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Métodos de recuperacdo avancada de petréleo tém sido utilizados ao longo da
histéria da industria petrolifera com o objetivo de aumentar o volume de 6leo recuperado
do reservatorio. Entre eles, os métodos misciveis que utilizam a injecdo de CO, séo
aplicados nos reservatérios do Pré-sal brasileiro, tanto para aumentar o fator de
recuperacao quanto para o armazenamento de dioxido de carbono. Acredita-se que este
método tenha um impacto na tensao interfacial entre os fluidos do reservatério in situ.
Neste trabalho varios experimentos contendo diferentes fases e uma composicao
constante de salmoura foram analisados. Pressdes variando de 1000 psi a 5000 psi e
temperatura de 60 °C foram as condi¢Bes. Este trabalho prope um método de
extrapolacdo de medidas de tensdo interfacial usando uma aproximacao logaritmica.
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papel importante na reducéo do valor final da tenséo interfacial.
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Enhanced Oil Recovery methods have been used throughout the history of the
oil industry aiming to increase the volume of oil recovered from the reservoir. Among
these methods, miscible methods utilizing CO; injection are employed in Brazilian Pre-
salt reservoirs for both increasing the recovery factor and carbon dioxide storage. This
method is believed to have an impact on interfacial tension between reservoir fluids in
situ. In this work, several experiments with different oil phases and a constant brine
compostion were analysed. Pressure were varied from 1000 psi to 5000 psi and
temperature was 60 °C. This work proposes a method of extrapolating interfacial tension
measurements using a logarithmic approximation. Several systems are analysed so it is
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values were on average greater than 0,9. It was possible to conclude that this
approximation is good, showing that with few hours of measurement are enough to infer
the value that interfacial tension would approach at long periods. It was possible to notice
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compared to the same measurements without CO,. Futhermore, the presence of
surface-active components in the crude oil analysed showed that they have a major role

in reducing the final value of interfacial tension.

Keywords: Interfacial Tension, Enhanced Oil Recovery, Brazilian Pre-Salt, DSA

viii



Table of Contents

LIST OF FIGURES ...ttt e e e e e e ettt e e e e aaennnes Xi
LIST OF TABLES ...ttt e e e Xiii
CHAPTER 1: INTRODUCTION ...ttt ettt e et e e e e e eeeeenans 1
1.1 Motivations and GOAIS ..........cooiiiiiiiiiiiiie e 1
D | (U [ U =TT TPRTT 4
CHAPTER 2: LITERATURE REVIEW......uiiiiii e 5
2.1 INterfacial TENSION .....uuueiiiiiiiiiiiiiiiieieeieeeie bbb eennnnnee 5
2.1.1  SUIMACE-ACHVE QQENTS. .. .uuuuiiiiiiiiiiiiiiiiieeiieeiieeebbbb bbb abebeeeeeeennnnnnne 9
2.1.2 L@ ORI 10
2.1.3  DEBNSIY it a e e e e a 11
2.1.4  Pendant drop Method...........coooiiiiiiiiii e 12
2.1.5  Dynamic BeNAVIOr .........uuciiii i 14
2.2 DaAta @NAlYSIS . uuuii i e 15
2.2. 1 CUIVE TIEING +ettttteeeeeeeee et 15
2.2.2 GAuSSIAN ISTIDULION ...ttt ebeeeeebeeeeeennee 16
2.2.3 Coefficient Of deterMINALION ............uuuueeeiiiiiiiiiiiiiiiieeiieee bbb 17
CHAPTER 3: MATERIALS AND METHODS ... 18
Bl MAEETIAIS ... 18
3.2 Materials CharacCterization .............coouiiiiiiiiiiieiee e 18
BL2.L BIINE B oot a e 18
1 J220 |V o T = I | I PSS 19
1 72 117 o T = I | I PSP 20
G | PP 20
3.3 SaMPIES PrePAIALION. .. .uuuieeiiiieiiiiiiiiiietiieieeeaeeeeeeeeebbebeebbbeebbe s bbb bbnebebeneennnnnne 21
3.3. 1L FOIMALION WALET ......uutiiiiiiiiiiiiiiiiitieeeeeeee ettt 21
G0 T2 1 o To L= o T 1 PP 21



3.3.3 CO2 disSSOIULION N FIUIAS ....eeeeeeeee e e e 22

3.4 Density determiNation ...............uuuueeumeeeiiiineiieiibe e 22
3.5 Pendant drop eXPeriment...........ouuuuiiiieeeiiieiiiiee s e e e 22
3.6 DAt@ @NAlYSIS.....ccciiiieiiiiiei e 24
3.6.1 StabiliZation TIME ..........coiiiiiiii e 27
CHAPTER 4: RESULTS AND DISCUSSIONS ....ootiiiiiiiiiiiiiiiiii et 28
o R O U V7= 111 (] o PR 28
4.1.1 Method ValIdAtION ...........uuiiiiiiiiii e 28
o A e (W] T L3R To U 30
ot 2t T\ o o = I | P 30
o 2\ o o = I | I | 32
2 T | = 34
4. 1.3 FIUI WIth CO02 ...ttt e 35
4.2 Stabilization tIMe ........coooiiiiii e 37
4.2.1 FlUidS WItNOUE CO2....eiiiiiiiiiiiiieiii ettt e e e e 37
00 I 1Y o o = | 37
4.2.1.2 MOUEI Ol 1 ... e 39
. T | I = TP 40
A e 1N To IR /1 o T G 2 PSR 42
4.3 DynamiC IFT X Stable IFT ... 44
4.3.1 FlUidS WItNOUE CO2....ceiiiiiiiiiiiiieiie ettt e e e e 45
0 0 I T 1Y o o = | 45
4.3.1.2 MOAEI Ol 1 ... snennnes 46
2 Ft U0 2 | = SR 47
o J A e 11 [o IR /11 o T G PSP 48
4.3.3 Comparison between the SYSTEMIS..........uuuuuiiiiiiiiiiiiiiiiiiiiibeeeeeeeeaees 48
CHAPTER 5: CONCLUSIONS AND FUTURE WORK ......oiiiiiiiiieiiiiin e 51
BIBLIOGRAPHY .ttt s e et e e et r e e e e et e e e e et e e e ean e aaae 53



LIST OF FIGURES

Figure 1 - EOR method based on lithology (MANRIQUE et al., 2010).............cccvvvvvnnnn. 2
Figure 2 - Scheme of bulk and interfacial interactions between two molecules (ROSEN;
KUNJAPPU, 2012) ...ttt ettt e e e e e e e e e e e s aine s 5
Figure 3 - Scheme of phase Segregation .............cccoiii i e 7
Figure 4 - Capillary desaturation curve for a water-wet rock (SHOSA; SCHRAMM, 2001)
..................................................................................................................................... 9
Figure 5 - Scheme of SARA classification of crude oil (GUDMUNDSSON, 2017)....... 10
Figure 6 - Pendant drop profile (SONG; SPRINGER, 1996)...........ccccoeeviiiiiiiieeeeeeeen 12
Figure 7 - Empirical rule for normal distributions ..., 16
Figure 8 - DSA apparatus SCNEME .......ccoiiiieeeeee e 23
Figure 9 - Oil B + Brine B untreated scattered data...............ooeeeeeieeeeeeeeeeeeeeeeeeeeen 24
Figure 10 - Oil B + Brine B smoothed scattered data ..............ccoooeeeeiieeeeeeeeeeeeeeeeeeen 25
Figure 11 - Oil B + Brine B fitting function with equation and R?.................ccoeeeeeeeen. 25
Figure 12 - Oil B + Brine B first five hours of measurement...............cccoooeeeeieeeeeeeeee, 26
Figure 13 - Plot of a negative logarithimic funNCtion ..., 27
Figure 14 - Hexane and water at atmospheric pressure and 27 °C...........cccoeeeeeeeeennn. 28
Figure 15 - Hexane + water at atmospheric pressure and 50 °C...........ccccceeeiieeeeiinnnn, 29
Figure 16 - Model oil | x Brine B at 1000 PSi........ccuuuiiiiiiieiiiiiiiiiiee e eee e e e e e eeeens 30
Figure 17 - Model oil | x Brine B at 5000 PSi........ccuuuiiiiiiiiiiiiiiiiiie e e e eeaens 31
Figure 18 - Model oil Il x Bring B at 1000 PSi.......ccuuuiiiiieeiiiieiiiiiie e eeeeeeevviie s e e e eaaens 33
Figure 19 - Model oil 1l X Brine B at 5000 PSi........ccuuiiiiieiiiiiiiiiiiee e e eeaens 33
Figure 20 - Oil B X Brine B at 1000 PSi.....cceeeeeiiiiiiiiiiiieeeeeeeeeetiie e e e e et s e e e e e eennees 34
Figure 21 - Model Oil Il x Brine B with CO2 at 1000 PSi .....ccvvvviiiiiieeeeiieeiiiieee e eeeeeeeaeens 36
Figure 22 - Model Oil Il x Brine B wtih CO2 at 5000 PSi .....ccvvvvviiiiieeeeiieiiiiiieee e eeeeeeennnns 36
Figure 23 - Stabilization time of Model Qil | with different thresholds........................... 37
Figure 24 - Model Oil I IFT values for different thresholds..............cccooeeieei, 38
Figure 25 - Semilog plot of model Oil 1 IFT ..o 38
Figure 26 - Stabilization time of Model Oil 1l with different thresholds......................... 39
Figure 27 - Model Oil Il IFT values for different thresholds..............ccccoooiiiiiiinn. 39
Figure 28 - Semilog plot of model Oil HIFT ..., 40
Figure 29 - Stabilization time of Oil B with different thresholds.................ccccoeeeei. 40
Figure 30 - Oil B IFT values for different thresholds ..., 41
Figure 31 - Semilog plot of Oil B IFT ... 42
Figure 32 - Stabilization time of Model oil Il + CO2 with different thresholds ............... 42



