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ABSTRACT
Asphaltenes can present problems in production and flow assurance during
tertiary enhanced oil recovery projects involving CO2 injection. Despite many years
of research, asphaltene behavior remains poorly understood, and predictions of
precipitation are unreliable. Even laboratory PVT studies often fail to predict
problems in the field. The majority of the asphaltene theories focus on predicting
asphaltene precipitation in a given reservoir fluid as a function of pressure and
temperature. Recent credible research challenges the long held physical picture that
asphaltenes are held in suspension in oil by resin micelles. Popular theoretical
approaches are based on solubility theory, with most models including only two
solubility parameters. Serious doubt has been cast on the application of the
solubility models, and statistical mechanics theories such as SAFT (Self Associated
Fluid Theory) have all been explored.
This study investigates the problem from a new direction – the aggregate or
floc size of asphaltene moieties as a function of CO2 concentration. The study looks
at the distribution of the floc size as a function of CO2 concentration. Multiple
experiments are done at various concentrations of CO2 in the same oil and
differentially on each sample. Floc size groups are determined by sets of nano filter:
200 nm, 100 nm, 50 nm and 30 nm. The differential study provides a method of
removing asphaltenes differentially from the same oil testing the resin hypothesis.
The floc size feature discloses whether and at what size are flocs in dynamic
equilibrium. Experimental results show that carbon dioxide injection produces
asphaltene aggregation for all concentration of carbon dioxide. Floc size versus pore
throat size is the most relevant parameter for predicting problems in the field.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

Many challenges exist for recovering crude oil efficiently from oil reservoirs.
Since much oil is left behind after primary and secondary recovery (water flooding) ,
operators are forced to increase oil production and ultimate recovery by enhanced oil
recovery techniques such as immiscible and miscible displacement using carbon dioxide
(CO2) and light hydrocarbon gases. Carbon dioxide flooding is a tertiary recovery process
where CO2 is injected into the reservoir to increase crude oil production after water
flooding. The use of CO2 as an injection was suggested by Whorton et al. in 1952. CO2 is
highly soluble in crude oil and outperforms other gases like methane or nitrogen because
less pressure is required to achieve miscibility compared to other high injection pressure
processes.
CO2 as an enhanced oil recovery (EOR) injection gas can be classified as miscible
and immiscible. Holm in 1986 describes miscibility as “the ability of two or more
substances to form a single homogenous phase when mixed in all proportions. For
petroleum reservoirs, miscibility is defined as that physical condition between two or
more fluids that will permit them to mix in all proportions without the existence of an
interface” (Holm, 1986, p. 817-818). In the CO2 processes, two types of miscibility
occur: First contact miscibility (FCM) and multiple contact miscibility (MCM). MCM is
a strong function of temperature, pressure and composition of the injected gas and
reservoir fluid. First contact miscibility (FCM) occurs if a single phase forms when CO2
is mixed with crude oil at specific temperature and pressure. Multiple contact miscibility
occurs when miscible conditions are developed in situ through composition alteration of
the CO2 gas and crude oil. Three types of multiple contact miscibility processes can occur
(Green and Willhite, 1998): the vaporizing gas drive (VGD) mechanisms, the condensing
gas drive (CGD) mechanisms and condensing vaporizing gas drive mechanisms (CVGD).
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Vaporizing drive mechanisms occur when miscibility between an injected lean
gas and the crude oil is achieved by the enrichment of the injected lean gas with light and
intermediate components of the crude oil (Amao, 2011, p.11). The vaporizing drive
mechanism vaporizes (strips) light and medium components of the oil. The crude oil
becomes richer due to multiple contacts, and miscibility is achieved. In vaporizing drive
mechanism, miscibility is controlled by the reservoir oil composition. Condensing gas
drive mechanism occurs when miscibility is achieved between an enriched injection gas
and crude oil through condensation (loss) of the intermediate components of the gas to
the crude oil. Multiple contacts between the two fluids enrich crude oil until a critical
composition is reached and miscibility is achieved. In condensing drive mechanism,
miscibility is controlled by the composition of the injected gas. Condensing vaporizing
gas drive mechanism occurs when the injected fluid or gas contains a significant amount
of intermediate hydrocarbon components (C2 through C6). The process depends on the
condensation of the intermediate components into the reservoir oil, thereby modifying the
oil composition (Zick, 1986). The modified oil then becomes miscible with the injected
fluid. Figure 1.1 shows CO2 gas injection process and drive mechanisms.
CO2 Gas Injection Processes

