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ABSTRACT

With a continuous increase in the worldwide demand for the crude oil and considering the
fact that conventional oil and gas resources are depleting, the Enhanced Oil Recovery processes
(EOR) play a vital role to boost the production from mature reservoirs. Chemical Enhanced Oil
Recovery (cEOR) is one of the most implemented methods to produce the remaining oil in-situ.
Alkali-Polymer flooding is a cEOR technique in which the alkali should react chemically with
the oil to produce in-situ surfactants/soaps. Polymers solutions are expected to provide fluid
mobility control and improve the sweep efficiency. Hence, it is crucial that the viscosity of a

polymer solution does not decrease throughout its propagation along the reservoir.

The 16 Tortonian Horizon (TH) of the Matzen field has been screened for the application of
different EOR and is considered a suitable candidate for Alkali-Polymer flooding due to its
reactive oil properties (high acidity). This work presents a set of criteria/workflow for defining
polymer degradation in high pH solutions using fluid samples from the 16 TH reservoir. Based
on this workflow, the procedures and the effect of those solutions on the alkali-oil phases are
described. This combination allows performing long-term polymer degradation screening in a
partially degassed environment without using a glovebox. Long-term thermal stability was

assessed for three commercial partially hydrolyzed polyacrylamide (HPAM).

The workflow can be divided into four different steps. First, an assessment of polymer
viscosifying power behaviour -with different polymer concentrations- at reservoir temperature.
Second, the definition of optimum polymer concentrations in presence of alkali (7500 ppm) for
each of the three studied polymers. This approach aimed to reach viscosity values reported in
previous micromodel/core flooding experiments. Third, Long-term stability assessment,
including periodic steady-shear rheological, pH and dissolved oxygen measurements, to define
effects of temperature (50-70°C), dissolved-oxygen and presence of alkali on viscosity and
average molecular weight (MW). Finally, Phase-behaviour experiments with and without the
presence of polymer, in order to define the effect of polymers in the phase behavior of alkali-

oil mixtures.

The overall findings and observations presented in this work showed that the presence of
alkali enhances the residual viscosity values for polymer solutions roughly 20% after 20 days.
Moreover, the apparatus used for the degassed set can be used as an economic alternative to
perform long-term stability assessments. Flopaam 3630 S and Flopaam 5205 VHM showed

residual viscosities values ranged between 82% to 99% and 90% to 91% respectively for the
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degassed set. In addition, solutions aged at 50°C showed a half-life time 4- to 10- times bigger
in comparison with solutions aged at 60- and 70°C. For the phase experiments, polymer
presence affects the phase behavior of alkali-oil solutions. It reduces the amount of water that
can partition into the emulsion phase. Finally, no major differences in phase behavior were

observed for the three studied polymers regardless of the temperature.
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NOMENCLATURE
Symbol Definition
°API API Gravity
°C Celsius Degree
FR Filtration Ratio
Hz Hertz

Permeability

m Meters
M Mobility Ratio
mD Millidarcy
ml Milliliters
mPa Millipascal
MW Molecular Weight
No Oil Viscosity
Nw Water Viscosity
1) Porosity
P Pressure
s Seconds
t Time
U, Volume of Oil
Uy Volume of Water
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ABBREVIATIONS
Symbol Definition
AP Alkali, Polymer
ASP Alkali, Surfactant, Polymer
cEOR Chemical Enhanced Oil Recovery
D.O Dissolved Oxygen
EACN Equivalent Alkane Carbon Number
EOR Enhanced Oil Recovery
HPAM Partially Hydrolyzed Polyacrylamide
IFT Interfacial Tension
MW Molecular Weight
PAM Unhydrolyzed Polyacrylamide
ppb Parts Per Billion
ppm Parts Per Million
rpm Revolutions Per Minute
ST Surface Tension
TH Tortonian Horizon
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1. INTRODUCTION

The 16 Tortonian Horizon (TH) of the Matzen field -located 20 km northeast of Vienna- is
one of the largest reservoirs in Austria (Gruenwalder et al., 2007). Recently it has been screened
for the application of different EOR methods as reported by (Liiftenegger and Clemens, 2017)
and (Poellitzer et al., 2008). The 16 TH is considered a suitable candidate for Alkali-Polymer,
due to its reactive oil properties (high acidity). Table 3-1 describes some of the most relevant
properties of this reservoir and compares the values with the Alkali-Polymer screening
proposed by (Sheng, 2017). Further reservoir characterization details are given by (Kienberger
and Fuchs, 2006). Whereas, alkali should react chemically with the oil to produce in-situ
surfactants. Polymers solutions are expected to provide fluid mobility control and improve the
sweep efficiency. Hence, as stated by (Lake, 1989), (Pye, 1964), (Sheng, 2011a) and (Sorbie,
1991), it is crucial that the viscosity of a polymer solution does not decrease throughout its

propagation along the reservoir.

Table 1-1: 16 TH Reservoir Properties and Sheng Screening Comparison

Property 16" TH  Sheng Screening
Oil Viscosity [mPa.s] ~4-6 <150

Oil Gravity [°API] 25 NC
Temperature [°C] 60 <93.3
Mean Permeability [mDa] 1200 >50
TAN 2 Organic Acid
Formation Water Salinity [ 20,000 <50,000
[TDS, ppm]
Divalent [ppm] ~26* <100

*Divalent concentration obtained after brine softening.

When applying Alkali-Polymer flooding, the process becomes more complex since
polymers will not only interact with the rock matrix and reservoir fluids but also with the alkali
agent (Kazemi Nia Korrani et al., 2016). According to the literature, there are two main ways
in which alkali can affect polymer viscosity. First, alkali contributes to the hydrolyzation of the
polymer over time and therefore it helps to increase polymer viscosity. Second, alkali will
decrease the initial polymer viscosity due to an increase in water salinity. Overall, as stated by
(Levitt et al., 2011), (Sheng et al., 1994) and (Yang et al., 2010), polymer solution viscosity
may either decrease or increase by coupling both mechanisms. Moreover, caustic/alkaline
flooding is known by the emulsification of crude oil by soap into the high pH water phase

forming an oil-in-water (O/W) emulsion. These emulsions may display high viscosities and
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therefore influence the final oil recovery (Fortenberry et al., 2015), (Nelson et al., 1984),
(Sheng, 2011c) and (Sheng, 2017).

Research in recent years has focused on the effect of the temperature and oxygen content in
polymer solution degradation, especially in the presence of divalent cations such as iron calcium
or magnesium (Levitt et al., 2011), (Moradi-Araghi and Doe, 1987), (Ryles, 1988) and (Seright
and Skjevrak, 2015). A common way to assess the degradation is by using rheological
assessments and phase behavior experiments. Consequently, oxygen content and temperature

effects are two major concerns and therefore are considered in this work.

This work presents a set of criteria/workflow for defining polymer degradation in high pH
solutions. Based on this workflow, the procedures and the effect of those solutions on the alkali-
oil phases are described. This combination allows performing long-term polymer degradation
screening in a partially degassed environment without using a glovebox. Long-term thermal
stability was assessed for three commercial partially hydrolyzed polyacrylamide (HPAM) using

real injection softened water. The work can be divided in four different steps:

1. An assessment of polymer viscosifying power behaviour -with different polymer
concentrations- at reservoir temperature.

2. Definition of optimum polymer concentrations in presence of alkali (7500 ppm) for each
of the three studied polymers. This approach aimed to reach viscosity values reported in
previous micromodel/core flooding experiments.

3. Long-term stability assessment, including periodic steady-shear rheological, pH and
dissolved oxygen measurements, to define effects of temperature (50-70°C), dissolved-
oxygen and presence of alkali on viscosity and average molecular weight (MW).

4. Phase-behaviour experiments with and without presence of polymer in order to define

the effect of polymers in the phase behavior of alkali-oil mixtures.
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2. STATE OF THE ART AND FUNDAMENTS

With conventional oil fields depleting and the increase in the global energy demand,
Enhanced Oil Recovery (EOR) has become more and more relevant in the oil and gas industry

(Abidin et al., 2012), (Alvarado and Manrique, 2010) and (Sheng, 2011a).

