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Abstract

Increasing energy consumption and continuous depletion of hydrocarbon reservoirs will result in
a conventional oil production peak in the near future. Thus, the gap between the global
conventional oil supplies and the required amount of fossil fuel engithgrow. Extensive
attempts were made during the l#stee decades to fill this gap, especially using innovative
emerging heavwil andbitumen production technologies. Most of these recovery methods have
been developed in Canada, considering the faat €anada and Venezuela have the largest
deposits of heavy oil and bitumen throughout the world. The horizontal well drilling technology
opened a new horizon for the recovery of heailyand bitumenMost of the insitu recovery
techniques, including Sien Assisted Gravity Drainage (SAGD) recovery method, take
advantage of horizontal injection and production wéllse vacated pores in the reservoir are
filled mainly either with steam or with a mixture of steam and solvapourin the case ofhe

SAGD and Solvent Aided SAGD (SASAGD) recovery methodsespectively. Tie use of long
horizontal wells combined with the reduced viscosity of the produdedllows economic

production withlimited amount of bgas®d residual oil in the invaded region

The macroscale success of the SAGD recovery technique is greatly affected by Hscptee
performance. It ideneficialto understand the potevel physics of the SAGD process in order
to developmathematical modslfor simulatingfield-scale performanceéivailable commercial
reservoir simulators cannatescribeporelevel mechanisms of the SAGD procassluding
mechanisms related to tHaid-flow as well atheattransferaspects of the proceds.systematic
series of flow visualization experiments of t8GD process using glasschedmicromodels
was developed to capture the ptaeel physics of the process using qualitative analy¥igh

the aid of image processing techniques, the-poade performance of the SAGD process was
gualitatively and quartttively investigatedThe main objective of Chapterd® this thesids to
address the relevant peseale mechanisms responsible for thesito oil mobilization and
drainage in a conventional SAGD process. Transport progessesrred in a conventional
SAGD process at the polevel including fluid flow and heat transfer aspectgere
mechanistically investigated and documented. The qualitative analysis of the results revealed that
near a welestablished oikteam interface, gravity drainage takes @ldwough a thick layer of

pores composed of about-6 pores in thicknessvithin the mobilized region. The drainage of



the mobile oil takes place due to the interplay between gravity and capillarity forces near this
mobilized regionIn-situ nobilization of bitumen was found to be as a result of both conductive
and convective elements of the local heat transfer process. Moreover, the phenomenon of water
in-oil emulsification at the interface was also demonstrated which is due to the local steam
condensatin and spreading characteristics of water droplets over the oil phase in the presence of
a gas phase. Other peseale aspects of the process such as drainage displacement as well as
film-flow drainage mechanisms of theobile oil, localized entrapment ateam bubbles as well

as condensate droplets within tirbile oil continuum due to capillarity phenomenon, sharp
temperature gradient along the mobilized regiorcuwent and countezurrent flow regimes at

the chamber walls, condensate spontaneousbitidn followed by mobile oil drainage, and
snapoff of liquid films are also illustrated using these ptaeel studies. The second objective

of Chapter 2 is to quantitatively analyze the production performance of the SAGD process based
on the micrescalemeasurements. Our peseale experiments revealed that the rafgooéscale

SAGD interface advancement depends direatiyhe porescale characteristics of the employed
modelsand thepertaining operating condition3he average sweep rate data were correlated
using an analytical model proposed by Bute979, 1981, 1991) and a peseale performance
parameter was defined for the SAGD proceRse measured horizontal sweep rates of the
SAGD process at the peseale & in good agreement with the theory predictions provided by
the performance parametén. addition,the effect of different system variables on the ultimate
recovery factor of the SAGD experiments were investigated and it was foundhigetr
permeabiliy values and lower #situ oil viscosities lead to higher ultimate recovery factor
valuesfor a particular SAGD trialMoreover,the Qumulative Steam to @ Ratio (CSOR)data

were scaled and a reasonably good fit for the experimental data was achievefihing c

scaling parameter

Although he SAGD process offeseverainherentadvantages including highlitimaterecovery
stable oil production rates, reasonable energy efficiency, andstaglesweep efficiencythere
are some drawbacks associatgth the SAGDprocesssuch ashigh energy consumption, high
levels of CQ emission,and usage of large quantities of fresh watdrich make this process
uneconomical in reservoimgith thin net pay, low matriyorosity and thermal conductivity, and

low initial pressureThe most promising route for improving the SAGD performance appears to



be the cenjection of a light hydrocarbon solvent with steanthe context of th&olvent Aided
SAGD (SA-SAGD) process The porelevel aspects of th&A-SAGD processare not yet
understood to the extent mfcorporatingthe porescalephysics into mathematical modelche

main objective of Chapter 3 of my thesis is to mechanistically investigate #8A&D process

at the pordevel to enlighten the unrecognized paale physics of the process. A methodical
set of porescale SASAGD experiments were designed and carried out with the aid of glass
micromodels. The methodology used in this sahefSA-SAGD trials was similar to that of the
porescale SAGD experimentescribed in Chapter 2. Normal Pentane ldndnalHexane were

used as the steam additiv@fie porelevel events were recorded on a fiale basis and then
analyzed using the image processing technigdesording to thequalitative results, it was
obtaired that all the condensate and gaseous phases flow simultaneously in the mobilized region
composed of about-4 pores in thickness. Heat transfer mechanisms at thespale include
conduction as well as convection. The mechanisms responsible for th&ranaésr at the pore

level include molecular diffusion as well as convection. The mobile oil drains as a result of two
active mechanisms of film flow as well as direct capillary drainage displacements at the pore
scale.Due to the near miscible naturetbe displacement process, the residual oil left behind in
the invaded portion of the micromod&ssnegligible and asphaltene precipitation and plugging
was found to be a temporary phenomenidre second objective of Chapter 3 is to quantify the
porescak production performance of the SGD process using the flow visualization
experimentsThe horizontal SASAGD interface advancement velocity was chosen to be the
indicator of the porascale performance of the process. It was found that additiorCgfas the
steam additive was more effective tharCyin terms of enhanced peseale interface
advancement as well as achieving higher ultimate recovery factor when all the other
experimental variables are unchanged. The higher the solvent concentratian imettion
mainstream is, the higher would be the pstale sweep rate as well as the ultimate recovery
factor of the process. When oil type with lowersitu viscosity was used, higher sweep sai®

well as higher ultimate recovery facsamalues wee achieved compared to the trials in which the
more viscous bitumen was employed as the oil type. In adddisoaling parameter composed

of porous medigroperties was found by which the paeale interface advancement velocity
and the ultimate recowerfactor of the SASAGD trials were scaled when all other experimental

variables remain unchanged.



In Chapter 4 of this thesishe production performance of the SAGD and-SAGD processes

were demonstrated and compared at the msaate under controlleenvironmental conditions.

A 2D physical model was designed and fabricated Athabasca bitumen was used as the oll
type According to the experimental results, it was obtained that the average mobile oil as well as
dead oil production rates are reasogatmnstant over the course of the SAGD andSS¥GD

trials. As far as the SAGD experiments are concerntegketis a linear correlation between the
mobile oil production rates and the square root ofpbus medigpermeability when all the
otherexperimental variables remain unchandadaddition, theSteam toOil Ratio (SOR)values

of the SAGD trials correlate reasonalgll with the inverse of the square root of permeability
when all the other experimental variables are fixed. By introdut¢iagsblvent additiveéo the
injection mainstream of the SAGD process, it was found that enhancements of eboarndl8

17% were observed in the mobile oil and dead oil production rates of the SAGD process
respectively. In addition, th8OR values bthe SASAGD process was reduced by about 35%
compared to that of the SAGD process. Finally, an advanced photomicrography unit with an
integrated image processing software was used in order to investigate size of the enclosed water
condensate droplets in the contim of the mobile oil produced during the course of the SAGD
and SASAGD experiments. The captured microscopic snapshots were anasmgdhe image
processing techniquesnd some representative average values of the water condensate droplet

sizes wereeaported for the corresponding SAGD and-SAGD trials.

Vi
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Figure 3.15:(a-c) Schematic solvent concentration profile across the cross section:
of the VAPEX, SASAGD, and SAGD processes respectively, and (d) Scher

diagram of slvent vapour and steam mole fraction gradients across the cross se

"""""""""""""""
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Figure 3.23:The effect of temperature on thgnamicviscosity of Cold Lake bitumen ¢
well as on the bitumenCs dynamic mixture viscosity at different solvent volun
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1. Introduction

1.1. Background

Heavy oil and bitumen are of great economic importance to Canadguahaty of oil in place

in the form of bitumen in Canada is as great as that of the conventional crude oil in the Middle
East and it is a major technical challenge to utilize this vast resource efficiently and
economically. A recent estimate of the reaaite volume represents only 12% of the volume of
bitumen in place, based on the available economic conditions. However, there is considerable
potential for this percentage to increase as advances are made in the recovery technologies.
Recently, the resees are estimated to be 28.3 billion cubic meters, made up of only 5.6 billion
cubic meters in the surfaeceineable areas and 22.7 billion cubic meters for the deeper areas.
This total volume is sufficient to satisfy demand for crude oil, at current fatespproximately
250yearsin CanadgNational Energy Board of Canada 2006)

Thermal recovery techniques have been proved to be effective métmagsovery ofheavy

oil, extra heavy oil, and bitumen considering theirsitu upgrading potential as Wehs
economic considerations. Among the vast spectrum of thermal recovery techihgug®am
Assisted Gravity Drainage (SAGD3 a suitable recovemnethod,especially for the Canadian

and Venezuelan unconventional viscous hydrocarbon resources because of their unique

unconsolidated lithology arntier associated high vertical permeability.

The original concept of SAGEecovery methodvas proposed by Butler drhis colleaguesn

|l ate 197006s by taking advantage of the tradi
developed horizontal well technology. The novel idea behind the SAGD method has been
developed and modified by Butland ceworkers ina humberf publications(Butler, MdNab,

and LQ 1979 and 1981Butler andStephens1981;Butler, 1991, 1994, 1998, 2001, 2004

schematic of a vertical crosgction in typical SAGD process, perpendicular to the horizontal
extension of the paired wells shown in Figure 1.1.As it is schematically depicted itinis

Figure the SAGD recovery technique involves drilling two horizontal wells pardo each

other near thdottom part of thepay zone witha vertical spacing from each other. Steam is

injected underconstant injection pressure through the upper well (injector) wivdger



condensate andraining mobileoil are produced from the lower production well. Oil movement
towards the producer is caused by the resultant action of gravity and capillarity fojeeted
steamwould form a continuously growing steesnat ur at ed =z one c,ahidhe d
is the interfacebetweenthe hot steam phase and cold bitum@mse Steam condenses at the
boundariesof the steam chamber, hence giving the latent béatondensation to the cold
bitumen to reduce itwiscosity. The mobé oil and water condensate move approximately
parallel to the steam chamB@tumen interface towards the producer. Using this recovery
techniqueheavy oil or bitumen can bextractedn a systematianannemwith very high ultimate
recovery factor values which are significantly greater than those achieved ustogteational

steanflooding processs inwhich heatedil is moved by pushing it witthe hotinjected fluids.

Heat loss by conduction to the overburden strata

Ascending
steam phase
and released
gas

Heat transfer by N
conduction and (SN

convection  EEEREEEEEEN T . s .5 S
Draining of —FttttE N, -
condensate [ : W
Draining of __[E e SN : | A
mobile oil ............... w.d .
Liquid pool — RN R AR RIS

Heat loss by conduction to the underlying strata

Figure 1.1: Conceptuaflow diagramof the SAGDprocess
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Using gravity force for oil production preventshe possible differential fingering that occurs
when the viscous crudeoil is pushed with a less viscodkiid (gas, steam, or water at
correspondindlooding processes). As far as the ovedslelopmenof this gravitydominated
process is concerned, each particular SAGD pattern would progress through four successive
typical stages which are depicted irglie 1.2. These stages are classified based on the relative

growth of the stearsaturated zone as follows:

a) Establishing an early communication betwéesmpaired horizontal wellsHigure1.2.b),
b) Vertical encroachment of the steam chamb&guresl.2.c andl.2.d),

c) Outward (i.e. lateral) spreading of the steam chanfiigufesl.2.d andl.2.e), and

d) Falling-down phase of the steam chamber leading to reservoir depletipmeg1.2.f).

Horizontal injector 1

Horizontal producer ~ @

SAGD interface

VRN

Figure 1.2: Different stages athe development of thi@AGD process
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High final recoveryalues as well as economical oil production rates are achievable using th
SAGD recovery technique based on the extensive laboratory and field iHai®ever, there are

still some issues related to the high enesguirement®f the process, excessive thermal energy
losses within the reservoir, GQeneration, and expensiversice water treatment facilities.

Considering the drawbacks of the conventional SAGD process, some modifications and even
alternative recovery processesre proposed to enhance the overall performance of the SAGD
process such as use of rmondensable gas along with the injected steam phase htallaso

Steam And Gas PustSAGP process to reduce the amount of heat loss to the overburden
(Butler, 1999and 2002 Butler et al, 2000a, 2000b, 2Q04nd also low pressure SAGDiang,
Butler,andYeg 1998. On the other hand, an alternative solMem$éed recovery method called
Vapour Extraction VAPEX) process was proposed. In the VAPEX process, a hydratarbo
solvent is injected at a pressure below the dew point into the oilitaydace ofsteamusing a

well configuration similar to the SAGD proceddglass transfer by diffusiomechanism of
solvent into bitumen isesponsible for the dilution of bitumamhich results in attaining low
viscosityin the conventional VAPEX proces$he duration of this phenomenon in VAPEX
slower compared to diffusion of heat that causes viscosity reduction in the SAGD process in
production in the region near the bitumen ifgee. The VAPEX process suffers from lower oil
production rates compared to the SAGD process. Howdhier, VAPEX processould be
beneficial because of the lower energy requiresydoiver CQ emissions, possiblén-situ
upgrading, and minimizing the castwater treatmer(Butlerand Mokrys 1991).

One modification of the SAGD process uses the idea of adding some steam additives to the
injected stream in order to further reduce th
energy cost. This metl, socalled Solvent Aided SAGD (i.e. SBAGD) process has been
extensively studied in the literature under different commercial naNes énd Isaacs2001;

Nasret al 2002 and 2003Nasrand Ayodele 2005;Nasret al 1991;Zhaq 2004;Zhaoet al

2005 Guptaet al 2002, 2003, and 200%3upta and Gittins2005 and 2006Boyle et al 2003;
McCormack 2007). The SASAGD processes offer the combined advantages of a conventional
SAGD and a conventional VAPEX process by reducing the inherent bitursersity with the

aid of solvent dilution and steam heating. Other advantages of the hybrid SAGD processes



include increased recovery potential compared to that of the VAPEX process, reduced energy

requirements compared to that of the SAGD process, aniblyasssitu upgrading.

1.2. Motivation

Although the SAGD process looks straightforward at the first glance, there are still several
concerns regarding the concept itself, as well as pertaining theories and célcteglovery
mechanismsAside from theextensive laboratorgnd numericakimulationstudies as well as
pilot-scale and fielescale trials conducted to study the performance, techin aspects,
economical issueand feasibility of this recovery technique, there are still numerous challenges
which have remained unsolve@ne can divide the inhereaimbiguities associated with the
SAGD process into two main groups of miswale (i.e. por¢evel) and macrecale issuesA

vast series of these challenging topics have been pointed out in an rexoeliew paper
published byAl-Bahlani and Babadag(R009. According to thisarticle, a main challenging

group of these concerns is related to the lack of understanding of the actual physics of the SAGD

processpatrticularly at the porscale

It is evident that this lack of knowledge is present in both m@&nd macrescaleaspects of the
procesdo the extent at which the predicted SAGD process performance obtained from different
resources (such as regular scaling up procedures of the egptirdata, relevant analytical
models, and numerical reservoir simulations) would not be verified by the attributetepitot

and field trials.Considering the fact thdhe macrascalesuccess of this recovery technique is
greatly affected byhe porescaleevents and microscopic recovery efficienthe first objective

of this thesisis to mechanistically study the peseale aspects of the SAGD process by which
some of the challenging micisrale issues of this recovery method could be resolved. It is
believed that with a detailed and precise review process and documentation of the events
happening at the poievel during the SAGD process, the associated rgcede recovery
mechanisms could be enlightened to the extent of incorporating these meclhizciggs into

the mathematical models and numerical simulatéss.the available commercial numerical
simulators cannot handle peevel mechanisms of the SAGD procgssth in fluid flow aspect

as well as hedransfer related topics, it would be ledicial if one can consider the pelevel
physics of the SAGD process in order to mathematically model or numerically sithelf&dd-



scale performanceVisualization experiments using glashedmicromodelat the controlled
environmental conditionsvere selected for this purpos8AGD experiments using these

micromodels were performed for qualitative and quantitative measurements.

Despite the general acceptance of theSS¥GD process as an effective alternative of the SAGD
recovery scheme and henite progressive pilescale trials and field implementations, no effort
was madeup to the time this PhD study was undertakemrder to investigate the peseale
featuresof the SASAGD processparticularlyfocusing on the heaand masdransfer relted
aspects, pertaining micigrale recovery mechanisms, and the effect of system parameters on the
process performance at the pteeel. As the overall scheme of the SSAGD processs quite
similar to that of the SAGD process in terms of the injectiod production patterns, vapour
chamber growth, and fluid flow concepts in porous media, it is believed that the previously
employed experimental methodologgr the SAGD experimentscould also be used to
gualitatively and quantitatively investigate the @tavel aspects of the SBAGD process. As a
result, the second objective of this research was defined to qualitatively and quantitatively study
the performance of the SBAGD process at the poeseale. Visualization experiments with the

aid of glass micnmodel prototypes of porous media at the controlled environmental conditions

were selected for the purpose of fulfilling this objective.

The last objective of this thesis is to demonstrate the nsaaie performance of the SAGD and
SA-SAGD processes usirgP physical model under controlled environmental conditién2D
crosssectional model was designed and fabricated, and these two processes were conducted
using the unconsolidated glasead packed porous media under controlled environmental
conditions.The production performance of the SAGD process was stukthsively in the
literaturewith the aid of scaled physical modeloowever, there are limited experimental data
available regarding the production performance of theS83&D process at the maesgale.

This objective is fulfilled focusing on comparisons made between the production performance,
energy requirements, and microscopic state of the produced ems@sgwotiated with these two

major heavy oil and bitumen recovery methods.



1.3. Structure of the thesis

This thesisis prepared in four separahapters. Chapter one deals with the introductory
materials about the heavy oil and bitumen resources and reserves, along with some information
about the recovery technologies of these unconventional hydrocarbon resources. The other three
Chapters are focesl on the major research objectives of my PhD program. Elaapterhas its

own statement of the problem, introductory materials, literature review, experimental aspects,
results and discussion of results, and concluding rem&hkapter 2 covers the peseale
experimental studies focused on the SAGD process performance. In Chapter 3, dleggbore
performance of the SAAGD process is discussed. Finally, Chapter 4 deals with the macro
scale performance of the SAGD and-SAGD processedll the reference are listed at the end

of the thesis.



2. Mechanistic Investigation and Performance Evaluation of
the SAGD ProcesdJsing PoreScale Experimental Studies

2.1.0verview

Successfulapplication of gravity drainage process, facilitated with steam injection, using
horizontal wells in various field tests, especially within Canada, indicates that high recovery
factor and also economical steam to oil ratios are achievable. Steam AGsmtég Drainage
(SAGD) recovery scheme was theoretically developed, pilot tested commercialized in
Canada However, there are still several technical challenges to be solved in this process. The
porescale events of heavy oil recoverytire SAGD processvere not understood prior to this
investigationto the extent ofleveloping new mathematical models thatorporaé porelevel
physics for simulating the SAGD processvestigation of the physics of fluid distribution and
flow behavior in poous media fothe SAGD process at the pesealewas expected to result in
significant improvement in understanding thieservedmacroscopic phenomenBor instance,
in-situ water in oil emulsification process, paeale characteristics of emulsion prgaton,
drainage and adsorptioof water condensate dropletdifferent heat transfer mechanisms
occurring at the micrscale, drainage mechanisms of thebile oil, and some other poiscale
aspects of the process have profound effects on the wse&i® SAGD production
characteristics. Unfortunately, none of these fsmae phenomenzanbe incorporatedoroperly

in available commercial numerical simulation packages.

A systematicseries of flow visualization experiments of the SAGD process usingbmockls
of capillary networks etched on glass plates developeth this thesigo capture the porevel
physics of the process using qualitative and quantitative analyssglass micromodelsvere
initially saturated with heavy oilAll the porelevel SAGD experiments werearried outin a
vacuum chamber in order to reduce the excessive heat loss to the surremviimgmentvhile
steam was injected under different superheating letelsal temperatures along the model's
height and width were recordeth a real time basig.he porescale events were recorded using
digital photo capturingtechniques. fie captured snaghots were analyzed using image
processing proceduresd the porescale events were documented properhye relevant pore

scale mechaniss responsible for the 4situ oil mobilization and drainage in a conventional
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SAGD process were addressed. Transport processes occurred in a conventional SAGD process at

the porelevel including fluid flow and heat transfer aspects were investigatedamutnented.

According to this study, the steam chamber propagation behavior was found to be influenced by
the randomhdistributed fingering nature of the unstable invading steam front near theemobil
oil-steam chamber interfac€his fingering phenomendmappenswithin a region of a few pores

near the bitumefilled pores that attain mobilitglue toheat transfer This region is called
mobilized regionat the porescale.The exent of steam fingering phenomenmaas seen to be
severe during the vertical gmth stage of the steam chamber where the buoyant front of the
steam phase is protruding through the pores containing a continuum of cold bitumen, especially
near the topside of the steam chambiéhe steam fingering phenomenwaas also observed

during the outward propagation of the steam chamber at the proximity of its side wings.
Simultaneous ceurrent and countesurrent flow of different acting phases were observed near
the lateral sides of the steam chamber, which are responsible for the horizoatsi@xf the
invaded region. In addition, several fluid flow regions were demonstrated in a typical expanding
SAGD pattern in which different acting phases (i.e. steam, draining condensate, aredoit)obil

flow under the action of gravity and capillaryées. These visualization experiments helped to
determine the approximate thickness of these flow zones, and to understand the drainage
behaviour and fluid flow regimes of different fluid phases within each particulad@azkfluid

flow zone under thegstaining experimental conditions. In addition, several interfacial regions

associated with these flow zones were also defined and characterized at{leggiore

The qualitative analysis of the resultdéso revealed thatear a weHestablished oikteam
interface, gravity drainage takes place through a layer of pomsposed of -6 pores in
thickness in the direction perpendicular to the interfagighin the mobilized regionThe
interplay between gravity and capillarity forces results in the draiobtje mobile oil near this
porescale mobilized regiarMobilization of the bitumen was found to be as a result of both
conductive and convective elements of the local heat transfer process. Mordwver, t
visualization results demonstrdtdhe phenomenoaf water in oil emulsification at the interface
which is an important characteristic of a typical SAGD process at thespale Following local

steam condensation in the interfacial region of the SAGD process at thecptee the



phenomenon of emulsifition was hypothesized to be interpreted the interfacial
thermodynamic approach of nepreading characteristics of water over oil in the presence of a
gas phaseThis approach, which is based on the entrapment process of the water condensate
dropletswithin the continuum of the draining moiil, was also experimentally verified using

this porescale study of the SAGD processelextent of emulsification depends directly to the

temperature gradient betwettre steam phase and cold bitumen.

Other mre-scale phenomerare also illustrated usirtpese pordevel visualization studiesuch

as capillary drainage displacemerdnd film-flow drainage mechanismsof the mobile oil,
localized entrapment of steadmbblesandcondensate droplets within theobile oil continuum

sharp temperature gradient along the mobilized regiorcurrent and countesurrent flow
regimes at the chamber wallspontaneous imbibitiomf condensatdollowed by mobié oil
drainage steam condensation at the interface duemaperature gradient, and srai of liquid

films. It is believed that these findings, along with the detailed quantitative analysis of the
process performance improve our understanding about the relevant physics of the prosess
work will form a reliable basis forthe development of realistic modeling procedures of the
SAGD process

Parametric sensitivity analgs were performed in order fguantitativelyevaluate the SAGD
process performance at the péeeel within the range of experimental condits. SAGD
interface advancement velocities at the mwae were measured and correlated with system
parameters such as operating temperature, ®s@mp@ andporescale properties ofporous
medig and heavy oil properties within the range of experimeralitions.It was concluded

that the average sweep ratd each particularSAGD experimentwithin the range of
experimental conditions is a direct function of the permeability of the modeljraedsely
proportional to the porosity of the model times the viscosity of the oil phase at the operating
temperature. The permeability and porosity of the glass micromodels are controlled primarily by
several porescale dimensionsf each particular porousatternsuch as poréo-pore distance,

pore throat size, and depth of etching in the pore body as well as pore throat regsisoiln

viscosity is also a strong function of the operating (i.e. steam) temperature.
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In this Chapter, qualitative anduantitative results of the peseale SAGD experiments are
presented in detail based on the visualization experiments at the controlled environmental

conditions.

2.2.Micro -Scale Challenges of the SAGLCProcess

According to the mass of articles found in therature, he experimental aspects related to the
utilization of steam heating to produce heavy oil under gravity drainage process are limited to
those which are conducted usiagaledphysical models. These results were useadquire

better understamag of the overall physics of the process, as well as to predict intended field
scale performances based on the empirical scalingrocedureslt is believed that the macro

scale productioperformanceof a typical SAGD process depends significantly loa porelevel
drainage mechanisms, so it is vital to capture the actual physics of this recovery process at the
porelevel using relevant mechanistic studies. A series of-poage events are believed to have
major contribution in the maciscale performace of theSAGD processThese events include

but not limited to the following:

a) Localfluid mixing at the pore bodies

b) Snapoff mechanisnof theinvading fluids

c) Local conductiorconvection heat transfer,

d) Porescale immiscible displacement tfe mobile oil by injected steamas well aswater
condensate

e) Local dilution effectas a result of porscale mass transfer and dispensn case a solvens
co-injected along with the steapihaséan the Solvent Assisted SAGD proceasd

f) Micro-scaleemulsionformationandflow alongthe drainage path.

It would be beneficial taritically analyze and document the pdegel phenomenassociated

with this processn order toqualitatively understanthe relative contribution of each of these
porescaleevents in theoverall drainage scheme. Asentionedearlier, numerous experimental
attempts have been conducted so falgoantify, optimize, and investigate the masoale
performance of the SAGD procestowever, theraverestill some uncertainties espially about

the micrescale performance of ithprocess which were needed to be addressed properly. Our

11



methodical study approaducidate the drainage mechanisnand pordevel performancef
the SAGD process with the aid of peseale visualization xperiments under controlled
environmental conditions. Some of these uncertainties associated with the SAGD process at the

porelevel arediscussed brieflyn this section.

2.2.1. SteamChamber Development

The drainage performance of a typical SAGD processstsoag function of the steam chamber
occurrence and its development following the stigrstage This stage has received a great deal

of attention in scientific texts; however, there are still some complexities regarding the
development stagef the stem-saturated zone. For example, it wasnarily believed that the
steam chamber is extended all the waym the injector welldown to the producer (Butler
1991) It was a challenge controlling the process to the extent of avoiding steam breakthrough
from the producer. However, recent studies of the steam chatelefopmentighlighted that

there is a pool of liquid phase above the producer, avoiding steam channeling and breakthrough
from the producerGates and Chakrabast®005; Gateset al 2005). Complexities of this form
existin different stags of steam chamber development whicBhewnschematically in Figure

1.2 To name a few, a number of these complications are listed here:

a) Probable cecurrent and countesurrent local flow of different @éining and invading phases,

b) Local heat transfer mechanismithin the steam chamber and at its proximity,

c) Creation of local watem-oil emulsion at the porkevel,

d) Steam condensation phenonsemear thegporelevel SAGD interface,

e) Drainage mechanisms dhe mobile liquid phases leading to both lateral and vertical
encroachment of the steam chamber, and

f) Vertical rise of the steam phabg fingering.

These phenomena have strong ties with the-pocateeventsof the steam chamber development

which are discussddter in thisChapter based on our visualization experiments
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2.2.2. SteamFingering Phenomenon

The original theory of steam chamber vertical rise was hypothesized by Batisidering
velocity equilibrium conditios between invading and draining phasssough an arbitrary
control volume within the steam chami§Butler, 1987 and 1994)The conceptualized Butlers
theory of rising steam fingers during the vertical encroachment of the steam chiamber
schematically showim Figures 2.1.a and 2.1.3 he fat-front vertical encroachment style of the
steam chamber was discredited bdty experimental resultsising scaled physical models
(Butler, 1991 and 1994as well as numerical simulation of actfi@ld trials (to and Ipek 2005

Ito et al 2004 Ito and Suzuki1996).1t is believed thathe steam fingering phenomenon during
the vertical encroachment of the steam chamber happens as a result of bdoy@esfAl-
Bahlaniand Babadagli2009). Althoughthe steam chamber is stable at its bottom padrthe
injection well due tocontinuous nature athe steam injection, buoyant steam phase near the
topside of the steam chamber has an inherently unstable interface with the thick, cold, and
stagnant ontinuum of oil on the topThe hypothetical approach of steam fingering at the
elemental scale near the topside of the steamisbas shown inFigure2.1b. It is likely that

the topside of the chamber would be dosteaped, having a lot of steam fingansit (Butler,

1991) According to the literature, there is still doubt about the possibility of steam fingering in
the outward direction, i.e. spreading phase of the steam chd/bBahlaniand Babadag]i
2009).In the next sections, it presentedhatour visualizatiorexperiments facilitatethe means

to systematicallyexamine the possibility and extent of steam channeling and fingering through

the mobilizedegionahead of th@orescaleSAGD interface.

2.2.3. Fluid Flow Regimes andDrainage M echanisms

An overall SAGD pattern could be divided into different flow zoméeere interacting fluid
phases are flowing under the action of gravity, buoyancy, and capillarity forces in the absence of

excessive viscous force. One could categorize these flow zones as:

a) Flow zone near thporescaleSAGD interface along the side wings of the steam chamber
b) Flow zone within the steam saturated zone far fronptiiescaleSAGD interface, and
c) Flow zone in the proximity aheapparenporescaleSAGD interface toward$e topside of

the steam chamber.
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Figure 2.1 (a) Countercurrent flow of rising steaand falling oil and condensatm¢dified
from Butler, 1994) and (b) Hypothetical diagram of rising steam fingdifdodified from
Butler, 1987)

The common terminologies used fie SAGD front advancement, namely asaorent and
countercurrent steam front propagation, have been repeatedly used in scientific texts dealing with
this recovery techniqu@utler, 1987,1991 and 1994Chung and Butlerl987;Nasret al 2000.

It is believed that one of the most complex fluid flow regimes of a typical SAGD process could
be seen near theorescaleinterface along the lateral extensions of the steam chamber. In this
particular steam chambelocation bah thermallymobilized oil andwater condensate phases
drain along the lateral extension of the steam chamber toward the produeedraiifage
phenomenois facilitated with both capillary and gravity forces acting to the body masses of the
draining liquds. Mobik oil cannotdrain towards the interior of the steam chambee to
capillary forces The water condensatghase is being formed due to the local heat transfer
between steam arte mobile oil at the porescale. There is a tendency for thatercondensate
phaseto spontaneously imbibe through the pores already occupied by theerohih the
presence ofhe steam phase rather than draining backhe form of water filmsnto the steam
chamber as a result of capillary forc&n the other handteam phase is rising upwards inside

the steam chamber at the proximity of its lateral extension. One could argue that a- counter
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current front propagation is responsible for the lateral expansion of the steam chamber. However,
porescale results of our wsilization experiments revealed that a much more complexffawd

pattern exists near tiporescaleSAGD interface, at the proximity of the lateral extension of the
steam chambewhich will be discussed later

As far as the fluid flow through the steachamber is concerned, steam is the main flowilingd
phase ascending vertically towards the patter
within the chamber igractically nil, the oil relative permeability whin the steam chambes

zero (Butler, 1991 and 1994Walls, 2003).In the case opartial steam condensation within the
steam chamber, the evolved condensate could drain cawmtently with respect to stearhhe
steamphasecondensing in the watditled pores near the SAGD appatt interface would drain
parallel to theporescale SAGD interfacedue to the capillary forcesAs a result, it seems
unlikely that much of thenobile oil drain directly through the steam chamber and, even if it
does, it finally drains into the interfatecated down gradient and-j@ns the main draining oil
stream(Butler, 1991 and 1994)Likewise the fluid flow regime at the proximity of the lateral
extension of the steam chamber boundaries, ourguaie results obtained from the conducted
visualizaton experiments revealed more insight into the fluid flow pattern within the steam

saturated zone which is discussedetaillater.

Lastly, one would expect a courvarrrent steam front encroachment near the topside of the
steam chamber at the proximity of therescaleSAGD interface due to the rising statetbé
steam phase under the steam fingering scheme ofatholdraining natire of the mob# oil and
water condensateflow along the apparent interface. Due tloe specific design of our
visualization experiments, it was not possible to look precisely into this particular fluid flow
pattern.Overall, the steam interface advanceins due to a combination of both-carrent and

countercurrent flow patterns

2.2.4. Emulsification at the PoreScale

The subjecto f Aemul si fication phenomenond during t
literature based otihe experiments conducted usisgaled physical models as well as fisithle
data(Chungand Butler, 1987 and 1989Noik et al 2005; Sasakiet al 1996, 1999, 2001 and
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2002). According to the fielescale trials of the SAGD process, the produced liquid is in the
emulsion state composeaf mobile oil and water This emulsion phase isither stable or
unstable depending on the physicochemical characteristics of the interacting liquids as well as
process operating conditions. The overall SAGD process performance is-affradaveen an
increase in the drainingyuid viscosity as a result of igitu emulsification and a decrease in the
produced liquid viscosity as a result of continuous steam headtiveguccess of a conventional

SAGD process in terms of mobibil production depends ohé following simultaneous events:

a. Viscosity reduction of the produced liquids andsitu stagnant bitumen as a result of

incessant steam heating, and at the same time,

b. Increase in the dynamic viscosity of thesitu W/O emulsion as a result efmulsification
process itself, as well as continuous increase in the water volume fraction (i.e. water content)
of the developed emulsion. This viscosity increase continues until the emulsion would be
produced at the production side, or when the associatgdr content of the emulsion

reaches to its equilibriun.¢. final) value, whichever is sooner.

It is also believed thahe mechanistic aspects of the emulsion creation at thegpaedepend
directly on the spreading characteristics of the intargcfluids. Ohce the injected steam
contacs the cold bitumersaturated pores, it would likely condenae soon as the local
temperature drops below the dew point temperature at that particular operating phéssure
fine water droplets produced at the chamber interface due to condensation would move likely
into the continuum of themobile oil phase.This mcroscopic invasion of very fine water
droplets whose sizes are in the range0d®05 to 0.0Imm in diamegr, into the bitumerfilled
region would likely create wat@n-oil emulsions which drain under the resultant of gravity
capillaryforces interactioriSasaki et al2002).This emulsification is illustrateschematicallyn
Figure 2.2a considering glaneinterface As it is shown in thigrigure, the steanphaseis in
contact with a falling film othe mobile oil.Although it is theoreticallyexpectedhat the steam
chamber temperature stabilizafter initial chamber developmedte to the continuous stea
injection into the SAGD patterii, is alsoexpected to have a temperature gradient aSth@D
interface and nearby area where the neodill would drain toward the production sidehe state
of in-situ viscosity of the draining emulsion is not yetyulihderstood. The viscosity dfaining
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bulk oil films, containing isolated droplets of water, could decremsé drains dowsgradient
because itapproachesegion of higher temperature Another possible scenario is that the
associated emulsion viscositguld increase while it drains the direction of gravitys a result
of an increase iits water content due to further local emulsification phename8uppose that
steamphasecondensg on the plane surface of fallingnobile oil film at t = 0 as shownn
Figure 2.2a The resulting water droplets would be buried within the pooltted mobile oil
continuum through an engulfing process, due to negative spreading coefficient of water on oil in
the presence of a gas phase. These enclwmbdolated water droplets woutttain downwards
along with the falling oil film by the combined effect of drag force betwtberwater doplets
andthe falling oil film and thegravity forces.As time goes on, the cumulative amountttod
trappedwater dropéts originatedfrom the steam condensatigarocess at the cold oil facgends

to increasawithin the oil film while the drainingoil approachetoward the production end.

) o Bitumen-steam
Falling mobile oil film interface
A~ Steam condensation at the Grain Falling film of
steambitymen interface particles the mobile ol
o Water
goo condensates
i.e. water micr
Bitumen face @ T/ 9°g w fjr((enoleet’g;5 cro-
oP. o
Micro -droplets—1 2 £
4 o
of water o 0,
ehngu'llfi? within | Water micro. | o
the oil film Steam face @ T droplets enclosed : .'\ &
within the mobile Area expanded
, 9% oil film in Figure 2.3.a
z
(a) (b)

Figure 2.2 Schematic representation thfe hypothesis describing teeeam condensatigirocess
and water droplets engulfmenithin the drainingmobile oil film at the (a) planar steanitumen
interface, and(b) porous media interface.

Another hypothetical view of the microscopic emulsion creatduring the SAGD recovey
scheme with focus on thgorescalebitumensteam interfacés presented in Figures2.band
2.3.a As it isshownin thesetwo Figures, the falling film othe mobile oil forms an interface
between the cold region containing bitumen and hot regien fieam chamber). The grains
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could be eithercovered with water or oitlepending on the initial saturati@nd preferential
wettability of the porous medium. As it demonstrated in these Figures, similar phenamnen
could happen at the porous media if#tee as that ahe plane interface (Figurg.2.g; thewater
condenatedroplets are formed at tlagpparent SAGDnterface by the action of thermal gradient,
they would be enclosed by the surrounding oil continuang then could be draggediong
towards the production sidey the falling film of the mobile dl. As steam condensation at the
apparent SAGD interface proceetis latent heat of condensatibansmitted to the colder oil
face wouldeffectively mobilize it. On the other hand, microscopnvasion of water micro
droplets through the moleibil boundaries would result increasedpparent viscosity due to the
local emulsion creation. According to our experimental results, it is evident thatioedatt
viscosity because of heat transfemuch more pronounced than the viscosity increase as a result
of local emulsificationThe dotted rectangular area in Fig@r2.bis expanded in Figur2.3.ato

schematically show theetails ofthe water in oil eulsion creatiorat the pore level.

Asi t  wi | | be di s Quakdative dnal/sis oftthe Experimemtal Résats sie ct i on
of this Chapter, he condensate dropleencounter different flow patterns over their tortuous
drainingpath toward the productiomell. They couldcoalesceéo form largersized trapped water
droplets under specific circumstances and still dbgirgravity. The condensateannot form a
continuous film of water wer the falling oifilm though, which is the main idea behind the
schematic representation of spreadiimgnomenon shown as Figure 2.3A8 it is illustrated in
Figure2.3.b, a water droplet iformedat the top of dalling film of the mobile oil following a

thermal gradieninduced condensation proces3his droplet of water cannot spread
spontaneouslgver the oil film as the spreadimgefficient ofwateroveroil in the presence of a

gas phasas negative.As a result,it would be dragged by the falling oil film toward the
productionwell. As time goes on, some of these separate coateh®plets walld be engulfed

(i.e. buried)by the continuous falling film of the mobile oil and would formthe waterin-oil

(W/O) emulsion phaseur experimental results also elucidated that there is a high level of local
mixing at the proximity of the apparent SAGD interface at the-fwel due to high thermal
gradient, sudden thermodynamic phase change, instability of the interfaces assathatbd
invading phase which causes sudden jumps over their average position (i.e. Haines jumps),

simultaneous flow of different three phases, and ®ffhmechanism. This high level of local
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mixing phenomeon enhancethe heat transfer process locall/waell as draiathe mobik oil in

a gravitydominated procesdt is worthwhile to note that the details of dynamic nature¢hef

local mixing phenomeawn andthe extent of porscale mixingnearthe interfacial area could be

studied best from motion piates and movies recorded during the experiments.
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Figure 2.3 Schematic representation (@) porescale emulsion creation the SAGD process
focusing on the near interface eve(i¥odified from Sasaki et al2002) and,(b) engulfing
phenomenon at the peseale.

The mobik oil along with the enclosed water dropletablishdrainage pativays either through

the previously drained poreshich may have alreadyeenfilled with watercondenate under

an immiscible cecurrent frontal advancementr through the posewhich have alreadigeen
drained by upwaranoving steamunder an immiscible counteurrent displacementn either of

these two cases, the degree of enclosure of water droptkis thie continuum of the mobilal

could be increased. For example, i tlirst scenario happens, pdexel contact of the draining
mobile emulsion with the water phase thetsalready filled the pores could cause possible drag
and entrapment ofnore water dropletswithin the draining mobé emulsion. If the draining
mobile emulsion tends to counteurrently flow against ascending steam phase (or enter a pore
whose volume is already occupied by the steam phase), there is still the possibility of excessive
heat transfer beyond the condensation limit, followed by steam cattensat the mobd oil-

steam interfacial region. This could also increase the rate of enclosure of water droplets inside

the draining mobile oil continuunWater micredroplets would be likely dispersed through the
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draining mobile oil to form a relativelynonrhomogeneous watén-oil emulsionat the pore
level. The rate of irsitu emulsificationand size of the entrapped water droplets within the
mobile dl could be a function of different operational andsitu factors such as degree of
superheating ofhe injected steam, original temperature of initial bitumen in place, operating
pressurein either superheating or saturated staibshe injected steanpresence of connate
water saturation, injected steam quality, and convective nature of the draipagsspnear the
well-shaken mobilized region. Of particular interest could be tis#tinrheological behaviour of

the develope@mulsionphasethrough knownstructure synthetic porous meditis evident that

the rheological and dynamic properties erhukion would be different from those of water and

mobile oil, soaretheir associated viscosity magnitudes

2.3.Experimental Setup and M odel Preparation for the SAGD Visualization Experiments
2.3.1. Model Design and Preparation

Different dassetchedmicromodés with fully-characterizegore structure were designed and
fabricatedto conductthe SAGD visualization experimentslicromodels aranadeto replicate
porous media in order to visualizeapillary and transport processes at the pore level.
Micromodels are generally small in size, with inlet and outlet hole(s) drilled into the flow system
to facilitate injection and production of chemical substances, as well as to create and maintain a
steady flowing sytem. One efficient form of micromodels that helps to quantify basic transport
phenomena could be composedsohple poous networks of fixedjeometry ofpore bodies
connected by pore throafBhe medium employed to create micromodels can be glass, sdicon,
even polymers and the pore network can legther etched or created from a monolayer of
substrate. Micromodels are built out of transparent materials ablbeoseethrough, making it
feasible to visually investigate the ongoing procesh the aidof captured photos /moviesing
image processing techniqueSh@atzis, 1982Chatzis et gl1983; Wan et al1996; Feng et al
2004).

Two dimensional glass micromodels have been used widely to demonstrate fluid flow through
porous media for petroleum dngering applicationsGlassetched micromodel preparation
procedure, which is based on the phfatorication process, originallyame from the printed
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circuit technology used in electromagnetic and electditalits industry. Considering advances
made it is relativelyeasy to make-B pore network models of even heterogeneous pore size and
interconnectioa within transparent media such as gla@sice theporousstructure is onlyone

pore deep and thesurroundingsolids walls are almade of glass in glass micromodelit is
feasibleto observe the fluids as they flow along the pore channels and interact with each other.
Another benefit of employing such a transparent porous model is the possibility of studying how
the geometry of the porouretworkwould affect thefluid flow patternsand also thérapping of

the fluids within the network of poresVarious pore patterns including retdok-alike and
geometricpatternscan be designed and etchg@bhrabi et al2000 and 2007)The choice of

pore networkpattern is normally made based on the objective ovihealizationstudy. If the
objective of micromodel experiments is to generptantitativedata for mathematical modeling

of a physical fluid flow processgeometric patterns are prefdelas they have pores with
definite shapes and sizek.is not necessarily a general rule, as one could find a mass of
gualitative approaches of peseale studies itheliterature, performed using glass micromodels
with geometrially quantifiedporous guctures. On the other handgck-look-alike pore patters

are normally derived fronporousrock thin sections ands a result, could resemble the real
morphology and pe@rstructureof the real porous mediunrlowever, it ismuch more difficult to
mathematally modelthe transport processasithin this type of porous structure as the pore
shape, size, connectivity, tortuosity, and other {smade dimensionsf the porous patterdo not

hawe uniform trends and behaviour.

In our visualization experiments, the etched porous patterns were fully characterized in terms of
physical dimensional properties as well as detailed porous pattern characteristics. This detailed
characterization will be used for quantitative pscale aalysis of the process performance.
Table 2.1 contains a summary of the micromodels characteristics in terms of the model
dimensions as well as the porous pattern propeftlesgeneralmicromodel pattern geometry is
schematically shown in Figure 2.4A.closeup of one of the employed glass micromodels is
alsopresented in Figur2.4b. Line-source scheme of injection and production was designed for
the micromodels in order to facilitate early development of the steam chamber. As a result, the
experimentscover the lateral encroachmestageof the steam chamber propagation. Thanks to

the symmetry of the geometrical pattern of a typical SAGD process, a high permeable trough
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was designed at one side of the etched pattern to experimentally simulate oofythalbrocess
scheme. This ditchike channel, which is relatively large in size (and hence permeability)
comparing to the pores, was made along the entire height of the model adjacent to the pore
network, to simulate a vertical line source of steanctige (i.e. left side of the micromodel in
Figure2.4b which is covered entirely by strips of aluminum fol) production hole was drilled

at the bottom part of the trough in order to facilitate the gravity drainage process, providing
sufficient drainagéieight above it. Each micromodel was fitted inside a model holder and then
was placed vertically to enforce the grawityminated flow scheme. Each micromodel was first
saturated with bitumen thoroughly at elevated temperature aoinaection oven60°C) and

under a backup pressure (i.e. hjgtessure air line over the warm bitumen supply or using a
syringe pump). The bitumeiiled micromodel was then brought into the lab environment to
represent the initial experimental conditions.

Table 2.1:Physical ad porescale characteristics of the glass micromodels
Model Name DC1 DL1 OC1 OoM1 OM2
Physical dimensions
Length (mm) 304.00 304.00 304.00 301.00 301.00
Pattern length (# of poreg 190 149 149 150 150
Width (mm) 141.00 100.00 100.00 101.00 101.00
Pattern width (# of pores| 89 49 49 50 50
Pore-scale dimensions
Depth of etching* (um) | 127.70 + 0.80| 250.20 + 0.90| 125.3 + 1.7| 118.90 + 1.70| 196.80 + 6.60
Pore body width (mm) 1.31 2.04 1.38 2.00 2.00
Pore throat width (mm) 0.49 0.67 0.45 0.30 0.30
Particle size (mm) 1.11 0.99 1.59 1.20 1.20

* Depth of etching at the pore body space

22



Steam injection line

—
Steam

«—— injection spot

/Trough
A/ ys plate

Porous Pattern

~~_Liquid production

/ spot
Liquid

(a) production tube

(b)

Figure 2.4: (a) Micromodelpattern geometry consisting of injector, producer, and trofngt

closeup of glass micromodel saturated with bitumen just before the SAGD experimen(;)a

A snapshot of the employed vacuum test rig
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2.3.2. Experimental Setup

Figure 2.5 schematically shows the process flow diagram for the visualization experiments of the
SAGD processA closed loop steam generation and injection system was used to play the role of
steam supply facilities. All the connecting flow lines were heated / insulated to provide steam at
superheated condition and also to avoid steam condensation within the transfer lines. The
micromodel was then connected to the steam supply flow line @bphé.e. injection spot).

Steam was allowed to enter the micromodel at the top, and fill the trough all the way down on
one side of the pore network. In order to mobilize the oil within the pores adjacent to the trough,
it was needed to apply a stat process, i.e. injection of steam through the injection line and
producing it directly from the production spot. This procedure involved injecting fresh steam
phase to the pores attached to the injection groove; hence initialized the mobilization process of
the viscous oil. The production metering valve was cdose order to avoid any steam
breakthrough from the production port. In other words, a finite healdeafrained liquids (i.e.

water condensate at the beginning and drained emulsions afterwards) was maintained
continuously inside the production line to prevent steam channeling. This column of liquid was
drained occasionally using the production metering valve in order to let the dystgrtake as

much steam as it requddor the ongoing gravitgominated process. Visualization experiments

of the SAGD process at the lab conditions suffer from the excessive heat loss from the model
(which is almost at the steam temperature) to theosuoding environment (i.e. at lab
temperature). As a result of this heat loss, a considerable fraction of the injected steam, which is
supposed to condense on the cold face of bitumen would then be condensed to make up for the

abovementioned temperaturefféirence.

To facilitate an effective steam heating of the bitursaturated micromodel in the absence of an
undesired heat loss, a vacuum test rig capable of prowidiwg to 10° torr of vacuum pressure
was usedThe vacuum chamber operates with a coration of a mechanical and a diffusion
pump. Figure2.4.c provides a snap shot of the employed vacuum test rig. All the visualization
tests were carried out at the vacuumed environment within the air pressure rarg@af 10*

torr. According to the bat loss calculationgresented later in thi€hapte), it is believed that

the amount of heat loss from the glass surface into the surrouediuiigpnmentthrough the

convection mechanism would be negligiblethisvery low range ofair pressureThe oty heat
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loss mechanism that might be of great importance at these low magnitudes of vacuum pressure is
the radiatiorheat transfewhich could be lowered by covering the hot spots of the micromodel
with shiny reflective thin films such as strips of alummipil. It could also be lowered further

by covering the portions of the inverted bell jar (that might not be needed from the visibility
point of view) with the same shiny layers. Operating the SAGD experiments at low values of
environmental air pressunet only prevents the steam phaseandense as a result of excessive
undesired heat loss, but also allows it to transfer its latent heat of condensation only to the cold
bitumen face where it is supposed to do so.

Insulated topside

Camera for
video-recoding /

Digital imaging Line-source

for steam
/ injection
. -

Water
supply

! - Tinj
: Heating
; W element
: (P)
i Insulated Liquid
: bottom side collector
|
I
Sampling
—_ port
———— 1

Image / video processing system

Figure 2.5 Schematicrepresentation of the process flow diagram for the visualization
experiments of the SAGD process at the soae
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2.3.3. Properties of Crude Oill

In thisresearch, Cold Lake bitumen was used as the oil phase whose properties are summarized
in Table 2.2.The viscosityi temperature relationship of bitumen was measured by Hatch Ltd
(2009) using Physica Modular Compact Rheometers (Anton Paar), and is shBignora 2.6.

The Cold Lake bitumen viscosity was correlated to temperature using a power law correlation in

the form of:

Y @Y (2.2)

in which T is the operating temperature (°C) anid the viscosity of bitumen (¢PUsing these
units, the parameters in Eq 2.1 were obtaineal=a91,673411,565andb = -4.26.

Table 2.2: The physical properties of Cold Lake bitumen

Density versus temperature

Bitumen density (g/cc) Temperature (°C)
1.012 15
1.001 22
0.997 40
0.978 70
SAPA analysis
Fraction Mass %
Saturates 22.4
Aromatics 30.8
Polars 29.4
Asphaltenes 17.4
Main elemental characterization
Element Mass percent
Carbon 83.62
Hydrogen 9.57
Nitrogen 0.39
Sulphur 5.25
Viscosity at 30°C 47,00@&p
Molecular weight 557 g/mol
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The Goo hydrocarbon analysis of Cold Lake bitumen was carried ouviayxam Analytics

(2006 and is presented in Figure 2.7. The compositional characteristics of the employed oil are
presented in the form of cumulative weight percent of the successively increasing carbon
numbers in the bitumen sampleis worthwtile to note that the normalizaedeight percent of

the Hectane plus component (i®. ) and also heavy metals as well as 4hydrocarbon
components are 10.4 and 0.6 wt% respectively. According to the viscosity value of bitumen at
30°C (i.e.47,000cP) and the exponential decline abeosity versus temperature as predicted by

Eq 2.1 or Figure 2.6, it is evident that the meloil viscosity would be around that of water at
about375°C.

2.4.Qualitative Analysis of the Experimental Results

In this section, the qualitative analysis of th&@&D visualization results is presented in order to
mechanistically investigate the peseale performance of the SAGD procdstook some time

for each particular experiment to pass the transient phase of the displacement process during
which excessive mounts of the injected steam was condensethe flow lines and in the
micromodel in order to warm up thesystemand create an early communication between
injection and production portSteam was injected at atmospheric pressure to avoid viscous
dominatel oil drainage. During these SAGD visualization experiments, a temperature range of
1007 120 °C was achieved depending on the opegationditions and injection rates of each
particular SAGD trial. The observed peseale phenomena of the SAGD processnduthe flow
visualization experiments were recorded in video format as well as photographs taken at various
stages of the process to document the microscopic erortslevel phenomena on closg

view were captured using a Canon video camera with ppgpte combinations of three cleag

focusing lenses (numbers 2, 3, and 4). This made it possible to have a particular focused region

in view, containing a few pores as could be sedfgares presented in this section.

Porescale flow visualization athe SAGD process revesseveral mechanisms happeninghe
vicinity of the apparent bitumesteam interface. In this section, a series of {scede

visualization events is reported and relevant mechanistic study of these events is also provided.
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2.4.1. Pore-Scale Events Analysis: Early Development of the Steam Chamber and

Subsequent.ateral Encroachment

As it was stated beforaghe presence of high permeable trough extended at one side of the
micromode$ not only eases the saturation stage of the micromwdbl heavy oi] but also
provides an early communication between injection and produgiots During the early

lateral development of the steam chamber, bitumen present in the pores adjacent to the high
permeable trough achieanobility as soon as steamas introducel into the model. Local
invasion of steam into these pores is the first sign ofrsid@amber lateral development at the

pore scale. This phenomenavhich is supported by thiemperature gradientould be seen in

two successive picturethownas Figure.8 and2.9. Mobile oil drained out of these pores and
steam invade through them fllowing the sequential behaviour of pore drainage during an

immiscible displacement proce@Shatzis and Dullien, 1983)

b . ' d Trough Trough
J Bl Side Side
Gravity Gravity
Figure 2.8: Lateral development dhe Figure 2.9: The same location as Figuzes,
steamchamber initialization by early but at a later time frame (i.e. 3 minutes later

steam invasion from trough to the
adjacent pores.

