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ABSTRACT

Full Name : [Mohammed Abdul-Raheem Mohammed Al-Hakami]
Thesis Title . Improved CO: Flooding for Enhanced Heavy Oil Recovery
Major Field . [Petroleum Engineering]

Date of Degree : December,2023

In the petroleum industry, innovation and sustainability are crucial, particularly when it
comes to enhancing and maximizing the reserves. Usually, heavy oil reservoirs are shallow
and therefore are good candidates for thermal-enhanced oil recovery (EOR) methods.
However, thermal-EOR methods are not sufficient when it comes to deep heavy oil
reservoirs, such as the extensive Burgan field of north Kuwait which is located at
approximate depth of 10,000 ft [1]. This conclusion is made due to that is considerable heat
is lost during the process of steam injection into deep reservoirs and early steam
breakthrough as a subsequent of steam channeling at producing wells might potentially
limit oil recovery. For in-situ combustion there are a variety of adverse aspects, including
very poor process control that results in poor sweep efficiency and completions that are
negatively impacted by the ignition. Also, because the procedure is more sophisticated than
other thermal technologies, a larger team of qualified and experienced individuals is

needed.

Therefore, there is an urgent need for an alternative and functional EOR method that is
sufficient to develop recovery of deep heavy oil reservoirs. CO flooding is the key solution
for the development of this category of reservoirs. CO> injection is mainly classified into

miscible CO, and immiscible CO> injection depending on whether minimum miscibility

Xvii



pressure (MMP) is achieved or not. Miscible CO. flooding generally leads to higher
recovery factors than immiscible CO. flooding. Improvement of CO: injection can be
obtained mainly by the reduction of MMP value in the CO2-oil system. Our focus is the
implementation of various chemicals that are able to reduce the MMP in CO2-crude oil
systems and also, reduce oil viscosity. Moreover, provide a solution for the previously

mentioned problems faced in the petroleum industry.

The improvement of CO> flooding can be implemented by reducing the value of MMP in
the CO.-crude oil system. This reduction have obtained in the literature by introducing
chemicals to the system. In this study we are performing a screening on different substances
to adhere their ability to improve CO2 miscibility in crude oil, also study the effect of some

of these chemicals on crude oil viscosity.

Screening is performed on different substances such as micro emulsions, non-ionic
surfactants, hydrophilic silica nanoparticles, n-butanol, xylene, di-limonene, 1-methyl-3-
octylimidazolium chloride, and 1-decyl-3-methylimidazolium chloride on CO2-crude oil
system. This procedure is performed to select an optimum chemical and concentration that
is able to improve the miscibility of CO; in five different Saudi crudes. The MMP between
Saudi crude oils and CO> before and after chemicals addition was determined by the
vanishing interfacial tension technique (VIT). The results shows ionic liquids are the
optimum chemicals to be used to reduce the values of MMP and FCMP in CO2-crude 3
system. This chemical behavior on MMP was studied for the other four crudes. The results
shows a reduction of 15.5% in MMP in CO»-extra heavy crude oil, this conclusion plays a

key solution to develop deep heavy oil reservoirs.

XViil



Al ) Jaidla

Sl taaa ana llae daaa Jalsd) o)
JaB) Jadil) Aalii) Gy 5ail ¢ g S deS) AU B ghat 1AL () gl
Joui) dwdia 1 el

2023 e rdgalal) Ay ) iy )

bl 50 5eh el Gl Lodie Laws Y ¢ 4aa¥) by 1 pel dalaia) g HISEY) day ¢ Jg il delia 8
S mall Jadill a3kl bass A e gd Al 5 el 3 Alaia Jil) Jadil) (alSa S5 Lasole A gdadil)
S L) (palSay a1 (3l Lasie 488 Cansid (g yall ol jaall GadAEY) 3k gl celld oy Ll oa
duagill &3 [1] a8 10,000 du uf Gee o oy ol oSl Jladi (& ad o)) B Jas Jie (Al
DSl S () s g dfpend) CalSall LAl Cia dulee ol Sl (g ) adl ol Capy LAY 12 )
(0 Ao siie de gens b ¢ adsall 8 120 (31 a0 Ay Jadill ol i) (e a8 Las daiidl LY
Sl A LS 5 easal) 5o S Cieia ) (5053 o) Alandl 8 AN (sl Sl lly b Ly ¢ 5 jlucall il sl
ST Gap G Aals digh ¢ (s AN Al al) bl e Tagad ST el paY) Y ks ¢ Ll Jlisyl Ll

Al 5535 ala sl 31 Y
Jl) Ll (alSa dalis] y phail (S5 Jadill ) jaall (aBlaiuB dlae 5 ALy 45 b ) dalh dala ln (N
05NN 2l G i Gy alSal) o Al 02 g shail et N Jad) sa s SH ST S s ASaal)
7Y baraa (e V) aall S 13 L e Talaie) 2 500 W8 e s g ¢ ) 300 Ji8 ) bl (S
G G e el Lalti) dalse ) ale IS ) 58D QA (5 KU el 0 (s g5 Y o i 8
e QS5 (3 pha (e (oaait) USG5 S ST 6 (s Cppuan OISV L) a3 JHEH il (53 S0 20

gl e dpaall alad) e U S 5 oty ol Jadi () 5o ,SU Sl 52U & ) i) Jakaia (g (23Y) sl

XiX



Ao 3 s ala Jads - 50 ,SI) Sl 0 Al dadaif 8 ) Y] Jaria (e (a1 aad) (W8 e 5 50ldl) i)
ool delia lgeal 55 Al Wl 5 oS3l JSLELD a5 55 ¢ clld e 3 53e Jadil)

2] U aUai 8 ) 5ieY) Jaim (e (AaY) aad) A Q6 55k Ge e SI) 2ST B s (s (S
A (A AbasS ol se JA) ook oo Al Gl )y (& QD I e Jeand) o5 a8y GlA dadi -5 S
e 0 SN sl G ) il Gaead e Lgi o LAY ddlide ol ge o and ol jaly a8 Al jall o0 b
Al Ladall da g3 e Al ol gall a2 (e rary S (e yo eS¢ alaldl Jadall

Capsl) e oalaudl all Aadlal) o gl s ¢ AN Cllaiid) Jie dile o se o gandl) ¢l )
methyl-3--1 5 « di-limonene 5 « xylene 5 « JsGsll 5 ¢ clall Ll 4y Sl ISl Clapas
wusi Al WU e decyl-3-methylimidazolium chloride-1 s « octylidazolium chloride
Ji 0sSl ausl A6 5 o sl aladl Jadill (s ) Y dakaia (e S0V aall a2 A dadi - 0 S
Al Balall LAY ol aY) 138 2% o3 S adand) 55l A Adas) g AiLeS o) gall AiLa) 2ay
AR B graall adil) el (e st A 50 )SH ST 6 21 i) AL s e ol Sl g )
Lings delad Al 5 S0 sl 6 (s 2 a8 JiGY) LAY alasial o

Liia (e AoV aall a8 Gl Lealasiind Congy 3 Bl AlaasS) o) sl o A 51 3l saall () il < gl
138 Al 0 cadi |3 ala dadi - g S 2l 6 a8 Y A G e 2 i) s 5 2] ey
715.5 dauay Lalaas) iliil) el o a1 day )81 clalall 21 5ieY) Jaia (g a1 aall e el o L)
i Y1138 5 ¢ lay) Ll alal) Jadil) -y g SISl 35 s pUss 8 =) ey e (e 01 sl

a.u\).ﬂ\oddsJ}M@é\@\dﬂﬂﬂ\kﬂh&b\ﬁﬁ}kﬂﬁ)dﬁuﬂg

XX



XXi






CHAPTER 1

INTRODUCTION

Global energy demand along with energy consumption are increasing aggressively
worldwide due to the population and economic growth [2]. Therefore, it is crucial to always
look forward to unleashing and expanding the hydrocarbon reserves. The oil recovery
processes are categorized mainly into primary recovery, secondary recovery, and tertiary
recovery (EOR). Contribution of primary and secondary recovery in oil in-place recovery
approximately ranges from 40-50% [3]. The leftover oil is considerably high. For that EOR
methods have been introduced to enlarge the recovery from a certain reservoir and reduce
the residual oil saturation. Based on the type of the utilized methods EOR methods can be
classified into (a) thermal methods which include steam stimulation, steam flooding, and
in situ combustion. (b) gas injection methods (miscible/ immiscible) depending on the
value MMP between the injected gas (CO2, N2, or Flue gases) and crude oil. (c) chemical
methods injection of (polymer, alkaline, surfactants). (d) biotechnological methods and
others. When compared to immiscible flooding, for improving sweep efficiency and
reducing COz-oil interfacial tension, miscible CO> injection appears to be a substantial

enhanced oil recovery strategy. which can lead to up to ten percent higher oil recovery [4].

Enhanced heavy oil recovery is mostly achieved by implementation of steam injection or
in-situ combustion [5], [6]. However considerable heat is lost during the process of steam

injection into deep reservoirs and early steam breakthrough as a subsequent of steam
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channeling at producing wells might potentially limit oil recovery. It is not expected to be
economically feasible [7]. For in-situ combustion there are a variety of adverse aspects,
including very poor process control that results in poor sweep efficiency and completions
that are negatively impacted by the ignition. Also, because the procedure is more
sophisticated than other thermal technologies, a larger team of qualified and experienced
individuals is needed [8]. Due to the previous cons an urgent need for an alternative feasible
method has occurred. In this research we are aiming to improve the efficiency of CO;

flooding in recovering heavy crude oils.

One of the most common procedures in the oil business, known as enhanced oil recovery
(EOR) with enormous potential, is gas injection [9]. A successful gas injection application
can be influenced by variables like the type of injected gas, the injected gas's minimum
miscibility pressure (MMP), reservoir characterization, and fluid properties. CO flooding
is introduced to reservoir in two forms miscible injection and immiscible injection [10].
Depending on value of the CO> injection pressure whether it is more or less than MMP. In
miscible CO2 injection the injection pressure is atop of MMP between CO2-oil system and
CO2 become miscible in crude oil. This process is called multi-contact miscibility. It results
in increasing the displacement efficiency [11]. However, if the pressure is under MMP the
solubility will not be achieved, so the increase of oil recovery will be due to oil swelling
[12]. Several studies have compared the efficiency of the two approaches, and it has been
approved that miscible is more efficient [13], [14]. From a practical view a reservoir with
high temperature and pressure to be developed with CO; flooding to reach the miscibility
the injection pressure is usually above the MMP value. Escalating the injection pressure to

achieve the miscibility would lead to frac the formation [4]. Fracturing a formation always



requires a pressure greater than formation pressure. Because of fracturing a formation
several issues occur such as that the invasion fluid damages the formation, lowers oil

permeability, and might even shift down production rates [15].

In many reservoirs with high pressure and elevated temperature miscibility of CO: in crude
oil is not doable [16]. To enhance oil recovery and avoid problems that occur due to
formation fracturing. It is crucial to lower MMP during CO: flooding. Lowering MMP
have been investigated by several studies by utilizing chemicals such as fatty acids,
alcohols, and surfactants [4]. Voon & Awang improved the solubility of CO> in crude oil
by using carboxylic acid (fatty acids) [16]. Qayyimah et al added 5% volume of rubber
seed oil methyl ester at 90°C and pressures ranging from 18 to 31 Mpa, on 42.9 API gravity
crude oil. Their results were reported by a 4% reduction in MMP values [17]. Despite using
a high quantity of fatty acids, however the reported MMP decrease is recognized as
insignificant in comparison to other utilized chemical additives such as non-ionic

surfactants or alcohols [4].

Alcohol was utilized as chemical to lower MMP in CO2-oil system. Moradi et al
investigated the reduction of MMP between CO- and dead crude oil with 37.8 API. The
addition of 5 commercial alcohols with different concentrations. Their findings showed
that the alcohols undergoing test could lower the IFT between CO; and crude oil.
Additionally, compared to linear alcohols with the same number of carbons, branched
alcohols had a greater IFT reduction [18]. Yang et al studied the reduction of MMP in CO.—
oil system by dissolving five wt.% of monohydric alcohols and five percent of alcohol

mixture in crude oil. They concluded that, up to a point, the alcohol's carbon chain length



increases the amount of CO that is soluble in crude oil. The MMP was reduced by 9.21%

as compared to the initial example without the addition of alcohols [19].