EOR is generally defined as the last productive stage for a hydrocarbon reservoir, Figure
2-1. The Society of Petroleum Engineers defined EOR as “the technique or process where the
physicochemical properties of the rock are changed to enhance the recovery of hydrocarbon.
The properties of the reservoir fluid system which are affected by EOR process are chemical,
biochemical, density, miscibility, interfacial tension (IFT)/surface tension (ST), viscosity and

thermal”.

Field Development Plan

Production Starts

Primary Recovery

R Secondary Recovery

Tertiary Recovery/EOR

Production

Time

Figure 2-1. The Main Phases of a Field Development Plan, Modified from (Alvarado and Manrique, 2010).

At the same time, EOR can be divided into four different groups, Figure 2-2, This work will
focus on Alkaline-Polymer, a type of Chemical Enhanced Oil Recovery (cEOR).
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Figure 2-2. EOR Methods Classification, Modified from (Gbadamosi et al., 2018).

2.1. Chemical Enhanced Oil Recovery (cEOR)
cEOR refers to the process of injecting chemical compounds into the reservoir in order to
enhance improve the oil displacement. Even though the cEOR can involve the injection of
micellar, emulsion and foam components, the most used ones are Polymer (P), Alkaline (A)
and Surfactants (S) or any combination of them (Johnson, 1976), (Sheng, 2011c) and (Yang et
al., 2010).

2.2. Alkaline-Polymer Flooding
Alkali-Polymer flooding refers to any combination of Alkaline and Polymer flooding: (1)
Alkaline followed by Polymer, (2) Polymer followed by Alkaline, or, (3) Alkaline and Polymer
injected at the same time. Research performed by (Chen et al., 1999), (Krumrine and Falcone,
1987) and (Sheng, 2011c) regarding the synergy of the two components have reached the
conclusion that, as shown in Figure 2-3, the higher incremental oil recovery is obtained when
the two are injected simultaneously. The alkaline and polymer effects and drive mechanisms

will be addressed later in this work.
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Figure 2-3. Comparison of Residual Oil Recovery Factors in any Combination of Alkaline-Polymer Flood,
Modified From (Krumrine and Falcone, 1987).

2.2.1. Alkali Effect

There are five (5) proposed mechanisms in which alkaline enhances the oil recovery. (1)
Emulsification of crude oil by soap into the flowing, high pH water phase, forming an oil-in-
water (O/W) emulsion; (2) wettability reversal from oil-wet to water-wet, lowering relative
permeability to the water and improving sweep efficiency; (3) wettability reversal from water-
wet to oil-wet, reducing residual oil saturation; (4) emulsification and entrapment of viscous
emulsions, diverting flow by blocking smaller pore throats; and (5) emulsification and
coalescence, in which oil-in-water emulsions break spontaneously, locally increasing oil
saturation and relative permeability to the oil. It is important to point out that as explained by
(Fortenberry et al., 2015) and (Sheng, 2011b), IFT reduction is not mentioned as one of the
drive mechanisms even though this emulsification and wettability reversal involve lowered IFT.
The lowering of IFT was first introduced by (Nelson et al., 1984) when he published his work
of what today is known as ASP flooding.

2.2.2. Polymer Effect
Polymers are macromolecules with a molecular weight in the order or millions of grams per

mole. They provide mobility control during chemical flooding by increasing the viscosity of
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the injected fluid. Good mobility control is achieved when the mobility ratio (M), is low (Chon
and Yu, 2001) and (Sorbie, 1991).

k
M= rw * Io (2.1)

kT'O * er
Where k,4is relative permeability to the gas, k,, relative permeability to the oil, n, oil

viscosity and 1), water viscosity.

As stated by (Davis et al., 1968) and (Gogarty and Tosch, 1968), if M is smaller than the
unity, fingering is avoided, Figure 2-4, this means that both areal and vertical sweep efficiencies

are improved.

Waterflood Polymer Flooding
N . i
N . D
e Viscous Fingering e No Viscous Fingering
e Poor Vertical and Areal e Improved Vertical and Areal
Sweep Efficiencies Sweep Efficiencies

Figure 2-4. Sweep Efficiency Comparison between Waterflooding and Polymer Flooding.

There are different types of polymers, the most common ones are synthetic such as
Unhydrolyzed Polyacrylamides (PAM) and Partially Hydrolyzed Polyacrylamide (HPAM) or
biopolymers such as xanthan gum (Gaillard et al., 2015), (Needham and Doe, 1987) and (Sheng,

6
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2011a). The most used for polymer flooding as well as all polymers using for this work is the
HPAM. HPAM are polymers with molecular weight that variate from 1 to more than 20 million
grams per mol (Gregory, 1984). Polymer selection is an arduous process since the behavior of
the polymer is affected by many variables (Gaillard et al., 2015), (Guo, 2017), (Levitt and Pope,
2008) and (Sheng, 2017). Thus, a deep polymer study is required before the implementation of

it on a field scale.

2.3. Alkali-Polymer Interactions
Alkali-Polymer interactions can be defined as the series of effects that occur when both

substances are injected together and that do not occur when these substances are injected alone.

2.3.1. Alkali Effect in Polymer viscosity

Several authors have studied the effect of alkali in polymer viscosity (Alam and Tiab, 1985),
(Levitt et al., 2011), (Sheng et al., 1994) and (Yang et al., 2010). There are two main ways in
which alkali can affect polymer viscosity. First, alkali contributes to the hydrolyzation of the
polymer over time and therefore it helps to increase polymer viscosity. Second, alkali will
decrease initial polymer viscosity due to the increase in water salinity, Figure 2-5. It the end,

viscosity may either decrease or increase by coupling both mechanisms.

100
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Figure 2-5. Effect of Alkaline Concentration in Polymer Viscosity, Modified from (Kang, 2001).
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2.3.2. Polymer Effect in IFT

Polymer effect in IFT is complex and there is no agreement in the effect on how the polymers
affect the alkali-oil IFT. Several authors (De-Qiang et al., 1993), (Potts and Kuehne, 1988) and
(Sheng et al., 1994) state that since polymers have a small amount of surfactant, they may
decrease the IFT. Moreover, (Suniga et al., 2016) showed that equilibrium is reached faster

when polymer existed in the solution.

2.4. Polymer Degradation
One of the most important variables in polymer selection is the correct assessing of polymer
degradation. Degradation refers mainly to the breakdown of polymer molecules that lead to
viscosity losses. There are three main types of polymer degradation: (1) Biological Degradation

(2) Chemical Degradation, (3) Mechanical Degradation.

2.4.1. Biological Degradation

It is induced by bacteria that cause macromolecules breakdown and therefore a loss in
viscosity (Wellington, 1983). This type of degradation is important only for biopolymers and
can be avoided by using biocides such as formaldehyde. The main issues on it as a degradation
preventer is the fact that it is toxic and that the use of it may alter the other chemicals used for

polymer protection such as oxygen scavengers.

2.4.2. Chemical Degradation

Chemical degradation is generally the main cause of polymer degradation. It is very complex
and involves different variables such as dissolved oxygen, dissolved ions, hydrolysis, and,
temperature as stated by (Clifford and Sorbie, 1985), (Levitt et al., 2011), (Muller et al., 1980)
and (Ryles, 1988).