Immiscible

Miscible

First Contact

Multi- Contact

Miscible (FCM)

Miscible (MCM)

Mis
Vaporizing Gas Drive

Condensing Gas Drive

Condensing Vaporizing Gas Drive

(VGD) (VGD)

(CGD)

(CVGD)

Figure 1.1: CO2 gas injection processes and drive mechanisms
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Miscible CO2 injection affects the oil in the following ways:


No relative permeability effect because no interface between gas and oil exist. No
phase boundaries exist.



Capillary effects are eliminated.



The reservoir oil must be under-saturated (above bubble point) for miscibility and
enhance recovery to occur.

Immiscible gas injection recovery occurs due to the following effects:


An interfacial exists between the two fluids all stages of the displacement.



Due to high pressure, the viscosity of the gas increases with respect to the
displaced oil.



There is relative oil swelling.



Recovery is affected by relative permeability between the fluid and the medium.

Overall, whether the injection is miscible or immiscible, the injection of carbon
dioxide affects the crude oil in the following ways and results in the precipitation of
asphaltenes by:


Reduction of the crude oil viscosity.



Swelling of the crude oil.



Creates miscibility effects.

Determining minimum miscibility pressure (MMP) is an important design
consideration for CO2 flooding. MMP is the lowest pressure at which the injected gas and
crude oil becomes multi-contact miscible. It is also defined as the pressure of which the
oil recovery vs. pressure curve (generated from slim tube experiment) shows a sharp
change in slope. MMP is a strong function of temperature, composition of the crude oil
system and composition of the injection gas (Ahmed, 2000). The presence of methane or
nitrogen in CO2 increases the MMP and the presence of hydrogen sulphide or
intermediate hydrocarbon can reduce the CO2 MMP (Dong et al., 2000).

3
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Listed below are methods to determine MMP for CO2 (Amao, 2011, p. 13-14).
i.

Experimental Methods
a. Slim Tube Experiment.
b. Rising Bubble Technique (Christiansen et al., 1987).
c. Vanishing Interface Tension Technique.

ii.

Analytical Methods
a. Method of Characteristics.

iii.

Numerical Methods
a. Mixing Cell Models
i. Single Cell Models.
ii. Multiple Cell Models.
b. 1-D Simulations

iv.

Empirical Methods
a. Correlation based on experimental studies.

Enhanced Oil Recovery techniques cause a number of changes in the flow and phase
behavior of the reservoir fluids during the course of the production of the field.
One such undesirable side effects of CO2 displacement process is the precipitation and
deposition of asphaltene. The precipitation and deposition of asphaltene are undesirable
during oil production and cost petroleum industries millions of dollars each year by
plugging reservoir, surface facilities, pipelines, downhole equipments and production
losses.
This experiment focuses on the asphaltene floc size as function of carbon dioxide
injected mole fraction. Asphaltene floc size distribution in comparison to the pore throat
dimension in the reservoir is important because it determines the flow through the porous
media. Floc size is determined using nano filter of dimensions 200 nm, 200 nm, 50 nm
and 30 nm. Experiments result shows that carbon dioxide injection produces asphaltene
aggregation from low concentration to high concentration of carbon dioxide that can
block pore throat of the reservoir. This is particularly a concern for tight formation where
the permeability is very low.
4
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1.1 Overview of the Levelland Slaughter Field

The oil sample for this research came from the Levelland Slaughter field of the
Permian Basin. It is located in West Texas and Southeast New Mexico and is one of the
largest oil producing areas in the United States. The Levelland Slaughter field is on the
Northwestern Shelf of the Permian Basin, producing from the San Andreas formation at a
depth of approximately 5000 ft (Watson, 2005). It is located in the Hockley and Cochran
counties of Texas, about 40 miles west of Lubbock, Texas.
The Levelland Slaughter field was discovered in the Permian Basin in 1937 by a
rapid development program. Initially, primary production was through the natural
pressure of reservoir evolved gas. Water flooding operations were implemented in the
1960 through 1970. Carbon dioxide flooding was implemented in the 1980s in some of
the prolific southeastern lease of the field. The Levelland Slaughter field has produced
over 1.6 billion bbl crude oil from 1937 to date. Approximately 6000 wells operate under
water and carbon dioxide flooding (Harris et al., 1988; Watson 2005). The map in Figure
1.2 shows the location of the Levelland Slaughter Field.

