INVESTIGATION ON ASPHALTENE PRECIPITATION DURING CARBON DIOXIDE
FLOODING FOR OIL RECOVERY

ABDALLA.A.M.BENALI

Thesis submitted in fulfilment of the requirements
for the award of the degree of
Master in Gas Engineering

Faculty of Chemical Engineering and Natural Resource
UNIVERSITI MALAYSIA PAHANG

JANUARY 2016



SUPERVISOR’S DECLARATION

We hereby declare that we have checked this thesis and in our opinion, this thesis is adequate in

terms of scope and quality for the award of the degree of Doctor of Philosophy of Science in

Industrial Chemistry.

Signature
Name of Supervisor

Position

Date

Signature

Name of Co-Supervisor :

Position

Date

Prof.Dr. ZULKEFLI BIN YAACOB
DIRECTOR OF INDUSTRY AND COMMUNITY RELATION
DIVISION, UNIVERSITI MALAYSIA PAHANG

PROF. DR. ABDURAHMAN HAMID NOUR
DEPUTY DEAN OF RESEARCH & POST GRADUATES
, UNIVERSITI MALAYSIA PAHANG



STUDENT’S DECLARATION

| hereby declare that the work in this thesis is my own except for quotations and summaries
which have been duly acknowledged. The thesis has not been accepted for any degree and is not

concurrently submitted for award of other degree.

Signature:
Name . ABDALLA .A. M. BEN ALI
ID Number : MKG12001

Date



This work is dedicate

EDICATIO

mother and to all

ave been supporti
my supervisor,
uided me to thi




ACKNOWLEDGEMENTS
In the name of Allah, the most gracious and merciful;

Praise and gratitude to Allah SWT, for His blessing that made this thesis possible.

I would like to give my special appreciation to my supervisors, Prof. Dr. Zulkefli Bin
Yaacob and Prof. Dr. Abdurahman Hamid Nour for their guidance and support. Their
constructive comments and suggestions throughout my studies have been crucial in the process
of completing this thesis.

I would also like to express my gratitude to Universiti Malaysia Pahang for giving me the
opportunity to complete this research. Without both the financial aids and grants, this thesis may
yet still incomplete. Not forgetting all the personnel and individual involved during this research
including professors, lecturers, colleagues and laboratory instructors of Chemical Engineering
and Natural Resources Faculty. Thank you for the knowledge you shared. A special thanks to the
Institute of Postgraduate Studies that have provided me with their efforts in this study.

Last but not least, | would like to thank my family and my friends for their unending
support throughout this study. Thank you for the love, encouragement and prayers since the start
of this study. I would not make it this far without them. Thank you.



Vi

ABSTRACT

Asphaltene precipitation is one of the serious problems during the secondary and tertiary oil
recovery in light oil reservoirs using carbon dioxide injection. Asphaltene precipitation leads to
significant problem in production system such as wellbore plugging, permeability reduction and
porosity alteration. In this work, light crude oil was chosen to predict the effect of carbon dioxide
injection and its interaction with oil. Saturate aromatic, resin and asphaltene (SARA) analysis
was conducted to know the propensity of the light crude oil to precipitate. Later, the laboratory
study was conducted to analyse the behaviour of asphaltene and carbon dioxide with different
gas oil ratios (GOR). Different pressure volume temperature (PVT) experiments were conducted
to know the asphaltene precipitation behaviour. The results from the PVT test showed that
asphaltene precipitation was found significant at GOR 310 scf/st and the bubble point pressure of
2100 Psig. Dynamic core flooding study with various carbon dioxide concentrations and flow
rates were conducted to measure asphaltene precipitation induced by carbon dioxide. Before
running the core flooding, the minimum miscibility pressure was determined and it was found to
be 1500 Psi. Three Berea sandstone cores were used as formation reservoir to determine the
asphaltene precipitation and to study the effect of carbon dioxide injection. The parameters for
three cores were kept constant at the pressure of 2000 Psi and temperature of 100°C while
varying the injection flow rates. The three flow rates of 0.4 cc/min, 0.6 cc/min and 0.8 cc/min
were set for three core flooding runs, i.e. Core 1, 2 and 3 respectively. As the pore volume of gas
injected increased, there was a decreased in the asphaltene content in the recovered oil and thus
the amount of asphaltene recovered in the core is increased. At pore volume 1.00 cc, the
asphaltene precipitation from the dynamic core flooding tests for Core 1, 2 and 3 were found to
be 0.13% wt, 0.18% wt, and 0.19% wt respectively. From the study, it was found that at higher
pore volume of gas injected, it will lead to more asphaltene precipitation in the core and lesser
amount of asphaltene inside the oil recovered. It can be concluded that high injection of pore
volume fluid in the sample core can change the resin, asphaltene ratio and precipitate higher
amount of asphaltene particles. The injection flow rate of 0.8 cc/min showed the highest amount
of asphaltene precipitated in the core.
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ABSTRAK

Asfaltena adalah pecahan pepejal minyak mentah yang boleh termendap di ruang liang takungan.
Minyak mentah dengan kandungan asfaltena rendah mempunyai kemungkinan yang lebih tinggi
menghadapi masalah pemendakan. Oleh itu, adalah penting untuk menjalankan kajian mengenai
pemendakan asfaltena minyak mentah ringan yang disebabkan oleh suntikan CO, dan
pengaruhnya ke atas sifat-sifat minyak. Dalam kajian ini, minyak mentah ringan telah dipilih
untuk meramalkan kesan suntikan karbon dioksida dan interaksinya dengan minyak. Di
peringkat awal, analisis SARA telah dijalankan untuk mengetahui kecenderungan minyak
mentah ringan untuk termendak. Seterusnya, kajian makmal telah dijalankan untuk menganalisis
kelakuan asfaltena dan karbon dioksida dengan nisbah gas minyak yang berbeza. Pelbagai
eksperimen PVT telah dijalankan untuk mengetahui sifat-sifat mendakan asfaltena. Hasil
keputusan daripada ujian PVT menunjukkan bahawa mendakan asfaltena didapati signifikan
pada GOR 310 scf/st dan tekanan takat gelembung 2100 Psig. Kajian pembanjiran teras dinamik
dengan berbagai kepekatan karbon dioksida dan kadar aliran yang berbeza telah dijalankan untuk
mengukur mendakan asfaltena yang disebabkan oleh penusukan karbon dioksida. Sebelum
menjalankan pembanjiran teras, nilai kebolehcampuran minimum yang ditentukan adalah 1500
Psi. Tiga batu pasir Berea digunakan sebagai pembentukan takungan untuk menentukan
mendakan asfaltena dan untuk mengkaji kesan penusukan karbon dioksida. Parameter untuk
ketiga-tiga teras banjir telah dimalarkan pada tekanan 2000 Psi dan pada suhu 100°C disamping
mempelbagaikan kadar aliran suntikan. Tiga kadar aliran 0.4cc/min, 0.6 cc/min dan 0.8 cc/min
telah digunakan pada tiga laluan pembanjiran teras, iaitu teras 1, 2 dan 3. Apabila isi padu liang
gas yang disuntik ditingkatkan, terdapat penurunan dalam kandungan asfaltena dalam minyak
pulih justeru menyebabkan jumlah asfaltena pulih dalam teras meningkat. Keputusan daripada
ujian pembanjiran teras dinamik diperhatikan di teras 1, 2, 3 pada isipadu liang 1.00 mendapati
mendakan asfaltena diperolehi masing-masing pada 0.13% wt, 0.18% wt, dan 0.19%.
Eksperimen ini menunjukkan bahawa apabila lebih banyak isipadu liang disuntik dalam teras,
semakin kurang asfaltena yang dipulinkan daripada alur keluar dan lebih asfaltena termendak di
dalam sampel teras. Kesimpulannya, nilai isipadu suntikan cecair yang tinggi ke dalam teras
boleh menjejaskan kestabilan dan memendakkan jumlah zarah asfaltena yang lebih tinggi. Kadar
aliran suntikan pada 0.8 cc/min membuktikan jumlah tertinggi mendakan asfaltena di dalam
teras.
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CHAPTER 1

INTRODUCTION

1.1 RESEARCH BACK GROUND

In the life of reservoirs, there are always three (3) stages of oil field development, which
are primary, secondary and tertiary recovery. For tertiary recovery, it is also known as Enhanced
Oil Recovery (EOR). The demand for petroleum products are increasing continuously while
worldwide petroleum productions are steadily declining. This has created a new technical
development called Enhanced Oil Recovery (EOR). It is a collection of general methods, each of
them having their own capability to extract most oil in the selected reservoirs where it has been
investigated both from theoretical and laboratory perspective as well as in the field. Usually, the
availability of this tertiary recovery process contributes to the increase in production when
compared to the production by primary and secondary recovery. EOR is classified in two (2)
types, which are thermal and non-thermal (Kokal and Sayegh, 1995).

In the primary recovery stage, the production of crude oil depends upon the energy from
reservoir itself. The typical oil production using the primary drive mechanism is 20-40% of
original oil in place (OOIP) (Hammer et al., 1983). The energy can be derived from drive
mechanisms in the reservoir namely water drive, gas cap drive, gravity drive, compaction drive
or solution gas drive. The drive mechanism can either be solely from single drive or a
combination. After the reservoir pressure depleted and production of hydrocarbon decreased,
secondary recovery takes place by placing injectors inside the reservoir to maintain its pressure
and to squeeze out hydrocarbon from the reservoir. One of secondary recovery example is

waterflooding. Prior to it, injector wells are drilled in a pattern to displace the remaining oil.



During waterflooding, water displaces the greatest at the bottommost and slightest at the topmost
due to gravity segregation until water breakthrough. After water production had reached 80

percent of the total fluid production, the waterflooding stops and EOR will start.

Tertiary recovery is an essential stage in improving total production. Approximately, 40
percent of global average recovery factor for a typical oil field is from primary recovery until
secondary recovery. The large amount of hydrocarbon left behind is the main driver behind EOR
schemes that have been practiced around the world. Although the cost to cover EOR process is
quite expensive, it can improve the production of crude oil up to 75 percent recovery. The main
objective of EOR process is to change the properties of hydrocarbon such as surface tension,
viscosities, and pH value which illuminate further the EOR process from secondary recovery
method. There are three main types of EOR process, namely chemical flooding, gas injection and

thermal recovery.

The rest of the crude oil is recovered using various techniques of enhanced oil recovery
methods (Muhannad et al., 2012). Gas injection and thermal recovery techniques are the most
popular and effective to produce the remaining oil. Recently, the use of non-hydrocarbon gases
such as nitrogen (N) and carbon dioxide (CO,) are becoming commonly applied to enhance the
gas injection in EOR (Taber et al., 1997). Carbon dioxide flooding in particular, is the second
most common enhanced oil recovery process, usually next to steam flooding which has resulted
in significant recovery worldwide (Milind, 2002). In Malaysia, water alternating gas injection
(WAG) has a greater attention for future enhanced oil recovery method. Carbon dioxide is used
as an injection gas for water alternating gas process due to its high amount of availability and its

well recognized solubility in oil.

Carbon dioxide (COy) injection is one of the efficacious Enhanced Oil Recovery (EOR)
methods to improve oil recovery but it has the potential to cause asphaltene precipitation. As gas
is injected into the reservoir, the miscibility of the carbon dioxide will disrupt asphaltene-resin
ratio and cause asphaltene precipitation (Kokal and Sayegh, 1995). During water alternating gas
injection process, the gas tends to contact with the oil and causes changes in the composition of

reservoir fluid and its equilibrium. This sudden change in behaviour leads to asphaltene



precipitation if the reservoir oil has unstable asphaltene content. The composition change means
the injection of gas into reservoir either in miscible or immiscible state may lower the resin ratio
or reduce the amount of the peptizing agent absorbed on asphaltene surface (Mohammed et al.,
1998). When the resin ratio drops to a point where the absorbed amount was not enough to cover
the asphaltene, the asphaltene particles will deposit. It is also reported that the increase of alkane
carbon number decreases the amount of asphaltene precipitate (Chukwudeme and Hamouda,
2009).

Therefore, asphaltene precipitation and deposition are the most common problems in the
carbon dioxide water alternating gas flooding method. Injection of gas should be treated as a
separate subject for reservoirs having unstable asphaltene content (Kokal and Sayegh, 1995).
Precipitation of asphaltene could plug near-wellbore formation and cause reduced recovery
efficiency and formation damage. It may also precipitate at surface facilities especially in well
tubing, well head and separator, which can cause high maintenance cost problem (Kokal and
Sayegh, 1995).