Dissolved Oxygen Effect (DO)

Dissolved oxygen is one of the main causes of chemical degradation. Due to its high redox
potential, oxygen will lead to oxidative degradation of the polymer. Several authors have
studied the effect of DO in polymer stability (Jouenne et al., 2017), (Luo et al., 2006) and (Yang
and Treiber, 1985). In general, it can be said that oxidative degradation is proportional to the
temperature and that oxygen content should be kept as low as possible by means of oxygen

scavengers or degassed processes along with gas blankets or methanol to protect the polymer.
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Dissolved Ions Effect

The presence of ions, especially divalent cations, have a major impact in polymer viscosity.
Among all divalent cations, Fe?" is known as the most critical one for polymer viscosity
(Jouenne et al., 2017) and (Seright and Skjevrak, 2015). Experiments run by (Luo et al., 2006),
shown in Figure 2-6, show that if dissolved oxygen is not removed, viscosity may drop by
nearly 100% in 3 hours when Fe*" is present in the solution,. Similar results were obtained by
(Seright and Skjevrak, 2015) when oxygen concentration was around 5 ppm.
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Figure 2-6. Effect of Fe’** Concentration in Polymer Viscosity, Modified from (Luo et al., 2006).

The presence of calcium and Magnesium also affect polymer stability and have been studied
by several authors (Davison and Mentzer, 1982), (Moradi-Araghi and Doe, 1987) and (Ryles,
1988). They noted that divalent cations not only reduce polymer viscosity but also, they lead to
precipitation that may plug the pores.

Hydrolysis Effect

Hydrolysis is defined as the partition of molecules in presence of water. As stated by (Levitt
et al., 2011), (Muller et al., 1980) and (Shupe, 1981) it is mainly affected by temperature. One

parameter used to assess how stable is a polymer is the viscosity retention also called residual

viscosity.



Polymer Degradation in High pH Solutions and the Effect of Polymers on the Phase Behavior of Alkali-Oil

Residual Viscosity = 1~ Aprine (2.2)

Ninitiat — NBrine

Where njpitiq; 18 nitial polymer viscosity, 1 is polymer viscosity at a given day and Pgyine

is brine viscosity.

(Kong, 1996) found that higher viscosity retention values were obtained at 40-50 % of
hydrolysis. (Levitt et al., 2011) studied the chemical degradation under alkaline conditions and
found that the degree of hydrolysis is dependent on pH and initial degree of hydrolysis. The
values they reported for unhydrolyzed polyacrylamides, Figure 2-7, show that higher residual
viscosities are aligned with the findings by (Kong, 1996).
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Figure 2-7. Relation between Degree of Hydrolysis and Viscosity, Modified from (Levitt et al., 2011).

2.4.3. Mechanical Degradation

Mechanical degradation occurs as a result of high mechanical stresses on the polymer
macromolecules (Jouenne et al., 2015). This type of degradation is important near the wellbore
and in polymer handling equipment (Sheng, 2011a). (Asen et al., 2018) studied the degradation
at cm and meter scales. (Puls et al., 2016) studied this mechanical degradation also during

reservoir propagation and production. (Jouenne et al., 2018) investigated the polymer

10



Polymer Degradation in High pH Solutions and the Effect of Polymers on the Phase Behavior of Alkali-Oil

mechanical stability after successive mechanical degradation events. In general, authors

concluded that mechanical degradation depends on flow rate and geometry.
One parameter to characterize polymer stability is the filtration ratio (FR). It consists in pass
the solution through a filter. In general, FR should be a value below 1.5 to be acceptable.

_ la00 * l1g0

FR = (2.3)

t100 * tgo
Where t,49, ti1g0, t10o and tgo are the times in which 200, 180, 100 and 80 milliliters of

solution have been filtered.

2.5. Alkali-Oil Phase Behavior
The understanding of alkali-oil phase behavior is crucial for the application of AP flooding.
A third thermodynamic stable phase (microemulsion) can be formed in with oil and water-
alkaline mixtures (Canter et al., 1982) and (Winsor, 1954). In AP flooding, the microemulsion
is a distinct phase consisting of alkali, oil, and water. However, in other chemical flooding

methods, it may include also co-solvents, co-surfactants and other components (Nelson et al.,

1984) and (Rudin et al., 1994).

2.5.1. Microemulsion Types

Microemulsion classification was first done by (Winsor, 1954). He divided them in Type I
(under-optimum conditions), Type II (over-optimum conditions), Type III (optimum
conditions) and Type IV, Figure 2-8. Type I microemulsion, also known as Type II (-) is an oil-
in-water microemulsion, where a portion of the oil has been solubilized into the surfactant
micelles resulting in a two-phase Oil/Microemulsion system. A Type II microemulsion, also
known as Type II (+), is a water-in-oil microemulsion, where a portion of the water has been
solubilized in the surfactant micelles resulting in a two-phase Microemulsion/Water system. A
Type I microemulsion is a three-phase system where both oil and water solubilized partially
into the surfactant micelles. A Type IV microemulsion is a single-phase emulsion where both

oil and water are completely solubilized into the surfactant micelles.

11
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Microemulsion

Microemulsion Microemulsion

Microemulsion Water

Water

Type | Type ll Type lll Type IV

Figure 2-8. (Winsor, 1954) Microemulsion Classification.

2.5.2. Microemulsion Screening

Phase behavior is normally studied performing a phase screening. This is done by keeping
fixed all variables except one. The most common analyzed variables are salinity, alkaline,
surfactant and co-surfactant (Ajith and Animesh, 1994), (Gao et al., 1995), (Levitt et al., 2016),
(Sheng, 2011d), (Unsal et al., 2015) and (Wegner and Ganzer, 2017). However, phase screening
can be performed for other variables such as temperature, pressure and equivalent alkane carbon
number (EACN) of the oil (Bourrel and Schechter, 1988), (Austad et al., 1998) and (Green and
Willhite, 1998). An increase in hardness (addition of alkali) or salinity (addition of NaCl) will
normally cause a Type I to Type III to Type II shift, Figure 2-9. However, since crude oil is a
complex mixture of more than 200 organic compounds, phase-shift do not always present the
same characteristic behavior when salinity/hardness increase. (Sagi et al., 2013) and (Wegner
and Ganzer, 2017) reported a Type I to Type II transition without any observation of a Type III
microemulsion but with the formation of a viscous macroemulsion for high salinity

concentrations.
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Figure 2-9. Typical Microemulsion Shifting when Increasing Salinity, (Sheng, 2015).

An increase in temperature typically generates a Type Il to Type III to Type I for anionic
surfactants although adding enough propylene oxide to the structure will generate the opposite
behavior (Bourrel and Schechter, 1988), (Healy et al., 1976), (Salager et al., 1979) and (Skauge
and Fotland, 1990).

2.5.3. Microemulsion Viscosity

Microemulsion viscosity is an important parameter in the design of an AP flooding. If the
viscosity is too high, viscous fingering problems may appear. Also, it may depict an undesired

non-Newtonian rheological behavior (Bennett et al., 1981) and (Suniga et al., 2016).

In Alkali/Oil or Surfactant/Oil mixtures, microemulsion viscosity behavior is well defined.
In the case of Winsor Type I and Type Il systems are very close to the viscosity of continuous
oil and aqueous phases (Sagi et al., 2013) and (Suniga et al., 2016). For Winsor Type III, where
there is a bicontinuous phase, larger viscosity values are observed as reported by (Suniga et al.,
2016), (Tagavifar et al., 2018) and (Walker et al., 2012). On the other hand, when polymer is
added to the mix, there is not a clear consensus on its effect in Type III microemulsion
viscosities. (Tagavifar et al., 2018) stated that Polymer presence does not affect Type Il and
Type III viscosity values, which means that Polymer molecules do not partition into the
macroemulsion phase. However, (Suniga et al., 2016) stated that the presence of polymer
increased the viscosity of both Type I and Type III macroemulsions, which means that Polymer

molecules can partition into the microemulsion phase.
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3. FIELD BACKGROUND, EQUIPMENT, EXPERIMENTAL APPROACH AND
METHODOLOGY

In this chapter, a backdrop for the results presented in Chapter 4 is set. The subsequent
include a full description of all the experimental equipment used for the development of the
thesis is presented. This includes brine softening process, polymer solution preparation, steady-

shear rheological measurements, and phase experiments.

