil components by the COs rich phase [Creek and Sheffield [1993]]. The
density of the CO5 rich phase is close to the density of the oil phase, which increases the miscibility of both
phases and generally helps the extraction of the heavy components. In the same time, the viscosity of the

COg-rich phase remains generally lower than the viscosity of the oil phase.
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5.5.2.2 Four-phases, CO; injection

5.5.2.2.1 Stand-alone simulations

The phase equilibrium code developed in this thesis has been designed to work with any number of phases.
In this subsection, a four-phase simulations of CO; injection is presented. By adding water into the BOB

fluid, a four-phase system is obtained.

In this simulation, water is given a composition of zy 4t = 0.1, and the composition of the BOB oil is
scaled to obtain Z:ﬁl = 1. The BIP dyaters; Vi # w are set to 0.5. The water properties are given in table
5.5.

The p-z phase diagram of the BOB oil in presence of water, at T=313.71 K is given in fig. 5.12.

Feed Molecular weight Tc pc W
0.1 18.00 647.35 221.0 0.3434

Table 5.5: BSB water properties

110

Pressure, bar

70|

10 30 70 90

50002 %
Figure 5.12: 4 phase case phase p-z diagram

5.5.2.2.2 Reservoir simulations

The same simulation test case as for the three-phase COs injection problem is used here in presence of water.
In fig. 5.13a, fig. 5.13b, fig. 5.13c and fig. 5.13d are represented the saturations of water, gas, CO5 and oil,
respectively after 90 days of simulation. In fig. 5.14, the pressure is given for the same time.
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Figure 5.13: Four-phase simulation of COs injection
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Figure 5.14: Pressure, bar; for the four phase CO2 test case, T=50 days

The saturations are comparable to those obtained with the previous three-phase COs injection case, yet,
stronger diffusion effects take place this time. One of the possible explanations comes from the relative
permeability model difference for three and four phases (see the relative permeability section). In this case,

at low temperature, the water does not really mix with the other phases as can be seen in fig. 5.13a.

These results show that a four-phase simulation is possible with the developed equilibrium code. The

flash successfully handles the four-phase case, providing a good regularity in the saturations (see fig. 5.13b,
fig. 5.13¢ and fig. 5.13d)

5.5.3 Full thermal three-phase compositional simulations for steam injection

5.5.3.1 Light oil cases

5.5.3.1.1 Stand-alone simulations

In stand-alone, the code is tested for water-hydrocarbon mixtures, at different conditions. The first mixture
contains three components: C;, HyO, nCyg, whose properties are given in table 5.6. fig. 5.15a and fig. 5.15b
show ternary diagrams. Each system is represented with a different color. The phase transitions obtained by
[Iranshahr et al. [2010b]] are represented in black squares. Good agreements are found with MFlash results.

The phase transitions are also well modeled.

C1

NC H,0
H,0 10 :

(a) p=100 bar (b) p=173 bar

Figure 5.15: Three component mixture, at T=520 K
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Comp Cy Cio H»0

Te 190.6  617.6  647.3
Pc 45.4 21.08  220.48
w 0.008 0.490  0.344

Mw | 16.043 142.29 18.015
Simp0 | 04907 0.45
Sich | 0.0522

Table 5.6: Fluid properties, light oil

5.5.3.1.2 Reservoir simulations

The composition of the light mixture is given in table 5.7.

Comp COQ Cl() HQO
z 0.01 0.44 0.3
Tec 304.20 618.50 647.37
Pc 73.80 21.23  221.20
w 0.224  0.484  0.345
Mw 44.010 142.29 18.015

Table 5.7: Fluid properties, light steam injection case

The reservoir consists of only one layer. In this example, a two dimensional simulation (zy) without
gravity effects is considered. The reservoir is heterogeneous and the permeabilities are given in fig. 5.16. The
remaining properties of the reservoir are given in table in 5.8.

50m 30m 69m

N

150mD 15D 150mD
150m

Figure 5.16: relative permeabilities for the light oil steam injection test case

Dimensions of a cell 5m X dm X lm
Number of grid cells 30 x 30 x 1
W/G/O
Residual saturations 0.05 /0.0 /0.0
Endpoint relative permeability model 1/1/1
Exponent 2.0/30/20

Table 5.8: Light oil reservoir properties

The initial parameters are:

e reservoir pressure: 30 bars at a depth of 2750 m, then the pressure is initialized based on a hydrostatic

equilibrium procedure.

e reservoir temperature: 290 K
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Steam is injected at the bottom left-hand corner, with a production well located at the top right-hand
corner. After 100 years of simulation, the saturations are given in fig. 5.18. The steam displaces the oil to the
production well located at the top right hand corner. The steam chamber does not have the shape of a circle

since the medium is heterogeneous. In the end, the breakthrough can be seen in fig. 5.18.
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Figure 5.17: a)Oil Saturation, b)Gas Saturation for the light oil steam injection case
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Figure 5.18: Water saturation

In this case, a comparison with [Lucia et al. [2000]]’s algorithm was done. The results are almost identical.
The computation time (or CPU time) is around 5 times higher for this case with Lucia’s algorithm as

compared to the simulation with MFlash.

The fluid moves along the high permeability area (15D compare with 150mD for the other two pars)
(fig. 5.17 and fig. 5.18). The steam sweeps the oil to the oil producer. After 100 days, the water breakthrough

occurs. Some oil remains in the regions with small permeabilities.

5.5.3.2 Medium oil in a highly heterogeneous reservoir

A simulation with a more complex steam injection problem (the highly heterogeneous SPE10 reservoir test

case) is performed. The mixture is a medium oil whose properties are defined in table 5.9. The reservoir
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parameters are given in table 5.10.

Comp | CO2 C10 C16 H20
z 0.01 0.44 0.25 0.3

Tec 304.20 618.50 72259  647.37
Pc 73.80  21.23 14.04  221.20
w 0.224  0.484 0.717 0.345
Mw 44.010 142.29 226.432 18.015

Table 5.9: Fluid properties, medium steam injection case

The initial reservoir parameters are given below:

e reservoir pressure: 30 bars at a depth of (2750 m), then the remaining pressures are initialized based on

hydro-static equilibrium of the reservoir.

e reservoir temperature: 290 K

Dimensions of a cell

6.096m x 3.048m x 0.6096m

Number of grid cells 60 x 220 x 3
W/G/O
Residual saturations 0.0 /0.0/0.0
Endpoint relative permeability model 1/1/1
Exponent 2.0/20/20

Table 5.10: SPE10 reservoir properties

All the wells are vertical. The production wells are located in the four corners of the domain and the
injection well is located in the center of the reservoir.

Injection parameters:
e Injection of steam and CO5: 90 % of water and 10 % of COs.

e Temperature of injection: 500 K.

e Pressure of injection: 50 bars.

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2
0 200 400 600 0 0 200 400 600 0

X(m)
(a) First layer

X(m)
(b) Second layer

Figure 5.19: Gas saturation for the SPE10 case, at T=600 days
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Figure 5.20: Gas saturation for the SPE10 case, third layer, T=600 days
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Figure 5.21: Oil saturation for the SPE10 case, at T=600 days
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Figure 5.22: Oil saturation for the SPE10 case, third layer, T=600 days
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Figure 5.23: Water saturation for the SPE10 case at T=600 days
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Figure 5.24: Plot of different properties in the third layer of the SPE10 case after T=600 days

Only one time step cut occurred during the whole simulation, revealing a robust flash, with a good phase
identification. In fig. 5.19a, fig. 5.19b and fig. 5.20 are plotted the gas saturation for the three layers of the
SPE10 cases, after 600 days of simulation. The saturations reflect the heterogeneities of the porous media.
The water saturations are plotted in fig. 5.23a, fig. 5.23b and fig. 5.24a. Finally the oil saturations are shown
in fig. 5.21a, fig. 5.21b and fig. 5.22.

The high permeability zone on the right hand side of the field act as a barrier and prevent the expansion
of the steam in the right hand side. The steam and water flushes the oil to the two producers located in the
left-hand side. The simulation is stopped with the water breakthrough. In fig. 5.24b, the global composition
of the water component is plotted, which reveals the water expansion in the reservoir up to the two producers

in the left-hand side of the reservoir.

