
 

 

 

Faculty of Science and Technology 
 

MASTER’S THESIS 
 

Study program/ Specialization: 
 

Petroleum Engineering/ 

Production Engineering 

 
Spring semester, 2011 

 
Open 

Writer:  
Adri Maijoni 

 
………………………………………… 

(Writer’s signature) 

Faculty supervisor: Prof. Aly Anis Hamouda 
 
External supervisor(s): 

 

Titel of thesis:  

Mechanistic Study of CO2 Flooding of Aspaltenic Oil Reservoir 
 

Credits: 30 ECTS 
 

Key words:  

Asphaltene, precipitation, deposition, CO2 
flooding, miscible flooding 

 
     Pages: 56 
    
     + enclosure: 28 
  
      Stavanger, 15th June, 2011 



ii 
 

ABSTRACT 
 

Carbon dioxide (CO2) injection is one of the most common enhanced 

oil recovery (EOR) techniques to increase the oil production. CO2 is 

injected into the reservoir to displace the residual oil left and mobilize 

the oil to production wellbore. However, CO2 injection may trigger 

asphaltene precipitation. Three major factors affecting asphaltene 

precipitation are pressure, temperature and composition. 

  

Influences of pressure drop on asphaltene precipitation, to our 

knowledge, has less attention as additional factor that play roles in 

precipitated asphaltene.  

 

The main objective of this study is to investigate the effect of pressure 

drop on asphaltene precipitation. The investigation is done at 

laboratory for different flowing pressure and temperature. It is shown 

that higher pressure drop gives higher amount of asphaltene 

precipitation. When comparing to the effect of flowing pressure, it is 

interesting to see the pressure drop affects asphaltene precipitation 

but not the flowing pressure. 
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1 INTRODUCTION 
 

1.1 Background 
 

Petroleum has fueled the world’s energy needs for the past century. 

Today, rapid industrialization in once-developing countries, such as 

China and India, is dramatically increasing worldwide oil consumption. 

In 2010 Global oil demand reached an average of 87.9 mb/d (+3.4% 

or +2.9 mb/d year‐on‐year) and is still seen rising to 89.2 mb/d in 

2011 (+1.6% or +1.4 mb/d year‐on‐year) (International Energy 

Agency – Oil Market Report, 12 April 2011). The increasing demand 

for oil is challenge the oil industry to produce more oil at an efficient 

cost. 

 

Most oil is produced in three distinct phases: primary, secondary, and 

tertiary, or enhanced oil recovery (EOR). In primary recovery oil is 

produced by the original reservoir drive energy but only about 10 

percent of a reservoir's original oil in place is typically produced. 

Secondary recovery techniques extend a field's productive life 

generally by injecting water or gas to displace oil and drive it to a 

production wellbore, resulting in the recovery of 20 to 40 percent of 

the original oil in place. Enhanced oil recovery (EOR) is that 

something is added to the reservoir after secondary recovery in order 

to increase the oil production. This can be gases, chemicals, microbes, 

heat, or even the addition of energy, such as the stimulation of the oil 

through vibration energy. EOR offers prospects for ultimately 

producing 30 to 60 percent, or more, of the original oil in place. 

 

Nowadays, the most common EOR techniques in the market is carbon 

dioxide (CO2) injection. CO2 is injected into the reservoir through 

injection well to displace the residual oil left after secondary recovery 
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and drive the oil to a production wellbores. CO2 injection can 

significantly increase the oil recovery. However, it causes asphaltene 

precipitation and deposition at high concentrations (Okwen, 2006). 

Asphaltene is best known for the problems they cause as solid 

deposit. It can deposit anywhere in the wellbore and production 

system.   

 

As can be seen in Figure 1.1, asphaltene precipitation and deposition 

causes plugging of the pore throats near the wellbore, reducing rock 

permeability and the anticipated rate of oil production. In many cases, 

the asphaltenes precipitation and deposition can plug up the 

production tubing or can be carried to the wellhead, through the 

flowlines and into the separator and other downstream equipment 

(Yin et al., 2000). 

 

 

Figure 1.1 Asphaltene precipitation and deposition (Schumberger Oil 

Field Review Summer, 2007) 
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The place where the asphaltene problem is most critical is perhaps 

near the well bores and production tubing. Asphaltene deposition 

inside the well can restrict the wells and result in production losses. It 

is also can cause damage to downhole equipment, such as electric 

submersible pump (ESP) and downhole safety valves (Yin et al., 

2000).  

 

The following are two field cases that cause production loss and cost 

ineffectiveness due to asphaltene precipitation and deposition: 

  

1. Asphaltene Problems in Kuwait (Oskui and Jumaa, 2009) 

In late 2009, Kuwait Oil Company (KOC) was facing aphaltene 

deposition problems in the wellbore. The asphaltene gradually 

deposits inside the tubing, reducing its diameter and causes 

production rates to drop and eventually the well completely ceases to 

flow.  Once this has occurred, the tubing in the well must be cleaned 

out to restore the well to production. The cleaning process takes 

around 1 month and during this period the wells are completely shut 

off (production loss of around 50.000 bbl/day). 

 

2. Asphaltene Problems in Venezuela (Schlumberger Oil Field Review 

Summer, 2007) 

In a field in the northern Monagas province of eastern Venezuela, a 

combination of crude-oil composition and production conditions led to 

severe pipeline clogging by asphaltenes.  Flow testing determined that 

two pipeline sections totaling 9,300 m in length were completely 

plugged. Various cleaning options were considered, including high-

pressure water blasting, steam and xylene injection, and pipeline 

pigging units. All were eliminated for technical, environmental and 
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economic reasons. The other alternative, replacing the pipeline, would 

cost US $1.4 million and take eight months. 

 

Considering possible loss and cost ineffectiveness resulted from 

asphaltene precipitation, it is very important to understand the 

parameter that causes asphaltene precipitation and must be evaluated 

at early stage of EOR method.  Laboratory analysis and field 

intervention help the operator avoid or remediate asphaltene 

precipitation and deposition (Schlumberger Oil Field Review Summer, 

2007). 

 

1.2 Objective 
 

Although factors affecting the asphaltene precipitation (pressure, 

temperature, and composition) have been investigated in literature, 

low attention has been paid to the effect of constant pressure drop. 

The main objective of this study is to investigate the effect of pressure 

drop across the core on asphaltene precipitation since it is believed 

that this factor has more effect than pressure on precipitated 

asphaltene. 
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2 LITERATURE STUDY  
 

2.1 Asphaltene 
 

The word asphaltene was introduced in France by J.B. Boussingault in 

1837 (Mansoori, 2005). Boussingault described the constituents of 

some bitumens (asphalts) found at that time in Eastern France and in 

Peru. He named the alcohol insoluble, essence of turpentine soluble 

solid obtained from the distillation residue "asphaltene", since it 

resembled the original asphalt.  

 

Nowadays, asphaltene is known as the heavy fraction of petroleum 

mixture, which is insoluble in some species such as paraffins but 

soluble in other such as aromatics (benzene, toluene, etc) (Yin et al., 

2000, Zekri et al., 2009, Negahban et al., 2004, Takhar et al., 1995 

and Vafaie- Sefti et al., 2002). It is recognized as a black or dark 

brown colored molecular substance. Asphaltene is heterocyclic 

unsaturated macromolecules that consist of carbon, hydrogen as 

primary component and a minor proportion of heteroelements such as 

oxygen, nitrogen, etc (Yin et al., 2000). The amounts of carbon and 

hydrogen in asphaltenes vary over a very small range so that the 

hydrogen to carbon (H/C) ratio is fairly constant at about 1.1-1.2, 

which is characteristic of a strong aromatic composition (Yin et al., 

2000). Over the past decades the molecular weight, molecular 

structure and the density of asphaltene has been a subject of 

controversy (Chukwudeme, 2009).  

 

The reported molecular weight of asphaltene varies depending upon 

the method and conditions of measurement (Mansoori, 2005). A 

major concern in reporting molecular weights is the aggregation of 

asphaltenes which can exist at the conditions of the method of 
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reported that change in some of the environmental parameters, such 

as pressure and composition, can change stable condition in oil 

mixture to some other condition in which the oil mixture will be 

unstable and finally heavy organics, such as asphaltenes precipitate 

and deposit.  