During the early stages tiie lateraimovementbf the steam chambethe steamchamber could
be defined by the continuum tife steaminvaded pores which is dendritic in nature. These pores
are well interconnected from the steam flow point of view; however, there is the possibility

steam condensation at the tip of each contact point of steated pores with bitumeiiled
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pores. This local condensation could happen either pore constriction, or within the entire
pore bodyln Figure2.10, the early development of the steairamber and different flow zones
in the vicinity of the apparer8AGD interfaceare shownThe pores adjacent to tiperelevel
interface drain preferentially in the direction of gravity, and form ematitype of structure. As
a result, the drainage dfig oil films could then be rdirected, which could lead potentially to
creation of peakandvalleys configuration of flow pathways at tla@parent SAGD interface
such as those pointed out with red arroWse gesence of peakandvalleys type of interfaial
pattern couldbe avoided ifcontinuous filng of the mobile oil exist at the pore scal#ow down
gradient just aheadf the apparentinterface, and fill the localized valleys to the extent of
creating a relatively smooth apparent interface exteneéetitally under the action of gravity.
This is discussed further in detail later when different drainage displacement mechanisms at the
pore level are explained.heselocalized peaks and vallegse formedat the unevemapparent
SAGD interface(i.e. red atted curve)ust behinda relatively thick layer of porethat form the

so called fAmobilized regiono.

2.4.2. Pore-ScaleEvents AnalysisWithin the Mobilized Region

The mobilized region contains thermaityobilized oil, droplets ofvater condensate, and also
steam phase which are flowing simultaneously parallel to the apparent interface. In this region,
the varying thickness (i.e. in the order of6lpores ahead of thepparentSAGD interface) at
different particular elevations is shown dgtted purple arrows in Figure 2.1Most of the
convective nature of the SAGD process in the vicinity of the apparent interface as well as severe
local mixing at the porscale could be observéa the mobilized regionDifferent acting forces

are contfputing to the simultaneous fluid flow within thmobilized region, namely gravity,
capillarity, and buoyancy forces in the absence of excessive viscous force. This region is formed
due to the presence ¢émperature gradierdt the porescale and it clesy has an oriented
structure, in which three different fluid phases are flowing parallel toagpmarentSAGD
interface. Here, theorelevel SAGD interface is defined as the apparent demarcation line (or
surface when the 3D skeleton of the porous stradgiconcerned) between the steam phase and
the oil phase at the microscopic level. Unlike the limited drainage depth of the live oil in the
VAPEX processat the porescale which is in the order of-2 pores(James2009 James et al

2008), our visualizizon results revealed th#te thicknessof the SAGD mobilized region (i.e.
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T’ in Figure 2.11) is B times thickercompared tahe drainagedepth ofthe live oil in the
VAPEX processThis is due to the considerably highelue of thermal diffusivity ampared to
the molecular diffusion coefficienThis point could also be verified knowing the fact that the oll
phasewithin 1-5 pores awayrom the apparent SAGOnterface is also being mobilized as a
result oftemperature gradientShisissuewould be lacked up with gravitational drainage of the
enclosed droplets of water within the continuum of the oil phase right behiagpheent SAGD

interface when the porgcale emulsification aspects are being discussed in later sections.

Apparent nobile oil/steam interface

XXXXLT

—

Steam chamber (Sing|
phase steam flow +
ossible condensation

R4
<

Apparent porescale
SAGD interface

Bitumentfilled
pores (stagnant

Gravity | | hitymen phase)

l Mobilized region
(simultaneous 3 phase flqw
of steam, oiland water)

Figure 2.10: Visualization of the skeleton of Figure 2.11: Schematic diagram ahe porelevel
theapparent SAGD interface, steam flow fluid flow zones in a typical SAGD process
pathways, anthemobilized region. according taheflow visualization results

Transport mechanisms involved antypical SAGD processnclude heat transfeby conduction,
mixing of steam and condensate phasils the heavy oilandgravity drainage of the viscosity
reduced oil along with thevater condensate. The mobibil, as well as thevater condensate
within the mobilized regionwould drain by the action of gravity when gravity fas@aercome

the capillary ad possibleviscous forces. The predominant factor is the reduction of viscous drag
due to the exponential reduction in inherent viscosity upon steam heating. The role of gravity
forces andcapillary forces depends on the individual pscale mechanismé#ccording to our

flow visualization experiments, there are different gesel fluid flow zones in a typical SAGD
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process which are schematicatlgesented in Figure 2.11. These zones can be characterized as

follows:

a) Steam chamber in which steam is thedaminant flowing phase. However, there is the
possibility of steam condensation followed by condensate movemehe iEondensate

saturation provides enough relative permeability value.

b) Bitumenfilled pores: This zone is the stagnant zone in whiehitin bitumen viscosity is
still beyond the mobilization limit. Heas transferred to this zone by a combination of

conduction and convection mechanisms.

c) Mobilized region In this region, snultaneous three phase flow thfe mobile oil, steam,

and watephasess observed.

The apparent poréevel SAGD interface is a hypotheticdemarcatiorine (or surface when 3D
skeleton structure is concerned) separating bitdfiled pores from the mobilized region.
Apparent mobile oil-steam interface is the other hypothetical 1D or 2D boundary of the
mobilized region, ahead of tla@parent poréevel SAGD interface.

Figures 2.12 and 2.13 present clgserelevel views of themobilized region. Figur@.12 shows

the direct contact of steam and oil just at dpparentSAGD interface, i.e. all the pore bodies
below this particular location contain only oil phase. Red arrow shows the vertcaihed

film flow drainage of the moba oil in the presence of the steam phase. One can clearly note the
distribution of all hree flowing phases within this peseale snapshot. Figu&13 shows the
mobilized region (to the right), apparent SAGD interface, andatilrated pore bodies (to the
left) behind theapparent poréevel SAGDinterface. It is clear that some small bldsbof the
steam phase are trapped within the draimmagpile oil (i.e. behind the interface to the left),
which are pointed out by thin red arrows. In addition, enclosure of small droplets of water
condensatés also evident within the continuum thfe maobile oil just behind the@pparent pore

level SAGD interface shown bythick white arrows). Continuous drainage of these trapped
steambubbles andvatercondensatelroplets is an evidence to the fact that oil phase behind the
apparent porgevel SAGD interace {.e. within a limited distance in the order ofSlpore body

dimensions) is mobile enough to dréaygravity forces
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One could clearly observe the state of microscopic fluids distributions within the mobilized
region with a quick look aFigure2.14. As it is evident in all of these snapshots, steam phase

(i . e. ASo) l nvades through t he -wetting @hase,aandt of
interacting |iquids attach to the gr phases.sol i d
Spreading characteristics o-bcaleis dvidentvie additia t e r

liquid films of oil tend to keep their capillary continuity along two adjacent grain particles. Areas

within dotted ellipses show the local engulfrhehtiny water droplets inside the oil phase.

Figure 2.12: A closer look at the porievel mobilized Figure 2.13: Oil phase mobility behind th:
region apparentporelevel SAGD interface

Figure 2.14: State of fluids distributions within the mobilized region at
microscopic scale
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2.4.3. Pore-Scale Drainage M echanisms

According tothe flow visualization results, two pertaining drainage mechanisms are responsible
for porescale sweep efficiency of a typical SAGD process, namblycapillary drainage
displacement, and 2julk film-flow type of oil drainage. These two simultaneous heusms
are acting within the mobilized region and also through a few pores just behind the apparent

SAGD interface, displacing the mobiil by gravity drainage.

2.4.3.1. Capillary Drainage DisplacementM echanism

Under this displacement mechanism, a fimbéume ofthe mobile oil, which can beconsidered

as a continuum compared to the slim films of oil within the mobilized regonld drain both
within and behind the mobilized regioin a distance composed &5 poresfrom the apparent
SAGD interface by direct drainage displacemenfthe steam phas@avadesthrough thepores
according to the typical sequan of the drainagetype displacement of a wetting phabg an
invadingnonwetting phase at the pore scéthatzis and Dullien, 1983Meanwhile, thidirect
drainage displacemeid facilitated with the aid ofjravity force in the absence of excessive
viscous forceAs it was mentioned earliethere is a local mixing within the mobilized region
during the course of a typical SAGD processisTocal mixing enhancethe convective element

of the overall drainage displacement at the fsmade. This type of displacement is pointed out
by white arrows in Figure2.9. In addition, Figure2.15 provides a series of poeseale events
including sequential draage displacement afil (wetting phase)by the nonwetting steam
phaseover a 6minutes time period. As the oil in contact with steam is heated to the extent of
being mobile it is convenient to observe drainage of several poagsecutivelyalong the
extension of the apparent peseale SAGD interfaceAs depicted inFigure 2.15 steam is
displacing oil downwards along thyellow arrows shown in one of thesap ot s (i . e. 0b
the oil phase within all these pore colunadnain simultaneously under the action of gravity. The
same process also observed in Figurg.16 which shows the capillary drainage displacement
phenomenon along tHfacingdownred arrowsjust behind the mobilized region (i.e. red dotted
rectangular a&a). It is clear that all three interacting phases are flowing simultaneously within
the tiny portion of the mobilized region which is showrrigure2.16(i.e. condensate: light blue

arrows, steam: white arrows, and draining oil: verticabyended whé ellipse).
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2.4.3.2. Film-Flow Drainage DisplacementMechanism

The film flow drainage displacement mechanism is an effective -poake displacement
mechamsm within the mobilized region and alsuside the stearsaturated zonéo a lesser
extent The olil films left behind in the steamvaded region periodically form loop structures
involving bulk oil films in steam invaded pores. If these films keep their inherent flow continuity
over the limited distance of their extension, there is possibility of drainage under film flow
drainage diplacement. The drainage rate of these ckseol oil films is lower than that of the

bulk oil flow within the poresunder thedirect drainage displacementechanism This is
because of the reduced hydraulic conductivitythed thin oil films within the $eam invaded
pores. The high degree of local mixing associated with the mobilized region usually does not
allow sufficient extended flow continuity for thdraining oil films, resulting insmall
contribution of the film-flow drainage componentin the overd drainage scheme ofhe
mobilized region. Figur@.15 showssomedegree of filmflow type of drainagevherethin films

of oil left behind within the steam invaded pores.top portions of all the snap shots which are
indicated byhorizontalwhited o0t t ed el | i pses in pictures- Aiao
flow type of displacement over the internal surface of the pore bodike pnesence othenon

wetting phase. As time proceeds, one can observe the periodic thickening and thirthimg of
bulk oil films next to theleading edge of the invading steam (ivehite dotted vertically
extended el lipses i nFigpre 2.1hurhiemovel th@resendecothe an d
film-flow drainage mechanism atae locations p until the las snapshotiFigure 2.15.f)at

which there aréewer closedoop draining films in the invaded region.

2.4.4. Emulsion Creation at the Pore i Scale

Our flow visualization experiments support the hypothesis regarding emulsificdtibepore
scaleduring the carse ofthe conventional SAGD proces3he nvading steam phase could
condense locally as a result of heat transfer either within the mobilized regiahéad of the
apparent porscale SAGD interface and behind the steamobilized oil interface) or athe
apparent porscaleSAGD interface i(e. apparent interface betwedme bitumen phase anithe
mobilized oil region)Liquid condensate could be seen either within the mobilized region or at

theapparenSAGD interfaceAccording to the notspreading characteristics of water over oil in
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presence of a gas phase, local enclosure of wWatpietswithin the continuum othe mobileoil
behind theapparent SAGDOnterface wouldform thelocalized water in oil emulsificatiorin
Figure2.17, three snapshotre showrregardingthe state of insitu emulsification in the SAGD
process. Figur.17.a shows the local entrapment of a large number of water -ohicpbets
within the continuum othe mobileoil at the porescale. The setted area is one pebedy
dimension distance awayfrom the apparent SAGDinterface. Figure2.17.b presents the
engulfment of two individual water droplets inside the pool of oil with a distance equivalent to
threeporedimensions from th@pparentSAGD interface. Figur&.17.c also demonstrates the
microscopic enclosure process of a number of small condensate dedpiietdeft side of the
picture which were detached from the bulk columthefcondensatphaseformed at the top of

the oililled pores.

(a) (b)
Figure 2.17: State ofin-situ emulsification during the SAGD process at the {zoade
obtained from flow visualization experiments

The longitudinal distance behind the apparent SAGD interface at thelgaazeover which the

water condensate droplets invade referred toas thedepth of enclosure (i.e.depth of
engulfment) According to the SAGD visualization results, this depth of enclosure for the
isolated water condensate droplets within the continuum of the mobile oil can reach up to 5 pores
behind the apparent SAGD interfadéne temporarilytrapped droplets ofvater condensatere

carried along ¥ the surrounding continuum a@he mobile oil down gradient.These isolated
dropletsmay coalescdf their enclosure density is high enough, i.e. large number of engulfed
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condasate droplets would be trapped withine reduceeriscosity oil continuumiIn addition,

they should overcome the associated film pressure of the tiny erabililms in between in

order to be able to coalesce to each other. Due to the convective nature of the drainage process
within the mobilized regiont was observed that both condensate droplets and also small steam
bubblesbecome emapped within the continuurof the mobile oiljust behind the apparent

SAGD interface.One of the mechanisms responsible for small steam bubbles being trapped
within thebulk of the mobile oil is the snagf phenomenon at the peseale.Figures2.13 and

2.18 (both right and left pictures) present three sample snapshots in which the entraghneent of
small condensate droplets as well as fipibeesextended steam bubblese demonstrated

behind the apparent SAGD interface at the {smade
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Figure 2.18: Entrapment of small steam bubbles as wellvatercondensate
droplets behind thapparenSAGD interface within the draining mobibil

2.5. Quantitative Analysis of the Experimental Results

In additionto the qualitative results of our SAGD visualization experiments presented in section

2.4, an effort was made tquantitativelyanalyze theSAGD process performance at the pore
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level. The quantitative results obtainadthis studyusing 2D micromodel type of porous media
cannot be extended to the real case 3D porous structuee pres are more interconnected
with higherporecoordination numbeand film flow respectivelyThe extenof film flow as well

as poreconnectedness is higher aBD skeleton of poroustructurecompared to the 2[pore
netvorks. However, parametric sensitivity analysis could be performed in order to investigate the
effect of porous media properties, operatompditions, and fluid properties on the measurable

process performance parameters at the-poate.

Five different glass micromodels were used in this study with different-gareture
characteristics and maeszale petrophysical properties. The hontal interface advancement
velocity was chosen as a measure of the SAGD process performance at tbeafmrall the
glassetched micromodels were thoroughly characterized with respect tesgaleedimensions,

model dimensions, porosity, and permegpilThe motion pictures and movies taken during
each particular SAGD visualization trial were reviewed frame by frame, and the interface
advancement velocities were measured at selected fixed vertical elevations along the model
height. The parametric setigity analysis of the SAGD process performance was performed and
thencrosschecked with analytical solution proposed by Bul€79, 1981).

2.5.1. Characterization of the GlassEtched Micromodels

The five employed glasstched micromodels were entirely characterized in ord&ndov the
porescale as well asnacroscopicmodel dimensions, permeability, and porosi#y. brief
description of the characterization procedure is presented in this section.

2.5.1.1. Model Physical Dimensions

Model dimensions were measured using a precision wilér accuracy of0.5 mm Length of
the porouspatternembedded between the glass platepresented both in unit length and
numberofporeandi s defi nedlLaesgt he. ModadWidi®| li s @efi ned
width of the porous pattern embedded between the two glass platas,suatsopresented in

both the lengtlunit andalso in terms of thaumber of pores.
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2.5.1.2. Porosity

Porosityof a glassetched micromodek defined as the model pore volume divided by the model
bulk volume. Thanodelpore volume wasneasured using the saturation method and is defined
as thedifference betweethe weighs of the model at two stages of saturated and dry conditions,
divided bythe saturatingliquid density. Model bulk volum&as calculated knowing the width
and length of the porous pattern and average depth of etdriegfollowing equation presents

the porosity calculation for each glass micromodel:

DEICR A0 A DQEO MO 01 DO QWDQAVI @WE QA
3 36 adE a0 4 Q 0 @ 1
(2.2)
2.5.1.3. Depth of Etching

This parametecould be measured directly using profilometecan also be characterized using

a cumbersome and destructive method of measurement in which the glass micromodel is
impregnated thoroughly with epoxy resin, and then the model is sectioned at particular locations.
The porescale dimensions of the resulg sections could then be measured under the
microscopeln the absence of this direct measurement technique, average depth of etching could
be calculated usingapillarity conceps (loannidis et al 1991Dullien 1992) According to the
concept of capilley imbibition of a wetting liquid into a porous medium, the imbibition process

is controlled by the averageeq. equivalent) radius of capillary spaces. In other words, pore body
radius is the controlling factdior the imbibition processFigure 2.19 shavs the concept of

capillaryrise of a wetting liquid in &ertically-standing cylindrical capillary tube.

The physics of wetting phase imbibition into a capillary tube is expressed mathematically in the
form of Laplace Equation of Capillarity in which infdiion capillary pressure is directly
proportional to the surface tension of the wetting liquigl s well as the advancing contact
angle ), and is inversely proportional to the tube diameter (r). The Laplace Equation of

capillarity for capillary riseof a wetting liquidin a cylindrical capillary tubés as follows:
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(2.3)

For capillary rise in a tube, the above imbibition capillary pressure would be balanced by the

gravitational force applied to unit mass of the advancing wetting liquid phase:
0 3 Qs £/ 4 (2.4)

One can rewrite the Laplace Equation of capillarity for a porous medium with average pore
body diametersize > by repl acing the <capillary tube di;
ol oA &

equivalet pore body radius af hiétis defined as the equivalent radius of a capillary

tube that has the same imbibition capillary pressure as the imbibition capillary pressure required
to empty a pore body in the micromodel. The Laplace Equati@apillarity for such a porous

medium can be written as:

v “BTOA Al AU (2.5)
"Qr’]
0
\V/
= =

Figure 2.19:Capillary rise of a wetting liquid in@ertically-standing cylindrical capillary tube
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CombiningEq6s 2. résulsmd 2. 5

GYp oerA— (26)
or:

o —F (2.7)

in whQghe i the height of capi lidasapilaryitumdof bi t i o
radi uiso Air® , t he osollliquidadie-e t advandingcro nt actDranigé et h @
density difference athe atingfluid phasesand @ = 2i b1 04 £hAke case otapillary rise of

a wetting liquid in a glass micromodel, one can use Equation 2.7 to estimate an equivalent pore

body size radius.

Figure 2.20 displays porescaleschematic diagram of ttdimensions associated with the pore

bodies and pore throats of a particular homogeneous porous pattern. In this Figure, depth of
etching of pore body and poteo tadirddoaft espgcbhnsge
In addition, pore bodyam@or e t hr oat wi dd han@dr@Wspewhi bgl W

The equivalent radius of curvature could be related to the principalofaclirvature using the

following Equation Dullien 1992:

BIOA Al 64 AT AU OAAEOGO (2.:8)

Substituting the parameters into Equation 2.8 based on the schematic diagram shown in Figure

2.20 results in:

DI OA AI'AU (2.9)
I'QI"]
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Figure 2.20:Schematic diagram of poseale dimensions in a porous pattern wiinimal pore

size variability

in whiohi ephé&d of etching in pphiespohe podeg be

Equation 2.9 can be solved for the depth of etching in the pore body region as follows:

| BT OA Al AU (2.10)
"Qr']

If the pore body width would be replaced by the pore thaadth, Eg. 210 results in calculating
the depth of etching in the pore throat regibne calculated depth of etching could then be used

in order to calculate the cross sectional greendicular to the flow directioin other words,
the cross sectia@h area across the width of the moetaken a® & 1 § gn whichii Wo i s

the width of the model.

2.5.1.4. Permeability

Permeabilityis the measure of flow conductivity through a particular porous medium, and is

measured in units ADarcyo with the dimension
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be measured having flow properti es g(piesswe vol u
dr op gr—[i):a_F—)obi,enatn,d icross sect i thafall ovar ciar epcetripoem,d i

fluid propert i eassingtfe Dardy dquatidasfalonsi t y, @[ 00)
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The permeability of a glasaicromodel could be measured using two differapthods, namely
a) constanhead permeability measurement, and b) -ingleibition interfacial advancement

method.

a) ConstartHeadPermeabilityMeasurement

In this method, a constant head of a known liquid {@kelene orwater) withknown hydrostatic
headdifference(i.e. rgh) is maintained over the inkeixit face of the micromodel, artbeliquid

flow ratethrough the porous mediurh ( ©0Q) is measured under the constant liquid heabeat
steady state conditions. Following successive different values of liquid head which results in
corresponding hydrostatic pressure gradiestoss the model, differenbrcesponding flow rate

values would be obtainefs a result, the modelgpmeability could be calculated usiaglot of

X s DP . ~ R . - : :
A Qo ve—fsus\/hnse sIo@e).wdamlalsbe/vomttHetwdmsbceonalo not
m

area isthearea subject to (i.e. perpendicular to) flow which could be obtained hingagerage

value of thedepth of etching of the micromodel.

b) PermeabilityMeasurementising Free-Imbibition InterfaceAdvancemeniethod

The permeability measurement of a glass micromodel using -indgibition interface
advancemenmethodisalsobased on the Darcydéds equation of
and the notion is described in terms of an average imbibition predsutkis method, the
posiion of the imbibing liquidair interface is monitored with timen this transient permeability
measurement methpthe thresholdtapillary height ofimbibition of awetting liquid in a glass

micromodelis related to the transiemiosition of the liquid interfaceheight Theinstantaneous
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interface advancemepbre velocity of liquid in the glass micromodduring a free imbibition

process(np(x,t)) is related to theransient location of liquid interface through the model using

the followingequation:

np(X,t)=% 2.12)

In a free imbibition processvithout trapping the imbibing liquid flows through the pore
channels based cem average mbi bi ti on capill ary pressure dr

law:

oo - — - A (2.13)

in which n(x,t)is the instantaneoi3ar cy v ed dhesaverage midiokhodel permeability,
e is the Iliquid viscosity, x(t) i1 s ittlhee aver
model, and0 ; is a timeaveraged dynamidree imbibition capillary pressure governed

mainly by the average pore body dimension arapisroximated by:

Ca
¢
(93
e
3¢
m
b

(2.14)

i n wh poc hi sivéade goreabody diamef€fd;z, is the averageimbibition capillary

height of liquidin the modeland Dr is the density difference between the test liquid and air

n(x.t)
f

Considering the fact thahe pore velocity is related to Darcy velocity by(x,t): , one

can combine equations 2.fio 2.14, and separate the variables to obtain the following equation:
w0 Qw —0f QO or WO QW —3" " s/ Q0 (2.15)

Integrating both sides diie above equationssults in:
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o —0f or w0 —3" Qs 4 (2.16)
A pl oxt(t)oofvefr sus ti me would be a straight |in
4 —05 or A —w”" Qs 4 (2.17)

Having the slope of the straight line, the glassromodel permeability could be calculated

using the following Equaticn

or o — (2.18)

For the case of the micromodels used in the SA@Dalization studies, thenbibition tests
were performed using both water and toluene; howelerinterface advancement permeability
measurement was carried out using toluene only as the solid surface should be perfectly wetted

by the liquid and thish@aracteristic is met more strongly with toluene than water.
2.5.1.5. Pore-Structure Dimensionsof the Micromodels

In order tothoroughlycharacterize a glass micromodel, it is required to measure thesqaee
dimensions in addition to the macroscopic properties of the model. These parameters include:

a) Pore to pore distancéhis is the distance frorhe centre of one pore body to the aenof
the next pore body, or the distance from the centre of one pore throat to the centre of the next
adjacent pore throat. Pore to pore distance is equal to the pore throat width plus the particle

size for a particular pore geometry.

b) Pore body width: It is the width of pore body which contributes to the storage capacity of that
particular pore. Depending on the geometry of the solid grains, this dimension could be a

constant or variable parameter for a given porous structure. Thimgtaraalso controls the
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d)

imbibition process of a wetting phase as it is the widest flow path for an invading wetting

phase through a porous pattern.

Pore throat width: This parameter determines the width of a particular pore constriction and
could be a costant parameter for a given homogenepasous pattern. This dimension
controls the drainage process of a particular porous structure as it is generally the narrowest

flow path for the invading newetting phase.

Particle size: This dimension determirtege size of the solid particles embedded within a
porous structure, and would be a constant value for a particular homogeneous porous

medium composed @eometricalshaped solid particles.

Diffusion distance: This dimensiarfers tothe distance betwedhe centre of a particular
pore to the edge of another neighbouring pore. The defining factor that determines the limits
of a particular pore is the associated pore throat lehigghparticular pore structure contains

a finite pore throat length, theffilision distance is defined as the distance from the centre of
a particular pore to the halfay distance of the neighbouring finite pore throat lenQtinthe
other hand,fithe pore throat length is negligible for a particular porous pattern, then the
diffusion distance is measured fraime centre of a particular pore up until reaching to the
entry point (or entry line) of the neighbouring pore. Another definition for the diffusion
distance is presented as half of the particle width plus the width gqiaiteethroat. In the
solvent aided processes fugavy oil and bitumen recovery such@&&SAGD and VAPEX

this dimension signifies the distance over whieh solvent phaseshould diffuse from one
pore in order to reach the neighbouring adjacent pbBog.the condensing and nen
condensing modes of the VAPEX process, it was concludedthibdarger the diffusion
distance is, themallerwould be the interface advancemémbougha particular micromodel
(James2009).

Flow path lengthlt is the maximunflow path length for a particular fluid phase from one
pore to the one below it when the nature of the fédwhe pordevel is assumed to be film

flow type of drainage displacement.
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g) Pore throat length: This dimension determines the length of a partore constriction,
and its magnitude depends on the shape of the solid grains which form the corresponding
shape of the pore throats. It could either be comparable in size with the pore throat width, or
be negligible depending on the particular solidig shape.

Based on the materials presented in sections 2.5.1.1 to 2.5.1.5, all the five employed glass
micromodels were characterized. Table 2.3 shows a sunwhang characterization results for

all the five models. This table contains:

I.  Schematic oftie porescale pattern etched on the glass surface with associatedcatee
dimensions,

ii.  Magnitudes of the porscale dimensions (i.e. described in section 2.5.1.5) measured
using the printed pattern maskthe magnified higtresolution imagecaptured fom the
glass micromodslitself,

iii. Depth of etching calculatedising both the porédody and poréhroat dimensions
according to the procedure described in section 2.5.1.3,

iv.  Macroscopic dimensions of tip@rous patterns associated with gitess micronodels

v. Porosity of theglass micrsnodels measured according to the procedure described in
section 2.5.1.2,

vi.  Permeability of thegglass micrmmodels calculated based on the procesldescribed in
section 2.5.1.4

Considering the specific design of the glass micromodels used in our visualization studies, there
is a discrepancy between the measured permeability values using the two techniques described in
section 2.5.1.4. As it was stated before, a high permeabightrwas etched alongside the porous
pattern in each micromodel to ease the initialization stage of the SAGD prBoessuch a

specific pattern design, the higiermeablerbugh plays an important role in fluid flowhsn the
constardhead permeability mearement proceduns used to measure the permeability of the
glass micromodelThis is even more highlighteasidering the fact thdhe trough was etched

more than the porous pattdor some of these micromodelsence achieved significantly higher
permeability valuescompared to the equivalent permeability of the porous structure. In the

constanthead permeability measurement method, the glass micromodel is entirely filled with the
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working fluid, so the measured permeability includes a combinatidroofih permeability as
well as porous structure permeabiligonsequently, the equivalent permeability of the porous
structure is expected to be much less than the value measured using the -beastant
permeability measurement procedure if this technigas used focalculating the permeability

of such a specific micromodel design.

Table 2.3:Characterization of the Micromodels used in the SAGD Visualization Experiments

Micromodels
OC-1 DL-1 DC-1 OM-1 OM-2
00 ¢ 6 ® 0 00
00 o9 vadh & 4
Pore Dimensiongmm)
1) Pore to Pore 2.04 2.04 1.60 2.00 2.00
2) Pore Body Width 1.38 2.04 1.31 2.00 2.00
3) Pore Throat Width 0.45 0.67 0.49 0.30 0.30
4) Particle Size 1.59 0.99 1.11 1.20 1.20
5) Diffusion Distance 1.25 1.36 1.05 1.15 1.15
6) Flow Path 2.61 2.13 1.93 1.81 1.81
7) Pore Throat Length 0.66 n/a 0.29 n/a n/a
Depth of Etching (mm)
Pore Bodydh,  |on® | omors o [odes DI
Pore Throataf,  |00828%  [o0asos [ ooiens  [ooeis: Qi
Porous Media
Dimensions
Length, L (mm) 304 304 304 301 301
Length, L (# pores) 149 149 190 150 150
Width, W (mm) 100 100 141 101 101
Width, W (#pores) 49 49 89 50 50
Pore Volume (ml) 1.6 2.4 2.0 1.1 1.9
Porosity, / (Fraction) 0.42 0.32 0.37 0.30 0.32
Permeability, K (D)
Constant Head Method 120.86 272.79 87.08 292.86 310.97
Interface Advancement| 56.16+3.10 | 94.61+2.49 | 34.13+1.02| 77.83 + 4.85/ 92.42 + 3.74
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The adverse effect of trough permeability on the measured permeability value of the glass
micromodel can be avoided to a great extent when interface advancement permeability
measurementnethod is used. In this method, the model permeability is measured based on the
instantaneous position tracking of the advancing wetting liquid interface through the porous
medium. The wetting liquid prefers imbibing into the porous structure spontaneatiy than
entering into the trough due to the very high capillary pressure associated with the high
permeable trough. Therefore, the permeability value measured using this tealepicgsents

the porous structure permeability rather than an averagaepéility value associated with
porous pattern and trough. Although all the glass micromodels were characterized using both
permeability measurement methods, the permeability values obtained using timebfleton
interface advancement method were coeied as the representative permeability values of the

glass micromodels.

Looking at thedata presented in Table 2.3, it is evident that the selected nhadisariability in
macroscopic as well as peseale propertiesFor instance,model DL-1 had the highest
permeability which is as a result of having the highest pore body width, pore throat width, and
depth of etchindin the pore bodyamong the other four micromodelodels DL-1 and OM2

are examples of a porous network with hggrmeability and negligible pore throat lengith.

fact, model D1 exhibits igher permeability value due to higher pore throat width, pore body
width, and more importantly depth of etching compared to those eR2@Mdel.Models OM1

and OM?2 are two i@ntical models except for the depth of etching. These two models were
fabricated in order to investigate the effect of the depth of etching opottedevel SAGD
process performancehen all the other porscale properties of the porous media were kept
identical The higher magnitude of the depth of etching in -@QNb& responsible for higher
porosity and permeability values of this model compared to those ef @iddel.

Model OM-1 has higher pore body width, but lower pore throat width compared b @&k,

hence providing slightly higher permeability for GMconsidering the fact that the depths of
etching (i.e. in pore body and pore throat regions) are almost the same for these two models. It
confirms the fact that depth of etching, especially in tire pody region, and also the pore body

width are two important factors controlling the permeability of these porous networks. The same
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point can be concluded comparing the properties ofilDdtid OG1 micromodels. It is evident
that OC1 has larger pore b, diffusion distance, pore throat length, and also comparable
depths of etching which all make its permeability higher than that el D®del. Permeability

of the glass micromodels were measured directly based on the informatitre depth of

etching, which was calculated indirectly from the imbibition or drainage tests.

Models DL-1, OM-2, and OM1 have negligible pore throat length values, resulting in
minimizing the flow path lengtls as well aghe diffusion distancse. The flow patHengthis an
important porescale property of a porous medium that affects the extent of the film flow
drainage displacement. As far as the effect of the porous medium on the type of drainage
displacement is concerned, thmallerthe flow path length ishe more probable would be the
occurrence of théulk oil film flow type ofdrainage displacement at the pscale Diffusion
distance is @ importantporescale dimension that greatly affects the diffusion process at the
porelevel when a solvent phasiéfuses into the oil phase from a pore to the neighbouring pore
through the porous network. The significance of this parameter is therefore more pronounced
when a solvenbased extraction process is chosen to recover heavy oil and bitumen. Minimizing
the diffusion distance of a particular porous netwdrk reducing the associated pore throat
length would help the solvent phase to difféidsterover a shorter distance into the oil phase,

resulting ingreatersweep rate at the peseale.

The physicalconstants which were used in order to characterize the glass microraoelels
presented in Table 2.4The schematic porscale pattern structure used to construct-10C
micromodelis schematically presented in Figure 2.Zable 2.5 contains thealculationdetails
of the porescale dimensions of OGC micromodel based on tip®re scaledimensionsdentified

in Figure 221.

The details of the imbibition and drainage tests performed using both water and toluene to
calculate the depth of etching of &Omicromalel are presented in Table 2Both the constant

water head and advancing toluene interface permeability measurement techniques were used in
order to calculate the permeability of €Omodel and the data are presented in Tables 2.7 and
2.8respectivelyThe plots used in order to calculate @€-1 micromodel permeability based on

the two noted experimental techniq@es shown in Figures 2.22 and 2.23.
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Table 24: Physical constants used in the gli  Tgple 2.5: OC-1 modeldimensions

micromodels characterization

Microscopic Dimensions

Physical Constants Pore Dimensiongmm)

d:/\/ateﬁair, aav(”) 7 (1) Pore to Pore 0.04
d:/\/ateﬁair, rec(o) 0 (3) * (4)
ﬁtolueneair 8.1 (Za) Pore de 1.28
(dynes/cm)
lc:IwateFair (2b) Pore BOdy
72
(dynes/cm) Q- 1.38
Gootuencair (0) 0 (3) Pore Throat Width 0.45
g (cm/$) 981 (4) Particle Size 1.59
} water (@/CIT) 1 (5) Diffusion Distance 1045
0.5%(4) + (3) '
} arr (g/cTT) 0.01
(6) Flow Path
Jtoluene(glcn«F) 0.866 0.25%(2'r) + (7) 2.61
Hwater (CP) 1 0.5* *(5) (7)
€ toluene (CP) 0-58 (7) Pore Throakength
S/2.414 0.66
(@) .414
Macroscopic Dimensions
3 Length (mm) 304
2b Length (# pores) 149
Width (mm) 100
7 Width (# pores) 49
KN
«~S—

Model OC-1

Figure 221: Schematicporescale structuref the
OC-1 glass micromodel (Courtesy of Jan&309)
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Table 26: Capillary heights for Model OQ

Average values

Horizontal Water Water Toluene Water Water Toluene
Distance from | !mbibition Drainage | Imbibition | Imbibition Drainage | Imbibition Water Water Toluene
imb 2 dr : — n — i — Imbibition (cm) Drainage (cm) Imbibition (cm)
Left edge (cm) | h.™ (cm) h (cm)” | h™ (cm) | h'™ (cm) h (cm) | h™ (cm)
0 13.5 21.1 6.0 13.8 21.5 6.3
1 12.5 19.6 6.0 12.6 19.3 6.3
2 10.6 19.8 6.0 10.8 19.4 6.1
3 11.9 18.6 6.0 11.7 19.0 5.9
4 12.6 19.5 6.0 12.3 18.8 5.9
5 11.8 19.5 5.8 11.2 19.2 5.9
6 11.8 19.3 5.8 11.6 19.1 5.8
7 11.4 18.9 5.8 110 19.0 5.8
8 10.9 18.2 5.8 11.2 18.8 5.7
9 9.9 18.3 5.6 9.5 18.5 5.5
9.8 10.1 17.2 5.6 9.7 17.7 5.5
h9 (cm) 11.55 19.09 5.85 11.40 19.12 5.88 11.47 19.10 5.87
Statistical
Analysis for 11.55 + 0.65| 19.09 + 0.60| 5.85 + 0.09( 11.40 + 0.73| 19.12 + 0.54| 5.88+0.16|  11.47 +0.14 19.1+0.03 5.87 +0.03
he™? (cm)
I eq (CM) 0.01134 0.008 0.01134 0.01148 0.00769 0.01129 0.01141 0.00769 0.01131
Statistical Analysis for re*® (cm) 0.01141 + 0.00014 0.00769 + 0.00001 0.01131 + 0.00005
Uleen (c) 0.01244 0.00928 0.01244 0.01262 0.00927 0.01238 0.01253 0.00928 0.01241
Statistical Analysis for Uer2"® (cm) 0.01253* 0.00017 | 0.00928 + 0.00002 0.01241 + 0.00006
Adcr® | 0124 | 0093 | 0124 | 0126 | 0093 | o0.124 0.125 0.093 0.124
Statistical Analysis for A" (cm?) 0.125 + 0.002 0.093 + 0.000 0.124 + 0.001
P. (g/cms) | | | 4968.0 | | | 4991.1 4979.5
Statistical Analysis for P.2® (g/cm <) 4979.5 +22.7

*. Courtesy of Jame2009
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Table 2.7:Constantvaterheadpermeabilitymeasurements: OC MM

Trial 1* Trial 2* Trial 3* Trial 4
Water Head (cm) 113.9 102.4 93.4 108.6
Head Loss (mm) 0 0 0 0
Time (s) Mass(g) Mass (g) Mass (g) Mass (g)
0 0.00 0.00 0.00 0.00
20 0.65 0.60 0.52 0.62
40 1.35 1.22 1.01 1.31
60 2.05 1.84 1.52 1.94
80 2.75 2.47 2.04 2.63
100 3.46 3.09 2.58 3.32
120 4.16 3.71 3.08 3.96
140 4.88 4.33 3.61 4.68
160 6.09 4.95 4.14 5.57
Q (cm¥s) 0.0357 0.0309 0.057 0.0336
R? 0.9%4 1.000 0.9999 0.998€
oP/ 1 %26/ cm 3675.5 3304.4 3014.0 3504.5
Sloge (Qvs.pP/ 1) 1 51421E05
(cm’.s/g)
R? 0.9916
K™ (Darcy) 120.86
*. Courtesy of Jame2009
4 N
7
6
y =0.0357x y = 0.0336x
. Rz =0.993 R2 = 0.998
G y = 0.0309x
) R2=1
T 4
=
©
n 3
4 y =0.0257x
= 5 R2 =0.9999
1
0 p= | oy B B S I B
0 15 30 45 60 75 90 105 120 135 150 165 180 195
Time (seconds)
¢ Trial 1 (James L.A., 2009 Trial 2 (James L.A., 2009)A Trial 3 (James L.A., 2009)X Trial 4
\ J

Figure 2.2: Constant water head permeability measurement fed @fass micromodel
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Table 2.8: Advancinginterfacepermeabilitymeasurements (with Toluene) for CMM

Trial 1* Trial 2* Trial 3
Interface Interface Interface
Time (s) Positon  X?(cm?) | Time(s) Position X?(cm?) | Time (s) Positon X?(cm?)
(cm) (cm) (cm)
26 5.0 25.00 10 2.6 6.76 12 3.1 9.61
40 7.0 49.00 34 4.5 20.25 18 3.7 13.69
55 8.5 72.25 49 7.0 49.00 29 4.2 17.64
68 10.0 10000 61 8.5 72.25 38 54 29.16
77 11.5 132.25 75 10.0 10000 46 6.7 44.89
91 130 16900 82 11.0 121.00 57 8.2 67.24
103 14.0 196.00 94 12.5 156.25 69 9.6 92.16
112 135 182.25 79 10.9 118.81
124 14.5 210.25 92 12.6 158.76
109 13.9 193.21
119 14.5 210.25
128 15.6 243.36
135 16.4 268.96
slope €m?/s) 2.2756 2.1495 2.3695
R? 0.9848 0.9949 0.9934
K (D) 56.43 53.30 58.75
K avq (D) 56.16
Statistical
Analysis for | 56.16+ 3.10
Kavq (D)
*. Courtesy of Jame2009
4 N
N 300 C y = 2.3695% 62.772
= r 2 =
T 250 + R? =0.9934
g -
@ 200 - —=
£ r y = 2.2756x% 43.32W
c r 2 =
£ 150 © R? =0.9848
= g y = 2.1495x 55.636
'5 100 | R2 =0.9949
.§ I
a 50
(]
S
% 0 } } } } } |
€ 20 40 60 80 100 120 140
= Time (seconds)
@ Trial 1 (James L.A. 2009) B Trial 2 (James L.A. 2009) Trial 3
\ J

Figure 2.23: Advancing interface permeability measurements with toluene fofl M
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The details of the porecale dimensions of DIL glass micromodelre summarized ifiable2.9.

Using the description provided in the left column of this Table, one can step by step calculate the

porescale dimensions of DL micromodelbased on the schematic paeale pattern of this

model that is shown in Figure 2.2n Table 2.10, e detds of the imbibition and drainage tests

performed using both water and tolueare presenteth order to calculate the depth of etching

of this dass micromodel usintipe procedure presented earliefables 2.11 and 2.12 contain the

data obtained duringermeability measurements of ElLmicromodel using constant water head

as well as advancing toluene interface methodolagiggectively In addition, Figures 2%and

2.26 show the plots used in order to calculate Dmicromodel permeability using thedwoted

experimental techniques.

Table 2.9 DL-1 modeldimensions

Pore-ScaleDimensions

Pore Dimensions (mm)
(1) Pore to Pore
(3) + (4b)
(2a) Pore Body
(2b) Pore Body
(2b) = (1)
(3) Pore Throat Width
(4a) Particlesize
(4b) Particle Size
(5) Diffusion Distance
0.5%(4b) + (3)
(6) Flow Path
0.25%(2'r)
0.5* *(5)
(7) Pore Throat Length

Macroscopic Dimensions
Length (nm)
Length (# pores)
Width (mm)
Width (#pores)

2.04
1901
2.04

0.67
0.99
1.37

1.36

2.13

n/a

304
149

Model DL-1

100 Figure 2.24: Schematic pre-scalepattern ofDL-1
49 glass micromodglCourtesy of Jame2009)
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Table 2.10:Capillaryheights formodel DL-1

Average Values

. Water Water il Water Water
!—Ionzontal Imbigiteion Draiizge Toluene Imbibition, he™ (cm)* Imbiﬁiteion Draﬁ\ee\ge Irr-:-tgjilbuiggﬁ,
Distance from imb Water Water Toluene
Left edge - " Reference | Reference | Reference | o he' " (€M) 1 \nbibition | Drainage | Imbibition
(cm) hs ™ (cm)* he" (cm)* Height = Height = Height = hs™ (cm) he" (cm) Refeience
70.9 cm 80.8 cm 89.0 cm Height=73 cm
0 5.2 15.7 5.8 55 6.7 51 16.0 59
1 54 17.9 6.5 6.3 7.6 54 17.7 6.6
2 57 18.8 6.9 6.7 7.5 5.9 18.3 6.9
3 5.9 19.0 7.2 7.1 7.6 5.8 18.9 7.3
4 6.0 19.8 7.3 7.2 7.6 5.9 19.8 7.3
5 55 20.0 7.1 7.1 7.7 5.8 19.8 7.2
6 6.3 21.0 7.4 7.7 7.8 6.5 20.6 7.5
7 6.0 21.5 7.5 7.7 7.7 5.9 21.8 7.8
8 6.2 21.4 7.4 7.8 7.9 5.8 21.6 7.4
9 6.3 21.7 7.5 7.9 8.0 6.5 21.4 7.7
9.8 6.7 22.5 7.5 8.0 8.0 6.4 22.7 7.8
h2® (cm) 5.93 19.94 7.31 5.91 19.87 7.35 5.92 19.90 7.33
Statistical
ﬁr;%l)(/g:ﬁ)for 593+£0.26| 19.94 +1.18| 7.31+0.21 591+£0.26( 19.87£1.19| 7.35+x0.34 | 5.92 £0.02| 19.90 £ 0.06f 7.33 £ 0.04
€
Feq (CM) 0.02209 0.00737 0.00908 0.02216 0.00739 0.00903 0.02212 0.00738 0.00906
Statistical Analysis for re,"'® (cm) 000553571 Oooggg’gzi 000838851
[]etcha"e(cm) 0.02498 0.00828 0.00954 0.02506 0.00831 0.00948 0.02502 0.00830 0.00951
. . - 0.02502 + | 0.00830+ | 0.00951 +
Statistical Analysis for Ueer’’® (cm) 0.00009 0.01150 0.00005
A2Ye (sz) | 0.250 | 0.083 0.095 0.251 0.083 0.095 0.250 0.083 0.095
Statistical Analysis for A,2"® (cm?) 06?38; O(')(')ggﬁi 06(')85)11
P, (g/cm €) | | 6202.2 6237.0 6219.6
Statistical Analysis for P, (g/cm <) 6231 f 06 =

*. Courtesy of Jame2009
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Table 2.11:Constanwaterheadpermeabilitymeasurements: DIL micromodel
Trial 1* Trial 2* Trial 3* Trial 4* Trial 5 Trial 6
Water Head (cm) 126.6 119.5 114.2 107.0 124.7 113.6
Head Loss (mm) 2 2 2 2 0 0
Time (s) Mass (g) Mass (g) Mass (g) Mass (g) ?g;tss ?g;:\ss
0 0.00 0.01 0.00 0.00 0.00 0.00
20 3.77 4.03 3.97 3.46 3.82 3.88
40 8.31 8.12 7.92 6.90 8.21 7.78
60 12.71 12.28 11.74 10.41 12.54 11.66
80 17.29 16.42 15.57 13.83 17.06 15.23
100 21.98 20.61 19.44 17.35 21.69 19.28
120 25.96 24.61 23.27 20.76 25.76 22.98
140 30.31 28.73 27.08 24.26 29.93 26.89
160 34.73 32.80 30.83 27.64 34.13 30.75
180 39.11 36.83 34.61 31.00 38.92 34.47
Q (cm?/s) 0.2167 0.2050 0.1933 0.1728 0.2144 0.1919
R? 0.99% 1.0000 0.9999 1.0000 0.99% 0.9999
o/l (glent.s) 4085.3 3856.2 3685.2 3452.9 4024.0 3665.8
?l‘;‘]’s‘?sgg v/ 6.8251E05
R2 0.9837
K™ (Darcy) 272.79
*. Courtesy ofJames2009
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Figure 2.25: Constant water head permeability measurement fef @lass micromodel
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Table 2.12 Advancinginterfacepermeabilitymeasurement&vith Toluene) forDL-1 MM
Trial 1* Trial 2* Trial 3
Interface Interface Interface
Time (s) Position X?(cm?) | Time (s) Positon X?(cm? | Time(s) Position  X?(cm?)
(cm) (cm) (cm)

20 10.0 100.00 25 10.2 104.04 20 10.3 106.09
25 11.4 129.96 30 11.2 125.44 25 10.8 116.64
30 12.6 158.76 35 12.3 151.29 30 12.3 151.29
35 13.4 179.56 40 13.4 179.56 35 13.1 171.61
40 14.4 207.36 45 14.2 201.64 40 13.9 193.21
45 15.2 231.04 50 14.9 222.01 45 14.7 216.09
50 16.3 265.69 55 16.0 256.00 50 15.7 246.49
55 17.6 309.76 60 16.8 282.24 55 17.3 299.29
60 18.4 338.56 65 17.8 316.84 60 17.8 316.84
65 19.7 388.09 70 18.8 353.44 65 18.6 345.96
70 20.3 412.09 75 19.8 392.04 70 19.6 384.16
75 21.2 449.44 80 20.7 428.49 75 20.7 428.49
80 21.9 479.61 85 21.3 453.69 80 215 462.25
85 23.3 542.89 90 22.2 492.84 85 22.6 510.76
90 23.7 561.69 95 22.8 519.84 90 23.1 533.61
95 24.1 580.81 100 23.5 552.25 95 23.8 566.44
100 24.8 615.04 105 24.1 580.81 100 24.2 585.64
105 25.7 660.49 110 24.7 610.09 105 25.4 645.16
110 26.2 686.44 115 25.5 650.25 110 25.9 670.81
115 26.9 723.61 120 26.0 676.00 115 26.4 696.96
120 27.3 745.29 125 26.9 723.61 120 26.8 718.24
125 27.8 772.84 130 27.3 745.29 125 27.6 761.76
130 28.1 789.61 135 27.7 767.29 130 27.8 772.84
135 28.7 823.69 140 28.2 795.24 135 28.2 795.24
140 29.1 846.81 140 28.7 823.69

slope em?/s) 6.5149 6.2594 6.3942

R? 0.9968 0.9980 0.9959

K (D) 97.15 93.34 93.34

K avq (D) 94.61

Statlstlpal 94 61

Analysis for | 549

Kavg (D) _
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Figure 2.26: Advancing interface permeability measurements with toluene fet MM

In Table2.13 the details of the porscale dimensions of ©1 glass micromodedre presented

along with the calculation methodology (i.e. left column of the Table) of each of thesscptre
dimensiondased on the schematic p@®ale pattern of this model that is showrigure 2.2.

