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Summary

This thesis investigated integrated enhanced aibwery (IEOR) methods in fractured carbonate
rocks. The objective was to study the oil recovery by misciblg i@i€ction in fractured rocks using
different rock types and compare oil recovery performance byf@n injections. C@injections
were also pgormed on reservoir shale cores to evaluate permeability.

Routine analysis was performed on 48 outcrop (chalk and limestone) and 4 reservoir carbonate cores.
Experiments by C@injection have been performed on five setups at three different locations;
Department of Physics and Technology, Bergen; Haukeland University Hospital, Bergen and Texas
A&M University, College Station, Texas. Experiments were conducted at varying pressure and
temperature and fractured networks. The fractured permeability waslsedera of magnitude larger

than the matrix permeability.

Pure supercritical COwas injected prior to supercritical G&@am injection in strongly watewet
outcrop cores, whole and fractured at pressure of 90 bar and temperatuf€.008%ecovery by

pure supercritical CQinjection was most efficient in whole cores, above 85% OOIP, whereas in
fractured cores the oil recovery and oil production rate was significantly reduced and oil was only
produced by diffusion. Prgenerated foam injection showettieased oil recovery compared togur

CQO; injection in limestone, but only minor increased oil recovery in chalk. Subsequent injection of
CO,-foam reduced the gas mobility in fractures and diverted flow into tkeatirated matrixn situ

foam generatin during tertiary foam injection in fractured limestone network showed increased
differential pressure due to generation of strong foam and improved oil recovery, additidhé&b 6
OOIP produced.

Waterfloods and tertiary GQnjections in heterogeneousservoir carbonate cores were performed
above minimum miscibility pressure of G@nd crude oil. Waterflood oil recovery ranged between 17
T 46% OOIP, whereas subsequent Qdfjections showed significant enhanced oil recovery, above
85% OOQIP for all cores

A fibest pract i c e osatbration ofpuepreseevedishale cote pluga wad estatdished.
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Introduction

The average oivorldés oil recovery factor is estimated to be 3%Babadagli, 200) indicating large

amount of oil remaiedin the reservoirs after current oil recovery methods have been applied. To meet
the worldés energy demand it is of interest to
depletion and secondary recovery by water injectnhay result in low volumetric sweep efficiency

and oil remained trapped in the reservoir. Thus there is major interest in Enhanced Oil Recovery
(EOR) techniques. Examples of E@iethodsare 1) thermal, 2) chemical and 3) miscible methods

and is chosen with resgteto the reservoifZolotukhin and Ursin, 20Q0Carbonate reservoirs, holding

60% of the remaining oil reserves in the wdrdévol and Gutamanis, 20D8re all of some degree
heterogeneougBertin et al., 1999and more effective EOR techniques are neadedroduce the

remaining oil fom these reservoirs.

By injecting gas and displace oil by a miscible gsxone can achieve sweep efficiency resulting in
enhance oil recoveryfHolm and Josendal, 19¥4Injection of the greenhouse gas carborxidie®

(CO,) combined with C@storagehas been studied the last decdde toincreased focus on G@s a

climate changing gas. Recently, carbon capture, utilization and storage (CCUS) have received
attention as a tool to inject G@ the oil resevoir for oil recovery and, simultaneously, store the,CO
underground(Halland et al., 2014b Development of the technology and IEOR techniques are
therefore vital for the oil production and to reduce the pollutionsTasearch within these topics is of

importance to obtain broader knowledge and get involved in these present topics.

The Norwegian Continental Shelf (NCS) has increased the initial estimated oil and gas pradaction
produced value of 44% OOIF ormodsgard, 20)4since the production started from the carbonate
chalk field, Ekofisk 43 years ago and currently there arael@sfin production on the NC@lalland

et al., 2014a The poduction is declining NorwegianPetroleumDirectorate, 2Q1and thus EOR
techniques are of great interest in this area to accelerate the oil production. E@ftngcesnd
examination with regard to GOnjection in several fields has been perfornféarra and Skauge,
1994 Jensen et al., 200Bwan et al., 2008and the studies showed good potential. A major challenge
is the injection of C@as a low viscosity fluid in heterogeneous reservainéch may lead to low
sweep efficieng. Foam (combined surfactant and gas) injection may improve the gas sweep
efficiency, due to controbf the low viscous gas flowHalland et al., 2014a and improving the

microscopic displacement efficiency by lowering interfacial tension between water and oil.

Because the importance and significant interest of gas injection around the world, the Department of
Physics and Technology, UoB has in years studied i@j@ction for storage and EOR and during the

latest years it has been focused on improving the gas injection by increasing the viscosity by e.g.
IX



injecting surfactant to create foam. This thesis has facogethis improvement of oil recovery and
studied CQ injection and the influence of foam injection in fractured core plugs to gain a better

understanding and contribute to the research within this subject.

The thesis is divided into four main parts, dadher divided into 9 chapters including appendix.

Partl (chapter 1 and 2) charactertagbonatereservoir and their importance and contribution to
petroleum reserves in the world, and describe recovery mechanisms during miscitdedCCQ-

foam infractured reservoirs. Part 2 review the experimental setups and procedure used in this thesis
(chapter 3) and presents the experimental results and discussion ,0BARO(chapter 4). CO

injection for permeability measurements in unconventional shales riscélso discussed (chapterb).

Part 3 (chapter 6 and 7) summarize and conclude based on the experimental results and discussion and
give suggestions to further work. References used in this thesis are listed in the end (chapter 8) and
appendix is a listfonomenclaturgsource of errors arekample ofuncertaintycalculations



PARTI - Theory

1 Carbonate Reservoirs

The reservoirs out in the field are all of some degree heteroge(igentis et al., 199P Due to large
heterogeneity more than 50 percent of the oil is left in the reservoir afterfisaging (Lucia et al.,

2003 and it is useful to examine fluid flow behavior and how it is possible to improve the oil recovery
in these types of struces. When characterizing fluid distribution and flow behavior in heterogeneous
reservoirs it all starts at pore level. The pore geomeiry pore size havirge impact on the
petrophysical parameters and one of the parameters that controls the poreygsaimetrelationship
between porosity and permeabilitii/lk (Marzouk et al., 1998 The variability in porosity and
permeability demonstrate the heterogeneity of carbonate reservoirs, but these two properties have little
correlation and what describes a carbonagenmvoir is the rock fabric due to the vertical and lateral
continuity (Wang et al., 1998Jennings and Ward,0R0, Jennings and Lucia, 20p3Carbonate
reservoirs ardaifferent fram silica clastic reservoirs due to the high heterogeneity and wide range of
petrophysical values. Modern research programs haxalated methods and tried to understand this
heterogeneity to make reliable predictions of the reservoirs and performance of oil profuatian

et al., 203). Understanding and examining the characterization and flowd ifi carbonate reservoirs

are impotant because significant amount, a total 60% of the remaining oil reserves in the world

are hold in carbonate reservoffgdevol and Gutamanis, R28).

Fractures within the reservoirs influence and change the fluid flow behavior compared to fluid flow in
matrix. Characterization of fractures, fracture networks and fractured porous media in oil and gas
reservoirs are difficulbut essential for exaglanning and the developmentcannot be economic
without accurate identifications of fractures and their spatial distributibmus prmeability
measurementat different pointdn the reservoiare one key parameter than provideinformation

about tlis spatial distribution of fracturgSahimi, 2011 To better understand the different impacts

of reservoir and fluid properties one hundred fractured resewas examined by Allan and Sun
(2003. They divided aturally fractured reservoirs into four types of reservoirs dependerif) on
porosity and permeability of the matrix and the fractugsthe matrix and the fracturesorage
capacity and 3) flow of hydrocarbonsThe results showed wide range in porosiyd permeability

both for matrix and fracturesand these variation dhe fluid storage capacity artte fluid-flow

pathwayswvas foundboth in matrixand fracturegAllan and Sun, 2003

The production from fractured reservoirs may be difficuliptedict due to the fractured network,

compared toother conventional reservoirs, which are defined asier and more economaity to



produce from(CAPP, 201). Conventional recovery methods such as pressure depletion and water
injection in fractured reservoirsnay result in shoHived field, rapid production declines, and low
ultimate recoveryue to the complexharacteristiof the pore geometryeaving behind a significant
amount of petroleum reserves in the undergrodidis fracturedeservoirsare large contributors to

oil recovery by enhanced oil recovery technigifkan and Sun, 2003

The voidsystem in a limestone is characterized by a wide variation in the shapes and distribution of
pore sizes and these variations are influenced by complicated processes of secondary solution,
recrystallization and fracturing, which make it difficult to obta@presentative sampling of the
reservoirgCraze, 195)) The limestone porthroatsizes range between 0.1 10 microns whereas the

chalk core is a type of carbonate limestonth porethroatsizesranging only between 0111 micron.

