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The objective of this research was to identify high performance surfactant formulations and
design efficient core floods for a limestone reservoir with high salinity formation brine.
Microemulsion phase behavioexperiments were conducted toentify best chemicals
formulation (including surfactants, alcohol, alkali, polymer and electrolyte) for core flood test. A
successful formulation should be one clear stable phase at reservoir conditions, fluid
microemulsion phase, fast equilibration and highulsitization ratio.Formulations with dycol

ether alcoholsvere easier tachieve one clear stable phase tfmmulations withsecbutanol.
Primary surfactanto-cosurfactant ratio and alcohol concentration were fine tuned to obtain fluid
microemulsion phse and sufficiently high solubilization ratio. Core floods with optimized
formulation validated & high oil recovery efficiency9599%) in Berea sandstoneores with
synthetic formation brine. The effect of surfactant slug size, surfactant slug/potimaer
viscosity and formation brine composition was discussed to design more efficient core flood. The
properties of th@aqueous phase from chemiflabd, e.g. total dissolved solids, viscosity and pH
were measured to help understand oil displacemenégsan the core during the chemical flood.
Core floodsin Indiana limestone coregelded low oil recovery27-41%) suffering fom large
dispersion of the core Recommendations were made to improve oil recovery on future

limestone core floods and field @cation.
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Chapter1) T OO1 AOGAOQEIT 1

The purpose of theresearch presented in this work is to identify high performance
surfactanformulations for chemical enhanced oil recovery of a crude oil fidkansas
reservoir and provide guidance fiuture field applicabn. Phase behavior experiments
were conducted tgelect an effectiveurfactant formulationCore floods wereonducted
to validate theiroil recovery efficiency.In this chapter, research motivation and
rationality are discussed in following sections.

1.1 Research Motivation
Currently, waterflood leaves more than half of the original oil in sandstone reservoirs,
and even moren carbonate reservoirs. In order to recover the residuaheiinterfacial
tensionbetween water and aileeds to be reduced substantially to increase the capillary
number to about ten thousand faldbre thanthe capillary number o& waterflood.
Surfactants could solubilize water and oil in a microemulsion phase, which could reduce
interfacial tension between microemulsion and water/oilamoultralow level. Other
chemicals such as erfactant, cesolvent, alkali, and electrolyte atesually blended
with primary surfactant to produaeclear, fluid, and stable surfactant formulation that
has the highest solubilization ratio of water/oll, i.e. the lowest interfacial tension. In order
to select the best surfactant formulation, a tistage method, developed by Levitt (2006),
Jackson (2006) and Flaaten (2007) at timeversity of Texas at Austin, waslopted in
my researchln the first stagesurfactantsvere selectethased upon data and knowledge
of surfactant structurehe target reervoir and crude oil properties. The second stage
screens the surfactant formulatowith crude oil in phase behavior experimentds

evaluate phase behavior performance through solubilization ratio (which is inversely
23



proportional to interfacial tensioninicroemulsion viscosity, equilibration time, aqueous
phase stability limit and optimal salinity among other characteridticke third stage
thesurfactant formulatiom were testeth laboratory core flood experiments.

1.2 Research Rationality
This resarchwas conducted foa crude oil in a limestone reservoir located in western
Kansas. The reservoir has been water flooded for the last fifteen years and currently is at
a stage of water flood with low oil cut. The formation brhmes high salinity(121669
ppm) with moderate hardness. In order to select the right surfactant formulation, some
commercially available and promising surfactamtare selected based on studies of
Levitt (2006), Jackson (2006) and Flaaten (2007) and tested wetortide d@. Then
these surfactantswere compared to and optimized with some other newly developed
surfactants from other companies. After optimal surfactant formulation passes all criteria,
core floodswere conducted to validate the oil recovesfficiency. In order to understand
the chemical flood processoft brine with equivalent salinity to surfactant slug instead of
high salinity hard formation brineas used to saturate and waterflood the core in the
initial core flood experiments. Ab, because chemical flooding in sandstone careie
extensively studied than in limestone, sandsteas usedin initial core flood tests
Formation brine and limestoreores weraisedafter core floods in sandstone validate
the high oil recovery efficiencof the surfactant formulatioto evalude formulation
performanceéo mimic actual reservoir conditions.

1.3 Summary of Chapters
Chapter 2 discusses background and literature information, chemical component

structure and principles of chemical mixture and core flood design for EOR applications.
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Chapter Jescribeghe equipment, methodology and data calculations used in the phase
behavior and core flood experiments the research. Chapter 4 summarizes phase
behavior screening results and the optimal formulation design process. Chapter 5 presents
results of differat core flood designs for a crude oil and analysis of core flood pressure
data and effluent properties. Chapter 6 presents a summary and conclusion of all

experimental results and proposes future work and direction for further research.
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Chapter2, EADOOA 2AOEA«x

2.1 Introduction
This chapter provides background and a literature review on the theory and methodology

used in this research. It describes phase behavior screening experiments, including
microemulsion characterization and its mechanism to mebiiz, and the roles and
effects of chemicals in phase behavior experiments. It then reviewagtweprinciples of
core flooddesign and introduces the crude oil evaluated in this research.

2.2 Chemical Flood Oil Mobilization Mechanism
Residual oil in the reservoir is trapped by capillary forces eamlbe mobilized by
increasing viscous forces and/or gravitational forces over capillary forces. The
dimensionless terms referred to as capillary number Nc and Bond nurglee Nhe
ratios d viscous forces to capillary forces and gravitational forces to capillary forces:

kO b _ k@ @
Ng =
s - s

Popeet al. (2000) defind the trapping number which vgathe combination of both

N =

c

capillary number and Bond number toacacterize the mechanism to recover residual oil.
Because we can do little to increase rock permeabK)tyéducing interfacial tension is

an effective way to increase capillary number under a normal pressure gradieit (
Chemical flooding with surfactants could reduce interfacial tension to as dotd‘a
dyne/cm, which usually could increase capillary number low enough to mobilize residual

oil the surfactant contacts.

Capillary number for normal water fload sandstoneare in the range of 10to 10°. In
order to mobilize the residual oil, capillary number usually needs to be increased by a

factor of 1001000 times above typical water flood (Abrams, 1975). Delehadl (1986)
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showed capillary number needi to increase to be on the order of*Ifeforeresidual oil
saturation will decrease for sandstone. Kamath (2001) esththat due to different pore
structures and wettability, on the order of Mas required tostart mobilizing residual

oil in carbonate.

2.3 Phase Behavior Screening

2.3.1 Micro emulsion Characterization

Winsor (1954) described the phase behavior for the mixtuinodil/water/surfactant
system. Bourrel and Schechlter (1988) gibeibed microemulsion phase as a
thermodynamically stable phase under certain conditions and in theory it never separates
into two phases unless conditions change. Microemulsion is different from
Amacroemul si ono, whi ch i s t her mondyylbea mi cal |
kinetically stable. Winsor(1954) identified the three types of phase equilibria in
microemulsion phase behavior as Type |, Type Il and Type lll. Type | microemulsion is
an oil in water microemulsion with excess brine phase, also referred as T{e Il
because the phase diagram has a negative slope. Type Il microemulsion is water in oil
microemulsion with excess oil phase, also referred as Type Il (+) as the phase diagram
has positive slope. A Type Ill microemulsion phase exists as a distinct @mdibuous

third phase with excess oil and water phases. Type lll is a transitional phase between
Type | and Type Il. The transition of phase behavior from Type | to Type Il to Type I
depends on surfactant type, electrolyte, temperature, oil propettie$he surfactant
structure could be characterized with hydropHipophilic balance (HLB), and the oil
properties could be characterized by equivalent alkane carbon number (EACN), which

could help to categorize the surfactants and select the righactnfs for target
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reservoirs and crude oils. The most common phase behavior transition from-Type |
>Type IlI->Type Il is accomplished by changing electrolytes.

2.3.2 Micro emulsion and Interfacial Tension
A microemulsion can be characterized in several waks: amount of water/oil
solubilized in microemulsion, the time for microemulsion to caeor microemulsion
viscosity. Healy and Reed (1976) defineater/oil solubilization ratio by dividing the
amount of water/oil solubilized in microemulsion by tosalrfactant volume (MVs,
V/Vy). Water solubilization ratio decreases as salinity increases while oil solubilization
ratio increases as salinity increases. The intersection where the water/oil solubilization
ratio are equal was defined as the optimalmsgliandoptimal solubilization ratioAt this
point, water/oil is solubilized the same amount and to the greatest degree for both the
water andoil in the microemulsion phase. This happens to correspond téowrest
interfacial tension between oil/watand microemulsion. Healy and Reed also suggest a
correlation between water/oil solubilization ratio and interfacial tension (IFT), which was
theoretically derived by Chun Huh (1979). @h Huhds equati on shows
inversely proportional to the squeof the water/oil solubilization ratio:

_C
9=

where C is approximately ®.dynes/cm for most crude oils. Interfacial tension can be

reduced to 3 10° dyne/cm with solubilization ratio higher than 1Because it is

difficult and timeconsuming to measure the IFT between water/oil and microemulsion,
by using this equation one could quickly screen out the surfactants giving low
solubilization ratios. Surfactants forming complex phases, such as a liquid crystal phase

and a gel phase, wly have lengthy equilibration time. It takes a very long time to
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obtain stabilized solubilization ratio for these surfactants and they usually have problems
in propagating in the core or reservoir, and therefore they are also screened out.

2.4 EOR Chemicals
A typical surfactant formulation usually contains primary surfactansuctactant, ce
solvent, alkali, polymers and electrolytes. The primary surfactant is the chemical mainly
responsible for solubilizing oil in the microemulsion phase. Theuttactan is used to
improve the performance of primary surfactant (Nelsbral 1984). The ceolvent is
added to the surfactant formulation to reduce equilibratioe ind to prevent forming of
the gel or crystal phases Another important role ofsotvent isto make surfactant
formulation compatible with polymers (Popst al. 1982) in order to maintainthe
surfactant slug as a stable one phedationat reservoir conditions. Alkali could react
with naphthenic components in crude oil and generatgtins@p to improve the
solubilizing of oil in the microemulsion phaseAlkali also can minimize surfactant
adsorption in carbonateservoirby changing surface charge from positive to negative.
could also accelerate microemulsion coalescence and redufstaor adsorption
(Jackson 2006). Polymer is addedhe surfactanformulationsto increase its viscosity
and maintain mobility control when displacing oil in reservoir. Electrolytes are adjusted
to achieve optimal Type Il phase to maximally redueterfacial tension (increase
capillary number) and therefore achieve high oil recovery.

2.4.1 Surfactants

Surfactants are the key componentghie surfactant formulatiomused to solubilize oil
and water in the microemulsion phase and hence reduce interfacial tension between the
microemulsion and the oil/water phase. Surfactants contain a hydrophilic head, a

29



hydrophobic tail and possible intermediate neutral groups. Thetwtes of surfactant

head and tail could be tailored for each specific crude oil for the highest oil recovery
efficiency and are discussed in the following paragraphs. Surfactants can be classified
into anionic surfactants, cationic surfactants, noniosicfactants and amphoteric
surfactants according to charge of their hydrophilic head gréupsnic and nonionic
surfactants are more commonly used EOR surfactants than others, therefore they are

described in following paragraphs.

2.4.1.1 Anionic surfactants
Anionic surfactantgive rise to a negatively charged surfactant ion (hence anionic) and a

positively charged counterion upon dissolution in water. They are the most commonly
used and most promising surfactants in chemical EOR because of their excellent
perfaomance and low adsorption in rocks. Sandstone particles usually carry a net negative
charge at reservoir conditions, which could prevent attracting anionic surfactants (Zhang
and Hirasaki, 2004). The surface charge on carbonate rock pagidkgsendenon brine
composition and pH (Churcheet al 1991). Anionic surfactarg adsorption on
carbonateshowevercanbe reduced by increasing pH to above 8.5 to change the surface
chargefrom positiveto negative. Examples of common anionic surfactants in recen
advances of chemical EOR are alkylbenzene sulfonates (ABS), alcohol ethoxy sulfates
(AES), alcohol propoxy sulfates (APS), internal olefin sulfonates (I0S) and Guerbet

alkoxy sulfates (GAS).

ABS surfactants were extensively used in the past. Their @ are a high
solubilization ratio of crude oil and low optimal salinity due to strong hydrophobicity
from the benzene aromatic ring and alkyl chain. Their aqueous solubility, however, is low
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and they tolerate only low hardness (Jackson, 2006). Therefmy can only be injected
into the formation with fresh water or low salinity brine, or used as-sudactant to

increase the hydrophobicity with a-solvent to improve its solubility.

IOS surfactants have proved to be excellent EOR surfactantst(2006; Jackson, 2008;
Flatten, 2008), particularly as -surfactants that improve the compatibility between the
primary surfactant and the aqueous phase through its structural heterogeneities of

branched large carbon chains.

AES/APS are sulfates comiéng ethylene oxide (EO) or propylene oxide (PO) groups.

EO and PO groups are intermediate function groups that attach to the carbon chain and
have opposite effects. For example, increasing EO groups will increase surfactant
agueous solubility, calcium lerance and optimal salinity while increasing PO groups has
the reverse effect. The number of EO/PO groups determines the hydrophilicity and
hydrophobicity of surfactants and they can be tailored specifically for different crude oils.

This flexibility of surfactants widens the range of their application in chemical EOR.

GAS surfactants are anionic surfactants, which can be manufactured in a relatively
inexpensive way that are produced by addition of ethylene oxide and/or propylene oxide
to the blend of Gubet alcohol and monomer alcohol rather than pure Guerbet alcohol.
Thesemoleculescontainvery large hydrophobes and branched structwigsh result in
ultraclow interfacial tensions and low micemulsion viscosities (Liet al. 2007), GAS

can be usedof crude oils with equivalent alkane carbon number higher than 12. The

hydrolysis of GAS surfactants can be largely reduced at certain alkalinity range at high
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temperatures, which could enhance surfactant stability, and therefore make GAS

surfactants abl® be used in high temperature reservoirs (Adlens) 2010).

2.4.1.2 Nonionic surfactants
Nonionic surfactants do not ionize in aqueous solution because their hydrophilic group is

of a nondissociable type, such as alcohol, phenol, ether, ester or amidadVdgtages
of nonionic surfactantare that they are usually easily blended with other types of
surfactants and are relatively insensitive to the salinity of the solution. A large proportion
of these nonionic surfactants are alcohol ethoxylates, whieh raade by the
polycondensation of ethylene oxide. Alcohol ethoxylaes/be used as esolvents that
could replace conventional solvents in greatly diminished amounts (8ahhi 2010).
Nonionic surfactants, such as alcohol ethoxylates, however, yshale high optimal
salinity and their usage is limited due to relatively low cloud point, i.e., aqueous
solubility (Milton, 2004).

2.4.2 Co-solvents
Co-solvents areused in surfactant formulation to increase the compatibility between
surfactants and the aqueophase, and therefore increase its thermal stability. Achieving
a clear and stable surfactant slug is important to ensure the injected solution will transport
in the reservoir over long distances with low retention (Sebhmil, 2010). Cesolvent
also héps to reduce or eliminate the viscous phase and accelerate microemulsion
equilibration (Sanz and Pope, 1995).-€vents are usually amphiles and have the
ability to partition into agueous phases, and oleic and microemulsion phases, which
allows coesolvents to change phase behavior (Dwarakaeathl, 2008). For exampla

hydrophilic cesolvent increases optimal salinity amdlipophilic co-solvent reduces
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optimal salinity while both increase aqueous stability. Alcohols are one of the widely
used convetmnal solvents. Branched structure alcohols provide better hydrophilicity
than linear structure alcohols for the same molecular weight (Hsieh and Shah, 1977).
Common alcohols used in EOR include -mopanol (IPA), isebutanol (IBA), see
butonal (SBA). GJcol ether alcohols are promising-solvents because of their excellent
ability to make surfactants compatible with the agqueous phase at high salinitygGalhni

2010) and their higher flash point.

The disadvantage of using -solvents is thathey reluce the solubilization ratio of
water/oil and consequently increase interfacial tension (Salter,).1R7g possible to
achieve high oil recovery witthe alcohol free surfactant formulation (Saazd Pope,
1995). Alcohol can also be replaced by other chemiEalsaxample alcohol ethoxylates

can give better aqueous stability and higher optimum salinity at low concentrations. For
active oil, which contains sufficient naphthenic acid to produzap swith alkali, a
hydrophilic surfactant is sufficiently soluble in brine at optimal salinity without the need
for any cesolvent or only a small amount of-solvent. For inactive oil, surfactants with
large hydrophobes are often needed to achieve aoflighlubilization ratio and low IFT.
These surfactants are less soluble in brine, and hence they need a relatively large amount
of co-solvents to obtain aqueously stable surfactant slug. In sum, alcohol concentration
needs to be determined in such a way balance the microemulsion viscosity,
equilibration time and the solubilization ratio for maximum formulation performance and

highest oil recovery.
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2.4.3 Alkali
Alkali has been observed to improve surfactant phase behavior and oil recovery in core

flood expemments (Nelsonet al, 1984; Wellington and Richardson, 1997). The

mechanismsontribute to improve oil recovery are:

(1) Alkali reacts with naphthenic acids in crude oibkitu and produces natural surfactant.
The amount of atural surfactant usually isohenough to reduce interfacial tension and
needs tobe compensated bgynthetic surfactant ira chemical flood. Also, natural
surfactant has relatively low optimal salinity (alkali concentration) and synthetic
surfactant could be added to raise optiméhgg to adjust surfactant formulation to the
appropriate alkali concentration needed to propagate in the reservoir (Hekori984).

In phase behavior experiments, the natural surfactant from saponification naphthenic acid
increases optimal solukgition ratio with even mildly or weakly reactive crude oils.
Conventionally the total acid number, which is the amount of potassium hydroxide in
milligrams that is needed to neutralize the acids in one gram of oil, is a good indicator of
naphthenic acidshat can be saponified. Saponification number, however, should be
measured to determine the total amount of soap that could be generated by an alkali
reaction (Yanget al, 2010). Heay oil tends to have higher total acid number than light

oil and can bend@fmore from alkali.

(2) Elevating pH by adding alkadanreduce surfactant adsorption by increasing negative
charges on sandstone rock (Nelsdral, 1984; Wessen and Harwell 2000; Zhang and
Somasundaran, 2006). Low surfactant adsorption promote<tsuntfaslug propagation

(Nelson and Pope, 1977) and enables low surfactant concentration chemical flooding.
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Alkali in surfactant formulation also improves the coalescence time of microemulsion in
phase behavior experiments (Castor, 1981), which indicates viscosity of the
microemulsion phase (Nelsogt al, 1984) and facilitates rapidly mobilizing oil and
development of the oil bank-situ. The reduction of microemulsion phase viscosity and

consequent improvement of fluidity can reduce the amount ofialmeeded.

Sodium carbonate is a conventional alkali in chemical flood. In the presence of gypsum
or anhydrite(CaSQ), which is often the case with dolomite rocks, however, carbonate
ions and calcium ions precipitate aslcaam carbonate Sodium metab@ate is an
alternative alkali that prevents precipitation of calcium carbonate by forming soluble
complexes with dissolved calcium ions and borate ions (Flaatein 2006). Tetrasodium
ethylenrdiamine tetraacetate (EDWAa) is another promising alkalivhich acts as a
chelating agent to sequester metal ions such as calcium and magnesium ions with its two
amines and four carboxylates (Yagigal, 2010).