The reduction of MMP is highly considerable by introducing non-ionic surfactants into
CO2- oil system when compared to other chemicals such as fatty acids and alcohols.
Rommerskirchen et al investigated the possibility of lowering the MMP between CO and
crude oil by introducing five surfactant-based chemicals [20]. Guo et al synthetic liquid
surfactant that is soluble in oil in their slim tube experiment, they used 0.2 weight percent
as a pre-slug and reported 22% drop in the MMP in CO2-oil system [21]. Luo et al used
non-ionic surfactant to lower MMP utilizing the pendant drop technique. According to their
findings, adding 0.6 weight percent of propoxylated surfactants to CO. caused the MMP
to drop from 19.1 to 13.8 MPa (27.7% reduction) [22]. Almobarak., et al utilized non-ionic
alkoxylated surfactant to reduce CO.-oil system. The chosen surfactant has a propoxy
functional head group, which is soluble in oil, and an alipophilic hydrocarbon chain, which
has a poor solubility in water. They came to the conclusion that 1.5 weight percent of

surfactant caused the MMP to drop by 9%, from 31.7 to 28.8 MPa. [23].

It entails that improving the miscibility in the CO2-oil system requires the development of
an effective chemical. Where the composition of crude oil and the amount of its heavy
components are related to the choice of CO-philic and lipophilic (head and tail groups)
and optimizing carbon chain length. They arrived at the conclusion from their research that
introducing the chemicals as a pre-slug result in a larger recovery factor than incorporating

the chemicals with the CO- injection stream [4].



In our study we are aiming for the reduction of MMP along with the viscosity of a heavy
Saudi crude oils. We are utilizing surfactants along with alcohols and investigating the
effect of adding these materials utilizing the vanishing interfacial tension technique (VIT)
on the IFT between CO> and crude oil. We are aiming to improve heavy oil recovery by
CO: flooding by concentrating on the reduction of MMP and first contact miscibility
pressure (FCMP). These two parameters are crucial in miscible CO> flooding and reducing
them will increase the CO2 miscibility in crude oil, which will eventually increase both oil

recovery and carbon capture and sequestration (CCS).

1.1 Background of CO-

An enormous change in human existence was largely based on the first industrial
revolution. It caused the economies to shift from being reliant on manual labor and
agriculture to being reliant on industry and machinery. Innovations in technology, such the
internal combustion engine and the steam engine, made this shift feasible. People became
more reliant on fossil fuels as the industrial revolution spread to new areas to strengthen
their economies and improve the standard of living in their communities [24], [25]. In

general, fuel combustion reactions give energy, CO», and water i.e.,
yields
Fuel + 0, — CO; + H,0 + Energy (1.1)
Given that CO. is a primary byproduct of combustion processes, rising fossil fuel

consumption is directly correlated with rising CO, emissions into the atmosphere. The

global CO- concentrations in the atmosphere from 1959 to 2022 are displayed in Figure 1.



In 2022, the atmospheric concentration of CO> reached 418.58 ppm. Compared to CO>
levels in preindustrial eras that peaked at 300 ppm, this level is the greatest in the planet's
known history. The rate of increase of CO> levels is concerning because it is a hundred
times quicker than any historical rate increases. If current trends continue, 500 ppm of CO>
are predicted by 2050 [26]. When considering the atmosphere, CO- is classified as a
greenhouse gas. It can both emit and absorb radiation from the surface of the Earth. It keeps
the earth sufficiently warm for life to exist on it by preventing heat from escaping to space.

The greenhouse effect is the name given to these phenomena [27].

440

Concentration in ppm

320 --l-i

300

1959 1964 1969 1974 1979 1984 1989 1994 1999 2004 2009 2014 2019
Year

Figure 1 Atmospheric CO2 concentrations worldwide 1959-2022 modified after [28]

The Earth is experiencing global warming because of the increased concentration of CO»,
a greenhouse gas, in the atmosphere. The planet's overall temperature since 1880 is

presented in Figure 2. The previous ten years were the warmest in recorded history, with
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the warmest years being 2020 and 2016. One degree Celsius is the increase in temperature
over the preindustrial period average. Assuming a constant rate of warming, the average
increase rate since 1981 has been 0.18 °C each decade, meaning that global warming is

predicted to surpass 1.5 °C by 2050 [29], [30].

2022: +0.86°C
+1.0 Global mean surface temperature
from 1901-2000
+0.8
Land Sea Land & Sea
+0.6 8.5°C 16.1°C 13.9°C
+0.4
+0.2
0.0
-0.2
-0.4
-0.6
1880 1900 1920 1940 1960 1980 2000 2020

Figure 2 Global Temperature of the Earth Planet since 1880 [31].

Ocean acidification is the result of dissolved CO> decreasing the pH of the seas in addition
to global warming. The acidity of the ocean's surface waters has grown by about 30%,
unbalancing the natural processes [26]. As a result, one of the main causes of the
environmental system imbalance on Earth, which is represented by the global climate
fluctuations, is the great abundance of CO- in the atmosphere. Heat waves, droughts, and
floods brought on by melted ice are a few instances of these climate shifts. As a result,

significant steps must be taken to minimize CO emissions, and a variety of technologies



are available to do so. While some of these innovations are still in the lab, others have
managed to become reality on the ground. Research and development are always being

conducted on any to boost their viability and efficiency.

1.2 Summary of CO; history in petroleum industry

To participate in preserving the environment from a petroleum engineering point of view.
The sufficient implementation of CO> in the industry have been proposed. The use of CO>
as an injection gas for oil recovery was first described in the literature in 1916, but due to
the lack of abundant and affordable supplies, it was written off as a laboratory curiosity.
Even so, the industry began to seriously consider miscible flooding in the early 1950s. It
started with an examination of projects utilizing propane, LPG, and natural gas for first-
contact miscible floods. However, because of their low viscosity and density, which could
lead to a low volumetric sweep efficiency, these solvents were soon viewed as being too
expensive and inappropriate at that time. Since those solvents were rejected, CO, was once

more on the horizon [32].



1.3 Enhanced oil recovery

Primary, secondary, and tertiary stages have typically been used in dividing up oil recovery
procedures. In the historical, these steps provided a chronological description of the
production from a reservoir. Primary production, the first stage of production, came about
as a result of the displacement energy that an existing reservoir inherently contained. After
primary production declines, secondary recovery, the second stage of operations, is
typically conducted. While the phrase "secondary recovery" is now essentially exclusively
associated with waterflooding, traditional secondary recovery procedures include gas
injection, pressure maintenance, and waterflooding. After waterflooding (or another
secondary procedure), the third stage of production is known as tertiary recovery. After the
secondary recovery process proved unprofitable, tertiary procedures use gases, chemicals,

and/or thermal energy to displace extra oil.

In EOR operations, a special type of fluid or fluids are injected into a reservoir. To move
oil to the producing wells, the reservoir's intrinsic energy is supplemented by the injected
fluids and injection procedures. Additionally, by interacting with the reservoir's rock/oil
system, the injected fluids contribute to improving the conditions for oil recovery. For
instance, these interactions might lead to lower IFTs, oil swelling, reduced oil viscosity,
altered wettability, or favorable phase behavior. The interactions are caused by physical
and chemical processes as well as the introduction or generation of thermal energy. The
definition excludes waterflooding and injection of dry gas for oil displacement or pressure

maintenance. EOR processes are classified into four categorize shown in Figure 3. In this



study the main objective is to develop and improve CO> flooding for Saudi heavy oils. For

that the next section will be describing miscible flooding.

Enhanced Oil
Recovery Methods
| Gaseous | | Chemical | l Thermal | | Others |
Micro- Ore
Meiscible rich Immiscible | | | Miscible Miscible biological Prospection
gas N; Ng CO;
Explosives | Vibrations
Miscible dry gas Miscil‘)le lmmiscible Water injection at the Alternated injection
LPG CO, gas-oil interface of water & gas

Surfactant, polymer | |Alkaline Polymers Foams Surfactants Electro- Cyclic Continuous Hot In situ
& alkaline solution solution magnetic vapor vapors water combustion

Figure 3 Classification of EOR methods [33]

1.3.1 General description and classification of EOR methods

Five categories exist for EOR processes: miscible, thermal, mobility-control, chemical, and

other processes including microbial EOR.

1.3.1.1 Mobility-control procedures

As the name suggests, mobility-control procedures are those that rely mostly on preserving

advantageous mobility ratios to increase the magnitude of macroscopic (volumetric)
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displacement efficiency (Ev). Examples include using foams to reduce gas mobility and

polymers to thicken water.

1.3.1.2 Chemical processes

Chemical processes are ones in which specific chemicals are introduced, like alkaline or
surfactant agents, to improve microscopic displacement efficiency (Ep) by displacing oil
through a combination of phase behavior and IFT reduction. There are scenarios where the
chemical process includes mobility control as well, which could lead to improvements in

both Ev and Ep.

1.3.1.3 Miscible processes

The aim of miscible procedures is to introduce fluids that either directly mix with the oil
or create miscibility in the reservoir by changing its composition. Injections of CO; or
hydrocarbon solvents are two examples. Phase behavior has a key role in how these

processes are applied.

1.3.1.4 Thermal processes

To enhance oil recovery, thermal methods rely on the in-situ creation of heat or the transfer
of thermal energy. Examples include in-situ combustion using oxygen or air injection and
steam injection. Improved oil recovery is mostly caused by favorable phase behavior,

altered oil viscosity, and occasionally chemical reactions.

1.3.1.5 Other EOR processes

A general category called "Other processes" is used. Microbial-based methods, immiscible

COz2 injection, and shallow depth resource mining are a few examples of processes falling
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under this category. The classification scheme is not completely satisfactory because some
terms are employed with a certain lack of specificity. Chemical processes, for instance, fall
under one category, even though they are undoubtedly utilized in all of them. Furthermore,
there is some overlap in the mechanisms among the classifications. For instance, the
chemical processes are comparable to the miscible processes in that they depend on phase

behavior and/or limited solubility across the various fluids.

1.3.2 Screening criteria of EOR processes

General, or rule-of-thumb, technical screening criteria of EOR processes were utilized in
the process evaluations of the US national studies (Energy Research and Development
Administration 1976; National Petroleum Council 1976, 1984; US Office of Technology
Assessment 1978; US DOE 1989, 1990). Current estimations of the range of oil and
reservoir qualities that the various processes can be applied to are reflected in these criteria.
Table 1 gives an overview on the screening criteria for EOR methods modified after [34].
As it can be inferred that CO2-EOR s utilized for medium to light crude oils with low
crudes viscosities. Based on the screening criteria given in the literature, CO2-EOR is not
applicable for heavy crudes. However, this study aims to improve CO flooding by
optimizing CO. miscibility in crude oil. This phenomenon could be inferred from the
reduction of the value of MMP in CO2-oil system. Various types of crudes are being

investigated ranging from light Saudi crude up to ultra-heavy Saudi crude oil.
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EOR method

CO,

Hydrocarbon

N>

Micellar,

polymer,

Alkaline-
polymer, and

Table 1 Overview of the EOR method's screening criteria modified after [34], [35].
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1.4Miscible Processes

In a miscible procedure, the main goal is to swap out oil with a fluid that is miscible with
oil (i.e., forms a single phase when mixed with oil in all proportions) under the
circumstances present at the interface between the injected fluid and the oil bank being

replaced. There are two major variations in this process [36]:

1.4.1 First-contact-miscible (FCM) process

At the pressure and temperature conditions present in the reservoir, the injected fluid is
immediately miscible with the reservoir oil. Figure 4 illustrates the FCM process. To
extract the oil, a relatively limited quantity of hydrocarbon fluid, such as liquefied
petroleum gas (LPG), is injected. The main slug size would be in the range of 10 to 15%
PV. The LPG slug is then replaced by a bigger amount of a less expensive gas with a high
proportion of methane (dry gas). In some cases, water may be used as the secondary

displacing fluid.

The key reason the method works so well is that the primary slug and oil phase mix well
together. Primary slug/oil interfaces are eliminated, and oil drops are mobilized and moved
ahead of the primary slug. It is also preferable for the primary slug and the secondary
displacing (dry gas in Figure 4) fluid to be miscible together. Otherwise, the primary slug

would be trapped as a residual phase as the process progresses.
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1.4.2 Multiple-contact-miscible (MCM) process

On initial contact, the injected fluid in this procedure does not mix with the reservoir
oil. Instead, the process relies on mass transfer of components between the phases in
the reservoir and repeated interactions between the phases to change the composition
of the injected phase, or oil phase. In situ miscibility between the displacing and
displaced phases will result from this composition alteration under suitable pressure,

temperature, and composition conditions.

Dry Gas Oil Bank
Mixing Mixing

Zone Zone

Figure 4 First-contact-miscibility process with LPG and dry gas [36]
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1.5 Miscible CO; flooding

The CO2 miscible process illustrated in Figure 5 is a multi-contact-miscible process. To
mobilize and remove leftover oil, a quantity of relatively pure CO: is injected.
Intermediate- and higher-molecular weight hydrocarbons are removed into the CO2-rich
phase via many interactions between the CO2 and oil phases. This COz-rich phase will
become miscible with the original reservoir oil under suitable circumstances. From that
time situations exist at the displaced front interface that are miscible or almost miscible.
The distance needed to initially create multiple-contact miscibility is low in comparison to
the distance between wells, and that will happen under ideal circumstances, this miscibility
state will be established in the reservoir very rapidly. The typical percentage of PV for CO>

amounts injected during a process is around 25%.