Figure 33 — Model Oil Il + CO2 IFT values for different thresholds....................ooooee. 43

Figure 34 - Semilog plot of Model oil [l with CO2 IFT ..o, 44
Figure 35 - Time lapse of drop phase (Oil B x Brine B at 5000 pPSi)........cccceeevieeeeriennnns 44
Figure 36 - Model Oil | [FT COMPAriSON......cccciiiiiiiiiiiie e et e e e aaaeees 45
Figure 37 - Model Oil Il [FT COMPATiSON .......cceiiiiiiiiiiiie e ee et e et e e e e e aaeees 46
Figure 38 - Oil B IFT COMPATISON ......ccviiiiiiiieeeei et e e e eetee e e e e e e e eeaaaa e e e e eaaeeeanne 47
Figure 39 - Model Oil [l + CO2 IFT COMPAIISON ....cceeeeieeeeeeeeeeeeeee e 48
Figure 40 - IFT comparison Without CO2 ..........coooeiiiieeeeeeeeee e 48
Figure 41 - Density difference between brine and oily phases ..............cccooeeeeeeeeeeee. 49
Figure 42 - IFT comparison between Model Oil Il with and without CO2...................... 50

Xii



LIST OF TABLES

Table 1 - lonic composition of brine B (DREXLER et al., 2019).........ccevvvvviviiiviiinnnnn. 19
Table 2 - BriNe B AENSITY.....ccoiviiiiiiiiiiiiiieieeeeeeeeeeeeeeeee et 19
Table 3 - Model Oil  AENSILY ....cvvvieiiiiiiiiiiiieieeeeeee e 20
Table 4 - Model Oil [l dBNSITIES.......cuviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee e 20
Table 5 - Oil B SARA @NAIYSIS ...uvvuuiiiiieeeieeeees e e et 20
Table 6 - Ol B AENSILIY ....ccieeiieeeeicee e e e e e e e e e 21
Table 7 - Comparison between measured and calculated IFT ........cccooooeviiiiiiiiienneenn. 26
Table 8 - Comparison between literature and caculated data..................ccccevvviieennennn. 29
Table 9 - Equation coefficients for model oil | at 2000 PSi .........ccevvvieeirieeiiiieiiiiieee e, 30
Table 10 - Range of reliable values for coefficients of model oil | at 1000 psi.............. 31
Table 11 - Equation coefficients for model oil | at 5000 PSi .........ccveeeerieeriiiiiiiiiieeeeee, 31
Table 12 - Average values and reliable limit considering 6" measurement for model oil |
0[O0 N o1 PP POPPPPPPRPPR 32
Table 13 - Average values and reliable limit without considering 6™ measurement for
MOAE! Ol 1 @t 5000 PSI...ciieeieeeeee e 32
Table 14 - Equation coefficients for il B at 1000 PSi.........ccvvviiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeee 34
Table 15 - Oil B coefficients for all pressures ... 35

Xiii



CHAPTER 1: INTRODUCTION

1.1 Motivations and Goals

The rise of the global oil demand along with the exploration of mature fields and
already known reserves is turning the industry to improve the yield of oil and gas fields.
The recovery factor is a measure of how well a reservoir was explored. It is defined as
the ratio between the cumulative production and the original oil in place (OOIP). Among
several means of achieving a higher Recovery Factor (RF), the Enhanced Oil Recovery
(EOR) methods are under the spotlight (MANRIQUE et al., 2010).

Traditionally, such methods are called “tertiary recovery methods”. These are
applied at the end of the life of the oil field, aiming to improve the oil production after the
primary and secondary recovery methods. Primary methods are reservoir natural forces
that drive the oil to the production facility by itself, which are gas drive, water drive and
compaction drive. The secondary recovery methods are interventions on the field that
are made to prolong its life by means of maintaining the reservoir pressure at a desired

level and sweeping the oil from the pores. Examples are water and gas flooding.

The EOR methods can be divided into subcategories: Chemical, Thermal,
Miscible, Microbiological and Nanotechnological. Each of them has a different
mechanism for improving the recovery factor and is suitable for different scenarios.
Figure 1 shows a survey of 1507 projects classified according to the EOR method and
lithology. In the Brazilian Pre-salt carbonate rocks, the miscible methods are considered
the most suitable ones. These reservoirs have a high productiong of CO», which cannot
be vented due to environmental concerns. In addition, the production platforms are
kilometers distant from continental shelf (PIZARRO et al., 2017). In this method, a gas
(usually CO; or CO; enriched natural gas) is injected into the reservoir to be mixed with
the oil in situ and to generate a lighter product, which has a lower viscosity and flows
easier through the pores. There are also other effects involved in this mixture, like the
swelling of oil, and the reduction of interfacial tension between the oil and the formation
water (GOZALPOUR; REN; TOHIDI, 2005).
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Figure 1 - EOR method based on lithology (MANRIQUE et al., 2010)

Two efficiencies which are involved in the production of an oil reservoir that have

a great influence on the resulting RF:

e The sweep or macroscopic efficiency, that shows how well a reservoir was swept
by the injected fluid during the secondary recovery period, vertically and areally;
e The displacement efficiency, or microscopic efficiency, that is related to

phenomena at the pore scale such as capillarity and wettability.

The RF can also be defined as the product of both these efficiencies (SHENG,
2010).

Thus, to maximize the RF, one needs to maximize both sweep and displacement
efficiencies. Macroscopic efficiency is achieved with conformance control by choosing
an adequate fluid aiming a mobility ratio below 1. In contrast, microscopic efficiency
depends on rock and fluid properties that are more difficult to be changed, as this
efficiency is related to the wettability and the interfacial tension (IFT) between the oil and
water in the formation (SHENG, 2010). If the rock is oil-wet and the IFT between the
reservoir fluids is high, the capillary pressure to displace this fluid from the small pores
could be extremely high, making it impossible to recover the oil. Hence, IFT is of
paramount importance because it affects directly the displacement efficiency, which in
turn affects the RF.

Several experimental techniques were developed to measure the IFT between
oil and water. The Drop Shape Analyser (DSA) is used to carry in pendant drop

experiments, with the sample subjected to hostile environments such as high pressure
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and high temperature (HPHT). This kind of test can be used to emulate the reservoir

condition, obtaining more realistic measurements.

Data analysis is of paramount importance to interpret data correctly. Without
adequate data analysis, the data collected in tedious experimental tests are of no value.
IFT experiments are time dependent, i.e. the values measured at early times are usually
higher than the ones taken later (ROSEN; KUNJAPPU, 2012). This dynamic behavior
introduces complexity to the data analysis. Therefore, to analyse better the data set, a
methodology must be developed in order to acquire consistent results.

In some experiments, points are acquired at previously determined sampling
rates, leading to a discrete data set. Due to this, the measured property is not
represented continuously. Interpolations between measured points must be done in
order to acquire values that do not match the discrete domain generated by the
experiment. This is accomplished by the use of algebraic functions which can be used
to represend the trend of the data set.

This work proposes the use o a logarithimic function to model the time
dependence of IFT. As a way to ensure the representativeness of the fitting function to
the actual data points, the R2 value is analysed. The R2 (or coefficient of determination)
is the propotion of the variance in the dependent variable that is predictable from the

independent variable, or variables.

Given the dynamic behavior of IFT, two possible situations can be modeled using
measurements from different periods. First, during a fluid flooding into the reservoir, the
thermodynamic equilibrium of the reservoir fluids is altered, due to the presence of a new
fluid. It results in a process of mass transfer between the phases that were already in the
reservoir and the injected phase. This process can be represented by taking values at
early times of the experiment. Second, fluids that are already in the reservoir for
geological periods are in thermodynamic equilibrium, i.e. the mass transfer between
phases is already stabilized. Therefore, a late time measurement must be taken to

represent these processes.

As the logarithimic function has no limit when the independent variable
approaches infite, there is a problem in determining its equilibrium value. This can be
done assuming that, when the function is at a specific rate of change (i.e. its derivative
assumes a threshold value), it is stabilized. However, the subjectivity still exists because

one must state a threshold value.



In addition, several factors can affect the dynamic behavior of the IFT between

two fluids. The experiments analysed in this work aim to illustrate some of these factors,

such as surface-active components and the presence of COs..

Given the scenario, this study has aims to analyse the IFT data from DSA

technique in a most adequate manner. In addition, to understand the stabilization of IFT

under different conditions and to determine if the logarithimic function modeling is

possible.

1.2 Structure

This work is subdived into five chapters

Chapter 1 discussed the current scenario of enhanced-oil-recovery
applications through reservoir engineering.