Tables 2.4 and 2.5 contain the data obtained during permeability measurementsCeaf D
micromodel using constant water head as well as advancing toluene inteefaceability
measurements respectively addition, Figures 28and 2.® show the plots used in order to
calculate -1 micromodel permeability using the two noted experimental technifadde

2.16 contains the details of imbibition and drainage tests performed using both water and toluene
in order to calculate the depth etiching of DC1 glass micromodel using procedure presented
earlier.
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Table 2.13:DC-1 modeldimensions l
Model Dimensions N 3 R 7
Pore Dimensions (mm)
(1) Pore to Pore 22 1
1.60
@ + @) % R )
(2a) Pore Body 1.34 5
(2b) Pore Body 4
1)- () 1.31 «———
(3) Pore Throat Width 0.49
(4) Particle Size 1.11
(5) Diffusion Distance 1.045 Model DC-1
0.5%(4) + (3)
(6) Flow Path
0.25* (2" r) Figure 2.27: Schematic porscale pattern of D&
0.5*"*(5) 1.93 glass micromodel (Courtesy of Jam2809)
(7) Pore Throat Length 0.29
Macroscopic Dimensions
Length (mm) 304
Length (# pores) 190
Width (mm) 141
Width (# pores) 89
Table 2.14: Constanwaterheadpermeabilitymeasurements: DC MM
Trial 1* Trial 2* Trial 3* Trial 4 Trial 5
Water Head (cm) 114.1 102.5 89.3 112 95.6
Head Loss (mm) 0 0 0 0 0
Time (s) Mass (9) Mass (9) Mass (9) Mass (9) Mass (9)
0 0.00 0.00 0.00 0.00 0.00
20 0.94 0.84 0.75 0.91 0.83
40 1.89 1.66 1.49 1.82 1.57
60 2.88 2.49 2.23 2.94 2.48
80 3.88 3.32 2.99 3.83 3.16
100 4.87 4.14 3.71 4.81 4.06
120 5.86 5.00 4.46 5.74 4.86
140 6.86 5.83 5.17 6.76 571
160 7.87 6.67 5.91 7.96 6.60
Q (cm’s) 0.0489 0.0416 0.0370 0.0486 0.0408
R? 0.9998 1.0000 0.9999 0.9988 0.9994
qP/l (g/ent.s) 3682.0 3307.6 2881.7 3614.2 3085.0
slope Qcorrectea VS aP/l) (cm°.s/g) 1.4968E05
R? 0.9622
K™ (Darcy) 87.08

*. Courtesy of Jame2009

61




Table 2.15: Advancinginterfacepermeabilitymeasurements (with Toluene) for ElOmicromodel

Trial 2* Trial 4* Trial 5* Trial 6 Trial 7
' Interface . Interface . Interface . Interface 2 . Interface 2
T|(r;1)e Position | X? (cm?) T'(g;e Position | X? (cm?) Tl(rsn)e Position | X? (cm?) T|(|;r;e Position (c)r(nz) T|(r;1)e Position (c>r(n2)
(cm) (cm) (cm) (cm) (cm)
0 0.0 0.00 0 6.8 46.24 0 4.8 23.04 0 0.0 0.00 0 5.2 27.04
5 2.5 6.25 5 7.5 56.25 5 5.5 30.25 5 6.8| 46.24 5 6.0 36.00
10 3.0 9.00 10 8.2 67.24 10 5.9 34.81 10 79| 6241 10 6.8 46.24
15 4.0 16.00 15 8.4 70.56 15 6.1 37.21 15 85| 72.25 15 7.2 51.84
20 5.2 27.04 20 8.9 79.21 20 6.6 43.56 20 9.2| 84.64 20 7.5 56.25
25 5.4 29.16 25 9.3 86.49 25 7.0 49.00 25 9.6| 92.16 25 8.1 65.61
30 6.0 36.00 30 9.8 96.04 30 7.5 56.25 30 10.1] 102.01 30 8.3 68.89
35 6.5 42.25 35 10.3 106.09 35 8.0 64.00 35 10.5| 110.25 35 8.8 77.44
40 7.3 53.29 40 10.9 118.81 40 8.5 72.25 40 11.0| 12100 40 9.2 84.64
45 7.5 56.25 45 11.3 127.69 45 9.0 81.00 45 11.2| 125.44 45 9.7 94.09
50 7.8 60.84 50 11.7 136.89 50 9.3 86.49 50 12.3| 151.29 50 10.1]| 102.01
55 8.0 64.00 55 12.2 148.84 55 9.8 96.04 55 12.6| 158.76 55 10.4| 108.16
60 8.3 68.89 60 12.5 156.25 60 10.4 108.16 60 12.7] 161.29 60 10.7| 114.49
65 9.1 82.81 65 12.7 161.29 65 10.9 118.81 65 12.9| 166.41 65 11.2]| 125.44
70 9.5 90.25 70 13.0 169.00 70 11.4 129.96 70 13.2| 174.24 70 11.5] 132.25
75 10.3 106.09 75 135 182.25 75 12.0 144.00 75 13.6| 184.96 75 11.9| 14161
80 10.5 110.25 80 13.9 193.21 80 12.7 161.29 80 14.0 | 19600 80 12.6| 158.76
85 11.2 125.44 85 14.0 196.00 85 13.3 176.89 85 14.3| 204.49 85 13.3| 176.89
90 11.6 134.56 90 14.4 207.36 90 135 182.25 90 14.8| 219.04 90 13.6| 184.96
95 12.3 151.29 95 14.9 222.01 95 14.1 198.81 95 15.3| 234.09 95 14.4] 207.36
100 12.6 158.76 100 15.2 231.04 105 14.7 216.09 100 15.5| 240.25 100 14.8| 219.04
105 13.1 171.61 105 15.7 246.49 110 15.2 231.04 110 16.6| 275.56 110 15.3| 234.09
110 13.5 182.25 110 16.1 259.21 120 16.0 256.00 120 16.9| 285.61 120 15.9| 252.81
115 13.9 193.21 120 16.6 275.56 130 16.5 272.25 130 17.2| 295.84 130 16.3| 265.69
120 14.3 204.49 130 17.0 289.00 140 17.2 295.84 140 18.6| 345.96 140 16.9| 285.61
125 14.6 213.16 140 18.2 331.24 150 18.1 327.61 150 18.9| 357.21 150 17.5| 306.25
135 15.0 225.00 150 18.6 345.96 160 18.7 349.69 160 19.6| 384.16 160 18.2| 331.24
145 15.8 249.64 160 19.3 372.49 170 19.5 380.25 170 20.1| 404.01 170 18.8| 353.44
155 16.4 268.96 170 20.4 416.16 180 20.4 416.16 180 20.5| 420.25 180 19.5| 380.25
165 17.5 306.25 180 20.9 436.81 190 21.0 441.00 190 21.0| 44100 190 20.3| 412.09
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Table 2.15 (cont.):advancinginterfacepermeabilitymeasurements (with Toluene) for EXdnicromodel

*. Courtesyof James2009
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Trial 2* Trial 4* Trial 5* Trial 6 Trial 7
. Interface . Interface . Interface . Interface 2 . (S >
Time | position | X2 (cm?) Time | pbosition | X2 (cm?) Time | position | X2 (cm?) Time | bosition X 2 e ce . ;
(s) (s) (s) (s) (cm°) (s) Positio (cm”)
(cm) (cm) (cm) (cm) n (cm)
175 18.5 342.25 190 21.5 462.25 200 21.6 466.56 200 21.7| 470.89 200 20.9| 436.81
185 190 361.00 200 21.9 479.61 210 22.0 484.00( 210 22.1| 488.41 210 21.6| 466.56
195 19.5 380.25 210 22.4 501.76 220 225 506.25 220 22.8| 519.84 220 22.2| 492.84
205 20.0 400.00 220 230 529.00 230 230 529.00 230 23.2| 538.24 230 22.8| 519.84
215 20.5 420.25 230 23.3 542.89 240 235 552.25 240 23.5| 552.25 240 23.2| 538.24
225 21.2 449.44 240 235 552.25 250 23.8 566.44 250 24.2| 585.64 250 23.7| 561.69
235 21.6 466.56 250 24.0 576.00 260 24.3 590.49 260 24.6| 605.16 260 24.2| 585.64
245 22.4 501.76 260 24.2 585.64 270 245 600.25 270 2491 620.01 270 24.6| 605.16
255 23.1 533.61 270 24.6 605.16 280 24.6 605.16 280 25.3| 640.09 280 2491 620.01
270 23.8 566.44 280 255 650.25 290 25.2 635.04 290 25.8| 665.64 290 25.5| 650.25
285 24.2 585.64 290 255 650.25 300 25.6 655.36 300 26.2| 686.44 300 25.8| 665.64
300 24.7 610.09 300 26.3 691.69 310 26.1 681.21 310 26.5| 702.25 310 26.41 696.96
315 25.3 640.09 310 26.6 707.56 320 26.5 702.25 320 27.5| 756.25 320 26.9| 723.61
330 26.0 676.00 320 27.2 739.84 330 26.9 723.61 330 27.9| 778.41 330 27.3| 745.29
345 26.5 702.25 330 27.4 750.76 340 27.3 745.29 340 28.2| 795.24 340 27.7| 767.29
360 27.6 761.76 340 27.7 767.29 350 27.5 756.25 350 28.3| 800.89 350 280 784.00
375 28.5 812.25 350 28.2 795.24 360 28.1 789.61 360 28.6| 817.96 360 285 812.25
390 29.0 841.00] 360 28.6 817.96| 370 28.7 823.69| 370 28.8| 829.44 370 29.0( 84100
370 28.9 835.21 380 29.2 852.64 380 29.1| 846.81 380 29.6| 876.16
380 29.3 858.49 390 29.7 882.09 390 29.5| 870.25 390 30.2| 912.04
390 29.7 882.09 400 29.7| 882.09 400 30.6| 936.36
Slope (cnf/s) 2.3110 2.1915 2.2853 2.1819 2.3608
R? 0.9984 0.9982 0.9969 0.9986 0.9986
K (D) 34.81 33.01 34.42 32.86 35.56
K avg (D) 34.13
Statistical
Analysis for K,yq 34'11 :(3);
(Darcy) )
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Figure 2.28: Constant water head permeability measurement fed. @tass micromodel
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Figure 2.29: Advancing interface permeability measurements with toluene fol DAB/
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Table 2.16:Capillaryheights for Model DEL Average Values
. Water Water S i " Water Water Toluene
Horizontal Imbibition Drainage | Toluene Imbibition, h™ (emy | i | prainage | imbibition
Distance from imb Water Water Toluene
Left edge imb dr Ref Ref Ref imb dr he (c_m) Imbibition | Drainage Imbibition
(cm) he™ (cm)* hs" (cm)* | Height= | Height= | Height= | h,"™ (cm) | h." (cm) R_ef Height
70.7 cm 81.5cm 88.8 cm =79cm
0 11.8 24.4 7.1 7.5 8.2 11.9 24.8 7.6
1 11.8 24.2 7.7 8.0 8.6 11.7 24.6 7.9
2 10.0 23.8 8.0 7.9 8.7 10.8 24.1 7.9
3 11.3 22.5 7.8 8.1 8.7 11.0 23.2 7.7
4 12.1 22.6 8.1 8.2 8.3 11.6 22.8 8.0
5 11.7 23.4 8.1 8.3 8.3 11.8 22.9 8.4
6 11.5 22.5 8.1 8.2 8.6 11.3 22.7 8.1
7 11.8 22.0 8.3 8.2 8.4 120 22.3 8.1
8 10.7 22.1 8.3 8.5 8.5 11.2 22.4 8.6
9 10.3 23.1 9.6 8.6 8.6 10.5 23.6 8.8
10 10.3 23.3 10.0 8.9 8.7 10.4 23.8 8.7
11 10.5 22.5 8.7 9.6 8.7 10.4 22.6 9.3
12 11.8 22.6 8.8 8.7 8.6 11.8 22.8 8.6
13 11.3 22.5 8.9 8.7 8.9 11.0 22.4 8.4
13.8 11.1 21.1 9.1 8.6 8.2 11.6 21.9 8.3
h'9 (cm) 11.20 22.84 8.52 11.27 23.13 8.29 11.23 22.98 8.41
U] 2084+ 852+ W57 2aigs 1123+| 2298+
%Analyasvlgs 11.20 £ 0.34 0.44 0.15 0.28 0.44 8.29 £ 0.23 0.07 0.28 8.41+£0.22
or he™® (cm)
Mg (CM) 0.01169( 0.00643| 0.00779 0.01162 0.00635 0.00801 0.01165| 0.00639 0.00790
. : v 0.01165 +| 0.00639 + 0.00790 +
Statistical Analysis for re,™" (cm) 0.00007| ©0.00008 0.00021
Ueier™ (cm) 0.01281| 0.00741| 0.00827 0.01272| 0.00730 0.00851 0.01277| 0.00735 0.00839
. . ~ 0.01277 £| 0.00735 + 0.00839 +
Statistical Analysis for Uee2' (cm) 0.00008|  0.00010 0.00023
Ay (sz) 0.181 0.104 0.117 0.179 0.103 0.120 0.180 0.104 0.118
Statistical Analysis for Ax2'® (cm?) Oéso%i Oéooégi 0.118 £ 0.003
P.(glcm<) | 7229.0 7037.4 7133.2
Statistical Analysis for P. (g/cm $) 7133.2 + 187.7

*. Courtesy of Jame2009
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In Table2.17, the details of the porscale dimensions of ONl glass micromodedre presented.

Focusing on the descriptions made in the left column of this Table, one may calculate each of

these porescale dimensions based on thehematic porscale pattern of this med that is

shown in Figure B0. The details of the imbibition and drainage tests performed using both

water and toluene to calculate the depth of etching ofXOdfass micromodedre presented in

Table 2.18Tables 2.19 and 2.20 contain the data obtathethg permeability measurements of

OM-1 micromodel using constant water head as well as advancing toluene inperiaeability

measurement techniques respectiviilyaddition, Figures 31 and 2.2 show the plots used in

order to calculate OM. micromalel permeability using the two noted experimental techniques.

Table 2.17:0M-1 modeldimensions

Model Dimensions

Pore Dimensions (mm)

(1) Pore to Pore

(3) + (4b)
(2a) Pore Body
(2b) Pore Body

1-@)

(3) PoreThroat Width
(4b) Particle Size
(4a) Particle Size

(5) Diffusion Distance
0.5%(4) + (3)

(6) Flow Path
0.25%(2'r) + (7)
0.5* *(5) + (7)

(7) Pore Throat Length

Macroscopic Dimensions
Length (mm)
Length (# pores)
Width (mm)
Width (# pores)

2.00

1.63

2.00

0.30
1.68
1.20

1.15

1.81

0.00

301
150
101

50
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Table 2.18:Capillaryheights formodel OM-1

Average Values

Water Water Toluene Imbibition, h ™ Water Water
Dg?annzcoen;?(;m Imbibition Drainage (cm) Imbibition Drainage Water Water Toluene
o ed - ) Reference | Reference - ) Imbibition Drainage | Imbibition
Leftedge (cm) | RKim (cm) ha" (cm) Height= | Height= | h/™(@cm) | h (cm)
71.2 cm 81.3cm
0 10.6 17.8 6.2 5.8 10.8 17.6
1 10.9 18.2 6.4 6.3 11.0 18.0
2 11.1 18.6 6.5 6.5 11.3 18.4
3 11.2 194 6.7 6.6 11.3 18.9
4 11.6 19.9 6.7 6.6 11.5 19.4
5 11.9 20.4 7.0 6.9 11.8 20.0
6 12.0 21.1 7.2 7.0 12.3 20.8
7 12.2 21.8 7.3 7.2 12.5 21.6
8 12.3 22.4 7.5 7.6 12.6 22.3
9 12.5 22.9 7.7 7.9 12.8 22.8
10 12.8 23.6 7.9 8.2 13.0 235
h2'9 (cm) 11.74 20.55 7.01 6.96 11.90 20.30 11.82 20.43 6.99
Statistical
Analysis for 11.74 £ 0.42] 20.55+1.16] 7.01 £0.33| 6.96 £ 0.42| 11.90 £ 0.46] 20.30 + 1.20| 11.82 £ 0.16| 20.43 + 0.25] 6.99 + 0.04
h:™* (cm)
Feq . (CM) 0.01116 0.00715 0.00947 0.00953 0.01100 0.00724 0.01108 0.00719 0.00950
.. . 0 0.01108 + 0.00719 +| 0.00950 +
Statistical Analysis for req (cm) 0.00015 0.00009 0.00006
Ui (cm) 001198  0.00936| 0.01006| 0.01013|  0.01180|  0.00951 0.01189|  0.00943|  0.01009
o . e 0.01189 + 0.00943 +| 0.01009 +
Statistical Analysis for Ui - (cm) 0.00017 0.00015 0.00007
A2 (cm?) 0.121 0.094 0.102 0.102 0.119 0.096 0.120 0.095 0.102
0.095 + 0.102 +
. . g ave 2
Statistical Analysis for Ay~ (cnr) 0.120 £ 0.002 0.002 0.001
P. (g/cm 9 | | 5947.7 5909.1 5928.4
Statistical Analysis for P, (g/cm ) 59283';' 81
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Table 2.19 Constanwaterheadpermeabilitymeasurements for ONl MM

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
Water Head (cm) 133.8 126.4 115.2 105 136.2
Head Loss (mm) 2.2 2.2 2.4 2.2 2.3
Time (s) Mass (g) Mass (g) Mass (g) Mass (g) Mass (g)
0 0.00 0.00 0.00 0.00 0.00
10 1.40 1.37 1.24 1.18 1.45
20 3.38 3.17 2.97 2.35 3.55
30 551 5.37 511 4.39 6.18
40 7.44 6.95 6.22 5.68 8.33
50 9.58 8.68 7.86 6.78 10.12
60 11.64 10.31 9.76 8.53 11.76
70 13.24 12.04 10.97 9.88 13.38
80 15.13 13.97 12.55 11.96 15.16
90 17.02 15.34 14.06 13.57 16.55
100 18.67 17.66 16.03 15.12 18.74
120 22.28 20.73 19.59 18.22 22.62
140 25.82 24.44 23.13 21.78 25.90
160 29.48 27.87 26.54 24.97 30.05
180 33.49 31.45 29.56 28.02 33.59
Q (cm3/s) 0.1861 0.1740 0.1628 0.1527 0.1879
R? 0.9993 0.9996 0.9985 0.9967 0.9981
DP/I (g/cn?.s) 4360.7 4119.5 3754.5 3422.1 4438.9
slo%e (Q vs DP/I) 3 5161E05
(cm>.s/g) '
R? 0.9907
K™ (Darcy) 292.86
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Table 2.20 Advancinginterfacepermeabilitymeasurements (with Toluene) for GMModel

Trial 1 Trial 2 Trial 3
Interface Interface Interface
Time (s) Position  X?(cm® | Time (s) Position X?(cm?) | Time (s) Positon X?(cmd)
(cm) (cm) (cm)

15 8.6 73.96 15 8.3 68.89 15 9.1 82.81
20 9.4 88.36 20 9.1 82.81 20 9.8 96.04
25 10.3 106.09 25 10.0 100.00 25 10.5 110.25
30 111 123.21 30 10.8 116.64 30 111 123.21
35 11.9 141.61 35 11.6 134.56 35 11.8 139.24
40 12.4 153.76 40 12.3 151.29 40 12.6 158.76
45 13.1 171.61 45 134 179.56 45 13.2 174.24
50 13.8 190.44 50 141 198.81 50 14.3 204.49
55 14.7 216.09 55 14.8 219.04 55 15.1 228.01
60 155 240.25 60 15.7 246.49 60 15.8 249.64
65 16.7 278.89 65 16.4 268.96 65 16.5 272.25
70 17.5 306.25 70 17.3 299.29 70 17.3 299.29
75 18.2 331.24 75 180 324.00 75 18.2 331.24
80 18.7 349.69 80 18.7 349.69 80 19.1 364.81
85 19.3 372.49 85 19.5 380.25 85 19.8 392.04
90 20.0 400.00 90 20.4 416.16 90 20.6 424.36
95 20.6 424.36 95 20.9 436.81 95 21.1 445.21
100 21.1 445.21 100 21.6 466.56 100 21.8 475.24
105 21.7 470.89 105 22.1 488.41 105 225 506.25
110 22.2 492.84 110 22.6 510.76 110 22.9 524.41
115 22.8 519.84 115 23.3 542.89 115 23.6 556.96
120 23.3 542.89 120 23.7 561.69 120 24.1 580.81
125 23.8 566.44 125 24.0 576.00 125 24.7 610.09
130 24.4 595.36 130 24.4 595.36 130 25.2 635.04
135 25.0 625.00 135 24.9 620.01 135 25.8 665.64
140 25.4 645.16 140 25.5 650.25 140 26.3 691.69
145 25.9 670.81 145 26.2 686.44 145 26.8 718.24
150 26.3 691.69 150 26.7 712.89 150 27.4 750.76
155 26.7 712.89 155 27.3 745.29 155 27.9 778.41

slope (cnf/s) 4.9152 5.0873 5.4701

R? 0.9990 0.9983 0.9993

K (Darcy) 74.18 76.77 82.55

K avq (D) 77.83

Statistipal 7783 +

Analysis 485

for Kavg (D)
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Figure 2.32: Advancing interface permeability measurements with toluene forlOiM
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In Table2.2], the details of the porscale dimensions of OM glass micromodedre presented,

along with the formulation by which these p@eale dimensions could be calculated. (ieft

column of the Tablepased on the schematic pa@ale pattern of this model that is shown in

Figure 2.3. Table 222 contains the details of the imbibition and drainage tests performed using

both water and toluene in order to calculate the dep#tabing of OM2 glass micromodeln

Tables 23 and 2.2, the data obtained during permeability measurements oR@htromodel

using constant water head as well as advancing toluene intgréaesability measurement

methods are presented respectivéyaddition, Figures 24 and 2.5 show the plots used in

order to calculate ON micromodel permeability using the two noted experimental techniques.

Table 221: OM-2 modeldimensions

Model Dimensions

Pore Dimensions (mm)

(1) Pore to Pore
(3) + (4b)

(2a) Pore Body

(2b) Pore Body

1-@)

(3) Pore Throat Width

(4b) Particle Size

(4a) Particle Size

(5) Diffusion Distance
0.5%(4) + (3)

(6) Flow Path
0.25*(2'r) + (7)
0.5* *(5) + (7)

(7) Pore Throat Length

Macroscopic Dimensions
Length (mm)

Length (# pores)
Width (nm)
Width (# pores)

2.00
1.63
2.00

0.30

1.68
1.20

1.15

1.81

0.00

301
150
101

50
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Table 2.22: Capillaryheights formodel OM2

Average Values

ihiti imb
Water Water Toluene Irzlt:,'nt;'t'on’ he Water Water
Dzsa”rf:en}?cl)m Imbibition Drainage Imbibition Drainage Water Water Toluene
Left edge (cm) _ Ref Ref _ Imbibition Drainage Imbibition
9 h,™ (cm) h" (cm) Height = Height = h,™ (cm) h" (cm)
71.8 cm 82.4 cm
0 6.2 15.9 5.2 5.1 6.5 15.5
1 6.4 16.3 5.3 5.2 6.7 15.8
2 6.7 16.6 55 55 6.7 16.2
3 6.8 16.9 5.6 5.7 7.0 16.5
4 7.1 17.2 5.8 5.9 7.4 16.8
5 7.2 17.5 6.0 6.3 7.5 17.3
6 7.5 17.7 6.2 6.6 7.9 17.4
7 7.8 18.0 6.3 6.8 8.2 17.9
8 8.1 18.8 6.6 7.3 8.2 18.5
9 8.4 19.5 6.9 7.4 8.5 18.7
10 8.6 19.8 7.3 7.5 8.7 194
h2"9 (cm) 7.35 17.65 6.06 6.30 7.57 17.27 7.46 17.46 6.18
Statistical 17.46 +
Analysis for 7.35+0.48] 17.65%0.75 6.06 £ 0.40] 6.30+0.52 7.57 £0.46| 17.27 £0.74 7.46 £0.22 .O 3; 6.18 £ 0.23
h."9 (cm) '
Feq (CM) 0.01782 0.00832 0.01095 0.01054 0.01729 0.00851 0.01756 0.00841 0.01074
- : ave 0.01756 | 0.00841 + 0.01074 +
Statistical Analysis for req (cm) 0.00052 0.00018 0.00040
et (cm) 0.02001 0.01147 0.01174 0.01127 0.01934 0.01183 0.01968 0.01165 0.01150
. . - . v 0.01968 +| 0.01165 * 0.01150 +
StatisticalenA@®m| ysis for U 0.00066|  0.00035 0.00046
Al cm) | 0.202| 0.116| 0.119| 0.114| 0.195| 0.119 0.199 0.118 0.116
. . ave 5 0.199 + 0.118 =
Statistical Analysis for A" (cm’) 0.007 0.003 0.116 + 0.005
P.(g/cm$) | | | 5145.4| 5346.0| 5245.7

Statistical Analysis for P (g/cm <)

5245.7 + 196.9
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Table 2.23:Constanwaterheadpermeabilitymeasurements for OM MM

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
Water Head (cm) 131.3 124.5 111.6 107 137.2
Head Loss (mm) 2 2 2.2 2.3 2.5
Time (s) Mass (g) Mass (g) Mass (g) Mass (g) Mass (g)
0 0.00 0.00 0.00 0.00 0.00
10 1.62 1.42 1.35 1.22 1.94
20 3.95 3.54 2.83 2.39 4.15
30 5.87 5.69 4.69 4.23 6.67
40 7.83 7.57 6.03 5.75 8.68
50 10.31 9.19 7.47 6.89 11.27
60 12.57 11.25 9.28 8.64 13.11
70 14.27 12.88 11.03 9.96 15.23
80 16.21 14.83 12.24 12.06 17.17
90 18.15 16.87 14.24 13.84 19.52
100 20.05 19.15 15.45 15.46 21.85
120 23.57 22.28 18.66 18.59 26.05
140 27.18 26.12 22.49 21.82 29.67
160 31.54 29.74 25.15 25.00 33.13
180 35.88 33.82 28.48 28.23 38.22
Q (cm?s) 0.1987 0.1869 0.1571 0.1540 0.2133
R? 0.9990 0.9996 0.9992 0.9971 0.9988
DP/I (g/cnt.s) 4279.2 4057.6 3637.2 3487.3 4471.5
slo%e (Q vs DP/I) 6.1806E05
(cm’.s/g)
R? 0.9914
K'™ (Darcy) 310.97
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Table 2.24: Advancinginterfacepermeabilitymeasurements (with Toluene) for OM

micromodel
Trial 1 Trial 2 Trial 3
Interface Interface Interface
Time (s) Position X?(cm? | Time (s) Position X?(cm?) | Time (s) Position X?(cnm)
(cm) (cm) (cm)

15 7.5 56.25 15 7.6 57.76 15 7.2 51.84
20 8.7 75.69 20 8.7 75.69 20 8.4 70.56
25 9.9 98.01 25 9.7 94.09 25 9.3 86.49
30 11.2 125.44 30 10.8 116.64 30 10.6 112.36
35 12.3 151.29 35 11.6 134.56 35 11.5 132.25
40 12.9 166.41 40 12.5 156.25 40 12.2 148.84
45 13.7 187.69 45 135 182.25 45 13.4 179.56
50 14.4 207.36 50 14.3 204.49 50 14.1 198.81
55 154 237.16 55 15.3 234.09 55 15.1 228.01
60 16.2 262.44 60 16.1 259.21 60 15.9 252.81
65 16.9 285.61 65 16.7 278.89 65 16.5 272.25
70 17.6 309.76 70 17.3 299.29 70 17.0 289.00
75 184 338.56 75 18.2 331.24 75 17.8 316.84
80 19.2 368.64 80 18.9 357.21 80 18.5 342.25
85 19.8 392.04 85 19.7 388.09 85 194 376.36
90 20.5 420.25 90 20.3 412.09 90 20.0 400.00
95 21.1 445.21 95 21.0 441.00 95 20.7 428.49
100 21.8 475.24 100 21.7 470.89 100 21.4 457.96
105 22.5 506.25 105 22.3 497.29 105 21.9 479.61
110 23.2 538.24 110 23.1 533.61 110 22.4 501.76
115 23.6 556.96 115 23.6 556.96 115 22.7 515.29
120 24.3 590.49 120 24.3 590.49 120 23.2 538.24
125 24.9 620.01 125 24.8 615.04 125 23.8 566.44
130 25.4 645.16 130 25.3 640.09 130 24.4 595.36
135 25.9 670.81 135 25.9 670.81 135 25.0 625.00
140 26.4 696.96 140 26.4 696.96 140 255 650.25
145 26.9 723.61 145 26.9 723.61 145 26.2 686.44
150 27.3 745.29 150 27.4 750.76 150 26.7 712.89
155 27.8 772.84 155 27.9 778.41 155 27.3 745.29

slope (cnf/s) 5.2332 5.2863 4.9436

R? 0.9983 0.9974 0.9980

K (D) 93.83 94.79 88.64

K avg (D) 92.42

anaysie. | 9242

+3.74
for K avg (D)
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Figure 2.34: Constant water head permeability measurement forZajass micromodel

~
900

~ Trial 2

S 800 y = 5.2863% 51.139

£ C Trial 1

(0]

= 600 y =5.2332x 42.421

= y = 4.9436x 42.234

E 400 R2 = 0.998

S

B 300

o

& 200

8

@ 100 -

i=

= 0 } } } } } } } } } } } } } } } |

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Time (seconds)

@®Trial 1 B Trial 2 ATrial 3 )

Figure 2.35: Advancing interface permeability measurements with toluene for2QWM
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2.5.2. Heat Loss Analysis of the SAGDVisualization Experiments at the PoreScale

A high-precision vacuum test rig, operating with two mechanical and diffusion pumps and
capable of lowering theressure down to 10 torrs was wsed in our porscale SAGD
visualizdion tests in order toeduce the excessive heat loss from the micromodels to the
surroundingenvironment In this section, | am going to examine whether the use of this vacuum
chamber was effective in dacing the overall heat loss SAGD experiments inglass
micromodels or not. The overall heat loss to the surrounding environceeststsof two
elements heat loss byconvecton as well as heat loss by radiatidnh.is believed that the
extremely low values of vacuum pressure erbkto minimize the convectivleat losgo the

extent that it could be ignorezbmpared to theadiationheat lossbased orthe experimental
conditions Secondly, a heat balance wasried outfor all the employed micromodels based on

the range of operatiohaonditions examined in our visualization experimefitse overall heat
balance for each glass micromodel under experimental conditions of each particular SAGD trial
was used in order to calculate the energy requirements of the SAGD experiments. Centinuou
tracking of the SAGD interfacat the porescaleenabled us to determine the amount of steam
(i.e. in terms of mass of Cold Water Equivalent, CWE) which is condensed as a result of heat
loss at each particular stage of the process. Consequentlyeeme cumulativeSteam to Oil

Ratio (SOR) was calculated for each SAGD experiment which displays the amount of CWE

consumed in order to produce thebileoil duringtheprocess time

2.5.2.1. Convective Heat Loss Prevention using Extremelzow Vacuum Conditions

It is inevitableto experiencéheat losses to the surrounding environment during thermal recovery
of heavy oil and bitumenHeat loss increases the energy requiremmehfa thermal recovery
methodin the context of increased need to heatytag agent (i.e. steam in the case of the
SAGD process)lt is believed that ignoring the heat losses occurred when the SAGD process is
experimenting in the lab conditions could adversely affect the quantitative and qualitative results
acquired due to thexcessive steam condensation. During drainagieoimobile oil froman
experimental modelhich isexposed to an active SAGD scheme, the overall heat loss increases
with process time (i.e. the more oil is drained out of the model, the more depleteid area

available for the heat losshherefore, it is intended to minimize the amount of overall heat loss
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across the system boundaries with the aid of heat loss prevention techniquesnQuigize
effective vacuum conditions in order to control heat logsethe environment. Use of an
effective vacuum environment can significantly limit different heat transfer mechanisms. For
instance, ti is believed that a vacuum pressure of 0.01 ¢orless is required for significant
reduction ofthe heat loss through conductiorechanisn{Roth 1990)Moreover, b establish an
insulating vacuumjacket for minimizing the convective element of the heat transfer, it is

requiredto achieve an extremely low vacuum pressure of abel@® torr (Guyer 199).

There are two different approaches to study the properties of fluids as well as to treat their
dynamics namely as continuum and statistical mechanics. Fngdsomposed ofmolecules

which collide with one another and solid objects. The continuity assunguimiders fluids to

be continuous That is, properties such as density, pressure, temperature, and velocity are taken
to be welldefined at infinitely small points, and are assumed to vary memiisly from one

point to anotherHowever, he discrete, molecular nature of a fluid is ignoiredhe continuum
mechanics Those problems for which the continuity assumption does not give answers of
desired accuracy are solved usstgtistical mechanicdn order to determine whether to use
conventional fluid dynamics (a sutiscipline ofcontinuum mechani¢or statistical mechanics,

the KnudsenNumberis evaluated for theystem ofproblemat hand Problems with Knudsen
numbers at or above unity must be evaluated using statistical mechanics for reliable sadutions
the mean free path of a molecule is comparable to a length scalee gfroblem,so the
continuum assumption dfuid mechanicss no longer a good approximatiéor such a system

(Gird, 1994).

The Knudsen numbefKn) is adimensionless numbelefined as the ratio of the molecutaean
free pathlength to a representative physical length scaleh asadius of a body in a fluidtc.,
according to the following equation:

vE - (2.19)

in whichi_Ld i sneanfleepath () and ALO is the repredentati

Based on the numerical value of the Knudsen numberflaid flow dynamicscan bedivided
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into four regimes: continuum (Kn<0.01), slip§ p 0 &€ T®), transitional{@® ULV & p T
and free molecularo(¢ p 1 If the mean free path of a molecule is comparable to a length
scale of the problem, the continuum assumption of fluid mechanics is no langeod

approximation.

The effectsof molecular structure are quite different in gases and liquids. The spacing between

' iquid molecules is approximately 10 times | e
ti mes of the ¢asoacephof meas frea path & fnat befined for fiquids as is
defined for the gases. However, Bridgn{a@23)suggested that the lattice spacingiq liquids

may be used as a measure similar to the mean free path in gases. In a liquid, lattice spacing is

proportional to the liquid molar volume according to the following relationship:

19 — (2.20)

in whichfiwoi s t he mol ara0 vosuméeadWs ogdimber . The | at

water is 0.3 nm as a reference for all the liquid phases.

In gas dynamicshowevert he rati o of the mol ecul ar mean fr
l endd hi § a measure of the Knudsen number. The
the problem under consideration. It may be, for example, the diameter of a pipe, or an object
immersedin a flow, or the thickness of a boundary layer or a shock wawveur system of a

glass micromodel at the centre of an inveitetl type of vacuum chamber, the characteristic

length can be assumed to be the distance between the glass micromodel &ass thvalljof the
invertedbell chamberThe magnitude of the Knudsen number determines the appropriate gas
dynamic regime. When the Knudsen number is small compared to(ugity the order ok n O

0.1), the fluid can be treated as a continuous medindhdescribed in terms of timeacroscopic

variables such as velocity, density, pressure, and temperature. In the transition flow regime, for
Knudsen numbers of the order of unity or greatemicroscopicapproach is required, wherein

the trajectories of individual representative molecules are considered, and macroscopic variables
are obtained from the statistical propertiésheir motions. In both internal and external flows,

for Kn O 10, i nter mol ecul ar collisions i n t h
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molecular interactions with solid boundaries, and can be ignored. Flows under such conditions
are termed calionrl ess or free mol ecul awhichliskRhowntagther an g e
slip flow regime, it is sometimes possible to obtain useful results by treating the gas as a
continuum but alowing for discontinuities in velocity and temperaturettad solid boundaries

(Gird, 1994)

In physics, the mean free path of a particle is the average distance covered by a particle between
successive similar collisions with other moving particles schlastic collisions of molecules

in a gas phasd&he concept of mean free path is met in all fields of science and is classified by
the events which take place.iltoncept is usefuhe mosin the systems which can be treated
statistically, and is modtequently used in the theoretical interpretation of transport phenomena

in gases and solids, such dgfusion, viscosity, heat conduction, and electrical conduction.
Based on the kinetictheory, the mean free path could be calculated with the following

relationship:

_ (2.21)

in whichfi_ois the mean free path of a particular partifile) 0  effective haed shelliameter

of the particlesvhich depends on the type of gas and is typicallthe range of Hx10'°m
(Gird, 1994)fikd i s t he Bol t g ma3BIEBLEZIK)pamdtdtabgad pre§sire

A p and temperature Aafeéxpressed in Pa and K unitspectively

For an ideal gas, the gas number density (i.e. the number of molecules per unit volume of the
i deal gas, Aino) could be rred at emhp eroattulhree, g aisp
respectivelyaccording to the following equation:

£ — (2.22)

Combiningequations 21 and 222 yields to:
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—_— (2.23)

Equation 2.3 can also be presented in terms of #he 0 g a d r o & ) anduthre Jeiversal

gas costant(R) as follows

—_— (2.24)

As a resultthe following relations could be expressed to calculate the Knudsen number for an

ideal gas:

+1 — — (2.25)

Consideringthe case of air moletes within the vacuum chambér our porescale SAGD
visualization experimentstheir attributed mean free path increases as the number of air
molecules decreases in a unit volume. This increase in the mean free path increases the Knudsen
number; hence theontinuum approach for predicting the thermal characteristics of air would not

be applicableThe characteristic dimension of the problem in hand in our-gcake SAGD
visualization experiments is defined as the average distance of the micromodel fiem in
surface of the vacuum glass bell jlirthe mean free path of air molecules is in the ordehisf
characteristic dimension of the system, the convective element of the heat transfer could be
ignored. In other words, the convective heat transferficaaft of the residual air phase within

the vacuum chamber becomes insignificant.

Two optimisticand pessimisticscenarios are defined here based on the maximum and minimum
possible values of thenean free path for the air molecules inside the vacuunmioba
considering the range of operatipgrameterprovided in Table2.25. If the mean free path of
the air molecules would like to be ataximum,the gas number density should fménimal.
Minimum value of the gas number density could be attributed toatipgrthe system at

minimum pressure and maximum temperatligeobtain thismost optimistic value for the mean
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free path of the air moleculethe calculations areonductecconsidering the lower rangd the
reported gas molecular sizén contrast, onecan calculate the most pessimistic value (i.e.
smallestpossible value) of the mean free path of the air moleculasadymizing the number
density (i.e. at maximum operating vacuum pressure and minimum experienced temperature) and

assuming the upper rangéthe reported hard shell diameter of the gas molecules

Table 2.25: Range ofoperatingparametergor thevacuumingprocedure taontrol the
excessiveheatlossduring our pore-scale SAGDexperiments

Vacuum pessuranside the environmental chambaarr 5x10°%7 10*

Air temperature within the vacuum chambut 3471 44
Hard sphereliameterof air moleculem 2x10%°7 6x10%°
Estimated mean free path, m 0.1989i 36.9616

Consideringhe calculated mean free path of the air molecules based on the operating conditions
presented in Table 2.25, it is evident thaén the most pessimistic estiméite. smallesvalug

of the mean free path of the air moleculegnsaterthan the distaree between the micromodel

and inner side of the glass bell jar of the vacuum chamaldech isin the order of 1719cm It is
concluded that the convective element of heat loss from the micromodel to the surrounding
environment can be ignored within thrange of operating conditions of our visualization
experiments. In other words, the employed heat loss prevention technique was successful in

minimizing the overall heat loss of the SAGD visualization experiments.

2.5.2.2. Details of theRadiation Heat Loss Analysis

In this section, details of the heat loss analysis of our SAGD visualization experiments are
presented based on the concept of radiation heat loss from a hot surface to the surrounding
environment. This analysis was used in order to estimatadtigional injection flux of water
required to take care of the radiation heat loss during the design stage of our SAGD visualization
experiment.The problem statement is how to calculate the radiation heat loss from a hot inner

surface enclosed in a mucblder outer surface. The simplest example of an enclosure is one
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involving two surfaces that exchange radiation only with each otBech a twesurface

enclosure is shown schematically in Figures2.3

Figure 2.36: The two-surface enclosure

Since there are only two surfaces, the net rate of radiation transfer from surfacenlisigbe

equal to the net rate of radiation transfer to surface,2Tlge total radiation heat transfer
between these two surfaces canwigten in terms of the total resistance to radiation exchange
between surfaces 1 and 2 which is comprised of the two surface resistances and the geometrical
resistance. The net radiation exchange between surfaces could be exprésseo@msa F.P.
andDeWitt D.P., 2002):

n s — 0, Y Y (2%

inwhichigd i s the net radiation exoOhamge @&fet wden
temperature ok ur f aces 00l iasndt e | Sk maan Ut oaBa adite fihe
emi ssivity of puahedcé@évelt aedsrf d@&de arems of

is the view factor.

A reasonable approximation tife state obur glass micrmodek inside an outer inverted glass
bell jarcould be presented the form of a small convex object in a large cavityis enclosure

of special diffuse gray surfaces presentedas one specific radiation modsy Incroperaand
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DeWitt (2002) and was fonulated considering a series of assumptions. For instdrecayea of

the hot surface is considered to be negligible compared to that of the surrounding environment,

hence— e 1t In addition, as the single hot spot is fully surrounded by the largey ctine View

Factor, k2, could be considered as unity. Subsequently, the net radiation heat loss between the

hot and cold surfaces under these circumstances would be expressed as:
n s LOT Y Y (2.27)

The total area subject to the radiation heat loss would be twice the overall model area (and not
the porous pattern area) as the glass conductivity makes the whole model at the steady state
temperature during each SAGD trial. The calculated heat losses! lmm the exposure of 100%
emptied model, filled with the steam phase either at the saturation or superheated temperature, to
the surrounding environment (i.e. vacuumed area). This heat loss is equivalent to the case of
100% recovery of initial oil in pkze. It is evident that during each experimental trial, the amount

of radiation heat loss would be proportional to the invaded area of the model filled with the

steam phase at each particular depletion stage.

Total emissive power of a black body can bewgiated by the following relationship:
o Y (2.28)

in which ATO6 is the absolute t aipdefinedtasthee of
spectral, directional emissivity in the formjof, _h-HsiYat t he surface temper
is the ratio of the intensityooandhenratdeadio

-6 awéed tho etntse tiyntof t he radiation emitted by a

ando naccording to the following relationship:

o _hbpesiy —fhh (2.29)
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As a result, the total hemispherical emissivity could be defined as the ratio of the total emissive

power at temperature ATO to the total emi ssi v
- Y —_— (2.30)
in which ABE(T)® is the heat? Somaisample ivalues.of teemi s s i

emissivity coefficient would be 0.90.95 for glass window and 0.82 for Pyrex at 30fli{face
temperature, and 0.06, 0.06, and 0.07 for bright aluminum foil at 100, 200, and 300K
respectively.

In order to calculate the total radiation heat loss from the hot surfabe giiss micromodel to

the colder surface of the glass bell jar of aeuum chamber, two optimistic and pessimistic
scenarios are defined based on the operating conditions of ousqabeeSAGD visualization
experimentsThe pessimistic radiation heat loss is calculated based on maximizing the total heat
loss consideringhe range of operatg conditions, assuming that the entire glass micromodel is
filled with steam phase at its maximum experienced steady state superheating temperature, the
glass jar temperature is at its minimum value, and maximum emissivity coeffmighe glass
surface would be consideredn the other hand, the minimum probable amount of the radiation
heat loss (i.e. theppimistic value) can be calculated based on the prevailing operating conditions
of our porescale visualization experiments diet SAGD process, assuming thhe glass
micromodel is thoroughly filled with saturated steam phase, the glass bell jar temperature is
the maximum experienced valuend the emissivity coefficient for the glass surface would be

the minimum amount basexh the values proposed in the open literatlisdle 2.26 contains a
summary ofthe calculation steps for all the micromodels usedoim porescale SAGD

visualization experiments.
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Table 2.26:Radiation heat loss calculations for the employed gtassomodels in our SAGD

visualization experiments

Constants

Stefan Boltzmann constar(, ), —— 5.670x10

Emissivity of glass micromodel surfage at 300K 0.901 0.95
Glass Micromodels OC1 DC-1 DL-1 OM-1 OM-2

Tempera;[ure range of the micromodel 657 128 | 5871 116 | 627 118 | 661 116 | 61i 114

surface, °C

Temperature range ofothe glass bell jar 32156 | 29754 |32758 |34i57 |31i55

thevacuum chamber, °C

Model length, cm 35.00 35.00 35.10 35.60 35.60

Model width, cm 12.10 16.00 12.00 12.80 12.80

Surface area (4, cnt 423.50 |560.00 |421.20 |455.68 | 455.68

Total surface area = 2*%A 847.00 1120 842.40 911.36 911.36

Pessimistic radiation heat loss, W 78.587 88.072 66.874 68.889 68.275

Optimistic radiation heat loss, W 33.067 45.341 31.650 34.914 36.240

2.5.2.3. Details of the Overall Heat and Mass Balance

Considering the calculations presentedéction 2.5.2.2, e can write th@verall simultaneous

heat and mass balance for the micromodel systefigure out how much volume of the water
condensate during each particular run is originated only by means of the radiation heat loss, and
how much véume of the produced water condensate can be considered as the true cold water
equivalent of the consumed steam (i.e. SOR, in terms of its Cold Water Equivalent, CWE)
required for the irsitu oil mobilization. Hence, the energy intensity of each particBRGD

trial based on the steam requirements for each unit volume of the produced oil can be calculated.

Unfortunately, the produced volume of the mebil phase could not be measured quantitatively
because of the fact that the overall pore volume di eawployed glass micromodel is extremely
small; hence measuring the very small volume of the produced oil was not practical considering
available measuring devices. However, ¢hkulations presentad this section could be used in
order to figure out the total amount of the produced water condensate originated only from the

excessive heat loss. This volume should be subtracted from the total injected volume of water to
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calculate the cold water equleat of the actual steam to oil ratio for each particular SAGD trial.
Continuous tracking of thapparent porscaleSAGD interface helped to determine the ratio of
the invaded area to the total area at each particular time step during the proce3sisme.
enables us to calculate tbemulative water condensate produced duthécheat lossup until

each particulardrainage stageBased on this procedure, the cumulative water condensate
produced as a result of heat loss at the end of each trial wasaldstated. Deducting this
volume of the produced water condensate from the total water condensate cati¢iotednd of
each experiment determines the amount of steam used, in terms of CWE infectetgr to
mobilize the insitu bitumen to the exteof achieving ultimate recovery factor values reported at

the end of each particular SAGD trial.

In the absence of the convective element of the heat loss, one can write the overall heat balance
for a system whose schematic flalwartdiagram is presentad Figure 2.3 with focus on the

inlet and outlet mass and heat streams

Glass
Micromodel

C

System boundaries

>» & RY M

Figure 2.37: Schematic flowdiagram of a particular glass micromoé&i the purpose of heat

balancan our porescale SAGD visualization experiments
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Onecanwrite the enthalpy balance for the entire system considering the inlet and outlet streams

and conservation of enthpgl within the system boundaries as:

C

0 O (231

in which 0 is the total heat loss from the model to the surrounding environment in the form

of radiation heat loss, arti, and H,;are the input and output enthalpies.

The input and output enthalpiean be expanded using a reference state enthalpy, so Eq. 2.31

could be written in the expanded form of:

~

«¢ © ©, a@ O 0, 0 (2.32)

inwhich'O ,0O ,and©O arethe enthalpies associated with the inlet vapour phase at the

corresponding temperatures, sudbled liquid condensate phase, and an arbitrary refestate
vapour phase respectively. In additioh, andd  are the mass flow rates of the indé¢am

phase and that of tleutletsub-cooledwatercondensate phase respectively.
The mass balance over the system boundaries reveals that:
a a a (2.33)

in which the inlet vapour mass flow rg@ ) would be considered in terms of the equivalent

cold liquid inection rate of the inlet phase

SubstitutingEq (2.33) into Eq (2.32) with some simplifications cancels out the terms containing
the reference vapour phase enthalpy from both sides of the equality, and leads to the following

simple formof:

a0 O 0 (2.34)
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Adding and Bubtiratcao i iEdy(23d)lkeduBsiro f
a O O a O O U] (2.3)
Considering the fact thad O _, Eq(2.3) leads to:
a O O a O O a 0 (2.30)

in which_ is theenthalpy of condensation at the operating pressure conditioiDands the
enthalpy of the vapour phase at the saturation temperature corresponding to the overall operating

pressure.

Expanding the enthalpy parameters in terms of specific heat capacities and temperatures converts
Eq(2.36) into a more broadly used formuait

G 6 Y o} Y a 6 Y 6 Y a_ 0 (2.37)

in which™Y 7Y ,7Y , and”Y arethe superheatedrapour temperature at thelen side,
saturated vapour temperature at the corresponding operating pressure, saturated liquid
temperature at the correspondiogeratingpressure, and temperature of the-sabled liquid
phase at the outlet side respectivdljoreover, theaverage specific heat capacity valuds

liquid and vapour phasese defined based on thassociated stream temperatures.

In case If the rate of change of the specific heat versus temperature would be close to linear, the
magnitude of the specific heat the average temperature could be used instead according to the

following relationship:

a6 1'% Y a6 % % a_s 0 (2.38)
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Otherwise, one should calculate the area under the curve of the specific heat capacity versus

temper at ur g ivm reess enpefatus@®uld not be considered as linear:

a6 QY . a6QY a_s 0 (2.39)

With a quick look over the steam table, it is evident that the isobaric specific heat capacity of
steam at the operating temperature range of SAGD visualization experiments changes
linearly with temperature which satisfies usigg (2.38) as the governingquation to calculate

the overall heat transfer of the proce3sis Eq is written below based on the fluids present in
the SAGD flow system

a o YooY a6 YO Y a_s 0 (240
i n whYa&hi disuperheatest eam i nl et Ytoempseraherstedm s
temperaturat the corresponding operating pressu«'&eﬁ%é ..?Yd)(?) i's the specific h

C
steam ata temperature equivalent to the average of superhstathtemperature at the inlet

side and that of the saturatsigamat the correspondinoperating pressuré g P wcg) i's the
C
water condensate specific heat capacity semperature equivalent to theeeageof subcooled

water temperature at the outlet side and that of the saturated water phase at the corresponding
opeat i ng pTYedsis the water phase saturation temperature at the corresponding

operating pressure, n dY G i s -¢odl mperatlre of the water condensate

As a result, one could isolate the mass flux of water required to stitesfyadiation heat loss
when the entire sideof the micromodel are expos@c. the maximum possible radiation heat

loss from the micromodel):

a (2.41)
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in which fiso denotes the steam phase and fAwo

Table2.27 presents the parameters required to calculate the mass flux of water, which is needed
to take care of the radiation heat loss whenentiresurfaces of the micrnodelare exposedo
thevacuumed environmenht each set othe operating temperatures, the mass flux is calculated
based on two slightly different EQuatop r e s ent e d e7andl24leltis ejideqtthat 2 . 3
the results obtained using these two equations averingood agreement with each other. For
each particular micromodel, range tife steam temperature was considered from the dry
saturated steam temperature (100°C) to maximum exmed superheating temperatufevo
different scenarios were defined in order to calculate the maximum and minimum required water
mass influx to compensate the radiation heat loss for each particular glass micromodel. In an
optimistic scenario, the mininmu amount of water mass influx is calculated in such a way that
the model is assumed to be working at the lowest possg#eating émperatureHowever, a
pessimisticscenario was defined to express the highest magnitude of the water influx required to
conmpensate for the radiation heat loss if superheated steam is injected into the modliéthe

heat loss experiments were carried out under atmospheric conditions of operating pressure.

2.5.3. Interface Advancement Velocity at the PoreScale: Experimental Resuis

In this section, results of the SAGD interface advancement welowtsuremerdt the pore
scaleare presented and analyzédaddition, the experimental results are cross checked with the
analytical model proposed by Butler (1979, 198Ihe rate ofinterface advancement is a
representative of oil productioor sweep efficiency at the micszale hence it could be
considered as the economic viability toe SAGD process for a particular porous medium
order to determine the interface advancemembaity, the temporary position of thepparent
SAGD interface (i.eporescaleinterface between thail-saturated pores and teeamsaturated
ones)wastracked, and the interface advancement velocity was measured along thefwith
micromodel in eeh particular SAGD experimenthe surface of each micromodel was divided
into cell blocks using a marker to ease the interface position recogaittrackingwithin the
porous network. This procedure was quite helpful especially in the case of owmidi@iization
experiments during which recording the psoale events through the thick glass wall of the

vacuum chamber was obstructing the visibility.

90



Table 2.27:Heat loss analysis for the employed micromodethe SAGD

visualization experiments

OC-1 Micromodel

Steam temperature range, °C 100 to 128
Watercondensate temperature range, °C 86 to 100
as , g/min (from Eq 2.3) 1.997

as , g/min (from Eq 2.4} 1.987

as , g/min (fromEq 237) 0.854

as , g/min (from Eq 2.4} 0.856
DC-1 Micromodel

Steam temperature range, °C 100to 116
Watercondensate temperature range, °C 84 to 100
as , @/min (from Eq 2.3) 2.246

as , g/min (from Eq 241) 2.241

as , g/min (from Eq 2.3) 1.166

as , g/min (from Eq 2.4} 1.170
DL-1 Micromodel

Steam temperature range, °C 100to 118
Watercondensate temperature range, °C 84.5to 100
as , g/min (from Eq 2.3) 1.705

as , g/min (from Eq 2.4} 1.700

as , g¢/min (from Eq 2.3y 0.815

as , 9/min (from Eq 2.4} 0.817
OM-1 Micromodel

Steam temperature range, °C 100 to 116
Watercondensate temperature range, °C 83.6 to 100
as , g/min (from Eq 2.3) 1.755

as , g/min (from Eq 2.4} 1.752

as , g/min (fom Eq 2.3Y 0.897

as , g/min (from Eq 2.4} 0.900
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Table 2.27(Cont.): Heat loss analysis for the employed micromodetse
SAGD visualization experiments

OM-2 Micromodel

Steam temperature range, °C 100 to 114
Watercondensate temperature range, °C 83 to 100

as , 9/min (from Eq 2.3) 1.740

as , 9/min (from Eq 2.4} 1.737

as , g/min (from Eq 2.3) 0.931

as , g/min (from Eq 2.4} 0.933

A sample of the SAGD porscale interface advancement versus time for model rione of

our visualization experiments is presentedrigure 2.38. As it can be seen in this Figure, the
temporary position of the SAGD interface seems uniform from a n@ap@sperspective when

the overall height of the porous pattern skeleton is considered; however, if one focuses on the
position of the apparent peseale SAGD interface using the magnified views of the porous
pattern containing a few pores in a picturanie, it is evident that the position of the SAGD
interface can vary by several pores ahead or behind the position of the interface at the macro
scale. This is because of the fact that the mobile oil drains through a tortuous pathway at the
porescale dued the immiscible nature of the displacement. At each particular elevation (i.e.
within each cell block marked on the surface of the micromodel), the position of the interface
was measured at each particular row of pores, and the average of these peghiansach
particular cell block was reported as the average temporary position of the interface at that
particular time frame. Due to the unstable nature of the frontal advancement in the top portion of
the models, the top 1%0 pores were neglected took at when the interface advancement

velocities were calculated.

As it was stated before, thermocouples were attached to the glass surface of the micromodels
along the height of the porous pattern in order to provide ainealtemperature map during
eadh particular SAGD experiment. For instance, in RUN No. 8 in whichklIModel was used
(above Figure), 15 thermocouples were attached to the surface of the glass micromodel. The

distribution of the surface thermocouples in this trial is schematically shofvgure 2.39. The
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reattime temperature data were collected using an automated data acquisition unit. The
temperature data collected during one of our SAGD trials, whose interface advancement versus
time was presented in successive snapshots of FiggBei&.shown in Figures 2.40.a to 2.40.0
respectively. According to the thermocouple arrangement displayed in Figure 2.39, it is evident
that thermocouples T1, T2, T3 and T4, which wlexatedat the top row within the first-B0

pores from the top of Mad DL-1, as well as thermocouples T5, T9, T12 and T14, which were
attached adjacent to the trough on the most right hand side column of the thermocouples, show
the early development of the steam chamberdnpordingtemperatures close to that of the
develgping steam chamber while other thermocouples show significantly lower local
temperatures close to the initial temperature of the glass micromodel. Table 2.28 contains the
collected temperature data for this particular SAGD experiment at the time inteneas in

Figure 2.38.

(a) 45 min (b)65 min (c) 90 min (d) 124 min

Figure 2.33: SAGD interface advancementRUN No. 8 Model DL-1)
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Figure 2.39: The distribution of surface thermocouples along the height of Model DLRUN
No. 8 of theSAGD visualization experiments
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Figure 2.40: Surface temperatures measured along the height of Mod&liBRUN No. 8 of theSAGD
visualization experiments
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Table 2.28 Temperature data collected duriRgYN No. 8 d the SAGD

visualizationexperiments

Labview Time (sec) 6600 7800 9300 11300

Process Timgmin) 45 65 90 124

Thermocouple No. Temperature (°C)
T1 105.03 105.51 107.61 104.85
T2 104.61 108.29 109.18 108.04
T3 100.03 105.99 106.36 106.32
T4 39.29 40.75 108.65 110.65
T5 109.11 111.78 111.64 109.53
T6 87.26 102.22 108.24 111.38
T7 72.66 99.22 101.74 100.62
T8 45.68 62.29 96.33 100.95
T9 102.01 102.02 102.43 99.66
T10 92.23 100.77 103.89 101.11
T11 36.89 45.45 79.20 101.17
T12 105.42 104.76 105.03 102.22
T13 72.78 77.84 92.00 101.47
T14 105.48 104.58 104.82 102.05
T15 36.15 39.04 44.02 57.02

According to the data presentedtre second column dfable 2.28and Figure 2.38,dhe steam
chamber is in its early development stage at the labview time of 6600 seconds, and only the
thermocouples adjacent to the trough (T1, T5, T9, T12, and T14) as well as three of the-four top
structure thermocouples (T1, T2, and T3) show steam temperatu

In the next snapshot taken 20nmies later, it is evident that the steam chamber is propagating
laterally and more thermocouples are now involved with the invaded region, showing the
superheated steam temperatubecording to Figure 2.38.b, thermocouple T6 shows the
mobilized region temperature (i.£02.22°C) at that particular elevation along the height of the
micromodel. In addition, thermocouple T10 shows the temperature of the mobile oil right behind
the mobiized region, and it is evident that the mobile oil temperature, a few pores behind the
SAGD interfacejs very close to that of steam. In this Figure, thermocouples T7, T8, T11, T13,
and T15 are still in the eBaturated region and their associated teatpee readings decreases

by increasing their relative distance from the SAGD interfdge.also clear that the thickness of

the mobilized region is higher in Figure 2.38.b compared to the previous snapshot.
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Figure 2.38.c shows the development of tA&H process in later times of the process at which

the first two rows of the thermocouples show the invaded region temperature (i.e. superheated
steam temperature in the steam chamber). The SAGD interface has just passesititre
associated withT10 thermocouple, so it shows the superheated steam temperature at this
particular time frame. Thermocouple T11 is still within the mobilized region, hence showing a
temperature considerably lower than that of the steam chamber. Although T12 and T14
thermocouple show the steam temperatutteeir neighbouring thermocouples (i.e. T13 and T15
respectively) show the temperature of thefitléd pores well behind thepparentSAGD
interface. It is also evident that the thickness of the mobilized region is beingosideared to

its associated thickness in the two previous snapshots.