3.1. Reservoir Background
The 16 Tortonian Horizon (TH) of the Matzen field -located 20 km northeast of Vienna- is
one of the largest reservoirs in Austria (Gruenwalder et al., 2007). Recently it has been screened
for the application of different EOR methods as reported by (Liiftenegger and Clemens, 2017)
and (Poellitzer et al., 2008). The 16 TH is considered a suitable candidate for Alkali-Polymer,
due to its reactive oil properties (high acidity). Table 3-1 describes some of the most relevant
properties of this reservoir. Further reservoir characterization details are given by (Kienberger

and Fuchs, 2006).
Table 3-1: 16 TH Properties.

Property Value

Oil Viscosity [mPa.s] ~4-6
Oil Gravity [°API] 25
Temperature [°C] 60
Mean Permeability [Da] 1.2
Min Permeability [mDa] 18
Max Permeability [Da] 10

Initial OWC [m] 1490

Initial GOC [m] 1455

TAN 2

Min Porosity [%] 17
Max Porosity [%] 40
Mean Porosity [%] 27
Oil Sand Net Thickness [m] 17

3.2. Equipment
This section describes all the materials that were necessary to perform all the experiments
for the elaborations of this work. This includes reservoir fluids, chemicals, and laboratory

equipment.
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Reservoir Brine

Production brine from the 16 TH Reservoir, called Auersthal brine in this work, was

collected from the outlet of the water treatment plant in Schonkirchen. Table 3-2 summarizes

the 16 TH formation water composition and hardness properties.

Table 3-2: Auersthal Brine Composition.

Auersthal Brine
mg/I

Element

L

Na* 7460.00)
NH4*

K+

M g2+
C aZ+
st

2+
Ba
24,3+

Fe
Total Hardness [dH°]

Polymers

Three polymers were studied in this work. Polymer selection was based on previous results
obtained at OMV-TCL (Liiftenegger and Clemens, 2017) and (Clemens et al., 2013) and

recommendations given by the vendor. The used polymers are chemically described in Table
3-3.

Table 3-3: Chemical Characteristics of the Evaluated Polymers.

Flopaam 3630 S | Flopaam 5205 VHM | Flopaam 6030

Homopolymer
Chemist Acrylamide/ Acrylamide/ATBS/ Post-
y Acrylate Acrylic acid polymer Hydrolyzed
Acrylamide
Medium to High Medium High

Molecular . . .
Medium High High
Ion-Exchange Resin
Dowex® Marathon™ C sodium form provided by Sigma Aldrich, see Figure 3-1 was used

for water softening in order to avoid any problems of precipitation already described in section
(2.4.2).
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Figure 3-1. Dowex® Marathon™ C Sodium Form.

Dead Oil

Dead oil was collected from the 16 TH reservoir. It was degassed and dewatered before it
was used in any experiment. Dead oil steady-shear rheology was measured and is displayed in

Figure 3-2. Rheological data is also available in.

16" TH Dead Oil Steady-Shear Rheology
1000.00

100.00

Dead Oiln ~ 12 mPa.s

Viscosity [mPa.s]

1.00
0.01 0.1 1 10 100 1000

Shear Rate [s]

Figure 3-2. 16 TH Dead Oil Steady-Shear Rheology.

Alkaline Agent

Sodium carbonate (Na,CO3) was the alkaline agent used in all Alkali-Polymer solutions. It
was provided by Sigma Aldrich and is described chemically in Table 3-4.
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Table 3-4: Chemical Characteristics of Na,CO3 Provided by Sigma Aldrich.

Purity 299.0%
Form powder
P:<0.02
Insoluble matter: 0.1
Solubility at 20°C [g/1] 217
Cl:=0.05
S0,%:<0.02
Al: <0.001
Ca:<0.02
Cu: <0.0005
Fe:<0.001
Cation Traces [%] K:<0.005
Mg: <0.005
NH,*: <0.05
Pb: <0.001
Zn:<0.0005

Impurities [%]

Anion Traces [%]

Convection Ovens

Convection ovens were used to maintain the temperature constant over time either at 50°C,

60°C or 70°C. They were used for aging and phase experiments.

pH and Dissolved Oxygen Meter

A pHenomenal® OX 4100 dissolved oxygen [D.O] and pH meter, see Figure 3-3 was used

to keep track of this variable during experiments. Device resolution was 0.1 mg/l and 0.001 for

D.O and pH respectively.

Figure 3-3. VWR pHenomenal® OX 4100 dissolved oxygen and pH meter.
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Rheometer

A Physica MCR 301 Rheometer developed by Anton Paar with a double-gap measuring
system, see Figure 3-4 and Figure 3-5, was used for the steady-shear rheological measurements

performed for this work. Table 3-5 describes some of the specifications of this device.

Figure 3-5. Double-Gap Measuring System Geometry.
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Table 3-5: MCR 301 Rheometer Specifications.

Specification
Frequency Range 10-5—102 Hz
Temperature -40 - 200°C £ 0.01°C
Range (Peltier-control)
Coaxial double gap
(DG26.7): gap width:
0.42 mm and 0.46 mm;
Geometry sample volume: 3.8 ml;
for low-viscosity
samples (0.4 mPas <n
< 200 mPas)
shear rate range 10-5 — 104 s-1

Borosilicate Pipettes

All phase behaviour experiments were performed using 10 ml Fisher borosilicate pipettes
with a graduation of 0.1 ml. This type of pipettes have been widely utilized in phase screening
experiments (Fortenberry et al., 2015), (Puerto et al., 2015) and (Tagavifar et al., 2018).

Oxygenated Methane Torch

Borosilicate pipettes were sealed by means of an oxygenated methane torch. The mixture of
methane and oxygen created a flame that reaches a temperature high enough to melt and fuse

the pipette ends.
Rotating Shaker

A rotating shaker, shown in Figure 3-6, was used to ensure proper contact between the alkali-

rich solutions and the oil during the phase experiments.

Figure 3-6. Rotating Shaker.
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3.3. Setup and Procedure

3.3.1. Brine Softening

The following section describes the process followed to soften the reservoir brine in order
to avoid the issues related with divalent cations already explained in the second chapter, Brine
softening was performed for all the experiments performed in this thesis as shown in Figure
3-7. First, Auersthal brine was filtered using folded filter paper in order to extract any trace of
crude oil still present on it. Then, 10 grams of Dowex® Marathon™ C sodium form were added
per every 100 grams of water and the mixture was set in a magnetic stirrer at 400 rpm for 1
hour. Finally, Auersthal/softened was filtered again in order to remove the cation exchanger.

Table 3-6 summarizes the brine composition after the softening process.

T
a

&=

ADDITION OF DOWEX

10% WA
AUERSTHAL FILTERED
BRINE AUERSTHAL BRINE
— STIRIRNG FOR 1
HOUR
SOFTEMED DOWEX FILTERED
AUERSTHAL BRINE AUERSTHAL BRINE

Figure 3-7. Brine Softening Process Description.
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Table 3-6: Softened Auersthal Brine Composition

Auersthal Softened Brine
mg/|

Element

Li 1.41
Na 7814.00
26.90
K 33.70
Mg 12.90
Ca 12.30
Sr 0.88
Ba 0.29
Fe -
Total Hardness [dH°] 5.00

3.3.2. Polymer Solution Preparation

Polymeric solutions were prepared following API standards. The preparation of the
polymeric solutions can be summarized as follow, see Figure 3-8. First, polymer mother/stock
solution was prepared by mixing 0.55 grams of polymer per every 499.45 grams of
Auersthal/softened brine (5000 ppm) and stirring the mixture for 5-10 minutes at 600 rpm and
then for 2 hours at 300 rpm. Then, the solution was diluted to a desired polymer concentration,

between 1000 and 3000 ppm, Finally, diluted solution was set in a magnetic stirrer for 2 hours

at 300 rpm.

