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ABSTRACT

Enhanced oil recovery techniques are used after primary (pressure depletion) and
secondary (waterflooding) témique to increase oitecovery. @e method of enhanced oil
recovery uses surfactantSurfactants have the potential to increase oil recovery through
interfacial tension reduction and the possibility of creating foam. This investigation focuses on
the surfactant assisted watailternatinggas techniquein a glass micromodginvestigating
factors such as watedlternatinggas ratio (1:1, 1:1.5, and?2), surfactant concentration (one
timesCMC 5.5 timesCMG andten timesCMQ, gas type (air and propane), and surfactant type
(Triton %100 and Iveysol 106and observing responses of oil recovery, breakthrough time, and
fluid flow. Qil recovery data suggested that individual effects of surfactant concentration and
gas type, andnteraction effects of WAG ratisurfactant concentration, WAG ratgas type,
WAG ratiesurfactant type, and gas typsurfactant type were significant. Breakthrough time
data suggested that the individual effects of WAG ratio, gas type, and surfactamtwgre
significant. Additional experiments investigating interfacial tension and viscosity showed that
surfactant concentration reduced both interfacial tension and viscosity, with Tritd®0X

having lower interfacial tension and viscosity than lvey§6l. 1
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Chapter 1: Introduction

1.1. Research Content

The object of reservoir engineeringto extract the greatest volume of hydrocarbons from
the reservoir as is economically viable. Fluids in a reservoir are under pressure, therefore at the
beginning of production, the expansion of the fluids when exposed to a decrease in pressure
from the reservoir to the well boras enough for many light oil® begin to flow and thisis
termed primary recovery. Once the reservoir pressure is depleted, flow may decrease or cease
entirely. Primary recovery is responsible for recovering approximately &#5%e oil originally
in placefor light oils, 5% for heavy oils, and 0% for very heavy oil sandéTbitenas2007)
Secondary recovery consists of injecting waiegasinto the reservoir to increase the pressure
and extract additional oil. Secondarycmrery is responsible for recovering an additional 29%
oil originallyin placefor light oils, 5% for heavy oils, and 0% for heavy oil sands oils. This means
that 45%of oil originally in placdor light oilsremains in the reservoir after primary and
secondary recoveryThomas2007) Therefore tertiary recovery techniques are required to
extract the remaining oil from the reservoly altering the fluidfluid and/or fluidrock
properties Surfactant based enhanced oil recovesyan examplef chemicalertiary recovery
techniqueswhere chemical additiveare injectedto extract additional oil from the reservoiry
various mechanisms such esducing the interfaciala@nsion between the injected water and

the residual ol



Surfactants aresurface activemolecules with a hydrophilic head and a hydrophobic tail,
meaning that they tend to conggate at the waterbil interface If surfactants are present in
high enough concentrationghe surfactant molecules will group together in a certainywa
make surfactant micelles, where the hydrophobic tails are towards the centre and the
hydrophilic heads are facing out, contacting the water molecufesfactant based enhanced
oil recovery techniques operate by reducing the interfacial tension betwtbe injection liquid
and oil phases, which dexases the capillary pressure the pores. If the local reservoir
pressure is large enough to overcome the capillary pressure then the oil can be extracted from
the pores.In some situations, when the surtaoits are injected in conjunction with a gas
phase, a foam phase may be created with the liquid and gas phases. This foam phase has the
added benefits of increasing the sweep efficiency by blocking high permeability areas and
forcing the injection fluidsnito lower permeability areas. Challenges asseciavith surfactants
include; cost of the surfactangdsorption of the surfactant onto the reservoir pore walls, and
the surfactant$ability to also decrease the liquid viscosity, whiohy lead to alecreaein olil
recovery instead ofin increa®. The generation and propagation of a stable foam phase is
another challenge if foam is desired. To generfdam, the liquid must havea sufficient
surfadant concentrationand the injection parameters and schemased to be carefully
designed. It is known in literature that surfactants have the ability to decrease interfacial
tension, thereby increasing oil recovgiychramm 2000). It is also known that above the critical

micelle concentration the surfactant moleles congregate together to form spherical micelles,



with the hydrophobic tails pointing inward while the hydrophillic heads point outward to

contact the water molecules.

There are several methods used to apply surfactants in enhanced oil recovery. Susfacta
can be flooded ird the reservoir by injectiowith a gas phase concurrently or alternating, with

a polymer, or with an alkali and polymer solution.

Surfactant Flood

In surfactant floods, an aqueous solution of surfactant is injected into the resarvoire
of three main methods. First, the surfactant can be injected into an injection well as a slug of
aqueous highly concentrated surfactant followed by injecting water to drive the surfactant
through the reservoi{bhnson1957) Second, the surfactaran be continuously injected into
an injection well in a low concentration agueous solut{dohnsonl957) Third, the surfactant
can be injected into a production well in high concentrations, followed by shutting in the well

for a period of time allowingd KS & dzNF I OdG I yi (2 (Madrigue pt£al0D4f 2 (K S

The second method is not widely used due to the large amount of surfactants required to
continuously inject a low concentration surfactant aqueous soluffwhnsornl957) Surfactant
floods typically loose large amounts of surfactant to adsorption. Itaissbeen reported that
in surfactant only floods, the surfactant tends to channel through the reservoir following the

same path as primarywaterflood (Oil Chem Technologi€910)



SurfactantGas Flood

Surfactants can also be injected in the presence of a gas phase. In this method, an aqueous
solution of surfactant is injected into the reservoir along with a slug of gas. There are several

methods to inject the surfactant solution amgs into the reservoir, which are described below.

When an aqueous surfactant solution is injected concurrently or alternatively with gas, the
gas disperses into small bubbles within the liquid to create foam. Foam generation,
propagation, and stabilitgre further discussed in Secti@i3. The surfactanand gas can either
be injectedat the same time in different wells (dnjection), or in alternating slugs ofigactant
and gas in one or more wells. The following are the various ways in which surfactant and gas

separately, or a premade foam can be injected into a reservoir:

1 SimultaneousCalnjection
In cainjection, the surfactant slug and gas phase are injeci@aultaneously into
the reservoir either through the same injection well or through different injection

wells(AFMossawyet. al2011)

1 Premade Cenjection
For premade co-injection, the surfactant and gas are mixed before being injected
into the reservoir. This will create a foam substance that is injected into the

reservoir(AFMossawyet. al2011)



1 AlternatingCaolnjection
The alternating method consists of injecting a slug of agqueous surfactant solution
followed by a slug of the gas phaseher in two different wells or the same well. In
this method foam mg be created. This can be termed surfactalfternatinggas

(SAG) or surfactant assisted watdternatinggas (WAG).

SurfactantPolymer Flood

SurfactantPolymer flooding utilizes two cheaoal formulations, a surfactant and a
polymer. The surfactant is mixed in an aqueous solution and injected as one slug, with the
polymer chemical injected as another slug. Both slugs are driven through the reservoir using
brine. This method lowers the intiacial tension baveen water and oil and lowers the mobility
ratio, which is the ratio of velocity of water to oil in the reservoir in this area. High mobility
ratios mean the water is moving much faster than the oil, possibly causing earlier water
breakthrough, therefore lower mobility ratios are desired. Mobility ratios are dependent on
viscosity, asinjection fluids with a low viscosity willyield a high mobility ratio.
Surfactantpolymer floods have been found to be inefficient due to the loss of stafd to the

porous mediunthrough adsorptionfSomasundaran & Hanrd®79)

Alkali/Surfactant/Polymer Flood

Alkall SurfactantPolymer flooding utilizes three chemical formulations, an alkali caustic

chemical, a surfactant, and a polymer. The three chemicals can be premixed and injected into



the reservoir as a single slug, or each chemical can be injected individually as aesshayat
The alkali reacts witlthe acidc components of the crde oil to produce surfactant isitu,
increasing the amount of surfactant. This method lowers the interfacial tension between water

and oiland improves the mobility rati@Krumrinel983)

1.2. Research Activities and Thesis Organization

This thesis will deal with the investigation of how several factors, pertaining to the
surfactant assisted watedlternatinggas technique, affect both the oil recovery and
breakthrough time in a twalimensional glas micromodel. The factors investigated are the
water-alternatinggas ratio (volume of water slug to the volume of gas slug), the concentration
of the surfactant in the liquid phase, the type of gas phase used (air and propane), and the type
of surfactant sed (Triton XLOO and lveysol 106). The use of a glass micromodel also allows the

direct observation of the fluid flow through the porous media.

This thesis will first present a comprehensive literature review on the surfactant assisted
water-alternatinggas enhanced oil recovery technique, including an overview of surfactants,
mechanisms by which surfactants can increase oil recovery, and mechanisms of foam
generation and how foam can increase oil recovery. The literature review will also discuss

previousmicromodel studies involving surfactants and their findings.

Following the literature review, the experimental system, design, and method will be

presented. A complete overview of the experimental micromodel system which was designed



as part of this resaah will be discussed, with the procedwgevailable in AppendiB. The

experimental design and method is also discussed, outlining the factors investigated and
responses observed for the three different types of experiments conducted. The micromodel
expetiments vary the WAG ratio, surfactant concentration, gas type, and surfactant type, while
the quantitative responses of oil recovery and breakthrough time, and qualitative response of

fluid flow are observed.

Interfacial tension experiments are also cowtkd, varying surfactant type and
concentration while measuring the interfacial tension between the injection liquid and oil
phases. Finally, viscosity experiments are condiicterying surfactant type and concentration
while measuring the viscosity oféhinjection liquid. The set of micromodel experiments was
designed using Stdfase Designfdxperiments 9.0 optimaksponse surface methodologyhe
Design of Experiments softwarteses statistical esign todetermine the experimental runs to
be conductedand also analyzethe results(through the analysis of variance technique)
identify the factors which significantly influence the response variable being obsefved.
optimal design response surface methodology was chosen to limit the number of evgueail
runs required.The Design of Experiments software also allows for the identification of any non
linearity in the factor effects, and is capable of identifying interaction effects between two or

more individual factors.

The wateralternatinggas (WAG) ratio was chosen for investigation as it is an important

parameter in the watealternatinggas technique, with research being conducted on WAG



ratios to determine the optimum WAG ratio to use to improve oil recovery. Thaighed
literature covers investigation over a wide range of WAG ratios including 3:1, 2:1, 1:1, 1:2, 1:3,
and 1:0.5 which found that a WAG ratio of 1:1 was optimal (Salehi et. al 2013; Salehi et. al
2014; Motealleh et. al 2012; Shokrollahi et. al 2014d-et. al 2014). However no research has
been published on WAG ratios between 1:1 and 1:2. Therefore the lower limit of the WAG ratio
was set at 1:1 and the higher limit of the WAG ratio was set at 1:2, with a centre point at 1:1.5
to both investigate theVAG ratio of 1:1.5 and to identify and rndinearity in the oil recovery

or breakthrough time effect between WAG ratios of 1:1 and 1:2.

The surfactant concentration was investigated as it is another paiameter of the use of
surfactants in any industryThe published literature on the use of surfactants for improving oil
recovery investigated the surfactants at the critical micelle concentrgf@vQ, and/or varied
the surfactant concentration by weight percent in the solution (Shokrollahi et. al 206dyedi
et. al 2014; Chang et. al 199Gnd Sagar and Castanier 1997). This research varies the
surfactant concentration by multiples of tHeMG as each surfactant has a differe@MCand
the behavior of the surfactant is different at concentrations ab@nd below theCMC No
research varying the surfactant concentration by multiples of @dCrather than by weight
percent could be found. It has also been suggested that surfas&muld be injected around
the CMCvalue for nonionic surfactant§Gurgelet. al 2008), while Schramm (2000) suggests
that surfactants must be present at a concentration higher than@wCvalue to achieve the
greatest effect in lowering interfactial tension or promoting foam stability. Therefore it was

decided to experiment wth surfactants at ad above theCMCvalue to take full advantage of
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the surfactants ability to lower interfacial tension and create a stable fodrereforethe lower
limit for the surfactant concentration was set at ti@MCand the higher limit of the gtactant
concentration was set at ten times tHeMG with a centre point at fivend-a-half times the
CMCto investigate any notinearity between the lower and higher limits of the surfactant

concentration used.

The gas typevas also chosen to determingone gas performed better than another gas.
Published literature on the gas phase for wagdternatinggas techniques include air, nitrogen,
carbon dioxide, and reservoir gas (Hornbrook et. al 1991; Chang et. al 1994; Farajzadeh et. al
2009; Motealleh & al 2012; Shokrollahi et. al 2014; Xu and Rossen 2003, Sohrabi et. al 2000;
Feng et. al 2014; and Moayedi et. al 2014). Air and propane were chosen aasthEhases
based on air being aeadily availableimmiscible gas source, while propane was raadily
available hydrocarbon gasAir was a possible gas source due to the high -dgidion
temperature of oil at ambient conditions. At reservoir conditions air may pasaudo-ignition
hazard therefore at reservoir conditions air may not be a suitabledasce.As the conditions
investigated (ambient pressure and temperature) are unable to take advantage qfsango
miscible properties of propane, the two gas phases were chosen to investigate how physical gas

properties (compressibility, viscosity, gtmay affect the recovery of oil.

The surfactant type was chosen to determine which, if any, of the two surfactants
investigated performed better to increase oil recovery. Nonionic, cationic, and anionic

surfactants have been investigated (Rao et. al&2@dd Shokrollahi et. al 2014), with naonic



surfactants being found to produce a higher oil recovery (Ra@e2006).Due to this, wo
nonionic surfactants were investigated, TritoALB0 and Iveysol 106. Triton1X0 has limited
published research fooil recoveryavailable (Abdi et. al 2014Joayedi et. al 2014), while no

published research investigating the use of Iveysol 106 for oil recovery could be found.

The Design of Experiments Optimal Design Response Surface Methodology method
resulted in 23required experiments. Howevethese core experiments did not include certain
baseline experiments wi which to compare the resultgherefore alditional micromodel
experimentswere conducted to determine when or if enhanced oil recovery technigues should
be implemented. Kperiments consistingof waterflooding, watetalternatinggas flooding,
surfactant flooding and surfactant assisted watdternatinggas flooding as the secondary
recovery phase will be compared with waterflooding followed by waiégrnating-gas and
surfactant assisted watealternatinggas experiments. The difficulties encountered in the
micromodel experiments will then be discussed, including either fixes used or possible fixes for

future experiments.

The results from these three diffent types of experiments are then analyzed and
discussed. The micromodel results for fluid flow are first presented, discussing the observation
or lack of observation of phenomersuch as foam, viscous fingering, gravity segregation, oil
displacement mecanisms, and the wettability of the micromodel. The interfacial tension
experimental results discuss the reduction in liquid/oil interfacial tension with increasing

surfactant concentrations, with Triton-200 reducing the interfacial tension to a greategiee

10



than Iveysol 106. The viscosity experimental results discuss the reduction in liquid viscosity with
increasing surfactant concentrations, with TritorlB0 reducing the viscosity to a greater

degree than lveysol 106.

For the micromodel experimenttiie oil recovery results are then presented, followed by
the breakthrough time results. For oil recovery, the individual effects of WAG srfactant
concentration,gas type and surfactant typealong with the interaction effects of WAG ratio
surfacant concentration, WAG ratigas type, WAG ratisurfactant type, and gas type
surfactant type are discussed in detail, drawing on the interfacial tension and viscosity
experiments to better explain the results. Additional experimethia were conducted aitside
of the coreset of experiments are then presented, showing the benefit of using surfactants in a
water-alternatinggas method over methods such aterflooding, surfactant flooding, or
water-alternatinggas flooding without surfactantg-or the brekthrough time, the ndividual

effects of WAG ratio angas type are discussed.
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Chapter 2: Literature Review

This section details the literature review conducted on surfactantl foam assisted
enhanced oil recovery. The basics of surfactants, the physical mechanisms of surfactants and
the foam they create, the impact on oil recovery of surfactants and foam, experimental
methodsand techniques for micromodelsurfactant and fom field trials, and an overview of
the design of experiments method will be presented in this section. This will provide a detailed
overview of surfactants and foam, how they are used in enhanced oil recovery, and how they

can be investigated.

2.1. Oil Recovery Mechanisms

This section will discuss the processes by which oil can become trapped in the pore spaces
of a hydrocarbon reservoirfFirst the concept of interfacial tension will betroduced; this
concept is used in both of the following mechanisms giiltary pressure and wettability. This
will be followed by discussions on both capillary pressure trapping and wettability trapheg.

effect of surfactants on these two mechanisms willdiscussedn Sectior?2.2.3

Between two immiscible fluids there exists a thin boundary region termed an interface. The
interface is caused by an imbalance of intermolecular attractive forces. These forces are

discussed below.
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Cohesive Forces

The molecules of one liquid all experience the same intermolecular forces; however the
forces at the interface only experience the intermolecular forces from the molecules to the side
of and behind the interface. The molecules at the irded will also experience intermolecular
forces from across the interface, from the molecules of the other phase. If the two liquids are
identical, the intermolecular forces will be identical and no interface will exist. However if the
two liquids consist bdifferent molecules, the intermolecular forces will be different and an
interface may exist. The imbalance between the intermolecular forces of bottsfisitermed
the cohesive forcéBird2001) Figure2-1 below provides a schematic of the cohesive forces in a
liquid and at an interface. As shown, the molecules in the centre of the liquid are acted on by
identical molecules in evergirection; therefore the net sum of all the forces on these
molecules would be zero, since the force directly to the left is balanced by the force directly to
the right, which is repeated for every direction. The molecules at the interface however are not
acted on by idatical molecules in every direction, since these molecules are at the boundary
there are no identical molecules across the boundary. Therefore in this case, the boundary
molecules bulge in the centre of the boundary. In the centre there are moleculegamtithe
boundary molecules in every direction except for directly above the boundary molecules. The
right and left forces are balanced, however the forces acting up and down are not balanced. The
boundary molecules feel a greater force pushing on thermfimelow than they feel pushing on
them from above, and therefore there exists an imbalance in forces which results in the

upwards bulge seen in the centre.
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Adhesive Forces

The forces of attraction between a fluid and a solid surface are termed adhesive forces. The
imbalance between adhesive forces and cohesive forgesmed the interfacial tension)

determines the behavior that a fluid will exhibit when in et@act with a solid surfac€Bird

2001)

In the case of two immiscible fluids and a solid, the wetting phase will occupy as much of
the solid surface as is required to balance the adhesive and cohesive forces. This causes the
gSUGGAY3T LIKIFaAaS G2 a0t AYoé SAlKSiNFigime2-22weitng 2 ¢ y
phases will be discusses in detail beldmFigure2-2, the dark liquid is the wetting phase of the
solid surface on the left, and is the naretting phase of the solid surface on the right. We get

these concave down and concave up menisci due to the wetting omwetting natue of the
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Figure2-1. Cohesive Forces
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when the liquid in not wetting the solid, the liquid will try to avoid contacting the solid, resulting

in the concave umeniscus

‘ 05 q)J

NonWetting Phase Wetting Phase
|

v

NonWettlng Phase

Wetting Phase

Concave Down Meniscus Concave Up Meniscus
Figure2-2. Adhesive Forces
The interfacial tension, or interfacial tension, can be best illustrated by observing a single
droplet of one phase adhering to a solid substance in the presence of a second Ipigase2-

3is an illustration of this, showing the interfacial tension between the two phases.
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A convenient way to discern between the two fluidg-igure2-3 is to term one fluid the

wetting fluid, while terming the other fluid the newetting fluid. A fluid is considered to be
wetting if the internal contact angle is less thar’ 98 contact angl less than 90will result in
the fluid spreading over the surface (wetting the surface). Fluids with contact angles of greater

than 90 do not spread over the surface, and in fact attempt to reduce the interfacial area
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between the fluid and the surfaceften forming droplets on a surface which will not spread

over the surface.
2.1.1. Capillary Pressure

The interfacial tension between two fluids will result in an additional pressure, meaning
there will be a pressure differential across the interface. The-wetting phase will have a
higher pressure than the wetting phase due to the contact angle. This pressure can be

calculated using Equatiori$) (Muskat1949)and(2) (Laplacel805)

0 0 0 and 1)

B C, W&+ ()

where:

Ay ) T OA OMBATAGEID x B B AT &(N/m),

0 # ADED DA OMNIGRA
— #1171 QA AN
i 0l QAAED.O

As shown in Equatio(®), the capillary pressure increases with an increase in interfacial
tension. This is because as the interfacial tension increases, the molecular forces underlying the
fluid-fluid interfacial tension (cohesive bonds) create more of a force imbalance at the
interfaces. These forces thereby require even greater forces to overcome them, increasing the

capillary pressure. The capillary pressure decreases with increases in the contact angle of pore
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radius. This is due to the contact angle being closely assocmtedhe interfacial tension of
fluid-solid surfaces. The contact angle is a measurement of the adhesive forces which determine
whether a fluid is wetting or nomvetting. Large contact angles result from large adhesive forces
pushing away from the solidterface, while low contact angles result from the adhesive forces
pushing towards the solid interface. Therefore aweatting fluids will have a larger capillary
pressure than wetting fluids to enter the pore. The increasing capillary pres®areasing

pore radius relationship is due to the area over which the imbalance of forces is acting. For
example, if the force imbalance is kept constant, smaller pores will exhibit a larger capillary
pressure than larger poredhe crosssectional arean small poresis very small, and since
pressure is a measurement of force per unit area, the capillary pressure is Ggugesitely, i

larger pores, the radius alsdarger;thereforethe capillary pressure is smaller.

The pressure difference between the injectifimid and the fluid in the pore must bequal
to or greater than the capillary pressure in order to displace the oil. This is a key aspect to oil
recovery, as natural reservoirs are made up of a porous network with varying sizes of pores. The
main difficuty encountered therefore is the very small pores which require very large injection

pressures to cause flow of displacing fluids into the pores.

In reservoirs, there are many interconnected pore channels of varying length. The Capillary
Number, Equation(3) (Melrose and Brandner 1974is the ratio of viscous forces to capillary

forces and is used to determine which path the injection fluid will take.
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It necessaryo determine which force dominates the flow. If viscous forces dominate flow,
the trapping mechanism will be dictated by viscosity. When viscosity forces dominate, frictional
losses to the pore walls will greatly affect flow, with frictional losses benget in small
diameter channels compared to larggameter channels. Therefore when viscous forces
dominate, the fluid will follow the path of least resistance which will be the path with the
lowest frictional losses, which would be the larger diametearoiels. Therefore when viscous

forces dominate the injection fluid will move through the larger pores faster and cause

breakthrough, trapping oil in the smaller pores.

When the capillary number iswothen capillary forces dominate, whiemte dependent on
the radius of the pores. Larger pores have larger radii, and therefore lower capillary forces,
while smaller pores have larger capillary forces. Therefore the capillary forces are larger in the
small diameter pores, which causes the fluid to travel ateatgr rate in the small diameter

pores, causing breakthrough in the small pores and trapping oil in the larger pores.

Looking at the capillary number in conjunction with the mobility ratio can be benefldial.

mobility ratio (M) is the ratio of the mobity of an injected fluid to the mobility of the displaced
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fluid which is oil in this case, and is givenEquation(4). Mobility ratios of 1.0 or greater
indicate tha the injection fluid is moving at a greater velocity than the fluid being displaced. In

this case, this would cause the injection fluid (water or gas) to finger through the oil phase.

U 1]
0 U ' (4)
L
where:
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For two injection fluids of different viscosities, the fluid with the lower viscosity will have a
higher mobility ratio. The amount of oil trapped by the lower viscosity injection fluid will be
greater than for the higher viscosity injection fluid sinbe tow viscosity fluid will be able to
finger through the oil phase to a greater extent in the large or small pores, causing an earlier

breakthrough and increasing the amount of trapped oll.

2.1.2. Wettability

When water is injected into a watavet reservoir (nbibition), the water will imbibe in
films along the pore wall surrounding the oil in the pore volume. The adhesive forces of the
water to the pore walls will be greater than the adhesive forces of the oil to the pore wall;

therefore the water will creeplang the pore walls. If the water pressure is high enough, it may
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have the necessary force to push the oil from the pore body as well, however the adhesive

forces present creeping along the pore walls as the path of least resistance to the water.
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disconnecting it from the oil in the other pore body. This effectively traps globules of oil in the
pore bodies because additional waterflooding will not reracthe trapped oil(Roof 1970
Chatzis et. al 1983Figure2-4 gives a schematic of an oil globule being trapped in a warsr
porous media during an imbibition press. The flow is from the left to the right and each
consecutive figure is an instant ahead in time.

FlowDirection
Pore Throat >
Snap Off

@ 9 @ )® @
A B C D E

Figure2-4. Wettability Trapping Mechanism

Water
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2.2. Physical Mechanisms of Surfactants

This sectionwill discuss the surfactant molecule and the physical mechanisms that
surfactant molecules undergo when injected into a hydrocarbon reserMackground
information for interfaciakension, capillary pressure, and wettability is discussed taex the

effect of surfactants on oil recovery.

2.2.1. Surfactants

{ dzNF I OlFyld Y2tS0Odz Sa NS 0O2YLRaSR 2F | aKSI
These two sections are chemically different and therefore do not behave the same. The tail is
composed of a hydrocarbon molecule which is hydrophobic, while the heamipased of a
polar or ionic group which is hydrophilic, and therefore interacts strongly in an aqueous
environment via dipolaipole or iondipole interactionsFigure2-5 presents a typical anionic
surfactantmolecule;the anionic nature of the molecule can be seen by the negative electrical
charge of the surfactant head. Note the different chemical structure of the tail vs. the hibéad.
carbon atoms are shown in agzagorientation because carbomolecules have tetrahedral

configuration which requires the bonds to be separated by 10@R&usch 2013).
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Figure2-5. Typical Anionic Surfactant Monomer
When surfactant molecules are present they will migrate to the fluid interface to decrease
the potential energy of the system. The scenario with the lowest potential energy is the

equilibrium state of the system. Various surfactant orientations are shovAigure2-6.

Oil

3 :

Hydrophilic Head -——_._§ ; £

A B C
Water

Hydrophobic Tail —+——__

Figure2-6. Surfactant Orientations in Liquid
In Figure2-6, molecule C is in the lowest state of potential energy. This is because the
hydrophilic head isvithin the water phase and the hydrophobic tail is within the oil phadee
hydrophilichead is polar, meaninghat there is a difference in charge from one side of the
molecule to the other. The polar head can bond more easily with the padder molecules,

which is why the head is hydrophilic. The surfactant tail is-palar, meaning that is does not
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have any chnge in charge from one side of the molecule to the other. {dolar molecules
have difficulty bonding with polar water molecules, which is why they are termed hydtmph
The nonpolar parts of the molecule prefer to be in solutions of qawlar moleculs. Therefore

in cases A and B, either the hydrophilic head is in apwar solution, or the hydrophobic tail is
in a polar solution, which are both neadeal cases. In case C, the hydrophilic head isen th

water phase while the hydropHoc tail is in tle oil (nonpolar) phase.

Without this orientation, the hydrophobic and/or hydrophilic parts of the molecule will not
be in contact with the fluid that ihas an affinity for (the hydrophobic part in contact with water

or the hydrophilic part not in contaatith water) (Schramn2000).

2.2.2. Surfactant Types

{ dzNF I Ol Fyida IINB OFGS3a2NAT SR ol aSR 2y (KS Y2
of the surfactant molecule. The following are the four main classifications of surfactants

(Schramm2000) Figure2-7LINE A RS & |y 20SNBASs 2F (K RATTFS

electrostatic charge.
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Figure2-7. Clasffication of SurfactantgSom et. al 2012)
Thee are different categories of surfactants. These include cationic, anionic, nonionic, and

zwitterionic surfactants. All of these categories are discussed below.

Cationic
A surfactant with a head consisting of a positively charged group is termed a
cationic surfactant. An example of a cationic surfactant head is quaternary ammonium
(Schramm 2000)
Anionic
A surfactant with a head consisting of a negatively charged groternsed an
anionic surfactant. Examples of anionic surfactant heads are sulphonates, sulphates, or
carboxylategSchramn000)
Nonionic
A surfactant with a noitharged hydrophilicmolecule is termed a nonionic

surfactant(Schramm 2000)
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Zwitterionic
A surfactant with a head consisting of a negatively charged atom and a positively
charged atom on different locations of the hydrophilic head is termed a zwitterion
surfactant. Zwitterion surfactants can act as an anionic surfactant in an alkali solution
and a cationic grfactant in an acidic solutiofEuropean Textile Services Association

2013).

2.2.3. Surfactant Chemistry

The dual hydrophilic/hydrophobic nature of surfactants causes the molecules to exhibit a
unique behavior. In low concentrations, the surfadtanolecules are dispersed, with ionic
surfactants acting much like normal electrolytes. At higher concentratiblesmolecules begin
to congregate into large molecules called micelles. The micelle consists of the hydrophobic tails
gathering in the middlef the molecule and the hydrophilic heads gathering on the outside of
the molecule, creating a spherical molecu®chramm?2000) This occurs to reduce the
potential energyof the molecule by allowing thlaydrophilicheads to be in contact with the
water phase, while the hydrophobic tails are grouped in the middle to be farther away from the

water phaseFigure2-8 below shows this behavior.
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Figure2-8. Surfactant Monomers and Micelle
The concentration at which the surfactant molecules begin to form micelles is termed the
critical micelle concentratiofCMQ. Many of the physiechemical properties of the surfactant
will be significantly different above and below thetical micelle concentrationThis is because
the surfactant molecules are involved in a cooperative association process when congregated in
a micelle and do not exhibit the properties associated with singliefactant molecules

(Schramn2000)

5dz2S (G2 GKS K@RNRLIKAfAO aKSI Ré surfattBnt iolecul?P LIK 2 0
the surfactant molecule can adsorb onto the reservoir rock. There are several mechanisms for
surfactant adsorption, including edtrostatic attraction/repulsion, iofexchange, chemi
sorption, chainachain interactions, hydrogen bonding, and hydrophobic bonding. The
characteristics of the surfactant, along with the solution conditions and the mineralogical
composition of the reservoi rock determine the mechanisnthat causes adsorption

(Somasundaran and Zha@Q06) The adsorption of the surfactant molecule onto the reservoir
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rock can alter the wettability of the rock, thereby altering the relative permeability of the

reservoir fluids

There are different adsorption mechanisms depending on the surfactant concentration. At
low concentrations, the surfactant adsorbs mainly due to electrostatic interactions between the
surfactant head and the ionic mineral sites on the reservoir rock, lkads to a very sparsely
covered reservoir rock, termed Region dy Somasundaran and Zhang (2008)s the
concentration of surfactant increases (Whistill being far below th&€MCvalue), there is an
increase in adsorption resultingoim the interaction of the hydrophobic chains of new
surfactants with the hydrophobic chains of previously adsorbed surfactants, forming
microstructures termed solloids (surface colloids or hemimicelles), termed Region 2. This
continues until the surface is electrically rnimlized, after which time tke interactions are
purely chairchain interactions. As surfactant concentrationsrease (while still below the
CMCvalue), more surfactant adsorbs dte chairchain interactions until the surface begins to
take on the same lectric charge as the adsorbing molecules, termed Region 3. At this point,
electrostatic repulsion begins to repel any additional adsorption. As the surfactant
concentration increases to and abottee CMCvalue, the adsorption rate stays constant with
chan-chain and electrostatic repulsive forces balanced, termed Regidrhdse Regions and

the surface density of surfactanése shownin Figure2-9 (Somasundaran anchZang2006)
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onto the reservoir rock. In Region 1, the surface is water wet, while in Region 2, the surface

becomesoil wet. In Regions 3 and 4, the surface becomes less oil watpaghing a mixed wet

condition(Somasundaran and ZhaBg06)

The trapping mechanisms of both wettabilitgnd capillary pressurenvere discussed in

Section. Theffect of surfactants on both of these trapping mechanisms are discussed below.
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Wettability

The literature on the effect of surfactants on enhanced oil recoveaynly focuses on the
reduction in interfacial tension, leawgrthe effect of wettability alteration relatively unexplored
(Rao et. aR006) However, a discusse@bove the adsorption of surfactant onto the reservoir
rock can alter the wettability of # rock, and thereby alter the relative permeabilities of the
reservoir fluds. It has been shownRao et. al2006; Schramm 2000}hat the non-ionic
surfactants perform better in altering the wettability of the reservoir rock to a miwed state
(Moayediet. al 2014) The oil recovery from a mixeset state is higher than the recovery from

either a purely watemet or purely oil wet state.