The critical temperature of CO- is 31.1° C which is equal to 87.8° F, and thus, most of the
time, it is injected as a fluid at a temperature above its critical point. Depending on reservoir
temperature and pressure, the viscosity of CO> during injection circumstances ranges from

0.06 to 0.10 cP.

Oil and water are displaced by CO> under unfavorable-mobility-ratio conditions in most
cases due to low viscosity value of CO2 when compared with oil and water. Due to this, the
CO: is fingered through the oil phase, which results in low macroscopic displacement

efficiency.

Injecting slugs of CO2 and water alternately has been one strategy for overcoming this

challenge. This method is called the water-alternating-gas (WAG) process. The water
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injection's goal is to minimize COy's relative permeability and, as a result, its mobility. The

WAG process also spreads out the demand for CO over time, which is a benefit.

Other methods of mobility control are being assessed. These involve injecting CO2 while
utilizing foams and polymers. The difference in density between CO. and water, and
occasionally between CO> and oil, is another issue with the CO, method. Depending once
more on the reservoir conditions, CO has a specific gravity at injection conditions of
roughly 0.4. Depending on the density of the oil, CO2 may rise to the top of the formation
and supplant the displaced fluids. This gravity effect is occasionally taken advantage of by
flooding the reservoir from the top and pushing fluids downdip, although this is only

possible in situations when the reservoir structure is appropriate.

In a similar way to how CO2 was mentioned, other gases can be used as MCM displacement
fluids. Flue gases, nitrogen, and moderately dry hydrocarbon gases with a high CH4 content
are a few examples. The difference is that these gases often need much higher pressures
than CO> to become miscible. In deep reservoirs where high pressures can be reached
without fracturing the reservoir rock, these other gases are more appropriate. 0.6 psi/ft of
depth is a general rule of thumb for fracturing pressures. The reservoir rock will collapse
if fracture pressure is surpassed during the operation, and injected fluids will channel via
the fractures, skipping most of the oil. Thus, operating pressure, which in turn depends on

reservoir depth, determines the process design and the choice of displacing fluid.
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Figure 5 CO2 miscible process [36]

A different MCM modification makes use of a hydrocarbon fluid that is plentiful in
substances like ethane and propane. These injected materials condense into the oil phase
during this process, enriching the oil with the lighter elements. Once more, under the right
circumstances, the composition of the oil-phase can be changed to make it miscible with

the injected fluid and in-situ creation of miscibility happens.

The issues with the miscible processes are mostly those that have been mentioned for the
CO2 MCM method. Because the miscible fluids typically have low viscosities, fingering
and insufficient volumetric sweeps occur. Heterogeneities in the reservoir make this issue

worse. It has shown to be difficult to create strategies to control movement. Insufficient
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volumetric contact is also a result of density disparities due to gravity override, unless
dipping reservoirs can make use of these variances to their advantage. Finally, the fluids

useful at modest reservoir pressures are costly and occasionally in short supply.

1.5.1 Ternary phase diagram

Ternary diagrams are used to visually represent the phase behavior of displacement
processes involving liquid/liquid or liquid/vapor equilibrium. Ternary, or triangular, phase
diagrams can be used to depict the phase behavior of three-component systems. In rare
circumstances, for systems with more than three components, specific components can be
grouped to form pseudo components. The degradation of crude oil into CHs, C2Ce
components, and C7+ molecules is a common example. At constant pressure and

temperature, the phase behavior of a ternary diagram is depicted.

1.5.2 Phase diagram of CO2-oil system

indicates the ternary diagram of phase behavior of reservoir oil and CO,. The light
component (COy) are represented by the J dots, while | dots represent the heavy
components (crude oil). As long as the dilution line is intersecting the two-phase region
the process will remain immiscible process. The target is to achieve a ternary phase

diagram, where the dilution line is outside the two-phase region such as 12-Js.
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Heavy Intermediate
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Figure 6 Typical ternary diagram for a COz-0il system [34]

1.6 Immiscible CO: Flooding

Oil recovery can be improved by the immiscible CO> displacement method, particularly in
low pressure reservoirs or when recovering heavy oils. COz is injected during immiscible
displacement to increase and maintain reservoir pressure. Additionally, CO2 can partially
dissolve in oil, causing considerable swelling and a tenfold fall in viscosity, even though it
is not miscible with the reservoir fluids. In a small number of projects, immiscible CO;

flooding is used to increase reservoir pressure when rock permeability is too poor, or the
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geologic environment is unfavorable to the use of the more common water flooding
method. In a small number of projects, immiscible CO, flooding is used to increase
reservoir pressure when rock permeability is too poor, or the geologic environment is
unfavorable to the use of the more common water flooding method. To produce an artificial
gas cap at the reservoir crest and shift oil downward toward the production wells, CO>-
GSGl is normally injected at slow rates. If this procedure is used after a large flood or when

there is water in the reservoir, it could not be effective [37].

Due to the unattainable economics, the immiscible displacement process has only had a
few uses thus far. Significant amounts of CO> are pumped into the entire reservoir during
an immiscible project, which restricts the possibility of small-scale implementation to
slowly recover additional oil. However, projects using immiscible displacement may store
more CO> than projects using miscible displacement, making this method more desirable
for CO> capture and storage. Observation has shown that the immiscible displacement is

preferred by the following conditions:

1. A high reservoir permeability vertically.
2. The existence of an oil column that is sufficiently thick.
3. The reservoir has steep dipping and good lateral and vertical communication.

4. The lack of cracks that can lower the sweep efficiency.
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1.7 Demand for improved CO>-EOR

Enhanced heavy oil recovery is mostly achieved by implementation of steam injection or
in-situ combustion [5], [6]. However considerable heat is lost during the process of steam
injection into deep reservoirs and early steam breakthrough as a subsequent of steam
channeling at producing wells might potentially limit oil recovery. It is not expected to be
economically feasible [7]. For in-situ combustion there are a variety of adverse aspects,
including very poor process control that results in poor sweep efficiency and completions
that are negatively impacted by the ignition. Also, because the procedure is more
sophisticated than other thermal technologies, a larger team of qualified and experienced

individuals is needed [8].

Usually heavy oil reservoirs are shallow, as consequence thermal methods are preferred to
increase the recovery. However, there are deep heavy oil reservoirs which can reach up to
10,000 ft, such as Burgan reservoir located in Kuwait. The tertiary recovery for such
reservoirs cannot be attained by thermal processes. Due to the extreme loss of heat. Due to
the previous cons an urgent need for an alternative feasible method has occurred. In this
research we are aiming to improve the efficiency of CO> flooding in recovering heavy

crude oils.

In this study the focus is to improve CO»-EOR for different kinds of Saudi crudes by
improving CO> miscibility in crude oil. This improvement is identified by achieving a
reduction in the value of MMP in the CO»-oil system. Reduction of the MMP was measured

by vanishing interfacial-tension technique (VIT) before and after the addition of different
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kinds and concentrations of chemicals to the CO2-oil system. This process is obtained to
define the optimum chemical along with the optimum concentration to maximize the MMP

value in CO2-oil system.
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CHAPTER 2

LITERATURE REVIEW

Global energy demand along with energy consumption are increasing aggressively
worldwide due to the population and economic growth [2]. Therefore, it is crucial to always
look forward to unleashing and expanding the hydrocarbon reserves. The oil recovery
processes are categorized mainly into primary recovery, secondary recovery, and tertiary
recovery (EOR). Contribution of primary and secondary recovery in oil in-place recovery
approximately ranges from 40-50% [3]. The leftover oil is considerably high. For that EOR
methods have been introduced to enlarge the recovery from a certain reservoir and reduce
the residual oil saturation. Based on the type of the utilized methods EOR methods can be
classified into (a) thermal methods which include steam stimulation, steam flooding, and
in situ combustion. (b) gas injection methods (miscible/ immiscible) depending on the
value MMP between the injected gas (CO2, N2, or Flue gases) and crude oil. (c) chemical
methods injection of (polymer, alkaline, surfactants). (d) biotechnological methods and
others. When compared to immiscible flooding, for improving sweep efficiency and
reducing COz-oil interfacial tension, miscible CO> injection appears to be a substantial

enhanced oil recovery strategy. which can lead to up to ten percent higher oil recovery [4].

In many reservoirs with high pressure and elevated temperature miscibility of CO: in crude
oil is not doable [16]. To enhance oil recovery and avoid problems that occur due to

formation fracturing. It is crucial to lower MMP during CO: flooding. Lowering MMP
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have been investigated by several studies by utilizing chemicals such as fatty acids,

alcohols, and surfactants [4].

The two primary areas of the literature review for this study are (1) chemicals used to lower
the minimum miscibility pressure (MMP) in CO2-o0il systems and (2) techniques for

determining out MMP in these systems.

2.1Chemicals utilized to reduce MMP in CO- -oil system.

According to published research, adding a little amount of certain chemical additives can
improve miscibility behavior at reservoir conditions by lowering the MMP in the CO2-
crude oil system. The tested substances are evaluated and discussed in the ensuing
subsections in terms of crude oil properties, utilized chemicals, utilized methods, and the

results.

2.1.1 Fatty acids

Saturated, mono-unsaturated, polyunsaturated, and trans fats are the four subgroups of fatty
acids, which are long-chain hydrocarbons. Several studies used fatty acids to lower MMP
in CO2-0il system and enhance oil recovery. These studies are summarized in Table 2.
Despite the high fatty acid concentration, the reported MMP decrease is deemed small in

comparison to other chemical additions such as surfactants or alcohols.
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Voon & Awang improved the solubility of COz in crude oil by using carboxylic acid (fatty
acids) [16]. Qayyimah et al added 5% volume of rubber seed oil methyl ester at 90°C and
pressures ranging from 18 to 31 Mpa, on 42.9 API gravity crude oil. Their results were
reported by a 4% reduction in MMP values [17]. Despite using a high quantity of fatty
acids, however the reported MMP decrease is recognized as insignificant in comparison to

other utilized chemical additives such as non-ionic surfactants or alcohols [4].

Table 2 MMP reduction in CO2-oil system by utilizing fatty acids.

Crude Qil Utilized Utilized
Referen . .
elerence Properties Chemicals Method Results
MMP is reduced, but
Oleophilic no clear trend with
[16] Chemicals vIT increasing the
saturation
5 % volume of
[17] 42.90 'OA‘PI at rubber seed oil VIT Four percer_lt MMP
90°C reduction
methy| ester
2.1.2 Alcohols

Due to their capacity to dissolve nonpolar compounds, semi-polar solvents like alcohols
have been utilized in the petroleum industry. Alcohols are added to the CO2-oil system,
which changes the viscosity and density of the displacing fluid (CO2) while decreasing
those of the displaced fluid (crude oil), lowering the interfacial tension between the two
fluids and improving miscibility. When alcohol is added to a CO»-oil system, the non-polar

ends of COz and crude oil connect to the alcohol. This procedure would make gas more
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soluble, lowering the friction at the interface between gas and crude oil. Several studies
used alcohols to lower MMP in CO2-oil system and enhance oil recovery. These studies

are summarized in Table 3.

Alcohol was utilized as chemical to lower MMP in CO-oil system. Moradi et al
investigated the reduction of MMP between CO- and dead crude oil with 37.8 API. The
addition of 5 commercial alcohols with different concentrations. Their findings showed
that the alcohols undergoing test could lower the IFT between CO, and crude oil.
Additionally, compared to linear alcohols with the same number of carbons, branched
alcohols had a greater IFT reduction [18]. Yang et al studied the reduction of MMP in CO>—
oil system by dissolving five wt.% of monohydric alcohols and five percent of alcohol
mixture in crude oil. They concluded that, up to a point, the alcohol's carbon chain length
increases the amount of CO> that is soluble in crude oil. The MMP was reduced by 9.21%

as compared to the initial example without the addition of alcohols [19].
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Table 3 MMP reduction in CO2-oil system by utilizing alcohols.

Crude Oil . . Utilized
Reference Properties Utilized Chemicals Method Results
16.68 API

5 wt.% of monohydric . o
at 343.16 alcohols and 5% of VIT a 9.21% reduction in

) he MMP.
[19] K alcohol mixture. the

Reduction of IFT
between the crude

Five commercial oil and CO.

[18] 37.8 API alcohols with different VIT
concentrations.

Branched alcohols
had a greater drop in
IFT than linear
alcohols.