1.2 PROBLEM STATEMENT

The problem of asphaltene precipitation during CO> injection in light oil reservoirs is one
of the serious problems faced in the oil production. Low asphaltene content favours for higher
possibility of having asphaltene precipitation problems thus it is relevant to conduct a study on
the asphaltene precipitation of the light oil due to CO, injection and its influence on oil
properties as researches have consistently showed that asphaltene precipitation always occur
during CO; injection. The asphaltene precipitation can cause recovery reduction and problem in
well inflow formation damage. Asphaltene can be removed via reservoir condition manipulation,
mechanical cleaning or chemical cleaning. However, the cost of cleaning the asphaltene is very
expensive that can affect the production process until it becomes economically ineffective
(Kokal and Sayegh, 1995). Besides, the mechanism of asphaltene precipitation is the least
understood and the most complex one too. This is because even minor changes in the reservoir
properties or reservoir fluids such as temperature, pressure or composition may trigger

asphaltene precipitation. It is important to understand the right conditions of asphaltene



precipitation when the asphaltene content is low and it is also significant to identify the
minimum conditions for GOR concentration of CO, The distance between the asphaltene
particle and surrounding fluid is large and for that reason, the asphaltene precipitation typically
occurred at lower asphaltene pressure. Furthermore, it is necessary to understand the rate of CO,
that cause asphaltene precipitation. Researchers have work on asphaltene precipitation with high
injection pressures, low flow rate and low gas oil ratio. Therefore in the present work, the
research will be focusing on increasing the gas oil ratio other than having another approach that
can be carried out to deal with asphaltene precipitation problem, which is to study the effect of

pore volume and high flow rate conditions.

1.3 OBJECTIVES OF THE RESEARCH

There are three objectives of this research, which are:

1. To investigate the potential of asphaltene precipitation in stabilization of crude oil
composition.

2. To investigate the effect of the pressure of CO, gas concentration on asphaltene
precipitation of laboratory scale.

3. To optimize the process parameters of CO, injection on asphaltene precipitation in the

cores

1.4  SCOPES OF THE RESEARCH

This study is based on the laboratory investigations of asphaltene precipitation under CO,
injection. The research includes basic characterization of the crude oil, PVT experiments and the
core flooding experiments. Asphaltene stability is evaluated in a number of ways. Saturated
aromatic, resin and asphaltene (SARA) analysis and PVT experiments were done in this work.
Furthermore, this work is focusing to predict the asphaltene onset pressure at which the
asphaltene precipitation problem starts. PVT experiments were also conducted to measure the

phase behaviour and asphaltene onset pressure. The core flood experiments were then conducted



using Berea sandstone cores samples where three of it were used as formation representatives. A

light crude oil sample with API and Asphaltene content were also used.

1.5 SIGNIFICANCE AND CONTRIBUTION OF THE RESEARCH

The findings in this research are significant in support to investigate asphaltene
precipitation in terms of stabilization and minimization. Further findings will provide more data

on the amount of asphaltene precipitation which is induced by CO, injection

1.6 LAYOUT OF THE THESIS

Chapter 1 describes the introductory information of the research problem addressed in
this work. The chapter starts with the introduction of CO, flooding and its effect on asphaltene
particles. Then, it further describes the problems caused by asphaltene precipitation and the
scope of study is defined. Later, the objectives are set for the proposed study. Chapter 2 gives the
basic background literature that is required to conduct this study. The chapter starts with the
characterization and SARA analysis of crude oil. The chapter then discusses the PVT
experiments and phase behaviour predictions. In the end, the core flooding experiments are
discussed in details. Chapter 3 gives information about the laboratory procedures to conduct the
experiments such as the information of the tools and equipment used in this study. The
experimental methodology to conduct SARA analysis, PVT experiments, minimum miscibility
pressure and core floods under CO; injection are described in this chapter. Chapter 4 gives the
results for the experiments conducted for the experimental investigation of asphaltene
precipitation. It starts with SARA analysis and also covers the onset pressure and constant
composition test to predict the asphaltene behaviour in the reservoir. Finally, the effect of carbon
dioxide on asphaltene particles is discussed in details. This chapter describes the conclusion
based on the study conducted on asphaltene precipitation. Additionally, this chapter gives the

recommendations for future study



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter covers comprehensive knowledge on each topic related to the project. The
literature review starts with the discussion on Enhanced Oil Recovery (EOR), carbon dioxide
injection and its implication on asphaltene precipitation, Saturated Aromatic, resin, asphaltene
(SARA) analysis, phase behaviour and PVT experiments. This chapter also discusses on carbon

dioxide injection induce in asphaltene precipitation.

2.2 ENHANCED OIL RECOVERY

In the last decades, there are many demands for energy all over the world and therefore, a
great attention has been required for oil production. These demands increased continuously for
petroleum products though worldwide oil productions are steadily decline. Petroleum reservoirs
usually consist of three stages in the oil field, which are primary, secondary and tertiary
techniques that are also called Enhanced Oil Recovery (EOR). EOR methods are illustrated

below in figure 2.1.

Primary recovery techniques are mostly applied at first stage in production phase by
using the reservoir natural forces to drive the oil to flow from the well up to the surface. Pumps
are implemented to maintain the flow when the reservoir drive is declining. Primary recovery is
completed once the pressure is too low, when the production rate is no more economical and the

water-to-oil or gas-to-oil ratio is too high. The recovery oil at primary stage is only 5-25% of its



original oil in place (OOIP) (Thomas 2008). Secondary recovery techniques are used once the
primary method is no longer effective or economical. In this method, the typical water as fluid
besides other gases and liquids can be employed. For this type of operations, recovery factor
depends on reservoir and oil characteristics. The range of recovering is usually from 6-30 % of
OOIP (Thomas 2008).

Primary Recowvery
Matural flow Aurtificial lift
Secondary recowvery
wWaterflooding Pressure maintenance

Tertiary recovery [(Enhanced oil recowery)

Thermal Gas injection Chemical &other
Steam CoO2 Aldkaline

Hot water Hydrocarbomn Polymer
Combustion MNitrogen/Flue gas MMicrobial

Figure 2.1: Oil recovery stages

Tertiary recovery technique is generally known as Enhanced Oil Recovery (EOR) and
this technology is usually applied when the oil field comes to the end of their life and usage of
this method may improve the oil flow capacity in reservoirs. However, it may be a suitable
production for light or medium oil reservoir ranging from 45-60% of OOIP and one of the
distinct methods is EOR with CO; injection (Thomas 2008). EOR processes are categorised in
two types, namely thermal and non-thermal recovery. The thermal recovery is divided into hot
water flooding, in-situ combustion and steam injection while the non-thermal technigue consists
of three sub categories namely waterflood, gas drive chemical flood and Microbial (Al-Anazi,
2007).

The EOR screening criteria is given in Table 2.1. The good criteria is based on CO,

flooding where pore volume is greater than 20%, the formation is sandstone or carbonate and the




injection pressure should be more than minimum miscibility pressure (MMP). The main purpose
of EOR is to improve displacement of oil mobility by increasing viscosity for oil and water and
reducing the interfacial tension between oil and water. Thermal recovery has the greatest
attraction of success and being implemented at 70% of EOR all over the world. It showed high

efficiency in recovering with low cost. However, in chemical recovery, the cost and technical

problems have excluded them from mainstream application (Larry et al., 1992).

Table 2.1: Enhanced oil recovery screening criteria (Taber et al., 2005)

EOR Oil (saturation | Type of Formation Permeability Depth (m) Temperature
% pore volume) (mD) (°C)
Steam flooding > 40 High porosity and > 200 <1500 Not critical
permeability sandstone
In-situ combustion | > 50 Sandstone with high > 40 <3833 > 60
porosity
Gel treatment > 50 Sandstone preferred can | > 40 <3000 <90
polymer flooding also use for carbonate
Alkali surfactant > 35 Sandstone preferred > 40 <3000 <90
polymer, Alkali
flooding
CO; flooding > 20 Sandstone, carbonate Not critical if Appropriate to allow
sufficient injection injection pressure>than
rate can be MMP, which increase with
maintained temperature
Hydrocarbon > 30 Sandstone, carbonate Critical if uniform > Temperature can
with minimum fractures 1333 | have significant
effect on MMP
N,,flue gas > 40 Sandstone, carbonate Not critical > Not critical
with few fractures 2000

It is particularly important to note that EOR technique is more than challenging in
offshore operation compared to onshore field (Bondar et al., 2005), which means it is necessary
to finalize the study economically with high consideration of offshore environment (Thomas et
al., 2010). The primary and secondary operations are left with two third of the oil in place in the
reservoir and the only recovery is one third of the oil in place. This situation will put the life of a
well in a high cost of production to prices paid for the barrel in the market. Because of that,
about 70% of the oil is still left behind and become a reason for the well to be abandoned (Larry
et al., 1992). Oil companies and authorities are having major concern for mature field as to

increase the oil production from aging resources.




New discoveries in recent decades are steadily decline and the rate of replacement for the
oil production reserves is substantially reduced. At present, most of the oil production comes
from mature fields where the major concerns for oil companies and authorities are to increase
the rate of oil recovery from the aging resources. It is also steadily decline over the rate of
replacement for the produced reserves with the rate of new discoveries. This is where EOR is
supposed to be effectively implemented in order to increase recovery factor in mature fields
(Alvarado, 2010). Schlumberger Oilfield Glossary (2010) reported that Enhanced Oil Recovery
(EOR) is a technology to enhance oil recovery using sophisticated technique, which is by
altering the original oil properties. It is ranked to be the third stage and was carried out after the
secondary recovery. Moreover, EOR benefits are not only to restore formation pressure but also

to increase fluid flow and oil efficiency displacement in the mature reservoir.
2.3 CARBON DIOXIDE FLOODING

Since 1952, CO; has been used for oil recovery and can also be used for both miscible
displacement (Stalkup, 1978) and immiscible displacement (Kumar and Von Gonten, 1973)
besides maintenance of reservoir pressure (Holm and Josendal, 1974), well stimulation (Stright
et al., 1977), and etc. The purity of CO, at more than 95% of the overall composition would give
advantage to release oil from rock surface by providing easy swelling and lighter condition. To
make miscibility of CO, is achieved, it should be put under particular conditions and these
combined terms are oil chemical composition, injected gas composition, reservoir pressure and

reservoir temperature (Melzer and Midland. 2012).

Carbon dioxide is a non-flammable gas and relatively non-toxic (Mohamed, 2009). It has
a pressure of 7.3 MPa and temperature of 30.9 "C respectively with its triple point is at -56.558
°C and 517.15 MPa (Span & Wagner, 1994). Figure 2.2 illustrates the pressure-temperature
property of carbon dioxide. It is obvious that carbon dioxide would exist in different phases

depending on its pressure and temperature conditions.
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Figure 2.2: Pure carbon dioxide phase diagram (Zhang et al., 2012)

Gas flooding is one of the oldest methods used for the application of EOR (David and
Taber, 1992) and it is widely used in light, condensate and volatile reservoirs (Alvarado et al
2010). There are two major types of gas injection, which are miscible and immiscible. The
miscible injection mechanism process occurs when the reservoir fluid and gas are having a
homogenous phase with new physicochemical properties are formed. The act of continuous
injection for the gas will make the oil flow through the miscible front towards the production
well (Lindley, 2011). After the injection of CO; in a particular reservoir, it will create a
permanent storage of CO, in geological formation, and about 80 projects of CO, in the world are
located at onshore operations (Gozalpour, 2005). Practically in US, carbon dioxide is the fastest
growing method of EOR for gas flooding.

Since 1970s, the CO, process has been used to compute commercial techniques for
enhanced oil recovery. Furthermore, 80% of oil reservoirs over the world are favourable for CO,
injection depending on the criteria for oil recovery. The main reservoir formations in order to
apply CO, process are carbonate and sandstone formations with different porosity, thickness and
permeability of hydrocarbon (Sangeetha and Pasala, 2010). David and Taber (1992) described
that the methods involved for gas flooding are both miscible and immiscible, but more
favourable mechanism is miscible flooding because it may recover more production capacity for

residual oil rather than immiscible process. The highest solubility between oil and CO, usually
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creates low interfacial tension between the two phases. Carbon dioxide can create ease of flow

with crude, which increases oil production.