As discussed in Sectigh2.], the surfactant molecules will migrate to the interface to
minimize the potential energy of the system, the hydrophilic head will be on the aqueous side
of the interface, while the hydrophobic tail will be on the naqueous (in this case,
hydrocarbonor rock) side of the interface. The surfactant molecules provide an expanding force
at the interface, pushing the water molecules further apart. The expanding force acts opposite
to the intermolecular attractive forces, thereby decreasing the overallrmtdecular forces,
and decreasing the imbalance between the intermolecular forces of both fluids. This leads to a
decrease in the interfacial tension between the two fluids. With a decrease in interfacial
tension, the capillary pressure will also decreapetentially allowing for the recovery of

previously unrecoverable dichramm 2000)
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Capillary Pressure

Water-oil systems have a low capillary number due to high interfacial tensions, therefore in
waterflooding the oil will be displaced in an imbibitiprocess, where the oil will be trapped in
the large pores as is shown Kgure2-10. Gasoil systems have a smalhmillary number;
therefore in gas flooding the aiill be displaced in a drainage process, where oil is the wetting
fluid and will be trapped in the smaller pore as showrrigure2-10 (Chatzis et. al 1983) as the
drainage mechanism is controlled by the smallest pore throBls implies that more oil will be
trapped with waterflooding compared to gasflooding. Figure2-10, the darker spot in the

capillaries is trapped oil, while the white colour is the injected fluid (water or gas).

| \Large Pore/

Water Flooding GasFlooding

Figure2-10. Capillary Pressure Trapping Mechanism
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2.3. Physical Mechanisms of Foam

This section will discuss the plged mechanisms of foam. Firdbamcharacteristics will be
discussed, followed by the mechanisms of foam generation and propagation. Finally, theories

on foam destruction will be presented.

2.3.1. Foam Characteristics

Foam is a mixture of water, gas, and a foaming agent (surfactant). The galedaob
separated by a film of liquid called a lamallae. The point where three lamallae connect is
termed a plateau border(AFMossawyet. al 2011; Schramm 2000)igure 2-11 shows an

illustration of a foam structure.

(2

Plateau Border

Liquid Lamella

Figure2-11. Diagram of Foam Structur@Al-Mossawy et. al 2011)
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2.3.2. Foam Formation and Propagation

There are three known methods of foam generation: soé#fp leavebehind, and lamella
division. These three methods will be discussed in detail in this section to provide an

understanding of how a foam structure can be generated.

2.3.2.1. Lamella Division Mechanism
The lamella division mechanism occurs when-gxesting lamellae encounter branches in
the porous network. When a moving lamella encounters a branch in the flow path, it may split
into two lamellae, one traveling in each branch. Lamella division is bdli®vee the primary
method of foam generation for steady ghguid flow regimegTanzil et. al 2002AFMossawy

et. al2011)

Liqud

Gas Lamella Lamella-Division

Figure2-12. Lamella Division Mechanism of Foam Creation
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2.3.2.2. Snap-Off Mechanism

The snapoff mechanism occurs when the gas phase invades porous media that is currently
liquid filled. The pressure of the gas phase at the pore throat must exceed the entry capillary
pressure of the pore throat for the gas to invade the pore body. Onceg#isehas invaded the
pore body, the pressure must fall below the critical capillary pressure for-sffapvhich for
cylindrical pore throats is half the entry pressure of the pore thr@dtte snapoff pressure is
less than the entrance pressure becauseidgfly the liquid is more wetting than thgas;
therefore the gas requires a much larger pressure to invade the pore throat than the lidqugl.
causes the liquid to AT f GKS LI2NBE GKNRIGEZ STFFSOUAOSTE e
continuous gas pése. Figure2-13 illustrates this mechanisniRoof 1970 Kovscek and Radke

1993; L2006)

Pore Throat Snap-Off

Liquid

Pore Body

Figure2-13. SnapOff Mechanism of Foam Creation
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Snapoff requires thenon-wetting phasepressure to be sufficient enough to enter the
pore, and then drop by at least a half to allow the sfdpmechanism to occurAccording toLi

(2006) there are eight documented ways thtktis reduction in capillary pressure may occur:

1 Macroscojc imbibition: Injecting gas and liquid slugs alternatively, the capillary pressure
may fll during the liquid injection because the gas does not have the pressure backing that
it would if it was beaig injected(Falls et al. 198& hambers and Radke 1990)

1 Lamallae Movement: As lamallae move through the pore network, the curvature of the
lamella change, creating fluctuations in capillary pressuies is due to the heterogeneous
nature of the porousietwork, with varying pore siz§fosseri990)

1 Pressure Gradients: If gas and liquid are injected at different pressures, the capillary
pressure may be different (lower) at the rear of sufficiently londgpidas due to pressure
gradients(Huh and Handy 198.

1 Shifts in permeability: Capillary pressure is low in high permeabédiyons;therefore a
transition between a low permeability zone and a high permeability daorease the
capillary pressur¢Yortsos and Chang 1990; Van Duijn e1.94I5)

1 Imbibition: In instances where the gas pressure is insufficient to penetrate the pore throat,
the liquid at the pore throat may infiltrate the gas bubble through film flow and soff@
portion of the gas immediately adjacent to the pore throat (Ransohoff et98FF; Chambers

and Radke 1990).
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1 Density differences: Due to gravity, pressure is highest in the lower end of a liquid or gas
phase. However, density differences cause the liquid pressure to heerhthan the gas
phase pressuréFalls et. al988; Tanzilte al2002)

1 Lamallae mobilization: If strong foam forms inside a porous media and the lamallae are
mobilized, the gas mobility increases and reduces the gas pressure gradient, causing the

pressure to drop suddenly at the inlet of the porous me@aen et. aP005)

The snapoff mechanism occurs with or without surfactant. However if the surfactant

foaming agent is not present, the gas bubbles coalesce.

2.3.2.3. Leave-behind Mechanism
The leavebehind mechanism occurs only during drainage when the gesse invades
porous media that is currently liquid filled. The gas flows through the pore network, but leaves
behind liquid in some pore throatdue to the wetting nature of the liquid and high capillary
pressures required to drain the liquid from smabirps (Ransohoff and Radke 1988; Kovscek

and Radke 199&Mossawyet. al2011) This is shown ifigure2-14.
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Leave-Behind

Figure2-14. LeaveBehind Mechanism of Foam Creation

2.3.3. Types of Foam Films

The lamellae are thin films of liquid separating the gas bubbles. The films present in foam
can be described as either symmetrical (gas buldoeallae filmgas bubble), or asymmetrical
(gas bubblelamallae filmcontainer surface or gdsubblelamallae filmother liquid film). The

ultimate stability of a foam depends on the stability of these thimgi{Aveyard and Clirt996)

2.3.3.1. Symmetrical Films
In bulk foam, the lamellae films separating gas bubbles are symmetrical flms. The gas
bubbles are in contact with the lamellae film, and the film is always in contact with another gas
bubble. This type of film would only be possible within the bulk offt@m, and is not possible

at the extremities of the foam as they do not interact with tmeservoir rockor the
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hydrocarbon which exists in the reservoir. If they did interact with the pore channel walls of any
other fluid within the reservoir, they woulsho longer be symmetrical films and would be

termed asymmetrical filnfAveyard and Clirt996)

2.3.3.2. Asymmetrical Films
Asymmetrical films exist when the bulk foam encounters another plesen interface
whether itisthe solid surface of the pore channeldlivamellaegas bubble) or another liquid
phase (liquidamellaegas bubble). For the lamellae to be in direct contact with the pore
channel wall the lamellae must be the wetting phase. Ifldraellae arenot the wetting phase,
a separate liquid phase i(@r water) will exist between the lamellae and the pore channel wall.
In this case the film is asymmetrical due to it being a lidaidellaegas bubble film(Aveyard

and ClintL996)

2.3.4. Foam Stability and Destruction

This section presents the theories whiexist on the stability of a foam phase. Generally a
foam is considered stable if the rate of foam generation is equal to or greater than the rate of

foam destruction.

2.3.4.1. Disjoining Pressure
If two film surfaces are brought into close proximity of eaclhent repulsive positive
electrostatic and attractive negative van der Waals forces create pressures within the film,

termed disjoining pressures. These forces interact to balance the capillary pressure in the film.
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Positive pressures imply repulsive forcelickening and stabilizing the film, while negative
pressures imply attractive forces, thinning and destabilizing the film. With asymmetric films, the
van der Waals forces may be attractive or repulgiiaelachvilli 1991; HirasakB91; and

Farajzadelet. al2012)

As foam consists of multiple gas bubbles in a liquid, there is always a meniscus present for
every foam gas bubble. This meniscus creates capillary pressures in the gas bubble. The van der

Waals and electrostatic forces attempt to balance ttapllary forces to creatstable foam.

The foam is stable as long as the film surfaces are not brought into close proximity. If two
film surfaces are in close proximity they will interact in the form of repulsive positive
electrostatic and attractive rgative van der Walls force@arajzadeh et. ak012) The
unbalancel forcescanrupture the films and coalesce the gas bubbles, leading to the collapse of
the foam. The attractive van der Waals forces depend mostly on the densities of the
neighboring phasge while the repulsive electrostatic forces depend on the charge density on
the film interface and the concentration of electrolytes in the agueous phésasjzadeh et. al

2012)

The factors affecting disjoining pressure incl{Barajzadeh et. al 201:2)

1 Surface Charge Density:
Surface Charge Densities increase the repulsive electrostatic forces. Therefore an increase in

charge density is ideal
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1 Phase Densities:

The densities of the neighboring phases influence the van der Waals forces

9 InterfacialTension:

Interfacialtension is the main contributing factor to capijapressures, and therefore has
an effect on the disjoining pressure. Lawerfacialtensions decrease the capillary pressure

and producea more stable foam

2.3.4.2. Limiting Capillary Pressure

The size othe gas bubbles in the foam has effect on the pressure gradient of the foam.
Smaller gas bubbles generate a higher pressure gradient than larger gas bubbles. Ideally, the
rate of foam generation will increase until the rate of foamalescence equals the rate of foam
generation. Foam generation increases the number of gas bubbles per unit volume of foam,
which gives the foam a finer texture. Smaller gas bubbles reduce the gas mobility, as the gas
mobility is reduced, the gas phaseliwdisplace the water phase, resulting in a lower water
saturation. As the water saturation decreases, the gas/water capillary pressure increases

(Farajzadelet. al2012)

As discussed in Secti@3.4.] the capillary pressure balances the disjoining pressure. If
the capillary pressure increases beyond a value, termed the limiting capillary pressure, the foam

will become unstable and will collapse.
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The factors a#fcting the Limiting Capillary Pressure inclBarajzadeh et. al 201:2)

1 Surfactant Concentration:

Increasing surfactant concentration decreases the interfaeasion, which decreases the
capillary pessure

1 Surfactant Type:

Different surfactants affecthe interfacial tension to different degrees, which affect the
capillarypressure

1 Foam Flowrate:

The foam flowrate affects the pressumgradient; a larger flowrate produces a larger
pressure gradient

1 Porous Media Permeability:

The permeability of th@orous media directly affects the pressure gradient

1 Electrolyte Concentration:

Electrolyte concentrations affect the interfacial tension, and thereby affect diillary

pressure

2.3.4.3. Drainage
Initially as foam is produced, gas bubbles are dispersed imga Molume of liquid. This
causes the gas bubbles to be separated by thick foam films, causing them to take on a spherical
shape (Pugh1996) As the foam progresses, the gas bubbles come in closer contact, either

through both the foam generation mechanisnaescribed in Sectior2.3.2 or from liquid
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drainage around the gas bubbles. As the liquid drains away from the gas bubble, the foam films
separating gas bubbles deease and the gas bubbles take on a polyhedral shape with plateau

borders forming between multiple gas bubblgaghl1996)

The interface between the gas bubbles and the liquid at the plateau border takes on a
curved shape due to interfaciaénsion andthis curvature causes the plateau border to have a
thicker film and a lower pressure when compared to the foam films outside of the plateau
borders. This gives rise to a capillary suction effect, which causes the liquid to flow from the

foam films betweergas bubbles to the plateau borders.

In vertical foams, gravity acts on the foam. The liquid phase experiences a stronger force of
gravity than the gas phase, resulting in the liquid flowing through the foam films and plateau
borders vertically down the fam. This results in the highest foam height being more

susceptible to rupture, as this area will be drained first by grg#tghl1996)

The factors affectingrdinage includ¢Pugh 1996)

1 Surfactant Concentration:
Increasing surfactant concentration imases the surface viscosity and surface elasticity,
thereby decreasing the drainage rate. Increasing surfactant concentration increases

adhesive and cohesive bonding
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1 Liquid Phase Composition:

Using a mixture of different types of surfactants can atgwease adhesive forces. Nonionic
surfactants tend to increase the foam sthtly of ionic surfactant foams

9 Liquid Viscosity

The liquid viscosjt directly affects the rate of rdinage. Higher liquid viscosities produce
lower drainage rates, while lowdiquid viscosities produce higher drainage rates. It has
been found that foams with the same viscosities have the skiiettme, even with differing
interfacialtensions. Several solutes, such as glycerol, may be added to increase viscosity and
thereby decease drainage.

Bulk liquid viscosity tends to de@se the thinning of thickilms; surface viscosity tends to
decreag the thinning of thin films

1 Gravity

Gravity has a direct effect on drainage as gravity is the main force driving drainage. Gravity
acts directly on the foam films and indirectly through the capillary suction effect in the
Plateau borders

1 InterfacialTension:

Interfacialtensions between the liquid and gas phases contrel shape of the gas bubbles

and dateau borders. Thénterfacial tension can be used to oppose the gravity and slow

drainage
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2.3.4.4. Disproportionation

Disproportionation is a diffusion mechanism whereby the gas molecules diffuse through
the liquid films from smaller bubbles into larger bubbles. Smaller bubbles have a higher
pressure than large bubbles, driving the diffusigRugh 1996) As larger bubbles are
unfavorable, this process is detrimental to the quality of the foam. This diffusion mechanism is
highly dependent on the gas composition and only causes a major efféut ifas is very
soluble in the liquid phas@ugh1996) Therefore, for strong foams that resist this diffusion
mechanism in &/AGtechnique, gases which are not soluble in the water/brine phase would be

ideal.

Themain factoraffectingdisproportionationis gas solubility induid. The driving force for
disproportionation is diffusion, and the diffusion mechanism is dependent on the solubility of
the gas phase in the liquid phasawer gasa 2 f dzo deérdase &i@mioportionatior{Pugh

1996).

2.3.4.5. Surfactant Depletion
As described inesgtion 2.2.3 the surfactant molecules can adsorb onto the reservoir rock.
This adsorption may change the surface chemistghefrock. The impact of this adsorption on
the foam stability of the asymmetrical flms on the reservoir rock is not known, however the
impact on the symmetrical foam films and the asymmetrical foam films between the foam and
oil can be implied from the etrease in surfactant molecules in the liquid phase. As more

surfactant molecules adsorb to the rock wall, the surfactant concentration in the liquid phase of
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the foam will decrease. As surfactant concentration is important in the disjoining pressure and

drainage, a decrease in surfactant concentration can be detrimental to foam stability.

2.3.5. Foam Destruction in the Presence of Oil

It has beershownthat the presence of oil is detrimental to foam stability and reduces the
F21 YQa f A TS (arapadehct. Z2012)ATOI$ iy due & wlissolved oil droplets

forming an the interfacial surfaces of the foam.

The process of how the oil droplets destabilihe foam can be thought of inmo distinct
steps, first the oil must penetrate the foam liquadgr interface, and secondly the oil muspread

over the foam interfacéPugh1996)

The ability ofan oil droplet to firstenter the foam interface, and then to spread over the
interface, isdefined in |uations (5) and (6) respectively, both developed by Robsinson and
Woods (1948) using coefficients defined by Htaslk(1941). These equations define an entering
coefficient( £ and a spreading coefficielitg. In order for the oil to penetrate the interfac&
must begreater than or equal t®. Once the oil enters the interfac&must begreater than or
equal to0 to allow the oil to spread ovehe film and cause it to ruptur@Robsinson antVoods

1948; Harkins 1941as cited byPugh 1996)

45



v T r, ©)

Y Iy Tx Tx, (6)

where

Ar3PDOAAAET cxz#1 AEAEAEAT O
9 %l OAOET ¢ x#1 AEEEAEAT O

' J3 LYUSNFFOALE ¢Syarzy o6SiGeSSy GKS fAljdzAR F
2 J, LYUSNFFOALFE ¢Syarzy o0.SKigSByAluAKS F2FY Al
1,3 LYGSNFFOALE ¢Syarzy obiieg&Sy GKS 2Aaf I yR

46



2.4. Experimental Studies

This section will first discuss the common experimental techniques that are used in
evaluaing sufactant based enhanced oil recovery techniqyescromodel and coreflooding).
First micromodel and coreflooding will lmBscussedwith a focus on micromodel flooding as
that experimental method is the focus of this thesi&is will be followed by an overview of the
laboratory scale research for the use of surfactant in enhanced oil recovery techniques in both
micromodels and cores. This will be followed by a brief overview of field applications using
surfactant enhanced birecovery techniques. This section will end with a discussion on the

factors chosen for this research.

Micromodel experiments can be utilized for all surfactant injectechniques discussed in
this thesis Micromodels are generally twdimensional (widh and length) models made out of
two layers ofglass One or both of the glass layers are etched, either using a laser or chemical
process, to create the pore bodies and throats. The two layers are then bonded together with

the etched sides facing inwards.

Enhanced oilecovery techniques can be designed and tested using these micromodels to
obtain an understanding of lhe underlying pore scale physiad different oil recovery
technigues. This understanding can improve the design and application of diffateacovery
techniques for field applicationsThe models are generally first saturated with water to
simulate the original state of the reservoir. Oil is then injected to displace the water, simulating
the initial oil saturationof the reservoirThe mcromodels are either then flooded with water to
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mimic the secondary oil recovery phase, or are directly subjected tspeeificenhanced oil
recovery techniquebeing investigatedThe visualization of the injectioand reservoirfluids
moving through tle micromodel is one of the greatest benefits of performing a micromodel
experiment, allowing transition zones and the channeling of the injection fluids to be observed.
In addition to observing thpore scale physi¢csaw datasuch as oil recoverylow rates, time to
injection fluid break through, along with any additional information that is requinealy be
measured The greatest disadvantage of using micromodels is the lack of three dimensional
flow and the often unrealistic characteristics of the modeérmeability, porosity, pore size,
rock properties) which can ddf greatly from real reservoir@Hematpour et. ak012) As the
micromodels are twodimensional, field scale heterogeneity is not captured in micromodel

studies.

Coreflooding experiments oa be utilized for all surfactant injection thoiques
Coreflooding experiments utilize either synthetically manufactured cores or cores obtained
from a reservoir of interest. Enhanced Oil Recovery techniques can be designadssel
using these cores tobtain an appreciation of how the technique may perform in a field
application. The cores are generally first saturated with water to simulate the original state of
the reservoir. Oil is then injected to displace the water, simulating initial hydrocabon
saturationof the reservoir. The core is then either flooded with water to mimic the secondary
oil recovery phase, or are directly subjected to the enhanced oil recovery technique which is

desired.
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The raw data which is measured in core flooding expenits include oil recovery, water
cut, flow rates time to injection fluid break through, along with any additional information that
is required. The advantages of coreflooding experiments are that tdi@ensional flow can be
simulated(pores are conneed in threedimensions) and if a core from a real reservoir is used,
the core will have identical characteristics (permeability, porosity, rock properties) as the
reservoir. The greatest disadvantage of using coreflooding experiments is the inability to
visually observe what is occurring inside the core (in the poeeapas the fluids are injected

(Bonilla2013;Raoet. al2006)

2.4.1. Laboratory -Scale Experiments

This section discusses the laboratory scale research conducted with both micromodels and
cores. The enhanced oil recovery techniques that are covered in this discussion are the
simultaneousand alternating flooding of surfactant and gas, the flooding ofasatant, and the

combined flooding of alkaline, surfactant, and polymer chemicals.

2.4.1.1. Surfactant and Gas Flooding
This section will present an overview of the research work conducted so far on alternating
and simultaneous surfactafggas floodingFirst theresearch conducted using micromodels will

be discussed, followed by the coreflooding research.
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Micromodel Experiments

Several researchers have investigated the simultaneous or alternating injection of
surfactant and gas slugs into glass micromodels. $adion will present a chronological

overview of the surfactant/gas micromodel flooding research.

Chang et. al (1990) investigated surfactant alternating gas flow in a heterogeneous
micromodel (permeability and porosity unstated). Waterflooding, gasflogpdpregenerated
foam injection, simultaneous surfactagas injection, simultaneous brirgas injection, and
surfactant flooding techniques were investigated. All experiments were conducted’@t &

9.1 MPa. The surfactant solution used was Alipalle®at threedifferent concentrations (0.1,

1.0, and 10 weight percents), while theine used had a salinity of 1v@ight percent of NacCl,

and the oil phase was separator dibom the Malijamar field The micromodel was first
saturated with the crude oibr with the surfactant solution (for experiments in the absence of
crude oil). The watealternatinggas ratio was held constant at 1:4 for any experiments in
which liquid and gas were simultaneously injected. It was found that in the absence of all,
increasing the surfactant concentration in simultaneous surfactzag injection produced
stronger foams. When the foam, either generated in the micromodel or in the external foam
generated, encountered an oil phase the foam collasped. The addition of surfactall cases

increased total oil recovery, though magnitudes of the increase were unstated.

Hornbrook et. al1991) investigated injecting alternating slugs of surfactant and air into an

oil wet, horizontal micromodel with irregular pore sizesistatedpermeability or porosity)The
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conditions (temperature and pressure) used were not statenlst the micromodel was half
saturated with oil with the use of a vacuum pulling oil in through one port, once the
micromodel was approximately half full the vaecouvas broken and no additional oil was
pulled into the micromodel. Then displacing fluid was injected into a port on the opposite end
of the micromodel, not filled with oil. Two experiments of injecting displacing fluid were
investigated, in the first a stactant solution (AOS 1618 at unstated concentration) was
injected into the micromodel and the interface between the oil and surfactant were observed.
In the second experiment, a small amount of surfactant solution was injected into the
micromodel, folloved by high pressure nitrogemhere the nitrogen generated a foam with the
surfactant. Both the surfactant and foam displaced the oil, however the surfactant performed
better at displacing the oil as the foam phase would collapse at the foam/oil interfidue.

magnitude of the oil recoveries achieved were not stated.

Changet. al (1994) investigated injecting alternating slugs of surfactant or brine with
carbon dioxide gas into a horizontal micromodehstated permeability or porosityyvith
structured, difering pore sizes. The conditions used were high presg®.8sMPa to 9.1 Mpa)
and 90F (32°C) The fluids used were 1 weight percent Na@he, 1 weight percent Alipal CD
128 surfactant solution in brine, and carbon dioxide gas. Simultanesaufactantgas,
simultaneuos wategas, and gasflooding injection schemes were investigated. The micromodel
was first flooded with Malijamar crude, followed by injecting surfactgas or watergas slugs
simultaneously, or only injectingag. A surfactantarbon dioxiddoam phase was generated in

the micromodellt was observed that the surfactasadternatinggas injection scheme produced
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the greatest oil recovery. In addition to this, higher pressures also produced higher oil

recoveries.

Sagar and Castar (1997), experimenting with a glass micromodel (permeability and
porosity unstated) of irregular pore sizes and channels, conducted three experiments. All
experiments used a brine with a salinity of 44,000 ppm (4.4 weight percent) The first
experiment dilized crude oil as the newetting, a brinesurfactant phase (AOS 1618 surfactant
with concentrations of 0.01 weight percent and 0.001 weight percent) as the wetting, and
carbon dioxide as the gas phase. In this experiment an oil emulsion was formeslpnesence
of the surfactant, however no foam lamella were observed in the micromodel. In the second
experiment, a kerosene phase was used as the wetting phase,-fuifi@gctant (Nans®\OS
surfactant at concentrations of 0.001, 0.01, 0.1, and 1.0 weightgnts) as the wetting phase,
and carbon dioxide as the gas phase. Again a kerosene emulsion was formed in some pores,
however no foam was observed during the experiment. To investigate the lack of foam, a third
experiment was conducted, utilizing a keeoe-surfactant solution (FC 740 surfactant at
concentrations of 0.01, 0.1, and 1.0 weight percent) as the non wetting phase, brine as the
wetting phase, and carbon dioxide as the gas phase. In this experiment, the kems#aetant

solution did create &erosenesurfactant foam with the carbon dioxide gas.

Sohrabi et. al (2000) investigated injecting alternating slugs of water and hydrocarbon gas
into a horizontalglassmicromodel(unstated permeability or porositygt 41 MPa and 3&. The

micromodel wadirst flooded with water, followed by oil injection to achieve irriducible water
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saturation. The micromodel was then flooded with water in secondary waterflooding, followed
by alternating cycles of gas and water, the slug size and vedtiEnnatinggas raio was not
stated. After five cycles of water and gas, an incremental increase in oil recovery

waterflooding of 11.5% was observed.

Coreflooding Experiments

Research has also been performed in the simultaneous or alternating injection of surfactant
and gas slugs into rock cores. This section will present a chronological overview of the

surfactant/gas coreflooding research.

Xu and Rossen (2003) investigated simultaneously injecting slugs of brine or surfactant with
nitrogen gas into a unfed Berea satistone core (29@; 300 mD, 21¢ 23% porosity) at room
temperature and 1 MPa. The surfactants used wereTRigge ASI0 and Shell NEODOL-81
The brine solution consisted of 1.0 weight percent Na@l 0.02 weight percent CaClor a
total salinity of 1.@ weight percent. These experiments investigated the effect of foam on the

fractional flow of water.

Farajzadeh et. al (2009) also investigated surfactdigrnatinggas injection schemes in
Bentheimer sandstoneores(1200 + 100 mD permeability, 22 1%porosity) They used carbon
dioxide and nitrogen gas as the gas phastel bar pressurend unstated temperature The
surfactant used was (&Gg)-alphaolefin sulfonate, with a concentration of 0.5 weight percent,

in a NaGCbrine of 3 weight percent salinity. The oil used was a synthetic oil, Isopar H
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(ExxonMobil Chemical). The core was first saturated with brine, then saturated with oil to
irriducible water saturation, followed by secondary waterflooding. Then 1 to 2 pore volumes of
surfactant were injected, followed by gas injection of an unspecified vollimem with both
nitrogen and carbon dioxide gas, with the nitrogen gas generating momm.f@de water
alternatinggas injection utilizing nitrogen gas reswtén a total oil recovery of 5& 2% (an
incrementd increase of 9.& 0.5% over waterflooding), which the carbon dioxide gas resulted
in a total recovery of 5& 2%(an incremental incrase of 4.0t 0.5%). Therefore, nitrogen gas

both generated more foam and produced more oil than the carbon dioxide gas.

Salehi et. al (2013 & 2014) experimented with injecting alternating slugs of a surfactant
solution and nitrogen into assand packcore (50 mD, 29% porosity). Salehi et. al (2013)
operated at a temperature of PC and a pressure of 15.6 MPa. The surfactant solution was
created by dissolving sodium dodecyl sulfate in water at an unspecified concentration. The core
was first flooded with wate then flooded with oil to reachrreducible water saturation.
Nitrogen gas and surfactant solution were then injected alternately at slug sizes of 0.15 PV,
injecting a total of 1.2 PV of gas and liquid combined, at a walternatinggas ratio of 1:1.
Salehi et. al (2013) also experimented with first heating the injection fluids tdQ2fefore
injecting them into the core. A foam phase of surfactant and nitrogen gas was formed in the
core. The recovery factors that were achieved were 87% for the alieghajection of heated
surfactant and nitrogen, 74% for the alternating injection of ambient temperature surfactant
and nitrogen, 62% for the alternating injection of water and nitrogen, 56% for waterflooding,

and 50%or gas flooding (Salehi et. 2013. Salehi et. al (2014) experimented with the sodium
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dodecyl sulfate surfactant used in Salehi et. al (2013) at 1500 ppm (0.15 weight percent) and
nitrogen gas both at AT and 14.5 M& Several surfactant concentrations ranging from 100
ppm (0.01 weight prcent) to 4000 ppm (0.4 weight percent) were investigated to determine
the optimum concentration to minimize adsorption onto the rock wall, it was found that 1500
ppm (0.15 weight percent) was optimum. This study was designed to look at the optimum
water-alternatinggas ratio between 1:1, 1:2, 1:3, 2:1, and 3:1, with slug sizes of 0.15 PV. A total
of 1.2 PV was injected, consisting of 4 cycles each of surfactant injection followed by nitrogen
injection (for a ratio of 1:1). The optimum ratio was found ® i1, withincreasingsurfactant

slug volumes causing early breakthrough of surfactant solution and decreasing the macroscopic
sweep efficiency. The macroscopic sweep efficiency decreased because the increasing
surfactant volume decreased the amount ofragen available to create foam, and a decrease

in foam decreases the macroscopic sweep efficiency. A surfactant/nitrogen foam was generated
in these experiments. Likewise, increasing the nitrogen volume compared to the surfactant
volume also decreases nrascopic sweep efficiency as there is not enough surfactant present
to generate foam and the gas phase causes early breakthrough. Using the optimum ratio of 1:1,
it was found that the oil recovery was 87%, while the oil recovery for waternatinggas,

waterflooding, and gas flooding were 70%, 66%, and 59% respectively.