During the steam injection in the reservoir, the high injection temperature decreases the viscosity of the
oil and increases its mobility. The oil is swept more easily leading to the enhanced oil recovery. fig. 5.20
shows the high gas saturation around the injection well. Then, away from the injection well, the water and
light components condense at the contact with the cold region. fig. 5.24a shows the higher saturation of

water when the gas disappears.
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Finally, the major volume of oil has been produced in the left part of the reservoir.

5.5.3.3 Extra-heavy oil

The full compositional simulations of the SAGD case became possible, with the recent developments in
AD-GPRS (by R.Zaydullin and D.Voskov (Stanford University)) and by coupling the simulator with the
MFlash program.

5.5.3.3.1 The SAGD process

Two horizontal wells are located one under the other (the injection well above). As steam is injected, a steam
chamber is formed around the injection well. At the chamber edge, the water and the light oil components
condense. Besides, the elevated temperature decreases the oil viscosity and the oil becomes mobile. The

condensed water and the extra-heavy oil flows to the production well under the gravity.

Two simulations of the SAGD process have been performed. The first consists of a synthetic heavy oil,
initially at T=285 K. The oil is not heated before the steam injection. In the second case, a real Athabasca

bitumen has been modelled. In this case, the oil is pre-heated before the steam injection.

5.5.3.3.2 Synthetic heavy oil

The oil composition is given in table 5.11.

Comp | CO2 MO M2 H20

z 0.02 0.57 0.2 0.21

Tec 304.18 444.19 1073.15 647.35
Pc 73.80  36.01 8.10 221.0
w 0.23 0.18 0.90 0.3434

Mw 44.01  65.56  900.00 18.00

Table 5.11: Fluid properties, synthetic heavy oil

The initial parameters are:

e reservoir pressure: 8.11 bars at the depth 180 m, then the remaining pressure are initialized based on

hydrostatic equilibrium of the reservoir.
e reservoir temperature: 285 K

e the initial oil viscosity oil viscosity at T=285 K is 8.86e*7 cP

The injection well is located at the depth 117.5m and the production well, 5 meters below.

Injection parameters are:

e fraction of steam (99.4 mol%) and CO2-C; (0.6 mol%).
e injection temperature: 500 K

e injection pressure: 25 bars.

Ouly half of the steam chamber (SC) cross section is shown in fig. 5.25a. Each cell is a cube of length 0.5
m, the grid dimension is made by 101 x 1 x 52.
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fig. 5.25a, fig. 5.25b and fig. 5.26a represent the saturations of water, gas and oil respectively after 150

days of simulation. The temperature is given in fig. 5.26b for the same time. The SC develops with the

characteristic triangular shape of the SAGD process. In fig. 5.25a, an accumulation of the water phase can

be seen along the SC. Along the SC, the high temperature decreases the liquid viscosities, enabling the oil to

flow to the production well under gravity drainage.
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Figure 5.25: Saturations for the synthetic SAGD at t=150 days
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Figure 5.26: a) Oil saturation b) Temperature; for the synthetic SAGD at t=150 days

5.5.3.3.3 Athabasca bitumen

Comp

CO2 C1 MO M1 M2 Asph H20

Z
Tc
Pc
w
Mw

0.001  0.03 0.007 0.52472 0.27769 0.10959  0.05
304.18 190.6 444.19 798.42 1073.15 1203.15 647.35
73.80 46.10 36.01 17.00 8.10 12.40 221.0
0.23 0.011 0.18 0.6941 0.90 0.95 0.3434
44.01 16.04 65.56  275.00  900.00  900.00  18.00

Table 5.12: Fluid properties, extra heavy oil
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The oil used for SAGD modelling, is an Athabasca oil containing extra-heavy components. The fluid
properties are given in table 5.12. The initial parameters and the grid are the same as for the synthetic heavy
oil. At T = 283K, the initial oil viscosity is p = 6.64e*1! cP. Steam is injected (99.5 mol%) with solvent (0.5
mol%). The solvent is the M0 pseudo-component made of C3-C10 components.
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Figure 5.27: Saturations for the Athabasca oil SAGD at t=20 days
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Figure 5.28: Saturations for the Athabasca oil SAGD at t=30 days

fig. 5.27a and fig. 5.27b show the saturation of the water and gas phase respectively at t=20 days. At the
beginning, a connection between the two wells is made. No steam chamber is seen. At t=30 days, the same
saturation fields are shown in fig. 5.28a and fig. 5.28b. This time corresponds to the established connection
between the wells. The injected hot water reaches the producer. Now, the steam chamber is progressively

expanding above the injection well.

fig. 5.29a, fig. 5.29b and fig. 5.30a show the saturation fields (of water/gas and oil respectively) at t=360
days. At this time, the SC has been developed, growing mainly vertically. Water and oil accumulation can
be seen along the steam chamber edge. Both heated liquids are flowing to the production well by gravity
drainage. Moreover, high concentration of gas can be seen at the top of the SC. The light components with a
lower density move to the top of the SC and encounter the liquid phases (oil and water) at the edge of the
chamber. fig. 5.30b shows the temperature profile in the reservoir for the same time.

Due to the gravity effects, the gas mixture moves to the top of the reservoir. Once the steam chamber
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reaches the top, it starts growing horizontally.
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Figure 5.29: Saturations for the Athabasca oil SAGD at t=360 days
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Figure 5.30: a) Oil saturation b)Temperature for the Athabasca oil SAGD at t=360 days
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Figure 5.31: Gas saturation for the Athabasca oil SAGD at t=410 days

Finally, at t=410 days, the steam chamber reaches the top of the reservoir; fig. 5.31 shows the saturation

of the gas phase at this moment.
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5.6 Comparisons between different compositional acceleration pro-

cedures
Different acceleration techniques described in chapter 2, 3 and 5 were also tested with MFlash:

e the reduction variables (RV) for the stability analysis. We noticed in a previous chapter that the
reduction was decreasing the computation time of the stability analysis. We propose here to test the

variables in the reservoir simulation framework.
e the bypass method from [Rasmussen et al. [2006]] (labelled B-R) as presented in chapter 2.

e The three-phase bypass method (3PB) presented in section 5.4.

Those algorithms were compared with simulations using MFlash with conventional variables (labelled

Conventional).

Computation times were tested for three different cases: the three-phase COs5 injection case, the light oil
steam injection case and the SPE10 steam injection case. Table 5.13 show the total time of simulation for
the different algorithms. Table 5.14 gives the percentage of the equilibrium calculations in the total time of

the simulation.

Test case ‘ Conventional RV B-R 3PB
COs injection 1311.4085 1298 1297 -

light oil 25.0129 26.2679 26.0675 16.2
SPE10 11865 8166 8270 5185

Table 5.13: Total time of the simulation for the different cases (in seconds)

Test case ‘ Conventional RV ~ B-R 3PB
CO; injection 1% 1% 70% -

light oil 45% 46% 46% 6%
SPE10 33% 41%  39% &%

Table 5.14: Percentage of the equilibrium flash in the simulation CPU time for the different cases

Tables 5.14 and 5.13 reveal a different time for the CO4 injection case and the steam injection cases.
When dealing with CO5 and liquid/liquid phase behavior, more initial guesses are needed than for steam
injection problems. This is why the equilibrium computation represents 70 % of the total simulation for the
COg injection case, whereas it is around 40% for the steam injection test cases.

Tables 5.14 and 5.13 show that the use of the reduction method generally decreases the total time of
simulation. It is particularly true for the SPE10 test case (8166s vs 11865s for conventional variables).

However, in this study, the use of the B-R method as developed in [Rasmussen et al. [2006]], in presence
of water does not improve the computational time for the tested cases. Indeed, the water initial guess for
the stability analysis often converges to a minimum which is different from the trivial solution and no phase

equilibrium can be bypassed.

The use of the 3PB coupled with MFlash is the option leading to the smallest computation times for
all the cases. The 3PB method uses negative flash procedure to compute supporting tie-simplex and uses
multiphase calculations to adaptively parameterize the tie-simplex space. The results obtained with this

method were identical to MFlash without any acceleration technique, and demonstrated a good robustness.
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In terms of performances, 3PB re-uses the information from previous equilibrium calculations to pass by
the computation of further stability analysis. Many stability tests can be avoided by using this procedure.
Here, the use of 3PB improves the time of computation from 8 up to 12 times as compared with MFlash. For
the whole simulation, with 3PB the averaged computation time is 1.6 times faster than with MFlash alone.
However, using a flash based on global optimization, or with higher initial guesses, or with a more accurate

EoS model, the differences may increase significantly.