Khanifar et al., (2011) has reported that during the primary and secondary oil recovery,
the Gas Oil Ratio (GOR) and water cut are increasing and then the oil production will decline
and it may raise by time the demands of implementing EOR techniques. Some light oil fields that
have oil with low asphaltene content, is induced to have the possibility of asphaltene deposition.
Carbon dioxide flooding is the most popular and productive method in EOR but it may lead to
asphaltene precipitation problem. In the recent study by Harvey et al,.(1980); Abdassah, ;
Siregar. and Kristan (2000), carbon dioxide flooding has been known widely as the mosteffective
enhanced oil recovery methods in the oil field and it becomes the real option to obtain high
recovery. EOR technique can increase oil recovery by increasing oil swelling and lowering in oil

viscosity

Studies conducted by Okwen, (2006); Kokal and Sayegh, (1995); Hammami et al.,
(2000); Sima et al., (2011); Ghedan, (2009); and Srivastava et al., (1997) stated that CO, flooding
can increase the oil recovery, yet it may create asphaltene precipitation and deposition problems
which lead to plug the wellbore, formation damage, recovery reduction and suffer in the oil
production system at high concentration level. CO, flooding either miscible or immiscible is
usable in both techniques, namely secondary and tertiary. CO, miscible increases the oil
production by reducing viscosity and oil swelling through gas drive (Sima et al., 2011; Ghedan,
2009; Srivastava et al., 1999; Al-Qasim, 2011). However, CO, gas miscibility with oil will due to
change in reservoir compositions, resin asphaltene ratio and causes asphaltenes precipitation
(Ghedan, 2009; Kokal and Sayegh, 1995).

24  MISCIBLE FLOODING

Miscible flooding is considered when miscible gases are injected into the reservoir. Once
the gases are injected, it will reduce interfacial tension between oil and gas injected and also
maintain the reservoir pressure that lead to develop the recovery (Schlumberger Limited, 2013).
To achieve the same miscibility, many miscible gasses might be injected to reservoir, thus,
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selection of gas should consider the availability and cost issues. Currently, few gases are being
used such as propane, methane, other light hydrocarbon, carbon dioxide and nitrogen. However,
carbon dioxide remained as the gas used for miscibility flooding because of its costs and its
ability to reduce the oil viscosity compared to liquefied petroleum gas (LPG) (Schlumberger,
2013).

Green and Willhite, (1998) reported that miscible process as being illustrated in Figure
2.3 showed an achievement in multiple contact miscible (MCM). Pure CO; is injected to displace
residual oil and mobilization. During multiple contacts of miscibility between CO, and crude oil,
intermediate and higher molecular weight hydrocarbons are extracted into the CO»-rich phase. In
certain condition where CO; is in rich phase, it will react with the composition, which is miscible
with oil reservoir. Starting from this point, the near miscible or miscible at the displacing front

interface will exist.

This miscibility condition rapidly reaches its ideal condition in the reservoir. Throughout
the CO; injection, the CO, miscibility will take part to change oil compositions of the crude oil
likewise the resin asphaltene ratio, which is convenient for asphaltene precipitation. When CO,
reacts with oil, it tends to displace oil and cause non-stability and displaced in the first stage.
This action of non-stability will lead to initial abrupt displacement, which due to promote
“fingers” and obtain early breakthrough that is undesirable during the early stage (Green &
Willhite, 1998).

The initial distance of the established multiple contacts compared with the distance
between wells is commonly negligible. During the injection process, CO, volumes are normally
about 25% of the pore volume. The CO; critical temperature is 78.7 ° F and therefore injection is
mostly performed to the fluid above its critical temperature. At injection condition, the viscosity
of CO; is small, which is about 0.06 to 0.10 cp, depending on its pressure and temperature of
reservoir (Green and Willhite 1998).
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Figure 2.3: Carbon dioxide miscible process (Green and Willhite, 1998)

2.4.1 Effect of Carbon Dioxide Concentration on Asphaltene Precipitation

Asphaltene particles when it exist in crude oil can be destabilize due to various
mechanisms. One of the mechanisms is injection of carbon dioxide in the reservoir. Moghadasi
et al. (2006) had conducted an experimental study to investigate the influence of carbon dioxide
injection on asphaltene precipitation. The asphaltene in the said experimental study was only
0.59% wt, which was considered quite low. The minimum pressure for carbon dioxide with the
oil was 5300 Psig. The study indicated that the asphaltene started to precipitate at as low as 0.54
mole percent of carbon dioxide concentration. The asphaltene precipitation was highest at the
bubble point. It was concluded that asphaltene precipitation is dependent on carbon dioxide gas
concentration and rapidly increase from one critical value.

Another study was conducted by Yang et al., (2006), which indicated that the increasing
injection of carbon dioxide also lead to an increase in precipitated asphaltene mass percent. With
10 mole percent carbon dioxide injection, the maximum asphaltene precipitation observed was
0.23 mass percent, while with 30 mole percent carbon dioxide injection, the maximum amount

was 0.44 mass percent. With 50 mole percent carbon dioxide injection, the maximum amount is
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0.52 mass percent and, with 60 mole percent carbon dioxide injection, the maximum asphaltene

precipitation is 0.67 mass percent.

In 1999, Srivastava et al. had conducted a study on the asphaltene precipitation and it was
observed that asphaltene precipitation at 42 mole percent of carbon dioxide concentration
displayed a linear increase in asphaltene flocculation with carbon dioxide concentration after
that. In many reservoirs, the miscibility of carbon dioxide with the oil is oscillatory. When the
injected carbon dioxide and reservoir oil are mixed in any ratio from a single phase, they are said
to be first contact miscible while due to the high pressure and temperature conditions
requirement, the carbon dioxide is not always miscible in the reservoir. Carbon dioxide is greatly
soluble in oil with lesser extent in water. To improve the efficiency in oil recovery, carbon
dioxide can eliminate the interfacial tension and capillary forces. Under specific pressure and
temperature conditions, and specific oil compositions, carbon dioxide can develop miscibility

through multiple contacts (Parra-Ramirez et al., 2001).

Parra-Ramirez et al. (2001) had conducted an experimental study and the produced result
is showed in Figure 2.4. They evaluated the effect of first contact and multiple contact
miscibility. It was determined that most asphaltene precipitation on first-contact miscibility is
negligible while at multiple contact miscibility, the amount of asphaltene precipitation was 3 to 5
times higher than the first contact miscibility. Oil sample growth changes in oil composition after
the increase of contact with CO, concentration. The result of these changes will create instability
in structures of micelles for resins and asphaltene fractions and the oil composition change gives
instability in resins-asphaltene phases which lead to precipitation to occur (Dehghani et al,
2008). Report on studies by Chukwudeme and Hamouda, (2009); Al-Qasim, (2011); Alta’ee et
al., (2010); and Khosravi et al., (2009) using light oil is to predicate asphaltene precipitation by
means of static, dynamic test at constant pressure, temperature and effect of CO, concentration.
From their studies, it is found that asphaltene precipitation were observed at high amount of
injected CO, concentration, and increased rapidly near the bubble point pressure. Their
suggestions for high oil recovery were obtained if CO, gas concentration is below the critical

contact point of CO,.
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Based on experimental results conducted by Sima et al. (2011) on the effect of CO,
injection on asphaltene precipitation, the injection of CO, into the core changed the oil
composition by altering the resin asphaltene ratio of the residual oil. The asphaltene started to
precipitate at 0.43 pore volume. Furthermore, the content of asphaltene increased from 0.11 wt%
to 0.31 wt% till the end of the flooding operation. At low asphaltene pressure, the distance
between the surrounding fluid and asphaltene particle is large and hence more precipitation
occurred. It also indicated that asphaltene precipitation was 0.23 wt% at 1.26 pore volume of
2300 psi. However, at 2600 psi, the asphaltene precipitation was 0.19 wt% at 1.27 pore volume
(Simaetal., 2011).

In the experimental studies presented by Alta’ee et al., (2012) to investigate the effect of
CO; injection on asphaltene precipitation, it had indicated that the asphaltene precipitation at
pore volume 0.33 was 0.024 wi%. Then, once the CO, reached 0.66 pore volume, the
precipitated asphaltene was 0.056 wt%. Finally, the asphaltene precipitation had reached to a
final value of 0.078 wt% at 1.66 pore volume. Other researchers like Kokal and Sayegh (1995);
Sarma, (2003) and Srivastava and Huang, (1997) have stated in their studies that by increasing
the CO, concentration contacted with the oil sample during the injection will lead to high
asphaltene precipitation. The injection of CO, is the reason to changes in fluid behaviour and

equilibrium conditions, which drive to asphaltene precipitation.
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Figure 2.4: Comparison on the amount of carbon dioxide induced precipitation
with the first and multiple contacts (Parra-Ramirez et al., 2001)



16

2.4.2  Minimum Miscibility Pressure

The minimum miscibility pressure (MMP) is the lowest pressure that can achieve
miscibility through a multi contact between carbon dioxide and crude oil. A number of
experimental methods to measure MMP are classified as rising-bubble apparatus (RBA) and
slim-tube method vanishing interfacial tension (VIT) technique (Nobakht et al., 2008). The slim-
tube method is commonly applied as a standard technique in petroleum industry for measuring
MMP between a crude oil and CO, especially when the density difference between the injected
solvent and the crude oil is small (Stalkup Jr.F.1, 1983., Elsharkawy et al, 1992).

100

.
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Figure 2.5: Determining MMP using slim-tube test (Green and Willhite, 1998)

Nevertheless, to obtain MMP displacement test conducted at different pressure, the rest
of parameters such as injection rate and temperature are kept constant, as presented in Figure 2.5.
The figure indicated oil recoveries as a function of displacement test. The MMP is assumed to be

the pressure, which resulted between breaking the two lines

2.5 ASPHALTENE PRECIPITATION

Asphaltene stands for the solid fraction of crude oil, which normally soluble in toluene
and insoluble in n-heptane or n-hexane. Asphaltene term is credited to a French scientist named
Boussingault, who in 1837 had expressed the constituents of ashalts in that period in Eastern
France and in Peru (Mansoori, 2005). Schumberger Oil Field defined asphaltene as a material

that is insoluble in the n-pentane or n-heptanes at the dilution ratio of forty parts alkanes to one
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part crude oil and resolves in toluene. However, asphaltene particles are not well understood
until today; therefore it is defined in the solubility class as asphaltene deposition and

precipitation as shown in Figure 2.6.

Asphaltena dapasition n the

nearwalbare ragion

Figure Error! No text of specified style in document..6: Asphaltene precipitation and deposition
(Schumberger, 2007)

The asphaltene fraction is complicated because it consists of thousands of species which
may exhibit similar solubility behaviour but different chemical structure size and shape. The
elemental composition of the asphaltene particle was reported by Andersen et al. (2001). Figure
2.7 indicated some examples of asphaltene content all over the world such as from Boscan field
in Venezuela with 17 wt% asphaltene was observed without asphaltene problem but Hassi-
Masoud in Algeria is facing asphaltene problem though only 0.15wt% asphaltene was observed
(Khanifar et al., 2011; Sima et al., 2011; Alta’ee et al., 2010; Cassani et al., 1992 and Chang, et
al.,1996).
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Figure 2.7: Asphaltene content in worldwide oil field (Ferworn, 1995)

Asphaltene particles can be deposited in the reservoir pore space, which can clog the
porous matrix that leads to formation damage. Asphaltene deposits in the reservoir pore space
may resulted in the reversal of the rock wettability to oil wet, which will lead to lower recovery
factor. Unstable asphaltene poses a great threat to reservoir and production system. It can
damage the reservoir by causing the wettability alterations and plugging of pore spaces.
Asphaltene particles can aggregate in the wells and pipelines causing threat to flow assurance
and reduce the capacity of oil production (Negahban, et al., 2003). Asphaltene precipitation
process can be affected by sudden change in composition, pressure drop, asphaltene to resin
ratio, temperature and PH concentration (Pereira et al., 2007).

Precipaation

Figure Error! No text of specified style in document..8: Asphaltene precipitation problem
(Thawer., et al., 1990)
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Asphaltene precipitation and deposition consist of a three step process. Initially,
asphaltene particles are well dispersed in the crude oil. In the first step as shown in Figure 2.8,
due to sudden composition or pressure change, the asphaltene particles started to aggregate
forming the larger particles called floculates. These floculates as ilussteried in Figure 2.9 are then
transported and can be deposited in the rock or well and pipelines. It is important to note that a
sudden change in composition and pressure drop will be the main causes of asphaltene
precipitation problem (Pereira et al., 2007). The asphaltene is a complex solid fraction
corresponding to the solubility class rather than chemical behaviour. It is precipitated in the
laboratory by the addition of liquid paraffinic hydrocarbon such as n-heptane and n-hexane. It is
normally defined as a solid fraction that is insoluble in n-pentane or n-heptane at a dilution ratio
of forty parts of alkane to one part of crude oil (Pereira et al 2007). Asphaltene extraction method
from crude oil has been documented. The standard ASTM procedure to extract the asphaltene

particle is D-3279, 1997ASTM if it is extracted using n-pentane in the laboratory.