Figure 2.38.d shows the developed SAGtambernn which all the thermocouples except one

show the steam chamber temperature. Even thermocouple T13 which has just been passed by the
SAGD interface shows the superheated steam temperature. T15 is the only thermocouple that is
still in theun-invaded portion of the glass micromodel, hence showing a temperature well below
that of the steam phase (i.e. 57.02 °C).

In order to present the effeat porescaleand macroscopipropertiesof the glass micromodels

on the porescale SAGD interface advancement velocftye of our visualization trials were
selected.In addition, two more SAGD experiments weselectedin order toinvestigate the

effed of operating temperature on the psaale performance of the SAGD procdssr each

trial, the average position of the SAGD interface within each cell block was carefully tracked
versus time. Figure 21 presents the average SAGD interface positiomglie width of all

five employed micromodels within particular cell blocks, which was measured versus process
time. Based orthe data trends presentedrigure2.41, it is evident that the average position of

the SAGD interface changes linearly with timk is concluded that for each particular
micromodel,the porescale sweep rate of the SAGD process within each particular cell block
could be considered to be a constant valiending this conclusion to the full height of the
SAGD interface along theeight of each particular micromodel recommends that the SAGD
interface advancement velocity could be considered a constant value under prevailing

operational conditionsThis procedure was performed fevery particular cell blockn all five
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micromodelswvhich were introduced in Table 2.8nd an average interface advancement velocity

per cell block was obtained accordingly.order to calculate aaverall interface advancement
velocity for each micromodel, the arithmetic averaging techniqueuses between particular
average sweep rates per every cell block. The calculated average sweep rate for each micromodel
in terms of number of pores swept away per unit time was translated to interface advancement
velocity in unit length per unit time usingvo porescale dimensions of pete-pore distance

and pore body width of each particular porous patfEneseresults are presented in Tabl@®.

As it is evident from the data presented in this Table, it was tried to select the trials in which the
avaage operating temperatures of the SAGD process (i.e. steam temperature within the invaded
zone) are close to each other in such a way to make the sweep rate data independent of the oil
viscosity at the steam temperature. As a result, the interface adwamtceelocity would then

only be affected by the peseale and macrscale properties of the glass micromodels.

Considering the operating temperatures of the SAGD trials presented in T&bén@.the fact

that the employed fluids were also the sarfioe all these trials, it could be concluded that the
drainage rate would be a function of permeability of the glass micromodel. In other words, the
higher the permeability is, the higher would be the drainage rate when all other experimental
variables arekept constant. The interface advancement velocity is a measure of the oibobil
drainage rate. As a result, the SAGD sweep rate at thespale and the average sweep fate

the entire height of thenicromodelare strong functions of permeability. $his in agreement

with our experimental results. Considering the interface advancement velocity data presented in
the last three rows of Table 8.2nd the measured permeability values of these models presented
in Table 2.3, it is evident thalhe models \ith higherpermeability exhibit higher SAGD sweep

rate under prevailing experimental conditions. The SAGD process performed in Model DL
which has thdénighest permeability value among othe34.61D) hadthe highest average sweep

rate of 0.576 mm/min, wie Model DG1 with minimum permeability value &4.13D exhibits

the lowest interface advancement rate o70rhm/min.
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Figure 241: SAGD interface advancement in five different micromodels
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Table 229: SAGD interface advancement velocity basedh@visualization experiments

Micromodels

0C-1

DL-1

DC-1

OM-1

OM-2

L & 4
L 4

& &
* &

\ & 4
L A 4

\ & 4
o

Average temperature

171-180 pores from toy
181-190 pores from toy

Averageinterface velocity values for each micromodel

in the invaded zone 101.20 103.10 102.40 101.70 103.80
¢C)

RUN No. 6 3 7 1 2
Location in Model Interface advancement velocitypores/min)

21-30 pores from top n/a n/a n/a n/a n/a
31-40 pores from top 0.215 0.331 0.138 0.240 0.264
41-50 pores from top 0.209 0.316 0.233 0.243
51-60 pores from top 0.197 0.306 0.125 0.228 0.238
61-70 pores from top 0.181 0.281 0.224 0.232
71-80 pores from top 0.174 0.277 0.108 0.219 0.226
81-90 pores from top 0.166 0.268 0.216 0.221
91-100 pores from top 0.157 0.260 0.089 0.209 0.215
101-110 pores from toy 0.145 0.253 0.201 0.209
111-120 pores from toy 0.136 0.249 0.071 0.195 0.202
121-130 pores from toy] n/a n/a n/a n/a
131-140 pores from toy] n/a n/a n/a n/a n/a
141-150 pores from toy n/a n/a n/a n/a n/a

(pores/min) 0.1760.018 | 0.2820.019 | 0.105%0.024 | 0.2180.010 | 0.2280.012
Using Pore to Pore

distance (mm/min) 0.358 0.576 0.1695 0.437 0.456
Using Pore Body

Width (mm/min) 0.242 0.576 0.1388 0.437 0.456
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In order to figure out the effect of mobile oil viscosity on tiage ofthe SAGD interface
advancement, two different peseale SAGD trialsare considered which both were conducted
with the same micromodel. Figure42.presents the temporary SAGD interface positions in
Model OM-1 with two different operating temperatures of 101.70 and 116.3be&3ured at the
same elevation (i.e. within thamme cell blockwhile all other experimental variables were kept
constant. It is evident that this particular elevation through the model-§&1pores from topa
69.30% increase in the sweep rate was observed with almost 14.40% increase in thegoperati
temperature of the SAGD process under prevailing experimental conditions and model
propertieslt is obviousthat the model would be drained sooner when tk&tinoil viscosity at
steam temperature is lower as it is observed iriidime of shorterprocess time of the SAGD trial

with higher operating temperatur€he SAGD interface position was tracked versus time in
these two experiments at different elevations from the topside of thel ®ddel, and an
average sweep rate was then calculated at elergton (i.e. cell block) based on the procedure
shown in Figure 22. These data are summarized Tiable 230. In order to figure out a
representative sweep rate for the SAGD process inlOMKicromodel at each of the two
operating temperatuse an arihmetic averaging technique was employed over the interface
advancement velocities reported in Tabl802.This average sweep velocity of the SAGD
interface was reported in termstbe number of pores per minute of the process time, as well as
the unit of length per minute othe process time with the aid of pete-pore distance and pore
body width dimensions of the Ol porous pattern.

According to the data presented in Tabl8Q.it is clear that the average SAGD interface
advancement velocity in Mod€IM-1 increased by about 73.6% when the operating temperature
was increased from 101.70 to 116.35 °C. It seems that superheating the steam phase prior to
injecting into the model can significantly enhance the {soede sweep rate and as a result, the

oil drainage rate under the SAGD recovery scheme.
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Figure 242: Porescale SAGD interfacadvancement in Model O

The same conclusion can be obtained by looking into Figu@v@hvch shows the temporary
position of the SAGD interface versus time in €MModel at two different operating
temperatures of 103.40 and 110.20 °C. All other system parameters were kept constant in this
case and the position of the SAGD interface waké@at the same elevation (80 pores from

the top) in these two trials. It is quite evident that at this particular elevation through the porous
pattern skeleton, the sweep rate at the higher operating temperature of 110.20 °C (i.e. 0.3352
pores/min) isabout 38% more than that of the SAGD trial at the steam temperature of 103.40 °C.
The SAGD interface was also tracked in other cell blocks along the height of the model, and an
average sweep rate was calculated for each particular cell block based mwcéurie followed

in Figure 2.8. The details of these poeseale interface velocities are presented in Table 28
arithmetic averaging technique was used to calculate the average SAGD interface advancement
velocity in terms othe number of pores invdied per unit process time through the entire model

at each corresponding operating temperature. This representative average sweep rate was also

translated to the unit length invaded per minute of the process time using twecalere
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dimensions of poreo-pore distance and pore body width obtained ftbmdetailed porescale

characterization of OM Model.

According to the information presented in Tablel2iBis evident that increasing the degree of
superheat of steam from 103.40 to 110.20 °C was nasgdge for about 31% increase in the
sweep rate of the SAGD process under prevailing experimental conditions and model properties.
This point also signifies the importance of steam superheating in the overalkcadze

performance of the SAGD process.

Table 230: SAGD interface advancement velocity in Model &M

*0 o
*e ¢

101.70 116.35

N
4

N
) 4
A\
<
4

OM-1 Micromodel

y N
A 4
A\
- N
4

Average temperature in the
invaded zone (°C)

RUN No. 1 4

Interface advancement
velocity (pores/min)

Location in Model

21-30 pores from top n/a n/a
31-40 pores from top 0.240 0.402
41-50 pores from top 0.233 0.398
51-60 pores from top 0.228 0.392
61-70 pores from top 0.224 0.386
71-80 pores from top 0.219 0.380
81-90 pores from top 0.216 0.373
91-100 pores from top 0.209 0.365
101-110 pores from top 0.201 0.359
1112-120 pores from top 0.195 0.352
121-130 pores from top n/a n/a
131-140 pores from top n/a n/a
141-150 pores from top n/a n/a

Average interface velocity values

(pores/min) 0.218:0.010 | 0.379:0.011

Using Pore to Pore
distance (mm/min)
Using Pore Body
Width (mm/min)

0.437 0.757

0.437 0.757
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Figure 2.43: Porescale SAGD interfacadvancement in Model O

The porescale SAGD process performance for modelsIDIOM-1, and OM2 is compared in

Figure 2.4.. These three models have the same-poate pattern with very close miescale
properties. Model OM2 has higher permeability compared to model-ODNMConsequently, when

the SAGD process was performed at a higher temperaturlD280 °C in model OM
compared to that of 101.70 °C in model &Mthe porescale sweep rate should be higher in the
former compared to the latter. This point is evident in Figuré Rydcomparing the data series 1

and 2. It is clear that the interfaadvancement velocity in RUN 2 even at lower elevafion

less drainage heighi§ higher than that of RUN 1. This is verified by the data presented in Table
2.29. The same conclusion cannot be made by comparing RUN 4 and RUN 5 in which similar
models wee used. Although OM2 has higher permeability compared to QMRUN 5 has less
porescale interface velocity compared to that of RUN 4 because of higher operating temperature
of the latter compared to the former case. In order to make the sweep ratelela¢adent of the
interface elevation along the height of the porous skeleton for these two trials, the sweep rate of
RUN 5 at 3140 pores from top of the model is extracted from Tablé @.8. 0.396) which is

still lower than that of trial No. 4 at threame elevation. Comparing the representaierage
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interface advancement velocity of these two trials using Tab8sahd 2.3 also reveals the
fact that RUN 4, with an average sweep rate of 0.379 pores/min, is more effective than RUN 5
with an averag sweep rate of 0.300 pores/min. It appears that the effect of viscosity reduction
due to higher operating temperature in RUN 4 dominates the permeability effect in RUN 5.

Table 231: SAGD interface advancement velocity in Model €M

*06 | 6O
*e | ¢

103.80 110.20

OM -2 Micromodel

Average temperature in the
invaded zone (°C)

RUN No. 2 5

Interface advancement
velocity (pores/min)

Location in Model

21-30 pores from top n/a n/a
31-40 pores from top 0.264 0.396
41-50 pores from top 0.243 0.335
51-60 pores from top 0.238 0.311
61-70 pores from top 0.232 0.298
71-80 pores from top 0.226 0.285
81-90 pores from top 0.221 0.272
91-100 pores from top 0.215 0.270
101-110 pores from top 0.209 0.267
111-120pores from top 0.202 0.262
121-130 pores from top n/a n/a
131-140 pores from top n/a n/a
141-150 pores from top n/a n/a

Average interface velocity values

(pores/min) 0.228:0.012 | 0.30a:0.028
Using Pore to Pore
distance (mm/min)
UsingPore Body
Width (mm/min)

0.456 0.599

0.456 0.599
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Figure 2.44: Porescale SAGDsweep rate in Models DL, OM-1, and OM2

According to Figure 24l the porescale performance of the SAGIDocessn DL-1 (i.e. RUN 3)

could also be compared to the other trials presented in this Figure. For instance, RUN 3 has
higher sweep rate than those of RUN 2 and RUN 1 in whichlCdvild OM2 micromodels were

used. Comparing RUN 3 and RUN 2 which were perforraédalmost similar operating
temperatures, it is evident that higher permeability value ofilDdompared to that of OM

results in higher interface advancement velocity inIDimodel even at lower elevations. It is

also obvious that higher model permedpind higher steam temperature in RUN 3 results in
much more sweep rate in this trial even at lower elevations compared to that of RUN 1. These
conclusions could also be verified by looking into the average sweep rate of these three models

at their corrggonding experimental run numbers from Table92rPwhich DL-1 has the highest
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interface velocity (i.e. 0.576 mm/min) followed by G2A(i.e. 0.456 mm/min) and ONl (0.436
mm/min) respectively under pertaining operating conditions. However,-sgate SAGD
performance in DL model(RUN 3) was obtained to be weaker than those in-Ohd OM?2
models atheir correspondinglevated operating temperatures as presented by RUN numbers 4
and5 in Figure 2.4 respectively Even though OML and OM2 permeabilitiesre less than that

of DL-1, it seems that the additional viscosity reduction due to higher operating temperatures in
these two trials affects their peseale performance to the extent of achieving higher interface
advancement velocities compared to thath® RUN 3. Even considering the sweep rate of
RUN 3 at higher elevations would also verify this observation. In fact, RUN 3 sweep rate is
0.675 and 0.645 mm/min at 3D and 4150 pores from the top of the model respectively (refer
to Table 2.9). On thke other hand, the average sweep rate with#d@pores from the top of
OM-2 model in RUN 5 is 0.670 mm/min, and that of RUN 4 within the&l@Jores from the top

of OM-1 model is 0.804 mm/min. As a result, it is clear that the interface advancemertiesloci

in modelsOM-1 and OM2 at higher operating temperatures are higher than that of model DL

at similar elevations from the top ofishmodelbutlower operating temperature.

2.5.4. Production Characteristics of the SAGD Process at the Pot8cale: Experimengl

Results

2.5.4.1. Ultimate Recovery Facto(RF)

As it was stated previously, the production rates of our-poade SAGD experiments could not

be measured directly due to very small storage capacity of the glass micromodbelsk
calculation procedurels presented in this section in order to analyze the production
characteristics of some of our peseale SAGD experiments with the aid of SAGD interface
advancement datdhe SAGD interface was closely tracked versus time during ourguaie
SAGD visudization experiments. The pctevel interface advancement velocity for each SAGD
experiment at particular elevations along the heighthefglass micromodel was found to be
constant As the total height of each glass micromodel can be considered as an infinitesimal
portion of a real world fieldcale SAGD interface, it is obvious that the variation of the
horizontal velocity of interface along the height of each micromodel is nufisamt. Therefore,

an arithmetic averaging technique was used to calculate a representative horizontal interface
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advancement velocity in terms of the number of pores invaded per unit time or unit length per

unit time for each particular poszale SAGD gperiment.

The calculated horizontal interface advancement velocity along with thespalee snapshots
wasused in order to calculate the invaded area at each particular timeframe during the life of
each individual SAGD experimenthe fraction of areavgept away was defined as the ratio of

the swept area by the total area of a glass micromodel at each particular timeframe within the
lifespan of each SAGD experiment. It was obtained that the fraction of area swept varies linearly
with process time for eacSAGD experimentAn average oil production rate could then be
calculated over the entire production history of each particular SAGD experiment by multiplying
the slope of thefraction of area swegirocess time ploby the pore volume of each particular
micromodel. The cumulative oil produced at the end of each SAGD experiment was calculated
in two ways. It can be obtained by multiplying the average oil production rate by the process
time. In addition, each micromodel was weighed before and after theregpe and the total
volume of oil produced can be calculated within the accuracy range of the weight measurements.
The latter method could also be used in order to calculate the ultimate recovery factor of each
particular SAGD experiment.

In section 2.8, seven SAGD experiments were considered for the purpose of parametric
sensitivity analysis of the horizontal interface advancement velocity. These SAGD trials were
also considered in this section in order to analyze #ssociategroduction charactestics in

terms ofthe ultimate recovery factoFigure 2.45 displays the temporary location of the SAGD
interface at different elevatioredong the height of ModdDL-1 in RUN No. 3 of the SAGD
visualization experiments. The higlermeable trough is load at the right hand sidd Figure

2.45 extended along the entire height of the micromo8ieleach particular timeframe, the
invaded area of the model could be obtained by calculating the area over the curve to the right in
Figure 2.45 using trapezoidalle.

Plotting the fraction of the invaded area versus time yields in a straight line, and the average oill
production rate over the entire process time could be estimated from the slope of this straight
line. Following this procedure, the oil production rate walsulated to b6.011® cnt/min. The

ultimate recovery factor fahis trial can also be calculated @iiding the product of average oill
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production rate byhe process timever the D1 model pore volumeThis ultimate recovery

factor could be crosshecked with the recovery factor values obtained using direct measurement
technique of weighing the model before and after each trial. As the RF value obtained using the
interface advancement velocity considerations is subject to some human error whaGihe S
interface was tracked over the process time, the RF values assoudiditqute and postrial
weighing of the model were considered to be the more accurate numbers. This procedure was

carried out for the seven SAGD trials introduced in section 2ah@the results are summarized
in Table 2.32.
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Figure 2.45: Temporary position of the SAGD interface along the heighDibfl Model in
RUN No. 3 of the SAGD visualization experiments
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Table 2.32: Productionperformancesalculationsof the porelevel SAGD experiments
Operating RF (%) 0 :
Model IT\IL:)N K (D) tirireo(crﬁis;lss temeerature Interfgce Direct é’ifﬁ{;':rﬂ'gg
(°C) tracking | measurement
DL-1 3 94.61 175 103.10 84.6 80.0 5.83
OM-2 2 92.42 205 103.D 74.4 70.4 5.61
OM-1 1 77.83 210 101.0 72.4 71.2 1.60
OM-2 5 92.42 140 110.D 69.9 68.2 2.51
OM-1 4 77.83 120 11635 71.0 72.0 -1.36
DC-1 7 34.13 400 102.9D 34.9 33.1 5.40
OC-1 6 56.16 230 101.D 70.0 69.7 0.53

As it is depicted in Table 2.32, all the RF values obtained using the interface advancement
tracking procedure are slightly higher (within 6%) than those measured directly usirapgre
posttrial model weighing techniques except for RUN No. 4 in whioh itterface tracking
method underestimates the RF value. The RF values obtained using these two procedures are in
good agreement with each oth@me can study the effect of porous media properties on the
ultimate recovery factor of the peseale SAGD exgriments with focusing on the data
presented in Table 2.22 similar operating temperaturdéis evident that the models with higher
magnitudes of permeability exhibit higher valuesutifmate RF considering the process time
over which each particularxperiment was conducted. For instandéodel DL-1 with the
highest level of permeability possesses the highest RF ghR@%6during a process time which

is the lowest among those reported in Table 232 the other handylodel DG 1 with the

lowest permability value of 34.13D achieved only 33.1% recovery factor during 400 min

process time.

It is also possible to figure out the effect of operating temperature on the ultimate recovery factor
of the SAGD process based on the data presented in Table 2.32. One can comytneatee

RF values of RUN N o &swasZemmoged as®&hporons medium athtwoO M
levels ofdegrees of superheat, 103.40 and 110.20 °C respectively. It is clear thtintiage
recovery factor of the former trial is slightly higher (i.e. 2.2%) than that of the latter experiment;
however, the comparable RF valioe the SAGD trial at higher degrees of steam superheat was
achieved during much less process time than that of RUN No. 2. If trial No. 5 hewetbeen
continued to the extent of process time associated with RUN No. 2, extremely higher RF values
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could beachieved. The same result could be concluded by looking into the SAGD ultimate RF
values reported for RU-Nmidanddel whs used dt twd different wh i ¢
levels of operating temperature. It is evident that RUN No 4 with about 15 °C logleating
temperature achieved slightly higher RF value compared to its corresponding trial at lower steam
temperature. The enhanced productivity of RUN Naaompared to RUN No Is more
pronounced considering the fact that the former trial has extreimeties process time duration
compared to the latter one (i.e. 120 min vs. 210 min respectively). Consequently, the higher the
degrees of superheat is, thmre enhancedould be the performance of the SAGD process in

terms of thaultimate recovery factor.

2.5.4.2. Cumulative Steam to Oil Ratio (CSOR)

The volumetric measurements carried out during the-pcaike SAGD experiments were also

used in order to determine the energy requirements of the SAGD process in terms of the
cumulative steam to oil rati@SOR) The cumulative amount of water produdedcach SAGD
experiment was measuretiliring different stages of the process such as-gpastage, early
development of the steam chamber, and chamber propagation stage. The instantaneous steam
injection rde, in terms of Cold Water Equivalent (CWE) injection rate, was adjusted during the
process time in order to achieve a relatively constant steam temperature in the invaded area of
the porous patterin the presence of continuously growing heat loss froenrttodel to the
surrounding environment. The cumulative steam injected during each particular SAGD trial was
obtained by multiplying the instantaneous steam injection rate by the time duration over which
each particular injection rate was maintained constdrere was a good agreement between the
cumulative water produced and the cumulative steam injected in terms of the CWE during every
stage of the SAGD trials. The instantane®4sGD interface position along the height of each
micromodel was determinefdr each SAGD trial. Considering the fraction of the area swept
with respect to the total area and the heat loss calculations performed in section 2.5.2.3, the
contribution of the produced water condensate, originated from the heat loss, in the cumulative
steam injected in terms of the CWkas determinedit the end of eacparticular porescale

SAGD experiment.The cumulativesteam to oil ratipin terms ofthe injectedCold Water
Equivalent (CWE)er volume otthe oil produced can then be calculated usingt cumulative

producedvater volumeand thecumulative oil produced for each particular SAGD trial.
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In sections 2.5.3 and 2.5.4.1, seven SAGD experiments were considered for the purpose of
parametric sensitivity analysis of the horizontal interface advaect velocity as well as
ultimate RF values respectively. These SAGD trials were also considered in this section in order
to analyze theirassociatedenergy requirements in terms of ti@SOR values Table 2.33
summarizesthe CSOR data for these selected G trials along with some other general

information regarding each particular experiment.

Table 2.33: Energy requirements calculatiofts the porelevel SAGD experiments

. Operating | Cum. Oil | Cum. steam Cum. steam | Net steam

Run Runtime - | needed for | consumed
No Model (min) Temperature| produced| injected (c heat loss (cih (crof CSOR

' (°C) (cn) of CWE)
of CWE) CWE)

6 OoC1 230 101.2D 1.11 81.95 70.75 11.20 10.05
7 DC-1 400 102.0 0.66 95.17 86.38 8.79 13.28
3 DL-1 175 103.10 1.92 77.20 65.88 11.32 5.90
1 OM-1 210 101.0 0.78 74.75 67.54 7.21 9.20
2 OM-2 205 103.D 1.34 78.82 70.83 7.99 5.97
4 OM-1 120 116.35 0.79 51.55 47.07 4.48 5.66
5 OM-2 140 110.D 1.30 54.97 48.61 6.36 491

According to the data provided in Table 2.33, one can study the effect of model permeability on

the CSORvaluesof the SAGD process when all other experimental variables remasonably
unchanged. It was tried to select SAGD experiments whose operatimgeratures were
reasonably similar t1l2, 8 & amd 7)dhis makes the CSOR.resuRsSUN N o
for these trials to be nearly independent of the steam temperkigtee 2.46 displays the

variation of theCSOR versus model permeability for the SAGD trigl&, 3, 6, and h which 5

different micromodels were employeds it is depicted in thisFigure, the higher the
permeability value is, the less would be the corresponding CSOR value. In additions there

good linear correlation between the CSOR and model permeability as is displayed in Figure 2.46.

In addition, two more experiments at higher degrees of steam superheat were selected in order to
investigate the effect of operating temperature on tB®R values. Focusing on the trial
numbersl and4 in Table 2.33in which OM-1 modelwas used as the porous medium at two

different degrees of steam superheétats observed that the CSOR\lueis reduced byalmost
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63% as a result of an increase in theastdemperature to the extent of 14.70 °C. The same
conclusion can also be madeonsi der i n g2 aRlB K wiNdd @82 model was
employed. It is evident that following an almost 7 °C rise in the operating temperature, the
CSORvaluewas decreased by alit??2%. In conclusion, the higher the operating temperature of
the SAGD process is, the less would be the associated vaheGHOR.
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Figure 2.46: Effect of prous media permeability on the CSOR value basetheporelevel

SAGD visualization experinms

2.5.5. Experimental Results Validation based otheBut | er 6 s Theory

A conceptual model was primarily proposed by Butler et al (1979 and 1981) and was developed
further through subsequent publicatioduiler and Stephens, 1981; Butler 198991, and

1994) in order to estimate the drainage rate of the mobile oil the&AGD recovery process.

In this section, the theory is discussed briefly to figure out how the drainage rate of the mobile
oil and the steam chamber interface velocity initbezontal direction are being affected by the
reservoir rock and fluid properties. The parametric sensitivity analysis will then be performed in
order to quantify the effect of different affecting parameters (i.e. model permeability and
porosity, oil vizosity at steam temperature) on the horizontal sweep rate of the SAGD process as
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well ason the CSORbased on our SAGD visualization experiments. Finally, the experimental

results are being validated by the theory.

According to the original theg describing the fluid flow concept of the SAGD process, the

heated oil by steam flows approximately parallel to the condensation surfacepfiaent

SAGD interface) dowmgradienttowards the production wellhis point was also verified with

the resus of our visualization experiment&igure 2.4 shows the magnified view of an
infinitesimal control volume taken at tlappareninterface between the oil and steam phakes

i's assumed that the Kkinegoataitc aViidls 6a¢ sapparenhef t h
SAGDinterface Thi s heated oil is draining with the
tiny element whose thickness in the direction perpendicular to the paper is unity. As a result, the
apparent SAGDOnterface, whose repos@a@ | e wi t h hor i &oo ntaad v adnicreesc tfi

l eft to right with a velocity of AUO0O perpendi

vertical interface advancement velocities would be defined-as and —  respectively.

Temporary Position
of interface

Direction of
oil flow

i

T = Tsin steam chamber

dQ
| T =Trin virgin
Norma i
reservoir
y velocity (U)
Heat Transfer

Figure 2.47: Small Free Body Diagram (FBD) of steam chamber interfadedified from
Butler 1991)
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There are a series of assumptions which should be considered if the following dersvgtiomy
to be used in order tevelopa relation forthe horizontal interface advancement velocity. These

assumptionsire:

1 Steam pressurshould be assumed constamgide the steam chambdrhis assumption is
valid so far the steam injection at constant pressure is maintineagh the injection

well.

1 Steamwas assumed to libBe only flowing phase within the chambém our visualization
experiments, as long as a good treatment of gaeltiss preventionvas performed, steam

was the only flowing phase within the invadeatgs of the porous network; however, due

to the excessive heat loss at moderate environmental vacuum pressures, water condensate

was also draining through the invaded pores of the micromodels ahead appient
SAGD interface.

1 Oil phasdas assumed tbeat its residual saturation inside tsftieam chmber

1 Heat transfer ahead of the steam chamber through the cold bitunassuisied to be
dominated by the conduction mechanism under constant reservoir thermal diffusivity.
According to some numerical sifation studies performed on the heat transfer and
drainageaspectf the SAGD process, it was concluded that cotidads not the only
contributng heat transfer mecham behindthe SAGD interface (Ito 1998 and 2004; Ito
and Suzuki, 1996; Ito anginghal 1999; Ito et.al, 2004; Ito and Ipek, 200Bxcording to

our SAGD visualization experiments, small droplets of water condensate as well as small

bubbles ofthe steam phase invade through the continuum of the molilbehind the
apparentSAGD interfacefollowing an engulfment process at the psoale. Due to the
extensive poracale mixing within the mobilized region, this péegel intrusion could be
translated in the form of convective element of heat tramsgfead of thepparentSAGD

interface tough themobile oilfilled pores.

1 The only driving force for fluid flow towards thproduction wellwas assumed to be

gravitational force. In the absence of excessive viscous pressure drop especially across the

interface, this assumption seems to be valid in a conventional SAGD process.
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1 As Darcy equation was selected to model the fluid flow through porous media, all the
primary assumptions related to this equation were explicitly accepted duringuhseoof

the SAGD process modeling.

1 One of themajorshortcomings of this flow modeling of the SAGD process is that presence
of capillary forces was ignored. Considering theiltay force as one of the important
driving forces in a typical SAGD process would affect the predicted smooth interface
shape. In fact, thepparentSAGD interface at the poilevel has an irregular shape in

natue. In case if capillary force waconside ed i n t he transport proc

SAGD process, the amount of microscopic heat transfer would be extended, and because

water condensate tends to occupy the smaisd watemwet pores, the mobile oil phase
would move towards the larger pereasier than predicted. it true that the effect of
microscopic irregularities of th@pparentSAGD interfaceat the porescale could be
ignored at the macroscopic levelor instance, the SAGD interface could be considered as
a smooth distinction lindetween the oil phase and the invading steam phase when the
drainage process of thaobile oil from a physical modeinder the SAGD process
concernedThis is because of the fact thatthe macrescale,the thickness of the mobile

oil layer is too larg compared to the thickness of the stdammen transition zone.
However, hese irregularitieassociated with the shape of the apparent SAGD interface at
the porescaleareimportant regarding the fingering effect of the invading stphaseand
alsowhen thebypassed regions of the-dinained bitumerareconsideredluring the course

of the porelevel studies of the SAGD process.

According to Darcyods | aw, t he diebiffteaughrthei al
infinitesimalelement could bdefined as:

o — (242

i n whi c h abBdltep e rsmet ahBgiois the dgnsity difference between the acting fluid

phases (i . e. steam and the mobile oil), and

drainage flow of the mobile oil.
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As the steam density is negligible compared to that of the oil phadesimplifying the area
subject to flow which is equal t&, p , Eq 242would be simplified to:

Qn —Q, (2.43)

i n wh distie kifiematic viscosity of the mobile oil phase.

If the reservoir is unheated, ttBfferential drainage rate of the cold bitumen the initial

reservoir temperaturd ) was considered to be a finite value which can be represented by:
QR —Q, (2.49)

The di ffer enc &anld24 quantfias the o sate ihcrehse as a result of steam

heating:
QR Qn Qi QQi-0: — Q, (2.45)
Integrating Eq 2.8 results in:
n QQi-Q: - — Q, (2.46)

In order to solve the integral in Eq B,4ne should know the viscositgmperature relationship
for the insitu bitumen. For most of the bitumen typesCanada this relationship could be

expressed as:

e — (2.47)
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I n who cnai d&r e kinematic viscosity of bitumen
steam temperature respect i whithysoftha oddroffdthfor i s an

Canadian bitumen.

If the major heat transfer mechanism aheadefdteam chambeés assumed to be conduction,
the temperature distribution ahead of the interface could be related to the interface velocity
according to the following equatiqButler, 1991)

— Q (2.48)

As it was described earlier, our visualization experiments revealed that this assumption is not
widely acceptedn the literature The porescale intrusion of small droplets of water condensate

as well as small bubbles of steam through the continuum of the mobile oil could transfer heat
under the convection mechanisnto the oil regionbased on direct visualizatie presented in

this thesis Consideration ofhe convective element of the heat transfiekes this analogy much

more complicated and no study was found in the literature that dealsheiticlusion of the
convection heat transfer mechanism in the dfieation of the drainage rate of the SAGD

process.

Combini ng7 dad| 88, 20 Mde can obtain a sdgomp(lii.fd.ed
' Q 7)), and then it can be pluggeddrEq 2.4. Following the integration procedure,
Eq2.46 would result in:

r'] - (2.49)
Using trigonometric relationships, AUO can al
Y — AT-S (2.50)
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The negative sign in EqQ30 is because of the fact that— is negative. Substituting Eq30

T

in Eq 2.8 and definingf) At T

— , Eq 2.49 would be summarized as:

N _— (2.51)

(252)

The instantaneous horizontal position of the interface with respect to time (i.e. horizontal
velocity of the SAGD interface atparticularlevation) can be defined as:

— — (2.3)

Combi ni n52an&2Sresult? in:

— — (2.58)

The drainage rate of the mobile oil for half of the SAGD pattern per unit length of the horizontal

well was defined by the following equation (Butler, 1979):

n (2.56)
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Pl ugging in the equbwtaEge2Btandcsimpliffimgdhe felatmmhipEq 2 .

results in the following equation for the horizontal SAGD interface advancement velocity:

— (2.56)

Considering the theory of gravity draireagresented above, one can further analyze the

experimental results obtained during the courseuo5AGD visualization experiments.

2.5.5.1. Interpretation of the SAGD Interface Advancement Velocity Data Using the
Theory of Gravity Drainage

The theory of gravity drainage describadsection 2.5.&an be used in order to elucidate some
important aspects of the SAGD interface advancement at thesgalee Considering Eq 2.56, it

is evident that the rate of SAGD interface advancement in the horizontal direction is independent
of the process timei.e. the horizontal sweep rate is constant at each particular elevation. This
point was also verified by the results of our SAGD visualization studies presented in section
2.5.3.According to Eq 2.56fithe SAGD trials wouldhave beertarried out in modslwith the

same thermal propertiesmd with the samenisitu bitumen, the horizontal interface advancement
velocity at similar elevationshould beproportional to the square root of permeability, and
inversely proportional to the square root of porosityes the oil kinematic viscosity at the
steadystatesteam temperature.

Table 2.34 contains theoperating conditions, oil properties at operating temperature, and

physical properties dhe employedjlass micromodels for different SAGD trials. The paranet

presented at the last column of Tabled2iZe. —) was extracted from the theoo§ gravity

drainagedescribedin section 2.5.5~vhen the thermal properties of the porous media are the
same, and similar oil properties were also assumed betwé#erenli trials. Thiscorrelation
coefficienti s cal |l ed t he A SAGDat theeporescaleforaur gigializatton a me t e
experiments. It is evident that the higher the numerical value of this parameter is, the higher

would be the horizontal SAGD itface advancement velocity. Figure 2.48, the representative
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interface advancement velocity ftire SAGD trials 1 to 7in both pores/min and mm/min units

are plotted against the correlation coefficient described above. It is evident that an acceptable
correlation exists between the SAGD paale velocities and the SAGD performance
parameteat the porescaledefined based ote theory of gravity drainage.

Table 2.34:Parameters affecting the horizontal sweep rate of the SAGD interface base@.66 Eq
and results of the SAGD visualization experiments at the-geake
Run k 1] Ts o hl=nr hl=nr 2
Model o €, (cP 3, (cSt - - v
No. (D) | ()| (°C) o (CP) (g/cc) 0 (CSY (pores/min) | (mm/min) i
[x10° s
3 DL1 94.61| 32 | 103.10| 243.425| 0.957 | 254.405 0.282 0.576 1.078
2 OM2 | 92.42| 32 | 103.40| 240.431| 0.957 | 251.321 0.228 0.456 1.072
1 OM1 | 77.83| 30 | 101.70| 258.023| 0.958 | 269.435 0.218 0.437 0.981
7 DC1 | 34.13| 37 | 102.40| 250.593| 0.957 | 261.786 0.106 0.1695 0.594
6 OC1 |56.16| 42 | 101.20| 263.497| 0.958 | 275.069 0.176 0.358 0.697
5 OM2 | 92.42| 32 | 110.20| 183.300| 0.953 | 192.386 0.300 0.599 1.225
4 OM1 | 77.83| 30 | 116.35| 145.445| 0.949 | 153.219 0.379 0.757 1.301

The experimental results of run number$ are presented in Figure 2.41 and details of the
calculations are also presented in Table 2.29. As it is evident from the information presented in
Table 2.29, the measured horizontal sweep rates of the perfork@&d Brocesses in different
models follow the logic proposed by the theory of gravity drainage. Run number 3 (2. DL
Model) has the highest SAGD peseale performance parameter while Run number 7 (i.e1DC

Model) has the lowest one. This is in agreemdth the sweep rate data presented in Table 2.29.

Run numbers 2 and 5 in which model &@Mwas used as the porous medium could also be
compared together based on the defined SAGD -poake performance parameter whose
magnitude for run number 5 is hightean that of run number 2, so is its horizontal sweep rate at
each particular elevation. This increase in the sweep rate is a direct result of the higher operating
temperature of the SAGD process in run number 5 compared to that of run number 2 (refer to
Table 2.31 and Figure 2.43). The same conclusion can be made by comparing SAGEajmre

performance parameter of run numbers 1 and 4 in which model @fgls used as the porous
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medium. According to Table 2.34, run number 4 achieves significantly highirmpance
parameter compared to run number 1, so its-poade interface advancement velocity should be

higher than that of run 1 which is the case as could be seen in Table 2.30 and Figure 2.42.

The performance trends presented in Figure 2.44 could also be justified with the defined SAGD
performance parameter and its numerical values presented in Table 2.34. As it is presented in
Figure 2.44, RUNs 4 and 5 possess the first and second highes stoppared to the other

three presented trials, and this is in agreement with the numerical values of their performance
parameter presented in Table 2.34.(1.301 and 1.225 respectively. These two trials are
followed by RUN 3 with the third highest germance parameter of 1.078 in which 2Lmodel

was used. The lowest sweep rates presented in Figure 2.44 belong to RUNs 2 and 1 in which
OM-2 and OM1 were used respectively at lower operating temperatures. These two trials have
the lowest performance paneter as defined in Table 2.34 among the trials presented in
Figure 2.44 (i.e. 1.072 and 0.981 for RUNs 2 and 1 respectively).
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Figure 2.48: Correlation between the SAGIDterface advancement velocities and the SAGD

performance parameter at therescale defined based on the theory of gravity drainage
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2.5.5.2. Analysis of the CSORValuesbased on the Theory of Gravity Drainage

In section2.5.4.2 the cumulative steam to oil ratio for 7 SAGD experiments were calculated
based on the volumetrimeasurements as well as interface advancement tracking at the pore
level. Table 2.33 contains the data used in order to calculate the @&0&% In order to
collapse the CSOR data associated VBRGD RUN Nodés 1 to 7 into a
required © define a correlation coefficient to accommodtethe variations in experimental
parameters such as permeability, porosity, and operating tempefatcoeding to the theory of

gravity drainage in a conventional SAGD process, the CSOR is proportional to the square root of
kinematic oil viscosity athe steam temperature and is also inversely proportionddegsquare

root of porosity multiplied by peneability when all other experimental variables remain

unchanged.

Table 2.35 contains some information about the {mrel SAGD experiments including
operating conditions, model properties, and calculated CSOR values. The last column in Table
2.35 is thescaling parametdyy which the CSOR data of these SAGD trials were collapsed into a
single graph as is depicted in Figure 2 AS.it is evident in Figure 2.49, all the CSQ@Rlues fit

into a single graph reasonabiygardless of their associated varigigis such as differences in

the porous media properties as well as operating temperétturens out that the proposed
scaling parameter is able to provide a very good linear correlation with the diverse rémge of

CSOR values when all other experirtedvariablesremain unchanged.

Table 2.35:Parameters affecting the CS@Ruesof the SAGD process based on the
gravity drainage theory and the SAGD visualization experiments at theqalse
. z

RNl:)n Model | k (D) (Fragtion) Ts(*C) 8(CP;let J(gIC(?)St 3(cSt)@ (\CI:OSI/SI)S) [x 10.? '31/2]
3 DL1 | 94.61 0.32 103.10 | 243.425| 0.957 | 254.405| 5.90 0.345
2 OM2 | 92.42| 0.32 103.40 | 240.431| 0.957 | 251.321| 5.97 0.343
1 OM1 | 77.83 0.30 101.70 | 258.023 | 0.958 | 269.435| 9.20 0.294
7 DC1 | 34.13 0.37 102.40 | 250.593| 0.957 | 261.786| 13.28 0.220
6 OC1 | 56.16 0.42 101.20 | 263.497 | 0.958 | 275.069| 10.05 0.293
5 OM2 | 92.42 0.32 110.20| 183.300| 0.953 | 192.386| 4.91 0.392
4 OM1 | 77.83 0.30 116.35| 145.445| 0.949 | 153.219| 5.66 0.390
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2.6.Conclusions

A seriesof flow visualization experiments were conducted using giisBedmicromodels to
mechanistically investigate the peseale aspects of the SAGiDocess. This visualization study

indicates that:

1 Periodic condensation of steam at #pparent porscaleSAGD interface causes condensate
build up ahead of the interface which is an indicaf the local heat transfer mechanism of
the process at the polevel. Direct drainage displacement of this condensatbdinvading
steam phase enhances local pgzale mixing within the mobilized region ahead of the
apparent porscale SAGD interface. Moreoverpores which are already filled with the
mobile oil are cleaned up by a comboheffect of direct drainage displacement of oil by
condensate as well as by steam, and-fibow drainage displacement.
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Simultaneous three phase flow of steamater condensate, and mobibil was observed
within the mobilized egion, ahead of the apparent SAGD interface. Steam could be
considered as the only truly nevetting phase during this gravity drainage process. A series
of simultaneous courrent and countesurrent flow of phases is responsible for lateral

encroachmentf the steansaturated zone.

Periodic rupture of the oil films results in complete oil mobilization with very limited

residual phase within the steam invaded zone.

Small steam pockets, which remain in contact with the raahiHilled pores for long
periods of time, enhance the local heat transfer process ahead of the apparent interface,
followed by local steam condensation. The engulfment procesbeoivater condensate
droplets within the continuum ahe mobile oil is responsible for the local watén oll

emulsification at the pore level.

According tothe heat loss analysis performed in this section, it is concluded that the heat loss
from the micromodels was only duetteeradiation heat transfer mechanism. In other words,
the employed heat loss prevention technique was successful in minimizing the convective
element of the heat loss to the extent that it could be ignored at examined extoawmely

environmental vacuumed caitions.

Horizontal interface advancement velocity of the SAGD interface was measured in selected
trials. It was found that the sweep rate is constant overctlese of theprocess time at
particular elevationsalong the height of the models. The magaes of the interface
advancement velocities for different runs were correlated based on an analytical model
proposed byButler (1979, 1981, 1991) and a scaling parameterc aol | SAG@D
performance parametet the porescal® was defined based on ththeory as well as
guantitative results of our visualization experiments. The measured horizontal sweep rates of
the SAGD process at the peseale are in good agreement with the theory predictions

provided by the performance parameter.

The ultimate recowy factors of the SAGD experiments were calculated using two
approaches of direct measurement techniqgue as w&8R&D interface trackingover the

process time. The calculated valueshd ultimateRF using these two methods are in good
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agreement with &l other.The dfect of different experimental variables on the magnitude
of the ultimate RF was also investigated. It was found that higher permeability values and
lower insitu oil viscosities lead to higher values thie ultimate recovery factor for a
particular SAGD trial.

For selected SAGD trials, the cumulative oil produced and cumulative steam injected were
used in order to calculate the cumulative steam to oil ratio based on the volumetric
measurements over the process time of each particular SAGD process. The ahhbais o

loss was an integrated part of calculating the CSOR values in order to correct the total

volume of steam injected for the volume which was consumed to cover the radiation heat

loss from the model to the environmentséaling parameter % was defined based on the

v

theory of gravity drainage applied for the case of the SAGD process in order to cahelate
CSOR values with the experimental variables. An acceptable linear correlation was obtained
by plotting all the CSOR values versus thelisgaparameter over the entire rangetioé

experimental variables.
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3. Insights into the PoreLevel Physics ofthe SolventAided
Steam Assisted Gravity Drainage (SASAGD) Process

3.1.Overview

Attemptswere made to reduce the energy requirementthefSAGDprojects through thermal
and solvent hybridorocessesThe augmented process brings superior features to the SAGD
process in terms of reduced energy requirement, enhanced produced oil quality, and also
improved oil recovey. The porelevel recovery mechanisms of the hybrid SAGD protessnot
been investigatedh the literature.The main objective of thi€hapteris to mechanistically
investigate and document the paale eventsin a hybrid SAGD processusing glass
micromodel type of porous mediadhe glass micromodels used in this stuggrethe same as
those used irthe porescale mechanistic studies of the SAGD process described in detalil in
Chapter 2. As the general scheme of the hybrid SAGD prosesmilar to that of the SAGD
process, similar process flow schemes w&rstematicallyused to investigate the pelevel
mechanisms and performance tbe SolvertAssisted 3 GD (SA-SAGD) process.Different
additives(normal pentane and armal hexane) weg added to steam prior to injecting into the
models.Local temperatures along the model's height and width meesured and collected on

a real time basis usiradata acquisition systerixperiments were conducted in an inverbed
vacuum chamber to dece the excessive heat loss to the surroundinginfagrated data
acquisition and control systemvas used tocontrol monitor and adjust the environmental
vacuum pressurélhe porescale events were videotaped and the recorded video and captured
snapshat were analyzed thoroughly using image processing technigoeselevant porscale
mechanisms responsible for thesitu oil mobilization and drainage in a SSAGD process
were addressed. Transpamd capillary phenomenat the pordevel in such a mcess were
gualitatively documented including fluid flondheat and mass transfer aspects of the process

The qualitative analysis of theresults indicate that the gravity drainage process takes place
within a porescale region, composed b pores in thickness, in the direction perpendicular to
the apparentoil-vapour mixtureinterface This porescale region is called th8A-SAGD
mobilized region. The interplay between gravity and capillary forces results in the drainage of

the viscosityreduced oilwhose viscosity was significantly reduced as a result of combined heat
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and mass transfer at the migcale. Heat transfer is believed to take place through both
conductive and convective mechanisms. The solvent content of the injagedr mixture
diffuses into the oil, hence reduces its viscosity following dilution as a result of molecular
diffusion as well as convectioithe visualization results demonstrated the coexistence of-water
in-oil and solvenin-water emulsification at the intexfe because of the local condensation of
both steam and the solvemipour The extent of emulsification depends directly on the
temperature gradient between the gaseous mixture and the mobile oil YWhetse.in olil
emulsion is believed to be formed dwethe norspreading nature of water over the mobile oll
phase in the presence of a gas phase. When the siolibatinjected vapoumixture condenses
in-situ over thecolder bitumen surface, it could form another emulsmase involving the
solventand water The water ®ndensatas the continuous phase of this emulsion due to its

largervolumecontribution

Asphalteneprecipitation was also observed when the condensed solvent reached the bitumen
interface.Two porelevel displacement mechanisms werarfd responsible for mobilization of

the diluted live oil namely 1) capillary drainage displacemenand 2)film-flow drainage
displacementAs the nature of the process involves partially miscible displacements, the extent
of film-flow drainage of the niale oil was also significant. Other peseale phenomena include
localized entrapment of steam and solwayiourwithin the continuum of the molaloil due to
capillary forcedollowed bytheir subsequerdondensationelatively sharp temperature gracie

along the mobilized regiorsnapoff of liquid films, steam and solvent vapour condensation at

the interface because of the temperature gradient, and capillary instabilities.

Parametric sensitivity analyses were performed in order to quantitativdlyaéeraheSA-SAGD
process performance at the pteeel within the range of experimental conditiomsing glass
micromodels Horizontal advancement velogiof the apparentSA-SAGD interface at the pore

scale vas measured anthen correlated with system parameters such as operating temperature,
macroscopic and poigcale properties of porous media, and heavy oil properties within the range
of experimental condition#\s in the case of the SAGD process performance at thespales t

was found that therepresentativesweep rateof the SASAGD interface at the porgcaleis a

function of permeabilityand porosity of the model and kinematic viscosityoibfat the steam
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temperature.tlwas also found that the sweep rate has stumetionality with the porescale
dimension of diffusion distanc& his dimension determines the ease of diffusion of the solvent
phase from one pore into the oil phase in the neighbouring pore at theseaéeo This
conclusion is in agreement with thaeoderived for the porecale performance of the VAPEX
process (Jame2009). It is clear that theermeability and porosity of the glass micromodels are
controlled primarily bya series ofporescale dimensions such as ptoegore distance, pore
throat sze, pore body sizeand depth of etching in the pore baalydpore throat regions. 1situ

oil viscosity is also a strong function of the operating temperature.

In this Chapter qualitative and quantitative results of tBA-SAGD trials at the porscale are
presented in detail based on theechanisticvisualization experiments at the cuailed

environmental conditions of extremdlyw vacuum pressure.

3.2. History of the Solvent Aided SAGD Processes: Literatur®eview

It wasbelievedthat caeinjection oralternate injection of a solvent along with steam could be an
appropriate alternative for the steamly processes. The idea of solvent additives in steam
injection was introduced by Farouq Ali and Ab@d®76). Mokrys and Butler(1993) compared
theperformance of the SAGD process with that of theSS¥GD process and concluded that use
of propane resulted in 30% reduction in steam requirenoérite processThey also recovered

about 99% of the injected propane at the end of th& B8GD proces the blowdown stage

Use of propane as the light hydrocarbon additive in the steam phase was well studied in the
literature(Gotie et al 2001, Mamoraet al 2003 Ferguseret al 2001 RiveroJ.A. andMamorag

2002). According to these studies, a prelimipastartup stage was conducted in which
superheated steam injection resulted in creation of a limited hot region, especially at the
proximity of the injection well. This preliminary injection procedure reduced the-igtart
duration of the process. Steamdgoropane were then €njected which resulted in enhanced

production performance and reduced energy requirements of the solverthaitealprocess.
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Considering general aspects of the-SAGD processes including solvent selection criteria,
operational onditions and injection scheme, these hybrid SAGD processes could be divided into

three main categories which areelfliy described in this section.

3.2.1. Expanding SolventSteam Assisted Gravity Drainage (ESSAGD)

This method was proposed and patented by ldadrisaacs(2001) as a modification to the
conventional SAGD method. T process was successfully figested and the results were
promising in enhancing the Oil to Steam Ratio (OSR) and recovery rates, thus reducing the
energy intensity and water regeinentsof the processompared to a conventional SAGD
process. In this recovery technique, a small concentration of cahtkehydrocarbon additive is
co-injected along with the steam phase a conventional SAGD pattern. There are some
screening crited to select the suitable solvent: for examtile boiling point temperatushould

match that of the steam phase at the operating chamber pressure. The higher the solvent carbon
number is, the higher the vaporization temperature would be. This allovs@pedo select the
appropriate steam additive among the hydrocarbon solvents. The steam additive should be kept

in the gaseous state when traveling from the injection well until reaches the bitumen surface.

Experimental and numerical simulation studigsvpd that as the condebée hydrocarbon
solvent becomes of heavier molecular weight, the resulting recovery performance is better;
however, there is a local maxima in the production performance curve of {88 &B process

as schematically demonstratiedFigure3.1 (Nasrand Isaacs2001;Nasret al 2002 and 2003;
Nasrand Ayodele2005;Nasret al 1991). In this Figuretheoil drainage rates are schematically
plotted as a function of the difference betwdlemsteam temperature and solvent vaporization
temperature. It is evident that the lower the temperature difference, the more effective the added
solvent is. Solvents whose vaporization temperatures locateldlcalrposition on the curve
between the two vedal dotted lines in Figur8.1 appearto be more effective than the others.
Thus the temperature difference range of thg {C to (+x) °C could be considered as the

favor apd ef direTt he sol vent arSAGDiploeessst eam phases
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3.2.2. Steam Aternating Solvent (SAS) Process

The SAS process involves alternate injection of steam and solvent phases using the same well
configuration as that of the SAGD process. The idea is to replace the large amounts of steam
injection in the SAGD process with Igent injection. Higher oil production rates with lower
energy requirements can be achieved using this recovery scheme. The dew point temperature of
the solvent should be somewhere between the initial reservoir temperature and the steam
temperature. Accormdg to the schematic diagram of the SAS process presented in Figure 3

this process has a cyclic nature, starting with a certain-wgiaperiod (part a). The steam
injection period (part c) will continue until the heat loss to the surrounding stantsréase, and

then it is followed up by the solvent injection cycle (part b). The solvent injection cycles would

then be stopped to prevent further temperature drop in the chamber.

The overall performance of the SAS process was verified with both expésina@d simulation
studies(Zhaqg 2004 Zhaoet al 2005). Experimental studies of the SAS process revealed that
this process results in lower average oil production rates than those of the analogous SAGD
process. However, numerical simulation result®aéed that it is feasible to achieve average oil
production rates and cumulative oil production comparable with, or even higher than those of the
conventional SAGD process. This is due to the enhanced mobility of the live oil attained at the
interfacial rgjion in the SAS process compared to that of the conventional SAGD process.
Although the mobe oil viscosity is lower in the conventional SAGD compared to that of the
SAS process, the oil relative permeability is more enhanced in the SAS process as & resul

substantially lower water saturation compared to the conventional SAGD process.

Numerical simulation results showed that only a portion of the swept area of the SAS process is
at the steam temperature and there are significant temperature wariaitbin the depleted
region (Zhaq 2004 Zhaoet al 2005). Presence oirregularities in theemperature distribution

within the invaded area of a SBAGD process was also observed during the courgbeof
visualization experimentsi my study Although some localized spots within the invaded area
reach the injection tempera&uin a typical SASAGD processspecially during the outward
encroachment of the chamber, there were still significant temperature gradients near the

mobilized region. Due to thigelatively sharp temperature gradient across the interfacial region
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of the SASAGD procesgi.e. in the order 080-40 °C obtainedin our visualization experiments

under prevailing operational condition)e solvent content of the injected phase tendasdee

ahead of the steam phase and condense over the bitumen surface based on its lower dew point
temperature compared to that of steam. It is also possible to experience sor®velore
temperature gradients even through the invaded @tes is due to @eries of parameters such

as presence dbypassed oil region, presence of clogged pores with precipitated asphaltene,
localized entrapment of the water condensate ahead of the mobilized region, and the heat loss

from the invaded region to the surroundamyironment.
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Figure 3.1: Schematic representation of the-E/ Figure 3.2 SAS injection process pattel
SAGD process performance as a function of, (Modified from Zhao2004)
vaporization temperature differend¢®&lodified
from Nasrand Ayodele2005; Nasr et aR002)

3.2.3. Solvent Aided Process (SAP)

The main purpose of this process is to add small amounts of light hydrocarbon solvent (such as
propane or butane) into the steam phase in a conventional SAGD configuration and use the
combined effects of solvent dilution along with the thermal heating.ifjaetion procedure is

initiated with the conventional SAGD starp phase in which steam is circulated through the
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horizontal well pair. Canjection of steansolvent mixture is started after expiry of a certain
initial period in the life of the normal/&5D cycle, first to commence an initial communication
between the paired horizontal wells and second to allow for the development of initial steam
chamber. The solversteam mixture should be injected in the vapour state with sufficient
thermal energy coant such that most of the solvent in the chamber remains in the vapour phase
as it mwes with the steam phase towdh& condensation front. Although other solvaitted
modifications of the SAGD procesdso enhance its overall performance, it seems 8P
performance is better in comparison, based on the numerical simulation studies as well as field
implementation of the procegS&upta et gl 2002, 2003, and 20055uptaand Gitting 2005,

2006; Boyle et al2003;McCormack 2007).