(Sahimi, 2011p

In fractured domains capillarity or diffusion may be the main driving force under certain conditions
(Yokoyama and.ake, 198} when steep compositional and saturation gradients dey®loprtgat
and Firoozabadi, 20)2 The performance and oil recovery from heterogeseand fractured
reservoirs are significantly reduced due to the presence of high permeable zones, allowingtthe CO
bypass the matrix oil regardless of pressure, temperature and miscibility. Whéowxthrough the
fractures only a small amount of theatrix oil will be contacted by molecular diffusion of €®Vhen

CQO, dissolves in the oil the oil swells and moves into the fractures resulting in more oil produced.

One need to do something to avoid £Manneling through high permeable zones andtluing is to
reduce the mobility of COby increasing its viscosity or decreasing the fracture permeability
(Brautaset, 2009 This thesis focuses on how to affect the viscosity of etQ lower its mobility

and thus achieve a more favorable mobility ratio and enhance the oil recovery.



1.1 Reservoir scale

Carbonate reservoirs represent over hélthe world petroleum reservésiggnesen et al., 2005
Chalk and limestone are two rock types that represent carbonate reservoirs and the large amount of oil
and gas are stored in the matrix in these resen®psntaneous imbibitiomto matrixis oneof the
major recovery mechanisms in many chalk resesvdire to water and mixed wetconditions
(Torsaeter, 1984 but the recovery fro these fieldcan below because of th&ractured nature of
these reservoird:hus it is of high interest to study mechanisms théaace the oil recoverand for

several gars there hae been studiethjection schemes such as £@nd CGQ-foam injection.

There are several oil fields were &i@jection is performed to enhance oil recovefjie United
States is a large contributor ke amount ofcatbonate reservoirs in the worl@O, injection was
startedatthe SACROQunit in Texasn 1972 where CQwas supplied from gas field in South Texas
This flooding process was performed a®mriary recovery methodfter pressure depletiand water
injection (Crameik and Plassey, 1972ZThe efficiency of the C@injection is dependent on the
reservoir conditions, if the CQOs miscible with the oil or not, aray injecting CQ an immiscible or
miscibledisplacement processcur dependent on the reservoir conditions, which affect theagcov
of the residual oil.The performance of miscible GG@looding is affected by the oil displament
efficiency at pore levehnd the sweep efficiency at field scéidealy et al., 1994 Reservois in the
world consistof oil with different compositions, light, intermediate and hehygdrocarbonsand the
recovery of the hydrocarbons atependent on the reservpiressure and temperatufidhe benefit of
CO; injection in the United States is the naturaagrces and accessibility of @@om large gas
reservoirs But alsoon the Norwegian Continental Shétiere is potential for gas injection from fields
nearby.The North Sea is one of the most important oil and gadyging provinces in the world, with

Norway and UK as major producers

The chalk field,on the Norwegian Continental Shelf (NCE&kofisk, was the first discovered field
(1969) on the NCSand is one of the largeditere Production started in 1971 by pressure depletion
followed by water injetion for pressure maintenaneed it has shown tremendous success, prognoses
up to 50% oil recoverySheng, 2018 When the productiofrom reservoirdeclinesthere will be of
interestto recover the oil trapped in large volumes of the reservoir. dthes recovery methods to
enhance the brecoveryneed to besvaluated and detailed screening of differEQ@R methods is
performed among these were WAG using £€BOR surveys in the North Sea have been reported to
evaluate the potential of EOR methods to increase the oil prodydidgiand and Keéppe, 200p
Major challenges reggding oil recovery on the NCS the offshore location, which leads to technical,
logistical and economic difficulties regarding the storage and transport of large amountiséd)ésr

production.



In 2006 there was reported about five different EOR technologies initiated in the Nori{T &gkand
and Kleppe, 2006 where one of them was hydrocarbon miscible gas injection. Byir@ation as
EOR technique has beemaminedand showed higher potential than hychbon gas because of the
properties of the C{Sjeevland and Kleppe, 1992

In reservoir where the structure is complicatieeterogeneousnd the rock material is fractureslich
as he carbonate reservoirs in the woridtea ofhigh permeability pathwaysight result inflow of
majority of the injected gasin these areas anbypasfng oil stored in matrix blocksTo aoid
bypassing oil by gas segregatiamiscousfingering, gas overde and gravity tongue one can improve
the effectiveness ajasflooding byinjection of surfactant simultaneously or alternatingh the gas

to gain mobility contro(Farajzadeh et al., 2010



1.2 Fluid interaction in porous medium

Originally, the reservoirs have only water preserd aa the hydro carbemigrate upwards due to
specific gravity it penetrates into the water saturated robk. amount of water preseat a given
heightdepends on the amount of oil that has displaced the \ifdterdistribution of fluid saturations
within arock s explained bycohesive and adhesive fordestween the different fluids and the fluids
and the rock mineralgespectively These phenomena are important to understand when evaluating
the reservoir anthe productionto better understand the afenisms of fluid flow within the porous
medium(Zolotukhin and Ursin, 2090

The cohesive forces explain the attractionweein molecules in fluids. For miscible fluidset
attraction between molecules withiine fluids is greateithan the attraction of the molecules within
one ofthe fluids Immiscible fluids have greatemolecular attraction inside its owffuid than the
attraction to the moleculesithin the other fluidpresent The adhesive force of the molecules within a
fluid explairs the attraction to the molecules of the rock minerals and inditdaewetting fluid.The
wettability of the rock is the tendency of a fiuio spread oa surface when artwtr immiscible fluid

is presentZolotukhin and Ursin, 20Q0For water imbibition in fractred media, capillarity can drive
crossflow between the higland low permeability layers and between fractures and the matrix and this
can result in delayed water breakthrough, hence enhanced oil recbhisris a result of the high oil
recovery at th&kofisk Field, on the Norwegian continental Shelf, where total recafahe reserves
was initially estimated ta7 - 18% but are extended to approximaté&l®% (Criscione, 2012 In the
case of gasoil drainage processethe gasoil capillary pressure gradients is generally damaging the
gravitational segregation of gas at the top of the domain and flow of oil towards produdt®atwe
the bottom(Moortgat and Firoozabadi, 200 Zapillary pressure is defined as the molecular pressure
difference across the interface of immiscibleidtupresent in narrow charlegsuch as rock pore

channels

If water and oil arg@resent in a verticallywaterwet capillary water displacgethe oilto some height,
determined by the equilibrium between the pressure difference and the fluid graetguation of
capillary pressureR., depends on the pore radius and for two immiscible fluidspipathe equation

is given as
0 n N ., —_ — S [1.1]

wherep., pnw andp, are the capillary pressure, pressure of thewetting fluid and pressure of the

wetting fluid, respectivelyl.., is the interfacial tension, IFT, between agatting and wetting fluid,



R, and R, is the radius of the curvature of the meniscus betvikertwo miscible fluidsgd; is the

wettingangleand.i s t he capill ary pipeds radius.

During an immiscible or misciblelisplacementby gasin a porous medium there are fodrive
mechanismshat play a vital role; gravity, viscous and capilléoycesand diffusion.One important
relationship between two of these forces, is the ratio between viscous and capillary forces, termed
capillary numberN.. This numbercharacterizes the fluid flowndis related to the residual wetting

and nonwetting phase satations.lt is a dimensionless number anctitntainsdynamic parameters

given by equation 1.2
o — [1.2]

WhereN, is the capillary numbeg is the velocity [ml/s]e is the viscosity [cP]{l is the IFT of the
two fluids andd is thewetting angleFigure 1.1 shows capillary desaturation curve, whera@mal
rangeof capillary number after a water flooding is™® 10° (Zolotukhin and Ursin, 2000 For
enhanced oil recovery it is peghble to increase the capillary number by increasing the velocity

and/or lowering the interfacial tension, by adding surfactants
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Figure 1.1 7 Capillary desaturation curvePlot of capillary nunber vs.percent residal (nonflowing)
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Another vital characterization of fluid flow in pars media is the mobility of the fluid, which is
explained by the ratio between permeability and viscdgitpnofsky and Ramey, 195%6Mobility

ratio is defined by the ratio of the mobility of the displacing fluid to the mobility of the displaced fluid
and for a wateoil displacement the ratio is given Bguationl.3 (Seright, 201D

b — — [1.3]

WhereM is the mobility ratioa-is the mobility, k. is the relative permeability arglis the viscosity.
The nomenclaturer ando are indicatingvater and oiphase, respeetly.