2.1.3 Non-ionic surfactants

Surfactant molecules have an amphiphilic character, where two functional groups - the
hydrophilic head and hydrophobic tail-define it. The capacity of surfactants to reduce
interfacial tension and change reservoir wettability justifies their use in various EOR
applications. By becoming adsorbent at the interface of two liquids or a liquid and a gas, a
surfactant can lower the interfacial tension force, which lowers capillary pressure and
allows water to transport the trapped oil. Depending on the type of hydrophilic head group,
diverse types of surfactants, divided into anionic, non-ionic, cationic, and zwitterionic

surfactants, are employed in EOR applications.
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Since cationic surfactants may convert carbonate rock from an oil-wet to a water-wet
nature, they are favored for use with carbonate rock, where the positively charged minerals
on the surface of the carbonate rock absorb the negatively charged components of the crude
oil. The introduction of the surfactant results in an ion pair formation interaction between
its monomers and the anionic components of the oil, which absorbs the oil phase from the
rock surface and modifies the rock's wettability. The use of anionic surfactants, in contrast,
is favored in sandstone reservoirs due to their similar charge, which makes them effective

for the rock system.

The reduction of MMP is highly considerable by introducing non-ionic surfactants into
CO2- oil system when compared to other chemicals such as fatty acids and alcohols.
Rommerskirchen et al investigated the possibility of lowering the MMP between CO and
crude oil by introducing five surfactant-based chemicals [20]. Guo et al synthetic liquid
surfactant that is soluble in oil in their slim tube experiment, they used 0.2 weight percent
as a pre-slug and reported 22% drop in the MMP in CO2-oil system [21]. Luo et al used
non-ionic surfactant to lower MMP utilizing the pendant drop technique. According to their
findings, adding 0.6 weight percent of propoxylated surfactants to CO. caused the MMP
to drop from 19.1 to 13.8 MPa (27.7% reduction) [22]. Almobarak., et al utilized non-ionic
alkoxylated surfactant to reduce CO2-oil system. The chosen surfactant has a propoxy
functional head group, which is soluble in oil, and an alipophilic hydrocarbon chain, which
has a poor solubility in water. They came to the conclusion that 1.5 weight percent of

surfactant caused the MMP to drop by 9%, from 31.7 to 28.8 MPa. [23].
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It can be established that developing an effective chemical is required to improve the

miscibility of the CO2-oil system. Whereas the choice of head and tail groups (CO2-philic

and lipophilic) and optimizing carbon chain length is affected by the crude oil composition

and heavy component content. According to their findings, introducing the chemical as a

pre-slug result in a larger recovery factor than mixing the chemical with the CO; injection

stream. Several studies used alcohols to lower MMP in CO2-oil system and enhance oil

recovery. These studies are summarized in Table 4.

Table 4 MMP reduction in CO2-oil system by utilizing non-ionic surfactants.

Crude Oil

Utilized

Reference Properties Utilized Chemicals Method Results
38 AOPI at 2 wt.% of five Visual Reduction of MMP
[20] 65°C. surfactant-based observation | ranging from 16 to
chemicals. cell 22 %
29 API _ )
Synthesized oil- o
10.8 cP soluble liquid 22 % reduction in
[21] surfactant (CAE) STE the MMP using 0.2
at85° C Wt.%
18 API MMP was reduced
Propoxylated from 19.1 to 13.8
22 t20° C VIT
[22] a surfactants MPa (a 27.7%
drop).
35 API 1.5 wt.% MMP was reduced
[23] alkoxylated VIT from 31.7 to 28.8
5.23 cP surfactant MPa (a 9% drop).
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2.2 Experimental methods used to determine MMP in CO:z-oil

system.

In this section we reviewed the most used experimental procedures to determine MMP in
the petroleum industry. According to the preformed studies on MMP in gas-oil system, the
most used experimental procedures are STE, RBA, and VIT [38]-[43]. These techniques
will be discussed in the following subsections historically, experimental setup, and

procedures obtained to measure MMP value.

2.2.1 Slim tube experiment (STE)

Background of STE

Originally, the slim tube was designed with a long inner diameter (ID) of 0.53 in and an
initial length of 8.97 ft by [44]. Ata slim tube experiment, [45] put forth the initial alteration
suggestion. They made the narrow ID of the slim tube 0.18 inches and 21.98 feet long.
Numerous research led to changes in the lengths and inner diameter of equipment with slim
tubes such as [46], [47]. However, [48] provided the "standard" method, which involved a

slim tube with a 40-foot length and an ID of 0.25 inches.
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STE setup design

In the petroleum industry, the STE is a commonly employed laboratory procedure [49],
[50] to assess the reservoir fluids' flow characteristics and how they behave in porous
media. It demands the use of a lengthy tube with a small diameter (often less than 1 inch).
To represent the flow of reservoir fluids through the rock matrix, it is referred to as a slim

tube.

The STE (Figure 7) consists primarily of a 40-80 foot long, 1/4 inch inner diameter, coiled
tube filled with Ottawa sands or glass beads (commonly in the 100 mesh range). Oil is
originally pumped into the tube at a pressure greater than its saturation pressure [51], [52].
After that the injection of gas at one end at different sets of temperatures and pressures to
model the fluid flow of a gas-oil system in porous medium is obtained. The slim-tube tests
were generally divided into three periods, which included the pre-experimental

preparation, experimental execution, and post-experimental clean-up [53].
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Figure 7 Slim tube experiment (STE) schematic diagram.

Determination of MMP from STE

When the oil recovery factor (RF) was 90 up to 95 % or greater at 1.0 up to 1.5 pore-
volumes of injected gas (PV), it was believed that the MMP of the gas-oil system had been
reached. Although different high RFs might be thought of as having different cutoff points
for determining the MMP utilizing the RF criterion. The threshold RF, which is used as an
indicator of the dynamic MCM process, is generally recognized to be 90% or greater at 1.2

PV of injected gas. [42], [54].

After 1.2 PV of the injected gas, the final RF is computed. Plotting the RF at 1.2 and

different of PV vs pressure is possible since each displacement is carried out at a precise
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pressure and temperature [55]. The estimation of MMP in a gas-oil system from STE can
be inferred from Figure 8 [54]. The extrapolation of immiscible dots recognized as square
dots along with extrapolation of miscible dots recognized as circle dots would intersect at
pressure point. This point is referred to as the MMP value for the current gas-oil system at

the specified temperature.

MMP

100

o MISCIBLE
O IMMISCIBLE

70}

1000 1100 1200 1300 1400 1500 1600 1700
I i 1 L 1 ] 1 ]

0 10 20 0 40 50 60 70 0

TEST PRESSURE PSIA OR SOLVENT CONCENTRATION
(MOLE PERCENT INTERMEDIATES)

PERCENT RECOVERY AT 1.2 HCPV SOLVENT [NJECTED

Figure 8 Determination of MMP in a gas-oil system utilizing STE [54].
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2.2.2 Rising bubble apparatus (RBA)

RBA background

It is acknowledged that the RBA was the first totally visual experiment used to determine
MMP in a gas-oil system. [56] developed RBA as a swift replacement for the slim tube,

and numerous researchers have since used it extensively [57]-[60].

RBA setup design

The idea of the RBA (Figure 9) is to allow gas bubbles to make their way through a small
glass tube (usually rectangular in shape, size 1x5x200 mm) loaded with oil at various
pressures. A camera records the rising bubbles and their shapes, as well as the lowest
pressure at which the bubble disappears during its rise (i.e., dissolves) which is considered

as the MMP.
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Figure 9 Rising bubble apparatus (RBA) schematic diagram.

Determination of MMP from RBA

RBA is used in the petroleum industry as a method for measuring interfacial tension
between two immiscible fluids. The RBA technique involves injecting a small amount of
gas into an oil-water mixture and measuring the rate of rise of the bubbles. The rate
of bubble rise is influenced by the interfacial tension between the gas and the liquid phases
and can be related to the interfacial tension through well-established models. By measuring
the rate of bubble rise and applying these models, the interfacial tension between the two
fluids can be calculated. Figure 10 shows the procedures to obtain MMP from RBA. The
maximum rising bubble height is plotted against the pressure of gas-oil system. Two

straight lines can be identified out of this plot. The extrapolation of these two lines will
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result in an intersection point. The reflection of this point on the pressure axis represents

the MMP for the gas-oil system at the system temperature.

>

Maximum Rising Bubble Height

>
MMP

System Pressure

Figure 10 Determination of MMP in a gas-oil system utilizing RBA [61]

2.2.3 Vanishing interfacial tension (VIT)

VIT background

The VIT has several applications in the petroleum industry, particularly in the evaluation
of interfacial tension (IFT) between immiscible fluids, which is a critical parameter that

affects the efficiency of various oil recovery techniques. Rao invented the VIT for the same
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goal as the RBA which is to acquire MMP readings more quickly than with the STE [62].
VIT technique is also used in the evaluation of the wettability of reservoir

rocks. Wettability is a critical parameter that affects the efficiency of EOR processes.

VIT setup design

The idea of VIT experiment (Figure 11) is to use a transparent cell that is initially charged
with injection gas and reservoir oil (usually with slightly under ten percent volume of oil).
Oil droplets are introduced into the cell by a capillary tube at the top of the cell, and gas is
injected into the cell to keep the pressure at a set value. Before the first oil droplet is
delivered through the capillary tube, the initial volume of gas and oil in the cell is given
time to equilibrate for around an hour. The Young-Laplace equation is used to estimate the
IFT based on the droplet's physical shape after photographing its shape [63]. Until the

droplet vanishes, this is done repeatedly at higher pressures.
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Figure 11 Schematic diagram of VIT equipment.

Determination of MMP

Two ranges can be identified when plotting IFT vs pressure in a cartesian coordinates.
Figure 12 shows a plot of IFT vs pressure is created, with the points fitted with the proper
function. The curve is then extrapolated to the pressure that gives zero IFT, and this is

deemed the MMP from VIT.
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Figure 12 MMP and FCMP values from a VIT [64].
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CHAPTER 3

PROBLEM STATEMENT & METHODOLOGY

In this chapter two main points will be addressed, which are (1) problem statement of this
study and (2) the methodology that is obtained to provide a solution for the previous

problem.

3.1 Problem statement

Usually, heavy oil reservoirs are shallow and therefore are good candidates for thermal-
enhanced oil recovery (EOR) methods. Enhanced heavy oil recovery is mostly achieved
by implementation of steam injection or in-situ combustion [5], [6]. However considerable
heat is lost during the process of steam injection into deep reservoirs and early steam
breakthrough as a subsequent of steam channeling at producing wells might potentially
limit oil recovery. It is not expected to be economically feasible [7]. For in-situ combustion
there are a variety of adverse aspects, including very poor process control that results in
poor sweep efficiency and completions that are negatively impacted by the ignition. Also,
because the procedure is more sophisticated than other thermal technologies, a larger team

of qualified and experienced individuals is needed [8].

One of the most common procedures in the oil business, known as enhanced oil recovery
(EOR) with enormous potential, is gas injection [9]. A successful gas injection application

can be influenced by variables like the type of injected gas, the injected gas's minimum
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miscibility pressure (MMP), reservoir characterization, and fluid properties. CO flooding
is introduced to reservoir in two forms miscible injection and immiscible injection [10].
Depending on value of the CO: injection pressure whether it is more or less than MMP. In
miscible CO2 injection the injection pressure is atop of MMP between CO2-oil system and
CO2 become miscible in crude oil. This process is called multi-contact miscibility. It results
in increasing the displacement efficiency [11]. However, if the pressure is under MMP the
solubility will not be achieved, so the increase of oil recovery will be due to oil swelling
[12]. Several studies have compared the efficiency of the two approaches, and it has been
approved that miscible is more efficient [13], [14]. From a practical view a reservoir with
high temperature and pressure to be developed with CO; flooding to reach the miscibility
the injection pressure is usually above the MMP value. Escalating the injection pressure to
achieve the miscibility would lead to frac the formation [4]. Fracturing a formation always
requires a pressure greater than formation pressure. Because of fracturing a formation
several issues occur such as that the invasion fluid damages the formation, lowers oil

permeability, and might even shift down production rates [15].

Thermal-EOR methods are not sufficient when it comes to deep heavy oil reservoirs, such
as the extensive Burgan field of north Kuwait which is located at approximate depth of
10,000 ft [1]. Thermal-EOR methods are not functional due to the severe heat losses which
is a result of heavy-oil reservoir depth. Due to the previous cons an urgent need for an

alternative feasible method has occurred.

In this research we are aiming to improve the efficiency of CO. flooding in recovering

heavy crude oils.
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From the obtained literature review the following gaps can be inferred:

=  The focus was on reduction of MMP in the CO»- oil system. The effect of the
chemicals on reservoir crude oil viscosity were not considered.
= The majority of the preformed studies were obtained on light oils. Also, heavy oil

was not considered that much.