Shokrollahi et. al (2014) also investigated surfactant alternating gas injection in
coreflooding of a sandstone core. Shokrollahi et. al (2014) first investigated the foam stability of
anionic (surfactant sodium dodecyl), cationic (cetrimonium bromide), and nonionic (Triton X

100) surfactants and found that anionic surfactants generated the most stable foam, followed
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by cationic surfactants and nonionic surfactants. gaseswvere also inestigated, nitrogen and
carbon dioxide, it was found that nitrogen generates more stable foam than carbon dioxide.
Shokrollahi et. al (2014) investigated two different surfactants in coreflooding, the anioinic
surfactant sodium dodecyl sulfate, and the ioaic surfactant cetrimonium bromide, nitrogen
gas was used as the gas phase. Coreflooding experiments were conducté@ arg7 MPa

with surfactant concentrations of 0.5 weight percent. Wagdternatinggas ratios of 1:0.5 and

1:1 were investigate@without secondary waterflooding), with set slug sizes of 4 cc (0.19 PV), it
was not specified if liquid or gas was injected first into the core. It was found that surfactant
alternatinggas injection resulted in an ultimate recovery of 80% for the anisnifactant
sodium dodecyl sulfate, 68.5% for the cationic surfactant cetrimonium bromide, and 62% for
water-alternatinggas. It was also found that for ionic surfactants, a ratio of 1:0.5 outperformed

aratio of 1:1.

Abdi et. al (2014) also investigateddldang surfactants to the water phase in both
waterflooding and watealternatinggas flooding in a sandstone cowth asphaltenic oil.
Triton X100was used as thsurfactantat 0.5 weight percent and carbon dioxide was used as
the gas phase. A 10,000 ppfh weight percent) brine consisting of NaCl was used for the
aqueous phase. All experiments were conducted atC2and6.2 MPa Three experiments
consisted of waterflooding, with one waterflooding experiment including 0.5 weight percent of
Triton %X100. Another three experiments consisted of watealternatinggas injection (without
secondary waterflooding) at a ratio of 1:1, starting with water and consisting of 4 water cycles

and 3 gas cycles for a total of 1.6 PV injected, for a slug size of approxyiroégl PVHe
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concluded that asphaltene disposition decreases oil recovery, but the additiosuofactants

lessened the decrease cause by the asphaltenes.

Moayedi et. al (2014) investigated surfactant assisted wat@mrnatinggas in
coreflooding, usingriton X100 and lveysol08 surfactants both at th€MCvalue and at0.3
weight percent plus theCMCvalue, with nitrogen gas as the gas phas&h brine phases of
7000 ppm (0.7 weight percent) and 21,000 ppm (2.1 weight percent). The experiments were
conducted at3.4 MPaand 25C in a sandstone core (100 mD, 20% porasityyas found that
the surfactants caused a foam phase in twe and resulting in an incremental oil recovery
increase of 9%with Triton X100 performing the best at the high surfaat concentration.The
experiments consisted of secondary waterflooding followed by alternating water (with or
without surfactant) and gas injection. It was found thvath the first cycle being gas increased
oil recovery compared to whethe first cyclewas surfactant due to the core wettability.

Howeverwheninjecting surfactartbrine before the gas was injected generated the most foam.

2.4.1.2. Surfactant/Brine Flooding
Several researchers compared injecting brine or aastaht solution into micromodels and
rock coresJeong and Corapcioglu (2000), Jamaloei and Kharrat (2010), and Hematpour et. al
(2012)all investigated injecting surfactant or brine solutions into micromod&ile Bryant

and Douglas (1988) and Rao et. al (2006) investigated surfactadirftpm rock cores.
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Micromodel Experiments

Several researchers have investigated the injection of brine or a surfaotan@ solution
into glass micromodels. This section will present a chronological overview of the

surfactant/brine micromodel floodingesearch.

Jeong et. al (2000) experimented with removing the oil phasa esntaminantand not a
desirable product in a glass micromodel. The surfactant used was an anionic surfactant, sodium
Cis16 Olefin sulfonate (Bidgerge A$40), at a concentratiorof 2 weight percent in distilled
water, while the gas phase used was unstated. Surfactant flooding, waterflooding, gasflooding,
and surfactant foam flooding were all investigated, with each fluid (surfactant, foam, water, and
gas being injected for 25 PM)o generate a surfactant foam, the surfactant and gas were first
sent through a foam generator which was not described. They found that the surfactant foam
increased the amount of oil that could be removed from the micromodel compared to

surfactant floodng, which also performed better than waterflooding and gas flooding.

Jamaloei and Kharrat (2010) also investigated surfactant flooding in glass micromodels
(unstated permeability and porosity). The brine had a salinity of 0.664 weight percent, while the
sufactant usel was a petroleum sulfonate at 0.22 weight percent. Each micromodel
experiment consisted of first flooding the micromodel with brine, followed by injecting crude oil
until the irriducible water concentration was reached. This was followed jegting brine as a
secondary waterflooding, followed by injecting surfactant. The micromodel could be made both

oil wet and water wet through conditioning. When the micromodel was water wet, surfactant
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flooding produced an incremental oil recovery increa$d5.6% obil originally in placewhile
for oil wet micromodels, surfactant flooding produced an incremental oil recovery increase of
9.7% ofoll originally in placeThis suggests that surfactant flooding outperforms waterflooding,

and performs betterin waterwet conditions.

Hematpour et. al (2012)nvestigated surfactant flooding in glass micromodels (unstated
permeability and porosity). The surfactants investigated were-PBB0 and linear alkylbenzene
sulphonate (LABS), ethanol was used as-sutfactant to stabilize te surfactant solution, while
the synthetic brine the surfactant was in had a salinity of 136,000 ppm (13.6 weight percent).
The experiments were conducted at ambient pressures and unstated temperatures, with three
different micromodel pore-distribution patterns. The surfactant type (P360 and LABS),
surfactant concentration, and esurfactant concentration were investigated. It was found that
the LABS surfactant performed slightly better than the 880 surfactant. As well, surfant
concentrationsof 2.4, 3.0, and 3.8 weight percent were investigated. It was found that the
surfactant concentration did not greatly affect the oil recovery, therefore it was chosen that the
lower concentration of 2.4 weight percent would be optimiilwas also found that lower eo
surfactant concentrations resulted in higher oil recoveries. Surfactant flooding resulted in a
higher total oil recovery than waterflooding, however the magnitude of this difference in oil

recovery was not stated.
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Corefloading Experiments

Research has also been performed in the surfactant/brine flooding of rock cores. This

section will present a chronological overview of the surfactant/gas coreflooding research.

Bryart and Douglas (1988) experimentedth injecting microbesnto a berea sandstone
sore (unstated permeability and porosity) and a glass micromodel (unstated permeability and
porosity) One microbe produced carbon dioxide, while the other produced a surfadiatiy
the core and micromodel were flooded with oil duthen brine to reach residual oil. The cores
were then flooded with 0.2 PV of microbial solution (concentration of 100,000 cells/mL) and 0.3
PV ¢ molasses solution (for the microbes). The cores were then incubated at 370C for 1 week
and then flooded wittbrine. It was observed thahe microbes could recover an average 32.2%
of the residual oil in the core, for a total oil recovery of 73.6%. The surfactant producing
microbes increased the oil recovery more than the carbon dioxide producing microbes,
howewer the carbion dioxide producing microbes gave more consistastitee For the
micromodel experiments, the micromodel was waterflooded after 3 days of incubation. The
waterflooding of the surfactant producing microbe performed better than the carbon diéoxi

producing microbe, though the magnitude of the difference is not stated.

Rao et. al (2006) conducted coreflooding experiments ustmrk tank oil (oil at
atmospheric conditions which contains little to no dissolved gasie# oil (oil that does
contained dissolved gasesand brine from the Yates reservoir in the United States of America.

The relationship between the ability of surfactants to alter the wettability of a rock surface and
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the recovery of oil was investigated. Two surfactants, the-romic ethoxy alcohol and anionic
ethoxy sulphate, were used in the experiments. The cores were first fully saturated with Yates
synthetic reservoir brine, followed by flooding with either stock tank oil or live oil, followed by
flooding with Yates synthetieservoir brine. Then the cores were flooded with Yates synthetic
reservoir brine containing different concentrations of surfactants (500, 1500, 3500, and 5000

ppm; 0.05, 0.15, 0.35, and 0.50 weight percent) for 3.0 PV. The experiments were carried out at

Yates reservoir conditions (28, 4.8 MPa) and the core wettability was altered by aging the

core for one week in the desired fluifiable2-1 provides an overview of the results obtained in

these experiments. As shown Trable2-1, surfactantsggenerally increase oil recovery, except in

the case of anionic surfactants with live oil in initially oil wet reservoirs. The oil recovery

mechanisms observed were the alteration in wettability and reduction in interfacial tension.

Table2-1. Yates Reservoir Core Flooding Resi(Rsi0 et. aR006)

Initially Water Wet Initially Oil Wet
: - Non-lonic Anionic
Surfactant | Norrlonic | Anionic "o T e 0il | Tank Ol | Live Oil
CO”?SS;;‘;‘“O”S 0¢5000| 0c3400| 0¢5000(  0¢5000| 05000  0¢5000
Optimum
Concentration 3500 3400 3500 1500 1500 0
(PPm)
No change | Emulsion | Decrease | Decrease in | Decrease in| Decrease in
in oil formed at | in oil oil recovery | oil recovery | oil recovery
Reason recovery | 3400 ppm |recovery | above 1500 | above 1500 above O
above above ppm. ppm. ppm.
3500 ppm. 3500 ppm.
Initial . .| Weak
Wettability Water Water Strong Oil | Weak Water | Strong Oil Water
Final Weak Weak , . . .
Wettability Water Water Weak Oil | Intermediate | Weak Oil Oil Wet
Main oil Wettability | Wettability | Interfacial | Wettability | Interfacial | Wettability
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recovery Alteration | Alteration | Tension Alteration Tension Alteration
mechanism Reduction Reduction
and and
Wettability Wettability
Alteration Alteration
Incremental oil 38% 26% 5.8% 20% 5% 0%
recovery

From the results of Rao (2006), it appears that there is an increase in oil recovery as the
wettability of the core becomes more neutral. Moving to a less oil wet, more water wet state is

associated with an increase in oil recovery.

2.4.1.3. Combined Alkaline/Surfactant/Polymer Flooding
Several researchers have investigated the injection of alkaline, surfactant, and polymer
chemicals into glass micromodels. This section will present a chronological overview of the

surfactant/gas micromodel flooding rearch.

Romero et. al (2002) investigated injecting alternating slugs of surfaptagmer and
nitrogen gas in a horizontal glass micromodel (78,000 mD, 50% porosity) at ambient conditions.
The surfactant used was £Gs alphaolefin sulfonate (AOS) (1Weight percent), the polymers
used were polyacrylamindes (0.1 weight percent), and the brine was a Lake Maracaibo synthetic
reservoir brine. The critical micelle concentrations for the surfactant solutions ranged from
0.000012 weight percent to 0.000015 ight percent, therefore the solutions were between
66,000 and 83,000 times the critical micelle concentration. A foam phase was generated

outside of the micromodel in a foam generator, consisting of a small core of packsdegats.
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It was found that lowmolecular weight polymers resulted in a more stable foam when

compared with high molecular weight polymers. Oil recovery data was not recorded.

Dong et. al (2006) investigated with alkaline flooding water wet micromodes
(permeability and porosity unstated)he chemicals usedere NaOH and N&Q alkalines and
the surfactant Stepanol Me Dry (sodium lauryl sulfafe)e micromodel wa saturated with
water and then flooded with heavy oil at 8D. A secondary waterfloodingascarried out for 2
PV at 60C. After this, an alkaline flood wasonducted at ambient temperature, pressures for
the experiment are not stated. The alkaline flooding resulted in increased oil recovery

compared to waterflooding, though the magnitude baig increase is not stated.

Jamaloei et. al (2012) investigated surfactpntymer flooding in horizontal, oil wejlass
micromodels(permeability and porosity unstatedYhe injection fluid had a concentration of
0.2 weight percent petroleum sulfonate $actant, 0.0125 weight percent Xanthan (polymer),
and varying salinities (0.079 weight percentd@9 weight percent)The micromodel was first
saturated with crude, followed by polymeurfactant solution floodinglt was found that the
surfactant decresed the interfacial tension, while the viscosity decreased with increasing

salinity, oil recovery was not measured.

Esmaeili et. al (2013) investigated with aMlsalrfactantpolymer flooding in a glass
micromocel designed withdeadend pore channelgpemrmeability and porosity unstated)he
surfactant used was sodium dodecyl sulfonate (0.2 weight percent and 0.1 weight percent), the

alkaline used was sodium carbonate (1.0 weight percent and 0.5 weight percent), and the
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polymer used was polyacrylamide (R.weight percent and 0.06 weight percent). The brine
used had a concentration of 1 weight percent NaCl. The micromodels were first saturated with
oil, followed by the injection of the alkalirgurfactantpolymer solutionslit was found that the
including ectadend pores in directions perpendicular to the direction of flow produced the
highest oil recovery of all cases investigated. The addition of polymer to -sliédictant
flooding increased oil recovery, while alksiirfactant flooding increased oil reeery from
baseline waterfloodingin cases with low polymer concentration and low salinity, increasing the
surfactant and alkali concentration resulted in a decrease in oil recovEmg. exact magnitude

of the differences in oil production were not state
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2.5. Field Applications

This section will discuss field applications for the variaugastant application methods
Table2-2 provides and quick overview of all of the field applications which will bausssd in

the following sections, further details on each field application can be found in the sections

below.
Table2-2. Overview ofSelected Field Applications

Field Application Method Results

Daqing Surfactant Decreasedvatercut (by 8.7%)
andincreased oitecovery
(4.6¢ 5.4%) Net economic
benefit

Yates Surfactat Soak Increased oitecovery

Cotton Creek Surfactant Soak Increased oil recovery

7™ Chinese Gudong| Surfactant/Polymer Flood Decreased watercudnd
increased oil recovery

7™ Chinese Gudong| Alkali/Surfactant/Polymer Increased oil production

Snorre Foam Assisted WateklternatingGas | Decreased gasil ratio,
accelerating oil production

2.5.1. Surfactant Injection

Many papers listedurfactant floodinghis as a common practidéglaueret. al2010) with
one describing the desig{Cooperet. al 1985) however published research on the resudib
these field applications ikcking. One paper discussing the results of a surfactant flood at the
Dagqing oil field in Chinand another discussing the foaassistedwater-alternatinggas flood at
the Snorre fild in Norwayare discussed. Two additiontld applications discussed here are
applications in which the surfactant is injected into the production well and shut in for the

%

surfactai 02 a&az2l 1¢ Ayild2z 0G0KS NBaSND2ANWD
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2.5.1.1. Chinese Daging Field

The Daging oil fid is China's largest oil field, accounting for nearly 25% of China's oil
production (Tanget. al2010) As China's largest and most important fieldmerous chemical
enhanced oil recovery pilot tests have been conducted, including surfactant floodiogljani
polymer flooding, alkaline flooding, alkaline/surfactant flooding, alkaline/surfactant/polymer
flooding, alkaline flooding, and alkaline/surfactant/polyrrfeam flooding(Pu and Xu 2009)
During preliminary core studies, the incremental oil recovecyeased between 4.6% and 5.4%.
During field tests, the surfactant concentrations ranged between 0.5 and 2.0 weight percent
(5,000 ppm to 20,000 ppm), whitbe incremental oil recovery increase ranged between 0.88%
and 1.47%, with the higher recoveryibg associated with higher surfactant concentration.
Overall, the net economic benefit of the surfactant pilot test was approximately $480,000 CA

with a cost to revenue ratio of 1in and P2008)

2.5.1.2. American Yates Field
The American Yates Field isaturally fracturedcarbonate dolomite field discovered in
1962.Several enhanced oil recovery techniques have been evaluatbis reservoir, including
surfactant flooding(Manriqueet. al2004) The surfactant used was a namnic ethoxyalcohol
(Shell 918), diluted with produced water to concentrations betwe&r81 and 0.3880 weight
percent 3100 ppm and 3880 ppm, botlabove the critical micelle concentration). Surfactant
slugs were injected into production wells to the-aater transtion zone using both single and

multi-well injection strategies. The wells were then shut in for a brief period of time termed the

dGazlk1 GAYSéZ FFOAGSN 6KAOK (i Bvansiduéet. al20045 NB NI § dzl
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surfactant increased the recowerof oil through a reduction of interfacial tension, and
wettability alteration (although to a lesser extent). The degree to which the interfacial tension
or wettability were alteredwas not given(Manrique et. al 2004) One of the test wellsvas
recordedas increasing the production from 35 barrels per &g snt’/d) before the surfactant
injection to 67 barrelg11 sn?) per day after the surfactant injection with an ieenent of
17,000 barrels(2700 sn?) of oil at the time of the reports publication. Thigeld results
identified surfactant injection as an economically encouraginmigaced oil recovery technique.

(Manriqueet. al2004)

2.5.1.3. American Cotton Creek Field

The American Cotton Creek Field is a Carbonate Dolomite class Il (low roatgiypand
permeability) field(Manriqueet. al2004) A surfactant solution a concentration of twice the
CMCof nortionic polyoxyethylene alcohol (POA) surfactant was injected into the production
wells with amounts ranging from 500 to 1,500 k&0 sm’to 240sn7) of solution depending on
the well perforation interval. Injection required approximatehree days, followed by a shut in
(soak time) b one week. Initial results werbelow expectations du&o the loss of surfactant
from adsorption to the eservoir rock. The surfactant concentration wasreased t00.15
weight percent {500 ppn) to account for loss due to adsorption. The unspecified increase in oll
recovery was attributed to wettability alteration (increabevater-wet) rather than a decreas

in interfacialtension (Manriqueet. al2004)
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2.5.2. Surfactant/Polymer Injection

There are several examples of surfactant/polymer flooding field applica(iBogMikael
et. al2000;Gurgelet. al 2008. The Chinese Gudorfigld was chosen for discussion because of

the extensive results provided.

The Chinese Gudond' il field isa sandstone reservolocated in the Yellow River delta in
the north-east sedbn of Shandong province, Chiftdongyaret. al2009)with a permebility of
3.8 Darcy and a porosity of 35@&hijianet. al 1998) The pilot test included 26 wells (16
production wells and 10 injection wells), along with 3 observation wells. Before the pilot test,
the water cut was 98.2% and the oil recovery was 34 A%ree slug injection strategy was
designed to prevent excessive fingering amdss flowin the reservoir. The first slug consisted
of a polymer solution 00.2 weight percenaand 0.05 PV (poly pxerotection), the second slug
consisted 0D.17%polymer,0.45% SLPS (main surfactant), and 0.£5%secondary surfactant)
and 0.3 PV, the third slug consisted0of5% polymer and 0.05 PVihe field results included a
reduction in water cut of 13% (from 98.2% to 85.2%), and an increase in oil production by
144,000 kdgday (from 31,000 kgday to 175000 kgday). The oil recovery increased 4.15%.
Laboratory tests compared surfactant/polymer and polymer injections and determined that
surfactant/polymer injections produce more favorable results compared to polymdy on

injections(Hongyaret. al2009)
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2.5.3. Alkali/Surfactant/Polymer Injection

The Alkali/Surfactant/Polymenjection techniquehas received a great deal of interest in
the past few decades for its apparent superior pemiance over surfactant or
surfactant/pdymer floods(Thomas2007) (Wyatt et. al 2002)The Chinese Gudong field was

chosen for discussion because of the extensive results provided.

A different section of the ChinesGudong field than in Sectidh5.2was evaluated using
the alkali/surfactant/polymer techniqueBefore the ASP flood the reservoir waaterflooded,
resulting in an oil recovery of 54.4% and a remaining ailration of 35.1%with a water cut of
98.4%(Zhijianet. al 1998) The pilot testincluded 4 injectors, 9 producers, and 2 observation
wells. The injection processas designed to consisif 5 stages. First a 0.05 PV 0.1% 3530S
(polymer) slug was injéed to improve mobity. Second,a chemical sig of 0.05 PV 1.5%
NaCQ (alkali), 0.2%0P10 (surfactant), 0.2%4 urfactant), and 0.1% 3530S (polymeds
injected The third slugvasthe main slug, consisting of 0.35 PV 1.5%0@(alkali), 0.2%0OP10
(surfactant), 0.2% QYsurfactant), and 0.1% 3530S [(pwoer). The fourth slug consistext 0.1
PV 0.05% 3530S (polymérhe total amount of ASP injected was desigtetie 0.55 PVThis is
followed by injecting Yellow River water and produced water continuously at a ra@Qofi?/d
(Zhijianet. al 1998) It was recorded that the oil extractedsingthe ASP technique contained
heavier components. The oil produced from Well 7 increased in mitélavy aromatic
hydrocarbons from 61.1% to 76.1%. The content of-hgdrocarbon and asphalt increased

from 35.4% to 41.3%. The ASP technique also increased the sweep efficiency, demonstrating an
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even frontal advance, resulting in 70% of the gross reservoir thickness weihgwept The
residual oil saturation decreased from 35.1% to 23.2% on average, resultingrioreased oil
recovery of 13.4% oil originally in plaoe 30%recoverable oibriginally in placgZhijiaret. al

1998)

2.5.4. Surfactant Assisted Water -Alternating -Gas

The surfactant assisted wataiternatinggas techniquehas recieved attention recently

due to its ability to create foam. One field application, the Snorre field in Ngrigadiscussed.

¢tKS {y2NNB FTASEtR A& 2yS 27F b2 Nbsisted@aier- YI 22 NJ
alternatinggas trial was conducted on the field between 1997 and 2000 to test the ability of
foam to control gas mobility. The trial was conducted in deatral and western fault blocks,
with permeabilities in the range of 400 to 3,500 md. The surfactant used was anakfira
sulphonate surfactant and the gas phase was natural gas. The trial was conducted in a
surfactantalternating gas technique, with total of 2,000 tons of surfactant being used. The
trial was divided into four sections, mobility control tests in two wells, gas shut off test in one
well, and an injection test in another well. If the gaibratio (GOR) of a production well can be
reduced on a well that is restricted due to gas (well life is associated with GOR), then the
ultimate oil recovery from that well can be increased by delaying the welloddife. The
surfactant concentration used ranged from 0.2% to 0.5%, howeverGNeC value of the
surfactant was not specifieB(aker et al. 2002 As well the surfactant injection was split into
two slugs, separated by a gas slug, however the WAG ratio was not specified. The gas shut off
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test created a strong foam 4isitu, reducing the GOBy 50% over a period of two months and
resulting in a project payback of 12 days. This increased oil production by producing more oll
from lower zones in the reservoir which would have its flow restricted due to high(Gkdbib

aslet. al2014) The gashut off and injector tests had to be stopped due to fracturing and gas
leakages in the injector well. The gas mobility tests resulted in reducing the freepbashkced

gas by 33%, reducing the GOR and allowing accelerated oil produshabibaslet. d 2014
Blaker, et al., 2002)The exact production/recovery increases were not specified, however the

project was deemed a success as it generated 25 to 40 million USD (Skauge et. al 2002).
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2.6. Experimental Factors

This section will discuss the experimental factors that were chosen for this research and
their justification. The four factors that were chosen include the watléernatinggas ratio
(WAG ratio), surfactant concentration, gas type, and surfactant type.bfine solution used
was a synthetic brine solution that matches the composition and salinity of Atlantic sea water,
with a salinity of 35,000 ppm. No experimental research using this composition and salinity
brine could be found in literature. Crude &bm the Hibernia reservoir offshore Newfoundland
and Labrador, Canada, was used as the oil phase. Oil recovery experiments utilizing Hibernia
crude oil have only been conducted by Moayedi et. al (2014) to date, with experiments
involving coreflooding. Nanicromodeloil recovery experiments witB2-36° API crude oil have

been published to date.

All of the published studies evaluated did not make use of any statistical design of
experiments software that allows for identifying interaction effects betwekldfierent factors

(WAG ratio and surfactant concentration, surfactant type, or gas type).

2.6.1. WAG Ratio

The WaterAlternatingGas (WAG) ratio is the ratio of the volume of a water slug to the
volume of a gas slug. Salehi et(2013 2014 investigated WAGatios of 1:1, 2:1, 3:1, 1:2, and
1:3 in a core of packed sand, using a surfactant solution and nitrogen gas. It was found that a

WAG ratio of 1:1 resulted in the highest macroscopic and microscopic sweep efficiencies,
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leading to the highest recovery of oMotealleh et. al (2012) also experimented with core
flooding and watefcarbon dioxide injection in a WA(jection scheme. It was found that a
WAG ratio of 1:1 was optimal, and that slug sizes of 20% of the pore volume were effective.
Shokrollahi et. a{2014) experimented with coreflooding with surfactants and carbon dioxide
and nitrogen gases in a WAGection scheme with WAG ratios of 1:1 and 1:0.5. It was found
that a WAG ratio of 1:0.5 produced the best results for these experiments. Feng et14) (20
experimented with watealternatinggas injection in a heterogeneous micromodel using water
and reservoir gas. They investigated WAG ratios of 3:1, 2:1, 1:1, 1:2, and 1:3, finding that a WAG

ratio of 1:1 produced the highest recovery of oil.

This stud/ utilized the common range of WAG ratios (1:1 to 1:2) that have been
investigated by other researchers to identify any interaction between the WAG ratio and any
other factors that are being investigated (surfactant concentration, gas type, and surfactant
type). It was also decided to further iestigate the gap between the WA®@tios of 1:1 and 1:2.

As discussed above, Shokrollahi et. al (2014) investigated a WAG ratio of 1:0.5, however no
research could be found for a WAG ratio of 1:1.5, between 1:1 BAd Therefore it was
decided to further investigate thgapbetween 1:1 and 1:2nithe research to evaluate a point

between these commonly studied WAG ratios.

The size of the injected slugs was taken from Motealleh et. al (2012), who found that slug
sizesof 20% of the pore volume, or 0.2PV, was an efficient slug size. Therefore the slug size of

0.2PV was chosen as the baseline slug size. The total injection volume of 1.2 pore volumes for
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each liquid and gas phase was taken from Salehi et. al (2013),elated the fluids until 1.2

pore volumes was injected. This is corroborated with the findings of Feng et. al (2014) that
found that recovery increased with increasing cycles of water and gas. Feng et. al (2014)
investigated increasing the number of cycfesm one to five, with recovery steadily increasing
with increasing cycle number. It was decided to asdug sizef 0.2 pore volumes, and having

a total injection ofl.2 pore volumes of fluid, it was decided to inject six cycles each of liquid and
gasto make up the experiment (1.2 pore volumes of both liquid and gas in 0.2 pore volume
slugs). The volumes of the gas slug and total injected gas increases with WAG ratio, therefore
for a WAG ratio of 1:1.5 the gas slug was P\B giving total injected g@s volume of 1.8V.
Likewise for a WAG ratio of 1:2 the gas slug was¥.4with a total injected gas volume of 2.4

PV.Table2-3 provides the raib and volume datdor the WAG atios used.

Table2-3. Water-Alternating-Gas Ratios and Volumes

WAG Ratio Liquid Volume (PV) Gas Volume (PV)
1:1 0.2 0.2
1:1.5 0.2 0.3
1:2 0.2 0.4

2.6.2. Surfactant Concentration

The concentration of surfactant in a solution is either a volume or weight percent of the
surfactant in the solution. Shokrollahi et. al (2014) investigated three different surfactants,
keeping the surfactant concentration at 0.5 weight percent for allegxpents.Moayedi et. al
(2014) investigated swattant concentrations at th&€MCand & 0.3 weight percent plus the
CMC Chang et. al (1990used one surfactant, varying the concentration from 0.1 weight
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percent, 1.0 weight percent, and 10.0 weigtgrcent. Sagar and Castanier (1997) investigated
three different surfactants at different concentration levels in weight percent (0.001%, 0.01%,

0.1%, and 1.0%).

It has been suggested that surfactahiosild be injected around th€MCvalue for nonionic
surfactants(Gurgel et. al 2008), therefore it was decided to experiment sittfactants at and

above theCMCvalue.

As discussed in Secti@2.3 the behavior of tke surfactans differ above and below the
CMG therefore to be able to compare different surfactants equally, it was decided to vary the
concentration in proportion to the critical micelle concentration. This is a different method of
varying the concentrabin than was used in all of the studies discussed above as Shokrollahi et.
al (2014, Chang et. al (1990), and Sagar and Castanier (1997) all variedrtbentration by
weight percent while Moayedi et. al (2014) used a combination weight percent &MdC

varying method by investigating &MCand a set weight percent aboveMC

This method of varying by total concentratiorsiead of proportionally fronCMCleads to
the possibility of one surfactant performing better than another when varpedportionally

from CMGQ but underperforming when compared on a total concentration basis.

Therefore the concentration was varied by multiples of the critical micelle concentration,
meaning two different surfactants at the same proportional concentration point may have

different total solution concentrations. The concentration was varied from one (1) times the
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critical micelle concentration to ten (10) times the critical micelle concentration, with a centre
point at5.5 times the critical micelle concentration. The valoésne, fiveand-a-half, and ten
times the critical micelle concentration were chosen to obtain a baseline at the critical micelle
concentration, at which point many physiochemical properties change, and data points above
the critical micelle concentratim The upper limit of ten times the critical micelle concentration
was chosen arbitrarily as the upper limit as research to identify an optimal range of

concentrations based on the critical micelle concentration does not exist.

The total solution concenttaons used are presented ihable2-4. As is shown iffable2-4,
if the Triton X100 and Iveysol 106 surfactants were compared on a total concentration basis
and not on a prportional concentration fronCMCbasis, at ten times th€MGC the Iveysol 106
concentration would have a value of twice the TritorLiB0 concentration.

Table2-4. Surfactant Concentrations

Triton X100 Iveysol 106
CMCProportion Total Concentration | CMCProportion Total Concentration
(weight %) (weight %)
CMCx 1 0.015 CMCx 1 0.0287
CMCx 5.5 0.083 CMCx 5.5 0.158
CMCx 10 0.150 CMCx 10 0.287

2.6.3. Gas Type

In wateralternatinggas, the choice of the gas phase is very important, air, nitrogen, carbon

dioxide,hydrocarbon gagmethanedecane mixture)and reservoir gas has all been used as the
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gas phase in micromodel and coreflooding experiments as previously discussed in 3gction
Table2-5 provides an overview of thgaseghat have been used by other researchers.