In Chapter 2, some of the research previously done is referenced in order
to clarify the important concepts to this work.

The materials and methods are discussed in Chapter 3, covering the
samples and procedures used during this research.

Chapter 4 is about the results acquired from the experiments and data
analysis, discussing each of them at three different aspects: the curve
fitting to the data, the stabilization time analysys and the comparison
between dynamic and equilibrium IFT.

Chapter 5 contains the conclusions made by this work and purposes for

future experiments and work.



CHAPTER 2: LITERATURE REVIEW

2.1 Interfacial Tension

Surface tension (SFT) is a force exerted on the boundary between a liquid and a
vapor phase per unit length. This force is due to differences between intermolecular
forces from both phases. As the intermolecular interaction is greater when the two
molecules belong to the same phase, because they are more similar with respect to
polarity, there is a force imbalance at the interface. The greater the dissimilarity between
the phases polarity, the greater the tension. This tension is expressed units of force per
length (i.e. dyn/cm or N/m). The Interfacial Tension (IFT) is defiened analogous to the
SFT, but with both phases not being gaseous (SHAW, 2013). Another form to define IFT
is the amount of work required to creat a new unit of surface area at the interface
(CRAFT; HAWKINS, 1990).

“a"” molecules

:Ib o
molecules

Figure 2 - Scheme of bulk and interfacial interactions between two molecules (ROSEN; KUNJAPPU,
2012)

Rosen and Kunjappu (2012) exemplified this concept with a scheme showed in
Figure 2. In this figure, its possible to see that “a” molecules in the bulk interact only with
others “a@” molecules, while molecules at the surface interact with both “a” and “b”
molecules. Then it is possible to define the potential energy of each phase as the

difference between their energies interactions.

Atotar = Ag + Ap (1)

Ag =Aga — Awp (2)



Ap = App — Agp (3)

Atotar = Aga + App — 244 4)

Where A represents the potential energy of each phase and A represents
interaction energy between these components. If one divides both sides of the equation
(4) by the interface area “I”, it is possible to define the interfacial tension between both

phases.

()

~|

Ytotal = Yaa + Yoo — 2Yab (6)

Where yotq: IS the IFT of the system, y,, and y,, are the superficial tensions of
phases a and b respectively, and y,, is the interaction energy between both phases by
unit area. It is possible to notice that the more similar are the two phases, the greater will

be the negative term, consequentially, the smaller will be the interfacial tension between
them both. When the IFT between two fluids is near zero, they are considered miscible.

As stated before, IFT is the amount of work necessary to increase the interfacial

area by one. Hence, it is possible to define:
((’)G) @)
Y =\371
0A T,Pn

Where G is the Gibbs free energy and A the surface area between both fluids. A
spontaneous evolution at constant termperature and pressure results in a decrease in
Gibbs free energy (DE GENNES; BROCHARD-WYART; QUERE, 2004). Since the
molecules at the interface contain greater potential energy than those at the bulk, the
natural way to reduce Gibbs free energy is to minimize the number of molecules at the
interface. This is the reason why immiscible fluids tend to segregate after a while as

shown in Figure 3.



0il and water immediately Oil and water after some time
after agitation

Figure 3 - Scheme of phase segregation

The intermolecular forces that act in the IFT are strongly dependent on the type
of fluid and its chemical nature (FOWKES, 1964). The London dispersion forces exist in
all types of matter and are responsible for part of the attractive force between adjacent
molecules (HAMAKER, 1937). These forces are generated from interactions of
fluctuating electronic dipoles with induced dipoles in neighboring molecules. The
attractive forces in a saturated liquid hydrocarbon can be entirely represented by the
London dipersion forces. For another substances with different chemical nature (e.g.
brines and crude oils), other intermolecular forces take place. These can be the dipole-
dipole interactions, which occurs when the partially positively charged part of molecule
interacts with the partially negatively charged part of the neighboring molecule. And the
hydrogen bonding, which is a special kind of dipole-dipole intraction that occurs
specifically between a hydrogen atom bonded to either an oxygen, nitrogen, or fluorine
atom (FOWKES, 1964).

As mentioned before, the IFT is one of the most important parameters that
have impact on the RF. Capillary pressure is responsible for trapping the residual
oil after a 100% efficient waterflooding procedure. There is a strong relation
between capillary forces and interfacial tension, and this dependence can be

estimated by the Young-Laplace equation showed in Equation (8).

AP = (— + —) (8)

Where AP is the capillary pressure, y is the interfacial tension between both fluids

and R; are the main radii of curvature.



It is possible to see by Equation (8) that the higher the IFT between fluids, higher
the capillary pressure trapping oil at the pores of rock. In addition, the size of the pores
has a role as well, since the smaller the pore, the larger will be the capillary pressure.
Thus, in an oil-wet heterogeneous rock, the sites with smaller pores will be the ones with

more oil retained.

The role of IFT in the recovery of a reservoir comes when one is trying to displace
the oil phase from rock pores with an aqueous phase. The Capillary Number evaluates
the microscopic recovery efficiency. This number is a dimensionless number created to
estimate the effects of capillary forces against viscous forces. As it takes account for
capillary forces, it is closely related to the displacement efficiency.

vy,
Ne = ycos(8) ©)

Where N, is the Capillary Number, v is the velocity of the displacing fluid, u,, is
the viscosity of the displancing fluid, y is the IFT between both fluids and 8 is the contact

angle formed at the interface between both fluids and the rock wall, measured through

the fluid of higher density.

Thus, to enhance the oil recovery it is necessary to raise the water viscosity for
controlling the mobility ratio — until the additional friction loss generated do not exceed
the pump pressure limit at the site — as well as reducing the interfacial tension between
both fluids, consequentially increasing the Capillary Number. Figure 4 shows the
capillary desaturation curve, that represents the residual oil saturation for a given

Capillary Number.
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Figure 4 - Capillary desaturation curve for a water-wet rock (SHOSA; SCHRAMM, 2001)

It is visible that there is a threshold value for the Capillary Number called Critical
Capillary Number. Below this value, alterations in the IFT will result in no alteration of the
residual oil saturation (Sr). The shape of this curve depends on several parameters,
such as pore size distribuition (PSD) and wettability. Since after the waterflooding
process, the N¢ is normally lower that the critical value, it takes a great reduction in the
IFT to reduce the ROS. This reduction is achieved usually by the using of surfactants
within the drivin fluid, in chemical EOR methods (SHOSA; SCHRAMM, 2001).

2.1.1 Surface-active agents

Surfactants (abbreviation for surface-active agents) are amphiphilic molecules
(i.e. are soluble in two different phases, such as oil and water) and act lowering the
interfacial tension of the system. They are composed of a polar (hydrophilic) head, and
a non-polar (lipophilic) tail and these features give the amphiphilic ability to those
molecules (ROSEN; KUNJAPPU, 2012).

The name surfactant usually refers to the synthetic molecule that is fabricated for
many purposes, for example, used in daily products like detergents, shampoos, soaps,
etc. or petroleum industry related aspects, like surfactant flooding into a reservoir.
However, there are natural surfactants present in nature and they have a role into IFT

measurements in some cases.



Crude oils are composed of various compounds including paraffins, aromatics,
resins and asphaltenes. A Saturates, Aromatics, Resins and Asphaltenes (SARA)
analysis can determine the concentration of each in the oil. A schematic illustration of

this classification is shown in Figure 5.

Crude Oil

|
’7 Mising —‘

Soluble nsohubla

Saturates Aromatics Resins Asphaltanes

Figure 5 - Scheme of SARA classification of crude oil (GUDMUNDSSON, 2017)

Paraffins and aromatics are non-polar hydrocarbon chains, i.e. there is no
significant amount of charge difference along with the molecule length. Resins consist of
large relative polar molecules, often containing heteroatoms such as sulphur, nitrogen
and oxygen. Asphaltenes are the larger molecules that contain the largest amount of
heteroatoms (GUDMUNDSSON, 2017).

Both asphaltenes and resins are similar in structure due to their complexity and
presence of heteroatoms, but, as opposite to paraffins and aromatics, they carry a
significant electric charge difference along with the molecule length. In addition, the
complex structure of the molecules, the presence of heteroatoms together with the
charge gradient make these molecules to act like a surfactant. They have polar and non-
polar parts (when compared relative to each other) that give both asphaltenes and resins

amphiphilicity.

Thus, these components from the oil usually seek for the interface, where their
polar part stays in contact with water and their apolar part stays near to oil phase. Due
to this, they are responsible for the transition between the phases at the interface.

Therefore, they could act reducing the resulting IFT.

2.1.2 CO2
Carbon dioxide is one of the greenhouse gases emitted by human activity along
with CHa, N>O and hydrofluorocarbons. It is a fact that even if this compound has a lower

warming potential compared to the other gases, CO: is the highest in terms of both
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emissions and impact. The Brazilian Pre-salt reservoirs have a content of CO2 up to 20%
of the produced gas (CEZAR et al., 2015). The effects of CO, dissolution on the pH of
the ocean is still uncertain (TAMBURRI et al., 2000), so, one solution is the use as a

process fluid in oil and gas reservoirs (YANG; GU, 2005).