2.4.4 Polymer
Polymer is used to increase the viscosity of surfactant slug and to therefore provide
mobility control for stable displacement of the oil bank by surfactant slug in chemical
flooding (Sorbie, 1991; Willhite and Green, 1998). Increasing the viscosity of the
surfactant slug increaseabe sweep efficiency by reducing or eliminating fingering
particularly in heterogeneous reservoirs. Polymer is needed in both surfactant slug and
polymer drive, which protects the integrity of surfactant slug. The viscosity of slug/drive
(depends on amount/molecular weight of polymer) of stable displacemestersnthed

in such a way that mobility ratio is maintained to be less than one (Gegaltyl968).
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Partially hydrolyzed polyacrylamides (HPAMs) are conventional polymers which are
susceptible to degradation by shearing as well as thermal degraddt®reffécts on
stability of HPAM by various factors such as temperature, initial degree of hydrolysis,
amount of divalent cations, pH, and dissolved oxygen are examined by Shupe (1981) and

MoradiAraghi (1987).

Xanthan gum, a bacterial polysaccharide, hagjid structure, which yields significant
resistance to shear degradation compared to HPAMs. It has the advantage of being
insensitive to salinity and divalent cations due to its rigid structure and lack of an anionic
group. It, however, is susceptible bacterial degradation. Although xanthan gum was
widely used in early chemical floods, HPAMs are more commonly used in recent
chemical floods.

2.5 Core Flood Design
Laboratory core floods angsedto validate the performance of surfactant formulation that
shows good phase behavior results before field application. Residual oil trapped in the
core after water flooding is the target of chemical flooding. The highest capillary number
corresponds to thieowest IFT for both odmicroemulsion and wateemulsion phases,
which is achieved at the optimal salinity of surfactant formulation. Therefore, surfactant
slug with optimal salinity is usually injected into the cofesurfactant slug with over
optimal slinity drives surfactant into the oil phase causing surfactant loss and leaves oll
trapped again even though the oil is mobilized by microemulsion due to lew oil
microemulsion IFT.A surfactant slug with under optimal salinitgay haverelatively
high oil-microemulsion IFT and therefore cannot mobilize oil. For coreflooding, the brine

salinity in the core @ be well controlled to achieve optimal salinity in order to broaden
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the surfactant Type Ill region with low IFT. In the field, however, resersalmity
usually is not optimal salinity, and it is difficult to achieve optimal salinity everywhere
because of (1) surfactant slug dispersion with reservoir brine; and (2) optimal salinity is a
function of changing surfactant concentration. -fush of @timal salinity brine is
frequently uanecessary, and even detrimental to oil recovery (Fapal, 1979). A
robust chemical flood design which uses a salinity gradient is proposed byePabe
(1979), where the salinity downstream of the slug is higien optimal salinity, at the
slug is equal to optimal salinity and upstream of the slug is lower than optimal salinity.
This salinity gradient design greatly increases the chances of surfactant slug passing by
optimal salinity and promoting low IFT atdst somewhere in the mixing zone. Over
optimal salinity downstream also helps mobilize oil and wugéimal salinity upstream
helps prevent surfactant or mobilized from being trapped.

2.6 Crude Oil Evaluated
The crude oil used in this study is Wahrmander oil, producedfrom a limestone
reservoir located in the northwest part of Kansas. Reservoir temperature is about 43.3 €
(110 F). It has low viscosity, 7.5 cP (filtered) at reservoir temperature and is light (API
gravity: 37.9 at reservoilemperature). It has low acid number, about 0.014 g KOH/qg;
therefore there is little naphthenic acid in Wahrman crude oil to produce natural
surfactants with reaction of sodium carbonatlee Tormation brine contains 42 TDS

including 2500ppm divalent ions
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Chapter 3 %@DAOEI AT OAl $AOAOEDOE

3.1 Introduction

The experimental equipment used in this research can be categorized for two main
purposes: (1) to prepare solutions or crude oil and related hardware for phase behavior
study, including mass balances, gratleionizer, borosilicate pipettes, pipette dispensers,
torches, convection ovens, viscometers, spinning drop interfacial tensiometers, filter
membranes, vortex mixers, oil dispensers and polymer hydration mixers. (2) To prepare
for core flood and analyzeore flood effluent properties, including pumps, glass columns,
pressure transducers and data acquisition system, tracer devices, a fraction collector, a
rheometer, a pH meter, a conductivity meter and a hyamine titrator. The following

sections describéé equipment and how it is set up for experiments.

3.2 Phase Behavior Screening Description

3.2.1 Equipment
3.2.1.1 Mass Balance
Three mass balancegere used in this research. The primary mass balavasALFIE

Packers HM202, with a capacity of 210 grams and a resoluibf.0001 grams, and it
wasused to measure masses of chemicals such as surfactant, salt to make phase behavior
bulk solution and surfactant slug and drive. The sedmatdnce washe ALFIE Packers
HF-2000G, with a capacity of 2100 grams and resolutiof.01 grams This balance

was used to weigh epoxy for casting cores and oil flood effluent etc. Thelthieshce

wasan ALFIE Pacers Explorer OHAUS, with a capacity of 32000 grams and resolution

of 0.1 grams, and it is used to weigh dry and saturatedwase for porosity calculation.
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3.2.1.2 Water Deionizer
lons in tap water will interfere with phase behavior results in phase behavior screening

and core floods, therefore it is important to use deionized water. The water deionizer used

is a Water PRO PS from LABCONCO.

3.2.1.3 Borosilicate Pipettes
Fisherbrand® standad 10mL borosilicate pipettes with 0.1mL markingsre used to

store the mixture of aqueous solution and crude oil in phase behavior study. After
dispensing fluids into the pipettes, the end of pipettes flamesealed with a
Benzomatic® torch. After cdimg the end for several minutes, the pipetiese then

inverted 20 times before housing in the oven at corresponding temperature.

3.2.1.4 Pipette Dispenser
The pipette dispenser used in phase behavior and core flood slug/drive preparation is an

eppendorf Resealn PRO 1066000uL. It can deliver between 100 microliters and 5000

microliters with 10 microliter increments at one time through disposable plastic tips.

3.2.1.5 Torch
Before dispensing fluids into borosilicate pipettes, the tippadh pipette was flame

sealed bytorch. After dispensing solutions into the borosilicate pipettes, the eeacbf
pipettewasflame-sealed by the same torahd was squeezed hyplier for fast seal. The
torch used in this research is a BERNZOMATIC SUREFIRE TS8000, fueled by

propylene.

3.2.1.6 Convection Oven
Temperature is critical in phase behavior studies. Phase behavior pipettes are housed and

incubated in a THELCO Laboratory convection oven to be allowed to equilibrate at
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reservoir temperature for each crude oil. A calibrated digital theweter and an oven

temperature gauge ensure a constant temperature in the oven.

3.2.1.7 Viscometer
The viscometer frequently used is a Brookfield LVDVI+CP viscometer. lpcaducea

shear rate aww as3.75 second and as high as 7500 secdndhowever, the effective
viscosity at that shear ratdepends on the percentage of torque resulting from shear
stresses. The advantage of this viscometer is that it requires relatively small sample,
about 0.5mL. Because of this, this viscometer is usedmeasure viscosity of

microemulsion, core flood effluent, crude oil and brine etc.

3.2.1.8 Rheometer
Bohlin CS Rheometer from ATS Rheosystems is used to measure the viscosity of

surfactant slug and polymer drive at low shear rate beyond the range of the Brookfield
viscometer. It can measure viscosity at a shear rate as low7ase8dhd and as high as
800 second. The rheometer requires relatively large sample, about 30mL, therefore it

wasnotused to measure the viscosity of core flood effluent samples.

3.2.1.9 Filter Membrane
Polymer solution was filtered through a specified membrane remove un-hydrated

polymer so itcould be injected into the core without blocking the porddnfiltered
polymer solution wastored in homemade plastic container and is filtered through 1.2
micron MicronSep Cellulosic membrane from GE Water & Process Technologies under a

pressure of 15psi. The detailed polymer filtration process will be described later.
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Brine used in the cerfloodwas stored in a 100Q@000mL flask and filtered through a
0.45 micron MicronSep Cellulosic membrane from GE Water & éa®clechnologies

under a vacuurto filter out impurities.

Crudeoil filtration will be described later. The pféter membrane are 1.6um glass
microfiber filters from Whatman upstream and 1.0 micron TefSep teflon Laminated

filters from GE water & process technologies downstream.

3.2.1.10 Vortex Mixer
After solutionswereadded to borosilicate pipettes, gealedipetteswvereshaken byhe

Fisher Scientific VORTEX Mixer to fully mix the solution to one homogeneous phase

before contacting the crude oil.

3.2.1.11 Qil Dispenser
Crudeoil wasadded to each pipettey a Dispensette® Ill from Brand TECH Scientific

Inc. into the pipettesThis approach can dispense oil in the range df-10mL with

increments of 0.1mL.

3.2.1.12 Polymer Hydration Mixer
The mixer used in polymer hydratiowas SuperNUOVA™ MULTI-Place from

Barnsted Thermolyne. Its stirring rang&as50-1200 RPM with stirring adjustable to 1

RPM tocontrol the stirring rate well.

3.2.2 Chemical EOR Fluids

3.2.2.1 Primary and Co -surfactants
The primary surfactants used in this study are alcohol propoxy sulfates (APS).

Surfactants with different carbon chain lengths and different numbers of proproxy groups

were tested for best performance for the Wahrman crude oil. The most extensively
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studied APS surfactants in phase behavior ageZ7POSO" from Stepan with the trade
name Petrostep SC1,.13-8P0-SO" from Sasol with trade name Affoterra 1238S and

Ci3-n-PO-SOy from TIORCO with the trade name of Petrostep S13D.

The coesurfactants used in this study are mainly internal olefin sulfonates. The most
extensively usedavere 0S5 from Steparnwith the trade name of Petrostep S2. Other

co-surfactants include 1Q&,4, alcohol ethoxylates.
The surfactants used in this research are listed in Table 3.1.

3.2.2.2 Co-solvents
Sechutanol (SBA) was used extensivelyinitially based on the study of Levitt (2006)

and Flatten (2007). Other similar alcohols such agpispanol (PA) and other butanols

are also evaluated. Surfactant formulasiovith these alcohols, however, all failed the
aqueous phase test, which medhat thesurfactant formulation at optimal salinity and
reservoir temperature will separate to two phases. Ether glycol alcohols such as ethylene
glycol monobutyl ether (EGBE), dithylene glycol monobutyl ether (DGBE), -tri
ethylene glycol monobutyl ether (TGBE)erefound to help surfactant formulation pass

the agueous phase test with an aqueous phase stability limit higher than optimal salinity.
Among all glycol ether alcohols, DGBE shows best performance for Wahrman ctude oi

and thereforevasused in later phase behavior study.

3.2.2.3 Polymer
Hydrolyzed polyacrylamides (HPAMyere used in this study to increase agueous phase

viscosity. Flopaam polymer series from SNF Floerger® are available and tested. Flopaam
3530S was tested teelmost suitable polymer for Wahrman oil and therefoas used

both in phase behavior and core flood experiments.
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3.2.2.4 Alkali
Sodium carbonatevas used as the main alkali in this study. Sodium hydroxice

tested only to evaluate surfactant formulation penénce at high pH, bwasnot used

in later study.

3.2.2.5 Electrolyte
Sodium chloride is the main electrolyte for phase behavior experiments. Other

electrolytes such as magnesium chloride, calcium chloride and sodium sdfatesed
to provide additional ions to make synthetic formation brine. Alkali also contributes
additional electrolyte to aqueous solutions and is taken into account in the optimal
salinity calculation.

3.2.3 Bulk Solution and Crude Oil Preparation
This section desibes the procedure for how to prepare bulk solution for phase behavior,
crude oil filtration, aqueous phase stability tests and crude oil activity assessment. An
initial microemulsion phase behavior experiment was conducted to estimate optimal
salinity of certain surfactant formulations, and then another microemulsion phase
behavior experiment was conducted to pinpoint optimal salinity. At the same time,
agueous phase stability limaf that surfactant formulatiowas evaluated. If surfactant
formulation @msses alfour criteria, then core floodas conducted to further test its oll

recovery efficiency.

3.2.3.1 Surfactant/Co -surfactant Bulk Solution
Surfactant/CeSurfactant stock solutionsrovided by vendorkave activites of 30-90%

in weight percentagdecausdheywereso concentrated th#tte solutions wergiscous

andcause measuremesatrors when theweredirectly added to pipettes in volume with
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dispenser. As a result, theyerediluted into 10 wt% solutiorandthen dispensed into

pipettes with other bulkolutions.

3.2.3.2 Co-Solvent Bulk Solution
Co-Solvent/alcohowas initially diluted to 1620% bulk solution before dispensing into

pipettesBecause alcoholsereeasy to evaporate, therefdhe concentration of the bulk
solution changeduring thefrequent dailyuses Evaporationof the stock solution caused
unrepeatable phase behavior resultiserefore pure alcohdlts concentration does not
change due to evaporation becauge @most 100%) waadded directly into pipettes
with other bulk solutions. Slightly different amowsrdf alcoholdid notcause significant

error in phase behavior results.

3.2.3.3 Brine/Alkali Bulk Solution
Two brine solutionswereprepared for phase behavior study. One brine soluwtas?20%

NaCl and another brine solutiovas10% NaCl. The 20% NaGiasused to prepare the
base solution with surfactants,-solvent, alkali and polymer, which are the same in each
pipette. The same amount of base solutiasadded to each pipette. 10% Na€then

added in various amounts to an array of pipettes to establish a salinity gradient. This
method of preparing pipettes helps to reduce the error in adding different amount of

surfactant/alcohol/alkali/polymer to each pipette.

3.2.3.4 Polymer Bulk Solution
Polymer received from theendorwasdried to determine its activity and then hydrated

with sodium chloride to make polymer bulk solution. The detailed preparation is

described as follows:
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(1). Determine polymer activity: weigh and recoedg.about 10 gams (m) polymer in

an aluminum cup; put the cup in a vacuum oven atG@or about 7 days, record the
weight every day record the final polymer net weight(m2) and calculate polymer
activity(m2/m1). Table 2 lists the activity of some common polymersagable in our

lab.

(2). Polymer bulk solution component weight calculation: in order to obtain repeatable
results and simplify the calculation process, same polymer bulk solution is recommended
to be prepared in the same way. TabRI3ts theweight of each component needed to
make 500 grams in total, 5000ppm polymer concentration and 2% NaCl polymer bulk
solution. A sodium chloride concentratioof 2% was used toaccelerate polymer

hydration.

(3). Polymer hydration: For example, to make 0@ NaCl, 5000ppm Flopaam 3330S,

and 10 grams sodium chloride (Na@igre added to 487.2253¢g of DI water and mixed

on the magnetic stir plate. A container with a large section area and stirrer which is as big
as possible while still fitting into the caber is recommended for maximum polymer
hydrolysis and lowest polymer aggregation. Cold water is also recommended to prevent
polymer aggregation at the beginning of hydrolysis. Start stirring adB0RPM; while
stirring rate is stable, add polymer pavdjradually in grain quantities to tsboulderof

the vortex formed by the rotating of the stirrer. The addition of the polymer should be
performed at arate which is low enough to prevesitmping of the hydrate powdand

high enough to prevent ndrydrated powder from floating on solution causing it to

become tooviscous to hydrate; typically it takes aboub 3ninutes. Maintain 36@00
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RPM stirring rate for 1 hour then reduttee rate to 100200 RPM. Usuallyat least48

hours should be allowed to xpolymer solution for complete hydrolysis.

(4). Polymer filtration: after hydratiorthe polymer solution wasfiltered through a 1.2
micron hydrophilic cellulose filter membrane under 15 psi at a relatively constant rate
The filtration ratio is a measairof the time taken to filter the same volume of polymer
solution at the beginning and end of the filtration process. It is expressed as:

FR = Looom ~ Lison

Laomi = Toom Eg. 3.1
tooomiT time to filter 200ml or corresponding volume of polymer
Thefiltration ratio (F.R)should bdess than or equal to 1.2.

Even though filtration ratio calculation only requires the time to filter 60mL, 80mL,
180mL and 200mL, a continuous weight log of fileered polymer Eigure 31) was
recordedfor further examination of the filtration process. When starting filtration, the
filter valve is recommended to be open first before applying pressure to the filter in order
to avoid building pressure in the filter and then to break the filter memblaie.
suggested thafirst several grams of filtered polymer solution be discarded for
homogeneous polymer solution. Polymer solution with a filtration ratio of > 1.2 may

require refiltration.

(5) Bulk polymer solution viscosity: in order to examine padymsolution
reproducibility, the viscosity of filtered bulk polymer solutiomasmeasured at 2% by

the Bohlin CS rheometer. Low shear rate viscosities (e.g. at 1 s§asascompared for
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the same polymer bulk solution prepared at a different timis. alko helpd us identify

the viscosity difference in surfactant slug and polymer drive used in core floods.

3.2.3.5 Crude OiIl Filtration
Crude oil received directly from the oil field contains certain impurities which will block

pores inthe core and may alsofa€t phase behavior results. Therefore crude oil was
filtered before use. The detailed filtration process is described below. The apparatus set

up is shown in Figure 3.2.

Set up a temperature controlled oven at reservoir temperature. Leéikerad crude oill,
pump, filter and any related parts in the oven for a sufficient period of time, e.g.
overnight to preheat to reservoir temperature. Prepare the filter inlet/taiapashown in

the right part of Figure 3.2 arkgure 3.3. Both inlet/outlet ®ngs are crucial for sealing,

and therefore they need to be checked carefully befssembling. After that, place two
membranes between the filter caps. As shown in Fi@Re because oil will flow
vertically upward, a 1.6 micron Teflon fiber glass filter membrane will be placed
upstream, which islose to the inlet, and the 1.0 micron Teflon filter membrane will be
placeddownstream, whicltlose to the outletsgnooth sideof filter towards the inlet).
Connect the parts as shown in the left part of Figure 3.2. Blacenfiltered crude oil
source above the level of pump to reduce gravity effect on pumping crude oil; set up filter
in a position where the crude oil flows tieally upwards. Start the pump at 0.25
mL/min for 15 minutes; monitor pressure gauge to ensure pressure is within 150 psig;
flow rate can usually be increased gradually by 3 ml/min, however, the pressure gauge
should be monitored within half an hour aftecreasing flow rate to ensure pressure is
within range. High pressure filtration is not recommended because it may break the filter
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membrane A pressureof 20 psi when the flow rate is above 0.25L/min usually
indicates the filter membranes dm@ken. In this case, filter membramasstbe replaced

with newmembrane and theil must be refilled

3.2.4 Phase Behavior Methodology
3.2.4.1 Phase Behavior Description
Phase behavior experiments are a fast and efficient method to identify surfactant

formulation given a crude oil compared to core flooding. Generally there are four criteria
for a successful surfactant formulation that may then be used in core floodialigtdes

its efficiency.