Table2-5. Gas Phases Previously &stigated

Air Carbon Nitrogen | Hydrocarbon| Reservoir
Dioxide Gas
Hornbrook et. al (1991) X
Chang et. al (1994) X
Farajzadeh et. al (2009 X X
Motealleh et. al (2012) X
Shokrollahi et. al (2014 X X
Xu and Rossen (2003) X
Sohrabi et. al (2000) X
Feng et. al (2014) X
Moayedi et. al (2014) X

This study utilizes two different gas phases to investigate the gases on their own and in
comparison to one another. For the first gas phase, air was chosen as thhagesas it is both
a less studied gas phase for WAG injection, and is cheap and readily available for use by
industry. For the second gas phase, propane gas was chosen as the gas phase as it is readily
available and can simulate a rich reservoir gas. diftwce of air and propane allows for the
investigation of air and propane by themselves, along with comparing air to a hydrocarbon gas.
Due to the ambient conditions operated under, it is not possible to take advantage of any

pseudoemiscible aspects of usj a hydrocarbon gas.
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2.6.4. Surfactant Type

As discussed in Secti@, various types of surfactants have been used previously. Rao et.
al (2006) used nonionic and ianic surfactants in coreflooding experiments, while Shokrollahi

et. al used nonionic, anionic, and cationic surfactants in coreflooding experiments.

Two nonionic surfactants were investigated; their choice was based on their availability to
the researches and the advantages of neionic surfactants over other types of surfactaniis
coreflooding experiments, Rao et. al (2006) found that-smric surfactants produced a higher
oil recovery than anionic surfactants. Using concentrations ranging from @/®@%586 for non
ionic surfactants, oil recoveries ranged from 56% to 94%, while oil recoveries with anionic
surfactants ranged from 52% to 78%. This is due to the fact thaioroo surfactants do not
react chemically to either the reservoir rock or fluhile anionic surfactants can react

chemically with the reservoir rock or fluid to create a more acidic environment.

The two surfactants investigated were TritorlB0 and Iveysol 106. Tritonr200 has only
recently been used in research, mainly Agdi d. al (2014)and Moayedi et. al (2014), while
Shokrollahi et. al (2014) used it for foam tests but did not conduct any coreflooding

experiments with it.

Research using lveysol surfactants for enhanced oil recolses/ usedlveysol 108

surfactant(Moayediet. al 2014), however no rearc utilizing lveysol 106 surfactant has been
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published. Therefore it was decided to utilize the Iveysol 106 surfactant due to the lack of

research available.
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2.7. Experimental Design

Design of Experiments is allection of varioustatistical desigmethodsthat assist in pre
planning planning and analysistages of conducting any type of experiment. These methods
work for any type of experiment wherendependentvariables are altered to observe the
changein other dependentvariables. This is generally done to better understand how certain
variables have an effect on other variables in a closed system. The altered variables are termed

factors, while the variables being observed are termed responses.

A designedexperiment consists of altering multiple factors at the same time while
measuring the responses. This differs from the typical-fmotor-at-a-time method of altering
only one factor for every experimental run. Designed experiments are superior to the one
factor-at-a-time method as they are more efficient by requiring less experimental runs to
examine the same number of factors and allow for the identification of intevas between
two factors. he onefactor-at-a-time method has a disadvantage wheiié is impossible to

identify interactions between two or more facto(€zitrom, 1999)

One subset of designed experiments is termed response surface methodologies. Optimal
designsare one type of response surface methodology, anel used to create custom dgss
which incorporate both numerical (continuous) and categorical (discrete) vdloedEase
2014) Design of Experiments software, offered by $Hase, can be utilized to design
experiments based on various design of experiments methods, analyze tlemigns for

statistical error, and analyze the results of those experiments.
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The Design of Experiments software uses the analysis of variance (ANOVA) method to
model the relationships that may exist between the different variables that are being studied,
either individually or interaction effects between two or more factors, and the responses that
are being measured. This method is also capable of identifying amfimeanity in these
factor(s)}response relationships utilizing centpoints. The ANOVA nmedd measures the effect
of each individual factor and any interaction effects between two or more factors by calculating
the variance. This is done by dividing the sum of the squared error over the degrees of
freedom. The ANOVA method predicts theper ard lower levels for the 9% confidence level
for each effect beingnvestigated;this is done by calculating thev@alue which tests the null
hypothesis and the significance of the regression moldiehe p-value islarger than 0.10the
probability of theeffect being investigated being due to error and not the altered factor(s)
increases and the effect does not fit into th@% confidence interval. Therefore if thevplue is
greater than 010, the effect is deemed not significant, howevethe p-valueis less than 0@

the effect is deemed significant.

As the pvalue is only the calculated statistical measure of whether or not the observed
effect is due to the altered factors or just random error, variousaffitvalues for the pvalue
can be used taetermine whether the factor is significant or not significant. Values of 0.1, 0.05,
and 0.01 are commonly used to deteine statistical significanceprresponding to a 10%, 5%
and 1% chance that the effect is due to error and not the factor being imateti (National
Institute of Standards and Technolog913) Therefore for this research, avalue of 0.1 was

chosen to determine statistical significance.
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The ANOVA method is dependent on the model identified by the user as being appropriate
for the data. Therefore various models (linear, tfaztor interaction, quadratic, etc) should be
investigated to determine which model fits the data the best. From #¥OVA method,
significant factors that influence the result can be identified and a mathematical model to

predict the response based on the sigedint factors can be identified.
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Chapter 3: Experimental Methodology

A series of experimentsvere conductedin glass etched micromodets investigae how
various factorsincluding wateralternatinggas ratio, surfactant concentration, surfactant type,
and gas typejnfluence the surfactant assisted watalternatinggas enhanced oil recovery
technique,ideally having the surfactant create a foam phase inside the porous media to take
advantage of the added benefits of the foam assisted wattsrnatinggas technique. A glass
micromodel was chosen for the experiments, micromddé\ DC2 from Dr. Lesleyrdas(42%
porosity, 130mm? permeability) (Jameset al. 2009) This chapter details the experimental
system and proceduresused for the micromodel tés. This includes the equipment and

experimental design

3.1. Equipment

This section discussthe equipment used for the low pesure micromodel experiments
The equipment used for the interfacial tension and viscometer experiments is also discussed
briefly. These two experimental setups are only discussed briefly because they were purchased
as sandalone systems, and therefore the manufacturer supplied procedures were followed.
This section focles on the low pressure micromodel system which was created to conducted
low pressure wateglternatinggas enhanced oil recovery experimenss.schematicof the
micromodel system igliven inFigure 31 and Appendix A, along witthe procedures useth
Appendix BFigure3-2 provides an image of the micromodel to defitiee dimensions of the

micromodel.
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3.1.1. Pressure and Temperature Indicators

The experimental system has two pressure indicators and two temperature indicators,
located directly upstream red downstream of the micromodelThe indicators are used to
monitor the conditionsof the fluid within the system mainlysaa safety precautionThe
temperature indicators used are TK€1/8 NPTG-72 thermocouples from OMEGAwith an
accuracy of 4C and a range of27C0°C to 406C, which connect to a OMUSBTGAI Data
Acquisition system from OMEG#ith an accuracy of 0%. Theefore the total accuracy of the

temperaure monitoring system using the sum of squares met.12C

Oi i €1 pd ™ J pPH ¢OIB

The pressure indicators used are PX409AUSBH High Accuracy USBH Pressure
Transducers from OMEGw#hich connect directly to a USB port on a computBhnis pressure
transducer has an accuracy of 0.08% of the range of the unit, which is 0 psia {si&)0

therefore the transducer has an accuracy of0+08 psia

3.1.2. Syringe Pump and Syringes

The syringe pumghat wasused is a KDS Gemini 88 Syringe Bumipch has an accuracy
of °0.35% of the dispensing ratever a dispensing range of 4.0®mL/hr to 6396 mL/r. For
this research we used a liquid flow rate of 1.16 mL/hr and a gas flowafa&32 mL/hr
therefore the flow rates werel.160° 0.004 mLfor the liquid and 2.3% ° 0.003ml/hr for the

gas This syringe pump is a dwlringe, duatate pump, which allows the independent
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operation of two syringes at one timawith each syringe #ier injecting, withdrawing, or

remaining stable.

The syringe pump wa used with two KR Analytical 100 mL gas tight stainless steel syringes.
These gas tight syringes are used to hold both the liquid and gas injection fluids. In addition to
the main syring pump syringes, 20 mL and 30 mL KDS glass syringes were utilized for the
manufacture of injection fluids and the cleaning and initial preparation of the micromodel

system.
3.1.3. Micro Separator

The microseparator was constructed out af10 mLPYRERorosilicate glasburette with a
custom attachmentcreated 6 @ a SY 2 NX& | f ' VADGSNARAGE 2F bSo¥F2
Technical ServiceBigure3-3is a diagram of thenicro separatorthat was attached to the top

of the 10 mL burette.

C

- -\ <= Medium Coarse Frit

0¢ Cft dz=>

/

Liquid Outlet to Burette
Figure3-3. Diagram of MicroSeparator

86



Themicro separatoiis designed to separate the liquid effluent from the gaseous effluent,
and to also provide a space in which any remaining foam or emulsions may be allowed to
collapse. There is a mediucoarsefrit near the gas outlet to prevent any liquii®m escaping
in the gas outlet, and to actsea maximum height for any foarhhe custom attachment allows
gaseous fluids to escape the separator through the frit, while the liquid fluids are drained into

the burette for measurement.

3.1.4. Brine Solution

A brne solution simulating the salinity of sea watgas used for the experiments. This is
becausethe oil and gas operationsffshore Newfoundland & Labradgenerally use seawater
for injection water, therefore a simulated seawater accurately represéne¢ water used in
offshore oil and gas injection strategies. The simulated seawader created utilizing Sodium
Chloride NaC), Sodium Sulfate (N804), Calcium Chloride (GxClSodium Bicarbonate
(NaHC@), Potassium lodide (KI), and Magnesium Sulfate (MgS&tsacquiredfrom Fisher
Scientific. These salts were added to distilled water to create a saimtyckingthe salinityof
Atlanticsea water, the composition of which is givenliable3-1. The total salinity of seawater

isgenerally35 parts per thousan@Andersorn2008)

Many researchers have used synthetic brines, with common values of 7,000 ppm (Jamaloei
and Kharrat 2010), 10,000 ppm (Abdi et. al 2014; Xu and Rossen 2003; and Chang and Martin

1994), and 136,000 ppm (Hematpour et. al 2018)ection of sea water is common offshore
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Newfoundland and is a motivation to investigate the effect of such saline water oecowvery.

As well, no research has been found using such saline water.

Table3-1. Chemical lons in Sea Watéinderson2008)

Chemical lon Concentration Proportion of Total Salinity
(parts per thousand) (%)
Chloride 19.345 55.03
Sodium 10.752 30.59
Sulfate 2.701 7.68
Magnesium 1.295 3.68
Calcium 0.416 1.18
Potassium 0.390 1.11
Bicarbonate 0.145 0.41
Bromide 0.066 0.19
Borate 0.027 0.08
Strontium 0.013 0.04
Fluoride 0.001 0.003
Other Less thar®.001 Less than 0.001

To this base brine solution, methyletsue was added to colour the water a blue colour.

This dye assisted in distinguishing thiater phase from theoil and theglass in the micromodel,

without which it is very difficult to distingsh between injection fluids and glass.

3.1.5. Qi

Dead cude oil(oil at sufficiently low pressure that there is no dissolved gas in théoit)

the Hiberniafield, offshore the province of Newfoundland & Labrador, Canada was used for the

oil phase in all othe experiments conductedrhis oil is alead, light, sweetcrude oilwith a

density of approximately 0.87g/cm® based onAnton Paar mPD58ensometer tests.
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3.1.6. Fluid Characterization

The interfacial tension experiments were conducted using a Viechnologies interfacial
tension apparatus model IFT 700 machine. This instrument uses the pendent drop and rising
bubble methods to calculate the interfacial tension between two fluid phases, and can also be

used to determine the contact angle between tfloid phases and a solid surface.

The risingoubble/pendentdrop method measures the interfacial tension between two
immiscible liquid phaseslhe instrument is aglasscontainer, filled with one fluid while the
other fluid is introduced through a needtdther at the bottom or top of the vesselhe fluid
with the greatest transparency is chosen as the bulk fluid, and fills the vessel completely (in this
case, water or surfactarwater solution). The other fluid (in this case, oil) is injected either int
the top of the vessel (if the injected fluid is heavier than the bulk fluid, causing it to want to
drop through the bulk; pendent drop method) or at the bottom of the vessel (if the injected
fluid is lighter than the bulk fluid, causing it to want teeithrough the bullg rising bubble
method). In this case, the oil is injected into the bottom of a vessel containing a
water/surfactant solution, as the oil is less dense than the water/surfactant soluiihren the
bubble is formed it rises through theater, through the watewil interface, and up through the

oil column. The behavior ohe rising bubble is recorded with a caméEdsharkawy 1992)

The viscosity experiments were conducted using a Cambridge Viscosity VISCOlab PVT high

pressure viscometerThis viscometer uses the oscillating piston method to calculate the
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viscosity of very small liquid samples, and is accurate to 1% of the range of the piston being

used.

A viscometer is a device used to measure the viscosity of a fluid. One type of viscne
the oscillating piston viscometer. In this design, a piston is enclosed in a thermally controlled
chamber. Electromagnetic coils are housed outside of this chamber and create a magnetic field
while causes the piston to oscillate. This oscillationses a shear stress in the liquid which is
measured via the time it takes for the piston to complete an oscillation. From the shear stress

the dyramic viscosity can be measured.
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3.2. Experimental Method

Theset of experimentsvas designed using Design Exgesoftware by StaEase, using an
Optimal Response Surface Methodology desidiis section will discuss the factors
investigated and the responses measured, also providing an overview of the experiments

conducted.

3.2.1. Factors

Four factors were investigatdd a series of experiments that were conducted. These four
factors include the WateAlternatingGas Ratio, the surfactant concentration, the gas type, and
the surfactant type. This section will discuss each factor in detail, providing an explanation of

what each factor is and the levels of the factor that were investigated.

3.2.1.1. Water -Alternating -Gas Ratio
The WaterAlternatingGas (WAG)atio is the ratio of the volume of a water slug to the
volume of a gas slués discussed in Secti@mb.], research has been conducted on WAG ratios
of 3:1, 2:1, 1:1, 1:2, 1:3 and 1:0.5, which found that a WAG ratio of 1:1 was optimum for oll
recovery (Salehi etal 2013; Salehi et. al 2014; Motealleh et. al 2012; Shokrollahi et. al 2014;

Feng et. al 2014).

As well, none of ta published studies evaluatethade useof any statistical design of
experimentsanalysisthat allows for identifying interaction effects bweeen different factors

(WAG ratio and surfactant concentration, surfactant type, or gas type). Therefore this study
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utilized the common range of WAG ratios (1:1 to 1:2) that have been investigated by other
researches to identify any interaction betweethe WAG ratio and any other factors that are
being investigated (surfactant concentration, gas type, and surfactant type). It was also decided
to further investigate the gap between the AG ratios of 1:1 and 1:2. As discussed above,
Shokrollahi et. al (201 investigated a WAG ratio of 1:0.5, however no research could be found
for a WAG ratio of 1:1.5, between 1:1 and 1:2. Therefore it was decided to further investigate

this WAG ratio.

The size of the slugs were taken from Motealleh et. al (2012), who fthatdslug sizes of
0.2 PV was an efficient slug size, while the frequency of the slugs were designed to match the
findings of Salehi et. al (2013) who found that injecting 1.2 pore volumes worked well, along
with Feng et.al (2014)who found that increasig the cycles of water and gas increased
recovery. Combiimg this total injected volume and slug volume found that six slugs each of
liquid and gas, each slug consisting of 0.2 PV, would inject 1.2 PV each of liquid and gas.
Therefore a base slug volume @R PV was chosen, while injecting six slugs each of liquid and
gas.The volumes of the gas slug and total injected gas increases with WAG ratio, therefore for a
WAG ratio of 1:1.5 the gas slug was B\3, with a total injected gas volume bhBPV. Likevse
for a WAG ratio of 1:2 the gas slug was P\ with a total injected gas volume of 2¥.Table

3-2 provides the raib and volume data for the WAGtios used.
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Table3-2. Water-Alternating-Gas Ratios and Volumes

WAG Ratio| Liquid Volume Gas Volume
(PV) (PV)
1:1 0.2 0.2
1:15 0.2 0.3
1:2 0.2 0.4
3.2.1.2. Surfactant Concentration

The concentration of surfactant in solution is either a volume or weight percent of the
surfactant in the solution.As discussed in SectioR.6.2 previous studies have either
invesigated the surfatant at the CMC or varied the surfactant by weight percent in the
solution (Shokrollahi et. al 2014; Moayedi. @l 2014; Chang et. al 199@nd Sagar and
Castanier 1997)t hasalsobeensuggested that surfactant should be injected around @MC
value for nonionic surfactants(Gurgel et. al 2008)while Schramm (2000) suggests that
surfactants must be present at amcentration higher than theCMCvalue to achieve the
greatest effect in lowering interfactial tension or promoting foam stabilfiyerefore, it was
decided to experiment with surfactantt and above theCMCvalueto take full advantage of

the surfactants ability to lower interfacial tension and create a stable foam

As discussed in Secti@2.3 the behavior of the surfaants differ above andbelow the
CMG therefore tobe able to compare different surfactants equally, it was decided to vary the
concentration in proportion to the critical relle concentration. This is a different method of
varying the concentration than was used in all of the studies discussed als@rekrollahi et.

al (2014),Chang et. al (1990), and Sagar and Castanier (1997) all variedrtbentration by
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weight percem while Moayedi et. al (2014) used tH@MCconcentration and a set weight

percent above th&CMCconcentration.

This method of varying by total concentratiorsiead of proportionally fronrCMCleads to
the possibility of one surfactant performing better thanother whe varied proportionally

from CMQ but underperforming when compared on a total concentration basis.

Therefore he concentration was varied by multiples of the critical micelle concentration,
meaning two different surfactants at the same proponal concentration point may have
different total solution concentrations. The concentration was varied from one (1) times the
critical micelle concentration to ten (10) times the critical micelle concentration, with a centre
point at fiveand-a-half (55) times the critical micelle concentratioiithe values of one, five
and-a-half, and ten times the critical micelle concentration were chosen to obtain a baseline at
the critical micelle concentration, and data points above the critical micelle concemtrati
(Schramm2000) The upper limit of ten times the critical micelle concentration was chosen
arbitrarily as the upper limit as research to identify an optimal range of concentrations based

on the critical micéé concentration does not exist

The total stution concentrations used are presentedTiable3-3. As is shown ifTable3-3,
if the Triton X100 and Iveysol 106 surfactants were compared on a total concentration basis
and not on a proportional concentration fro@MCbasis, at ten times th€MC the Iveysol 106

concentrationhasa value of twice the Triton-X00 concentration.
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Table3-3. Surfactant Concentrationfor Experiments

Triton %100 Iveysol 106
CMCProportion Total Concentration | CMCProportion TotalConcentration
(weight %) (weight %)
CMCx 1 0.0150 CMCx 1 0.02871
CMCx 5.5 0.0825 CMCx 5.5 0.1579
CMCx 10 0.150 CMCx 10 0.2871

All of the published studies evaluated also did not make use of any statistical design of
experimentsanalysisthat allows for identifying interaction effects between different factors
(surfactant concentration and WAG ratio, surfactant type, or gas type). Therefore this study
utilized a statistical design of experiments software to identify any interaction tsfteetween
surfactant concentration and the three other factors that were investigated (WAG ratio, gas

type, and surfactant type)

3.2.1.3. GasType
In wateralternatinggas, the choice of the gas phase is very importamt, nitrogen,
carbon dioxidehydrocarbongas (methanelecane mixtureand reservoir gas has all been used
as the gas phase in micromodel and coreflooding experim@fasnbrook et. al 1991; Chang et.
al 1994, Farajzadeh et. al 2009; Motealleh et. al 2012; Shokrollahi et. al 2014; Xu and Rossen

2003, Sohrabi et. al 2000; Feng et. al 2014; and Moayedi et. al.2014)

This study utilizes two different ges to investigate the gases on their own and in
comparison to one another. For the first gas phasewas choseras the gas phase as it is both
a less studied gas phase for WAG injectipossibly due to thenany safety challengasposes

at reservoir conditionsFor the second gas phase, propane gas was chosen as the gas phase as
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it is readily available and can simulate a rich reservoiigetserthan pure ethane or methane)

The choice of air and propane allows for the investigation of air and propane by themselves,
along with comparingair to a hydrocarbon gas. Due to the ambient conditidhat the
experiments were conducted att is not posdile to take advantage of any pseuduscible
aspects of using a hydrocarbon gasowever the differences in viscosity, density, and
compressibility of the propane gas act as a comparison gas with air. If propane increases or
deaeases the oil recovery, tamot be due to any pseudmiscible aspects due to the ambient
conditions of the experiments, therefore any difference in oil recovery must be due to the fluid

characteristics of density, viscosity, or compressibility

3.2.1.4. Surfactant Type
As discussed in Sémh 2.4 and Sectior?.6.4 various types of surfactants have been used
previously, with both ionic and nonionic surfactants being used (Rao et. al 2006; Shrokrollahi et.

al 2014).

Two nonionic surfactants weliavestgated;their choice was based on their availability to
the researchersand the benefits of no#ionic surfactants over ionic surfactantRao et. al
(2006) found that norionic surfactants resulted in a higher oil recovery compared to anionic
surfactants The two surfactants investigated were Tritor1®0 and Iveysol 106. Triton12X0
has only recently been used in research, mainlybgli et. al (2014and Moayedi et. al (2014).

Shokrollahi et. al (2014) usdditon %100 for foam tests but did not condu@ny coreflooding
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experiments with itas he found that Triton-X00 did not produce as much stable foam as the

ionic surfactants that he was investigating.

Research using Iveysol surfactants for enhanced oil recovery is lacking, the Iveysol 108
surfactanthas been used b{Moayedi &. al 2014), however no resedr utilizing lveysol 106
surfactant has been publishedherefore it was decided to utilize the Iveysol 106 surfactant

due to the lack of research available.

Triton X100 has been used recently wigtomising results as surfactant for oil recovery
techniques, while the Iveysol line of surfactants are relatively new and are beginning to be
investigated for their suitability as oil recovery surfactants. As Rao et. al (2006) identified non
ionic surfatants as performing better than anionic surfactants, and the fact that both Triton X
100 and the Iveysol line of surfactants are showing recent interest in their suitability as oil

recovery surfactants, these two surfactants were chosen for investigation.

3.2.2. Responses

Two quantitative responsesoil recovery and breakthrough timeyere observed and
measured by which to compare the factors discussed in Sec8iéhl In addition to these, the
gualitative response diuid flow through the micromodel was observed and documentéte
guantitative responses (oil recovery and breakthrough time) were analyzedw the analysis

of variance (ANOVA) method of statistical analysis discussed in S&ation
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3.2.2.1. Oil Recovery

In the petroleum industrythe net present value o& project isthe most importantfactor
associated with different production methods and strategi€ke net present value of a project
depends on the oitecovery achieved and the timequired to achieve that oil recoveryil
recovery is a quantitativeneasurement of the amount of initial oil in place that is produced
from a given reservoir or reservozone. The oil recovery data thatsimeasured was the
cumulative oil recovery with timeThe oil recovery isneasured through image processing,
where imags at set intervals throughout the experiment will be analyzed to determine the oil
saturation ofthe micromodel.This is done by converting the colour image into a black and
white image and counting the black pixels, representing oil. The image is pedcéss to
include only the micromodel, then the brightness and contrast of the image is adjtsted
ensure that when the image is turned into black and white, only the oil phase is given a black
colour. Once the image brightness and contrast have begustet, the image is transformed
into a black and whitemage;the black pixels can then be counted. Comparing black pixel
counts at various points throughout the experiment to the black pixel count of an image taken
before the test begins with the microndel initially saturated with oil can give the oil recovery
up to that point in the experimentThe error incurred by using the image analysis method is
discussed in detail in Sectigh3.1.2 The image processing analysis results are corroborated
with a specially designed mass balance experiment as the mass balance data collected during
the experiments in thenicro separatoand burette was not reliable due to a numabof issues

which are discussed belowt. KS Yl aa ol ftlyO0S SELSNAYSyd dzaSR
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extending from the outlet of the micromodel for 3 meters. Whenever a picture was taken for
image processing, the length of fluids in the outlet tube wersoameasured. Using a
waterflooding experiment, before breakthrough the only fluid in the tubing was oil. Therefore
the length of fluid in the outlet tubing, containing only oil, when converted into a volume of oll
would give the produced oil volume. Diwndi this oil volume by the volume of oil in the
micromodel allows for a determination of the oil recovery. Then the image processing oil

recovery data can be corroborated to the mass balance oil recovery data.

3.2.2.2. Breakthrough Time
Breakthrough time is a quaitditive measurement of t amount of time it takes for the
injection fluids to work their way tlmugh the reservoir and appear dhe outlet of the
reservoir. Alonger breakthrough timeat the same injection ratas desired as producing
injection fluids dereases the oil production. Breakthrough tinie generallydecreased by

viscous fingering and gravity overri@@hiang et. al 198@rock and Orr Jr. 1991)

3.2.2.3. Fluid Flow
The flow of the injection fluids through theorous mediawill be observed qualitatively to
identify how the fluids move through th@orous media These observations can assist in
explaining certain phenomena encountered and may lead to a betigierstanding of

surfactant processes
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3.2.3. Experiments

The Optimal Rgmnse Surface Methodology design resulted in 23 required ex@ats, as
outlined inTable3-4. These 23 experiments are used to determine if any interaction efteets
present between the 4 factors and how those factors affect the oil recovery and breakthrough
time. Six additional experiments were conducted to completely investigate the effect which
surfactants in the injection liquid have on oil recovery. Thesetmadil experiments are also
outlined inTable3-4 as experiments 24 to 29. These experiments were conducted to determine
the effectiveness of surfactant assisted wasdternatinggas over normal watealternating
gas, surfactanbrine flooding, and brine flooding. These additional experiments also investigate
when or if tertiary oil recovery techniques should be implemented (whether the secondary oil
recovery techniquas beneficial for micromodel experimentsh experiments 1 to 26 and 29
there was no secondary waterflood before the WAG process, while experiments 27 and 28 did
undergo a secondary waterflood before the WAG process.

Table3-4. Micromodel Experiments Conducted

WAG Surfactant
Run . Concentration | Gas Phase| Surfactant Type Comments
Ratio
(XCMQ
1 1:1 10 Air Ivey-sol 106
2 1:1 1 Propane Ivey-sol 106
3 1:2 1 Air Triton %100
4 1:1 10 Air Triton %100
_ ) ) Replicated in
5 1:1.5 55 Alr Triton X100 Experiments 16 and 2
6 1:1 5.5 Propane Triton %100 Repllc_ated n
Experiment 9
7 1:2 10 Air Ivey-sol 106
_ . Replicated in
8 1:2 1 Air Ivey-sol 106 Experiment 10
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9 11 5.5 Propane Triton %100 Rephgate of
Experiment 6
) . Replicate of
10 1:2 1 Air Ivey-sol 106 Experiment 8
11 1:2 1 Propane Triton %100
12 1:1.5 10 Propane Ivey-sol 106
13 11 1 Air Triton %100
_ . Replicated in
14 1:1 5.5 Air Ivey-sol 106 Experiment 15
) . Replicateof
15 1:1 5.5 Air Ivey-sol 106 Experiment 14
_ . . Replicated in
16 1:1.5 5.5 Air Triton X100 Experiments 5 and 22
17 11 10 Propane Ivey-sol 106
18 1:2 5.5 Propane Ivey-sol 106
19 1:2 10 Propane Triton %100
20 1:2 1 Propane Ivey-sol 106
21 1:1.5 1 Propane Triton %100
_ . . Replicated in
22 1:15 5.5 Air Triton %100 Experiments 5 and 16
23 1:2 5.5 Air Triton X100
24 1:1 0 Air None BrineAir WAG
25 1:0 1 None Iveysol 106 | Water/Surfactant Floog
26 1:0 0 None None Waterflood
_ . Waterfloodingfollowed
27 11 0 Air None by WaterAir WAG
Waterflooding followed
28 1:1 1 Air Iveysol 106 | by Water/Surfactant
Air WAG
29 11 1 Air Iveysol 106 | Water/Surfactant WAG

3.2.4. Experimental Method

The experiments began with a clean, empty micromodel. The experiments were then

conducted as follows:

1 Liquid was injected ufp the micromodel
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1 The micromodel was vacuumed and completely filled with oil ftbminlet to the
micro separator

1 Gas was injgted up to the water/gas injection tee

1 A liquid slug (0.2 PV) was injected intbe@ tmicromodel.

1 A gasslug (0.2 to 0.4 PV) was injected into the micromodel.

1 Alternating liquid/gas slugs were injected until 6 slugs eachqoid and gas had
been injected into the micromodel.

1 Pictures were taken every 1 minute.

The core set of experimés did not consist of any primary waterflood, instead beginning
with alternating slugs of liquid and gas. The additional experiments that were conducted varied
slightly from the above. For experiments that did not involve a gas phase, the liquid was
injected until breakthrough. Two additional experiments consisted of first performing a
waterflood until breakthrough, followed then by injecting alternating liquid and gas slugs for 6

cycles of each.
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3.3. Foam Stability Tests

To investigate whether or not foamwas possible with the fluids used in this study, the
standard test for foam in agueous media, the bottle test, was conducted on the fluids. The
standard test method taken from the withdrawn ASTM Standard D&3&@R007) which was
only withdrawn due to lak of interes), was usedASTM International 2007This test involves
placing 200 mL of solution into a 500 mL bottle, shaking the bottle vigorously, and measuring
the height of the foam created as a factor of time. These experiments measure the ahiliy o
solution to create a foam and the stability of any foam generated. Eight different experiments
were conducted in total, four without oil present, and four in the presence of oil. To conduct
the four experiments in the presence of oil, 20 mL of oi$\added to the 200 mL of sudi@nt
solution, as was done hyloayediet. al (2014). The eight experiments used the same solution
as was used in the micromodel experiments, all eight experiments are outlin@ehie 3-5.

Each experiment was conducted twice.