Figure 2.9: Appearance of asphaltene fraction (Thawer.et al., 1990)

26  ASPHALTENE BASEIC CHARACTERISTICS

Figure 2.10 shows the illustration of resin and asphaltene in crude oil and therefore, many
researchers have found that under reservoir conditions, asphaltene to resin ratio plays an
important role (Miftachul, 2010). There is a chance in the resin to asphaltene ratio that can lead
to unwanted phenomena called asphaltene precipitation and deposition. The ratio can be
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destabilized mainly by the change in crude oil compositional chances or pressure chances
(Andersen et al., 2001). When gas is added in the reservoir or paraffinic solvents, the
composition will change. This could happen during conventional field operations or during the
application of any enhanced oil recovery methods. For example, the stimulation of acidizing jobs
which involve the use of lighter hydrocarbons or gases (Andersen et al., 2001). In the heavy oil,
the addition of gas will lower its viscosity, which causes asphaltene precipitation (Escobedo et
al., 1995, Leontaritis, 1998).

Figure 2.10: Resin and asphaltene in crude oil (Miftachul, 2010)

Pressure reduction can also destabilize the asphaltene particles. As the pressure reduces,
the dissolved gas comes out of oil and hence the composition changes. This is very crucial if the
reservoir is at under saturated conditions that have high concentration of light paraffinic
compounds and high concentration of gas. When the pressure decreases, the gas comes out of
solution and gets heavier and liquid components come closer that consequently causes asphaltene
precipitation. The point at which the pressure starts to precipitate is called as asphaltene onset
pressure (Negahban et al., 2003). Many researchers have concluded that asphaltene precipitation
is more severe near the bubble point. After the bubble point, lighter components are separated

and become a better solvent and asphaltene tends to be dispersed in that situation (Jamaluddin et
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al., 2001). On overall, it is concluded that pressure and composition played important role in
asphaltene precipitation while temperature has only minor effect (Mullins et al., 2007).

It is observed that asphaltene precipitation and deposition are two different mechanisms.
Precipitation occurred when nano particles come out of solution and form a separate
distinguished phase and when these particles formed a separate phase sticking the surface, it is
called the asphaltene deposition. The precipitation leads to deposition yet not all do the same but
it can be said that deposition is affected by precipitation. These particles when deposited on the
rock pore space can plug the pore throat and can cause formation damage.

2.7 SATURATED, AROMATICS, RESINES AND ASPHALTENE (SARA)

As indicated in Figure 2.11, crude oil composition can be classified based on SARA
term, which stands for Saturates, Aromatics, Resins and Asphaltene (Fan et al., 2002). The
SARA fractions are used widely to predict the asphaltene colloidal stability. The term saturates
stands for non-polar material including linear and branched hydrocarbon. Aromatics are
polarizable since they contain one or more rings. The remaining fraction of resin and asphaltene
has polar constituents and their ratio plays an important role in asphaltene stability. The
difference between asphaltene and resin fraction is that asphaltene is insoluble in n-petane or
heptanes while resins are soluble. To conduct SARA analysis, the asphaltene part is first
extracted using the addition of n-hexane with 1 gram of oil to 40 ml of hexane ration. Saturates,
aromatics and resins later can be extracted through standard method using high pressure liquid
chromatography from the de-asphalted oil (ASTM D6560 (IP 143/01, 2000). There are two ways
to measure asphaltene stability and the most common method is using colloidal instability index,

which can be measured using the following formulae (Bennet et al., 2006).

Asphaltene+saturates

Cll = 2.1)

Aromatics+Resins

Index of 0.9 or more indicates that the particles are unstable while values below 0.7
indicate the stability of asphaltene particle. The mid value in between 0.7 to 0.9 suggests the
uncertainty of asphaltene destabilization.
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Figure 2.11: Crude oil solubility classification into SARA frication (Taher et al., 2002)

2.7.1 Asphaltene Stability Evaluation

Based on the field experiences by Cassani et al., (1992) and Chang et al., (1996), it is
concluded that the asphaltene problem is severe in light crude oils than heavy crude oil. The
heavy oil has more tendencies to dissolve asphaltene particles. The asphaltene de-stability is
independent in the amount of asphaltene content. For example, the VVenezuelan Boscan crude
with 17.2wt% asphaltene was produced with nearly no trouble while Hassi Messaoud in Algeria
has numerous production problems with as low as 0.15 weight percent (Cassani et al., 1992). In
fact, the most common used method to evaluate the colloidal stability is SARA analysis or PVT
analysis of the reservoir fluid. The PVT equipment with solid detection system is used in the
laboratory. However, the quicker way to predict asphaltene precipitation is by using SARA
analysis. The evaluation method started with the work of Jewel et al (1972) and is recognized as
the proven evaluation methods (Fan et al., 2002). According to Jewel, each of the fractions in

SARA analysis play roles in the asphaltene stability.

2.7.2 Asphaltene Onset Pressure

In the reservoir, when the pressure or composition of asphaltene particle started to
precipitate, the critical point at which asphaltene starts to precipitate and loses its stability is
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termed asphaltene onset pressure (Negahban et al., 2003). It is very important to determine the
onset conditions of asphaltene precipitation before carbon dioxide injection. Several methods
have been reported that can identify the onset asphaltene pressure including measurement of
electrical conductivity, oil viscosity, light transmission, interfacial tension, and the visual method
(Reichert et al., 1986; Fotland et al., 1993; Fuhr et al., 1991; Burke et al., 1990 and Buckley,
1996). The most common method to obtain asphaltene onset pressure in the laboratory is using
PVT equipment with the solid detection system at reservoir pressure and temperature. However,

for easier way and in atmospheric conditions, the titration technique is used.

Experiments have been conducted by Muhammad et al. (2013) for different gas oil ratio
(GOR) used in light crude oil located at offshore field in Malaysia. Asphaltene content found
was only 0.3 wt%. The isothermal depressurization test using solid detection system was used
with 40% and 60% addition of gas. Results showed that the increase in gas concentration in the
reservoir has made asphaltene to be unstable. Asphaltene precipitation was observed at 1600 Psi
and 100 °C for 40% increment of gas. When gas oil ratio is increased to 60% at 100 °C, the
pressure was at 2250 Psi. In this technique, the solvent and oil are mixed and stirred. Later,
optical microscope is used to check the asphaltene precipitation. The amount of solvent required
is then noted. Solid detection system is based on light scattering technique and it is also the
standard method used by the industry. Solid detection system is a special equipment designed for
the industry for asphaltene measurement. (Idem et al., 2002).
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Figure Error! No text of specified style in document..12: Stability index (De Boer et al., 1995)
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Figure 2.12 shows the stability index chart. This chart displays the relationship of
asphaltene and saturates versus aromatics and resins. It is divided into three regions: severe
problem, mild and minor or no problems. The method is only a preliminary analysis. It is
recommended that the laboratory investigations should be carried out to predict the asphaltene

precipitation.

2.8 PREDICTION OF ASPHALTENE PRCIPITATION BEHAVIOUR

When one inject carbon dioxide in the reservoir, the changes in the composition are
dynamic and are difficult to simulate in the laboratory at every point. However, static experiment
with the fixed carbon dioxide concentration can be done in the laboratory environment using
PVT equipment (Yarranton et al 2007). Asphaltene onset pressure, which is described as the
critical point at which the asphaltene starts to precipitate is the most important factor in
understanding the asphaltene behaviour. To predict asphaltene stability, phase behaviour and
reliable model are required (Yarranton et al 2007). Solid detection system along with PVT
equipment is used to measure asphaltene onset pressure. The study will measure asphaltene
precipitation induced by carbon dioxide concentration and pressure changes. Different
concentrations of reservoir fluid and carbon dioxide should be evaluated in the lab since the
conditions in reservoir are quite dynamic. However, such laboratory experiments would only

provide the static behaviour (Yarranton et al 2007: Muhammad Ali Buriro et al 2013).

When carbon dioxide with its miscibility is injected in the reservoir, the gas is mixed with
the reservoir fluid causing composition changes. The lighter component mixed with the gas
ultimately will change the composition of the reservoir fluid (Yarranton et al 2007). The
reservoir can also be divided into three regions, namely early time late time. Once the gas is
injected into the reservoir, it contacts the early region of it. Some of the gas is left behind and
some of the gas is mixed with the middle region fluid. When another stream of gas is injected, it
again contacted the fluid and the previous remaining gas in early time region and therefore,
increasing the concentration of gas in that region. This process is known as “Vaporizing Gas
Drive” mechanism (hereafter addressed as “VGD”), which is shown in Figure 2.13 (Hideharu

Yonibayashi et al., 2011). The experiments in the laboratory can only simulate the static
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behaviour of fluid and injection. Hence, more dynamic experiments should be performed in the
laboratory to simulate the reservoir conditions (Hideharu Yonibayashi et al., 2011). The correct
equation of state is also important to predict asphaltene precipitation, which can account for its
behaviour. Various thermodynamic models are available in the literature to predict the phase

behaviour along with asphaltene particles.

Recently, some models have proposed the associated terms to predict the asphaltene
phase behaviour. Cubic plus associated is the reliable equation of state that can be used to
account for asphaltene phase behaviour (Yarranton et al., 2007). Cubic plus associated equation
of state is composed of two parts: Physical part which is Soave Redlich Kowang equation of
state and the association part, which is based on first order Wrtheim theory. The specific site-site
interact-tions due to hydrogen bonding between like molecules (self-asso-ciation) and unlike
molecules (cross-association or solvation) are considered in the association term. The activity of
each bonding site is also assumed as independent of the other bonding sites on the same

molecule (Yarranton et al., 2007).
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Figure: 2.13: Schematic of CO, miscible flooding process (Holm and Josend, 1974)

29 FORMATION DAMAGE DUE TO ASPHALTENE PRCIPITATION

The formation damage prevention, assessment, control and removal of asphaltene

particles are the important issues of asphaltenic oil production (Civan, 2000). Any enhanced oil
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recovery method can change the flow and phase behaviour of the reservoir fluid which may lead
to formation damage caused by asphaltene precipitation. Usually, the deposition takes place
nearby the wellbore zone but the precipitation extends over larger distance from the vicinity of
wellbore (Groffe et al., 1995). Asphaltene particles can cause formation damage by impairing the
permeability through plugging the pore throat. The asphaltene particle can also cause wettability
alteration through adsorption of negatively charged particles. The alteration of wettability can
change from water wet to mix wet (oil-water wet) and plugging of the wellbore (Kamath et al.,
1993 ; Kokal and Sayegh, 1995).

It should be emphasized that alteration of wettability from water to oil wet is not
necessary to cause formation damage. Sometimes it can be favourable for oil recovery depending
on the nature of oil. It may improve the displacement performance and efficiency. In 1993,
Kamath et .al, had studied the effect of asphaltene deposition on one core Berea sandstone and
two unconsolidated sand pack. The result showed that asphaltene deposition may cause
permeability reduction but it improved the oil relative permeability. In conclusion, asphaltene
precipitation may or may not be favourable for reservoir (Al-Maamari et al., 2000). A proper
investigation should be conducted for each crude oil with its reservoir core samples so that the

genuine relationship could be observed.



CHAPTER 3

MATERIALS AND METHODS

3.1 MATERIALS

This chapter describes the experimental work conducted and the materials used during
this study, which consist of N-Heptane, N-Hexane CHs3(CH,)sCHs (HPLC Grade), HPLC
Standards and filter papers for Saturates, Aromatic, Resin, and asphaltene (SARA) analysis. Mix
composition Gas (CO,+C;), Malaysian crude oil, and Berea core samples used to investigate the
effect of carbon dioxide on asphaltene precipitation are also among considered materials. The
main experimental apparatus employed in the study are High Pressure Liquid Chromatograph,
Poro-perm Instrument, Manual Saturator, Digital Balance Magnetic Stirrer, Pressure Volume
Temperature (PVT) equipment, Solid Detection System (SDS), Core Cutter Machine, High

Pressure High Temperature core flooding equipment and Drying Oven.