There are some limit@ns in other modifications of the SAGD and VAPEX processes, which
challenge their technical merits as well as their economic viability. For example, in the case of
the ESSAGD process, it was suggested that a hydrocarbon solvent (or a mixture of $plvents
whose condensation characteristics match that of the steam phase at the operating conditions, is
co-injected with the steam phase. However, a sirhghg hydrocarbon solvent could be used in

SAP instead of expensive solvent mixtures, without any neechdtch the condensation
vaporization characteristics tfie solvent and steam phases. Moreover, it is unnecessary to
support the chamber pressure with a-nondensgble gas in SAP as it is required in some

variations of the VAPEX process.

The SAP was suessfully field tested and promising results regarding the increased production
rates as well as reduced steam requirements compared to those of the conventional SAGD
process were achieved based on the pilot tests and the numerical simtiptesset 312002,

2003, and 2005Guptaand Gitting 2005, 2006).Numerical simulation studies showed that
higher production rates could be achieved using lighter hydrocarbon solvents and also larger
solvent to steam ratios at the injection side. In addition, ¢fmelr the solvent and the higher its

concentration is, the lower would be #reergyintensity of the SAP
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3.3.Experimental Aspects of the SASAGD Visualization Experiments
3.3.1. Model Design and Preparation

It was decided to follow similar procedures fitre porescale visualizations studies of the
SA-SAGD process as those performed for the {ewvel mechanistic studies of the SAGD
process described in Chapter 2r&hglassetched micromodels were used in these experiments
and the detailed charaataation of these models is presented in sei&il. A summary of the
important characteristics of these models is presented in Table 2.1. Auplaseone of these
models (i.e. DE1 Model) is also presented in Figure 2.Datails of design and satti@n steps

of these models are discussed in section 2.3.1.

3.3.2. Experimental Setup

The process flow diagram of our SPAGD visualization experiments at the paeale is
schematically presented Figure 3.3 A closedsystem capable of generating steam and solvent
vapour and subsequent injection of the vapour mixture into the micromodels was designed and
assembled as thiejection supply facilities. All the tubing connections were either heated or
insulated ® maintaina vapourmixture of steam and solvent under superheated conditions and
also to avoid the injected gaseous mixture from being condensed within the transfer lines. Liquid
water and liquid solvent phases were pumeder predetermined volume fréionsusing hgh-
precision,low dischargerate FMI LAB Pump (Models RRG400 and RFSY) andan ISCO
Pumpaccordingly A band heater and a coil heateere used to generate the gaseous phases.
The heatersd input power s wagnates o the liqudsis such o n
a way to generate superheated vapour state at their outlet Timessuperheated steam and
superheated solvent vapour were then mixed together in an injection line while being heated to
maintain the superheating state of gaseous mixture. The micromodel was then connected to
the supply flow line of the superheated gaseous mixture at the injection spot. The gaseous
mixture was allowed to enter the micromodel at the top and to fill the trough all the way down on
one side ofthe pore networkA preliminary stadup procedure was implemented at the
beginning of each experiment in ordemobilize the oil phase within the pores adjacent to the
trough During this starup phase only steam was injected through the injectioreland it was

then produced directly from the production eBdring this period, steam is introduced to the
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poresconnectingto thetroughwhich are still filled with bitumenAfter a while the production
metering valve was closed to avoid steam brealtiirdrom the production port. Injecting the
solvent vapour into the steam injection line was then started and continued up until the end of the
SA-SAGD process. To avoid any gaseous mixture from escaping out of the micromodel, a finite

head of the drainetiquids (i.e. condensed steam at the beginnargl water condensatand
mobile live oil when the process proceejleshsaccumulatedontinuously inside tha " Teflon
tube production lineThis prevented the breakthrough of the vapuhase This column ofthe
drained liquidin thea " Teflon wbe was emptied occasionalby opening the metering valve at

the productiorend.

Visualization experiments of the SBAGD process at lab conditions suffer from the excessive
heat loss from the model to the surrounding environment. As a result of this heat loss, a
considerable fraction of the injected steam and the solvent content atd@ckupposed to
condense on the cold surface of bitumen, condense in the invaded region of the porous pattern.
This condensation process adversely affects the heat and mass transfer processes at the pore
scale. It results in condensate phase buddn the invaded region (i.e. steam chamber). As a
result, the continuous pathways of the injected vapour towards the intertgiah could be
disrupted to the extent that the condensation rate exceeds the drainage rate from the model, hence
the process couldot be continued anymore. In addition, severe condensation of the solvent
vapour phase results in extensive asphaltene precipitation once excess liquid solvent is in contact
with the insitu bitumen. This phenomenon of asphaltene precipitation, whickexpasienced in

four of our visualization experiments, caused extensive-gmake clogging of the drainage

pathways and prevented the mobilized phases to drain in the direction of flow by gravity.
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In order to minimize the excessive heat loss to the surrounding, an inbeltedcuum test rig
capable of providinga limit of 10° torr of environmentaair pressure was used as an
environmental chamber. All the SBAGD visualization tests were carried out inside this
vacuum test rig to make sure that an effedibeal heating of the bitumesaturated micromodel

in the absence of an undesired heat isggerformedThe vacuum chamber was operated with a
combination of a mechanical and a diffusion pumgnapshot of the employed vacuum test rig

is provided in Figure 2.4.bThe range of operating vacuum pressure inside this chamber was
5x10° i 10“torr for our visualization tests. At this extreméty environmental air pressure, i

is believed that the amount of heat loss from the glass surface into the surramdingment

by the convection mechanism is negligitkded radiation mechanism of heatrtsfer is
responsible for the heat loss during our experimditits radiatiorheat loss mechanism was also
reduced by covering the hot spots of the micromodelsstiihsof aluminum foil Operating the
SA-SAGD experiments at low values dtiie environmental chamber pressure prevents the
condensation of theapour phase as a result of excessive heawidhs the invaded region of

the micromodelslt also allows the steam and the solvent vapour phases to transfer their latent
heat of condensatn to the cold bitumen surfacehere it is intended ttake placeThis also
enhances the mass transfer process between bitumen and the solvent phase by keeping the

interface temperature at a higher value.

3.33. Operational Conditionsand Measured Parameters

The operating temperature of the conductedS¥GD experiments is dictated by the solvent
properties, its associated concentration in the injection main stream, and the volumetric pumping
rates of water and solventable 3.1 contans the range of experimental conditions for the
performed SASAGD experiments which are categorized according to the type of solvent used in
eachparticulartrial.

The observed pofrscale phenomena of the SSAGD process during the flow visualization
experiments were video recorded. Digital images vweqguredrom video recordingat various

stages of the process. The images captured were used to document the microscopiorevents f
this recovery technique. Pelevel phenomena on closg view were capired using a Canon

video camera with appropriate combinations of three alpstocusing lenses (+2, +3, and +4).
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This made it possible to have a particular region containing a few pores in viawkaesseen in

Figures presented in th3hapter The micomodel was positioned close to one curved side of the
inverted bell jar of the vacuum chamber. In order to reduce the reflective problems of the curved
glass walls of the chamber and to minimize the parallax, a flat glass or Plexiglas sheet was
placed in font of the camera opening improvei mage <cl ari ty. The micr ot
divided into cell blocks using genmarker to facilitate the frontal position recognition within the

porous structure. This rdait feasible to track the interface advancemia terms of theaumber

of pores invaded by the vapour phase. The data collectedg each experiment included the

following:

a) Continuous tracking ohe vapair-bitumen interfacial position: fle average position tie
interface within each particul@ell block in terms of the number of pores invadedrsus

experimental runtime was measured

b) Video-recording theoverall shape of the vapebitumen interfacdor the entire model.

Digital images were takemhenever appropriate.
c) The porescale events were continuously videaorded / digitally imaged.

d) Volumetric rate of solvent and steam injectiware closely monitoreth terms of pumping

volume of the cold liquids versus time

e) The surface temperature of thkss micromods were continuously monitored on a real
time basisusing surface thermocouples at 15 local positions akbwegsurface The

temperature data was collected usirata acquisition systefor each particular trial.
f) Thevacuumpressureppliedas an environmental housing wamtinuouslymonitored.
g) Final recoveries of liquidr some experimestvere measured.

h) Temperature of thegeneratedvapour mixture (i.e. steam and solvent vapour) at the

injection sidewascontinuously monitored.

i) Theoperating pressure of tvapour injection line was monitored on a real time basis.
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Table 3.1:Range of operating conditions for the visualization

experimentsising theSA-SAGD pro

Cess

Vacuum properties

Vacuum pressure (torr) 5x10°7 10*
Operating conditions

Total operating pressure (atm) 1

Operating temperatu@C) 101-110

Solvent content in the injection main stream

Normal pentane

5% and15% (vol/vol)

Normal hexane

5% and15% (vol/vol)

n-Cs properties

Molecular massg/mol 72.15
Normal boiling temperaturéC 36
Liquid density g/cm3 0.626
Relative vapour density to air 2.5
Molecular massg/mol 72.15
n-Ce properties
Molecular massg/mol 86.18
Normal boiling temperaturéC 68
Liquid density g/cm3 0.6548
Relative vapour density to air 3.0
Molecular massg/mol 86.18

3.34. Design of Experiments

on the qualitative analysis of the results using
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The objective of conducting these paeale SASAGD visualization experiments wagofold:

firstly, it was intended to mechanistically investigate the {suade aspects of the process based
image anabsimiques Secondly, the pore

scale performance of the SBAGD process was quantified using parametric sensitivity analysis
of the process variablet was planned to correlate the p@@ale advancement velocity of the
SA-SAGD interface with porous mealiproperties, both macroscopic and pecale ones, as

well as fluid properties. To achieve the latter objective, it is required to design the experiments

accordingly considering appropriate design method and affecting system variables. Focusing on




the natire of the experiments in which several experimental factors affect the outcome of the
process,the factorial experimentaldesign approachwas selectedIt was expectedthat the
SA-SAGD sweep rate at the peaevel would be a function of solvent typesolvent
concentration in the injecting stream, porous media propeamesoil propertiesThereforefour

major factors of solvent type, solvent volume fraction in the iagestream, porous media
properties and oil typewith different viscosity valuesvere consideredor the SA-SAGD

visualizationexperiments

Two solventtype levels of normal pentane and normal hexane were consiftarélde current
study Three glass micromode]s namely, DL-1, OM-1, and OM2 were used n these
experiments. Two solvent volume fractions of 5 and 15 % vol/vol of the injection stream were
considered to be thdifferent levels of solvent concentratios for the oil type, Cold Lake
bitumen and Lloydminster heavy oil blend were used in ove-poale SASAGD experiments.
Considering all these experimental factors and leuvbksporescale SASAGD experiments

were designed as presented in Table 3.2

The variability in porous media properties includes the combined effect of porosity,
permeability, and other poseale dimensions. In order to minimize the number of planned
experiments, it was tried not to consider the variability in the operating tataperinto the

design phase of these experiments by running them within an acceptable temperature range.
Considering the operating temperature as one of the design factors of these experiments would
have significantly expanded the number of required téstst is discussed in the quantitative
analysis of the SASAGD process performance section, the variation in the operating

temperature was controlled satisfactorily through the course of our visualization experiments.
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Table 3.2:Design of experimds for the porelevel SASAGD visualization

study

Standard | Run Porpus Solvent | Solvent Concentration Oil Type

Order No. | Medium Type (% vol/vol)

8 1 oMl n-Pentane 15 CL bitumen
9 2 omM2 n-Pentane 15 CL bitumen
20 3 oMl n-Pentane 15 L heavy oll
5 4 oMl n-Hexane 5 CL bitumen
2 5 oMl n-Pentane 5 CL bitumen
1 6 DL1 n-Pentane 5 CL bitumen
3 7 omM2 n-Pentane 5 CL bitumen
19 8 DL1 n-Pentane 15 L heavy oll
11 9 oMl n-Hexane 15 CL bitumen
12 10 omM2 n-Hexane 15 CL bitumen
17 11 oMl n-Hexane 5 L heavy oll
22 12 DL1 n-Hexane 15 L heavy oll
7 13 DL1 n-Pentane 15 CL bitumen
24 14 omM2 n-Hexane 15 L heavy oll
21 15 OomM2 n-Pentane 15 L heavy oll
6 16 omM2 n-Hexane 5 CL bitumen
18 17 omM2 n-Hexane 5 L heavy oll
13 18 DL1 n-Pentane 5 L heavy oll
10 19 DL1 n-Hexane 15 CL bitumen
23 20 oMl n-Hexane 15 L heavy oll
16 21 DL1 n-Hexane 5 L heavy oll
14 22 OM1 n-Pentane 5 L heavy oll
4 23 DL1 n-Hexane 5 CL bitumen
15 24 OM2 n-Pentane 5 L heavy oll

3.4. Qualitative Analysis of the Experimental Resuis of the SA-SAGD Trials

In this section, the qualitative analysis of the results of ouS8&D visualization experiments

is presented in order to mechanistically investigfageperformance dhis heavyoil and bitumen
recovery techniquat the pordevel. Theporescale visualization experiments of the-SAGD

process at the controlled environmental conditions revealed several heat and mass transfer

relatedmechanisms in the vicinity of the apparent gaseous mikitmenen interface.
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3.4.1. Pore-Scale Event Analysis: Early Growth of the Vapour Chamber and Its Gradual

Outward Development

The presence dghehigh-pemeable trouglextended along one side of the micromegebvided

the means of establishing early communication between the injection and productioilports.

of the performed SAAGD experiments were initiated with a stapt period in which steant
steamsolventwas flowing through the highermeable trough to mobilize the bitumen phase
present in the porennected to theough, followed by simultaneoseam and solvent vapour
injection. As soon as the bitumen phase achieved enough drainage mobility, the steam phase
invaded through the vacated space of these pores, hence the early stages of the vapour chamber
growth were initiated. Continuation of thiscalized invasion of the steam phase through these
drained pores is the first sign of the early lateral propagation of the steam chamber, which
becomes vapour chamber as soon as the gaseous mixture of steam and solvent is injected instead
of the steanonly phase.Theseporelevel phenomen, which are supportedoy thetemperature
gradientin the absence of solvent injection during the saiprtstage,could be seen irwo
successivegporescale snapshots shown kingure 3.4. Mobile oil drained out of thespores and

steam invadethrough them following the sequential behaviour of drairtgge displacement in

a poreduring an immiscible displacement procéShkatzis and Dullien1983)

Similar to the case of the SAGD chamber development, the steam/sohamber in the
SA-SAGD process at the patevel could be defined by the continuum of the-gasded pores.

The front of this chamber near the bitunrféled pores is dendritic in nature during the early
development stages of the chambEne invadedporesby the vapourare well interconnected

from thegasflow point of view; however, there is possibility of condensation at the tip of each
contact point othe gasinvaded pores witlthe bitumenfilled pores. Tle local condensatioof
vapourcould happn eitherin a pore constrictioror within the entire pore body, resulting in
creation of water condensate droplets or droplets of the liquid solvent. Figure 3.5 shows the
development stages of the SSAGD vapour chamber when both solvent and steam plaases
injected through the injection main stream. One can clearly observe the state of fluid distribution
as well as the condensation phenomenon at thesgate through these subsequent snapshots.
One can find several verticallyand horizontallyorientedpore constrictions which are filled

either with the bypassed oil, or with the trapped-n@tting droplets of condensate ahead of the

146



interfacial region towards the invaded pores. The presence of these condensate droplets acts as a

flow barrier which deteorates the gaseous phase flow towards the interfacial region and hence

decreases the rate of miesoale mass transfer process.

One can recognize the different flow zones present in the vicinity of the apparesAGR

interface. In the case of naondensing SASAGD process, the pores adjacent to the apparent
interface drain preferentially in the direction of gravity and form emaditype of structures. As

a result, the drainage of oil films could then belirected, which results in the creation of peaks
andvalleys configuration of the flow pathways at #iqgparent porscaleinterfacesuch as those
pointed out withdark red arows in Figure 3.6. The presence of peakstvalleys type of
interfacepattern which is presented by tHime-dotted tortuoused curve in Figure3.6,could be
avoided if continuous films of the moeilive oil exist at the porscale, as this is the @s the
condensing mode of the SBAGD process (Figure 3.7). These fiAmelength continuous films

of the mobik live oil flow down gradient just ahead of the apparentSS¥GD interface, and fill

the localized valleys to the extent of creating a redfilsmooth apparent interface, oriented

vertically under the action ajravity. This is shown by thdéine-dotted smootired curve in

Figure3.7. No matter what form is the apparent-SAGD interface, it is located just behind a

layer of pores composed of5lpores in thicknesshichi s
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Figure 3.5 Developmentstages of thesteam/solvent chamber in a typic
SA-SAGD process at the poeseale Run No 1. OM-1 micromodel
n-Pentane as the steam additive d&%1vol/vol, average operatin
temperature of 103.3TC, time interval: 20 sec)

3.4.2. Qualitative Porei Scale Event Analysis within the Mobilized Region

The combined effects of thermal mobilization drive as well as solvent diffusion and convection
create the mobilized region in which different interacting fluid phases are flowing

simultaneously. The mobilized regi contains different fluid phases, including:

a) Gaseous phas& mixture of steam and solvent vapour, in the form of fipikeesextended

bubbles of the gaseous phase, flow through this region by convection.
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b) Liquid phases: These phases include the condensed steam as the main liquid phase and the

condensed solvent phase. The condensed

solvent could be either in the form of localized

liquid solvent in water emulsion phase (i.e. water as the continuous phalsguahdolvent

droplets are dispersed due to the volumetric contrast of the liquids), or in the form of small

liquid solvent droplets or in the form of finigoresextended films of liquid solvent diluting

the bitumen phase.

c) Mobile live oil: Presence ofhis liquid phase depends on the viscoesdgiuction process of

the bitumen under the simultaneous heat and mass transfer phenomena atlthepdreis

liquid phase drains in the form of finiresextended films of the mol&llive oil over the

bitumensaturated pores under the action of gravity.

Figure 3.6 Visualization of the skeleton of tt
nortcondensing SASAGD interface, flow
pathways of the gaseous phase, and the mob
region (Run No16. OM-2 micromode] n-Hexane
as the steam additive &% vol/vol concentration
average operatingemperature 10890 °C, time:
9050semnds).
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Figure 3.7: Visualization of the skeleton ¢
the condensing SSAGD interface, flow
pathways of the gaseous phase, and
mobilized region (Run No 10: OM-2
micromodel, RHexane as the steam additi
at 1% vol/vol concentration average
operating temperature: 1045 °C, time:
7055 seconds).



The draining phases (i.e. the madive oil as well as thevaterand solvent condensate phases)
are flowing downwardsand parallel to theapparent porscale SA-SAGD inteface. The
visualization experiments revealed that the thickness of the mobilized region varies at different
particular elevations and is in the order &b pores in depth ahead of thpparent porscale
SA-SAGD interface. In this region, whose thicknesshown by dotted purple arrows in Figures

3.6 and 3.7most of the convective nature of the-SAGD process is observéal be in the form

of intensiveporescale local mixing in the vicinity of the apparent interface.

The average thickness of theobilized region depends on several parameters such as operating
conditions (i.e. temperature and pressure) as well as the solvent type. Most of the transport
processes at the pelevel take place within the thickness of this regiorcluding diffusion and
convection mass transfer as well as heat transfer in the fotreabtonduction and localized
convection. Different acting forces are contributing to the simultaneous fluid flow within this
region, namely gravity, capillary, and buoyancy forces iratteence of excessive viscous force.
This mobilized region is mainly formed due to the presenderoperature gradiemtt the pore

scale The interfacial regiorlearly has an oriented structure, in which different draining fluid
phases are flowing parall® the apparent porscale SA-SAGD interface. Unlike the limited
drainage depth of the live oil in the VAPEX process, which is in the orde2gbdres(James

2009 James et ak008) the presentedisualization resultseveal that the depth of SBAGD

mobilized region @ |sasacp) IS at least 2 times thicker compared to thegn in theVAPEX

process. This is due to the higher magnitude of the thediffakivity and convection as a
measure of the extent of the heat transfer process, lhasmbie supplementary contribution of

the solvent dilution phenomenon at the-SAGD process compared to that of the molecular
diffusion only, which is responsible for the local mass transfer aspects of the conventional
VAPEX process. This point couldsal be verified knowing the fact that the piasewithin the

pores behind the SBAGD apparentinterface, in a distance composed ef pore body widths,

is mobilizeddue to thecombined effect ofhelocalized heat and mass transfer. As it is evident in
Figure3.5,theentrapped droplets of condensatelthe enclosed bubbles of the gas phase drain
within the oil continuum right behind tlepparent porscaleSA-SAGD interface.
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Transport mechanisms involved in a-SAGD process include heat transferdmpnductionand
convection, mass transfer by molecular diffusion and convection, convective mixing of the
gaseous phases and the liquefied phases with theenh@&ail’y oil, and gravity drainage of the
viscosityreduced oil along with the water condensate thediquefied solvent. The mobhilive

oil and also the liquefied phases drain within the mobilized region by the action of gravity force
when it overcomes the capillary and possible viscous forces. The predominant factor for the
drainage of bitumen is ¢hreduction of viscous drag due to the exponential reduction of the in
situ bitumenviscosity upon the combinatory effect of steam heating and solvent dilution. The
role of gravity force and capillary force depends on the individual drainage mechanidras at
porescale. According to our flow visualization experiments, there are differendgakfluid

flow zones in a typical SASSAGD process which are schematically presented in Fig8e
These flow zones were characterized according to the type antbthgamic state of the fluids

flowing in each particular region as:

a) Vapourchamber in whichhe injected gaseous phases thiee predominant flowing phase
There is possibility of condensatidrough this regionfollowed by condensatérainage in
the direction of gravity.

b) Bitumentfilled pores:Due to high viscosity of bitumen in this region, there is no mobility in
these poresThe exact external boundaries of this zaear the vapour chambeould not be
easily recognized when drfi of the mobié live oil is draining over itHeatis transferred to
this zone across the apparent bitunmiemobile live oil interface by a combination of
conduction and convection mechanisiBeagulfedin-oil droplets of hot water condensate as
well as i®lated bubbles of the vapour phase are responsible for the convective element of the
heat transfer at the peseale. Mass transfdyy solvent from the gas phasecurs in this
zone to a limited depth by the diffusion mechanism.

c) Mobilized region whose hickness is expressed @ s, sacpin Figure3.8, is the region in

which simultaneouglow of all the acting fluid phases abserved.

d) Mobile live oil film, whose thickness is expressed @3, s,sp iN Figure 3.8, is a sub

division of the mobilized region in which layers of the meliive oil film are draining over
the bitumerilled pores. As soon as this liquid region attains appreciable thickness (i.e. in
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the order of 12 pores) as a result of the miscibility nature of the S¥GD process over
time, some small droplets of the condensed steam and sohgemiell as small gaseous
bubbles could be enclosed within the thickness of this region anétédieingdragged and
drained along with the moleilive oil film in the direction of gravity.

The abovementioned fluid flow zones are separated from each other with hypothetical
distinction lines (or distinction surfaces when the 3D skeleton of the pore structure is concerned).

According to the schematic diagram presentedguié 3.8, the following interfaces are present:

1 Apparent mobilized regiagrvapour chamber interface: This is a demarcation line (or
demarcation surface) between the vapour invaded pores and the pores within the mobilized

region at the meroscopic scale.

1 ApparentSA-SAGD interface: This is a distinction line (or distinction surface) between the
pores in which the live oil phase is draining as a film over the bitusagmated pores and
the pores in which all the interacting phases are draining simultslige@ie. mobilized
region). This ncroscopic interface is defined to be between the mobilized region and the
mobile live olil film.

1 Apparent bitumenlive oil interface: This demarcation line is defined as the {mrel
interface separating the bitumssdurated pores and the pores in which rinabile live oil is
flowing as oll films. It is extremely difficult to distinguish between these two regions even at
the magnified poréevel snapshots. The extent of the mebive oil film flow over the
bitumensaurated pores could cause periodic thickening and thinning of the oil wedge which

could be recognized through the psale snapshots and the recorded video.
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Figure 3.8 Schematic poréevel diagram of fluid flow zones in a typic
SA-SAGD process basedh @ur qualitative flowisualization results.

3.4.3. Pore-ScaleDrainage M echanisms

The term fAlive oi leoil phaseuat tde ptrevel a svisich gne eadh finda t h
finite concentration of solvent. Part of this live oil could drain as its viscosity is reduced to the
extent of mobilization under tdédlei vaectoiolndo offi Ignr,

thicknessis defined as/ |, sap- Figures3.9 and 3.10 presenta closer lookat the mobilized

region at the porevel. Figure3.9shows the porscale contactfahe gaseous phase with the oil
phasejust at theapparent porscale SA-SAGD interfae, i.e. all the pore bodies below this
particular location contain only oil phag@ne can see the condensation phenomenon at the tip of
the invading gaseous phase, as well as the bypassed oil within some pore throat constrictions.
Some of the bypassed| arains in the form of film flow in the corners of pores whiale

already invaded by the gaseous phase. In addition, droplets of condensate ahead of the invading
gaseous phase are engulfed within the continuum ahti®le oil phase as is indicated bglsl

redcircle in Figure3.9. The dottedred ellipses show the locations where an isolated droplet of
condensate ibeingformed due to the snagff mechanism. Tiny bubbles of the gaseous phase
could also be encapsulated by the continuum of the moibihs are depictely white arrovg in
Figure3.9.
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Figure 3.10 shows a closer look at the exsgan of themobilized region of the SSAGD

processRed arrow shows the verticalbriented film flow drainage athe mobik live oil in the

presence of the gaseous pha3ee can clearlgeethe distribution of all three flowing phases

within this porescale snapshotn Figure3.1Q all the aforementioned flow zones of a typical

SA-SAGD process at the pelevel could be observed suak themobilized regiorfollowed by

the gasnvaded pores to the top rigbdrnerof the FiguretheapparenSA-SAGD interface, and

the oil-saturated pore bodidsehindthe apparent porscale SASAGD interface to thébottom

left cornerof the Figure It is clear that some small bubbles of theseougphaseweretrapped

within the draining live oil i(e. beneathhe interface to theght), which are pointed out bthe

thin white arrows.In addition, enclosure of small droplets @indensatés also evidat within

the continuum ofthe mobile oil justbehind the apparennhterface (i.e. thick white arrows)

Continuous drainage of these trapped bubbles and dropkiglencethatthe oil phasebehind
the apparenBA-SAGD interfacg(to the left side of the Figureyithin a limited distance in the

order of 14 pore bodywidthsis mobile enough to drain the direction of gravity.
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Figure 3.9 Vapourchamber in direct conta
with the oil continuum at the porlevel (Run
No 6: DL-1 micromode] n-Pentaneas the
steam additive ab% vol/vol concentratior
average operatingemperature 0fL06.80°C,
time: 6620se®nds.

Gravity

Figure 3.10 A closer look at the porlevel
mobilized region of the S/ASAGD process
(Run No23: DL-1 micromode] n-Hexaneas
the steam additive at 5% vol/vol
concentrationaverage operatingemperature
of 108.30°C, time:6050se®nds.
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According totheflow visualization results, two drainage mechanismese foundresponsible for
the porescale recovery of aypical SA-SAGD process, namelyl) capillary drainage
displacement mechanism, and 2) fiflow drainage mechanism. These two simultaneous
mechanisms areegonsible fordisplacing the alreadsobile-oil with the aid of gravi and
capillary forces within the mobilized regiorand the invaded area, and also through a limited

distance behind the SBAGD apparentinterfaceat the porescale

3.4.3.1. Capillary Drainage DisplacementM echanism: This mechanism is responsible for
most oil recovery during the SBAGD processUnder this displacement mechanism, a finite
poresextendedvolume ofthe mobile live oil drairs within the mobilized region ahead of the
vapourfilled poresthrough thedirect drainageof oil from the oilfilled poresby the invading
gaseous phasecording to the typical sequential drainage displacement of a wettinglphase
nonwetting phase at the pore scal€hatzis and Dullien 1983). This direct dainage
displacemenis facilitated with the aid ofravitationalforce in the absence of excessive viscous
forces.The direct invasion of the gaseous phase through the pores which are already filled with
the mobik oil creates extensive local peseale nixing within the mobilized region justhead of
the apparent SASAGD interface.This type of displacement imdicatedby white arrows in
Figure 3.4. In addition, Figure3.5 provides a series of poeseale events including sequential
drainage displacemendf wetting phase by the invading gaseous -netting phasein the
direction of the white arrowsver afour-minute time periodAs the oil in contact withthe
gaseous phassealreadyheated to the extent of being readily mejdlonsecutive direct drainag

of several pores within the interfacial region is obserV¥éis drainage mechanism is also shown

in Figure 3.11 through five subsequent pbre v e | di spl acement i mages

As is depicted in Figur8.11, the gaseous mixture of steand rhexane vapour displaces the
already mobe oil in the directionindicated by thehick whitearrows.The invading noswetting
phase front is pinchedff in some pores by the snaff mechanism while displacing thmeobile
live oil under the direct gallary drainage displacement mechanism. This ssf@phenomenon
is due to the unstable nature of the advantiogt of thenonwetting phase as well as capillary
instabilities caused by the local pore struct(@batzis and Dullien1983) As a resultsmall

bubbles of the gas phase were enclosed within the draining column of the aloii Figure
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3.11, these isolated bubbles of the gaseous phase and engulfed droplets of the condensate are
shown by red and yellow arrows respectively. These enclasasep drain downwards along

with the live oil ahead of the invading front of the neatting phase. These frequentgcurring

porescale events enhance the extent of both mass and heat transfer processes. The isolated gas
bubbles can reonnect to the bllof the gaseous phase (i.e. vapour chamber) if they maintain
their gaseous state at the time of gas invasion into a pore containing live oil and a gas bubble.
Aside from this reconnection scenario, these isolated bubbles could also condense while moving
down gradient due to the excessive heat loss. An excessive volume shrinkage phenomenon due
to the phase change was also observed which is an indication of the localized heat transfer

process at the powale.
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Figure 3.11 Sequential drainage of the wetting phasehgunstable invading front of th
nonwetting gaseous phase under the direct capillary drainage displacement meche
the porelevel (Run No23: DL-1 micromode] n-hexaneas the steam additive 5% vol/vol
concentratiopaverage operatingmperature 0108.30°C, time interval: 180 seconjls
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If a solvent condensate droplet is enclosed within the continuum of theemodbpiks volume

shrinks as a result of the local mass transfer at thelpoeé The enclosed solvent condensate
droplet disappears over time because of the solvent diffasidrconvectiomnto the oilphasef

an extende@nough drainage path is avalkalvithin the live oil continuum. On the other hand,

if a water condensate droplet is engulfed within the live oil phase, it could propagate within the
oil continuum in the form of dispersed water phase in oil, composing thieuinvater in oil
emulsion &the porescale. Figure 3.12 shows a series of events starting from the encapsulation
process of the snappedf liquid droplet at the poréevel (i.e. red arrow), followed by local mass
transfer processes which cause the shrinkage of the enclosed dtagilgtic conditions where

the droplet is stagnant within the pore body (i.e. white arrow). Finally, a coalescence stage exists
for some droplets when the contracted condensate droplet is reconnected to the invading liquid

front (i.e. yellow arrow).

3.4.3.2. FilmiFlow Drainage DisplacementM echanism:The nobile and bypassed oil could
drain as a result of filaflow drainage in the corners tie pore spac¢hatwas alreadynvaded

by the gas phase. The extenttbé film flow drainage is much more pronounced inhaee
dimensional porousnediumcompared to that in a simple 2D porous structure dubepore
interconnectivityand dimensionalityln a typical SASAGD process, this type dliie drainage
mechanisnhappensn the vicinity of theapparenSA-SAGD interfae (i.e. within the mobilized
region as well as inside the invaded Zorieriodic formation and rupture of thirite-in-length

live oil films within the mobilized regioms due to the convective nature of the drainage process
at the porescale within thigegion This factorlimits the extent of film flow drainage withithe
mobilized regionHowever, one can observe the frequent thickening and thinning of theemobil
live oil film in the corners of the getlled pores ahead of thepparentSA-SAGD interfae
within the drained zone of the porous structurgesedraininglive oil films could alternatively

fill some dowrstreampore bodies or pore throatss a result, thapparent porscaleSA-SAGD

interfacebecomes smoothar the form ofa vertically-extended type of interface.
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Figure 3.12:Snapoff mechanism occurred at the unstable invading front o'
displacing liquid phase, followed by droplet shrinkage phenomenon at the
scale due to the lotanasstransfer process (Run N& DL-1 micromodel,
n-Pentane as the steam additive at\&8vol concentrationaverage operatin
temperature 0£06.80°C, time interval: 320 seconds)

According to the porscale observations, momentum transfer atpibrerlevel does not happen
only in one vertical column of pores. Although tapparentSA-SAGD interface at thenacro
scalelooks like a continuous distinctive line (or surface) betwderbitumenfilled pores and
the swept region filled with the vapouhpse, it contains numerous irregularities at the micro
scale in the form opeaksandvalleystype of interfae. However, due to the film flow of the
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mobilelive oil over theapparent porscaleSA-SAGD interfaceand the miscibility conditions in
this proess compared to that of the SA@Bcessthe extent otortuousness in the interface
much less in th6&A-SAGD compared to that in the SAGBIowever, one could still observe
some oiffilled pores protruding irregularly into thepourfilled pores of tie swept regiorof the
SA-SAGD process. It is clear that thesefdied pores contain molwllive oil draining down

gradient mainlpy thecapillary drainage displacememiechanism

As a result othefilm-flow drainage othe mobile live oil in the pores invaded byhe gasphase
and alsothrough the verticalhoriented mobg-live-oil-filled pore constrictions, the apparent
interfacebetween therapourand themobile live oil would be repositioned from the junction of
the mobile-live-oil-filled pore thpats andhe vapoukfilled pore bodies to the vertical midway
within the pore bodies which were filled previously with the vapour phase. This freguent
positioning of the interfaccation, which showgself in the form of repeatethickening and
thinning of the interfacial layer, is evidence of the presence of extensivdldivmdrainageat
the porescale The porescale evertof the noRrwetting phase bubbland dropletenclosure
within the oil continuunduring the direcinvasion of a pore filleavith the mobik live oil by the
invading gas phase waescribed irsection3.4.3.1where therelevant sequence of pelevel
events was analyzed. The same sequence of events is also observed during-ftow film
drainage mechanism at the pdegel. A finite bubble ofthe vapourphase occupying one to
several poresr adroplet oftheliquefied phase could be truncatesia result othe film-flow of

the mobik live oil in the corners of a particular pore, or a series of pores, containing the non
wetting phase. This truncated nawmetting phasds isolated within the surrounding oil phase
continuumwhose main sources the drained filng of oil. Subsequently,hie entrapped nen
wetting phase undergsthrougha shrinkage/disappearance process at the-lpoet either in a
static or in a dynamic situatiom other words, his trapped nonwetting phasenay. a) remain
strandedf the drainage velocity of the surrounding metil doesnot overcome the buoyancy
forces applied if it is vapour, or filpw downwardsalong with thesurrounding mobé live oil.

In either of these two cases, the shrinkage/disappearance process happens due to the heat and
mass transfer processes at the pevel. There is also the possibility of
reconnection/coalescence of each pardicuéntrapped noewetting phase either with the

continuum ofthe vapour phase in case it svan isolated vapour bubble @connectiorwith the

159



other enclosed droplets of the liquefied phases in iasavas an isolated liquid droplet. In
Figure 3.10 the downward facing red arrow showfse limited extent of film flow within the
mobilized region. In addition, Figui13shows the extent of filaflow of the mobilelive oil in
the corners of gafilled pores which leads to porefilling by the wetting phas
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Figure 3.13:Film-flow drainage of the motl®llive oil at the porescale during
a time span of 52 secds (Run Nol6: OM-2 micromodel, Fhexane as thi

steam additive at% voliol concentration,average operatingemperature:
108.90°C)

The olil films left behindn the swept regiorould periodically form loop structures involving
finite-in-size oil films within the continuum of the gaseous phase. If tfeksélms keep their
inherent flow continuity over the limited distance of their extension, there is possibility of oil

drainage under film flow drainage mechanism within the invaded area. The drainage rate of these
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closedloop oil films is lower than that ahe bulkoil within the poresvhendisplaced bythe
direct invasion of gas. Howevehe high degree of local mixingssociated with the invaded area
and the mobilized gon as well as the miscibleature of the SASAGD process lower the
residual oil satration within the vapour chambemhese two factorsisually do not allow
sufficient flow continuity for thedraining oil films ahead of thapparentSA-SAGD interface
within the mobilized regionWhentheseoil films attain enough continuity over their ersion
within the invaded aredhentheyarecapable oftreating some finitporesextendedegionsof
mobile live oil within the swept regianThe existence of these regionsdodininglive oil within
the vapour chambeatepend on the extent of thdive oil film flow in the corners of the pores
already filled with the vapour phase. The psoalemobilization process of these finiteobile
live oil regionsthat appear to be byassedtakes place through a combination of drainage and
imbibition processes. Thedownwardsmoving front of these mobé live oil regionsadvance
down gradient by the imbibitioprocessimbibing into thevapoufkfilled pores ahead, while the

trailing-end of these structuremdergadisplacements bthe drainagenechanism.

3.4.4. MassTransfer Mechanisms at thePorei Scale

For a SASAGD process, the dominant peseale mobilization mechanism is due tte oil
viscosity reduction by heat transfer and gravity drainage. Visualization studies of {BAGIR
process reveal that there ar@mplex interactions between all the flowing phases draining by
gravity in the interfacial region. Mass transfer of the solvent phase into the live oil could take
place by molecular diffusion, hydrodynamic mixing caused by capillary phenomena, and
convecton. It is evident that because of the convective nature of the process, especially within
the mobilized region in which there is pdexel convective mixing, the role of the convective
mass transfer is greater than that of the molecular diffusion. HoneWkeision mass transfer

still occurs along the drainage pathways of the flowwg oil phase. It is evident that the mass
transfer mechanism in a solveaitled heavy oil recovery process significantly depends on the
thermodynamic state at which thesait phase is in contact with bitumen. For instance, if the
solvent condenses at the bitumen interface, the convection mass transfer from bitumen to the
liquid solvent will significantly enhance the process of oil extraction. Depending on the
Acondeasi ncgoanrdensi ngo state of the solvent

different mass transfer mechanisms appears to be more important (Rezae2C4tOal It is
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believed that the overall performance of the-SAGD process would be enhanced onlyhié t

solvent condenses within the mobilized region ahead dpgharenSA-SAGD interface.

In a solvent aided recovery process, it is generally accepted that the mass isasasfeed out

by diffusion and convection of the solvephasepresent in thenjected vapour phase as it
transfers into the heavy oil and vice versa, based on thespale concentration gradient present

at the interfacial region. There ia axponentialdecline in the magnitude of-situ viscosity of

the bitumen phase due to thembined effect of heat and mass transkerFigure 3.14 the
simultaneouseffect of heat and mass transfer on the viscosity of Athakiggeabitumenis
presentedadamchizadehet al, 2009) It is evident that at constant propane weight fraction in

the live oil, the viscositglecreases exponentially with an increaseemperaturelt is also clear

that at constant operating temperature, increasing the solvent mass fraction in the loddil w
decrease the Dbitumen Vviscosity. Letds assume
10°C, close to the typical temperatwaues of theAthabascaype reservoirAccording to this

Figure, he insitu bitumen viscosity at this temperaturearsund 2,000,000 cP. At 9@C;the
bitumen viscosity is redudeto 300 cP just because of temperataréhe absence of solvent
dilution. However, if one assumes only 10.1 wt. % of propane in the live oil, the associated
viscosity would be approximately01cP at 90 °C. This clearly shows the compound effect of
heat and mass transfer on the viscosity reduction of bituBach of these two transport
processes could profoundly reduce the bitumen viscosity. As a result, the synergistic effects of
convective/apillary mixing, and heat and mass transfer enhance the volumetric sweep efficiency

of the SASAGD process at the poeseale.

3.4.4.1. Microscopic Solvent Concentration Gradient

As the solvent chemical potential gradient across the interfacial region is the g tbrce

for the porelevel interfacial mass transfer in a solvent aided process of heavy oil recovery, it is
important to analyze it for different typical recovery schendsee main irsitu bitumen
recovery processes are schematically charactebasdd on different flow zones present near

the interfacial area of each particular process. Figures 3.15.a to 3.15.c schematically show the
solvent concentration profile across the interfacial area of three processes of VAPEX,
SA-SAGD, and SAGDespectively. According to Figure 3.15.a, the solvent concentration within
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the solvent chamber is 100% for the VAPEX process if the injected solvent is pure. There is a

dramatic decline in the solvent concentrationthe live oil at the live oisolvent vapour

interface (445, ) to that of the live oil at the bitumdive oil interface (45|, ). The

former depends on the Vapeliquid Equilibria (VLE) of solvent/live oil pair and theflactor

which relates the solvent mofeaction in the vapour phase to the liquid phase solvent mole
fraction in the live oil film at the interface, while the latter is close to zero at the stagnant
bitumen face. In the VAPEX process, the maximum pressure applied through the invaded region
in the absence of an inert gas is the vapour pressure of solvent that corresponds to the operating
temperature. The VAPEX process could be categorized into condensing acdna@msing

modes depending on the operating pressure and temperature which dectdiernmodynamic

state of the solvent phase near dipparenVAPEX interface. In thigmigure, the thickness of the

live oil film draining over the bitumesaturated pores is shown dy
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Figure 3.14:Viscosity reduction of Athabasdatumen as a combined effect of heat
and mass transfe€purtesy oBadamchizadehet al 2009)
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Figure3.15b shows the schematic diagram of the solvent concentration in a typicaAGR
process. In such a process, the solvent concemtratithe invaded area is limited to low values

of solvent being injected along with the steam phase. As is shown in this diagram, there is a
solvent concentration gradiemtear the mobilized region. This gradient is caused by the
temperature gradient inéhsame regionAs a result of this temperature gradient, steam is the
first component to condense even before reachingniblalized region As a result, the steam
concentration of the injected vapour experiences a gradual decline withmmothiized regon.

On the other hand, solvent concentration in the vapour phase increases significantly near the
mobilized regiorvapour chamber interface as it is the last component in the vapour phase to
condense based on the temperature gradient present within the esyamber. Depending on

the vapouliquid equilibria of the solversteamoil system at the apparent interface between the
mobilized region and the vapour chamber, the solvent copfetiite live oil at thisinterface

varies from the solvent content dietvapour phase at this interfacial region. There is a decline in

the magnitude of the live oil solvent content from its value at the apparent mobilized- region

O
ol

vapour chamber interface (i.ew4

Mobilized regionv ) 10 itS value at the apparent mebiive oil

o
ol

film-mobilized region interface (i.ew4

LO- Mobilized region)+ 1 IS decline in the solvent content
value in the live oil is continued, from its magnitude at the apparent enibl@l oil film-

mobilized region interface( W5

Lo- Mobilized region) 1O ItSValue at the bitumemobile live oil film (

nell,. o) where the bitumen phase still contains some limited solvent content to the extent at

which it could no |l onger be considered as the
content of the bitumen phase at the apparent bittmebile live oil film interface causes

another decline in thive oil solvent concentration through the biturféled pores. There is

not a sharp stephange decline in the concentration of solvent at tharapp mobi live oil
film-bitumen interface. The low solvent concentration beyond this interface makes the bitumen
more of an Aimmobile I|Iive oil 0 phase rather t
value of solvent concentration and relatwlow local temperature, this layer of oil still remains
immobile. This immobile live oil phase attains enough mobility upon further solvent and thermal
energy propagation within this oil region as time goes on, and will eventually drain under the

actionof gravity later on.
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Figure3.15¢c schematically shows the solvent concentration profile in a typical SAGD process.

It is obvious that the concentration of solvent in the injected feed stream is zero. In addition, the

mobile oil solvent concentration atthe mobilized

(vsq

(s

) is zero

b- Mobilized region

Figure 3.15.d demonstrates the mole fraction [@dior the steam and solvent vapour at a

regiossteam chamber

interface

Mobilized regions ) @S Well as its corresponding value at the bitiimemilized region interface

distance close to the interfacial region between the vapour chamber and the mobilized region in a

typical SASAGD process. Assuming complete mixing of steam and solvent vapour through the

invaded region, there woulte no solvent concentration gradient within the invaded area except

for the near interfacial region. It is clear that the mole fraction of either steam or solvent does not

change with position when it is far away from the mobilized region interface wthere

temperature is constant. Due to the decreasing trend of the temperature profile in the vicinity of

the vapour chambenobilized region interface, the mole fraction of steam in the gaseous phase

decreases while approaching this interfacial regiongie.s i t i on
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there is a significant increase in the mole fraction of solvent in the vapour phase in the vicinity of

this live oil interface.

Bitumen

Live oil

Solvent vapour chamber

L0
DOsop | Lo-v

(@)

-5
1

VAPEX Process

165



Apparent

bitumen-LO | ',
. i | Apparent SA-SAGD [ "
i Apparent mobilized
interface | interface ooeR )
" )i terface
- fmmmmme—— =
S
. i Mobile . .
Bitumen Live oil Mobilized region : Vapour chamber

=
o
_——— -l

LO
(U.w| Mobilized _ region’
1,000
Lo W51 LO-Mobilized re
Sol| L zed_region
fuw|bm :

S 0 I S
-« 5*—» (5]
. S5, .
(b) SA-SAGD Process (Condensingiode)
Bitumen Mobilized region Steam chamber
t1% -
0 (U.:':f) ‘ b-Mobilized_region 0 (Us[f/) Mobilized_region-8 — 0
) o, > o)
SAGD Process
(€)
Mobilized region Vapolur chamber
_____ T R
1.0 I
: ysteam
|
1
1
1
1
0 : Ysowent
""" b a b
SA-SAGD Process (Condensingnode)
(d)

Figure 3.15 (ac) Schematic solvent concentration profile across the cross sec
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Schematic diagram of solvent vapour and steam mole fraction gdmots the
cross sectional area of the SGD process
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3.4.4.2Diffusion Mechanism ofM assTransfer in the SA-SAGD Process at thePore T Scale

Due to the abrupt solvent concentration gradient at the interfacial region of HZAGB
process, mass transfer could take place by molecular diffusion. As the solvent vapour diffuses
into the bitumen, a thin film of the live oil phase becomes mobile.draming live oil then
engulfs some bubbles of the entrapped-wetting phase as a result of several psrale
mechanisms associated with teeapoff mechanism in theSA-SAGD process which were
demonstrated earlier in Figur&ll and 3.13 By focusingon the size and shape of these
enclosed bubbles, gradual volume shrinkage and possible disappearandaedivaiage path

is observed. The poigcale shrinkage/disappearance phenomenon demonstrates the extent of
local heat and mass transfer proces$es. entrapped gas bubbles tend to disappear with time,
which indicates that the local diffusion process enables the complete solubility of the gas pocket
into the surrounding live oil continuum. In the SSMGD process, it is unlikely to observe pure
solvert vapour pockets entrapped within the continuum of the live oil because the limited mole
fraction of the injected solvent within the carrying steam phasesfaromogeneous gas
mixture. The gradual volume shrinkage process of the entrapped gas bobigletesthat the
process of condensation of the gaseous mixture at thelgy@lehappens simultaneously with

the diffusion mass transfer process of the solvent phase into the live oil. If a sufficiently long
drainage path is provided for the entrapped gbf the gas mixture¢hey would likely be fully
converted into small isolated droplets of water condensate down gradient. This is true provided
that thechance of coalescence of these propagated bubtdeseglectedby assuming that the
isolated bubble are independent of each other and remain isolated during their entire drainage
path. These phenomena result in the formation of tkstunwaterin-oil emulsion phase. The
volume shrinkage phenomendo produce thasolated condensate droplets duethe local
temperature drop artiffusion mass transfer was presented through a series efpaleevents

shownin Figure3.12.

3.4.4.3. Porei ScaleConvectionMechanism ofM assTransfer in the SA-SAGD Process

In the SASAGD recoverymethod the convective magsansfer process playn important role
in the overall mass transfer scheme when the solvent phase cawtathsebitumen interface. It

is evident that the condensed solvent phase, flowing oveapgharentSA-SAGD interface,
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strips-off bitumen while daining down gradient by a combination of capillary, convective mass

and heat transfer phenomena. The presence of temperature gradient near the interfacial region,
which iscaused byteam condensation within the invaded region, results in improved bitumen
recovery because of the enhanced convection mass transfer from solvent condensate to bitumen
and vice versaThe liquid solvent washes away the bitunfiled pores or pores which are
partially filled with bitumen either from tepide, bottorrside, or sideays in the direction of

gravity. The draining liquid solvent not only strips bitumen off the bitwfilezd pores, but it

also helps to enhance the mixing process of the live oil and the solvent phase at-8oalpore

This was verified clearly in the deos taken from the potevel phenomena of the SBAGD

process during the course of the visualization experiments when the draining solvent condensate

phase has a lot of bitumen striations running through it.

A nearly perfect vertical interface was obs=t between the liquid solvent and bitumen at the
pore scale when liquid solvent was flowing all over the bitufilesdl pores. Tls near flat
interface, extendg through the middle of the pore bodies, is an indication of the extent of
miscibility of the solvent condensate with bitumext the pordevel due to higher solvent
concentration near the interface. One can clearly distinguish between the flat interface of the
liquid solventbitumen fluid pair and the curved interface of the solvent valpeioil fluid pair

at the porescale. Figure3.16 contains a series of peseale snapshots starting from the top left
and ending at the bottom right showing that the bitumen phbeisg stripped away from the
bitumensaturated pores by continuous flow of excess liquid solvent. The presence of a smooth

interface at the micktevel is also observed.
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Figure 3.16: Porescale stripping of the bitumen phase by solvent condensate is an evide
the convective mass transfer mechanisminduthe SASAGD process (Run NA9: DL-1
micromodel, Ahexane as the steam additive at 18&t/'vol concentrationaverage operatini
temperature of 103.4%, time interval: 430 seconds)

3.4.5. AsphaltenePrecipitation During the SA-SAGD Process at thePore i Scale

Asphaltene is the newolatile end of the asphaltenic crude oil. It has polar molecular
characteristics of aromatic structuredaoften contains heavy metals and nitrogen. Asphaltene is
defined as the insoluble fraction of the crude oil in excess volume of normal alkanes such as
normal pentane and normal heptane,ibig soluble in excess volume of other solvents such as
benzenand toluene at room temperature and atmospheric pressure. Several factors influence the
onset of asphaltene flocculation and precipitation from an asphaltenic crude oil in a displacement

process, namely temperature, pressure, and compositional changes/eHahe temperature
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has a weaker effect on the asphaltene precipitation. It is believed that temperature change may
weakly affect the process of asphaltene flocculation, and may enhance or inhibit the overall
precipitation process. An increase in then@antration of light chain hydrocarbons, such as
n-pentane and -heptane in the excess volume can profoundly enhance the asphaltene

precipitation process (Firoozabaii999).

Asphaltene precipitates out of heavy oil and bitumen if the phase emumiivetween the
components is disturbed according to operating conditions. Asphaltene precipitation has a
profound effect on the viscosity reduction of the heavy oil. Thagpdhalting process of the
heavy oil and bitumen, which could be an induced phenomeluring the course of any
condensing solvent aided process of heavy oil recovery at thesgalee could upgrade the
heavy oil insitu to the extent of reducing its inherent viscosity by orders of magnitude.
Asphaltene precipitation was observed dutimg course of the VAPEX process with propane as
the solvent when the operating pressure was above the dew point of prismdngs(l.J. and

Butler, 1993). It was concluded that the propane liquid to oil ratio was required to be greater than
0.35 by mass in order to experience asphaltene precipitation. Whgéuimasphaltene
precipitation reduces the operating and environmental expenses of theomalyalytically
upgrading processeof heavy oil and bitumen, some issues are raised regarding undesired side
effects ofthe in-situ bitumen upgrading. For instance;situ deasphalting mayeduce the
permeability, and may have an adverse impact onoth@roduction as well as the sweep
efficiency. In this regard,|low permeability values of the formation may be problematic for
implementing solveniided processes because if asphaltene precipitates, it may drastically

reduce the permeability or plug tf@mation.

According to our visualization experiments of the SAGD process at thdey@leit is unlikely

to experience asphaltene precipitation during the SAGD process at theey@ravithin the
range of experimental conditions. In other words, sthaating of the bitumen phase within the
temperature range of 1B0°C did not destabilize the asphaltene contentlod bitumen to the
extent ofdevelopingprecipitationconditions However, the extent of asphaltene precipitation
was more pronounced dog the course obur porescale SASAGD experiments, especially

when the solvent was condedsshead of the@pparentSA-SAGD interface. In these cases, the
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swept region contains vertical striations of the precipitated asphaltene where liquid solvent was
in contact with bitumen. There were still some localized spots within the invaded region in which

limited-length residual oil ganglia were present within the pore bodies ahead of the apparent
SA-SAGD interface without any sign of extensive asphaltene taton.