To check the robustness of the 3PB, a comparison was performed for the synthetic oil SAGD test case.
Table 5.15 gives the computational results obtained with MFlash with reduction variables and 3PB for 90
days of simulation. Taking the flash in stand-alone as the reference, the relative error on the oil production
rate for the 3PB simulation remained always under 6%, taking large steps (system ill-conditionned where
convergence problems occur). By taking smaller steps, the error becomes negligible. In this case, the total
computation time with 3PB was much smaller than for MFlash: (2529s versus 3914s), decreasing the fraction
of the equilibrium calculations from 45% to 10% of the total simulation. 3PB seems quite robust and capable

of handling simulations of difficult processes quite efficiently.

| RV 3PB
Total simulation time 3914 s 2529 s
Equilibrium % of the total simulation 45 10

Table 5.15: Synthetic oil, SAGD computation time for 90 days of simulation

Note that, all the tests were carried out using only one core. In each cell, the equilibrium calculation does
not depend on properties from other cells (local computations), therefore equilibrium calculations can be
efficiently parallelized. Using a parallel procedure, the percentage of the total time spent in the equilibrium
calculations would become much smaller, and the CPU time requiered for equilibrium calculations would

represent a smaller proportion of the total simulation time.

Finally, analyzing all the simulations (except for COg injection where more initial guesses are required),
one can see that the time of the equilibrium calculations with or without the use of 3PB always remains
under 50% of the total time, even for the SAGD test case.

5.7 Conclusion

In this chapter, a rigorous validation of the developed phase equilibrium calculations program has been

performed.

Different phase diagrams obtained with the developed equilibrium program showed good agreements
with the experimental and literature data. The good reproduction of various phase diagrams (LLV-LLLV)
illustrates the capability of the program to predict the true phase behavior of such systems. As stand-alone
comparisons can be made for some specific conditions, in order to guarantee the good functionality of the
equilibrium algorithm for a wide variety of conditions, different reservoir simulations were performed.

Reservoir simulations cover a great variation of p-T-z conditions. Phase transitions involve passing
across phase boundaries and/or those supercritical conditions. Any failure in the convergence to the correct
minimum can lead to the divergence of a simulation. The capability to carry out correctly a whole simulation

demonstrates the robustness of the code.

The developed program was first plugged with TPP, to simulate an isothermal water injection process. The
same simulation was also performed with the ECLIPSE simulator by Shlumberger and the same production

rates were obtained for both simulations. The ECLIPSE simulator has been tested against a variety of
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experimental cases, and is currently used in production division in Total. The good agreement in the results
indicates that the developed algorithm converged to the correct minimum of the Gibbs energy during the

whole simulation.

Another test was performed with a full three phase CO; injection problem. Comparisons were made with
[Okuno [2009]] which also showed similar saturation profiles. The simulation ran up to the COy breakthrough
(450 days). After adding water to the model, the same simulation was carried out and led to four-phase
systems at some conditions. With a high number of phases, the difference in the Gibbs free energy (AG)
between a system with np phase becomes really small as compared to the system with np + 1 phases. Robust
stability analysis codes have to be designed to handle the high number of phases. In this work, a four-phase
simulation has been performed during 100 days. This indicates the capability of the algorithm to deal with
small AG, and illustrates the robustness of the stability analysis algorithm.

Simulations of steam injection cases were also performed. The highly heterogeneous SPE10 reservoir was
used to perform a 3D steam flooding simulation up to the water breakthrough. With three dimensional
heterogeneous reservoirs, more thermodynamic paths are accessed during a simulation. Once again, this

example reveals the robustness of the developed algorithm.

Moreover, a fully compositional reservoir simulation of the SAGD process was performed with a real extra
heavy oil mixture. To the best of our knowledge, this is the first simulation of the kind in the literature.
Thermal compositional simulations are quite complex because the important change in the conditions is
observed (composition, pressure and temperature). Indeed, for the steam injection process, the steam
distillation and the condensation of the water and the light oil components can be observed. With heavy oils,

the gravity creates concentration gradients which imply many changes in the oil composition.

When injecting steam, the steam flushes progressively all the other components. The phase envelope of
the resulting composition becomes narrow and the multiphase problem approaches ill-conditioning where a
small variation in the conditions can create an important change in the equilibrium state. A simulation of
the SAGD process has been performed up to 410 days revealing the capability of the algorithm to converge
even for difficult (nearly ill-conditioned) problems. The presented simulations show that the developed code

can overcome these difficulties.

The proposed thermodynamic code was also used with different acceleration procedures, namely, based
on the bypass method by [Rasmussen et al. [2006]] and the three-phase bypass by [Zaydullin et al. [2013]].
Without any acceleration technique, the program has taken around 45% of the total CPU time for steam
injection problems. In presence of water for multiphase systems, the bypass method did not perform really
well. However, with 3PB, the CPU time was decreased and reached around 10% of the total time, keeping
the same solution as the thermodynamic program alone.

Last but not least, one of the main objective of the thesis was to perform simulations of steam injection
problems within a CPU time for equilibrium calculations under 50 % of the total simulation time. This

objective has been achieved.



CHAPTER 6

Conclusions and Perspectives

1 Conclusions

In this thesis, improvements in equilibrium algorithms made possible the realization of fully compositional

simulations of steam injection with heavy oils.

Most of the phase equilibrium calculations are performed based on the Newton-Raphson method and
use conventional independent variables. These algorithms were investigated and different extensions were
proposed. The logarithm of the equilibrium constants (In K) is the best choice of conventional independent
variables for multiphase equilibrium calculations. This set of variables lead to the best condition number and
Newton methods based on In K converge in fewer iterations than the other Newton algorithms. In this work,
extending [Michelsen [1982a]]’s method to multiphase-split problem, we proposed to compute the Jacobian
matrix as a product of two symmetric matrices, and to solve the linear system using a Cholesky factorization,

which proved to reduce the computation time by about a third in most of the calculations.

Initiated by [Michelsen [1986] and Hendriks [1988]], reduction methods have been investigated in the
literature and proved to be highly efficient. In this work, a new reduction method for stability testing and
phase-split problems was presented. It is based on the multi-linear expression of the logarithms of fugacity
coefficients as functions of the coefficients h (which are taken as independent variables and are unbounded).
The reduction parameters are dependent variables, which, unlike in previous formulations, are guaranteed
to be within their bounds. The dimensionality of the problem depends only on the number of components
having non-zero BIPs with the remaining ones, and not on the number of components in the mixture, as
in the conventional approach. The proposed method has a large convergence radius and Newton iterations
can be used directly for the stability analysis problem (without the need of using successive substitutions),
it has the same convergence path as the conventional approach using the natural logarithm of formal mole
numbers (for stability analysis) and of the equilibrium constant (for phase-split calculations) as independent
variables. This method was proved to be the best Newton method for the stability analysis problem (in terms
of efficiency and condition number).

Comparisons between different conventional and reduction methods were performed for the stability testing
and the multiphase-split calculation problems. Until now, the comparisons from the literature have focused
on the global CPU times to compute the whole multiphase equilibrium problem. In this work, comparisons
were performed independently for each problem (stability analysis, two phase-split and multiphase-split
calculations). Besides, the condition number and convergence path were also investigated, leading to more

detailed and extensive comparisons and new conclusions:

e For the stability testing problem, in reservoir simulation purposes, the proposed reduction method is
the most efficient, whereas for the multiphase-split problem, the conventional methods require less CPU

times.

e For chemical processes and any problems involving a large number of components, the use of the

proposed reduction method is extremely time earning as compared to conventional Newton methods.

192
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Furthermore, we proposed a Trust-Region method to handle both stability and phase-split problems.
The Trust-Region (TR) can be viewed as an ’extension’ of the Newton method. TR can reach supra-linear
steps even when the Hessian is non-positive definite, and quadratic steps overwise by adding a diagonal
element to the matrix. An hybrid algorithm was presented. Instead of performing TR iterations immediately
after the switch from the first-order SSI method, Newton iterations are first tested, and the TR method is
applied only if the objective function value is increasing between two consecutive iterations. This hybrid
methodology remarkably decreased the computation time of the method keeping the the high robustness of
the TR method. The tests were performed covering whole multiphase-regions and some calculations were

successfully performed at really difficult conditions, such as the immediate vicinity of bi-critical points.