CO:; flooding process will have impact in some characteristics of the reservoir
fluid, such as densities, viscosities and interfacial tension. It was found that these
processes can enhance oil recovery normally by up to 8-16% of the OOIP (GRIGG;
SVEC, 2008). In addition, the cost of carbon dioxide injection is low comapared with
natural gas or nitrogen (KLUSMAN, 2003).

As CO: is injected into the reservoir by a continuous flooding or an alternating
method (e.g. water alternating gas or WAG) it partitions (i.e. divides itself) into oil and
water phases, respecting their solubilities (GEORGIADIS et al., 2011). This phenomenon
generates changes in the fluids properties, such as density and viscosity. Depending on
the type of crude oil and brine present at the reservoir, the impact on density will be
different (DREXLER et al., 2018).

Sun and Chen (2005) studied the impact of CO2 on interfacial tension between
a live oil and brine. They used a low salinity brine and a heavy live oil from a Chinese
reservoir to do their experiments. The measured the IFT as a function of pressure for
different carbon dioxide concentrations. The conclusions were that IFT values decreased
with increasing CO, content and pressure had a minor effect on the measured IFT.
However, depending on oil and brine composition and the pH of the aqueous phase, the
CO; can even increase the IFT of the system (LASHKARBOLOOKI; AYATOLLAHI,
2018).

2.1.3 Density

Densities of fluids are of paramount importance to IFT measurements. Different
authors have been used different considerations regarding their fluid densities. In H20 +
CO, systems, several authors considered the density of each fluid to be equal to the pure
component density (DA ROCHA; HARRISON; JOHNSTON, 1999; HEBACH et al.,
2002). On the other hand, some authors used constant density for the water phase only
(JHO et al., 1978; MASSOUDI; KING, 1974). Bachu and Brant Bennion, in 2009, used

experimentally measured data for both fluids.

The difference between densities of both fluids has a large effect on the IFT
measured using the DSA method. Therefore, choosing the most adequate density

considered is extremely important to acquire a reliable measurement. Even well known
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fluids, such as pure water, will have its density altered after placed in contact with a
different fluid, due to mass transfer between both phases. (GEORGIADIS et al., 2010).

2.1.4 Pendant drop method

Many methods have been developed to determine IFT values, but the pendant
drop method is most suitable for measuring IFT at high pressures and temperatures
conditions. Traditionally, this method determines the IFTs by photographing a pendant
drop and then measuring the drop dimensions from negative films. This implies that
experimental results were inherently inaccurate, depending on the resolution of the
microscope used and the subjectivity of the operator (YANG; GU, 2005). In the literature,
the DSA technique was employed to measure the equilibrium IFTs of various systems
under reservoir conditions (RAO; LEE, 2003).

The theoretical background for the calculation of the IFT value from the profile of
a pendant drop was already discussed in the literature (ANASTASIADIS et al., 1987).

So, a briefly outline of the theory will be shown here.

After a period of time, the liquid pendant drop reaches hydrodynamic and
mechanical equilibrium eith the bulk phase. This equilibrium is governed by both
gravitarional force and interfacial tension. The resulting profile is shown in Figure 6.
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Figure 6 - Pendant drop profile (SONG; SPRINGER, 1996)

This profile can be described by the following equations:
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Equations (10), (11) and (12) are a special form of the general Laplace-Young
equation (8) of capillarity in the case of a pendant drop. The variables X, Z and S are the
dimensionless forms of the corresponding dimensional variables X, z and s indicated in

Figure 6. They are related to each other by the following equations:

x=X.a (a7)
z=7Z.a (18)
s=S8.a (29)

Where a is often known in the literature as the capillary constant. It is a constant

for a given liquid-liquid or liquid-gas system. B is called the shape parameter of drops,
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which alone determines the dimensionless drop profile as can be seenin equations (10),
(11) and (12). Both B and a together define the dimensional drop profile. Ap is the density
difference between the drop and the bulk phase, g is the gravitational acceleration and

y is the IFT value one is trying to determine.

Regarding the shape parameter of drops, a value between 0.6 and 0.7 are
desirable for better results. Drop profiles with small B values (B < 0.5) are almost
spherical and have little gravitational effects. While drop profiles with large B values (B >

0.75) are relatively short and can easely deattach from the needle (SONG; SPRINGER,
1996).

2.1.5 Dynamic behavior

As soon as two phases are in contact, a mass transfer process begin. This mass
transfer tends to equilibrate the chemical potential of different components in both
phases. Surface-active species tend to diffuse to the interface between the fluids to
minimize the free energy of the whole system (ROSEN; KUNJAPPU, 2012). This
diffusion process can take up to days depending on the composition of each phase, so

a dynamic behavior takes place.

This time-dependent decay of IFT is due to the migration of the amphiphilic
compounds to the interface. Thus, IFT decays drastically during the first moments after
the drop formation and its derivative declines within time, until it approaches 0. Thus, the
IFT value reaches a plateau called equilibrium IFT. These surface-active components

are, in case of an oil and water measurement, mostly asphaltenes, resins and impurities.

Susnar et al., in 1994, investigated the n-decane + water system at high
pressures and ambient temperature using the axisymmetric drop shape analysis (ADSA)
method. They stated that the density dependence resulting from diffusion of one phase
into the other is negligible, therefore, it was assumed that the densities of both fluids
were those of the pure components. They concluded that is impossible to be sure that
no impurities exist in the system, and the values taken immediately after the drop’s
formation are the more reliable ones. However, this will only be true if both fluids have
been previously saturated with each other. Thus, this assumption could never be done
in a crude oil x brine system (GEORGIADIS et al., 2011).
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2.2 Data analysis
2.2.1 Curve fitting

Curve fitting is defined as the process of contructing a curve, or mathematical
function, which has the best fit to a series of data points (HALLI; RAO, 2013). This can
involve either interpolation, a method of constructing new data points within the range of
a discrete set of known data ponts; and smoothing, defined as the creation of an
approximating function that attempts to capture important patterns in the data set, while

leaving out noise.

Fitting functions to data points are usually made on the for:

y=fx) (20)

Where y is what one is measuring, the dependent variable, and x is the

independent variable, usually position or time.

Several functions are used to fit data sets, including polynomial, exponencial,
logarithmic, trigonometric, etc. The best fitting fuction will depends on the curve one is
trying to fit, i.e. the distribuition of one’s data set through the domain will dictate the curve

shape, and therefore, the function that fits it with the least error.

Logarithmic functions are defined as:

y= aln(x)+b (21)

Where a and b are the function coefficients which will govern its shape and value.

In this work, the logarithmic function will be used to model the IFT measurements

with time lapse. Then, it is possible to define:

y = a.In(t)+b (22)

Where y is the Interfacial tension, t is the time, and a and b are the fitting

parameters.

Extrapolation is a process used to estimate values that are beyond the measured
range. It is similar to interpolation, which estimates values between known data, but with
more uncertainty. There is an interest in extrapolating the data points so it would be
possible to calculate the IFT value for large times (ARMSTRONG; COLLOPY, 1993).
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Besides the experimental errors, both curve fitting and extrapolating are
processes that generate uncertainty into data analysis. These uncertainties can cause
wrong interpretations and conclusions for a given data set. Thus, one must be careful

when propagating those uncertainties to the further steps of analysis.

2.2.2 Gaussian distribution

In statistics, the Gaussian (or normal) distribution is a continuous probability
distribution. This distribuition is useful because of the central limit theorem. This theorem
states that, under some conditions (finite variance, unbiased sampling, etc.), the
averages of the samples of observations of random variables independently drawn from
independent distributions converge to the normal (i.e. they become normally distributed

when the number of observations is sufficiently large) (LYON, 2013).

The empirical rule is used to represent the percentage of values that lie within a
band around the mean in a normal distribution. It states that 68.27% of the values lie
within one standard deviation of the mean; 95.45% at two standard deviations; and
99.73% at three standard deviations. These values are derived from probability
calculations using the Gaussian distribution (O’CONNOR, 1990). This concept is
illustrated in Figure 7.

99.7% of the data are within

< 3 standard deviations of the mean >
95% within
2 standard deviations
68% within
<«— 1 standard —>
deviation
u— 30 u— 20 U—a i uw+a U+ 20 u+ 30

Figure 7 - Empirical rule for normal distributions
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These are relevant concepts for this work because they will be used to analyse

the data acquired and help to exclude the outliers from the results.

2.2.3 Coefficient of determination

The R2 value has an important role in this work, because they are useful to identify
the fitting performance. A perfect fitting of the curve to the data points has R? equal to 1.
In contrast, a coefficient of determination close to 0 means that the function does not fit
the data set well.

The values of R? are calculated by the least-squares regression. The best fit in
the least-squares sense minimizes the sum of squared residuals. The square residuals
are the difference between an observed value and the fitted value provided by the fitting

function.
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3.1

3.2

CHAPTER 3: MATERIALS AND METHODS

Materials

The materials used during the tests were:

Deionized water (DW) - The water utilized was purified in laboratory with
the water purifier system of reverse osmoses from Gehaka® - model
OS10LXE. It's purity after the treating was 0,05 uS/cm at 25°C.

Salts - The salts utilized were acquired from Sigma-Aldrich and have
more than 99% of purity. The products used in the preparation of the
synthetic brine were: NaCl, CacCl..2H,0, MgCl,.6H-0, KCI, BaCl,.2H,0,
SrCl,.6H.0 e Na»SOs.