As the main drainage drivingrcesof the SASAGD processrebased on gravitgnd capillary
forces, we were interested igualitatively studying the impact of asphaltene precipitation on
vertical permeability reduction of the porous media. From our visualization studies of the
SA-SAGD process, it turns out that asphaltene could precipitate out of the continuous bitumen
phase as sooas it is subjected tthe excess amount of thiguid solvent The precipitated
asphaltene can block the pore constrictions as well as randomly sgladtedfthe pore bodies

in a homogeneous structure to the extent of eliminating fluid flow near dckdal region. The
gaseous mixture has to-reute in order to reach the bitumen phase, and the draining phases
could no longer drain through those clogged flow paths (Fighiié&a and3.17b). However, it

is clear that the pore blockage is not a permiissne for most of the clogged flow pathways in
the SASAGD operation as the injected fresh gaseous mixture coulduppéme blocked pore
constrictions and pore bodies, hence creating randprolyagated zigzag flow paths through the
blocked region. Thesnew openings would remain as accessible flow pathways for the gaseous
mixture ahead of thapparenSA-SAGD interface within the swept region, providing continuous
flow of steam and solvent towards the bitumen region (Figui&d). In addition, some
aghaltene particles migrate along with the live oil towards the production Gpet.of the
drawbacks of the fine migration of the mobilized asphaltene particles isldbkage of the

production linedue tothe buildupof asphaltene particlés the prodution well (Figure3.17c).

Precipitation of asphaltene, howevesmporarilylimits the drainage aheliquid phases through

the mobilized region. The chancetbk porescale mixing of the excess liquid solvent with the

oil and potential subsequent aafibne precipitation and local blockage of the draining pathways
exists. The frequent +ghaping of the draining liquid phases while draining within the pores
which have been already blocked partly by the precipitated asphaltene is an evidence of the
effed of asphaltene precipitation on the scheme of fluid flow through porous patterns, so is the

frequent resizing of the draining liquid phases as a result of capillary phenomenon ebfnap
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mechanism whepassing bythe clogged section of the pores. Coesiag the low concentration

of solvent vapour in the injected gaseous mixture, which is in the order of 5 to 15 volume
percentage, and presented observations regarding asphaltene precipitation at 15% volume
content of the feed stream to be solvent vapiius apparent that there is no need for high
solvent content in the injected gaseous mixture to indusdurupgrading of the crud®l in the

form of asphaltene precipitation.

The condensing nature of the solvent phase at the pore level, even at low solvent content values
of the gaseous mixture in the SAGD process, guarantees asphaltene precipitation and
possible insitu upgrading. The extent of-gitu upgrading is morprorouncedn the case obur
SA-SAGD processscompared to that of the conventional VAPRMcesseventhoseat higher

live oil solvent compositionf.e. 48% with apentangRezaei et al, 201@nd 38% with butane
(James2009 Jame<=t al 2008]. Although the solvent content of the produced live oil is lower

in the SASAGD process compared to that of tteventionaWAPEX processit appears that

the localized porascale liquid solvent concentration in the condensing mode of th8/82D
process is higlenough to promote asphaltene precipitation. In order to review the process of
asphaltene precipitation within the mobilized region of theSD process, it would be
beneficial to address the schematic diagrams presented in FRjafds. As was descrid

before, the solvent concentration changes abruptly from its initial value at the gaseous mixture
which is the vapour solvent concentration at the invaded area far from the gaseous phase
mobilized region interfacial area, to zero at the raw bitumentbideigh a series of poszale
sections called the mobilized region and the naedhié oil film. The mobilized region composes

of 1-5 pores in thickness, behind which the melile oil film with the thickness of - pores

drains over the pores filled thi the solid bitumen phase. The bitumen content of these pores
might contain a low level of solvent concentration in it, and therefore, could not be considered as
raw bitumen. However, this solvent content is not to the extent at which it could mobéize th
bitumen in the direction of gravity and hence theien could not be considered as thabite

live oil. The depth of the molallive oil film is between 12 pores in thickness over which the

solvent content of the live oil would be reduced fraftf),, e regionio 0 Wsg and the

Solb-LO !
latter is not necessarily zero as there might be some immobile live oil behind the Ixelmil

film. At the mobik live oil film-bitumen interface, there is still some misoivent concentration
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gradent which could lead to solvent diffusion through the bitumen phase. Excess liquid solvent
near theapparentSA-SAGD interface could cause asphaltene precipitation ahead of the SA

SAGD interface towards the swept region, especially within the mobilizgaire

3.5. Quantitative Analysis of the Resultan the SA-SAGD Experiments

In additionto the mechanistiporelevel investigation of the SASAGD process performangcié

was tried to quantitatively study the performance of this process at thesnaeobased on the
measurable system response. Due to extretoelydrainage rat@and cumulative production of

the mobik live oil in this set of experiments, it was decided focus on the horizontal
advancement of the SBAGD interface in order to analyze the performance of such a process at
the porescale. It is evident that the quantitative results acquired using 2D glass micromodels of
porous media cannot be upscaledn® teal world cases of fluid flow when 3D porous structure

is involved. However, one can figure out the contribution of different system variables on the
performance of the SAAGD process using parametric sensitivity analysis of the process
variables. Sirar to most gravitydominated processes of oil recovery, the neobil drainage

rate of the SASAGD process would be proportionalttee permeability of the porous medium,

and inversely proportional to the live oil viscosity.

In this studythreedifferent glassetched micromodels of porous media with fuilyaracterized

pore structure were used; Cold Lake bitumen and Lloydminster heavigndwere used as the

oil phase, and normal pentane and normal hexane were used as solvent additives to steam. The
temporary positions of the SBAGD interface were located versus time at different elevations

in each cell block along the height of each micromoéet.each particular trial, the SBAGD

interface advancement velocity was measured accordinglythis sction, details of the

guantitative analysis of the SBAGD process performance at the pscale are discussed.
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(a) Asphaltene precipitated at the peoale
within the mobilized region caused -r
shaping/resizing of the phases flowing past
(RunNo 10: OM-2 micromodel, rhexane ashe
steam additive at 15%ol/vol concentration
average operatingemperature of 101.45C,

(b) Severe asphaltene precipitation within the mobili
region prevents the gravity drainage processabse of
the impaired vertical permeabilittfRun No 9: OM-1
micromodel, prhexane as the steam additive at%dl
vol/vol concentrationaverage operatintemperature o
101.85°C, time: 8615 seconds)
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(c) Blockage of the production line as well (d) Asphaltene precipitation within the invaded regi
downstructured pore space as a result followed by reopening of pores via flow paths due to ¢
asphaltene mobilization in the form of fir phase invasion through the blocked reg{®un No13:
migration (Run No 13: DL-1 micromodel, DL-1 micromodel, rmpentane as theteam additive a
n-pentane as the steam additive 1&6 vol/vol 15% vol/vol concentratioraverage operatingmperature

concentration,average opeating temperature oi  of 10275 °C, time: 8230 seconds)
102.75°C, time: 8455 seconds)

Figure 3.17 State of insitu asphaltene precipitation as a result ofesscsolvent condensate near
interfacialregion ofthe SA-SAGD process
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3.5.1. Pore-Scale and MacrscopicProperties of GlassEtched Micromodels

Three different glass micromodels with known pore structunere employed in this study.
Thesemicromodels werealsoused to carry out the peseale visualizatiorexperiments of the

SAGD process. They were thoroughly characterized in terms of-lpogk as well as
macrascopic dimensions and propertiehe characterization procedures were discussed in
section 2.5.1. A summary of the model properties was preseniebia 2.3, and the details of

the characterization experiments and data analysis were presented in Tables 2.4 to 2.24 and
Figures 2.19 to 2.33.

3.5.2. Oil Properties

Cold Lake bitumen and Lloydminster heavy oil blend were used as the oil phase in this study.
The bitumen is similar to the one used previously in our SAGD visualization studies discussed in
Chapter 2The physical properties of bitumen are listed in Table 2.2. In addition, the viscosity
temperature relationship and tli, hydrocarbon analysis ohis bitumen are presented in
Figures 2.6 and 2.7.

The viscositytemperature relationship of Lloydminster heavy oil blend was measured by Hatch
Ltd (2009) usinghe Paar Physica MCR100 Modular Compact Rheomédtenton Paar), and is
shown in Figure 3.18The viscosity of Lloydminsteneavyoil blendat 35 °C was reported to be
5400 cP An acceptableexponential trend line was titd tothe experimental data poingsd is

presented in the form of Eq 3.1:

‘P X P TRMED ° (3.1)

i n who dittsiil viscosity in cP and ATO0 is temper:
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Figure 3.18:Viscosityi Temperature relationship for Lloydminster heavy oil mixture

3.5.3. Effect of Temperature and Solvent Concentration on the Density and Viscosity of

Cold Lake Bitumen and Lloydminster Heavy Oil Mixture

The sensitivity of bitumen and heavy oil viscosity to temperature and solvent concentration is
analyzed using relevant cetations found in the literature. These predictiaresusedo analyze

the SASAGD process performance at the pscalein terms of the horizontal interface
advancement velocity in the next section.

The presence of solvent in the oil phase at highatipgy temperatures would alter both density
and viscosity of themobile live oil. Due to the nature of our S8AGD visualization
experiments and very low storage capacityhefemployed micromodels, there is no production
data available as far as the ratieoil production as well as solvent content of the produced
mobile live oil is concerned. It iseportedthat the solvent content of the produced live oil from
conventional and warm VAPEX processes would be in the range of @¥% massfraction of

the produced oil (Rezaei2010). The solvent content of the produced oil fromyjpical

SA-SAGD process wouldikely be on the lower range of this spectrum duehmextremely
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higher operating temperature of the process which significantly laversolvent solubility in

the produced live oil. In the absencetloé solvent concentration in the live oil data, a solvent
contentof about20% massfraction was assumed to be reasonableefor the producednobile

live oil of the SASAGD process. Thisssumption is just for the sake of calculations in this
section to highlight the combined effect of heat and solvent dilution on the viscosity reduction of
Cold Lake bitumen and Lloydminster heavy oil blend, and it is not used to analyze the SA

SAGD inteface advancement velocity at the pesoale.

In order to calculate the density of -siblvent mixture at differensolvent content levels and
corresponding temperatures, it is required to use an appropriate equation of state or a relevant
mixing rule considering the volume change upon mixing of these two compounds. The topic of
norrideality of heavy oHsolvent mixtures has been addressed in the literature (Firoozabadi
1999; Madrazp1960; Luo et gl2007; Wen eal, 2003, 2004 and 2005; Wen and Kag2006)

and it is currently an active research topic at the University of Calgary. Due to the volume
contrast between the heavy oil and bitumen molecatebthose of paraffinic solvents, the
density calculations for such a mixture would be affected ddyme shift parameterdn the
absence of detailed characterization of the employed oil types and also volume shift parameters,
extensions of ideaolution mixing method was consideraed the simplest wato correlate

mixture volumetric properties such dansity.

An ideal liquid solution is a hypothetical mixture of liquids in which there is no special force of
attraction between the components of the solution and for which no change in internal energy
occurs on mixing. Under these circumstances, no change ihahnecter of the liquids is caused

by mixing, merely a dilution of one liquid by the other. It is believed thbwing mixing

liquids to generate an ideal solution, there is no béaixing effect and the thermodynamic
properties are additive. The vahe of the ideal solution is the sum of the volumes ofpilne

liquid components. There is neither shrinkage nor expansion when the liquids are mixed to form
an ideal solution (McCainl990). Here, it is assumed that the heavy sdlvent mixture and
bitumeni solvent mixture are both binary mixtures and can be considerbd ideal solutions

The following equation can be used to calculate the pséigdal mixture density (Standing

1981 and 1962Standing and Kaj2942):
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" (3.2)

in which” isthe pseuddiquid density of mixturew is the mole fraction of each component in

the ideal mixturep @ and” arethe moleculamweight and density of each of the components

of the ideaimixture, and N is the number abmponents in the ideal mixture.

The effect of temperature on tlensityof Cold Lake bitumen mixture with-65 and nrCs is
shownin Figures 3.19 an@®.20 respectively. The temperature range was selected based on the
operating temperature range that was experienced during the course of ¢RAGEA
visualization experiments. The same calculations were also carried out to study the effect of
operating terperature on the mixture density of Lloydminster heavy oil wiH@sras well as

n-Cs and the results are plotted in Figures 3.21 and JB2.rawdata ofmixture density at
different temperature levels are also presented in Tablesar2i3.4. Although the mixture
density data were calculatdthsed on0.1 °C temperature steps, they were reported at 1 °C
temperatureintervals in these two Tables. In these calculations the densitstemperature
relationship for normal pentane and normal hexane wetracted fronfPerry's handbooi008)
andYaws' Thermophysical Properties of Chemicals and Hydrocanf2®19) respectively. The
density of water at different temperatures was described by a cubic polynateg) 2006).

As shownin Figures 3.19 to.22, the mixture densitig a linear function ofemperaturen the
rangeof interest. The presence of paraffinic solvents in the mixture reduces the density of the
mixture below that of the heavy oil and/or bitumen sample. It is also evident that seWthnts
lower carbon number (i.e. lighter solvent) reduce the mixture density more than that which is
obtained using the heavier solvertsis concluded that an increase in the solvent concentration

in the mixture will decrease the mixture density.

Usingthe PVT data available for Cold Lake bitumen and Lloydminster heavy oil blend, it is also
possible to figure out the combined effect of temperature and solvent concentration on the
viscosity of oitparaffinic solvent mixtures within the range of our expental conditions. A

well-accepted viscosity mixing rule proposed by Shu (1984% used The accuracy of this
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correlationis very good when dealing with highscosity liquids. The Shu correlation was based
on a modified Arrhenius mixture viscosity modehich was proposed earlier by Lederer as
follows (Lederer1933):

11 wat oat (3.3)

in which y, pa and pg are theviscosity of mixture, higher viscosity (i.e. oil) agent, and lower
viscosity (i.e. solvent) agent respectively, andaxd > are the compositional parameters for

higherviscosity(i.e. oil) andlower viscosity (i.e. solvent) agent as defined by:

W — (34)

W p W (3.5

in which Va and \g are the volume fraction of more viscous (i.e. oil) and less viscous (i.e.

solvent)componentsespectively

ais an empirical parameter which was defined as:

(3.6)

in whicha "YOOY "YOOY  “YUOY , and (SP GR) designates the specific gravity of
component A or B. In order to calculate the viscosity of bittss@uent mixture and heavy eil
solvent mixture at different operating comalits, Equations 2.1 and 3.1 were used to calculate
the bitumen and heavy oil viscosities respectively. The viscosity of normal pentane at different
operating conditions was obtained frovaws' Handbook of Thermodynamic and Physical
Properties of Chemical &@npounds(2003). The viscosiijtemperature variation of normal
hexane was obtained froil@hemical Properties Handbodk999). The densityfemperature
relationship for normal pentane and normal hexane were extracte®&oy's handbooi008)
andYaws' Themophysical Properties of Chemicals and Hydrocarl{@040) respectively. The
density of water at differeémperaturesvas described by a cubic polynomiallé¢y, 2006).
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Table 3.3: The calculated density of Cold Lake biturme@s and Cold Lake bitumenCs mixtures at different levels of solve
concentration and operating temperatures

n-Cs concentration% vol/vol of mixture) n-Cs concentration% vol/vol of mixture)
T(°0)

5 10 15 20 25 30 5 10 15 20 25 30

100.00 0.9375 0.9164 0.8953 0.8742 0.8531 0.8320 | 0.9398 0.9209 0.9021 0.8832 0.8644 0.8455
101.00 0.9369 0.9158 0.8946 0.8735 0.8524 0.8312 | 0.9392 0.9203 0.9014 0.8826 0.8637 0.8448
102.00 0.9363 0.9151 0.8940 0.8728 0.8516 0.8304 | 0.9386 0.9197 0.9008 0.8819 0.8630 0.8441
103.00 0.9357 0.9145 0.8933 0.8720 0.8508 0.8296 | 0.9380 0.9190 0.9001 0.8812 0.8623 0.8433
104.00 0.9351 0.9138 0.8926 0.8713 0.8501 0.8288 | 0.9374 0.9184 0.8995 0.8805 0.8616 0.8426
105.00 0.9345 0.9132 0.8919 0.8706 0.8493 0.8280 | 0.9368 0.9178 0.8988 0.8798 0.8609 0.8419
106.00 0.9338 0.9125 0.8912 0.8699 0.8485 0.8272 | 0.9362 0.9172 0.8982 0.8791 0.8601 0.8411
107.00 0.9332 0.9119 0.8905 0.8691 0.8478 0.8264 | 0.9356 0.9165 0.8975 0.8785 0.8594 0.8404
108.00 0.9326 0.9112 0.8898 0.8684 0.8470 0.8256 | 0.9350 0.9159 0.8968 0.8778 0.8587 0.8397
109.00 0.9320 0.9106 0.8891 0.8677 0.8462 0.8248 | 0.9344 0.9153 0.8962 0.8771 0.8580 0.8389
110.00 0.9314 0.9099 0.8884 0.8669 0.8454 0.8240 | 0.9338 0.9146 0.8955 0.8764 0.8573 0.8382
111.00 0.9308 0.9093 0.8877 0.8662 0.8447 0.8231 | 0.9332 0.9140 0.8949 0.8757 0.8566 0.8374
112.00 0.9302 0.9086 0.8870 0.8655 0.8439 0.8223 | 0.9326 0.9134 0.8942 0.8750 0.8559 0.8367
113.00 0.9296 0.9079 0.8863 0.8647 0.8431 0.8215| 0.9320 0.9128 0.8935 0.8743 0.8551 0.8359
114.00 0.9289 0.9073 0.8856 0.8640 0.8423 0.8207 | 0.9314 0.9121 0.8929 0.8737 0.8544 0.8352
115.00 0.9283 0.9066 0.8849 0.8632 0.8415 0.8199 | 0.9308 0.9115 0.8922 0.8730 0.8537 0.8344
116.00 0.9277 0.9060 0.8842 0.8625 0.8408 0.8190 | 0.9302 0.9109 0.8916 0.8723 0.8530 0.8337
117.00 0.9271 0.9053 0.8835 0.8618 0.8400 0.8182 | 0.9296 0.9102 0.8909 0.8716 0.8523 0.8329
118.00 0.9265 0.9047 0.8828 0.8610 0.8392 0.8174 | 0.9290 0.9096 0.8903 0.8709 0.8515 0.8322
119.00 0.9259 0.9040 0.8821 0.8603 0.8384 0.8165 | 0.9284 0.9090 0.8896 0.8702 0.8508 0.8314
120.00 0.9253 0.9034 0.8814 0.8595 0.8376 0.8157 | 0.9278 0.9083 0.8889 0.8695 0.8501 0.8307
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Table 3.4: The calculated density of Lloydminster heavymils and Lloydminster heavy eilCs mixtures at different levels ¢
solvent concentration and operating temperatures

n-Cs concentration% vol/vol of mixture) n-Cs concentration% vol/vol of mixture)
T(°0)

5 10 15 20 25 30 5 10 15 20 25 30

100.00 0.8776 0.8630 0.8480 0.8328 0.8172 0.8259 | 0.8795 0.8667 0.8536 0.8403 0.8267 0.8128
101.00 0.8776 0.8629 0.8479 0.8326 0.8169 0.8256 | 0.8794 0.8666 0.8535 0.8401 0.8264 0.8125
102.00 0.8775 0.8628 0.8477 0.8323 0.8166 0.8254 | 0.8794 0.8665 0.8533 0.8399 0.8262 0.8122
103.00 0.8775 0.8627 0.8475 0.8321 0.8163 0.8251 | 0.8793 0.8664 0.8532 0.8397 0.8260 0.8119
104.00 0.8774 0.8626 0.8474 0.8319 0.8161 0.8249 | 0.8793 0.8663 0.8531 0.8396 0.8257 0.8117
105.00 0.8774 0.8624 0.8472 0.8317 0.8158 0.8247 | 0.8792 0.8662 0.8529 0.8394 0.8255 0.8114
106.00 0.8773 0.8623 0.8470 0.8314 0.8155 0.8244 | 0.8792 0.8661 0.8528 0.8392 0.8253 0.8111
107.00 0.8773 0.8622 0.8469 0.8312 0.8152 0.8241 | 0.8791 0.8660 0.8526 0.8390 0.8250 0.8108
108.00 0.8772 0.8621 0.8467 0.8310 0.8149 0.8239 | 0.8791 0.8659 0.8525 0.8388 0.8248 0.8105
109.00 0.8772 0.8620 0.8465 0.8308 0.8146 0.8236 | 0.8791 0.8658 0.8524 0.8386 0.8245 0.8102
110.00 0.8771 0.8619 0.8464 0.8305 0.8143 0.8234 | 0.8790 0.8658 0.8522 0.8384 0.8243 0.8099
111.00 0.8770 0.8618 0.8462 0.8303 0.8140 0.8231 | 0.8790 0.8657 0.8521 0.8382 0.8241 0.8096
112.00 0.8770 0.8617 0.8460 0.8301 0.8137 0.8228 | 0.8789 0.8656 0.8519 0.8380 0.8238 0.8093
113.00 0.8769 0.8615 0.8458 0.8298 0.8135 0.8226 | 0.8789 0.8655 0.8518 0.8378 0.8236 0.8090
114.00 0.8769 0.8614 0.8457 0.8296 0.8132 0.8223 | 0.8788 0.8654 0.8517 0.8377 0.8233 0.8087
115.00 0.8768 0.8613 0.8455 0.8294 0.8129 0.8221 | 0.8788 0.8653 0.8515 0.8375 0.8231 0.8084
116.00 0.8768 0.8612 0.8453 0.8291 0.8126 0.8218 | 0.8787 0.8652 0.8514 0.8373 0.8229 0.8082
117.00 0.8767 0.8611 0.8451 0.8289 0.8123 0.8215| 0.8787 0.8651 0.8512 0.8371 0.8226 0.8078
118.00 0.8766 0.8610 0.8450 0.8286 0.8120 0.8213 | 0.8786 0.8650 0.8511 0.8369 0.8224 0.8075
119.00 0.8766 0.8608 0.8448 0.8284 0.8116 0.8210 | 0.8786 0.8649 0.8509 0.8367 0.8221 0.8072
120.00 0.8765 0.8607 0.8446 0.8282 0.8113 0.8207 | 0.8785 0.8648 0.8508 0.8365 0.8219 0.8069
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Figure 323 presents the effect &A-SAGD operating temperature on the viscosity of Cold Lake
bitumen, anditumennormal pentane mixture wittifferent solvent volume fraction¥he same
procedure was applied to the mixture viscosity of Cold Lake bitumen and normal hexlame at
same solvent volume fraction levels asdhown in Figure 32 The selected ramgof operating
temperature was decided based on our visualization experiments and all the calculations were
carried out at atmospheric operating pressure condiisiit. is evidentn thesetwo Figures, the

mixture viscosity is more sensitive to temperatat lower solvent content of the ma&dilve oil.

For each particular solvent type and considering a particular solvent content, it is clear that the
rate of change athe mixture viscosity with respect to temperatisdower at higher operating

temperéures.

The same analogy was used in order to quantify the séysdf the Lloydminster heavy oll
viscosity to temperature. In addition, the viscosityhehvy oitnhCs as well as heavy 6ilCs
mixtures were alsoalculated using Shu correlatiahdifferentlevels oftemperatureand solvent
content of the mobd oil. Figures 3.25 and 3.5 showthe viscositytemperature relationship for
Lloydminster heavy oil and also its mixtgrevith n-Cs and n-Cg at different ®lvent content
valuesrespective}. As it is evidentrom thesetwo Figures, themixture viscosity at fixed solvent

type andsolventcontent is more sensitive to temperature at lower temperature levels. In addition,
the rate of change of the mixture viscosity versus temperature is nareupced at lower
solvent content of the mobilive oil. Comparing Figure 3.25 with 3.23 or Figures 326 with

3.24, it can be concluded that the rate of change of mixture viscosity with temperature is steeper
in the case of bitumen compared to thatha& heavy oil as it is generally expected from the

compositionahatureof these two oil types.

Consideringall these four Figures, another important conclusion can be made: at each particular
solvent concentration, oil type, and operating temperatuesolvent with lower carbon number
reduces the mixture viscosity more than the heavier solvent. This cewdrified using two
comparison plots presented as Figures 3.27 and 3.28. Although the difference between the oil
and solvent viscosities are significantly high @anemajor contribution irthe mixture viscosity

is associated with theil phase rather timathe solvent phase solvent viscosity still has an

influence on the total mixture viscosity. The lighter the solvent is, the lower would be its
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viscosity. As a resultheviscosity of mixture would be less with lighter solvent compared to that

with heaver solvent.

The calculatedviscosity data for bitumesolvent and heavy e8olvent mixtures are also
provided in Tables 3.5 and 3.6 respectively. It is worthwhile to note that the temperature
sensitivity of the mixture viscosity was investigated using @ temperature steps; however,

only temperature intervals of 1 °C are presented in these Tables.
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Figure 3.23: The effect of temperature on tlaynamicviscosity of Cold Lake bitumen as well
ason thebitumennCs dynamicmixture viscosityat different solvent volume fractions
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Figure 3.24: The effect of temperature on thdynamicviscosity of Cold Lake bitumen as well
ason thebitumennCgs dynamicmixture viscosityat different solvent volume fractions
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Figure 3.25: The effect of temperature on thdynamicviscosity of Lloydminster heavy oil as
well ason theheavy oitnCs dynamicmixture viscosityat different solvent volume fractions
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Figure 3.26: The effect of temperature on thlynamicviscosity of Lloydminster heavy oil as
well ason theheavy oitnCs dynamicmixture viscosityat different solvent volume fractions
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Figure 3.27: Comparison charbetween Cold Lake bitumemCs and Cold Lake bitumenCg
dynamicmixture viscosities at different solvent concentration and temperature levels
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Figure 3.28: Comparison chart between Lloydminster heavyn@ and Lloydminster heavy
oil-nCs dynamicmixture viscosities at different solvent concentration and temperature levels
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Table 35: Thecalculated viscosity of Cold Lake bitumes and Cold Lake bitumenCs mixtures at different levels of solve!
concentration and operating temperatures

n-Cs concentration% vol/vol of mixture) n-Cs concentration% vol/vol of mixture)

T(°C)

5 10 15 20 25 30 5 10 15 20 25 30

100.00 14551 79.94 45.76 27.18 16.69 10.56 15451 89.07 52.96 32.40 20.34 13.08
101.00 140.15 77.32 44.42 26.46 16.29 10.34 148.85 86.19 51.44 31.57 19.88 12.82
102.00 135.04 7481 43.13 25.77 15.91 10.12 143.45 83.42 49.98 30.77 19.43 12.56
103.00 130.15 72.40 41.88 25.10 15.54 9.90 138.28 80.76 48.56 30.00 19.00 12.31
104.00 125.48 70.07 40.68 24.45 15.17 9.69 133.35 78.21 47.21 29.25 18.58 12.07
105.00 121.03 67.86 39.53 23.83 14.83 9.49 128.63  75.75 45.88 28.52 18.16 11.83
106.00 116.74 65.70 38.39 23.21 14.48 9.29 12410 73.38 44.60 27.81 17.76 11.59
107.00 112.66 63.65 37.32 22.63 14.15 9.10 119.79 7111 43.38 27.13 17.37 11.36
108.00 108.73 61.65 36.26 22.05 13.82 8.90 115.65 68.92 42.18 26.46 16.99 11.14
109.00 104.98 59.74 35.24 21.49 13.50 8.71 111.68 66.82 41.03 25.82 16.61 10.92
110.00 101.38 57.88 34.25 20.94 13.18 8.53 107.89 64.80 39.93 25.20 16.26 10.71
111.00 97.93 56.11 33.30 20.41 12.88 8.35 104.25 62.84 38.85 24.59 15.90 10.50
112.00 94.63 54.40 32.39 19.90 12.59 8.17 100.77  60.97 37.82 24.00 15.56 10.29
113.00 91.47 52.76 31.50 19.41 12.30 8.00 97.42 59.16 36.81 23.43 15.23 10.09
114.00 88.42 51.16 30.63 18.92 12.02 7.83 94.22 57.42 35.84 22.87 14.90 9.90
115.00 85.50 49.63 29.80 18.45 11.74 7.67 91.14 55.73 34.89 22.33 14.58 9.71
116.00 82.70 48.16 28.99 17.99 11.48 7.51 88.18 54.11 33.98 21.80 14.27 9.52
117.00 80.01 46.73 28.21 17.54 11.22 7.35 85.35 52.55 33.10 21.30 13.98 9.34
118.00 77.42 45.36 27.45 17.11 10.96 7.20 82.62 51.04 32.24 20.80 13.68 9.16
119.00 74.93 44.03 26.71 16.69 10.71 7.05 79.99 49.58 31.41 20.31 13.39 8.98
120.00 72.55 42.75 26.00 16.28 10.47 6.90 77.47 48.18 30.61 19.85 13.11 8.82
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Table 36: The calculated viscosity of Lloydminster heavy-m@s and Lloydminster heavy eilCs mixtures at different level:
of solvent concentration and operating temperatures

n-Cs concentration% vol/vol of mixture) n-Cs concentration% vol/vol of mixture)

T(°C)

5 10 15 20 25 30 5 10 15 20 25 30

100.00 6.57 5.07 3.94 3.09 2.43 1.93 6.77 5.36 4.26 3.40 2.73 2.20
101.00 6.03 4.69 3.68 291 231 1.85 6.20 4.95 3.97 3.20 2.59 2.10
102.00 5.52 4.35 3.44 2.74 2.20 1.77 5.68 4.58 3.71 3.01 2.45 2.00
103.00 5.06 4.02 3.22 2.58 2.09 1.69 5.20 4.23 3.46 2.83 2.32 191
104.00 4.63 3.72 3.00 2.43 1.98 1.61 4.75 3.91 3.22 2.66 2.20 1.82
105.00 4.24 3.44 2.80 2.29 1.87 1.54 4.35 3.61 3.00 2.50 2.08 1.74
106.00 3.88 3.18 2.61 2.15 1.77 1.47 3.98 3.33 2.80 2.34 1.97 1.65
107.00 3.55 2.93 2.43 2.02 1.68 1.40 3.64 3.08 2.60 2.20 1.86 1.57
108.00 3.25 2.71 2.26 1.89 1.59 1.33 3.32 2.84 2.42 2.06 1.75 1.49
109.00 2.97 2.50 2.11 1.78 1.50 1.27 3.04 2.61 2.25 1.93 1.65 1.42
110.00 2.71 2.30 1.96 1.66 1.41 1.20 2.78 241 2.08 1.80 1.56 1.34
111.00 2.48 2.12 1.82 1.56 1.33 1.14 2.53 2.22 1.93 1.69 1.47 1.27
112.00 2.27 1.96 1.69 1.46 1.26 1.08 2.31 2.04 1.79 1.57 1.38 1.21
113.00 2.07 1.80 1.57 1.36 1.18 1.02 2.11 1.88 1.66 1.47 1.30 1.14
114.00 1.89 1.66 1.45 1.27 111 0.97 1.93 1.72 1.54 1.37 1.22 1.08
115.00 1.73 1.53 1.35 1.19 1.04 0.92 1.76 1.58 1.42 1.28 1.14 1.02
116.00 1.57 1.40 1.25 111 0.98 0.87 1.60 1.46 1.32 1.19 1.07 0.96
117.00 1.44 1.29 1.15 1.03 0.92 0.82 1.46 1.34 1.22 1.10 1.00 0.90
118.00 1.31 1.18 1.07 0.96 0.86 0.77 1.33 1.23 1.12 1.03 0.93 0.85
119.00 1.20 1.09 0.99 0.89 0.81 0.73 1.22 1.12 1.04 0.95 0.87 0.80
120.00 1.09 1.00 0.91 0.83 0.75 0.68 1.11 1.03 0.96 0.88 0.81 0.75
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As it was described in section 2.5.4, the drainage rate of the SAGD process is inversely
proportional to the kinematic viscosity of the mobile oil. drSAGD process, the viscosity
reduction is as a direct result of steam heating. Considering the sohaogw@e of the SAGD
process to be Vapour Extraction (VAPEX) in which the viscosity reduction is a result of solvent
dilution, it could also be shown that the drainage materselyvaries with kinematic viscosity

(Das and Butler1998 Yazdani and maini2z005). As far as the SBAGD process is concerned,

the insitu mobilization mechanisms aadfected byheat transfeand mass transfer at the pore
scale which is a combination of both SAGD and VAPEX mobilization mechanisms. It could be
concluded that forueh a gravitydominated flow whose mobilization mechanisms include both
heat and mass transfahe drainage rate would hbaversely proportional to the kinematic

viscosity of the mobd live oil.

Having the predicted dynamic viscosity and density of rifwbile live oil under prevailing
SA-SAGD operational conditionsone can predict the kinematic viscosity behaviour under
different temperature and solvent content conditions of the elol®l oil. Figures 3.29 and 3.30
show the effect of temperatur@ the kinematic viscosity of Cold lake bituniex®s and Cold

Lake bitumeinnCs mixtures at different solvent concentrations. In addition, Figures 3.31 and
3.32 present the temperature variation of the Lloydminster heawynGailas well as
Lloydminster heavyoili nCs kinematic mixture viscosities at different solvent content of the
produced mobélive oil. In order to compare the effect of solvent type on the viscosity reduction
of mixtures at different operating conditions, Figures 3.33 and 3.34 are presented here. The
kinematic viscosity raw data are also tabulated in Tables 3.7 and 3.8. Accturdimese Figures,

it is concluded that for each particular oil typlee kinematic viscosity ofhe oil-solvent mixture

IS more sensitive to temperature at lower solvent content ohttiele live oil. In addition, the
lighter the solvent is, the lowerowld be the o#solvent mixture kinematic viscosity for each
particular oil type at each particular operating temperature. Under similar solvent type and
concentratiorconditions it is believed that bitumesolvent kinematic viscosity is more sensitive

to temperature compared to that of the heawgoivent mixture.
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Figure 3.29: The effect of temperature on thk@nematicviscosity of Cold Lake bitumen as well
ason thebitumenrnGs kinematicmixture viscosityat different solvent volume fractions
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Figure 3.30: The effect of temperature on thénematicviscosity of Cold Lake bitumen as well
ason thebitumennCs kinematicmixtureviscosityat different solvent volume fractions
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Figure 3.31: The effect of temperature on thénematicviscosity of Lloydminster heavy oil as
well ason theheavy oitnGCs kinematicmixtureviscosityat different solvent volume fractions
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Figure 3.32: The effect of temperature on thénematicviscosity of Lloydminster heavy oil as
well ason theheavy o0itnCs kinematicmixtureviscosityat different solvent volume fractions
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Figure 3.33: Comparison chart between Cdléke bitumemnGCs and Cold Lake bitumenGCs
kinematicmixture viscosities at different solvent concentration and temperature levels
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Figure 3.34: Comparison chart between Lloydminster heavyn@ and Lloydminster heavy
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Table 3.7: The calculatedinematic viscosity of Cold Lake bitumerCs and Cold Lake bitumenCs mixtures at different level:
of solvent concentration and operating temperatures

n-Cs concentration% vol/vol of mixture) n-Cs concentration% vol/vol of mixture)

T(°C)

5 10 15 20 25 30 5 10 15 20 25 30

100.00 155.21 87.23 51.11 31.09 19.56 12.69 16442 96.72 58.71 36.68 23.53 15.47
101.00 14959 84.44 49.65 30.30 19.12 12.44  158.49 93.65 57.07 35.77 23.02 15.17
102.00 14423 81.75 48.24 29.53 18.68 12.18 152.83 90.70 55.48 34.90 22.52 14.88
103.00 139.10 79.17 46.89 28.79 18.26 11.94 14742 87.87 53.95 34.04 22.03 14.60
104.00 134.19 76.68 45.57 28.07 17.85 11.69 142.26 85.16 52.48 33.22 21.56 14.32
105.00 12951 7431 44.32 27.37 17.46 1146 137.31 82.54 51.05 32.42 21.10 14.05
106.00 125.01 71.99 43.08 26.69 17.06 11.23 132,56 80.00 49.66 31.63 20.64 13.78
107.00 120.72 69.80 41.90 26.04 16.69 11.01 128.04 77.59 48.33 30.89 20.21 13.52
108.00 116.59 67.65 40.75 25.39 16.31 10.78 123.69 75.25 47.04 30.15 19.78 13.26
109.00 112.64 65.60 39.64 24.77 15.95 10.57 119.53 73.00 45.79 29.44 19.36 13.01
110.00 108.84 63.61 38.55 24.15 15.59 10.35 115,55 70.84 44.59 28.75 18.96 12.77
111.00 105.22 61.71 37.52 23.57 15.25 10.14 111.72 68.76 43.42 28.08 18.57 12.53
112.00 101.74 59.88 36.51 23.00 14.92 9.94 108.06  66.75 42.29 27.43 18.18 12.30
113.00 98.40 58.11 35.54 22.44 14.59 9.74 10454 64.81 41.19 26.79 17.81 12.07
114.00 95.18 56.39 34.59 21.89 14.27 9.55 101.16  62.95 40.14 26.18 17.44 11.85
115.00 92.10 54.74 33.67 21.37 13.96 9.36 97.91 61.14 39.11 25.58 17.08 11.63
116.00 89.14 53.16 32.79 20.86 13.65 9.17 94.80 59.41 38.11 25.00 16.73 11.42
117.00 86.30 51.62 31.92 20.36 13.35 8.99 91.81 57.74 37.16 24.44 16.40 11.22
118.00 83.57 50.14 31.09 19.88 13.06 8.81 88.93 56.11 36.22 23.88 16.06 11.01
119.00 80.93 48.70 30.28 19.40 12.78 8.63 86.16 54.54 35.31 23.34 15.74 10.81
120.00 78.41 47.32 29.50 18.95 12.50 8.46 83.51 53.04 34.44 22.82 15.42 10.61
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Table 3.8: The calculated kinematic viscosityf Lloydminster heavy oihCs and Lloydminster heavy eiCs mixtures at
different levels of solvent concentration and operating temperatures

n-Cs concentration% vol/vol of mixture) n-Cs concentration% vol/vol of mixture)

T (°C)

5 10 15 20 25 30 5 10 15 20 25 30

100.00 7.49 5.87 4.65 3.71 2.98 2.34 7.70 6.18 4.99 4.04 3.30 2.70
101.00 6.87 5.44 4.34 3.50 2.83 2.24 7.05 5.72 4.66 3.81 3.13 2.58
102.00 6.29 5.04 4.06 3.29 2.69 2.14 6.46 5.29 4.35 3.59 2.97 2.47
103.00 5.76 4.66 3.79 3.10 2.55 2.05 5.91 4.89 4.05 3.37 2.81 2.36
104.00 5.28 4.31 3.54 2.92 242 1.96 5.41 452 3.78 3.17 2.67 2.25
105.00 4.83 3.99 3.30 2.75 2.30 1.87 4.95 417 3.52 2.98 2.52 2.14
106.00 4.42 3.68 3.08 2.58 2.17 1.78 4.52 3.85 3.28 2.79 2.38 2.04
107.00  4.05 3.40 2.87 2.43 2.06 1.70 414 3.55 3.05 2.62 2.25 1.94
108.00 3.70 3.14 2.67 2.28 1.95 1.61 3.78 3.27 2.84 2.46 2.13 1.84
109.00 3.38 2.90 2.49 2.14 1.84 1.54 3.46 3.02 2.63 2.30 2.01 1.75
110.00  3.09 2.67 2.31 2.00 1.74 1.46 3.16 2.78 2.45 2.15 1.89 1.66
111.00 2.83 2.46 2.15 1.88 1.64 1.39 2.88 2.56 2.27 2.01 1.78 1.57
112.00 2.58 2.27 2.00 1.76 1.54 131 2.63 2.36 2.11 1.88 1.67 1.49
113.00 2.36 2.09 1.85 1.64 1.45 1.25 2.40 2.17 1.95 1.75 1.57 1.41
11400 2.16 1.93 1.72 1.53 1.37 1.18 2.19 1.99 181 1.63 1.48 1.33
115.00 1.97 1.77 1.59 1.43 1.28 1.12 2.00 1.83 1.67 1.52 1.38 1.26
116.00 1.80 1.63 1.48 1.34 1.21 1.05 1.83 1.68 1.55 1.42 1.30 1.18
117.00 1.64 1.50 1.37 1.24 1.13 1.00 1.67 1.54 1.43 1.32 1.22 1.12
118.00 1.50 1.38 1.26 1.16 1.06 0.94 1.52 1.42 1.32 1.23 1.14 1.05
119.00 1.36 1.26 1.17 1.08 0.99 0.88 1.38 1.30 1.22 1.14 1.06 0.99
120.00 1.24 1.16 1.08 1.00 0.93 0.83 1.26 1.19 1.12 1.06 0.99 0.93
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3.5.4. Interface Advancement Velocity at the PoréScale: Experimental Results

In this section, results of the SBAGD interface advancement velocity at the pgrele are
presented and analyzed based on our-few@ visualization experiments at the controlled
environmental conditions. As it was stated befdhe, surface of eachlgss micromodel was
divided into cell blocks containing definite numbers of pores per unit area ugp@gnaarker.

The full-frame pictures takeover the entire height of the pemetworkduring the SASAGD
process were analyze#ach cell block was madied at particular time intervals using image
processing software, and the instantaneous position of tR8A&FD interface was tracked in

each row of pores within each particular cell block. An arithmetic averaging was then carried out
in order to determim the average sweep rate of the process at each particular cell block within
subsequent time frames. As a result, an averag&AaD interface advancement sweep rate
was determined for each particular cell block at corresponding time intervals. It wagedbse

that the interface advancement velocity was constant at each particular elevation (i.e. cell block
number from the top of the model) along the height ofniiromodel Finally, the determined
interface sweep rates atopwaecahthmeticalywazaragen overf r o m
the height of the porous network to obtain a representative interface advancement velocity for
that particular model under prevailing operational conditidhe. average SASAGD sweep rate

for each particular model igpresented in terms of the number of pores invaded per unit time. It

is also translated to the unit length per process time using twespale dimensions of porous
networks includingthe poreto-pore distance and pore body width.

The interface position recognition wur porescale SA-SAGD visualization experiments/as
guite easier than that in the SAGD visualization experimdiis is because of the miscible
nature of the SASAGD process at the peseale in which the width ohe mobilized region was
thinner (i.e. contains less pores) than that of the SAGD process at tHevard his made it
easier to identify the boundary between thesaturated pores and the vapsaturated pores.
All of our SASAGD trials were carriedut under condensing mode of operation during which
solventvapourcondensed over the surface of bitursaturated pores. As a result, there was
normally a smooth distinctive line between the vapzaturated pores and those saturated with
bitumen. This mde it reasonablyasierto locate the SASAGD interface and track it versus

process time. As it was also pointed out in section 2.5.3, abe2® pores from the topside of
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each glass micromodeVere not considered fahe interface advancement positioradking

because of the unstable frontal advancement ofdheur phasat the pordevelin this region

Tables 3.9 to 3.11 summarize the results of measures/B2D interface advancement
velocities for three different models of B, OM-1, and OM2 when loth nCs and rCs were
used as the solvent and Cold Lake bitumen was employed as the oAsyibe. oil type used in
our SAGD visualization experiments was the same Cold Lake bitumen sample, the last
column(s) of these three Tables contain the resultsthef porescale SAGD interface
advancement velocities for the purpose of comparison with thoee §A-SAGD processes.
The SASAGD sweep rate in pores/min was also converted to mm/min using twesqalee
dimensions of porbody width as well as pore tpore distance for each particular porous
pattern.Tables 3.12 to 3.1gresent the results tie SA-SAGD interface advancement velocities
for three models of DI1, OM-1, and OM2 using both fCs and nrCg solvents when
Lloydminster heavy oil blend was used the oil phase. The sweep rate was converted from

pores/min to mm/min unit system using the procedure stated above for all three micromodels.

Figures 3.35 to 3.37 present the procedure through which the interface advancement velocity
data were calculatefor three employed models focusing on particular windows of pores along
the height of the porous patterns. These Figures deal with the experimental trials in which Cold
Lake bitumen was employed as the oil type. The sweep rates obtained using theSigtinese

are insertedn bold digits in Tables 3.9 to 3.11. The same procedure was then carried out for all
the cell blocks along the height of each particular model, and a representative sweep rate was
then calculated for each model under pertaining dipgraonditions using arithmetic averaging
Figures 3.38 to 3.40 show the interface advancement velocities for three micromodels in trials in
which Lloydminster heavy oil blend was used as the oil type. Each of these Figures shows the
sweep rate at one pigular elevation measured from the topside of the model. The data achieved
using these three graphs are presented in bold figures in Tables 3.12 to 3.14. For every employed
model, the sweep rates at other elevations along the height of the porous metveocklculated
accordingly, and are presented in Tables 3.12 to 3.14. For each micromodel, a representative
interface advancement velocity was calculated by averaging individual sweep rates along the
model 6s height, and i s inpothepsresiminamdl mm/mindnasb | es 3.
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Table 3.9: SA-SAGD interface advancement velocity [Model: 22| Oil type: Cold Lake

bitumen]
Micromodel DL-1 DL-1 DL-1 DL-1 DL-1
SA-SAGD Desigh RUN Number 6 13 23 19 SAGD
O 0606 006 000
adbhadb 2 IRA L X,
Average temperature in the 106.80 | 10275 | 108.30 | 103.45 | 103.10
invaded zone (°C)
Solvent Type n-Cs n-Cs n-Ce n-Ce N/A
Solvent Concentration (% Vol/Vol) 5 15 5 15 0
Location in the Model Interface advancement veIocit;(mi=4| =T)rpores/min
21-30 pores from top n/a n/a n/a n/a n/a
31-40 pores from top 0.360 0.397 0.364 0.431 0.331
41-50 pores from top 0.348 0.379 0.348 0.408 0.316
51-60 pores from top 0.330 0.364 0.333 0.383 0.306
61-70 pores from top 0.309 0.341 0.312 0.361 0.281
71-80 pores from top 0.297 0.339 0.302 0.356 0.277
81-90 pores from top 0.292 0.326 0.297 0.348 0.268
91-100 pores from top 0.285 0.318 0.288 0.341 0.260
101-110 pores from top 0.282 0.311 0.285 0.336 0.253
111-120 pores from top 0.279 0.308 0.280 0.335 0.249
121-130 pores from top n/a n/a n/a n/a n/a
131-140 pores from top n/a n/a n/a n/a n/a
141-150 pores from top n/a n/a n/a n/a n/a
AverageInterface Velocity
(pores/min) 0.302:0.020 | 0.3430.020 | 0.312:0.019 | 0.3670.022 | 0.282:0.019
Frﬁim”?mﬁ’r?)re to Pordistance 0.631 0.699 | 0637 | 0748 | 0.576
Using Pore BodyVidth (mm/min) 0.631 0.699 0.637 0.748 0.576
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Table 310 SA-SAGD interface advancement velocity [Model: &V Oil type: Cold Lake

bitumen]
Micromodel OM-2 | OM2 | OM-2 | OM-2 | OM=2 | OM-2
SA-SAGD Design RUN | 5 2 16 10 SAGD | SAGD

Number

L 4
¢ o

L B 4
¢ o

L & 4
g

L & £
® o

\ & 4
¢ o

\ A 4
¢ o

Average temperature

in the invaded zone 107.10 102.10 108.90 101.45 103.40 110.20
¢C)

Solvent Type n-Cs n-Cs n-Ce n-Ce N/A N/A
22I\\//e(:)r|1/t\/c;(|))ncentratlon 5 15 5 15 0 0
Location in the Model Interface advancementvelocity (\/\i=1| =7)T pores/min
21-30 pores from top n/a n/a n/a n/a n/a n/a
31-40 pores from top 0.306 0.411 0.318 0.431 0.264 0.396
41-50 pores from top 0.283 0.327 0.284 0.358 0.243 0.335
51-60 pores from top 0.271 0.323 0.274 0.338 0.238 0.311
61-70 pores from top 0.262 0.309 0.265 0.320 0.232 0.298
71-80 pores from top 0.252 0.303 0.253 0.314 0.226 0.285
81-90 pores from top 0.245 0.288 0.245 0.299 0.221 0.272
91-100 pores from top 0.234 0.282 0.236 0.291 0.215 0.270
101-110 poregrom top 0.224 0.275 0.227 0.285 0.209 0.267
111-120 pores from top 0.219 0.270 0.221 0.278 0.202 0.262
121-130 pores from top n/a n/a n/a n/a n/a n/a
131-140 pores from top n/a n/a n/a n/a n/a n/a
141-150 pores from top n/a n/a n/a n/a n/a n/a
Average Interface Velocity

(pores/min) 0.255:0.019 | 0.31(t0.028 | 0.258:0.020 | 0.324:0.031 | 0.228:0.012 | 0.30Q:0.028
;’izit';%fe‘(’r;er;fmﬁr?)re 0.510 0619 | 0.516 0.648 | 0456 & 0599
Using Pore BodWidth | 4 51 0619 | 0516 0648 | 0456 & 0599

(mm/min)
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Table 311: SA-SAGD interface advancement velocity [Model: @y Oil type: Cold Lake

bitumen]
Micromodel OM-1 OM-1 OM-1 OM-1 OM-1 OM-1
SA-SAGD Design RUN 5 1 4 9 SAGD SAGD

Number

L & 4
¢ o

L & £
¢ e

L & 4
g

L & 4
¢

L A 4
g

L & 4
¢ o

Average temperature in

(mm/min)

the invaded zone (°C) 106.40 103.30 107.40 101.85 101.70 116.35
Solvent Type n-Cs n-Cs n-Ce n-Ce N/A N/A
g/ccj)l\\//eorr/t\/%%ncentratlon 5 15 5 15 0 0
Location in the Model Interface advancement velocity\(\i=1| =) pores/min
21-30 pores from top n/a n/a n/a n/a n/a n/a
31-40 pores from top 0.272 0.282 0.270 0.324 0.240 0.402
41-50 pores from top 0.265 0.277 0.269 0.321 0.233 0.398
51-60 pores from top 0.259 0.272 0.264 0.318 0.228 0.392
61-70 pores from top 0.252 0.269 0.258 0.316 0.224 0.386
71-80 pores from top 0.246 0.265 0.251 0.311 0.219 0.380
81-90 pores from top 0.244 0.259 0.247 0.307 0.216 0.373
91-100 pores from top 0.238 0.255 0.243 0.301 0.209 0.365
101-110 pores from top 0.231 0.249 0.235 0.298 0.201 0.359
111-120 pores from top 0.228 0.244 0.233 0.293 0.195 0.352
121-130 pores from top n/a n/a n/a n/a n/a n/a
131-140 pores from top n/a n/a n/a n/a n/a n/a
141-150 pores from top n/a n/a n/a n/a n/a n/a
Average Interface Velocity

(pores/min) 0.248:0.010 | 0.264:0.008 | 0.252:0.009 | 0.31Gt0.007 | 0.218-:0.010 | 0.37%:0.011
giiitg?]fe‘(’r;er;fm'?ﬁ)re 0.497 0527 | 0.504 0620 | 0437 | 0.757
Using Pore Bodidth | o 0527 | o504 | 0620 | 0437 | 0757
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Table 312: SA-SAGD interface advancement velocity [Model: L Oil type:

Lloydminsterheavy oil blend]

Micromodel

DL-1

DL-1

DL-1

DL-1

SA-SAGD Design RUN Number

18

21

L & 4
®o

L & 4
*®

L & 4
¢o

L & 4
® o

Average temperature in the

invaded zone (°C) 105.95 103.50 107.80 103.80
Solvent Type n-Cs n-Cs n-Cs n-Ce
Solvent Concentration (% Vol/Vol) 5 15 5 15

Location in the Model

Interface advancement velocity (=1 =1)r

pores/min
21-30 pores from top n/a n/a n/a n/a
31-40 pores from top 0.473 0.531 0.540 0.724
41-50 pores from top 0.458 0.511 0.522 0.710
51-60 pores from top 0.445 0.505 0.513 0.698
61-70 pores from top 0.423 0.483 0.494 0.679
71-80 pores from top 0.411 0.475 0.479 0.669
81-90 pores from top 0.403 0.467 0.470 0.658
91-100 pores from top 0.397 0.460 0.463 0.650
101-110 pores from top 0.388 0.452 0.455 0.642
111-120 poregrom top 0.382 0.445 0.445 0.633
121-130 pores from top n/a n/a n/a n/a
131-140 pores from top n/a n/a n/a n/a
141-150 pores from top n/a n/a n/a n/a
Average Interface Velocity
(pores/min) 0.42(3:0.021 | 0.4810.019| 0.48#0.021| 0.674:0.021
?nf;‘?m'?r%re (oredistance 0.857 0.981 0.993 1.374
Using Pore BodyVidth (mm/min) 0.857 0.981 0.993 1.374
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Table 313: SA-SAGD interface advanoeent velocity [Model: OM2, Oil type:

Lloydminster heavy oil blend]

Micromodel

OM-2

OM-2

OM-2

OM-2

SA-SAGD Design RUN Number

24

15

17

L & £
¢ e

L & 4
®o

\ & 4
¢ o

\ & 4
® o

Average temperature in the invaded

o 107.55 101.75 108.35 102.10
zone (°C)
Solvent Type n-Cs n-Cs n-Ce n-Cs
Solvent Concentration (% Vol/Vol) 5 15 5 15

Location in the Model

Interface advancement velocity (=1 =1)r

pores/min
21-30 pores from top n/a n/a n/a n/a
31-40 pores from top 0.412 0.469 0.445 0.548
41-50 pores from top 0.390 0.441 0.421 0.516
51-60 pores from top 0.383 0.430 0411 0.502
61-70 pores from top 0.379 0.423 0.406 0.496
71-80pores from top 0.371 0.416 0.399 0.490
81-90 pores from top 0.365 0.410 0.395 0.482
91-100 pores from top 0.360 0.404 0.388 0.477
101-110 pores from top 0.354 0.396 0.381 0.468
111-120 pores from top 0.349 0.390 0.377 0.461
121-130 pores from top n/a n/a n/a n/a
131-140 pores from top n/a n/a n/a n/a
141-150 pores from top n/a n/a n/a n/a
Average Interface Velocity
(pores/min) 0.374:0.013 | 0.42(:0.016| 0.403:0.014| 0.4930.017
Using Pore to Pordistancg/mm/min) 0.747 0.840 0.805 0.987
Using PoreBody Width (mm/min) 0.747 0.840 0.805 0.987
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Table 314: SA-SAGD interface advancement velocity [Model: @WOil type:

Lloydminster heavy oil blend]

Micromodel

OM-1

OM-1

OM-1

OM-1

SA-SAGD Design RUN Number

11

L & 4
® o

L4
L & 4

\ & 4
b

L & 4
® o

Average temperature inthe

invaded zone (°C) 107.15 102.90 107.85 101.60
Solvent Type n-Cs n-Cs n-Ce n-Cs
Solvent Concentration (% Vol/Vol) 5 15 5 15

Location in the Model

Interface advancemen

t velocity\(\i= 1 =m)r

pores/min
21-30 pores from top n/a n/a n/a n/a
31-40 pores from top 0.338 0.437 0.386 0.473
41-50 pores from top 0.332 0.429 0.379 0.466
51-60 pores from top 0.326 0.425 0.374 0.459
61-70 pores from top 0.321 0.421 0.367 0.455
71-80 pores from top 0.315 0.416 0.363 0.451
81-90 pores from top 0.313 0411 0.356 0.444
91-100 pores from top 0.308 0.402 0.350 0.440
101-110 pores from top 0.302 0.395 0.344 0.435
111-120 pores from top 0.297 0.390 0.341 0.428
121-130 pores from top n/a n/a n/a n/a
131-140 pores from top n/a n/a n/a n/a
141-150 poregrom top n/a n/a n/a n/a
Average Interface Velocity
(pores/min) 0.31#0.009 | 0.414:0.010 | 0.362:0.010| 0.45@-0.010
k’nslirg?m'?r?)re to Pordistance 0.634 0.828 0.724 0.900
Using Pore BodyVidth (mm/min) 0.634 0.828 0.724 0.900
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Figure 3.35:Interface advancement velocityr Model DL-1 [61-70 pores from top, Oil type: Cold Lake bitumen]
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Figure 3.36: Interface advancement velocity for Mod®M-2 [41-50 pores from top, Oil type: Cold Lake bitumen]
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Figure 3.38:Interface advancement velocity diagram for ModelD[61-70 pores from top, Oil type: Lloydminster heavy oil blend]
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Figure 3.40:Interface advancement velocity diagram for Model-@Qf81-40 pores from top, Oil type: Lloydminster heavy oil blend]
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Table 3.15 contains the volumetric measurements of the injected fluids during €aWGB
experiments. The reported steam and solvent injection rates are averaged thrqugiceise

time over which the porscale events were recorded and also the instantaneous position of the
interface vastracked. This duraticweighted averaging is based on thstantaneous injection
ratesof each fluid phase as well as the time interval ovackvbach particular injection rate was
maintained.The main purpose of adjusting the injection flow rates was to provide a fairly
constant operating temperature in the invaded area of the micromodels during the time span of
each trial.It is worthwhile tonote that it was tried not to change the injection flow rates
frequently to avoid disturbing the steady state mode of the process afttarthg stage was
passedFor all of our SASAGD trials, except 6 of them, pure steam was injected during the
startup stage. In RUN numbers 5, 6, and 7 (Cold Lake bitumen as the oil type, 5% velyol n
asthe steam additivén three different micromodels) as well as RUN numbers 3, 8, and 15
(Lloydminster heavy oil blend as the oil typEs% vol/vol nrCs as solvent in three different
models), steam and solvent wereiggcted during the starttp stageThe starup stage was
continued for each trial until about®pores adjacent to the trough were invaded by steam (or
steam and solvent mixture). Duritlgs stage, some pores at the topside of the rmadek also
emptied by means of randomyopagated channels of the invading phase. These emptied pores
initiated the development of the steam (or steam and solvent mixture) chamber at theafeore

The dartup stage was finished for each trial by adjusting the steam injection rate and initiating
injection of the solvent phase (or adjusting the solvent injection rate to the appropriate values
based on the injection rate of steam for the trials in whitlesbwas also injected during the

startup stage).