According to equation 1.3ffecient floodswith stable displacement front is indicatedloyw mobility

ratio, M < 1, because then the mobility of the displacing fluid is lower than the displaced fluid and
there is low possibility of viscous fingegnhBecause @ has lower viscosity than oilag injection in
heterogeneoureservoirswith high permeability streaks leads to poor gas sweep efficiency, denoted
by high mobility ratioM O (Zolotukhin and Ursin, 2000



2 CQ for Enhanced Oil Recovery

Oil recovery isdivided into primary, secondary and tarti recovery methotlased orthe dominating
displacement mechanisms in the reservérimary recovery methods are pressure depletion,
secondary is mainly water flooding to maintenance the pressure &adytexcovery methods, also
known as Enhanced (Recovery(EOR) methods arechemical, miscible and thermal flooding. These
techniques alsamprove the oil displacememind mayin additionmaintenance thpressureand thus

increase the lifetime of the fieltlake et al., 199

2.1 CO

The carbon dioxide gaonsistof one carbon atom and two oxygen atoms which lay in a straight line.
The oxygen atoms are slightly negative charged and the cardrorisaslightly positive chargeéven
though the C@molecule is notipoleit has polar molecules that reaath other polar solventsuch
aswater,H,0, and make the water acidithe CQ may also contain impurities amgjection of CO,

may result incorrosionof equipment used in experiments at the laboratory and pipelines in the
industry(Beck et al., 2011 Despite the corrosionhis gas is used for enhanced oil recovery and one
of the reasons for that ihe advantages ofadbon dioxideto be extracted from the effluent gas
production and reinjged which makes it cheaper to ud&ellington and Vinegar, 1985

At standardtemperature and pressucenditions (STP) T = 15 °C and P = 1 atm (1.013 bar),
respectively(Lake, 2007, carbon dioxide is a gas, but with increasomgssure and temperaturavitl
change phase into liquor supercritical conditionCO, reaches a supercritical state at pressur of
73.8bar and temperature @f= 30.95°C ((NIST), 201). In the supercritical state the carbon dioxide
has properties both likeliquid anda gas, and @hase diagram is shown ifigbre2.1
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Figure 2.1 Pressuretemperature phase diagraai CO, (Picha, 2007.

CO; has both disadvantages and advantages it isusel for oil recoveryas mentionedThis is due

to the properties of the material in the range of pressure and temperature of oil res&rgpical
reservoir condition ofLl000 pg&a (68.948 bar) to 3000 psia (206.843 )band 60°C the CQ has a
viscosity hundred times less than the viscosity of the oil to be disp(si¢ellington and Vinegar,

1985. The high mobility of carbon dioxide may resultviiscous fingeringthanneling of CQ through

high permeability zones, such as fractures, rather than efficiently displeexed since the mobility

ratio controls the volumetric sweep efficiency this is one of the biggest concerns for gas flooding
EOR project(Kulkarni and Rao, 2004 Viscosity as function of pressure at different temgtures is

shown in Figure 2.2. This diagram shows the large variation in viscosity at low constant temperatures
and increasing pressyrand less variation in the case of higher constant temperatures. This is because
the CO, changes state from gas to liquid with temperatures below critical temperature enedsvthis
change decrease as £€hanges state fromgasto supercritical.ln supercritical state the viscosity

increasdesswhenpressure increaseompared to that of liquid state.
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Figure 2.2i Viscosity of C@as function of pressure. The different colors indicate different temperat\hese
the marks end ithe respectivelyemperature andressure when phase chang€he graph changes from point
to line when the CQgoes from one state to anoth¥iscosity values according to NIST.

Density as function of pressure at different temperatures is shown in Figure 2.3hdwehthe same
trend asthe viscosity diagram in Figure 2.2. Bel the critical temperature there is a significant
differencein density at vapor and liquighase but decreases as the temperature increases, which
yields for viscosity as well. When G@hanges from vapor or liggito supercritical this difference
decrease due tproperties more similar like a liquid and g&ompared to other gases used in oil
recovery e.gN, and HC thedensity of CQis higher, hence more favorable treag.CH, and N, due

to lower density diffenece between displacing fluid and displaced fluidsulting in less gravity
segragatioriKulkarni and Rao, 2004
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Figure 2.31 Density of CQ as function of pressure. The different colors iatécdifferent temperatures. The
graph changes from point to line when the,@0es from one state to anoth{etaugen, 201p

The viscosity and density differences betwe€®, andboth brine and oiin the reservoir may lead to
early gas breakthroughas overrideand viscous fingeringeaving behind oirich zonese.g.deeper
down in the reservoifStalkup, 198R In heterogeneous and fractured reservoir lack of mobility
control during a gadisplacement may lead to poor volumetric swdap to significant permeability
differences, and thigolumetric sweep efficiencgnay be improved by obility control (Kovscek and
Radke, 1991

CO, applied for gas injection hash@wn interesting results in the field, and among efficient CO
injection is theWellman Unit in Terry Couty, Texas, whichis considered to be one of the best
performing CQ injectionon the recordNagai and Redmond, 198Rangia et al., 1993chechter et
al., 1998. To achieve an efficient CQOnjection i is desirable to have a miscibbe nearmiscible
displacementCQO, with density inthe mnge of500 to900 kg/m? is total misciblewith oil presenédas
ethane GHg to hydrocarbons with 14 or more carbon ato(Bly and Hanley, 1987 Several
reservoirs consist of heavier hydrocarbons t@ap and test has shown that €@ miscible with

hydrocarbons up to 30, thus €6 a prominent feature for gas injection.

11



2.2 Mechanisms by miscible CO2 displacement

2.2.1 Miscible p rocess

Petroleumindustry defineamiscibility within a reservoir as thgthysical condition between two or
more fluidsthat permits them to mix in aproportionswithout any existence of interface between
them (Holm, 1986. Miscible CQ injection is more favable than traditionatecovery methods,
because it may result iproducingmobile oil from matrix which is bypassdtbm previous water
injection Studies of immiscible and miscible G@ooding haveshown that the I&er one has a higher
recovery where theesultsfrom the wok done by Kulkarni and Rao in 2004 and 2G®mwed 23%
against 93.7%ecoveryfor immiscible CQ and miscible C@flooding, respectivelyKulkarni and
Rao, 2004Kulkarni and Rao, 2005

Triangular phase diagram alsoknown as ternary phase diagram used to describe a miscible
displacement proces3hese diagrams cannot explain the thermodynamic of theicomiponent
reservoir fluids,but showsschematicmixing of gas and liquid at a certagconstantpressure and
temperaturédHutchinson and Braun, 1951Figure 2.4shows arexample of a ternary phase diagram
of afirst-contact misciblea vaporizing gas idve anda condensingyas driveprocess, the two latter are
calledmulti-contact miscibility processdsiolm, 198§. The three different corners of the triangte
Figure 2.4representight, intermediate and heavy componeotshe reservoir fluidThe blue curved
line to the left inside of the triangle the boundary of thevib-phase regin, which inside this aret¢he
fluid is both ingas and liquidphase This curved line is diided by the plait point (dar&ircle) into a
dew point line (upper part) and a bubble point line (lower liGeitside thedew point linethe fluid
composition issaturated with gas moleculaadoutside theébubble point lire the fluid composition is
saturated withiquid moleculesTheblue dasledline outside the twegphase regiontermed critical tie
line, is thetangent to the twphase region and goes througk fiait point Mixing between gas and
oil is determined by the composition of thgection gas andreservoir oil.(Hutchinson and Braun,
1961). In the case when thailution path does nantersect the twghase regin, the displacement
process will constsof a single hydrocarbon phase whidianges in compositioijectinggas that is
miscible with the reservoir fluicht constant resvoir pressure and temperatuleads to a miscible
displacementlf the injectiongas, atreservoirtemperature and pressure, is consistently within one
hydrocarborphasethe process isalledfirst-contact miscil@ (Organick and Brown, 1952shown in

Figure 2.4as the line between-ls.
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Figure 24: Ternary phasediagram The three corners indicate different components. Red dots are
composition of fluids and the lines between the red marks are different dilution paths dependent on
whether theprocess is immiscible U,), first-contact miscible ¢+Js), vaporizing gas drive £1J;) or
condensing gas drive(0,). Modified from(Mathiassen, 2003

Vaporizing gas drive isvhen injection of a leangas consistingof light components and the
hydrocarbons within theeservoir fluidstart vaporizingnto the gas phasgHutchinson and Braun,
1961), and the lean gas becomes heaVighe reservoir fluid consistof high concentration dfghter
components, such as-Cs the ecovery process becomfavorable.WhenCO, is injected into the
reservoirit may result in a multicontactmiscible displacemenbof the crude oilpecause the C{ran
extract heavycomponentsall up to Gy (Gernert andBrigham, 1964 Holm and Josendal, 19y4
(Sjeevland and Kleppe, 1992'he mixing zone between the injection gas and reservoir fluited
transition zonédKasraie and Ali, 1984 consist of dront completely miscible with the reservoir fluid
andthe backof it is completely miscible with th€0, (Hutchinson and Braun, 1951

2.2.2 MMP

To achieve a miscible displacement of oil by £the average reservoir pressureeds to bgreater

than theMinimum Miscibility Pressure NIMP) of CO, and the reservoir oilThe MMP is minimum

pressure required to achieve miscibility for two fluids @adbe measurd in a slimtube experiment
(Yarborough and Smith, 197ellig and Metcalfe, 1980 using beads or unconsolidated sands

packed in narrow and long tubes. Thémtube is saturated with oil and gas is injected at high
pressures. At one end there is a fixed pressure and the pressure gradients are neglected since the
permeability of the medium is lge. One look at theresults ofpercentrecoveryvs. pressureFigure