 

2.2 Detection method for asphaltene precipitation 
 

The methods or laboratory techniques that have been developed for 

studying asphaltene precipitation from live crude oil are 

(Schlumberger Oil Field Review Summer, 2007 and Chukwudeme, 

2009): 

1. Gravimetric 

In this method, precipitated asphaltene occurs when pressure falls 

below asphaltene onset pressure. Asphaltenes precipitate and fall to 

bottom of pressure volume temperature (PVT) cell. This method 

provides data for asphaltene concentration versus pressure plot. 

Figure 2.2 shows an example of gravimetric detection of asphaltene 

precipitation in Middle East oil. Asphaltene insoluble in n-pentane and 

n-heptane are precipitated by SARA (saturated, aromatic, resin and 

asphaltene) fractionation at the reservoir temperature of 116oC. Both 

type of asphaltenes showed the same precipitation tendencies.  

  

The accuracy of this method is depending on the selection of pressure 

steps and accuracy of asphaltene-concentration measurements. Small 

intervals between pressure measurements give better accuracy. So 

this method requires large volumes of reservoir fluid and may be time 

consuming. 
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Figure 2.2 Gravimetric detection of asphaltene precipitation in Middle 

East oil (Schlumberger Oil Field Review Summer, 2007) 

 

2. Filtration 

In this method, small amount of fluid extracted from depressurized 

PVT cell filtered through a 0.22-0.45 µm filter (Milipore). The amount 

of precipitated asphaltene and the extracted asphaltene could be used 

for further analysis such as saturated, aromatic, resin and asphaltene 

(SARA). This method is used in this study. 

 

3. Acoustic resonance technique (ART) 

In this method, the changes in the acoustic properties of the fluid as 

asphaltene drop out of solution are measured. This method is less 

time consuming and requires low volume of single phase reservoir 

fluid compared to gravimetric method. However, the resonance 

changes detected by the ART are not unique to asphaltene 

precipitation because presence of other solids and vapor-liquid phase 

boundary could cause similar changes in acoustic properties. This 

method does not allow the fluid to be mixed causes the inaccurate 
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onset measurements. Also, this method does not detect the lower 

boundary of asphaltene-precipitation envelope. 

 

Figure 2.3 shows an example of the ART detection of asphaltene 

precipitation in the same Middle East oil at the reservoir temperature 

of 116°C. The asphaltene onset pressure obtained by the ART agrees 

with the results obtained by the gravimetric method. 

 

 

Figure 2.3 ART detection of asphaltene precipitation in Middle East oil 

(Schlumberger Oil Field Review Summer, 2007) 

 

4. Light scattering technique (LST) 

This method uses near infrared light to probe fluids as asphaltene 

precipitate either isothermally with decreasing pressure or isobarically 

with decreasing temperature. When asphaltene precipitate, they 

scatter light, reducing the transmittance power of the light detected 

by the fiber optic sensors on the other side of the cell. This method is 

also known as the solid detection system (SDS). As the ART method, 

this method also requires low volume of single phase reservoir fluid. 
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Figure 2.4 shows an example of the results of the LST method applied 

to isothermal depressurization of oil from the Gulf of Mexico. When 

the pressure decreases from more than 90 MPa, the light transmission 

power (blue line) increases, because the less dense fluid allows more 

transmission of light. At a pressure of 37 MPa, light transmittance 

shows onset of asphaltene precipitation and the upper boundary of 

the asphaltene precipitation phase envelope (APE). When pressure 

falls to 33 MPa, light transmittance falls even farther, and at pressure 

29 MPa, light transmittance increases as the gas release at the bubble 

point. With continued depressurization, light transmittance jumps at 

26 MPa, when asphaltenes start to redissolve at lower boundary of the 

APE. 

 

 

Figure 2.4 Asphaltene-precipitation measurements on oil from the 

Gulf of Mexico, using the light-scattering technique (Schlumberger Oil 

Field Review Summer, 2007) 

 

2.3 Factors affecting aspheltene precipitation 
 

Wang and Civan (2005) described that reservoir pressure, 



11 
 

temperature and oil composition are the main factors affecting the 

asphaltene precipitation in reservoirs during primary oil recovery.  

However, in this study, the effect of constant pressure drop across the 

core on asphaltene precipitation is introduced. 

 

Temperature effects are important since the higher the temperature 

the greater the solubility of the resins in the n-alkenes and therefore 

the less soluble the asphaltenes in the crude (Zekri et al., 2009). 

Many studies were conducted on modeling of asphaltene solubility and 

precipitation. Hirschberg et al., (1984) described that temperature 

dependence cannot be guessed in general. Thermal expansion of the 

crude and reduction of asphaltene interaction oppose the 'normal' 

effect of temperature (increase of solubility upon increase of 

temperature). 

 

The pressure effect is the major factor on asphaltene precipitation. 

Moqadam et al., (2009) addressed the experimental results for 

asphaltene precipitation due to change in pressure and CO2 

composition. As shown in Figure 2.5, above the bubble point, by 

decreasing the pressure the amount of asphaltene precipitation 

increases. When the pressure decreases below the bubble point, the 

amount of asphaltene precipitation also decreases. Figure 2.5 also 

shows that the maximum amount of asphaltene precipitation occurs at 

a point close to bubble point pressure. 
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Figure 2.5 Effect of pressure depletion on asphaltene precipitation 

(Moqadam et al., 2009) 

 

The effect of pressure changes on asphaltene precipitation also can be 

explained by pressure-temperature (P-T) diagram (asphaltene-

precipitation envelope) (Schlumberger Oil Field Review Summer, 

2007), as shown in Figure 2.6. For a given initial reservoir condition, 

primary depletion causes pressure to decrease. When the pressure 

reaches the upper asphaltene envelope (asphaltene-precipitation 

onset pressure), dissolved asphaltene start to precipitate. As pressure 

continuous to decrease, the amount of asphaltene precipitation 

increases, until the pressure reaches bubble point line and gas come 

out of solution. With continued pressure to decrease, more gas 

release from the system causing the oil become denser. These 

conditions lead to re-dissolution of the previously precipitated 

asphaltene at lower asphaltene envelope.  
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Figure 2.6 Asphaltene-precipitation envelope (Schlumberger Oil Field 

Review Summer, 2007) 

 

Another factor affecting asphaltene precipitation is the amount of CO2 

injection. As shown in Figure 2.7, increase in CO2 injection causes 

increase in the amount of asphaltene precipitation. 

 

 

Figure 2.7 Effect of CO2 injection on asphaltene precipitation 

(Moqadam et al., 2009) 
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2.4 Effect of asphaltene precipitation in oil recovery 
 

To increase the recovery from crude oil reservoirs, carbon dioxide 

(CO2) is usually injected during secondary and/or tertiary recovery. 

However, CO2 injection causes asphaltene deposition at high 

concentrations (Okwen, 2006 and Zekri et al., 2009). When the 

critical content of CO2 is exceeded, the asphaltene deposition occurs. 

The critical content of CO2 is a function of oil composition, 

temperature and pressure (Hamouda et al., 2010). 

 

Asphaltene precipitation causes plugging of pore throats in the 

reservoir, reducing core permeability and the anticipated rate of 

production (Okwen, 2006 and Kokal and Sayegh, 1995). Asphaltene 

precipitation also leads to rock wettability reversal in reservoir rocks. 

Thus, the adverse effects of both calcite and asphaltene precipitation 

jointly lead to permeability reduction and subsequently reduction in 

anticipated rate of production (Okwen, 2006). 

 

In many cases, the precipitation of asphaltenes can plug up the 

production tubing or can be carried to the well head, through the 

flowlines and into the separator and other downstream equipment 

causing expensive problems (Kokal and Sayegh, 1995). Asphaltene 

deposition inside the well can constrict the wells and result in 

production losses. 

 

2.5 Refractive index 
 

Refractive index is ratio of the speed of light in a vacuum to the speed 

of light in a given material. In this study, refractive index is measured 

by Abbe Refractometer (Carl Zeiss model) to confirm the precipitation 

of asphaltene in the core. This is done by measuring refractive index 
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Figure 2.9 Pipe flow with shear 

  

b. Elimination of incompatible materials from asphaltic crude oil 

streams. 