The cumulative steam and solvent injected were calculated by adding up thehotadsof

steam or solvent which was injected during the process time. It is worthwhile to mention that the
volume contiution of solvent in the injection main stream was kept constant at the
predetermined values of 5% or 15%l/vol during the process time. Each micromodel was
weighed just before and also right after the trial using an analyticahd®liwith precision of
0.005 g. Using direct measurement of the mass of oil produced during &2BAGD

experiment, the recovery factor values were calculated in terms of the mass of oil recovered with
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respect to the original oil in place. These values are reported 2't®lumn from rightof

Table 3.15or the purpose of comparison

As it was the case in the production characteristic analysis of the SAGD trials in Chapter 2, the
production rates of the peseale SASAGD experiments could not be measured directly due to
very small storage capacity of the employed glass micromodels. AchémKation procedure

was performed in order to analyze the production characteristics of thesgadeeSASAGD
experiments with the aid of interface advancement data. ThR8A2D interbice was closely
tracked versus time during the course of each experiment. Thdepetenterface advancement
velocity for each particuld8A-SAGD trial at particular elevations along the height of each glass
micromodel was found to be constant. As th&ltdieight of each glass micromodel can be
considered as an infinitesimal portion of a real world fetdle SAGD interface, it is obvious

that the variation of the horizontal velocity of interface along the height of each micromodel is
not significant. herefore, an arithmetic averaging technique was used in order to calculate a
representative horizontal interface advancement velocity in terms of the number of pores invaded

per unit time or unit length per unit time feachparticular porescaleSA-SAGD experiment.

The calculated horizontal interface advancement velocity along with thespalee snapshots

was used in order to calculate the invaded area at each particular timeframe during the life of
each individualSA-SAGD experiment. The fraction die area swept away was defined as the
ratio of the swept area by the total area at each particular timeframe within the lifespan of each
SA-SAGD experiment. It was obtained that the fraction of area swept varies linearljheith
process time for eacBA-SAGD experiment. An average oil production rate could then be
calculated over the entire production history of each particB®SAGD experiment by
multiplying theslope offraction ofthe area swepvs. process time plaoby the pore volume of

each pdicular micromodel. The cumulative oil produced at the end of ea&SAGD
experiment washen calculatedby multiplying the average oil production rate by the process
time. Consequently, the ultimate recovery fadmreach particular SAAGD experiment based

on the interface advancement tracking procedagcalculatedand reported in Table 3.15.
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Table 3.15:Volumetric measurements of the SSRAGD trials

S%I/\;eent A P A .i7agt A .iwow < RF (%)
; B 2 e mo o mo
RNlj)n and. Mode T(;[I::e Tczg%a)ﬁng ﬂ(rr:iﬁ)Ie ‘ (CC}}:‘“”.' ) (mﬁir:) (CC/min-’ (CC/min’ ?CE((Z))E AI%Cﬁ:? Interface % Relative
quantity CSE) CWE) CSE) wracking | D€t l;ifference
(volivol)
19 | n-GC;,15% | DL-1 | CLB 103.45 29 1.5 0 140 0.600 0.106 84.00| 14.82 88.95 78.09 13.90
10 | n-Cs 15% | OM-2 | CLB | 101.45 33 15 0 130 0.503 0.089 | 65.39| 11.54 68.51 69.07 -0.81
9 n-Cg, 15% | OM-1 | CL B 101.85 39 1.5 0 160 0.535 0.094 85.60| 15.11 76.72 78.53 -2.30
13 | n-C;,15% | DL-1 | CLB 102.75 32 1.5 0 140 0.515 0.091 72.10| 12.72 81.92 75.62 8.33
2 n-Cs, 15% | OM-2 | CLB 102.10 33 1.5 0 140 0.485 0.086 67.90| 11.98 70.41 70.53 -0.18
1 n-Cs, 15% | OM-1 | CLB 103.30 41 1.5 0 180 0.480 0.085 86.40| 15.25 74.06 77.85 -4.87
23 n-Cs, 5% DL-1 | CLB 108.30 30 1.5 0 160 0.487 0.026 77.92| 4.10 85.68 77.13 11.09
16 n-Cs, 5% | OM-2 | CLB 108.90 32 1.5 0 185 0.436 0.023 80.66 | 4.25 77.80 75.33 3.28
4 n-Cs, 5% | OM-1 | CLB 107.40 40 1.5 0 180 0.422 0.022 75.96| 4.00 71.35 74.00 -3.59
6 n-Cs, 5% DL-1 | CLB 106.80 24 1.5 0.079 160 0.480 0.025 76.80| 4.04 82.64 76.58 7.91
7 n-Cs, 5% | OM-2 | CLB 107.10 26 1.5 0.079 185 0.430 0.023 79.55| 4.19 76.90 75.07 2.44
5 n-Cs, 5% | OM-1 | CLB 106.40 31 1.5 0.079 180 0.417 0.022 75.06 | 3.95 69.89 72.93 -4.18
12 | n-Cs,15% | DL-1 | LHO 103.80 19 1.5 0 70 0.680 0.120 47.60| 8.40 77.20 75.62 2.09
14 | n-Cs,15% | OM-2 | LHO 102.10 22 1.5 0 100 0.592 0.104 59.20| 10.45 77.13 78.00 -1.11
20 | n-Cs,15% | OM-1 | LHO 101.60 25 1.5 0 105 0.576 0.102 60.48 | 10.67 72.92 76.00 -4.06
8 | nCs15% | DL-1 | LHO | 103.50 13 15 0.265 105 0.575 0.101 | 60.38| 10.65 83.83 78.36 6.98
15 | n-C5,15% | OM-2 | LHO 101.75 15 1.5 0.265 115 0.547 0.097 62.91| 11.10 75.95 77.91 -2.51
3 n-Cs, 15% | OM-1 | L HO 102.90 20 1.5 0.265 120 0.540 0.095 64.80| 11.44 77.02 77.68 -0.84
21 n-Cs, 5% DL-1 | LHO 107.80 22 1.5 0 105 0.582 0.031 61.11 3.22 85.42 77.22 10.62
17 n-Cs, 5% | OM-2 | LHO 108.35 24 1.5 0 130 0.512 0.027 66.56 | 3.50 82.22 78.89 4.23
11 n-Cs, 5% | OM-1 | LHO 107.85 28 1.5 0 140 0.485 0.026 67.90| 3.57 79.01 78.45 0.71
18 n-Cs, 5% DL-1 | LHO 105.95 21 1.5 0 120 0.550 0.029 66.00 | 3.47 84.61 78.13 8.29
24 n-Cs, 5% | OM-2 | LHO 107.55 25 1.5 0 130 0.495 0.026 64.35| 3.39 75.96 78.07 -2.70
22 n-Cs, 5% | OM-1 | LHO 107.15 30 1.5 0 160 0.430 0.023 68.80| 3.62 79.19 79.19 0.00
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Figure 3.41 displeg/the temporary location of th8A-SAGD interface at different elevations
along the height of Modé€DM-1 in RUN No.1 in which rCs was used as the steam additive at
15% vol/vol concentration and Cold Lake bitumen was used as the oil type. Figure 3.42 also
shows the sequential SBAGD interface advancement along Medel DL-1 in RUN No. 21 in

which nCg at 5% vol/vol concentration was used as the solvent phase and Lloydminster heavy
oil blend was used as the oil phaske highpermeable trough is located at the right hand side

of these twoFigures extended along the entire height of the micromedé&t each particular

timeframe, the invaded area of the model could be obtained by calculating the area over the
curve to the right iloth Figures usingtrapezoidatule.
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Figure 3.41: Temporary position of the SSAGD interface along the height of Model GMn
RUN No. 1 (Solvent: 15% vol/vol nCOil type: Cold Lake bitumen)
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Figure 3.42: Temporary position of the SAAGD interface along the height of Model ElLin
RUN No. 21 (Solvent: 5% vol/vol nCQOil type: Lloydminster heavy oil blend)

Plotting the fraction of thenvadedarea versus time yields in a straight line, and the average oil
production rate over the entire process time could be estimated from the slope of this straight
line. Following this procedure, the oil production rate walsulated to b®.0043 and0.0193

cm¥ min for RUN Nods The ulimate reeoleryrfaetsr foedhetrialscanl y .
also be calculated by dividing the productlué average oil production rate by the process time
over theassociated valuesf micromodel pore volume. This ultimate recovery factor could be
cross checked with the recovery factor values obtained using direct measurement technique of
weighing the model before and after each trial. Asuhienate RF value obtained using the

interface advancement velocity consideration is subject to some human error when the
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SA-SAGD interface was tracked over the process timeuliv@ate RF values associated with

pre- and postrial weighing of the modslwere considered to be the reoaccurate numbers.

This procedure was carried out falt the SASAGD trials and the results are summarized in
Table3.15.

3.5.5. Parametric Sensitivity Analysis of the SASAGD Experimental Results

In this section, parametric sensitivity analysis of ékperimental results are presented based on
the design of experiments shown in Table 3.2 to figure out the effect of solvent type, solvent
concentration, macroscopic properties of porous media, and oil type on 1{8AGB interface
advancement at the peseale ultimate RF and energy requirementsf each particular

experiment under prevailing operating conditions

3.5.5.1.Effect of Solvent Type

Two paraffinic solvents of normal pentane and normal hexane were used in €aAGA
experiments. One can study the effef solvent type on the sweep rate of the SRGD process

when all other experimental parameters are kept conskenerally normal hexane enhances

the porescale performance of the SAGD process significantly compared to the baseline SAGD
process Normal pentane, however, enhances the interface advancement rate moderately
compared to the matching SAGD process. In gener@k performs more effective than@s
especially at higher concentrations of solwehen Cold Lake bitumen was usédis point is
evident considering Figures 3.35 to 3.37 in which performance of the SBAGD process to
recover Cold Lake bitumen usimy -1, OM-2, and OM1 models wer@resentedespectivelyin

terms of the interface advancement at the jsaede It is clear that for each particular model, the
sweep rate is higher whermrmalhexane was injected as the steam additive especially at 15%
vol/vol concentration. This point is also verified using representative sweep rate of each
micromodel pesented in Tab&3.9 to 3.11. In Table 3.16)e average sweep rates of the-SA
SAGD experiments as well as the ultimate recovery factor values are categorized based on the
solvent type used in each particular triddccording to tls Table, SASAGD interface
advancementate was enhanced the best at 1%8ldvol n-Cs concentration trials using O

and OM2 modelst RUN Nod&6s 9 an dn whi¢h aisveesppraeciriciease df gbput
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42% was seetn both of these two trialsompared to those of tinecorresponding SAGD
processesWhen DL-1 model was used at higher level ofCg concentration, an increase of

about 27% in sweep rate was observed compared to the corresponding baseline.

Table 3.16: Production prformanceof the SASAGD experiments categorized based on the

sdvent type and concentration

Solvent Type n-Cs | n-Ce
Solvent Representative SBAGD Interface Advancement
Concentration Velocity (/\i=4| =7,mm/min)and RF (% of OOIP)
RUN 6:0.631@ 106.80 °C | RUN 23:0.637@ 108.30 °C
DL-1,CLB | rr =76.58%in 160 min RF =77.13%in 160 min
RUN 18:0.857@ 105.95 °C| RUN 21:0.993@ 107.80 °C
DL-1,LHO | R =78.13%in 120 min RF =77.22%in 105 min
RUN 7:0.530@ 107.10 °C | RUN 16:0.536@ 108.90 °C
OM-2,CLB | R -75.079%in 185 min RF =75.33%in 185 min
5% volivol RUN 24:0.747@ 107.55 °C| RUN 17:0.805@ 108.35 °C
OM-2, L HO | o =78.07%in 130 min RF =78.89%in 130 min
RUN 5:0.496@ 106.40 °C | RUN 4:0.505@ 107.40 °C
OM-1,CLB | or -72.93%in 180 min RF =74.00%in 180 min
RUN 22:0.634@ 107.15 °C| RUN 11:0.724@ 107.85 °C
OM-1,LHO | pr =70.19%in 160 min RF =78.45%in 140 min
RUN 13:0.699@102.75°C | RUN 19:0.748 @ 103.45 °C
DL-1,CLB | rr =75.629in 140 min RF =78.09%in 140 min
RUN 8:0.981@ 103.50 °C | RUN 12:1.374@ 103.80 °C
DL-1, LHO | R -78.36%in 105 min RF =75.62%in 70 min
RUN 2:0.619@ 102.10 °C | RUN 10:0.648@ 101.45 °C
OM-2,CLB | R -70.53%in 140 min RF =69.07%in 130 min
15% volivol RUN 15:0.840@ 101.75 °C| RUN 14:0.987@ 102.10 °C
OM-2, LHO | pe =77.91%in 115 min RF =78.00%in 100 min
RUN 1:0.527@ 103.30 °C | RUN 9:0.620@ 101.85 °C
OM-1,CL B RF =77.85%in 180 min RF =78.53%in 160 min
RUN 3:0.828@ 102.90 °C | RUN 20:0.900@ 101.60 °C
OM-1, L HO | pr = 77.68%in 120 min RF =76.00%in 105 min
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To study the effect of solvent type onthe-SAAGD per f or manc e, l et 6s fi
level of solvent concentration when Cold Lake bitumen was used as the oil type. B&GEA
performance enhancement could be observed in all @iffemicromodelsFor instancethe
experimental set dRUN numbers 19, 10, and 9 with 15% vol/veCa were performed using
DL-1, OM-2, and OM1 models respectively. These experiments could be compared one to one
with RUN numbers 13, 2, and 1 respectivelywhich 15% vol/vol nG was used as the steam
additive. It is observed thaigher sweep ratesere achieved to the extentgf4.7, and 17.70%
respectivelywhen nG was used as the steam additiVais conclusion could be backed up by
comparing the reaery factor values at the end of these trials. Accordirthedata presented in
Table 3.5, experiments with 4Cs as the solvent have slightly higher RF val@gempared to
those with RCs as the steam additive. It is clear that RMN 19 has almos2.5% higher final
recovery factor compared to its corresponding trial with 15% vol/vol©f as the solvent (i.e.

RUN No 13). RUNNo 2 has a slightly higher RF value compared to that of RUN 10, which is
due to the longer process time of former compared tdatker trial. As far as model OM is
concerned, it is evident that although the process time of RON (i.e. nCs as the solvent)

was 20 minutes longer than that of RUN numbdgi.®. nCs as the solvengithel at REIis 0 s

still higher thanthé or mer 6 s .

It is also interesting that SBAGD in OM-2 micromodel with 15% vol/volconcentration of
eithern-Cg or n-Cs as steam additives performs better than the corresponding SAGD process at
superheated injection temperature of 110.20 fCmodel OM1, dthough the SASAGD
processes at high solvent concentration levelf 15% vol/vol for n-Cs and nrCs (i.e. RUN
numbers 1 and 9espectively perform better compared to the corresponding conventional
SAGD processt 101.70 °Cone can realize that neitharthese two trials provide higher sweep
ratesthan that of the SAGD processtht¢ elevated steam temperature of 116.35 °C.

In the absence of detailed heat loss analysis of th&SBD experiments, it is not possible to
determine theorrected values dhe steam to oil ratiand also solvent to oil ratio based on the

data presented in Table 8.However, the cumulative steam consumption (i.e. steam consumed

to cover the heat loss plus the net amount of steam consumed to maintain the gravity drainage

process) in each of the SBAGD trials could be compared qualitatively to figure out what is the
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effect of experimental variables on the energy requirements of th8ARD process. It is
evident that more steam was consumed on a cumulativeibabis SASAGD trials in which

nCs at 15% vol/vol was used as the steam additmaa the corresponding trials with §&s the
solvent. It is because of the fact that when the interface advances with highesgadee
velocities, more swept area is subject to the hwsat which significantly affects the cumulative
steam requirements dhe SA-SAGD trial. It is evident that SSAGD trials with high ng
concentrations achieve significantly higher pscale interface advancement velocities than
those in which 15% vol/vol nOwvas usedlin fact, the cumulative steam consumed is a strong
function of the process time, so it might be a good idea to comparduttationweighted
average steam injection rate instead of the cumulative steam consumption when there is a
considerable difference between the process times of the correspondiBg&A trials. In
addition, steam requirements of each-SAGD experiments a strong function of the operating
temperature. The higher the operating temperature, the higher would be the overall heat loss to
the surrounding environment. It is obvious that the correspondin@/A3D trials at higher

levels of solvent concentratiavere carried out at very close operating temperatures which make

the qualitative comparison to be conducted on a common ground.

The effect of solvent type on the peveale SASAGD process performance could also be
investigated at lower levels of solweconcentration when Cold Lake bitumen was used as the oll
type. It is clear that SASAGD trials with 5% vol/vol fCs have reasonably higher sweep rates
compared to the corresponding SAGD trials; however, they provide comparable sweep rates
with the one in which 5% vol/vol FCs was used as the steam additive. For instance, in RUN
numbers 23, 16, and 4;Q@ solvent with 5% vol/vol concentration was used along withIDL
OM-2, and OM1 glass micromodelgespectively. The sweep rates of these trials ccdnd
compared to those of RUN numbers 6, 7, and 5 which are the corresponding trials at similar
operating conditions and fluid and model properties, except solvent type. It is evident that an
insignificantenhancement of about2l6 in the sweep rate is abged when fCs was used as

the steam additive. However, an appreciable 4soede process enhancement is observed when
the sweep rates of these trials are compared to their corresponding baseline SAGD process. It is
evident that interface advancement wegies of RUN numbers 23, 16, and 4 in whiclChat

lower concentration was added to steam were reasonably higher than those of their
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corresponding baseline SAGD trials to the extent of 10.60, 17.50, and 15.60% respeksively.
far as the effect of solvernype on final RF is concerned, it is evident thatiower range of
solvent concentration, solvent type does not significantly affect the recovery factor values.
Focusing on two experimental sets of trial numbers 23, 16, and 4 (i.e. 5% velypandtheir
corresponding trials with 5%-@s as the solvent (i.e. trial numbers 6, 7, and 5), it is clear that the
recovery factor values dhe experiments with +Cs as the solvent are somewhat higfie. to

the extent of 22%) than those with 1Cs as the sgam additive at similar process time durations.

The starup stage of the experimental set dJIR numbers 23, 16, and 4 followse normal
steam injectiorprocedurevhose duration depends directly on the permeability of the employed
porous mediumas well as the oil viscosity at steam temperatudowever, in the case of
SA-SAGD experiments with 5% vol/vol solvent concentration in the injection main stream when
Cold Lake bitumen was used as the oil type (i.e. RUN numbers 6, 7, and 5), steam amd solve
with the predetermined volume contributions of 95% and 5% vol/vol respectively were
co-injected during the startp stage of the process. It is clear that presence of the solvent phase
during the startp stage of the SSAGD process would fther reduce the bitumen viscosity,
hence shortens the duration of the stgrtstage as it is depicted in Table33.0n the other

hand, due to excessive condensation of the injected vapour phase during-ine stage of the
process for these partieul runs, these three trials experienced asphaltene precipitation which
was not a dominant operational hassle due to the reasons expressed previously in seciiion 3.4.5.
is obtained that the duration of the staptstage due to the Gojection of solventlong with the
steam phase was decreased to the extent-88%2d, 2327%, and 262% for RUN numbers 6,

7, and 5respectivelywhen it is compared with the other correspondingSS¥GD trials with

Cold Lake bitumen as the oil type.

The type of the solvenised appears to have minor effect on the steam requirements of the
SA-SAGD trials at lower concentrations of solvent when Cold Lake bitumen was used as the oll
type. Based on the data provided in Table 3.15, it seemalthast the same volursef steam

was consumed iRUN numbers 23, 16, and 4 Wib% vol/vol nG as the solvent compared to
those consumed in the corresponding trials with 5% vol/vglasGhe steam additive. The major

contribution to the cumulative steam consumed comes froinethigloss while the net amount of
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steam requiredo maintain the gravity drainage process plays an insignificant role in the
cumulative steam requirements. It appears that similar operating temperatures and process times
of these two sets of trials, alomgth the very close porscale interface advancement velocities
provide similar energy requirements in terms of the cumulative steam and solvent consumed

during these two sets of experiments.

As no SAGD trial was carried out using Lloydminster heavy oil blend as the oil typeotae

scale performance of the SRAGD trials using this type of oil could not be cross examined with
corresponding SAGD baselines. According to the interface advantemamparison charts
provided in Figures 3.38 to 3.40 and the relevant interface advancement velocity data
summarized in Tables 3.12 to 3.14, it is believed that theguale SASAGD performance in

terms of the interface advancement velocity is enhantee when #Cg was used as the steam
additive, provided that all other experimental variables are kept unchanged. This enhancement is
more highlighted when SAAGD trials with higher solvent content of the injection main stream
are concer ne dhe refresentatve sveeprpta of he SAGD experiments using
different micromodels of Di1, OM-2, andOM-1 when solvent was added to the steam phase by
15% vol/vol contribution. The corresponding RUN numbers to these experiments are 8 and 12
for DL-1, 15 and 14 for OM2, and 3 and 20 for OM modelswhen RCs and RCgs were used as

the steam additives respectively for each particular micromodel. According to the data provided
in Table3.16, it is evident that enhancements of 40, 17.5, and 8.70% in thesegpative sweep

rates were achieved in S®AGD experiments with D1, OM-2, and OM-1 models
respectively upon using hexane over pentane as the steam additiseevident that the
enhancement made by changing the solvent type is more pronounced hehanotlel

permeability is higher.

Focusing on the recovery factor values reported in Tabk B.s clear that the final recovery
factor of trials 2 and 20 in which DL-1 and OM1 models were usedespectivelyin the
presence of 15% vol/vaf n-Cg cortribution in the feed stream, askghtly less (i.e. in the order
of 2-4%) than those of RUN numbe8sand 3respectively in which all the operating conditions
are the same except the solvent tyipas because of the fact that the latter trials (i.e.NRU

numbers 8 and 3) were carried out over longer period of process(itend0 and 15%
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respectively compared to their corresponding trials wittCgas the steam additive (i.e. RUN
numbers 12 and 20). Had the trials withCgas the solvent been conducted over the same
process time duration, significantly higher RF values would have been achieved compared to
their corresponding ones with@ asthe solvent. It 8 also observed that RUN numbers 14 and

15 with OM2 as the modednd rCs and RCs as the steam additives respectively have almost
the same recovery factor values of about 78% of OOIP. Howtheutimate RF value of the
formertrial wasachieved during shorter process ti(he. 15%)compared to tat associated with
thelattertrial in which nCs was used as the steam additis.a result, it can be concluded that
trials with nCs as the steam additive at 15% vol/vol contribution in the injection side have
considerably higher ultimate recovery factors compared deettassociated with the trials in
which nCs was injected along with the steam phase at similar injection concentratiother
interesting point can be observed focusing on the-spastage duration of the abeweentioned
experimental setdt is evident that the experimental set composed of trial numbers 8, 15, and 3
is the only set of experiments in which solvent (-5 at 15% vol/vol concentration in the feed
stream) was cinjected along with the steam phase during the-sarstage. Comparinthe
duration of the staitip stage between this set of experiments with those of the corresponding
trials with nCg as the solvent (i.e. RUN numbers 12, 14, and 20) reveals that presence of the
solvent phase during the initialization stage of the S¥GD process accelerates oil drainage
from the pores adjacent to the trough, hence @odvn the startip stage duration of the process

by about 2545%.

In order to investigate the effect of solvent type on the energy requirements of {tBAGEA
process at higkevel of solvent concentration and Lloydminster heavy oil blend as the oil type,
one can focus on the cumulative steam and solvent consumed during the process time of RUN
numbers 12, 14, and 20 (i.eQg as the solvent) and their corresponding trial nusloé 8, 15,

and 3 (i.e. ACs as the steam additivelt is clear that addition of-& as thesteam additive

would enhance the poszale process performance in terms iofreasing the interface
advancement velocity; hence the invaded area at each fmartioneframe, which isa
representative of the extent of heat loss during theS8&D experiments, would be larger if

n-Cs was used as the steam additive. This is also confirmed by the temporal position recognition

and tracking of the S/SAGD interfa@ during the course dlie visualization experiments. As a
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result, it is expected to consume more steam in the case of uSip@s the solvent phase
compared to that of the trials with@y as the steam additive. This point is confirmed by the data

presented in Table 3.15.

The effect of solvent type on the sweep rate of theéS3&D process could also be investigated
by lookingat the trials in which Lloydminster heavy oil was diluted byeutjng 5% vol/vol of
solvent along with the steam pha3tie SASAGD interface advancement velocities in RUN
numbers 21, 17, and Iile. nCs as the solventan be compared to those of 18, 24, and.22

n-Cs as the solventlespectively in order todure out the effect of solvent type on the pscale
SA-SAGD process performance for three models of IDOM-2, and OM1 respectively. It was
obtained that the former trials have an increase in the order of 15.90, 7.80, and 14.20% in the
sweep rate comped to the latter ones respectively. Consequently, it is obvious that normal
hexane was able to enhance the fmae sweep rate of the SSAGD process more effectively
than normal pentane at very similar operating conditions and porous media propbgies w
Lloydminster heavy oilblend was used as the oil phasehe superior performance of gC
assisted SAGD compared to it€0g counterpart can also be verified by looking into the ultimate
RF values othe corresponding trials. Consider RUN numbers P4, and11 in which RCg was

used as the steam additivetimee different micromodeldt is ob®rved that these three trials
have almost the samdtimate RF values compared to those of their corresponding trials using

n-Cs (i.e. RUN numbers 18, 24, and)2fut atshorter process times.

One could notice the effect of the solvent type on the energy requirements of -BaGEA
process with focus on the cumulative steam and solvent consumed when only 5% vol/vol solvent
concentration was used in order to dilutloydminster heavy oil blend. It is observed that
normal hexane, even at lower level of concentration, could increase théeyarénterface
advancement velocity more than tlethieved with fCs as the steam additive. Although this
represents itselfni terms of increased average steam injection rate {0¢-assisted SAGD
process compared to the one assisted wiil3, ihe reduced process time of former compared to
the latter provides better energy efficiency in terms of reduced (or at least comyparable

cumulative steam and solvent consumed over the lifespan of the process.

225



The enhancement observed in the psale sweep rate of the SSAGD process with the aid of
n-Cs as the solvent compared to that e€nat similar operating conditions can be explained
using the concept of solubility of solvent in the live oil phase. It is believed that heavier
paraffinic solvent has higher solubility potential in an oil phase provided that all operating
parameters anduid properties remain constarithe effect of solvent type on the pegeale
sweep rate of the SAAGD process, when all other experimental variables are kept constant,
can be explainedualitativelyby consideringwo theories proposed to describe thefqgrenance
of SAGD and VAPEX processes in terms of interface advanceveéotity and drainage rate. It
was previouslypointed outthat the rate of horizontal interface advancement in the SAGD
process is proportionaltoa-soal | ed A SAGD p e rdtthaporescal®e whd rcdhmd tse
L

defined by he when all other parameters remain unchangéa the other hand, VAPEX
v

horizontal sweep rate is a function of[Liv assuming all other variables to be unchan(dzak

and Butler 1998 Yazdani and maini2005). 1 n t hi s par amare parmeabifitk 6 and
and porosity of the poiscuneantatiorefacioruaridid eppeamewvert
is expressed using an integral function which depends directiyre concentratiordependent

mutual effective diffusivity of solvent and oil phase and atsothe concentratiolependent

density of the live oiphase The 4o parameter also depends inversetythe concentration

dependent viscosity of the produced live oil. According to the kinematoosity data of oil

solvent mixture presented in Tables 3.7 and 3.8, it is evidenthinptesence of normal pentane

as the solvent in the edlolvent mixture would reduce the mixture kinematic viscaosligghtly

more than that ofhe hexaneoil mixture (i.e. the order of 1{15%) at similar solvent content,
temperature, and oil type levels. However, this behavior is observed assuming ideal mixing
conditions of oil and solvent at pertaining temperature and solvent content of the mixture which
deviates fromthe reality when it comes to our S®AGD visualization experimentsiowever,

due tothelack of knowledge about the solvent content of the produced elokal oil, it is not

possible to draw a solid and quantitative conclusion regarding the effectvehtsbjpe on the

process performance using the data presented in Tables 3.7 and 3.8. As the operating temperature
of our SASAGD trials are not exactly similar to each other, it might even be possible that two

corresponding runs with similar solvent coritehthe main injection stream and rock and fluid
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properties except solvent type would have had different solvent content of the produced live oll

due toaminor difference in theicorrespondingperating temperatures.

The actual solvent content of theoduced mobé live oil as well as the reliable steam to oil ratio
(SOR)data for our SASAGD experiments cannot be reportednieabsence of heat loss trials as
well as the measured solvent content data of the prodiweadil. A portion of the injected
steam (or stearsolvent mixture for six of our trialgt the operating temperature was consumed
to warm up the model during the stag stageand it should not be considered @aculation of
the SOR data. In addition, another significant portion loé tinjected vapour mixture was
condensed in the model toakefor the radiation heat loss from the model to the surrounding
environment. As a result, the cumulative produselyentcondensate volume obtained during
each SASAGD trial could not be used fealculation of the solvent content of the produced live
oil. Had the solvent content data of the mekile oil for every single experiment been known,
it would have been possible to scale the interface advancement velocitisithata combination
L
of the operating variables (F ). Using this procedure, the effect of other contributing
parameters such as effective diffusivity on the gmrale sweep rate of the S®AGD process
could have been explained. This procedure cbalckalsohelpedus tofigure out aguantitative
theorybasedexplanation on the effect of solvent type on the &®GD interface velocity at the
porelevel. In summary, although the presence of pentane seemslighity more effective in
reducing the kinematic viscosity of l@olvent mixture compared to hexaassuming the
mixture to be an ideal solutipthere are some other parametghich maken-Cg to bea better
solvent for the SASAGD process as far as the interface sweep rate is concerned. These
parameters include nadeality of the solventoil mixture, the effect of concentratioaependent
diffusivity of oil and solvent, variability of solvent content of the produced radivé oil even
at similar solvent content of the injection main stream dulegoperating temerature variations
between corresponding SBAGD trials and greater solubility of-&€ in oil compared to that of
n-Cs at similar operating conditiong he superior performance of normal hexasethe steam
additivederived from our visualization experimis is compatible with other published results in
the literature of solverdssisted thermal process&afes 2010 Hosseininejad et a201Q Li et
al, 2017, Bryan 2009 Li and Mamora201Q Ayodele et al2010).
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3.5.5.2.Effect of SolventConcentration

As it waspointed out in the design of experiments section ofGhipter, the paraffinic solvents

were mixed with the steam phase prior to injection into the models at two different volumetric
concentrations of 5 and 15% vol/vol in the injection main stréldre. performance analysis of

the SASAGD experiments revealed the fact that trials with higher concentration of solvent in
the injection feed stream achieve higher psrale sweep ratecompared to those in which
solvent was added into the steam phase \ath volumetric contribution. This point was
concluded when all the other operating conditions as well as fluid and porous pattern properties

were remained unchanged.

One can figure out the effect of solvent concentration on the-quate SASAGD process
performance by looking into the data presented in Tables 3.9 to 3.11 whsaltbntaided
thermal process was used to extract Cold Lake bituiftesm production performance data of the
SA-SAGD experiments are categorized in terms of solvent concentratidhe injection
mainstream and are presented in Table Md@del DL-1 was used in order to conduct RUN
numbers 6 and 13 using@ andRUN numbers 23 and 19 with the aid e€Cgatlow and high
levels of solvent concentration for each particular solvgoe respectively According to the
data provided in Table 3.18,is observed thatraincrease in the interface advancement velocity
in the order 0fL0.80% and17.50% was achieved bincreasingthe solvent content level of the

injection main stream usingCs and rCg solvents respectively.

The enhanced performance of the-SAGD process at higher concentrations of either of these
two solvents can also be analyzed by focusing on the ultimate RF values of these trials.
According to Table 34, it is clearthat RUN numbef9 has slightly higher RF compared to that

of RUN number 23 even at lower operating temperature and shorter process time. On the other
hand, the RF value of RUN number 6 is slightly (i.e. about 1%) higher than that of RUN 13, but
it is dueto the higher operating temperature as well as longer process duration of the trial
number 6 in which lower concentrationQ3 was injected along with the steam phalas

evident that the enhancement occurred in the sweep rate of t8AGSR process aa result of

solvent concentration increase is more pronounced WA@&was sed as the steam additive.
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As far as the duration of the stanp stage is concerned, it is evident that although RUN numbers
19 and 23 have similar starp stage duration, thiaitialization period of RUN number 13 is
about 34% more than that of RUN number 6. This is because of the fact that the former set of
trials were initiated with the same stag procedure; however, the second set of experiments
were commenced with twoifterent startup methods upon which the trial in which solvent
steam mixture was injected at the stgt stage (i.e. RUN number 6) needed much less

initialization effort which manifests itselh the lower duration athe startup period.

The same trend can also be seen considering th®A82D trials conducted using the other two
glass micromodels. As far as the -SAGD trials using OM2 model are concerned, one can
compare the sweep rates of RUNs 2 and 10 in whi€g and nCs at 15% vol/wl were used

with those of RUN numbers 7 and 16 respectively. It is observed that the sweep rates were
increased by 1% and 21% respectively when the solvent concentration imjeetion side was
increasedFocusing on thelltimate RF values of these #is, it is evident that trials with higher
solvent concentration in the injection main stream (i.e. RUN numbers 2 and 10) have lower
ultimate RF values compared to their corresponding trials at lower solvent content of the
injecting fluids (i.e. trial numérs 7 and 16 respectively). Considering the operating conditions
including longer process times as well as higher operating temperatures associated with trials in
which solvent concentration is lower, the observed trends are reasohsliie. as the statp

stage is concerned, it is clear that the same discussion mentioned in the previous paragraph (i.e.
SA-SAGD trials with DL:1 as the model) is also applicable for the-SAGD experiments in

which OM-2 is considered as the porous medium. Although RUN rusnbO and 16 possess
similar initialization methods and hence the same -gsgarturations, it is clear that RUN
numbers 2 and 7 follow different initialization procedyrss heir startup duratiols vary by

about 27%.

A similar trend was also observad the SASAGD trials in which OM1 was used as the porous
model. Sweep rate enhancements of abouGRd 23% were observed by increasing the
solvent content of the injecting fluid between trials 5 and 1 (#@; as the solvent) and 4 and 9
(n-Cs as thesolvent) respectivelyit is clear that the effect of solvent concentration increase on

the sweep rate of the SBAGD process is more pronounced whe@gwas used as the steam
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additive.Considering theiltimateRF values presented in Table &.1 is evdent that both RUN
numbers 9 and 1 (i.e. trials with higher injected solvent concentration) achieved higher RF values
compared to their corresponding trials with lower concentration of solvent in the injected main
stream (i.e. RUN numbers 4 and 5). Itnigeresting that the former trials achieved enhanced RF
values even at lower operating temperatures and shorterspringees compared to the latter
experiments. As far as the lead time of the SRGD process is concerned, it is clear that similar
startup procedures were implemented in RUN numbers 9 and 4, which resulted in similar
initialization periods for these two experiments. However, the-gpagtage of RUN number 1

took about 33% longer than that of trial number 5 du¢htoenhanced warmip procedure

associated with the latter trial as a result of sohstedm cenjection.

The effect of solvent content of the injecting fluid on the mwae sweep rate of the SSAGD
process can also be studied by analyzing thefage advancement velocities of trials in which
Lloydminster heavy oil blend was used as the oil type. For instance, one can compare the sweep
rates of RUN numbers 18 and 8 (i.eCgas the solvent) or 21 and 12Qg as the solvent) and
conclude that amnhancement of about 14%0and 38.50% in the sweep rate is experienced
following an increase in the solvent content of the injecting stream respeatirety DL-1 was
considered as the porous medidtris clear that the porscale sweep rate was benefitmore

from increasing the solvent concentration of the feed stream whene&wgewas used as the
steam additive. The same trend is also observed for the trials in whieh &d OM1 models

were used as the porous media. With a quick review over theaetanted in Table Flit is
concluded that at similar operating conditions and process time span, trials with higher solvent
content of the injected fluids possess higher attained (or projectiatate RF values. In
addition, trial numbers 8, 15, arddbenefited from shortened lead time due to the effective co
injection of solvent and steam during the stgrtstage of the process compared to the other trials

introduced in the lower half of Table 3.15.

The enhancing trend of the interface advareenvelocity of the SASAGD process at the pere
scale upon increasing the solvent concentration in the injecting fluid can be justified with the fact
that the mixture viscosity would be redudadherat higher solvent concentrations. Although all

of theSA-SAGD trials with15% vol/vol solvent content of the injecting fluid were carried out at

230



slightly lower operating temperatures compared to those with 5% vol/vol solvent content, higher
sweep rates were still observed in foemer trials. It seems thamnitrials with higher solvent
content of the injecting fluid, the more effective dilution phenomenon of the higher
concentration solvent overcomes #ightly lower operating temperature associated with these
runs. Moreover, the effective diffusivity terbetween oil and solvent that plays an important
role in the drainage process of the meblive oil will be improved at higher solvent
concentrationin the injection main stream. In the absence of the solvent content data of the
produced mobd live oil, it is unreasonable to quantitatively compare the -highd low
concentration solvent trials in terms of their associated-poake sweep rate. However, the
gualitativeconcluding statemesimadein this sectiorabout the effect of solvent content of the
injecting fluid on the SASAGD sweep rate still hold validity within the range of our

experimental conditions.

3.5.5.3.Effect of MacroscopicProperties of Porous Media

In this section, the effect of macroscopic porous media properties such as porosity and
permeability on the porecale sweep rate of the S®GD process is described based on our
SA-SAGD visualization experimentés it was discussed before, the horizontal sweep rate of
both SAGD and VAPEX processes is proportional to the square root of peiityeatdr

porosity for every particular porous medium when all other experimental variables are

unchanged. It is evident that thex parameter is higher for DL model, followed by OM2 and

OM-1 models respectively. As a result, it is expected that the interface advancement velocity
would be the highest in DL, followed by that of OIM2 and OM1 models respectively when all
other expamental variables would be the same.

Table 3.7 summarizes the representative sweep rate dath ultimate recovery factoof
different SASAGD trials performed during our visualization experiments which are categorized
based on the type of porous mediatsimilar levels of oil type (Cold Lake bitumen, CL B, and
Lloydminster heavy oil, L HO), solvent type-@ and nrCgs) and solvent concentration of the
feed stream @ and 15% vol/vol). According to the data presented in this Table, it is clear that

whenall other experimental variables were fix@e&. moving horizontally along each particular
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row of Table3.17), SA-SAGD trials carried out using DL model have the highest sweep rates

compared to the other corresponding trialsvhich OM-2 and OM1 wereused as the porous

media. This can be related to the highest value associated with DL model.The next high

value belongs to OM model, and it is clear that SBAGD trials in which OM2 model

was used as the porous medium have the second hgirescale sweep rates when all other
experimental variables remain unchanged. As it is evident in the data presented in each particular
row of Table 3. where the pordevel sweep rates are presented, the operating temperatures of
the corresponding tels are reasonably close to each other, hence porosity and permeability of

themodelsare remained as the only major experimental variables of concern.

One can also study the effect of model porosity and permeability on the ultimate recovery factor
of our SA-SAGD trials. It is believed that as the model porosity and permeability increases at
similar operational conditions and experimental parameters, the expected ultimate recovery
factor would be increased. This is in quite agreement with the data preseiible 3.7. For
instance, in the first row where CL bitumen was used as the oil type-@gdvas injected at

5% vol/vol of the injection main stream, it is clear that the ultimate RF values reported decreases

from left to right where both the &= parametelas well as the porosity and permeability values

decrease accordingly. It becomes more interesting if one notices the process time duration over
which the reported ultimate RF values were obtained for th&8BD experiments in the first

row of the Table. It is clear that the ultimate RF values of modelstDOM-2, and OM1 were
obtained over successively longer periods of the process time in which the operating
temperatures are reasonably similar to each other. As a result, the enhancemesd otcher
ultimate recovery factor as a result of higher porosity and permeability values would have been

more pronounced if all these three trials were upscaled to a common similar process time.
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Table 3.17: Average sweep rate of the SAGD experimentsategorized based on the model type

Glass Micromodel DL-1 OM-2 OM-1
K (D) 94.61 92.42 77.83
a (fracti 0.32 0.32 0.30

Representative SBAGD Interface Advancement Velocimﬁ_ﬂ =7,fm/min)and RF (% of OOIP)

RUN 6:0.631(106.80 °Q RUN 7:0.530(107.10 °Q RUN 5:0.496(106.40 °Q

CL B, 5vol % n-Cs ) . . . . .
RF =76.58%in 160 min RF =75.07%in 185 min RF =72.93%in 180 min

RUN 13:0.699(102.75°C) | RUN 2:0.619(102.10 °Q RUN 1:0.527(103.30 °Q

CL B, 15vol % n-Cs ) . . . . .
RF =75.62%in 140 min RF =70.53%in 140 min RF =77.85%in 180 min

RUN 23:0.637(108.30 °G | RUN 16:0.536(108.90 °G | RUN 4:0.505(107.40 °G

CL B, 5vol % n-Cg . . . . . .
RF =77.13%in 160 min RF =75.33%in 185 min RF =74.00%in 180 min

RUN 19:0.748 (103.45°C) | RUN 10:0.648(101.45 °G | RUN 9:0.620(101.85 °G

CL B, 15vol % n-Cq . . . . . .
RF =78.09%in 140 min RF =69.07%in 130 min RF =78.53%in 160 min

RUN 18:0.857(105.95 °G | RUN 24:0.747(107.55 °G | RUN 22:0.634(107.15 °G

L HO, 5vol % n-Cs . . . . . .
RF =78.13%in 120 min RF =78.07%in 130 min RF =79.19%in 160 min

RUN 8:0.981(103.50 °G RUN 15:0.840(101.75 °G | RUN 3:0.828(102.90 °G

L HO, 15vol % n-Cs . . . . . .
RF =78.36%in 105 min RF =77.91%in 115 min RF =77.68%in 120 min

RUN 21:0.993(107.80 °G | RUN 17:0.805(108.35 °G | RUN 11:0.724(107.85 °G

L HO, 5vol % n-Cg . . . . . .
RF =77.22%in 105 min RF =78.89%in 130 min RF =78.45%in 140 min

RUN 12:1.374(103.80 °G | RUN 14:0.987(102.10 °G | RUN 20:0.900(101.60°C)

L HO, 15vol % n-Cq4 . . . . . .
RF =75.62%in 70 min RF =78.00%in 100 min RF =76.00%in 105 min

In some cases, the increasing trend of the ultimate recovery factor from left to right of T@ble 3.1

at each particular row is not observed dusdmeinconsistencies present in the process time
during which thecorresponding ultimatRF values were calculated. For instance in the last row

of this Table, it is observed that at similar experimental levels of oil type (L HO) and solvent
type and concentration {@s, 15% vol/vol), the reported values tie ultimateRF do not
increase by increasing thporosity and permeability values of the employed moéslit was
mentioned above, the reason is the inconsistencies present in the duration of the process time. In

other words, 75.62% recovery factor in A Lmodel wasachieved only during 70 minutes of the
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process time; however, model GMwith lower parameteachieves 76.00% recovery factor

but during 105 minutes dhe process time. Considering all other operational parameters and
experimental factors to be reasdly constant during both these trials, the recovery factor of
DL-1 model would have been enhanced more than that of thd @iddel if the process had
been allowed to continue over similar process time span. Quantitative compatiserubinate
recovey factor values for this kind of situation requires scaling of the process time to a common

similar value between trials of interest.

It is also clear that models with higher permeability need shorterugtditne when all the other
parameters remaimghangedFor instance,tiis evident that between the trials in whiciCgat

15% vol/vol concentration were used as the steam additive, the shortespstatie belongs to
RUNNo19 (ie.DE1 as the model) foll owed2dgOMAREN No b6 s

the model respectivelyespectively

3.5.5.4.Effect of the Oil Type

There are two different types of oil used in our pscale visualization experiments of the
SA-SAGD process namely as Cold Lake bitumen and Lloydminster heavy oil blend whose
physical properties were presented in sections 2.3.3 and 3.5.2 respectively. In this section, the
effect of employed oil type on the peseale SASAGD process performance is discussed based

on the results obtained during the course of our visualizatiorestudi

Table 3.B contains the representative pa@ale interface advancement velocitsswell as the
ultimaterecovery factovalues for our SA-SAGD experimentahich are arranged based on the
type of oil used in each particular trittlis evident that fothe SA-SAGD trials at similar model,
solvent type, and solvent concentration levels, the sweep rate is significantly higher when the
less viscous oil was useld.is clear that Lloydminster heavy oil blend benefited more from the
sdvent concentration enhancement as well as solvent type change-ftemo m-Cg than that of

Cold Lake bitumen. Ashe Lloydminster heavy oil viscosity is significantly lower than that of

Cold Lake bitumen at eveparticularsolvent type and concentratidevels, it seems reasonable
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to achieve appreciably higher pegseale sweep rates in trials in which this lower viscosity oil

was used.

Table 3.18: Average sweep ras®f the SASAGD experiments categorizédsed orthe oil type

Oil Type Cold Lake bitumen Lloydminster heavy oil blend
Representative SBAGD Interface Advancement Velocithd Ultimate Recovery Factor
Trial RUN V\i=+| =1rmn RF Process | RUN \/\i=4| =1rm RF Process
Information No. | (mm/min) | (%) | Time (min) | No. | (mm/min) | (%) | Time (min)
DL-1, 5% nCs 6 0.631 76.58 160 18 0.857 78.13 120
DL-1, 15% nCs 13 0.699 75.62 140 8 0.981 78.36 105
DL-1, 5% nCq 23 0.637 77.13 160 21 0.993 77.22 105
DL-1, 15% nCsq 19 0.748 78.09 140 12 1.374 75.62 70
OM-2, 5% nrCs 7 0.530 75.07 185 24 0.747 78.07 130
OM-2, 15% RCs 2 0.619 70.53 140 15 0.840 77.91 115
OM-2, 5% nrCq 16 0.536 75.33 185 17 0.805 78.89 130
OM-2, 15% RCq 10 0.648 69.07 130 14 0.987 78.00 100
OM-1, 5% nrCs 5 0.496 72.93 180 22 0.634 79.19 160
OM-1, 15% RCs 1 0.527 77.85 180 3 0.828 77.68 120
OM-1, 5% nrCq 4 0.505 74.00 180 11 0.724 78.45 140
OM-1, 15% RCq 9 0.620 78.53 160 20 0.900 76.00 105

It is also observed that almost all of the-SAGD experiments with L HO as the oil type
achieve significantly higher ultimate recovery factors compared to those carried out using CL
bitumen as the oil type. This point is more highlighted consideringatitetat the trials with the

less viscous oil usually were conducted over shorter process time durations compared to their
corresponding trials with the aid of CL bitumen. There are some exceptions to this general trend
including experimental pairs of RUNumbers 19 and 12, 1 and 3, and 9 and 20. In the former

trial set, it is clear that the reported RF value for RUN number 12 with the less viscous oil was
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achieved over a process time whose duration is half of that of its corresponding trial with the
highviscous oil (i.e. RUN number 19). In the other two experimental sets, it is also evident that
the ultimate recovery factor values obtained with L HO as the oil type were achieved over
appreciably shorter process times (in the order of 60 and 55 minutestresly) compared to

their corresponding trials with CL bitumen as the oil type. It is expected that the experiments
with less viscous oil would have achieved much higher recovery factors if they had been allowed

to run over extended period of time.

3.6. Conclusions

A methodicalseries ofporelevel flow visualization experimentat the controlled environmental
conditions were conducted using glass micromodpfototypes of porous mediao
mechanistically investigate the peseale aspects of th&dvent Aided AGD process.The

general concluding remarks from this study are summarized below:

1 Simultaneous flow of steansolvent vapourcondensategphase, andnobile live oil was
observed within the mobilized region, ahead of the app@ArBAGD interface.The gas
phase ould be considered as the only truly neatting phase during this gravity drainage

process.

1 Periodic condensation of steaamd solvent vapouat the apparentSA-SAGD interface
causes condensate build up ahead ofahygarat vapourliquid interface indicative of the
local heat transfer mechanism of the process at thelgose Direct drainage displacement
of this condensate kiheinvadinggaseouphase enhancdiselocal porescale mixing within
the mobilized region alael of theapparenSA-SAGD interface. Moreover, moletoil filled
pores aredrainedby a combinabn of direct capillary drainage displacement of oil lilie

condensatas well as byhe gas phasand filmflow type ofdrainagemechanism.

1 Local heattransfer mechanisms at the pa@le include conduction and convection.
Enclosed gas bubbles and engulfed condensate droplets within the continuum of tee mobil
live oil are responsible for the convective element of heat transfer at thiepeke
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Mass transfer at the potlevel occurs by diffusion mass transfer as well as convective mass
transfer mechanisms. The former is as a result of concentration gradient at tihevelore
across the S/ASAGD interface while the latter is caused by capillary dispi@ent
mechanism and flow by gravity drainage.

Periodicformation andupture of thaunstableoil films happen within the invaded area ahead
of theapparenSA-SAGD interface as well as inside the mobilized regidrese phenomena
result in complete oimobilization with verysmall amount ofesidualoil phaseremaining
within the vapourinvaded zoneln addition, the nearlyniscible nature of the SBAGD

process helps cleaning up the residual oil in the invaded region.

Asphaltene precipitation wdeund to be a temporary phenomenon at the-poate due to
the local convective mixing as well as partialofgening of the clogged pores by the injected

vapour phase.

Parametric sensitivity analysis of the experimental results were carried out in order to
investigate the effect of different experimental variables on the measurab®AGRH
process performance indicator at the pecale based on our visualization expenmts. The
SA-SAGD trials were designed in a way to figure out the effect of solvent type, solvent
concentration in the injection main stream, oil type, and model properties on the sweep rate
of the SASAGD process at the pelevel. Horizontal interface adncement which
represents the lateral expansion of theSS¥GD process at the pelevel was measured for

every particular experiment at different elevations along the height of the glass micromodels.

According to the quantitative experimental resuitsyas found that trials with normal
hexane as the solvent hayeatemporelevel sweep rates compared to the ones in wiHCh
was used as the solvent, provided that all other experimental parameters remained
unchangedlt was also observed that theiniate recovery factors of the trials withGa as
the solventwere higher than those with-@s as the steam additivef all the other

experimental parameters were fixed.

