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Chapitre 1

Introduction

Au cours des trois dernieres décennies, le dédmrdserves de brut conventionnel a conduit

au développement de plusieurs méthodes de produadiaptées aux bruts lourds.

Le procédé SAGD (Steam Assisted Gravity Drainagejbiné avec la technologie des puits
horizontaux est certainement un des concepts Ige iphportant développé en ingénierie de
réservoir pour exploiter les huiles lourdes desegients canadiens. Deux puits horizontaux
paralleles sont forés dans la partie basse du nésier La vapeur est injectée par le puits
supérieur et I'huile est produite par le puits mé@r. La vapeur injectée accroit la
température dans le matériau immeédiatement en cgrilaidisant et mettant en mouvement
le bitume. La différence de densité entre la vagdlihuile lourde permet a cette derniére de
s'écouler par gravité vers le puits inférieur. Lapeur chaude remplace I'huile déplacée et
vient de nouveau en contact avec la formation &oida chambre de vapeur croit ainsi au

cours de I'exploitation, verticalement et horizdetaent

Les profils de production, donc de rentabilité dAGD, peuvent étre estimés a partir de
simulations prenant en compte les écoulements pasiques de fluides a I'échelle du
réservoir. Dans ce type d'approche, le couplageechs effets mécaniques induits par les
variations de température et de pression et leppétés d'écoulement du milieu est rarement
pris en compte, alors que I'on sait que ces effgsaniques sont particulierement importants

pour ce type de réservoir et avec ce mode de ptmuc

L'analyse du procédé SAGD peut étre effectuée ibpaat soit des modeles de réservoirs
conventionnel soit des modéles couplés géomécarggaevoir. Le modéle géomécanique
offre un cadre rigoureux pour lI'analyse mécaniquegis ne permet pas une description
complete des fluides. Le modele de réservoir domeebonne description des phases fluides,

mais la description des phénoménes géomécaniquealas simplifiée. Pour satisfaire
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I'ensemble des équations, équilibre mécanique eatéms de diffusivité, deux simulateurs
peuvent étre utilisés ensemble de facon séquenti€hacun des simulateurs résout son
propre systeme de facon indépendante, et l'infaongtasse entre les simulateurs dans les

deux sens. Cette technique est généralement adpel&gime partiellement couplé.

Au cours de cette thése, la modélisation coupléarth-hydro-mécanique du procédé SAGD
a été effectuée a l'aide du simulateur de rése®aimaFlow, et du simulateur géomécanique
Abaqus. La méthodologie proposée pour simuler deduié SAGD a été appliquée sur un cas
synthétique mais réaliste, appelé Senlac, situéCanada. De plus, certaines études sur
I'impact de la stratégie de couplage et de la géaméur les résultats de la modélisation

couplée ont été réalisées.

Cette thése commence par I'énoncé du problemesedaligtions possibles pour résoudre une

simulation couplée réservoir géomécanique.

Le chapitre 2 présente un examen des défis quelage®duction des huiles lourdes et du
bitume. Il fait lI'inventaire des méthodes de récapén utilisées ou en projets et montre leurs

avantages et inconvénients ainsi que leur impacteavironnement

Le chapitre 3 contient d'abord une présentationaléechnique SAGD. qui est basée sur le
développement de la chambre de vapeur selon le l;nalde Butler. Les mécanismes de
transfert de fluides et de chaleur sont présera#si que I'impact de l'injection de vapeur sur
les équilibres géomécaniques et leurs conséquesicesrme de déformation des couches
d'une part et en terme de modification de la petni#é d'autre part. . Par la suite, ce
chapitre aborde les simulations numériques possilde la technique SAGD. Enfin, deux
exemples réels sont donnés qui illustrent I'imporeéade la géomécanique dans le processus
SAGD.

Le but du chapitre 4 est d'expliquer un modélertiteehydro-mécanique et de son application
dans le cas de la récupération du pétrole SAGDnttgues lourdes. Ce chapitre commence
par une description générale du probléme de THMptd@vec une interaction des phases
fluides et un milieu poreux, déformant. Ensuitprésente deux simulateurs utilisés lors de ce
travail, PumaFlow simulateur de réservoir et Abadassimulateur géomécaniques. Dans
I'étape suivante, les hypothéses appliquées siamlifet les équations de réservoir-

géomeécanique couplé sont décrits. Dans la derng&@ion de ce chapitre, le simulateur




externe couplé, nommé PUMA2ABA, développé danmeailtest présenté, dans lequel les

approches de couplage appliquée et le module dplage sont détaillées.

Dans le chapitre 5, la méthodologie proposée ponnuter le procédé SAGD est présenté.
Dans la premiere section de ce chapitre une étumeat synthétigue nommé «Senlac» est
présentée. Ce cas de test est construit sur la Bdas@servoir «Senlac 'huile lourde qui est
classé comme un réservoir profond. Dans la deuxgsugon du sens unique et des méthodes
de couplage explicite sont appliquées sur Senla da test. L'influence du nombre de
périodes de couplage en approche de couplage éepbst étudiée. Puis une comparaison
entre les résultats obtenus par la simple et ekplides méthodes de couplage est fait. Dans
la troisiéme section, afin de réduire le temps dlew une méthode de couplage améliorée en
utilisant deux grilles systéme est présentée. Gagifroche de couplage qui est basé sur la
méthode d'approximation diffuse est appliqguée suixdlifférentes études de cas synthétique.
D'abord, il est testé sur des cas de test Senlatagea différent (maillage) dans le réservoir
et le modele géomécanique. La deuxieme étude destasnstruite sur la base de réservoir
d’huile lourde ‘Hangingstone’ qui est un réservgieu profond comparant a Senlac. Une
méthode itérative couplage avec deux systéemes illies grst appliqguée sur les cas de test

Hangingstone. Les résultats et les temps d'exécdeocalcul sont présentés et compareés.

Enfin le chapitre 6 examine les conclusions efplespectives pour les travaux futurs sur ce

sujet.







Chapter 1

Introduction

1.1. Problem Statement

Over the past three decades, the decline in res@fveonventional crude oil has led to the
development of several methods in order to enhaihcecovery for heavy oil deposits.
Globally, heavy oil accounts for approximately 500%hydrocarbon volume in place (Ehlig-
Economides et al., 2000). Oil sand is a mixturebibddimen, sand, water and clay, which
contains heavy oil. There exist sixteen major aiflds deposits all over the world. As a matter
of fact, the two largest are the Athabasca oil sandNorthern Alberta and the Orionco-River
deposit in Venezuela. By comparison, the Athabasicaands alone cover an area of more
than 42000 km?2, in which oil storage is more thktha known reserves in Saudi Arabia.

It is found that only one sixth of over 1.7 trilidoarrels of heavy oil are recoverable with
current technologies. These technologies includeingj thermal recovery, cold production
and etc. which are discussed in chapter 2. Mininly onakes economic and engineering
sense when the depth of overburden is less tham &Bometres. Hence, only about 10 — 20
% of the oil sands can be mined. As a result, regoef the remaining 80 — 90 % of the oll
sands depends on the so-called thermal-recovegegsowhich basically depends on using
energy to produce energy. In order to begin to rsepdhe heavy oil from the sand, oil sands
deposits have to be heated to lower the viscoditth® heavy oil. One of these thermal-
recovery methods is the Steam Assisted Gravityriage (SAGD) process which appears
tremendously successful, especially for bitumen.GBAprocess involves drilling two
horizontal wells one above the other. The top weelised to introduce hot steam into the oil
sands. As the heavy oil thins and separates, graaiises it to collect in the second parallel
well where it can be pumped to the surface forhertprocessing. Even though the injector

well and producer can be very close, the mechamt8AGD causes a growing steam-




saturated zone, known as the steam chamber, tonéxgeadually and eventually allow
drainage from a very large volume.

The success of steam assisted gravity drainagebéas demonstrated by both field and
numerical simulation studies.

The prediction of SAGD performance by numerical \dation is an integral component in
the design and management of a SAGD project. Cdiovext reservoir modelling approach
computes multiphase flow in porous media but gdlyedmes not take the geomechanical
effects into account. Unfortunately, this assumptonot valid for oil sand material, because
of their high sensitivity on pore pressure and terajure variations.

Traditionally, more emphasis has been given toestie flow problem alone by assuming a
constant state of stress (total stress) in theesysind by incorporating a time-invariant rock
compressibility term into account for the completechanical response of the system.
Conventional simulators neglect the interaction aofreservoir with its overburden and
sideburden and implicitly assume equivalence ofemasr conditions with laboratory
conditions under which the rock compressibility waseasured. This results in an
oversimplification of the physics governing fluidé and geomechanics interactions [21].

In the SAGD process, continuous steam injectionngba reservoir pore pressure and
temperature, which can increase or decrease thetie# stress in the reservoir. Indeed, oil
sand material (skeleton and pores) strains indhe@ges in the fluid flow-related reservoir
parameters. This is obviously a coupled problenerétore, coupled reservoir geomechanical
simulations are required.

In SAGD process, reservoir geomechanics analysisnserned with the simultaneous study
of fluid flow and the mechanical response of thsereoir. Quantification of the state of
deformation and stress in the reservoir is esdéiatighe correct prediction of a number of
processes, such as recovery from compaction draegr flooding, surface subsidence, seal
integrity, hydro fracturing, sand production andIi@lure. This is particularly important for
the correct prediction of oil recovery and for tberrect interpretation of 4D seismic to
quantify the steam chamber growth since the seisvaite velocity depends on temperature,
fluid pressure and saturations, but also on tharstand stress state of the reservoir and
overburden.

The classical treatment of deformation of the nesiethrough the rock compressibility is far
from adequate, and the mechanical problem needsetancorporated rigorously in the

reservoir model.
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Theoretical and practical difficulties have prewhtcoupled geomechanical models from
being used routinely in oil and gas reservoir satiah studies. Some of these challenges are
the complex mechanical behaviour of geomateridig® $trong coupling between the
mechanical and fluid flow problems, and the fadttthe reservoir models become very
computationally intensive. As a result, the moadelliof coupled flow and geomechanics is
relatively new to the oil industry.

Analysis of SAGD process can be performed usingeeitonventional reservoir models or
coupled geomechanics-reservoir models. The geomeatamodel offers a rigorous
mechanical framework, but doesn’t permit a comptiscription of the fluids. The reservoir
model gives a good description of the fluid phases,the description of the geomechanical
phenomenon is then simplified. To satisfy the $etquations, as mechanical equilibrium and
diffusivity equations, two simulators can be usegether sequentially. Each of the simulators
solves its own system independently, and inforrmap@asses between simulators in both
directions. This technique is usually referredne partially coupled scheme.

In this study, SAGD numerical modeling is conductesithg PumaFlow reservoir simulator,
and Abaqus as the geomechanical simulator. Theveseand geomechanical simulations
show that the classical treatment of deformation tleé reservoir through the rock
compressibility is far from adequate, and the cotieeal reservoir theory is not a rigorous
framework to represent the evolution of high poroagk strains during the SAGD process; so
the mechanical problem needs to be incorporatedaigly in the reservoir model. Therefore
we introduce a geomechanics-reservoir partiallypbeii approach, which permits to perform
a better simulation of SAGD process.

The objective of this study was to show the impareaof taking into account the role of
geomechanics, in SAGD numerical modelling; andrtaviole a better description of the rock
contribution to fluid flows in SAGD process numeatisimulation.

During this PhD thesis, the SAGD coupled thermorbymechanical modelling is conducted
using PumaFlow reservoir simulator, and Abaqus.nThiee proposed methodology to
simulate the SAGD process is applied on a synthmticrealistic case study, called Senlac,
located in Canada. Also, some sensitivity studiesth®e impact of coupling strategy and
geometry on the results of coupled modelling haaentdone.

Next step of this project at IFPEN is to apply theupled methodology on a real
heterogeneous case. Irrespective of the time aayiphiethod being used, and considering the
size and heterogeneity of this case study, apmitatf developed coupled methodology on a

real case is a very time-consuming job. So, thélpro related to large computer memory
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requirement and longue CPU running time shouldabert into account. This is because a
geomechanics simulator normally solves a much tangenber of unknowns per gridblock

than a reservoir simulator does. If the same (¢damt) grid is used for both simulators, a
full-field coupled problem requires significantlyonre CPU time and memory than the run
without coupled geomechanics calculations, whictkesathe coupled runs unattractive. In
order to overcome this challenge, the idea of usingservoir/geomechanics separate-grid
system to reduce the coupled simulation run timas wroposed by M. Tijani. With this

approach, geomechanics grid or reservoir grid @arefined or coarsened in different regions
independently according to the scale of variousspay processes of interest. Using this
technique in SAGD coupled simulation, the numbege@dmechanics gridblocks can be much
smaller than the number of reservoir gridblocksuléng in a much reduced CPU time and

memory requirement for a coupled run.

1.2. Organisation of the report

This dissertation starts with the problem statenserd the motivational statements on the
significance of development and solving a SAGD dedpreservoir geomechanical

simulation.

Chapter 2 presents a review of the challenges afyheil production from reservoir and fluid
characterization to mobilisation into the wellbork. summarizes the "Enhanced Oil
Recovery" methods and their suitable applicatioseca hen it explains the advantage of
using SAGD method. It reviews the most importanavyeoil projects in the world, the

mining projects and in situ production projects.

Chapter 3 contains mostly a review on SAGD, the BASocess issues, the elements of
success, mechanics of SAGD like steam chambemreghanism, steam fingering theory,
co-current and counter-current displacement, efficdsion, residual oil saturation in steam
chamber, heat transfer and distribution throughmstehamber and the analytical model of
Butler. Then it reviews the effects of reservoiogerties on SAGD performance, like
porosity, thickness, gas saturation, permeabilfgcosity, wettability and heterogeneity.
Then it contains a review on SAGD operation, thetsip procedure, length, spacing and
placement of horizontal wells, steam tarp contnadh pressure and low pressure SAGD and
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steam chamber monitoring. In the next part of dmapter the SAGD numerical simulation;
the different scheme of coupling and the recentkwar reservoir-geomechanical coupled

simulations are presented.

The purpose of chapter 4 is to explain a thermadwdechanical model and its application

in the case of SAGD thermal heavy oil recoverysidhapter starts with a general description
of coupled THM problem with interaction of fluid abes and a deforming porous medium.
Then it presents two simulators used during thiskwBumaFlow the reservoir simulator and
Abaqus the geomechanical simulator. In the next, dtee applied simplifying assumptions

and the reservoir-geomechanics coupled equatianglescribed. In the last section of this
chapter, the external coupled simulator, named PRABA, developed in this work is

presented, in which the applied coupling approaamessthe coupling module are detailed.

In chapter 5, the proposed methodology to simulageSAGD process is presented. In first
section of this chapter a synthetic case study dai®enlac’ is presented. This test case is
constructed based on ‘Senlac’ heavy oil reservdiicivis classified as a deep reservoir. In
second section the one-way and explicit couplinghioas are applied on Senlac test case.
The influence of the number of coupling periodseiplicit coupling approach is studied.
Then a comparison between the results obtainedhbyn@y and explicit coupling methods is
done. In third section in order to reduce the comajan time an enhanced coupling method
using two-grid system is presented. This couplipgpraach which is based on diffuse
approximation method is applied on two differenmtégetic case studies. First it is tested on
Senlac test case with different gridding (mesh)sizeeservoir and geomechanical model.
The second case study is constructed based on ih{gtgne’ heavy oil reservoir which is a
shallow reservoir comparing to Senlac. An iterateepling method with two-grid system is
applied on Hangingstone test case. The resultstt@omputation run time are presented
and compared.

Finally chapter 6 discusses the conclusions andptrepectives for future work on this

subject.
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Chapitre 2

Les défis des huiles lourdes

Les huiles lourdes, extra lourdes et le bitume sdat pétroles non conventionnels
caractérisés par leur densité élevée et leur forseosité. La densité du brut est caractérisée
par sa densité dite APl (American Petroleum Ingt)fu mesurée en degrés et calculée en
utilisant la formule Densité API = (141,5/S.G.) 3115. Le brut léger a une densité API
supérieure a 31.1°, le brut moyen a une densitépeise entre 22.3° et 31.1° et le pétrole
lourd a une densité inférieure a 22.3°. Le pétrdbaird classiqgue de la région de

Lloydminster, en Alberta, a une densité API quiezantre 9° et 18°.

Le bitume est un pétrole qui ne coule pas et qued pas étre pompé sans étre chauffé ou
dilué, il a généralement une densité API inférieard0°. Le bitume recueilli a partir des
dépobts de sables bitumineux de la région d’AthabascCanada a une densité API d’environ
8.

Géographiquement, on trouve du pétrole lourd parttans le monde, mais c’est au Canada,
au Venezuela (Ceinture de I'Orénoque) et dans i&ame Union Soviétiqgue gu’on trouve la
plus grande quantité des réserves. On évalue &'6l&0nombre de barils de pétrole que
représentent les réserves de bruts lourds. Towteibise peut que les réserves soient
beaucoup plus abondantes en réalité, car les chamgssont généralement pas bien

documentés a moins qu'ils se révelent économiqueriadries dans la conjoncture actuelle.

Les bruts non conventionnels du Canada sont prateipent des bitumes, tandis qu’'au
Vénézuéla ce sont essentiellement des huiles ®uode des huiles extra-lourdes. Les
gisements bitumineux d'Alberta sont les plus ingrast du monde, Les dépdts bitumineux
sont presque entiérement situés dans trois régmnipales de la province d'Alberta:

Athabasca, Cold Lake et Peace Rive, situés a latilne de I'Alberta et du Saskatchewan,

aux environs de la ville de Lloydminster. Les dés&t situent a des profondeurs croissantes

15




vers le Sud-ouest: 300 m dans la région d'Athaha4@@ m dans celle de Cold Lake et enfin
500 m dans celle de Peace River.

La vaste majorité des réserves bitumineuses d'Agtbest contenue dans des sables peu
consolidés du Crétacé Inférieur mais aussi dans clrbonates paléozoiques Dévoniens.
Pour l'instant, seuls les réservoirs de sables roineux sont en cours d’exploitation. Le
bitume hébergé au sein des réservoirs carbonatést rpas encore exploité. Au total, les
champs s’étendent sur pres de 141 000 kilometreseale Nord oeuest de I'Alberta
contient d'importantes réserves de bitume enfotrgs profondément et leur exploitation ne
serait pas économiquement viable a I'heure actu@kdon le Alberta Energy and Utilities
Board, les réserves établies de bitume brut repr@sent environ 174,5 milliards de barils

au 31 décembre 2003, dont 10,8 milliards se troudans des régions en exploitation.

Comment produit-on les sables bitumineux et lesutdourds?

Méthodes conventionnelles

Le brut lourd peut parfois étre produit a l'aide ameéthodes conventionnelles telles que
forages verticaux, pompage et maintien de pressiontefois, comparativement aux autres

méthodes plus sophistiquées, celles-ci se révgletit inefficaces.

Les forages horizontaux sont plus efficaces camiugmentent la longueur de la partie du
trou de sonde en contact avec le gisement. Le éoxagl tubing permet d’accroitre la
rentabilité du puits, mais la densité et la vistésiu pétrole sont toujours des facteurs

contraignants.

Production froide du pétrole lourd avec productiate sable

La production simultanée d'huile lourde et de sablggmente la productivité de facon
significative. Les puits qui ne produisaient aupamat que 20 barils par jour (trois metres
cubes par jour) produisent avec cette techniques ple 200 barils par jour (30 meétres cubes
par jour) grace au sable qui est soutiré en ménmepte que I'huile grace a des pompes a
cavité progressive. Le sable est ensuite sépaftéuiée par gravité en chauffant le mélange

dans des grandes cuves
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Cette technologie, mise au point au Canada sentigenir particulierement aux gisements
de pétrole ou de grandes quantités de gaz sonbutiss, mais les mécanismes de production
ne sont pas encore pleinement compris. A I'heureiedle, environ 22 pour cent de la

production quotidienne de pétrole au Canada estaste cette méthode.
Exploitation miniére

Lorsque le sable bitumineux n'est pas trés prof¢geB0 m) on peut procéder a son

exploitation a partir de la surface. |1l faut d’afwbraser la forét pour enlever la terre de

surface et la stocker pour éventuellement la risatillors de la remise en état du terrain. Par
la suite, on creuse et enleve le mort terrain, yadptteindre les sables bitumineux qu’on
extrait de mines a ciel ouvert. Tout ce procédéeffsictué a I'aide de camions et de grues
colossales. Des excavateurs a godets et des camgogecourroie permettent de transporter

le sable bitumineux brut vers les installations tdgitement se trouvant sur le site. La

récupération atteint un pourcentage de 88 a 95%. €3time que prés de 38% de la
production d'huile du Canada viendra de I'expladat miniere des sables bitumineux en
2015.