Table3-5. Bottle Tests Conducted

Surfactant Presence
Experiment Surfactant Concentration of Oil
(Multiple of CMG
1 Triton X100 1 No
2 Triton X100 10 No
3 Iveysol 106 1 No
4 Iveysol 106 10 No
5 Triton X100 1 Yes
6 Triton X100 10 Yes
7 Iveysol 106 1 Yes
8 Iveysol 106 10 Yes
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3.4. Interfacial Tension Experiments

In addition to the micromodel experiments, several interfacial tensions experiments were
conducted to determine the effect of surfactants on the interfacial tension. As discussed in
Section 2, interfacial tension plays an important role in the recovergilpfand therefore
knowing how the surfactantaffect the interfacial tension between brirgurfactant and oil can
better help explain the results of the micromodel experiments. Only one response was
measured in these experiments, the interfacial tensi@tveen brine and oil. Five experiments
were conducted to investigate the two different surfactants experimented with at the low and
high concentrations of the surfactantfable3-6 shows the five interfacial tension experiments
that were conductedDuring each experiment, an oil bubble was introduced into the bulk liquid
(brine for experiment 1, brinsurfactant for experiments 2 to)3 and the interfacial tension
wasdetermined. To validate the results, more oil was introduced, increasing the size of the oil
bubble, until the oil bubble broke off from the injection port. Interfacial tension measurements
were made for several different sized bubbles. This process wasated several times,
introducing several oil bubbles into the bulk liquid to ensure that each new bubble gave similar
results for the interfacial tension. For each experiment, the apparatus was calibrated so that
the proper user input variables (densitiaseedle size) were correct. As well, for each bubble,
the optical calibration procdure was followed, ensuringhat the camera settings were
appropriate for the bubble and that the computer generated boundary and needle lines used

for calculation were adisted properly.
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Table3-6. Interfacial Tension Experiments Conducted

Run Surfactant Surfactant Concentration (@MG

1 Nonec Distilled Water

2 Nonec Brine 0
3 Triton %100 1
4 Triton %100 5.5
5 Triton %100 10
6 Iveysol 106 1
7 Iveysol 106 5.5
8 Iveysol 106 10
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3.5. Viscosity Experiments

In addition to the micromodel experiments, several viEtpexperiments were conducted
to determine the effect of surfactants on the viscosity of the surfactanme solutions. As
discussed in Section 2, viscosity affects recovery of oil though viscous fingering. Therefore
knowing how the surfactants used affettte viscosity of the brinsurfactant solution can
better help explain the results of the micromodel experiments. Only one response was
measured in these experiments, theiscosity of the solution. Eighéxperiments were
conducted to investigate the two ffierent surfactantsused Table 3-7 shows the eight
viscometer experiments that were conductetihe apparatus was officially calibrated by the
manufacturer before beig shipped; however an experiment using distilled water was
completed to verify that the apparatus was still functioning properly. Several experiments of
each solutionwere completed to ensure that the viscosity values were repeatable.

Table3-7. Viscometer Experiments Conducted

RuUN Surfactant Surfacta(r;(t é:l\zgcentratlon

1 Nonec Distilled Water

2 Nonec Brine 0
3 Triton %100 1
4 Triton %100 5.5
5 Triton X100 10
6 Iveysol 106 1
7 Iveysol 106 5.5
8 Iveysol 106 10
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Chapter 4: Experimental Results and Analysis

This section msens and discusss the results obtained and observed during the
experiments. Firstthis section preserst and discusseshe viscosity and interfacial tension
measurements inSection 4.1 on fluid characterization. It will then present qualitative
overview of the observed fluid flow through the micromodel in Sect#b® discussing all
observations.Following this,the quantitative resultsfor oil recovery and breakthrough time
with be presented and analyzed Sectionst.3 and 4.4 respectively A short investigation into
the optimumtime during production to implement enhanced oil recovery techniques will then
be presentedin Section4.5. This section will then end with an overview of the encountered
difficulties and the solutions used to overcome these difficulties in Sedti@rA full set of the
experimental raw data iavailablein from the authors An image of the micromodel alongside a

scale is provided at the beginning of Appendix G for the reader.

4.1. Fluid Characterization

This sectiondiscusss the viscosity and interfacial tension experiments that were
conducted on the surfactant and brine solutions. First the viscosity resu#sanalyzed,

followed by the interfacial tension results.

4.1.1. Viscosity

Experiments were conductedsing a Cambridge \issity VISCOlab PVT high pressure

viscometer to determine the effect of surfactants on the viscosity of the liquid phase. The
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viscometer has accuracy #1% of the range of the piston being used. As the piston used had a
range of 0.2 cP to 2.0 cP, the ammy of the measurements are withiz0.018 cP.Eight
experiments were conducteane using distilled wateigne using the brine solution, arttiree

each for Iveysol 106 and Triton-1R0. Both surfactants were investigated at surfactant
concentration multipes of one five-and-a-half, and ten times the critical micelle concentration,
corresponding to the low and high values of surfactant concentration used in the micromodel
experiments.Figure4-1 shows the viscosity data for the five fluids. The Cambridge Viscosity
VISCOlab PVT high pressure viscometer operates by taking a viscosity measurement every few
seconds.The viscometer is calibrated in the factory, and the ocdyibration required is to
choose to appropriate piston for the expected viscosity range (0.2 cP to 2.0 cP). Distilled water
was also tested to determine if the viscometer was operating correctly, as the viscosity of
distilled water is knownThe fluid wa injected into the testing cell, and the viscometer was
allowed to operate until the viscometer came to steady state with the viscosity readings not
changing. Once steady readings were achieved, more fluid was injected and the readings were
allowed to cowerge to a single value agaifhe data from the viscometer experiments can be
found in Appendix D. The viscosity data is presented to the secorithakesince the accuracy

of the equipment used i6.018 cP, therefore any tlabeyond the second decimalwsthin the

error range of the equipmerdand unreliable as it may be due to random error and not due to a
difference in the factorg=rom Appendix D, the standard deviation for the experiments are very
small, to the third and fourth decimal place, therefdiee standard deviations are not shown

here since the accuracy of the viscometer is so large.
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Viscosity (cP)

Figure4-1. Viscosity data for brine and surfactant solutions

As shown inFigure 4-1, the accuracy range of the machine means that some of the
differences in the values may be ssured by error. For example, the TritorlB0 and lveysol
106 surfactants at the critical micelle concentratiare only 0.01 cP in difference, while the
error inherent in the datas 0.018 cP.Herefore this differences within the error range of the
equipment and cannot be interpreted as an actual difference in viscosity of the surfactants
However, it is shown that viscosity decreases with increasing surfactant concentrAtidow
surfactant concentrations (Xx CMQ, it is not possible to confidentlgletermine which
surfactant reduces the viscosity more, as the results may be skewed by error, however at high
surfactant concentrations (10 €MQ it is shownthat the Triton X100 surfactant reduces the
viscosity slightly more than the Iveysol 106 suidiat. The viscosities for brine (1.09 cP) and

distilled water (0.97 cP) shows that the viscometer is working adequately, as literature values
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for distilled water at 28C is 1.0 cP, while brine at 35,000 ppm salinity is 1.09 cP. The viscosity of

distilled water of 0.97 cP is lower than the literature value of 1.0 cP.

The addition of surfactant® the brine reduced the viscosity of the injection liquid from
the brine viscosity of 1.09 cP. The addition of Iveysol 106 surfactant at the critical micelle
concentation reduced the viscosity to 1.07 cP, while the addition of lveysol 106 surfactant at
five-and-a-half and ten times the critical micelle concentration reduced the viscosity even
further to 1.06 cP and..05 cPRespectively The addition of Triton-X00 sirfactant at the critical
micelle concentration reduced the viscosity to 1.06 cP, while the addition of TrHb®0X
surfactant atfive-and-a-half and tn times the critical micelle concentration reduced the
viscosity further to1.04 cP andl1.03 cR respedively. The exact relationship between
concentration and viscosity can not be determined due to the fact that the values are so close
together and the +0.018 cP error can obscure the data enough so that determining if the
relationship if linear or not canot be deduced from the datalhe Triton XL0O surfactant had

a greater effect on reducing the viscosity than the Iveysol 106 surfactant.

4.1.2. Interfacial Tension

Experiments were conducted to determine the effect of surfactants on the interfacial
tension betveen the oil and injection liquid phases using Vinahhelogies IFT 700 machine.
Eightexperiments were conducted, all between the oil phase arader solutionphase one
using distilled waterpne using the brine solution, and thresach for Iveysol 108nd Triton X

100. Both surfactants were investigated at surfactant concentration multiples aof foreeand-

110



a-half, and ten times the critical micelle concentration, corresponding to the values of
surfactant concentration used in the micromodel experimgeitigure4-2 shows the interfacial
tension between thewater solutionand oil phases. The testing procedure involved filling the
cell with liquid brine/surfactant sakion, and then injecting a droplet of oil from the bottom of

the cell. For each experiment, the apparatus was calibrated so that the proper user input
variables (densities, needle size) were correct. As well, for each bubble, the optical calibration
procedure was followed, ensuring the that camera settings were appropriate for the bubble
and that the computer generated boundary and needle lines used for calculation were adjusted
properly. The IFT machine tested the interfacial tension of the droplet comotisly and
recorded the data every 10 seconds. Droplets were formed and the interfacial tension was
analy2d numerous times per droplet. Orie three droplets were formed to ensure that the
calculated interfacial tension was correEigure4-2 shows the average interfacial tension, plus

or minus the standard deviation of the data points collect@thie data from the interfacial

tension experiments can be found in AppiE.
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Figure4-2. Interfacial Tension data between oil and brine and surfactant solutions

As shown in Figure4-2, the addition ofsalts to distilled water reduced the interfacial
tension slightly, however the addition of surfactants to the brine reduced the interfacial tension
between the water solution and oil phase consideraliiie interfacial tension between the
brine and oil wagound to be 2415 mN/m. The addition of lveysol 106 surfactant at the critical
micelle concentration reducethe interfacial tension to 102° 0.69mN/m, while the addition
of lveysol 106 surfactant at ten times the critical micelle concentration reditice interfacial
tension even further to 4.03 0.01 mN/m. The addition of Triton-400 surfactant at the critical
micelle concentration reduakthe interfacial tension to 3.06 0.06 mN/m, while the addition

of Triton X100 surfactant at then times theridcal micelle concentration reduced the
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interfacial tension further to @5 ° 0.01 mN/m. Both surfactants seemed to reduce the
interfacial tension linearly with increasing surfactant concentration (with the surfactant
concentrations being increased ingmortion to the critical micelle concentration.he Triton
X-100 surfactant had a greater effect on reducing the viscosity than the Iveysol 106 surfactant
This result of the interfacial tension decreasing with increasing surfactant concentration was
alsofound by Moayedi etal (2014), who also found that Triton200 decreased the interfacial
tension to a greater extent than the lveysol surfactant. Moaysdial used Iveysol 108 while

this study used Iveysol 106, as well Moayedi et. al used a fluidhygtter salinity.
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4.2. Fluid Flow

The basis for conducting experiments with micromodels is to take advantage of the ability
to observe the fluid flow hrough the micromodel This section will discuss the different
phenomenon observed and possible reasonstheir occurrence, as well as the lack of certain

phenomenon ad possible explanations why these phenomevere not detected.

4.2.1. Foam Generation

It was attempted to generate foam in the micromodel, using different surfactant solutions
and gas phased3he surfactant solution slug was injected first into the micromodel, followed by
a gas slug into the same entry point of the micromodel, then another surfactant solution slug
was injected, followed by another gas slug until six slugs each of liquid antiaghbeen
injected. However, a foam was not observed eitheeing generaed or moving through the
micromodel.To investigate whether or not foam was possible with the fluids used in this study,
the standard test for foam in aqueous media, the bottletfesas conducted on the fluids
outlined in Table 3-5. Each experiment was conducted twice, with the repeat experiment
performing very similarly to the first experimernithe experiments were conducted for 210
minutes; however the repeat experiment was only performed for 120 minutesyeagfication
that the initial foam heights and initial foam collapse rate were the same as the previous
experiment As both experiments we similar, the results of the first experiment are presented
here. Thefull results ofboth runs of each experiment, along with the average and standard

deviation for the first 120 minuteare available in Appendix C.
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The results of the foam stability hitet tests were analyzed two ways, first the total height
of the foam with time was analyzed; the total foam height is a measure of the ability of the
solution to generate foam. The second method of analysis involved recording the relative
height of the foan, being a ratio of the foam height to the initial foam height; the relative foam
height is a measure of the foam stability, with the solutions with higher relative foam height

having a more stable foam.

First the total and relative foam heights for theperiments without oil are presented in

Figure4-3 andFigure4-4.
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Figure4-3. Total Foam Height for Experiments Without Oil
As shown irFigure4-3, the Triton X100 surfactant generated much more foatmn the
Iveysol 106 surfactant for all surfactant concentration8s well, higher surfactant

concentrations generatechore foam
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Figure4-4. Relative Foam Height for Experiments Without Oil

When the data is given as relative foam heidhig(ire4-4), the relative foam stability of

each surfactant can be observechel Triton X100 surfactant formed a stabl®am, with the

foam height only dropping to 59% of the initial foam height for the low concentration and 68%

for the high surfactant concentration, after 210 minutes. The Iveysol 106 surfactant generated

a stable foam at the high surfactant concentrati@nppping to 71% of the initial foam height

after 210 minutes. However, at the low surfactant concentratfon Iveysol 106 the foam

height dropped to 8% of the initial foam height af@t0 minutes. This would show that Iveysol

106 at a high surfactantooicentration would generate a more stable foam than the Triten X

100 surfactant, however the total foam height should also be considered, as the Iveysol 106

surfactant generated much less foam than the TritehQQ surfactant.
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Without oil, the Triton XLOO surfactant outperformed the Iveysol 106 surfactant for foam

height for both concentrations. The TritonIR0 surfactant also generated a stable foam at

both concentrations, the Iveysol 106 surfactant generated a very unstidden at low

concentrations and a stable foam at high concentrations, however it must be taken into

consideration that the Iveysol 106 high concentration foam may have been more stable, it also

generated much less foam than the Tritor1 30 solutions.

Next the total and relative foam heights for the experiments with oil are presented in

Figure4-5 and Figure4-6.
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Figure4-5. Total Foam Height for Experiments 5 to 8, With QOil

As shown irFigure4-5, the Triton X100 surfactant at high concentrations generated more

foam than the other solutionsinterestingly, the lveysdlO6 surfactant at both concentrations

outperformed the Triton XLOO surfactant at low concentration. In total, all siiduns generated
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much less foam, andias present for a much shorter time, in the presence of oil. Thin foam

layers were only a few millieters in width, and were completely gone within 70 minutes.
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Figure4-6. Relative Foam Height for Experiments 5 tp\With Oil
When looking at relative foam heighFigure4-6), the presence of oil also decreased the
stability of the few millimeters of foam that was generated. Tlam generated was very

unstable, disappearing within 70 minutes, with all surfactant solutions being affected by the oil.

All solutions experimented with were able to generate foam, with the TritehOX
surfactant generating more, and more stable, foamarhthe Iveysol 106 surfactant. Even in the
presence of oil small amounts of foam were generated. Therefore the fluid compositions used

were not a factor in not being able to generate foam in the micromotleé stepwise drop in
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foam height wasalso obsered by Moayedi et. alsuggesting that there is some physical

mechanism behind the stepise decrease in foam height.

Investigaing this lack of foam further, esseral theories were considered and investigated.
These theories consisted of surfactant coneahon, two dimensionality of themicromodel,

gas flow ratejnlet condition and order of injection fluids

Surfactant Concentration

It was thought that thesurfactant concentrations may have been too low to be able to
disperse the surfactant molecules throughout the solutions while having enough molecules to
create foam films. The largest surfactant concentration used was ten (10) times the critical
micelle concentration, whichresulted in solutions with 0.15 weiglgtercent of surfat¢ant for
Triton %100 and 0.125wveight percent of surfactant for Iveysol 106A test of Triton XL00
surfactant solution with a concentration of 0.5 weight percent of TritebORwasinvestigated
In this experiment the micromodel was placed horizontally and flooded completely with
surfactantbrine solution with a surfactant concentration of 0.5 weight% TritehOX, then air
was injected into the inlet of the micromodéehs shownin Figure4-7, even at high surfactant
concentrations there was still no foam creation in the horizontal micromotieé air simply

fingered through the surfactanbrine phase.
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Figure4-7. No foam creation at high surfactant concentration (0.5% TritorL80)

Gas Flow Rate
It was also thought that the gas injection rateay have been tobighto allow proper

foamgeneration;the gas was injected at twice the rate of the liquid phase. To investigate this,
gas was also injected at a rate equal to the liquid injection fatéhis experiment, similarly to
the experiment discussed above, the micromodel was placed horizontallfl@rded
completely with surfactanbrine solution with a surfactant concentration of 0.5 weight% Triton
X-100, then air was injected into the inlet of the micromod&shownin Figure4-8, even at
low gas injection rates, the gas phase did not create a foam phase in the horizontal

micromodel.
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Figure4-8. No foam creation at low gas injection rate

Two Dimensionalityand Homogeneityof the Micromodeland Well Type

Another factor that was thought to have played a role in the absence of fwamthetwo
dimensionality of the micromodel. The micromodel has a vertical depth of @mmdy(l) pore;
therefore the surfactant solution could not drain vertically, which is an important method for

foam generation.

Thepublished research suggests that theo-dimensionality of the micromodel may have
played a main role in not being able to generate foam, as those researchers who were
successful in generating foam have used coBzddhi et. B2013 Saehi et. al 2014; Shokrollahi
et. al 2014 Moayedi et.al 2014 Farajadeh et. al 200Xu and Rossen 200&) a miniature core
as a foam generator before the micromodel (Romero et. al 2@ang et. al 1990). Chang et.
al (1990,1994)were able to generate a foam in situ in a micromodel of varying pore aizes
high pressures and temperatureshile Sagar and Castanier (1997) were not able to generate a

foam phase in a micromodedf varying pore sizeoperating under ambient conditions.
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Hornbrook et. al (1991) was also able to generate a foam phase in a hosmgemicromodel
at high pressuresThis suggests that pore size distribution/irregular pore sizes and shapes of
the micromodel and/or pressure of the injection fluids may play a role in the generation of

foam as well.

Investigating the pore sizdistribution, irregular pore shapes, and the pressure of the
injection fluids was not possible due to the experimental setup, an investigation into the two
dimensionality of the micromodel was conductedhvestigaing the micromodel two-
dimensionality the micromoa! was also placed on its side, causing the vertical depth to be
several pore volumesOne end of the micromodel had a long well stretching the full width of
the micromodelwhile the other end had a single point well in the middle of the micromoéel.
diagram of the micromodel is provided Figure4-9. The effect of injection well designsas
also investigatedthe gas was also injected into the opposite side of iieromodel, which

instead of a long well, has a point well in the middle of the micromodel.

Long Well==> Porous Media Point Well

Figure4-9. Well Configuration of the Micromodel
Investigaing whether foam is formed when the micromodel is positioned on its side (giving

it a vertical dimension)the micromodelwas laid horizontal and flooded with Triton200 at
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0.5 weight percent, the micromodel vgathen placed on its side and gas is injecte ithe
micromodel.Asshownin Figure4-10, with the micromodel in a vertical position, there is some
foam creation. However it was found that the air simply movedhi® top of the long injection
well and entered the micromodel near the top of the micromodel. This reduced the foam
creation because the air simply traveled to the top of the micromodel and then entered into
the pore system, simply moving across the tBpen with the air entering at the top of the long
well, a foam structure can be seeWhile foam bubbles of individual pores are uncomnion

Figure4-10, foam bubblesovering multiple pores are very common.
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Figure4-10. Some foam creation in vertical micromodel with long well
The effect that the long vertical well has on the creation of foaas also investigated. The
air wasinjected into the opposite end of the micromodel, which has a pbke well located in
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the middle of the far end of the micromodeRgain the micromodel was completely flooded
with Triton X100 at 0.5 weight percent before being placed vertically and gas being injésed.
shownin Figure4-11, injecting theair into the point well with the micromodel held vertically
created additional foam when compared to injecting the air into the long well. The foam
created using the point well in the vertical micromodehsisted of additional and smaller foam
bubbles compared to the long well situation. The foam structure consisted ofadmstances

of gas bubbles ranging in size from less than one pore uwadopores, along with multiple
larger gas bubbles of sevéraores. This additional foam generation was due to the gas entering
the micromodel vertically in the middle of the micromodel, the buoyancy of the gas caused the
gas to rise in the micromodel while the liquid drained downwards. This process resulted in
additional and smaller gas bubbles compared to when the gas entered the micromodel already

at the top of the micromodel.
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Figure4-11. Foam creation in vertical micromodel with point well

Order of Injection Fluids

Another possibility for the lack of foam generation is the order in which the fluids are
injected into the micronodel. hvestigatng this, the micromodel was placed horizontally and

filled completely with air, then a surfactaibrine solution of Triton 200 at 0.5 weight percent

was injected into the inlet.
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Triton %100 0.5 Weight Percent Fingering Through Ae

Figure4-12. No foam ceation in horizontal micromodel, Triton 200 0.5% injected into air
filled micromodel

As shown inFigure4-12, when the air filled micromodel is laid horizontally and injected
with 0.5 weight percent Triton -X00 surfactant solution, the liquid fingers through the
micromodel instead of generating a foaifhetwo dimensionality of the micromodel was also
investigatedwhen surfactant is injected into aiwhere the micromodel was again completely
saturated with air while it was in a horizontal position. Then the micromodel was placed on its
side and the 0.5 wght percent Triton XLOO surfactant solution was injected into the long well.
As shown irFigure 413 and Figure 414, when the micromodel is placed vertically and Triten X
100 is injected into an air filled micromodel, the surfactant solution drains down by gravity
through the long well and pore network to the bottom of the micromodel. As it drains down
and moves throuly the pores, gas bubbles become dispersed in the liquid, creating foam. In

both Figure 413 and Figure-44 several dispersed gas bubbles can be seen.
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Figure4-13. Foam creation in vertical micromodel, Triton-200 0.5% injected into air filled
micromodel from long welk; View of Inlg side of Micromodel
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Figure4-14. Foam creation in vertical micromodel, Triton-X00 0.5% injected into air filled
micromodel from long welk; View of bottom of Inlet side of Micromodel

It was investigated whether the point wellould generate more foam than the long well in
a vertical meromodel, as was shown above, the micromodel was again placed horizontally and
saturated with air. Then it was placed vertically on its side and 0.5 weight percent T+itdot X
surfactant solution was injected through the point wels shownin Figure4-15, when the
surfactant was injected into the point well, instead of draining down to the bottom of the
micromodel as was observed with the long well, the surfactahit&mn advanced through the
micromodel at the same elevation as the inlet. Several gas bubbles were dispersed into the

liquid, mainly along the bottom of the surfactant front.
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Figure4-15. Foam creation in vertical micromodel, Triton-X00 0.5% injected into air filled
micromodel from point well

As shown, injecting gas into the micromodel first and then imgcsurfactant did not
produce a foam when the micromodel was placed horizontally. When the micromodel was
placed vertically, foam was generated. These findings agree with the experimental results of
the wateralternatinggas micromodel experiments condudteas there were 6 cycles each of
liquid and gas injgted, so there would have been fiwpportunities to generate foam in the
micromodel (gas slug 1 followed by liquid slug 2, gas slug 2 followed by liquid slug 3, gas slug 3
followed by liquid slug 4, gadug 4 followed by liquid slug 5, and gas slug 5 followed by liquid
slug 6). These findings are consistant with Moayedi et. al (2014) who found that surfactant
brine being injected before gas generates the most foam compared to injecting gas before

surfagant-brine.
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As discussed in this section, the micromodel orientation is a major factor in the ability to
create foam imsitu with the wateralternatinggas technique. The buoyancy of the gas allows it
to rise in the micromodel, while the force of graviguses the liquid to drain to the bottom of
the micromodel. This rising of gas and drainage of liquid allowed for the foam generation
experienced irFigures 48, 49, 413, 414, and 415. Inaddition to micromodel orientation, the
well type (long well vgooint well) also influenced the creation of foam. The point well allowed
the gas to enter the porous media of the micromodel in the middle, compared to entering at
the top of the porous media with the long well situation. This allowed the gas to riseghrou
the porous media, in which situation the foam is generated. With the micromodel in the
horizontal orientation, it was found that raisirtge surfactant concentrationdecreasing the

gas flow rate or injecting air before surfactamtas not able to genete a foam phase.

4.2.2. Viscous Fingering

Viscous fingering was noted with the gas phase, both air and propane fingered through
both the injection fluid and oil phaseBigure4-16 shows an exampl&om Experiment 7 (Air
with a WAG ratio of 1:2, Iveysol 106 @MCx 10)of air fingering first through théveysol 106
(at CMCx 10)surfactant solution phase, and then thugh the oil phasefigure4-16 shows the
point in Experiment 7 after the first gas slug was injected into the micromodel, up to the point
pictured inFigure4-16, the micromodel had first been fully saturated with brine, then oil was
injected toirreduciblewater saturation, followed by one slug of 0.2 8Mveysol 106 surfactant

at CMCx 10. The picture is taken during the injection of the first gas slug of 0.4 PV of air. As
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shown inFigure4-16, the air is fingering through the middle of timicromodel from the inlet
to the outlet. Due to the low viscosity of the gas used and the inability to create foam, the gas
phases regularly fingered through the liquid phases and caused breakthrough of gas at the

outlet.

Iveysol 106 at CMC x 10 Air Oil

Inlet -> <- Qutlet

Figure4-16. Viscous Fingering Through Micromod@&xperiment 7, Air with a WAG ratio 1:2,
Iveysol 106 aCMCx 10)

4.2.3. Micromodel Wettability

The micromodel exhibited avater-wet behaviour Figure 4-17 shows the water-wet
nature of the micromodelFigure4-17 was taken from Experiment 28vaterflood followed by
WAG ratio ofl:1 with air, lveysol 106 &EMQ, which consisted of initially fully saturating the
micromodel with brine, followed by injecting oil to reacheducible water saturation. Then the
micromodel was flooded with brine to the point of water breakthrough, at which point WAG
with air and Iveysol 106 &&MCwith a WAG ratio of 1:1 was initiateBigure4-17 was taken at
a point during the injection of the"5air cycle of 0.2 P\Asshown the water is clearly the
wetting phaseadheringto the glass while the oil and air do not adhere to the glaskigure4-

17, the air phase clearly does not wet thegg as it is separated from the glass by a thin layer
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of oil and a layer of water surrounding the glass. dhalso does not wet the glass, though the
refractive index of the water and glass are similar, the water can be distinguished from the glass
due to the methylene blue that turns the water slightly blue, tisishownin Figure4-18 which

is a close up view of the centre glass graifrigure4-17. In Figure4-18, the slight difference
between glass and water colouan be seen, with the octagonal nature of the glass grain being
visible. Half of the glassater interface has been marked with a dashed line, the other half has
not been marked so the difference in water and glass colour and the-gktes interface can

be observed.Thefact that themicromodel is water wet is further shown by the long connected
water channel through the micromodel. Covering the bottom and bottaght portion of
Figure4-17, the water phase extends over several pore volumes without any interruption. As
well, the wateroil interface creates a concave interface, with the water adhering to the glass
grain while the oil pushes into the middle of the powolume between two glass grains

surrounded by water.
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Figure4-17. Micromodel Wettability - Experiment 28 (Waterflood followed by WAG, WAG
ratio of 1:1 with air, lveysol 106 aEMQ
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Figure4-18. Micromodel Wettability Experiment 28 (Waterflood followed by WAG, WAG
ratio of 1:1 with air, lveysol 106 aEMQ Close View
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As was discussed in Secti@r2.3 surfactants tend to change the wettability to a weak
water wet system. Therefore it was not expected to observe a change in the wettability since

the micromodel is already water wet.

4.2.4. Gravity Segregation

Gravity segregation was not observed. This is due to the fact that the microrhaslenly
one () pore volume in the vertical direction. This prevented gravity segregation from being

possible.

4.2.5. Oil Displacement by Water Solution Phase

The main mechanism of oil displacemefity the water solutionphase (brine and brine
surfactan) displacing the oil phase involved watém flow along the solid glass surface and a
displacement of oil by watembibition. The wateroil meniscusadvanced until iencountered
and adhered to the grain wall on the opposite side of the ptm@at. This mechanism of
displacement resuéid in an efficient displacement of oil by the water solutidfigure4-19
shows this displacement mechanism, with the top left and botfeii oil-filled pores in the
beginning stagesf the displacement andhe middleleft oil filled pore in the middle of the
displacementFigure4-19 was taken from Experiment 13 (No waterflood, WAG rati:&fwith

air, Triton X100 atCMQ, at a point during the injection of thé'2gas slug.
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Figure4-19. Oil Displacement by Surfactant LiqugExperiment 13 (WAG ratio df:1 with air,
Triton X100 atCMQ

Generally, inthe areas of the micromodel that have been swept with the water solytion
the water solutioncompletely displacgthe oil, however ashownin Figure4-20 taken from
Experiment 23 (No waterflood, WAG ratio of 1:2 with air, TritcAOB at CMC x 5.5),
occasionally the agueous phase creeps along the pore walls and fills all of the pore throats

before the oil is displaced, effectively trapping the oil in the centre of the pore.
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Figure4-20. Trapped Oik Experiment 23 (WAG ratio of 1:2 with air, Tritonr200 atCMCx
5.5

There are several reasons why the oil may become trapped Bigime4-20. First, as the
displacing fluid advances through the micromodel, if there are several displacing fronts moving
both forward and to the side, some oil may be caught between the advancing fronts. This was
observed on several occasions when the displacing fluid fingered thriwegbiltin two or more
fingers, as the fingers of displacing fluid expanded to the side they encountered each other and
some oil would be trapped between the two fingers. Another reason for this trapping of oil is

the ratio of viscous forces to capillaryrées.

The micromodel is homogeneous, with pore body or throat sizes and pore shapes not
changing significantly over the whole of the micromodel. This means that the entrance capillary
pressure is similar for all the pores, as the pore aspect ratios atteeatlame and the pores are
initially filled with oil (with some connate water). This makes the micromodel very different

from real field reservoirs, where there is a distribution of pore body and throat sizes with pores
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able to have a wide range of shapmsd sizes. Looking strictly at capillary forces, this should
mean that the injection fluid should behave similarly throughout the micromodel due to the
homogeneity of the pores. However some differences in the displacement efficiency can be
noted throughout the micromodel as shown iRigure4-19 and Figure4-20. The displacement
efficiency can be associated with the capillary number, which was discussed in Settibn

and presented in d@uation (3). As surfactants lower the wateil interfacial tension, the
capillary forces between water and oil decrease. As discuaisede in Sectiod.1, the addition

of surfactant to the brine lowers both the wateil interfacial tension and the water viscosity.
However the interfacial tensiors reduced to a greater proportion than the viscosity, so the

capillary number will increase.

Using values discussed in Sectibid and the equation for capillaryjmumber given in
Equation(3), the capillary number can be calculated as 0.000045v, 0.00034v, and 0.0019v for
brine, Triton X100 atCMGC and Triton XL00 at 10 time<MCrespectivelyThe flow rate will be
constant between all three so they can still be compared without precisely knowing the
velocity. If we look at the minimum and maximum liquid velocities for the micromodel
(minimum when flow is through all pore bodiemaximum when flow is through one pore
throat), the minimum liquid velocity is 0.046 m/hr, while the maximum is 6.93 m/hr. This would
give the following ranges for capillary number for the above fluids: for brine 8.66x10
0.00753, for Triton X00 atCMC 6.54x10to 0.0569, and for Triton-X00 at 10xCMC 3.66x%0

to 0.318. This shows that even though both viscosity and interfacial tension decrease with the
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addition of surfactants, the interfacial tension decreases at a faster rate than visc@siging

the capillary number to increase.