2.5 shows the MMP at the lowest pressimehe case of maximum recoverhis graph is from a
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slimtube experiment witla fixed oil compositionand the MMP for C@ varies with differentoil

compositions at different temperatufd®llig and Metcalfe, 1980

: C02 MNP
100 |
QO —
a

0 O MISCIBLE
D 1MMI SCIBLE
60 —

900 1000 11 1

‘#RECOVERY AT 1.2 HCPV OF CO? INJECTED

TEST PRESSURE ( PSIG)

Figure 2.5 Test result from a slimtube experimevith fixed @ composition andixed temperature
CO, displacement tests conducted at various pressure levels, where {héMIOwas reported as the
lowest tespressure level for miscible displaceméYellig and Metcalfe, 1980

2.2.3 Oil swelling by CQ

The mixing process of CQOand crude oil has been studied througlpegiments of singkeontact
phasebehavia of CO, and crude oil, wherswelling/extraction of hydrocarbons from the crude oil by
CO, has been examined@his wasstudiedand comparedo MMP results from slimtube experiments

by Hand and Pinczewski, 1990 and showed th&ing CO, with oil at increaing pressure and
constant temperature resulteddenser fluids andil swelling as a result ofthat CO, dissolvedin the

oil (Hand and Pinczewski, 1990The oil swellingdepends on the amount of methane in the olil
because Wwen CO, contacts the reservoir ail it will not displace all of the methane and, hence more

methane in the oil results in less swell{&jeeviand and Kleppe, 1992
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2.2.4 Dispersion in porous me dia

In oil recovery there are several important phenomehen fluid flows through the porous media.
During a CQ injection one of the phenomena explainingmascible displacement process
dispersion. During a miscible displacement process dispensahanismscontribute to mixing of
fluids within the porous medigsahimi, 20115 and there exists two different dispersion mecrasj
molecular diffusion andtonvective mixing(Bear, 1972 Lake, 1989, and it is eitherin the same
direction as fluid flow, longitudinal dispersion and in opposite as fluid flow, transversal dispersion
(Perkins and Johnston, 1963he dispersion in a fieldcale porous media is purely mechanical,
dependent on the variations of the permeability of rtredlium, while the dispersion in stratified
porous media is depeedt on porosity, fluid velocity and the local transveesel longitudinal
dispersion(Sahimi, 2011a Figure 2.4 shows asimple malel of a porous mediurwhere the Iid
disperses within the porous media.

Figure 2.4- Dispersion within a porous mediywhere red and blue shapes are indicating grains

Tracer particlegdark arrows) injected at the inlet (Indnd transportedy advetion and diffusion
throughthe pore space and measured at the outlet (Out). Particles mix due to a) random hopping
between streamlines within channels, b) mixing at pore intersections and c)diffksionxing at low
velocity regiongBijeljic and Blunt, 200%

At porescale, leterogeneities in the porous media causes fluctuations of fluid velocity, where grains
lay in the path way andecelerate some of the fluid velocifyhese heteigeneities is a reason for the
convective mixing(da Silva and Belery, 198®age, 1995 Among the variables thaan affect the
dispersionn addition to heterogeneities of the media Hreiscosity difference?) density difference

and3) turbulencgPeakins and Johnston, 1953 he overall oil recovery from a fractured reservoir is a
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result of the complex interplay of several mechanisms during airggation (Darvish et al., 2006

and among these, extraction by molecular diffusion play a vital role.

2.2.5 Molecular d iffusion

In fractured reservoir the hydrocarbons are stored in the matrix and the fractures act asrftmischa
(Darvish et al., 2006 During amiscibledisplacement process two fluids, such asil andCO,, the
interface letween these two fluidsvill over a timebe a diffuse mixing zone due to random
distribution of the molecules within the fluidd?erkins and Johnston, 196Fxperiments and
simulation has shown the imparice of the diffusion mechanism for oil recovery from tight matrix
(Darvish et al., 2004.ie, 2013. Figure2.5 shows a schemataf diffusion.
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ﬁ ﬁ Equilibrium
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Figure 2.5- Schematidigure of diffusion High concentration of a fluid, shown as blue dat&ed with another
fluid, the light blue coloris diffusing over time and reaches equilibrium within the fluid.

If there B constant volume during the mixing of the fluide ¢thange irdiffusional flux overtime is
descr i be decdndaw df diffusiod (Perkins and Johnston, 1968iven in Equation 2.1

— 0 de— [2.1]

whereG is the quantity of material diffusing across a plahgsec]is time,D,, — is the molecular

diffusion coefficient,A §cm?] is the cross sectional area for diffusidd,[volume fraction] § the

concentratiorandx [cm] is the position.

The diffusional coefficient degibes the molecular diffusivity of the solute in the solvand is
typically given as a function of comantration.Accor ding to Fickds second
concentratin at the boundary, the rate of diffusion is proportional to the square root of time. The rate

of diffusion decreases significantly as a solvent diffuses further into a solute, which makes
16



concentratiorrelated to square root of tinf€ussler, 200Q The miscibility between the G@nd the
oil is vital for the displacement process at micro l€¥ellkarni and Rao, 20Q5thus diffusion which

occurat pore scalplays a major role in the laboratayperiment.

2.2.6 Water shielding

CO, may displace oil efficiently in a miscible displacement process, tudies of high water
saturations present in the porous media showed reduced displacement efficietiey bakfier
shielding the oil from the CQ restricted the access of the contact between the &@@ the olil.
Experimentwhere oilvast r apped - md @ pwaeevdsahodking the pore throatas
performedon micro modelsand the resultshowedlater oil recovery, compared too water barrier
present. Buls a result o€O, diffusion, after some considerable time, the oil swelled and displaced
the water fromthe pore throat and the oil wed out from the deaend pore(Campbell and Orr,
1989. This mechanism is severe in water wet medid @ndeldow gas/oil interfacial tensierandlow
gas/oil capillary pressu@nditions(Gabitto, 1998 Figure2.6 shows a schematic of this process.

Figure28 Schemati c of -enrdadp ppeadr eo i bl o aekcosmedbagiffusiont er an
of CQ, leadingto oil swelling.a) Start of CQ injection; b)position of water barrier after 18 hours c)
position of water barrier after 26.5 hours, modified fr@@ampbell and Orr, 1986
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2.3 Foam

Gas injection as oil recovery method may leastability problem such agas fingering or gas
override(Sahimi, 2011k due to unfavorable mobility ratiofo prevent these eventse can inject
the gas simultaneously witurfactant to create fogwhich will decrease¢he mobility of the gasnd
hence delay the gas breakthrougtaker et al., 200R Decreased mobilityreduces the instability
problemat field scalesuch asl) gas fingering 2) gas override and 3) gakannelingVital studies of
mechanisms that are involved when injection,@@d surfactant, either simultaneously or alternating
has been awlucted(Hirasaki and Lawson, 198Rossen, 1988 ovscekand Radke, 1994and these

are described below.

Foam consists of gas bubbles dispersdijind and acontinuous liquid film called lamellae separates

the gas bubbled o achieve the dispeéos of small bubbles withifiquid, one needs to adehergy ©

the system; gurfactant candused as a foaming agent and as mentioned reduce the surface tension
Thus a protective film is formedt the bubble surfaces to prevent coalescence with other bubbles

(Schramm and Wassmuth, 199Bigure2.9shows a generalized foam system in 2D.

Interface ==+
(2-D Surface Phase)

Thin Film
Region
(Liquid Phass)

Figure 2.7: A generalized foam systeifihe gas phase is whitibtted and thdiquid is shadedSchramm and
Wassmuth, 1994

Adding surfactant chemical to brine at concentratiartfeeorder of 0.1 to 1 wt % will makeffective
foam (Kovscek and Bertin, 2002The quality of foam is the ratio of gas volume total volume at
given pressure and temperatu@rundmann and Lord, 1983 but the quality may also be
characterized as theti@ between gas and liquid flowates(Farajadeh et al., 20)2and can be

expressed by the equation:
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n—— [2.2]

wherefy is the gas fractioryy is the gas flow rate argj, is the liquid flow rate

The mobiity of the foam is dependent ddifferent factors suclas bubble sizefoam texture(small

bubbles are less mobile than larger bubbles) and temdency of gas bulbds to trap or remain
stationary(Kovscek and Bertin, 2002Studies of foam has shown that the bubble size of the foam
depends on the rock material; permeability and porosity, surfactant type and concentration, and the
velocity of liquid and gagKkovscek and Bertin, 2002The key variable in prediction of foam flow in
porous media is the foam texture becausg variable distinguisks between ordinary gas flow and

foam flow. The foam texture is also the dominant parameter in the gas mgtiildgaki, 1989