Solvents - The solvents utilized were n-hexadecane and toluene,
acquired from Sigma-Aldrich, with purity of 99.9%.

Crude Oil (Field B) - Oil B is a Pre-salt dead crude oil provided by Shell
Brasil Ltda. Its characterization is shown in Table 1.

CO; - The CO2 utilized has purity of 99.999% and was provided by

Praxair.

Materials characterization

This work is composed of several fluid samples that will be explicit in the following

topics. To sum up, there is only one brine phase (Brine B), so it is possible to compare

the measurements with each other. In addition, two types of model oil were used (Model

oil I and Il), and one dead crude oil from Brazilian Pre-salt. Finally, CO, was also used

during this work.

3.2.1 Brine B

As mentioned before, the synthetic formation water is composed of a variety os

sodium and chloride salts. The ionic compostion is shown below.
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Table 1 - lonic composition of brine B (DREXLER et al., 2019)

lons Concentration [ppm]
Na* 57,580
Ca* 24,250
Mgt 2,120
K* 1,200
Ba** 24
Sr* 1,260
SO.> 54
cr 139,900
DS 226,388

The density of brine B at 60 °C with varying pressure was acquired by simulation

using OLI Studio®. Table 2 shows densities for both brine B and brine B recombinated

with CO..

Table 2 - Brine B density

Pressure [psi]

Density [g/cm?]

Brine B Brine B with CO2
1000 1.182 1.183
2000 1.184 1.185
3000 1.186 1.188
4000 1.189 1.192
5000 1.193 1.197

3.2.2 Model Oil |

Model oil | is an oil essencialy paraffinic. It is componsed only by n-hexadecane

and was not mixed with carbon dioxide during the tests. The density of Model oil | at

various pressures and 60 °C was acquired by simulation using PVTsim from Calsep.
Table 3 shows the density for Model Oil 1.
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Table 3 - Model Oil | density

Model Qil |

Pressure [psi]
Density [g/cm3]

1000 0.761
2000 0.768
3000 0.778
4000 0.779
5000 0.783

3.2.3 Model Oil 11

Model oil Il is the mixture of n-hexadecane (71.1 wt%) and toluene (28.9 wt%). It
represents an oil with both paraffinic and aromatic compounds ideally.This oil was mixed
with CO; so it is possible to compare the results from the tests with and without CO- in
the system. The density of both dead and model oil 1l recombined with CO, are shown
in Table 4 for several pressures and 60 °C. Simulations with PVTsim®, from Calsep,

determined these densities.

Table 4 - Model Oil Il densities

Density [g/cm3]

Pressure [psi]

Model Oil Il Model Oil Il with CO2
1000 0.773 0.756
2000 0.782 0.778
3000 0.789 0.796
4000 0.795 0.810
5000 0.801 0.823

3.2.4 Oil B

Oil B is a dead crude oil (API° 26.14) from the Brazilian Pre-salt field B, which
has its Saturates, Aromatics, Resins and Asphaltenes (SARA) analysis shown in Table
5 (DREXLER et al., 2019).

Table 5 - Oil B SARA analysis

Oil B wt%
Saturates 64.06
Aromatics 25.98

Resins 8.46
Asphaltenes 1.50
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The density of oil B at several pressures and 60 °C is shown in Table 6.

Simulations with PVTsim ®, from Calsep, calculated the densities shown below.

Table 6 - Oil B densitiy

oil B

Pressure [psi]
Density [g/cm3]

1000 0.878
2000 0.881
3000 0.883
4000 0.885
5000 0.887

3.3 Samples preparation

The experimental procedure used in this study can be divided into two steps: the
preparation of fluid samples and the IFT measurements by the pendant drop method on
the Drop Shape Analyser (Model DSA 100HP acquired from Kruss).

3.3.1 Formation Water

The brine utilized in this work was prepared in laboratory following the original
formation brine composition from field B, as shown in Table 1. A spreadsheet on Excel®
elaborated by the laboratory team was used on the preparation process as a way of
calculating the mass of each salt necessary to emulate the orginal formation water ionic
composition.

After the theoretical masses of each salt have been calculated, it is necessary to
weight them on analythic balances from Mettler Toledo™ New Classic MS. Glass
bechers are used to mix the already dissolved salts. After all salts have been dissolved,
DW is added to adjust the salinity. Finally, the sample is taken to a magnetic stirrer from
IKA®C-MAG HS 7 to guarantee homogeneity and total dissolution.

Due to uncertainties involved in this process, all measured values are re-inserted
in the calculation spreadsheet so it is possible to estimate the real ionic composition of
the prepared brine. Besides that, a condutivemeter SevenExcellence™ from Mettler

Toledo was used to characterize the sample’s conductivity.

3.3.2 Model oil Il
The model oil Il was prepared mixing n-hexadecane (71.1 wt%) and toluene (28.9
wt%0).
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3.3.3 CO2 dissolution in fluids

The combination of fluids with carbon dioxide was necessary for some
experiments. The samples are previosly degassed for 30 minutes in a vacuum pump
nXDS IFT 20 from Edwards. After the sample degassing, carbon dioxide was injected
into the piston cell (Proserv) with a booster pump, at a controlled pressure of 1000 psi.
Then, the piston cell was agitated to homogenize the fluids within and set to rest for at
least one day before the test.

3.4 Density determination

The software PVTSIm® Nova 3.3, from Calsep, was used to estimate the density
of all oily mixtures. Soave Redlich-Kwong (1972) with Peneloux volume correction (1982)
was the equation of state (EOS) used to simulate the fluids’ densities. In addition, the

lumping scheme used was “CO, EOR model”.

OLI Studio®9.6, from OLI Systems, inc, was used to simulate the density of the
brine phase. The agueous package was used to estimate the density of the dead brine.
Futhermore, the Mixed Solvent Electrolytes + Soave-Redlich-Kwong (MSE-SRK) was

used to calculate the density of the mixture brine b + CO..

3.5 Pendant drop experiment

The experiment was carried out with the HPHT DSA apparatus. The two fluids
are stocked in piston cells and connected to the equipment by high-pressure lines. The
equipment is composed of several lines and valves, used to control the fluid flow in it; a
high-pressure chamber that is sealed with two transparent windows to allow light to pass
through and has a temperature controller; a camera and a light source in opposite sides
for the imaging capture. In addition, there are two pairs of Quizix pumps (Chandler
Engineering) to pump the fluids and control the pressure. The apparatus scheme is
shown in Figure 8. For this work, fluids with and without CO;, were used. The detailed
procedure can be found elsewhere (DREXLER et al., 2019).
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Figure 8 - DSA apparatus scheme

A software from Kruss is used to capture the drop image and calculate the IFT
values at each 30 seconds. It analyses the shape of the drop and tries to fit a curve
around it. Every value is recorded and can be exported to a comma separated value
(.cov) file.

Before the tests, both fluids density must be input into the software. However, as
density changes with pressure it would be necessary to input both densities every time
the pressure changed. To simplify this process, the density of the bulk phase is
considered to be 1, because it represents the heavier phase in this case, and the density
of the drop phase is considered to be 0. Due to this approximation, the values read by
the software have no physical meaning and must be corrected afterwards. This

correction is done simply using the equation (23):

Aprear
[FTreq = IFTmeasured-ﬂ (23)

Apget

Where Ap,.q; is the difference between the the real value of both fluids’ densities

and Ap,,.; is, as stated before, the difference set in the software which is equal to 1.
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3.6 Data analysis

After the test is completed, the results must be treated before interpretation. A
macro was made in Visual Basic for Applications (VBA) on Excel®, to handle all data
systematically. To exemplify the method, an experiment almost 70 hours long will be
used. This experiment was taken at 60°C and 3000 psi, and the fluids were dead oil B

and brine B.

First, the raw data was smoothed by an average of each 50 measurements in a
way to minimize outliers and oscilations that could hinder the curve shape. This
averaging range was chosen so it is possible to standardize data management. It is
possible to notice in Figure 9 and Figure 10 that the data dispersion is smoothed, but the

trend of the curve stays the same.
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Figure 9 - Oil B + Brine B untreated scattered data
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Figure 10 - Oil B + Brine B smoothed scattered data

After smoothing the data set, a logarithmic function was used to represent the
data continuously. This allows to obtain the equation that best represents the discrete
data from the experiment, along with the R2. Figure 11 shows the equation and R? for

the example.
21
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Figure 11 - Oil B + Brine B fitting function with equation and R?

It might be possible to use this equation instead of real data points to get some
critical values. To test the accuracy of this approximation, the same procedure was
carried out using the data from the first 5 hours only. Figure 12 shows the cropped curve
and the new equation that best fits the new set of data.