Atlow capillary numbers, the capillary forces dominate, while at high capillary numbers the
viscous forces domirt@. In cases of high capillary numbetbe viscous forces push the
displacing fluid into the pordf the viscous forces are large enough, the displacing fluid may,
while adhering to and creeping along the pore walls, be pushed forward and jump across the
pore throats before the viscous forces have displaced all of the oil in the pore. Low capillary
numbers are required fospontaneousvater imbibitions, where the water phase slowly creeps
along the pore walls, pushing the oil phase out of the pore until most, if not all, of the oil is
removed from the watefvet pore like inFigure4-19. As the micromodel is homogeneous, the
viscous and capillary forces should not change from pore to pore, however the displacing fluid
velocity may change. With one inlet and one ottleell, the path of least resistance, and
therefore the path through which most of the displacing liquid flows, is directly between the
inlet and outlet due to the micromodel homogeneity. Therefore the fluid moving through the
middle of the micromodel wilklso have the greatest velocity. This velocity may be large
enough to increase the capillary number to the point that the imbibition of water into the pore
is overtaken by viscous forces, resulting in oil being trapped in the middle of the pores as in

Figure4-20.

Once the oil is completely surrounded by water, it is very difficult to displace the trapped

oil. This is due to the fact that the displacing fluid will gyrtravel around the trapped oil and
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the viscous forces required to force enough water through the pore to displace the oil require
very high flow rates, which in turn require very high pressures which may not be practical or

economical.

4.2.6. Oil Displacement by Gas Phase

The gas phase rarely adhered to the pore walls, instead remaining in the middle of the
pore. This is caused by the micromodel beangaterwet system, with the air wettability being
less than the water wettability. The oil displacement by thas phase followed drainagelike
immiscible displacement, with the gas naretting to the glass. The gas displaced the oil,
forming an air-oil meniscus that advanced through the pore. Oil adhering to the water phase
that surrounded the glass grain wast displaced, leaving large amounts of oil behind the front
compared to the liquid displacement discussed above.dragmagelike displacement of the oll
by the gas phase is shown kigure4-21, which is taken from Experiment 14 (No waterflood,
WAG ratio of 1:1 with air, Triton-200 atCMQ, taken during the injection of the"liquid slug.
The liquid slug was displacing the gas phase nearer tanlbg the displaced gas phase was
then displacing the oil phase at the gas front. The four images show the progression of air

through an oil filled pore.
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Figure4-21. Oil Displacement byir (Experimentl4, no waterflood, WAG ratio 1:1 with air,
Triton X100 atCMG taken during liquid injection
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4.3.

Oil Recovery

The percentage of oil recovered from the micromodel veadculatedusing Matlab to

process images taken at set intervals throughout eéheperiment includingat the beginning,

end, and after each slug had fully entered the micromodedample of this image processing

cdculation is shown in Appendix #hich gives an overview of the analysis for Experiment 23

These results were then processed via Design Exp@rtdQidentify the significant factors

affecting oil recoveryTable4-1 provides the final cumulative oil recovery data for all of the

experiments conducted.

Table4-1. Oil Recovery Experiment&esults

Experimentt WAG | Surfactant Gas Surfactant Comments Oil Recovery
Ratio | Concentration| Type Type (%)
(CMCx)
1 1:1 10 Air Ivey-sol 106 59.55
2 11 1 Propane| Ivey-sol 106 63.90
3 1:2 1 Air Triton X100 60.10
4 1:1 10 Air Triton %100 48.88
. : 62.64
5,16, 22 1:1.5 5.5 Air Triton X100 ° 308
6, 9 1:1 55 Propane| Triton X100 042'83
7 1:2 10 Air Ivey-sol 106 54.64
. 58.23
8,10 1:2 1 Air Ivey-sol 106 ° 627
11 1.2 1 Propane| Triton X100 64.50
12 1:1.5 10 Propane| Ivey-sol 106 63.33
13 1:1 1 Air Triton X100 77.78
14 1:1 5.5 Air Ivey-sol 106 67.82
15 1:1 5.5 Propane| Ilvey-sol 106 62.47
17 1:1 10 Propane| lvey-sol 106 52.72
18 1:2 5.5 Propane| Ilvey-sol 106 61.82
19 1.2 10 Propane| Triton %100 56.88
20 1.2 1 Propane| Ivey-sol 106 58.78
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21 1:1.5 1 Propane| Triton X100 58.82
] . . 68.22°
23 1:2 55 Air Triton X100 355
24 1:1 0 Air None Brine-Air WAG 49.47
25 1:0 1 None | Iveysol 106 | Surfactantwater 50.99
Flood
26 1:0 0 None None Waterflood 41.04
Waterflooding
27 1.1 0 Air None followed by Water 48.92
Air WAG
Waterflooding
_ . followed by
28 11 1 Air Iveysol 106 Water/Surfactant 56.82
Air WAG
_ . Water/Surfactant
29 1:1 1 Air Iveysol 106 WAG 60.23

The AIOVA methogdas discussed in Secti@ry was used to analyze the results. Comparing
different model types (linear, twdactor interaction, quadratic, etcjhe Two Factor Interaction
modelwas noticedas being thévest fit for the oil recoverydata, with no transforns of the data
required. Table4-2 provides the ANOVA results for the oil recovery data using a two factor
interaction model, meaning that there are individual factor effects and two factor interaction
effects that are deemed significanto determine if a factor or interaction is sigréfnt, the
ANOVA table isalculatedwhich calculates the experimental error by comparing the replicate
experiments. Using the sum of squares method, thealae for each factor, and for the model
chosen, can be calculated and used to find theafpue. Thep-value is a calculation of the
probability that an identified effect is actually due &xperimentalerror and notthe factor
being investigatedif the p-value calculated is less than 0.1, there is a less than 10% chance that

the effect identified by thefactor or interaction between the factors is due &xperimental
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error and not the factor(s) being investigated. In this way, the factor(s) and #aotor

interactions which are significant to the recovery of oil can be identified.

As shown inTable 4-2, the two factor interaction model that was chosen is deemed
significant with a pralue of 0.0189ar below the threshold of 0.1, meaning that there is a less
than 1.89%hat the model chosen is accurate only due to experimental edratividually, the
effects of the WAG ratigp-value of 0.6126pnd surfactant typgp-value of 0.3146pre not
deemed significant to oil recoverys there is a high probability61.26% forWAG ratio and
31.46% for surfactant typehat the effects identified for these two factors are due more to
error than to the factors. The effects of surfactant concentrat{prvalue of 0.0090and gas
type (p-value of 0.0550)re deemed significant andrgbably are not due tcexperimental
error. This is because there is a 91% chance that the effect identified for surfactant
concentration was not due to experimental error and a 94.5% chance that the effect for gas

type was not due to experimental error.

Fa two factor interaction effects, the effects of WAG rasiorfactant concentrationp-
value of 0.0212)WAGratio-gas type(p-value of 0.0411)WAG ratiesurfactant type(p-value of
0.0634) and gas typsurfactant type (p-value of 0.0884)are all deemedsignificant and
probably are not due toexperimental error. This is because the WAG rafiorfactant
concentration effect has a 97.88% chance that the effect is not due to experimental error.

Likewise the chance that the identified interaction effect iz dae to experimental error for
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WAGratio-gas type, WAG ratieurfactant type, and gas typmurfactant type are 95.89%,

93.66%, and 91.16%, respectively.

As the model that best represents the data is a two factor interaction model, no
nonlinearity in thedata was identifiedThe lack of fit has a-palue of 0.6306 and is therefore
not significant to the model, meaning that the model fits the data \&slthere is a 63.06% that
the lack of fit is due to error

Table4-2. ANOVA table for Oil Recovery Data

Sum of | Degrees of Mean | F Value| P-Value| Significance
Source Squares Freedom | Square Prob>F

Model 764.61 8| 95.58 3.54| 0.0189| Significant
WAG Ratio 7.25 1 7.25 0.27| 0.6126| Not Significant
Surfactant Concentration | 247.79 1| 247.79 9.17| 0.0090| Significant
Gas Type 118.45 1| 118.45 4.38| 0.0550] Significant
Surfactant Type 29.40 1] 29.40 1.09| 0.3146| Not Significant
WAG Ratiesurfactant 181.93 1| 181.93 6.73| 0.0212| Significant
Concentration
WAGRatioGas Type 136.78 1| 136.78 5.06| 0.0411] Significant
WAG RatieSurfactant Type| 109.85 1| 109.85 4.07| 0.0634| Significant
Gas Type&urfactant Type 90.62 1| 90.62 3.35| 0.0884| Significant
Lack of Fit 224.59 9| 24.95 0.81| 0.6306| Not Significant

The Two-Factor Interaction model that was identified as the best fit for the oil recovery
trend out of four model types (linear, twfactor interaction, quadratic, and cubic)lhe
individual effects are represented by sinddetor terms (ex4.88*C for the diect of surfactant
concentration), while the interaction effects are represented by fiactor terms (ex. 2.8*W*G
for the WAG ratiegas type effect). Some factors (W for WAG Ratio and S for surfactant type)

were identified as not being significant to odaovery; however they are represented in the
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mathematical model as they are required for the interaction effects. The mathematical model is

given inEquation(7).

Y OBIY TP EFW T8 PO ¢ ®O PP E'Y 1d”wW20 c¢c& , (7)
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Figure4-22 below shows the plot omodel predictedvaluesvs. actuakexperimentalvalues
for oil recovery Asshown the predicted and actual values generally laytba center diagonal
line, meaninglittle statistical bias There is some discrepancy between actual and predicted
values, with some actual values not layingthe diagonal line. This is due to the fact that the
model is not a perfect match for the oil recovery data, only the best match of the models
availablewith an Rsquared value of 0.7544 and an adjusteddrared value of 0.5497his
means that the modekxplains 54.97% of the variance in the data, an ideal model would
account for 100% of the variance, however out of the models available, theFaator

Interaction modelaccounted for the most variance in the dafiedhe discrepancy between actual

and predcted values for oil recovery are in the order of a few peraaidinal oil in place
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Figure4-22. Predicted vs. Actual Values for Oil Recovery
Overall, to maximize the oil recoverif, was found that the levels of the four factors
presented inTable4-3 should be used

Table4-3. Optimization of Factors for Oil Recovery

Factor Level

WAG Ratio 1:1
Surfactant Concentration 1x CMC
Gas Type Air
Surfactant Type Iveysol 106
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All of the factors investigated proved to be significant, either individually or in interaction
with each other Details of each individual effect will be discussed in Seeti8®2 while the
interaction effects between the main factors will be discussed in Se@i8r8 As well,the
baseline experiments, consistingwaterflooding, watersurfactant flooding, brinair flooding,

and brinepropanefloodingwill be discussed in Sectidn3.4

4.3.1. Qil Recovery Error Analysis

The oil recovery was measured using two different methods, image processing and mass
balance. The image processing method involved taking pictures of the micromodel and
determining the oil saturation through counting pixels, whithe mass balance method
involved measuring the volume and weight of fluids produced in the micro separator. This
section will discuss the error in the experimental data and examine the difficulties associated
with corroborating the image analysis datalwmass balance data for oil recovemhis section
will be broken down into three parts, the difficulties in recording accurate mass and volume
data, the image processingass balance corroboration and accuracy of the measurements,

and an examination ohe replicate experiments.

4.3.1.1. Difficulty in  Accurate Mass and Volume
Measurements

This section will discuss the difficulties associated with gathering accurate mass and

volume data from the micromodel experiments. It was initially planned to collect produced
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fluids in an outlet separator, and measure the fluids both by volume in a burette, and by mass

on a scale.

It was hopedto be able tocorroborate this massolume data with the image processing
data; however this proved difficult for a number of reason3he first reason, as will be
discussed in &tion 4.6, is that there were several problems encountered with oil being
trapped in the lines behind the injection ftis. This oil had to be drained to not affect the
images collected during the experiment. This trapped oil was part of the line volume used to
calculate the total oil in the system, which would be used to calculate the oil recovery. Draining

this oil redued the expected produced oil, and thereby also reduced the oil recovery.

The second difficulty encountered was that the micromodel was never fully saturated with
oil due to connate water The procedure of first flooding with brine and then oil to reach
connate water saturation resulted in some water adhering to the pore wélnnate water
was expected, however quantifiable measurements of the volume of connate water proved
difficult to determine.In addition to this, despite vacuuming the oil phase pt@oil flooding,
small air bubbles were present in the diigure4-23 and Figure4-24 shows connate water
present in tle micromodel after oil floodingAll of this again reduced the volume of oil which

wasinitially inthe micromodel.
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Figure4-23 Connate Water in the Micromodel
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Connate water was expedle however the presence of connate water reduced the volume
of the micromodel that was filled with oil which made it difficult to get an accurate
measurement of the mass of oil that would be in the micromodel. This decrease is small
compared to the effectof the other difficulties encountered, discussed below, however in

addition to the other difficulties the difference between produced oil weight and volume and
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expected produced oil weight and volume were large. This problem interfered with the mass

balarce data only and not the image processing data.

The third reason that accurate mass and volume data was difficult to obtairduago
hold up and trapping of fluidThe procedure was to inject air into the micromodel outlet line to
push any fluids in thdéines after the micromodel into the separator. In practice this did not
work as desired. The fluids were wetting to the walls of the tubing, causing a significant amount
of fluid to remain in the lineskigure4-25 and Figure4-26 show the fluids that were typically
trapped in the lines past the micromoddfigure4-25a K2 ga (KS oyé¢ mided Ay 3 Y
separator which retained a large amount of oil on the tubing wafigure4-26 A K2 64 (G KS MK
GdzoAy3a G GKS YAONRBY2RSE 2dzifSGX 6KAGK NBQGI .
comparison these tubings should be a clgallow, which would appear lighter in colour, while

in these figurs there is so much oil adhered to the tubing walls that the tubings appear much

darker.

Oil on Tubing Walls

]
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Figure4-25 Fluids trapped at the end of the micromodel before the separator

Oil onTubing Walls
V

Figure4-26 Fluids trapped at the end of the micromodel at the micromodel outlet

In addition to the oil trapped in the outlet lines, oil was also trapped on the walls of the
separator, obscurig both the volume and weight measurements. The oil adhered to the
separator wall, making an accurate volume calculation difficult. As well, after draining the
separator to measure the weight of the produced fluids, the oil trapped on the separator walls
would not drain, thereby reducing the amount of fluid that the weight measurement
calculated Figue 4-27 shows the fluids trapped on the separator walls, on the lefidhaide of
the picture is the separator with oil trapped, and on the right hand side of the picture is what
the clean separator should look like. slsown a significant amount of oil is trapped on the

separator walls.
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Figure 4-27 Fluids trapped in the separator
This again reduced the amount of oil which could be measured both by volume and weight.
In addition to the trapped oil, the water and oil phases were difficult to sejgara the
separator due to its small tube. The water and oil would not separate 100%; therefore
individual measurements of oil and water volume were occasionally impossible to measure.

Therefore two volumetric measurements of the oil and water were takem® in the separator,
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and one in the graduated cylinder which was used to measure the mass of the fluids. The
graduated cylinder only had graduations of 1 mL, this combined with some oil being trapped on
the walls of the graduated cylinder made accurate asrements of the fluids difficult to

obtain.

All of these difficulties resulted in a percent difference between the measured weight data
and the weight data calculated from using the volume data of between 6% and 14%. The oll
recovery was then calculatddom the volume data measured. The percent difference between
the oil recovery calculated from image processing and the oil recovery calculated from the
volumetric data ranged betweeid.7% to-111%. This percent difference data had a mean value
of -76% awl a median value 0f79%, with a standard deviation of 24%. This means that the oil
recovery from the volumetric calculations were consistently well below the oil recovery
measured through image processing. In addition to the noted difficulties in meastinim
volumetric data for the produced fluids, the dead voluvelume of oil in tubings and fittings
outside of the micromodel)n the system was nearly double the volume of the micromodel,
meaning a significant amount of oil produced was attributed to the dead volume and not as
being recovered from the micromodel. This, combined with the difficulties mentioned above,
significanty reduced the amount of produced oil which was attributed as being produced from
the micromodelNot taking into account the dead volume would oestimate the oil recovery
as the oil that is contained within the tubing and fittings is nearly double tre polume of the
micromodel, meaning thathe oil recovered from the system could be greater than the pore

volume of the micromodel. This could greatly affect the experimental results obtained in a mass
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balance exercise; therefore image processing wagl usecalculate the oil saturation of the
micromodel by determining the number of pixels of oil in the image. The oil recovery was then
determined by analyzing the decreasing oil saturation of the micromodel as the experiment

progressed.

Due to these diffiglties in measurement, and the large percent differences in calculated oil
recoveries observed, it was found that it was not possible to corroborate the image analysis
data with a mass balance analyfis every experimentThough one experimental run had
very low difference between volumetric calculated and image processing calculated oil
recoveries of4.7%, this was deemed to be an outlier as it was the only data point ad69é

which existed.

4.3.1.2. Mass Balance-Image Processing Corroboration and
Accuracy

In order to corroborate the image processing data and mass balance data, an extra
validation experiment was conducted. In this experiment, only the micromodel itself was
saturated with oil, with the rest of the lines of the system not being saturated withThe
2dzift SO tAySa FyR FAOGGAYIa 6SNB NBLX I OSR gA0K
experiment involved flooding the micromodel with brine until breakthrough, while taking
pictures and collectingolumedata every 2 minutes. Theolumedata gathered was the length
of the oil in the three meter outlet tube, as the experiment was a waterflood, all of the liquid in
the outlet tube was oil until breakthrough was achieved, therefore the outlet tube was a direct

measurement of produced oilhelength of oil in the tube was measured with a ruler with the
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smallest graduation of 1 mm, therefore it's accuracy is +0.5 mm. Therefore the volume of the

oil in 0.5 mm of tubing can be calculated by:

W T b
With an accuracy of oil volume of 0.00099 mL, the accuracy in the oil recovery can be
found by dividing the volume accuracy by the ramodel volume The micromodel volume
was found by weighing the micromodel both fully saturated with distilled water and fully

evacuated and dried, this gave a pore volume of 2.9 mL
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Hgure 4-28 below shows that the percent oil recovery obtained from both tmume
data and image processing methods, whiigure 4-29 shows the percent difference between

the image processing and mass balance data.
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Hgure 4-29. Mass Balance Image Processing Percent Difference
As shown in thddgures4-28 and 429, the percent oil recovery obtained from the image
processing data is very similar to the values obtainednfthe mass balangevith an average
percent difference of 6.9%rI'he percent difference is fairly large for the first few data points,

however this is expected since the recoveries obtained for these points are very low and any
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small error in measurementdnslates into large percent differences when dealing with such
small valuesThis can be seen by the percent difference decrease to near zero as time goes on
This validation experiment corroborated the image processing data with mass balance data
very wadl, thereforeonly the image processing data will be showntfee oil recovery from here

on as the original mass balance method did not corroborate well with the image processing

data due to the reasons discussed above.

The image processingnalysis alsancorporates error into the oil recovery calculation.
Assuming that the error is equal tbe smallest measurement gradie(ifaylor1982) the error
would be equal to onehalf pixel for eachpixel of aninterface between oil and another
substance. Only theil-other substance interfaces are used as when the nagturned to
black and white sincenly oil is turned black while all other phases are turned whitae
threshold used to turn a colour pixel to a black pixel was 0.5, meaning that if the pigedtwa
least 50% black, the entire pixel would be turned black. This corresponds with the error-of one
half pixel, as a pixel that is turned white may have been up to 50%. dTaekinterfaces used
for the error calculation included the interface between tgeains and the oil, the interface
between oil and any of the injection fluids (liquid or gas), and the interface between the oil and
the sides of the micromodel. As the oil was displaced throughout the experiment, the number
of grains that the oil had aimterface with decreased, this was accounted for by prorating the
grain interface error with the amount of oil remaining in the micromodel. When the
micromodel was fully saturated with oil, the oil had an interface with all of the grains (6600

grains in tdal, micromodel was 44 grains wide by 150 grains long). As the oil was displaced, the

157



number of grains that the oil had an interface with was prorated based on the amount of oll
remaining in the micromodel based on the black pixel count, if 60% of thherodined, it was
assumed that the oil had an interface with 60% of the grains. Each grain was 11 pixels x 11
pixels, for a total grakinterface pixel count of 44 pixels, using the dmaf pixel for theerror;

the pixel error per grain was 22 pixels.

Nextthe oilwater and oilgas interfaces are accountéar; this was done by approximating
the length of theinterface in pixels. An example of this procedure can be found in Appendix H,
as the interface length changed throughout the experiment, the interfager also varied
throughout the experiment. Finally the interface between the oil and the micromodel sides was
determined. It was assumed that the oil was always in contact with all sides of the micromodel,
this is a conservative assumption, however teeor associated with the sides of the
micromodel is relatively low compared to the grain and injection fluid interfaces and therefore
do not affect the total error significantly. An example of the full error analysis procedure can be
found in Appendix HFrom Appendix H, the average error of the image processing analysis
throughout the experiment is approximately 32%. This calculated error is very large, and if this
was the true error of the image processing analysis it would be expected to observe aprerro
that magnitude in the data. An error is observed in the data, with the measured oil recovery
occasionally decreasing, which is not a physical possibility. However, the average error
observed in the data (measured by the magnitude of the decreaset iacowvery) was 2.76%
including outliers. Removing the outliers as error due to other reasons (lighting, etc.), the

average error observed in the data was 2.0%. Both of these observed errors are significantly
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less than the calculated error of 32%. It @spible that the method used to calculate the error
associated with the image processing analysis is incorrect, no published literature on methods
to account for image processing analysis eri@r oil recovery experimentin micromodels

could be found andhis is an area recognized by the author as requirindgpth investigation.

4.3.1.3. Replicate Experiments
The set of experimental runs conducted involved several repeat experiments, with one
experiment being repeated outside of thmain set of experiments.Fgure 4-30 shows
Experiments 5, 16, and 22, which dhe repeat experiments dealing with Tritor2¥0 at 5.5
times CMCwith air at a WAG ratio of 1:1.9he three expaments are verysimilar; with the

averagefinal oil recovery 062.64° 3.08%.
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FHgure 4-30. RepeatExperiments for TritoAl00 5.5 times<CMCwith Air, WAG ratio 1:1.5
Fgure 4-31 shows Experiments 8 and 10, which are the repeat experiments dealing with
Iveysol 106 at X CMCwith air at a WAG ratio of 1:2. Th&o experiments behaved similarly
though Experiment 8 consistently recorded a lower oil recovery than ExperimemtittOthe

averagefinal oil recovery bein§8.23° 6.27%.
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Fgure 4-32 shows Experiment 23, which deals with Tritod00 at 5.5« CMCwith air at a
WAG ratio of 1:2. Experiment 23 was repeated as an extra reproducibility test. The two runs of

Experiment 23 argery similar, with the averaginal oil recovery being 68.223.55.
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Hgure 4-32. Repeat Experiments for Triton-X00 5.5x CMCwith Air, WAG ratio 1:2
(Experiment 23)
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These repeat experiments consistently found standard deviations in the range of 3 to 9%,
with the standard deviation of 9% most likely being an anomaly, with most startdasidtions
between 3% and 6%. Including all repeat experiments, the average stadelaation is 5.48%,
while excluding the 9% anomaly the standard deviation is 4.3%. These reproducibility
experiments show that the experiments are reproducible within a reas@nedotige (generally

4% to 6%difference). This set of two experiments had dtnoate oil recovery of 68 3%.

Thereproducibility of the experimentss alsoevident in the AKDVA analysis of the data
The lack of fit had a-palue of 0.686, with p-values over 0.1 were considered not significant.
The software analyzed the error dig¢ experiment in terms of the mean square data, with the
lack of fit data having a mean square of 24.95 while the pure error has a mean square of 30.74.
The higher the mean square, the more significant the factor is to the model. The mean square
data for both lack of fit and pure error are well below the mean square values for the
investigated factors, especially the significant factors, which all have mean square values of
over 80. This ifurther evidence that the pure error invoked by the experimentalqgedure and
data analysis is below the detectable difference between the effects of the different factors
that were investigatedThis is corroborated with percent differences in thgperiments of

generally 4% to %.
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4.3.2. Individual Factor Effects

This sedbn will detail the individual effects of the four factors investigated (WAG ratio,
surfactant concentration, gas type, and surfactant type). These individual effects do not show
the full impact of the factor, as several factors may interact with each rotbeproduce
different effects. To determine the full effect of each factor the individual and interaction

effects should be considered.

Several figures in Sections 4.3 and 4.4 do not contain data points. This is due to the fact
that Design of Experimentsoftware was utilized, varying four factors simultaneously. This
caused instances where one factor was not varied across the full range of values for every
combination of the other three factors. For example, when using Iveysol 106 surfactant with air
at aWAG ratio of 1:1, surfactant concentrations of 5.5 and 10 times CMC were tested, while a
surfactant concentration of 1 times CMC was not directly tested. Design of Experiments
software utilized statistical analysis of all the experiments to develop tlaioaships between
the factors and responses. In this way the 1 times CMC concentration for Iveysol was tested

under different conditions (WAG ratio, gas type) and the effect determined.

4.3.2.1. WAG Ratio
The wateralternatinggas ratio was investigated usitiyee levelsranging from 1:1 to 1:2
a low level of 1:1 (one slug of water to one slug of gas), a high level of 1:2 (one slug of water to
two slugs of gas), and a center point of 1:1.5 (one slug of water to one and a half slugs of gas).

The individual effict of WAG ratio w&s foundnot to be significant to the recovery of als
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evident in the ANOVA table by avplue of 0.6126, well above the eaff of 0.1 Asshown in
Figure4-33, the oil recovery does not change significantly over the full rangé&/AG Ratios
investigated.The change in oil recovery over the full range of WAG ratios of approximately 6%
is on the samerder of magnitude of the standard detion identified earlier (5.74%, or 43
excluding the 9% anomalytherefore this observed response may be due to random error and
can not be attributed to the individual factor of WAG ratkigure4-33 shows thetrend for
WAG Rationcorporating all of the first 23 experiments. Only the first 23 experiments are
incorporated into this due to the fact that the first 23 experinienare the Design of
Experiments set of experiments, while experiments 24 to 29 were additional experiments
outside of the mairset of experimentsin Figure4-33, al the data points sorted by WAG Ratio

do not change significantly between WAG Ratios of 1.0 andA8.8hown, the oil recovery does
not change over the full range of WAG ratios, with the 95% confidence interval trend being

horizontal.

164



- en o
-
-
-—

Oil Recovery (%)
D O
o O
S (AR Ldat TR
\

55 S
50 4= - + Data Point
45T 95% Confidence Leve
40 - |
1.0 1.5 2.0
WAG Ratio

Figure4-33. WAG Ratio vs. Oil Recovery (Z@ata Points
The insignificance of WAG Ratio may be due to the observed movement of the gas phase
through the micomodel. Generallywhen the gas phase entered the micromodel, due to the
low viscosity of the gas, the gas phase would finger through the oil phase and cause a
breakthrough of the gas phase at the outlet well. Once the gas phase broke through to the
outlet well, the gas traveled through this channel and no additional oil recovery was noticed

after the gas phase broke through until the next water slug entered the micromodel.

4.3.2.2. Surfactant Concentration
The concentration of surfactant in the water was investagl at three levels, a low levef
one timesthe aitical micelle concentration CMQ, a high value afen (10) times theCMC and
a center point ofive-and-a-half (5.5) times theCMC The individual effect of concentrat was
found to be significanbn the oil recoveryas evident in the ANOVA table byp-value of 0.09,
below the cutoff value of 0.1.The change in oil recovery over the full range of surfactant

concentrations of approximately 18% is greater than the standandatien identified eatier
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(5.74%, or 4% excluding the 9% anomaly), therefore this observed response is likely due to
the individual factor of surfactant concentration and not random erréis shownin Figure4-

35, the oil recovery decreases as the concentration of the suafadsincreased.

Figure4-34 shows the average trend for increasing surfactant concentration, using the
averages for WAG Ratigas type, and surfactant typencorporating all of the first 23
experiments. Only the first 23 experiments are incorporated into this due to the fact that the
first 23 experiments are the Design of Experiments set of experiments, while experiments 24 to

29 were additional experiments tgide of the mainset of experiments.
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Figure4-34. Multiple of CMCvs. Oil Recovery (%)
It was expected that increased surfactant concentration would produce increased oil

recovery, however in the micromodel the opposite effect was observéth the oil recovery
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decreasig approximnately 18% between surfactant concentrations ofMCand 10 xCMC

This may be due to the fact that in the absence of creating fahmjncrease in mobility ratio
caused by the surfactant decreases the sweep efficiency and causes the mjélatds to
bypass some of the oil in the micromodel. A comparison between two experimental runs can
show this. Experiment 7 and experimelll both consisted of injecting Iveysol 106 with air at a
WAG ratio of 1:2. Experiment 7 hadsarfactant concentration of ten time€MGC while
Experiment 10 had a surfactant concentration of one time€MC Experiment 7 had a
cumulative oil recovery of 54.64%, while experiment 10 had a cumulative oil recovery of
62.67%.Figure 4-35 shows a comparison ofxperimens 7 and 10 showing unswept oil in

Experiment 7.