(). Surfactant solution must be clear and in one single phase at reservoir temperature. In
order to achieve this, optimal salinity of the surfactant solution with specific crude oil
must be below the aqueous phase stability limhjch will be described below. This

criterion is critical and should never be compromised.

(2). Solubilization ratio should be higher than 10. Surfactant formulation with high
solubilization ratio corresponds to low interfacial tension between microemuisd

water/oil. Surfactant formulatiewith a solubilization ratio lower than 10 could also

achieve high oil recovery (Zhaa al. 2010). It is better to have the solubilization ratio as

high as possible if t hat 6 s cpterig, showederea whi | e

solubilization ratio ohigher tharl0 isusedto select certain formulatiarior further tests.

(3). The surfactant solutiorshould be free of gel, liquid crystal and other viscous phases
at any possible salinity the surfactantigslmay encounter in core flood or reservoir
condition. Viscous phases in microemulsion tend to retain surfactant in porous media and

therefore deteriorate surfactant performance. Because we use a negative salinity gradient
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to ensure passirtproughthe Tyge Il phase region, there should be no viscous phaste
least at a salinity level at or below optimal salinity, or below reservoir salinity if reservoir

salinity is higher than optimal salinity.

(4). Equilibration time is the time when the volume of niemulsion phase at optimal
salinity ceases changingPhase behavior samplebould have fast equilibration time,
usually less than 7 days. The equilibration of microemulsion phase will decrethge as
salinity deviates from optimal salinitfrast equililbation of microemulsion is a good
indicator of fluid interfaces and low microemulsion viscosity. The equilibration of
microemulsion when surfactant slug meets crude oil at core flood or reservoir is
understood to be faster than at lab because of morectiogtaarea due to porous
structure. Long equilibration time will reduce surfactant oil recovery efficiency and

therefore is not recommended in chemical flooding design.

3.2.4.2 Aqueous Phase Stability Limit Test
The ajueous phase stability lim{APSL) of a surfactant formulations the maximum

salinity the surfactant formulation can havkile remaining in aisgle phase solutionit

is necessary to injea single phase clear surfactasolution for chemical flooding at
reservoir temperature. Chemical flooding with hazy surfactant solwamproven to
contribute to low oil recovery (Sahmt al. 2010). A series of tubes witla specific
surfactant formulation and thsame salinit gradientas optimal solution tubewas
preparecandplaced in a water bath at reservoir temperature for about seven days. Tubes
were checked visually for phase separation. The aqueous phase stability limit is the
salinity above whrethe aqueous phase will separate into two ph&ssw the APSL,

theaqueous phase will remain a single phase.
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Usually the aqueous phase will separate into two phases within a couple of hours
however,whenthe aqueous phasalinity is the APSLIimit, one to two daysnay be
requiredto separate into two phases completBblymer decelerates the phase separation,
and therefore it is important to check the aqueous phase stability limit after sufficient
time, e.g. seven days. No phase separation was observed after seven wates. bath

was used for the aqueous phase stability limit test for better temperature control.

3.2.4.3 Crude Oil Activity Assessment
Total Acid Number (TAN) is the amount of potassium hydroxide in milligrams that is

needed to neutralize the acids in one gramilofTtie btal acid numbeis a measure of
the amounts of naphthenic acid in crudeamitl usually is a good indicator of activity of
crude oil. Therefore the total acid number was measured for Wahrman crude oil to
evaluate its activity.

3.2.5 Phase Behavior Data Analysis
The equations used in data analysis of phase behavior are presented in this section.
Solubilization ratio is an important parameter that could be used to estimate interfacial

tension and hence evaluate surfactant performance.

3.2.5.1 Solubilization Ratio
The solubilization ratio of water/oil is the volume of water/oil present in a microemulsion

phase per volume of total active surfactant in the microemulsion phase. The volume of
water/oil is estimated by the interval between initial aqueous phase ledethan
bottom/top interface level of microemulsion. The total active surfactant is the total
surfactant volume originally dispensed in the pipette asgyuthatall surfactants stay in

the microemulsion phase.
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Eq. 3.2
G ; T water/oil solubilization ratio
V; 1T water/oil solubilized in microemulsion phase
Vs Tvolume of surfactant in microemulsion phase

Water solubilization ratio decreases and oil solubilization ratio increases as salinity
increases. The salinigt whichwater solubilization ratio equals oil solubilization ratio is
defined as theptimal salinity and the solubilization ratio is the omlnsolubilization

ratio. The lowest interfacial tension is achieved at optimal salinitycande estimated

by an equation developed by Huh (1979):

2
(s ) Eq. 3.3

d=interfacial tension
0 * selubilization raticat optimalsalinity
C=constant, about 0.3 dyne/cm

3.2.5.2 Activity Diagram
The saliniy boundary of phase Type Ill and optimal salinity changes with oil

concentration. If the crude oil is active (contains enough naphthenic acid), then the phase
Type Il salinityrangeincreases as oil concentration increasgiwen sufficient alkali in

surfactant formulation. The activity diagram is a plot of the salinity range of phase Type
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I/lI/N versus oil concentration. An activity diagram with a wide type Il saliniéynge
and negative slope is desirable because it will help to pass and mainteifilTppase in
chemical flooding when the salinity gradient is appli@@nerally, natural surfactant is
more hydrophobic than synthetic surfactant therefore optimal salinity shifts to lower
salinity as oil concentration increases. The activity diagram also helps to analyze the
chemical flooding process in the core.

3.3 Core Flood Description
The equipmentused in core floodingncludespumps for injecting fluid into the core;
glass columns for storage of tracer fluid, surfactant slug and polymer, griessure
transducers for measuring pressurasicer devices for evaluatingore dispersion
characteristics; fraction collector for collecting chemical flood effluemd pH and

conductivity metefor analyzing core flood effluent.

3.3.1 Equipment
3.3.1.1 Pumps
Quizix pumpswereused to deliver fluid at a constant flow rate into the corenduwore

flooding. Two pumpsvereused alternatively for the convenience of changing the brine
reservoir. The main pummas a Quizix QX, which hd a maximum flow rate of
200mL/min, and a minimum flow rate 0.002mL/min acwuld withstand a maximum
pressure of 1500psi. The secondary pwmasa Quizix QL-700, which hd a maximum
flow rate of 10mL/min and@ouldwithstand a maximum pressure of 5000psi. Both pumps

wereconnected to and controlled by a computer.
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3.3.1.2 Glass Columns
The glas columns used to store surfactant slug and polymer drive temporarily during

core floodswere Kontes Chromaflex glass columns. The columnd 8@0mL fluid
storage capacity ansleresealed aitight through Viton O rings at thEeflonends. They
could withstand as high as 70psi anere tested prior to use for leakage at pressures

corresponding to those that occurred in core floods.

3.3.1.3 Pressure Transducer/Data Acquisition Recorder
The pressure transducers used in measuring pressure during core floods dyeeVali

Model DP15 series with different rang€me set of pressure transducers with range of

100 psi was used to measure overall pressure across the core. Another six sets of pressure
transducers with range 6t10 psi were used to measure pressaeireach section of the

core. The outpus of transducers are recorded using the data acquisition recorder from
Validyne and managed by Labview software. Raw data are recorde@Casé&conds
intervals according to specific needs and exported into filesulosequent data analysis.

The transducers were calibrated by Mensor. dbgput pressusefrom thetransducers

were adjusted if the transducers gapeessurevalues more than 0.25% of the actual

pressure provided by Mensor.

3.3.1.4 Tracer Devices
Tracerwasinjected into thecoreto determine core pore volume and mixing pattere

core and residual oil saturatidnitially the nontracer solutiorwassodium chloride, and
the tracer solutiorwasthe corresponding sodiuchloride solution plus 1% potassium
nitrate. The Prostar 34845 UV-VIS detector from Varian Analytical Instruments was
used to measure absorbance of nitchteng the tracer testThe permeabilityof Berea

sandstone cores wasducedoy nitrate during the tracer test. Therefardifferenttracer
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testwas developedlhe Prostar 350 Refractive Indeetectorwas used to measutikee
refractive index of different salinity brine used in tracer tests. Thetnager solution
using this devicevascertainsalinity brine andhetracerwasdifferent salinity brineThe
salinity difference betweethe refractive index ofracer and no#tracer solutionwere

selectedo be within instrumentneasuing range.

3.3.1.5 Fraction Collector
Effluent fluid samples from chemical floodlere collected using a RETRIEVER IV

fraction collector from Instrument Specialties Company (ISCO). The fraction collector

used in chemical floodias set to collect 4.5mL effluent every 30 minutes.

3.3.1.6 pH meter
The pH of core flood effluent and aqueous samplas measured bfORIBA Compact

pH meter B213 It wasused to measure the pH of solutions with pH>7 while it is only
calibrated at pH=4 and pH=7. The advantage of this pH metethat it require small
samples only about 0.1mL to cover three electrodes for measurement. Therefwes, it

convenient to use for small sample core flood efflsamples

3.3.1.7 Conductivity Meter
A conductivity meter- YSI 3200 Conductivity Instrumenivas used to measure éh

conductivity ofthe core flood effluent The conductivity meter was first calibrated with
standard solutian The cell constantvasadjustedto let the conductivity meter shothe
correctconductivity value of thetandardsolution The conductivity was measured in mS
and converted to equivalent concentration of sodium chloride through a calibration curve
Surfactants, alcohols and polymexduce solution conductivity slightly bwtere not

taken into account in the calibration curve.
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3.3.2 Core Flood Methodology
Laboratory core floosiwere necessary to demonstrate reitovery efficiency for each

surfactant formulationBerea sandstone and Indiana limestone as industry core standards
were used in core floods to help examine surfactant formulation efficiency and
understand chemical flood process in the c&ene permeability measurement and
tracer tests were conducted at room temperature (ab8Q) @dile core floods (brine
flood, oil flood, water flood and chemical flood) were conducted at Wahrman oil
reservoir temperature (A3). Coreorientation (vertical/horizontal) during core flodet

not seem to affect oil recovery for Berea sandstone cores, therefore core floods for all
Berea sandstones except the first Berea sandstone corevéoedone horizontally for
convenience. After observinghat appeared to bgravity segregation during coreo@id

in the first limestone core flood, core floods in limestonere done vertically to

minimizethe gravity effect.

Permeability reductiowasoftenobserved anthcreasedvith time for Berea sandstore
particularly for the inlet section. Thereforafter the coravas saturated, brine flooding,

oil flooding, water flooding and chemical floodimgeredone soon to avoid permeability
variation. Core flood procedure includes a tracer test, brine flooding, oil flooding, water

flooding, chemical flooding and also an effluent properties analysis and pressure analysis.

3.3.2.1 Tracer Test
After casting and saturaty the core with 2% sodium chloride (NacCl), a tracer test was

conducted to examine the dispersion characteristic of the aratethe pore volume
During the tracer tests, the tracer (e.g. 1% KNO3) was injected into the core along with

the carrier fluid (eg. 2% NaCl brine) and was detected at the end of the core after some
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period of time. The tracer curve was a curve showing how tracer concentration in the
effluent changed with time/volume injected. The pore volume or residual oil saturation
wasdetermined fromintegration of the tracer curve. The tracer curve also showed how
easily fluids could be dispersed when it flowed through the ddre dispersion property

of the corewasa very important factor in chemical floodingespecially in limesine

since its pore structure and wettabilityas quite different, or worse to some degree,
compared to sandstone. Cores with a large dispersion coefingeatiscarded, owere

used to interpret chemical flooding process even if it is used. Initigdlgert tests were
conducted only before brine flooding, later tracer tests were also done after water

flooding to understand the dispersion property during chemical flooding.

3.3.2.2 Brine Flooding
After the tracer test, the comasflushed with either brine ofqriivalent salinity to the

surfactant formulation osyntheticformation brine. The objective of brine floodimgas

to prepare the core to be at the desired conditidos example, at optimal salinity of

surfactant formulation for best surfactant perfonoe or aformationbrine condition to

better mimic reservoir conditions in chemical floodingv#tsnecessary to recalculate the
brinebébs absolute permeability as the | atest

reduction mentioned above.

3.3.2.3 Oil Floodin g
The objective of oil floodingvas to establish thenitial oil saturationprior to water

flooding. The detailed process of oil flooding is described below. Set up the apparatus as
in Figure 3.4 Filledcrude oil to the tubing up to the inlet valve; eragthe tubing from

the outlet valve to the end so thevasno need to calculate dead tubing volume in the

56



mass balance calculation of initial oil saturation. If the seasplaced horizontally, yt

the core in a position so that the pressure ports on the core are facing upside down to
minimize a capillary pressure effect during pressure logging. If the e@®placed
vertically, oil should be injected into the top end for considerationeoflitferent gravity

effects on water and oil. Inlet and outlet dead tubing length (the length between inlet
valve and core, and the length between core and outlet) should be measured for dead
volume calculation and so ¢buld betaken into account in th@ass balance calculation

of initial oil saturation.

Oil flooding wasdone at an appropriate injection rate to ensure the pressure\gasge
within limits. The effluent brine volumeasrecorded at certain intervals, particularly at
the time when oil breaks out of the core. Thus, the oil/water production history can be
examined and compared between each core. Oil injectasistopped when pressure
stabilized and no brinewas produced Usually 34 pore volume injections of oWere
needed. Collect the effluent brine in a burette; measure its weight and the demsity at
temperaturend reservoir temperature to calculate brine volume at reservoir temperature.
The oil volumein the @rewasthe effluent brine volume aftsubtractinghe deadtubing

and dead valve volume at reservoir temperature. Initial oil/residual water satsivetien
calculated. The differential pressartor the entire core and each section during oil
flooding were recorded so oil permeability and relative oil permeability could be

calculated.

3.3.2.4 Water Flooding
Water flooding with filtered brine of equivalent salinity to the surfactant formulatron

synthetic formation brine followethe oil flood. The detailed process of water flooding
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is described below. Set up the apparatus &guare 3.5 Brine was filledin the tubing up

to the inlet valvethe tubing from the outlet valve to the emdsempted for convenience

of mass balance calculation. If the carasplaced horizontally, put the core in a position
such that the ports on the core are facing upside dowmrtionize a capillary pressure
effects during pressureneasurementf the coe wasplaced vertically, inject water from

the bottom end for consideration of the different gravity effects on water and oil. Inlet
and outlet dead tubing length (the length between the inlet valve and core, and the length

between the core and the outkghpuld be measured for dead volume calculation.

All water floodswere conducted at 0.3 mL/min (~ 4 feet/day) to mimic an actual water
flood situation. Effluent oil volumevas recorded during a certain period of time
particularly at the time wdn water breaks through so the oil/water production history
could be examined and compared among each ddre.water floodvas stopped when

no oil wasproducel, or oil cutdecreasedtb less than 1% and pressure stabilizésually

it required about 0.4 pce volume of brine injection. Collect the effluent crude oil in a
burette; measure the weight of the crude oil effluent and its density@ta26l reservoir
temperature to calculate oil volume at reservoir temperature.véhene of brine
remaining inthe corewas the crude oil effluent volume at reservoir temperature after
subtractingthe deadtubing anddeadvalve volume. Residual oil/water saturatiaere

calculated.

The differential pressures for the entire core or each section were recordécutatea
water permeability and relative water permeability. After water floodingagnecessary
to flush each pressure port to eliminate the capillary pressure effect during pressure

logging in chemical flooding; also check whether all the pressums@flow rats were
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the same as before the water flood; repeat flushing the corresponding pressure ports until
they are the same. For data consistency, after water flooding, flow rate was reduced to
chemical flood flow rate, usually 0.15mL/min, and pressiof sections except section 1

were recorded and compared with the pressures at the beginning of chemical flooding.

3.3.2.5 Chemical Flooding
Chemical flooding was done after water flooding determinethe performance of

surfactant formulation and recoveryrasidual oil in the core as tertiary recovery. Set up
the apparatus as iRigure 3.6. It was necessary to prepare the surfactant slug and
conduct phase behavior tests with crude oil prior to chemical flooding to ensure the
surfactant slugvas at optimal shnity. If phase behavior shows the surfactant skag

not at the desired salinity then another surfactantwhgmade and tested untilitasat

the desired salinity. A 0-8.6PV surfactant slug was usually injected into the core
followed by a 1.41.7PV polymer drive. About 30mL of extra surfactant slug and
polymer drive should be prepared to measure their viscosities at low shear rate by Bohlin
CS rheometer. The viscosities at low shear ve¢ee used for mobility analysis and
apparent viscosity calculation during chemical flooding. The actual viscosiiesalso
compared with designed viscosity for mobility control; if the viscosiass lower than
desired viscosity, then a new slug or dnivesmade. If the cor@vasplaced horizontally,

put the core in a position such that the ports on the core are facing upside down to avoid a
capillary pressure effect during pressure logging. If the e@®placed vertically, inject
surfactant slug and polymé&om the bottom end for consideration of the different gravity

effects of water and oil.
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All chemical floodsweredone at a constant flow rate of 0.15mL/min (~2 feet/day) until
no more oilwasproduced. lwvasimportant to record the time of crude bieakthrough
and surfactant breakthrough. The surfactant breakthroughviesevhen oil emulsion
was observed in the tubing near the outlet of the core aftedean oil drop.Effluent
fluids were collected by fraction collector every 30 minutes dather analysis. Aftethe
chemical floodingwas completedthe polymer solution was injected at differentflow
rates, e.g. 0.05mL/min, 0.075mL/min, 0.1mL/min, 0.125mL/min, 0.15mL/min, 0.2
mL/min for 1 hour each, antthe pressure were recordeéor polymer in situ rheology
analysis.The effluent from thepolymer flow experiment was collecteéd measurets
viscosity with the Bohlin CS rheometéefhe effluent rheogram was compared to the
measured rheogram of the polymer driveinB with equivéent salinity to the polymer
drive was injecteduntil therewere no pressure changes. Permeability reduction factor

wasevaluated.