3.20bjectives of the study

The main objectives of this study are as follows:

= Evaluate the capability of several chemicals to reduce MMP in CO; — oil
systems to enhance the heavy oil recovery, along with their effect on crude
oil viscosity.

= |nvestigate the effect of crude oil composition, temperature, and chemical

concentrations on the CO2 miscibility.

3.3 Methodology

In this part an overview of the procedures that will be conducted to evaluate the potential
of our approach. We are tackling the improvement of heavy oil recovery by CO: flooding
through utilization of chemicals., so a pre-slug of the optimum chemical will be introduced
first to lower viscosity of heavy oil and IFT in CO2-oil system. To achieve the proposed

objectives of this study, the following procedures will be conducted Figure 13. The
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procedures of this study are categorized as screening procedures and comparison
procedures. The screening procedures include MMP measurement and viscosity
measurement. These procedures will be conducted utilizing various kinds of chemicals and

concentrations.

After screening criteria are obtained the optimum chemical and its concentration will be
moving to the next step. This step is studying the effect of the proposed chemical in
different types of crudes. These crudes will cover wide range of properties. These

properties include density, viscosity, total acid number (TAN), and asphaltene content.

Evaluate MMP in CO,-oil system as a base case.

Evaluate MMP in CO,-oil system after the addition of different
concentrations of chemicals.

« Estimate viscosity of crude oil as a base case.
Estimate viscosity of crude oil after the addition of chemicals.

 Determination of the used crude composition.

« Study the change of the behavior for the chemical with different

Crude compositions of crudes.
Characterization

v

Figure 13 Methodology and workflow of this study.
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CHAPTER 4

EXPERIMENTAL WORK

In this chapter all the experiments that were fulfilled in this study will be discussed in terms
of concept, setup, procedures, and outcomes. Moreover, the materials utilized in this study

will be presented in this chapter. First, we start with the materials used in this study:

4.1 Materials

4.1.1 Carbon dioxide

In this study the focus is on a CO2-0il system, so it is fundamental to acquire high purity

CO:s.. For that CO2 was supplied by Air Liquide Al Khafrain Ind Gases (ALKIG), the purity

of the utilized CO> is 99.9 %.

CO2 molecular structure is made up of two oxygen (O2) atoms bonded to one carbon (C)

atom. Molecular structure of CO2 is presented in Figure 14.
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Figure 14 Molecular structure of CO..

4.1.2 Saudi Crude oils

Five Saudi crudes were utilized in this study with wide range of difference in their
properties. Densities of these crudes ranges from 0.862 up to 1.15 g/cm® at ambient
conditions, while asphaltene content ranges from 6.41 up 35.96 wt.%. These properties
along with total acid number (TAN) for these crudes are shown in Table 5. It can be
inferred from the table that a wide range is covered in order to do a sensitivity analysis and

screening for these crudes.
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Table 5 Saudi crudes utilized in the study along with their properties at ambient conditions.

Crude Density, g/cm? TAN, mgKOH/g é‘;ﬁ?:r::?gz
Crude 1 0.862 0.05 6.41
Crude 2 0.87 0.22 10.17
Crude 3 0.907 0.58 18.69
Crude 4 1.067 1.358 26.27
Crude 5 1.15 3.2 35.96

4.1.3 Chemicals utilized to reduce MMP in CO2-oil system.

1. Non-ionic surfactant

In the literature non-ionic surfactants were used to reduce the MMP, so non-ionic surfactant
(NIS) was used to reduce MMP in CO2-oil system. Moreover, the effect of the addition of
this chemical on the crude dynamic viscosity were investigated at different concentrations
and temperatures. This chemical was supplied by Sunita Hydrocolloids Inc (SHI). The used
micro-emulsion is mainly composed of non-ionic surfactant, limon oil, and water. The

percentage of each element is shown in Table 6.
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Table 6 Composition of the used micro-emulsion.

Element Wt.%

Non-ionic surfactant | 1-5
Limon oil 5-20

Water 30-50

2. Silica nanoparticles

Hydrophilic silica nanoparticles (NPs) were utilized in combination with ME to study their

effect on MMP value of CO2-oil system.

3. n-butanol

In the literature alcohol was used to reduce the MMP in CO2-oil system. In this study we
are tackling the use of n-butanol (BL) with different concentrations to reduce crude
viscosity and MMP in COz-oil system. BL was supplied also by SHI with a purity of 99%.

The molecular structure of BL is presented in Figure 15.
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Figure 15 Molecular structure of BL.

4. Xylene

Xylene (XY) is a hydro-carbonic (aromatic) flammable liquid, where two groups of methyl
replaces two hydrogens (H2) atoms which are bonded to a benzene cycle. In this study XY
was supplied by SHI. XY was used in different concentrations to lower the value of MMP
in CO2-oil system. The average weight percent of the utilized XY ranges between 25 and

75 %.

5. D-limonene

Limonene is an aliphatic hydrocarbon liquid. D-limonene (DL) was used in different
concentrations in order to adhere the effect of DL on the value of MMP. In this study DL
was supplied by SHI and the average weight percent of the utilized DL ranges between 25

and 75 %.

53



6. lonic liquids (green chemicals)

Green chemicals have more pros than most chemicals. Green chemicals are less toxic,
biodegradable, sustainable sourcing, energy efficiency in production, reduce waste, safer

synthesis & processing, and improve life cycle chemicals.

I.  1-methyl-3-octylimidazolium chloride

1-methyl-3-octylimidazolium chloride (Sx1) is an ionic liquid, which can also be
introduced as a green chemical. This chemical (Figure 16) was supplied by Sigma-Aldrich.
It have a purity of 97% that were determined by high performance liquid chromatography
(HPLC). Different concentrations were utilized on the different crudes and their effect on

MMP value in CO.-oil systems were investigated.
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Figure 16 Chemical structure of Sx1.

Il.  1-decyl-3-methylimidazolium chloride

1-decyl-3-methylimidazolium chloride (Sx4) is an ionic surfactant, which can also be
introduced as a green chemical. This chemical (Figure 17) was supplied by Sigma-Aldrich.
It have a purity of 97% that were determined by high performance liquid chromatography
(HPLC). Different concentrations were utilized on the different crudes and their effect on

MMP value in CO,-oil systems were investigated.
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Figure 17 Chemical structure of Sx4.

4.2 Experimental procedures

Experimental procedures that were obtained in this study will be discussed in terms of
principle, experimental setup, workflow, and outcomes. Mainly these procedures are used
to characterize the crudes used in this study, determine the MMP for the CO2-oil system,
and establish a recovery factor (RF) out of the core flooding experiment. These procedures

are density measurement, viscosity measurement, (saturate, aromatic, resin, and
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asphaltene) SARA analysis, TAN, VIT, porosity measurement, permeability measurement,

computed tomography (CT scan), nuclear magnetic resonance (NMR), and core flooding.

4.2.1 Density measurement

The density of the crudes were measured at atmospheric pressure and elevated
temperatures. This procedure is obtained by the utilization of densitometer for liquids
(ambient and HT). The model of the instrument is Anton Paar DMA 4500M, which is
founded on in-depth understanding of oscillation properties. Take back control of your
filling with the help of the automatic bubble detection technology and make viscosity
correction across the entire viscosity ranges. Figure 18 shows the instrument used to

determine the density of the Saudi crudes.

To specify the density of a liquid using this instrument. First, the instrument shall be
calibrated to air density by using an air pump, which is part of the device. Then the liquid
is injected utilizing a syringe and through the screen that gives visual details of the sample.
There should be no bubbles to determine the density correctly. The temperature is set to
the desired value and the instrument starts to measure the density at the specified

conditions.
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Figure 18 Anton Parr DMA 4500 M utilized for density measurement.

4.2.2 Viscosity measurement

Dynamic viscosity of the five Saudi crude oil samples were determined by the utilization
modular compact rheometer (MCR 702) at atmospheric pressure and different
temperatures. This instrument measures the dynamic viscosity at different shear stress
values. Light to medium and even heavy crude oils and BL are recognized as Newtonian
fluids [65][66], which means at a constant temperature viscosity will exhibit a linear

relationship with shear stress [67].
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To operate the device about 20 ml of the sample is inserted into the cup, the temperature is
set to the desired value. After that the cone is lowered into the sample and a torque is
applied on the sample. Finally, the shear stress along with the shear strain are recorded and
plotted and from the graph obtained, value of the viscosity can be inferred from the slope
of the straight line. Figure 19 shows a picture of the instrument used to measure the

viscosity.

Figure 19 Modular compact rheometer that is used to determine the viscosity.
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4.2.3 SARA analysis

SARA analysis provides information regarding the total chemical composition of the
sample, without going into its molecular detail. It allows separation of the mixtures under
examination into (a) saturates; (b) aromatics; (c) resins; and (d) asphaltenes. The
experimental procedure involves the utilization of the thin layer chromatography (TLC)
and flame ionization detection (FID) using latroscan MK-7 according to standard method
IP 469/01. The SARA analysis is carried out in three stages: (1) spotting one microliter of
the sample diluted in dichloromethane in chromo-rod (quartz rod covered with silica), (2)
elution of the spotted samples using TLC, (3) detection of the diverse groups along the
chromo-rods using FID [68]-[70]. Figure 20 shows the setup used to preform SARA

analysis on the five Saudi crudes.

Figure 20 Experimental setup used to obtain SARA analysis.
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4.2.4 Total acid number (TAN)

All the measurements were done at ambient pressure and temperature for the five dead
Saudi oil samples. Total acid number (TAN) is measured by the potentiometric titration
using Metrohm Ti-touch 916 titrator according to ASTM D664-18, respectively.

For TAN determination, a crude oil sample of ten grams was dissolved in 60 ml of titration
solvent (50% toluene, 49.5% isopropanol, and 0.5% water) and a dosing rate of 0.1 ml of
the titrant (0.1 molar KOH in 2-propanol) was set. Before any titration, the pH electrode
was preconditioned until a stable pH was obtained. All the measurements were done at

ambient pressure and temperature for the dead oil samples.

Mygoa XMW goux(A—B)
w

TAN = 4.1)

Where Mgy is the molar concentration of KOH titrant (mol/L), MWy is the molecular
weight of KOH (56.1 g/mol), A is the volume of titrant at the sample inflection point (ml)
and B is the blank titration volume (ml).

Figure 21 shows the instrument that is used to determine TAN for the five Saudi crudes.
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Figure 21 Metrohm Ti-touch 916 titrator used to determine TAN for the five Saudi crudes.

4.2.5 Vanishing interfacial-tension technique (VIT)

In 1997 Rao invented the VIT for the same goal as the rising bubble apparatus (RBA)
which is to acquire MMP readings more quickly than with the slim tube test [62]. VIT
technique, (which relies on pendant drop technique) has several applications in the

petroleum industry, particularly in the evaluation of IFT between immiscible fluids, which
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is a critical parameter that affects the efficiency of various oil recovery techniques. VIT
technique is also used in the evaluation of the wettability of reservoir rocks. Wettability is
a critical parameter that affects the efficiency of EOR processes.

The idea of VIT experiment Figure 22 that was utilized in this study is to use a transparent
cell that is initially charged with CO2 and reservoir oil (usually with slightly under ten
percent volume of oil). Oil droplets are introduced into the cell by a capillary tube at the
top of the cell. CO- is injected into the cell to keep the pressure at a set value. Before the
first oil droplet is delivered through the capillary tube, the initial volume of CO2 and oil in
the cell is given time to equilibrate for around an hour. The Young-Laplace equation is
used to estimate the IFT based on the droplet's physical shape after photographing its shape
[63]. Young-Laplace equation is used to analyze the drop shape. The pressure difference
(Laplace pressure) between the areas within and outside of a curved liquid surface/interface

with the primary radii of curvature Ri is described by this equation [71] :

bp=o(7+=) 4.2)

Ry R_z
Where Ap is Laplace pressure which is the difference in pressure between the areas outside

and inside of a curved liquid surface with the principal of radii curvature which are Ryand

R,. o is interfacial tension between the immiscible fluids.
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Figure 22 Schematic diagram of VIT utilized in the study.

Until the droplet vanishes, this is done repeatedly at higher pressures. A plot of IFT vs
pressure is created, with the points fitted with the proper function. The curve is then
extrapolated to the pressure that gives zero IFT, and this is deemed the MMP value, while
another set of linear points is extrapolated to the pressure that gives zero IFT, and this value

is deemed as the first contact miscibility pressure (FCMP).