Un-swept Oil

10 x CMC lveysol 106 Surfactant Solut

Figure4-35. Comparison of X CMCand 10x CMClveysol 106 Solution (Experiments 40p,
10-bottom), WAG ratio of 1:2 with air.
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The mobility ratiopresented in Sectio@.1.1is the ratio of the mobility of an injected fluid
to the mobility of the displaced fluid which is oil in this case, and is givEqguation(4). While
the surfactants decrease the viscosity of the injection fluid, thereby increasing the mobility
slightly, the decrease in interfacial tension caused by the surfactants also increases the injection

fluid reldive permeability(Sheng 2011; Shen et. al 2006).

o v , @
where:
“T/El 6EOAIT OEOU
‘YT EAAOAA &) OGEA 6 EOAT OEOU

o I el 2A1 AGEGQANdOAOI AAAEITI EOU
o T EAAOAA &1 OEA 2A1 AOEOGA 0AOi AAAEI EOU

The smalldecrease in injected fluid viscosity, coupled with the increase in injected fluid
relative permeability that is caused by decreasing the interfacial tension, increases the mobility
ratio, thereby making it easier for the surfactant solution to bypassasof oil, which
happened in Eperiment 7. Several other cases of increased surfactant concentration causing
unswept area of oil are given in Appendix Fhese unswept oil areas reduce the cumulative oil
recovery of the experiment when the surfactant contr@tion is increased. It appears that the
disadvantage to sweep efficiency caused by an increase in mobility ratio overshadows the

advantage of decreasing the interfacial tension between the surfactant and oil fluids.
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4.3.2.3. GasType

Two different gases were igstigated, air and propane. The individual effect of gaeety
was foundto be significant to the recovery of pas evident in the ANOVA talidg a p-value of
0.055, less than the cuiff value of 0.1 Asshownin Figure4-36, the oil recovery is higher for
tests involving air as the gas phase than the tests with propane as the gas phaseshange in
oil recovery over the full range of MG ratios of approximatel 10% is greater than the
standard deiation identified earlier (5.74%, or &@excluding the 9% anomaly), therefore this
observed response is likely due to the individual factor of gas type and not randomFguore
4-36 shows the trend between air and propane, while using the average values for WAG Ratio,
surfactant corentration, and surfactant type incorporating all of the first 23 experiments. Only
the first 23experiments are incorporated into this due to the fact that the first 23 experiments
are the Design of Experiments set of experiments, while experiments 24 to 29 were additional
experiments outside of the maiset of experimentsAs shown, the oil recovegrfor air of

approximately 65%vas greater than the oil recovery for propaatapproximately 55%
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As shown inFigure4-36, the oil recovery decreases from approximately 65% for air to
approximately 55% for propaneThe lower oil recovery for propane compared to air may be

due to the viscosities of the fluid, and therefore the fingering potential of the fluids. Air has a

dynamic viscosity o ® avp m — (Dixon2007) while propane has a dynamic viscosity of

Xx& v wp T — (Vogelet. al1998) thiswould havecaused the mobility ratio of the propane

to be over double the mobility ratio of the air, assuming that the relative permeabilities of air

and propane are nearly the same, as shown by the following calculation.

Mobility Ratio of air Mobility Ratio of propane
o Y ‘ o v ‘
v ‘— v (

] 3]
. 0 ‘ , 0 ‘
U ™ T v o ‘
U U
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Assuming that the relative permeabilities are nearly the same:

0 p@op T —
0 X® vap T —

5 C® o

This increas@& mobility ratio forpropane vsair causes the propane to bypass areas of oil,
decreasing the sweep efficiency. This can be seen in a asopabetween two experiments,
Experiments 1 and 17. Both experiments consisted of lveysol 106 surfactantxa MCwith a
WAG ratio ofl:1. Experiment 1 used air, while Experiment 17 used propane. As both
experiments are at the high surfactant concentration, it is expected that there will be areas of
unswept oil due to the surfactant. Experiment 1 had a cumulatiVeecovery of 59.55%yhile
Experiment 17 had a cumulative oil recovery of 52.7Fgure4-37 shows the comparison

between Eperiments 1 and 17.
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Propane

Figure4-37. Comparison of air and propane (Experimentddp, 17-bottom) at the end of the
experiment WAG ratio of 1:1 with Iveysdl06 at 10x CMC

While both figures look alike, with the air figure seeming to leave the most oil behind, the
air leaves large areas unswept, possibly due to the high concentration of surfactant. However
the propane infact leaves most oil behind, though in smaller areas, as is evident by the air
recoveryof an extra 6.83% of totalib Another example of this issgeriments 10 and 20, which
consisted of injecting Iveysol 106 surfactant at@MCwith a WAG ratio of 1:1.. Experiment 10
used air, while Experiment 20 used propane. Experiment 10 hadralative oil recovery of
62.76, while Eperiment 20 had aumulative oil recovery of 58%. As shown ifigure4-38,
the propane leaves slightly more areas unswept than the air, resultitigei@ir recovering an

extra 39% of totaloil.
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Propane

Figure4-38. Comparison of air and propane (Experiments ditop, 20at bottom) at the end
of the experiment WAG raio of 1:2 with lveysol 1068CMC

4.3.2.4. Surfactant Type

Two different surfactants were investigated, TritorlB0 and Iveysol 106. The individual
effect of surfactant type was foundnot to be significant on oil recovenasevident in the
ANOVA table by a-palue d 0.3146, above theut-off value of 0.1 As ca beFigure4-39, the
oil recovery doesot changesignificarly between the two surfactantsThe change in oil
recovery over the full range of WAG ratios of approximately 5% is on the same order of
magnitude of the standard deiation identified earlier (5.74%, or 4@ excluding the 9%
anomaly), therefore this observed response may be due to random error and can not be
attributed to the individual factor of surfactant typ&igure4-39 shows the difference between

surfactant type using the average values for WAG Ratio, surfactant concentration, and gas type
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incorporatingall of the first 23 experiments. Only the first 23peximents are incorporated into
this due to the fact that the first 23 experiments are the Design of Experiments set of
experiments, while experiments 24 to 29 were additional experiments outside ofniia set

of experiments.
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Figure4-39. Surfactant Type vs. Oil Recovery (%)

As shown in igure 4-39, the lveysol 106surfactant produces a very small increase in oll
recovery when compared to th&riton %100 surfactantof approximately 5%However this
difference of 5%is on the same order of magnitude as the standard deviation of 5.74% and

therefore this factor is nostatisticallysignificant as the observed trend may be due to error.
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4.3.3. Two Factor Interaction Effects

This section will deal with the twfactor interaction effects that were determined to be
significant between the four main factors. Interaction effects of three or more factors are
deemed unlikely and not presented here. The #aotor interaction effects that were
determined to be significant tdhe recovery of oil are the WAG Raftmncentration, WAG
RatioGas Type, WAG RaBurfactant Type, and Gas Typarfactant Type interaction effects.

All other interaction effects were not found to be significant to the recovery of oil.

4.3.3.1. WAG Ratio-Concentration Interaction Effect

While the WAGatio was found to not to have a significant individual effect on oil recovery,
when combined with changes in the surfactartncentration, the combined WAGatio-
Concentration effect was found to Isegnificant as evident in the ANOVA table by-aglue of
0.0212, below the cubff value of 0.1 The changes in oil recovery over the full range of WAG
ratios and surfactant concentrations are generally above the standardatien identified
earlier (574%, or 4.% excluding the 9% anomaly), therefore this observed response is likely
due to the interaction of the WAG ratio and surfactant concentration and not due to random

error.

Asshownin Figure4-40, at the high WAG ratio level (1:2), the oil reenvis not changed
over the whoé range of surfactant concentrations. Howeyat lower WAGatios, oil recovery

decreases with increasing surfactant concentratiés.well, at low surfactant concentrations,
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oil recoverydecreases with increasing WA&io, while at high surfactant concentrations the

oil recoveryincreases with increasing WA&tio.
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Figure4-40. WAG RatieSurfactant Concentration vs. Oil Recovdor Air (%)

At the high level of WA@Gatio, the surfactant concentration does not play a significant role
in oil recovery, however at lower levels of WA&io; the surfactant concentration has an
effect on oil recovery, decreasing oil recovery as surfactant concentration increases. This
suggets that large WAGratios may be able toovershadow the effect of surfactant
concentration. As the largest WA®@Gtio investigated was 1:2, it is not known if the interaction

surface may continue on past the boundaries of the figure, for example if thed tgn
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increasimg recovery with increasing WAGtio at high surfactant carentrations continues past

WAG atios of 1:2, or if the trend stops there.

Increasing WAG Ratios prodscean increase in oil recovery at high surfactant
concentrations, while increasing WAfGtios produce a decrease in oil recovery at low
surfactant concentrationsThe oil recovery observed at a WAG ratio of 1:2 is constant over the
concentration ranget goproximately 62%The high oil recovery of low WAG ratio (lof)ust
below 70%and low surfactant concentration (1@MQ of just above 50% shows that at low
WAG ratios, oil recovemyecreases with increasirgyurfactant concentration. In addition to this,
the oil recovery at low WAG ratio, low surfactant concentration is above the high WAG ratio
constant oil recoveryof approximately 6%, therefore at low surfactant concentrations oll
recovery decreases with WAG ratio. The opposite trend is seen for higlactsunt
concentrations, with the low WAG ratio, high surfactant concentration oil recovery of just over
50% being below the constantgih WAG ratio oil recovery of 82 therefore at high surfactant

concentrations oil recovery increases with increasing WW&iG.

This effect of WAGatios at different surfactant concentrations may be due to the ability of
the gas phase and surfactant to finger through the oil. At low surfactant concentrations, the gas
phase is causing breakthrough and taking away the whilitthe surfactant to increase oll
recovery, while at high surfactacbncentrations, the fingering ability of the surfactant fluid is
greater than the effect of altering the gas and liquid phases to prevent fingering at low WAG

ratios.
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4.3.3.2. WAG Ratio-Gas Type Interaction Effect

When combined with the Gas Type, the resulting WAG Radi® Type interaction effect
was found to be significant on oil recovergs evident in the ANOVA table by avalue of
0.0411, below the cubff value of 0.1 As shownin Figure4-41, at the high WAG ratio level
(1:2), the oil recovery is not changed between the different gas phsises at a WAG ratio of
2.0 the oil recovery for botlair and propane are identicaHowever, at lower WAG Ratios, oil
recovery is lower for propane compared with dihe changes in oil recovery over the full range
of WAG ratios and gas type of between 8 and 10% are above the standaddiole identified
earlier (5.786, or 43% excluding the 9% anomaly), therefore this observed response is likely
due to the interaction of the WAG ratio and gas type and not due to random d¥rgure4-41
shows the trend for WAG Ratidas Typewhile using the average values for surfactant
concentration and surfactant type incorporating all of the first 23 experiments. Only the first 23
experiments are incorporated into this due to the fabat the first 23 experiments are the
Design of Experients set of experiments, whilexgeriments 24 to 29 were additional

experiments outside of the mawet of experiments.
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Figure4-41. WAG RatieGas Type vs. Oil Recovery (%)
As shown irFigure4-41, at low WAG ratios, the oil recovery for both air and propane are
nearly identical at 60%. However, over the full range of WAG ratios, for air the oil recovery
decreases with increasing WA&io, while for propane increasing the WAG ratio increases the

oil recovery.

4.3.3.3. WAG Ratio-Surfactant Type Interaction Effect
When WAG atio was combined with the surfactant ype, the resulting WAGatio-
surfactant ype interaction effect was found to b&gnificant on oil recoveryas evident in the
ANOVA table by a-yalue of 0.0634, below the culff value of 0.1The changes in oil recovery
over the full range of WAG ratios and surfactant type of approximately 8% is above the

standard eviation identifed earlier (5.74%, or 498 excluding the 9% anomaly), therefore this
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observed response is likely due to the interaction of the WAG ratio and surfactant type and not

due to random error. However this changé 8% is close to the standard deviation, themefo

this response is statistically more uncertain compared to the other interaction effects identified

in this section.Figure4-42 shows thetrend for WAG RatiSurfactant Typewhile using the

average values for surfactant concentration and gas type incorporating all of the first 23

experiments. Only the first 23 experiments are incorporated into this due to the fact that the

first 23 experiments are the Design of Expeents set of experiments, whilexperiments 24 to

29 were additional experiments outside of thein set of experiments.
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Figure4-42. WAG RatieSurfactant Type vs. Oil Recovery (%)

Asshownin Figure4-42, at the high WAG ratio level (1:2), the oil recovery is not changed

between the different surfactants used as the oil recoveries are very similar at approximately
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60%. However, at lower WAGitios, oil recovery is lower for the Triton-200 surfactant
compared with the Iveysol 106 surfactant. The trends for each surfactant are also different,
with oil recovery decreasing with increasing WAG Ratio for Iveysol 106, while oil recovery

increases \th increasing WAG ratio for Tritor200.

4.3.3.4. Gas Type-Surfactant Type Interaction Effect

The Gas Typ8urfactant Type combined interaction effect was the only interaction effect
that did not include WAG Ratio that was determined to be significant on @verg as evident
in the ANOVA table by a\mlue of 0.0884, below the cuiff value of 0.1.The change in oil
recovery over the full range of air type while using TritehOR is approximately 10%, above
the standard deiation identified earlier (5.74%r 4.3% excluding the 9% anomaly), therefore
this observed response is likely due to the interaction of the gas type and surfactant type and
not due to random errorFigure4-43 shows the trend for Gas Tyfurfactant Typevhile using
the average values for WAG ratio and surfactant concentration incorporating all of the first 23.
Only the first 23 experiments are incorporated into this due to the fact that the first 23
experiments are the Design of Expeeints set of experiments, whilexgeriments 24 to 29

were additionalexperiments outside of the maet of experiments.
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Figure4-43. Gas TypeSurfactant Type vs. Oil Recovery (%)

As shown irFigure4-43, the oil recovery using Triton-200 is very gas dependent, Wit
lower oil recovery for propane gas compared to air of nearly 10%, while the oil recovery for
Iveysol 106 is unchanged with the type of gas used. The Trdd0Xutperforms the lveysol
106 surfactant slightly when air is the gas phase used, howekenwropane is used instead
of air, the lveysol 106 surfactant eperforms the Triton XLOO surfactant significantly. The
effect on oil recovery of the Iveysol 106 surfactant seems to be completely independent of the
gas phase used as the oil recovery sloet change between gas typdis trend is also shown

in Figure4-44 below.
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4.3.4. Additional Experiments

Fouradditional experiments were conducted outside of the Design of Experiments set of
experiments. These consisted ofvaterflooding only, watersurfactant flooding only, brinair
water-alternatinggas flooding and surfactant assistedvater-alternatinggas floodingFor the
water-surfactant flooding and surfactant assisted wagdternatinggas flooding the surfactant
used was Iveysol 106 atxiCMCas this was the surfactant type and concentration identified in

the beginning of SectioA.3 as the optimal surfactant type and concentration for oil recovery.
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These experiments will be discussed in this section to determine if surfactant and/or-water

alternatinggas improves theibrecovery compared tavaterflooding only.

4.3.4.1. Waterflood ing vs. Water-Surfactant Flooding

Two experiments were conducted to determine the effect of adding surfactant to the
water phase in avaterflooding experiment. Both experiments consisted of injecting fpore
volumes of liquid into the micromodel. One experiment had brine as the liquid phase, while the
other experiment had an Iveysol 106 surfactant solution at the critical micelle concentration.
For both experiments the liquid was injected past breaétlgh, after breakthrough was
achieved, the oil recovery did not increase for the duration of the experimiigire 4-45
shows the comparison of oil recovery betweesterflooding and surfactantvater floodng.
The difference between waterflooding and watsurfactant flooding of approximately 10% is
above the standard deation identified earlier (5.74%, or 4@ excluding the 9% anomaly),
therefore this observed respse is likely due to the effect of surfactants and not due to

random error.
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Figure4-45. Oil Recovery vs. Injected Volume f@Vaterflooding (Experiment 26jand Water
Surfactant FloodindExperiment 25)

Asshownin Figure4-45, the surfactarmwater flooding produces a significant increase in oil
recovery ovemwaterflooding. The surfactanrtvater flooding produced an aditbnal 10% of the
original oil in place compared to thgaterfloodng experiment. The surfactantater flooding
also produced a higher oil recovery for all pore volumes injected comparadterflooding.
This increase in oil recovery may be due to therdase in interfacial tension between the oil

and liquid phases.

4.3.4.2. Water Flooding vs. Water -Alternating -Gas Flooding
Two experiments were conducted to determine if watdternatinggas resulted in an
increase in oil recovery comparedwaterflooding only. Thewaterflooding experiment was the
same experiment discussed in Secti3.4.1 The brineair experiment consisted of 6 slugs
each of brine and air injected alnatively (0.2 PV slugdjigure4-46 shows the comparison

between only usingvaterflooding and using watealternatinggas flooding.
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Figure4-46. Oil Recovery vs. Injected Volume fa¥aterflooding (Experiment 26jand
WAG FloodindExperiment 24)

The waterflooding experiment was stopped after 1.0 pore volumes were injected, this is
because it was noticed that once the water had broken through to the outlet well, all of the
water simply followed in the water channels, not producing any extra oil. The experiment was
run for 66 minutes after breakthrough, with no additional oil beimgcovered after
breakthrough. Ashownin Figure4-46 that the wateralternatinggas option is able to produce
nearly 8.5 percent more of the original oil in place compared to amterflooding. Below 1.2
injected pore volumes, thevaterflooding performs better in some instances than the WAG
flooding. Thisis due to the alternating gas slugs which channeled through the micromodel
quickly, and after achieving breakthrough did not produce any additional oil until the next
water slug was injected. I8 shownthat in 0-0.2 PV and 0-8.6 PV when the water slugas
moving through the micromodel, the recovery of oil proceeded at a greater rate when
compared to injecting the same amount of water in twaterflooding experiment. This may be

due to the gas breaking up the water slugs in the WAG process, allowimgxhevater slug to
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seek different channels through the micromodel than the preceding water slug, thereby

displacing additional oil.

4.3.4.3. Water -Alternating -Gas Flooding vs. Surfactant
Water -Alternating -Gas Flooding

Two experiments were conducted to determinesifrfactant assisted watedlternatinggas
resulted in an increase in oil recovery compared to watkernatinggas flooding. The water
alternatinggas flooding experiment was conducted with air and is the same experiment
discussed in Sectioh3.4.1 The brineair experiment consisted of 6 slugs each of brine and air
injected alternatively (0.2 PV slugs). The surfactant assisted \alitgnatinggas experiment
chosen for comparison wahe Iveysol 106 at x CMCand air, with a WAG ratio of 1:Eigure
4-47 shows the comparison between using surfactant assisted walternating-gas flooding
and wateralternatinggas flooding. The difference between waterflooding and water
surfactant flooding of approximately 10% is above the standasdiadion identified earlier
(5.74%, or 4% excluding the 9% anomaly), therefore this obedrvesponse is likely due to

the effect of surfactants and not due to random error.
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Figure4-47. Oil Recovery vs. Injected Volume for SurfactaAG(Experiment 29 and WAG
Flooding(Experiment 24)

Both experiments were conducted until 2.4 pore volumes total wigjected into the
micromodel. Asshown in Figure 4-47, the surfactant assisted watalternatinggas option
outperforms the wateralternatinggas option significantly. This is evidence that even without
being able to produce a foam phasthe surfactant $ still able to contribute greatly to oil

recovery.
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4.4. Breakthrough Time

The breakthrough time was measured by identifying the time elapsed from when the test
began(first liquid slug entered micromodetd when the first injection fluid entered the exit
well from the micromodel. These results were then processed via Design Expert 9 to identify
the significant factors affecting the breakthrough tinieable4-4 provides the breakthrough
time for each experiment.

Table4-4. Breakthrough Time Experimental Results

Experimentt WAG | Surfactant Gas Surfactant Comments Breakthrough
Ratio | Concentration| Type Type Time(Seconds)
(CMCx)
1 1:1 10 Air Ivey-sol 106 2940
2 11 1 Propane| Ivey-sol 106 4560
3 1:2 1 Air Triton X100 1560
4 1:1 10 Air Triton X100 2580
5,16,22 |1:1.5 5.5 Air Triton %100 2500° 1268
6, 9 1:1 55 Propane| Triton X100 4350° 2078
7 1:2 10 Air Ivey-sol 106 1680
8, 10 1:2 1 Air Ivey-sol 106 3180° 1442
11 1:2 1 Propane| Triton %100 2820
12 1:1.5 10 Propane| Ivey-sol 106 2640
13 1:1 1 Air Triton X100 2460
14, 15 1:1 5.5 Air Ivey-sol 106 4170° 1146
17 11 10 Propane| Ivey-sol 106 3840
18 1.2 55 Propane| Ivey-sol 106 3300
19 1.2 10 Propane| Triton X100 3060
20 1.2 1 Propane| Ivey-sol 106 2940
21 1:1.5 1 Propane| Triton %100 3000
23 1:2 55 Air Triton %100 1500° 170
24 1:1 0 Air None Brine-Air WAG 3300
25 1:0 1 None | Iveysolios | Surfactantiwater 2580
Flood
26 1:0 0 None None Waterflood 3600
. Water/Surfactant
29 11 1 Air Iveysol 106 WAG 2160
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As shown inTable 4-4, the standard deviation ranges from 170 seconds up to 2078
seconds. Including all the replicate experiments, the standard deviatasidetermined using
the Design of Experiments software @85 seconds.Using the ANOVA method in thgesign
Expert 9software identified the Linear model as being the suggeésnhodel for breakthrough
time. Table4-5 provides the ANOVA results for the breakthrough time data using a linear
model, meaning that there are only individual factor effects and no interaction effects were
deemed significant. If the-palue calculated is less than 0.1, there is a less than cié¥ce
that the effect identified by the factor or interaction between the factors is due to error and
not the factor(s). As shown ifable4-5, the linear model thatvas chosen is deemed significant
with a pvalue of 0.815, far below the threshold of 0.1. Individugllthe effects of the WAG
ratio andgas type are deemed significant to breakthrough time and probably are not due to
error. The individual effestof surfactant concentrationand surfactant typevas deemed not
significant, with a high probably that the effect identified was more due to error than to the
factor. As the model that best represents the data is a linear model, there are no interaction
effects ornon-linearity in the data that were identified. THack of fit has a fwalue of 0.9942

and is therefore not significant to the model, meaning that the model fits the data well.
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Table4-5. ANOVA table foBreakthrough Time Data

Sum of Mean F P-Value | Significance
Squares | Degrees off Square | Value| Prob>F
Source (x10) Freedom | (x10)
Model 120.2 4 30.05 3.38| 0.0315 | Significant
WAG Ratio 66.52 1 66.52 7.48| 0.0136 | Significant
Surfactant Concentratiol 9.960 1 9.960 1.12| 0.3041 | Not Significant
Gas Type 33.55 1 33.55 3.77| 0.0680 | Significant
Surfactant Type 19.01 1 19.01 2.14| 0.1611 | Not Significant
Residual 160.2 18 8.898
Lack of Fit 50.89 13 3.914 0.18| 0.9942 | Not Significant
Pure Error 109.3 5 21.86
Cor Total 280.4 22

Figure4-48 below shows the plot of predicted vs. actual valdes breakthrough time in
seconds As shown the predictedand actual valuesare around the center diagonal line,
meaning that the chosefinear model predicts the breakthrough timewith predicted values
matching actual value§’he model does not perfectly match the data, with asdrared value
of 0.4287 and an adjusted-$guared value of 0.3017. This means that the model explains
30.17% ofthe variance in the data, an ideal model would account for 100% of the variance,
however out of the models available, the Linear model accounted for the most variance in the

data.
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Figure4-48. Predicted vs. Actual Values for Breakthrough Time
The Design Expert 8 software was also able to create a mathematical model for breakthrough
time with variables of WA@atio, gastype, and surfactant type. The mathematical model is

given inEquation(8).

0 o) VPP X W o a0 8)
where:

7 701" @ADHEI1:2=1)and
' A0 4UPR O0OEBAT A »p

Overall, to maximize the breakthrough time, it was found that the levels of the four factors

presented inTable4-6 should be used.
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Table4-6. Optimization of Factors for Breakthrough Time
Factor Level

WAG Ratio 1:1

Gas Type Propane

4.4.1. Individual Factor Effects

Twoof the main factors were determined to be significant teetbreakthrough time, WAG
ratio and gas\pe, while surfactant oncentrationand surfactant typevas determined to not
be significantSurfactant concentration had a\alue of 0.3041 wite surfactant type had a-p
value of 0.1611, both above the eaff value of 0.1This is expected since the gas phase was
observed to always be the phase that caused breakthrough, and the WAG Ratio and Gas Type
are the only factors affecting the gas pha3#is section will give details about each significant

individual factor investigated.

4.4.1.1. WAG Ratio

The WAG Ratio was determined to be individually significant for breakthroughwimeh
is evident from the ANOVA table by avglue of 0.0136, below the twff value of 0.1InFigure
4-49, the breakthrough time decreases significantly with WAG Ratlecreasing by
approximately 1100 second3he change in breakthrough time over the full range of WAG
ratios of approximatelyl 100 seconds is above the standard deviation of 965 secahédsefore
this observed response is likelyalto the individual factor of WAG ratand not random error.
Figure4-49 shows the trend betweeNWVAG ratioswhile using the average values for surfactant
concentration, surfactant type and gas type incorporating all of the first 23 experint@nits

the first 23 experiments are incorporated into this due to the fduett the first 23 experiments
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are the Design of Experants set of experiments, whilexgeriments 24 to 29 were additional

experiments outside of the maiset of experiments.
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Figure4-49. WAG Ratio vs. Breakthrough Time

As shown irFigure4-49, the breakthrough time decreases by approximately 1100 seconds
from a WAG ratio of 1.0 to a WAG ratio of ZIhis response was expected as the larger the
WAG Ratio, the more gas is injectiatlo the micromodel. Since the gas was injected at twice
the flowrate of the liquid phase, more gas injection at a higher flow rate would push the gas
through the micromodel at a higher rate than if liquid was being injected, thereby decreasing
the breaktlrough time. The optimal WAG ratio for breakthrough time JXdarresponds with
the optimal WAG ratio for oil recovery as discussed in Sedti8dnmaking a WAG rat of 1.1

the desired WAG ratio in all instances.
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4.4.1.2. Gas Type
The Gas Type was determined to be individually significant for breakthrough &me
evident from the ANOVA table by avplue of 0.0680, below the cwiff value of 0.1 The
change in breakthrougtime over the full range of WAG ratios is near the standard deviation of
965 seconds, therefore this observed response may be due to random error and not the
individual factor of gas type, however statistical analysis determined that gas type was likely a

significant factor.

Figure4-50 shows the trend between air and propane, while using the average values for
WAG Ratio, surfactant concentration, and surfactant type incorporating all of the first 23
experiments. Only the Bt 23 experiments are incorporated into this due to the fact that the
first 23 experiments are the Design of Experiments set of experiments, Bpériments 24 to

29 were additimal experiments outside of the maget of experiments.
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Figure4-50. Gas Type vs. Breakthrough Time

In Figure4-50, it is shown that breakthrough time is lower with air than for propane. This is
an interesting effect since the lower viscosity of propane would suggest that it should finger
through the micomodel more easily than the air, and thereby cause an earlier breakthrough,
however the opposite of this was observed, with the air causing an earlier breakthrough time
compared to the propaneThis may be due to a characteristic of tbasesthat were not
investigated, namely the compressibility of the ga& has a compressibility of 0.999Air
Liquide 2013), while propane has a compressibility of 0.980&i4 Liquide, 2013)ooth at 15C
and 1 atm.Lower compressibilities mean that the gas is eassecdmpress, therefore propane
is slightly more compressible than air. This was noted during the experiments, as when the

syringe pump was set to inject the gas phase, it took longer for the propane to begin moving
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through the lines than for the aifThe exra time it took the propane to begin flowing through

the lines resulted in the propane having a larger breakthrough time than the air, even though
AGlQa @oradz2arideée ra t26SNW ¢KAAa Aa RdzS G2 GKS
time that the first liquid slug entered the micromodel until the point when either liquid or gas
appeared in the outlet line, as this time includes the time taken forghsesto begin flowing
through the times, it is understandable that the propane would havergelabreakthrough

time than the air.

An example of thisgs shownin comparing Eperiments 3 and 11. Both experiments
consisted of injecting Iveysol 106 at $@MCat a WAG ratio of 1:1. Experiment 3 used air as
the gas phase, while experiment 11 usedpmpe as the gs phase. InXperiment 3, the syringe
pump began injecting the air at45 AM, with the air making it through the lines and entering
the micromodel at 8:2 AM. In Experiment 11, the syringe pump began injecting propane at
7:25 AM, with the popane making it through the lines and entering the micromodel at 8:21
AM. The time it took for the air to push the liquid out of the lines and enter the micromodel
was 27 minutes, while the time it took for the propane to push the liquid out of the linels a

enter the micromodel was 56 minutes.

Investigating the time elasped from the point that the gas enters the micromodel until the
point of gas breakthrough pwides a different result. Forxgeriment 3,air breakthrough
occued after an dasped time of 17 minutes. For Experiment Yitppane breakthrough

occurred afteran elasped time of 13 minutes. Therefore looking at the elasped time from the
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point when the gas enters the micromodel until breakthrough, it can be seen that the propane
gasmoves through the micromodel more quickly than the air, which is expected due to the
mobility ratio of thegases The recorded breakthrough times for the gas phase factor is skewed

by the compressibility of thgases causing the propane gas to take long® move through the

fAYySad YR SYGSNI 6§4KS YAONRY2RSt> RSftfFe@Ay3d oNBI
when no liquid movement occurred between the point when the syringe pump was switched to

gas injection and the point when the gas began motmgugh the lines.

Considering this, air is the optimal gagé for breakthrough time. Thiglso corresponds
with the optimal gas type for oil recoveas discussed in Sectidi3. This makes air the desired

gas type in all instances.

4.4.2. Additional Experiments

Thefour additional experiments discussed in SectthB.4were alsoused to compare the
breakthrough time with different oil recovery techniques. These experiments will be discussed
in this section to determine if surfactant and/or watelternatinggas improves the

breakthrough time compared twaterflooding only.

Two experiments consisted of liquid flooding oyl with one experiment having upe
waterflooding (Experiment 26hile the other experiment had Iveysol 106 surfactant solution
at the critical micelle concentration added to the waig&xperiment 25)In bothexperiments,

1.0 pore volumes of liquid was inject&ato the micromodel. For both experiments the liquid
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was injected past breakthrough, after breakthrough was achieved, the oil recovery did not

increase for the duration of the experiment.

Another two eyeriments consisted of watealternatinggas flooding, with air as the gas
phase, with each experiment injecting six cycles each of liquid and gas, with each cycle
consisting of 0.2 pore volumes. One experiment used water as the liquid §&aperiment
24), while the other experiment used lveysol 106 surfactant solution at the critical micelle
concentration(Experiment 29)lveysol 106 surfactant at the critical micelle concentration was
chosen for the surfactant as this was the surfactant type emdcentation identified in Table
4-6 as providing the best breakthrough time results. Air was choseer propane as air
providesbetter oil recovery, and these experimentgere used as additional experiments for
the oil recovery data as well, and due to the fact that the compressibility of the propane skews
its real breakthrough timeFigure4-51 provides the breakthrough data fall the additional
experiments. Two values appear on top of each column, the bracketed value is the oil recovery
observed and discussed in Sectii3.4 while the other value is the observed breakthrough

time.
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Figure4-51. Breakthrough Time foAdditional Experiments

Asshownin Figure4-51, the waterflooding experiment has the greatest breakthrough time
with breakthrough occurring a8600seconds. This i®Hlowed closelyby brine-air WAGwith a
breakthrough time 0f3300 secondsThe addition of surfactants decreases the breakthrough
time significantly, with surfactant waterflooding having a breakthrough time of 2580 seconds,
down from 3480 seconds fawvaterflooding without surfactantsSurfactantair WAG had the
lowest breakthrough time, with breakthrough occurring at6® seconds down from 3420
seconds for brinair WAG The largest decrease in breakthrough time is seen when adding
surfactant to the vaterflooding. This is due to the combined decrease in viscosity and increase
in relative permeability caused by the addition of surfactants into the water phase
Interestingly, the decrease in breakthrough time between waterflooding and t&inéooding

is close to the decrease in breakthrough time between surfaetaaterflooding and surfactant
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air WAG, with the surfactanwvaterflooding / surfactardair WAG decrease being slightly more

than the waterflooding / brineair WAG decrease due to the presentsoffactants.