 

 

Figure 2.10 Incompatible miscible fluids flow 

  

c. Minimization of pressure-drops in the production facility, causing 

separation of phases from a miscible phase to oil, gas and heavy 

organic phase. 

d. Minimization of mixing of lean feed stock liquids into asphaltic 

crude streams 

 

Chemical treatment techniques include: addition of dispersants, 

antifoulants, and aromatic solvents which may be used to control 

asphaltene deposition (Mansoori, 2010). Dispersants work by 

surrounding the asphaltene molecules similar to the natural resin 

materials. Aromatic solvents for asphaltene deposits need to have a 

high aromaticity to be effective, and antifoulants have proven 

effective in condensate stabilization units in gas plants. 
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2.7 Carbon dioxide (CO2) injection 
 

Carbon dioxide (CO2) injection is one of the enhance oil recovery 

(EOR) methods that is used to increase the productivity of crude oil 

reservoir. It is usually injected during secondary and/or tertiary 

recovery.  

 

CO2 injection is regarded as one of the most efficient oil development 

methods because CO2 can enhance oil recovery significantly by 

swelling oil, decreasing viscosity of crude oil, and reducing interfacial 

tension between the displacing phase and displaced phase (Lei et al., 

2010). It appeared in 1930’s and had a great development in 1970’s 

(Yongmao et al., 2004). CO2 injection from industrial plants emission 

also provides another beneficial opportunity due to the added value of 

dealing with global warming and reducing Green House Gas (GHG) 

emission by CO2 sequestration and as storage oil / gas reservoirs 

(Oskui and Jumaa, 2009). 

 

However, CO2 injection for enhancing oil recovery may trigger 

asphaltene precipitation because of the interaction between injected 

gas and heavy components in oil. During gas injection, precipitated 

asphaltene is composed of strongly polar and strong non-ideal 

molecules, which results in a liquid-like solid precipitation with strong 

viscosity under reservoir conditions (Lei et al., 2010). Once the 

asphaltene precipitation occurs, it causes severe permeability and 

porosity reduction and wettability alteration, changing relative 

permeability in the reservoir and, in the severe cases, plugging the 

wellbore and surface facilities (Oskui and Jumaa, 2009). Figure 2.11 

below shows an illustration of CO2 injection in enhanced oil recovery 

(EOR) process. 
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Figure 2.11 Illustration of CO2 injection enhanced oil recovery (EOR) 

(Enhanced Oil Recovey Backgrounder) 

 

2.7.1 Miscible / immiscible flooding 
 

In CO2 injection, miscible flooding processes are defined as processes 

where the effectiveness of the displacement results primarily from 

miscibility between the oil in place and CO2 as displacing fluid. 

Immiscible flooding processes take place when the injected CO2 

remains distinct from the oil within the reservoir, creating two-phase 

flow with very high interfacial tension at the surface between these 

two fluids (Rathmell et al., 1971). 

 

Miscible and immiscible flooding process of crude oil reservoirs by CO2 

is often used in enhanced oil recovery (Yin et al., 2000). When an oil 

field becomes a candidate for CO2 flooding, a miscible or near-miscible 

process is considered to be the most desirable result (Yongmao et al., 
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2004). Miscible and or immiscible displacement in CO2 flooding is 

controlled by the pressure, temperature, composition of crude oil and 

composition of the CO2 as displacing fluid.  

 

During CO2 flooding of a miscible fluid, CO2 is injected into the 

reservoir to displace the residual oil left after water flooding and 

mobilize the oil toward producing wellbores. In petroleum system, 

miscible displacement processes is classified into two classes 

(Rathmell et al., 1971):  

1. Processes in which the injected fluid and in-place fluid form a 

single phase solution for all compositions. This process is 

characterized as having first contact miscibility, for example 

propane slug process. 

 

2. Processes in which the injected fluid and in-place fluid do not on a 

single equilibrium contact form a single phase solution over most 

of the range of possible compositions, but which may generate a 

zone of contiguous single phase compositions by multiple contact 

mass transfer of components between the injected and in-place 

fluids. These processes are known as multiple contact miscibility, 

including the enriched gas drive process and the high pressure 

gas process.  

 

Ternary diagrams are used to describe conceptually the manner in 

which miscibility is achieved in the multiple contact miscibility 

processes. 

 

Green and Willhite (1998) described the concept of miscibility based 

on ternary diagram as shown in Figure 2.12. It shows the phase 

behavior for the ternary system of methane (C1), normal-butane (n-
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characteristics is an important design consideration. CO2 flooding 

above the minimum miscibility pressure (MMP) is a widely practiced 

means for improving oil recovery in many reservoirs. So it is very 

important to measure CO2 MMP at certain temperature. CO2 MMP is 

the minimum pressure at which the reservoir fluid is expected to 

develop multi contact miscibility with CO2. Generally, reservoir oil 

composition and temperature are accepted the key factors which 

greatly influence the CO2 MMP.  

 

Two laboratory methods used to measure gas-oil miscibility under 

reservoir condition are the slim-tube method and the rising-bubble 

method. A large portion of MMPs reported in the literature in recent 

years were measured with slim-tube apparatus and just a few MMPs 

were measured with rising-bubble apparatus (Elsharkawy et al., 

1996). 

 

A schematic flow diagram of typical slim-tube test equipment is 

presented in Figure 2.13. MMP is measured by conducting 

displacement test at different pressure while the other parameters 

(temperature, injection rate, etc) are kept constant. Recoveries are 

plotted as a function of displacement test, as presented in Figure 

2.14. The MMP is assumed to be the pressure at the ‘break’ in the 

curve, i.e. the pressure above which very little additional recovery 

occurs. 
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Figure 2.13 A schematic flow diagram of typical slim-tube test 

equipment (Metcalfe, 1982) 

 

Figure 2.14 Slim-tube test data to determine MMP (Green and 

Willhite, 1998) 
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The other methods used to determine MMP are computational models 

include the equation of state (EOS) model and the analytical model9. 

This MMP is a strong function of temperature, composition of the 

crude oil system, and composition of the gas injection (Ahmad, 2000). 

 

In this study, MMP values are taken from Hamouda et al., (2009), as 

shown in Figure 2.15. As can be seen in Figure 2.15, PVTSim data lie 

in the middle and it used in this study. 

 

 

Figure 2.15 MMP values (bar) obtained from different empirical 

correlations and PVTSim for temperatures of 50, 70 and 80 oC 

(Hamouda et al., 2009) 
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3 EXPERIMENTAL SECTION 
 

3.1 Material 
 

3.1.1 Core samples 
 

Core samples used in this experiment are outcrop chalks obtained 

from Stevns Klint, near Copenhagen in Dermark, with average 

porosity of 40-45%. The length of core samples varies from 0.78-1.19 

cm with diameter 3.8 ± 0.001 cm. The chemical composition of Stevns 

Klint chalk is given in Table 3.1. 

 

Table 3.1 Stevns Klint chalk chemical composition  

analysis (wt %) (Chukwudeme, 2009) 

Si Al Mg Ca 
1.44 0.47 0.69 97.42 

 

The characteristic properties of Stevns Klint chalk are as follow (Mirza, 

2009): 

• Age: Maastrichtian 

• Average porosity: approximately 40-45% 

• Silica content: less than 2% 

• Absolute permeability: 3-5 mD 

• Average pore throat size: 0.25 µm 

• Median pore throat: 0.18- 0.35 µm 

• The chalk is nearly homogenous 

 

3.1.2 Oil phase 
 

The oil sample used in this experiment is modified crude oils. This 

modified crude oil contains asphaltene, crude oil and toluene (0.25 g 

of asphaltene dissolved in 22 ml of toluene and mixed together with 
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100 ml of crude oil).  The mixture is then equilibrated by using a 

magnet stirrer for at least 24 hours to ensure that all asphaltene are 

dissolve in the solution and then filtered through a 0.65 µm filter 

(Millipore). The chemical composition of modified crude oil is given in 

the Table 3.2. 

 

Table 3.2 Modified crude oil chemical composition  

analysis (Ladsten, 2010) 

 

Molecular weight of decanes plus (C10+) is 199.47 g/mol, and density 

of modified crude oil is 0.87 g/ml. 