The effluent vials were set in oven at reservoir temperature to equilibrate for about 3
days to separate crude oil frometlemulsion and aqueous phase. The oil cut and
cumulative oil recovery were calculated in the manner described above. Effluent pH,
conductivity and viscosity and surfactant concentration were measured to evaluate the

performance of the surfactant formulatio

3.3.3 Core Flood Data Analysis
3.3.3.1 Bulk Volume
The bulk volume of a coreas calculated from the dimensions of diameter and length

before casting with epoxy according to the equation:
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pD?L

V, =
4 Eq. 3.4

V, T bulk volumemL
D 1 core diametecm
L 7 core lengttcm

3.3.3.2 Pore Volume
The pore volume (PVvas calculated by mass balance and a tracer test. For the tracer
test, which will be described later, the pore voluwes calculated by integrating the
tracer curve. For the mass balance method, pore volvaméhe mass of saturated brine
divided by density bbrine:

V. = Myawrated™ Myacuume
p
! brine Eq 35

Vp1i pore volumemL
Msatwrated! Mass of brine saturated caye

Myacuumed Mass of vacuumed cqee

Tbine _density of brine, g/mL

3.3.3.3 Porosity
Porosity of the core is pore volume divided by bulk volume as follows:

VP

F=_2
Vi Eq. 36
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f --porosity

V, T pore volumemL
Vp, T bulk volumemL

3.3.3.4 Brine Permeability
After the core was saturated with brine, bvmasinjected into the core at different flow

rates, and pressure was recorded to calculate absolute brine permeability. The brine

permeabil ity can be calcul ated by rearranged
(=9t
ADp Eq. 37

Korine T @bsolute brine permeabilitnD
g flow ratemL/min

g @ overall pressure dropsi

M --brine viscositycP

L i core lengttcm

A'i core cross section areant

3.3.3.5 Effective Oil/Water Permeability
The effective oil permeability is the oil permeability at the end of the oil flood. The oil

flow rate, oil viscosity and the overall pressure (oil pressure) at the end of the oil flood
are used to calculate effective oil permeajilithe effective water permeability is the

water permeability at the end of the water flood. The water flow rate, water viscosity and
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overall pressure (water pressure) at the end of the water flood are used to calculate

effective water permeability. Theesqat i on i s Darcyos Law, given
w WL
kolw = quDnz/
Porw Eq. 38

kow T permeability to oil/watemD

Joiw T 0il flow ratemL/min

Uo T oil/waterviscosity,cP

o pw | overall pressure drop of oil phase at the end of oil flpsd
or water phase at the end of water flood

3.3.3.6 End Point Relative Oil/Water Permeability
End point relative oil/water permeability is effective oil/water permeability dividing by

brine permeability as shown:

ks Eq. 39
k? --end point oil relative permeability
ko1 effective oil phase permeabiljtyD

Korine T brine permeabilitymD

o _K,
Kew
ks Eq. 310

k° --end point @ relative permeability
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k.1 effective water permeabilitgnD

Korine T brine permeabilitymD

3.3.3.7 Initial Oil Saturation
After the corewassaturated with brine, the conas oil flooded until no more watavas

produce and pressure stabilidelnitial oil saturation could be determined through mass

balance:
V

Soi =-r
Vp

Eq. 311
Si Tinitial oil saturation

Vi Tvolume of water displaced during oil flogalL

V, T pore volumemL

3.3.3.8 Residual Oil Saturation
After oil flooding, the corevaswater flooded until no oil produces, where residual oil

saturation is reached, and pressure stabilizes. Residual oil saturatierrésniaining olil

dividing by pore volume:

P Eq. 3.2
Sow i residual oil saturation after water flood
Vw Tvolume of water disgiced during oil floognL

V, Tvolume of oil displaced during water flomalL
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After chemical flooding, the residual oil saturation can be calculated as follows:

SV
S» — Sorw ~p oc
ocC V

p Eq. 3.8

Sorc Tresidual oil saturation after chemical flood
Voc i volume of oil displaced during chemical flgatL

3.3.3.9 Mobility Ratio
The mobility and mobility rat calculations are important to determine appropriate

apparent viscosity for the injected fluid to achieve good mobility control during chemical
flooding. They are based on viscosity and relative permeability and will determine the
molecular weight and caentration of polymer in the surfactant slug and polymer drive.

The mobility design of chemical flooding in this reseancisb a s ed on Gogartyoés

mobility control theory. The total mobility is the sum of water and oil mobility given as:

/t :kbrine;kr_w +kﬂ
¢ A Eq. 3.4

The plot of total mobility versus water saturation yields minimum total mobility at some
water saturation. According to Gogartyobility of surfactant slug and polymer drive
should be lower than minimum total mobility of oil/water bank, which means the

viscosity of slug and drive should be higher than the minimum apparent viscosity:

_kbrine — kbrine
/t_min (kW/ uW+ kO/ uo)min Eq 3.6

nZIug/drive > q&gmax

Msiugrarivel Surfactant slug or polymer drive viscosaly

Mapp maxi Maximum apparent viscosjoP
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& minl Minimum total relative mobilitynD/cP

3.3.3.10 Polymer Resistance Factor
The polymer resistance factor is the ratiovater mobility to polymer mobility.

Eq. 3.5
R T polymer resistance factor

Mp T polymer viscositycP

My T water viscositycP

ko1 effective polymer permeabilitpnD

k.1 effective brine permeabilitynD

At the end of chemical flooding, if the residual oil saturation reaches zero, which means
the main flow fluid is polymer solution, then the resistance factor can be calculated using

this equation:

T
1]

vO) Qo

S

Q. O: O

H

Eq. 3.7

3.3.3.11 Polymer Permeability Reduction Factor
The polymer permeability reduction factor is the ratio of the effective brine permeability

to effective polymer permeability:

p Eq. 3.B
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R« T polymer permeability reduction factor
ko1 effective polymer permeabilignD
k1 effective brine permeabilitynD

The effective polymer/brine permeability both asssrbane or polymer is the only
flowing fluid in the core. Effectie polymer permeability is usually lower than brine

permeability because of polymer absorption on rock surfaces.

3.3.3.12 Qil Cut
The method to calculate oil cutasdeveloped by Dr. Kaixu Sondt used height of oil

phase tocorrdate volume of oil. Calibratiorcurve of oil height and oil volume was

developed to measure and calculate correct oil volume.

3.3.3.13 Cumulative Oil Recovery
The effluent of chemical floowas collected by a fraction collector and the cumulative

oil volume wasthe sum of oil volume in each vialhe effluent with microemulsion
phasewas placed in the oven at reservoir temperature for 3 to 5 days to break the

microemulsion. The cumulative oil recovery is calculated as below:

n

a (Vo)

Cumulative oil recovery 1 Eq. 3.8

(PV&R,)
V,i i volume of free oil in vial (imD
So Tresidual oil saturation

V, T pore volumemD
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Table 3.1The names, supplier and abbreviated chemical representation of the surfactants

used in this research

Trade Name (Supplier)

Common Chemical
Name

Abbreviated
Chemical
Representation

Alfoterra® 123-8S (Sasol)

Alcohol Propoxy Sulfate

C1213-(PO)s-SO4

Alfoterra® 145-4S (Sasol)

Alcohol Propoxy Sulfate

C1415-(PO)4-SO4

Alfoterra® 145-8S (Sasol)

Alcohol Propoxy Sulfate

C1415-(PO)g-SO4

Alfoterra® 167-4S (Sasol)

Alcohol Propoxy Sulfate

C1617-(PO)4-SO4

Alfoterra® 167-7S (Sasol)

Alcohol Propoxy Sulfate

Ci617-(PO)7-SO4

Petrostep® S-1 (Stepan/TIORCO) Alcohol Propoxy Sulfate Ci6.17-(PO);-S0O4
Petrostep® S-3 (Stepan/TIORCO) Internal Olefin Sulfonate C20.2410S
Petrostep® S-2 (Stepan/TIORCO) Internal Olefin Sulfonate Ci5.1510S
Petrostep® C-1 (Stepan/TIORCO) Alpha Olefin Sulfonate Not Available
Petrostep® C-5 (Stepan/TIORCO) Alpha Olefin Sulfonate Not Available
Petrostep® S-8B (Stepan/TIORCO) Alcohol Propoxy Sulfate Not Available
Petrostep® S-8C (Stepan/TIORCO) Alcohol Propoxy Sulfate Not Available
Petrostep® S-13B (Stepan/TIORCO) Alcohol Propoxy Sulfate Not Available
Petrostep® S-13C (Stepan/TIORCO) Alcohol Propoxy Sulfate Not Available
Petrostep® S-13D (Stepan/TIORCO) Alcohol Propoxy Sulfate Ci6.17-(PO),-SO4
Neodol® 25-12 (Shell) Alcohol Ethoxylate Not Available
Neodol® 25-9 (Shell) Alcohol Ethoxylate Not Available

Table 32 Polymeractivity information

Molecular Weight| Hydrolysis in Mole | Activity
Polymer
(MM Dalton) (%) (%)
Flopaam 3330S ~8 2530 90.1
Flopaam 3430S ~12 2530 92.2
Flopaam 3530S ~16 2530 88.9
Flopaam 3630S ~20 2530 89.0
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Table 33 Polymerbulk solution (5000ppm polymer +2% NaCl) weight

Total
Activity Polymer | NaCl | DI Water
Polymer weight
(%) (9) (9) (9) (9)
Flopaam3330S 90.1 500 2.7747 10 487.2253
Flopaam3430S 92.2 500 2.7115 10 487.2885
Flopaam3530S 88.9 500 2.8121 10 487.1879
Flopaam3630S 89 500 2.8090 10 487.1910
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Figure 3.1 Anexample of a weight log of polymer filtration (filtration ratio=1.14).
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Chapter4 0 EAOAEAOETI O 2A00I1 00
4.1 Introduction

The results of phase behavior experiments conducted in this research are presented in this
chapter. The objective of experimentasto developa surfactant formulation for core
flooding of Wahrman crude oil.ln Chapter 3, the criteria for a satisfactory surfactant
system were introduced. These criteria areAdYieous Phase Stability Limit must be
established at reservoir temperati2eOptimal salinity must be less thaine Aqueous
PhaseStability Limit; 3) Solubilization ratio must be greater than 10;E¢uilibration
time must be less than 7 days at reservoir temperaturdp 5)iscous phases and 6)
Criteria 25 must be maintained when polymer is added to increase the solution viscosity
to the level required for mobility control during core floods. Normally, the salinity of the
surfactant slug for injection will be ¢hoptimal salinity. In additiorCriteria :6, must be
satisfied when alkali (NaxCQ3) is added to increase pithich reduces retention in

sandstone and carbonate cores.

First, the effects of parameters, e.g. surfactant type/ratio/concentration swideab
type/concentration on phase behavior are discussed to help understand how to adjust
these parameters t@wklop and optimize a surfactant formulation satisfying all screening
criteria. Thenthe proceses involved with selecting surfactants arabsolvent are
described. Problems occurred during the process and the methods to overcome the
problems are describedlhe surfactant formulation finalized for core flooding

presented
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4.2 Initial Surfactant Formulation

Typical surfactant formulations in thiesearch contain primary surfactardsurfactant
cosolvent electrolyte and optional alkali and polymer. The selection of surfactant type
andcosolventtype is critical to a successful formulatidn.addition,the surfatant ratio,
surfactant concentrationgosolvent concentration, alkali type and oil concentration
influence the phase behavior results and need fine adjustment to optimize the surfactant

formulation.

4.2.1 Primary Surfactant and Cosurfactant

The primary surfactant is discussed here because its strumdnrée varied to control
solubilization and stabilityAlcohol propoxy sulfates (APS) are excellent surfastémt
crude oik in relatively low temperature reservairAlcohol propoxy sulfates cdain
characteristic propoxy grogpwhich are more hydrophilicthan the carbon chain tail.
Varying the propoxy group number and/or carbon chain leatjhisthe solubility of
surfactant in agueous phamedthe optimal salinity from the phase behavior with crude

oil.

Based on literaturethe alcohol propoxy sulfateCi6:7-7POSO;" was an excellent
primary surfactant for light ade oil. Therefore it was selectadthe primary surfactant
with cosurfactantC;s1g IOS and cosolvent(SBA) at varioussurfactant concentratign
surfactantratios and cosolventconcentratios (Table4.1). High surfactant concentration
(1-2 %) resulted insolubilization ratie above 10 whildow surfactant concentratisn
(0.5 %) had solubilization ratie below 10.Phase behavior experiments were usually
conducted with 1% surfactant concentratidiormulatiors with surfactant ratisof 1.67
2.67 producedfluid microemulsion phasewith high solublization ratics (Figure 4.1,
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Figure 4.2 andFigure 4.3). Formulatiors with surfactant ratis higher than 3 produced
liquid crystal phasgeven if morecosolvent(SBA) was added to the formulation ( Table

41, 522,527,528, 529, 533-3, 534-3).

Because of the good performanceQg 1-7POSQO, , similar surfactants with variable
carbon chain length and propoxy groupsre tested and compared with each other
(Table4.3). Among all thessimilar surfactantsC;,.13-8PO-SO,” was the most promising
surfactant.Then this surfactantwas tested with alkali (Tablet.2, Table4.3) to take
advantage of reducingnionicsurfactant adsorptiohby increasing pHvalue After some
modification, a formulation containing 0.880C,13-8P0O-SO; , 0.11P6 Cy515 10S, 2%
SBA, 0.3% NaOH producd fluid microemulsion phasewith solubilization ratis above

10 (Table 3, 826; Figure 4.4).

Other alcohol propoxy sulfateBetrostep 8BPetrostep 8CPetrostep 13BndPetrostep

13C were tested witlCy515 IOS and SBA (Table 4.4). All of these surfactants showed
viscous microemulsion phase therefore are not tested further. Another alcohol propoxy
Ci13-n-PO-SO; was tested withCi515 I0OS and SBA, and it showed good performance
with fluid microemulsion phase and high solubilization rgfi@ble 4.5, 1474, 1175,

11-78(2),11-79(2),Figure 45).

The primary surfactant selected for this researchame®d Cie1-7POSQO, with
combination of other components suchcasurfactanC;sg I0S andcosolventSBA in

the formulation.

Internal olefin sulfonate, particularly 165 10S, was used as theosurfactantin the

majority of the phase behavior experiments. Alcohol propoxy sulfatesawotig carbon
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chain tail are relatively more hydrophobic than the internal olefin sulfonatgs(lOS).
The IOS is more hydrophilic than the ARSlancing the solubilizen. Increasing the
surfactant rati(5/COS) reduces theoptimal salinity because the surfactant is more
soluble in the oil phasendmayincrease the optimal solubilization ratio

4.2.2 Cosolvent
Alcohol is necessary to meet phase behavior critl@hol helps to reduce or eliminate
viscous phase, accelerate equilibration and increase aqueous solubility of surfactants. The
main drawback of adding alcohol is thaloivers the solubilization ratio.herefore effort
wasmade to reduce alcohol concentration or replace it with ctheslventcosurfactant
e.g. alcohol ethoxylate, while maintaining other screening criteria met. Second butyl
alcohol (SBA)was a provencosolventfor light crude oil, and was tested in the
preliminary phase behavior study for Wahrman crude oil.

4.2.3 Initial Phase Behavior Results
Various alcohol propoxy sulfatesystemswere formulatedwith 1 wt% C;515l0S and2
wt% SBA at room temperate (~23C) at S/COS ratios of 3 and 1.67. These soludion
were also mixed wittWWahrman crude o0i(1:1 volume ratio) to determine the optimal
salinity. Results are presentBjure 4.6 in where salinity is plotte@gainstsurfactant
composition for APS chain lengths of -13 and 1415 with 8PO groups in each
surfactant. The results Figure 4.6 show that mcreasing the length of the carbon chain
reduces the aqueous phase stability limit (APSL) and optimal salinifigure 4.6), but
increass the optimal solubilization ratio Results inFigure 4.7 show thatncreasing the

number of propoxy groups increasbe APSL and redussoptimal salinity However,
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the surfactant systems figure 4.7, did not meet the criterion that optimal salinity is less

than APSL. Neitherof the systems irFigure 4.6, me this criterion.

Developing formulations where th&PSL was greaterthan optimal salinitywas the

major challenge to develop a surfactant systéan Wahrman crude oil.

Figure 4.8 demonstrates thaeéducingthe carbonchain lengthincreasing the number of
propoxy groupsand adding 0.5wt% Na2CO3 led to a surfactant system in which the
optimal salinity was less than tA€SL while retainng solubilization ratis over 14.

4.2.4 Passing Aqueous Phase Test
The objective ofthe aqueous phase test was to ensure the integrity of surfactant
formulation when injecting it into the reservoir at reservoir temperature. The APSL was
not evaluated until the late stage of experiment W5 when the agueous phase separated
into two phases at aptal salinity at room temperature (3. The APSL wasitially
evaluated at room temperature (223 because it was believed APSL would improve at
elevated temperature. Subsequently it was found out that APSL at reservoir temperature
was about0.5%NaCl lower than APSL at room temperatuFéggre 4.9). Thus, it

became apparent that AP8&lustbe evaluated at Wahrman reservoir temperaturdgoy3

Many combinations of surfactant, cosurfactant aodolvent metall criteria except
APSL The major problem was that the optimal salinity was consistently higher than the

APSL.

Tests were conducted teducethe optimum salinitybelow the APSLby increasing
surfactant ratio. Optimal salinities decreased but APSLddsceased to the same degree.

The criterion was not met by this approaéhg(re 4.10 and Figure 4.11). Another
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primary surfactant (G.138P0OSQ,) was selected to meet the aqueous phase tes
criterion because of its slightly better hydrophilicity tham{&7P0OSO, and good
microemulsion performance. Formulations with-3-8PO-SO, at low surfactant ratio
(Table 4.2, 81, 86) and high surfactant ratio (tachieve low optimal salinityhigh
alcohol concentration and alkali (NaOH) were required to eliminate viscous phase, Table
42,821, 822, 614, 615,) were tested but still failed the aqueous phase test evaluated at

room temperatureé~jgure 4.11).

A third primary surfactantCi3-n-PO-SO, was introduced and tested with SBA.
Formulations with this primary surfactant had much lower optimal salinity than
formulations with Gg17-7PO-SO; but still barely passed aqueous phase with SBA (Table

4.5, 1180, 1189, Figure 4.12).

The combination of SBA with surfacta@te17-7PO-SO, and C;,.15-8POSO, failed the
agqueais phase test{gure 4.9, Figure 4.10 andFigure 4.11). The combination of SBA

with surfactantCi3-n-PO-SQOy just barely passed the aqueous phase tagufe 4.12)
because of the improved hydrophilicity of surfactant with shorter carbon chain length and
more PO groupsThe gapwas reduced or bege negative (fail the agueous phase test)

whenpolymerwas addedo the formulation.

Glycol ether alcohols, including ethylene glycol butyl ether (EGBEEthylene glycol
butyl ether (DGBE)ndtri-ethylene glycol butyl etheiTGBE), wereintroducedin later
phase behavior studide increase the APSL above the optimal salin@®ycol ether
alcohol,with the combination of hydrocarbon chaether and alcohpprovides versatile

solvency with both polar and ngoolar properties. The long hydrocarbonain resist
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solubilizingin water, while ether an@lcohol groups promote hydrophilic solubilifihis
surfactandlike structure provides the compatibility between water and organic solvents,
and the ability to couple unlike phaseSurfactant formulaons using glycol ether
alcoholsfor the cosolveneasily passdthe aqueous phase teShe optimal salinity also
increases with more ether groups in the alcohol. Among formulations with surfactant 0.75%
Ci1617-7POSOy , 0.25%C;51510S, 1.75% glycoletheralcohols, formulation with TGBE
hasthe highest APSL while formulation with DGBE has the widest gap between APSL
and optimal salinity Kigure 4.13). The eher group improve hydrophilicity and
correspondingly redusethe HLB. Therefore more ether groups will decrease the
optimal solubilization ratio (Figure 4.13). Among formulations with 0.78%s-n-PO-

SOy, 0.25% Gs15 10S, 1.75% alcohgl0.5% NaCO;s, the gap between APSL and optimal
salinity maintains positive all three alcoholsdure 4.14). The formulation with DGBE

had the lowest solubilization ratio, lower than 1t the largest gap between APSL and

optimal salinity

The effect of cosolvent was investigated by replacing SBA wglitbol ether alcohol It
wasmuch easier toncreaseAPSL above theoptimal salinity. Formulations with 17
7POSQ, (Table 4.5, 1444, 1245, and 1446), G»13-8POSO; (Table 4.5, 1431) and
Ci3-n-POSO; (Table 4.5, 13164, 1165 and 1166) all passed the aqueous phase
evaluated at reservoir temperature. Modifications like varying surfactant ratio, adding
more than one alcohol (Table 4.5,-23S, 1332, 1133-S, 1139, etc.) and varying
alcohol concentratn (Table 4.5, 17, 1329, 1130, etc.) were made to increase the

gap between APSL and optimal salinitks noted earlier,DGBE had the widest
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APSL/O.S. gapand became the maicosolventin the later phase behavior siesl

These changes are discussed in subsequent sections

One formulation containing.73% Ge1-7POSO;, 0.27%% C;51510S, 1.46% EGBE,0.29%
DGBE, 0.36 Na,CO; was found promising with solubilization ratio of 1Bigure 4.15),
fast equilibration about3 days(Figure 4.16), fluid microemulsion phasd-{gure 4.17)
and APSL/O.S. gap of 0.35% NaCl; another similar formulation contathiftefo Ge.17-
7P0OSOy, 0.25% % Cis15 10S, 1.6%6 EGBE,0.33% DGBE, 0.5% N&O; was also
promising with solubilization ratio of 1F{gure 4.18), fast equilibration about3 days
(Figure 4.19), fluid microemulsion phaseFigure 4.20) and APSL/O.S. gap of 0.35%
NaCl. We also found that the value of the APSL may take several days to attain
equilibrium as shown ifigure 4.21.