Itisseparateh et ween two different-gatsasbeamoéanéabdi séon
foam. The former does not have large reduction of gas mobility, but the latter one has large reduction

due to resistancef displaced lamellae, whiafeed to béncluded in the gas mobilitfHirasaki, 198%.
Figure2.8shows schematic of these two scenarios.

continuous gas discontinuous gas (flowing)

discontinuous gas (trapped)

Figure 2.8 Schemati c -goafs 0fi cfoonatm nairodigsa8isdd s Elavmgndas is wite sand
trapped gas is greyCircles indicates grainf-arajzadeh et al., 2092

Foam flowin smooth capillariesvasexaminedoy Hirasaki and Lawson, 1985, who found the number
of lamellae per unit length to be the most importaotdiaof foam flow, due to resistance of flow.
From theirexperiments thegoncluded withthreesignificantfactors that resist the flow of foam; the
viscosity of liquid between bubbles; the viscoesistancef liquid between the foam bubbles and the
capillary wall and; the surface tension gradient in surfiaicteoncentration(Hirasaki and Lawson,
1985 Falls et al., 1989
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Surfactant

Surfactant solution can be icfedinto the reservoito reduce the interfacial tensi¢irT) between oil

and brine. When adding surfactants to biilesystem it is possible to recover the capillary trapped
oil, which may constitute more than half of the residual oil in the resefZolotukhin and Ursin,
2000. There are different types of surfactants dependent on the polarity of the molébelesiofic
surfactant(negative chargeds the most used one for oil recovery, due to their solubility in aqueous
phase. They reduce IFT efficiently, are relatively resistant to retention, stable andZblesykhin

and Ursin, 2000 When surfactants are added to briilesystem the polar end reacts with the water
and the no#polar end reacts with oil.

Adsorption and Retention

Surfactant can also react at the surface of the rock and the rock can adsorb the surfactant. This
important to take into accounthen surfactant is injected into the reservibithe rock surfaceadsorls
surfactants ihence reduaesurfactant concentratioin the liquid flowirg from injector to producer.

The adsorption is dependent on rock wettability ngome cases it can even change the wettability

of the rock(Gogpi, 201). The adsorptions dependent on the anionic and cationic molecules and a
positively charged carbonate surface {CTa@an adsorb an anionic surfactgdBsmaeilzadeh et al.,

2017). Temperature is a factor that canflience the surfactant as well by degradaideller, 1984,

and the surfactant need to be carefully chosen to match the reservoir conditions and avoid adsorption
and retation. Surfactant is expensive thus it is important to calculate the right amount of surfactants

for a successfubam injection

2.3.1 Foam mobility in porous media: apparent viscosity

Foam flowing through a porous mediupasses through capillaries in the seatgores and pore
throats and the mobility of foam in porous media is related to the apparent viscosity. Apparent
viscosity is defined as the relationship between flow rate and pressure drop for the flow of foam
through a capillary(Hirasaki and Lawson, 1985Results from the experiments wherpparent
viscosity measured by foam flowing in tubperformed byPatton et. al. (1983)lso confirmed
theoretically byHirasaki and Lawso(1985)showed that thepparent viscosity was dependent on the
diameter of the tubes, on the rate of flow and the length of th&Ralin et al., 1993
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2.3.2 Foam generation in porous media: L amellae

Foam formationor generationat porelevel is explained by the three main mechanismsfi® i & 9 ,

il elhoelei ndo and | amell ae division.
ASn-apf d mechani sm

Snapoff is a mechanical proceswhich occurs dung multiphase flow in porous medend this
processlso exphins the origin of residual oWhen gas moves through pore throats and enters liquid
filled pores capillary pressuis increasing and resslin snapoff of the continuous gas filrfKovscek

and Radke, 1994Figure2.12shows sschematisnapoff event

:.j"':T'GDS
- Bubble

Figure 2.9: Schematic of snapff mechanismModified from(Ransohoff and Radke, 1988
AfLeeebehi ndd mechani sm

The fidehlmiviedd mechani sm i s wh e mrections entetheasamefligumnt s fr
filled pore andsqueeze liquid between the two fronts and create lamella. Dependent on the surfactant
the lamella is either stable arupturegRansohoff and Radke, 198&igure2.10shows schematic of

~

il elsei endOd mechani s m.

Lamelia

Figure 2.10 Schenatic of foam formation by the meh a n i s b eih i éRahsiehoff and Radke, 1988
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Lamellae division

Lamella division is the third mechanism that creates foalmen lamella is moving into a pore body
consisting of two or several pore thrqatse lamella may spread into different direction arehter

new lamella in the pore throats where there is no existing stationary lam@amechanism only
occurs if there is already existing foam and the foam is flowing, thus it is also called secondary foam

generatior(Ransohoff and Radke, 198&igure 2.11showsschematic of lamellae division.

; \.'\_ \"Ht.

Figure 2.11 Schematic of lamellae\dsion mechanism. Modified frofRansohoff and Radke, 1988

Porous medium charteristics, such as pore size and shape, permeability and capillary pressure in
combination with gas and liquid phase velocities ultimately determine bubble size and thgasfore

mobiity in porous medigHirasaki and Lawson, 1985

2.3.3 Foam Propagation and Stability

Produced lamellanay only translating a short distance before it ruptikas/scek and Radke, 1994
andthus it needs to be stabilizethe stability of the foam in the porous media is a function of both
foam film properties and petqahysical properties of the rock. Anket strength of the foam is related
to the magnitude of the pressure gradient over the medkarajzadeh et al., 201L20ne can
characterize the strength of generated foam by the mobility reduction factor (MRF) and it is often
defined by the equation

y

Y0 [2.3]

where MRF is the mobility reduction factog? (foam)andgs (no-foam)are the measured pressure

across th porous medium with and withoigiam, respectively.

The foaming agent, hence the surfactadtea to the brineeduces the surface tension and makes a
protective film that prevent bubbles to coalescence with each other. Stable foam is characterized by

two processeseitherthefilms betweertwo or more bubblegetthinneror two or more bubbles &e

22



together and form a single, larger bubble. These processes are termed film thimthitwplescence,
respectively(Schramm and Wassmuth, 199@ther factors influencing the foam stability is described

below.
Disjoining pressure

When the thickness of liquid lamellae separating gas phases is rebacaatface of the foam film
can interact with each otheWhen the forces acting between these two surfaces are in equilibrium
hence they balanctje disjoining pressuref a flat film equals the capillary pressydefinedby the

YoungLaplaceequation, which is given by equatioffrarajzadeh et al., 2012
Lot L o — [2.4]

Where thed is the disjoining pressur@e,, is pressure dependent on the positive electrostatic forces
@ywwis the pressure dependent on negative van der Waals fBrdeshe capillary pressuré,is the

interfacial tension between gas and liquid arglthe pore radius.

The disjoining pressure depends on the film thickness, electrolyte concentration and material densities
of the neighboring phases. Strong repulsive forces between the film intedaaks in a high positive
disjoining pressures and a stable film, whereas negative attractive forces result in negative disjoining
pressure andinstablefilm where foam may collapsgexerowa and Kruglyakov, 1998Above a

critical capillary pressutethe hicgh capillary suction pressure becomes higher than maximum
disjoining pressre, the lifetime of the lamellae and corresponding fasrshort and macroscopic
disturbances may ruptuthe foam. The disjoining pressure varies with surfactant type, surfactant
concentration and salinit{Farajzadeh et al., 20L.2As one can see from equation 2.3, serafiore

radius results in higher disjoining pressure, and the surface of the two liquid collapse.
Limiting Capillary Pressure

The dominant process that breaks down the foam is capillary suction cevalegKovscek and

Radke, 1991 Khatib et. al. (1988)studied the understanding of coalescence and introduced a
filimitingr s dférdamyin porous media. Important variableffecting P, , in

addition to surfactartyype and concentration, agasvelocy and t he medi(linmMdes per me
and Radke, 1989ThePc* corresponds to the water saturati&n, below which foam is unable. The

coalescence of all lamellae in a porous media do not occurs at once, but instead the foam coarsening,
which means it translate from strong to weak fo@thatib et al., 1988 Figure 2.12 shows an

illustration of capillary curve where the limiting capillary pressure and respectively water saturation is

shown.
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Figure 2.12i Left: Capillary pressure curve vs. liquid saturation. The limiting capillary pressure is dengted P
and the respectively water saturation ig .SCapillary pressures above thisitital value give unstable foam.
Right: Gas fraction vs. liquid saturation. Thigtire shows that coalescence is affected by both bubkleasd
relative mobility of gagFarajzadeh et al., 202