25



21

y = -0,325In(x) + 19,389

20 R? = 0,9946
E
zZ
£ 19
|_
L
18
17
0 10 20 30 40 50 60 70

Time [h]

Figure 12 - Oil B + Brine B first five hours of measurement

Comparing both Figure 11 andFigure 12, one can notice a difference in their
fitting coefficients. This is owing to the different data set present in each case. It is logical
that comparing both functions, the one that had more data to adjust will be the one more
reliable. An important question is the relative difference between both functions. Also,
how well this functions can model the real data set. Table 7 shows a comparison between
the measured IFT and the estimated IFT for both functions, along with their relative

errors.
Table 7 - Comparison between measured and calculated IFT
Time=60h IFT [mN/m] Relative Error
Measured 18.08 -
Calculated (70 h function) 18.08 0.034%
Calculated (5 h function) 18.05 0.120%

Analysing the table, it is possible to observe that the error made by the first fitting
function (70 h function) was almost null. As expected, the relative error of the 5 h function
was the highest one. For this example, it is not a high value, though. Therefore, it is
possible to estimate accurately the IFT value for a long test, even with only few hours of

measured data. This allows more tests to be run for shorter duration.
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3.6.1 Stabilization time
The problem of using a logarithmic function to model an experiment is that its limit
does not exists when the argument goes to infinity, as shown in Figure 13. Thereby, it is

important to define at which point the function does not significantly change its value.

-15 -1 -0.5 0.5 1 : 2 25 3

I3

Figure 13 - Plot of a negative logarithimic function

In order to analyse how the value of any function changes at a specific time, it is
useful to use its derivative. Thus, the derivative of the logarithmic function is defined as:

d a
y=aln(t)+b - Z_

Frie (24)

o+ |

Using the derivative of the function, a threshold value can be used to calculate
the stabilization time. Therefore, if the same threshold value is used, the resulting data
will be comparable. In addition, this time value solves the problem of the unlimited
function. For this work, the threshold value for the derivative was a subject of study at
the results section. As a mean of comparison, the dynamic IFT was calculated as the
average between the 150 and 900 seconds measurements (GEORGIADIS et al., 2011).

Considering a normal distribuition for the uncertainties of the measurments, they
will be calculated as the Standard Error (SE). The SE is calculated by dividing the

standard deviation by the square root of the number of measurements.
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CHAPTER 4: RESULTS AND DISCUSSIONS

This section is subdivided considering the different type of analyses performed in
this work (i.e. curve fitting, stabilization time and comparison between dynamic and
equilibrium IFT) comparing the tests with each other. All experiments (but the ones with
Model oil Il) were repeated at least three times, and their average was considered as the
result. The environmental conditions for the tests were a constant temperature of 60° C
and pressures from 1000 to 5000 psi. Also, in all tests the aqueous phase is brine B, so
the only variable is the oily phase.

4.1 Curve fitting
The objective of this section is to show how well the logarithimic curve fits all

systems listed. Visual and mathematical processes through the section will achieve this.

4.1.1 Method validation
The method was applied to the hexane + pure water system, at atmospheric
pressure and two temperatures, in order to compare with data from literature. Figure 14

shows the plot of IFT for this system in function of time.

Hexane + Water (27 °C)

a1
N

y = -0,369In(x) + 45,629
Rz =0,9729

[FT [mN/m]
B N a1
(o)) (o] o

N
N

40
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Time [h]

Figure 14 — Experimental IFT of Hexane and water at atmospheric pressure and 27 °C

The R? value of the previous logarithimic fitting curve was 0.9729. This is a high

value for the coefficient of determination, indicating a good fitting of the data.
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Figure 15 shows the relationship of IFT and time for the hexane and water at 14.7
psi and 50 °C. The R2is higher than the previous one, with a value of 0.9924. This means
that this test is suitable for this fitting method. However, the comparison between the

calculated data must be done in order to validate the output from the fitting function.

Hexane + Water (50 °C)
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Figure 15 — Experimental IFT of Hexane + water at atmospheric pressure and 50 °C

Table 8 shows the relative error of the calculated data compared with data from
Wiegand and Franck (1994). It is possible to notice that the measurement made with
lower temperature has a higher error value. The comparison at 50 °C has a good relative
error of 3.26%. In fact, both calculated values have a lower value than the reference from
literature. This may be due to the presence of impurities from the apparatus in the
phases. These impurities act diminishing the equilibrium IFT, because they migrate to
the interface. To sum up, the data calculated from the fitting curve gave satisfactory
results. Also, the fact that the higher temperature measurement had the lowest error may
be due to the high mobility of the molecules.

Table 8 - Comparison between literature and caculated data

Temperature [°C] Reference [mN/m] Calculated [mN/m] Relative error
27 49.96 46.47 6.99%
50 44.54 43.09 3.26%

29



4.1.2 Fluids without CO2
4.1.2.1 Model oil |

For the Model oil I, Figure 16 shows a good fitting for the experimental results.
The R? equals 0.9691, due to oscilations of the measured points.

Model Oil |

y = -2,958In(x) + 30,005
40 |- Rz = 0,9691

= 20
LL

Time [h]

Figure 16 — Experimental IFT of Model oil | x Brine B at 1000 psi

Table 9 shows the different equations and R2 coefficients for model oil | x brine B
system using a logarithimic fitting.

Table 9 - Equation coefficients for model oil I at 1000 psi

1000 psi 1st 2nd 3rd 4th Average Std Dev
a -2.96 -3.70 -1.14 -2.18 -2.49 1.09
b 30.01 27.87 39.78 37.94 33.90 5.85
R? 0.9691 0.9989 0.9793 0.9385 0.9715 0.0252

Using the four tests made at the same conditions it is possible to show how good
the fitting function is modeling the results of the experiment. As stated before and
illustrated in Figure 7, assuming a normal distribuition and using a range of twice the
standard deviation, possible outliers can be identified and removed in order to get a more
reliable data. This range contemplates about 95% of all data in a normal distribuition.
Thus, none of the measurements in Table 9 is considered an outlier. Table 10 shows the

range for “a@” and “b” coefficients, where “a” and “b” are the coeficients of equation (22).
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Table 10 - Range of reliable values for coefficients of model oil | at 1000 psi

1000 psi  Minlimit  Max limit
a -4.68 -0.31
b 22.21 45,59

For measurements at 5000 psi, the curve of IFT as a function of time is shown

is Figure 17:

Model oil |

y = -2,37In(x) + 40,514
50 @ R2 = 0,9808

0 0,5 1 15 2 2,5
Time [h]

Figure 17 - Experimental IFT of Model oil I x Brine B at 5000 psi

This curve shows a better fitting as the fitting curve passes through more points

and R2? as a greater value. Table 11 shows the coefficients for measurements at 5000
pSi.

Table 11 - Equation coefficients for model oil | at 5000 psi

5000 psi 1st 2nd 3rd 4th 5th 6th
a -2.43 -1.72 -2.43 -2.37 -2.71 -0.80
b 35.75 38.47 38.01 40.51 38.18 39.87
R? 0.9799 0.9065 0.9489 0.9808 0.9941 0.6092

Among the six experiments shown in Table 11, the 6™ results in a R2 value of
0.6092. This small value of R? shows that the model does not represent this experiment
properly. Although this measurement lies within the reliable range of twice standard
deviation (Table 12), the low value of R2 excludes the reliability of the fitting curve for this

experiment. So, the 6™ experiment will not be considered in this analysis.
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Table 12 - Average values and reliable limit considering 6" measurement for model oil | 5000 psi

5000 psi Average Std Dev Min limit ~ Max limit

a -2.08 0.71 -3.49 -0.66
b 38.47 1.66 35.14 41.79
R? 0.9032 0.1474 - -

Erro! Autoreferéncia de indicador ndo valida. shows the average value for the
coefficients for 5000 psi without considering the 6" measurement. It is possible to notice

the improvement in R2 value from 0.9032 to 0.9620.

Table 13 - Average values and reliable limit without considering 6" measurement for model oil | at
5000 psi

5000 psi  Average' StdDev' Minlimit' Max limit'

a -2.33 0.37 -3.07 -1.59
b 38.18 1.69 34.80 41.57
R? 0.9620 0.0352 - -

Therefore, with a R2? value greater than 0.96 for both experiments (at 1000 and
5000 psi), this system with model oil |1 (100 wt% n-hexadecane) x brine B is considered

suitable for modeling with the logarithimic fitting curve.

4.1.2.2 Model Oil Il
Model QOil Il is composed of n-hexadecane (71.1 wt%) and toluene (28.9 wt%).

Figure 18 shows the behavior of IFT x time with 1000 psi of pressure.
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Model Oil Il
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Figure 18 - Experimental IFT of Model oil Il x Brine B at 1000 psi

The R2? value for this example was 0.9941, and the test had almost six hours of
duration. It is an almost perfect fitting profile due to the R2 proximity to 1 (perfect fitting
value). Due to time constraints the experiments were not reproduced to increment the

consistency of the fitting. This could be carried out in future studies.

Figure 19 shows the behavior of the interfacial tension with time for model oil Il
at 5000 psi. The R? value for this test was also close to 1 (R2 = 0.9924). In fact, both of
them show a great potential regarding the logarithmic approximation, due to the proximity
of R2to 1.

Model Oil Il

y = -1,555In(x) + 28,098
35 @ R2 = 0,9924

Time [h]

Figure 19 - Experimental IFT of Model oil Il x Brine B at 5000 psi
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4.1.2.30il B

Figure 20 is showing the time dependence of IFT for Oil B and Brine B system.
Once again, the Rz for this experiment was close to 1 (R2=0.9951). This is an indication
that this method is suitable for application in crude oils. Oil B contains asphaltenes and
resins (surface-active components that have a critical role in IFT measurements) and the

presence of both is not affecting the shape of the time decay.