4.3 Optimiza tion of Surfactant Formulation
Optimization of surfactant formulation selects the best formulation among all the
formulations that satisfy all screening criteria. It includes selection of primary surfactant,

cosurfactantcosolventand the redesign of the formulation with the selected components.

4.3.1 Effect of Surfactant Ratio

Alcohol propoxy sulfatesare relatively more hydrophobic therefore stronger oll
solubilization ability than the internal olefin sulfonat& 4,5 I0S). Therefore increasing

the surfactant ratio will reduce the optimal salinity and increase the optimal solubilization
ratio (Figure 4.22 and Figure 4.23). The degree of reduction in amial salinity is
dependent on each individual surfactant structure, however, the optimal salinity reduces
more when increasing surfactant ratio at the low range than at the high Fague @.

11). Alcohol propoxy sulfate ikess water soluble than internal olefin sulfonate, therefore
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increasing the surfactant ratio will also reduce the AR&iwever formulations with too
high surfactant ratio produce viscous or liquid crystal microemulsion phases.
Cosurfactantis desirable in surfactant formulation because it has highly branched
structure to disturb therderly interfaces formed by surfactant and oil/water therefore
avoid viscous/liquid crystal phaseBhe effects of increasing thsurfactant ratio can be
compasated by adding moemsolvent Neverthelessthis requires much moreosolvent
(e.g. SBA)and maystill fail the agueous phase tegtiqure 4.10) and comprise the
solubilization ratio. When a surfactant forratibn passes aqueous phase test, the gap
between the APSknd optimal salinity does not increase much as increasing surfactant
ratio, but higher surfactant ratio yieldhigher optimal solubilization ratid~{gure 4.22
and Figure 4.23). The optimum surfactant ratio should be determined based on
appearance of microemulsion and desired optimal salinityeasinghe surfactant ratio
is not an effective way to pass the aqueous phase testrease the gap between APSL
and optimal salinity.

4.3.2 Effect of Surfactant Concentration
Low surfactant concentration is desirable from an economic point of Reducing the
surfactant concentration can increase the ABSIshown irFigure 4.24, because more
salt can bedissolved in the aqueous phdsefore causing the surfactant to precipitate
Reducing surfactant concentration also reduces optimal saliiguré 4.24) because
less surfactant requires less salt to drive surfactant to the oil phase and solubilize oil in
the microemulsion to achieve equal oil amdter solubilization ratioFor the surfactant
system m Figure 4.24, the APSL is greater than the optimal salinity for surfactant

concentration less thdah65 wt%. e solubilization rati@loes not vary significantly wit
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surfactant concentration for this system.Lower surfactant concentration tends to
producea more fluid microemulsion phase and faster equilibratReducing surfactant
concentration is an effective way to pass the aqueous phase test while stilimmgnta
phase behavior performandg¢owever, is capability to displace the oil in corfiooding
tests maybe compromised because of extensive dispersion characterdiicng
displacement in porous rocksdiscussed ilChapters.

4.3.3 Effects of Cosurfactant
Ci151810S was the initiacosurfactanstudied and performed well in eliminating viscous
phases and adjusting optimal salinity through changing the ratio of primary
surfactantosurfactantOther sulfonates were investigated to determine if phase behavior
parameters could be improved.,oeuOS was examined but yielded extra low optimal
salinity with low solubilization ratio. Visags microemulsion phases formetien used
as acosurfactantlone. This surfactant was tested as a secormmyrfactantvith Cis
18lOS and DGBEnN an attempto utilize its low optimal salinity. Viscous microemulsion

phases appeared after 50 days (Table 4-251(® 1339).

Two alpha olefin sulfonate$etrostep C5 and Petrostep, Gere tested asosurfactant
but did not fom distinct microemulsion phases withsG-7PO-SOy and SBA (Table 4,

9-1, 92, 95, 96). Therefore, they were not testedther.

Alcohol ethoxylates ascosurfactanthad high optimal salinity due toheir strong
hydrophilicity even with small concentrations (e.g. 0.1%). Two alcohol ethoxylates C
157 12EO (Neodol 282) and G,15-9EO (Neodol 25) were added to surfactant
formulation (0.36% Ge17-7POSQy, 0.14% Gs180S, 1.75% DGBE, 1% N&Os) for

coreflood to determine whether the performance of the surfactant formulation could be
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improved. The aqueous phase tests failled when either sulfonate was used as a
cosurfactanbecause the optimal salinity increased and the APSL decr€bsid 4.7,

131, 132, 133).

In summary, C;515lOS was the only gooaosurfactantfound among the available
surfactants and was tested in majority of the phase behavior study in this research.
4.3.4 Effect of Cosolvent Concentration

The disadvantage of addirapsolvent(alcoho) to a surfactant formulation is thahe
solubilization ratiois reduced The amount of reduction depends othe surfactant
formulation Eigure 4.25 andFigure 4.26). Formulatiors with less alcohol (e.g. 1.25%
DGBE) equilibrate slower and %@ much higher solubilization ratio than formulatson
with more alcohol (e.g. 1.75% DGBEMHowever, after the microemulsion phase is
equilibrated, the formulation containing 1.25%DGBE had only a slightly higher

solubilization ratio thatheformulationcontaining 1.75% DGBE

Increasing cosolvent concentration affest optimal salinity depending of the
hydrophobicity of thecasolvent. For example, increasing SBA redsaptimal salinity
and increaseAPSL, which helps to pass the aqueous phase Fegtire 4.12 andFigure
4.25). Glycol ether alcohol because of its strong hydiagty increases optimal salinity
and APSL at the same timEigure 4.26).

4.3.5 Effect of Alkali
The objective of adding alkali to the surfactant formulation is to reduce anionic surfactant
adsorption through increasing thgH value therefore reversing the charge on the
reservoir rock surface to negative. Sodium hydroxide and sodium carbosr@ttested

in this researciNaCO; acts like NaCl in terms of its effect on optimal saliniggure 4.
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27). NaOH reduces optimal salinity more thAlCO; but does not help pass the
aqueous phase testigure 4.28). NaOHusewasdiscontinueddue toscalirg problem in

the field application.

A pH value higher than 9 is believed to be sufficienthesurface chargef carbonate
rocks from positive to negative. A concentration0Odiwt% Na2CO3in the surfactant
solutioncould raise thepH value higher than 9. Therefore in later phase behavior study,

minimum concentration of 0.5% Na2C®@&s added to each formulation.

Alkali can accelerate microemulsion equilibration, particularly to the formulation with
high surfactant ratioFigure 4.29 shows addition of 0.3% NaOH helps microemulsion
phase equilibrate within 2 days while formulation without alkali takes much longer to
equilibrate.Na&COs has similar effect on equilibration time, though notdasmatic as

NaOH.

Another function of alkali (sodium carbonate) is to react with naphthenic acid in the
crude oil and produce natural surfaciaMatural surfactasthave lower optimal salinity
than synthetic surfactant and therefore can reduce opsiataity below APSL to pass
agueous phase te3the Wahrman crude othas alow acid number (0.014g KOH /g) and
thus, contains little naphthenic acidThis is verified by phase behavior of Wahrman
crude oil systemsirgce sodium carbonate acts likeodium chloridein determining
optimal salinity,

4.3.6 Effect of Polymer
The srfactant formulatiormust contain polymer to increase its viscossiyfficient to

obtainmobility control when displacing oil in the core or reservoir. Phase behaeasr
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determired for systems meeting Criteria5lby adding polymer to the formulatiott.is
necessary toletermine the APSL, optimal salinity and solubilization ratfi@r polymer
is added to the formulatioithe polymers used were partially hydrolyzed polyacrylamid
with average molecular weight ranging fr&MM Daltonto 20 MM Dalton Figure 4.
30 shows that polymer (FP3530S) concentration changes both optimal salinity and
solubilization ratio slightly. Polymers with different molecular weigh{FP3330S,
FP3430S and FP3530&nd different concentratiorcaused a smalthangein phase
behavior results Higure 4.31, Figure 4.32 and Figure 4.33). Adding polymer to
surfactant formulationcan reduce APSL below optimal salinity even thouge
formulation passesthe aqueous phase test before addition of polymer. Rietuof
surfactant concentratiegnabledtheseformulatiors to pass ageous phasstability test

4.3.7 Effect of Oil Concentration
Optimal salinity, solubilization ratio andhe Type Ill phaseboundary change with the
ratio of oil to surfactant solign in phase behavior tubes. Oil concentratioth pores
of laboratory core or reservoir decreases as oil is continually displaced by the injected
surfactantsin order to understand the oil displacement process and therefore design a
more efficient surfactant formulation, phase behadaawere obtainedat different oil
concentrations Oil concentration is the volume fraction of oil in a phase behavior tube
before equilibrationThe results shown ifigure 4.34 also known as crude oil activity
diagram, give us a clear picture that how the phase behavior changes with oil
concentrationFor this surfactant systeroptimal salinity increasewhile solubilization

ratio decreasewith decreasing oil concentration. The width of phase Type 11l winidow
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constant with varying oil concentration. The optimal salinity stays almost in the middle of

the phase Type Il window while slight inclines to the lower boundary of the window.

Design ofa negative salinity gradient from the downstream (reservoir brine) to the
upstream (following polymer drive) of surfactant slug in chemical flood is recommended
for high performance ahe surfactant slug in the reservoir. This design will increase the
chane of surfactant slug passing through the phase Type Il region. The negative slope
of the phase Type Ill window is beneficial to the oil displacement because the phase type
can transit from Type Il to Type Il to Typeab salinityoil saturationdecrease asshown
by the arrow inFigure 4.34 Achieving phase type | at the end of surfactant slug helps
reduce surfactant adsorption, while staying phase Il will increase surfactant adsorption.
Phase Typdl window with positive slope increase the risk of phase type staying at Type
[, which is not desirabléo reducesurfactant adsorption.

4.3.8 Eliminating Viscous Phases
Even though glycol ether alcohdisrmulationspas&d the agueous phase test, viscous
microemulsimm phasesvere formed in some formulations the previous section, the
two surfactant formulationg={gure 4.15, Figure 4.16, Figure 4.17, Figure 4.18, Figure
4. 19 and Figure 4.20) were identified that et all criteria for an efficient system. But
after 21 days, both formulations produced viscous phases. The viscous phasedappeare
below the middle phase microemulsion at salinities below the optimal salinity and the
viscous phase deteriorated with time. Photos of the salinity scan after 50 days for these
two formulations are shown iRigure 4.35 andFigure 4.36. Viscous phases below the
optimal salinity are not desirable in that these salinities would be encountered at the rear

of the surfactant slug in the mixing zone with the polymer bank when the salinity
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gradient concept is being employed. Viscous phases can cause surfactant entrapment in

the porous rock and loss of chemical.

Formulation containingCi3-n-PO-SO, and glycol ether alcohol produces even worse
viscous/liquidcrystal phasethanCi617-7POSQy (Table 4.5, 1164, 1165, 1166). One
modified formulation containing).67% Ci3-n-PO-SOy,, 0.33% C;51610S, 1.75% SBA
and0.5% NaCGQO; (Table 4.5, 1489, 1189-2) did not produce viscoyshase after even
107 daysItigure 4.37). The APSL and the optimal salinity both were 4.3% N&@jre

4. 38). There is no gap between APSL and optimal salinity. Addition of polymer to
chemcal systems for this crude oil decredslee aqueous phase salinity limit (Table 4.5,

11-89-2P) below optimal salinity.

Several parameters were varied in order to find an effective chemical formulation free of
viscous phasefor both theCi617-7POSO, system, differentosolventsand different
surfactant ratios were tested. It was found that reducingtiweaf the primary surfactant
to the cosurfactantusually reduced or eliminated the appearance of viscous phases
because théranched structure ofosurfactantdisturbing the orderly layers causing
viscous phases. Short carbon chain alcohol, e.g. SBA, does not produce viscous phase
like glycol ether alcohols.

4.3.9 Optimized Surfactant Formulation
One formulation containg 0.73% Ge17-~-7POSO;, 0.27% wt% Gs5180S, 1.75wWt%
DGBE, 0.5wt% NaCO; met all the phase behavior screening criteria (Table 4:31)11
The difference between the aqueous phase salinity limit and optimum salinity was more
than 0.55%, a value thaocommodatd the addition of polymer. Determination of the

optimal salinity and the optimum solubility parameters is showhRigure 4.39. Fast
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equilibration of this system is shownhigure 4.40. No viscous phases were observed in
the phase behavior tubes as showhigure 4.41.

4.4 Finalized Surfactant Formulation for Core Flooding
The last stepin the phase behavior studiessto determineif the addion of polymer
addition to the surfactant slug akeicompliance of theurfactant formulation witphase
behavior criteria. Salinity scans show the addition of polymer to the promising
formulation 0.73% Ge17-7POSQOy, 0.27% Cy518l0S, 1.75% DGBEJ0.5% NaCOs)
lowered the agueous phase salinity limit to a value below the optimal salinity (Table 4.5,
11-71 and 1171-3P). Howeverreduction of the total surfactant concentration to 0.5%
was necessary timcrease the aqueous phase salinity limit taeceptable value above

the optimal salinity (Table 4.6, 12).

Optimal salinity changes with oil concentrationvess shown irFigure 4.34 Salinity of
surfactant slug designed for chemical flooding should be the optimal salinity at
corresponding oil concentration of the core or reservoir before chemical flooding. The
typical residual oil saturation after water flood in the laboratory core-#036), fowever,
almost all the phase behavior study in experimentWi3,, including formulation W11

71, is conducted at oil concentration of 50% (WORJhe phase behaviodataat oil
concentration of 33% (WOR=2) (Table 4.6;32) indicated thathe optimal sahity was
5.65%NacCl, slightly lower thathe APSL (5.8% NaClwhen polymer was added to the

formulation.

The chemical formulationselected for core flooding wa§12-33. This formulation met
the all phase behavior criteria (ihe agueous surfactantxtiure is onephase clearand

homogeneous at reservoir temperatmeeting the APSL limit, (2) optimal salinity less
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than APSL, (3yalues of the equilibrium solubilization parameters for both oil and brine
are greater than tenF{gure 4.42); (4) the microemulsion, type Ill, phase coalesce and
equilibratein less than seven dayBigure 4.43); (5) alsence of viscous phasesthe
microemulsion [Eigure 4.44); and ©) met Criteria 15 when polymer was added to the

formulation.
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Figure 4.1 Solubilization ratio plot of WEL7: 0.727%C1617-7TPOSQOy, 0.273%C15
18l0S, 2% SBA atRes T(43€C)
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Figure 4.2 Solubilization ratio plot of WEL8: 0.7 % Ge17-7POSQy, 0.3% Gs5140S, 2%
SBA, oil conc.=50%at Res T (43C).
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Figure 4.3 Solubilization ratigplot of W519: 0.625 % C14.7-7PO-S0O4, 0.375% C15
1810S, 2% SBAoil conc.=50%,at ResT (43C).
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Figure 4.4 Solubilization plot of W&6: 0.889% &.13-8PO-SOy, 0.111% Gs1510S, 2%
SBA, 0.3% NaOH, oil conc50%at ResT (43C).
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length of surfactantprimary surf. (indicated in the figure) co-surf. (Gs140S)=1%, 2%
SBA, oil conc.=50%
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Figure 4.9 Optimalsalinity, APSL at RT (23C) and at Res T (48) change with
surfactant ratioCi2.138PO-SOy” (primary surf.)+Cis1g 10S (co-surf.)=1%, 2.3% SBA.
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Figure 4.10 Optimal salinity and APSL change with surfactant rafigs;~-7PO SOy
(primary surf.)+Cis15 I0S (co-surf.) =1%, 2% SBA oil conc.=50%, at Res T(&3).
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Figure 4.13 Optimal salinity, solubilization ratio and APSL change with different glycol
ether alcohol type: 0.75%,61-7POSO; , 0.25% Gs18l0S, 1.75% alcohol, 0.5%
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Figure 4.15 Solubilization plot of W1133-5: 0.73% Gg17~-7PO-SOy, 0.27% % Gs.
18l0S, 1.46% EGBE, 0.29% DGBE, 0.5% J€&;, after 6 days, oil conc.=50% ResT
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Figure 4.18 Solubilization plot of W1134-3: 0.75% Gg17-7PO-SOy, 0.25% Gs1510S,
1.67% EGBE, 0.33%GBE, 0.5% NaCO;, after 6 days, oil conc.=50% ResT (43C).
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Figure 4.19 Equilibration time of W1434-3: 0.75% Gg17-7PO-SQOy, 0.25% Gs1510S,
1.67% EGBE, 0.33% DGBE, 0.5% P20, after 6 days, oil conc.=50%i ResT (43€C).
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EGBE, 0.33% DGBE, 0.5% N@O;, after 6 days, oil conc.=50%t Res T (43C).