Higher solvent content of the injecting fluid phase prodifkester interface adveement
compared to the trials in which the same solvent was used with less volume contribution to

the injected fluids. More concentrated solvent phase within the vapour chamber provides
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more effective viscosity reduction and mass transfer, which ledugher drainage rates of
the mobik live oil and provides higher ultimate recovery factor at similar process time

durations.

The lower the irsitu viscosity of the oil isthe higher would be the interfaeglvancement
velocity under similar experimentabnditions.All the trials in which Lloydminster heavy oll
blend was usetadgreatersweep rates compared to those of the corresponding experiments
with Cold Lake bitumen as the oil type when all the other experimental parameters remain
unchanged. In addtion, under similar circumstances of operating conditions and
experimental variables, trials with less viscous oil achieved considerably higher ultimate
recovery factor compared to those with higher viscosity oil over similar process time

durations.

Models with higher = parametewvalues had anore effective poréevel sweepefficiencyas

long as all other variables remain unchanged. This is in agreement with the theory of gravity
drainage of viscosityeduced oil with the aid of either thermal or solvent diffusidn.

enhancement in the magnitude of the ultimate recovery factor waslederved as a result

of higher = parameter under similar operating conditions and experimental variables.
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4. Performance Evaluation of the SAGD and SASAGD
Processes Using Unconsolidated GlassBead Packed
Prototype of Porous Media at the MacreScale

4.1.Overview

Although the main focus of this thesis was to systematically investigate thesqadee
performances of the SAGD and SSAGD processes, it was decided to quantify the production
performances of these two recovery processes at the 1s@aowith the aidfoa 2D physical

model atthe controlled environmental conditions. This set of experiments was carried out to
demonstrate how effective these two recovery processes are in terms of production
characteristics such as mobile oil and dead oil production extesgy requirements, aradso

the properties of thproduced water in oil emulsian terms of the size of the dispersed water
condensate droplets in the continuum of the mobile oil

A 2D physical model of porous media was designed and fabricated foputtpmwse of
implementing thermal and thermsblvent processes of heavy oil and bitumen recovery. The
physical model was packed with different sizes of glass beads to create porous media with
different permeability values. Athabasca bitumen was used asl thkase. All the SAGD and
SA-SAGD experiments were performed in an isothermal jacket as the controlled temperature
environment to reduce the amount of undesired heat loss from the model to the surrounding
environment. In additionayers of insulating ntarials attached to wooden frames were used to
cover the back and side faces of the packed modélirtber reduce the heat losses. Steam
injection and mobile oil production were performed through “msililated/heated flow lines in

order to avoid steamiamsolvent condensation and line blockage. All the experiments were
conducted under the free uptakaw circulation methodology at atmospheric pressure. For the
SAGD experiments, replicate trials were also designed and considered in order to make sure of

the repeatability of the experiments.

According to the SAGD experimental results, the average mobile oil production rate as well as
that of the dead oil are constamter the course of the process. When all other experimental

variablesare unchanged except the porous medium permeability, itfoussl that there is a
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linear correlation between the mobile oil production rate and the square root of permeability. The
higher the permeability of the porous medium is, the higher would be tbanarof water
content of the produced mobile oil, but the lower would be the steam to oilTlagaesidual oil
saturation in the invaded region of the porous medium was obtained to be abal#.8% of

the total pore volume at the higher and lowempesability levels respectively\Moreover, the

state of the dispersed water condensate droplets in the continuum of the produced mobile oil was
studied with the aid of an advanced photomicrography system integrated with image processing
unit. It was obtainedhat water condensate droplets with equivalent sizes as small as 5 microns
were dispersed in the mobile oil background. Average droplet size wakresestimated for

both of the permeability levels used in the SAGD experiments based on the image pgoéssi

the microscopic snapshots taken from the produced emusiaroples.

One SASAGD trial was conducted in order to demonstrate the enhancement made in the
production performance of the SAGD process following addition of solvent into the injection
maingream. It was obtained thativerage mobile oil and dead oil production rates of the
SA-SAGD process are relatively constant over the course of the experiméme. SASAGD
process, ltere was an enhancement of ab&8% and 17% in the mobile oihnd dead oil
production rates respectively comparing to the corresponding average values of the SAGD
process at the same level of the porous medium permeability. The average water production rate
and the SOR values of the SSAGD process were abou¥%®and 35% less than those of the
corresponding SAGD trial respectively. The microscopic snapshots of the produced water in olil
emulsion were studied with the aid of an advanced photomicrography unit and it was obtained
that water condensate droplets with an egjeint size of as small as 5 microns were dispersed in
the continuum of the mobile oil. In addition, an average water droplet size range was estimated
based on the measurements using image processing techniques.

4.2. Parametric Analysis of the SAGD ProcessPerformance Using Physical Models

Literature Review

An extensive literature review was performed on the subject of performance evaluation of the
SAGD process with the aid of physical models of porous media. The experimental investigations

of the SAGD proceswere useful in evaluating different mathematical models developed since
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1980 for the purpose of performance evaluation of the SAGD process. Most of the SAGD
theoretical studies and mathematical representations were checked and verified against scaled
expeimental studies; some of these models are actually derived directly based on the
experimental results in the form of mathematical representations of the experimental data. In
addition, these experimental studies with the aid of scaled physical protofypesous media

helped researchers to tune numerical models developed duripgdt8® years for the purpose

of predicting the fielescale performance of the SAGD process.

According to the literature survey conducted about the SAGD recovery technigue,atle
several experimental studies focusing on the enhancement of the SAGD production performance
in terms of increasing the ultimate recovery factor and decreasing the energy requirements. The
general approach that was followed in these studies isgtorefiout the type of major
experimental variables which affect the process performance significantly, followed by
conducting parametric sensitivity analysis of the SAGD process performance. The main
experimental variables were found to be reservoir, flamtl operational parameters. The

common hierarchical steps include:

1 Scaling up the model (if possible) based on the model dimensions, rock and fluid properties,
and particular scaling factors,

1 Defining a base case for the purpose of performance comparison by specifying the rate of oil
production and also steam to oil ratio (SOR) for a simple horizontal well pair,

1 Conducting parametric modifications to enhance the SAGD performance focusing ah th
production rate and SOR.

In this section, an overview of the major experimental studies found in the literature is presented.

4.2.1. Application of Different Well Schemes inthe SAGD Process

Different combinatios of vertical and horizontal (and even rilawells can be used for field
implementation of the SAGD process. Based on the particular field conditions and economical
considerations, one could optimize the typad specific properties of the wells in order to

maximize the cumulative production Wdtiminimizing the overall project costs. The fieddale

241



economic optimization of the SAGD process includes maximizing the Net Present Value (NPV)
and Rate of Return (RR) while minimizing ti@apital ExpenditureGAPEX) and Operating
Expenditure QPEX) of the project. Several authors have reported different-§iedde decision

making procedures to select the appropriate well type, well design and operating conditions for
the purpose of achieving maximum profitability for the SAGD process [Birrell, ;200@herjee

et al., 1994; Edmunds ea | . , 1991 and 1994, Ha mmal.,d99d On g,
Komery eta | . |, 199 5; al.,A99R dratterfusser @dt., 1991; Edmunds and Suggett,

1995; Edmunds, 1999; Farouq Ali, 1997]. However, it isessary to conduct precise
experimental procedures to sensitively analyze the performance of different well schemes in a

typical SAGD process. A series of these experimental studies are described as follows:

4.2.1.1. Effect of Different Production Well Schemes onlte SAGD Process Performance

Two similar series of experimental studies were conducted by LieteBatler (1991) and
Sawhney efal (1995) to experimentally investigate the effect of various injegifoduction
schemes on a typical SAGD process performahtdoth of these studies, the experimental
setup consisted of a 3D wafisulated cylindrical scaled model with random glass bead packing
to produce a fairly homogeneous porous medium. Thermocouples were used to detect
development and growth of the stealramber along the producer. Vertical wells were used for
steam injection and three different production schemes of planar, horizontal and vertical were
employed. Two different sets of experiments were conducted to sensitively analyze the effect of
operatng parameters, fluid properties, and production well scheme on the SAGD process
performance indicators including recovery efficiency and steam chamber growth rate. These
experiments were scaled up to express the performance of the SAGD process in Caldd_ake

Lloydminster type of reservoirs.

The authors concluded that experiments with planar and horizontal production wells showed
enhanced performance in terms of higher drainage rate, cumulative production, and ultimate
recovery values compared to thosehwitertical producers provided that all other operating

conditions were the same. This result was verified for both scaled model experiments
representing the SAGD process performance in Cold Lake and Lloydminster type of reservoirs.

The reason is that planand horizontal wells were extended extensively in the formation, so
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their active lengths available for oil drainage were wider compared to that of the vertical
producer. However, the drainage area of the vertical producer was just limited to the
neighbouing area around theroduction well.As a result, planar and horizontal producers
provide much more effective flow contact with reservoir. In addition, the heated oil should travel
less distance horizontally to reach the planar or horizontal productitsxaempared to the case

in which vertical producer is used. It was also observed that the oil recovery value increased as a

result of either higher operating pressure or lower initial oil viscosity.

The growth rate of the steam chamber was also affégtékde geometry of the production well.

It is reported that steam chamber grew much faster when horizontal and planar producers were
employed. Considering the fact that steam injection well was vertical in all these trials, the rate
of chamber growth wasevy fast at the top portion of the chamber while it grew very slow near
the bottom portion of the chamber.

4.2.1.2. Effect of Different Injection Well Schemes orthe SAGD Process lerformance

Different injection well schemes were proposed in the literature to enhance the performance of

the SAGD process. Of particular interesthe use of horizontal and vertical injection wells.

a) SAGD Process withlorizontal Injection WellIn this applicaton, the injectosproducer well
pairs are drilled from the surface, or from a subsurface tunnel (like the case in UTF project);
the well pairs are drilled close together withdafinite vertical distance between the
horizontal sectios of injector and producer. This will allow the inteell communication
and reservoir heating to mobilize the cold bitumédnder this well configuratiorthe steam
chamber grows upward and sideways from the horizontal injector above the horizontal
produce to the top of the reservoir in order to achieve high vertical conform@&ick Kerr
et. al., 2002; Birrell, 2000; Mukherjee «il., 1994; Edmunds eal., 1991 and 1994; Hamm
and Ong, 1994; and Rottenfusser at, 199). The recovery performance tiie SAGD
process using horizontal injector and horizontal producerHP) were investigated
extensively in the literature using scaled 2D and 3D mo(@ddsr et.al., 2003; Nasr and
Ayodele, 2005; Butler and Stephet880 andl981; Butler, 1987; and Butle1999.
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Determination of the maximum allowable vertical spacing between the paired wells is one of
the most crucial steps in implementing theHt® SAGDprocessn an oil field. According to

the experimental results and based on the schematic denionsteithe SAGD process
presented in Figurd.2, the steam chamber grows upward and later spreads beneath the
overburdenlf the reservoir contains oil having an acceptable mobility, it is possildeilto

the injector somewhat higher in the pay zonee dhly limiting factor governing the vertical
distance betweetine injector and producer e heavy oil mobility. The mobility should be

high enough to allow the initiallgeveloped chamber to move downwards towtre
producer during a reasonable tinmalg. During thisstage there is a displacement tife
mobile oil andwatercondensate to the production well, and with adequate oil mobility, this
communication period can be highly productive. In the case of low initial oil mobility, a
suitable startp procedure has to be conducted using simultaneous steam circulation in both
injector and producer for a certain period of time. This will mobilize the initially immobile

bitumen and create flow communication betwdepaired wells.

SAGD Process with/ertical Injection Well: The feasibility of the vertical well SAGD
process and its production performance were addressed in the literature by several authors
through experimental studies with the aid of scaled physical m@detggrong Gao etal,

2002; Rose and Deo, 1995; Liebe and Butler, 1991; and Sawhratyl€195. This mode of

the SAGD process has been also implemented in some fields such as Cold Lake project
directed by Imperial Oil, Yarega in Russia, Hopco Project in California, Essources and

Cold Lake Project, and Sceptre oil project in the Tangleflags field in Saskatc(Butéar,

1991; Donnelly, 1997 and 1999, Sawhneyabt.1995; Rose and Deo, 1995; Butler, 2001;

and Butler, 1998 In this mode ofthe SAGD operationpne ormore vertical steam injectors

are drilled above a horizontal producer, which is landed at the reservoir base. Steam chamber
would form along the height of the vertical injectors (i.e. around the perforated interval
which is intended to be as netar the poduceras possible)There are some incentives
behind vertical welSAGD process such as cheaper and less complicated drilling opgration
flexibility over the height of the steam injection welsydmore efficient steam distribution

along the horizontgbroducer in the absence of axial steam pressure drop along the length of

the horizontal injector.
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It is required to use several vertical injectors in order to obtain the same performance as that
obtained usinga horizontal injector. The choice of the inteell spacing is an economic
decision; closer spacing gives more rapid production and better Oil to Steam Ratio (OSR);
but requiresmore investment in wellsEffective length of the horizontal producer is the
length of a segment along the horizontal esi@m of the producer that is served by one
single steam injectoiExperimental results performed by Sawhney €tl8P5 showed an

initial approximation for the effective length of the horizontal producer which is in the order
of 10 to 30% of the formatiothickness.The interwell spacing can even be extended to the
same order as the height of the pay zone considering the economic condbmSAGD

project especially when these vertical injection wells are available from previous field
operations (Sawtey, 1995).

4.2.2. Permeability Enhancement of the InterWell Zone in a Conventional SAGD Process

It is believed that the recovery performance of a conventional SAGD process as well as its
energy requirements are improved by enhancing the permeability omntdwewvell region
between paired horizontal wellsegults of theexperimental investigations found in the literature
show that pesence opermeability enhancement in the formaiertical channel betweehe
pairedhorizontal wells enhances the produntigerformance and also thermal efficiency of the
procesgNasr et. al.1998; Nasr et. gl1997; Nasr et. gl1991; and Vanegas Prada, 2Q0R)is
channel enhances the stap stage of the process by utilizing high permeable pathways for fluid
flow between the well, and also help to propagate the heating energy more effective than the
typical SAGD procesdt was found that thaverageoil recovery ratesvere almost the same for

both cases, as it is a characteristic of the graddtyinated process; hower, the ultimate

recovery of the case with vertical channel was higher as a result of process enhancement.

4.2.3. Effect of Additional Vertical Injector onthe SAGD Process Rrformance

According to the experimental results presented by Naat. €1.991,1997, and 1998 presence
of an additional vertical injector could effectively enhance the production perfornadribe
SAGD procesgspecially during the early stages. This vertical injector allows the steam chamber

to be formed faster and more effectiyan the case d typical SAGD processThis is due to
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the fact thata vertical steam chamber could afsam around the vertical injector in addition to

that which isaresult of the horizontal injection. Thereforeis possible to enhandbe SAGD
performance using an existing amewly drilled vertical well combined with the typical paired
horizontal wells. If an existing vertical well is used, favorable economics could also be expected

compared to the case of drilling a new vertical injector

4.2.4. Effect ofthe Length of Production Well onthe SAGD Process Rrformance

Optimizing the length of the paired horizontal wellsspecially the producehas beerthe

subject of some experimental, theoreti@add numerical studies in the literat{Esdmunds ad

Gittins, 1993; Nasr etl, 1991, 1997 and 1998]. According to the experimental results presented
by Nasr et.al, increasing the length of the horizontal producer has a direct impact on the SAGD
performance, as thenger producer would facilitate the rate of drainage, and the resulting
chamber growth would also be more effective as a result of the increased reservoir voidage. The
authors concluded that for the case of longer producer, the drainage rate wasighigtlehan

the baseline cas® a conventionaBAGD process with eqdength producer and injector during

the early stages of the process. Howgasrthe steam chamber expanded laterally beyond the
length of the injector at the late process time, dhegproductionrate of the case with longer
producerbecamegreaterthan the base case. The reason is that as the producer length increases,
its effective drainage length is also increases which results in higher oil production and chamber
growth rates. One ajor experimental error is observed in this section, wiiak not addressed
properly by the authors. As the length of tbiegerproducer was in the same order of the model
length, the model walls could have adverse end effects on the producer endpsissuemay

negatively affect the measured recovery rates for the cdkelohger producer.

4.2.5. PerformanceModeling of Single Well SAGD

In this variation of the SAGD procedsth the steam injection and liquid production take place
through a single extended horizontal well. This single well is landed at the base of the reservoir,
and is completed using dual completion techniques in which two separate annular and tubing
spacesaredesigned through one single borehole. Steamjected into the annular space which

is perforated along the length of the horizontal well, whilst liq@idsproduced from the toe
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section of the well. This modification of the SAGD process is appkcabteservoirs in which

oil has some irsitu mobility, or the formation thickness is aroutige cutoff value for the
SAGD implementationA series of experiments were conducted to obtain the technical viability
of the single well SAGDprocess as well a® compare its performance with conventional
SAGD process taken as the comparison basdlasr(etal., 1991and1997 Sasaki etal., 1996
and1999.

Experimental resultsshowed that single well SAGD production performance could be
comparable with tht of theconventionalSAGD process if the single well would be lengthier
(i.e.in the order of 1.2 times) than those of tlnventionalSAGD process. In the single well
SAGD process, steam chamber tends to initiateards the toe of the single well e the
production takes placand then spreadoward the heel of the single welThe well length
effecton the production performance of tsiagle well[SAGD was also investigated using scaled
physical models.tlwas concludedthat long single well SAGD produced more oil than short
single well SAGD during the later stages of the experimental durativthe early experimental
response to these cases were almost the same. It is because of the faetsteatn chamber
growth over the length of the long single well would be more pronounced during the late

experimental duration rather thamits earlylife span

4.2.6. Effect of SteamInjection Pressure onthe SAGD ProcessPerformance

According to the experimental results presentedSagaki et.al. (1996 and 1999), steam
injection pressuréas a direct impact on the recovery performance and steam chamber growth of
the SAGD process. The authors used flaled physicaimodels in order to predidhe field
performance of the SAGD projetat PCEJ/CANOS oilfieldFrom the sensitivity study of the
SAGD process performance to the steam injection pressure, the atthohsded that higher
steam injection pressure leado shorter breakthrough time of the steam phaswoithe
production wellfollowed by higher growth rate of the steam chamber. Increasing the steam
injection pressurealso causé an increase in the pressure difference betweenptiged
horizontal wells, resulting in amore effective presswdriven driving force for the oll

mobilization. Consequently, highairainage ratewere achieved at higher operating pressures.
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4.2.7. Effect of Vertical Spacing Between Horizontal Wells on the SAGD Process

Performance

The initial stage of productioandalsosteam chambaise in a conventional SAGD process are
sensitive to theelative positionof the steam injection welith respect to the production well

To land the horizontahjection well near the cerg of the reservoithicknesswould have the
advantage of supplying st@auniformly in all directionsfrom the injector. According to the
experimental results presented by Sasalalet1996and1999), the oil production rate increases
when the vertical spacing becomes larger, but the amount of the drainage rate incréhée wou
also a function othe process timeA definite time interval was expressed as the lead time, and
was defined as the time requirexdgeneratehe initial steam chamber between the wells at near
breakthrough conditions prior to the vertical expansibthe steam chamber over the injector.
The authors aencluded that the amount of increase in the steam breakthrough time into the
producer is proportional to the square root of the vertical spadis@ result,using smaller
vertical spacing between hpontal wells reduathe lead time during thmitial stage of the
process, while decreaséhe production rate after steam breakthrough into the producer during
thedepleting stage of the SAGD process life.

4.2.8. Effect of Intermittent Steam Stimulation of the Production Well on the SAGD

Process Performance

A modificationof theconventionalSAGD process was proposed by Sasakil €1999) which is
called ASAGD process with Intermittel$StW)St eam
As it is mentionedbefore in section 4.2, onventionalSAGD processwith larger interwell

vertical spacing hdhigher production rate after steam breakthrough into the producer during the
maturephase of the proces®n the other handhe lead timeequiredto generate &sing steam

chamber would also be increased which has a negative impact ovetladl process economics.

In SAGD-ISSLW application, the process is modified by intermittent stimulation of the producer
using steam circulation. According to the experimiergaults, this method caaccelerate the

steam chamber growth comparedhe usual timeonsumed in a conventional SAGD process.

In other wordsthe lead timein a SAGDBISSLW process is considerably shorter than that of a

conventional SAGD proces#\ccording to the methodology carried out by the authdting,
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production well experienced a series afnsecutiveproduction and stimulation cycle3he
duration of each production and stimulation stage could be specified considering the properties

of reservoirrock, in-situ bitumen, and operational considerations.

The performance of the SAGISSLW process was compared to that of the SAGD process in
terms of production enhancement, steam chamber growth, and thermal effidieneys
concluded that thenvaded egion of theSAGD-ISSLW process was larger and wider than that

of the conventional SAGD process in similar timeframes, showing that the rate of steam chamber
growth was accelerated duette intermittent stimulation of the production welh addition, it

was obtained that both the steam breakthrough time into the praahieasll as timeo reachthe
maximum production rate were shargéel in SAGDISSLW process compared to those obtained
during the conventional SAGD process. Regarding the production parice, it was obtained

that SAGDISSLW provided higher production rates compared to those of the SAGD process.
On the other hand, SAGIBSLW was found to be a less attractive process compared to the
conventional SAGD process when the thermal efficiencythef process is concerned. The
reported cumulative steam to oil ratio of the SAGESLW process was increased considerably
compared to that of the SAGD procel®. specificreasorwas mentioned in the original paper

for this unusual systernehavior but it might be because of the increased heat loss to the side
walls of the model, or heat storage inside the scaled mdauehddition, no optimization
procedure was carried out in order to determine the most suitable duration of the stimulation
periodwithin the limits of the experimental conditiofldo documentvasfound in the literature

about the commercializatiaof this process, nor about any pikitale / fieldtrial of the SAGD

ISSLW method.

4.3. Performance Evaluation of the SAGD Process Using Numieal Simulation
Techniques Literature Review

When it comes to the performance evaluation of a particular oil recovery technique, numerical
simulation and history matchingethodologies aréhe most important disciplines of reservoir
engineering. Througthe use of numerical codes and computer programming, different transport
processes such as flow, heat, and mass transfer would be numerically motetestical

simulation isable to accept complicated and detailed input data strgctowe the simulatio

249



results tend to be complicated and it is sometiificult to identify which specific features
have more influence on the output results. Although numerical simulation is able to accept
complicated inputlatg it tends to be limited to relatively fewveservoir recovery mechanisms. It

is important to verify the governing mechanisms of different processes for numerical simulation
studies in order taachievereliable simulated results especially with commercial numerical
simulators. The predictive accuracf/the numerical simulation technicuis usually improved

by making successive modifications to the input data and/or equdtipossiblein order to
closely match the actual performance observed in the fleldin-situ steam projectsicluding

the SAGD process and its modificationshe key parameters are steam injection rate, oil
production rate and water production rate. No matter whighericalmodeling procedureis

used, assumptions are made and physical parana&ersequired as inputata The production

data from field operationis alsorequired to confirmrand validate thenodel.

There are always some uncertaintieghia input data, which caxconsiderablyaffect the final
performance of the predictive modeNumerical simulation can helgs to precisely predict the
relative effectiveness of these uncertain aatdhe process performancas the general theme

of this thesis is based on the understanding opthesics and relevamhechanisms associated

with the SAGDand SASAGD processsusing experimental methodologiegherat the pore

level or at the macroscopic scalds not intended to focus on the numerical modeling aspects of
these two processes. In fact, it was tried to select some unique publications among the mass of
literature dedicated to the numerisahulationof the SAGD and SAAGD processes, focusing

on the mechanistic studies of these two recovery methods with the aid of commercial numerical
simulators. The review materials presented in this section also show a qualitative proof of our
experimental results obtained during the coursetha visualization studies as well as
macroscopic SAGD and S8AGD processes performance evaluation with the aid of 2D
physical model. Most of these numerical simulation studies were carried out using
Steam,Thermal, andAdvanced Process&eservoirSimulator (STARS) module of CMG
simulation packagdt is claimed that STAR is capableof precisely predighg the SAGDand
SA-SAGD performance with the aid ofconfident highquality input datglto et al., 2004; Ito

and Singhal 1999; Ito and Ipek2005; Ito and Suzukil996; Kisman and Yeung 1995;
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Mukherjee etal., 1995; Edmundsnd Suggeft1995; Edmundsand Gittins, 1993; Hamm and
Ong 1994;andMcCormack 2007)

In this section, some selected studies regarding numerical simulation of the SAGD process are
reviewed in ordr to demonstrate the importance of numerical Etan in performance
modeling and prediction of the SAGD process as well as its effectiveness in understanding the

mechanisms involved in this dominant heavy oil and bitumen recovery process.

4.3.1. Heat Transfer Mechanisms Ahead of the Steam Chambdnterface

A series of numerical simulation studies were conducted by ItcaliehgueqIto, Hirata and
Ichakawa 2004, Ito and Singhal999; Ito and Ipek2005; and Ito and Suzuki, 1996) in order to
validate the performance of the SAGD process in somtheofield applications.Numerical
parametric sensitivity analysis were performed in all these studies in order to figure out the effect
of eachprocessvariable on the SAGD performance in terms of enhancement/deterioration of the
process performance in comparidorthe conventional SAG[Process which was considered as

the baselineOne of the main results of these studies is about the heat transfer raeheama
conventional SAGD process ahead of the steam chamtesface In contrary to the original
theories proposed in the literature to describe thwjor heat transfer mechanism in a
conventional SAGD procest be conductionthese studies revealethat convection heat
transfer mechanism plays an important role in the general scheme of heat transport ahead of the
steam chambenterface Defining this new heat transfer mechanism in a typical SAGD process
helped the authors to justify their observasiauring the course of numerical simulation of the
SAGD process as well as history matching of some-Belle SAGD projects such Bhases

AAO0O and ABO6 of the UTF project

A new recovery mechanisior the SAGD process was proposed by Ito eolleaguesdased on

the convectiveconductive heat transfer instead of conduectoty ahead of the steam chamber
interface The authors believed that steam loses its internal thermal energy and finally condenses
throughtwo different mechanisms; one is matural cnvectionwhere steam flows into the

liquid zone consisting ofvater condensate and cold oil, then loses its energy by mixing with
these cold fluids. When the steam chamber has been maturely developed, condensation through
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this newmechanism occurs mainst the upper part of the reservoir in which fresh steam could
create local mixing with situ liquids such as cold oil andatercondensate. On the other hand,
it was also believed thatondensation byhermal conductioroccurs along the entire steam
chanber interface at a relatively uniform magnitudéonsequently,water condensat&vas
believed to play an important roie the oil recoverywithin the interfacial region of thEAGD
process Considering the issaturation maps of oil and water condensatewa$f as the
temperature contours ahead of the steam chanmberface it was concluded that water
condensate displaces the pilaseahead of thesteamchamber interface and provides energy to

oil by thermal convection

4.3.2. Effect of Formation Thermal Conductivity on the SAGD Process Rrformance

Thermal conductivity of the formation rock has a direct impact on the heat transfer mechanisms
in the reservoir during the coursetbé SAGD process. As it was noted in sectb8.1, I1to and

his colleaguegproposé a new heat transfer mechaniasmof thermatonvection forthe SAGD
process aside from the thermal conduction. A numerical sensitivity analysis was performed on
the magnitudeof formation thermal conductivities in order to identify the relative impogaoic
convection and conduction heat transfer mechanisms din&t§AGD procesglto and Suzuki,

1996. Following a reduction in the magnitude thifermal conductivitythe amount ofwater
condensate at the steam chamber in the lower part of the resemgoagducedaccordingly This

is as a result of reducing the conduction mecharusineat transfeat the lower parts of the
chamber, while increasing the upward movement of steam towardspbiele of the steam
chamber. Theteamphasewould condense ahé chamber top, and the condensate Itises
thermalenergy by convection during a trip from the upper part of the reservoir to the producer.
The watercondensatg@hasehas sufficient time and distance to be cooled dutimigjtrip as a

result of theconvection heat transferHowever,the water condensatehase developed at the
lower parts of the chamber do not have sufficient time and distance to be cooled during the trip
towards producerlt was also found that decreasing the thermal conductivity of the formation
decreased the steam injectivity, but enhanced the overriding of the steam chamber which
supports the theory of presencdlu convection mechanism
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The effect of formation thewal conductivity on the production performance and energy
requirements of a typical SAGD process was also investigated by Kisman and Yeung (1995) and
Mukherjee etal (1995). According to these studiéise daily oil recovery during the early stages
of theprocess decreassgynificantly upon a decrease in the formation thermal conductivity. The
decrease in the oil production was afstiowed by a gradual improveent in theproduction
performance with respect to time. It shows tlia thermal conductivityis an important
parameterwhich considerably contributes to tlwerall heat transfeof the SAGD process
especially during the staup phaseHowever, simulation results showed that decreasing the
thermal conductivity values reduced the amount of steajactivity, hence reducing the total
energy intensity of the process by enhancing Glleto Steam Ratio (OSR) valueas the
improved OSR values partially compensates for the reducgcbductivity values the overall
detrimental effect ofhereduction inthethermal conductivityis quite moderate.

4.3.3. Temperature Profile Ahead of theSteam Chamber Interface

Numerical simulation makes it possible to obtain the temperature profile at any timendtep
location throughout the model. Itand Suzuki(1996) used the predicted temperature profiles
ahead of theteam chambenterfaceto justify theirproposectcombinedheat transfer mechanism
for the SAGD procesdAccording tothis study, the temperature distribution ahead of the steam
chamberinterface was shown to have general decreasing convex treegirdless of the
horizontal location ahead of theinterface where the associatedemperature profiles were
calculated.Based on the specific shape of the temperature distribution ahead of the steam
chambe interface it was concluded that thmain energy transfer mechanidor this region is
heat convectionotherwise, if theonly heat transfer mechanism ahead of therface was
assumed to be conductiothe associatedtemperature distributianshould ha&e had an
exponential decreasing tremyer the distance ahead of theerfacial region and concaved

shape temperature profila®uld have been expected.

4.3.4. Effect of Formation Geo-M echanicalChanges on theSAGD Process erformance

In order to understancheé effect of formation gemechanical changes dhe SAGD process

performance, a series of numerical sensitivity analysis were performed by several @tghors
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2004; Ito, 1998; Ito and Suzuki, 199€6halaturnyk and Li, 2004 In most of the numerical
simulation studies, the formation properties are assumed to be constant and the shear failure and
geomechanical deformations are totally ignored. However, formatiomgsshanical changes

which are mostly because of the excessive thermal disturbance thai8§GD processseem

to havea significant roleén determiningthe operational conditions. It is obvious thatjorrock
properties such as porosity, permeability, and relative permeability depend apdising
temperaturepressure antheir associatedhanges especially in loosmconsolidatedar sands

and bitumen resourceSherefore, itis important to study the effect shear failure and rock

deformation during the course of a thermallgled process.

According to the simulationesults, itwas concluded that although the cumulative oil recovery
was notchanged significantly considering the changes in the petrophysical rock properties
steam chamber shape and growth and also its saturation distritvetienhangedsignificantly.
Considering the fluid distribution inside the steam chamber and oil and water flow rates in the
vertical and horizontal directions, was concluded that a significant amounttioé mobile oil
remained in the steam chamb@&his oil drained vertically thragh the steam chamber at an
increasing rate approaoly towards thdottom of the chamber. Hence, the entire steam chamber
became a flow path for oil and a reservehaf mobile oil. This conclusion was considered by the
authors to be in contradiction witthe preliminary assumptions made during the course of
analytical modeling of the SAGD process where it was assumethéhegmaining oil saturation

in the chamber, which might be different from its residual value, is too small and oil drainage

cannot takeplace through the chamber.

4.3.5. Effect of Operating Conditions and EnhancementProcedures onthe SAGD Process

Performance

According tothe simulation results presented by Kisman and Yeung (1995) and Mukhegke et
(1995), increasing the vertical permeabildy the formation(i.e. increasing the Ky ratio)

would definitely enhance the SAGD performance in termaagasing theroduction ratesand
reducing the energy requirements during the early and intermediate stages of the process.
However, numerical sults showed thahe SAGDlate-time performancevas rot assensitiveto

the vertical permeability variaticas its earlylife stage performance.
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Effect of permeability heterogeneity dine SAGD process performanckie to the presence of
impermeable shalbarriersvas also investigated by the above mentioned authbesresults of

the SAGD processperformance in homogeneous reservevweye comparedvith those inthe
presence of horizontal shale barriefee permeability barriers were characterizedenms of

thar horizontal continuity as well as tineassociated vertical spacing. For the case of
discontinuous lensesf flow barrierswith finite lengtts and definite spacingt was found that

the daily oil productionand theOSRwere notaffectedconsderablyby the presencef the flow
barriers.In fact, presence of small discontinuous barriers might even enhance the performance of
the SAGD process by diverting the steam chamber towards other areas where might not be
invaded in a homogeneous formation Thi s phenomena, whi ch was
detouringo, i's addressed in the I|literature by
and Singhal, 1999; Ito and Ipek, 2005; Ito and Suzuki, 1398)ever, in the case abntinuous

flow barries whose horizontal extension exceedgheeshold lengththe SAGD process
performance was found to be significantly deteriorated in terms of the oil production rate as well

as the steam requirements.

Operating pressure of the SAGD process was also coaedids one of the operating conditions

of interest and it was tried to numerically study the effect of steam injection pressure on the
SAGD process performancAccording to the numericaimulation studies introduced in this
section, operating the SAGD prcess at higher pressures resiilin enhancingthe process
performance in terms of both recovery and thermal efficiencies. It is important to notieethat
final choice for operating pressure depends upon the type of production scheme, in terms of

naturalflow or artificial lift.

4.3.6. Effect of Presence of Solution Gas and/or Free Gas on the SAGD Process

Performance

Heavy oil volatility due to operating conditions of applied recovery methods sugineasure
and temperaturis a possible concern with regardpiductionperformanceThis is because of
the fact that presence of thee gascanlower thepartial pressure and hence temperature of the
steam phase inside the steam chamaber given operating pressuf@n the other hand, free gas

evolving from the oil phaseouldmobilize the bitumeln the areas close to the interfacial region
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and it would also reduce the heat loss to the overburden by providing an insulation layer against
the heat transfer. According to the numerical simulation studigerped by Kisman and
Yeung (1995) and Mukherjee et al (1995), two types of oil with high and low levels of volatility
were used in order to investigate the effect of presence of the free gas on the SAGD process
performancelt was found that the degree bitumen volatility de@s have a strong enhancing

effect on the production performance of tBAGD process during the early process ;life
however this enhancementasleveled off as the timavent by. In other wordgreateramounsg

of bitumen was producesbonerin the presence of the free gas compared to the baseline case in

which there was no free gas in the steam chamber.

4.4. Demonstration of the SAGD and SA-SAGD Procesgs Performances: Experimental

Investigation using Physical Packed Model

The last objective of my PhD research was to investigate the rseal® performance of the
SAGD and SASAGD processes using physical model of porous media. A two dimensional
crosssectional physical model was designed taimticatedfor the purpose of calucting SAGD

and SASAGD processes at the controlled environmental conditions of constant temperature
housing. Both the SAGD and SBAGD experiments were carried out at atmospheric operating
pressure and the results were collected and analyzed in ordmntpare the production
characteristics and energy requirements of these two anabiigmeen recoveryprocessesin

this section, various aspects of this experimental study are described

4.4.1. PhysicalModel: Design and Fabrication

The 2dimensional physical moded composed of a rectangularimgedmiddle frame and two
front andbackplates all made of Lexan Polycarbonate Plex®lakhis extruded polycarbonate
material was chosen because of very high operating temperaturg and high compressive
strength. As the walls of the cressctional physical model should be considered as no flow
boundaries of mass and energy, this type of plastic was chosen becausergflde associated
values ofthermal conductivityln order toprovide minimum amount of heat transfer across the
assumed ndlow boundary, an isothermal housing withiform elevated temperature compared

to that of theenvironment was employed.
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The middle eringed frame was sandwiched between the front and flatés The schematic of

the middle plate is displayed in Figudel. As it is evident in this Figure, the middle plate
containsa packing port at the to perforated injection tube passed along the length of the plate,
a steam or steam/solvent injectigort, andan excess steam or steam/solvent exit port to the

atmospheric condenser.

Packing port Excess stearor
\4 4_l_ steam/solvent exit port
O L. O

[IHIG)
. o
O-ring AN
o
™ Injection tube

o
o
o

]

(@) (@) i

Steam or steandbrent
injection port

Figure 4.1: Schematic of the middle plate of the 2D physical model (Modified from Rezaeli
2010 with permission
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Figures 4.2 to 4.4 show the map view of the three front, middle and back plates of the physical
model. Theempty space between the two face winddwes the dimensions of 56.83n
(22.375) length, 13.65m (6.375) width, and 1.905 cm (34") thicless Consequently, the bulk
volume of the empty space is about 147&. A production port of the size of 0.635 c#"

was tapped in the front window. Ten 0.3175 @) thermocouple wells were tapped in the
back plate in order to monitor the temperature ifg®falong the height and width of the porous
medium. A packing port of the size of 0.635 ¢’ was also tapped in thermged frame to
ease the packing stage of the physical modl€.635 cm (¥4") perforated gas injection tube was
passed through onedsi of theo-ringed frame, resembling half of thEAGD or SASAGD
schemeThis gas injection tube was perforated with increasing density of perfosatarards

the top of the modein order tocompensate for the pressure drop inside the, thbace
providing a more uniform distribution of steam or stesmivent mixture along the height of the
model.The role of theerforatednjection tubes to ease theydrauliccommunicatioralong the
height of the packed model and to facilitate the vertical growtthefsteam or steasolvent
chamber towards thep of thepacked bedDuring the saturation stage of the model, another
0.315c m ( salid stainless steel rod wasstalled inside theyasinjection tube.This solid
steel rod was used in order to preverg bil phase from flowing into the gas injection tube
through the perforation# fine wire mesh was wrapped around the perforgiesinjection tube

to avoid glass beadsenetrating through the perforations of the injection tdle model was
reinforcedby aluminum bars, enabling it to withstand higher applied pressures during the oil
saturating stagéverall, thephysical modetesign is simpleeasy to assembbind todismantle

for thecleaning purpose
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Figure 4.2: Map view of the front plate scheme (0.Bexan Polycarbonate sheet)
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Figure 4.3: Map view of the back plate scheme (Olfexan Polycarbonate sheet)
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Figure 44: Map view of the middle einged frame scheme (0.7kexan Polycarbonate sheet)
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4.4.2. Experimental Setup andProceduresfor the SAGD and SASAGD Processes

Both the SAGD and S/AAGD experiments were carried out at the controlled environmental
conditions of isothermal housingesembling thesurroundingconstant reservoir temperature.
These two processes were conducted based on the free uptake methodology of steam or steam
solvent injetion in which the injecting fluid(s) was provided in excess of the amount(s) that was
needed to fulfill the gravitglominated process to ensure that the steam or selwent

chamber was propagated entirely along the height of the porous medium.

The schenatic process flow diagram of the SAGD experiments using unconsolidatedgass
packed porous medn is presented in Figure 4.50r each single experiment, the physical
model was packed on a vibrating table to ensure that a homogeneous tight pactiieg of
unconsolidated glass beadasachieved. A leak test was then performed on the packed model to
the extent of20 Psig in order to make sure that the packed model is capable of withstanding
moderate injection pressures during the oil saturation stage. phcked model was then
connected to a pressure vessel filled with bitumen. Both the packed model and the bitumen
container were heateat 50 °C using heating tapes and/or convection oven. A maximum back
pressure of 10 Psig was applied on the injecti@sekewith the aid of a 4Bsig air stream and a

back pressure regulator to push the heated oil into the empty packed model. Depending on the
temperature of the physical model and the oil injection vessel and also the magnitude of the
applied saturating pssure, the saturation stage took betw8énhours. The fully saturated

model was brought into ambient temperature after the saturation stage to resemble the primary
conditions of the SAGD or SSAGD experimentsAs the thermal processes of heavy oll
recowery at the lab conditions suffer from excessive heat losses across the model boundaries,
attempts were made in order to reduce the heat loss by conducting the experiments in an
isothermallyheated environmental chamb&he packed model was placed insigeisothermal
environmental chambeaesembling the surrounding reservoir for the 2D cegesgtionalporous
medium A high-pressure air stream with the flowing pressure of 40 Psig was passed through a
420 W coiled heater and thewasinjected into theenvironmental housing. A thermocouple was
installed half way along the height of the environmental chamber in order to monitwetiage
housing temperature. This thermocouple wasisedinside an aluminum tube to prevent the

effect of environmental digstbanceand air convectioron the temperature measurement. The
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housing temperature was measured on atmeal basis andhe measured dataas collected

using an automated data acquisition UAitnicroprocessebased temperature/process controller
(OMEGA CN 76000) was used in order to maintain the housing temperature extremely close to a
predetermined set point. The re¢imhe measured housing temperature was compared against the
temperature set point using temperature controller, and the appropriatdliogntesponse was
implemented into thecoiled heater based on the employed process control schemes. Two
different housing temperatures of 50 and 60 °C wesedin the heat loss, SAGD, and SA
SAGD trials. In order to provide a more uniform temperaturdilpralong the height of the
isothermal housinghe heated air stream was distributed along the height of the housing through
a perforated vertical cupper tube with increasing perforation density towards the top of the tube.
Two axial AC fans were insta&dt at the ceiling and bottom plates of the isothermal housing in
order to provide sufficient air mixing inside the jacket.

Atmospheric

Condenser
Air
@ Cold Water
Isothermal
Chamber = Sampling Port
£
=
T --t-- = 1 © (Collector
=
Water
Supply
) Preheating
Coiled @ Stage
Heater i
Air —»@m»wa @ Final Heating Intermediate

Stage Heating Stage  peisialtic Pump

Temperature
Controller
Ice Bath

Figure 4.5: Schematigrocess flow diagram for the SAGD experiments as well as the heat loss

experiments using packed physical rabat the controlled environmental conditions
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In the SAGDexperiments, daerated deéonized water wapumped using a peristaltic pump

from the water supply through a gneating stage (i.e. a 62¥ coil heater), intermediate heating

stage (i.e. 160 W coil heater), and final heating s(agea 600 W coil heategt the steady state

heater temperature. The pend intermediatéeating stages brought the liquid water close to the
saturation temperaturéhe temperature of the liquid water passing through these two stages was
measured using a thermocouple installed into the flowrlgi® after the intermediate heating

stage and was collected on a +ale basis using the automated data acquisition Tihi final

heating stage provided enough energy for the saturated liquid water to generate superheated
steam at the injection side (i.e. lowest positidong the height of thperforated gas tube inside

the physical model)The three coils in series wetsed in order to prevent instability in the
temperature of the injecting fluidhe temperature of the injected steam at the injection port was
measured using a ATO0 type ther ngastubeugnd was i ns er
collected on a redlme basis using the data acquisition u@ill. the steam flow lines were
continuously heated to prevent the steam phase being condensed as a result of undesired heat
loss during the steam generation and injection process. The steam injection rate, which was
controlled by the pumping rate of the cold water from the water supply into the steam generation
unit, was adjusted at rates higher than the one that the system could have taken up. As a result,
some extra steam was allowed to leave the system from thef the physical model and to
condensein an atmospheric condenser. The conderstedmat the topof the systemwas
collected ina collecion vessel and the weight of the water condensate was monitored
continuously during th@rocess timeThe rate of codensed steam leaving the system from top

was used in order to correct tvater content of the produced emulsfonthe amount of steam

which was condensed inside the physical model due to the undesired heat loss to the surrounding
environment during th&€ AGD processUsing thisinjection scheme, the system was allowed to
uptake as muckteamas it needed for developing theobile oil conditions near the bitumen
steaminterface in the porous mediuihe temperatuseof different zones along the height and

width of the physical packed modekere measured using ten thermocouples inserted into the
porous medium, andvere collected using the automated data acquisition system. These
temperature measurements along with the snapshots taken during the procdssp@ueto

monitor the development and lateral expansion of the steatearrsolventchamber during the

SAGD and SASAGD trials respectively
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In these experimentthe produce@mulsionwas continuously drained out of theodeland was
collected ina sampling vesselt was intended to avoid steam breakthrough from the production
line during the SAGD process. A needle valve was installed at the production line, and short cut
of steam through the production line was prevented by adjusting the posittenreedle valve.

A certain liquid head of the drainedobile oilwas maintained in the production tube above the
production valve to avoid the steam phase being produced through the productidheetart

up stage of the SAGD process was initiatgdifjecting steam into the packed maddipon
mobilization of bitumen in contact with the perforated steam injection tube along the height of
the packed model, the lateral spreading phase of the steam chaadsarted. The draining
mobile oil was allowd to be produced through the production line during the-gpadtage of

the SAGD process in order to facilitate further lateral encroachment of the steam chamber away
from the steam injection line. This procedure allows the bitusteam interface to ppagate

away from the injection tube, hence avoid uncertainties associated with the drainage of the
mobile oil close to the wellbore extensidrhe flow communication between the production end
and the linesource injection scheme was eventually accomplishiethe end of the staup

phase of the experiment when the mobile oil near the injection line was thoroughly dAdined.
the end of the startp stage when the bitumateam interface model-2 cm away from the
perforated tube, the steadiatedrainagephase of the6SAGD processvasstarted during which

the production rate of th@obile oilwas constant throughout the lateral development stage of the
steam chamber. It was observed that the production rate of the SAGD process started to fall
below that ofthe steadystate stage of the process when the steam chamber reached the

horizontal physical boundaries of the packed model.

In the SASAGD experiment, the general flow process diagram was very similar to that of the
SAGD trials. The solvent phase (irrmal hexane) was pumped using a syringe pump from the
solvent container to the injection flow line through aékction attached just before the jpre
heating stageThe liquid mixture was then flowed into the heating stage through which the
vapour mixturewas formed. The vapour mixture was then passed through the perforated tube
along the height of the model. The fluid injection scheme of th&S&AGD trial was similar to

that of the SAGD process terms of following the free uptake injection strategy. Ehleess

amount of the injected vapour mixture left the model from top to the environmental condenser.

265



Having followed the noted injection strategy, one can make sure that the model uptakes enough
volume of the injeting fluid and the drainage process is governader thegravity drainage
conditions In addition, this injection strategy ensures the operator that the process is carried out
in the absence of pressurizing the model as a result ofigeeting the vapor phase, so the
conditionsof the gravitydominated flow are not violated.h& production stream control and

sampling procedure were similar to that of the SAGD experiments.

4.4.3. Heat Losses to the Surrounding Environment

During thelaboratoryscaleexpermental investigation ofieavy oil and bitumen recovery with

the aid ofthermal recovery methodsnergy requirements @achparticular recovery process is
influenced mainly by the heat losses to the surrounding environment. This energy dissipation,
which is originated from the significatémperaturgradient between the steastate operating
temperature of the thermal process and that of the surrounding environment, manifests itself in
terms of the increased required steam (or solvent or both in theatkeded solvent processes

of heavy oil recovery)n addition to the amount which is truly needed in order to mobilizenthe

situ bitumen undethe gravity-stabilized flow conditions.

In the case of the SAGD process using a 2D packed model of poroigs thedamount of heat

loss to the surrounding environment is proportional to the invaded surface area subject to flow of
the high-temperature fluids. As more oil ieingrecovered from the crosectional prototype of
porous media, more area is availafde the heat losses. As a result, the heat losses increase
continuously as a function of the process time for this partidatascale study of th6&AGD
process. In order to control the excessive heat loss to the surrounding environment, the SAGD
and SASAGD experimentswvere conducted in the controlled environmental conditionanof
isothermallyheated housing. In other words, the available temperature gradient between the
steadystate operating temperatsref the SAGD or SASAGD processs and that of #
surrounding environment was reduced by conducting the experiments in an isothermal housing

with constant uniform temperature of 50 °C.

The heat loss experiments were conducted in a similar process flow scheme as that of the SAGD
experiments shown in Figure 4.5 except the fact that the porous medium was not saturated with

266



oil, so the entire porous space was exposed to the steam pbaseesult, the amount of heat

loss calculated ithe heat loss experimenisas the maximum podse heat loss, corresponding

to a 100% recovery of the-situ bitumen. As it was pointed out in secgof4.1 andt.4.2 of

this Chapter 10 similar T-type thermocouples were installed inside the porous medium to
measure the redime temperatures alongd height and width of the model. In addition, 5 more
thermocouples were installed d@ifferent spotsof the system to help solving a heat balance over

the system. These thermocouples incladetype thermocouples to measure geam injection
temperatue in theinjection pointtemperature of the steam phase leatmggsystem at the outlet

to the atmospheric condenser, liquid condensate temperature, housing tempamndturgcting

liquid temperature right after the intermediate heating stagpectely. The inlet flow rate,

outlet flow rate, and flow rate of liquid condensate were also measured at the-sstg¢ady
conditions. These temperature and flow rate measurements enablesblve tine heat and mass
balancefor the entire system, and conseqtly allowed for quantification of the heat loss under
pertaining operating conditions. Bourdon pressure gauge was also installed on the porous
medium to check the system pressure during the heat loss experikesitdoss experiments

were performed wter different operating modeaacluding housing temperaturesf 50° and

60°C, porous medium with and without insulating materials, and also different injection rates of
the steam phasé&team was introduced into the packed modalj model temperaturat 10
different measurement spots as well as other noted tempsratene monitored on a redime

basis and were recorded using an automated data acquisition unit. Steam injection process was
continued until the model temperature reached the steady stgter&tame at which all the
thermocouples inserted the porous medium matrix sheda reasonably constant value. At this
stage, sampling procedure was performed during which maise sifamphaseentering into the
system through the injection spartd asoleaving the system via condensas, well agnass of

the liquid condensate produced were measured on a cumulative basis and/or rate basis. The
collected data were used in order to calculate the overall heat loss from the packed model into

thesurrounding environment at the steady state conditions.

Due to the excessive heat loss from the model to the surrounding environment, it was not

possibleto achiee significant degrees of superheat in the stesale operating temperature
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under the pvailing experimental conditions. Therefore, it was decided to execute the SAGD

and SASAGD experiments dheoperating temperatures close to the system dew point.

4.4.4. Properties of Crude Oil

In this study, Athabasca bitumen was used as the ooudelhe viscosityi temperature
relationship of bitumen was measured by Hatch Ltd (2009) using Physica Modular Compact
Rheometers (Anton Paar), and is shown in Figu6e The Athabascabitumen viscosity was
correlatedreasonablyto temperaturewithin the range of the experimental datssing the
following exponential relationship:

‘* otmuipuvd Y (4.1)
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Figure 4.6: Viscosityi Temperature relationship for Athabasca bitumen
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4.5. Experimental Results and Discussion

4.5.1. Analysis of the Heat Loss

As it was mentioned in sectiord43, different operating modes were considered to calculate the
amount of heat loss from the model to the surrounding environment. The heat loss was calculated
using thesteam temperatures at the inlet and outlet spots, condensate temperature, average steam
temperature in the modeind associated flow rates at the corresponding flow streams along the
flow circulation systemFigure 47 schematically shows the energy and masw facross the

system boundaries.

Porous | ____ . a ho  27¥ o
Medium !

System bundaries
0

Figure 4.7: Energy and mass flow across the sysbemndaries during the heat loss experiments

The overall heat loss from the system can be defined as:

C

'O O (4.2)
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in which 0 is the total heat loss from the model to the surrounding environmerit;gauad

Hout are the input and output enthalpies and are defined as:

O a O O (4.3)

O a [®) [®) a O 0O (44

In Equations 8and 44,0 ,0 ,0O ,and’O arethe enthalpies associated with the

inlet and outlet vapour phasd the corresponding temperatyresthalpy of the subooled

liquid condensate phase, and an arbitrary referstate vapour phasenthalpy respectively. In
addition,0d , & ,andd are the mass flow rates of inlet and outlet vapour phase and

that of the sulrooled liquid condensate phase respectively.

A simple mass balance across the system boundaries would result in:
a a a (45)

Combi ni n @ toEB& ong san dbtain the generalized overall heat loss equation for the

system shown in Figure4as:
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in which_is theenthalpy of condensation at the operating pressure condion, and™Y

are the vapour and liquid saturation temperatures respectivelythanaverage specific heat

capacity valueare defined based on the associated stream temperatures.

If the values of the specific heat capacitiethatcorresponding stream temperatures are close to

each other, the average specific heat capacity could be determined by linear regression analysis
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and arithmetic averaging of the associated specific heat capacity values; othievesesrage
specific heat capacity would be calculated by plotting ghealues at the temperature interval of
interest and calculating the area under i@ curve usng trapezoidal rule. If the former case is
followed, Eq 46 would be simplified in the form of:
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_<

Y a —— Y Y a (4.7)

Seven different heat loss experiments were performed in order to study the effect of different
variables such as housing temperature, presdrae external insulation coating material on the
surface of the packed model, and steam injection flow rate on the magnitude of the overall heat
loss from the model to the surrounding environment. It was tried to execute all these heat loss
experiments uret relatively constant steam injection temperature. This will enable us to
guantify the effect of different variables on the overall heat loss in the absence of any significant

injection temperature variability.

Figure 48 presents the redime temperatte measurement along trseirfaceof the packed
model for RUN number 2 of the heat loss experiments. It is evident that the thermocouples
embedded inside the matrix of the packed porous medegameexposed to steatemperature

based on theproximity to the linesource injection tube extended along the height of the packed
model. It is noteworthy that the temperature controller was successfully capable of maintaining a
constant temperature with minimum level of fluctuation inside the housing duritigeafieat

loss experimentdn order to measure the steam inlet and outlet flow rates as well as the liquid
condensate production rate,sampling procedurgvas performedn an instantaneous and/or
cumulative basisvhen all the thermocouples showed the dyestate steam temperature (i.e.
after about 21,800 seconds for RUN number 2 as indicated in Fig)ire 4.

In Table 4.1 the general information and results regarding the heat loss experiments conducted
in this studyare presenteddccording to this Tablethe experimental variables include housing
temperature, presence of insulating materials for the packed model, and steam injection rate.
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