 

3.2 Experimental procedure 
 

3.2.1 Asphaltene preparation 
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In this experimental study, asphaltene is extracted from crude oil by 

using n-heptane as a solvent. Combination of 20 ml of crude oil and 

800 ml of n-heptane (1:40) are mixed by magnet stirrer for at least 

48 hrs until equilibrium is reached. The mixtures are then filtered 

through a 0.22 µm filter (Millipore). The filtration process is shown in 

Figure 3.1. 

 

 

Figure 3.1 The filtration process of sample oil 

 

After filtration process, the asphaltene must be dried using a vacuum 

drier at room temperature. The asphaltene must be dried properly for 

about 48 hours.  

  

3.2.2 Core preparation 
 

Outcrop chalk from Stevns Klint, near Copenhagen, Denmark is drilled 

with diameter of 3.9 ± 0.05 cm and dried in the oven at temperature 

of 120oC for at least 72 hours until a constant weight is obtained and 

the cores are totally dried. Then, the cores are cooled and shaved 
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using a lathe to diameter 3.8 ± 0.001 cm and cut to the desired 

length. The length of the core samples of ~1 cm are used to 

investigate the amount of precipitated asphaltene. With this short 

plug of ~1 cm (refer as core), faster experiment and more data can 

be obtained. The cores are then put under vacuum until pressure 

reach ~10-2 mbar before saturation process. A vacuum process of the 

core samples is shown in Figure 3.2. 

 

 

Figure 3.2 A vacuum process of core samples 

 

3.2.3 Core saturation  
 

The cores are saturated under vacuum condition by the fluids used in 

this experiment (modified crude oil). After saturation process, the 

weight of cores is measured, and their pore volume and porosities are 

calculated by weight difference, bulk volume and fluid density using 

equation 3.1 and equation 3.2, respectively. 
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ܸܲ ൌ ௦ܹ௔௧ െ ௗܹ௥௬ߩ௟                                                                                                                    ሺ3.1ሻ 
  

Φ ൌ 100 ܸܸܲ௕                                                                                                                                ሺ3.2ሻ 
 

Where:  ܸܲ   = pore volume of core (cm3)  

௕ܸ     = bulk volume of core (cm3)  

௦ܹ௔௧ = saturated weight of core (g) 

ௗܹ௥௬ = dried weight of core (g) 

Φ  = core porosity (%)  ߩ௟ = density of saturated liquid (g/cm3). 

 

Noted that the weight of the core must be measured immediately 

after the core is taken out of the oven to avoid any weight 

incremental caused by air humidity. 

 

3.2.4 Core Aging 
 

After the saturation process, the cores are then put inside the aging 

cell and fill it with the same fluid that was used for saturation process. 

The core must be aged for at least two weeks at temperature of 50oC, 

and then the CO2 flooding process can be applied. The purpose of the 

aging of the core is to equilibrate the polar component of the oil with 

the core (rock). So, after aging process, we expect the core become 

an oil wet. 

 

3.2.5 CO2 flooding 
 

After core aging for at least two weeks, the core is then ready for CO2 

flooding. The experimental setup used for the CO2 flooding is shown in 
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Figure 3.3. The major components of this setup consist of a core 

holder, pressure regulator, gas flow meter, Gilson pump, piston cell 

and PC control Labview (version 7.1) to monitor and log the flooding 

data continuously.  

 

Core saturated with modified crude oil is inserted into a core holder 

that consists of steel cylindrical body and rubber / Teflon sleeve. The 

confining pressure is applied on the sleeve and must be approximately 

20 bar above the injection pressure. The required temperature is set 

by heat up the system using the oven.  

 

In this experimental study, miscible CO2 injection is applied to 

investigate the asphaltene precipitation. Pure CO2 (99% purity) is 

injected from a piston cell via a Coriolis flow meter that records the 

inflow properties of CO2 (mass flow rate and total mass injected). A 

back pressure regulator is installed downstream of the core to control 

the pressure difference between inlet and outlet of the core during 

CO2 flooding. The pressure drop across the core is kept constant. The 

produced fluid from the core is collected in measuring glass. 

 

CO2 injection stopped when there is no oil production (at least 3 pore 

volumes). The pressure is decreased gradually and carefully controlled 

the overburden pressure (confine pressure) and the core pressure. 

The core can be removed from the core holder when the overburden 

pressure and the core pressure show zero bar.  

 

The core is dried using the oven under vacuum condition at 

temperature of 120oC. In order to increase the surface area exposed 

to the heat, the core is then crushed and dried again until a constant 

weight is obtained. A difference between the stable weight of the 

dried core and the stable weight of the crushed core about 0.5% is 
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obtained. The amount of asphaltene precipitation is calculated using 

mass balance of the dried core before saturation process and after 

CO2 flooding. 

 

 

Figure 3.3 Schematic flow diagram of CO2 flooding 

 

3.2.6 Refractive index measurements 
 

Refractive index is measured to confirm the precipitation of 

asphaltene in the core. This is done by measuring refractive index of 

the sample oil before and after CO2 flooding using Abbe Refractometer 

(Carl Zeiss model). There is a different between the measured initial 

refractive index of the sample oil and the effluent after CO2 flooding. 

The refractive index range is from 1.3000 to 1.7000. 
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4 RESULTS AND DISCUSSION 
 

4.1 Model description 
 

A thermodynamic model can be used to describe the behavior of 

asphaltene precipitation due to changes in pressure, temperature or 

composition (Hirschberg et al., 1984). One of the model input is 

asphaltene solubility properties. The solubility properties are pressure 

dependence. Decrease of pressure above bubble point will decrease 

the asphaltene solubility. Decrease of pressure below bubble point will 

increase the asphaltene solubility. Asphaltene solubility also decreases 

as a result of gas injection which is being dissolved in the crude oil. 

 

Hirshberg et al., (1984) suggested a simplified model for the 

maximum volume fraction of the dissolved asphaltene in the crude oil: 

 ሺ׎௔ሻ௠௔௫ ൌ ݌ݔ݁ ൤ ௔ܸܸ௅ െ 1 െ ௔ܸܴܶ ሺߜ௔ െ  ௅ሻଶ൨                                                                          ሺ4.1ሻߜ
 

Where: ሺ׎௔ሻ௠௔௫ = maximum volume fraction of the dissolved asphaltene in the 

crude oil 

௔ܸ = molar volume of asphaltene 

௅ܸ = molar volume of liquid phase ܴ = universal gas constant ܶ = temperature ߜ௔ = solubility parameter of asphaltene ߜ௅ = solubility parameter of liquid phase 

 

Weight fraction of asphaltene precipitated is calculated by: 
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ிܹ௔ ൌ ௔்ܹܹ௅ ൌ ்ܹ௔௅ െ ௔ܹ௅்ܹ௅                                                                                                      ሺ4.2ሻ 
 

Where: 

ிܹ௔= weight fraction of asphaltene precipitated 

௔ܹ  = weight of asphaltene precipitated 

்ܹ௅= total liquid weight 

்ܹ௔௅= maximum weight of asphaltene in the liquid 

௔ܹ௅ = weight of asphaltene remaining in the liquid phase after 

flooding 

 

The dissolved volume fraction of asphaltene in the liquid ሺ ௔ܸ௅ሻ is given 

by equation 4.3: 

 

௔ܸ௅ ൌ ்ܸ௅ െ ்ܹ௅ െ ௔ܹ௅ߩ௔்ܸ ௅                                                                                                           ሺ4.3ሻ 
  

And volume fraction of precipitated asphaltene ிܸ௔ is given by 

equation 4.4: 

 

ிܸ௔ ൌ ௔்ܸܸ ௅ ൌ ௔ܹߩ௔்ܹ௅்ߩ௅ ൌ ௔்ܹܹ௅ ൬ߩ௅ߩ௔൰ ൌ ிܹ௔ ൬ߩ௅ߩ௔൰                                                                      ሺ4.4ሻ 
 

Where: ்ܸ ௅ and ௔ܸ are total volume of liquid and volume of 

precipitated asphaltene, respectively. ߩ௅ and ߩ௔ are density of liquid 

and asphaltene, respectively. ௔ܹ௅ is weight of asphaltene remain in 

the liquid. 