6 I I I
——0.7% C16-17-7PO-S04-,0.3% C15-1810S,1.75% EGBE/DGBE=5, 0.5% Na2CO3
—8—0.73% C16-17-7PO-S0O4-, 0.27% C15-1810S,1.75% EGBE/DGBE=5,0.5% Na2CO3
5.8
g \
Y \
O
S \
P4
=3
7
o \
< 54 \
52
5
0 5 10 15 20

Time(days)

Figure 4.21 APSL atRes T(43€) changes with time for two typical surfactant
formulations.
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Figure 4.22 Optimal salinity and solubilization ratio change with surfactant ratigi €
7POSOy (primary surf.)+ Ci51510S (cosurf.) =1%, 2% SBAoil conc.=50%at Res T
(43€).
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Figure 4.23 Optimal salinity, solubilization ratio and APSLR&s T(43C) change with
surfactant ratio: G17-7PO-SOy (primary surf.)+ Ci515 10S (cosurf.) =16, 1.46%
EGBE, 0.290 DGBE, 0.5% N&CO;, 0il conc.=50% at Res T (43€C)
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Figure 4.24 Optimal salinity, solubilization ratiand APSL at change with total

surfactant conc.: 0.36%6£,7-7PO-SOy, 0.14% Gs1510S=2.67,1.75% DGBE 1%

NaCOs, 1800ppm FP3530S, oil conc.=330Res T (43C)

107



10 15

+ Optimal Salinity

® Solubilization Ratio

Optimal Salinity(wt%NacCl)
Solubilization Ratio(mL/mL)

1 15 2 25

Co-solvent Concentration (wt%)

Figure 4.25 Optimalsalinity and solubilization ratio change with cosolvent (SBA)
concentration: 0.625 %1617~ 7PO-SOy, 0.37%%0 Ci515l0S, oil conc.=50%atRes T
(43C).
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Figure 4.31 Solubilization plot of W1218: 0.36% Gg17-7PO-SOy, 0.14 % Cy51510S,

1.7%6 DGBE, 1% N&aCO;, 2600ppm FP3330S after 50 days, oil conc%28ResT

(43C).
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Figure 4.32 Solubilization plot of W1219: 0.36% Gg17-7PO-SOy, 0.14 % Cy51510S,
1.7%6 DGBE, 1% N&COs;, 2000ppm FP3530S after 29 days, oil conc%28ResT
(43C).
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Figure 4.33 Solubilization plot of W120: 0.36% Gg17-7POSQOy, 0.14% Ci51510S,
1.7%6 DGBE, 1% NaCOs;, 2000ppm FP3430S after 21 days, oil conc%38ResT

(43C).
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Figure 4.36 Photo of W1134-3: 0.75% Gg.17-7POSOy, 0.25% Gs41510S, 1.67%
EGBE, 0.33% DGBE, 0.5% MN&O;, after 50 days, oil conc.=508& ResT (43C).
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Figure 4.37 Photo of W1189-2: 0.67%C,5-13P0OSO;, 0.33%Chs 14l
0.5% NaCO;, after 107 day, oil conc.=50% ResT (43C).
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Figure 4.38 Solubilization plot of W1189-2: 0.67% G313P0OSQO;, 0.33% Gs514l0S,
1.75% SBA, 0.5% N# O3, after 107 day, oil conc.=50%4Res T (43C).
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Figure 4.39 Photo of W1171: 0.73% Ge17-~-7POSOy, 0.27% Gs541510S, 1.75% DGBE,
0.5% NaCQO;, after 39 days, oil conc.=508%@ResT (43C).
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Figure 4.40 Equilibration time of W1471: 0.73% Gg17-7POSOy, 0.27% Gs51510S,
1.75% DGBE, 0.5% N&O;, oil conc.=50%at ResT (43C).
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Figure 4.42 Solubilization plotof W12-33: 0.36% Gg17-7PO-SOy, 0.14% Gs1510S,

1.7%6 DGBE, 1% Na,C0;,2300ppm FP3530%fter 57 days, oil conc.=88atResT

(43C).
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Figure 4.43 Equilibration time of W1233: 0.36% Gs17-7POSQOy, 0.14% Gs41510S,
1.7%6 DGBE, 1% Na,COs, 2300ppm FP3530%fter 57 days, oil conc.=88atResT

(43C).
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Figure 4.44 Photoof W12-33: 0.36% Gs17-7POSOy, 0.14% Q518IOS, 1.7%6 DGBE,
1% Na,CO3, 2300ppm FP3530%fter 57 days, oil conc.=88atResT (43C).
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5.1 Introduction

Chemical floods were conducted in Berea and Indiana limestone cores using the surfactant
formulationidentified in Chapter 4 that passed all screening criteria. The purpose of these core
tests was to demonstrate the capability of the surfactant system to recover waterflood residual oil

saturation. Results and analysis of the results are presented teiChap

Six corefloods (Cores 5, 8, 12, 14, 17 and 22) were conducted in Berea sandstone cores. Two
corefloods (Cores 28 and 29) were conducted in Indiana limestone cores. Each core was
prepared by determining the pore volume by saturation and tracgsianal’he initial saturating

fluid for most experiments wasoft brine with equivalent salinity to surfactant shug there are

some differences between runs. Core properties and saturating fluids are summarized in Table
5.1. Wahrman oil was injectedto each core until negligible amount of water was produced.

Oil and water saturations were determined by material balance. Permeability to oil at initial
water saturation was determined. Residual oil saturations were obtained by injecting water at a
constant rate until the oil rate was considered negligible. These saturations were determined by
material balance. Brine permeability at residual oil saturation was determined from pressure

measurements.

Chemical flooding was done by injecting either 0.3 or 0.6 PV of the surfactant solution at a
constant rate of 0.15 mL/min followed by polymer injection at the same rate. Surfactant
compositions used in the corefloods are described in Table 5.2. EBkmples were collected

in 4.5 mL increments and analyzed to determine oil cut, surfactant breakthrough and properties
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such as pH, viscosity and salinity. Surfactant and polymer concentration were not determined in

the effluents.

Oil recovery was determ@dl by material balance. There were some differences between
corefloods as adjustments were made to various parts of the procedure to improve oil recovery.
Table 5.1 summarizes the results of the eight coreflobtidilities of the various regions
moving through the core were determined from the analysis of pressure data. Recovery of
residual oil from Berea cores varied from 70.2 to 99.6% Recovery from Indiana limestone cores
were27.6and40.7 % of the residual oil. Results from individual cor@de are presented in the

remainder of this chapter.

Mobility control between the surfactant slug and oil bank and between the polymer and
surfactant slug is essential to maintain a stable displacement in each coreflood. Mobilities of oil
bank, surfactanglug and polymer drive calculated from pressure data are summarized in Tables
5.3 Table 5.6 for Cores 5, 8, 12 and 14. The data indicate satisfactory mobility control during

the chemical floods.

5.2 Berea Sandstones Core Flood Results

5.2.1 Core Flood CFW#1(Core #5)
The first core flood for Wahrman crude oil CFW#1 was donBarea sandston€ore #5. All

floods in CFW#1 were conducted vertically tbmit gravity effecs in the oil displa@ment
proceses Core#5 was saturated with 2% NatOl determine porosity and to measure brine
permeability at room temperature (~23 €). The tracer test (Figure 5.1) shows Core#5 was
homogeneous and had relative small dispersion feature. The integration of tracer test curve gave
pore volume of 99 mL. Poreolume determined by material balance was 100mL, which was

lower than tracer test because of present gas, indicated by compressibility test. Therefore the
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pore volume determined from the tracer test was used in later calculation. The porosity was
0.175. Overall brinepermeability wa®223 mD Table 5.7resentproperties of each section in

the core.

5.2.1.1 Brine/Oil/Water Flood
Core#5 was flooded by a brine solution containing 5.65% NaClL&ndNaCO; before the oll

flood. After the brine flood, the core was placed in a water bath at reservoir temperati€g (43
for overnight to achieve temperature equilibration. Al®BYV Wahrman crude oil ereinjected

into the core. The injection rate was 10 mir (~140 ft/day) initially, therwas gradually
reducedto 3 mL/min to contain overall and section pressures within pressure transducer limit
(Figure 5.2). Qil relative permeability at residual water saturatiQp) (@termined from the
pressure data (Figel 5.2) at the end of oil flood was 0.969. The initial oil saturatiQp) (&s
0.686 (Table 5.1). Core#5 was water flooded after the oil flood with 0.86 PV brine solution
containing 5.65%NaCl and% NaCO; at injection rate of 0.3 mL/min (~4.2 ft/day).h@
residual oil saturatiomvas 0.302. Relative permeability to water at residual oil saturatigh (S

determined from the pressure data (Figure 5.3) at the end of water flood was 0.093 (Jable 5.

5.2.1.2 Chemical Flood
The surfactant formulatiof~-4A was used for Core 5.h€ salinity of the surfactant slug

corresponds tdhe optimum salinity othe formulation at 33% oil concentration, which was
close to the residual oil concentration after water flddee salinity of the polymer driveras 60%

of surfactant slug salinity to ensure a phase change in the microemulsion from Winsor type Ill to
Type | as the flood proceedshe surfactant viscosity was designed to be approximately three
times of the apparent viscosify cP)calculated for the oil/wat bank. Polymer concentration
was increased by 30% in the polymer drive to increase the viscosity to have good mobility

control between the surfactant slug and polymer drive. Viscosity of the surfactant slug and the
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polymer drive weremeasured with a Brddield DV-II+ Pro viscometerand viscosities as a
function of shear rate are shownFRigure 54. The surfactant slug size was 0.3 PV followed by
1.7 PV of polymer drive.

5.2.1.2.10il Recovery
The chemical flood recovered 70% of the residualeaiVing an oikesidual saturation following
chemical floodof 9% (Figure 5.5) Theinitial oil cut in the oil bank was 40% and 55% of the oil
was recovered in the oil bank, which was accompanied by surfactant free Bigoee 5.6is a
photograph of effluent vials after 5 days of equilibration at reservoir temperaftre al bank
arrived at 0.41 PVI and surfactant breakthrough occurred at approximately 1.QbaP\d 5.1)
Surfactant breakthrough was followed by Winsor Type | marwlsion phases to the end
(Vials #23 to #40 in Figure 5.6). N&insor Type Il/lll phase appeardd exist inthe effluent
vials, which maybe the reason of low oil recovery. Anotheason for low recovery was

insufficient surfactant to push oil out oftlcoredue to small surfactant slug size

5.2.1.2.2Pressure Analysis
Pressure drops across the core and acrossisohZections fothe chemical flooding of Co#®
for Wahrman oil are shown in Figuke?7. The overall pressure drop increcdsi@early until oil
breakthrough at 0.41 PVI and thereafter generally remained constant or increased. Good or
favorable mobility control is indicated by pressure gradients that slightly increase from the front
of the flood to the rear of the flood throughout the process. lreedsops across the six sections
of the core provide a more enhanced assessment of the pressure gradient along the length of the
flood. Pressure drops in each of the sections were aboyisD.2s water flowed past at the
residual oil saturation. A shaipcrease in the pressure drops occurred at each section with the
arrival of the oil bank. Thereafter, the pressure drops incredgiethe arrival of surfactant bank

decreased and then increased again with the arrival of the polymer Hamkmobility of
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oil/surfactant/polymer bank at each section during the chemical flood is tabulated in Table 5.3.
The decreasing mobility from oil bank to surfactant bank to polymer bank indicates good

mobility control between oil bank and surfactant slug, surfactantasidgolymer drive.

5.2.1.2.3Effluent Analysis
The viscosity, pH and equivalent salinity of aqueous effluents from the chemical flood after

equilibrating at reservoir temperature (43 €) for 5 days were measured and plotted in Figure 5.8,
5.9, 5.10. Effluent viszsities were measured by Brookfidl DVI+CP viscometer, at a shear

rate of 30 ¢ due to the small size of samples. Effluent viscosity started to increase at 0.6 PVI
and continued to increase after surfactant breakthrough (1.05 PVI) to polymer drvatyisc

pH of the effluent started and maintained at 10.4 (due to X@Déan the core saturation and
water flood brine) until 1.05 PVI, then it decreased slightly until the end of core flood. The
salinity of the effluent started and maintained the sareityaas surfactant slug salinity (same

as core saturation brine salinity) until 1.05 PVI, after then it gradually decreased to polymer

drive salinity.

The increase in viscosity of the aqueous effluent indicates that the polymer in the surfactant slug
arrived at the end of the core. In this coreflood, there was no visible evidence of surfactant in the
effluent samples until about 1.05 PVI. Surfactant breakthrough was estimated to be about 1.05
PVI from the appearance of the effluent aqueous phase amptHthad salinity profile. The late
breakthrough of surfactant mag caused by retention of surfactant in the core.

5.2.2 Core Flood CFW#2(Core #8)
The second core flood for Wahrman crude oil CFW#2 was doneBmresm sandstongore#8.
All the floods were conductdabrizontally instead of vertically for the convenience of operation.

Gravity effecs in the displaementprocessseemed did not affect oil recovery from other core
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floods conducted by my colleagud#e tracer test (FigureBl) shows Core#8 has relative good
dispersion feature. The integration of tracer test curve gave pore volume d?dr@0volume
determined by material balance was 98mL, which was lower than tracer test because of present
gas indicated by compressibylitest. Therefore the pore volume determined from the tracer test
was used in later calculation. The porosity was 0.175. Its brine permeability was measured to be

131 mD overall. Table 5.3ummarizs properties of each section in the core.

5.2.2.1 Brine/Oil /Water Flood
Core#8 was saturated with 2% NaCl to measure its brine permeability and then was flooded with

6.55% NaCl, equivalent salinity to 5.65%NaCl df®d Na,CO; in surfactant slug. Then the core

was placed in a water bath at reservoir temperaturehie\ae temperature equilibration.

About 3.1PVWahrman crude oil was injected into the core at the injection rate of 1.5 mL/min
(~21 ft/day). The initial oil saturation §¥ after oil flood was 0.66 (Figure 5.12) and oil relative
permeability at residual ater saturation () determined from the pressure data (Figure 5.13) at

the end of oil flood was 1.

After oil flood, Core#8 was flooded with 0.52 PV brine solution containing 6.55% NaCl at
injection rate of 0.3 mL/min (~4.2 ft/day). Thesidual oil saturatioafter water flood wa®.395
(Figure 5.14) Permeability to water at residual oil saturatiog,)(8etermined from the pressure

data (Figure 5.15) at the end of water flood was 0.053 (Table 5.1).
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5.2.2.2 Chemical Flood
In Core#8 surfactant formulation#B was developed in which ; (1) polymer concentration was

increased to 3000ppm to improve mobility control between oil bank and surfactant slug and (2)
phase behavior studies were conducted with containing higher polymer conaenteefind the
optimum salinities at oil concentration at 33% (WOR=2), which was close to residual oll
saturation after water flood. This salinity (6.6%36luding 1 % NaCQO;) was selected as the
salinity of the surfactant slug. In addition, the po&r concentration in the polymer drive was
increased to 3000 ppm, and polymer drive salinity was increased from 3.9% NaCl to 4.6% to
establish a slow phase transition from Winsor Fijpe> Typel to keep phase behavior between

oil bank and surfactant slug Winsor Typelll (low interfacial tension) as long as possible;
Surfactant slug and polymer driveomposition for CFW#2(Core#8) and CFW#1(Core#5)
compared infable 5.1 The phase behavior results of modified surfactant formulatidB Bre

presented iTable 5.2.

Viscositesof surfactanslugF-4B and polymer drive were measured by BrookfieDVI+CP

viscometemndareshownin Figure5.16

5.2.2.2.10il Recovery
The chemical flood consisted of injecting 0.6 PV of surfactant slug followed by a polymer drive

of 1.2 PV (Table 5.) at the flow rate of 0.15mL/min (2.1 ft/day) at the reservoir temperature
(43€). A cumulative oil recovery of 97%Higure 5.T) of the residual oil and a highest oil cut

of 55% were achieved at 0.41PV. 65% of the oil was recovered in the oil bank, which is
accompanied by surfactant free brine and about 85% oil was recovered after 1PV of slug was
injected. Earlier oil breakthrough, diier oil cut, longer oil bank and higher cumulative oil

recovery were achieved in core flood of core#8 than core#5. Earlier oil breakthrough and higher

169



oil cut might due to more viscous displacing fluid; while longer oil bank might mainly because

of biggersurfactant slug siz&.he photo of effluent from chemical flood is showrFigure 5.18

5.2.2.2.2Pressure Analysis
The differential pressure during the chemical flooding is presented in Figure 5.19. In order to

examine whether there is mobility control during el flood, the mobility of the oil
bank/surfactant bank at each section was calculated from the pressure data when they arrived at
the end of that section. The mobility results are compare@ainle 5.4 The mobility of
surfactant bank was lower than nilgp of oil bank in each section indicating there was good
mobility control between oil bank and surfactant slug. The mobility of polymer drive was
slightly higher than surfactant slug due to its slightly lower viscosity than surfactant slug but still

there was good mobility control between surfactant slug and polymer drive.

5.2.2.2.3Effluent Properties
Properties of the aqueous effluent samples from chemical #dit@t equilibrating at reservoir

temperature (4%) for 9 days(( viscosity, pH and equivalent saliyi were measuredand
presented irFigure 5.20, 5.21 and 5.2Zhe viscosity started to increase at the time of surfactant
breakthrough (0.71PV). Because the polymer drive viscosity was slightly lower than surfactant
slug Figure 5.19, the viscosity ofeffluent continued to increase until polymer breakthrough
(1.55PV). The pH of the effluent started at a point higher than water flood brine, which indicated
the core was more inclined to be alkaline. It decreased slightly and maintiaénsame before
sufactant slug breakthrough. Because the surfactant slug contained sodium carbonate while
polymer drive did notthe pH started to increase when surfactant breakthrough and decreased
when polymer breakthrough. The effluent salinity started andtaiaed at water flood brine

salinity and reduced to surfactant slug salinity, which was slightly lower salinity than water flood
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brine due to the presence of sodium carbonate. The effluent salinity continued to decrease after

the breakthrough of polymeride.

5.2.2.2.40il Cut Dispersion Model
The oil displacement process after the breakthrough of surfactant slug was believed to be a

dispersion process due to the low interfacial tension and good mobility control between
surfactant slug and oil bank. A dispersiondabbased on oil cut behavior after surfactant
breakthrough was developed and fitted the oil cut curve (Figure 5.23), which verifies the oil
displacement after surfactant breakthrough as a dispersion process.

5.2.3 Core Flood CFW#3 (Core #12)
Core Flood CWF#3(@re#12) was conducted with the same formulation as Core #8 except the
surfactant slug size was reduced to 0.3RN/the floods were conductdubrizontally. The tracer
test (Figure 5.24) showed Core#12 was homogeneous and had relative small dispetsin feat
The integration of tracer test curve gave pore volume anB8The pore volume determined
from material balance was 98mL. The porosity was 0.166. Brine permeability was 190 mD

overall. Table 5. 8ummarizeproperties of each section in tbere.

5.2.3.1 Brine/Oil/Water Flood
Core#12 was saturated with 2% NaCl first to measure its brine permeability but was not flooded

with 6.55% NaCl as it was supposed to be. The effect is discussed in Water Flood and Effluent
Properties sections. The core was ethén a water bath at reservoir temperature to achieve

temperature equilibration as usual.

Two oil floods were done on Core#12 because of a problem which occurred during first oil flood.
About 2.5PV Wahrman crude oil was injected into the core at the tiojeaate of 2 mL/min

(~28 ft/day) before the some of the low salinity brine (~0.1%NacCl), which was used to displace
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the crude oil from the transfer cylinder was injected into the core. The invasion of low salinity
brine into the core can be observed ia fressure profile (Figure 5.26). Because the amount of

the brine injected to the core could be calculated from analyzing the pressure response and the oil
saturation could be calculated correctly, therefore the core was continually oil flooded (second
oil flood) but in the opposite direction to displace the low salinity brine and 2% NaCl brine.
About another 4.5 PV Wahrman crude oil was injected to the core until no significant pressure
change. Low salinity brine was believed to be displaced completelg%ndaCl was assumed

to remain in the residual brine after the second oil flood. The pressures during second oil flood
were not presented here. The final oil saturatiqy) éter oil flood was 0.663 (Figure 5.25) and

oil relative permeability at residualater saturation () determined from the oil permeability

test at the end of oil flood was 1.