Two foam injection schemesere testedt the laboratory at Department of Physics and Technology.
That was in-situ foam generation and pgenerated foam injection. The results from these
experiments showed that pgenerated foarmjection was the most stable one and gave an increase in

oil recovery (Haugen et al., 201®Haugen et al., 2[P).
Foam oil interactions

Oil can both stabilize and destabilize fllam and hence thanfluenceof oil on foam stability isof
important knowledge and one of the most important factors in EOR application ofiiaanhkind of

foam to use in the petieum industry for the best EOR project is dependinghenfoamcrude oil
interaction in the porous med{@asan et al., 1993This means thahe generation of foammay be
reduced as the wettability of the rock changes from water wet towards oil wet. This was examined by
Sanchez and Hazlet (1992) and from thpegiments they concluded that new lamellae prefer water
wet conditiongSanchez and Hazlett, 1992 the present of an eilet medium the surfactant in the

foam can alter the wettability towards lesswdt and neutral wet mediu(farajzadeh et al., 2012
Laboratory experimentsfaore flooding aremportant to do because the oil influence the foam of
some degree dependent on type of foam and oil presdntegknces of oil on foam stability were
investigated by Ykingstad et. al. (2005), which concluded that the chain length of the hydrocarbon
and salinity, in presence of oil, were the main factors that seemed to affect the stability of the foam. In
addition the hydrocarbon molecular weight influenced the foaltilisfa where presence of longer

alkanes than decane resulted in more stabilized {véingstad et al., 2005

24



2.4 Foam injection for improving CO » flooding

Studies of foam and/AS5 injections at field scale hawesultedin enhanced oil resery and oe
important field scale project of foam injection is the East VacuumayBurg San Andres Unit,
EVGSAU in New Mexico, USA

Foam injection in EVGSAU, USA

Initially the full scale miscibleCG; injection started in 1985 after almo2¥ years of water flooding.

The injection scheme used was WAG with a ratio of 2:1. As a resubisfinjection, 11.5%
incremental oil was produced, but then it declined due to prodligneservoir pressure logv MMP,

2) observation of severe breakthroughs and 3) one area of the reservoir showed drastic permeability
contrast between upper and lowenes. [Rtailed geological studies of the candidate pattern for CO
foam field trial could identify potential high permeability chann@tarpole et al., 1994 Figure2.13
illustrates a gas injection to the left injecting towards the rigtaafoam injection to the left injecting
towards left(Sheng, 20183

Figure 2.131 Schematic of gas flooding (left) vs. foam flooding (right). Injectiaresfrom left and right
towards thecenter Foaming of the gas increase the viscosity and reduce the gas m(Hdliajzadeh et al.,
2012.

Next aCO,-foamfield projectbegan in 198¢Stevenst al., 1992 The aim of thidour-year project,

which included reservoir studies, laboratory tests, simulation runs and field tests, was to evaluate the

effectiveness of foam injection in the heterogeneous carbonate reservoir located in New Mexico, USA

(Martin et al., 1999 The porosity rangebetween 0.7 and 32.8% and the reservoir quality in differe

zones of the reservoir varied, and one zone even represenigleservoirrock. During evaluation

of CO,-foam injection in this field several core materials from different areas was examined where

conventional core analysis measurements of porositypgrmeability was availabl@larpole et al.,

1994). Before the C@foam injection pilot started a history match of the previous @@ WAG

process was performed which showed encouraging results for most of the wells. During the field test

of foam injection the reduction of G@nobility was evaluated using a data collection program, which

in addition evaluated the improvement in pattern sweep efficiency and production performance

(Martin et al., 1992 Desirable foam was designed to flow in the high permeable layers and different
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injection schemes were tested and continuously monitored. id saffactanfalternatinggas (SAG)

cycle with foam quality of 80% was chosen. This was tested to avoid operational problems and to
achieve the benefit of simultaneously injection. The SA&€Gle showed lower injectivityn situfoam

was generated amdobility of foam was one third of that during the WAG pro¢®tartin et al., 1995

and incremental oil was produced and observed in three of eight producers. These positive responses,
resulted in a second foam injection trial, with same conditions, but this time it stopped after two cycles
of foam due to operation problen{§heng, 2018 The two foam injection tests showed a positive
economic result, and the total incremental oil producedappsoximately 3045 | (19166bl).

Laboratory work is important to better understand the méshes at macroand micro level during

fluid displacement in a porous medium, such as a resernod.in the latter field case accurate
measurements of the surfactant slug at the laboratasyimportant two achieve the favorable results.

In the meantime there are some effaristhe laboratorghat might not happen at the fieddak and

vice versaone of them aranfavorable capillary endffect in drainage of oil by gas injection: dueato
gradient in capillary pressure at the outlet the oil saturation may not decrease to the residual oil
saturation when the injection ratelow (Hadley and Handy, 19%6
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PART llz Expenments and results

3 Experimental set upsand procedure s

The following chapter describes the procedures of measuring important parameters such as porosity,
permeability and how the core samples arepared for eachxperiment In addition there is also a

degription of the various seps used.

3.1 Rock material and Fluids

Analysis of rocks and fluids are important for reservoir characteriatidds time demanding and
expensive to drill out cores from reservoirs. Pressure and temperature change when tramisporting
cores from the reservoir depth to the surface and thus the rock and fluid chaegeperiments in
this study are performed on both cores from real field and from outcrop rocks; the latter is ared a

analogue to the reservoir rocks.

Thechalk aml limestongocksareoutcrop rocks. The chalk is froRortlandcement factory iIborg,
Denmark. This chalk isnainly consisting of cocolitt deposits with about 99% calcite and 1% quartz
Effective prosity and brine permeabilityf this chalk are in theange 0f4548% and 14 mD,
respectively(Graue et al., 199%nd thisoutcrop chalk core are used as an analogue to the Ekofisk
chalk field on the NCSThe limestoneoutcrop coresre from Edwards in Texas, USAand ithas a
wide range of permeability valuekie to its heterogenasrock material.The primary rock tge is
limestone, and minor rock types are dolostone and ¢hegtior, 2014,

Carbonate are calcareous sedimentary rock and usually heterogeneous due to trildetidis of
properties within the rockAhr, 200§. Oil Shaleis an organicsedimentaryrock, originally a source
rock. The rock structure consists of complex systems whrehcompried of hydraulically induced
fractures, natural fractures and a complex matrix consisting of different minerals and Ketioggéry
etal, 2013

Coresamples are cut iy water coolectircularsaw, washed and dried in an oven at 80 °C for at least
24 hours. Length and diameter of the cores where meassiregaislide caliper, and weigtibefore
and after thevatersaturation Chapter 4 presents the measureck properties and it isted in Table

4.1 andd.2and 4.3, respectively.

During the experimestseveral fluidswere usedand heir characteristicsdensiy and viscosityare
listed in Table 3.1The properties of C{are listed separately in Tal8e2, due to different conditions
of pressures and temperaturels eachexperiment Brines were prepared by mixing the different

components listed in table 3.1dhthe salts were used as received
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Table 3.1i Fluid characteristics

Density, | Viscosity, €
Fluid ID Characteristics 1 bar, 20°C 1 bar, 20°C Comments
[g/cm?’] [cP]
To avoid bacteria
growth 0.05 ml/l
NaN; is added
Distilled water
Chalk Bine 50 g/nt NaCl 1.05 1.09 CaCl, was added
50 g/m CaCb-H,0 to avoid
0.05 cni NaN; dissolution of the
carbonate rock
(Graue et al.,
1999
Closest
5.2362 g/MNa,SO, N/A N/A approximation of
Brine C 4.576rﬁg/|ﬁ KCI amount of salt
5.8247 g/m CaCl-2H,0
2.7599 g/MMgCl,-6H,0 components fro
22.7968 g/iMNaCl field water
analysis to match
the formation
brine
n-Decane CioH2 0.73 0.92 Isotopic prity >
95%
Paraffin oil n-paraffines:Cy-Cy3 0.74 1.43 Purity > 98%
To avoid bacteria
Surfactant: Chalk brine N/A N/A growth NaN is
Petrostep €1 addedo the
AOS G156 1wt% AOS Gy16 brine
To avoid bacteria
Surfactant: Brine C N/A N/A growth 0.05 ml/|
Surfonic L2422 NaN; is addedo
1 wt% Surfonic L2422 the brine
53 wt% saturated HC Acid number:
Ekofisk-crude oiP 35 wt% aromatic HC 0.85 14.9@ 20°C] 0.094
12 wt% resins 2.5[@90°C] Base number:
0.90 wt% asphaltenes 1.79

Y Composition of Ekofisk crude oil is frofGraue et al., 1999
The purity of thesalts used ithe chalk brineis: NaCl 99.5%, CaGl99.5% andhe sodium azide, NajNhas a
purity of 99.5%(Graue et al., 1999
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Table 3.2 Properties of different phases of €O

Fluid 1D Contents Density Viscosity Conditions Phase
[g/cm’] [cP]
T=20°C -
0.856 0.081 P = 100 bar Liquid
T=28°C -
0.869 0.084 P = 160 bar Liquid
T=35°C "
0.662 0.051 P = 90 bar Supercritical
co, > 99.999% CQ 0.599 0046 | 1 ="1°C | gpecritical
' ' ' P =178 bar
T=80°C "
0.468 0.035 P = 160 bar Supercritical
T=115°C "
0.291 0.026 P = 150 bar Supercritical
T=115°C "
0.418 0.033 P = 200 bar Supercritical
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3.2 Porosity measurement

The cores were weigll both air filled and saturatedvith brine The brine and core was vacuumed
separatelyto remove air with a pressure latsn 700 mTorr. Aftevacuuming tie core wasl00 %
saturated wittchalk brinefor at leasttwo hours. The salt contents and propertieshaflk brineare

listed inTable 3.1 A schematic drawing of the setup used for saturation is shown in Figure 3.1.