Oil B
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Figure 20 - Experimental IFT of Oil B x Brine B at 1000 psi
Table 14 shows the equation coefficients for oil B x brine B at 1000 psi. The
average value of the R2 equals 0.9834, which means that all tests were fit with good
accuracy. This shows the reliability of this method for the system (Oil B x Brine B). It is
also noticed that all experiments lie within the reliable range of plus or minus twice the

standard deviation.

Table 14 - Equation coefficients for oil B at 1000 psi

Pressure Coef. 1st 2nd 3rd 4th Average Std Dev
a -1.44 -0.19 -0.97 -1.09 -0.92 0.53
1000 psi b 13.42 14.07 15.58 15.78 14.71 1.15

R? 0.9951 0.9647 0.9743 0.9999 0.9834 0.0167

For this system, several experiments were made at various pressures (1000,
2000, 3000, 4000 and 5000 psi). Table 15 shows the results for all these experiments.
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Table 15 -

Oil B coefficients for all pressures

Pressure Coef. 1st 2nd 3rd 4th Average Std Dev
a -1.44 -0.19 -0.97 -1.09 -0.92 0.53
1000 psi b 13.42 14.07 15.58 15.78 14.71 1.15
R? 0.9951 0.9647 0.9743 0.9999 0.9834 0.0167
a -0.25 -1.22 -0.84 -1.44 -0.94 0.52
2000 psi b 14.11 15.73 14.71 13.56 14.53 0.93
R? 0.9929 0.9927 0.9178 0.9165 0.9550 0.0437
a -0.32 -0.94 -1.21 -1.46 -0.98 0.49
3000 psi b 14.46 14.61 14.06 14.06 14.30 0.28
R? 0.9972 0.9946 0.9240 0.9913 0.9768 0.0353
a -1.03 -0.53 -1.25 -1.18 -0.99 0.33
4000 psi b 15.04 14.40 15.31 14.20 14.74 0.52
R? 0.9625 0.9351 0.9270 0.9979 0.9556 0.0320
a -0.53 -0.91 -1.45 -1.42 -1.08 0.44
5000 psi b 16.41 15.31 14.71 14.64 15.27 0.82
R? 0.9709 0.9962 0.9574 0.9925 0.9793 0.0183

The lowermost value of R2 is 0.9165, while the lowermost average value is

0.9550. Both values are higher than 0.9, showing that there is a good fitting coefficient

for all pressures studied at this work. Thus, this method showed to be suitable as a model

for the data analysis of the discrete measurements made in laboratory for the system of

oil B and brine B.

4.1.3 Fluid with CO2

The measurements with CO, were carried out with the Model oil Il. Figure 21

shows the time dependence of IFT at 1000 psi for this test. In contrast with the other

experiments, the R2 of this one is 0.7600. However, this low value of R2 indicates that it
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is least likely a good fitting process for this system (Model oil Il + Brine B + COy). This

should be confirmed through more experiments.

Model Qil Il + CO2

30
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Figure 21 - Experimental IFT of Model Qil Il x Brine B with CO2 at 1000 psi

The time dependence in Figure 22 is different from all others shown in this work
so far. Instead of having a negative logarithimic profile, this experiment had a positive
behavior, i.e. the IFT value increases with time. The high R2 value of 0.998 should
indicates a good fit of the data. However, the small amount of points present during the
fitting process bias the R2 result. For example, it is possible to get a R2 = 1 fitting a curve

with only 2 points. Thus, even though the R2 value is almost 1, it can not be used to take

any conclusions.

Model Oil Il + CO2
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Figure 22 - Experimental IFT of Model QOil Il x Brine B wtih CO2 at 5000 psi
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To sum up, to take accurate conclusions about this system (Model Qil Il + Brine
B + COy), one should run more experiments. However, this fitting process might not

represents these experiments as well as it does when there is no CO; in the system.

4.2 Stabilization time

From this point, this work considers the fitting function as a reliable modeling
method and each test will be represented by its own function. The average value of
several similar experiments will be taken as the more correct result. This analysis will be

done by applying the concept expressed in page 27, using equation (24).

4.2.1 Fluids without CO2
4.2.1.1 Model Oil |

Figure 23 can be used to determine the most adequate threshold value for
calculating the stabilization time of the experiment. A function derivative of 0.01 mN/mh
will give a stabilization time of 249 hours for the 1000 psi experiment and 233 hours for
the 5000 psi experiment. However, increasing the threshold to 0.02 mN/m, both values
decay drastically to 125 hours and 117 hours, due to the logarithimic modeling. The
guestion is to find at what value the measurement is considered to be stable. By adjusting
the threshold value, the resulting error can be altered.

Model Oil |

300
— 249
£. 250 233
£
= 200
C
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. Bl ==
0,01 0,02 0,03 0,04 0,05 0,10

Threshold [mMN/mh]

m 1000 psi ®5000 psi

Figure 23 - Stabilization time of Model Oil | with different thresholds

Figure 24 shows the different values of stable IFT calculated as a function of the
threshold value. Looking at this bargraph it is possible to notice that the greatest

difference in the calculated equilibrium IFT is lower than 6 mN/m for both measurements.
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As shown in Figure 4, significant changes in the capillary humber require a change of
100 to 1000 times in the IFT. Thus, for this application the threshold value will not affect

the obtained results significantly.

Model Oil |
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Threshold [mN/mh]

®m 1000 psi ®m5000 psi

Figure 24 - Model Oil | IFT values for different thresholds

Figure 25 shows a better visualization of the time dependence for this system by
a semi-logarithimic plot. Analysing the slope of the curve it is possible to notice that at
both pressures the rate of change is almost the same. Another observation is that IFT

measurements are higher at higher pressures.
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Figure 25 - Semilog plot of model oil | calculated IFT
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4.2.1.2 Model Oil Il

Figure 26 shows the behavior of the stabilization time as a function of threshold
for this system. The plot shows that tests with lower pressure tend to take longer periods
to stabilize. This may be due to the increase in the rate of mass transfer at the interface
with pressure.

Model Oil Il
300 269
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Threshold [mMN/mh]

m 1000 psi m5000 psi

Figure 26 - Stabilization time of Model Oil Il with different thresholds

As shown in Figure 27, the threshold has a lower impact if the measurement
results in lower stabilization times (i.e. at higher pressures). The difference between the
1000-psi measurement at 0.1 and 0.01 mN/mh is about 6.1 mN/m while the same
difference for the 5000-psi experiment is only 3.5 mN/m.
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Figure 27 - Model Oil Il IFT values for different thresholds
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Figure 28 shows the semilog plot of IFT versus time for model oil Il. This plot

shows that the rate of change at 5000 psi is lower than at 1000 psi. In addition,

measurements of 1000 psi are always higher than the other one.
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Figure 28 - Semilog plot of model oil Il calculated IFT

4.2.1.3 0il B

The system Qil B + Brine B shows a different behavior regarding rate of stabilization than

the previous two systems, as shown in Figure 29. In contrast to the previous results, IFT

stabilizes at earlier times for lower pressures. With a larger spectrum of pressures, there

is a direct dependence between pressure and stabilization time.
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Figure 29 - Stabilization time of Oil B with different thresholds
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However, when analysing Figure 30, it is possible to notice that the pressure
dependence in IFT measurements for this system are not clear. Actually, whitin the
uncertainty range, all measuments are considered compatible. In addition, the impact of
the threshold value is nearly null, because there is no clear difference between the values
taken at 0.1 and 0.01 mN/mh.

Oil B
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Figure 30 - Oil B IFT values for different thresholds

As the both previous two systems, this one has almost no dependence of the

threshold value.

Figure 31 illustrates the time dependence of IFT for oil B at only 1000 and 5000
psi. The other measurements were not ploted because they overlay each other, making
it difficult to analyse the chart. It is clear that both measurement are very similar, with the
slope of the 1000-psi measurement a little smaller. This corroborates that all the results

lie within the same order of magnitude.
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Figure 31 - Semilog plot of Oil B calculated IFT

4.2.2 Fluid with CO2
Figure 32 shows the stabilization time dependence with threshold value.
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Figure 32 - Stabilization time of Model oil Il + CO2 with different thresholds

This system (Model Oil Il + Brine B + CO;) shows a clear difference with the
previous ones. While the system without CO», (Model oil B + Brine B) at a threshold of
0.01 takes 269 and 155 hours to stabilize at 1000 and 5000 psi (Figure 26) respectively,
this process takes only 57 and 27 hours to achieve a equilibrium at the same conditions
when CO: is involved. This may indicate that the presence of CO; speeds up the mass

transfer stabilization process. On the other hand, the CO, concentration may hinder the
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mass transfer process. Future work should be done to address the CO, effect more

accurately.

Figure 33 evidences the different behavior between measuments taken at
different pressures, as stated before. However, observing the variation in the plot it may

be concluded that stabilization occurs at shorter times i.e. lower than 1 hour, as shown

in Figure 22.