 

The total weight of liquid ்ܹ௅ is defined by re-written equation 4.3: 
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்ܹ௅ ൌ ሺ்ܸ ௅ െ ்ܸ௅ כ ௔ܸ௅ሻߩ௔ ൅ ௔ܹ௅                                                                                        ሺ4.5ሻ 
 

By combining equation 4.2 and equation 4.5, the weight percent of 

precipitated asphaltene can be estimated by: 

 

௔ܹሺ%ሻ ൌ ்ܹ௔௅ െ ௔ܹ௅ሺ்ܸ ௅ െ ்ܸ௅ כ ௔ܸ௅ሻߩ௔ ൅ ௔ܹ௅ כ 100                                                                       ሺ4.6ሻ 
 

In term of solubility parameters, the weight of asphaltene 

precipitation ௔ܹሺ%ሻ is given by equation 4.7: 

 

௔ܹሺ%ሻ ൌ ்ܹ௔௅ െ ௔ܹ௅ቂVTL െ VTL כ exp ቀVୟVL െ 1 െ VୟRT ሺߜ௔ െ ௅ሻଶቁቃߜ ρୟ ൅ ௔ܹ௅ כ 100                     ሺ4.7ሻ 
 

Where: 

்ܹ௔௅ = total amount of asphaltene in the liquid (gr) 

௔ܹ௅ = weight of asphaltene in the liquid phase after flooding (gr) 

்ܸ௅ = total volume of liquid (cm3) 

௔ܸ = molar volume of asphaltene (cm3/mol) 

௅ܸ = molar volume of liquid phase (cm3/mol) ܴ = universal gas constant (8.31447 Mpa.cm3.mol-1.K-1) ܶ = temperature (K) ߜ௔ = solubility parameter of asphaltene (Mpa1/2) ߜ௅ = solubility parameter of liquid (Mpa1/2) ߩ௔ = density of asphaltene (gr/cm3) 

 

In this study, the density of asphaltene is taken as constant value of 

1.28 g/cc refers to Parkash et al., (1979). Hirschberg et al., (1984) 

defined the solubility parameter of asphaltene as a function of 

temperature and given in equation 4.8: 
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௔ߜ ൌ 20.04ሾ1 െ 1.07 כ 10ିଷ כ ܶሺܥሻሿ                                                                                    ሺ4.8ሻ 
 

The solubility parameter of liquid is given by equation 4.911: 

௅ߜ  ൌ 16.581 exp ൤െβ כ VCOమVL ൨                                                                                                 ሺ4.9ሻ 
 

Where: VCOమ = molar volume of the CO2 (cm3/mol) VL = molar volume of liquid (cm3/mol) β = constant between 0.20-0.32 

 

Substituting equation 4.8 and equation 4.9 into equation 4.7: 

 

௔ܹሺ%ሻ ൌ ்ܹ௔௅ െ ௔ܹ௅ቈVTL െ VTL כ exp ቆVୟVL െ 1 െ VୟRT ൬ߜ௔ െ 16.581exp ൤െβ כ VCOమVL ൨൰ଶቇ቉ ρୟ ൅ ௔ܹ௅ כ 100            ሺ4.10ሻ 
  

Equation 4.10 is used in this study to calculate the weight percent of 

asphaltene precipitation in the core due to combined effects of 

pressure, temperature and CO2. 

 

4.2 Asphaltene precipitation 
 

As mentioned before, three major factors affecting asphaltene 

precipitation are pressure, temperature, and compositional change of 

the crude oil. In this experiment, we found that constant pressure 

drop across the core also has a big effect on asphaltene precipitation. 

This thesis investigates the effect of pressure, temperature and 

constant pressure drop across the core on asphaltene precipitation. 
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4.2.1 Effect of pressure (flowing pressure) 
 

Three different flowing pressure (90, 100, and 110 bar) are 

investigated with the same temperature of 50oC. The experimental 

asphaltene precipitation results predicted by the difference between 

initial and final weight of dried core is compared with the estimated 

results (using equation 4.10). Figure 4.1, Figure 4.2 and Figure 4.3 

show the weight percent of asphaltene precipitation for pressure drop 

across the core of 1, 2 and 4 bar, respectively. It is noted that all 

experimental results give higher amount of asphaltene precipitation 

than estimated results. The deviation between experimental and 

estimated results is about ~22%.  

 

It is interesting to see a consistent deviation of ~22% almost in all of 

the obtained results, where higher values are obtained from the 

experiments. This may be explained based on experimental error that 

may account for about 4% due to incomplete dryness of the core and 

experimental handling. The rest of the deviation value may be 

explained by the applied equation. The used equation is developed 

based on the best fit of the detailed compositional literature data 

(Hamouda et al., 2009). There is always uncertainty regarding the 

molecular weight of the asphaltene. In the work, the molecular weight 

of the asphaltene is taken as 1000. Span of reported molecular weight 

goes from about 500 to over 1000. The reported experimental data 

are based on injected CO2, which then has to be recombined at 

different reported conditions of temperature and pressures, hence 

using asphaletene molecular weight of 1000. This process is followed 

(Hamouda et al., 2009) prior to taken the best fit. It is believed that 

this has contributed further to the error, with evidence of the error 

consistency.  
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Moqadam et al., (2009) explained this phenomenon by density and 

solubility difference of oil and asphaltene suspension. When the 

pressure of the oil above bubble point decreases, its density and 

solubility parameter also decreases. This causes solubility difference 

between asphaltene and oil increases, assuming that asphaltene 

solubility parameter is manly function of temperature, which leads to 

asphaltene precipitation.  When the pressure below the bubble point 

decreases, the light component is released from the oil to become 

free gas, consequently the solubility of the asphaltene in oil increases. 

This causes some of precipitated / suspended asphaltene to re-

dissolved back into the oil.    

 

The effect of pressure on asphaltene precipitation also can be 

explained by P-T diagram or asphaltene phase envelope (Figure 2.6) 

(Schlumberger Oil Field Review Summer, 2007). During primary 

depletion, the asphaltene start to precipitate when the pressure 

reaches the upper asphaltene-precipitation envelope. The precipitation 

increases as the pressure decreases and reaches a maximum at the 

bubble point pressure. As pressure continue to decrease, some of gas 

is released from the oil and the oil starts to re-dissolved asphaltene at 

the lower asphaltene-precipitation envelope. 

 

4.2.2 Effect of temperature 
 

The next parameter that has been investigated in this study is flowing 

temperature. Three different flowing temperatures (30, 40 and 50oC) 

are investigated with the same pressure of 100 bar. The amount of 

precipitated asphaltene from experimental results and estimated 

(using equation 4.10) for pressure drop across the core of 1 bar are 

shown in Figure 4.4. In this investigation, the amount of precipitated 
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Escrochi et al., (2008) reported that the amount of asphaltene 

precipitation would increase by increasing the temperature until the 

maximum amount reaches at bubble point, as shown in Figure 4.7. At 

temperature higher than the bubble point, asphaltene precipitation 

decreases. This is explained by the solubility of asphaltene in oil. It is 

shown that asphaltene solubility in oil would decrease by increasing 

temperature before the bubble point, which means more asphaltene 

precipitated. After the bubble point, the solubility of asphaltene in oil 

increases as the temperature increases, hence less asphaltene 

precipitation. 

 
Figure 4.7 Asphaltene precipitation from Athabasca bitumen (Escrochi 

et al., 2008) 

 

4.2.3 Effect of pressure drop 
 

The effect of pressure drop across the core on asphaltene precipitation 

is the main subject of this study. Three different pressure drops (1, 2 

and 4 bar) are investigated for three different pressures (90,100, and 
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Chukwudeme and Hamouda, (2009) did experimental study about the 

effect of pressure drop across the core on asphaltene precipitation. 

The experiment is done using model oil (0.19-0.66 wt % asphaltene 

dissolved in toluene and 0.005M stearic acid (SA) dissolved in n-

decane) without CO2 injection, only contribution of pressure, 

temperature and CO2 dissolved in the oil. The results are shown in 

Figure 4.11. It is clearly showing that the pressure drop affects the 

asphaltene precipitation, but not the flowing pressure. This may be 

explained by flow restrictions inside the core. 

 

Thanyamanta et al., (2008) found that flow restrictions cause 

asphaltene to precipitate due to drastic change in conditions. In 

isothermal processes asphaltene started to precipitate somewhere 

inside the restriction. This means that the pressure drop induced by 

flow restriction was the main cause of asphaltene formation. In this 

study, higher pressure drop across the core causes higher restrictions, 

resulting higher asphaltene precipitation. 