Moreover, a new methodology has been developed to find variables leading to a well-scaled Hessian in the
BFGS methods. This procedure leads to the a variable introduced by [Michelsen [1982b]] for the stability
analysis and to a new variable for phase-split problems. A quasi-Newton strategy with a safeguarding switch
back procedure (when the Gibbs energy increases between two iterations) was developed based on this
variable and proved to reach convergence even close to phase boundaries were algorithms often encounter
convergence problems. The algorithm compared favorably (in terms of iterations, function evaluations and
robustness) with Nocedal’s LBFGS-B code and existing BFGS implementations, for different mixtures. Only
few additional function evaluations are necessary as compared with a Newton method, which makes it an

attractive method. This procedure is extremely suited for more complex EOS models.

Combining all the developed algorithms, a general equilibrium calculation program was developed. It has
been designed to handle any number of phases. Tests were performed on various systems and comparisons

with numerical examples from other authors, and experimental data, have validated the proposed approach.

In addition to improve the robustness and efficiency of the equilibrium algorithms, a new methodology
to generate pseudo-components giving an accurate representation of a mixture has been developed. The
methodology is based on the quadrature method of moments (QMoM) which is here applied to multiphase
equilibrium calculations for actual oil mixtures (combined with non-hydrocarbon components, such as water
and carbon dioxide) using a cubic equations of state with non-zero BIPs. The quadrature is solved using
a procedure (ORTHOPOL) which avoids problems due to the ill-conditioned nature of the problem and is
suitable for an undetermined number of quadrature points (unlike the original formulation of the QMoM).

The QMoM relates the discrete initial detailed composition having a large number of components to a
small number of components which approximates the continuous portion of the mixture. It can be viewed in
a larger sense as a lumping procedure. It is generally applicable, even in cases when no standard distribution
function can model the feed composition, or several distribution functions are needed to model different
portions of the mixture or different homologous series. It is proven in this work that this methodology coupled
with a delumping procedure and using a cubic equation of state with non-zero BIPs works for actual oil
mixtures with good accuracy.

The QMoM in our implementation has been tested for different initial compositions of a hydrocarbon
mixture for two-phase equilibrium calculations and in the presence of water and carbon dioxide, for three-phase
flash calculations. In all cases, the location of the phase boundaries, the phase distributions and the phase
compositions were well reproduced by the semi-continuous description (however only 10 pseudo-components in
average were necessary). In the reservoir simulation framework this tool appear essential since the computer
time per time step is proportional to the power three of the number of equations to be solved simultaneously

[Burger et al. [1985]] (and each component leads to one more equation).

Subsequently, the developed equilibrium calculation program has been implemented within two different

reservoir simulators: TPP a reservoir simulator developed in Total S.A. and AD-GPRS simulator from the
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University of Stanford.

For three-phase water injection problems, the exact same production and injection rate curves for the oil,
gas and water phases were obtained with the ECLIPSE reservoir simulator and the developed equilibrium
calculation program plugged in TPP. This reveals the capability of the equilibrium program to converge
to the correct equilibrium solution. Also, simulations of COy injection cases were presented (known to be
difficult). Three- and four-phase isothermal compositional reservoir simulations were performed up to the COq
breakthrough. The simulations showed the capability of the code to handle more than three phases, which can

be highly difficult due to the small differences of the Gibbs energy between three-phase and four-phase systems.

Simulations of steam injection cases were also performed. The highly heterogeneous SPE10 reservoir
was used to test a 3D steam flooding simulation up to the water breakthrough. With three dimensional
heterogeneous reservoirs, more thermodynamic paths are accessed during a simulation. Once again, this

example reveals the robustness of the developed algorithm.

Finally, a fully compositional reservoir simulation of a SAGD process was realized with an extra heavy
oil mixture. To the best of our knowledge, this is the first simulation of the kind in the literature (with a
complete modeling of the water phase within equilibrium calculations). Thermal compositional simulations
are quite complex because important changes in the conditions (composition, pressure and temperature) are

observed. Moreover, the gravity creates concentration gradients which imply many compositional changes.

The developed code was also used in parallel with different acceleration methods such as the three-phase
bypass algorithm (by [Zaydullin et al. [2013]]). Fully thermal compositional three-phase reservoir simulations
of the steam flooding process could then be carried out with the equilibrium calculation time representing
less than 10% of the total CPU time. Last but not least, one of the main objective of the thesis was to reduce
under 50% the computational time for equilibrium flash calculations within simulations of steam injection

problems. This objective has been achieved.

Through this thesis, three papers have been already published [Nichita and Petitfrere [2013], Petitfrere
and Nichita [2014a], Petitfrere and Nichita [2014b]]; a fourth paper was submitted (under review) [Petitfrere
et al. [2014]] and three other papers are in preperation and will be submitted shortly (corresponding to the
subsections 3.2.4, 3.3 and 3.5).

2 Perspectives

Through the proposed work, new perspectives appear. In this thesis, new minimization algorithms were
successfully implemented such as a Trust-Region and a quasi-Newton method. These algorithms are
independent of the EoS model. Procedures leading to a smaller number of iterations become more and more
efficient as the complexity increases (because computing the fugacities and fugacity derivatives becomes
more and more time-consuming). Therefore, both quasi-Newton and Trust-Region methods would perform
more efficiently when using complex model as compared with Newton methods. The Trust-region because
the method converges in less iterations and the BFGS because no derivatives are needed in the Hessian
approximation.

Furthermore, the BFGS procedure has been developed for the two-phase split problem and an extension
to the multiphase-split problem is intended. With more phases, larger systems have to be solved at each
Newton iterations and the BFGS method (which does not solve explicitly linear systems) would perform

more and more efficiently as compared with Newton methods.

New perspective also appear for the compositional reservoir simulation. The developed equilibrium



2. PERSPECTIVES 195

program was shown to be robust and efficient and could be used for other processes. Adding a source term in
the mass balance equations and in the equation of energy, irreversible chemical reactions (based on activation
energies) could also be modeled. Simulations of the in-situ upgrading process were performed using this
methodology [Lapene [2010]].

Different acceleration techniques were presented and tested. One of them, the three-phase bypass [Za-
ydullin et al. [2013]] presents interesting features such as the parameterization of the space. The method
could be used to help phase identifications. When two liquid phases are present, it is sometimes difficult to
identify one another. The parameterization enables a clear identification in the whole compositional space,

thus avoiding discontinuities.

[Gaganis and Varotsis [2012]] proposed another acceleration method that seems to be efficient in the
framework of compositional reservoir simulation of complex processes (such as CO4 injection). Using machine-
learning methods, they train the system to generate discriminating functions capable of providing the sign of
the minimum tangent plane distance within only few operations. It would be interesting to compare the
method against the three-phase bypass method.

Last but not least, the presented simulations could be improved using more accurate models. It is well
known that volumetric parameters and most of the derivatives properties are not modeled correctly based
on cubic equations of state. More suited equations of state could be used to perform simulations of steam

injection processes.



APPENDIX

Reduction variables

A Elements of the Jacobian matrix/partial derivatives for the re-

duced stability analysis

The partial derivatives required in (eq. 3.84) are (for o,y = 1,m)

oh h
S = Oay A Al
(5°) v, Q A
Ohq 1 Z
=—— | ha +2XQa— A2
(aQM ) Z.Qupnt B ( “ 7T> (4.2
(3’“”) _ (A.3)
6@7 Z,Q sty Qum
(eq. A.1 and eq. A.3) correct misprints in [Nichita and Graciaa [2011]].
) s~ 7| (+2)
=— |-2hyB-1+2Z (14— A4
(8QM 2.Qusnt B2 M T (A4)
<8h1\4+1> -0 (A.5)
8Q’Y Z,Quz~
8hM+1) 1
= A6
( 0Q m Z.Quint Z —-B (A.6)
and
Ohq 2XaQa
= A.
( 0z )Q T (A7)
8hM 1 A
=—(1-= A.
(5), =50 %) =
Ohpryr\ 1
( 07z )Q_ Z - B (A.9)
where 7 = (Z 4+ 81 B)(Z + 02 B). One can further substitute % = —1% — 1 in some of the above equations.