Model QOil Il + CO2
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Figure 33 — Model Oil Il + CO2 IFT values for different thresholds

Figure 34 shows a semilog plot of IFT versus time for model oil Il with CO.. It is
possible to notice that the slope is positive for the 5000 psi. Also, the stabilization points
for this system are at earlier times, if compared to the ones without CO,. The trend
observed in this chart is that at higher pressures, the stabilization process is faster. This
may be due to the increase in CO; solubility with increasing pressure. Thus, the more
CO; in the system, the faster the equilibrium IFT will be reached. Another important
phenomenon happening is the change of the CO, phase to supercritical. As the
temperature is above the cricondentherm and the pressure is raised above the
cricondenbar, the CO; goes to supercritical. This phenomenon alters the behavior of the

phases, which could led to different results, as shown.
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Figure 34 - Semilog plot of Model oil Il with CO2 calculated IFT

4.3 Dynamic IFT x Stable IFT

As stated berfore, the dynamic IFT differs from the equilibrium one. The dynamic
IFT stands for the measurements taken at early times of the test, using the average of
measurements at 150 and 900 seconds (GEORGIADIS et al., 2011). On the other hand,
the stable IFT is the extrapolated value calculated using the logarithimic fitting curve, at
the stable time of the measurement. Thus, to standardize the process of calculating the
stable IFT, a threshold of 0.01 mN/mh will be used in all systems. Figure 35 illustrates

the difference of the shape drop between an early time and a late time measurement.
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Figure 35 - Time lapse of drop phase (Oil B x Brine B at 5000 psi)
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4.3.1 Fluids without CO2
4.3.1.1 Model Oil |

In Model Oil I, illustrated in Figure 36, the expected tendency of IFT decreasing

with time is present. The IFT value showed in the chart is with the error bars, illustrating

the possible values that the result could assume, given the uncertainties related to its

determination.
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Figure 36 - Model Oil | IFT comparison

The interpretation of the results from Figure 36 are the following:

Both 1000 and 5000 psi measurements are compatible at dynamic conditions,
i.e. given their uncertainty range, they can not be distinguished from each other.
At stable conditions, the measurments are incompatible, because the error bars
do not cross each other. It is possible to say that at 1000 psi, the IFT between
Model Oil | and Brine B is lower than the IFT of the same system measured at
5000 psi.

As Model Oil | is exclusively paraffinic oil (100 wt% n-hexadecane), this high
value of IFT at dynamic conditions (about 40 mN/m for 1000 psi) is due to the
high immiscibility between both fluids. The alkane phase is composed of apolar
molecules while the aqueous phase is composed of polar ones. However, this oil
was not purified before the test, so it is possible to have contaminants. With time,
these contaminants can migrate to the interface decrease its tension more than
the expected. This may be the reason the calculated stable IFT has a smaller
value (about 20 mN/m for 1000 psi).
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4.3.1.2 Model Oil 1l

Model Oil Il follows the same trends of Model Qil | regarding the comparison

between dynamic and stable values for IFT, as shown in Figure 37.
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Figure 37 - Model Oil Il IFT comparison

Some observations for this system are:

The composition of Model Qil Il is n-hexadecane (71.1 wt%) and toluene (28.9
wt%). Both molecules have low dipole moment. Thus, it was expected a high value of
IFT, at dynamic conditions, as the previous chart illustrates. Still, both fluids were not
purified before the sample preparation. Therefore, the magnitude of the difference

between dynamic and stable conditions could have been caused by these impurities.
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4.3.1.30il B
The composition of Qil B is shown in terms of SARA analysis at Table 5. The use
of a crude oil in this test may bring uncertainties to the analysis due to its complexity.

The results illustrated in Figure 38 might be due to the following reasons.
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Figure 38 - Oil B IFT comparison

The trend of IFT decaying with time is followed by this system. However, its value
does not decay drastically. In addition, the oil phase is rich in resins and asphaltenes
(surface-active agents that are not present in the other systems). Both are large
molecules that will tend to migrate to the interface because of their amphiphilicity. This
migration will results in a low value of IFT, because they act as a surfactant between

both phases.

It is important to notice that these results of IFT do not represent the in situ
conditions of the reservoir. For these experiments, both oil and brine phases are at dead
conditions, i.e. there is no gas dissolved in it. Futhermore, the oily phase does not have
its light components, that were at liquid stage at the reservoir conditions, but were
evaporated after production.

47



4.3.2 Fluid with CO2
The dynamic and equilibrium values for Model Oil Il with CO- are shown in Figure
39. First, this is the only system in which all measurements are compatible to each other.

This is due to the fast stabilization illustrated at the previous topic (page 42).
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Figure 39 - Model Qil Il + CO2 IFT comparison

4.3.3 Comparison between the systems

Figure 40 shows the IFT comparison for all system without CO..
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Figure 40 - IFT comparison without CO2

At low pressure and early time, the interfacial tension of both model oils are
among the same order of magnitude. At a higher pressure, this compatibility does not

exist anymore. This similarity at 1000 psi might be due to the lack of surface-active
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agents in their composition. In addition, it is possible to notice that at early times and
5000 psi, model oil Il has a lower IFT value if compared to model oil I. The reason for
that is the presence of toluene in model oil Il. Toluene has a low dipole momentum.
However, when compared to n-hexadecane, toluene is considered a molecule with more
polarity. In contrast, at late times, model oil Il achieves a high value than model oil I. This

may be due to the higher stabilization process for model oil 1l

No matter the conditions of pressure or time, oil B has a lower IFT with brine B
than both model oils. Maybe due to the presence of resins and asphaltenes, the IFT of
the dead crude is always lower than the synthetic oils. In addition, the density difference
between Oil B and Brine B is lower than the same difference for both model oils, as
Figure 41 shows. As stated before, the IFT is directly proportional to the density
difference between both phases.

045 04
20,41 0425 40 0,41 49 041) oo

0,30
0,25
0,20
0,15
0,10
0,05
0,00

1000 2000 3000 4000 5000
Pressure [psi]

o O
w b
o O

Density difference [g/cm3]

® Model Oil | ®mModel Oil Il mQOil B

Figure 41 - Density difference between brine and oily phases

Finally, Figure 42 shows the comparison between Model Qil Il with and
without CO,. As expected, the presence of CO; in the fluids diminished the IFT of the
system at dynamic conditions. However, at stable conditions, due to the fast stabilization
in the system with dissolved CO., the trend is not clear. At 1000 psi, the measurement
without CO, has a higher value than the other one. At 5000 psi both results are
compatible, so it is impossible to define which one is the higher at these conditions. This
reduction in IFT is not relevant, regarding field applications. Probably, this is only a side
effect of injecting CO- in a miscible EOR. A live crude oil should be used in order to better
represent the real situation. Futhermore, both results are not reliable, because they were
not reproduced. Thus, for more solid conclusions to be taken, more analysis should be
done.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

The study of interfacial phenomena between fluids is of paramount importance
for reservoir engineering. This is an important parameter for EOR techniques, which try
to reduce the residual oil saturation at the reservoir. This reduction of residual oil
saturation is extremely related to the Recovery Factor, through the volumetric sweep

efficiency and the displacement efficiency.

This work studied the interfacial phenomena between fluids at high pressures
and temperature. A Pre-salt scenario was addressed by the use of a synthetic formulated
brine emulating the real brine of field B. Two model oils were used to understand the
contribuition of each component in oils that tend to affect fluid-fluid interfaces. In addition,
a dead crude oil (from field B, as well) was used.

It was possible to validate the fitting method proposed by this work by testing it in
three different systems with dead fluids and one system with dissolved CO: in it. System
I (Model oil I and Brine B) and system Il (Oil B and Brine B) were well modeled by the
logarithimic curve and had a minumum R2 greater than 0.90. Therefore, with a short
period test, it is possible to get a large amount of information. On the other hand, Systems
I and IV (Model oil Il and Model oil 1l with CO;) were experimented only once, thus it
was not possible to gather enough information to conclude if they are suitable to this

method of modeling.

As it depends on the value of derivative one is assuming to be stable, the
stabilization time can assume a wide range of values. However, it does not have a
significant impact on the resulting IFT. As the logarithimic function is not asymptotic, at
high values of time, the calculated IFT could be near to zero or even negative. Therefore,
there must be caution when analysing the stabilization time. In addition, the experiment

with CO, showed that it has a potential of stabilizing faster.

The difference between dynamic and stable IFT is simply the time moment they
are calculated. The dynamic IFT is thougth to be free of impurities jeopardizing the
experiment. Yet, as the fluids in the reservoir are in contact for geological periods, they
are in a stable condition of mass transfer between each other. Thus, it is useful to analyse

the two conditions that represent different scenarios.

This work had the goal of validating the method of using a logarithimic fitting

function to represent the dynamic data of IFT from DSA experiments. The method was
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validated for the systems analysed previously. Therefore, it is now possible to run

experiments for fewer hours and achieve reliable results. In consequence, the less time

required by the test, the more tests can be run in a range of time.

Future works should address the following topics:

Reproduction of tests with Model Oil Il, in order to validate if the curve-
fitting model represents it well.

Experiments with CO, dissolved in Oil B.

Experiments with other oils and brines.

A wider range of experiments with pure water in order to consolidate the
validity of the method.

Application of a sensitivity analysis to confirm the best range of averaging
Study of the impact on the vacuum generated in the piston cell during the

test preparation
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