3.2 CRUDE OIL SPECIFICATION

Dulang crude oil was used during the study where the oil has been identified as having
unstable asphaltene content since the Colloidal Index is less than 0.7%. The basic properties of
the crude oil were taken from the laboratory. Asphaltene content was measured using ASTM
standard 1P-143 method, which will be future detailed in Section 3.10. The properties of the
crude oil were determined and it was found that the API is 37.5 and asphaltene content is 3% wit.
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3.3 FLOW CHART OF THE RESERCH

Figure 3.1 illustrated the outline of this work, the research methodology started with
determining the API for the crude oil and then the amount of asphaltene content was measured
according to IP-43ASTM standard and the rest of solid frication was measured used HPLC.
Later, the crude oil was charged into PVT recombination cell to detect the saturation pressure
with different gas oil ratio and then Solid detection System (SDS) is used to measure the onset
asphaltene pressure. Next, the second part started with the sandstone cores properties such as
porosity and permeability that were measured and then saturated with 1000ppm brine to get it
prepared for core flooding. After that, the core was conducted to core flooding and the oil
displace from the core outlet was collected over 10 minute time interval and the recovery was
calculated. Finally, the asphaltene content after the core flooding were measured according to IP-
43ASTM standard.

Crude oil fractions analyse wasused
CRUDE OIL [P-43 ASTM standard for asphaltene
AMNALYSIS content measurem ent and the rest

such asarom atic, saturate, resin were
measured usns HPLC.

-, PVT recom bination cell wa s m easured
FYT the bubble point pressure for three gas
oil ratio and then the solid detection
system m easured the onset asphltene
pressure.

The core szample properties such as

CORE SAMPIL.E porosity and permeability wers measured
MEASUREMENTS using poro-perm  equipment for
porosity and permeameter for
J perm eability
l The core was saturatedwith 5000ppm
CONDUCT CORE brane follow by oil and then the
FLOODING displaced oil m core outlet was
EXPFERIMENTS CO, collected over 2 10 minutes tme
mnterval. The oil recovery was
calculated.
DETERMINE THE AMOUNT The asphaltens content of the o1l bafore
OF ASPHALTENE and after the core flooding were
PRECIPITATED measured according to IP-43 ASTM
standard.

Figure 3.1: Methodology outline
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3.4 PROCEDURE FOR SARA FRACTION

SARA Fraction is a three step process. To begin, the asphaltene content is removed from
the crude oil using hexane, which was used as mobile phase in HPLC. Hexane based maltene
fracture is then pumped using high pressure mobile phase inside the HPLC and column to detect
saturates and aromatics. NH, bonded columns were used in series while the adopted temperature
was a room temperature. In order to appropriately detect the signals, a 254 nm wave length was
used. The flow rate of injection was raised to 1.5ml/min from crude oil and the pressure was

stabilized at around 98 bars. The following section provides details of procedures adopted.

3.4.1 Asphaltene Content Measurement

IP 143/01 D6560 methods were used to separate and measure the asphaltene content. In
this method, firstly, the sample is mixed well with the precipitant and the one used in our method
is heptane. The mixture is then heated using reflux. Once the mixture is heated, the asphaltene
particle will have separate phase in the crude oil. The mixture is then filtered using filter paper to
separate the inorganic material. Wax content is removed by washing the filter paper with warm
n-heptane in the extractor. The remaining mixture is then mixed with toluene as the asphaltene
content is soluble in it. The new solvent is then heated again. The extracted solvent is then
evaporated, and the asphaltene is weighed. The procedure, according to IP 143/01 D6560 is 1
gram of sample crude oil is mixed with 30 ml of n-heptane and stirred for 10 minutes using
magnetic stirrer. The mixture is then boiled at 60+5 minutes using reflux. The flask containing
sample is then allowed to cool and placed in a dark room for approximately 2 hours. Whatman
filter paper no. 42 is placed in a filter funnel and the sample residue is filtered using a filter paper
in another flask with successive quantities of hot n-heptane. Remaining residue in the flask is
rinsed well with hot n-heptane and is filtered through the filter paper. After that, the flask is kept
in the safe place without washing

The filter paper containing inorganic material is removed from the funnel and placed in
the reflux extractor. Next, the extraction is done with n-heptane at the rate of 2-4 drops/ second

for 60 minutes until the heptane leaves no residue at the bottom of the flask. Later on, 30-60 ml
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toluene is put in a new flask and filter paper is then washed with toluene so that all the
asphaltene content becomes soluble in toluene. Toluene containing asphaltene is then transferred
to the pre-weight evaporating vessel. The toluene is removed using evaporation process in the
boiling water bath. Dish and content are then allowed to dry in an oven and then allowed to cool.
Finally, the difference between the weight before and after the evaporation is taken as the

amount of asphaltene content being measured.

Asphaltene content measurement in 1 gm of crude oil was weighed and mixed with 40 ml
of HPLC grade hexane in a beaker. Aluminium foil was used to make the beaker air tight. The
beaker was then kept in air tight condition in dark place for 48 hours. After 48 hours, 5 cc
syringe with 0.2 mm PTFE syringe filter was used to withdraw the maltene fraction. Roughly 0.5
ml sample of matlene/hexane were prepared to be injected into HPLC. Filter paper with the size
of 0.22mm was used to separate asphaltene from the oil and finally the filter paper is then dried

and weighed.

3.4.2 High Pressure Liquid Chromatograph

Chromatographic technique using high pressure liquid chromatograph was adopted to
conduct the SARA analysis. Asphaltene was first filtered using an IP-143 ASTM D6560 (IP
143/01) method. Later on, the HPLC was used to disintegrate and quantify the aromatics, resins
and saturates. Figure 3.2 shows the high pressure liquid chromatograph used in this study. The
process of HPLC is based on a mass transfer using the columns. The columns used in HPLC
have the sorbent inside it and the adsorption process is used to quantify the compounds. The

pressure pumps are used to inject the fluid through the column filled with sorbents.

General sorbents used are polymer based or silica based and their size varies from 2-50
micrometres. Aromatics, saturates and resins are adsorbed using NH; columns. Prepared mixture
of sample is passed through NH, based columns where the compounds are separated due to
degree of different interaction with the sorbent. The column dimension for SARA analysis could

range from 2.1-4.6 mm in diameter and 30-250 mm in length. The sorbent particle size is around
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2-5 micrometre. The temperature also influences the interaction between the mixture and

sorbent.

To pressurize the compounds mixture into the column, a mobile phase is used in HPLC.
In our case, Hexane was used as a mobile phase (Tianguang et al., 2002). HPLC operation
involves the use of detector, pump and sampler. The sample compound is sent through the
column using the pressurized mobile phase at a certain flow rate and pressure. The parameters
are assigned using the pump. The detector then generates the signal, which is proportional to the
amount of sample component emerging in the column. Based on Tianguang et al., (2002), SARA
Fractionation procedure uses NH; bonded columns in series. The Mixture of N-Decane (Cy), N-
Tridecane, n-pentadecane and n-octadecane was injected in the column with the hexane as a
mobile phase. This mixture eluted as a single peak in the results. Additionally, the mixture of
toluene and 1, 3-diisopropylbenzene (DIPB) was injected in HPLC column. This mixture had
also eluted as a single peak. Then, the mixture of 1,3-diisopropylbenzene and 1-
Methylnepthalene was also injected in the column, which eluted as two peaks. After that, the
mixture of 1, 3-diisopropylbenzene, 1-methylnaphthalene, and n-pentadecane was injected into
HPLC and eluted as three well resolved peaks. Finally, it was clear from the column test that the

column was appropriately functioned and the system is ready to receive maltene samples.

Figure 3.2: High pressure liquid chromatograph
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3.4.3 Maltenes Separation

According to Tianguag et. al. (2002) the prepared maltene aliquots were placed in the
chamber of HPLC. The programmed computer software then starts taking the aliquots from the
vial and inject them into column. The Hexane was used as mobile phase for the injection into
column. The computer monitor shows the live graphs of maltene separation. Saturates were
supposed to be eluted first using the RI detector response. Aromatic components are then eluted
from the column as seen by the decrease in UV detector response. Aromatic components are
eluted almost after 50 minutes of saturates. The amounts of saturates and aromatics were

calculated from peak areas using calibration factors and measured for known compounds.

A different procedure is required for resin component as they do not elute using hexane
phase. Then, the column was refreshed and cleaned by flushing it with H- hexane. To extract the
resin content from maltene fraction, a 30% (v/v) of dichloromethance/haxane backflush was used
to extract the resin fraction. A sufficient amount of maltene fraction should be injected in the
backflush so that the enough resin can be accumulated for the gravimetric quantification.
Saturates are clearly seen as a sharp peak on the RI-detector, while the aromatic and resin

fractions are seen in UV-detector response.

3.5 PVTINSTRUMENT

Pressure volume temperature (PVT) equipment as shown in Figure 3.3 was used for the
evaluation of thermodynamic properties and phase behaviour studies of the fluids. The high
pressure high temperature PVT is used to conduct the fluid studies for any kind of reservoir
fluids. The equipment main part is PVT cell and the configuration of the PVT cell depends on
the type of cell. For example, the liquid head is used for oil studies. This cell is enclosed in the
chamber. It has the piston on one side and the cell head on the other side. Magnetic stirrer is
placed with the piston. The purpose of the magnetic stirrer is to mix and homogenize the fluid
inside the cell. The complete system comprises of the embedded pump, PVT cell, air bath and
rocking system. The rocking system is used to homogenize the oil and gas components. The PVT

equipment can be rotated 360 degree using the rocking system.
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The high pressure glass sight is also located on the stainless steel cap. The glass is used to
see the condition of fluid and to observe the saturation pressure. PVT equipment along with
recombination cell and solid detection system were used to conduct the asphaltene precipitation
study for the Malaysian crude oil. Asphaltene onset pressure measurement was done for different
concentration of mixed gas and oil composition. Recombination cell as discussed earlier is used
to homogenize the dead oil and gas composition in order to prepare live oil, which is the
representation of reservoir stream. In our case, reservoir temperature is 100°F and current
reservoir pressure is around 1850 Psi. Three different gas oil ratio were used. A calculated
amount of injection gas along with oil was charged in the recombination cell at reservoir
temperature and pressure. For each case, the injected oil and gas streams were stabilized and

homogenized to create an under saturated condition.

Figure 3.3: PVT System

3.5.1 RECOMBINATION CELL

It has the heating metal for temperature control and magnetic stirrer to mix the fluid
together. It also has the rocking system to provide agitation for heavy oil samples. The cell also
has a glass to observe the saturation pressure. Figure 3.4 below shows the recombination cell
where the separated gas and oil are specified by the user before recombination operation using
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the field and laboratory data. The recombination calculation for our case is mentioned in

Appendix C.

Figure 3.4: Recombination cell (Vinci Technologies France)

Mix composition was obtained to represent the real reservoir gas concentration or closer
to reservoir conditions. The reservoir is assumed to have CO, and C; to represent a reservoir.
The mixed composition gas used in our experiments has only 60% of CO; and 40% of C;. The
recombination was done based on the past and present reservoir conditions and was based on the
matching of gas to oil ratio. The original gas to oil ratio for the reservoir was assumed at 180
scf/stb. To evaluate the effect of increased concentration of gas, the GOR was increased to 250
scf/stb and 310 scf/stb with the addition of gas. The additional gas was injected in the PVT cell
using booster pump, which increases the pressure and temperature of gas before injection.
Firstly, the 0.00030 stb dead crude oil was injected in the high pressure PVT cell at 2000 Psi and
100°C. Then, the gas of 0.054 scf was injected at the same pressure and temperature using
booster pump. The rocking system was later used to agitate the sample after every 15 minutes for
few times. Later on, the PVT system was left overnight to stabilize and homogenize the fluid
sample. The process was repeated for GOR 250 and 310 scf/sth. For GOR 250 scf/stb, the 0.0030
stb of dead crude oil and 0.075 scf of gas was injected and for GOR 310, the dead crude oil was
0.00030 stb and 0.093 scf of gas was added. The temperature and pressure for both fluid was



35

kept the same when mixing. The step by step procedure following the PVT manual is given

below:-

The cell was first cleaned properly before the injection of fluids in it. Then, dead crude
oil and mix composition gas were charged in the PVT cell at 100°C and 2000 Psi. The pressure
was then raised to 3000 psi. The oil was later allowed to equilibrate for 12 hours. The reservoir
fluid was then depressurized until the bubble point in discreet steps. Each discreet step of
depressurization was 200 Psig and at each step, the fluid was allowed to stabilize for 10 minutes.
After equilibration at each step, the volume of fluid and the cell pressure was noted from the
system. The measured total volume of fluid was plotted against the fluid pressure at each discrete
step. The intersection of straight-line-fits for both single and two phase regions provide an

estimation of the saturation pressure. The procedure was repeated for other GOR conditions.