Polymer

Polymer
Stock

Solution

Mix for 2

Stock Hours

Figure 3-8. Polymer Solution Process Description.
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3.3.3. Preliminary Rheological Assessment Description

This section describes the procedure followed during the preliminary rheological
assessment, see Figure 3-9. First, polymer solutions were prepared following the procedure
explained in Figure 3-8. Following this, diluted solutions were stored for one night in a
refrigerator at ~6°C in order to avoid any thermal degradation as explained in the second
chapter. Then, shear-steady rheological measurements were performed to the diluted solutions
at least 3 times using an Anton Paar Physica MCR 301 rheometer with a dual gap geometry.
Finally, the obtained data were analyzed in order to determine the ideal polymer solution for

the aging and phase experiments.

Store
Owvernight
~6°C

Diluted
Polymer
Stock

Run Steady-Shear
Rheological
M earsurements 3

i ’ Times forEach

&3
-

Solution

Data Analysis

Figure 3-9. Preliminary Rheological Assessment Process Description.

3.3.4. Aging Experiments Description

This section describes the procedure followed during the aging experiments, see Figure 3-10.
First, polymer solutions were prepared following the procedure explained in Figure 3-8.
Following this, diluted solutions were stored in convection ovens at desired temperatures.
Shear-steady rheological measurements were performed to the diluted solutions on a v/'time
basis using an Anton Paar Physica MCR 301 rheometer with a dual gap geometry. pH and
dissolved oxygen were also measured on each measurement day. Finally, the obtained data were
analyzed and interpreted in order to study the polymer thermal stability and the effect of

temperature, dissolved oxygen, and pH in polymer degradation.
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Flushing for Degassed Set
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Temperature

Data Analysis

Steady-Shear Rheological Mearsurements
on a Square Root of Time Basis

Figure 3-10. Aging Experiments Process Description.

In total, three different sets of polymer solutions were designed to assess polymer thermal
stability. The description of the experiment sets is shown in Table 3-7.

Table 3-7: Set of Experiments Defined for the Aging Evaluations

Specifications Baseline Set Degassed Set Temperature Set

Polymers Used Flopaam 3630 S, Flopaam 5205 VHM, Flopaam 6030
Temperature (°C) 60 60 50, 70
Rheometer

Geometry Double Gap

Degassing No Argon, Nitrogen No
Aditional -

Measurements Dissolved Oxygen, pH

Polymer Flopaam 3630 S, Flopaam 5205 - 2000
Concentration (ppm) Flopaam 6030 - 1800

Alkali Concentration 0 and 7500 7500 7500
(ppm)

For the degassed set, an in-house experimental setup was designed to remove the dissolved
oxygen from the polymer solution, see Figure 3-11.
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Figure 3-11. Experimental Setup Utilized for Polymer Degassing

3.3.5. Phase Experiments Description

This section describes the procedure followed during phase experiments, see Figure 3-12.
Phase experiments were prepared to analyze the effect of both, temperature and polymer
presence in the phase behavior of alkali-oil mixtures. First, 10 ml borosilicate pipettes were

sealed in the bottom using an oxygenated methane torch. Paralelly, dead oil was surrogated by

adding 15 % % of cyclohexane to match the viscosity of the oil at reservoir conditions

(~ 5 mPa.s), Figure 3-13 shows the shear steady rheological measurements performed on the
oil before and after the addition of cyclohexane. Then, polymer and alkali solutions were
prepared following the procedure explained in Figure 3-8. Following this, 5 ml of desired A or
AP solution and 5 ml of surrogated oil diluted solutions were poured into the pipettes using an
Eppendorf repeater. Next, borosilicate pipettes top was sealed using an oxygenated methane
torch and let them cool at ambient temperature. Subsequently, sealed pipettes were shaken in a
rotator mixer for 24 hours in order to maximize the contact between the alkali-rich solution
and the surrogated oil. Finally, the pipettes were stored in convection ovens at desired

temperatures.
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Figure 3-12. Phase Experiments Process Description
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Figure 3-13. Dead Oil and Surrogated Oil Rheological Measurements

In total, three different polymers and three different temperatures were evaluated in the phase
experiments. The description of the experiment sets is shown Table 3-8.
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Table 3-8: Phase Experiments Description

Specifications

Alkali, Flopaam 3630 S, Flopaam 5205 VHM, Flopaam

Water Phase 6030
Polymer Flopaam 3630 S, Flopaam 5205 - 2000 ppm
Concentration Flopaam 6030 - 1800 ppm
. . : 0
Oil Phase Surrogated (Viscosity matched oil), 15 % w/w
Cyclohexane
Alkali

C . 6000, 7500, 9000, 10500, 12000, 15000 ppm
oncentration

Number of Samples
per Concentration
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4. EXPERIMENTAL RESULTS

The following chapter describes the performance of the different experiments mentioned in
the previous chapter. All reported viscosity values are mean values obtained as an average of
all measurements performed on the samples. Data also includes standard deviations showed as

error bars in the listed figures.

4.1. Polymer Viscosifying Power
Steady-shear rheological measurements were performed on the three partially hydrolyzed
polyacrylamides, showed in Table 3-3, at different polymer concentrations ranging between
1000 ppm and 3000 ppm in order to have a baseline trend of the viscosity behavior for the tested

polymers.

Results from preliminary viscosifying power analysis are shown in Figure 4-1 and Figure
4-2. Figure 4-1 shows apparent viscosity for each polymer at different shear rates ranging from
0.1 to 1000 s-1 while Figure 4-2 compares the different apparent viscosities at a given shear
rate of 7.96 s-1 which is the closest value to which is considered the normal shear rate at
reservoir conditions. All rheological measurements were performed at reservoir temperature

(60°C) and were done three times for each sample.

27



Polymer Degradation in High pH Solutions and the Effect of Polymers on the Phase Behavior of Alkali-Oil
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4.2. Polymer — AP Solutions Comparison
Steady-shear rheological measurements were performed on the three HPAM showed in
Table 3-3 at different concentrations ranging between 1000 ppm and 3000 ppm with the
addition of an alkali agent (Na2CO3) at a fixed concentration of 7500 ppm. This, aiming to
understand the effect of alkali presence in the initial viscosity of the studied polymers and with

the goal of define polymer concentrations for the aging and phase experiments.

Results from preliminary viscosifying power analysis are shown in Figure 4-3 and Figure
4-4. Figure 4-3 shows apparent viscosity for each polymer at different shear rates ranging from
0.1 s to 1000 s™! while Figure 4-4 compares the different apparent viscosities at a given shear
rate of 7.96 s-1. Moreover, polymer concentrations were defined based on previous laboratory
experiments performed by an OMV contractor. Defined concentrations and apparent viscosity
values for those concentrations are reported in Table 4-1. All rheological measurements were

performed at reservoir temperature (60°C) and were done three times for each sample.

FLOPAAM 3630S + 7500 ppm Na2CO3 Viscosity [mPa.s] Vs. Shear Rate [1/s]

1000

Viscosity [mPa.s]
-
o
o

=
S

0.1 1 100 1000

10
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FLOPAAM 6030 + 7500 ppm Na,CO; Viscosity [mPa.s] Vs. Shear Rate [1/s] FLOPAAM 5205 VHM + 7500 ppm Na2CO3 Viscosity [mPa.s] Vs. Shear Rate [1/s]
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Figure 4-3. Alkali-Polymers Rheological Behaviour at Different Concentrations
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Comparison Alkali-Polymer Solutions Viscosity @7,94 s!
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Figure 4-4. Alkali-polymers Viscosity Comparisson for Different Concentrations at a Shear Rate of 7.94s™!

Table 4-1. Polymer Defined Concentrations for Aging and Phase Experiments

Defined

Vi i Pa.
Concentration [ppm] iscosity [mPa.s]

Flopaam 3630 S

Flopaam 6030
Flopaam 5205 VHM

4.3. Long-term Stability Assessment
The following sections will report the obtained results from the three different aging

experiments explained in detail in section 3.3.4.