The partial derivatives of the compressibility factor (the phase index is dropped for simplicity) with
respect to the reduced variables are:

oz 0Z 0A
78@5 =94 —aQﬂ,ﬂ =1,m (A.10)
with
0A
205 sQp; B (A.11)
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07z OF OF
= = i A2
(), (), A
0z 0z OF OF
e =ov (o), ()., A
where F' is the implicit expression of the EoS (left-hand side of (eq. 1.71)) and
e (A.14)
0A) 4
OF 5
3B = (01 +062—1)Z* 4+ [2Bb162 — (01 +62)(2B+1)] Z — A— 6102(3B+2)B (A.15)
Z,A
and
OF 5 5
37 =3Z2"42[(61+02—1)B—1]Z+ A+06162B° — (01 +92)B(B+1) (A.16)
Q

B Minimization of the modified TPD function in the reduction

method

Michelsens modified TPD function

nc

D*(Y)=1-Yr+> Yi(nY; —Inz)+ Y Y;[neg;(Y) - Ingi(2)) (B.1)
=1 i=1

can be written as

D* = D;* + Dg* (B2)

where subscripts I and E denotes the ideal and excess terms, respectively.
Let us define the vector Q = (Q4, ..., Q,, Y7)T of modified reduction parameters, with elements
N¢
Qo= 0aiVi; a=1,M (B.3)
i=1
with @, = Y7Q,, since Y; = Yrx;, and

N¢o
Qr =Yr = ZQM+1,iYi (B.4)
i=1

The objective function Dx can also be written as

D*(Y,Q) = D;(Y) + Dx(Q) (B.5)
that is, D™ depends only on Y
nc nc
Dj(Y)=1-) Y+ Yi(InY; —Inz) (B.6)
i=1 i=1

and Dg* depends only on Q
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nc

Dy(Q) =Yr Y i[n¢:i(Y) —In¢i(2)] = Qurys [92(Q) — gr-(Q)] (B.7)

i=1
where the molar excess Gibbs free energy is a function of reduction parameters, that is, gg = gp(Q) =

gE (Q/QMH) =J9E (6)

The objective function D*(Y, Q) is minimized subject to the constraints

nc
qu-Yi -Q,=0a=1,M (B.8)
i=1
and
ZYi - @M+1 =0 (B.9)
i=1

The Lagrangian function is defined as

M nc nc
L(Y,Qh) =D*(Y,Q) - > ha (Z GoiYi — Qa> —hars <Zn - YT> (B.10)
a=1 =1 i=1

where h = (hy, ...,EM,EMH)T is the vector of Lagrange multipliers.

From the theory of constrained optimization it follows that

M M+1

aL) <8D}) Z— — — - .
= — haGai — hyp4+1 =InK; — Z hagai = 0;i=1,nc (B.11)
(81/; Q,Y;xi 8}/7’ QY a=1 a=1
since (%?j) =InY; —Inz =InK;, and
QY
L — Dy,
aQa Y7§5¢a aQa
On the other hand
M+1 — M+1
0D; Z 0D7 0Q), Z oDy .
= — = Qoi — 1 = 1,”0 (B13)
oYy,  £=0Q, 9Ys  F= T 0Q,
where we have used
Q. |
=g a=M+1i=1 B.14
8}/1 ch,v o + ? ? ’ ne ( )

from (eq. B.3, eq. B.4).

By identification, we obtain from (eq. B.11 and eq. B.13)

hosao=1,M +1 (B.15)
The partial derivative of the excess part of D* with respect to modified reduction parameters is

6DE LaDE - agE 6gEz

8@@ = YT aQa - aQa - aQa = ha(Q) _haz = hoz(Q);a = 1aM (B16)

from (eq. 3.59), and
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8DE u 99k al 9E- -
— = — gE, — E o + E a =h —h .=h B.17
5QM+1 9E — JE ~ Q 90, Q 9Q., M+1(Q) M+1, m+1(Q) ( )

a=1
M 5 M+1 M

because gg — 3. Qaggr = > Qaha — 3 Qaha = ha11(Q).
a=1 a=1 a=1

The gradient in the reduction method is (from eq. B.15 and eq. B.16, eq. B.17)

n_ 9D _oDj 9Dy
° T, Q. Q.

and the Newton iteration equation is

=he +he(Q)a=1,M+1 (B.18)

HRAQ = —gF (B.19)
The Hessian matrix in the reduction method is

R _ 895’ _ 9*D*

== =——0,0=1,M+1 (B.20)
70Q,  0Q,0Q,
or
HR = H} + HE (B.21)
The ideal part of the Hessian is
2 Ty* * 7,
[HPop = ob; _ 9 <8Df) = aﬁa;a,ﬂzl,Mﬂ (B.22)
0Q,0Q5  0Qz \0Q, Qg
and its excess part is
[HE] _O°Df a,B=1,M+1 (B.23)
Elaf = 7= = &P =1, .
9Q,0Qp
From (eq. B.22)
Ah=HFAQ and AQ=[H}| 'Ah (B.24)
and (eq. B.19) can be written as
(I+HBHY] HAh = oD (B.25)
Q
Using the chain rule, the inverse of H® is
Q 0Q JY 9olnK
Rt 29 _0Q 9Y OK paer (B.26)

~ oh OYOWmK oh

where % is given by (eq. B.14), agnyfi = U;; (from eq. 3.9 and eq. 3.12), and 6(};‘1? = Qia;1 = 1,nC;00 =

M + 1, from (eq. 3.95); finally [HE]! is

[H?];é = Z(Im‘ Zqﬁij;O‘vﬁ =1L, M+1 (B.27)
=1 =1

Independent variables h can be used instead of h for solving the system of equations (eq. B.25); the
gradients are the same, From (eq. 3.96) and hq = has — ho;a =1, M + 1

98 =ho(Q) —ha;a=1,M +1 (B.28)
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where h,(Q) are given by (eq. 3.54, eq. 3.55, eq. 3.56).

The results are identical with both variables, since Ah = Ah and the Hessian matrices with respect to h

and h are also identical.

(eq. B.28) are exactly the error equations (eq. 3.81) in the proposed method. Thus, the calculation

procedure is equivalent to a constrained minimization of the modified TPD function.

The formalism presented in this appendix is related to those presented by [Kaul and Thrasher [1996]] for
two-phase flash calculations and by [Firoozabadi and Pan [2002]]. In this work the modified TPD function
Dx is minimized with respect to Y and Q = (Q4, ..., @, Y7)T subject to constraints given by (eq. B.3,
eq. B.4), while in [Firoozabadi and Pan [2002]], the TPD function D is minimized with respect to N¢ — 1

independent mole fractions, subject to the constraints given by (eq. 3.47).

In the present formulation hjsy 1 is not dependent only of h,; « = 1,M (as in Refs. [Nichita and
Graciaa [2011], Firoozabadi and Pan [2002]]) but also on Y7

nc M
E]yprl =In YT —In [Z Zi €Xp (Z qaiha>‘| (B29)
a=1

i=1

thus it is treated as an independent variable.

C Equivalence of conventional and reduction stability methods

The gradient in the conventional method can be expressed as

oD* " opoq,

g; = =
aY; O; oQ,, oy;’

;1 =1,nc (C.1)

or, from (eq. B.14)

M+1 M+1

Z qqz D* Z qo&ga,l =1,nc (C2)

or further, in matrix form

The Hessian matrix in the conventional method can be expressed as

a2D* M+1 M+1 82D* M+1 M+1
Hi' = o - ot 5 ‘7 | = ]-7 C4
= avav, gq Z%w 70, azlq qu Moii g =1,nc (C4)
which in matrix form reads
H = CTHRC (C.5)

Equations (eq. C.3) and (eq. C.5) relate gradients and Hessian matrices in conventional and reduction

methods using the reduction matrix C.

Using (eq. C.3 and eq. C.5), the Newton iteration equation in the conventional method (eq. 3.3) can be

written as
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CTHRCAY = —CTgR (C.6)

or, using AY = U 'AInY (eq. 3.8) and AlnY = CTAh

CTHRCU 'CTAh = —CTgR (C.7)

On the other hand, the Newton iteration equation in the reduction method (eq. B.19 and eq. B.25) is

HRAQ = JRAh = g’ (C.8)
where the Jacobian matrix in the reduction method is

B) R
JR = agT = HR[HR]! (C.9)

Finally, combining (eq. C.7) with (eq. C.8, (eq. C.9 and eq. B.26) and putting Ah = Ah, one obtains

HR(CU'CT)Ah = HR[HF| 'Ah = JRAh = —g” (C.10)

that is, the Newton iteration equation in the reduction method is obtained directly from the Newton
iteration equation in the conventional method by some matrix algebra operations. This means that the
convergence path in the compositional space is related to the convergence path in the reduced space by
AlnY = CTAh; the number of iterations and Euclidean norms at each iteration level are the same in the

proposed reduction method and in the conventional method with In'Y as independent variables.