Pressure transducer {\\;{:] X
- oy
J @ ¥
I'A‘\ \
Condensing chamber
ol
y Bulb with core inside

Vacuum pump

Figure 3.1- Schematic drawingfdhe setip used for saturation of the cores.

The measured porosityi,is the effective porosity and i given by theraction of pore volumes and
the bulk volume The rock samples may consist of a larger volume of voids, but if these are not
connected to each other they are not filled with brine and hence noteddcindthe porosity

calculation.The percentag@orosityis given bythe equation:

. —_pmmb T __pnumnb [3.1]

whereV, is the pore volumey, is the bulk volumew,.is the weight of dry corewyy is weight of

saturated corgineis the density of therine r is the radiuof the coreand| is the length of the core.

Each core wastoral in a box and surrounded by thiiid they weresaturated withto avoid

evaporation of fluids and consequently change of saturation.
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3.3 Absolute permeability measurements

Capabilty to transmit fluids through its network gioresis described by the permeabilibty a porous

medium Absolute permeabilityis measured if there is only one single fluid present in the medium.

This measurement is performég use of a Hssler core holdefThree different injection rates are
used and the respective differential pressures are meadiredexperimental set up is shown in

Figure 32. Confinement pressure B baror 10 barover the pressure in the system, for chalk and

limestone, respectivel

gy iy o]

Confinemnet

pressure

Core

Hassler core holder

Esl
pressure gauge

eﬂa}e—}tsﬂ—»j

Graded
cylinder

Figure 32 - Schematic drawing of theetup used fombsolute permeability measuremeantd oil drainage

Pump injects bringil into the core from one side wittiifferent rates and the pressure gauge measure the

respectively pressure. In the otheideéatheoutlet and atmospheric pressure producing brine/oil.

Absolutepermeability k is calculated byse of D a r ¢ y Giwven Inequaion 3.2,

Q -0

whereq is the flowrate[m?/s], k is the permeabilityq.987-10*m? = 0.987 Darcy; A is the area of

the cross section [i ¢ is the viscosity—O and— is the pressure difference over the core length

p— P8P mT—.

By calculation of permeability the different flow rates afetted versus respectively differential

pressures and a straigite throughthe points gives a slopegual to®

13.2]

—(according

law), where the slopais used to calculate permeabiliky, The viscosity of brine and length aadss

sectional areaf the cords constant.
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3.4 Establishing S.i by oil drainage

The same sap as the permeability measurement is uséglre 3.2 for oil drainagd.he irreducible
water saturationS,; is obtained by njection of oi| dther n-decane owparafin oil at pressure of
bar/cmor 1.5 bar/cminto chalk and limestonerespectively.Cae is taken to not exceetthese
pressurs for the cores5 PV was injected in both dirdons of the core to achieve a uniform

irreducible water distributiorT he waterand oil saturation were calculattdm material balance

3.5 Aging of cores and wettability measurements

Outcrop rock typesre generally watewet andby aging the core the wettability is chang@&tiere are

two kind of agingechniquesdynamic and statid he processisedfor agingthe limestone core in this
thesiswas dynamic aging and was performed by llaramnd Ydstebg (2013).he dynamic aging was
performed at 8TC, using Ekofisk crude oil. The high temperature is required to prevent precipitation
of wax from the crude oil and for the aging to take pladee dynamic process was the same process
as drainage process, where the oil was injected at a constant pressure of 1.5bar/cm in both directions to
make sure the satui@an distribution was uniformifter 2.5 PV of injection in both direction the cores
were flooded for 90 hours with constant rate of 3 ml/h, this dvoesult in neutral wettabilityGraue

et al., 1999 After the preferred wettability was reached the cores were flooded with 5 PV of both
Decahydronaphtalene (Decaline) aneDecane, this to prevent aspieae precipitation.The
wettability was measured with the Amétarvey method.
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3.6 Preparation of cores: Fracture and Fracture permeability

The corswere cutiongitudinallyusing a circular sawvithout water to maintain the stabilized residual
oil saturaton. The cores were weigll before and after the cutting and calculation of the new pore
volume denotedP V4., was done by a fraction of the weight before and after medphith the pore

volume equation given as
0w 0o — [34]

where PV, [cm?] is the new volume of the core after fracturingRy [cm?] is the volume of the
whole core before fracturing ity [g] is the weight of the fractured core amghqe [0] is the weight
of the whole coréefore fracturing it.

The porosity and fluidlistributiors were assumed constant before and after the core weriguite

3.3 showshelongitudinal fracture and POM spacer used to ensure a constant fracture apajtues
3.4 shows a exampleof a limestonecorecut in twoand aspacerplaced between the two parihe
main purpose okeeping an open fracture is to easier compare the experiifenspacer is made of
polyoksymetylene, PONMNd was 1 mmvide. The extra volume of the spacer was exctufitem the
pore volume, hence included as dead voluthevas measured by adding up the volume of the
window in the spacer

Length [cm]
AL Thickness, h=1mm
Length, | = core length
Width, w = core width

Diameter :
[cm] /

\.
\\
. 3

Figure 3.3i Left: Schematic how the coreagrcut in twolongitudinally. The new fractured PV was measured by
weighting the coredfore and after the cuttingRight: POM spacer with three separate windows to create an
open fracture. The one used in the experiments are cut in the right size to fit the core length. The width of the
spacer is either 1.50 dorthexxperithenfsendent on the core

hI
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Figure 3.4Fractured limestone core with spacer placed between the two parts. The chalk cores were cut in the
same way and a similar spacer matching the length of the cores was used.

The cores were at irreducible water saturatiod theeffectivepermeability of the fractured core was

measuredafter the system was pressurizeith oil.

Figure 3.5 shows the procedure to wrap the core and end pieces with aluminum foil to reduce contact
between the rubber and the sleeve and thetageCQ. First the coe is wrapped in aluminum foil and
attached to the end pieces with aluminum tdpés experienced during the experiments that after
several time ofinjection of CQ the sleeveneeded to be replacedhe sleeve used rfothese
experinents was a Parker, BuiNasleeve Before attaching the core to the end pieces, the inlet end
piece, consisting of a valve on top of it, was field with oil to avoid air coming into the Tdoeeend

pieces was mounted to the cdng use of aluminum tapandafterwards the core and the end pieces

was pushed through the core holder and attached to it. Because the two end pieces was attached to the
core the core holder need to be taken out from the heating cabinet, and valves was attached to the core
holder tokeep the confinment oil inside the core holder.

W H\_w‘we‘&;m—v—‘

Figure 357 Top: Core before and after it iswrapped in aluminum fo&ndattached to end pieces.
Bottom: Core attached to the end pieces sei@d montage to the core holder. Modified (yaugen, 201p
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3.7 CQ and CO-foam injection

Five slightly differenttypes of setupwere used in this thesikependenkocationthe experiments were
conductedand what pressure usedduring experinens. Figure 3.6showsa generakchematicof the
setupsAfter the irreducible weer saturatiorwas establisheditherwater, ligCO,-, scCQ-or scCQ-
foaminjectionwas injected and oil production was recorded by volumetric measurement downstream
of the BPR The expemental setups were built in a heating cahitefaccurately control temperature

The CQ-injection was performed on limestone, chaild shale coresither whole or fractured, where

the fracture was aligned verticalgnd the injections were performedrizontally and thus gravity
forces were neglected due to small dimensions of the Eaperiments performed on limestone and
chalk cores when injecting supercritical £&nd foam vas target at pressure of 90 kamd at
temperature of 35°C. In this regitime CQ is at supercritical condition3he back pressure regulator
was at the first placed outside the heating cabinet, but later moved inside due to large transition for the
CO, when changing state from supercritical to.gaach setup had to be testeat the desirable

pressuréefore the experiment started.

Manometer

(; : 16

Heating cabinet Hand pump for confinement pressure

15
Nitrogen tank

EBPR
12 |14

«r;q-vgz 21 Core  |——s—terliar—>—

\—>—|

{i Pressure gauge Graded cylinder
— Surfactant pump

] - R

QX - pump

21
Foam gener tor[ '

Manometer

9

Figure 3.6 - Experimental sefp forthe CO, and CQ-foamexperimentsThe dark line indicates what was

mounted inside the heating cabinEhe arrovs show possible flow directions. Valves are éatid by bows.