4.3.1. Baseline Set

The baseline set was designed to have a reference on how the viscosity of the three different
studied polymers behave in the long-term basis. Polymeric solutions at concentrations defined
in section 4.2 were prepared without and with the presence of alkali (7500 ppm of Na>CO3).
Samples were aged at reservoir temperature (60°C). Steady-shear rheology measurements were
performed over time roughly on a v/time basis. Moreover, pH and dissolved oxygen were also
tracked on the same time basis as the rheological measurements were performed. All
rheological measurements were performed at reservoir temperature (60°C) and were done three

times for each sample.
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Results from baseline aging experiments are shown in Table 4-2, Table 4-3 and Figure 4-5.
Table 4-2 and Table 4-3 show the changes in time of dissolved oxygen (D.O.) pH respectively.

Figure 4-5 shows apparent viscosity over time for each polymer at a shear rate of 7.94 s,

Table 4-2. Baseline Dissolved Oxygen Concentration over Time

Dissolved Oxygen
[ppm]

Day Day

16 26
Flopaam 3630 S 2.7 3.1 2.7 2.6 2.8
Flopaam 3630 S + Alkali 2.7 2.6 2.6 2.6 3.4 31 3.1 29
Flopaam 6030 2.7 2.6 2.7 3.0 2.9 2.8 2.6 2.9
Flopaam 6030 + Alkali 2.6 2.8 2.8 2.7 2.8 2.9 3.1 3.0
Flopaam 5205 VHM 2.6 3.1 2.8 2.6 3.4 3.2 2.9 3.2
Flopaam 5205 VHM + Alkali 2.8 2.6 2.7 2.8 3.2 3.1 3.1 3.0

Table 4-3. Baseline Solutions pH over Time

Flopaam 3630 S
Flopaam 3630 S + Alkali
Flopaam 6030
Flopaam 6030 + Alkali
Flopaam 5205 VHM
Flopaam 5205 VHM + Alkali

Baseline Viscosity vs. Time @7,94 s

40
Flopaam 3630 S
—e—Flopaam 3630 S + Alkali
—e— Flopaam 6030
" —e—Flopaam 6030 + Alkali
30 —e— Flopaam 5205 VHM
—e—Flopaam 5205 VHM + Alkali
)
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Figure 4-5. Baseline Set Viscosity over Time Comparisson at a Shear Rate of 7.94s™
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4.3.2. Degassed Set
The degassed set was designed to analyze how the viscosity of the three different studied
polymers behave in the long-term basis when the samples were flushed with inert gasses in
order to partially remove the dissolved oxygen and try to reproduce the reduced reservoir
environment. Polymeric solutions at concentrations defined in section 4.2 were prepared with
the presence of alkali (7500 ppm of Na,CO3) and were flushed with Nitrogen or Argon (30-45
min). Subsequently, samples were poured in borosilicate glass bottles, sealed quickly and let

them age at reservoir temperature (60°C). Steady-shear rheological measurements were

performed over time roughly on a vtime basis.

The degassing procedure was repeated those days (~\t) where samples were taken to
perform rheological measurements. Dissolved oxygen was measured before and after the
Nitrogen or Argon flush to have an idea of how much oxygen was re-dissolved into the solution
and how effective the degassing process was. Moreover, solutions pH was also tracked at the
same time basis as the rheological measurements were performed. All rheological
measurements were performed at reservoir temperature (60°C) and were done three times for

each sample.

Results from degassed aging experiments are shown in Table 4-4 and Figure 4-6. Table 4-4
shows the changes in time of solutions pH. Figure 4-6 compares shear viscosity and D.O. over
time between the degassed solutions and the alkali-polymer solutions from the baseline set at a

shear rate of 7.94 s,

Table 4-4. Degassed Solutions pH over Time

Flopaam 3630 S - Nitrogen pH
Flopaam 3630 S - Argon pH

Flopaam 6030 - Nitrogen pH
Flopaam 6030 - Argon pH
Flopaam 5205 VHM - Nitrogen
Flopaam 5205 VHM - Argon
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Degassed Flopaam 3630S Viscosity vs Time @7,94 s-!
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Validation of Degassing Apparatus
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As reported by (Levitt et al., 2011), (Yang and Treiber, 1985), (Rodriguez et al., 2018)

among others. Degassed solutions are strongly recommended to be treated using an inert glove-

box in order to reproduce the reduced conditions present in the reservoir. To validate the results

obtained in this work, the data were compared with a set of experiments that were previously

performed externally using Flopaam 3630S, a glove box and a constant dissolved oxygen

concentration of 1 ppm as can be seen from Figure 4-7.
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Figure 4-7. Residual Viscosity Comparison between External Experiments and Results from this Work

4.3.3. Temperature Set

Numerous experiments have established the role of temperature in polymer degradation i.e.
(Audibert and Argillier, 1995), (Levitt et al.,, 2011), (Ryles, 1988), among others. The
temperature set was designed to have a reference on how the viscosity of the three different
studied polymers behave if the aging temperature of the polymeric solutions is different. Alkali-
Polymer solutions were prepared at concentrations defined in section 4.2 with 7500 ppm of
NaxCOs. Samples were aged at 50°C and 70°C. Steady-shear rheology measurements were
performed over time roughly on a +/time basis. Moreover, as in the other long-term
experiments, pH and dissolved oxygen were also tracked on the same time basis as the
rheological measurements were performed. All rheological measurements were performed

three times on each sample.

Results from baseline aging experiments are shown in Table 4-5 , Table 4-6 and Figure 4-8.
Table 4-5 and Table 4-6 show the changes in time of pH and dissolved oxygen respectively.

Figure 4-8 shows apparent viscosity over time for each polymer at a shear rate of 7.94 s
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Table 4-5. Temperature Dissolved Oxygen Concentration over Time

Dissolved Oxygen
[ppm]

Day Day Day Day Day PEW

16

Flopaam 3630 S - 50°C

Flopaam 3630 S - 70°C
Flopaam 6030 - 50°C
Flopaam 6030 - 70°C

Flopaam 5205 VHM - 50°C
Flopaam 5205 VHM -70°C

Table 4-6. Temperature Solutions pH over Time

Flopaam 3630 S - 50°C
Flopaam 3630 S - 70°C

Flopaam 6030 - 50°C
Flopaam 6030 - 70°C
Flopaam 5205 VHM - 50°C
Flopaam 5205 VHM -70°C

Diff. Temperatures Flopaam 3630S Viscosity Vs. Time @7,94 s*
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Figure 4-8. Temperature Set Viscosity over Time Comparisson at a Shear Rate of 7.94s™
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4.4. Phase Experiments
The following sections will report the obtained results from all the phases experiments which
were explained in detail in section 3.3.5. All reported volumes are mean values from three

experiments performed for each alkali concentration.

4.4.1. Emulsions Stability in Time
Phase experiments were continuously monitored, and emulsion volumes read from the
pipettes. Emulsion volumes for polymer mixtures were considered to be all the volume above
the water level since no clear interface was observed in most experiments, see Figure 4-9.
Stability was considered to be reached when emulsion volumes did not change considerably for

a period of ten or more days. Reported data include standard deviations shown as error bars.

No Clear Interface

Figure 4-9. Emulsion Volumes Phases Clarification

Results from emulsions stability in time are shown in Figure 4-10, Figure 4-11 and Figure
4-12. Figure 4-10 shows the evolution of emulsion volumes over time for alkali+polymer/oil
and alkali/oil mixtures aged at 50°C while Figure 4-11 and Figure 4-12 show the results from

the experiments aged at 60°C and 70°C respectively.