D Reduction flash as a constrained minimization problem

The formalism for a two-stage minimization of the Gibbs free energy was first established for zero BIPs
by [Kaul and Thrasher [1996]], and extended later by [Pan and Firoozabadi [2003]] to reduced flash with
non-zero BIPs using spectral decomposition. This Appendix follows the lines in [Pan and Firoozabadi [2003]],
showing the equivalence, in terms of independent variables, gradients and Hessians of the reduction method

of Nichita and Graciaa [Nichita and Graciaa [2011]] with a constrained minimization of the Gibbs free energy.

The dimensionless Gibbs free energy (the objective function) for a two-phase vapor-liquid system can be

expressed as

G=Gr+GEg (D.1)

where subscripts I and F denote ideal and excess terms, respectively. The two terms in (eq. D.1) are

Gy :Zniv lnyi—l—ZniLlnxi (DQ)
i=1 i=1
and
Grg=Vyev(Qv)+ Lge (Qu) (D.3)

where the molar excess Gibbs free energy of the phase k is gF (xkx) = Y. iy Tk In ¢ix(xxk), or, using
[Michelsen et al. [2013b], Rasmussen et al. [2006]]

M+1

gF Qi) = Y Qralia(Qu) (D.4)

a=1
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which depends only on the reduction parameters.

It is more convenient to use the modified reduction parameters Qy = (Qy/1, ..., Qv a5 V)T, with

nc

Qva=VQva= Z(Jmniv; a=1,M (D.5)
i=1
Qv =V = Z qM+1,MV (D.6)
=1
or
Qv = Cny (D.7)

Taking into account that n;;, = z; — niv, i = nik/>.; ik and Qra = (Qra —VQva) /L (with
QFa = Y 1o qai%), the objective function (eq. D.1) can be written as

G(nv,Qv) = Gi(nv) + Ge(Qv) (D.8)

that is, G; depends only on mole numbers and Gg only on modified reduction parameters.

If G is minimized subject to the constraints given by (eq. D.5, eq. D.6), the Lagrangian function is

M+1 nc
L(nv,Qv.h) = G(nv,Qv) - Z ha (Z ainiv —Qva> (D.9)

i=1

where h = (hq, ..., hM+1)T is the vector of Lagrange multipliers.

oL oG, "R
-0 = 5" hogos D.10
8nw = a’nvl- z:: 4 ( )
L
3 =0 = 9Ck + ha (D.11)
aC2Va aQVoz
MA+1
oL —
o =0 = Qua= > Gainvi (D.12)
@ a=1
Or,
;ii =In K; Vi=1,nc (D.13)
M+1
InK; = Z Gaiha;i = 1,nc (D.14)
a=1

which is exactly (eq. 3.61), which is the key equation in the reduction method of Nichita and Graciaa
[16]. The Lagrange multipliers can be expressed as [Kaul and Thrasher [1996], Pan and Firoozabadi [2003]].

Taking into account that nv(Qy,), using a chain rule,

M+1

— M1
0Gr _ > 0G1 9Qva _ > quGI =In K, (D.15)
onyi = 0Qy, Invi = 0Qy,

By identification with (eq. D.14),

oGy

a=1,M+1 (D.16)
aQVa

o« =
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The partial derivatives of G with respect to the modified reduction parameters are

0Gg _ 09E,v B 09k, L
8@‘/& 6QV@ aQLoz

=hva(Qv) — hra(Qu);a=1,M (D.17)

and

0GE

By — 9BV TYBL— ZQVa

8@ Z QLa 8gE L = hv,v+1(Qv) — hr,v+1(Qu) (D.18)

The equality of molar excess Gibbs free energy of a phase and its h-counterpart comes from

M

7)
9Bk — Z Qka gEk

M+1

M
Z Qkahka — Y Qrahra = hiari1(Q) (D.19)

a=1

Partial derivatives calculated from (eq. D.17 and eq. D.18) are simpler than those calculated in [Pan and
Firoozabadi [2003]].

The elements of the gradient vector in the reduction method are

R_ 0G _ 3G 0Gp

Jo = — = — =1,M+1 (D.20)
aQVoc 8QV0¢ 8CzVoz
or, from (eq. D.16, eq. D.17 and eq. D.18)
9% = ho + hva(Qv) — hra(Qu);a=1,M +1 (D.21)

which are exactly the error equations in the reduction method of [Nichita and Graciaa [2011]], see (eq. 3.68).

The Newton iteration equation in the reduction method is

HRAQy = —gP (D.22)
with the elements of the Hessian matrix
2 R
A Sy T Y (D.23)
IQva0Qvs  OQyp
Or
(Hf + HE) AQy = —g& (D.24)
The ideal part of the Hessian is
2
[HR].5 = 96 9 (aGI) Oha o, B=1,M+1 (D.25)
IQvaIQvs  IQyz \0Qy, Qv s
and its excess part is
2
B, = ¢ O ( 0Cr ) _ OwalQu) _ Ohial@u). 5y prig (D.26)
OQva0Qyvs  0Qys \0Qy, IQyp Qv s

From (eq. D.25)

Ah = HFEAQ,, (D.27)
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thus
AQv = [H}]'Ah (D.28)
Using (eq. D.28), (eq. D.24) becomes
(I+HRHP] HAh = —gP (D.29)
where the Jacobian matrix is
JR =14+ HRHP! (D.30)

The elements of the inverse matrix [HE]~! are (from eq. D.25)

-
[H)s = gh‘;“;a,ﬂ =1,M+1 (D.31)

and introducing (eq. D.26, eq. D.31) in (eq. D.30), the elements of the Jacobian matrix are

& (0hva(Qv)  Ohra(Qu) ) 9Qy, Ohve(Qv) OhLa(Qu)
5_5a5+2< 0, a0, Py =0up + oy oh, (D.32)

which are exactly those from the reduction method of [Nichita and Graciaa [2011]], see (eq. 3.69).

Therefore, from (eq. D.21 and eq. D.32), the reduction method of [Nichita and Graciaa [2011]] corresponds
to the constrained minimization of G’ with respect to Q and subject to the equality constraints given by (eq.
D.5, eq. D.6).

E Equivalence of conventional and reduction flash calculation meth-

ods

The equivalence of conventional and reduction flash calculation methods can be obtained in a similar manner
to that for stability analysis in [Nichita and Petitfrere [2013]].

The gradient in the conventional method can be expressed as

oG _Mil oG 0Qy.

gi = — ; i=1nc (E.1)
Ongv < 9Qy, Oniv

or, since Qv /0Ny = qai (from (eq. D.5 and eq. D.6))

M+1 PYe M+1
= ;1 =1,nc E.2
Z Qoi = ana az:l Q(mga (E.2)

or further, in matrix form

g= CTgR (ES)

The Hessian matrix in the conventional method can be expressed as

M+1 M+1 M+1 M+1
Hij = 16,5 =1,nc E4
g amvanjv QZ o Z i 50 00, aQVaaQV ; azl Gori Z a5 Hojgi 1,5 = (E.4)

which in matrix form reads
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H=C"H®C (E.5)

Equations (eq. E.3 and E.5) relate gradients and Hessian matrices in conventional and reduction methods
using the reduction matrix C. Introducing these two equations in the Newton iteration equation in the

conventional method (eq. 3.25) one obtains

CTHRCAny = —CTg® (E.6)

(eq. E.6) with CAny = AQy (from eq. D.7) can be obtained from the Newton iteration equation (eq.
D.22) by a simple transformation; therefore, if Qv are used as independent variables in the reduction method,
the convergence path is related to that of the conventional method using the variables nvy .

Now using Any = UT!AInK (from Eq. 5) and AInK = CTAh (from eq. 3.62), (eq. E.6) becomes

CTHRCU'CTAh = -CTg® (E.7)

On the other hand, the Newton iteration equation in the reduction method is

HRAQy = JRAh = —gR (E.8)
where the Jacobian matrix in the reduction method is (from eq. D.30)

og® _
IR = o HRHP] (E.9)

The inverse of Hy™ is

_ 0Qy 0Qy Ony 0lnK _
R1—1 _ o _ 1~T
[H]™ = oh  Ony 0lnK 0h =CcuC (E.10)

where 0Q,,/Ony = C and dln K/0h = CT are obtained by derivation in (eq. D.7) and (eq. 3.62),

respectively.