 

Figure 4.11 Asphaltene precipitation as a function of pressure drop at 

flowing temperature of 100 oC (Chukwudeme et al., 2009) 
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4.2.4 Refractive Index  
 

In this study, refractive index (RI) is used to qualitatively confirm the 

asphaltene precipitation in the core. This is done by measuring the RI 

of the crude oil before and after CO2 flooding. Delta RI qualitatively 

reflects the deposit asphaltene under the testing condition. The larger 

the difference between initial and final RI (delta RI), the larger the 

asphaltene precipitated. 

  

Figure 4.12, Figure 4.13 and Figure 4.14 are the delta RI as a function 

of pressure drop for temperature of 50, 40 and 30oC, respectively. As 

expected higher pressure drop across the core gives higher delta RI. 

Higher delta RI indicates higher asphaltene precipitated. This result is 

in agreement with the previous data where higher pressure drop 

across the core gives higher asphaltene precipitated. 

 

Figure 4.12 shows the maximum delta RI occurs at flowing pressure 

of 100 bar. This result supports the previous data (Figure 4.8) where 

the maximum amount of asphaltene precipitation occurs at the 

pressure near to bubble point. 

 

Figure 4.13 and Figure 4.14 show the maximum delta RI occurs at 

flowing pressure of 90 bar (near bubble point). These results also 

support the previous data (Figure 4.9 and Figure 4.10, respectively). 

So, it is clear that the maximum amount of asphaltene precipitation 

occurs at bubble point condition. 
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5 CONCLUSIONS 
 

In this study, CO2 is injected (at least 3 pore volumes until there is no 

oil production) to the core (saturated with modified crude oil) to 

investigate the effect of pressure, temperature and pressure drop 

across the core on asphaltene precipitation.   

 

The experimental asphaltene precipitation results predicted by the 

difference between initial and final weight of dried core is compared 

with the estimated results (using equation 4.10). It is shown that 

experimental results give higher amount of precipitated asphaltene 

than estimated results. This may be explained based on incomplete 

drying process of the core after CO2 flooding. The drying process took 

about 3 weeks under temperature of 120oC and vacuum condition 

(pressure of 10-2 bar). It is suspected that the cores are not 

completely dry, hence higher amount of asphaltene precipitated 

obtained.  

 

It is interesting to see a consistent deviation of ~22% almost in all of 

the obtained results, where higher values are obtained from the 

experiments. This may be explained based on experimental error 

(incomplete dryness of the core and experimental handling) and 

adjusted molecular weight of the asphaltene. 

 

At a constant temperature (isothermal condition), the amount of 

asphaltene precipitation increases as the pressure decreases, and 

reaches the maximum at bubble point. As the pressure decreases, 

further the amount of asphaltene precipitation decreases. This is in 

agreement with literature where the maximum deposition occurs at 

the bubble point. 
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Similarly for constant flowing pressure, the amount of asphaltene 

precipitation increases with the temperature until the bubble point is 

reached. 

 

It is shown in this work that the pressure drop affects the precipitation 

more than the pressure. 

 

The difference in the refractive index between the inlet fluid and the 

outlet (delta RI) is used as a qualitative means to confirm the 

asphaltene precipitation in the core. This is done by measuring the 

refractive index of the crude oil before and after CO2 flooding.  
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APPENDIX A: Phase Envelope of Recombine Oil by CO2 
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APPENDIX B: CO2 Flooding Data and Calculation 
 

Core data : Core 1 

L(cm) : 0.91 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.3205 

Dry weight(g) : 15.2836 

Sat weight(g) : 19.0900 

PV(ml) : 4.3911 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 43 

Inject. Press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet – outlet) (bar) : 1 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.468150 

Delta Refractive Index : 0.014620 

Wt of asp. Inside the core before flooding (g) : 0.0090 

Wt of asp. Inside the core after flooding (g) : 0.0021 

Wt of asp. In the liquid after flooding (g) : 0.0069 

Total mass of CO2 injected (g) : 80 

Mol % of CO2 : 72.7 

Wt of core after flooding and drying (g) : 15.2857 

Wt percent of precipitated asp. from experiment (%) : 0.0478 

Wt percent of precipitated asp. from calculation (%) : 0.0373 
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APPENDIX B – Continued 

Core data : Core 2 

L(cm) : 0.9 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.2071 

Dry weight(g) : 16.1247 

Sat weight(g) : 19.6400 

PV(ml) : 4.0553 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 40 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.465725 

Delta Refractive Index : 0.017045 

Wt of asp. inside the core before flooding (g) : 0.0083 

Wt of asp. inside the core after flooding (g) : 0.0034 

Wt of asp. In the liquid after flooding (g) : 0.0049 

Total mass of CO2 injected (g) : 55 

Mol % of CO2 : 72.7 

Wt of core after flooding and drying (g) : 16.1281 

Wt percent of precipitated asp. from experiment (%) : 0.08384081 

Wt percent of precipitated asp. from calculation (%) : 0.0654 
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APPENDIX B – Continued 

Core data : Core 3 

L(cm) : 0.98 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 11.1144 

Dry weight(g) : 15.7046 

Sat weight(g) : 19.9600 

PV(ml) : 4.9091 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.460125 

Delta Refractive Index : 0.022645 

Wt of asp. inside the core before flooding (g) : 0.0101 

Wt of asp. inside the core after flooding (g) : 0.0006 

Wt of asp. In the liquid after flooding (g) : 0.0095 

Total mass of CO2 injected (g) : 85 

Mol % of CO2 : 72.7 

Wt of core after flooding and drying (g) : 15.7141 

Wt percent of precipitated asp. from experiment (%) : 0.193518353 

Wt percent of precipitated asp. from calculation (%) : 0.1512 
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APPENDIX B – Continued 

Core data : Core 4 

L(cm) : 0.92 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.4339 

Dry weight(g) : 15.3888 

Sat weight(g) : 19.3000 

PV(ml) : 4.5120 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 43 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.466715 

Delta Refractive Index : 0.016055 

Wt of asp. inside the core before flooding (g) : 0.0092 

Wt of asp. inside the core after flooding (g) : 0.0031 

Wt of asp. In the liquid after flooding (g) : 0.0061 

Total mass of CO2 injected (g) : 85 

Mol % of CO2 : 72.8 

Wt of core after flooding and drying (g) : 15.3919 

Wt percent of precipitated asp. from experiment (%) : 0.0687 

Wt percent of precipitated asp. from calculation (%) : 0.0537 
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APPENDIX B – Continued 

Core data : Core 5 

L(cm) : 0.89 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.0936 

Dry weight(g) : 15.8517 

Sat weight(g) : 19.3200 

PV(ml) : 4.0011 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 40 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.463708 

Delta Refractive Index : 0.019062 

Wt of asp. inside the core before flooding (g) : 0.0082 

Wt of asp. inside the core after flooding (g) : 0.0044 

Wt of asp. In the liquid after flooding (g) : 0.0038 

Total mass of CO2 injected (g) : 40 

Mol % of CO2 : 72.8 

Wt of core after flooding and drying (g) : 15.8561 

Wt percent of precipitated asp. from experiment (%) : 0.1100 

Wt percent of precipitated asp. from calculation (%) : 0.0860 
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APPENDIX B – Continued 

Core data : Core 6 

L(cm) : 0.94 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.6607 

Dry weight(g) : 15.5924 

Sat weight(g) : 19.6800 

PV(ml) : 4.7155 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.458710 

Delta Refractive Index : 0.024060 

Wt of asp. inside the core before flooding (g) : 0.0097 

Wt of asp. inside the core after flooding (g) : 0.0096 

Wt of asp. In the liquid after flooding (g) : 0.0001 

Total mass of CO2 injected (g) : 70 

Mol % of CO2 : 72.8 

Wt of core after flooding and drying (g) : 15.6020 

Wt percent of precipitated asp. from experiment (%) : 0.2036 

Wt percent of precipitated asp. from calculation (%) : 0.1593 
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APPENDIX B – Continued 

Core data : Core 7 

L(cm) : 0.9 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.2071 

Dry weight(g) : 14.9664 

Sat weight(g) : 19.7500 

PV(ml) : 5.5184 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 54 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.466725 