5
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Figure 1.2: Map of Levelland Slaughter field (Ramondetta, 1982; Watson, 2005)
1.2 Research Methodology
Research objectives will be achieved by following the framework presented below:


A representative oil sample was obtained from the Levelland Slaughter field



Compositional analysis was obtained on the oil sample



A laboratory measurement was conducted on the oil sample to establish time
required to saturate oil with gas at given pressure



Experimental work was conducted on the oil sample to establish asphaltene floc
size distribution as a function of carbon dioxide concentration

6
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CHAPTER 2
LITERATURE REVIEW
This chapter reviews the research and experiments carried out by previous workers in
areas relevant to the research objectives.
2.1 Crude Oil Composition
Crude oils are complex hydrocarbon mixtures containing a variety of components
with different physical and chemical properties. These components can be divided into
four major classes or hydrocarbon types; saturates aromatics, resins and asphaltenes
(SARA). The SARA separation is based on the difference in solubility and polarity of
each fraction as given in Figure 2.1 (Wattana, 2004)

Figure 2.1: Schematic of SARA analysis (Wattana, 2004)

7
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2.2 Asphaltenes Definition

Asphaltenes are the heaviest and the most polar fraction of the crude oil.
Asphaltenes are soluble in aromatic solvents such as benzene or toluene and insoluble in
normal alkanes such as n-pentane or n-heptanes (Speight, 1999). Asphaltenes are defined
in the Standard Test Method for n-Heptanes Insolubles (ASTM D3279-97, 2001).
Asphaltenes do not crystallize and can be separated into individual components. They
are dark brown to black solids (Speight, 1979; Speight and Moschoppedis, 1981) with no
definite melting points. Asphaltenes are polyraomatic structures or molecules, containing
hetero-elements
(i.e., S, O, N) and metals (e.g., V, Ni) that exist in petroleum fluids in an aggregated state.
Asphaltenes have a low H/C molar ratio of about 1.15

and contain some

heteroatoms (Speight, 1999). The amount of carbon and hydrogen vary over a small
range: 82

for carbon and 8.1

for hydrogen. Speight and Moschopedis (1978)

analyzed elemental compositional fractions precipitated by n-pentane and n-heptane from
various crude oil samples around the world. Table 2.1 shows the data taken from Speight
and Moschopedis (1978).

Table 2.1 Elemental composition of asphaltene fraction precipitated by n-pentane and nheptane (Speight and Moschopedis, 1978)
Source

Precipitating
Medium

Canada
Canada
Iran
Iran
Iraq
Iraq
Kuwait
Kuwait

n-pentane
n-heptane
n-pentane
n-heptane
n-pentane
n-heptane
n-pentane
n-heptane

Compostion ( wt % )
C
79.50
78.40
83.80
84.20
81.70
80.70
82.40
82.00

H
8.00
7.60
7.50
7.00
7.90
7.10
7.90
7.30

8

N
1.20
1.40
1.40
1.60
0.80
0.90
0.90
1.00

Atomic Ratio
O
3.80
4.60
2.30
1.40
1.10
1.50
1.40
1.90

S
7.50
8.00
5.00
5.80
8.50
9.80
7.40
7.80

H/C
1.21
1.16
1.07
1.00
1.16
1.06
1.14
1.07

N/C
0.013
0.015
0.014
0.016
0.008
0.010
0.009
0.010

O/C
0.036
0.044
0.021
0.012
0.010
0.014
0.014
0.017

S/C
0.035
0.038
0.022
0.026
0.039
0.046
0.034
0.036
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2.3 Asphaltene Molecular Weight and Particle Size