Finally, combining (eq. E.7, eq. E.8, eq. E.9, eq. E.10), one obtains

HR(cUu 'c?)Ah = HF[H}]'Ah = JRAh = —gR (E.11)

that is, the Newton iteration equation in the reduction method is obtained directly from the Newton
iteration equation in the conventional method by some matrix algebra operations. This means that the
convergence path in the compositional space is related to the convergence path in the reduced space by
AInK = CT Ah, that is, at each iteration level in the reduction method, In Ki(u) corresponding to h((;') are
the same as those in the conventional In K method. Thus, the number of iterations and Euclidean norms at

each iteration level are the same in the reduction method and in the conventional In X method.

F Link between reduction methods Q-red. and h-red. for phase
stability testing

The partial derivatives in (eq. 3.84) can also be expressed as

0ha(Q) <= 0ha [Q(x)] Dz,
Bhs =2~ G0 I = 1M+ (F.1)

i=1

Taking into account that [Nichita and Petitfrere [2013]]
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a.ﬁi
Owi o F.2
Dhy =" (Qs —g3:) (F.2)
the partial derivatives in (eq. F.1) reads
Oha o~ Oha Ohe,
ahg QB Z xz Z q,(izxz ; (F3)
The following equality holds
ong;  Oha o
90, ~ oz’ a=1,M;i=1,nc (F.4)
Since
81n @ Olng; Ohy ~~  Oh, ,
i—a=1,M;i=1,nc F.5
Z ohy 0Qa ; D9Qu (5)
And
Zah 86’27:%(14%' a=1,M;i=1,nc (F.6)
axl aer axl —~ Y aQ‘Y? ’ ’ Y .

Combining (eq. F.3) with (eq. F.4) and (eq. 3.73) and putting =; = Y;/Yr, one obtains

8h nc
ig F.7
Oy Qﬁ Z Bi50 (F.7)
and the elements of the Jacobian matrix J® are
JEs = bap — Oha _ 1 aBZYJrQBZ iqm o, f=1,M+1 (F.8)
af ahﬁ YT aQ ) &by )

By comparing (eq. ) with (eq. 3.74), the Jacobian matrices J®(its elements for o, 3 = 1, M) and JR~Q
are related by

TR = YiT [JR Q} . af=1,M (F.9)

G Pseudo-reduction methods for phase stability testing

The gradient vector in the pseudo-reduced method is [Michelsen et al. [2013Db]]

7 0D Oay; | B
Z Ja o O 1L,M+1 (G.1)
Or
g =Tg (G.2)
Where

80@ 2 80&1‘ 6111}/1
T O, Zedmy, oh, T o ThrT b (G:3)

or TT = U-1/2CT, or
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T =CU /2 (G.4)
The Hessian matrix is

H* = THTT (G.5)
and the Newton iteration H*Ah = —g* becomes

THTTAh = -Tg (G.6)

[Michelsen et al. [2013b]] used an approximation of the Hessian by neglecting g in (eq. G.5). Putting
g = 0in (eq. 3.17) relating Hessians H and H, from (eq. G.5) we have

H* = TU Y/?gUu-1/27T (G.7)
Or
H* = VHV” (G.8)
Where
V=Ccu'l=TUu /2 (G.9)

Using (eq. 3.16) relating gradients g and g, (eq. G.6) becomes

VHVTAh = —Vg (G.10)

Let us start now with the Newton iteration equation (eq. 3.3) for Y; as independent variables. Since
InY = CTAh

HU 'CTAh = —¢g (G.11)

By left-multiplying both members of (eq. G.11) with V = CU™ !, and taking into account that
U 'CT = VT, we get exactly (eq. G.10). Thus, Michelsens equation is the same as directly obtained from
the Newton equation with Y as independent variables. Note that for evaluating V no square roots are
required. Thus, Michelsens pseudo-reduced method for stability testing is approximate with respect to H

and exact with respect to H.

Finally, one can note that by left-multiplying (eq. 3.83) with [HR]™! the resulting linear system is
identical to that of Michelsen (starting from the conventional method), (eq. G.6), but obtained starting from
the reduced method. The coefficient matrix is symmetric, but the procedure is not efficient, since a matrix

product followed by a Cholesky factorization is slower than an LU factorization.

H Partial derivatives in the direct extension of Nichita and Gra-

cia[2011]’s reduction method

The partial derivatives

M

Oy~ 2= 0Q Ohay

oa,f=1,M+1;kp=1npp#R (H.1)

are required in the expression of the Jacobian matrix.
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Ohak ( Ohak ) <8hak > 07y,
aQ’Yk anyk Z1,Quetny, k 92y, Qx aQ"fk ! Y ( )

are calculated as in [Nichita and Graciaa [2011]] and

0Qvk  ~—~ Oz
Ohgp ; ! Ohgp
where
. . . P ;
Ozik _ (aw’k) OKip | 3 (am”“) Om 5\ M4+ 1:i=1ne (H.4)
ahﬂp asz 0 ah[jp m=1 aem Kahﬁp
m#R
and
OTik _ g, (64 — Kuuby):kop = Lnp, k # R (H.5)
0K,
Ox;ir .
K. = it (H.6)
OLik _ Ko (Kiy —1) ik = 1np,k £ R (H.7)
a0,
QUi _ 4 (Kiy— 1)1k = 1,np, k £ R (HL8)
a0,
Ohgsp
Zi
d; = Fii= 1,nc (H.10)

From the Rachford-Rice equations

np
m=1 9O, K,0s2m ahﬂp ahﬁp 0
m#R
Or o6
S(—=) =%, :B=1,M+1;p=1,npp#R H.12
(E)h>ﬂp (£7) 5,58 p=1,np;p# (H.12)

This implies the resolution of (M + 1) x (np — 1) linear systems of dimensionality (np — 1) x (np—1). The
matrix S is-evaluated and decomposed once, than only back substitutions are required for the RHS vectors

IRy, o ORy, s
R p— - . R — _ . A .
(fk )Bp (3hﬂp>9 - ;qa’ <8ln Kip)g orpQpr — Op ;:1 Qi Ti RWik (H.13)

I Gradient vector in multiphase reduction

The elements of the gradient vector in the reduction method are

e 0G 0G| dGp
9l = o= = = =
8Qak aQ(xk aQak

Differentiating G;(n) = G7(Q(n))) with respect to ny gives

ja=1,M+1 (I.1)
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0G; K 0G; 0Q,, N G,
a - Z — - Z — Qoi (12)
Nik a—1 aQ(xk} anik a—1 8QO¢/€

On the other hand, combining (eq. 3.122) and (eq. 3.124) gives

M+1

oG -
L Z Gaihar;t=1,nc;k =1, np;k # R (1.3)
a=1

Qnik

From (eq. 1.2) and (eq. 1.3) the relation between Lagrange multipliers and the partial derivative of with
respect to the modified reduction parameters follows
— 0GT

o = Ly = 1 M+ 1 (1.4)
aQak

The partial derivatives of Gg with respect to the modified reduction parameters are

0Gg _ O9pr O9e.R.

—— = — sa=1,M L5
8Qak aQak aQaR ( )
From (eq. D.4)
agE’k =har;ao=1,M;k=1,np (16)
Introducing (eq. 1.6) into (eq. 1.5) gives
oG
= = hap — hagia =1, M (1.7)
6Qak

For a« = M + 1 the derivatives of G are

M M
0GE 0GE 99Ek 99E,R
— = =gk — YE,R — Qok 7 + Qar (I.8)
Qi1 O az::l OQak ;::1 OQar
Since, using (eq. D.4) and (eq. 1.6)
M 9g M+1 M
Bk _ _
9Bk — ; Qak 0 az::l Qarhar — O; Qarhak = har1k (I.9)
and from (eq. 1.8) and (eq. 1.9)
0GEg
——— =hyy1k — hm4a,R (1.10)
OQnri1,k
Introducing (eq. 1.4, eq. 1.7 and eq. 1.10) in (eq. I.1), the expression of the gradient is
R oG -
Jop = —=— =hakt + hak —har=0a=1, M+ L;k=1,np;k # R (I.11)
BQak
J Elements of the Hessian matrix in multiphase reduction
The ideal part of the Hessian is (using eq. 1.4)
2 h,
P aQakaQﬁp aQﬁp aQak aQﬁp

and its excess part is
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9*Gg 0 <5GE ) _ Ohar(Qi) — 9har(Qr).