Coiled dak line indicates coiled tubing to heat the £3&fore injecting it into the core. The blue line denotes

the dead voluméncluded in the setup is a foam generator (between valve 20 and 21), which was used for the
experiments whemjecting CQ-foamand bypassed when injecting pu@@e..
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Equipment used fr the setup shown in Figure 3.6

=

Accumulator containing C&volume 1.0 L)

Backpressure regulator controlled by nitrogen, N

CO, tank with a pressure of 60 bar

Computer for operatingymps and logging

2x ESI 200 pressure transducer

Foam generator (10 cm lIlong and 10 wide Swagel
Hassler steel core holder

Nitrogen tank with a pressure of 180 bar

2 Manometes

Quizix SP 5200r hand pumpeither one of th pumps for confinement pressure

Quizix QX 600@r QX 1500 pump for pressurizing the line with oil and drive the accumulator
Safety valvgset t0105 bar)

Swagelock, tubings and valves

Web camera

=4 =4 =4 =4 4 -4 -8 a8 - -a oa o

Detailed description of experimental pra¢edure

The heatingcabinet wasset to testemperaturébefore theaccumulator was filled with CCfrom the
tank at 60 barthrough valve 5 and.6/alve 3 wasthen opened, andhé¢ pumpinjected water at the
bottomof the accumulatofthrough valve 1, 2 and 3 pressurizeie CO, to 90 bar.The pump was

set to constant 90 b#or at least 3 hours (ually over the night) teestablish equilibriumThe pump
was switchedrbm water to oil andhe core was mountezhd dl was flushed througkhe core(valve

9 and 12 opened, vavl3 closedand tubes to pressurize the systerith low rate to avoid pressure
build up so no more water was drained away from the tockided in the setup is a foam generator
(between valve 20 and 21), which was used for the experiments when mj@@isfoam and
bypassed when injecting pure €@ack pressure was regulated &ynitrogen tank, set to 90 bar
(valve 15 and 16 openedi the pressure exceeded 90 Haere was possible twose the nitrogen tank
and remove some of the pressureeitdlly out trough valve 19\ext, the system, excluded the c@®@e
and 12 closed and 13 openedyas pressurized until 90 band how much volume used for
pressuriimg the oil from O bar to 90 bavas reorded The back pressure wéisenremoved and the
system vas depressurized to 0 barheh the core was include (bypasslve 13)closed)in the
pressurizing and the amount of oil injected to pressurize the system included the core wasTitegjister.
confinement pressure was increased simuttasky and kept 10 baor 8 barabovefor limestone and
chalk core, respectivelyhe fraction between the two different volume of oil used for pressurizing the
system with and without the core was used as a pressufatyg for the respectively oil, tocorrect

for the exta volume injected when the system is pressurizéég was calculated for-Becane and

paraffinoil.
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Oil was flushed through the core until the air from the system was observed at the outlet. Then the
core wasexcluded from the system and €®as floodedhrough bypass to remove oil andnimize

dead volumeThe foam generatavas also exclude@valves 20 and 21 closgdNVhen flooding the
bypass it was used high flow rate to be sure thgiaskibleoil was removed from the systeifihe

CQO, injectionratewas set to experimental conditions before the valves to the core was opened. The
injection rate was varied for each experiment to maintain the same frontal velaciachieve the

same frontal velocitydesirable 2 cm/houfor each core the ratgaschargeddepending omock type

and size of cross sectional aréamestone has half porosity of a chalk atmis different frontal
velocity. After stabilized production through BPfRe outlet valvg12) was opened, bypass val{E3)

closed and inlet valvgd) openedgquickly. The production of oilvas collected in a graded cylinder to
read the produced amount of liquids.

In the case o6dCO.-foam injectionthe foam quality used in the experimentas9:10 (90%) based

on previous ratéHaugen et al., 20320 generate atrongfoamto give afavorablemobility ratio.
Valve 17 was closed when the surfactant pump was pressthefect the injectionAfter 1-2 PV of
CO; injected, the C@injection was stopped and the £@te was adjusted to maintain the same total
injection rateandsimultasurfactantwas setHenceCO, and surfactant was eimjected (valve 17 now
opened for surfactant injectiohis time the foam generator was includedives 20 and 21 opened,

19 closed)n the floading excluding thecore andfoam was flushethroughbypass.

Experience of foam injeicin resulted in no flooding of foam through bgpabefore injection to the
core, which was performed in the lategperimentsThe foam injection wathenstarted afted-2 PV
of CO, injected Predicting ofwhen the foam exactly hits the core and tbnsneed to considesome
uncertaintyof this calculation A web camera waen during thetime of productiontakinga photo

every 1@h minute

Source of Errors
There weredifficulties with maintaining a constant backpressure using BRR because the

produdion was either below or above the decided paegsureand experiments were performed
pressures in a range of -89 bar. In addition, ceating exactly the same setup in different heating
cabinet mayaffect the resti$ andmay be an uncertainty when aseiring the dead volumeé&o be sure

that all dead volume is removed before starting the injection into the core may be difficult, and some
of the produced oil which is counted as pore volume beagxcessive for some experiemeiitsere

was also experiendefluctuation of differential pressurewhich was also expemeed previous by

Langlo (2013) and Christoffersen (2010Jhese fluctuations may be due to the production through
BPR, where it alternated between opening and closing as the wedt from one glte

(supercritical/liquid) to another (gas
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3.7.1 Secondary oil recovery by | iquid CO2-foam injection

SecondaryCGO, injection in limestone core plugsere conducted at the Texas A&M University

College Station, Texas, USAwo water wet and one eiVet, at anbient temperature and at pressure

of 90 bar The schematic drawing of the setup is shown in figure 3.7.

Differential
pressure ;% pump

X

Pressure . % [~ e e e
%
gauge —
|-

bt |
P

3|«
s Measuring P4 M
cylinder ——= b | Coreholder | P—
pump

ot

L]

< 1l X
pt—  surfactant | x
’ el

co, Lo

< Foam

generator

Heating >

cabinet

Figure 3.77 Schematic of the experimental setup used for supercriticagtHf@n injection at Texas A&M
University(Langlo, 2013.

Equipment usedfor secondary recovery by CQ-foam

=

=A =4 =4 4 -4 -4 -8 4

3x Accumulatorgontaining oil, CQand surfactant

Backpressure regulatarontrolled by Nitrogen, N

Bi-axial (hydrostatic)core holder

Foamgeneratoft 10 c¢cm | ong and 1 0 wide
3x ISCO pump#or injection of oil, CQ and surfactant

Pressure gauges

Swagelockubings, fittingsand valves

Validyne DP15differential pressure

Web cameramoritoring the production and the differential pressure

Swagel ock

These experiments were conducted by collaboratitn Master student$tig A. Langloand Tom

Ydstebg (2013)The procedure watkhe same as the one described in chapter 3.7, but after flooding the

lines with n-Decane, surfactarand CQ was ceinjected andlooded through bypass instead mfly
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CO.. The rate ofco-injection of CO, andsurfactant were 3.72 mi/h and 0.48 mitih a foam quality

of 90% respectively.The total injection rate of 4.2 mifvas usedto compare with pervious GO
injectiors (Langlo, 2013 Ydstebg, 2018 Whenfoamwas observed at ¢houtlet, he inlet valve to the

core was opened allowing foam injection through the obreeb canerataking photo of the graded
cylinder and the differential pressure every half an hour made it possible to monitor the production
also during the nighiThe fluctuation of differential pressuveas also experienced heBecause most

of the dead volume (90%) was at downstream of the core it was subtracted from the probiuction
these experimentfi¢ extra volume of oil injected to pressurize the systemswhgacted from the
production
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3.8 Tertiary CQ injection for EOR in Reservoir Carbonate Cores

CQO; injection for EOR in reservoir carbonate cores from an onshore fractured carbonate field in Texas
were conducted in collaboration with Pkfudents Bergit Battekds and Marianne Steinsbg.
Schematic of the expenental setup is shown in FigureB3and experimental equipment is listed
below.The procedurevasthe same for all four cores.

Figure 3.8 Schematic drawing of the setup used for water angdi@j@ction in reservoir cores. The black box
indicates the wall of the heating cabinet. The thicker line (green) before and after the core indicates the dead
volume. Valves are indicated by a bow and numbered, 1 to 16. Red and dotted lines are communiocagion cabl
connected to the computer.

Equipment used br the setup shown in Figure 3.8

- Accumulator containing CO

- Autoclavetubings and valves

- Backpressure regulator controlled by nitrogep, N
- CO,tank witha pressure of 60 bar

- Computer for operating pumps angfing

- 2xESI200, pressurgauges

- Foamgeneratof 10 c¢cm |l ong and 1 0 wide Swagelock tubi
- Hassler steel core holder
- Manometer

- Quizix SP 520@or confinement pressure

- Quizix QX 6000pump for pressurizing the line with oil and drithe accumulator
- Safety valve set to desirable pressure

- Sanchez Spump for injection of CQ

- Web camera
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