Récupération thermique in situ

Pour les sables bitumineux comme pour le pétraledioon utilise souvent de la vapeur pour
faciliter la production. La vapeur permet de ligieéfle bitume et de le rendre plus mobile.
On peut également utiliser la vapeur pour créeu-é&argir - des chenaux et des fissures ou

le pétrole liquéfié peut s’écouler.

La technologie in situ actuelle recourt a des chatgs alimentées au gaz naturel pour
générer de la vapeur. Ce procédeé utilise beaucoepud(jusqu’a trois metres cubes pour

chaque métre cube de bitume produit) mais plusOdeo8ir cent de cette eau est recyclée.

Les techniques de production actuelles permettentédupérer de 25 a 60 pour cent (et
méme plus) du bitume se trouvant dans le gisenllestagit d’'un taux de récupération

sensiblement plus élevé que la plupart des puitgéti®le brut |éger classique.

Les deux meilleures méthodes de récupération sostirhulation cyclique par vapeur et le

drainage par gravité au moyen de la vapeur (SAGD).
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Stimulation cyclique par vapeurle procédé consiste d’'abord a injecter de |pear
pendant une a trois semaines dans la formation.ldsse ensuite « inbiber » le
gisement plusieurs jours, pour ensuite faire placda production, au cours de
laquelle le pétrole est produit par les mémes pait$a vapeur a été injectée. Lorsque
le taux de production diminue, un autre cycle @daotjon de vapeur est commencé. La
vapeur a haute pression a non seulement pour @éfdiquéfier le bitume, mais elle

crée des chenaux et des fissures dans lesqudtsihegbpeut s’écouler jusqu’au puits.

Le drainage par gravité (SAGD)consiste en l'aménagement de deux puits
horizontaux paralléles I'un au-dessus l'autre égudans la partie basse du réservoir.
De la vapeur est injectée sans arrét dans le mufrieur, amollissant le bitume qui

est drainé dans le puits inférieur. Le bitumeerstuite pompé vers la surface.

Méthodes expérimentales
Extraction a la vapeur (VAPEX)

Les sociétés évaluent actuellement une variantprdoédé SAGD appelée extraction a la
vapeur (VAPEX) qui utilise du gaz naturel tels tjgthane, le propane ou le butane au lieu
de la vapeur. Des méthodes hybrides vapeur-sohsoit également en cours de
développement. Tout comme la technique de SAGDmeéodes peuvent étre employées en
ayant recours a des forages horizontaux, ou unebamaison de forages verticaux et

horizontaux.
Combustion in situ

La combustion in situ est une méthode de réecumgrakpérimentale qui consiste a injecter
de I'oxygene dans la formation productrice. Cetgexye est brilé avec une partie du bitume
pour augmenter la température du pétrole et luinpettre de s’écouler plus facilement vers

un puits de production.

Le procédé THAI (Toe-to Heel Air injection) utilides puits de production horizontaux a la
base du réservoir jumelés avec des puits vertickinjection d'air forés a la pointe des puits

horizontaux. De la vapeur est injectée a travers peits verticaux et horizontaux pendant
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deux a trois mois pour chauffer le réservoir pre&s guits. Lorsque le pétrole / bitume lourd
atteint la température et la mobilité requise, @érlest injecté dans la formation par les puits

verticaux. Comme l'air atteint une roche chaufféamorce une réaction de combustion.

Lorsque l'air est injecté dans la formation, unrft@e combustion vertical se déplace le long
du puits horizontal (de I'extrémité au coude dedurction) balayant ainsi le réservoir.

Les hautes températures (450°C-650°C) produites|pdront de combustion in situ vont
provoquer, d'une part, la valorisation des bitunpas craguage thermique, et d'autre part, un
effet de flux force, qui couplé a la gravité, veoywquer le drainage des hydrocarbures

jusqu'au puits de production horizontaux.
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Chapter 2
Heavy Oil Challenges

Today, heavy crude oils appear to be major playerthe outlook for the future of world
energy. As far as resources are concerned, theimerepresents as much as all resources of
conventional oils. However, due to detrimental mmbjes (mainly viscosity), their
exploitation, including production, transport amugrading, requires adaptation of the current
means of the petroleum industry and, more impdstaactive development of innovative
technologies.

This chapter reviews the definition of heavy oiktra heavy oil and bitumen. Then it
summarizes the characteristics and the formatiothe@de unconventional resources. In next
step, the different recovery methods and the ahgdle faced by the heavy crude oil industry
are presented. The diagram in Figure 2.1 illussréide major factors that will influence the
pace of heavy oil recovery development. This chaplso explains the unconventional
worldwide resources and the recovery methods appire each region. Finally the
environmental issues related to heavy oil recovag presented. Among these issues, the
problem relative to the gas emissions, climate ghand input energy, which are potentially

higher than for conventional oils, must be addrésse

Fig. 2.1: Challenges of Heavy Oil Recovery
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2.1. Definitions

Heavy oil, extra-heavy oil, and bitumen are uncaiemal, naturally-occurring petroleum
substances and their definition is based on twoonapt physical properties; their high
specific gravity and high viscosity.

In the petroleum industry, for the purposes of pimg a commercial value for crude oils,
specific gravity is expressed as a scale definetheyAmerican Petroleum Institute: the "API
gravity" or "API degree". The API gravity is a ditecalculation from the specific gravity:

API gravity = (141.5/Specific gravity) — 131.5

Specific gravity and API gravity evolve in opposii@ections; thus, the smaller the API
gravity, the heavier the fluid is. This equatiorecual to 10 when the oil exhibits the specific
gravity of pure water, which is given as 1.

According to the American Petroleum Institute, eliéint types of oil are defined:

- Light crude oil, which has an API gravity greatlean 31.1° API, i.e. specific gravity
less than 0.87. For example, North Sea Brentighé ¢rude oil with 38° API gravity.

- Medium crude oil, defined as having an API graigtween 22.3° and 31.1° API, i.e.
specific gravity between 0.87 and 0.92.

- Heavy crude oil, displays an API gravity less tih3° API, i.e. specific gravity
greater than 0.92.

The distinction between bitumen and extra-heavyisoilot a matter of gravity or chemical

composition, but of viscosity: bitumen is more wsgs than extra-heavy oil at reservoir
pressure and temperature. Note that there areugadiefinitions of heavy crude, depending on
the source used. According to the Canadian CerftrEnergy, heavy crude oil is itself

classified into different categories based on degravity and viscosity at reservoir

conditions:

- Heavy oil, the API gravity is greater than 10; viscosity is less than 10000 cp
(mPa.s) and it flows at reservoir pressure and ézatpre.

- Extra-heavy oil, the API gravity is less than 1@ dhe in situ level of viscosity is less
than 10000 cp (mPa.s), which means that it has gooislity at reservoir pressure
and temperature.

- Natural bitumen, often associated with sands, dswl r@ferred to as tar sands (which

is not scientifically correct) or oil sands, in whithe API gravity is less than 10 and
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the in situ viscosity is greater than 10000 cp (mRand it is virtually immobile at
reservoir pressure and temperature.
According to the definition of the World Petrole@ongress (1980) and the United Nations
through UNITAR (1982), Conventional oils are chaeaized by an API gravity higher than
20°; Heavy oils are defined as oils having an ARIvgy in the range of 10° - 20°; Extra
heavy oils and natural bitumen display an API gsalawer than 10°.
Heavy oil promises to play a major role in the fetof the oil industry, and many countries
are moving now to increase their production, reveserves estimates, test new technologies
and invest in infrastructure to ensure that theawuy oil resources are not left behind.
This chapter describes how heavy hydrocarbon depast formed and how they are being

produced.

2.2. Oil Sands and Bitumen Characteristics

The oil sands deposits are composed primarily drtgusand, silt and clay, water and
bitumen, along with minor amounts of other mineralscluding titanium, zirconium,
tourmaline and pyrite. Although there can be cogrsille variation, a typical composition
would be:

- 75 to 80 percent inorganic material, with thigrgmnic portion comprised of 90 percent
guartz sand;

- 3 to 5 percent water; and,

- 10 to 12 percent bitumen, with bitumen saturatrarying between zero and 18 percent by
weight.

The oil sands are generally unconsolidated and guite friable and crumble easily in the
hand.

The bitumen contained in the oil sands is charedr by high densities, very high
viscosities, high metal concentrations and a hajiorof carbon-to-hydrogen molecules in
comparison with conventional crude oils. With a slgnrange of 970 to 1015 kg/m3 (8 to
14°API), and a viscosity at room temperature tylhrcgreater than 50000 cp, bitumen is a
thick, black, tar-like substance that pours extigrawly.

Bitumen is deficient in hydrogen, when comparedhwigpical crude oils, which contain
approximately 14 percent hydrogen. Therefore, tkend an acceptable feedstock for
conventional refineries, it must be upgraded thiotig addition of hydrogen or the rejection
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of carbon. In order to transport bitumen to refiegrequipped to process it, bitumen must be
blended with diluents, traditionally condensatemieet pipeline specifications for density and

viscosity.

2.3. Formation of Vast Resources

Of the world 6 to 9 trillion barrels of heavy angtra heavy oil and bitumen, the largest
accumulations occur in similar geological settinfjleese are supergiant, shallow deposits
trapped on the flanks of foreland basins. Forelbasins are huge depressions formed by
downwarping of the Earth's crust during mountaitiding. Marine sediments in the basin
become source rock for hydrocarbons that migradipumto sediments eroded from the
newly built mountains. The new sediments often Ise#lling caprocks. In these shallow, cool
sediments, the hydrocarbon is biodegraded.

Biodegradation is the main cause of the formatibheavy oil. Over geological time scales,
microorganisms degrade light and medium hydrocabproducing methane and enriched
heavy hydrocarbons. The effect of biodegradatiotoigause oxidation of oil, decreasing
gas/oil ratio (GOR) and increasing density, aciditiscosity and sulphur and other metal
content. Through biodegradation, oils also loségaificant fraction of their original mass.
Other mechanisms, such as water washing and preag®hation, contribute to the formation
of heavy olil, separating light ends from heavylil physical rather than biological means.
Optimal conditions for microbial degradation of lhgdarbons occur in petroleum reservoirs
at temperature less than 80°C; the process isftinereestricted to the shallow reservoirs,
down to about 4 km.

The largest known individual petroleum accumulatisnthe Orinoco heavy oil belt in
Venezuela with 1.2 trillion barrels of extra heagy with 6° to 12 ° API gravity. The
combined extra heavy oil accumulations in the westéanada basin in Alberta total 1.7
trillion barrels. The sources of these oils are camnpletely understood, but it is agreed in
both cases that they derive from severely biodeggtadarine oils. The 5.3 trillion barrels in
all the deposits of western Canada and eastern2defeerepresent the degraded remains of
what was probably once 18 trillion barrels of ligiis.

In any depositional environment, the right comhboratof water, temperature and microbes
can cause degradation and formation of heavy ail.nfats occur in many reservoirs near the

oil/water contacts, where conditions are conductivenicrobial activity. The depositional
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environment, the original oil composition, the dsgrto which it has been degraded, the
influx of , or charging with, lighter oils and tHenal pressure and temperature conditions

make every heavy oil reservoir unique, and alheih require different methods of recovery.

2.4. Heavy Oil Worldwide Resources

Heavy crude oil is difficult to exploit, but its kone is so significant that this fact alone
justifies its interest. Due to its geographicaldtbon and the size of its resources, heavy crude
oil development constitutes a major economic anergn challenge. In the current
environment where the spectre of peak oil is onasent, heavy crude exploitation will help
to offset the decline in worldwide production ofneentional oil. Its development on a large
scale requires that several technical challengesdie

There are huge, well-known resources of heavyeaiira-heavy oil, and bitumen in Canada,
Venezuela, Russia, the USA and many other countfiee International Energy Agency
(IEA) estimates that there are 6 trillion (6.*3)0barrels in place worldwide; with 2.5 in
Western Canada, 1.5 inVenezuela, 1 inRussia, @@0Qo 0.18 in the United States. Heavy
oil and bitumen resources in Western Canada anttited States could provide stable and

secure sources of oil for the United States. Mbst@se resources are currently untapped.

Canada

Canada is the largest supplier of crude oil anisheef products to the United States, supplying
about 20% of total U.S. imports. In 2006, bitumeoduction averaged 1.25 million barrels
per day through 81 oil sands projects, representiii@o of total Canadian petroleum
production. This proportion is expected to incre@seoming decades as bitumen production
grows while conventional oil production declines/fGof Alberta,2008].

Most of the oil sands of Canada are located iretimajor deposits in northern Alberta. These
are the Athabasca-Wabiskaw oil sands of north thneastern Alberta, the ColdLake deposits
of east north eastern Alberta, and the Peace Riposits of north western Alberta (Figure
2.2). Together they cover over 140,000 square letoes, an area larger than England, and
hold proven reserves of 1.75 trillion barrels ofubien in place. About 10% of this, or
173 billion barrels, is estimated by the governmehilberta to be recoverable at current
prices using current technology, which amounts#& ©f Canadian oil reserves and 75% of

total North American petroleum reserves [Gvt. obdita,2008]. The ColdLake deposits
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extend across the Alberta's eastern border intkaSdsewan. In addition to the Alberta oil
sands, there are major oil sands deposits on Neeligland in the Canadian Arctic islands
which are unlikely to see commercial productionhe future.

The Alberta oil sand deposits contain at least &8 %ne world's reserves of natural bitumen
(representing 40% of the combined crude bitumenextich-heavy crude oil reserves in the
world), but are the only bitumen deposits conceettaenough to be economically
recoverable for conversion to synthetic crude dilcarrent prices. The largest bitumen
deposit, containing about 80% of the Alberta totald the only one suitable for surface
mining, is the Athabasca Oil Sands along the AtkedRiver. The mineable area (as defined
by the Alberta government) includes 37 townshipgecmg about 3,400 square kilometres
near Fort McMurray. The smaller ColdLake depositsimportant because some of the oil is
fluid enough to be extracted by conventional meshddl three Alberta areas are suitable for
production using in-situ methods such as cycliastestimulation (CSS) and steam assisted
gravity drainage (SAGD).

Venezuela

Located in eastern Venezuela, north of the OrinogaRthe Orinoco oil Belt vies with the
Canadian oil sand for largest known accumulatiohitefmen in the world. Venezuela prefers
to call its oil sands "extra heavy oil", and altgbuhe distinction is somewhat academic, the
extra heavy crude oil deposit of the Orinoco Befiresent nearly 90% of the known global
reserves of extra heavy crude oil, and nearly 45%e combined crude bitumen and extra-
heavy crude oil reserves in the world.

Bitumen and extra-heavy oil are closely relatedesypf petroleum, differing only in the
degree by which they have been degraded from igaal crude oil by bacteria and erosion.
The Venezuelan deposits are less degraded tha@ahadian deposits and are at a higher
temperature (over 50 degrees Celsius versus frgdpinnorthern Canada), making them
easier to extract by conventional techniques.
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Fig. 2.2:AlbertaQil Sand deposits - Canada
(Source: Alberta Department of Energy)
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Fig. 2.3: Orinoco Qil Belt, EastVenezuelaBasinProvince

Although Venezuela's extra-heavy oil is easierrtmipce than Canada's bitumen, it is still too
heavy to transport by pipeline or process in norreéiheries. Lacking access to first-world
capital and technological prowess, Venezuela haveen able to design and build the kind
of upgraders and heavy oil refineries that Canads. n the early 1980s the state oil
company, PDVSA, developed a method of using theaéxtavy oil resources by emulsifying
it with water (70% extra-heavy oil, 30% water) i@ it to flow in pipelines. The resulting
product, called Orimulsion, can be burned in bsiles a replacement for coal and heavy fuel
oil with only minor modifications. Unfortunatelyhe fuel’s high sulphur content and
emission of particulates make it difficult to medatcreasingly strict international
environmental regulations.

However, Venezuela's oil sands crude productionchvisometimes wasn't counted in its
total, has increased from 125,000 bbl/d to 500801 between 2001 and 2006. [Fox
M,2006]

28




USA

In the United States, oil sands resources are pfin@oncentrated in Eastern Utah. With a
total of 32 billion barrels of oil (known and pote) in eight major deposits in the Utah
counties of Carbon, Garfield, Grand, Uintah and WayCurrently, oil is not produced from
oil sands on a significant commercial level in theited States, although the U.S. imports
twenty percent of its oil and refined products fr@anada, and over fifty percent of Canadian
oil production is from oil sands. In addition toifg much smaller than the Alberta Canada
oil sands deposits, the U.S. oil sands are hydbocawet, whereas the Canadian oil sands are
water wet. As a result of this difference, extracttechniques for the Utah oil sands will be
different than those used for the Alberta oil samiisconsiderable amount of research has
been done in the quest for commercially viable pobidn technology to be employed in the
development of the Utah oil sands. A special camcethe relatively arid climate of eastern
Utah, as a large amount of water may be requiredsbge processing techniques
[BLM,2008].Section 526 of the Energy Independenasd ASecurity Act prohibits United
States government agencies from buying oil producgdprocesses that produce more

greenhouse gas emissions than would traditionableeim including oil sands [Kosich,2008].

Other countries

Several other countries hold oil sands depositchviare smaller by orders of magnitude.
Russia holds oil sands in two main regions [Rigza0@6]. The Volga-Urals basins (in and
around Tatarstan), which is an important but vegture province in terms of conventional
oil, holds large amounts of oil sands in a shalflomnation. Exploitation has not gone beyond
pilot stage yet. Other, less known, deposits aratéd in eastern Siberia.

In the Republic of Congo, the Italian oil comparny Bave announced in May 2008 a project
to develop the small oil sands deposit in orderptoduce 40,000 barrels per day in
2014.[Eni,2008] Reserves are estimated betweear@ 2.5 billion barrels.

In Madagascar, Tsimiroro and Bemolanga are two yedwsands deposits with a pilot well
already producing small amounts of oil in Tsimir@md larger scale exploitation in the early

planning phase. [Rigzone, 2007]
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Fig. 2.4: Green River Formation Basins in Colorado, Utah, \Ahadming-USA

2.5. Heavy Oil Recovery Methods

Nowadays exploration technology is of minor impod®, since large resources have already
been discovered, but optimizing production techgglis important. Because heavy oil, extra-
heavy oil, and bitumen do not flow readily in masservoirs, they require specialized
production methods.

Any heavy oil operator faces decisions on how teett®p their assets. An analysis must be
done to classify the different hydrocarbon resosifme production method. A prioritization is
then made based on financial, marketing and enwiemtal considerations to develop a
production strategy. In all cases, proper resersfo@racterization, modelling, simulation and
pilot studies must be carried out. Canada, Venezwahd the United States are leading

producers of these unconventional oils.
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In this part, the various methods currently usegrmduce heavy crude oils are presented.
These methods depend on several parameters:

- Reservoir characteristics like depth, thicknessipierature, type of rock, permeability
and degree of complexity linked to the sedimentplaj the reservoir and its
geological history.

- Whether an aquifer is present or not.

- Crude oil characteristics, including viscosity kiéd to the geological history of fluids
and thermodynamic conditions.

Production techniques for heavy crude oils aresdiasl into three major categories, based
first on reservoir depth, and then on whether tinel€ oil can be produced by pumping alone
or needs the use of thermally or chemically assisteovery methods.