The subject of asphaltene molecular weight and particle size has been a topic of
intense controversy for a long time. Three decades ago, Bouduszinki used field ionization
mass spectroscopy (FIMS) on asphaltenes and obtained an average molecular weight of
800 g/mole (Daltons or atomic mass unit) with a full width half maximum of 500 to 1200
Daltons (Boduszynski 1981, 1988). Later, asphaltene molecular weight was measured
using time resolved fluorescence depolarization (TRFD) and was about 750 Daltons with
a full width half maximum of 500 -1000 Daltons (Groenzin and Mullins, 1999; Groenzin
and Mullins, 2000; Mullins, 2005). The new measurement was in close agreement with
Boduszynski’s results.
Small Angle Neutron Scattering (SANS) and Small Angle X-ray Scattering (SAXS)
data indicates the average size of the loose and irregular asphaltene aggregates is between
3 to 25 nm in diameter (Sheu, 1995; Burya, 2001).
Direct imaging of asphaltenes using scanning tunneling microscopy (STM) ( Zajac et
al., 1994) and high resolution transmission electron microscopy (HRTEM) ( Sharma et
al., 2002) show the size of the asphaltene ring system of about 10 Angstroms (1nm,
corresponding to about 6 rings and can arrange from 4 to 10 fused rings) (Mullins, 2005).
Figure 2.3 shows asphaltene molecular structure proposed by Mullins (2005). Molecules
are roughly 750 Atomic Mass Unit or Daltons.
The asphaltene Yen Model was proposed by Professor Fu Yen and co-workers (Yen
et al., 1967). The Yen Model accounted for the structural element of asphaltenes. The
Yen Model specifically accounted for the different chemical moieties in asphaltenes such
as polycyclic aromatic hydrocarbons (PAHs). The Yen Model had limitations and a new
Modified Yen Model was proposed twenty years later.
The Modified Yen Model emphasized the different hierarchical structures (Mullins
2010). This model shows how hierarchical structures are related in terms of structure and
energies. The predominant asphaltene molecular structure consists of single, moderately
sized polycyclic aromatic hydrocarbon (PAH) ring system with peripheral alkane
substitutes. These molecules can form asphaltene nanoaggregates with a single
disordered stack of PAHs and with aggregation number of approximately 6. The exterior
9
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of the nanoaggregates is dominated by the alkanes substituents. The asphaltene
nanoaggregates are approximately 2 nm and can form clusters of approximately 5 nm.
The PAH is the primary site of intermolecular attraction, it is polarizable, hence PAH is
the site of the induced dipole interactions. This interaction increases monotonically with
the number of fused rings and is significant for large PAHs of asphaltenes.
The modified Yen Model or the Mullin Yen Model and new theoretical methods of
asphaltenes are being combined with a new technology known as downhole fluid analysis
that delineates the distribution of reservoir fluids to enhance oil reservoir characterization
(Mullins, 2008). Figure 2.2 shows Modified Yen Model.

Figure 2.2: The Modified Yen-Mullins model (Mullins, 2008)
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Figure 2.3: Asphaltene molecular architecture (Mullins, 2005)
2.4 Physical Properties of Asphaltenes

Asphaltene densities are calculated indirectly from the densities of mixtures of
asphaltene in toluene (Yarranton, 1996). The density of asphaltene varies between 1.15
g/cm3 and 1.2 g/cm3. An increase in asphaltene concentration dissolved in toluene (up to
40 g/L) decreases the surface tension from 30.5 to 28.5 mN/m at 25oC (Mohamed,
1999). Yarranton measured interfacial tension of asphaltenes in toluene versus water for
asphaltene concentrations from 0.035 to 11.60 % using drop volume tensiometer. The
interfacial tension decreases linearly with concentrations (Yarranton, 2000). The presence
of asphaltene increases the viscosity of crude oil. A light crude oil contains about 1 to 3
wt % of asphaltene and has a viscosity range between 2 and 5 centipoise at 25oC. The
viscosity of oil doubles if the concentration of the asphaltene increases to 5 wt % at the
same temperature (Werner et al., 1998).
The solubility parameter was first described by Hildebrand and Scott in 1950. A
solubility parameter is a numerical value that describes the interaction between molecules
11
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in condensed materials. Asphaltene phase behavior can be explained in terms of changes
in crude oil solubility parameter (δ). The solubility parameter for non-polar fluid is
defined by Hildebrand as
(δ) =

(2.1)

=

where CED is the crude oil cohesive energy density and

is the residual internal

energy. It is calculated by subtracting the ideal gas contribution from that of the real
fluid and

is the pure liquid volume (Rodriguez, 2008, p. 12).