After the second oil flood, Core#12 was flooded with 0.42 PV brine solution containing 6.55%
NacCl at injection rate of 0.3 mL/min (~4.2 ft/day). The injeatate was reduced to 0.15 mL/min,
which was the same as chemical flood rate to determine the pressure drop to examine the
pressure consistency of residual brine at the end of water flood and the beginning of chemical
flood. Theresidual oil saturatiomafter water flood wa€.414 (Figure 5.27)Because only 0.42

PV of 6.55%NacCl solution was injected, the 2% NacCl solution in the core was not completely
displaced from the core. The fluid distribution in the core after water flood was: 41% oil, 42%
6.55% NaCl ad 17% 2%NaCl. Permeability to water at residual oil saturatigih ¢Stermined

from the pressure data (Figure 5.28) at the end of water flood was 0.032 (Table 5.1). After the
water flood, the pressures at zero flow rate were not consistent with tharerbefore water

flood at zero flow rate. This was because of the capillary pressure caused by invasion of oil drops
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to the pressure tubings, which were filled with brine. Pressure tubings were rinsed with water

flood brine from inside the core after watkrod to eliminate the capillary pressures.

5.2.3.2 Chemical Flood
Viscosites of the surfactantslug (Formulation F4B)and polymer drive for CFW#3 were

measured with Brookfield LVD¥CP viscometeand are shown ifigure 529. The viscosities
of surfactanslug and polymer drive of CFW#3 are similar to those of CFW#2.

5.2.3.2.10il Recovery
The chemical flood consisted of injecting 0.3 PV of surfactant slug followed by a polymer drive
of 1.6 PV {Table 5.). A cumulative oil recovery of 87.3%-igure 5.30 and 5.3Df the residual
oil and a highest oil cut of 57% were achieved at 0.28PV. 70% of the oil was recovered in the oll
bank, which was accompanied by surfactant free brine and about 83% oil was recovered after
1PV of slug was injected. Oil breakthrough occurdaghfly earlier (0.16 PVI rather than 0.21 in
CFW#2) and surfactant breakthrough slightly later (0.8 PVI rather than 0.71 PVI in CFW#2); the
oil cut immediately after surfactant breakthrough was close both in CFW#2 and CFW#3, but the
oil cut at the end obil bank and after surfactant breakthrough in CFW#3 was lower than that in
CFW#2. This was believed due to a smaller surfactant slug size. The oil cut curve was fitted by
dispersion model curve (Figure 5.32).

5.2.3.2.2PressureAnalysis
Pressure drops across therecand across six-idch sections fo the chemical flooding of
Core#l2 are shown irFigure 5.33The mobilities of oil/surfactant/polymer banks at each section
during the chemical flood were calculated and are tabulated in Table 5.5. Surfactant bank had
much lower mobility than oil bank, indicating good mobility control between surfactant slug and
oil bank. However, surfactant slug mobility had lower mobility than polymer drive even though

surfactant slug had lower viscosity than polymer drive (Figure 5vi2@xh may be attributed to
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a viscous phase produced by mixing of the surfactant slug and crude oil. CFW#3 overall and
section pressures were much higher than that of CFW#2 even though their viscosities of
surfactant slug and polymer drive were the safgufe 5.16 and 5.29). This possibility was

investigated in CWF#4.

When te oil/surfactant/polymer enteor leawes each sectionthere isalways a differential
pressure changeFigure 534 is an example of how pressure change correlating with
oil/surfactant/polymer bank enters/leaves section 2 of Core#12 during chemical fh@otme

when pressw started to increase waghen ol bank front enteredhat section; when prese

started to decease was when oil bank frontthedt section; when pressure reduced to first local
minimum was when surfactant bank front entetledt section; when pressumecreased to
maximum was when surfactant bank front left that section; when pressure reduced to second
local minimum was when polymdrank entered that section; when pressure started to stabilize

was when polymer bank left that section.

In order to helpvisualize how the oil/surfactant/polymer bank trés@lin the core, the
dimensionless distance of fsilirfactant/polymer bank travelalong the core at the time of pore
volumes injected was plotted in Figuse35 The dimensionless distance ofvhich was the
beginning of section 1, correlates to forming of oil bamd start of injection of surfactant
slug/polymer drive. The dimensitess distance of lyhich was theend of section 6correlated
to the breakthrough of oil/surfactant/polymer bankince the time (PVI) when
oil/surfactant/polymer bank startéstart of the injectionand ended (breakthrougti the cor¢
was knownstraght linesrepresering the front movement of oil/surfactant/polymeere drawn
assuminghe oil/surfactant/polymer barskravekdlinearly. The characteristic points of pressure

behavior of each section, described-igure 5.34 werealso plotted in Figue5.35 The good
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correlation of the pressure behavior characteristic points with straight line of
oil/surfactant/polymer bargsshowedthat oifsurfactant/polymers bank travellearly along the

core

5.2.3.2.3Effluent Properties
The prgerties of aqueous effluents from CFWeQuilibrating at reservoir temperature (43 €)

for 2 days like viscosity, pH and equivalent salinityere measured and presented Rigure

5.36, 5.37and 538

The effluent viscosity started to increase shaap the time of surfactant breakthrough (0.77PV),

after it increased to maximum viscosity at 1.1PV, then it maintained at a viscosity slightly below
surfactant slug/polymer until the end of core floBay(re 5.38. The effluent viscosity was close

to sufactant slug and polymer drive viscosity and this indicated that either high differential
pressure were caused by viscous phasve sfcoorunseod
after breakthrough out of the core, or high differential pressures @arsed by other factors,

like ineffective oil displacement by surfactant.

The effluent pH started around 8 and then increased to around pH of surfactant slug (Figure

5.37), which shared similar behavior as in CFW#2.

Because about 0.17PV 2% NacCl residedhe core after water flood, the equivalent salinity
started to increase from 2% to surfactant slug salinity at surfactant breakthFoggte G.3$.

The salinity gradually decreased to polymer drive salinity after polymer breakthrough (1PV).
The 2%NacClin the core seemed did not affect the oil recovery because 0.17PV 2% NaCl was
displaced out of the core already before surfactant breakthrough (0.77PV), which means

surfactant slug did not contact with 2% NaCl brine.
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The mobilityof oil/surfactant/polymebank iscompared infable 5.5 The mobility of surfactant
was much lower than mobility of oil bank in each section indicating thess good mobility
control between oil bank and surfactant slug. The mobility of polymer drageslightly lower
than mobiity of surfactant slug indicating there was good mobility control between surfactant
slug and polymer drive.

5.2.4 Core Flood CFW#4(Core #14)
Since the mobilities of the surfactant slug and polymer drive in CFW#2 and CFW#3 were much
lower than oil bank mobilityTable 5.4 and 5.5), it was estimated that polynmrcentration in
surfactant slug and polymer driveuld be reduced by 40% twvesame mobility as theil
bank Polymer concentration was reduced to 1800ppm and 2100ppm in surfactant slug and
polymer dive of CFW#4. he phase behavior of surfactant formulatiod@ (Table 5.2)
containng 1800ppm FP3530%as examined before chemical floftable 5.2). CFW#4(Core

#14)wasconductedvith thepolymer driveand same slug size (0.6PV) as CFW#2.

All the floods in CFW#4 were conductechorizontally. The tracer test (Figure 5.39) shows
Core#l4was homogeneous and healative good dispersion feature. The integration of tracer
test curve gvepore volume of 96.4nL. The pore volume determined from material balance was
97.3 mL. The porosity was 0.163. Its brine permeability was measured to be 178 mD overall.

Table 5.7 includes properties of each section in the core.

5.2.4.1 Brine /Oil/Water Flood
Core#14 was saturated with 28@CIl to measure its brine permeability and was flooded with

6.55% NaCl. The core was placed in a water bath at reservoir temperaiaheetcetemperature

equilibration..
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About 31 PV Wahrman crude oil was injected to the core until no significant Iproguced.
The oil saturation (s after oil flood is 0.582 (Figure 5.40) and oil relative permeability at
residual water saturation ($ determined from the pressure data (Figure 5.41) at the end of oll

flood was 0.99.

After oil flood, Core#14 was floasi with 0.4 PV brine solution containing 6.55% NaCl at
injection rate of 0.3 mL/min (~2 ft/day). The injected rate was reduced to 0.15 mL/(same

as chemical flood raje¢o examine the pressure consistency of residual brine at the end of water
flood ard the beginning of chemical flood. Theesidual oil saturatiomafter water flood was
0.418 (Figure 5.42)The pressure profile during water flood is presented in Figure Bré3sure
tubings were rinsed with water flood brine franside the core after wtar flood to minimize

capillary pressure effects.

5.2.4.2 Chemical Flood
The design of viscosity of surfactant slug and polymer drive was based on the viscosity

measured at a shear rate of 30 $lowever, the viscosity of surfactant slug and polymer in situ
during chemical floodvas thought to be at a shear ratbputl s*. A Bohlin rheometer was
used to measure the viscosity surfactant slug and polymer drive at lowratee@dr s) (the
points inFigure 5.44). The Carreau model was used to fit the sitgeshear rate relationship for
polymer Figure 5.44) Low shear rate viscosities of polymer solutions containing different
concentration of FP3530S and 4.6% NaCl (typical polymer drive saiimityis researchwere
measured by Bohlin rheometer (Figured®. These were used for calculating polymer

concentration given desired viscosity in later experiments.

5.2.4.2.10il Recovery
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The chemical flood consisted of injecting 0.6 PV of surfactant slug followed by a polymer drive
of 1.2 PV {Table 5.) at injection ratevas 0.15mL/min (2.1t/day). Cumulative oil recovery was
99.6% Figure 5.46 and 5.40f the residual oil and a highest oil cut of 59% were achieved at
0.28PV. 72% of the oil was recovered in the oil bank, winek accompanied by surfactant free
brine anl about 85% oil was recovered after 1PV of slug is injected. Again, the oil cut curve

after surfactant breakthrough was fitted by a dispersion model curve (Figure 5.48).

5.2.4.2.2PressureAnalysis
Pressure drops across the core and across-igh2sections forthe chemical flooding of

Core#14 for Wahrman oiare shown in Figure 5.49 The dimensionless distance that the
oil/surfactant/polymer bank traveled along the core was plotted versus the pore volumes injected
in Figure 5.50; the characteristic points offetiential pressures during chemical flood were
plotted in Figure 5.50 and correlated with travelling path of oil/surfactant/polymer bank,

indicating the oil/surfactant/polymer bank traveled linearly in the core.

Mobilities of oil/surfactant/polymer barskare presented in inTable 5.6 The mobility of
surfactanwas lower than mobility of oil bank in each section indicating theesgood mobility
control between oil bank and surfactant slug. The mobility of polymer drageslightly lower
than mobility ¢ surfactant slug indicating there was good mobility control between surfactant
slug and polymer drive.

5.2.4.2.3Effluent Properties
Effluent viscositiesof CFW#4 started to increase at surfactant breakthrough, but not as sharp as
in CFW#3/CFW#2 because moreximg existed between surfactant and oil bank caused by
lower surfactantoncentratiorin the surfactant slug o€W#4. The, effluent viscosity exceeded

the polymer viscosity and then decreased to polymer drive viscosity (Figure 5.51). This
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unexpected viscdy increase suggested that a viscous phase might be produced by the mixing of
surfactant and in situ oil. The effluent pH behavior followed the typical pH behavior: started at
pH around 8 then increased to the pH of surfactant slug and started to datregs®/, after
polymer breakthrough (Figure 5.5B8ffluent salinity staed at water flood brine salinity, which
was equivalent to surfaant slug salinity, and maintained surfactant slug salinity until 1.4PV.
Then itgraduallydecrease to polymer slugsalinity till the end of chemical floo@Figure 5.53)
In summary, the surfactant bank breakthrough at 70PV could be derived at
viscosity/pH/equivalent salinitprofile. The viscosity and equivalent salinity indicates polymer
bank breakirough at 1.4PV. pH is not a good indication of polymer breakgfraecause 0.5%
1% Na2CO3 gaveery close pH value.

5.2.4.2.4Microemulsion Phasé&/iscosity
A pressure peak ocawdwhen surfactant left each sectidrhe cause of this pressure spike was
suspectd to bedueto a viscous phase produced by mixing of surfactant slug and crude oil in situ
during chemical flooding. In order to examine this hypothesis, CFW#4 surfactant slug and
Wahrman crude oil were mixed at different ratio and equilibrated at 43f8r@ days. Three
phases formed after equilibration and the middle phase (microemulsion phase) was extracted
with syringe to measure their viscosities. The results are presented in FigureTheb4.
microemulsion phase viscosity at different oil concemratvas similar to surfactant slug
(viscosity with 0% oil) and varies slightly from eaciher . Viscosities measured by the

Brookfield LVDV+CP viscometer are presented in Figure 5.54 and 5.55.

Another experiment was conducted to examine kyigothesis. CFW#4 surfactant slug and
Wahrman crude oil were mixed at different ratio and equilibrated at 43.3 € for only 2 hours.

Only a homogeneous mixture formed instead three phases because of short time equilibration.
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The mixture viscosity was measd because usually it only took several hours for surfactant
slug to mix with crude oil and produce pressure pkakng laboratory core floodrhe results of
mixture viscosities at different oil concentration are presented in Figure 5.55. The mixture
viscosities at different oil concentration were even closer to surfactant slug than microemulsion

phase viscosities.

In sunmary, the viscosities of microemulsion phase or mixture were close to surfactant slug
viscosity, which was not able to cause such puesgpeak seen in the pressure dalke pressure
peak when surfactant entered each sectionbeaye to the natural mechanism how it displaced
oil since similar pressure peak occurred in every core flood.

5.2.5 Core Flood CFW#5(Core #17)
Reproduciblity of core floodis important to examine the accuracy and reliability of core flood
results. Core flood CFW#5 was done on Berea sandstone Core#l7 to reproduce
CFW#4Core#14) Core#14 and Core#17 shdresimilar core dimensions, porosity and
pemeabilities Table 5.). Their diffusion characteristics showing from tracer tegtse very
similar (Figure 5.56). The similar core conditions between these two coms tmem to be
perfect to repeat chemical flood on each other. The pore volume detdrfrom tracer test was
98.6mL. The pore volume determined from material balance was 98.4 mL. The porosity was
0.167. The permeability to brine is 186mD overall. Table 5.7 includes properties of each section

in the core.

5.2.5.1 Brine/Oil/Water Flood
Core#l17 was ldboded with 6.55% NaCl before oil flood as Core#l4. After about 3.4 PV

Wahrman crude oil was injecté&uto the core, the oil saturation,(Snvas 0.664 (Figure 57) and

oil relative permeability at residual water saturatiog,)(Sletermined from the prag® data
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(Figure 5.58) at the end of oil flood was 1. After oil flood, Core#17 was flooded with 0.5 PV
brine solution containing 6.55% NaCl at injection rate of 0.3 mL/min2(ft&lay). Theresidual

oil saturationafter water flood wa®.423 (Figure 5.59)The water relative permeabilitgt
interstitial water saturatiowas 0.036. Pressure tubings were rinsed with water flood brine from
insidethe core after water flood to eliminate the capillary pressures (Figure E@@%14 and
Core#l17 were &ated very similarly during water and oil floods and both cores had similar

residual oil saturation as a target for chemical flood.

5.2.5.2 Chemical Flood
CFW#5 had same design on surfactant formulation, slug salinity, slug size, polymer

concentration in slug ardtive as CFW#4 (Table 5.1). The viscosities of CFW#5 surfactant slug
and polymer drive were measured and were abautB larger than CFW#4 surfactant slug and

polymer drive (Figure 5.44 and Figure 5.61).

5.2.5.2.10il Recovery
The oil recovery results for bottore floodsare compared inFigure 5.62 The cumulative oll

recovery for CFW#3 and CFW##asclose, 99% and 95% respectively. Oil cut at oil bank for
CFWH#5 dropped slightly faster than CFW#4 after surfactant slug breakthrough causing slightly
lower cumuative oil recovery. Overall CFW#vas agood reproduction of CFW#4 based on the

oil recovery resultsThe photos of the effluents of CFW#5 are shown in Figure 5.63. The oil cut

curve could be fitted with oil dispersion model (Figure 5.64).

5.2.5.2.2PressureAnalysis
Mobility analysis on CFW#5was difficult due to severe capillary pressure disturbance on
pressure behavior (Figure 5.65). However, high oil recovery results sedgestre was

probably good mobility control in chemical flood of CFW#5. The ovepadlssures for both

cores are compared in Figure 5.66, the pressures differencel ageewith the viscosity
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difference ofsurfactantslug and polymerdrive of CFW#4 and CFW#5 (Figure 5.44 and 5.61).
The dimensionless distance versus pore volumes idjgutd for CFW#5 (Figure 5.67) was
similar to that of CFW#4 (Figure 5.50).

5.2.5.2.3Effluent Properties
CFW#5 effluent samples properties, for example, the viscosity, salinity andegHmeasured
and compared with that of CFW#4 in Figure 5.68, 5.69 and 5.7@hélproperties for CFW#5
and CFW#4 were similar to those measured in CFW#4. CFW#5 repcbdbeenical flood
results of CFW#4 relatively well in terms of oil recovery, differential pressure and effluent

properties.

5.2.5.2.4Polymer Flow Analysis
Following the chental flood, polymer was injected into Core 17 to estimate the shear rate the

polymer experienced in sitluring chemical floodnd to determine the effect of flow rate on the
polymer mobility. The polymer drive solution was injected into the core at eiffdtow rates

and pressures were recorded. Apparent viscositighegbolymer drive at each section were
calculated assuming permeability reduction factay, & 1. The viscosity of polymer drive
versus shear rate was cross plotted with apparent vigadgpolymer drive calculatetiom the
polymer flow test. After some adjustment of the shear rate-exiX and the flow rate in
secondary Xaxis, the solution viscosity curve overlapped with apparent viscosity curve as
shown in Figure 5.71 for Sections62 The flow rate of 0.15mL/min for the chemical flood
appears to be consistent with a shear rate of Tlserefore viscosity at shear rate of 1 1/s was

recommended to measured and used in design of mobility control.
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5.2.6 Core Flood CFW#6(Core #22)
CFW#6(Gre #22)was designed toepeat CFW#4/CFW#5 in Berea sandstone Core#22 with

synthetic formation brineisedto saturate and water flood the cofiene formation brine had
relatively high salinity (121669 ppm) and relatively low divalent ions (2484 gpet)le 5.8)

The high salinity and divalent ions may affect the phase behavior of surfactant slug and
precipitate surfactants. The tracer test (Figure 5.72) shows Cons2Bomogeneous and had
relative small dispersion feature. The integration of tracer test cuaxe gore volume of 98.4
mLThe porosity was 0.178. Its brine permeability was measured to be 186 mD overall. Table

5.7 includes properties of each section in the core.