Very shallow oil sands can be mined. It meanswhien the reservoir depth is less than 70-80
m and there is no pressure in the reservoir, miekigaction of the oil-impregnated rock is
generally used; this is followed by rock-bitumemamtion. In Canada, open-pit mining of
shallow oil sands provides approximately 50% ofrth@on’s heavy oil production.
Conventional production is used when possible aoti@mical, at least in the initial phase of
heavy oil production. This is referred to as coldoduction. When reservoirs are
unconsolidated, which is generally the case regylfrom their low compaction due to
limited burial during the geological history, pradus complete the wells with special
equipment to avoid the production of sand comimgnfithe reservoir itself. However, it has
been observed, particularly in Canada, that cont@mhiproduction of sand in some cases
significantly increased the heavy oil recovery raf@is process is called CHOPS (Cold
Heavy Oil Production with Sand).

Even when it is possible, cold production only aofor the recovery of a very limited
portion of the oil in place, rarely more than 10Bwe to the high viscosity of crude oil,
techniques have been developed which aim to redwoke oil viscosity in order to increase
its ability to flow and be produced. These includehniques for injecting steam, solvent or
air, which are described in detail in this parte$é techniques are constantly evolving. Thus,
the development of horizontal wells has enabled seflnemes for producing heavy oils and

even bitumen.
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2.5.1. Mining

Oil mining was first observed and recorded in tl¢hlcentury by Marco Polo. Today, the
technique is used at a large scale mostly in Canatiare it accounts for 22% of the
country’s oil production. Canadian oil sands awered by truck and shovel operations; the
overburden is stripped, and the oil sands are mittezh transported to processing plants
where warm water separates bitumen from sand. Thenén is diluted with lighter
hydrocarbons and upgraded to form synthetic crudé\fier mining the land is refilled and
reclaimed. An advantage of the method is that adbvers about 80% of the hydrocarbon.
However, only approximately 20% of the reservesthmse down to about 75 m can be
accessed from the surface. It is estimated thalyn88% of Canada’s oil production will
come from oil sands mining by 2015. With provedergss of 35.2 billion barrels of oll,
mineable oil sands represent slightly less thaal téigerian crude oil reserves and 50% more
than total US crude oil reserves. These resen@svithin an area of 3,400 Kmalong the

AthabascaRiver north of the city of Fort McMurrayriorthern Alberta in Canada.

MINING - EXTRACTION
tree clearing
—— bitumen
overburden N == truck & shovel froth to

slurry treatment

crusher & cyclofeeder

, tailings ; ;

tailings oil
recovery

MFT & CT sand tatlr s settling
containment storage basir 5
apue®

water recycling
TAILINGS MANAGEMENT

Fig. 2.5: Major Mining Based Recovery Steps
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2.5.2. Cold Production

This part describes the three most commonly usdtiads to recover heavy and extra heavy
oil at reservoir temperature. The first methodinspty pumping in vertical wells. The second
method is linked to the development of horizontallwechnology which is now a proven and
efficient technique to produce heavy and extra healv It is also widely used, regardless of
oil type. As its name indicates, a third technigealled CHOPS for Cold Heavy OiIl
Production with Sands, favours sand productionniwreiase the productivity of the well,
followed by oil production.

2.5.2.1. Cold Production using Conventional Wells
Regardless of whether it is light or heavy, sevet&ysical phenomena occur when oil is
withdrawn from a reservoir:

1) Pressure falls and oil expands.

2) Dissolved gas comes out of solution as soon akuhble point is reached.

3) Dissolved gas flows to the wells but can also farsecondary gas cap.

4) If water is present below the oil pay, it can dlsav quite rapidly to the wells.

5) Compaction of the reservoir rock is promoted, idodg a reduction of the pore

volume.

The production mechanism associated with the tiivet phenomena is commonly referred to
as solution-gas drive. The three others are destrés gas-cap drive, water drive and
compaction drive, respectively.
In heavy oil reservoirs, water drive or gas drive mot favourable since the mobility of water
or gas is too high as compared to the mobilityibfldwus the displacement efficiency is poor.
On the contrary, compaction drive can have a hogeact on primary recovery of heavy oils.
This is especially true when the reservoir is laagd not very deep.
For many decades, most heavy oil reservoirs inf@ala, Venezuela, Russia, etc. were
produced through primary production using vertigalls until an economic limit was
reached. In the 1960s, steam stimulation or flogpaas used to improve oil recovery in these
reservoirs. In 1990s, the implementation of hortabmvells also allowed cold production to

be used to product most heavy oil reservoirs.
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2.5.2.2. Cold Production Using Horizontal Wells
Horizontal wells (Figure 2.6)are differentiatedrfraconventional wells by their larger area of
contact within the reservoir. Therefore, using honital wells reduces the near-wellbore
pressure drop that is characteristic of conventigadical wells. This is particularly true for
very thin reservoirs (a few meters thick) whereoazontal well can stay in the pay zone for
the several hundred meters of its length, whilemaventional vertical well will be completed
only through the thickness of the reservaoir.
The advantages of horizontal wells as comparednoaentional wells are:

1) Increased production rates due to higher produgtivi

2) Accelerated oil recovery due to these higher rates.

3) Increased oil recovery per well since very oftea dtonomic limit for producing a
well is a minimum oil rate which is reached latathaa horizontal well than with a
vertical one.

The success of horizontal wells remained consisterde the first field-scale applications.
The explosive increase in the number of horizomglls drilled in many countries over the
last two decades is remarkable. Improvements Ihndyitechnology have led to lateral length
of several kilometres with a toe placement accutaayithin a few meters.

Now "advanced wells", are also available. "Advanceells” refers to wells that have
complex geometries and architectures (Figure 2.6).

Advanced wells may be considered as a new toohétoolbox of reservoir engineers.
Instead of developing new methods to move theooihe wellbore, the wellbore can now be
cost-effectively taken to the oil by drilling as nyalaterals as necessary to access trapped oil.
In this respect, advanced wells may be consideseéralOR (Improved Oil Recovery)

technique.

2.5.2.3. Cold Heavy Oil Production with Sands (CHOB)
In heavy oil reservoirs, promoting sand to enterlellbore along with fluids has resulted in
significant improvements in production by factofsl® or more. [Renard G et al., 2000]. This
technique is called CHOPS (Cold Heavy Oil Productth Sands) and has found numerous
applications, mainly in Canada.
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Stacked multibranch well Dual opposing laterals Re-entry laterals from a
vertical well

Cluster well Multidrain or multilateral well 3D Well

Fig. 2.6: Multilateral Well Architectures Made Possible
by the Advent of Horizontal Well Technology

Four mechanisms are thought to be responsiblehiersurprising oil rate enhancement in
CHOPS wells [Dusseault M, 2002]:

1) Fluid flow rate is increased if the sand matgxallowed to move because the Darcy
velocity relative to the solid matrix increaseshwimatrix movement.

2) As sand is produced from the reservoir, a zdrenbanced permeability is generated and
grows outward, allowing a greater fluid flux to tellbore.

3) In a highly viscous oil, a pressure drop beldwe bubble point pressure leads to gas
trapping and the generation of a “foamy oil” zonkish is supposed to generate continuing
sand destabilization and drive solids and fluidsaal the wellbore.

4) Solids movement in the near-wellbore environmsimhinates fines trapping, asphaltene
deposition, or scale development on the formatiatrinoutside the casing. At the same time
a large amount of sand is produced.

Voluntary sand production has been made possiblénéyse of Progressive Cavity Pumps
(PCP). In fact, this type of pump allows for theguction of effluents containing significant
fraction of solids. Sand production is significaatt the start of well production, possibly
reaching 30 to 50% of the initial flow rate (by uoie). It then gradually decreases and
stabilizes at a few percent after several monthsn@ative sand production reaches several
hundred — and sometimes several thousand — culiersnafter several years of production.
The cause-effect relationship between sand pramluand improved oil productivity and
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production is now understood in poorly consolidatedvy oil reservoirs in Canada [Renard
G et al., 2000]: sand production drives the fororatof zones of increased permeability
around the wells, but the geometry of these higimpability zones has not yet been

determined well.

2.5.3. Enhanced Oil Recovery Methods

As indicated in the previous chapter, primary pioiun of heavy and extra-heavy oils is
generally limited to a few percent of Original @il Place (OOIP). Therefore, increasing their
recovery efficiently and economically, via the implentation of specific enhanced processes,
is required. The following sections describe thestrgalient characteristics of thermal and
chemical “Enhanced Oil Recovery” processes apgdbigdperators to increase recovery of
heavy and extra-heavy oils, as well as new teclesiguich as SAGD (Steam Assisted Gravity

Drainage) designed to recover bitumen.

2.5.3.1. Hot Fluid Injection

As indicated in Figure 2.7, high to very high visitgp of heavy oil or bitumen sharply
decreases with temperature. As a general rulef@nd given increase in temperature, the
more viscous the oil, the more significant its osity decrease. Heat injection into the
reservoir via the injection of hot fluids, hot wateteam or hydrocarbon solvent is therefore
one of the most widely applied techniques to dessresl viscosity in situ and allow for better
oil flow towards production wells ([Prats M, 1988urger J et al., 1985];[Baviere M et al.,
1991];[Sarathi PS and Olsen DK, 1992]). Reductiboibviscosity is not the only effect of
hot fluid injection. However, as indicated in Figu2.8, viscosity reduction by heat injection
is largely predominant for heavy oils.

Hot fluid injection can be performed by various huts, the details of which are described in

the following sections.
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Hot water Injection

There has been some economic success for hot leatérfg, the most significant being at
the Schoonebeek field in the Netherlands wherevisitosity at reservoir conditions is
moderate. However, hot water has lower heat coriteart steam as the transformation of
water to steam requires energy - known as lateat hevhich can then be released into the
reservoir as the steam condenses in order to nfficeeietly heat the reservoir and the fluids
it contains. Furthermore, field applications of kaiter flooding have been plagued by shale
swelling, severe channeling and high water-to-ailios, generally implying low sweep
efficiency. It has also been observed that theduagioil level that can be achieved with a
steam flood is markedly lower than that found witbt water flood — even at the same
temperature. Therefore, it seems that poor recog#igiency makes waterflooding of very
viscous crudes uneconomical even if hot water elusor these reasons, steam injection is
preferred to water injection and hot water floodisgmore widely applied as a follow-up
treatment to steamflooding.

Cyclic Steam Stimulation (CSS)
Steam soak - another term that is frequently usedyiclic steam stimulation (CSS) or “Huff
& Puff” - was discovered as a promising productmoethod rather accidentally in 1959 by
Shell [Giusti LE, 1974] in Venezuela during eartgam drive testing in the Mene Grande Tar
Sands (Figure 2.9). When steam erupted at thecgudiae to breakdown of the overburden,
the injection wells were back flowed to relieve theervoir pressure. This resulted in high oil
production rates, all the more impressive sincerdservoir was unproducible by primary
means.
It was concluded that injection of limited amouatssteam might be a very effective method
for stimulating production of heavy-oil wells.
Following this finding, there was very rapid growth the use of steam stimulation,
particularly in several reservoirs in CaliforniaelQ River, Midway Sunset, South Belridge,
San Ardo, etc, where steamflooding was used intehsafterwards.
In the CSS process, several cycles are performéaeisame well, successively injector and
producer. Each cycle consists of:

An injection period - generally lasting one to #amgeeks - during which a slug of steam

is injected into the reservoir layer.

A soaking period of a few days during which thelMsekhut in to allow heat transfer from

the condensing steam to the in situ fluids and.rock
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Finally, a production period allowing the well tow back naturally and then be pumped.
Production usually lasts from half a year to onaryger cycle. It ends when an economic
limit is reached for the oil-steam ratio or OSR,iethis the ratio between the volume of
oil produced and the volume of steam injected.
Usually, after two to three cycles, subsequentasylecome less effective. It is important to
note that the economic limit is field-dependent.
When cyclic steam injection is used, the injeciwessure is usually limited during the steam
injection period to prevent formation fracturingngerial Oil has implemented the cyclic
steam stimulation process to produce bitumen inCitddLake field in Canada. Injection
pressure is intentionally above fracturing presgarallow steam and hot water to penetrate
deeper into the reservoir. This development stanti¢idl small-scale pilots in the early 1960s
and has continued to large field scale, with curl@tumen production in excess of 80,000
barrels per day.
Cyclic steam has been tested in horizontal wellsamy reservoirs, but results have not been

conclusive.

Continuous Steam Injection

Continuous steam injection - also known as steardflar steam drive - is a process in which
steam is continuously injected into one or prefeadly several wells and oil is driven to
separate production wells. Due to the presence ainalensable gas phase, the behavior of
steam drive is very different from the behaviorwgdter injection. The presence of the gas
phase causes distillation of the light componeritshe oil and their movement forward
toward the cold part of the reservoir. When thasteondenses, these light components do
likewise, thus generating a “solvent” bank at tbadensation front. Of course, oil viscosity is
reduced by the temperature increase, and oil niphgi improved. Very low values of

residual oil saturations(5%) have been reported in some field cases.
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Steam Assisted Gravity Drainage (SAGD)

Butler (1981) presented an analytical model forea morizontal steamflood technique, the
steam assisted gravity drainage (SAGD) method. SAsehbined with horizontal well
technology is certainly one of the most importammeepts developed in reservoir engineering
in the last two decades. Gravity drainage in itsetfot new. However, its use to unlock heavy
oil and bitumen reserves to profitable recovery was so obvious. Butler proposed using
gravitational forces assisted by steam to movetmia production well. The geometry of
SAGD, in its general form, is quite simple (Figitel1l). This procedure relies on drilled
horizontal well pairs. The well pairs are drilledrtzontal, parallel and vertically aligned with
each other; their length and vertical separati@enaar the order of 1 kilometre and 5 meters,
respectively. In SAGD the growth of the steam zamesignificantly affected by gravity
drainage of the oil to the horizontal producer,tsat the steam zone has the shape of an
inverted triangle in a cross sectional view. Instimodel oil drains down to the production

well along the sides of the steam zone.

Steam Injection
Well

Fig. 2.11: Schematic of SAGD recovery process
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Following the initial trial done in the 1980s aethiTF site (near Fort McMurray in Canada)
from underground mines [Edmunds N, 1999], SAGD firas used experimentally with wells
drilled from the surface in the East Senlac fieid 1995 [Chakrabarty C et al., 1998].
Currently, several field-scale implementations AGD are currently underway in Canada.

This recovery method will be explained and discdseealetails in chapter 3.

2.5.3.2. In Situ Combustion
In situ is the literal Latin term for “in place”.hErefore, In Situ Combustion (ISC) is simply
the burning of fuel where it exists, i.e. in thaeersoir. The term ISC is applied to recovery
processes in which air, or more generally an oxygw®rtaining gas, is injected into a
reservoir, where it reacts with organic hydrocasbacting as fuels. The heat generated is
then used to help recover unburned crude (thedaially burned is not the crude oil but
rather the carbon-rich residue resulting from theraracking and distillation of the residual
crude near the combustion front).
With ISC, heat losses are concentrated at thdrbré. ISC features thus have the potential to
be more efficient and economical than the useeazmst although energy must be provided to
compress the air. This energy is much lower thamt tequired for steam generation.
Moreover, the process does not require water amavias lower CQ emissions

2.5.3.3. Technologies in Development

There are several technologies in research, dewaop or pilot phase which are not yet
commercial.

Polymer Injection

Waterflooding of heavy oils is often plagued by peaeep efficiency due to the severe
contrast in water and oil viscosities. To alleviatrereduce this problem, a polymer must
sometimes be added to the water in order to makerié viscous.

Polymer injection is thus usually envisioned asE@R process for which the mobility ratio
between the displacing fluid (polymer solution) adidplaced fluid (oil) is close to 1 (the
mobility of both fluids are defined as the ratio thieir effective permeability k to their
viscosity 1). Thus, polymer injection has been ggapln reservoirs in which oil viscosity is
generally less than roughly 100 cp, the genera llng that displacing much more viscous
oil would require higher-viscosity polymer solutiamd thus high injection pressure (higher

than the reservoir fracturing pressure). The prodsssensitive to temperature (polymer
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degrades at high temperatures) and water salimityh(salinity reduces the polymer’s
viscosifying effect and thus has an impact on peaconomics). High permeability is also
required in order to obtain sufficient injectivityr the viscous polymer solution.

With the advent of horizontal wells, it is likelpdt the polymer injection process could be
applied in a more viscous oil reservoir where staajaction is not feasible (e.g. thin
reservoirs). Recently, several pilot tests of paynfloods have been performed in the
PelicanLake field [Zaitoun A et al., 1998] in Canaghere the oil viscosity is roughly 1,600
cp under reservoir conditions at a depth of abdd@ /. Several parallel injection and
production horizontal wells have been drilled atymer solution injected below fracturing
pressure. Excellent results have been obtainedts Hetter than simple waterflooding in this
reservoir [CNRL, 2007]. One reason for the sucadsthis pilot test probably involves the
very low effective relative permeability of the goler solution, which was quite lower than
would have been expected. The company operatindfi¢ghee has decided to extend the
polymer flood to field scale.

Polymer flooding should thus be considered an “owpd waterflooding” for heavy oil and
rather than aim for a mobility ratio of 1, the targnobility ratio should be dictated only by
economics.

One of the most successful polymer flood applicetibhas been the giant Daging field in
China, where polymer flooding has been used tovectmore than 300 million barrels of oil
[Demin W et al., 2002] following the implementatiohtwo successful pilots [Delamaide E
et al., 1994].

CO;, Injection

CO; is known for its high solubility in oils, with caequent mechanisms of oil swelling and
viscosity reduction [Baviere M et al., 1991]. THere, CQ flooding has the potential to
recover heavy oil, as is the case in the Bati Rafredd in Turkey. On another hand, GO
injection can also be implemented as a single stefiulation process similar to steam Huff
& Puff, as described previously. The main issu@chieving profitable applications of GO
flooding is its very high mobility. The lower dehsiand viscosity of C@as compared to
those of reservoir oils are responsible for gratiyguing and viscous fingering, which are
more severe than in waterflooding. To limit thisfeef, several solutions have been
investigated, such as alternating 8&ater injection and the addition of foaming agealtsg
with CO,. With the advent of horizontal wells, it is likellgat new well architectures will be

suitable for the use of GQ@s a good displacing agent, with the advantadeeping a large
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amount of this greenhouse gas (GHG) in situ. Theef asphaltene precipitation for certain
oils and in given thermodynamic conditions will kae be considered and carefully assessed

to prevent plugging of the porous media, especiadigr the well bore region.

Vapor Assisted Petroleum Extraction (VAPEX)
As mentioned previously, thermal recovery procesasasag steam suffer from high heat
losses, high water requirements, the need for siterfacilities and adverse environmental
impacts. After his research on SAGD, Dr. R. Butlars suggested using light hydrocarbon
vapor instead of steam to recover extra-heavywilitumen and patented a new non-thermal
vapor extraction process: VAPEX [Butler RM and MyxiJ, 1991].
The VAPEX process is closely related to SAGD. Hoerewn the VAPEX process, the steam
chamber is replaced with a chamber containing liylairocarbon vapor close to its dew point
at the reservoir pressure. The mechanism for sdosity reduction is no longer the increased
temperature linked to heat supplied by steam, dthier dilution by molecular diffusion of the
solvent in the oil. Diluted oil or bitumen - drivdsy gravity - drains to the horizontal well
located below the horizontal well in which the soivis injected. If the pressure used is close
to the bubble point pressure of hydrocarbons, dedpg may in fact occur in the reservoir,
leading to in situ upgrading of the oil with a stagial reduction in viscosity and heavy metal
content.
A pilot test of the VAPEX process has been perfatrirerecent years. The results of this
pilot have not been officially released, but it msethat it did not perform as expected and
additional research is needed to improve the psoard take it to the commercial level.
Other hydrocarbons are sometimes used, in partitaanaphtha which acts via molecular

and thermal diffusion, and allows for transporthe bitumen to the upgrader.