Asphaltene has the highest solubility parameter value among the crude oil
components. The value is between 19 and 24 MPa1/2 (Andersen, 2001). Figure 2.4 shows
solubility parameter distribution of various generic fractions of crude oil at 25oC.
(Rodriguez, 2008, p. 12).

Figure 2.4: Solubility parameter distribution of various generic fractions of crude oil at
25oC (Andersen, 2001)
It is assumed that asphaltene precipitation is governed by the intermolecular
forces. London dispersion contribution to the van der Waals forces (Buckley et al, 1998)
is the dominant intermolecular interaction energy governing asphaltene precipitation.
London dispersion interaction for dissimilar non-polar molecules is proportional to the
product of the interacting species electronic polarizabilities and inversely proportional to
12
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the sixth power of molecular distance (Israelachvili, 1992). Hence for mixture of nonpolar molecules, the CED mixture is a function of density and the electronic
polarizabilities of the mixture’s constituent species. The polarizability of a system is a
measure of the response of the electron density distribution to a static electric field.
(Rodriguez, 2008, p.13). It is defined for those molecules without intrinsic dipole
moment (non –polar). The electronic polarizability is mathematically defined as
= 4π

(2.2)
-10 m

where R is the electron cloud radius (R approximately is 10
and

)

x10-12

2.5 Asphaltene Predictive Methods
Numerous pre-screening techniques are used to evaluate asphaltene precipitation
during oil production (Jamaluddin et al., 2003). Some of these techniques are


PVT studies of the bottom hole sample to determine conditions for precipitation



The SARA Analysis



Asphaltene Stability Index



The de Boer Criteria



The de Boer Plot

2.5.1 PVT Studies of the Bottom hole samples

PVT studies of the bottom hole samples can be done to evaluate asphaltene
precipitation problems. Depressurization of a live bottom hole sample provides the direct
measure of asphaltene stability in a crude oil. During depressurization, the pressure at
which asphaltene begins to precipitate in the system is determined by monitoring the
transmittance of an infrared laser which passes through the sample. For dark-colored oil,
near infrared (NIR) light system with 800 to 2200 nm wavelength becomes a necessity to
establish any asphaltene precipitation conditions (Jamaluddin et al., 2001). Onset of
13
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flocculation will produce a reduction of light transmittance. If oil has a flocculation point,
then the asphaltenes are unstable at pressure between the flocculation point, to just below
the bubble point (Ellison et al., 2000).
2.5.2 The SARA Analysis

This is a method of characterization of oil based on fractionation, where crude oil
sample is separated into smaller quantities or fractions, with each fraction having a
different composition. Fractionation is based on the solubility of hydrocarbon
components in various solvents used in the test (www.glosary.oilfields.slb.com).
SARA analysis was improved and described by Gharfeh et al. (2006). An
improved method of SARA analysis was proposed to reduce the loss of light hydrocarbon
in the separation process. A weighted portion of crude oil is distilled at 450 oF using
ASTM method D86. The distillate is captured and analyzed by supercritical fluid
chromatography (SCF) to determine saturate and aromatic compounds. The SFC
analytical procedure is based on ASTM method D5186. The residue is analyzed using
ASTM method D893 to determine asphaltene content by pentane precipitation

and

filterate is analyzed for additional saturates, aromatics and resins by open column
chromatography using ASTM method D2007 ( Kraiwattanawong, 2008, p. 4 ) . Figure
2.5 shows the schematic diagram of SARA analysis.

Figure 2.5: The schematic diagram of SARA analysis
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Measurements of SARA fractions are highly dependent on methodology
(Tianguang and Buckley, 2002). SARA analysis of crude oil can be performed using
different techniques, such as gravity-driven chromatography separation, thin layer
chromatography (TLC) and high pressure liquid chromatography (HPLC).
2.5.3 Asphaltene Stability Index

The predictive method can be applied to estimate asphaltene stability from the SARA
data (Jamaluddin et al., 2003).


Colloidal Instability Index (CII) proposed by Baker- Petrolite



Asphaltene Stability Index (ASI) criterion developed by Schlumberger

Colloidal Instability Index (CII) is calculated as the ratio of the sum of saturates as
asphaltene fractions to the sum of the aromatic and resin fractions (Yen et al., 2001). Oils
with a CII of below 0.7 are considered stable while with those with a CII of above 0.9 are
considered unstable (Rodriguez, 2008, p. 22). Figure 2.6 shows colloidal instability index
for asphaltene.