3.5.2 Solid detection System

The solid detection is part of the PVT equipment. It is designed to detect solid deposits
and its stability in crude oil. It is also used to determine the critical point at which solid starts to
form separate phase. The solid detection system is based on the light scattering technique. A
laser source beam is generated, which is guided and passed through optical fibre and throughout
the fluid inside the PVT cell. The amount of transmitted light is measured by a power meter. The
power meter has a precision near infrared measurements in the solid detection system. Figure 3.5

shows the transmittance of light in solid detection system.

Source Fiber PVT Cell
Laser Optics Bundle

Light Detector

Source Detector Fiber
Optics Bundle

Figure 3.5: Transmittance of light



36

The system pressure, temperature, flow rate and power of transmitted light can be
monitored concurrently in the computer software databank that is attached to the system pressure
curve versus the power of the transmitted light being generated using computer software attached
to the equipment. It detects the upper asphaltene onset pressure. The laser transmittance is passed
through the oil phase. The detector is then used to measure the transmitter through the oil.
Reservoir oil with no asphaltene content shows minimum light scattering due to homogeneous
fluid. Partial light transmittance is observed at pressure higher than onset pressure. From the
upper onset pressure, the light transmittance is decreased until the bubble point at which total
scattering takes place. At lower onset pressure, the light transmittance starts increasing again due
to the re-dissolution of dispersed asphaltene particles. Light transmittance depends on the
reservoir oil fluid density and the presence of solid phase. Light transmittance is inversely
proportional to the density. If the density is decreased, the light transmittance is increased. For
the single phase live oil, density is proportional to the pressure. If the pressure decreases, the
light transmittance increases. Light transmittance is inversely proportional to the size of particles.

If the solid size increases, the light transmittance decreases.

& 1800F =i

o o ) A0

Figure 3.6: Precipitation curve of unstable asphaltenic crude oil (Muhammad et al., 2013)

Figure 3.6 illustrates a study conducted by Muhammad Ali Buriro et al., (2013) that is
used to show the precipitation curve for unstable asphaltenic crude oil. It is observed that the
transmittance of light signal increase from 4300 Psi to 1690 Psi. At 1690 Psi, the signal reaches
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the maximum. The sudden decrease in pressure is then observed from 1600 Psi to 1500 Psi. This
is due to the agglomeration of asphaltene particles. At the bubble point, the signal falls down. In
this figure, the bubble point is at 1400 Psi. Table 3.1 defines oil compositions which have been
given from laboratory.

Table 3.1: Malaysian oil composition

Component Mole Percent MolecularWeight
CO; 0.00 44
CH,4 0.000 16
CsHa, 0.004005 72.15
CeHia 1.863993 86.17
C7H1s 7.713000 100.2
CgHisg 5.996991 114.2
CoH2o 3.674989 128.3
CioH2 4.678996 142.3
Cit+ 76.068026 213.35
CO; 0.00 44
CH,4 0.000 16
CsHaz 0.004005 72.15
Total 100.0000 189.85

3.5.3 Asphaltene Onset Pressure Measurement

The asphaltene onset pressure is the pressure where the asphaltene starts to precipitate the
dead crude oil and mixed composition gas was used to create a live oil. The live oil was charged
into the system at 2000 Psig and 100°C with the assumption that the initial reservoir condition
we are dealing with has 2000 Psig and 100°C. In actual, we dealt with Dulang reservoir and
these initial conditions are prescribed for this crude oil. The pressure of the cell was then raised
to 3500 Psig. The near infrared light transmittance is observed in the computer. At under
saturated conditions, the base line is stable (Oskui et al., 2006). The live crude oil is then
depressurized in discreet steps of 2000 Psig until the bubble point pressure. During the
depressurization, the light transmittance through the live oil is monitored and noted. The light
transmittance was recorded as the function of pressure. The onset pressure is then measured by
observing the NIR light transmittance signal. The process was repeated for all prepared live oil
of different GOR (Hideharu Yonebayashi et al., 2010). The results are discussed in Chapter 4
and 5.
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3.6 OPERATION EQUIPMENT FOR MMP

To simulate reservoir temperature, the extractor vessels are filled with core saturated and
inserted inside the oven through the mountings brackets, which was set to 98.9°C as shown in
Figure 3.7. For extraction process, CO, was delivered through external cylinder into the extractor
vessel at the desired system pressure. Within 30 minutes, the gas was injected at the planned
pressure. Then, the inlet valves were closed. To let the extracted oil to be collected through the
control and collection module as indicated in Figure 3.8, the outlet valves and vent were opened.
Therefore, it will be easier for collection of residues into collection tubes via outlet valves (Orr et
al., 1982).

Figure 3.7: Setup for saturation process

The oil extracted was collected within 5 minutes. Similarly, the extraction process was
repeated from the pressure of 1000 Psi t01900 Psi with the pressure interval of 1500 Psi. The
collection tubes were weighed before and after collection to determine the net weight of
the extracted oil. The schematic diagram below shows the layout of Spe-ed SFE. (Orr et al.,
1982).
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Figure 3.8: Schematic diagram spe-ed SFE

3.7 CORE SAMPLE PRPARATION

The one feet long core was cut into four pieces using core cutter machine. Figure 3.9
shows the core and cutter machine for it. As shown, the diamond impregnated radial blade is
utilized to slab core samples into pieces. The standard machine has a work table, blade guard,
motor to power the saw and a core clamping assembly. The recirculation coolant system is also
available. The one feet core was cut into three inches per piece. It is labelled as Core-1, Core-2
and Core -3. The one, one-feet long and 1 inch in diameter core samples were used for this study.

The porosity and permeability data for Core-1, Core -2 and Core -3 are described in Table 3.1.

Figure 3.9: Core and cutter core machine
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3.8 POROSITY AND PERMEABILITY MEASUREMENTS

Porosity and the permeability of the core sample are the important factors to be
evaluated. The porosity of the core sample can be measured by measuring the bulk pore volumes
or grain volume. The bulk volume can be calculated using the dimensions of the core sample.
Permeability was described as the property of the porous medium and it is measured of its ability
to transmit fluids. Permeability measurements are conducted using permeameter equipment. In
this equipment operation, the core is loaded through it. The flow of air is passing appropriate
calculation as to obtain air permeability and could be conducted by changing inlet pressure and
keeping out the pressure as zero. Further tests were conducted by flowing the same amount of
volume from core 500 cc at different inlet pressure (10 Psi, 14 Psi, 18 Psi, 22 Psi, and 26 Psi) to
acquire different points or air permeability. Afterwards, these points could be plotted into
Klinkenbergs effect graph to find out slope and liquid permeability. Figure 3.10 shows the poro-

perm used in this study.

Figure 3.10: Poro-perm system

The porosity of the core sample is measured during the core saturation using the
equipment. The values of the core bulk volumes are computed from the dimensions of the core
sample. The values of pore volume are calculated from the difference between the dry and wet
weights of rock samples and brine density. Core flooding experiments were conducted to
measure the effect of carbon dioxide being induced by asphaltene precipitation. The pore
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volume, bulk volume, porosity and absolute permeability are the important properties that need

to be measured before the core flooding experiments.
BV = %(D)Z(L) (3.1)

Where

Bv is the bulk volume of core plug samples, cm®

D is the core plug diameter, cm

L is the core plug length, cm

The porosity of the core plug can be calculated by considering the ratio of pore volume of core
plug sample to bulk volume of core.

(BV-GV)
BV

_Pv —
0) =, X100 = X 100 (3.2)
Where
@ is the porosity in percentage
PV is pore volume, cm®

Gy is grain volume,

Poro-perm device was used to measure the basic properties to calculate porosity. The dry
weights of core plug samples are carefully measured by digital balance before stating any
measurements. The Boyle-Mariotte’s law Is used to determine the grain and pore volume for the
expansion of a known mass of helium into the matrix cup in poro-perm experiments. The pore
volume can be computed based on the difference between dry weight and wet weight of core
plug sample and identifying the density of saturated fluid during saturation method. Therefore,
after saturating the core plug samples with brine water, it is necessary to measure the weight of
the core samples. The pore volume of core plug samples is calculated according to the formulae

given below (Nnaemek, 2011).

PV — Wsat—W ary (33)

PBrine
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Where
Wy is Weight of wet and saturated core, gr
Wary is weight of dry core, gr

P brine IS the brine density, gr/Cms.

39 METHODOLOGY FOR CORE FLOODING EXPERIMENT

Core saturation with brine water is the first step in conducting core flood experiments.
The manual saturator apparatus was used to saturate the core with brine water. The apparatus is
shown in Figure 3.11. This apparatus permits the sequence of saturation cycles and vacuum on
different core plug sizes. The standard apparatus includes plug sized core cell, a vacuum pump, a
hand operated valves and plumbing. A larger capacity cell to accommodate full size core sample
is also available. Any kind of fluid can be used to saturate the core by this apparatus. It could be

distilled water, brine or oil.

Figure 3.11: Relative permeability test system

The core saturation process starts after the bulk volume of core is measured from the
dimensions of core sample and weighing the dry core samples. Later on, the core sample is
placed inside the core holder. Then, half of the core sample is filled with brine of 10,000 ppm
sodium chloride concentration, which is needed for core sample saturation. The injection
pressure was made constant at 2000 Psig for three cores with the flow rates were various at 0.4

cc/min, 0.6 cc/min, and 0.8 cc/min respectively. The core sample is connected to two valves and
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two pressure gauges. One of the valve and pressure gauge is connected to the vacuum pump and
the other side is connected to the core cell. This controls the cell pressure and brine water level.
Vacuum valve is opened initially; the saturation process is then started by extracting the air
inside the sample and replacing the void spaces of the sample with prepared water brine. The

step takes around half an hour. Figure 3.12 indicated the core plug inside core holder.

Figure 3.12: Core plug inside the core holder

Vacuum valve is then turned off. The other valve is opened and the core cell is filled with
brine water in the container using hand operated pressure pump. The step is continued until the
water has come out of the valve. When the pressure becomes 2000 Psig, the hand pump is
stopped. The core cell is kept for two days and the pressure is maintained at around 2000 Psi.
After two days, the pressure is released and the saturated core sample is taken out from the cell.
The previous step was repeated with Core 2 and Core 3 respectively. Core sample weight has
been measured again after the saturation. The core sample is immersed inside the brine water in

the beaker to keep the initial brine saturation condition.

3.9.1 Basic Core Properties Evaluation

The bulk volume of the core sample was calculated using the dimensions of the core and
the dry core sample was also weighed. The brine of 10,000 ppm sodium chloride concentration
was used to saturate the core with the saturation procedure is described earlier in this chapter.
The rock porosity was also measured along with saturating the core. After that, the saturated core
sample is inserted into the rubber sleeve and carefully tighten in the core holder to ensure direct

contact between the core sample and core holder sleeves. The three accumulators are fully filled
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by the crude oil sample, brine water and n-heptane. The core flooding system temperature was
increased to 100 °C. The overburden pressure is applied on the rubber sleeve, which is always
500 Psi over the injection pressure. The core flooding system pressure was kept at 2000 Psi and
the overburden pressure was later mentioned at 2500 Psi.

3.9.2 Absolute Permeability, Irreducible Water and Initial Oil Saturation

The brine is injected into the core at a constant flow rate of 1.0 cc/min until the pressure
drop across the core is stabilized and a steady state condition is achieved. The absolute core
permeability is calculated using Darcy’s Law and the stabilized pressure drop. Then, the oil is
injected into the core at the same injection pressure condition to displace the brine water at 0.4
cc/min, until the pressure drop is again stabilized and no more water could be displaced from the
core. Total amount of brine production is recorded during the oil injection process. The stabilized
pressure drop is used to calculate the effective oil permeability at irreducible water saturation
using Darcy’s Law. This is considered to be original effective oil permeability without the
asphaltene effects at irreducible water saturation. The irreducible water saturation and initial oil

saturation are then determined using volumetric material balance.

3.9.3 In-Situ Asphaltene Precipitation and Deposition

The oil injection is stopped after the core is fully saturated with the oil at irreducible
water saturation. Gas injection displace is then conducted. In this study, a mix composition of
gas was used to displace the oil. For this purpose, after draining out all the brine from brine
accumulator, the mixed composition gas is transferred carefully from high pressure cylinder into
accumulator at pressure less than 2000 Psi. After heating up the gas system up to temperature at
around 100°C, the accumulator pressure had reached 2000 Psi. In this experiment, the gas
injection pressure was adjusted around 2000 Psi that is similar to oil injection pressure. The gas
is injected through setting with three different flow rates at 0.4 cc/min, 0.6 cc/min, and 0.8
cc/min for three different cores for injection pump. The gas rate during gas injection should

represent the typical reservoir gas velocities and pressure drop of 1 to 5 Psi/ft.
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For this purpose, after stopping the oil injection and when the core is fully saturated with
oil at irreducible water saturation, gas injection is started to displace the oil out at 0.4 cc per
minute. The pore volume, pressure drop across the core, and oil and gas production are measured
continuously until pressure drop is again stabilized and no more oil could be displaced from the
core. Effective gas permeability at irreducible liquid saturation is again calculated based on

stabilized pressure drop and using Darcy’s Law.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

This chapter presents the results of the experimental work conducted during this study.
The results are discussed in details and their interpretation is given. SARA analysis was
conducted to characterize the crude oil and to conduct the colloidal stability test. PVT
experiments are then discussed in details. Later, the asphaltene onset pressure is measured and its
significance is given. Finally, the chapter discusses the core flooding experiments and their
results in details. The effect of carbon dioxide on asphaltene precipitation was measured by

conducting the core flooding experiments.