THAI and CAPRI
The Toe-to-Heel Air Injection (THAI) process [Gres/M and XiaTX, 1998] is very similar
to in situ combustion. Its concept is to recovetrakeavy oil or bitumen using a vertical
injector and a horizontal producer. The vertic@dtor is opened through the full thickness of
the reservoir. Its shoe is placed close to theadfothe horizontal producer, located at the
bottom of the reservoir. The combustion front gatet from the vertical well should be
perpendicular to the direction of the horizontadgarcer, and propagate through the reservoir

from the toe to the heel of this well. Ahead of ttenbustion front, temperature is high and
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oil viscosity very low. Therefore, the oil flows lgyavity to the horizontal producer where it
can be recovered. THAI efficiency is estimated tsyinventors to be very high - up to 80
percent of the original oil in place - while paltifaupgrading the crude oil in situ by thermal
cracking. By placing an annular layer of catalysttbe outside of the perforated horizontal
well, CAPRI - an extension of THAI - has also bgeoposed to enhance overall upgrading
of the produced crude.

THAI has many potential benefits as compared terith situ recovery methods, e.g. SAGD.
These benefits include higher resource recoveryelaapital and production costs, minimal
use of natural gas and fresh water, upgraded ailigeeoduced, reduced diluent requirements
for transport and lower greenhouse gas emissiadél Bnd CAPRI have been tested at the
laboratory scale, but have not yet been field-test® THAI field test by Petrobank is
currently underway at Whitesands in Canada. Reswoitdd determine the viability of this

process and its possible field-scale implementation

THAI™ PROCESS

Hot gases heat ol ‘mobilized oil and hot
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Fig. 2.12Schematic of Thai process (Source: Courtesy Patigba
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Hybrid Solvent and Steam Processes

By combining a solvent with SAGD, the energy regments may be reduced, production
rates increased, and recovery factor increasedddiition, capital investment, G@mission,
water and natural gas usage may be reduced. Thiensdk injected as a vapor with the
steam. Mixed with the heavy oll, it reduces thecogty and may even provide some in situ
upgrading. Pilot testing is underway in a few loma$ in Canada. Again, high cost and

recovery of the solvent are critical to success.

2.6. Environmental Issues

Like all mining and non-renewable resource develepinprojects, oil sands operations have
an adverse effect on the environment. Oil sandegioaffect: the land when the bitumen is
initially mined and with large deposits of toxiceshicals; the water during the separation
process and through the drainage of rivers; andithgue to the release of carbon dioxide and
other emissions, as well as deforestation. Additiondirect environmental effects are that
the petroleum products produced are mostly burmebbasing carbon dioxide into the

atmosphere.

Air

Since 1995, monitoring in the oil sands region shawproved or no change in long term air
quality for the five key air quality pollutants,rb@n monoxide, nitrogen dioxide, ozone, fine
particulate matter and sulphur dioxide, used towdate the Air Quality Index. Air monitoring
has shown significant increases in exceedanceydrbben sulfide (H2S) both in the Fort

McMurray area and near the oil sands upgraders.

Land

A large part of oil sands mining operations invehaearing trees and brush from a site and
removing the "overburden" that sits atop the ofldsadeposit. Approximately two tons of oil
sands are needed to produce one barrel of oil filguly8 of a ton). As a condition of
licensing, projects are required to implement dareation plan. The mining industry asserts
that the boreal forest will eventually colonize tieelaimed lands, but that their operations are
massive and work on long-term timeframes. As of622007 about 420 kfof land in the oil
sands region have been disturbed, and 65 &fthat land is under reclamation. Several
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reclamation certificate applications for oil sanpgmjects are expected within the next
10 years.

Water

Between 2 to 4.5 volume units of water are usegrtmluce each volume unit of synthetic
crude oil (SCO) in an ex-situ mining operation. pies recycling, almost all of it ends up in
tailings ponds, which, as of 2007, covered an aeapproximately 50 kf In SAGD
operations, 90 to 95 percent of the water is redyeind only about 0.2 volume units of water
is used per volume unit of bitumen produced. Lagwunts of water are used for oil sands
operations, for example Greenpeace gives the nuag8d9 million cubic metres per year,

twice the amount of water used by the city of Calga

Climate change

The production of bitumen and synthetic crude milte more greenhouse gas (GHG) than the
production of conventional crude oil, and has b&mmtified as the largest contributor to
GHG emissions growth in Canada, as it accountg®@amillion tonnes of C@emissions per
year. Environment Canadaclaims the oil sands maké% of Canada's greenhouse gas
emissions, or 0.1% of global greenhouse gas emisslopredicts the oil sands will grow to
make up 8% of Canada's greenhouse gas emissid&1by Environmentalists argue that the
availability of more oil for the world made posslby oil sands production in itself raises
global emissions of CO

While the emissions per barrel of bitumen produdedreased 26% over the decade 1992-
2002, total emissions were expected to increaseabteher production levels. As of 2006,
to produce one barrel of oil from the oil sandsaskd almost 75 kg of GHG with total

emissions estimated to be 67 mega tonnes per ye2i1b.

Carbon dioxide sequestration

To offset greenhouse gas emissions from the odsand elsewhere in Alberta, sequestering
carbon dioxide emissions inside depleted oil and gervoirs has been proposed. This
technology is inherited from enhanced oil recovergthods, which have been in use for
several decades. In July 2008, the Alberta govemiraenounced a C$ 2 billion fund to
support sequestration projects in Alberta powentgldlargely coal) and oil sands extraction

and upgrading facilities.
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Concerns of environmentalists

The environmental impact caused by oil sand extmacis frequently criticized by
environmental groups such as Greenpeace. Envirdaiists state that their main concerns
with oil sands are land damage, including the sutiigtl degradation in the land's ability to
support forestry and farming, greenhouse gas emmssand water use. Oil sands extraction is
generally held to be more environmentally damagdimgn conventional crude oil, carbon
dioxide "well-to-pump" emissions, for example, asimated to be about 1.3-1.7 times that

of conventional crude.

Input energy

Approximately 1.0 — 1.25 gigajoule of energy is dhe to extract a barrel of bitumen and

upgrade it to synthetic crude. As of 2006, mosthi is produced by burning natural gas.

Since a barrel of oil equivalent is about 6.117aggles, this extracts about 5 or 6 times as
much energy as is consumed.

Alternatives to natural gas exist and are availabline oil sands area. Bitumen can itself be
used as the fuel, consuming about 30-35% of thebitwmen per produced unit of synthetic

crude.

Coal is widely available in Alberta and is inexpeas but produces large amounts of

greenhouse gases. Nuclear power is another optiochvhas been proposed, but did not
appear to be economic as of 2005. In early 200amaGa it was considered that the use of
nuclear power to process oil sands could reduce €@dissions, and they started to build a

new nuclear plant at Lac Cardinal, 30 km west eftthwn of Peace River.
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Chapitre 3

Procédé SAGD et Géomécanique du Réservoir

Le procédé SAGD (Steam Assisted Gravity Drainagjepértie des méthodes d’injection de
fluides chauds. C’est une technique de productiositu thermique qui a été congue sur le
plan conceptuel par Butler (1969) et expérimentéraucces par Imperial en 1975.

Deux puits horizontaux paralléles superposés samdsfdans la partie basse du réservoir. La
vapeur est injectée par le puits supérieur et ldast produite par le puits inférieur. La
vapeur injectée accroit la température dans le matémmediatement en contact, fluidisant
et mettant en mouvement le bitume. La différenagedsité entre la vapeur et I'huile lourde
permet a cette derniére de s’écouler par gravités e puits inférieur, d’ou vient le terme de
récupération gravitaire de I'huile. Cet écoulemdsns effluents (bitume et vapeur condensée)
se produit le long des parois de la zone envahielp&apeur chaude, nommée chambre de
vapeur. La vapeur chaude remplace I'huile déplaeggient de nouveau en contact avec la
formation froide. La chambre de vapeur croit aiasi cours de I'exploitation, verticalement

et horizontalement.

Une phase initiale de démarrage consiste a injestaultanément la vapeur dans les deux
puits afin d'établir une connexion thermique entétex. Cette phase peut durer quelques
semaines a quelques mois. Ensuite, quand la temypéralans les puits producteur et
injecteur est stabilisée, la mise en production &sturée par l'arrét de l'injection de la
vapeur dans le puits producteur. Apres le démarrdgebrut lourd, I'eau et la vapeur
condensée commence a étre produits par le puitdyateur inférieur. L'injection de vapeur

dans le puits injecteur supérieur est continue.

Le chapitre 3 contient d’abord une description dwogedé SAGD qui est basé sur le
développement de la chambre de vapeur selon lelenddeButler, avec une présentation des
mécanismes de transfert de chaleur (conduction,vextion) et des mécanismes de
déplacement de fluides (digitation, écoulement iggare, émulsions). Les performances de

récupération par SAGD dépendent des propriétés éserwvoir comme la porosité, la
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permeéabilité, I'épaisseur de la couche, la teneur gaz, la viscosité du bitume, la
mouillabilité et I'nétérogénéité. Certains factepesuvent se montrer défavorables au SAGD :

réservoirs trop profonds, hétérogéneités trop maeg) présence d'un aquifere.

Dans le procédé SAGD, de la vapeur d'eau est comstnt injectée dans la formation
bitumineuse. La pression de pore et la tempéraaugmentent ce qui se traduit par des
changements de I'état de contrainte : l'augmentatde pression de pore diminue la
contrainte effective moyenne. L'augmentation depéeature dilate le fluide et les grains,
augmentant les contraintes horizontales alors ges kcontraintes verticales restent
constantes. Les chemins de contrainte sont différdens et hors de la chambre de vapeur et
peuvent générer des phénomeénes de cisaillemenaitnde. Des petites couches argileuses
peuvent constituer des barrieres imperméables &rder I'expansion de la chambre de
vapeur. L'injection de vapeur se traduit par unlseement du sol d'autant plus important
qgu'on se trouve a faible profondeur. Ce souléveneshtdu a la dilatation des différentes

composantes du réservoir mais aussi a la dilataleseroches peu consolidées.

D'apres le modéle initial de Butler, la chambrevdgeur croit verticalement, atteint le toit du
réservoir, puis croit latéralement. Le modeéle atiglye de Butler ne prend pas en compte la
géomeécanique, c'est peut étre pourquoi cette dasmmi idéalisée ne correspond pas a la

réalité souvent plus complexe.

Dans les premiéres phases du développement d'yet 8AGD, la simulation peut aider les
ingénieurs a optimiser la conception du systemepdmuction, et évaluer différentes
trajectoires pour les puits et le schéma de dramaguand le projet SAGD est mis en ceuvre,
une modélisation précise peut aider a optimiseptaduction tout au long de la vie d'un

champ.

Des complétions intelligentes et une surveillarm&ioue permettent un bon contréle des flux
d'entrées et sorties des puits en fournissant desuras en temps réel pour la modélisation
dynamique et le contréle automatisé. Un intérétdrtgnt a été consacré a la résolution du

probleme d’écoulement seul en supposant un étabdtainte stable dans le systéme et en

incorporant un terme pour rendre compte de la carapibilité du roche réservoir.

Un simulateur de réservoir conventionnel négligetéraction géomécanique du réservoir

avec ses encaissants et suppose implicitemenivagnce des conditions de réservoir avec
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des conditions de laboratoire dans laquelle la coaspibilité de la roche a été mesurée. Il en
résulte une simplification grossiére de la physigégissant les interactions solide-fluide.

En réalité, la mécanique des roches ou des effsasngcaniques sont intimement associés a

la physique d’écoulement des fluides. Un tel caggplest un couplage dans les deux sens:

1. Les variations de pression des fluides affectenprigbleme mécanique, parce que les
déformations locales dépendent des contraintestefés,

2. Les déformations du milieu modifient la porositéestpropriétés d’écoulement.

Dans un simulateur de réservoir traditionnel lestraintes sont supposées rester constantes
tout au long de la simulation et toutes les prof@sésont des fonctions de la pression (et de la
saturation en cas d'écoulement polyphasique). Lenpressibilité de la roche, quantité
scalaire, est utilisée pour rendre compte de laoré&ge compléte tensorielle de I'état de
contrainte et de rigidité du matériau. En réalit® terme la compressibilité de roche dépend
des conditions locales et des conditions aux lsniians le réservoir et est également

influencée par les chemins de contrainte suivis.

La modélisation géomécanique est un domaine deerellh exploré par de nombreux
chercheurs pour prédire I'évolution simultanée dlume des pores et de la perméabilité du

réservoir résultant de l'injection de vapeur..

Ce chapitre contient une revue des simulations mignés possibles du SAGD, avec

différents schémas de couplage réservoir géoméganidq

Suivant le degré de couplage entre les écoulemdatsluide dans le réservoir et la

géomécanique, les simulations peuvent étre divis@eguatre catégories: non-couplées,
découplées, couplées de maniere séquentielleademaent couplées, La solution non couplée
désigne la simulation de réservoir classique, qtégre la compressibilité de roche comme le

seul parametre a considérer dans les interactiarisedes fluides et des solides.

Le découplage ou solution dite « one-way » incirniggalement I'histoire compléte du temps
de simulation réservoir suivie par une simulatioBomécanique, mais ne prend pas en

compte le retour des effets géomécaniques veiglalation de réservoir.

Le couplage séquentiel contient a la fois le cogelaxplicite et le couplage itératif. Dans le

couplage séquentiel, les deux ensembles d'équatmmisrésolus de maniére indépendante,
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mais l'information est transmise dans les deux sati® les deux simulateurs. Les équations
de contraintes sont résolues de maniére séquentelthaque pas de temps ou d'itération.
Ensuite, les parametremodifies du réservoir par le comportement géomeépanisont
substituées dans les eéquations d’écoulement pontinceer a I'étape suivant. Le couplage
séquentiel présente des avantages certains bflegj modularité, facilité relative de mise
en ceuvre, et meilleure efficacité de calcul. Leptanye itératif est essentiellement équivalent
a une méthode de Newton-Raphson modifiée. Lorsgjygrdcessus itératif converge, la

solution itérative tend vers la vraie solution dwipléeme couplé.

La simulation entierement couplée résout simultaréntes équations d'écoulement et les
éguations mécaniques basées sur un systeme de gnifient. Toutefois, dans I'approche
totalement couplée, les mécanismes hydrauliquegéomécaniques sont souvent simplifiés

par rapport aux approches conventionnelles décagp@eomeécanique et réservoir.

Dans l'approche couplée séquentielle les équattma mécanique et des écoulements sont
résolues séparément pour chaque pas de temps, lim&smation est transmise entre le
réservoir et les simulateurs de géomécanique. Baséquent, les problemes de réservoir et
géomécaniques doivent étre reformulés en fonctioprdbleme d'origine entierement couplé.
Contrairement a l'approche totalement couplée,daptage séquentiel semble plus flexible et
integre les avantages du haut développement déyaigue et des techniques numériques a

la fois du simulateur de réservoir et le logiciedcanique.

Etant donné la nature du pétrole lourd, les simelms de réservoir doivent étre capable de
prendre en compte une variété de comportementsleregpcomme le thermique, la présence

de solvants ou de grandes contraintes géomécasmique

Enfin, ce chapitre illustre I'importance de la mign compte de la géomécanique dans le
processus SAGD par deux exemples: Hangingstonesyn] correspondant a deux cas
typiques d’exploitation en Alberta. Le cas d'Hamgtone met en évidence l'influence de
barriére argileuse sur le développement de la chande vapeur. Le cas de Joslyn illustre un

cas de rupture de la couverture sous I'effet agelition de vapeur.
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Chapter 3

SAGD Process & Reservoir Geomechanics

3.1. Steam Assisted Gravity Drainage Process
3.1.1. Background & History

As the viscous bitumen can barely flow under resiereonditions, the bitumen viscosity
must be reduced and then a sufficient drive musafygied to the mobilized bitumen for
continuous well production and in-situ recovery.eiihal recovery involving injecting hot
fluids such as water and steam into the resenasrideen used for several decades to reduce
viscosity and enhance the mobility of the bitumempliace. The force of gravity, which exists
universally, can be utilized to drive mobilizedusiten.

Butler is the unassuming ‘father’ of SAGD, inventof what has become the most
commercially effective technology to extract taelibitumen of Alberta oil sands operations.
He perfected much of the SAGD process from 196B9&b, when he held the first Endowed
Chair in Petroleum Engineering at the University @dlgary. Butler was working with
Imperial Oil Ltd. in the mid-1960s, when the compaliscovered a huge heavy oil deposit at
ColdLake. Prior to that, he had worked on a procfss mining potash deposits in
Saskatchewan. It involved injecting fresh wateramgdound, creating a large, turnip-shaped
chamber and dissolving the surrounding potash alid &he heavier brine would fall to the
bottom of the chamber while the lighter injectedaevavould rise to the top. Butler says: “I
was really very impressed with the mechanism of”"thHe recalls he was in a restaurant
enjoying a beer with a friend when he thought ¢géating steam underground through one
well to heat the molasses-like oil at ColdLake a@nelate a steam chamber. The heated oil
would drain to the bottom of the chamber where lagotvell would pump it to the surface.
He wrote a patent memo on his gravity drainage ephim 1969. But it was not until 1975,
when Imperial moved him from Sarnia to Calgary ¢éah up its heavy oil research effort, that

he really pursued the idea. Butler figured out hmwuch oil could be recovered by injecting
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steam down one vertical well, letting the resernda#at up and drain, then pumping the
recovered oil to the surface through another vartigell. Butler concluded that the ail,
trickling through sand under the force of graviyguld fall in an ever-narrowing convergent
cone, and the sand would plug up the cone of thiecakwell used to pump oil to the surface.
To solve the problem, he would drill a horizontedguction well low in the reservoir. Instead
of one vertical well that drained oil into a singlene, he would create numerous drainage
points along the entire length of the horizontallwiee capture the oil. He says: “I could get a
thousand barrels a day out of one of these wellmprpaper calculations”. In 1978, Butler
persuaded Imperial to drill HWP1 at ColdLake — wwrld’s first modern horizontal oil well
paired with a vertical steam-injection well. Therikontal well was about 150 metres long,
compared with SAGD wells today that are typicalbpat 800 metres. But, says Butler: “The
oil came out at about the right rate — | felt pretamn good!” Butler took early retirement
from Imperial and worked at the Alberta Oil Sandsfinology and Research Authority for a
year, where he proposed testing SAGD at AOSTRAG®euground test facility (UTF) near
Fort McMurray. In 1983, his appointment to the Usmsity of Calgary’s Endowed Chair in
Petroleum Engineering allowed him to focus his aese on developing SAGD for producing
bitumen from the Athabasca oil sands. He also itecea separate gravity-drainage process
called VAPEX, which uses vaporized solvents instebdteam to loosen the heavy oil so it
will flow.

On a map of Alberta’s existing and planned SAGDjquts, he points out EnCana Corp.’s
advanced SAGD projects at Foster Creek and Chaistike, Petro-Canada’s MacKayRiver
project, ConocoPhillip’s Surmount, Suncor’s Fireb@P Tl Canada/Nexen’s LongLake — in
addition to more than a dozen smaller operatiamsotial, an estimated 600 billion barrels of
oil in the Athabasca oilsands are accessible thankButler's invention, with about 330

billion barrels recoverable with current techniques

3.1.2 Actual Concept of SAGD

In conventional steamflooding, as seen in the previchapter, the oil that is displaced by
injected steam is cooled ahead by in place flui ia hard to push towards the production
well. In SAGD, the oil remains heated as it flomound the steam chamber. Butler
developed the gravity drainage theory that prediotsrate at which the process will occur

and confirmed the viability of the concept by latperiments.
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As Figure 3.1 illustrates, the steam is injectadugh the upper well and the fluids, including
the condensed steam and the crude oil or bitunrenp@duced from the lower one. The
injected steam heats the bitumen and sands ireevoir, and reduces the viscosity of the
bitumen. The condensed steam and bitumen flow d@asstsvtowards the lower horizontal
well and are recovered at the surface by artifidiabr gas lift.

Butler (1991) developed the flow equations andyital models to predict production by the
SAGD process. The key variables were the steam lohiammeight, oil viscosity at steam
condition, oil saturation, and oil rate. In praetithe initial production was usually estimated
using Butler's analytical model and reservoir siatan. It was reported that the theoretical
prediction agreed well with the homogenous resesvand model experiments and real
production (Birrell et al. 2005).