426 MMP measurement

Measurement of MMP in a gas-system can be obtained by plotting pressure versus IFT

Figure 23. From the obtained plot two linear trend lines can be recognized.
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Extrapolation of the first line will result in an MMP value at zero IFT, while

extrapolation of the second line would result FCMP value at zero IFT.
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Figure 23 MMP and FCMP values from a plot of pressure versus IFT modified after [72].

An optical contact angle measuring, and contour analysis device can be used to
determine the surface tension of a liquid as well as the interfacial tension of two liquids.

The setup drafted in Figure 24 is used to capture an image of a liquid drop that hangs
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on a dosing needle and to then analyze it using the Instruments program. The

corresponding assessment approach is known as the pendant drop method.

The Young-Laplace equation is used to analyze the drop shape. The pressure difference
(Laplace pressure) between the areas within and outside of a curved liquid

surface/interface with the primary radii of curvature Ri is described by this equation:
Ap=a(1+1) (4.3)

Ry Ry

drop ata needle

light source

camera - — = = = _ = = =

Figure 24 Diagram of the pendant-drop technique's setup [73].

The surface tension and gravitational forces, in particular, define the shape of the
pendant drop. Surface tension aims to reduce surface area and shape the drop into a
spherical shape. Gravitation, on the other hand, stretches the drop from its spherical

shape, resulting in the classic pear-like shape.

According to Pascal's law (hydrostatic pressure), gravity generates a pressure
difference across the z-axis. As a result, the Laplace pressure Ap(z) at a distance z from

an arbitrary reference plane with Laplace pressure Apo IS:

Ap) = Apo = Apgz (4.4)
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The major radii of curvature at the vertex (lowest point of the drop) of a pendant drop
are: R1=R2=R. As a result, it is convenient to locate the reference plane at this location.

For every point above it holds Ro=x/sin ® (Figure 25). The mentioned equations lead

to:

_2
R + . R S (4.5)

Figure 25 Young-Laplace fit deviation on a pendant drop [73].

Interfacial tension (IFT) between the immiscible fluids (oil and CO2) measurement at 50

and 90°C and different pressures were preformed utilizing drop shape analyzer
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manufactured by KRUSS (DSA 100 HP) Figure 26. The experiment were performed on
crude oil and CO; as a reference for this study. The experiment is repeated frequently with
different chemicals and different concentrations. Each chemical and its concentration
represents a single case at which MMP and FCMP were conducted by the interpolation of
the measured IFT values vs pressure. MMP and FCMP values were estimated for each
case, individually and comparison with the base case along with other cases is performed.
MMP of different Saudi crude oils have been determined by [55] utilizing slim tube
experiment (STE). They reported that MMP increase with the increment of temperature
value. IFT values of the five Saudi crudes along with the different chemicals and different
concentrations of chemicals at pressures ranging from 10 up to 210 bar. The IFT values
recorded by the instrument assumes constant densities for the crude used along with CO2,

due to that a correction must be obtained using the following equation.

(0il density—C0,density)
(DSA oil density—DSA CO,density)

Corrected IFT = IFT reading X (4.6)
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Figure 26 Drop shape analyzer (DSA 100 HP)
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CHAPTER S

RESULTS AND DISCUSSION

5.1Density and viscosity measurements

Density of the five Saudi crudes are measured at atmospheric pressure and wide ranges
temperatures. These values of temperatures includes the values at which VIT is conducted
and at which COz core flooding is conducted. These temperatures ranges from 20 up to 90°
C. Densities of the five Saudi crudes are presented in Table 7.

In order to start the screening criteria one of the crudes is selected to examine the effect of
different chemicals with different concentrations on it. Crude 3 represents the average
when compared to other crudes in terms of density, viscosity, TAN, and asphaltene content.
Due to the previously specified reasons, crude 3 is taken to perform the screening on it. In

this part we will discuss the introduced chemicals and their effect on crude 3 viscosity.
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Table 7 Densities of the five Saudi crudes at different temperatures and atmospheric pressure.

Crude 1 Crude 2 Crude 3 Crude 4 Crude 5
Temperature,
. Density, Density, Density, Density, Density,
© g/cm3 g/cm?3 g/cm?3 g/cm?3 g/cm?3
20 0.866 0.873 0.908 - -
25 - 1.067 1.150
30 0.862 - 0.901 - -
40 - - 0.894 1.060 1.142
50 0.845 0.836 0.888 - -
60 - - - 1.050 1.132
65 - - 0.877 - -
75 0.827 0.834 0.869 - -
90 0.817 0.823 - 1.032 1.117

The viscosity of the three of the crudes is measured without any additions of chemicals.

The dynamic viscosities of these crudes are shown in Table 8. The unit used to describe

the dynamic viscosity is centipoise which is equivalent to one millipascal-second 1 cP =1

mPa.s.
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Table 8 Dynamic viscosities of the heavier crudes used in the study.

Temperature, ° C | pof Crude 3, cP | pof Crude 4, cP | pof Crude 3, cP

20 91.4 - 0.908
25 - 2,220 47,700
40 - 473 9,260
50 235 - -

60 - 173 1,450
75 11.16 - -

90 0.817 26 123
100 - 15 60

Also, kinematic viscosity (v) can be determined from the previously mentioned values of
viscosities and densities. Kinematic viscosities of these crude can be obtained by dividing
the dynamic viscosity over density of the crude at the same conditions of temperature and
pressure. Kinematic viscosity is measured by the unit of centistokes (cSt).

To test the effect of chemicals on crude 3 viscosity, NIS were introduced to the crude, this
introduction is obtained by stirring and heating of the sample. Mainly, two concentrations
of NIS were considered, which are 0.6 and 0.75 wt.% of NIS into crude 3. The viscosities
of these crudes were measured at similar conditions of temperature and pressure. Table 9

shows the results after the addition of NIS to crude 3.
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Table 9 Dynamic and kinematic viscosities after the addition of 0.6 and 0.75 wt.% to crude 3.

Crude oil type Temperature, °C = W, cP | v, cSt

20 91.43 | 100.69

Crude 3 50 23.49 | 26.45

75 11.16 | 12.83

20 127.73 | 140.67

Crude 3 + 0.6 wt.% NIS 50 26.74 = 30.11
75 11.24 | 12.93

20 142.86 | 157.34

Crude 3 + 0.75 wt.% NIS
50 29.09 = 32.75

From the previously mentioned data, it can be inferred that negative impact on crude 3 is
induced. With increasing NIS concentration, the value of crude 3 viscosity increases.
However, this is not the case when the MMP is measured for CO2-oil system with the
addition of NIS.

Due to the increase of the values of viscosity with NIS, an alternative chemical that was
used in the literature to reduce MMP on CO»-oil system. This chemical is BL. Light to
medium crude oils and BL are recognized as Newtonian fluids(Wong et al., 2015; Sharma
et al., 2016), which means at a constant temperature viscosity will exhibit a linear
relationship with shear stress [67]. Due to the high solubility of BL in crude oil [75],
different concentrations which are 2.5,5,7.5, and 10 wt.% of BL were solubilized in crude
oil and the viscosity of these samples were measured.

Crude 3 viscosity is taken as a base case, nevertheless that crude oil and BL are Newtonian
fluids [76]. The viscosity of the prepared crude oil samples with different concentrations
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2.5,5,7.5, and 10 wt.% of BL, along with crude 3 oil sample were measured at different
shear rates. Shear rates ranging from 1 to 1000 sec were applied on the samples to
examine the Newtonian behavior of these samples. Also, the measurements were obtained

at 25 and 50°C.
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Figure 27 Viscosity measurement at different shear rates and at (a) 25 and (b) 50°C.
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Viscosity measurements at the previously specified conditions are presented in Figure 27
At temperature of 25°C crude oil viscosity is 80 cP, while at 2.5,5,7.5, and 10 wt.% of BL
the values of viscosity were 67, 65.4, 48.7, and 40.1 cP, respectively. These reductions in
viscosity values can be described in percentages of 16.25, 18.25, 39.1, and 49.8%,
respectively. A clear trend of viscosity reduction with increasing the concentration of BL
with approximate reduction at 2.5 and 5 wt.%. In the other hand at temperature of 50°C
crude oil viscosity is 29.2 cP, while at 2.5,5,7.5, and 10 wt.% of BL the values of viscosity
were 26.2, 25.7, 18.7, and 16 cP, respectively. These reductions in viscosity values can be
described in percentages of 10.4, 12, 35.8, and 44.9 %, respectively. A clear trend of
viscosity reduction with increasing the concentration of BL with approximate reduction at
2.5 and 5 wt.%.

It can be inferred from the values obtained that the maximum reduction is obtained at
highest concentration. However, that’s not the case for optimum concentration. In order to
choose the optimum concentration, it should preserve the maximum reduction with the use
of minimum BL concentration. As a consequence of that, the optimum reduction in oil
viscosity is achieved at 7.5 wt.% BL, due to the shift in reduction values at both temperature
sets. Also, the difference in reduction between 7.5 and 10 wt.% can be considered as minor.
From the outcomes of the viscosity measurements, it can be inferred that NIS are not
sufficient to reduce the viscosity of crude 3, despite the use of higher concentrations of
NIS. This behavior can be attributed to the presence of lemon oil and water in the micro-
emulsion (ME), indeed while we are using ME viscosity of the crude will increase. For that
the use of BL to reduce both viscosity of the crude along with the MMP in CO-oil system.

BL can be identified as a viscosity reducer.
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5.2 SARA analysis and TAN

Determining the components of the five Saudi crudes into saturate, aromatic, resin, and
asphaltene (SARA analysis), along with knowing of total acid number (TAN) is crucial, to
have a comprehensive understanding of the behavior of these crudes with addition of
different chemicals with different of concentrations. For a start the results of SARA

analysis for the five Saudi crudes are presented in Table 10.

Table 10 SARA analysis of the five Saudi crudes utilized in this study.

Saturate, % Aromatic, % Resin, % | Asphaltene, %

Crude 1 22.86 64.56 6.17 6.41
Crude 2 18.17 50.69 20.98 10.17
Crude 3 18.69 50.66 12.6 18.05
Crude 4 8.27 43.1 22.4 26.27
Crude 5 3.79 45.1 15.1 35.96

SARA analysis is preformed to magnify the asphaltene stability index (CIlI), as a result
judge the efficiency of BL with different concentrations to reduce or increase CIl. [77]
proposed CII from the composition of crude obtained by SARA analysis. Cll is calculated
by dividing the summation of saturates and asphaltene fractions to the summation of
aromatics and resins. Severe precipitation of asphaltene can be recognized when the CIlI

exceeds a critical value of 0.9 [78].
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Table 11 Comparison of SARA analysis of the base case and crudes of different concentrations of BL.

Saturate, % | Aromatic, % | Resin, % | Asphaltene, %

Crude 3 18.69 50.66 12.6 18.05
2.5% BL 14.64 49.36 22.62 13.38
5% BL 14.92 49.40 22.32 13.36
7.5% BL 14.51 49.79 14.48 21.22
10 % BL 14.43 49.78 15.02 20.77

When it comes to interactions between BL with asphaltene and resin, it's important to

understand the nature of these components and how they interact with solvents. Asphaltene
and resin are complex, high molecular weight compounds found in crude oil [79]. The
interactions between BL and asphaltenes can involve physical dispersion, hydrogen
bonding, and VVan Der Waals forces [80]. The polar nature of BL allows it to form hydrogen
bonds with polar functional groups present in asphaltene, such as oxygen, nitrogen, and
sulfur, this can lead to the partial dissolution of asphaltenes in BL. When it comes to resin,
BL can have a better solvency due to its polarity. The polar functional groups in resin, such
as hydroxyl and carboxyl groups, can form hydrogen bonds with BL, facilitating their

dissolution.

It is important to note that the interactions between BL with asphaltene and resin are
complex and can vary depending on the specific properties of the crude oil and the
experimental conditions. Therefore, a thorough understanding of the composition and

behavior of the crude oil system is crucial for studying these interactions effectively. The
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hydroxyl group in BL plays a crucial role in the interaction with resin and asphaltene which

are recognized as the polar components that exists in crude oil composition.

The composition of the crude 3 along with the crudes of different concentrations of BL
were investigated. Table 11 shows the SARA analysis of the utilized crude oil along with
crudes of different concentrations of BL. At lower concentrations of BL, a sharp reduction
of asphaltene content is observed, this reduction is followed up with an increase in resin
content. This behavior will result in lower ClI, as a result less asphaltene precipitation is
achieved in concentrations of 2.5, and 5 % of BL. However, that’s not the case with higher
BL concentrations. An increment of asphaltene content is observed which will lead to
higher values of ClI, which implies that more precipitation of asphaltene is likely to
happen. Table 12 illustrates the values of ClI for the crude oil as a base case, along with
different concentrations of BL. The lower concentration of BL results in the lowest value
of CIl when compared to other cases. Clear indication that lower concentration resulted in
better performance in terms of asphaltene precipitation and vice versa for higher
concentrations. It can be inferred that the optimum concentration is the one resulting in

maximum reduction which is 2.5 wt.% of BL.