Delta Refractive Index : 0.016045 

Wt of asp. inside the core before flooding (g) : 0.0089 

Wt of asp. inside the core after flooding (g) : 0.0025 

Wt of asp. In the liquid after flooding (g) : 0.0064 

Total mass of CO2 injected (g) : 86 

Mol % of CO2 : 72.9 

Wt of core after flooding and drying (g) : 14.9689 

Wt percent of precipitated asp. from experiment (%) : 0.0573 

Wt percent of precipitated asp. from calculation (%) : 0.0452 
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APPENDIX B – Continued 

Core data : Core 8 

L(cm) : 0.78 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 8.8461 

Dry weight(g) : 12.8557 

Sat weight(g) : 16.2300 

PV(ml) : 3.8926 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.469715 

Delta Refractive Index : 0.013055 

Wt of asp. inside the core before flooding (g) : 0.0089 

Wt of asp. inside the core after flooding (g) : 0.0046 

Wt of asp. In the liquid after flooding (g) : 0.0043 

Total mass of CO2 injected (g) : 81 

Mol % of CO2 : 72.9 

Wt of core after flooding and drying (g) : 14.5963 

Wt percent of precipitated asp. from experiment (%) : 0.1058 

Wt percent of precipitated asp. from calculation (%) : 0.0835 
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APPENDIX B – Continued 

Core data : Core 9 

L(cm) : 0.87 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 9.8668 

Dry weight(g) : 14.1391 

Sat weight(g) : 17.9200 

PV(ml) : 4.3617 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 50 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.459285 

Delta Refractive Index : 0.023485 

Wt of asp. inside the core before flooding (g) : 0.0089 

Wt of asp. inside the core after flooding (g) : 0.0085 

Wt of asp. In the liquid after flooding (g) : 0.0004 

Total mass of CO2 injected (g) : 103 

Mol % of CO2 : 72.9 

Wt of core after flooding and drying (g) : 14.1476 

Wt percent of precipitated asp. from experiment (%) : 0.1949 

Wt percent of precipitated asp. from calculation (%) : 0.1540 
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APPENDIX B – Continued 

Core data : Core 10 

L(cm) : 0.85 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 9.6400 

Dry weight(g) : 14.1373 

Sat weight(g) : 17.7900 

PV(ml) : 4.2138 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.472050 

Delta Refractive Index : 0.010720 

Wt of asp. inside the core before flooding (g) : 0.0086 

Wt of asp. inside the core after flooding (g) : 0.0018 

Wt of asp. In the liquid after flooding (g) : 0.0068 

Total mass of CO2 injected (g) : 54 

Mol % of CO2 : 73.3 

Wt of core after flooding and drying (g) : 14.1391 

Wt percent of precipitated asp. from experiment (%) : 0.0427 

Wt percent of precipitated asp. from calculation (%) : 0.0334 
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APPENDIX B – Continued 

Core data : Core 11 

L(cm) : 0.78 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 8.8461 

Dry weight(g) : 12.8557 

Sat weight(g) : 16.2300 

PV(ml) : 3.8926 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.469715 

Delta Refractive Index : 0.013055 

Wt of asp. inside the core before flooding (g) : 0.0080 

Wt of asp. inside the core after flooding (g) : 0.0029 

Wt of asp. In the liquid after flooding (g) : 0.0051 

Total mass of CO2 injected (g) : 81 

Mol % of CO2 : 73.3 

Wt of core after flooding and drying (g) : 12.8586 

Wt percent of precipitated asp. from experiment (%) : 0.0745 

Wt percent of precipitated asp. from calculation (%) : 0.0583 
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APPENDIX B – Continued 

Core data : Core 12 

L(cm) : 0.89 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.0936 

Dry weight(g) : 15.2952 

Sat weight(g) : 19.0100 

PV(ml) : 4.2855 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 42 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.459675 

Delta Refractive Index : 0.0231 

Wt of asp. inside the core before flooding (g) : 0.0088 

Wt of asp. inside the core after flooding (g) : 0.0072 

Wt of asp. In the liquid after flooding (g) : 0.0016 

Total mass of CO2 injected (g) : 91 

Mol % of CO2 : 73.3 

Wt of core after flooding and drying (g) : 15.3024 

Wt percent of precipitated asp. from experiment (%) : 0.1680 

Wt percent of precipitated asp. from calculation (%) : 0.1316 
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APPENDIX B – Continued 

Core data : Core 13 

L(cm) : 0.94 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.6607 

Dry weight(g) : 16.6291 

Sat weight(g) : 20.3900 

PV(ml) : 4.3386 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 41 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.473715 

Delta Refractive Index : 0.009055 

Wt of asp. inside the core before flooding (g) : 0.0089 

Wt of asp. inside the core after flooding (g) : 0.0011 

Wt of asp. In the liquid after flooding (g) : 0.0078 

Total mass of CO2 injected (g) : 65 

Mol % of CO2 : 73.4 

Wt of core after flooding and drying (g) : 16.6302 

Wt percent of precipitated asp. from experiment (%) : 0.0254 

Wt percent of precipitated asp. from calculation (%) : 0.0202 
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APPENDIX B – Continued 

Core data : Core 14 

L(cm) : 0.91 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.3205 

Dry weight(g) : 15.1783 

Sat weight(g) : 19.1300 

PV(ml) : 4.5587 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.471715 

Delta Refractive Index : 0.011055 

Wt of asp. inside the core before flooding (g) : 0.0093 

Wt of asp. inside the core after flooding (g) : 0.0031 

Wt of asp. In the liquid after flooding (g) : 0.0062 

Total mass of CO2 injected (g) : 71 

Mol % of CO2 : 73.4 

Wt of core after flooding and drying (g) : 15.1814 

Wt percent of precipitated asp. from experiment (%) : 0.0680 

Wt percent of precipitated asp. from calculation (%) : 0.0541 

 

 

 

 



72 
 

APPENDIX B – Continued 

Core data : Core 15 

L(cm) : 0.925 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.4906 

Dry weight(g) : 15.2493 

Sat weight(g) : 19.2300 

PV(ml) : 4.5922 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.461240 

Delta Refractive Index : 0.02153 

Wt of asp. inside the core before flooding (g) : 0.0094 

Wt of asp. inside the core after flooding (g) : 0.0072 

Wt of asp. In the liquid after flooding (g) : 0.0022 

Total mass of CO2 injected (g) : 97 

Mol % of CO2 : 73.4 

Wt of core after flooding and drying (g) : 15.2565 

Wt percent of precipitated asp. from experiment (%) : 0.1568 

Wt percent of precipitated asp. from calculation (%) : 0.1248 
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APPENDIX B – Continued 

Core data : Core 16 

L(cm) : 0.955 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.8308 

Dry weight(g) : 15.9264 

Sat weight(g) : 20.0400 

PV(ml) : 4.7455 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.474725 

Delta Refractive Index : 0.008045 

Wt of asp. inside the core before flooding (g) : 0.0097 

Wt of asp. inside the core after flooding (g) : 0.0012 

Wt of asp. In the liquid after flooding (g) : 0.0085 

Total mass of CO2 injected (g) : 79 

Mol % of CO2 : 73.5 

Wt of core after flooding and drying (g) : 15.9276 

Wt percent of precipitated asp. from experiment (%) : 0.0253 

Wt percent of precipitated asp. from calculation (%) : 0.0205 
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APPENDIX B – Continued 

Core data : Core 17 

L(cm) : 0.965 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.9442 

Dry weight(g) : 15.7445 

Sat weight(g) : 19.9400 

PV(ml) : 4.8400 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.471725 

Delta Refractive Index : 0.011045 

Wt of asp. inside the core before flooding (g) : 0.0099 

Wt of asp. inside the core after flooding (g) : 0.0026 

Wt of asp. In the liquid after flooding (g) : 0.0073 

Total mass of CO2 injected (g) : 94 

Mol % of CO2 : 73.5 

Wt of core after flooding and drying (g) : 15.7471 

Wt percent of precipitated asp. from experiment (%) : 0.0537 

Wt percent of precipitated asp. from calculation (%) : 0.0435 
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APPENDIX B – Continued 