42  ASPHALTENE CONTENT MEASUREMENTS

The Malaysian crude oil was used in our analysis. The basic properties of the crude oil
were obtained along with the crude oil employed from Malacca refinery. Asphaltene was
measured using standard IP-143 method. The details of the experimental procedure were given in
Chapter 3. The evaluation of colloidal stability was done for Malaysian crude oil in different
ways. The preliminary analysis to know the stability of crude oil can be obtained by SARA
analysis. Stability analysis at high pressure high temperature was then done using PVT

equipment and experiments.
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43  SARA ANALYSIS

SARA analysis started with Jewel et al., (1972) work. To begin with, saturates,
aromatics, resins and asphaltene content for the Malaysian crude oil were measured. Asphaltene
was measured using IP-143 method while saturates, aromatics and resin content were measured
using the high pressure liquid chromatograph. Table 4.1 indicated SARA fractions obtained for
the Malaysian crude oil, which are saturates at 74.7%, aromatics at 14.9%, resins at 8.11% and
asphaltene at 3%. Colloidal Instability Index (CIl) was measured using the formula given below
(Bennet et al., 2006). The index of 0.9 or more indicates that the asphaltene particles are unstable
while value below 0.7 indicates that the crude oil has stable asphaltene, and the value in between
0.7 to 0.9 means that the asphaltene stability is uncertain. The calculations suggest that the
asphaltene stability index is 3.37 and the result proposes that the asphaltene particles in
Malaysian crude oil are highly unstable and it can cause damage to the reservoir and may cause
problems upon precipitation. Since this was the preliminary analysis and was at ambient
temperature, high pressure high temperature onset pressure measurement was then required to
know at what condition the asphaltene started to precipitate. Solid detection system was used to

measure these conditions and will be described in the next sections.

Table 4.1: Crude oil properties

Sample Name Malaysian Light Qil
API 37.5

Saturates 74.7%,

Aromatics 14.9%

Resins 8.11%

Asphaltene Content (wt%) 3%

44  ASPHALTENE ONSET PRESSURE MEASUREMENTS

Live oil is a high pressure high temperature oil containing gas and therefore, three
different live oil were selected to check its propensity to precipitate. Table 4.2 describes the
GOR of the original Malaysian oil as well as increased gas to oil ratio details. The reservoir
temperature and pressure were assumed to be 100°C and 2000 Psi at current conditions.

According to the literature, recombination procedure is done in PVT equipment to achieve this.



48

Recombination composition of dead oil and live oil is given in Table 4.3 where the recombined
sample composition was calculated using molar balance equation and the details of the

calculation is given in Appendix B.

Table 4.2: GOR for Original crude oil

Oil name GOR (scf/stb)
Malaysian oil 180
Malaysian oil 250
Malaysian oil 310

Table 4.3: Malaysian live oil composition

Component Mole Percent at Mole Percentat  Mole Percent at
GOR 180 scf/stb GOR 250 scf/stb  GOR 310 scf/stb

CO; 18.44132 25.61295 31.76005

CH, 12.29421 17.0753 21.17337

CsHi2 0.002774 0.002295 0.001885

CsH14 1.291085 1.068287 0.877318

Cs/Hss 5.342368 4.420456 3.630245

CsHis 4.153783 3.43698 2.822578

CoHazo 2.545461 2.106201 1.729692

CioH22 3.240877 2.681611 2.20224

Cui+ 52.68811 43.59592 35.80262

Total 100 100 100

441 Bubble Pressure Measurements

The asphaltene precipitation problem is more severe near to bubble point pressure and it
is necessary to know it in order to investigate the onset asphaltene pressure. The constant
composition test was performed for different gas to oil ratio. Figure 4.1 shows the pressure
volume curve for the gas to oil ratio of 180 scf/stb. The intersection of the two lines on the
pressure volume curve suggests that the bubble point for the Malaysian oil at 180 scf/stb is 1300

Psig and it can be observed that the saturation pressure was low when gas oil ratio is low.
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Figure: 4.2: Pressure volume curve for the gas oil ratio of 250 scf /stb
Figure 4.2 shows the pressure volume curve for gas oil ratio of 250 scf/stb. Once the
GOR is increased, the saturation pressure value increased as well because of more interaction
between the gas and oil and the intersection of the lines at the pressure volume curve suggests

that the bubble point pressure for 250 scf/stb gas to oil ratio is 1500 Psig.
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Figure: 4.3: Pressure volume curve for GOR of 310 scf/stb

Figure 4.3 shows the pressure volume curve for gas to oil ratio of 310 scf /stb and it can
be declared that the value of saturation pressure had raised since the GOR amount is increased to
310 scf/stb. The intersection of two lines in Figure 4.3 suggests that the bubble point pressure at
GOR of 310 scf/stb is 2100 Psig.

4.4.2 Asphaltene Onset Pressure Measurements

Malaysian crude oil was recombined with the mixed composition gas to make it a live oil.
The live oil was placed in the PVT system and solid detection system was used to measure
asphaltene onset pressure. The complete procedure to measure onset pressure is described in
section 3.6.3. Malaysian crude oil of different gas to oil ratio was investigated for its propensity
to precipitate. Figure 4.4 shows the isothermal depressurization of original composition in crude
oil. The original gas oil ratio was kept at 180 scf/stb.
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Figure 4.4: Solid detection system at GOR of 180 scf/stb

Figure 4.4 shows the transmittance of laser light through oil sample versus pressure. The
result shows that as the pressure decreases, the transmittance of light increases. During
isothermal depressurization, no drop of light transmittance is observed even at the bubble point.
The bubble point for the original crude oil composition was 1300 Psig. The increase in light
transmittance observed is due to the decrease in density as the pressure is decreased. The result
of solid detection experiment indicated that asphaltene particles are stable in the crude oil before

any additional gas injection.
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Figure 4.5: Onset Pressure measurement at 250 scf/stb
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The GOR of the original crude oil was increased to 250 scf/ stb. This oil was placed in
the PVT cell for isothermal depressurization and solid detection test. The isothermal
depressurization test started at 3500 Psig until 800 Psig. The bubble point pressure was measured
at 1500 Psig. As shown in Figure 4.5, with the decrease in pressure from 3000 Psig to 1600 Psig,
the light transmittance was increased. It shows that there was no asphaltene precipitation. Sudden
decrease in the transmittance and high scattering in the signal from 1650 Psig to 1500 Psig is due
to the agglomeration or growth of solid particles. The light transmittance falls down at 1500
Psig. The result shows that the fluid loses its equilibrium condition at this pressure and the gas
started to liberate and asphaltene particles are precipitated. The sudden increase of light
transmittance after the bubble point pressure was observed due to loss of equilibrium and the
light transmittance is then stabilized and trending downward. Asphaltene particles are unstable
due to CO; injection program even though its content is only 0.3 weight percent.
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Figure 4.6: Onset Pressure Measurement At 310 scf/stb

GOR for Malaysian crude oil was increased to 310 scf/stb. Figure 4.6 represents the
isothermal depressurization test using solid detection system at 310 gas to oil ratio. The
isothermal depressurization test was started at 4500 Psig until 1400 Psig. It was observed that
there is an increase in the light transmittance from 4500 Psig to 2300 Psig. However, after 2300
Psig, the light transmittance started scattering and the highest is observed at 2200 Psig. This
sudden decrease in the transmittance is due to asphaltene agglomeration. At 2100 Psig, the fluid

equilibrium is lost due to bubble point pressure and asphaltene precipitation. Unstable
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transmittance curve leading to maximum light transmittance at the bubble point pressure was

observed due to loss of equilibrium (Muhammad et al., 2013).

4.5 DETERMINATION OF MMP

The graph obtained is shown in Figure 4.6. The oil recovery volumes grow gradually first
to the values of 1000-1400 psi where they form a kind of step and secondly to the break over
point, which according to a definition made by Orr et al., (1982) is a criterion for MMP
determination. Above the break over point, the volume of extracted oil does not change
significantly with the increasing pressure. Such type of correlation is typical for slim tube
experiment. Based on such similarity, MMP at 98.9°C for the oil in this investigation was 1500
Psi.
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Figure 4.7: Determination of minimum miscibility pressure (MMP)

46  ORIGINAL CORE SAMPLES PROPERTIES

Core properties such as porosity, permeability and bulk volume are determined before

running the core flooding test. The basic core properties and porosity of three core samples used

in this study are mentioned in Table 4.4,
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Table 4.4: Basic core properties

Sample Vgrain Vbulk w PV @ grain L D A 0]
ID cc cc g cc g/cc cm cm Sg.cm %
Core-1 67.430 82.790 117.96 15.36 264 7.3 3.8 11.3411 18.55
Core-2 9.738  85.626 184.12 15.89 264 7.55 3.8 11.3411 18.55
Core-3 72.036 88.400 190.05 16.36 264 74 3.9 11.9459 18.51

Vgrain: Grain volume; V. Bulk volume; W: wight; PV: Pore volume; @ grin: Grain density; L:
Leanth; D: @: Porosity

Table 4.5: Liquid permeability of core samples

Sample Name Flowing fluid Absolute permeability K
Core-1 Air 38.77
Core-2 Air 41.56
Core-3 Air 40.11

Table 4.5 indicated absolute permeability for 3 cores and some researchers reported that
core with lower permeability shows more intense formation damage effect than the core with
higher permeability (Shedid & Zekri, 2004). The reduction of injection flow rate may decrease
the formation damage due to less asphaltene precipitation (Shedid & Zekri, 2004). A study of
asphaltene induced formation damage by Sima et al., (2011) has demonstrated that the porosity
and permeability reduction is more intense at lower injection pressure due to more asphaltene
deposited (Sima et al., 2011).

4.6.1 Asphaltene Content in Recovered Oil for Core 1, 2, and 3

Tables 4.6, 4.7 and 4.8 show the result for core flooding test. Total pore volume of 15.36
cc was used in the first core flooding experiment. This is the prepared volume that was injected
into the core. The amount is set based on the core sample size and the capacity of core flooding
equipment in order to handle the volume. The flow rate was kept at 0.4 cc/min and the initial
asphaltene content was 3%. The inlet pressure was kept at 2000 Psig. When 0.25 percent pore

volume was injected, 0.29% of asphaltene was recovered from the crude oil.
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Table 4.6: Core flooding data for core-1

Pore volume of gas Asphaltene content in the Asphaltene content precipitated

injected (PV) recovered oil (wt %) in the core (wt %)
0.25 0.29 0.01

0.50 0.25 0.05

0.75 0.20 0.1

1.0 0.17 0.13

Table 4.7: Core flooding data for core-2

Pore volume of gas Asphaltene content inthe  Asphaltene content precipitated

injected (PV) recovered oil (wt %) in the core (wt %)
0.25 0.24 0.06
0.50 0.21 0.09
0.75 0.16 0.14
1.00 0.12 0.18

Table 4.8: Core flooding data for core-3

Pore volume of gas Asphaltene content in the  Asphaltene content precipitated

injected (PV) recovered oil (wt %) in the core (wt %)
0.25 0.22 0.08
0.50 0.18 0.12
0.75 0.13 0.17
1.00 0.11 0.19

Mixed gas was used in PVT experiments. It is a mixed gas plus the crude oil in order to
determine asphaltene precipitation in the crude oil. It was observed from the experiment that the
higher pore volume was injected in the core, the lesser asphaltene was recovered from the outlet
and more asphaltene was precipitated inside the core. The procedure to conduct the experiment
was described in Chapter 3. Figure 4.8 shows the injected pore volume versus asphaltene

recovered from the crude oil for Core 1, 2 and 3.