Table 12 Asphaltene precipitation index for crude 3 and different concentrations of BL.

Crude3 25%BL 5%BL 75%BL 10% BL

Cll | 0.581 0.389 0.394 0.556 0.543
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5.3Screening Results using VIT.

Properties of the five Saudi crudes are shown in Figure 28. The properties are asphaltene
content, TAN, and density. Diversity can be inferred from the properties of these crudes.
To start doing the screening a crude is selected to examine the effect of chemicals and
different concentrations. The median crude is taken to do so, due to the average values of

asphaltene content, TAN, and crude oil density. This crude is crude 3.
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Figure 28 Properties of the five Saudi Crudes.

5.3.1 NIS and NPs, MMP and FCMP Results

As a start we introduced two concentrations of NIS, which are 0.6 and 0.75 wt.%. The

MMP and FCMP values are taken for the CO2-crude 3 system as a reference case. After
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the addition of 0.6 and 0.75 wt.% of NIS, MMP and FCMP were determined. Reduction in
MMP and FCMP is recorded as percentiles when compared to base case. These values are

taken at 50° C and are shown in Figure 29 and Table 13.

Table 13 MMP and FCMP values of crude 3, 0.6, and 0.75 wt.% of NIS at 50° C.

Crude type MMP, psi | Reduction, % FCMP, psi = Reduction, %

Crude 3 1785 - 2584.3 -
Crude 3+ 0.6 NIS 1617.5 9.38 2532.4 2
Crude 3+ 0.75NIS | 1460.8 18.16 2253.4 12.8

A clear reduction in the values of MMP and FCMP these are reported in the table earlier.
This conclusion allies with what is found in literature. However, when it comes to the effect
of NIS which is dispersed in ME on crude 3 viscosity, as reported earlier more NIS resulted
on the viscosity increment of crude 3. For that we moved on to examine the effect of NIS
with hydrophilic silica nanoparticles (NPs) on either the reduction or increment of MMP
and FCMP. However, negative impact of NPs with 0.6 NIS on the value of MMP where it
increased up to 2229.84 psi, which indicates an increment of 24.9 %. This combination of
NIS and NPs resulted in an increment of MMP, which is not recommended in the petroleum

industry.
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Figure 29 MMP and FCMP values of crude 3, 0.6, and 0.75 wt.% of NIS at 50° C.

The obtained results are not sufficient in preforming reduction in the viscosity of crude oil,
MMP, and FCMP in CO.-crude 3 system. So, the behavior of BL on crude 3 viscosity,

MMP, and FCMP with different concentrations of BL.

5.3.2 BL MMP and FCMP Results

Interfacial tension between the immiscible fluids (oil and CO2) measurement at 50°C and
different pressures were preformed utilizing drop shape analyzer manufactured by KRUSS
(DSA 100 HP). The experiment were performed on crude 3 and CO; as a reference for this
study. The experiment is repeated frequently with different concentrations of viscosity

reducer BL. Each concentration represents a single case at which MMP and FCMP were
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conducted by the interpolation of the measured IFT values vs pressure. MMP and FCMP
values were estimated for each case, individually and comparison with the base case along
with other cases is performed.

MMP of different Saudi crude oils have been determined by [55] utilizing slim tube
experiment (STE). They reported that MMP increase with the increment of temperature
value. IFT values of the base case along with the four different concentrations of BL at
pressures ranging from 400 up to 1300 psi are shown, individually. Figure 30 (a) shows
the IFT values for the CO2-0il system for base case and 2.5 wt.% BL. Significant reduction
is observed in IFT values when compared with the base case. This reduction will be
significant when it comes to estimation of MMP and FCMP values for these cases as shown
in Figure 30 (b). By extrapolation of the IFT values until reaching the zero IFT value,
MMP and FCMP for the base case are 1785 and 2584.3 psi, respectively. While MMP and
FCMP for 2.5 wt.% BL are 1543.5 and 1824.3 psi, respectively. Clear reduction can be
inferred, this reduction can be described in percentage as 12.33 % in MMP and 29.4 % in

FCMP.
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Figure 30 (a) Drops shape along with IFT values at different pressures for the base case and 2.5 wt. % BL. (b)

MMP and FCMP values for the base case and 2.5 wt.% BL.
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Figure 31 (a) shows the IFT values for the CO2-oil system for base case and 5 wt.% BL.
Significant reduction is observed in IFT values when compared with the base case. This
reduction will be significant when it comes to estimation of MMP and FCMP values for
these cases as shown in Figure 31 (b). By extrapolation of the IFT values until reaching
the zero IFT value, MMP and FCMP for the base case are 1785 and 2584.3 psi,
respectively. While MMP and FCMP for 5 wt.% BL are 1672.5 and 2134.1 psi,
respectively. Clear reduction can be inferred, this reduction can be described in percentage

as 6.3 % in MMP and 17.4 % in FCMP.
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Figure 31 (a) Drops shape along with IFT values at different pressures for the base case and 5 wt. % BL. (b)

MMP and FCMP values for the base case and 5 wt.% BL.
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Figure 32 (a) shows the IFT values for the CO2-oil system for base case and 7.5 wt.% BL.
Significant reduction is observed in IFT values when compared with the base case. This
reduction will be significant when it comes to estimation of MMP and FCMP values for
these cases as shown in Figure 32 (b). By extrapolation of the IFT values until reaching
the zero IFT value, MMP and FCMP for the base case are 1785 and 2584.3 psi,
respectively. While MMP and FCMP for 5 wt.% BL are 1638 and 2394 psi, respectively.
Clear reduction can be inferred, this reduction can be described in percentage as 8.24 % in

MMP and 6.67 % in FCMP.
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Figure 32 (a) Drops shape along with IFT values at different pressures for the base case and 7.5 wt. % BL. (b)

MMP and FCMP values for the base case and 7.5 wt.% BL.
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Figure 33 (a) shows the IFT values for the CO2-oil system for base case and 7.5 wt.% BL.
Significant reduction is observed in IFT values when compared with the base case. This
reduction will be significant when it comes to estimation of MMP and FCMP values for
these cases as shown in Figure 33 (b). By extrapolation of the IFT values until reaching
the zero IFT value, MMP and FCMP for the base case are 1785 and 2584.3 psi,
respectively. While MMP and FCMP for 5 wt.% BL are 1353.3 and 1945.3 psi,
respectively. Clear reduction can be inferred, this reduction can be described in percentage

as 24.2 % in MMP and 24.7 % in FCMP.
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Figure 33 (a) Drops shape along with IFT values at different pressures for the base case and 10 wt. % BL. (b)

MMP and FCMP values for the base case and 10 wt.% BL.
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The results of using BL of different concentrations along with the reductions in the values

of MMP and FCMP are shown in Table 14.

Table 14 Values of MMP and FCMP of crude 3 and different concentrations of BL.

Crude type  MMP, psi | Reduction, % FCMP, psi | Reduction, %

Crude 3 1784.5 - 2584.34 -
2.5% BL 1543.5 135 1824.3 29.4
5% BL 1672.5 6.3 2134.1 17.42
7.5% BL 1638 8.23 2394 7.36
10 % BL 1353.3 24.18 1945.9 24.7

In this study the VIT is used to determine the MMP and FCMP with different
concentrations of viscosity reducer to determine the optimum concentration. This
concentration shall function optimum reduction of MMP and viscosity along. This
concentration shall result in improving the efficiency of CO> flooding and increase the
recovery factor. For each individual case a clear reduction of IFT with increasing the
pressure. However, the reduction of IFT is highly observed with increasing the viscosity
reducer concentration. This behavior is recognized until reaching the concentration of 7.5
wt.% of BL. At this concentration the IFT start to increase slightly for this particular case.
The reduction trend of IFT continuous as an increase in concentration to 10 wt.% of BL.
The obtained IFT values are plotted versus pressure, and the extrapolation of these
trendlines is performed to estimate MMP and FCMP. This process have been repeated for

each case which are base case, 2.5, 5, 7.5, and 10 wt.% of BL. The case in which MMP is
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minimum is recognized as the optimum concentration required for a CO2-EOR. It can be
inferred that maximum reduction of MMP and FCMP are obtained by utilization of 10
wt.% of viscosity reducer. In the other hand minimum reduction of MMP and FCMP are
obtained by the utilization of 5 and 7.5 wt.% of viscosity reducer. While 2.5 wt.% of
viscosity reducer attained the optimum reduction in MMP. In this study we are aiming to
use a viscosity reducer to improve CO> miscibility in crude oil and choose the optimum

concentration of viscosity reducer to improve CO2-EOR.

Optimum Concentration to Reduce Oil Viscosity and MMP in CO2-Oil System
using BL.

Optimum concentration should preserve the usage of minimum concentration of viscosity
reducer. This concentration shall be sufficient to give preferable effect on the reduction of
both crude oil viscosity and MMP in CO»-oil system. Moreover, the effect of that
concentration on crude oil composition to be preferable, which is recognized in this study
by ensuring minimum CII. Determining the optimum concentration depend on MMP
values along with viscosity values which are shown in Figure 34, also the value of
asphaltene stability index. Depending on the crude oil characteristic optimum

concentration is estimated.

When it comes to Cll, different behaviors are observed with each concentration. Generally
lower concentrations (2.5 and 5 wt.% BL) reduced the CII by reduction of both asphaltene
and saturates content, moreover, increasing aromatic, and resins content. This reduction is
preferable when compared to the original CIl. However, in higher concentrations (7.5 and
10 wt.% BL) opposite behavior is recognized by increment of asphaltene content which
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will eventually results in higher values of CIl. As a result of that more asphaltene

precipitation is anticipated with higher concentrations.
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Figure 34 MMP values and viscosity values for each case at 50° C.

In terms of viscosity, it keeps decreasing with increasing the concentration of BL, while
MMP gives maximum reduction at a concentration of 10 wt.% of BL. MMP value
decreases with decreasing concentration to 5 wt.% of BL. Furthermore, decreasing the
concentration to 2.5 wt.% of BL will reduce the MMP when compared to 5 wt.% of BL.
Figure 35 shows the MMP values along with the FCMP values versus viscosity for each
case at 50° C. From the previous observations it can be inferred that the optimum
concentration that would result in optimum reduction of oil viscosity, asphaltene
precipitation index, and improve CO miscibility in crude oil depends on crude oil

characteristics. For example, if the oil being dealt with is heavy and viscous, the optimum
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concentration is 10 wt.% of BL. In the other hand if the oil being dealt with is not very
viscous, the optimum concentration is 2.5 wt.% of BL. In conclusion the optimum
concentration for the crude used in this study is 2.5 wt.% of BL based on the achieved

reduction on MMP, ClI, and viscosity of crude oil.
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Figure 35 MMP values and FCMP values versus viscosity for each case at 50° C.

5.3.3 XY and DL, MMP and FCMP Results

To further examine, aromatic liquid (XY) and aliphatic hydrocarbon liquid (DL), effect on
MMP value were investigated. Two concentrations of each chemical were considered.
These concentrations are 1 and 10 wt.% of each. The values of MMP and FCMP after the
addition of the previously specified concentrations are compared with the values of CO»-

crude 3 oil system.
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Addition of 10 wt.% of XY achieved a significant impact on the reduction of MMP and
FCMP Figure 36. The values are as follows 1450.4 and 1772.2 psi, respectively. These
values can be presented as percentages as 18.74 and 31.42, respectively. However, the
addition of 10 wt.% of DL resulted in more reduction in terms of MMP values and
approximate values in terms of FCMP. The values are as follows 1421.8 and 1826.51 psi,
respectively. These values can be presented as percentages as 20.34 and 29.32,

respectively.

Addition of 1 wt.% of XY achieved a significant impact on the reduction of MMP and
FCMP Figure 37. The values are as follows 1563.74 and 2249.66 psi, respectively. These
values can be presented as percentages as 12.39 and 12.95, respectively. Moreover, the
addition of 1 wt.% of DL resulted in an approximate reduction in terms of MMP values
and much more reduction values in terms of FCMP. The values are as follows 1572.15 and
1701.84 psi, respectively. These values can be presented as percentages as 11.92 and 34.14,
respectively.

A summary of the impact of the addition of XY and DL into CO»-crude 3 oil system is

illustrated in table 17.

Table 15 MMP and FCMP for 1 and 10 wt.% of XY and DL compared to the base case.