Core data : Core 18 

L(cm) : 1.12 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 12.7021 

Dry weight(g) : 18.3274 

Sat weight(g) : 23.2700 

PV(ml) : 5.7019 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 45 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 40 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.463725 

Delta Refractive Index : 0.019045 

Wt of asp. inside the core before flooding (g) : 0.0117 

Wt of asp. inside the core after flooding (g) : 0.0083 

Wt of asp. In the liquid after flooding (g) : 0.0034 

Total mass of CO2 injected (g) : 87 

Mol % of CO2 : 73.5 

Wt of core after flooding and drying (g) : 18.3357 

Wt percent of precipitated asp. from experiment (%) : 0.1456 

Wt percent of precipitated asp. from calculation (%) : 0.1180 
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APPENDIX B – Continued 

Core data : Core 19 

L(cm) : 0.97 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 11.0009 

Dry weight(g) : 15.4524 

Sat weight(g) : 19.6800 

PV(ml) : 4.8770 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.47272 

Delta Refractive Index : 0.010050 

Wt of asp. inside the core before flooding (g) : 0.0100 

Wt of asp. inside the core after flooding (g) : 0.0015 

Wt of asp. In the liquid after flooding (g) : 0.0085 

Total mass of CO2 injected (g) : 81 

Mol % of CO2 : 73.9 

Wt of core after flooding and drying (g) : 15.4539 

Wt percent of precipitated asp. from experiment (%) : 0.0308 

Wt percent of precipitated asp. from calculation (%) : 0.0246 
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APPENDIX B – Continued 

Core data : Core 20 

L(cm) : 0.88 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 9.9802 

Dry weight(g) : 14.6702 

Sat weight(g) : 18.4300 

PV(ml) : 4.3374 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 43 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.467605 

Delta Refractive Index : 0.0152 

Wt of asp. inside the core before flooding (g) : 0.0089 

Wt of asp. inside the core after flooding (g) : 0.0031 

Wt of asp. In the liquid after flooding (g) : 0.0058 

Total mass of CO2 injected (g) : 70 

Mol % of CO2 : 73.9 

Wt of core after flooding and drying (g) : 14.6733 

Wt percent of precipitated asp. from experiment (%) : 0.0715 

Wt percent of precipitated asp. from calculation (%) : 0.0572 
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APPENDIX B – Continued 

Core data : Core 21 

L(cm) : 0.87 

D(cm) : 3.8 

Area (cm2) : 11.34262 

Bulk volume(cc) : 9.86682312 

Dry weight(g) : 14.2747 

Sat weight(g) : 18.08 

PV(ml) : 4.389852799 

Density of oil @15oC(g/cc) : 0.86684 

Porosity (%) : 44.49104585 

Inject. press(bar) : 90 

Confining press(bar) : 110 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.46367 

Delta Refractive Index : 0.019100 

Wt of asp. inside the core before flooding (g) : 0.0089956 

Wt of asp. inside the core after flooding (g) : 0.0067 

Wt of asp. In the liquid after flooding (g) : 0.0023 

Total mass of CO2 injected (g) : 90 

Mol % of CO2 : 73.9 

Wt of core after flooding and drying (g) : 14.2814 

Wt percent of precipitated asp. from experiment (%) : 0.152624708 

Wt percent of precipitated asp. from calculation (%) : 0.122245676 
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APPENDIX B – Continued 

Core data : Core 22 

L(cm) : 0.88 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 9.9802 

Dry weight(g) : 14.3966 

Sat weight(g) : 18.3000 

PV(ml) : 4.5030 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 45 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.473725 

Delta Refractive Index : 0.009045 

Wt of asp. inside the core before flooding (g) : 0.0092 

Wt of asp. inside the core after flooding (g) : 0.0009 

Wt of asp. In the liquid after flooding (g) : 0.0083 

Total mass of CO2 injected (g) : 80 

Mol % of CO2 : 74.0 

Wt of core after flooding and drying (g) : 14.3975 

Wt percent of precipitated asp. from experiment (%) : 0.0200 

Wt percent of precipitated asp. from calculation (%) : 0.0162 
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APPENDIX B – Continued 

Core data : Core 23 

L(cm) : 1.19 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 13.4960 

Dry weight(g) : 18.9578 

Sat weight(g) : 24.2000 

PV(ml) : 6.0475 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 45 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.467695 

Delta Refractive Index : 0.015075 

Wt of asp. inside the core before flooding (g) : 0.0124 

Wt of asp. inside the core after flooding (g) : 0.0033 

Wt of asp. In the liquid after flooding (g) : 0.0091 

Total mass of CO2 injected (g) : 76 

Mol % of CO2 : 74.0 

Wt of core after flooding and drying (g) : 18.9611 

Wt percent of precipitated asp. from experiment (%) : 0.0546 

Wt percent of precipitated asp. from calculation (%) : 0.0441 
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APPENDIX B – Continued 

Core data : Core 24 

L(cm) : 0.93 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.5473 

Dry weight(g) : 15.1945 

Sat weight(g) : 19.2200 

PV(ml) : 4.6439 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 100 

Confining press(bar) : 120 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.463695 

Delta Refractive Index : 0.019075 

Wt of asp. inside the core before flooding (g) : 0.0095 

Wt of asp. inside the core after flooding (g) : 0.0066 

Wt of asp. In the liquid after flooding (g) : 0.0029 

Total mass of CO2 injected (g) : 67 

Mol % of CO2 : 74.0 

Wt of core after flooding and drying (g) : 15.2011 

Wt percent of precipitated asp. from experiment (%) : 0.1421 

Wt percent of precipitated asp. from calculation (%) : 0.1150 
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APPENDIX B – Continued 

Core data : Core 25 

L(cm) : 0.88 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 9.9802 

Dry weight(g) : 14.5650 

Sat weight(g) : 18.2600 

PV(ml) : 4.2626 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 43 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 1 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.47372 

Delta Refractive Index : 0.009050 

Wt of asp. inside the core before flooding (g) : 0.0087 

Wt of asp. inside the core after flooding (g) : 0.0008 

Wt of asp. In the liquid after flooding (g) : 0.0079 

Total mass of CO2 injected (g) : 67 

Mol % of CO2 : 74.1 

Wt of core after flooding and drying (g) : 14.5658 

Wt percent of precipitated asp. from experiment (%) : 0.0188 

Wt percent of precipitated asp. from calculation (%) : 0.0153 
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APPENDIX B – Continued 

Core data : Core 26 

L(cm) : 0.86 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 9.7534 

Dry weight(g) : 14.2744 

Sat weight(g) : 17.9300 

PV(ml) : 4.2172 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 43 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 2 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.468715 

Delta Refractive Index : 0.014055 

Wt of asp. inside the core before flooding (g) : 0.0086 

Wt of asp. inside the core after flooding (g) : 0.0020 

Wt of asp. In the liquid after flooding (g) : 0.0066 

Total mass of CO2 injected (g) : 75 

Mol % of CO2 : 74.1 

Wt of core after flooding and drying (g) : 14.2764 

Wt percent of precipitated asp. from experiment (%) : 0.0474 

Wt percent of precipitated asp. from calculation (%) : 0.0387 
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APPENDIX B – Continued 

Core data : Core 27 

L(cm) : 0.89 

D(cm) : 3.8 

Area (cm2) : 11.3426 

Bulk volume(cc) : 10.0936 

Dry weight(g) : 14.6499 

Sat weight(g) : 18.5100 

PV(ml) : 4.4531 

Density of oil @15oC(g/cc) : 0.8668 

Porosity (%) : 44 

Inject. press(bar) : 110 

Confining press(bar) : 130 

Delta press (inlet - outlet) (bar) : 4 

Temp(oC) : 30 

Refractive index before flooding : 1.482770 

Refractive index after flooding : 1.465505 

Delta Refractive Index : 0.017265 

Wt of asp. inside the core before flooding (g) : 0.0091 

Wt of asp. inside the core after flooding (g) : 0.0062 

Wt of asp. In the liquid after flooding (g) : 0.0029 

Total mass of CO2 injected (g) : 95 

Mol % of CO2 : 74.1 

Wt of core after flooding and drying (g) : 14.6561 

Wt percent of precipitated asp. from experiment (%) : 0.1392 

Wt percent of precipitated asp. from calculation (%) : 0.1137 

 