Some assumptions were made in Butler's (1981) #nalymodels. Heat was assumed to
transfer beyond the interface by thermal conductaomd the interface was assumed to be at
steam temperature. The total drainage flow wasimédausing Darcy’s equation and gravity
driving force. One end of the interface curve ramadiattached to the production well and the
other end spread to a vertical no-flow boundaryated half way to the next adjacent wells,

which indicated no interfering relation among stedrambers from neighbour well pairs.

Fig. 3.1: Schematic of SAGD Process (THE WAY AHEAD-Medina,12)
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It is commonly agreed that a steam chamber is g&etiand rises upwards steadily during a
SAGD operation. When it touches the top of the faion, it spreads towards both sides
gradually. The steam chamber’'s growth is mainly sneed and analyzed through the
temperature changes at observation wells. The erfeptures of SAGD are:

. Use of gravity as the primary motive force forvimg oil.

. Large production rates obtainable with gravitingshorizontal wells.

. Flow of the heated oil directly to the productiarell without having to displace

uncontacted oil.

. Faster oil production response as compared tanrgteoding (especially when the

heavy oil is initially mobile at reservoir conditis).

. High recovery efficiency (up to 70% of OOIP) -eevfor bitumen.

. Low achievable Cumulative Steam Oil Ratio (CSQRIe to the large potential

injection/production rates limiting the heat los¢esn be lower than 2.0%m® with steam

at 80% quality).

. Low sensitivity to limited shale intervals anderbedding.
In order to validate the concept of SAGD, the UTbjgct (Undergroung Test Facility) was
initiated by the Alberta Oil Sands Technology ares&arch Authority (AOSTRA) in 1984 at
Fort McMurray. The AOSTRA and nine industry parsi&mded and participated in this UTF
project. The test consisted of three pairs of 6Qong horizontal injectors and producers,
which were drilled from a tunnel. The steam injectiwell was placed 5 m above the
producing well which was located 1-2 m above theebtone under-burden. This was the first
successful field demonstration of the SAGD proaass it provided sufficient data to guide
the commercial application.
The SAGD process at the AOSTRA UTF had proven tafprocess mechanisms worked in
the field as expected. The horizontal wells in BHasvere placed on production in 1988. The
successful application of UTF encouraged oil omesato apply this thermal recovery to
Athabasca bitumen. Since then, SAGD technologyhfavy oil and bitumen recovery has
been applied in full-scale commercial operationsAlberta and Saskatchewan, such as
ChristinaLake by EnCana, Firebag by Suncor, MacKesiRby Petro-Canada, Mic Mac and
BurntLake by CNRL, and LongLake by OPTI Canada (@w2001).
Attempts to apply the SAGD process in differentetymf reservoirs have been made in the
last decade. This technology has been widely eteduthrough numerical simulations and
field tested in some other countries (Sedaee 28i@@hlani et al. 2008).
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3.1.3 Implementation of the SAGD Process: Phasesviolved

Four important phases during SAGD must be performeefully in order to complete a

successful operation:

3.1.3.1Drilling and completion

Drilling must be handled carefully in order to ttihe production and injection wells at a

constant distance from each other, insofar as IplessFor long drains in such close

proximity, a new technique to pilot the wells hadoe developed in order to prevent the wells
from intersecting each other. The injection welhiss drilled relative to the production well.

3.1.3.2Start-up

The start-up phase is critical for the future ressaf a well pair when oil viscosity is very high

and does not allow initial flow of fluids (steamater or oil) between the injector and the
producer. Thus, the start-up consists in pre-hgaiie interval between the injection and
production wells to allow the oil to flow towardset producer by gravity. This is achieved by
steam circulation both in the injector and producera period of several weeks to several
months. In the East Senlac field, oil is mobileestervoir conditions, so it is possible to inject

steam directly into the reservoir after a shorhpeging period.
3.1.3.3 Steam chamber monitoring

After start-up, steam injection is controlled tointain a constant pressure in the steam
chamber; total production - as well as pressurinatproduction well - are also monitored.
The producer and injector wells can be equippet wjittic fiber cables throughout the length
for temperature monitoring. The temperature prefilong the wells is of great help
todetermine the chamber geometry. Observation wellgh thermocouples and
pressuretransducers can be used to monitor premsdremperature (Fig. 3.2)

3.1.3.4Production

Gas lift is sometimes used to activate the prodactwell, involving technical issues
associated with the unstable phenomenon of gegseAs hot fluids are flowing to the
surface, production water flashes in the tubingemridwer pressure and high temperature,
decreasing the average fluid density and redudiegheed for gas in the gas lift. The lift rate
must therefore be monitored carefully since it Aadirect impact on production and thus on

the operations of the well pairs.
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Numerical modeling is important to evaluate androjzte an SAGD operation (Egermann P
et al., 2001), as illustrated in Figure 3.3. Uséyfamic sub-gridding, with fine grid blocks to
discretize the steam chamber interface, can heldetwease the high CPU time usually
required to perform 2-D or 3-D SAGD computationagtoix Set al, 2003).
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Fig. 3.2: Example of observation well temperature data ([reek, 2005)
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Fig. 3.3Modeling of Celtic SAGD
Steam Saturation versus Time (2D XZ view) [EgermBret al., 2001]
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3.1.4. Well Construction

Directional-drilling technology evolution has bearkey enabling factor in the commercial
implementation of SAGD. Two parallel horizontal \gedre drilled to vertical depths between
90 and 600 m, with 4 to 7 m of vertical offset argito 1000 m of horizontal displacement.
Due to their shallow vertical depths, some of thesdls require slant drilling from the
surface. Typically, the production well is drilléidst and placed as close as possible to the
bottom of the reservoir. In 1993, the technologydil parallel horizontal wells was
developed. The first SAGD well pair was drilled ngi magnetic-ranging/- guidance
technology, which refers to the measurement ofdletive position of one well with respect
to another. It determines the distance and oriemtdtom the well being drilled (injector) to
the reference well (producer). The determinationb&sed on measuring the magnetic
signature from the target/reference well, which nhba&yinduced and measured by several
methods (Grills 2002). SAGD wells must be desigteedithstand the harsh environment of
this process. Integrity and reliability must be amaled with the requirement to minimize
capital expenditure. Typical SAGD well designs ah®wn in Figure 3.4. The intermediate
casing is the main barrier for isolating the bottbale SAGD environment from the surface.
Therefore, the selection of adequate cement fanthleconditions and proper thermal casing
design (steel and connection selection) are crifiCaiser 2009).

Well-completion designs can vary between operatais even within projects. The industry
is still in an evaluation phase, and different ctetipn configurations are being implemented.
However, the general trend is to allow for steaedtion or bitumen production at two or
more points along the horizontal wellbore. As iltated in Figure 3.4, the typical completion
designs are dual parallel, or concentric, stringh tbing and annulus flow paths.

The unconsolidated nature of the sandstones inhahimst SAGD projects are carried out has
led to the requirement of sand control in both sieBlotted liners are the most widely used
sand-control method, with standalone screens ardistecond. This preference probably
reflects the lower cost of slotted liners, alonghwiesearch efforts (Kaiser et al. 2002) that
have improved their design and performance. Howeagmore challenging reservoirs are
targeted and more operational issues arise, thesindcontinues to seek other competitive

sand-control options. The integrity of the prodatiiner is crucial to avoid sand production.
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Fig. 3.4: Typical SAGD well configuration

3.1.5. Production Operations and Control

SAGD operations require monitoring strategies aimedontrolling the downhole process, to
avoid operational issues and maximize efficienay @atovery. Producer wells are fitted with
multiple temperature-measuring devices along thiezbiotal wellbore.

Thermocouples are the preferred choice becaudeeofreliability and lower cost; however,
fiber-optic technology has been field tested widalyd implemented as well. Pressure
monitoring is also employed in producer wells tiglodbubble tubes, open annulus gauges, or,
more recently, fiber-optic gauges. Typically, thgector wells have less instrumentation.

The main objective of temperature monitoring in pneducer well is steam-trap control. The
goal is to maintain the steam/liquid interface bedwthe wells. This is achieved by managing
the difference between the producer bottomhole ézatpre and the saturated-steam

61




temperature at the injector bottomhole pressurec(sal) to maintain a balance that keeps the
interface between the wells. Optimum SAGD requtites steam chamber to be drained so
that liquid does not accumulate over the produceducing production rates—but avoiding
steam production because it jeopardizes the irtyegfrithe producer well (Edmunds 1998).
Monitoring steam-chamber development is the singbtst important task for understanding
the SAGD process and diagnosing recovery efficiency

Along with real-time in-well monitoring, the followg methods are combined to estimate
steam-chamber growth:

* Fully instrumented vertical observation wellsraddhe horizontals at each pad

» Surface-deformation measurement technologied) ascheave movements, tiltmeters, and
interferometricsynthetic- aperture radar

» Seismic methods, such as 4D and microseismic mgpp

* Production history matching

The steam-chamber operating pressure can also fteokbed to improve efficiency and
recovery. However, this will also affect the selectof the produced-fluids’ lift method.
During the initial SAGD operation phase, most pctgeoperate at pressures high enough to
use steam or gas lift (Medina 2010, Kisman 200hg Tise of gas lift for SAGD has features
that differ from its conventional applications amdjuires proper assessment to assure success
(Medina 2010). As the SAGD project matures, theléercy is to operate at lower chamber
pressure, which requires different artificial-liftethods. In recent years, R&D efforts in high-
temperature mechanical-lift equipment have resulethe ability to pump high volumes of
fluids at elevated temperatures (220-260°C) witlerémce to steam, gas, and sand/fines
production.

Most installations have involved “state of the agtéctrical submersible pumps and metal

progressive-capacity pumps.

3.1.5.1. SAGD: Favorable Factors

Factors that are favorable for SAGD include (Pakngand Renard, 1995):

. Sufficiently thick reservoir (i.e. greater than 4R[50 ft]) to allow the creation of the
steam chamber. The well pair is located at theobotf the reservoir, a few meters from

each other.
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. High permeability both in horizontal and verticalettions (i.e. greater than 1.5

Darcy). Steam chamber development needs high péilitga

Most SAGD applications are on shallow, unconsoé#dasandstone reservoirs with high
permeability. However, recently a significant qugnof heavy oil has been identified in
Alberta’s carbonate Grossmont formation, which sdx@keve can be economically exploited
with SAGD. Reservoir screening criteria have bdendubject of some debate in the industry
(Albahlani and Babadagli 2008). However, thera general agreement that resource quality
remains the most critical factor in SAGD projectrfpenance. Net-pay thickness, oll
saturation, and porosity are the main propertiegiired to estimate the reserve base of a
project and forecast recovery factors. Vertical npeability can also influence the
effectiveness of the recovery process. For exanpéepresence of shale layers, or breccia,
within the sandstone formation can hamper theaighe steam chamber and/or the producer/
injector communication, if located between the ¢ipe and producer wells. The overburden,
or cap rock, has special relevance for most SAG@)epts. It must provide a barrier to
prevent the loss of steam to shallower stratanahe worst case, to surface.

The geomechanical competence of the cap rock neusaiefully assessed. If the overburden
allows for leakage of steam to surface, it willdeatastrophic accident resulting in serious
impact to the environment and safety. If the stésaks to shallower strata, it would seriously
affect the expansion of the chamber and, thusptaleefficiency and ultimate recovery.

The presence of top or bottom water and/or gas ocapst be considered in the SAGD
development plan. Ongoing research is improving woaderstanding of how these fluid
interfaces affect thermal efficiency bitumen reagM&dmunds and Chhina 2001).

3.1.5.2. SAGD: Detrimental Factors

Factors that are detrimental for SAGD include:

. Reservoirs which are too thin hinder the developnoéran optimal steam chamber
and induce highly detrimental heat losses towatds dverburden. Steam chamber
monitoring would also be very difficult to prevesteam breakthrough at the production

well.

. Reduced vertical permeability which does not allive flow of fluids (condensed
steam and water) to the lower producer at a sefitciate since recovery is controlled by

gravity.
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Presence of significant heterogeneities. Barriershe flow of steam or hot fluids
along the steam chamber can limit process effigiebere are no published studies on
the minimum size of heterogeneities above which BAG no longer attractive.

Numerical modeling on a case-by-case basis is redjtd investigate their real impact.

. High pressure associated with deep reservoirsdiieater than 800 m [2,600 ft]). The
higher the reservoir pressure, the higher the dipgraosts and the lower the latent heat

of steam available to heat the rock and in plagiedl

. Presence of a bottom aquifer. However, SAGD casugeessfully operated even with
an aquifer present below the oil zone. Numericatletiog is required to design a project
(placement of wells, flow rate for injection anaguction, etc.).

. Presence of a gas cap. This is qualified as a #oeé since the gas cap can act as a
sink for injected steam. Here again, a project bansuccessfully implemented by
optimizing the process via numerical modeling ttedaine the pressure at which it must

be operated.

3.1.6. Performance and Challenges

Most companies have their own evaluation methodSAGD performance. However, steam
oil ratio (SOR) is commonly used as the key perémmoe indicator to benchmark project
efficiency.

SOR indicates the volume of steam required to preducertain amount of oil. Although it
does not truly reflect energy-use efficiency, imeens a widely used industry metric. The aim
is to minimize SOR, where values in the 2.0 toraudge are considered good performance.
Currently, the best performing SAGD projects bysthuriterion are: Devon’s Jackfish,
Cenovus’ Foster Creek and ChristinaLake, and StmEmmebag projects. (Medina, 2010)
Other performance indicators are bitumen produatédes and recovery factors. The industry
average bitumen production per well pair is betwé@@ and 1,000 bbls/day with ultimate
recovery factors higher than 50% (Medina, 2010).

The current trend for most commercial projectsasiricrease the thermal efficiency and
bitumen recovery of the process through enhancdthigues or SAGD variations, such as
non-parallel-well geometrical configurations, additl wells, solvent injection, steam-

distribution optimization, and inflow control.
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Despite the successful commercial implementatioBAGD technology, the industry still has
two major challenges to overcome: dependence omralagas and environmental impact.
Most SAGD projects still rely on natural gas asé¢hergy source for producing steam.

The volatility of natural-gas prices, especiallyNorth America, and the long-term supply
uncertainty directly impact the economic perfornmearend overall feasibility of SAGD
projects.

Finally, SAGD’s carbon footprint and water requiksms are quite substantial, mainly due to
the steam generation process. Cogeneration, bhagldter use, water recycling, and other
enhancements are being implemented or considenethimize the environmental impact of
SAGD. However, additional efforts are required hsea more stringent regulatory
requirements are likely forthcoming. Furthermoregative perception of SAGD by a portion
of the general public remains an important driviogge to clean up the image of SAGD and

guarantee the sustainable development of the témimo

3.1.7. Suggested Improvements to Original SAGD

As for other processes involving steam injectioAG® suffers from the need for large
volumes of water to generate steam (typical pradnatesults indicate that 1 cu. m of oil
requires at least 2.5 cu. m or more - currentlyap cu. m - of water). Steam generation, on
another hand, is a source of a large amount of @@duction. It has been determined that
production of 16,000 fd (100,000 bopd) of bitumen with an SOR of 2.&mi would
produce 14,300 t/d of GOTo reduce the amount of steam - or more generaliijuce
operating costs - several improvements to the SA®BI2ess have been proposed and tested
[Shin and Polikar, 2004]:

3.1.7.1. Single Well SAGD (SWW5SAGD)

This technology uses a single horizontal well f@éh steam and produce oil instead of two
horizontal wells as in the conventional SAGD, ateferred to as Dual Well SAGD. The
single horizontal well is located at the base o tleservoir. Steam is injected into the
insulated tubing and fluid production flows throutle annulus. SW-SAGD has been tested
in several Canadian fields but has not been extetaleld scale and therefore its viability is

still questionable.
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3.1.7.2 Operational Improvements

In order to enhance operation performance and eethe high cost associated with drilling
and completion of two horizontal wells, industrysheught alternatives since the first SAGD
field trial. Based on literature, most efforts wéneused on the adjustment of the SAGD well
configurations. Some others were trying to utilire heat remaining in the reservoir to
improve SAGD performance.

There are two methods reported in public literaretated to SAGD enhancement. One is to
employ specific operation schemes with a classel @ell. Another is to apply differential
pressure on the wells. Two types of differentiaégsure (DP) occurring in the SAGD
operation include the DP between the injector aratiycer, and the DP between pairs of
SAGD wells.

SAGD performance is associated with operationalditioms, which can be optimized
through running numerical simulation to enhancdgoerance in terms of oil production rate,
steam-oil ratio (SOR), and cumulative steam-oibr&SOR). Numerical simulation indicated
that the cSOR decreased with increasing injecta (Shin et al. 2007).

Operational optimization can be obtained througjusithg the steam injection rate and the
producer liquid withdrawal rate during different GB operation periods. Yang et al. (2007)
presented an example to quantitatively assessrtbertainty of its economic forecast on a
real field case from application of experimentasiga to response surface generation. The
results showed that the economics of this projeetewimproved considerably through
optimization. The optimum operating conditions af¢a use a high initial steam rate and
high production rate to develop the steam chambfer the instantaneous steam-oil ratio
reaches a certain value, both steam rate and piodu@te are lowered to prevent steam
breakthrough to the bottom water.

In the classic SAGD, the steam is injected contiuslythrough the injection well. There is
considerable energy existing in terms of higherpgerature even when steam injection is shut
in after operation for some time. The steam chambkicontinue to spread for a while. To
efficiently utilize the existing heat in the reseiry the concept of seasonal or cyclic
exploitation was proposed for energy saving anda®a adjustment (Birrel et al 2005). This
operational strategy indicated that the oil proaurctould be controlled through the amount
of injected steam. Based on the bitumen and gasgrihe operational strategy could be
adapted to gain optimal return.

Based on a numerical simulation, Vanegas et al0gR@uggested that higher differential

pressure (DP) induced higher oil flow rate peakseemlly in warm regions. A preferential
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flow path between the wells should have been adoidieen DP was applied to the SAGD
operation. This indicated that too large a DP wdadddetrimental to the operation (Albahlani
and Babadagli, 2008).

3.1.7.3. Steam and Gas Push (SAGP)

This recovery method was introduced to enhance S&€Biency by adding a small amount
of non-condensable gases (NCG) such as naturargagogen. The effect of the NCG is to
reduce the amount of steam to be injected. Howelkiertiming of the NCG injection is very
important. When it is done during the steam chamiserg period, cumulative oil production
and oil rate are decreased.

When the gas is injected during the late periodhef SAGD process, the process is also
referred to as SAGD Wind-down. At this time, the BS@an be reduced without severely
reducing oil production since the injected NCG gasee to the top of the reservoir and then
help the steam chamber to propagate horizontalig. réservoir is still hot and the energy in
place can be utilized.

Scaled model experiments and numerical simulatiodgated that the NCG gas tended to
accumulate in the steam front in the SAGD proc¥se. et al. (2004) observed and measured
for the first time a significant amount of gas tlavelled ahead of the apparent top of the
steam chamber.

Therefore, the presence of non-condensable gasivimplede steam chamber expansion and
reduce oil production in the SAGD operation. Thepatt of NCG gas on the SAGD
operation was that the oil sands with a lower GO&Rewlikely to be recovered more easily
than those with a higher GOR. Ito et al. (2005)8ation study showed that steam
chambers had greater height for dead oil than tfayderse oil with solution gas.

However, field evidence in North Tangleflags opedaby Sceptre Resources (now CNRL),
indicated a higher initial GOR of 11 std®m?® did not show a negative impact on the SAGD
operation when compared with classic Athabascaveiss that had a GOR of 1-3 std*/m°.

Yee et al. (2004) and Kisman et al. (1995) advibedl the presence of a moderate amount of
solution gas should be beneficial to the recoveoggss.

There were several other publications (Bharathal. 2005, Canbolat et al. 2004, Gates et al.

2005) discussing the effect of non-condensableogedSAGD performance.
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3.1.7.4. Expanded Solvent SAGD (ES-SAGD)

The aim of this process is to combine the benefitsteam and solvent in the recovery of
heavy oil and bitumen. In this process, the solvemjected together with steam in a vapor
phase. It condenses around the interface of tlaenstdhhamber and dilutes the oil; solvent in
conjunction with heat reduces oil viscosity. ES-JAG also called SAP (Solvent Aided

Process) - has been tested in the Senlac fieldhasded to promising results to lower water

and energy requirements while improving oil protutiand SOR.