Crude type  MMP, psi | Reduction, % FCMP, psi | Reduction, %

Crude 3 1784.5 - 2584.34 -

10 % XY 1450.42 18.74 1772.27 31.42
10 % DL 1421.8 20.34 1826.51 29.32
1% XY 1563.74 12.39 2249.66 12.95
1% DL 1572.15 11.92 1701.84 34.14
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Figure 36 MMP and FCMP for 10 wt.% of (a) XY and (b) DL compared to the base case (crude 3).
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5.3.4 Sx1 and Sx4, MMP and FCMP Results

For further examination, ionic liquids (green chemicals) were investigated. Two chemicals
are used, which are 1-methyl-3-octylimidazolium chloride (Sx1) and 1-decyl-3-
methylimidazolium chloride (Sx4). The effect of these chemicals on MMP value were
examined. Two concentrations of each chemical were considered. These concentrations
are 0.1 and 1 wt.% of each. The values of MMP and FCMP after the addition of the
previously specified concentrations are compared with the values of CO2-crude 3 oil

system.

Addition of 1 wt.% of Sx1 achieved a significant impact on the reduction of MMP and
FCMP Figure 38. The values are as follows 1476.63 and 1805.26 psi, respectively. These
values can be presented as percentages as 17.27 and 30.14, respectively. Moreover, the
addition of 1 wt.% of Sx4 resulted in a lower reduction in terms of MMP values and higher
reduction values in terms of FCMP. The values are as follows 1544.48 and 1741.4 psi,
respectively. These values can be presented as percentages as 13.47 and 32.61,

respectively.

Addition of 0.1 wt.% of Sx1 achieved a significant impact on the reduction of MMP and
FCMP Figure 39. The values are as follows 1528.95 and 2200.6 psi, respectively. These
values can be presented as percentages as 14.34 and 14.84, respectively. Moreover, the
addition of 0.1 wt.% of Sx4 resulted in a lower reduction in terms of MMP values and

much more reduction values in terms of FCMP. The values are as follows 1567.74 and
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2017.72 psi, respectively. These values can be presented as percentages as 12.16 and 21.92,

respectively.
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Figure 38 MMP and FCMP for 1 wt.% of (a) Sx1 and (b) Sx4 compared to the base case (crude 3).
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A summary of the impact of the addition of Sx1 and Sx4 into CO2-crude 3 oil system is

illustrated in Table 16.
Table 16 MMP and FCMP for 0.1 and 1 wt.% of Sx1 and Sx4 compared to the base case.

Crude type  MMP, psi | Reduction, % FCMP, psi | Reduction, %

Crude 3 1784.5 - 2584.34 -

1% Sx1 1476.63 17.27 1805.26 30.14

1% Sx4 1544.48 13.47 1741.4 32.61
0.1% Sx1 = 1528.95 14.34 2200.6 14.84
0.1% Sx4 = 1567.74 12.16 2017.72 21.92

5.4Optimum concentration obtained from the screening.

After obtaining the screening on different types of chemicals on CO2-crude oil 3 system
with various concentrations. Most of the used chemicals implemented an impact on the
reduction of MMP and FCMP. The results are reported as follows: testing the effect of NIS
on CO»-crude 3 system gave a good reduction, these results allies with the ones obtained
in the literature. However, NIS is mixed with huge amount of lemon oil and water in
mixture is ME. Introducing this chemical obtained an increment in terms of crude 3
Viscosity.

NPs were tested in a combination with ME, value of MMP increased into a much higher
values which is recognized as con and for that this mixture of ME and NPs is not
recommended. Different chemicals are used with different concentrations. These

chemicals and their subsequent effect on the reduction of MMP and FCMP are shown in
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Figure 40. It can be inferred that the optimum chemicals and concentrations are ionic
liquids with much lower concentrations than other chemicals used. When Sx1 and Sx4 are
compared, it is observed that Sx1 resulted in a higher reduction in MMP values. By that
we can conclude the screening process, by selecting Sx1 is to further examine on other

crudes and proceed on obtaining the core flooding.
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Figure 40 MMP and FCMP values of crude 3 and different chemicals and concentrations.

5.5MMP and FCMP Results on Crude 1,2,4, and 5.

Sx1 proved that it is the optimum chemical by implementing the optimum reduction in
MMP at the lowest concentration, when compared to other chemicals. That’s why in this
section an investigation is carried out to examine the effect of Sx1 on the remaining four

crudes. The VIT were obtained at different temperatures of 50 and 90° C. In the screening
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part two concentrations are investigated, which are 0.1 and 1 wt.% of Sx1. To further verify
our conclusions, two concentrations were considered, which are 0.5 and 1 wt.% on the four

crudes -CO; systems.

5.5.1 MMP and FCMP results of Sx1 in crude 1.
Crudel is categorized as a light Saudi crude, due to its density and low asphaltene content.
As a consequence, 0.5 wt.% of Sx1 were added to the crude and the results of MMP and
FCMP at 50 and 90° C were estimated. As a start both MMP and FCMP are estimated at
the previously specified conditions. The values at 50° C are as follows 1643.1 and 1823.7
psi, respectively. Moreover, the values at 90° C are as follows 2571.8 and 3513.9 psi,

respectively.

Addition of 0.5 wt.% of Sx1 achieved a minor impact on the reduction of MMP and FCMP
Figure 41 at temperatures of 50 and 90° C. The values at 50° C are as follows 1630 and
1823.4 psi, respectively. These values can be presented as percentages as 0.8 and 0,
respectively. Moreover, the addition of 0.5 wt.% of Sx1 at 90° C resulted in a more
reduction in terms of MMP and FCMP values. The values are as follows 2523.8 and 3400

psi, respectively. These values can be presented as percentages as 1.9 and 3.2, respectively.

This reduction is minor and recommended to be implemented in the industry. However, it

can be inferred that Sx1 performs better at higher temperatures.
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5.5.2 MMP and FCMP results of Sx1 in crude 2.
Crude 2 is categorized as a medium Saudi crude, due to its density and moderate asphaltene
content. As a consequence, 0.5 wt.% of Sx1 were added to the crude and the results of
MMP and FCMP at 50 and 90° C were estimated. As a start both MMP and FCMP are
estimated at the previously specified conditions. The values at 50° C are as follows 1762.8
and 2004.4 psi, respectively. Moreover, the values at 90° C are as follows 2477.5 and

2973.5 psi, respectively.

Addition of 0.5 wt.% of Sx1 achieved a minor impact on the reduction of MMP and FCMP
Figure 42 at temperatures of 50 and 90° C. The values at 50° C are as follows 1609.4 and
1869.4 psi, respectively. These values can be presented as percentages as 8.7 and 6.7,
respectively. However, the addition of 0.5 wt.% of Sx1 at 90° C resulted in a minor
reduction in terms of MMP and more reduction in terms of FCMP values. The values are
as follows 2443.1 and 2674.9 psi, respectively. These values can be presented as
percentages as 1.4 and 10.04, respectively. This reduction is minor and recommended to
be implemented in the industry. However, it can be inferred that Sx1 performs better at

higher temperatures in lowering the FCMP.
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Figure 42 MMP and FCMP for crude 2 and 0.5 wt.% of Sx1 at (a) 50 and (b) 90°C.
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5.5.3 MMP and FCMP results of Sx1 in crude 4.
Crude 4 is categorized as an extra-heavy Saudi crude, due to its high density and high
asphaltene content. As a consequence, 0.5 wt.% of Sx1 were added to the crude and the
results of MMP and FCMP at 50 and 90° C were estimated. As a start both MMP and
FCMP are estimated at the previously specified conditions. The values at 50° C are as
follows 1690 and 2705.8 psi, respectively. Moreover, the values at 90° C are as follows

2783.9 and 4183.9 psi, respectively.

Addition of 0.5 wt.% of Sx1 achieved a negative impact on the reduction of MMP and
FCMP at temperature of 50° C, However, that’s not the case at 90° C Figure 43. The
values at 50° C are as follows 1749.7 and 2869.5 psi, respectively. These values can be
presented as percentages as 3.53 and 6.05, respectively. However, the addition of 0.5 wt.%
of Sx1 at 90° C resulted in a significant reduction in terms of MMP and good reduction in
terms of FCMP values. The values are as follows 2351.7 and 37561.1 psi, respectively.
These values can be presented as percentages as 15.5 and 10.2, respectively. This reduction
is superb and is strongly recommended to be implemented in the industry. Moreover, it can
be inferred that Sx1 performs better for crudes with higher polarity content at higher
temperatures. In other words, at higher asphaltene content and high temperatures Sx1 is

performing very well in the reduction of MMP and FCMP.
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5.54 MMP and FCMP results of Sx1 in crude 5.
Crude 5 is categorized as an ultra-heavy Saudi crude, due to its very high density and very
high asphaltene content. As a consequence, 0.5 wt.% of Sx1 were added to the crude and
the results of MMP and FCMP at 50 and 90° C were estimated. As a start both MMP and
FCMP are estimated at the previously specified conditions. The values at 50° C are as
follows 1753.4 and 3098.4 psi, respectively. Moreover, the values at 90° C are as follows

2856.1 and 4124.1 psi, respectively.

Addition of 0.5 wt.% of Sx1 achieved a negative impact on the reduction of MMP and not
the FCMP at temperature of 50° C, Moreover, that is the same case at 90° Figure 44. The
values at 50° C are as follows 1775.4 and 2665.9 psi, respectively. These values can be
presented as percentages as -1.25 and 13.96, respectively. However, the addition of 0.5
wt.% of Sx1 at 90° C resulted in a reduction in terms of MMP and poor reduction in terms
of FCMP values. The values are as follows 2741.8 and 4078.4 psi, respectively. These
values can be presented as percentages as 4 and 1.125, respectively. This reduction is not
recommended to be implemented in the industry. Moreover, it can be inferred that Sx1
performs better for crudes with higher polarity content at higher temperatures. In other
words, at higher asphaltene content and high temperatures Sx1 is performing very well in

the reduction of MMP and FCMP.
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Figure 44 MMP and FCMP for crude 5 and 0.5 wt.% of Sx1 at (a) 50 and (b) 90°C.
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Addition of 1 wt.% of Sx1 achieved a negative impact on the reduction of MMP and not
the FCMP at temperature of 50° C, Moreover, that is the same case at 90° C Figure 45.
The values at 50° C are as follows 1816.5 and 2488.7 psi, respectively. These values can
be presented as percentages as -3.6 and 19.67, respectively. However, the addition of 1
wt.% of Sx1 at 90° C resulted in a reduction in terms of MMP and reduction in terms of
FCMP values. The values are as follows 2672.5 and 3902.4 psi, respectively. These values
can be presented as percentages as 6.4 and 5.4, respectively. This reduction is highly
recommended to be implemented in industry, especially the deep heavy oil reservoirs.
Moreover, it can be inferred that Sx1 performs better for crudes with higher polarity content
at higher temperatures. In other words, at higher asphaltene content and high temperatures

Sx1 is performing very well in the reduction of MMP and FCMP.
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CHAPTER 6

CONCLUSION AND RECOMMENATIONS

6.1Conclusion
In this study different chemicals were utilized to reduce the MMP and FCMP in CO2-oil

system. Based on the findings obtained, the following conclusions are declared:

= Chemicals used in the literature (BL and NIS) proved to have significant impact on

the reduction of MMP and FCMP. However, each of them has its cons.

O BL concentrations are too high.

O NIS works as an emulsifier, as a result it increases the oil viscosity.

=  Commercial chemicals (XY and DL) achieved a reduction in both MMP and

FCMP. However, they have their cons.

O XY and DL are volatile and flammable chemicals.

O Their capability to enhance CO2 miscibility is lower than ionic liquids.

=  From the screening obtained, ionic liquids proved to be the optimum chemicals to

reduce MMP and FCMP with the lowest concentrations, when compared to others.

= Sx1 and Sx4 represents the two optimum chemicals, where both have remarkable
impact on the reduction of MMP and FCMP, moreover Sx1 resulted in more

reduction in MMP the Sx4.
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O Sx1 effect on MMP and FCMP of four different crudes and CO, was

studied.

O Sx1 performs very well in terms of reduction of MMP and FCMP at higher
temperatures. This is attributed to the increase of kinetic energy of ionic
liquid cations, which would increase dynamic diffusion and interfacial

adsorption.

U Sx1 reduction of the MMP and FCMP increase with the increment of
asphaltene content. Due to the high polarity of asphaltene, which interact

with ionic liquid cations.

O The optimum reduction occurs where asphaltene content ranges between 18

and 26 wt.%, at higher temperatures.

6.2 Recommendations for Future Work

= Solubility of chemicals in scCO> shall be tested utilizing the PVT system.

=  MMP and FCMP shall be measured between crude oil and CO», at which chemicals

are solubilized in.

= CO: flooding shall be performed in the early stages of the production of deep heavy

oil reservoirs.
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