HE = = — ad ad o, B=1,M+1
(HE)ap ko 9Q,:0Qs, 9Qs, \0Qu 9Q4, 9Q5,

The inverse of the ideal part of the Hessian matrix needs to be calculated The block kp is

o 0Q 0Q, Onx 0lnK _
HR 1_ 7](): k 7P:CU lcT
H7 oh, Onkx 0lnK, oh, P
where from (eq. 3.117)
0Qy,
—= =C; M+1
ol s [(M+1) xnd
from (eq. 3.108)
0lnK, T
i e x (M +1)
and from (eq. 3.37)
O _ -1, [ne X ne
OlmK, kP’

and finally the elements of [H f],:pl (for the block kp) are

([Hﬂil)aw,kp - Z i qu‘ (Uigl)kp; *f=1M+1

i=1 =1

The matrix [HF]~! has the block structure

[H?]Ill T [H?]]:'}Lc C 0 (U71)11 (Uil)l,nc CT 0
HfLL o Bid..) N0 ¢ \(UT),, (U ene/ \ O c

The off diagonal blocks are zero because

0Qq .
@ b Skplajia =1, M +1;5 = 1,nc;k,p = 1,np; k,p # R
piag
3njp
o0ln K; .
= b Skpapi B=1,M +1;i = Lnc;k,p = 1,np; k,p # R
p4p
Ohg,

For the particular case of two-phase equilibrium

9 9 nc
[Hﬁ]_gl e (5 ZQaiqmui +Sa55> i, B=1,M+1

S :
=1

Where

nc nc T y
s:l—E Us; So = E Qi Wi U; =

‘ ‘ Z;

=1 =1

The elements of the excess part of the Hessian are

_ Ohar Ohar _ Okp Ohay

1 Ohar
HR - _ — .
( E)aB,kp aQﬁp aQﬁp 91@ 8Q6k

0r 9Qpr’

a,B=1,M

(J.2)

(J.4)

(J.11)

(J.12)

(J.13)
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Ohar  Oh K oh 1 U oh
R _ ak aR kp ak aR | _
(HE)a,M+1,kp - 89p 90 , = Z "7y %;QvRaQ»yR’a_ 1, M (J.14)
Oharirke  Ohmyrr _ Okp Ohariak 1 Ohmyir
HE =Tk 2T —£ + — B=1,M J.15
( E)M-i—l,ﬁ,kp aQﬁp aQﬁp 0r  0Qar 0r 0Qsn i ( )
Ohpyry1e Ohnyir 5k Ohnryi,k Ohnry1,R
R _ +1, +1L,R _ Ckp +1, 11,
(HE)M+1,M+1,kp 00, - 00, Z Qvp—Fmy 9Q-, iy Z Qvr— 9Q-n (J.16)
Because
R — R . _
(HE)a7M+1,kp - (HE)M_;'_Lﬁkp,aaﬁ - laM (Jl?)

(eq. J.15) is used since there are no summations involved.
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Semi-continuous description of

mixture composition

K Computation of the o, and [

The orthogonal polynomial obeys a three-term recurrence relation given by the following formula:

Drt1(x) = (& — an)pn(z) — Bupn—1(x),n =0,1,... (K.1)

With p_1(z) =0, po(z) = 1 and

o <pna JJ‘pn>
O ) (K-2)
_ <pn7pn>
Bn = ot t) (K.3)

Where (, ) is the inner product. For a standard Gaussian quadrature, the coefficients «.,, 8, are given.
However, if arbitrary weight functions are used, one needs to calculate these coefficients; the calculation

procedure follows the method of [Gautschi [1994]]. Inner products have to be calculated as

b
(u,v) = /u(a:)v(x)W(x)da: (K.4)

First, the interval [a, b] (corresponding to [Imin, Imax]) is decomposed in a finite number of subintervals:

suppw C U:’;l [ai,b;],m > 1, giving

b

m b;
/ u(to(OW ()t = Y / w(t) ()W (£)dt (K.5)

a

The integral in the right hand side of K.5 is approximated by a classical quadrature rule (the Fejr
quadrature is used, [Gautschi [1994]]).

b; N,
/ u(tyoO)W ()dt = Y wpu(@r)v(@n;) (K.6)

where N; is the number of quadrature points used to discrete the inner product, and K.5 becomes

b m Ni

/ (oW Rt~ 33 wp ol (K.7)

a i=1r=1

o and BY¢ can then be calculated from

212
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m N,‘
JtWt)dt >SS wewe
a(])\fi _ ab _ i=1 T:1Ni (KS)
[W(t)dt 0
b m N;
5 = [wnde =YY . (K.9)
i=1r=1

From here, two different methods have been implemented: The first one is the the Stieljes procedure, based
on the direct computation of akN i and ﬁ,iv i from the recurrence (A1l); it can give bad condition numbers for
large n(greater than 12 [Press et al. [1992]]). The second method is based on the Lanczos algorithm [Lanczos
[1950]]. It ensures a good condition number for any value of n. For a symmetric matrix A, there exists a
similarity transformation QTAQ = T3. Given the matrix A, the Lanczos algorithm allows to compute the
matrices Q and Ty which satisfy this relation. For the computed nodes z,; and weights w, ; coming from
the Fejer quadrature, [Gautschi [1994]] showed that there exists a matrix QT which satisfies

1 oT 1 Jw 1 0 | 1 V/Boner (K.10)
0 Qf vwoo A 0T Qi | | Bones T '

T . . .
Where w = (,/wll, WLy ey A/ WLy ooy o /U)Ni,m) , diag(A) = (11, T12,- - ., T21, - TN;.m) and T is a tri-

diagonal matrix [Golub and Welsch [1969]] which comes from the recursive relation (eq. K.1) (see Appendix E).

Calling the symmetric matrix

A= (K.11)

Jw A

the Lanczos algorithm will compute the matrices Q and Ts. Therefore, it will compute the desired osz ‘

and ,Bév

1 \/v*vT]

[Golub and Welsch [1969]] showed that _lim «j ' = oy, and N hlﬁ B = By.. The procedures start with
i—+00

Nj—+oco

a small NV; and N; is increased until the convergence over ay and Sy is obtained (that is, ](CN") - B,iNi_l) <

Eﬁl(cNi), k = 0,n — 1); usually convergence is achieved in few iterations.

L. Calculation of quadrature nodes and weights

Once the coefficients of the polynomials are found, the roots of the polynomial given by K.1 need to be
calculated.[Golub and Welsch [1969]] replace the problem of computing the zeros of orthogonal polynomial

with the equivalent eigenvalue problem. The recursive relation can be written in matrix form as

P =TP +p,en_1 (K.1)

where, P(z) = (po(2), .., pn—1(2))", en—1 = (0,...,0,1)7, and T is a tri-diagonal matrix with elements
Tii :ai;i = O,n— 1, Ti77;+1 = l,i = 0,71—2 and Tifl’i :ﬁ“’b = 2,’17,— 1.

By using a diagonal matrix D with Doy = 1 and D;; = /B;;i = 1,n — 1, the problem can be trans-
formed into solving the eigenvalues and eigenvectors of the Jacobi matrix J = D~1TD. The elements of
the matrix J are J;; = o3¢ = 0,n — 1, and J; ;41 = v/Bi,i = 0,n — 2. The matrices T and J have the

same spectrum and eigenvectors, since they are related by a similarity transformation. The matrix J is
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symmetric tri-diagonal, and finding all its eigenvalues and eigenvectors is relatively efficient [Press et al. [1992]].

Moreover, [Wilf [1962]] showed that if v; is an eigenvector corresponding to the eigenvalue x;, normalized

so that vTv = 1, then the corresponding weight is
w; = ,uovil (K.2)
where v;; is the first component of v; and
b
o :/W(:C)dx (K.3)
a
The calculation procedure can be further speeded, since only the first element of each eigenvector is

required in calculations. It is very important to notice that the function f does not appears in the calculation

of the discrete weights and abscissas.
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