36



10.0

8.0

@
o

Emulsion Volume [ml]
&
o

2.0

0.0

10.0

8.0

6.0

4.0

Emulsion Volume [ml]

2.0

0.0

Polymer Degradation in High pH Solutions and the Effect of Polymers on the Phase Behavior of Alkali-Oil

Alkali - Emulsion Volumes at 50 °C Flopaam 3630 S - Emulsion Volumes at 50 °C
L T >
! I s
10 20 30 40 50 60 700 10 20 30 40 50 60 70
Time [Days] Time [Days]
Flopaam 5205 VHM - Emulsion Volumes at 50 °C Flopaam 6030 - Emulsion Volumes at 50 °C
| .
3 : ]
z —
Y } + —
10 20 30 40 50 60 700 10 20 30 40 50 60 70
Time [Days]

Time [Days]

—=—6000 —=-7500 -—=-9000 10500 ——12000

Figure 4-10. Phase Experiments Emulsion Volumes over Time at 50°C
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Figure 4-11. Phase Experiments Emulsion Volumes over Time at 60°C
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Alkali - Emulsion Volumes at 70 °C
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Figure 4-12. Phase Experiments Emulsion Volumes over Time at 70°C

4.4.2. Phase Maps

Phase maps were drawn for the emulsion volumes taken in the last measurement day (day

65) to have an idea of how different concentrations of alkali affect the generated emulsion.

Reported volumes are mean values from three experiments performed for each alkali

concentration. Instead of using the nomenclature calling the emulsions Type I, II or III as

proposed by (Winsor, 1954), this work uses a different nomenclature naming as Emulsion I or

Emulsion II. This is because during phase experiments two different emulsions were visually

present in most experiments, as shown in Figure 4-13. Emulsion I is an upper dark-brown

emulsion that seemed to present low viscosity while Emulsion II is a lower light-brown

emulsion that seemed to present high viscosity. The initial appreciation was done by visual eye

observation.
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“Emulsion 17

“Emulsion 2”

Figure 4-13. Phase Maps Nomenclature Clariffication

Figure 4-14 shows the phase maps for the alkali+polymer/oil and alkali/oil mixtures aged at
50°C while Figure 4-15 and Figure 4-16 show the results from the experiments aged at 60°C
and 70°C respectively.

Alkali Emulsions Phase Map at 50°C Flopaam 3630 S Emulsion Phase Map at 50°C

|
6000 7500 9000 10500 120006000 7500 9000 10500 12000

Flopaam 5205 VHM Emulsion Phase Map at 50°C Flopaam 6030 Emulsion Phase Map at 50°C

|
6000 7500 9000 10500 120006000 7500 9000 10500 12000

m Water ®Emulsion 2 mEmulsion1 mOil

Figure 4-14. Phase Maps at 50°C
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Alkali Emulsions Phase Map at 60°C Flopaam 3630 S Emulsion Phase Map at 60°C

6000 7500 9000 10500 12000 150006000 7500 9000 10500 12000 15000

Flopaam 5205 VHM Emulsion Phase Map at 60°C Flopaam 6030 Emulsion Phase Map at 60°C

6000 7500 9000 10500 12000 15000 6000 7500 9000 10500 12000 15000

m Water ®mEmulsion2 = Emulsion1 mQil

Figure 4-15. Phase Maps at 60°C
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Alkali Emulsions Phase Map at 70°C Flopaam 3630 S Emulsion Phase Map at 70°C
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Figure 4-16. Phase Maps at 70°C
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5. RESULTS ANALYSIS

5.1. Polymer Viscosifying Power
As seen in Figure 4-1, all polymers show a typical shear tinning behavior. Moreover, it is
seen that for low concentration, 1000- to 1500- ppm the standard error is particularly high for
low shear rates. This is because it is difficult to assess the shear viscosity for low viscosity fluids
at low shear rates. However, this geometry still provides much better-quality data in comparison

with other geometries such as cone and plate.

From Figure 4-2 it is possible to conclude that reservoir viscosities 4- to 6- mPa.s. can be
reached with a polymer concentration smaller than 1000 ppm. In addition, Flopaam 6030
showed the biggest Viscosifying power followed by Flopaam 3630 S and Flopaam 5205 VHM.

5.2. Polymer — AP Solutions Comparison
As seen in Figure 4-3, the addition of alkali does not affect the general shear thinning
behavior of the polymer. Big standard errors are also present for low polymer concentrations

1000- to 1500 ppm, especially for Flopaam 5205 VHM -Figure 4-3c-.

Figure 4-4 shows that as in Polymer only solutions, Flopaam 6030 depicted the highest
viscosifying power, followed by Flopaam 3630 S and Flopaam 5205 VHM also for Alkali-
Polymer. Moreover, the presence of alkali reduces polymer initial viscosity. At a concentration
of 2000 ppm, Alkali-Polymer solutions lead to a reduction of viscosity between 13% and 23%
in comparison with Polymer only solutions. The observed viscosity reduction is in agreement
with previous studies presented by (Levitt et al., 2011) and (Sheng, 2010). It is assumed that
the reduction in polymer viscosity after the addition of the alkali agent is due to particles curling
and the increasing in salinity. Having as reference result obtained from previous
micromodels/core flooding polymer concentrations were defined for further aging as 1)
Flopaam 3630S — 2000ppm, 2) Flopaam 6030 — 1800 ppm, 3) Flopaam 5205 VHM — 2000 ppm

as shown in Table 4-1.

5.3. Long-term Stability Assessment
The following sections will analyze the obtained results from the three different aging

experiments explained in detail in section 3.3.4.

5.3.1. Baseline Set
As seen in Figure 4-5, there is no evidence of Oz consumption, as the D.O in all solutions

remains roughly constant over time. There are two possible speculative explanations for this
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observation. The first one is that the O> concentration is in great excess compared to the other
chemical compounds that it can react with. The second and most likely to happen is that since
the solutions are manipulated at atmospheric conditions -where the O concentration is around
-210000 ppm- the oxygen remaining in the storage bottle can dissolve on it until equilibrium is
reached. From pH values -Table 4-3- it seems to be an alkali consumption that can be observed

with the decreasing of pH for alkali-polymer solutions.

Figure 4-5 shows that AP solutions and P solutions depict a different behavior, especially
during the first days of aging. On one hand, AP solutions show an increase in steady-shear
viscosity during the first few days and then, a steady decrease approximately after day 10. On
the other hand, P solutions present a steady decrease in shear viscosity since day 1. By day 64,
all solutions that include alkali depicted a higher shear viscosity than the ones without it.
Residual viscosity values for AP solutions is 17 to 25% higher than for P solutions -Table 5-1-
. Since the only different parameter between the different solutions was the presence of alkali,
it is believed that, as observed by (Levitt et al., 2011) and (Zhang et al., 2017) presence of alkali
enhances viscosity at first due to the increase in hydrolysis. As a final note, contrary to the
baseline assessment in which Flopaam 6030 depicted the highest viscosifying power for both
AP and P solutions, the long-term baseline assessment shows that Flopaam 3630 S is the

Polymer that has the best performance in untreated solutions (no O, removal).

Table 5-1. Baseline Residual Viscosities Comparison

FP3630 FP3630+A FP 6030 FP 6030 + A FP 5205 FP5205 + A
Mean Residual Viscosity [ 23,90 14,70 | 16,30 9,00 17,60
[mPa.s]
Residual Viscosity 52% 77% 45% 62% 40% 63%

5.3.2. Degassed Set
Results from Table 4-4 showed that degassed solutions have very similar pH values in
comparison with alkali-polymer solutions from the Baseline Set. This means that as expected,
the addition of an inert gas does not affect the solution pH. The reduction of pH over time is

believed to be due to alkali consumption.