5.2.6.1 Brine/Oil/Water Flood
Core#22 was flooded with Wahrman oil formation synthetic brine before oil flood. The synthetic

formation brine componentselisted inTable 5.7 After about 3.1 PV Wahrman crude oikre
injected to the corelhe oil saturation (§ was 0.651 (Figur&.73) and oil relative permeability

at residual water saturation,(pdetermined from the pressure data (Figure 5.74) at the end of oil
flood was 0.956. After oil flood, Core#17 was flooded with 0.44 PV Wahrman oil synthetic
formation brine at injectiomate of 0.3 mL/min (~4.2 ft/day). Theesidual oil saturatiomfter
water flood wa®.44 (Figure 5.75)The water relative permeability was 0.033. Pressure tubings
were rinsed with water flood brine from the core after water flood to eliminate the capillar

pressures (Figure 5.76).

5.2.6.2 Chemical Flood
. Surfactant formulation HC wasused in CFW#6. The viscosities of surfactant slug and

polymer driveweresimilar to those of Core#14igure 5.77.

5.2.6.2.10il Recovery
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Oil recovery results of CFW#6 are presented emchpared with CFW4 in Figure 5.78. Even
though synthetic formation brine was used in CFW#6, itveag similar oil cut and cumulative
oil recovery as CFW4 98% and 99% respectively. The differential pressure and photos of
effluent vials of CFW#6 chemitdlood are shown in Figures 5.79 and 5.80. The oil cut curve
was fitted by oil dispersion model as shown in Figure 5.81.

5.2.6.2.2Effluent Properties
Effluent properties (viscosity, pH and total dissolvsalids (TDS)) were measured and are
plotted in Figures.82, 5.83 and 5.84. The viscosity and pH of CFW#6 effluents had similar
values to CFW#5Higures 5.68, 5.69, 5.82 and 5)8cept the TD$rofiles (Figure 5.70 and
Figure 5.84. In CFW#6, TDS started at the TDS of the synthetic formation brine, decreased
surfactant slug salinity after surfactant breakthrough and then gradually declined to polymer
drive salinity. The surfactant breakthrough at 0.8PVI, was consistent with CFW#4 and CFW#5,

which contributed to a big oil bank and high oil recovery.

5.2.6.2.3Mobility Design
Water/oil relative end permeabilities were determined at the end of water/oil floods and water/oil

relative permeability curves were estimated from analysis of oil bank breakthrouite in
chemical flood. Total mobility was calculated basedthe water/oil relative permeability curves
(Figure 5.8%. Surfactant slug should have mobility lower thamimum total mobilityof the
water/oil bank.For example, forCFW#6, minimum total mobilitywas about 10 mD/cP, the
overall core permeabilityvas about 190mD, therefore the lowest slug viscosigs 19010
[mMD/(mD/cP)]=19cP, the design viscosity of the surfactant slddnis design was relatively
conservative since the actual total mobility duraimgmicalflood was expected to be higher than

total mobility at residual oil saturation after water flood.
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Even though the resident brine in CFW#6 had high TDS and low concentration of divalent ions,
the cumulative oil recovery was expected to be high as lorsyidactantoreakhrough occurred
relatively late (0.70.8PVI), oil cut maintained high before surfactant breakthrough and TDS of

slug passed by optimal salinity soon after surfactant breakthrough,.

5.3 Indiana Limestone Core Flood Results

5.3.1 Core Flood CFW#7(Core #28)
The Wahrman reservoir rock is limestone. Indiana limestone cores were obtained to determine if

the formulation developed in Berea cores recovered the same amount of residual oil in a
limestone core. Core#28 was an Indiana limestone core whittsitmlar dimensions and
porosity as Core#22. Tracer testglre 5.8¢ showed Core#28 had about65times more
dispersion than Core#22. This indicated more heterogeneity of Core#28 than Core#22 and may
contribute tooil recovery ofchemical flood reverselyrhe pore volume determined from tracer

test was 106mL. The pore volume determined from material balance was 108mL. The porosity
was 0.173 The permeability to brine is 190mD overall. Table 5.7 includes properties of each

section in the core.

5.3.1.1 Brine/Oil/Wa ter Flood
Core#28 was flooded with Wahrman oil synthetic formation Woefereoil flood. About 3.1 PV

Wahrman crude oil was injected to the core to reduce the brine saturation to residual. The initial
oil saturation (§) was 0.526, much lower tharbserved in Berea core Core#2g£S0.651

Figure 5.87). Qil relative permeability at residual water saturatigf) (termined from the
pressure data (Figure 5.88) at the end of oil flood was 1. Core#28 was flooded with 0.5 PV
Wahrman oil synthetic formath brine at injection rate of 0.3 mL/min (~4.2 ft/daVyater
breakhroughoccurredat 0.12 PV, much earlier than water breakthrough on Core#22,( 0.27PVI).

About 0.1PV oil was produced after water breakthromglimestoneCore# 28 while almost no
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oil was producedrom sandstone Core#2#ter water breakthrougfheresidual oil saturation
after water flood wa$.336, much lower than residual oil saturation of Core#22, 0.44 (Figure
5.89) This is due to the difference irope structure and rock material between limestone and
sandstone. The water relative permeabitigterminedfrom pressure data during water flood

(Figure 5.90) was 0.062.

5.3.1.2 Chemical Flood
Anhydrite (CaS0O4) was found in songarbonate rocks may severely aftfeil recovery in

alkaline surfactant floods when the calcium dissolves and reacts with the carbonate, precipitating
calcium carbonate and reducing the pH[Levdt, al 2006]. Brine from displacement
experiments in Core #28 was analyzed using plas@@)({Table 59) to determine ifCaSO4

was present. Table %.shows that small concentrations of calcium and magnesium were
dissolved from the core along with a small amount of sulfur. Therefore it was not necessary to
modify the current surfactant slugsed in previous successful core floods on sandstone. The
injection plan for CFW#7 is presented in Table 5.1. The viscosity of surfactant slug and polymer

drive were measured at reservoir temperature and presented in Figure 5.91.

5.3.1.2.10il Recovery
The oil recoery for Core#28 is presented and compared with Core#Zure 5.92 The oll
bank average oil cut was about 19%, far less tharaverage oil cut at oil banld8%, for
Core#22(Figure 5.91). Oibreakthrough occurrediery early, at 0.08PVI, and surfactant
breakthrough occurrealso early, at 0.3PVI. The low oil cut at oil bank suggested that surfactant
slug integrity may be compromised therefore was not able to displace oil efficiently. The
compromise may bdue tothe excessive mixing between surfactant slug and residual brine/oil
due to the large dispersion observed in Core#28 compared toCore#22 (Figure 5.86). The data

indicate that the surfactant slug was not able to create a large oil bank as observed in 8grea cor
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The photos of the effluent vials from CFW#7 are presented in Figure 5.93. There was no
microemulsion phase in the effluent and the aqueous phase of CR&u#nuch lighter color
than CFW#6, which indicatethat much lesssurfactant wereecoveredand ollectedin the
effluent and therefore more surfactant was absorbed in the core. The differential pressures
measured during chemical floadepresented in Figure 5.94.

5.3.1.2.2Effluent Properties
Core#28 chemical flood effluent properties (viscosity, pH and T8)e measured and
presented irFigures 5.95, 5.96 and 5.9The viscosityprofile in Figure 5.95showed slight
viscosity increasgafter 0.3PV and suddencreaseat 0.7PV, indicating surfactant breakthrough
at 0.3PV an The majorityof the surfactantbreakthroughoccurredat 0.7PV.Precipitation of
sodium carbonate in surfactant slug with divalent ions in formation brine delayed pH
breakthroughat around 0.8P\(Figure 5.96) TDS of effluents comparison between Core#28
and Core#22 irFigure 5.97showed much early surfactant breakthrowgicurred onCore#28
than Core#22. It is hypothesized that early surfactant breakthrough of Core#2&asdthe
surfactant slugo mix with high salinity residue brine and enter phase Type I, which tiagd
the surfactant. Extensive dispersion could dilute the surfactant slug causing low surfactant
concentration with lower optimal salinity, while the residual brine had much higher salinity, the
phase type was forced to enter phase Type I, which againth@rfactant from recovering
oil.

5.3.1.2.3Tracer test
A tracer test was conducted after chemical flood was done to find out if there was a channel
which causd early surfactant breakthrough in water flood and chemical flgogure 5.98,
So=0.2). Tracer krakhroughtook placeat about QLPV, similar to water breakthrough during

water flood Another tracer test (Figure 5.98,~%~0.2) was done after the core was toluene
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flooded (2.5PV) and methanol flooded (2.5PV). The tracer test showed some residudl oil stil
remairedin the core. Both tracer tests showed excessive dispersion behavior but no channel in
limestone Core#28. Therefore early surfactant breakthrough @pop®abe due to extensive
dispersion.

5.3.1.2.4Core Cros$Section
Core#28 was sliced into seven sewt. Photos o$ix crosssectiors are shown in Figure 5.99.
Even though the toluene and methanol flood probably changed the appearance of oil distribution
on the cross sections, it was still clear that less residual oil existed in the beginning sedtions an
more in the ending sections. It was possible that the surfactant slug deteriorated as it proceeded
in the core and mixed with residual oil/brine so extensively that the oil it moved in the beginning
sections was trapped in the ending sections. The adsidiappeared to be at the bottom corner
of the core, which eliminated the possibility that chemical flood was affected by gravity effect.
Gravity effect was not found to cause adverse effect to high oil recovery on Berea sandstone;
however next core Ibod on limestone was suggested to be conducted vertically to eliminate
gravity effect. The core photos demonstrate that the vertical cross section was not uniformly
swept by the injected surfactant. The dispersion curve following the chemical flooat@sdilcat
the dispersion in the limestone core is as least an order of magnitude larger than in Berea. There
is also the possibility that heterogeneity in this core following trapping of residual oil prevents

generation of a uniform displacement fronthe vertical cross section.

The low oil recovery in Core#28 was the result of early surfactant breakthrough and the failure to
generate an oil bank with an oil cut of ~0.5 for larger. It is possible that extensive dispersions in
this Indiana limestone cercompromised surfactant slug integiatyd prevented it fromeduang

water/oilinterfacial tension and displiag oil effectively.
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5.3.2 Core Flood CFW#8Core#29)
The objective of CFW#8 was to conduct a chemical flood on a limestone core Core#29 with 6.55%

NacCl as residual brinleefore oil flood.The residual brine @.55%NaCl ensured surfactant slug
to be at constant designed optimal salinity; and therefore to reduce water/oil interfacial tension
maximally. Core#29 had similar dimensions apdrosity as Core#28. The pore volume
determined from material balance was 104.7mL. The porosity was 0.171. The permeability to

brine is 163mD overall. Table 5.7 includes properties of each section in the core.

A tracer tests in Core#29 at 100% brine saturationweag similar to Core#28 and dispersion
was much larger than Core#Z2dure 5.10Q. All core floods were done vertically to eliminate

gravity effects.

5.3.2.1 Brine/Oil/Water Flood
Core#29 was flooded with 6.55% NaCl at reservoir temperature and then floodedilwith

About 3.1 PV Wahrman crude oil was injected into the core (Figure 5.101) but brine continued
to be produced from the core. A second oil flood (Figure 5.102) with 2.2PV oil was done until
no pressure change and almost no water produced. Theurdtgat (3;) after second oil flood

was 0.533, very close to Core#28 and much lower than Core#22 (Figure 5.103). Oil relative
permeability at residual water saturation,§Sat the end of oil flood was 0.95. After oil flood,
Core#29 was flooded with 0.6%V 6.55% NacCl at an injection rate of 0.3 mL/min (~4.2 ft/day).
Water breakthrough occurred at 0.26 PVI, similar to Core#22, 0.27PVI.rdsidual olil
saturationafter water flood wa®.276, lower than residual oil saturation of Core#28 (Figure
5.104). Wozeer relative permeability from pressure data at the end of the water flood (Figure

5.105) was @63
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5.3.2.2 Chemical Flood
Core#29 was brine and water flooded with 6.55% NaCl, which was the equivalent salinity of the

surfactant slug. One reason attributed to the low oil recovery on Core#28 was high salinity
residual brine that deviated surfactant slug from its optimal satmitgduce interfacial tension
sufficiently to displace oil. Another reason was the extensive mixing between surfactant slug and
residual oil/brine. The same surfactant formulatiedG-(Table 5.2) was still used in CFW#8.

The injection design of CFW#8 wasesented and compared with CFW#7 in Table 5.1.

The surfactant slug angblymer drive of CFW#8 hadhigher viscosities tha@FW#7 (Figure
5.91 and 5.106). The slightly higher viscosity of CFW#8 should not cause problem of obtaining

high oil recovery.

5.3.2.2.10il Recovery
The cumulative oil recovery was about 27%, even lower than CFW#7. Highest oil cut was about
15% at 0.6PV. Oil/surfactant breakthrough both later than CFW#7(Core#28) (Figure 5.107), are
0.3 PVI and 0.5 PVI respectively. The delayed oil breakthrarghlow peak oil cut led to low
oil recovery of CFW#8. The photos of the effluents are presented in Figure 5.108. No
microemulsion phase was observed in any effluent samples. This indicated surfactant slug was
not at its optimal salinity in the core. @light color of the aqueous phase suggested surfactant
was either absorbed severely in the core or dispersed extensively. It was suggested to measure
surfactant concentration in the effluent to determine whether severe surfactant absorption led to
low oil recovery.

5.3.2.2.2Pressure Analysis
Section pressures during chemical flodgigire 5.109 increased continually which was
probably was due to the fact that surfactant did not to displace much oil. The photos of sliced

cross sections (Figure 5.110) showed simdd distribution as CFW#8 (Figure 5.99) on the
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cross section and along the core from section 1 to section 6. Core#29 cross sections showed
higher residual oil saturation than Core#28 because it had lower oil recovery and not flooded by
toluene and metmal after chemical flood. But again it seemed that the surfactant slug
deteriorated as it proceeded in the core and low oil displacement efficiency caused pressure
continuous increase during chemical flood of CFW#8.

5.3.2.2.3Effluent Properties
CFW#8 chemical floodeffluent properties (viscosity, pH and TDS) were measured and
compared with CFW#7 effluent propertieskigures 5.111, 5.112 and 5.1IBhe viscosity of
CFW#8 showed similar behavior as CFW#HCZFW#8(Core#29) had much earlier pH
breakthrough than CFW#7(@%28) (Figure 5.112). Precipitation of sodium carbonate in
CFW#7 surfactant slug with divalent ions in formation brine delayedopakthrough The
salinity profile of CFW#8 aqueous effluent showed the salinity in the core was at or near optimal
salinity of the injected surfactant slug (Figure 5.113). CFW#8 had lower oil recovery than
CFW#7 suggested that 6.55% NaCl in the residual brine was not the optimal salinity of
surfactant slug in situ, which was compromised due to the mixing of surfactantesidual
brine and oil. Instead residual brine with salinity higher than 6.55% NacCl led to higher oll

recovery was more close to optimal salinity of surfactant slug in situ.

5.3.2.2.4Tracer test
Dispersion of limestone and sandstone was studied and compamsegbgate the reasons of
low oil recovery in limestone. Figure 5.114 show tracer tests results of Core#29 (limestone)
before and after water flood, comparing to the tracer test results before and after water flood of
Core#31 (used by a colleague) (frig 5.115), a typical Berea sandstone with similar tracer test

results before water flood like cores used in CFY8#TIracer test after water floadf Core#29

(limestone) showed much earlier tracer breakthrough comparing to tracer test before oil flood;
191



while tracer test after water flood of CoBd#{sandstone) had slightly earlier tracer breakthrough
comparing to tracer test before oil flood. This comparison showed larger dispersion of limestone
than sandstone after water flood may contribute tddiver oil recovery of chemical flood in
limestone than sandstone. Tracer tests with different tracer slug size on limestone and sandstone
(Figure 5.116 and 5.117) showed that in order to obtain the 100% injected tracer concentration at
the core outlet, Ihestone needed a tracer slug with 0.23PV bigger than sandstone. Even though
the oil cut at oil bank is irrelevant to the surfactant slug size, it is recommended that surfactant
slug bigger than 0.6PV, e.g. 1PV, should be used on limestone core floodrdwenspirfactant

slug performance throughout the core and therefore increase oil recovery.

In sum, the oil recovery in two limestone core floods may be improved by increasing surfactant
slug size and surfactant concentration (if possible) to compensatiarge dispersion of

limestone.
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Vial# 1 2 3 4 5 6 7 8 9 10
PV | 0.045| 0.091 | 0.136 | 0.182 | 0.227 | 0.273 | 0.318 | 0.364 | 0.409 | 0.455

Vial# | 11 12 13 14 15 16 17 18 19 20
PV | 0.500 | 0.545 | 0.591 | 0.636 | 0.682 | 0.727 | 0.773 | 0.818 | 0.864 | 0.909

Vial# | 21 22 23 24 25 26 27 28 29 30
PV [0.955]1.000 | 1.045|1.091 | 1.136 | 1.182 | 1.227 | 1.2/3 | 1.318 | 1.364

Vial# | 31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39 | 40
PV | 1.409 | 1.455 | 1.500 | 1.545 | 1591 | 1.636 | 1.682 | 1.727 | 1.773 | 1.818

. ———

Figure5.6 Photo of effluent vials frorshemical flood of CFW#1(Core#%after equilibraigat
43 € for 5 days
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Figure 5.12 CFW#2(Core#8) oil saturation profile during oil flood at 43 €
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Figure 5.14 CFW#2(Core#8) oil saturation profile during water flood at 43 €
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Figure 5.16 CFW#2(Core#8) viscosity of surfactant slug and polymer drive at 43 C
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Figure 5.24 CFW#3 (Core#12) tracer test results
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Figure 5.25 CFW#3(Core#12) oil saturation profile during oil flood at 43 €
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Figure 5.35 CFW#3 (Core#12) oil/surfactant/polymer bank front velocity profile during

chemical flood at 43 C

212



Figure 5.36 CFW#3(Core#12) chemical flood effluent viscosity (at'3@wfile at 43 €
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Figure 5.37 CFW#3(Core#12) chemical flood effluent pH profile
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Figure 5.42 CFW#4(Core#14) oil saturation profile during water flood at 43 €

3 12
——Section 1
Section 2
25 ) t+ 10
Section 3
——Section 4
——Section 5
—~ 2 ) H 8 =
D ——Section 6 %)
S ——Overall £
g L
? 2
%] 15 6 7]
0] 0]
= et
o o
c =
R E <
=]
3 1 4 g
3 e ) °

0.5

0 <
e

05 +—++++++——— 2
-0.2 0 0.2 0.4 0.6 0.8 1

Pore Volumes Injected (PV)

Figure 5.43 CFW#4(Core#14) pressure profile during water flood at 43 €
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Figure 5.46 CFW#4(Core#14) chemical flood oil recovery and oil cut
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Figure 5.47 CFW#4 (Core#14) photoschiemical flood effluent after equilibrating at resérvoir
temperature43 € for 6 days.
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Figure 5.48 CFW#4 (Core#14) oil cut dispersion model

Figure 5.49 CFW#4(Core#14) pressure pradileing chemical flood at 43 €
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