3.1.7.5. Multiple well pair operating strategy

It is practical to drill and operate more than gagr of injectors and producers in order to
cover more areas and achieve systemic oil reco¥amg. significant issue emerges from the
application of multiple well pair, which is the mery of oil from the areas between adjacent
well pairs. In the following schematic (Figure 3.%)can be seen that the oil around and
above the injection well will be easily recovergdtbe hot steam chamber.

However, the oil in the transition area would hatok swept by the steam chamber especially
in the lower regions of the reservoir (AlbahlarG038).

Some operation strategies aimed at improving bitumecovery in SAGD are being
developed: Fast SAGD (Shin et al. 2005), X-SAGDal&tr, 2005), Combination of Vertical
and Horizontal Wells, Offsetting Vertical Wells, carso on. The basic concept of these
strategies is to use the lateral driving force glath gravity force to move the remaining oil

in the regions between the producing wells wittdrilting infill wells.
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The key scheme of these strategies is to desigafigperell configurations in the SAGD
operation area, combined with cyclic steam stimoato utilize the existing heat in the
region between the adjacent steam chambers thratghe operation and hence accelerate
merging of the chambers.

Cross SAGD (X-SAGD) or L-SAG5talder (2005) advised that production rate waddinto
the spacing distance between the injector and peydin classic SAGD. Once the steam
chamber was generated, the SAGD performance wasneett with increasing spacing
distance. The concept X-SAGD was proposed to empfmcific operation strategies for
steam injection through the injectors which wergppadicular to the producers. It attempted
to utilize gravity and lateral drive to improveumben recovery.

Consequently, more oil in the formation was expgttebe reached and recovered than in the
classic SAGD operation. His simulation study wasdiated to test the X-SAGD concept
and indicated that X-SAGD had advantage over @aS8iGD at lower pressure (1500 kPa)
than at higher pressure (3000 kPa). However, thegss of X-SAGD was expected to face
some serious practical challenges: extended izégbn period, low initial production rate,
and complicated operations.

Fast SAGD.(Figure 3.6)In the theoretical concept of Fast-SAGD (Shin eR@D5), the offset
well was equipped and parallel to, but 50 meterayafsom the SAGD producer. A pair of
vertically spaced, parallel, co-extensive, horiabrihjection and production wells and a
laterally spaced, horizontal offset well were pd®d in a subterranean reservoir containing
heavy oil. Fluid communication was established serte span of the formation extending
between the pair of wells. This concept utilizece thdvantages of SAGD and CSS
contemporaneously as laterally spaced horizontdlswead to faster developing fluid

communication between the two well locations.

Fig. 3.6: Fast SAGD
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Based on results of numerical simulation, the mscgelded improved oil recovery rates
with improved steam consumption. The rates of banmroduction increased and the steam-
oil ratio was reduced. Shin et al. (2007) claimedgtFSAGD was a more efficient recovery
process requiring less steam and had lower opgratsts to produce the same amount of

bitumen.

3.2. Physics of SAGD

3.2.1. Steam Chamber Growth Mechanism

The SAGD concept is based on steam chamber develdpms production is mainly from
the chamber / heated oil interface. Thus, the dgweént and analysis of the steam chamber
growth and characteristics have received a great de attention by scientists studying
SAGD. Yet it seems that the complete picture ofghmess of steam chamber development
is not fully represented due to different processasirring at the same time; counter-current
flow, co-current flow, water imbibitions, emulsifiton, steam fingering and dimensional
movement (lateral vs. vertical). All of these preses are related in a way due to the fact that
in SAGD lighter fluid (steam) is trying to penetaty nature to a heavier fluid (Heavy oil or
Bitumen) above it. Ito and Ipek (2005) observedrfrbeld data that steam chamber grew
upward and outward simultaneously like the expansibdough during baking. It was also
noticed that recent understanding of SAGD proces®mses the idea that steam chamber is
not connected to the producer; rather a pool efidiggxists above the production well. Gates
et al. (2005) identified the advantage of havinghsa pool by preventing flow of injected

steam into the production well.

3.2.2. Steam Fingering Theory

Butler's theory has been developed from 1969 to41989 1994 from a sand pack lab
experiment, Butler observed that the rise of tlearst chamber doesn't advance as a flat front,
rather as series of separate and ragged fingersefileed the occurrence of these fingers to
instability created by rising lighter steam belowe theavy oil. Thus, understanding steam
finger theory is crucial for understanding steamarober rise processes. Depicting a
rectangular boundary, Butler hypothesized steammblea development; his description of the

process can be summarized as follows:
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1. Steam flows upward from lower boundary providimeat to rise reservoir temperature to
steam temperature.

2. Heated material drain leaving through the loweundary as a number of identified
streams.

3. The velocity by which the residual oil leaves 8ystem is of that steam chamber rise with.
4. Flowing hot oil and condensate leave at higheoacity because they have a downward
velocity relative to the hot rock and residual oil.

5. The entering steam moves at a higher velocey tine chamber in order to pass through
the lower boundary.

6. At the very top of the chamber steam fingers enimio the relatively cold reservoir and
heats the cold oil through conduction.

According to Ito and Ipek (2005), many observatiansthe UTF, Hangingstone and
Surmount projects are now clearly understood bgnsténgers concept. Sasaki et al. (2001)
provided images where steam fingering can cleaglygden on their 2D experimental model.
They also showed an increase in the ceiling intabhence fingering, due to intermittent

steam stimulation of the lower horizontal producer.

3.2.3. Co-current and Counter-current Displacement

Nasr et al. (2000) stated that the uniquenesseoE#GD recovery process lies in the salient
role of moving condensing boundaries and countereati flows. Counter-current flow
between heated heavy oil and bitumen occur atojp@t a rising steam chamber where steam
fingers rise and heated heavy oil falls (Albahl2008, Butler 1994). Nasr et al. (2000)
published a paper highlighting steam oil emulsiarurter- current flow and rate of
propagation of the steam chamber. They used adridad experimental model and adiabatic
control system, and CMG STARS numerical model tousate SAGD counter-current flows
and determine sensitivities of different parametefbey concluded that for a given
permeability, the counter-current steam front pgapi@n rate is a linear function of time.
They observed that time taken for counter-curréeaira front to propagate to a specific
distance is much more than time taken by a co-ntuifrent, where drainage condensate was

impeding the advance of the counter-current front.

/1




Cold Qil
' Sand

f =480 min

el

-~ S

 t=240 min

Fig. 3.8: Visualized pictures of micro-channelling at the taf the
steam chamber for 300 mmx300 mm, 4.5 mm thick cotweal
SAGD model (Sasaki et al. 2001).
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Fig. 3.9: Ceiling and slope drainage inside the steam chafiNesr et al, 2000)

After history matching the steam-water counter-entrand co-current relative permeability
curves, they found that there was a significanted#hce between counter-current and co-
current relative permeabilities. They argued tl$ may be the result of a coupled flow
between the phases. This observation raises a rcorame whether existing numerical

simulation formulations can capture this importaysical analysis.

3.2.4. Heat Transfer and Distribution through SteamChamber

Understanding the heat transfer through steam cean very critical. This critical
understanding emerges from the fact that techgicattam chamber monitoring is applied
through temperature monitoring. Furthermore, it asitical to understand SAGD
thermodynamics to overcome the huge energy consomibtat persists with SAGD. Farouq
Ali (1997) criticized the assumption that condustmnly exists in SAGD. In response to that
critic Edmunds (1998) stated that based on thecagsd change in enthalpy, the liquid water
could carry and deposit 18 % of the heat of conaksmrs of the same water. Convection due
to oil is around 1/5 of this; conduction to cargnraining 78 %. He then evaluated the
convection role due to water streamline being atnpasallel to isotherms to less than 5 %.
This was also emphasized by Edmunds (1998) whesdated that except for the very near
vicinity of the liner or anywhere live steam pema#ts, heat transfer in the mobile zone is
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dominated by conduction, not convection. Howevdhahlani (2008) believes that with a
better understanding of geomechanical effectsdteeaf convection may be greater.

Gates et al. (2005) provided images of steam qualitd temperature of the steam chamber
from a simulation study. Comparing these picturegether we can clearly see that
temperature is almost constant while steam quatitiyes significantly. This supports the
claims of varying steam pressure throughout thanstehamber, i.e. steam chamber pressure
is not constant. In their work, they provided a elomnethod for visualizing heat transfer
within boundaries of steam chamber. The usefulméghis method is (as they state) that
steam quality profiles provide means to examineveotive heat transfer in the reservoir.
Using a hypothetical example of hotwell analysigl®&u(2001) provides a heat distribution
table for a typical Athabasca SAGD project. Albahig@008) reproduced it into a pie chart as
shown in Figure. 3.10. Butler comments on the autedy stating that in general the heat
remaining within the steam chamber, per unit préidacof oil, will be lower if the steam
temperature is lower (i.e.; the chamber pressul@nsr) or if the oil saturation is higher (i.e.;
there is less reservoir to be heated p&ofroil). The later is very important in determigin
the relative performance to be expected from dfiereservoirs. High (initial) oil saturation

is desirable.

m il
mWater
t Steam Chamber
B Chamber Surroundings
= Overburden

Fig. 3.10:Reproduction of Butler's (2001) heat distributfona typical Athabasca oil SAGD project

Yee and Stroich (2004) showed that, after 5 yedf@aver project, the amount of injected
heat in the chamber is around 32.2 %, outside chanm®34.7 % and 33.1 % was re-
produced. It can be seen that almost one thirdeat Imjected is re-produced. Albahlani
(2008) believed that this may had a beneficial it heat may prevent wax deposition

inside the tubing and maintains a lower oil visgo®&r uplifting if no emulsion is created.

74




3.3. Effects of Reservoir Properties on SAGD Perfonance

3.3.1. Porosity

Not many studies were presented to show the effiepbrosity on SAGD performance. By
reviewing the analytical models provided, howeware can observe that they all have the
cumulative production and daily production propamal to porosity which means that higher
porosity would "analytically" promote SAGD perfornee. This was observed in the
analytical study by Llaguno et al. (2002) whereythheported that accumulation properties
(thickness, porosity and oil saturation) have atgeeffect on SAGD performance than flow

properties ( permeability, viscosity, API, and resé pressure) (Albahlani et al. 2008).

3.3.2. Thickness

Several studies report that increase in oil pradacivas noticed with an increase in oil pay
thickness (Sasaki et al. 2001; Shin and Polikar72@lnghal et al., 1998; Edmunds and
Chhina 2001). Edmunds and Chhina (2001) statedztivads less than 15 m thick are unlikely
to be economic. Most of work done to draw this dosion is based on the fact that thin
reservoirs increase thermal losses hence higher. SORever, this conclusion is subjected to
variable understanding of what is "thick" and wisatthin". Also, the steam chamber growth
behaviour —due to other geological parameters- Inaag an effect on such conclusions. For
example, a cupcake steam chamber growth (lateeadty sideways) would not see much
effects of reservoir thickness, while a hand faeast chamber growth (laterally and

sideways) might take much longer time for the stedmamber to grow and complicated

process such as steam fingering, emulsificatiod, @mevailing counter current flow which

may result in fluctuation/decrease of oil productiAlbahlani et al. 2008).

3.3.3. Gas Saturation

Nasr et al. (2000) studied the effect of initialthene saturation on the advancement of steam
front in an experimental sand packed model. Theiced that the presence of initial methane

saturation resulted in a faster movement of preseperature values ahead of the steam front
at a given time as compared to the case where Wesao methane present. However, as the
steam front entered into the region of methanerattu, the propagation rate declined as the

methane mole fraction increased in gas phase. Ganébal. (2002) conducted a series of
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studies on a 2D visualized model. They found thdital presence of n-butane had a positive
effect on the process. They explained this by #uiction of oil viscosity due gas presence.
Bharatha et al. (2005) conducted a study on dissofjas in SAGD by means of theory and
simulation. They stated in their conclusion that #ffect of dissolved gas on SAGD is to

reduce the bitumen production rate. They also sdawat operating pressure plays a greater
role in reducing the effect of dissolved gas sainingpresence (Albahlani et al. 2008).

3.3.4. Permeability

McLennan et al. (2006) stated that the predicted fperformance of SAGD well pairs is
sensitive to the spatial distribution of permedpilAfter experimental (sand packed core) and
numerical model investigations, Nasr et al. (20000ed that the effect of liquid convection
ahead of the steam front can provide a betterigpédr the 10 Darcy permeability case than
for the 5 Darcy case. They also observed that tikere evidence that steam temperature
inside 5 Darcy sand was lowered by about 3° C thanfor 10 Darcy sand for a given steam
injection temperature. They argued that this mighta result of higher capillary pressure for
the 5 Darcy case. They also reported that he padjwagrate of the steam front is not a linear
function of permeability.

In a 2D simulation model investigating SAGD in cambate reservoir, Das (2007) reported no
significant change in production due to matrix peatnility at earlier stages and faster decline
for low permeability at later stages. He referrdus tdue to the possibility of matrix
production which occurs primarily by imbibition artiermal expansion. However, by
looking at the examination range (10 — 50 mD) it b& seen that the range is too small to
study the effect of permeability. Kisman and Ye({h§95), on the other hand found from a
simulation model that decreasing the vertical patnigy resulted in a significant decrease in
CDOR (calendar day oil rate) and OSR initially. Batincrease in both CDOR and OSR was
noticed at later stages. It was also shown by Skiang and Baker (2006) in a 3D simulation
model that decreasing permeability reduced initdl production but later increased
dramatically.

Nasr et al. (1996) showed a decrease in OSR ddedrease in permeability through their
numerical modelling study. Collins et al. (20023tst that laboratory tests on specimens of
undisturbed oil sands have conclusively proven thasolute permeability increase
dramatically with dilation. They also showed thdtear dilation of oil sands enhance
permeability in SAGD process. Shin and Polikar @0@ound that higher permeability
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resulted in a higher ultimate recovery as wellagdr CSOR. They also observed that fining
upward sequence showed better SAGD performance tdukateral steam propagation
(cupcake growth). Nasr et al. (1996) reported frdaB sand packed model that for low
permeability reservoirs, the steam zone was loedliaround the injection well. The low
permeability reduced the drainage of oil and growththe gravity cell. Mukherjee et al.
(1994) observed that the presence of low perm&gahibne between the injector and producer
may cause water hold up between the wells whereniganot well drained.

Butler (2004) studied the effects of reservoir tayg. He stated that in layered reservoirs
with permeability ratio less than about two, theggheaverage permeability should be used in
the Lindrain equation. He then suggested that ensituation described above, steam should
be injected in the more permeable area. He aldedsthat if the more permeable layer is at
the bottom then a steam swept zone will tend toetmadhe the upper layer. If the more
permeable layer is at the top and the permeabdiip is greater than two, the penetration of
the steam into the lower layer will be delayed addwill move through the lower region
driven by the imposed pressure gradient. Effectsibrate are not very severe at least until

the upper layer is exhausted.

3.3.5. Viscosity and API

Das (2007) studied the effect of oil viscosity i2@ model investigating SAGD in carbonate
reservoir. He found that recovery rate and injétivmproved with lower viscous oil.
Shangiand and Baker (2006) studied the effect of & SAGD performance, clearly
increasing API reduced oil production. Singhal let(#998) from a screening study outline
the effects of viscosity on geometrical and operatl parameters. For example, they advise
that from viscosities less than 35000 mPa.s antkitess more than 15 m, using vertical
steam injectors staggered around horizontal pradugas a feasible recovery strategy. Also,
relaxation of subcool constraint under certain wimstances may be feasible. They also
advised that, for viscosities above 65000 mPaes,ue of horizontal injectors and subcool
constraint was determined to be critical. (Albahktral.;2008).

3.3.6. Heterogeneity

Albahlani et al. (2008) compiled the records prabu@bout SAGD over the last three
decades and pointed out the strengths and weakniestigs process. Permeability is one of

the most critical reservoir parameters to SAGD psses. Shale interbeds, whose
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permeability is almost zero, prevent the steam dwnfrom expanding vertically (Figure.
3.11) and have profound effects on well produgtjuitil recovery and Cumulative Steam-Oil
Ratio (CSOR). (Le Ravelec et al. 2009)

Fig. 3.11:Left: steam chamber development in a homogenecasvyair.
Right: steam chamber development in a reservolr gliale baffles of limited extent.

Birrel and Putnam (2000) refer the importance skereoir heterogeneity to SAGD process
due to the fact that the driving force for the stease is the gravity head. Yang and Butler
(1992) studied the effect of reservoir heterogée®ibn heavy oil recovery by SAGD. Their
approach was to use a two dimensional sand-packeelrand they limited their study to two
field conditions: (1) reservoir with thin shale &g, (2) reservoir containing horizontal layers
of different permeabilities. For the two layer nesar they studied two cases: (1) high/low
permeability reservoir, and (2) low/high permeapilieservoir. They noticed that high/low
permeability was acting like a whole high permagbreservoir. For a low/high permeability
case they noticed an undermining of steam in theildhigh permeability) layer. This effect
decreased with time. They then compared the cuimelail production from the previous
setup to all low permeability setup and they natitile difference. They then studied the
effect of barrier length for each case (i.e.; shwotizontal barrier, and long horizontal
barrier). They concluded that a long horizontalrieardecreases the production rate but in
some configurations, not as much as expected. h&sd, confirm how SAGD is heavily
dependent on a good communicating reservoir.

Chen et al. (2007) conducted a numerical simulagtoidy on stochastic of shale distribution
Near Well Region (NWR) and Above Well Region (AWRhey stated in their conclusion
that drainage and flow of hot fluid within the NW&short characteristic length and is found
to be very sensitive to the presence of shale ithpairs vertical permeability. The AWR

affects the (vertical and horizontal) expansiorsigam chamber. It is of characteristic flow
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length on the order of half of formation height. & performance is affected adversely only
when the AWR contains long continuous shale orgh fiiaction of shale. They also studied
the potential improvement of SAGD performance bgrawulic fracturing by identifying three
cases; horizontal fracture, vertical fracture gatdb, and vertical fracture perpendicular to
the well. They observed in some cases an improvemenil steam ratio by a factor of two
when a vertical hydraulic fracture is introducedhey also concluded that vertical hydraulic
fractures are predicted to enhance SAGD performamaee dramatically in comparison to
horizontal hydraulic fracture. They finally statdtht a vertical hydraulic fracture along the
well direction is superior to one perpendiculattte well direction.

Zhang et al. (2005) showed 4D seismic amplitude enodswell seismic images of steam
chamber growth at the Christina Lake SAGD projebiclv identified the effects of reservoir

heterogeneity on the heated zones (Figure 3.12)

{kipid 1

Fig. 3.12:Map view of 4D seismic amplitude difference betw@801 and 2005 (Zhang et al, 2005)

Yang and Butler (1992) showed that long reservairriers such as shales can cause
difference in advancement velocity of the interfet@ove and below the barrier. This

difference is reduced by the drainage of heatadr®nh through conduction above the barrier
(Albahlani et al., 2008).
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3.4 Geomechanical phenomena associated with SAGD

3.4.1 SAGD Stress Path

In the SAGD process, saturated steam is continyoungtcted into the bitumen-bearing
formation. So, with increasing time of steam inj@ct the pore pressure and the temperature
in the formation around the injector increase. Heaveboth pore pressure and temperature
decrease rapidly from the steam chamber valuesitialireservoir values over a certain
distance outwards from the steam chamber surface.
The geomechanical phenomena of volumetric straininder the combined effect of pore
pressure changes (i.e., effective confining stidsanges) and shear stress constitutes the
primary factor influencing SAGD processes. Scothle{1991) outlined the effects of steam
stimulation on oil sands pore volume changes. Apenature increase causes thermal
expansion of sand grains and results in shearssse$ore pressure increase during steam
injection decreases the effective confining strasd causes an unloading of the reservoir.
These processes combine to result in a net chamgde reservoir pore volume and
permeability. Consequently, for the SAGD processo tpredominant stress paths are
followed within the reservoir:
1. Under initial anisotropic stress conditionsh(  v), pore pressure increases result in
equal reductions in v and h. In p-g space, the stress path is horizontal because <

h) is unchanged along this path.
2. Following the pore pressure injection stageraasing horizontal stresses due to thermal
expansion of the reservoir within the developirgast chamber initiate an extension (relative
to triaxial test configuration), a stress path veh#re deviatoric stress and mean effective
stress increase together. These stress increaseési@mprimarily to an increase ig while
remains constant.
The possible range of these stress paths is scivathaillustrated in Figure 3.13. For the
SAGD process, it is the deformation response altimg stress path that is of primary
importance. If, under the actions of shear stresshanges in mean effective stress, reservoir
deformations result in volumetric dilation or caution, the porosity will be altered.
Correctly identifying the magnitude of the stregfedmation behaviour and its resulting
impact on reservoir processes is important for tstdading the effectiveness of the SAGD
process. Within a reservoir, the actual stress pdthbe a combination of the two stress paths

(pore pressure effect and temperature effect).
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Fig. 3.13: Stress path in the SAGD process (Li et al. 2004)
[With h= 3& v= 1]

It is important to note that the stress path disicusprovided above is based on the principle
of effective stress (total stress minus pore pregsuConsequently, it fundamentally

incorporates both changes in total stress and pessure, regardless of the mechanism that
gives rise to these changes.