56

=== Core3 e=fe=Core 2 Corel

0.35
£
= — 03
§ _g 0.25
[
S % 0.2
@ 2 0.15
8 0.1
—
T o 0.05
< c
g% o —
< 0 0.2 0.4 0.6 0.8 1 1.2

Injected pore volume (PV)

Figure 4.8: Asphaltene Content in the recovered oil for three cores

For Core 1, the graph shows the pore volume injection versus asphaltene particles in the
recovered oil. It is observed in Figure 4.8 that the more fluid was injected into the core, the lesser
asphaltene was recovered from the oil. It can be concluded that with the increase in pore volume,
the higher weight percent of asphaltene was precipitated in the core. It proved that asphaltene
particles are highly unstable in Malaysian crude oil and triggered asphaltene precipitation in the
reservoir. However, in core flooding experiment that was conducted in Core 2, the inlet and
outlet pressure was kept similar at 2000 Psig and the flow rate was changed to 0.6 cc/min and the
asphaltene content remained similar at 3 wt%. From the graph, it was observed that at 0.25 pore
volume, the asphaltene recovered at the outlet was around 0.24% wt. Once the pore volume is

increased to 1.00 cc, the asphaltene content is also increased to 0.12% wt

For Core 3 graphs, the injected pore volume versus recovered asphaltene content in the
crude oil was at the flow rate of 0.8 cc/min. It was observed from Figure 4.8 that when the pore
volume of injection was 0.25cc, the amount of asphaltene content in the recovered oil was 0.22%
wt while at injected pore volume of 1cc, the amount of recovered asphaltene content was 0.11%
wt. It gives the same consistent results like other core flooding experiments that higher amount
of asphaltene was precipitated inside the core when higher pore volume was injected. It can be
concluded that with the increase in the pore volume, the higher weight percent of asphaltene was
precipitated in the core.
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4.6.2 Asphaltene Content Precipitated In Core 1, 2, and 3

Figure 4.9 shows asphaltene content precipitated in the core versus the pore volume
injected for three cores: 1, 2, and 3 and for Core 1, the flow rate was set at 0.4 cc/min. The graph
shows that at 0.25 pore volume of injection, the asphaltene precipitated inside the core was
0.01% wt while at the injection of pore volume 1, the asphaltene precipitation inside the core was
0.13% wt. The total asphaltene content in the fluid was 3% wt. It should be noted that lower
volume of fluid injection will cause less damage to the core sample while higher pore volume of
the CO; injection in the core causes higher damage to the core due to asphaltene precipitation.
Then, it was found that with the increase in pore volume injection, the amount of asphaltene
precipitation also increases. Furthermore, the flow rate also has the effect on the amount of
asphaltene precipitation. It was observed that the three flow rates of 0.4cc/min, 0.6cc/min and
0.8cc/min have a different trend of asphaltene precipitation and the amount of asphaltene
precipitation increased with more flow rate. Additionally, when the fluid injection volume is

increased, more asphaltene precipitation will occur.
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Figure 4.9: Asphaltene content precipitated in the three core

Compared to Core 2, the same total pore volume of 15.89cc is used, but the flow rate was
increased to 0.6 cc/min. The graph shows that at 0.25 pore volume of injection, the amount of
precipitated asphaltene in the core was 0.06 wt %. At the injected pore volume 1, the amount of
precipitated asphaltene was increased to 0.18 wt %. The result indicates that by increasing the

amount of pore volume injection, more asphaltene was precipitated and the more damage will be
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to asphaltene precipitation. According to Alta’ee et al., (2012) results indicated that asphaltene
precipitated at pore volume 0.33 was 0.024 wt %. Once the CO; reached 0.66 pore volume, the
precipitated asphaltene was 0.056 wt %. Then, the asphaltene precipitation had reached to a final
value of 0.078 wt % at 1.66 pore volume. Similarly indicated by Sima et al., (2011), asphaltene
precipitation was 0.23 wt % at 1.26 pore volume of 2300 Psi. However at 2600 Psi, the

asphaltene precipitation was 0.19 wt % with 1.27 pore volume.

In Core 3 flooding experiment, the total pore volume of 16.36 cc was used. The flow rate
was increased to 0.8 cc/min and initial asphaltene content was 3% wt. The inlet pressure was
kept at 2000 Psig. It was observed that with the injection of CO, 0.25 PV, the asphaltene content
precipitated in the core was around 0.08% wt. With the increasing amount of pore volume
injected to 1.00 cc, it leads to higher amount of asphaltene particles precipitated in the core that

reach the maximum of 0.19 wt %.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1  CONCLUSION

Based on the results of this study, the physical and chemical factors were significantly
involved in asphaltene stability. From SARA analysis, the following composition were found;
The saturates, aromatics, resins and asphaltene were 74.7%, 14.9%, 8.11% and 3% respectively.
This research was then further extended by PVT experiments. The bubble point pressure of the
Malaysian live oil at different gas to oil ratio of 180 scf/stb, 250 scf/stb and 310 scf/stb were
measured. It was found that the asphaltene problem mostly occurred close to the bubble point
pressure of 1500 Psig for GOR 250 scf/stb and 2100 Psig for GOR 310 scf/stb but there is no
presence of precipitation at 1200 Psig for GOR 180 scf/sth. It can also be concluded from the
investigation of carbon dioxide effect and flow rate that the results of core flood had indicated
that with the increase in pore volume of CO; injected to 1 cc, asphaltene precipitation has
reached the highest amount of precipitation, which is 0.19 % for Core 3 with the injection flow

rate of 0.8 cc/min

5.2 RECOMMENDATIONS FOR FURTHER WORK

It is recommended that wettability changes due to asphaltene precipitation should be
evaluated in the core sample. Other than that, it is recommended to investigate the adsorption of
asphaltene particle on rock sample besides the impact of asphaltene precipitation on relative
permeability of the fluid. It should also be investigated on how the benefit of wettability

alteration was caused by asphaltene precipitation.
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APPENDICES

APPENDIX A

SARA ANALYSIS

To conduct SARA analysis, the asphaltene part is first extracted using the addition of n-
hexane with 1 gram of oil to 40 ml of hexane ration. Saturates, aromatics and resins later can be
extracted through the standard method using high pressure liquid chromatography from the de-
asphalted oil (ASTM D6560 (IP 143/01). There are two ways to measure asphaltene stability.
The most common method is using colloidal stability index, which can be measured using the

following formulae:

Asphaltene + saturate
BV =

Aromtics + resins

Index of 0.9 or more indicates that the particles are unstable while values below 0.7
indicate the stability of asphaltene particle. The mid value between 0.7 to 0.9 suggests the

uncertainty of asphaltene destabilization
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APPENDIX B

PVT TESTS

Appendix B covers the results of PVT tests. The tests conducted on PVT instrument are

constant composition test and solid detection test. This appendix covers the results of both tests.

B.1  Constant Composition Test Result of Crude Oil With 40% Injection Gas

A sum of 52 cc of live crude oil sample was transferred from recombination cell into
PVT cell at a pressure of 2000 Psi and 100°C temperature. The pressure was then raised to 3500
Psi. The sample was allowed to equilibrate for 24 hours. Isothermal depressurization was carried
out and the pressure was reduced discretely from 300 Psi. Total volume of PVT cell was
recorded at each step. The main window of the constant composition test with live sample of
53cc is shown in Figure B.1. The live sample was recombined with 45cc of dead crude oil and

18cc mixed composition injection gas.
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Figure B. 1: Main window of CCE experiment for 40 % injection gas in oil

Bubble point pressure can be elicited from the sharp changes in total cell volume data
versus pressure. Pressure volume curve for live crude oil with 40% injection gas is shown in
Figure B.2. In addition, captured images on camera from the top of PVT cell can be visualized as
an indication of bubble point pressure. According to both indications, the bubble point pressure
of live oil is 1500 Psi at 100°C temperature.
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Figure B. 2: Pressure volume curve for oil with 40 % mixed composition gas

B.2  Constant Composition Test Result of Crude Oil With 60% Injection Gas

A sum of 55cc of live crude oil sample was transferred from the recombination cell into
PVT cell at a pressure of 2000 Psi and 100°C temperature. The pressure was then raised to 4500
Psi. The sample was then allowed to equilibrate for 24 hours and later, isothermal
depressurization was carried out. 300 Psi was reduced in discreet steps and total volume of PVT
cell was recorded at each step. The main window of the constant composition test with live
sample of 55cc is shown in Figure B.3. The live sample was recombined with 45cc of dead crude

oil and 27cc mixed composition injection gas.
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Figure B. 3: Main window of CCE experiment for 60% injection gas in oil
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Bubble point pressure can be elicited from the sharp changes in total cell volume data
versus pressure. Pressure volume curve for live crude oil with 60% injection gas is shown in
Figure B.4. In addition, captured images on camera from on top of the PVT cell can be
visualized to indicate the bubble point pressure. According to both indications, the bubble point
pressure of live oil is 2050 Psi at 100 °C.
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APPENDIX C

FLUID RECOMBINATION

GOR; (scf/STB)
[:] (

. =|lb - mole_,./STO
\AS scf/lb-mole)[ Jib-mole,

GOR, L] (scf/STB)
VS (scf/ib - mole

V!9 = 380.7scf/lb - mole (ideal gas molar volume)

) [=]ib - mole,,,/STO

2 = Yigp fo + Xigp (L~ fVSP)
X f +XiST(1_ fvsT)

isp = Yist lvg;

Zi = yiSP stp 1 [yiST fVST + Xi ST (1— fVST )Kl_ fVST )
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APPENDIX D

LABORATORY DATA FOR CORE 1

Pressures and Temperature

Inlet Pressure: 2000 Psi

Outlet/BPR Pressure: 2000 Psi

Pressure difference was unreadable and negligible due to high permeability.
Over Burdon/Confining Pressure: 2500 Psi

Flow Rate: 0.4 cc/min

Temperature: 100°C

Production Values

Brine Production: 13.5 cc, S,,; = 12.43%

Oil Production: 9.2 cc, S,,- = 40.32%

CO; Breakthrough: 3 cc = 19.45%

Results for asphaltene content analysis during flow rate = 0.4 cc/min with initial asphaltene
content = 3 wt %.

Example of calculations:

Brine Production = 13.5 cc, S,,; = 12.43%. When the core with oil flow together, the
brine was produced from outlet and therefore it is a must to make sure that this production must

go into graduate cylinder. The percentage of remaining Brine from this formula is as follows:

Remaining Brine (Sy;) = Total Pore VVolume - Brine Production

Remaining Brine Volume

Swi Yoage = x 100

Total Pore Volume

Oil Production =9.2 cc, S, = 40.32%
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When the core flows with CO,, oil production was found from outlet and make sure that
this production must go into graduate cylinder so that it will be able to measure the volume in the

end and the percentage of the remaining oil from this formula.

Remaining oil (S,,) = Total Pore Volume - Qil Production

_ Remaining Oil Volume

Sor% =

x100

Total Pore Volume

CO; Break Through: 3 cc = 19.45%

After sometime, the CO, will bypass the oil and the two phase production (oil and CO,)
together. This point is called CO, breakthrough. It is necessary to be noted that this is the single
phase production volume of oil (oil production volume only with single phase) from outlet, and
make sure that this production must go into graduate cylinder so it will be able to measure the
volume in the middle. Afterwards, the percentage of the CO, breakthrough can be calculated

from this formula.

0il Production With Single Phase
Total Pore Volume

CO, Breakthrough % = x 100
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LABORATORY DATA FOR CORE 2

Pressures and Temperature

Inlet Pressure: 2000 Psi

Outlet/BPR Pressure: 2000 Psi

Pressure difference was unreadable and negligible due to high permeability.
Over Burdon/Confining Pressure: 2500 Psi

Flow Rate: 0.6 cc/min

Temperature: 100°C

Production Values

Brine Production: 12.6 cc, S,,; = 15.639%

Oil Production: 9.05 cc, S, =39.40%

CO; Breakthrough: 2.65 cc = 17.74%

Results for asphaltene content analysis during Qinj = 0.6 cc/min with initial asphaltene content =
3wt %.
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LABORATORY DATA FOR CORE 3

Pressures and Temperature

Inlet Pressure: 2000 Psi

Outlet/BPR Pressure: 2000 Psi

Pressure difference was unreadable and negligible due to high permeability.
Over Burdon/Confining Pressure: 2500 Psi

Flow Rate: 0.8 cc/min

Temperature: 100°C

Production Values

Brine Production: 11.9 cc, , S,,; = 17.57%

Oil Production: 8.9 cc,S,, = 38.32%

CO;, Breakthrough: 2.4 cc = 16.624%

Results for asphaltene content analysis during Qinj = 0.8 cc/min with initial asphaltene content =
3wt %.
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Journal Paper
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