Most of the differences between the values fall within the standard deviation of 966
seconds, therefore the exact order of the decreasing breakthrough times can not be
determined. However the main trends discussed above are observable. Tdigoadof
surfactants decreases breakthrough time, between waterflooding and surfaetaterflood
there is a decrease of approximately 1100 seconds (greater than the standard deviation of 966
seconds), and between brirer WAG flooding and surfactaair WAG flooding there is a
decrease of approximately 2200 seconds (greater than the standard deviation of 966 seconds).
Therefore it is clear that the addition of surfactants decreases the breakthrough time. As well,
the trend of WAG reducing the breakthraudime compared to pure liquid flooding can be
observed, between waterflooding and briaér waterflooding there is a decrease of
approximately 1000 seconds (greater than the standard deviation of 966 secdimasgfore it

is clear that WAG reduces brehkbugh time compared to pure liquid flooding.

The opposite trend is observed when looking at the oil recovery. In the figure, with
decreasing breakthrough times there is increasing oil recoveries. This is due to the increase in
oil recovery caused by botburfactants and the watealternatinggas technique, while these
two factors (surfactants and watelternatinggas) decrease breakthrough time. Earlier in this
section, when analyzing the breakthrough tivo# recovery results when the addition of

surfactants and use of the watealternatinggas technique was fixed, it was noted that the
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breakthrough time trend corresponded with the oil recovery trend, however when investigating
the addition of surfactants and use of watelternatinggas the breakthroughime trend is

opposite to the oil recovery trend.

202



4.5. Timing of Enhanced Oil Recovery

An important consideration in the production of oil is when to implement various oil
recovery techniques. Secondary oil recovery traditionally consists of flooding skeever with
water until oil production decreases below economically sustainable production rates. Once
this occurs, production companies incorporate tertiary oil recovery techniques. The tertiary oll
recovery techniques investigated in this thesis includeth wateralternatinggas and
surfactant assisted wategilternatinggas techniques. A common problem encountered is when
or if tertiary recovery techniques should be implemented. As has been discussed in the
preceding sections, the experiments conductid not include separate primary, secondary, or
tertiary production phases. Instead, the secondary recovery techniquetdrflooding and the
tertiary recovery techniques or watalternatinggas and surfactant assisted wataternating
gas were all ap@d in the primary recovery phase. As the micromodel was at ambient
pressure, there was no pressure in the micromodel to facilitate the traditional primary recovery

phase.

As has also been discussed in the preceding sections, comparing all three techniques
showed that the surfactant assisted watalternatinggas technique produced an increase in oil
recovery compared to watealternatinggas, which produced an increase in oil recovery

compared towaterflooding.

In order to investigate whether tertiary reoeery techniques should be applied with

secondary recovery techniques or in place of them, two additional experiments were

203



conducted. These additional experiments consisted of first flooding with water until
breakthrough, and then implementing either watalternatinggas or surfactant assisted
water-alternatinggas techniquesthat were performed the same as the maiset of
experiments, with 6 cycles each of liquid and gas slugs of 0.2 PV/Aadmparison of water

alternatinggas flooding andvaterflooding followed by wateralternatinggas is show ifrigure

4-52.
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Figure4-52. Tertiary Recovery: WateAlternating-Gas(Experiment 24ys. Waterflooding
Followed by WaterAlternating-Gas(Experiment 27)

As shownin Figure4-52, first flooding the micromodel with water does not significantly
change the final oil recovery. Bothaterflooding ¢ water-alternatinggas flooding and water
alternatinggas flooding experin@s produced a similar oil recovenf approximately 50%
with the wateralternatinggas flooding achieving this oil recovery sooner than the
waterflooding ¢ water-alternatinggas flooding Conducting watealternatinggas without the

initial waterflooding phase produces a higher oil recovery for the same amount of pore volumes
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injected. The wateglternatinggas without initialwaterflooding attained the final oil recovery

before the case with watealternatinggas with the initialvaterflooding.

A comparison ofsurfactant assisted watealternatinggas flooding and waterflooding
followed by surfactant assisted wataiternatinggas flooding is given ifigure 4-53. The
surfactant used in both cases was Iveysol 106 aiCMCas this was the optimum surfactant

type and concentration found in Sectidn3.
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Figure4-53. Tertiary RecoverySurfactant Assiste®Vater-Alternating-Gas(Experiment 29) vs.
Waterflooding followed by SurfactanAssistedwater-Alternating-Gas (Experiment 28)

As shown in Figure 4-53, waterflooding the porous media before beginning surfactant
assisted watealternatinggas was found to be beneficialn the beginning The
waterfloodingsurfactant assisted watealternatinggasphasehad a higher recoverthan the
surfactant assistedvater-alternatinggas phase for all pore volumes injectad to 1.4 pore

volumes.This may be due to the fact that the surfactant assisted wattrnatinggas, with
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gas being injected into a system with lower liquid viscosity, can finger through tienfioie
easily, causing early breakthrough and not recovering as much oil as compared to
waterflooding. However, as more pore volumes are injected, the difference in oil recovery
between the two experiments decreases, urttie surfactant assisted watealternatinggas
begins to outperform the waterflooding/surfactant assisted wasdternatinggaspast 1.4 pore
volumes injected, with both experiments reaching approximately 60% oil recovery, with the
surfactant assisted wateglternatinggas experiment reachg this oil recovery sooner than the

waterflooding/surfactant assisted watelternatinggas experiment.
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4.6. Problems Encountered and Solutions Used

Several difficulties were encountered throughout the process of conducting the
experiments.These difficuies mainly involved the trapping of oil in the system fittings and
lines, and the ovepressurization of the gas phase by the syringe pump. General difficulties,
including leaks, are not discussed here and were remedied by proper system setup and

maintenarce.

4.6.1. Oil Trapped in Fittings

Oil was regularly trapped in the fittings during the initial oil saturation of the micromodel.
This oil was occasionally released at the interface of the liquid and gas slugs which were
injected into the system. Generallgetween the first liquid and gas slug, oil appeared as the
gas slug moved through the lines towards the micromodel. When this was not detected and
remedied, it would inject oil into the micromodel, causing the results of the experiment to be
void. This wasemedied by removing the oil from the micromodel inlet connection. Since the
system was operated at ambient temperature and pressure, the micromodel inlet connection
was removed when the oil reached the inlet, and the oil in the line was allowed to drain,

thereby preventing the oil from entering the micromodel.

4.6.2. Oil Trapped in Water/Gas Junction

The method for injecting water and gas alternatively required a junction between these

two fluids. As the teewas made of stainless steel and therefore not transparent, it was
207



impossible to determine exactly when the gas phase had reached the middle of the tee. If the

gas phase did not reach the middle of the tee, oil would be trapped in the tee gas branch. Since
the experiment involved injecting water first, this would cause the first gas slug to be preceded

by an oil slug. This was remedied by better timing of the gas flow to completely displace the oil
in the tee gas branch, and if any oil did remain trappedas dealt with by draining the oil the

same way the oil is drained in Secti16.2

4.6.3. GasOver-Pressurization

As air and propane are both compressible fluids, siggnge pump had the potential to
over-pressurize the gas in the system. If the gas became-pnessurized, it had the ability to
increase the gas flow rate and move very quickly through the system, causing premature
breakthrough and very quick fluid mavents. This was remedied by stopping the syringe
pump before the injection time calculated for the full gas slug. Once the pump was stopped, the
pressure developed in the gas caused the gas to continue to flow through the system for a
period of time. Withcareful observation, it was possible to time the shutting down of the pump

correctly to still inject the full gas slug.

4.6.4. Water Colour

Initially, the brine-surfactant solution was used in trial tests, however it was noticed that
this solution was very diffult to distinguish from the glass of the micromodel. The gas phase

was easilydistinguishablehowever the liquid phase blended in with the glass. To overcome

208



this difficulty, the injection liquid was dyed a blue colour with methykohee before the
surfactant was added to the brine. This colouring made it possible to distinguish between

injection fluid and glass.
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Chapter 5: Conclusions

Using a glass micromoddiur factors were investigated(l) the wateralternatinggas
ratio (volumetric ratio ®é water slug to gas slugyas varied from 1:1 to 1:2 with a centre point
at 1:1.5;(2) the surfactant concentration (varied proportionally from t@dG was varied from
one times theCMCto 10 times theCMC with a @ntre point at 5.5 times th&€MGC (3) gas type
(air and propane gas was used), a@d surfactant type (Triton A 00 and Iveysol 106 were

used).

Three responses were observed and measured: oil recovery, breakthrough time, and fluid
flow. This set of 23 experiments wedesigned using the Stéiase Design of Experiment$ 9
software, utilizing the Optimal Design option of Response Surface Methodotigy (6
additional experiments were conducted outside of this set of 23, includimgaterflooding,
water-surfactant floaling, brineair wateralternatinggas, Ilveysol 1 x CMGCAIir water
alternating gas, and two experiments where the micromodel was initially flooded with brine
(brine-air wateralternatinggas and lveysol A CMCwater-alternatinggas) In addition to these
micromodel experiments, five interfacial tension and five viscometer experiments were also

conducted tofully explain the results obtained from the micromodel experiments.

The interfacial tension experiments investigated the interfacial tension between the
injection liquid and oil phases. It was found that the surfactants reduced the interfacial tension

between the injection liquid and oil phasejth higher concentrations reducing the interfacial
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tension more than low concentrations. TritorRDRO was foundd reduce the interfacial tension

more than Iveysol 106.

The viscometer experiments investigated the effect which the surfactants have on the
viscosity of the injection liquid. It was found that the surfactants reduced the viscosity of the
injection liquid, with higher concentrations reducing the viscosity more than Ilow

concentrations. Triton 400 was found to reduce the viscosity more than lveysol 106.

In observing the fluid flow through the porous media, several notes on the fluid flow were
made. It was bserved that the gas phases both fingered through the oil phase, causing
breakthrough of gas in the outlet well. It was also observed that foam was not generated by the
water-alternatinggas technique in the micromodel. To further investigate the lackoafmf

generation, several experiments were conductedietermine why no foam was generated.

For oil recovery, it was found thatdividually, gas type and surfactant concentration were
significant, while WAG Ratio and surfactant type were not individsadigificant. It wasalso
found that air produced a higheecoveryof oil compared to propane, which may be due to the
lower viscosity of propane causing the propane gas to finger through the micromodel more
than the air. It was also found that lower sucfant concentrations produced larger oll
recoveries, possibly due to the surfactant reducing the liquid viscosity, making it easier for the
liquid to finger through the oilSeveral interaction effects were discovered between the four
main factors. The WARRatioSurfactant Concentration interaction effect was found to be
significant, with the oil recovery not changing for large WAG Ratios, while it increased with
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decreasing concentration for lower WAG Ratios. The oil recovery also varied with varying WAG
Rdios at set concentration levels. For high concentration levels, oil recovery increases with

WAG Ratio, while at low concentration levels, oil recovery decreases with WAG Ratio.

The WAG RatiGas Type interaction effect was also found to be significanth ir, the
oil recovery did not change significantly over the full range of WAG Ratios. However with
propane, the oil recovery increased with increasing WAG Raticever attained the level of

oil recovery with air.

The WAG RatiSurfactant Type interdion effect was also found to be significant. With
Iveysol 106, the oil recovery did not change significantly over the full range of WAG Ratios.
However with Triton X00, the oil recovery increased with increasing WAG Ratio but never

attained the level obil recovery of Iveysol 106.

The last interaction effect identified for oil recovery was the Gas Buyréactant Type
interaction effect. The oil recovery of Iveysol 106 did not change significantly between air or
propane experiments, while the oil recery of Triton X100 decreased between air and
propane experimentsOverall, the optimized situation for oil recovery involved using a WAG
Ratio of 1:1, a surfactant concentration of one (1) times @¥Cvalue, air as the gas phase,

and Iveysol 106 as treurfactant.

In the additional experiments conducted, it was found that a wakernatinggas

injection method produced a greateecovery than waterflooding onlyjt was also found that
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water-surfactant flooding outperformed waterflooding, which was egfed as the surfactants
reduced the interfacial tension, increasing oil recovery. In the final compaesperiment the
surfactant assisted watedlternatinggas method outperformed the watealternatinggas
method, which was also expected as the sudats should have an added benefit to oil

recovery compared to water alone.

For breakthrough time, it was found that individuaM/AG Ratioand gas typewere
significant Increasing the WAG Ratio decreased the breakthrough timile for gas type, it
was found that breakthrough time was larger for propane gas than it was for air. This may be
due to the propane holding up in the micromodel more as it more soluble with the oil phase

than the air is.

To optimize both oil recovery and bre&kough time, it is best to use a WAG Ratio of 1:1, a
surfactant concentration of one (1) times tl@&VCvalue, air as the gas phase, and Iveysol 106
as the surfactantThe WAG ratio results were expected, as more gas is injected into the system,
at a higherflow rate than the liquid, it was expected that the gas would breakthrough sooner.
The gas type results were also expected, as propane has a lower viscosity than air, its ability to
finger through the systemwas greater than air, causing early breakthrdugWhat was
surprising was the lack of significanokthe surfactant It was expected that surfactants, and
higher surfactant concentrations, would reduce breakthrough time through reductions in

viscosity which would lead to earlier breakthrough.
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In the additional experiments conducted, it was found that injection method directly affected
breakthrough time. Waterflooding had the highest breakthrough time, followed by water

surfactant flooding, watealternatinggas, and finally surfactant assisted wagdternatinggas.

Two additional experiments were conducted to determine the optimum timing of
enhanced oil recovery techniques, namely whether or not waterflooding before conducted
enhanced oil recovery techniques is beneficial. For watmrnatinggas, it was found that
beginning with watefalternatinggas and not waterflooding was beneficial, as the water
alternatinggas method would reach higher recoveries for each pamlemeinjected However,
both methods seem to approach the same malcovery, just with the waterflooding first
method delayed by the length of the waterflood. For surfactant assisted waternatinggas,
it was found that waterflooding first increased oil recovery u@moint but ultimatelythe case
with no initial waterflooding poduced greater oil recovergooner. Again it appears that both
methods approach the same oil recovery near the end, just with the waterflooding first method
delayed by the length of the waterflood. These metkoding results may not be applicable to

the full field scale, as the pores are all the same size with no third dimension.

214



Chapter 6: Recommendations

Several potential areas of research were noted by the author during the course of this

work. These thoughts have been made into a seriegodmmendations for future work in this

area.

Recommendations for further research into the effects of surfactants on enhanced oil recovery:

=

Investigate additional surfactants.

Investigate different surfactant concentrations.

Investigate additional gas tgg, especially natural gas.

Perform coreflooding experiments with the same fluids and at the same conditions as
the micromodel experiments for comparison.

Perform both coreflooding and micromodel experiments at reservoir temperatures and
pressures.

Investpate additional factors such as salinity, flow rate, slug size, dip angle, oil density
and viscosity, etc.

Perform a series of experiments with and without primary waterflooding.

Perform a series of experiments with and without primary gasflooding.
Performexperiments in heterogeneous micromodels.

Perform a series of experiments with the micromodel placed such that it has a vertical

dimension.
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Recommendations for further research into the image processing of micromodels:

1 Develop a method to account for trstope of the pore sides.

1 Further develop a method to accurately calculate the error of image processing, fully
and accurately accounting for all interfaces.

1 Develop an automated method for calculating oil recovery from an image so that

additional data paits throughout the experiment are available.
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Appendix A: Micromodel System Schematic
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FigureA-1. Schematic foMicromodel System(Khezrnejacdet. al2014)
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Appendix B: Micromodel System Procedures

This section describes the experimental procedure in detail, describing valves that are

opened and closed, operation of the syringe pump, and the collection of data.

The micromodel experiment consisted of injecting six (6) slugs each of liquid and gas
consecutvely into the micromodel, always starting with the a water slug. A basic slug size of
0.2 PV, or 20% of the pore volume of the micromodel, was used. AccordiBgdiikovetsky
(1993) the use of slugs of between 20% and 40% of the pore volume (0.2 ®M),has been
recommended in several experimental studies for wedfternatinggas techniques. Therefore
a basic slug volume of 0.2 PV was chosen, with the gas phaseaieasingo 0.4 PV as was

discussed in Sectidh2.1.1

As discussed in Secti@x2.2 for the foam to be stable the gas mobility should be greater
than the liquid mobility. Therefore the gas phase was injected at twice the flow rate of the
liquid phase to give the gas phase a higher mobility. The liquid flow rate was set at 0.0193
mL/min. This flow rate allows for the 0.2 PV slug of liquid to be injected into the micromodel in

30 minutes.
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Sample Preparation

Before the experiments can be conded, the fluids and micromodel must be prepared.

Injection Liquid:

The process for preparing the liquid phase éxperimentationinvolves two main steps,

creating the synthetic brine solution, and addthe surfactant.

Synthetic Brine:

1. Place a clean beakon the mass balance.
2. Tare the mass balance to 0.
3. Add a set amount ofvater, measure by:
a. Observing the mass in the beaker.
4. Remove the beaker from the mass balance and place stirrar. Add a magnetic
stirrer to the beaker.
a. Ensure the mixing s®d dial is between 200 and 300, keep stirring
throughout step 5.
5. Add the required salts, one sadt a time:
a. Placea weigh paper on the mass balance.
b. Tare the mass balance to O.
c. Using a scoop, add the desired salt to the weigh paper until the desired mass

is acheved.
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d. Add the salt to the beaker solution.
e. Repeat steps a to d for each desired salt.
6. If coloured synthetic brine is desired, add methylene blue powder to the beaker while
sitrring until desired colour is achieved.

7. If methylene blue is being used, enstine beaker is well covered from light.

NOTEIf additives other than salts and surfactants are being used, follow the procedures

outlined to create those solutions.

Surfactant Solution:

1. Placeabeaker back on the mass balance.

2. Tare the mass balance to 0.

3. Draw surfactant solution into a small syringe.

4. Add the required amount of surtdant to the beaker, measure bybeerving the
increase in mass.

5. Add the required amount of synthetic brine solution to the beaker, measure by
observing the inaase in mass.

6. Remove the beaker from the mass balance arace on a trrer.

7. Place a magnetic stirring bar into the beaker and mix for 3 minutes.

a. Ensure the mixing speed dial is between 200 and 300.
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NOTEMixer speeds above 300 have the potential to create foam if surfactant additives are

being used. Mixer speeds should be kept below 300 to avoid the creation of foam.

System Preparation

Add Injection Liquid:

1. Using a completely evacuated and clean syrimyay enough liquid from thebeaker
into the syringe.

2. Clean any liquid left over on the outside of the syringe.

3. Attach the liquid syringe tthe liquid injectionline.

4. Push liquid from the symge until theliquid passes the micromodel inlet valve

Add Ingction Gas:

To prepare the gas phase for experimentation:

1. If air is beingised, ensurehe gas phase fill lines open to the atmosphere.

2. If propane gas is being useghsurethe gas phase fill line is connected tgepane
containerand any attached valves or regulators are in ¢ipen position.

3. Close the gas injection valve.

4. Draw gas into the syringe using the pump operations. Draw in a minimum of 20 mL of

gas.

235



5. Close the valves on the gas phase fill.line

6. Open the gas injectionalve.

7. Completely empty the syringe into the system.

8. Close the gas injection valve.

9. Open the gas fill line valve.

10.Draw gas into the syringe using the pump operations. Draw in a minimum of 20 mL of

gas.

Micro Model:

To prepare the micromodel for flooding:

1. Ensure the micromoddias been cleaned and that the injection liquid and injectiaa g
preparation steps have been completed.

2. Place a flexible ventilation snake owbe outlet.

3. Turn on the flexible ventilation snake.

4. Open theinlet and outletvalves upsteam and downstream of the micromodel

5. Closethe gas injection valve

6. Completely fill a syringe withrine.

7. Attach the syringe to théemporary cleaning line
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8. Open the gas injection valve for flow between the temporary cleaning line and the
micromodel.

9. Inject the system withbrine until the brine passes the micromodel inlet valve

10. Attach a vacuum pump to the outlet line

11.Closethe micromodel inlet valve

12.Vacuum the system for several minutes.

13.Openthe micromodel inlet valvand allow brine to completely flood the micromodel.

14.Disconnect the vacuum pump frothe outlet line

15. Inject the brineuntil the brine has passed the micromodel outlet valve

16.Completely fill a syringe with oil.

17.Close the micromodel inlet valve

18. Disconnecthe brine syringe fronthe temporary cleaning line

19. Attach the oil syringe to the temporary cleaning line

20.0Open the micromodel inlet valvéor flow betweenthe temporary fill line and the
micromodel

21.Place the microseparator into an empty waste beaker.

22.Clean the separator burette.

23.Inject oil until the oil flows into the microseparator.

24 .Ensure lines are completely filled with oil.

25.0pen thegas injection valvéor flow betweenthe gas syringe and the micromodel

26.Inject the gas phasentil the gas phase reaches thas injection valve
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27.Place the microseparator onto the separator burette.
28.Closeall valves.

29. Turn off the flexible ventilation snake.

Experimentation

This section describes the procedures for conducting the experimentsadingeeparations
have been completed. This section details the injection of fluids and the monitoring of the

experiments.

Injection of Liquid:

To inject a slug of liquid:

1. Ensure the gsa injection valisin the tosed position.

2. Open the micromodel inletalveand liquid injection valve
3. Input speed settings into theump for gringe 2.

4. Allow the pump to run for the set period of time.

5. Stop the pump for syringe 2.

6. Closedhe liquid injection valve
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Injection of Gas:

To inject a slug of gas:

1. Openthe gas injection valve

2. Input speed settings into the pump feyringe 1.

3. Allow the syringe to run for the set period of time
4. Stop the pump fosyringe 1.

5. Close the gas injection valve

System Shutdown:

Once the system has been operated for the setiqgumbrof injection/time, the following

should be done to shut down the system and prepare it for cleaning:

1. Turn off the pump.

2. Depressirize the system by keeping the micromodel outlet valve qpalowing the
system to reach ambient pressure.

3. Using a syringavith a Luer bck/Swagelok adaptor, attach to the temporary cleaning

line and push air through until all the liquid is in the separator.
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System Cleaning:

Once the system has been shut down, the following should be done to clean the system to

prepare it fa another experiment:

1. Fill a syringe with distilled water.

2. Attach the syringe tdéhe temporary cleaning linasing a Luer Lock/Swagelok adaptor.

3. Disconnecthe liquid syringe and place in a waste beaker.

4. Open the gas injection valve for flow between the temporary cleaning line and the
micromodel,push distilled water through until most of the liquid has been removed
from the lines.

5. Close the micromodel inlet valve angenthe water injection valve

6. Push dstilled water through until most of the liquid has been removed from the lines
and micromodel.

7. Close all valves.

8. Detach the syringe frorthe temporary cleaning linand fill wth toluene. Reattach to
the temporary cleaning line

9. Openthe gas injection Mae for flow between the temporary cleaning line and the
micromodel;push toluene through until the oil has been removed from the lines.
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10.Detach the syringe and fill with acetone;attachand clean with acetone

11.Push distilled water through until most tife liquid has been removed.

12.Push air through until most of the liquid has been removed from the lines and
micromodel.

13. Attach the vacuum pump to line 18.

14.Turn on the vacuum pump.

15.Clean the separator burette.
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Appendix C: Foam Stability Experimental Results

This section presents thetal foam height and relative foam height for all eight bottle test
experiments, for both the first and second run of each experiment. The results are presented
based on surfactant used and the presence of oil, with mrkd.00 without oil (Experiment 1
and 2), being presented first, followed by Iveysol I@éout oil (Experiment 3 and 4) being
presented next. This is followed by TritoAlB0 with oil (Experiment 5 and 6), followed by

Iveysol 106 with oil (Experiment hé8).

o
o

)
>

> X

60 —

ht (mm

a1
o

Total Foam Heig
N W
o O

=&— Triton X100 at CMC Run 1
=@- Triton %100 at CMC Run 2

A— Triton X100 at 10 x CMC Run 1
=>= Triton X100 at 10 x CMC Run 2

N
o

[
o

o
o

30 60 90 120
Time (Minutes)
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Appendix D : Viscometer Data

Each fluid was tested in the viscometer up to three times. The trend of decreasing viscosity
with increasing surfactant concentration is shown by lookaigthe Triton X100 data.
Therefore in testing the Iveysol 106 data only one experiment was conducted in theangd
surfactant concentration of 5.5 timeSMCto verify that its viscosity fell between the viscosity

for the high and low surfactant conceation viscosities.

The individual tests and the average and standard deviatiare shown in Table D-1.
Viscosity measurements were taken continuously, therefore itndividual tests show the
average viscosity reading for period at the end of the test when the readings were stakle.
standard deviations between the tests are well within @018 cP accuracy. As well, with an
accuracy only to the third decimal plaend really covering up to the second decimal place), it
was decided to only display results to the second decimal place as any more precise results are
not meaningful as the accuracy of the viscometer is large enough to cover any results to the

third dedmal place.
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TableD-1. Viscometer Test Results

Fluid Viscosity (cP)
Testl | Test2 | Test3 Average Standard
Deviation
Triton X100 atCMC 1.0322 | 1.0345 1.0334° 0.0016 1.03
Triton %100 at 5.5 ¥ 1.0360 | 1.0360 | 1.0411 | 1.0377° 0.0029 1.04
CMC
Triton X100 at 10 X 1.0478 | 1.0593 | 1.0595 | 1.0555 0.0025 1.06
CMC
Ilveysol 106 aCMC 1.0789 | 1.0694 | 1.0732 | 1.0738° 0.0048 1.07
lveysol 106 at 5.5 | 1.06 1.06 1.06
CMC
lveysol 106 at 10 | 1.0554 | 1.0506 1.053° 0.0034 1.05
CMC
Brine 1.0948 1.0948 1.09
Distilled Water 0.9733 | 0.9753 0.9743° 0.0014 0.97
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Appendix E: Interfacial Tension Data

Each fluid was tested in the interfacial tension machine for up to three drops. The
individual tests and the average and standdayiatiors are shown inTableD-1. The results are
shown only to the second decimahterfacial tension measurements were takeantinuously;

therefore the individuatest results show the average measurements for individual drops.

TableE1. Interfacial Tension Test Results

Fluid Interfacial Tension (MN/m)
Test 1 Test 2 Test 3 Average Standard
Deviation

Triton X100 at| 3.024 3.041 3.112 3.0591° 0.0465 3.06° 0.05
CMC
Triton X100 at| 2.3408 2.1900 | 2.2888 2.2732° 0.07658 2.27° 0.08
5.5 xCMC
Triton %100 at| 0.5390 | 0.5650 | 0.5575 0.5538 0.0133 0.55° 0.01
10 xCMC
lveysol 106 a] 9.531 10.51 10.0191° 0.6909 10.02° 0.69
CMC
Ilveysol106 at 5.5/ 7.0345 7.0112 7.215 7.0224° 0.0117 7.02° 0.01
xCMC
Ilveysol 106 at 1( 4.0209 | 4.0366 4.0288° 0.0110 4.03° 0.01
xCMC
Brine 24.15 24.15 24.15° 0.00
Distilled Water | 33.4192 | 32.6507 33.0300° 0.5364 33.03° 0.54
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Appendix F: Oil Recovery Data for Core Set Experiments

This section includethe entire cumulative oil production image processing data for all of
the 23 experiments in the core set of experiments. It is presented in six figures, with the
experiments first divided bgas type (aidata shown first followed by propane data), and then
divided by WAG ratio (1:1 shown first, followed by 1:1.5 and B@jne data points seem to
show a decrease in orecovery; however any decreases in oil recovery are smath an
averagedecrease of 2/76%, with some outliers showing a large decrease, without these outliers
the average of any decrease is 2%. This error is on the same order of magnitdkde as
calculatedmage processingrror of ° 1.5% of oil recovery as discussed in Secti@nl.2 which
is a low estimateThese decreases are not meaningful and the data within the thesis has been
adjusted to smooth out any decreases in oil recovapuyever the full, unaltered data is shown

in the following figures.
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In FigureD-4, the Triton X100 5.5x CMCdata is missing points for pore volumes 0.2 to 1.8

due to lighting issues.

254



100
90
80

=70
>

gm
¢ 50
(@]

S 40

Ew

=
20 ~

|
10 - ,
0 | !

00 0.2 04 06 0.8 1.0 1.2 14 16 1.8 20 22 24 26 2.8 3.0
Pore Volumes Injected

AE

VE
)]
®
S
)
S

\ (28
)
2
2]
®

G)

\ 4

WIS

»
r"

A
--q-—---xgq
~~
. ____niw.

A

-V

A

-

A

A

A 4

A

SISBEE S

—¢— |veysol 106 10xCMC
=l Triton X-100 1xCMC

FigureD-5. Cumulative Oil Recovery vs. Pore Volumes Injected foemtleriments with
propane at a WAG ratio of 1:1.5

255



100 WIS
90 -«

80
70
60
50
40
30
20 -
10

0

Wi ¢ Wd ¢ Wwd ¢

)

)
)
)

ot ML

A 4
A
A 4
A

y
\ 4

A
A 4

Oil Recovery (%)

00020406081012141618202224262830323436

Pore Volumes Injected
=—¢— Triton X-100 1xCMC
-l [veysol 106 5.5xCMC
= Triton X-100 10xCMC
—>¢=|veysol 106 1xCMC
FigureD-6. Cumulative Oil Recovery vs. Pore Volumes Injected for all experiments with
propane at a WAG ratio of:2

256



Appendix G: Overview of Experiment 23

This appendix will provide an overview of the first run of Experiment 23 (No waterflood,
WAG ratio of 1:2 with air, Triton-X00 atCMCx 5.5).First, an image of the micromodel with an
accompanying scale (in centimeters) is provided to define the dimensions of the micromdeol.

After thisthe images takentaspecific points are shown below.
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FigureE1. Micromodel Atfer First Liquid Slug, Just Before First Gas SIUg

Direction of Fluid Movement Oil
ﬁ

FigureE2. Micromodel Fully Saturated with Oil
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FigureE12. Micromodel After Fifth Gas Slug, Just Before Sixth Liquid Sll"“l_I
i

FigureE13. Micromodel After Sixth Liquid Slug, Just Before Sixth Gas Slu oil Air
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These pictures were then converted to black and white pictures, and the black pixels

Surfactant Solution FigureE-14. Micromodel After Sixth Gas Slug, At End of Test

(representing oil) in each picture were counted. Three of the black ahide pictures are
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