3.4.2 Sand dilation around steam chambers

Several fronts develop around steam chambers @igud). The slowest front is the steam
one followed by temperature and pressure. Dilatoours in the chamber itself because of
high pressure and temperature there, but alsoeapéhiphery of the pressurized zone. A
dilation front can thus also be defined. As exmdirin the previous section, the dilation
around the steam chamber might enhance the periheabiwater which accelerates the
pressure and the steam progression toward theesgouoir where the confining stress is the

lowest. In this scheme, the dilation is equivatendiffused fracturing of the sand.
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Fig. 3.15: Failure of a shale barrier by shear on the shosildea zone with a pressure greater than thecadrti
stress (TOTAL, 2010)
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3.4.3 Role of shale barriers

A shale barrier might stop or at least deceledageupward pressure transmission because of
its low permeability.

In the short run, the pressure starts diffusinggueatially in the horizontal direction. The
integrity of the shale barrier depends then onstiréace area of the pressurized zone and on
the difference between the pressure and the vestiezss. If the pressure is smaller than the
vertical stress, the shale barrier will be stalfiea pressure greater than the vertical stress
extends sufficiently at the base of the shale bgrthis last might fail by shear on the
shoulders of the pressurized area as illustrat&dgare 3.15.

In the long run, the integrity of the barrier midig# compromised due to temperature increase
by heat conduction. This increase of temperatuse\wa possible effects:

1. Shrinkage of the shale which, by reducing thefioement, might become a source of
fracturing.

2. Increase of the shale pore pressure due totfheiagnal dilation.

The effect of temperature on pressure can be eabnilusing the coupled constitutive
equation of the fluid under undrained conditionsr & shale fully water saturated, the
equation is:

dP = ideV +3(aK), dT
fC

With C,, andK,,, water compressibility factor and water bulk madullf the shale is confined
and cannot deformd(, =0), the pore pressure might increase by sevenaditeds kPa/°C. In
reality, the increase of pressure leads to shdardaof the shale accompanied by dilation and

increase of the shale permeability.

3.5 Geomechanics-Reservoir Coupling in SAGD Process

In SAGD process, reservoir geomechanics analysisnserned with the simultaneous study
of fluid flow and the mechanical response of theergoir. Quantification of the state of

deformation and stress in the reservoir is esdefatihe correct prediction of a number of

processes, such as recovery from compaction dneer flooding, surface subsidence, seal
integrity, hydro fracturing, sand production andMeglure.
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As an example of the importance of developing propservoir models and simulation tools
integrating geomechanical effects, K. Safinya (Beiilerger) examine the Canadian case,
where about 200 steam-assisted gravity drainag&[HAvell pairs produce approximately
120,000 barrels per day — an average of about &DPdy well pair. The production, however,
varies. While one field produces 200 b/da per wait, a nearby field is producing 35,000 b/d
from 10 well pairs. A lot could be learned by thdustry if the reasons for this large variation
were understood. Perhaps if accurate reservoir Imdaeegrating geomechanics) had been
built and simulation studies had been carried the, variation and the ensuing extra costs
could have been minimized. It is much more expengrill and test a well than to simulate
it.
Here after there is an example showing the geonmécdlaeffects of SAGD process,
explained by M. Dusseault (2008):
Figure 3.16 shows a perpendicular slice of a gr@uBAGD chambers, as well as an axial
slice of one SAGD well pair; typically, H=20- 3 W/H 3.5-4 and L =750 - 1000 m.
The upper X-section is a plane-strain section. ®rairainage takes place out at about the
virgin pressure § so there is no significant regional flux arisifigm induced pressure
gradients. Steam rises under gravitational thersegregation, moves laterally, condenses
into water, and flows along with hot oil toward tpeoducing well. Although there are no
induced pressure gradients, the phase densityretife = dominates flow because of the
difference in head ( -g-z), and the flow rate is of course proportiomalthe vertical
permeability, an intrinsic material property.
Assuming H = 30 m, Z = 500 m with initial condit®i ~25°C, v = h ~12 MPa and $~5
MPa, the equilibrium T of the steam at 5 MPa is °®g5thus T ~240°C. A typical
thermalexpansion coefficient of = 0.28—-0.30 quartz sand is 8-10 X°FC, and the elastic
parameters are on the order of E ~3 GRap.25.
When a group of SAGD steam chambers under theshtmms is ‘grown’, the surface of the
ground rises by about 400-500 mm. However, a thelastc calculation, even assuming
100% of the volume of the reservoir is heated t6°26 gives 70 mm, about 15% of the
zmax measured. Because pore pressures are apptelyimanstant, there is no confining-
stress-related dilation, which would be small iny arase (the compressibility effect).
Therefore, the rest of the vertical heave musthiegerésult of fabric dilation, which can only
happen if high shear stresses are generated, erttler hot or cold conditions. (Dusseault,
2008)
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Fig. 3.16:The geometry of the SAGD process (Dusseault, 2008)

Consider the limiting case where the entire straignhomogeneously heated to 265°C
assuming that no lateral-strain in horizontal dicets is possible,x = y = 0, the purely
thermoelastic stress changes become:

E.0.0T

DP=0, Ds,=0 ,Ds,=0 so Ds, =
1-v

Whereb is the thermal expansion factor. For the paramsetested previously, this

approximation gives y ~10 MPa, or , ~7 MPa, ,~17 MPa. However, this is insufficient
for shearing and dilation to develop.

Another analysis that accounts for the non-unifalistribution of strain leads to a different
conclusion. The section shown in Figure 3.17 isaag-strain slice of the SAGD process after
some time.The key observation is that in advanddethermal front, stress changes applied
to the reservoir sand are compressive in the hotéalirection (approximately), but because
the SAGD chamber is also expanding vertically, vieetical effective stress is diminished
substantially, taking the deviatoric stress shaiplp a condition of shear failure at low
confining stresses. In fact, even af as low as 100°C, the vertical effective stresspdr

below the pore pressure value for any reasonablaf seechanical parameters.
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This leads to dilation and changes of propertid®e $et of phenomena that probably take
place are:
Injection of steam leads to thermal expansion efsteam chamber in all directions.
In advance of the chamber wall, the reservoir sarglibjected to strong compression in
the horizontal direction and extension in the aitdirection.
0 Depending on properties assumed and the shape bktited zone, changes in
deviatoric stress (L — 3) can easily exceed 20 MPa.
0 Shearing takes place once the local shear yidigricn is satisfied.
0 Because of the moderate3, a large amount of dilation accompanies the
shearing process.
Because of the geometry of the thermal zone andethervoir, shear occurs throughout
the reservoir, not along just a few planes; hegeegral dilation ensues in advance of the

thermal front.
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As the steam chamber grows, previously dilated ri@dtes progressively incorporated
into it. Within the steam chamber, the compressitvesses are higher, some dilation is
lost by compression — or “re-compaction”, but tisismall in relation to the dilation.

The strong dilation in front of the heated zoneal&eto:

0 An increase in absolute permeability by perhapstx 2 5 because of porosity
increase.
0 Breaking up thin clay dustings on bedding planed ahale layers a few

centimetres thick, further increasing permeabilfgspecially kv, which controls
gravity drainage rate).

o The strong porosity increase (probably 4—6% logatbuses water influx (the
oil is far less mobile), so the water permeabilitgreases by at least an order of
magnitude (likely much more), allowing thermal centron to develop in advance of
the zone where the oil is being “melted” by thehhigmperature.

These permeability increases and accelerated haagfér mechanisms make gravity

drainage much more efficient, allowing heat fluxbiecome dominated by convection in

the dilated zone in front of the steam chamber.
Again, it is worth noting that fluid flow heat flufFourier), and geomechanical response are
intimately coupled. The mechanism of dilation-inddémprovements in properties is a major
reason why SAGD has proven far more successfulantige than initial simulation results
suggested (Collins et al., 2002). It is also onéhefreasons why petroleum engineers have to
calibrate and re-calibrate non-coupled models, gimg solutions formulated in terms of
“pseudo-parameters” or empirically changing prdapsrtbecause it is impossible to make
realistic predictions using virgin properties. Besa large permeability enhancement related
to stress-induced shearing accompanies the prd8&&3D can be used in many cases where
the intrinsic vertical permeability might seem towv to allow success. The SAGD process
can be implemented at higher or lower pressuresjigegd there are no mobile water or gas
zones present. If high pressure SAGD is used (p bup< v), the rate of processes aided by
dilation and permeability enhancement will be ferthmproved. However, heat transfer
through vapour phase condensation (latent hea®disced at higher pressure, and it will be
necessary to depend more on sensible heat.
Because the temperature is higher (e.g. 296°C @8 Mstead of 265°C @ 5 MPa), the oil
viscosity will be lower, and this will also accedéz oil production rate.
In the absence of an understanding of geomechaegsvoir engineers often argue that low-

temperature SAGD is more efficient because of ilgbdr enthalpy and the reduced rate of
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conductive heat losses in the wellbore and reserut, a higher effective stress means
dilation is partially suppressed, the permeabiktl} be lower, and the viscosity of the oil will

be lower as well (e.g. at 215°C @ 2 MPa). Whenciwgpled phenomena of thermal stress-
related permeability enhancement and thermal viscosduction are factored in, it appears

that low-Temperature SAGD is disadvantageous, coatp@ high-Temperature SAGD.

3.6 SAGD Numerical Simulation & Coupling

Given the nature of heavy oil, reservoir models@@ehaps more important than they are for
conventional plays. Reservoir simulators for heailyshould be able to take into account a
variety of complex reservoir behaviours when it sighject to heat, solvents or large
gemechanical stress; in the latter case, to acquoperly for reservoir behaviour, non-linear
geomechanical variables at a resolution of one reqoeetre across the entire reservoir are
necessary to estimate surface movement over laduption periods.

In the early phase of development, simulation calp lkengineers optimize the design of the
production system, and to evaluate various wejkettaries and drainage patterns. After
production begins, operators may see a wide rahgesalts from individual wells. In that
case, accurate modelling can help optimize prododtiroughout the life of a field.

Intelligent completions and continuous monitorimglele better control of inflow and outflow
from the well — providing measurements in real-tifme dynamic modelling and automated
control. Prior to deployment of any such systemraper optimization study should be
conducted using simulation tools.

Generally, more emphasis has been given to solWiedlow problem alone by assuming a
constant state of stress (total stress) in theesysind by incorporating a time-invariant rock
compressibility term to account for the completechamical response of the system.
Conventional simulator neglects the geomechaniograction of a reservoir with its
overburden and sideburden and implicitly assumesvatgnce of reservoir conditions with
laboratory conditions under which the rock compiebty was measured. This results in a
crude oversimplification of the physics governingig-fluid interactions. Solution to the
coupled geomechanical problem, however, has stéotedolve from a research topic to an
essential component of reservoir simulation, githenenormous environmental and economic

impact that the mechanical deformation of the nesemay have.
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In reality, rock mechanics or geomechanical effests intimately coupled with fluid flow
physics. Such coupling is a two-way coupling:

1. Fluid pressure variations affect the mechanicablem, because deformation is driven by
the effective stress (roughly speaking, the tdtalss minus the pore pressure).

2. Deformation of the medium affects the flow pelin two ways:

(@) Flow properties coupling where fluid pressuiffecs the solid configuration and
consequently porosity and permeability of the syste

(b) Pore volume coupling where effective stressigad strains in the solid skeleton resulting
in pore volume changes.

In a traditional reservoir simulator stress is assd to be constant throughout the simulation
and all properties are understood as a functiorpressure (and saturation in case of
multiphase flow). Rock compressibility, a scalaaqtity, is used to account for the complete
tensorial response of the stress state and maséffakss. In reality, this rock compressibility
term has been shown to be a function of the logatitions and boundary conditions on the

reservoir and is also influenced by stress path.

3.6.1. Review of SAGD simulations

Computational geomechanics is a research fieldgbexplored by many researchers to
predict simultaneous changes in reservoir pore meluand permeability resulting from
production and injection.

A vast literature on the SAGD concept has beenIdped since it was first introduced by
Butler and his colleagues in the late 1970s. Als® riumerical simulation has been widely
used by many researchers to investigate the physi@eess and practical operation of SAGD
as well. For example, Ito and Suzuki (1996) obstradarge amount of oil drains through
steam chamber when geomechanical changes ocche ireservoir. They hence flagged the
role of geomechanical change of formation duringG®A as very important. Li and
Chalaturnyk (2003) worked on coupled reservoir-gedmanics simulation and showed a
higher oil production than uncoupled simulation.eyhnferred this difference to take into
account the enhancement of both porosity and pdaititgain coupled simulation.
Chalaturnyk and Li (2004) presented an insight itite geomechanical effects on SAGD
operations. They hypothesized that, in a SAGD mecthe combination of pore pressure and
temperature effects, creates a complex set ofactiens between geomechanics and fluid
flow. In their work, they studied, using coupledeevoir simulation, major geomechanical-
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reservoir factors which include: initial in situfeftive stress state, initial pore pressure, steam
injection pressure and temperature, and procesnejep variables such as well spacing and
well pair spacing. They stated that it was difficib be conclusive about specific
geomechanical process relative to the multiphaaeackeristics of SAGD from a work at that
stage. However, they provided some observationsudimgg enhancement of absolute

permeability occurrence in significant zones ofassHailure.

3.6.2. Different coupling strategies

Based on the degrees of coupling between resefluadr flow and oil sand geomechanics,
coupled simulations can be split into four categmrinon-coupled, decoupled, sequentially
coupled, and fully coupled, as Chalaturnyk pointed

The non-coupled solution denotes the conventioesgnmvoir simulation, which applies rock
compressibility as the sole parameter to consitlerinteractions between the fluids and
solids.

The decoupled or one-way solution usually incluttes complete time history of reservoir
simulation followed by a stress solution, but doesinclude the feedback of geomechanical
effects on reservoir simulation. In one-way couglitwo separate sets of equations are solved
independently and output from one simulator is pdsss input to the other at certain time
intervals. The information is passed only in oneclion. Under specific conditions, one-way
coupling can be used effectively to obtain the ectrisolution (Wang, 2000). Also, one can
gain valuable insight into the physical situatiespecially for fluid flow dominated problems.
The one-way coupling approach has been successfséigl by Fedrich et al., Boade et al.,
Sulak et al., and Cook et al. (Chen et al., 2007)

The sequentially coupled solution contains bothlieitly coupled and the iteratively coupled
reservoir geomechanical simulations. In sequegtiadupling, the two sets of equations are
solved independently, but the information is passedoth directions between the two
simulators. The stress equations are solved sagligmb each time step or iteration during
each time step. Then, the modified reservoir patarseby geomechanical behaviour are
substituted back into the flow equation to contirthe next time step. The sequentially
coupling has advantages like flexibility and modiiya relative ease of implementation, and
better computational efficiency. The iterative cliugis basically equivalent to the modified
Newton-Raphson version of the fully coupled methaghen the iterative process converges,

the iterative analysis yields the true solutiontleé coupled problem. Settari and Walters
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(1999) discussed the different methods of couphng gave to sequentially coupling the
advantage of flexibility and reliability over otherethods. The sequential scheme has been
used effectively by Settari and Mourtis (1998) &utqvist et al. (2003). Chin et al (2002)
developed and implemented a parallel computing ateth an iterative scheme and indicated
an increase in speed of geo-mechanical computdbipas order of magnitude.

The fully coupled reservoir geomechanical simulatgnlves the flow equation and stress
equation simultaneously based on a unified gridesys However, in the fully coupled
approach, the hydraulic or geomechanical mechanamsften simplified by comparison
with conventional uncoupled geomechanical and veselapproaches. In the sequentially
coupled approach, the stress and flow equationsa@ved separately for each time step but
information is passed between the reservoir andngebanical simulators. Therefore the
reservoir and geomechanical problems have to lmemelated according to the original fully
coupled problem. Contrarily to the fully coupledpapach, the sequential coupling looks
more flexible and benefits from the high developtadn physics and numerical techniques

of both the reservoir simulator and the mechargoévare.

3.6.3 Is coupling too difficult?

Full coupling of all processes and non-linearitiesa general framework is too difficult to
implement, and may so remain for some time. Ldten, examples of SAGD processes will
be given; these are economically important procetis® have not yet been fully analysed in
a coupled manner at a realistic engineering s&uleh lacuna may be for several reasons;
several of them are described here.

The problem may be computationally intractablie. structurally complex environments,
reservoir analysis involving injection and prodoatiin many wells (e.g. 20-50) can easily
lead to 107-108 degrees of freedom (equationsicesfy if there are many steep gradients
in pressure, temperature,and saturations (Yin et al., 2008). Also, nondinbehaviour such
as shear dilation, fabric collapse, and fracturerdation changes, all combined with changes
in k, Cc, and , make computational efforts exceptionally largd. iterest to reducing
computational effort is a method combining finitéereents for the reservoir with
displacement discontinuity elements for the surdings (Yin et al. 2008, see Figure 3.18).
This method treats the exterior zone as elastit rjpoessarily isotropic), the interior zone of
reservoir rock which may undergo non-linear behawiof various kinds (e.g. dilatancy,

collapse, etc.), and an intermediate zone in wiéhperature and pressure changes (and

91




hence, stress changes coupled @ and p) are important. Compared to classical finite
element approaches, the number of degrees of ineedo be reduced by a factor of five or

SO.
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Fig. 3.18: A DD—FEM scheme for reservoir engineering analg$ismbular reservoirs (Dusseault, 2008)

Vital data may be lacking-or example, in a shale oil extraction technologgt tinvolves
electrical heating and induced pyrolysis, all foasic diffusion processes are important and
coupled (Darcy flux, Fourier flux, Fickian flux, @tic flux). Complex pyrolysis reactions are
generating liquid and gaseous phases through theleeamposition of solid kerogen, hence
pressure-volume temperature behaviour is importdhese changes trigger massive
alterations, and fracturing takes place, in larget jpecause shale is dehydrated (~125°C),
then dehydroxylated (~400°C), with massive volurhenkage taking place. Permeability
changes of five to seven orders of magnitude deyelad reaction stochiometry over large
p—T ranges in the presence of clay minerals arantlerstood. Hence, any attempt at
generating a sensible coupled model is severelhstined by the lack of constitutive
behaviour for the rock and fluids undergoing pysidy In such cases, better-defined subsets
of process will be analysed in a coupled mannéherathan trying to develop a “complete”

model.
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Complexity may be intensdeterogeneity, process complexity, geometrical emaktitutive
uncertainty may, in aggregate, be so large thatwdi®e a coupled model in an attempt to
make a prediction is unwarranted. In this situatible proponent must decide on one of two
directions: abandon the attempt at coupling antig@s even modelling, or, treat the coupled
modelling attempts not as a predictive model, mutgarametric or physics model used to
gain insight into the potential magnitude of théeefs or their consequences. In fact, given
typical complexity of many thermal petroleum recgveprocesses, much coupled
geomechanics modelling serves exactly this rolehéncasing shear problem described later,
a close correspondence between reality and predgcis rarely obtained without a substantial
attempt at calibration of models to field measunetsie

Coupling may not be warranted=or engineering processes, there are three leviels o
importance. A phenomenon of “first-order” importanwill have >10% effect on the results;
it must be included in design and analysis. Sineplgpled models are used to assess whether
this magnitude is to be expected. Phenomena obfgkorder” importance, 1-15% effect,
may or may not be included in coupled analysis,eddmg on the general level of
uncertainty. For example, in foundation analysetdrs of safety are usually so high that
second-order coupling effects are not analysetpath they may be noted and flagged for
observation. “Third-order” processes, giving lelsant 1-2% on results, are not included in
coupled geomechanics analysis. For example, laggpdrature differences associated with
steam injection in oil sands give rise to inducdecteical currents, but these are of no
consequence to the rest of the process.