It can be observed from Figure 4-6 that dissolved oxygen plays a major role in the long-term
stability of polymer solutions. Results presented here are in good agreement with similar
observations reported by (Yang and Treiber, 1985), (Moradi-Araghi and Doe, 1987), (Luo et
al., 2006), (Seright and Skjevrak, 2015) and (Jouenne et al., 2017). This is also reflected in the

viscosity differences between the treated and untreated (baseline) solutions. Degassed solutions
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have performed better in terms of final shear viscosity when compared to the baseline
experiments in five (5) out of six (6) samples. Treated solutions performed much better for
Flopaam 3630 S (Figure 4-6a) and Flopaam 5205 VHM (Figure 4-6b) -highlighted in green
dashed circle- than for Flopaam 6030 (Figure 4-6¢). After 64 days, treated solutions depicted a
viscosity value 30-35 % higher than untreated solutions for the Flopaam 3630 S and 44-45 %
higher for the Flopaam 5205 VHM. In the case of Flopaam 6030, treated and untreated solutions
depicted roughly the same final viscosity. Moreover, as seen in Figure 4-6, both Nitrogen and
Argon have similar performances in the degassing process -similar dissolved oxygen and

viscosity values over time-.
Validation of Degassing Apparatus

Even though as seen in Figure 4-6 the D.O. concentration cannot be constant during time
since oxygen trapped in the storage bottle is able to re-dissolve in the solution, Figure 4-7 shows
that after implementing the degassing approach presented in this work for 60 days, residual
viscosity values for Argon-degassed and Nitrogen-degassed solutions are 82% and 99%. On
the other hand, External experiments show a 95%. This means that the degassing approach used
in this work can be used as an economic alternative to perform long-term stability assessments
in partially reduced conditions (1ppm). However, if experiments have to be carried out under
anaerobic conditions (<I10ppb) the implementation of a glove-box is necessary since the

presented approach cannot reach those dissolved oxygen levels.

5.3.3. Temperature Set
From Table 4-5 and Table 4-6 is possible to observe similar behaviour as the ones seen in
the Baseline and Degassed sets. In the case of D.O -Table 4-5- it remains nearly constant over
time. These results go against the fact that temperature affects the kinetics of reaction and that
lower and higher oxygen consumption was expected for solutions aged at 50- and 70-°C
respectively. However, as explained in section 5.3.1 the oxygen remaining in the storage bottle

can dissolve on it until equilibrium is reached -around 3 ppm-.

Polymers present different behavior under different temperatures owing to the kinetics of
reactions (Pashaei et al., 2010). Therefore, Temperature effect was evaluated using the
exponential decay model by (Seright and Henrici, 1990) -Table 5-2-.

Nl — NBrine time

In = - (5.1)

Ninitial — NBrine T
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Where Nipitiqr 18 the first polymer viscosity measurement, 1 is the measured polymer

viscosity at a given time, and 1g,-ine 1S the brine viscosity, 1 is the decay constant, which is the

. . . . (Ho=Hs) . .
time for the specific viscosity (p-ps) to fall to e By calculating the decay constant is

possible to estimate the half time period (T'1 /2) of a polymer solution by Equation 3.

T1/2 =n2x*t (5.2)

Table 5-2: Long-Term Temperature Set Results

Viscosity [mPa.s]

t[days™] T%[days]
Day 1 Day8 Day16 Day36 Day49

Temperature  Polymer Name

50°C Flopaam 3630 S 32.0 38.2 38.6 38.0 37.7 1359 942
60°C Flopaam 3630 S 31.0 35.4 323 26.2 24.8 110 76
70°C Flopaam 3630S 26.9 29.3 27.1 22.0 21.2 106 74
50°C Flopaam 6030 27.9 28.5 28.0 25.7 25.4 331 230
60°C Flopaam 6030 26.2 24.5 22.6 25.7 17.3 109 75
70°C Flopaam 6030 22.7 20.2 17.9 14.1 13.5 86 60
50°C Flopaam 5205 VHM | 24.2 333 33.2 32.1 32.5 1091 756
60°C Flopaam 5205 VHM | 27.7 29.5 22.6 20.0 18.1 85 59
70°C Flopaam 5205VHM | 19.9 26.9 23.7 19.5 18.5 102 71

From Table 5-2, it can be seen that the aging temperature affects the polymer stability
drastically. All studied polymers present similar half-life times when aged at 60°C and 70°C.
However, when solutions are aged at 50°C Flopaam 3630S and Flopaam 5205 VHM 4- and
2.5-times higher half-life values than Flopaam 6030.

From Figure 4-8 it can be pointed out that degradation is similar between solutions aged at
60 °C and 70 °C -comparable trends in Figure 4-8a,b,c- and much less drastic for solutions aged
at 50°C. In fact, half-life time for solutions aged at 60°C and 70°C range within 59 and 75 days,
while solutions aged at 50°C show a half-time life that ranges within 230 and 942 days. This is

due to the lower kinetics of reactions at a lower temperature.

5.4. Phase Experiments
The following sections discuss the results obtained from all the phases experiments which

were explained in detail in section 3.3.5.

5.4.1. Emulsions Stability in Time
Two main observations can be pointed out from Figure 4-10, Figure 4-11 and Figure 4-12

despite of the aging temperature. First, alkali mixtures take longer to stabilize than mixtures
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that contain additional Polymer. Regardless of the aging temperature, for alkali mixtures,
changes in volume are observed even after 65 days of aging. On the other hand, for alkali-
polymer mixtures, there are no considerable changes in volume after day 15. Also, for alkali
mixtures, an increase in alkali concentration increases also the amount of generated emulsion.
On the other hand, for polymer mixtures, this volume seems to be almost constant despite of

the alkali concentration.

5.4.2. Phase Maps

From phase maps are shown in Figure 4-14, Figure 4-15 and Figure 4-16 it can be deduced
that regardless the temperature, the largest generated emulsion for alkali mixtures is obtained
at 12000 ppm of Na>xCOs. Emulsion volume increases with an increase of alkali until 12000
ppm. When using higher concentrations than that, generated emulsion decreases as seen in
Figure 4-14a. This reduction in emulsion volumes is in agreement with results previously

obtained by (Leitenmueller et al., 2018).

In addition, the adding of polymer affect the phase behavior of the mixtures drastically. In
alkali solutions, especially at higher concentrations (9000+ ppm of Na,COs) at least half of the
brine volume partitions into the emulsion phase. On the other hand, all solutions in which
polymer is present, only 20% (Iml) of brine partition into the emulsion phase despite of the
alkali concentration. Finally, no evident volumetric differences are observed among the
different polymers (Figure 4-14b,c,d, Figure 4-15b,c,d and Figure 4-16b,c,d). In all cases, only
emulsion I is formed at low concentrations while at higher alkali concentrations emulsion 2 is

formed.
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6. CONCLUSIONS

Based on the obtained results and observations made from the experiments presented in this

work, the following conclusions can be drawn:

Flopaam 3630 S and Flopaam 5205 VHM showed promising long-term stability
results in all experiments that included alkali-polymer solutions, especially in the
degassed set in which residual viscosities values ranged between 82% to 99% and
90% to 91% respectively. Moreover, no major behaviors were observed in the
degassed set regardless the inert gas used.

Low oxygen concentrations are necessary to be able to reproduce the reduced
reservoir environment; otherwise, results might be misleading or too pessimistic.
The apparatus used for the degassed set can be used as an economic alternative to
perform long-term stability assessments.

The presence of polymers strongly affects the phase behavior of alkali-oil solutions.
It reduces the amount of water that can partition into the emulsion phase. Moreover,
no major differences in phase behavior were observed for the three studied polymers.
Long-term stability tests showed that presence of alkali enhances polymer residual
viscosity (1/ng, corrected by Nprine), With residual viscosity decreasing once
temperature is increased. However, viscosities at a given time were higher for
solutions in presence of alkali compared to those without. Solutions aged at 50°C
depicted 20-30% higher residual viscosity when compared to the solutions aged at
70°C. Degassing of solutions with argon/nitrogen enhances polymer long-term
stability.

Results showed that degassed solutions had 25% higher residual viscosity than
untreated solutions and were in a good match with previous results performed by an
external company in an anaerobic environment. Complementarily, phase
experiments depicted that presence of polymer reduces water solubility. Once alkali
concentration was increased a 3-phase system, mainly described as macro-emulsion
was observed, microemulsions where only described by visual/light-through

observations, since droplet-size measurements were not available.
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