In this study, we apply the one-way (or decoupledplicit and iterative coupling methods in
order to simulate numerically the SAGD process.sT$imulation is performed by using
PumaFlow, IFP reservoir simulator, and Abaqus agggomechanical simulator. In chapter 5,

we will explain the case study and the applied mddtogy in details.

3.7 Examples

In this section two examples are presented whikcistiate the importance of taking into
account geomechanics in SAGD process. Hangingsamoke Joslyn fields are located in
Northern Alberta (Canada) in the Athabasca oil sgrdvince (Figure 3.19).

The reservoirs are made of unconsolidated sandws fiflee fluvio-estuarine McMurray

Formation. Reservoirs from this area exhibit a cl@xpinternal architecture which is
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associated with heterogeneities specific to fluvaahd estuarine environments. In
Hanginstonearea, the top of the McMurray reserngat a depth of 260m in average and in
Joslyn, it is at a depth from 65 to 110 m.
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Fig. 3.19:Location of Hangingstone and Joslyn fields

3.7.1 Hangingstone study

The impact of reservoir heterogeneities on thenstelaamber growth was studied by Lerat et
al (2010) at IFP Energies nouvelles using data fiteerHangingstone field.

Figure 3.20 shows a vertical cross section acrossdservoir showing the horizontal well
pair placement considered for the study. The resetivickness is about 50m in average, with
a 20-25m net pay. The producer lies 5m above tbeywer. The well pair length in the
reservoir is 820m.

The synthetic geological model was defined by amesr grid exported from the global
geological grid with overburden layers. The gridswexported with porosity, permeability,

saturation and lithological properties (Figure 3.21
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Fig. 3.20: Vertical section along the well pair: facies (uppend horizontal permeability (lower).Permeability
values: 0.01 mD (red), 3000 mD (white).
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Fig.3.21:Overburden and reservoir grid (Lerat et al, 2010)
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Reservoir and geomechanical computations werezeghlon a local SAGD grid which

represents the well pair:

° Reservoir simulations with PumaFlow: evolution oégsure, temperature, oil, steam and
water saturations for different stages of produrctio

° One way coupling with a geomechanical model (Abatusompute stress variations and
volume strains at these stages

° Explicit coupling with an update of the permeapifield in the reservoir area.

Two periods of SAGD production were studied in detdhe early steam injection and later
on when the steam chamber develops laterally artctaky towards the top of the reservoir.
Of course, some simplifying assumptions were takemaccount and unfortunately there are

no in situ measurements available to validate ¢lsealts.

Figure 3.21 shows the extension of the steam chaafter six months of production for the
one-way coupling (upper figure) and explicit coagli(lower figure). The 3D envelope
corresponds to a value of 100 °C; it means thatyewell inside this domain has a
temperature ranging from 100 to 280 °C.

Both indicate clearly a high degree of heteroggr&fitemperature distribution along the well

pair due to the presence of shale barriers werstd@n chamber can not develop.

£l
7 QDE: MNARID L parallel_zlpna bonodh  AbaqusStandand Yesion 671 Wed May21 1423 52 CEST 2008

e R Shales remain a barrier
2o POF,

| Shales can reach rupture

Fig. 3.22:Impact of the shale mechanical behaviour on tlwergdry of the steam chamber
(Lerat et al, 2010)
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In the case of explicit coupling where there isugmlate of permeability in the cells of the

reservoir model from the computation of deformatéml stress in the geomechanical model,
some of the shale barriers are no longer impervishien heated by steam (section 5 for
instance) and they fail, helping steam to move ugs/and heat more reservoir. This shows

that interaction between the two models througtaiiens is important.

3.7.2 Joslyn study

3.7.2.1 Joslyn steam release

The Joslyn field has been the scene of a steanosrpl in surface in May 2006, creating a
crater 150 m in diameter in the forest (Figure33823.24). The release created a large vent
formed by fissures approximately 3 m wide, 4 m demm 15 to 25 m long. A substantial

amount of subsurface material, including pieceok up to 1 m in size, was ejected.

Several hypotheses were brought by Total to exphlarloslyn steam release:
° Shear failure at the edge of a pressurized area.
° Leakage within or around wells (e.g. through paamnentation),
° Pre-existing existing fractures or other structfeature,
° Erosion or other sedimentary feature,
° Hydraulic fracture,
° Thermal failure of shale,
All these hypothesis involve geomechanics.

Figure 3.23 shows the lay out of the 18 SAGD waelirp on the Joslyn field: 12 were on
SAGD production mode, 2 were on circulation andeteashut after the steam release.

Figure 3.24 shows a simplified stratigraphy abavayh well pair 204-1.

From ground surface and downward, the formatioas ar

1. Clearwater shale : continuous cap rock of very p@rmeability

2. Wabiskau: three layers of aquifer sands, continshiade and silts. The thickness and
other properties of the upper sand and middle sdrel@ery continuous over the area.
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Upper McMurray bitumen filled (and occasionally gélied) filed sands/shale
alternations.

Upper Middle McMurray: alternation of shale and lgwality sands (K < 200 md).
Shale layers act as local barriers to verticalrst@@ovement and pressure diffusion
due to their low permeability.

Lower Middle McMurray: good oil sands providing tHamulk of HC reserves,
permeability of several Darcys.
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Fig. 3.23: Aerial photographies of area after steam release

98




Fig. 3.25:Well Location and Status Map (@ time of steamasdg
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Fig. 3.26:Simplified stratigraphy above Joslyn well pair 2D4-

3.7.2.2 Scenario for steam release proposed by Tbta

First studies performed by Total show that the déwle pressure at the time of the steam
release was much lower than the confining strefiseatiepth of the 204-11P1 well pair. Such
observation indicates that the steam release wasawsed by the opening of a fracture
originating from the well depth immediately befohe steam release.

The seismic survey shot in December 2006 — JanR@@y over the steam release area
allowed a volume of formation affected by the stemmiease to be mapped. The affected
volume is fully disconnected from nearby delineationonitoring or development wells
below the Top McMurray interval. Such observatiaports the hypothesis that the steam

release is not related to channelling around wells.

Others conclusions were drawn:

o

Steam vents are observed at surface more than 3Way from any surface well
locations. Such observation supports the hypothésis the steam release is not

related to channelling around wells.
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o

Available data does not allow clear conclusionatre¢ to nearby wells’ cement bond

quality to be drawn.

No evidence was found, after an extensive invetstigeof geological and seismic
data, of pre-existing seal weakness at the paatidocation of the Joslyn May 18th

2006 steam release.

The reservoir analysis of the SAGD behaviour oflvpalir 204-11P1 suggests that some
fracture(s) developed at least 4 weeks before tdensrelease during a phase of high steam
injection/circulation pressure. A water volume ofand 1000 to 2600 frwas stored in this
fracture(s) and reservoir connected by this frag)runtil the final catastrophic failure of the
last seal.

The mechanical constraints prevailing in the JosBservoir are such that tensile fractures
should develop primarily in the horizontal directiovertical tensile fractures would have
directly caused a release with no storage peribe. most likely failure mechanism of shale
barriers in the present context involves successhear failures at the edge of horizontally
pressurized areas.

Geomechanical analysis and modelling were performdiht of results from the previous
results. The mechanical model parameters wereatefrom previous Joslyn geo-mechanical
studies and from published data about sand ance dbamnations analogous to the ones
encountered on Joslyn. One way coupling was peddrm

The geomechanical model was used to calculateiliigod strain around steam injector as a
function of the injection pressure and the sizethef pressurized zone (Figure. 3.27). A
pressure of 1600 kPa exceeds both the initialaa@rind minimum horizontal stresses at the
top of the pressurized zone.

To investigate the likelihood of shale barrier diad by shearing at their shoulders, Total built
a finite element model of 60 m thick overburdenpressure of 1800 kPa, to be compared
with the overburden weight of 1560 kPa, was appitethe base of this model. The radius of
the pressurized zone was changed by steps of &rtmgtfrom 15 m.

The plastic shear strain (or norm of plastic devriatstrain) increases significantly when the
pressure diffuses laterally at the bottom of aeskefer. When the radius of the pressurized
zone reaches 45 m, plastic shear strain cuts thrthegwhole overburden. (Figure 3.28), it

means that the shear fault which cuts the shak&ebavill be wide open to flow.
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Fig.3.27: Example of geomechanical model results (Total0201
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Fig. 3.28:Example of plastic strain in a 60m thick overburdexer 1800 kPa pressure (Total, 2010)
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Finally, from Total report, the most likely scermafor the steam release involves:

A fast, gravity-driven, local development of a steehamber to the top of the

reservoir, probably involving sand dilation,

A lateral extension of the pressured area belowdpef the reservaoir,

A shear failure or series of successive shear réslwon the edge of this
pressurized area that allowed the steam to breathinwthe Wabiskaw

reservoir,

A significant water / steam storage in the SAGDnehar and fracture system,
and a catastrophic shear failure of the ultimatiea@vater seal leading to
release of steam at surface on May 18th 2006
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Chapitre 4

Modélisation physique et mathématique

Le chapitre 4 commence par une description géeédhl probleme THM couplé avec

interaction des phases fluides et du milieu por&formable.

Les principales inconnues pour un probleme de THMpte sont des fonctions de I'espace et

le temps :

- température T a chaque point et a chaque instantrgun a toutes les phases
(liquide et solide),
- pression interstitielle P supposée commune a $olds phases liquides non
miscibles,
- le vecteur déplacement de la particule squelette.
En plus des conditions initiales et des conditiang limites, les équations qui régissent ce

probléeme sont de deux sortes:

1) les lois de conservation (de masse, d'énergie,aaant angulaire,)
2) les lois constitutives et lois de I'Etat: lois detde fluide, la loi de Darcy, loi de
Fourier pour la transmission d'énergie par condoati loi de contrainte effective
(Biot) et la loi de thermomécaniques ...
Au lieu de développer un simulateur parfaitemenipt®, ce qui nécessite beaucoup de temps,
le choix a I''FPEN s'est porté sur l'utilisation dkeux simulateurs commerciaux existant
couplés en externe par un ou des modules de liaifoen résulte évidemment des

simplifications.

Ce chapitre présente les deux simulateurs utilisésde ce travail, PumaFlow simulateur de
réservoir et Abaqus simulateur géomécanique. Lisicest mis sur la prise en compte des

spécificités de la production thermique en SAGD.

PumaFlow est un simulateur de réservoir dévelgmuelFPEN qui offre des solutions pour
traiter la quasi totalité des cas de productionydifocarbures. Dans ce travail, on a utilisé
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une version thermique qui prend en compte la rédnctle viscosité des huiles avec
l'augmentation de la température et divers phénawéde transfert thermique et de

perméabilité relative en flux multiphasique.

Cependant avec ce logiciel certains aspects ne gasittrés bien pris en compte comme ce

qui concerne le squelette poreux : dilation themmeig..
Le schéma numeérique utilisé est un schema en vdiommet une résolution implicite.

Le simulateur de géomécanique utilisé est ABAQWS ain solveur généraliste qui recourt a

un schéma traditionnel d'intégration implicite.

Le solveur ABAQUS/Explicit emploie un schéma djnatéion explicite pour résoudre des

probléemes dynamiques ou quasi-statiques non-lieéair

ABAQUS/CAE constitue une interface intégrée dealigtion et de modélisation pour
lesdits solveurs. Chacun de ces produits est caéplar des modules additionnels et/ou
optionnels, spécifiques a certaines applications.

Le couplage entre un simulateur de réservoir esinmulateur de géomécanique a été un sujet
de recherche a IFPEN depuis 2000. Par exemple degplages entre Sarip, un code de
réservoir, et Cesar ou entre Sarip et Abaqus oétaitordées dans une phase de recherche.
Le couplage entre Sarip et Abaqus qui était basdesmise a jour de porosité a été utilisé
par D. Bévillon (2000) afin de modéliser la subside d'un réservoir trés compactable
homogene. Dans un stade légerement plus avanc&ouplage entre Athos (version
précédente de PumaFlow) et Visage (VIP) (un siraulatle géomécanique) a été étudié par
M. Mainguy et P. Longuemare en 2002. Cette étudé,aqété un couplage séquentiel
(ATH2VIS), a été menée pour savoir si les changemméans les contraintes effectives
résultant de l'injection d'eau froide pourraientpdiguer des venues d'eau prématurées dans

la production.

Le couplage (de la porositeé) entre PumaFlow et Alsag été initialisée par S. Vidal dans le

cadre d'une modélisation de stockage de CO2.

En 2007, I'étude d'une simulation couplée du pregeSAGD réservoir-géomeécanique a éte

initialisée par F. Adjemian et G. Servant G.
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Cette thése est en continuité avec les travaux épigis. Certains programmes et
subroutines ont été modifieés, d'autres ont été tiamfin d'étre appliqués dans une
simulation thermo-hydro-mécanique couplée. Un nmeodule couplage entierement
automatique (PUMA2ABA) a été développé en Pythoar mgrer le couplage entre
PumaFlow et Abaqus :

- la pression de pore et la température déduite dudéte réservoir sont
introduites dans le modele géomécanique pour catcuh nouvel équilibre
meécanique,

- le modele géomécanique calcule les déformationgitesl dans le réservoir et
donne une perméabilité actualisée qui est transf@émodeéle réservoir.

Ce module de couplage est actuellement opératioanedpproche one-way, explicite et
itérative. Dans la deuxieme partie de ce travaih afe réduire le temps de simulation couplée
courir, la possibilité d'utiliser différents systemnde maillage pour les modéles de réservoir et
géomeécanique a été étudiée et un module de trarddechamps a été mis en ceuvre dans
notre module de couplage réservoir-géomécanique faamiliter I'interpolation des données
entre deux simulateurs. Par conséquent ce code algplage PumaFlow-Abaqus est
completement opérationnel en vue d'effectuer unalation couplée sur un cas sur le terrain

réel.

La méthodologie de couplage pour effectuer deslatioas réservoir-géomécanique pour le

procédé SAGD peut étre décrite comme suit:

1. Etablir les fichiers de démarrage initial pouumaFlow et Abaqus, puis concevoir la

boucle suivante pour réaliser la simulation couplégervoir-géomécanique;

2. Extraire la distribution de la pression et @detempérature aprés chaque pas de temps de

PumakFlow,

Remarque: dans ce modele, nous avons négligéeksian capillaire. En fait, dans SAGD, la
porosité du milieu considéré est trés élevé (ousnawons un rayon de pores importants),
donc la pression capillaire est négligeable. Dosc,PumaFlow nous avons la méme pression
pour I'eau, I'huile et la vapeur qui est la pressigtilisée dans Abagus comme le chargement
d'entrée.

3. Transformer la pression et la température denft de données de PumaFlow en ce qui
est requis par Abaqus, y compris l'interpolatiomsldiespace.
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4. Exécuter Abaqus avec les données de la pregdienstitielle et températurenis a jour
pour calculer les contraintes et les déformatiatsie modifier la perméabilité.

5. Exécuter PumaFlow pour le pas de temps suaaet le champ de perméabilité a jour.

6. Répétez la procédure depuis I'étape 2 a 5 jadguin du temps de calcul.

Lors d'une analyse couplée, le simulateur de ré&gervalcule les variations de pression
interstitielle, la saturation et la température. £eariations de la pression interstitielle et la
température calculée par le simulateur de résergomt convertis dans des conditions limites
distribués dans le simulateur mécanique. En appliiqula pression interstitielle et des
conditions aux limites thermiques, le simulateudceke ['évolution des contraintes et
déformations géomécanique induites par l'explaitatde réservoir sur le réservoir et les

formations adjacentes.

PUMA2ABA génére la correction du volume des potds rouveau champ de perméabilité,
qui peuvent étre utilisés dans I'étape suivantesdraulation de réservoir. Le couplage
séquentiel est appelé explicite si la méthodolpgéxédente est seulement effectué une fois
pour chaque pas de temps et itérative si la métlogi est répété jusqu'a convergence du
contrainte et inconnues d’écoulement du fluidecbeplage explicite est adapté pour mettre
a jour la permeéabilité alors que le couplage itévatest plus adaptée pour le mis a jour de

porosité.

La méthodologie de couplage séquentiel mis en calame PUMA2ABA est réalisée avec
différents pas de temps pour le simulateur réserebile simulateur géomécanique. Par
conséquent, les pas de temps en simulateur résesooi des subdivisions de la période de
temps (définies par l'utilisateur) sur lequel leoplfémegéomécanique est résolu. Couplage
explicite ou itératives peuvent étre réalisées aliférents pas de temps pour les simulateurs
réservoir et géomeécanique. Notez que la méthodoldgicouplage itérative ne garantit pas
la convergence vers le méme résultat de la métientiérement couplé, mais permet une

forte réduction du co(t de calcul.
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Chapter 4

The Physical & Mathematical Model

The goal of geomechanics-reservoir coupling isdecdbe the role of geomechanics on the
whole reservoir characterization and to predicemesir behaviour under varying conditions
of stresses and strains during various stages ploetion, development, production and
completion. The purpose of this chapter is to drpdathermo-hydro-mechanical model and

its application in the case of SAGD thermal heaWvyexovery.

This chapter starts with a general description mfpted THM problem with interaction of
fluid phases and a deforming porous medium. Therdasents two simulators used during
this work, PumaFlow the reservoir simulator and dgumthe geomechanical simulator. In the
next step, the applied simplifying assumptions dhe reservoir-geomechanics coupled
equations are described. In the last section af ¢hiapter, the external coupled simulator,
named PUMA2ABA, developed in this work is presentedwhich the applied coupling

approaches and the coupling module are detailed.

4.1 General Coupled THM Problem

In underground applications, the main unknownsd&ocoupled THM problem, which are
functions of space and time, are:
Temperaturd assumed at each point and every moment commdhpgbases (fluid and
solid)
Pore pressurE assumed common to all immiscible fluid phases
The displacement vector of the skeleton particle
In addition to the initial conditions and boundamynditions, the equations governing this

problem are of two kinds:
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1) The conservation laws
Mass conservation law (of fluid, since in poromeatbs we follow the movement of
skeleton)

Energy conservation law (in our case it is maihky thermal energy)

Linear momentum conservation law (purely mechargcaintity).
In the simulations realized in this thesis, thatfitwo conservation laws have been
treated by the ‘reservoir’ software which therefbes to calculate temperatureand
pressurd”. The last law is managed by the ‘mechanical’ safenin order to calculate
the displacement.

2) constitutive laws and state laws: fluid state la@aycy's law, Fourier's law for the
energy transmission by conduction, concept of &ffec stress (Biot) and

thermomechanical constitutive law for solid matrix

The complete equation system is divided into twaspa

1) The first is carried by the ‘reservoir’ softwaredarequires external data such as:
- Historical details of the current point (in owrse we assumed small deformations,
and only the initial geometry is used),
- The involvement of the solid in the energy batafwe attribute a volumetric heat to
the solid and we consider the Fourier law with gerall conductivity),
- The deformability of the skeleton resultinga variation of the porosity that occurs
in both mass and energy balances and in the imdqm@smeability of the medium.

2) The second part, managed by the ‘mechanioéiivare, requires the fields of

temperaturd (skeletal thermal expansion) and pressu(Biot’s theory).

It should be mention that in the realized simuladiothe W field treated by ‘mechanical’
software is larger than the domainl W which is treated by ‘reservoir’ simulator 