Figure 2.6: Colloidal instability index for asphaltene (Baker- Petrolite)
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Asphaltene stability index is the ratio of the Saturates/Aromatics to
Asphaltene /Resins fractions. Figure 2.7 shows asphaltene instability index (Rodriguez,
2008, p. 23). It is assumed that resins play an important role in stabilizing asphaltenes in
crude oils (Stankiewics et al., 2002). Stankiewics found that oil with higher resin and
aromatics are asphaltene trouble free.

Figure 2.7: Asphaltene instability index (Schlumberger).
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2.5.4 The de Boer Criteria

de Boer et al. (de Boer, 1995) proposed different criteria that distinguished
troubled and trouble free oil susceptible to asphaltene deposition. Field studies have
shown that asphaltene are more stable in heavier crude oils than light oils with little
asphaltene content. de Boer et al. found that problems are usually encountered with light
crude oil that are high in C1 through C3 and low C7+ content, high bubble point pressure
and high compressibility factor. Tables 2.2 and 2.3 show properties of oil observed by de
Boer and Figures 2.8 and 2.9 show the criteria applied to different crude oil (Rodriguez,
2008, p. 24).

Table 2.2: de Boer criteria for asphaltene stability (de Boer, 1995)

C1-C3
C7+
Properties
Bubble Point
Reservoir Pressure

Crudes With No or Few
Problems
Crude Composition
< 27 % Mole %
> 59 % Mole %

Crudes With Severe
Problems
Crude Composition
> 37 % Mole %
< 46 % Mole %

< 899.23 psi
< 5076.32 psi

> 1450.38 psi
> 5801.51 psi

Figure 2.8: de Boer compositional criteria for different reservoir fluids
(de Boer, 1995)
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Table 2.3: The SARA criteria for asphaltene stability (de Boer, 1995)

SARA Analysis
Saturates
Aromatics
Resins
Asphaltenes

Crudes With No or Few
Problems

Crudes With Severe
Problems

≤ 62 wt %
≥ 26 wt %
> 11 wt %
> 3 wt %

≥ 75 wt %
≤ 22 wt %
< 4 wt %
≤ 1 wt %

Figure 2.9: de Boer SARA criteria for different reservoir fluids (de Boer, 1995)
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2.5.5 The de Boer Plot

The de Boer plot is a method to screen crude oils prone to asphaltene precipitation
based on the published work of de Boer and Leerlooyer (de Beor, 1995). This plot
evaluates the loss of asphaltene solubility as reservoir fluid sample is depressurized. The
de Boer plot is a cross plot of in situ density and the degree of under saturation with
respect to gas (Rodriguez, 2008, p.26). The basic theory of de Boer plot assumes that oil
is saturated with asphaltenes at reservoir condition Therefore, the de Boer chart can
mispredict asphaltene precipitation for general oil systems. Figure 2.10 shows the de
Boer Plot (de Boer, 1995).
Limitations of de Boer plot include (Rodriguez, 2008, p. 29).


Only 14 oil samples were used to develop the de Boer plot (Lee, 2003).



de Boer plot is not applicable for universal oil system. Maximum Super
Saturation (MSS) curves were generated based on single correlations for oil
solubility parameter and molar volume versus density.

Figure 2.10: The de Boer plot (http://www.oilfieldwiki.com/Asphaltenes)
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2.6 Asphaltene Deposition

Miscible and immiscible flooding with carbon dioxide and has potential to
enhance oil recovery after primary and secondary production. Unfortunately, carbon
dioxide flooding causes a number of changes in the flow and phase behavior of the crude
oil and changes rock properties (Shelton and Yarborough, 1977). One such undesirable
side effect is the asphaltene precipitation that can affect oil production during the course
of operation. Asphaltene precipitation causes production problem near wellbore, in tubing
and in the surface facilities. Asphaltene deposition in the reservoir may reduce effective
hydrocarbon mobility by blocking the pore throats (permeability reduction), adsorption
on the rock surface and alteration of the rock wettability from water-wet to oil-wet
(Kamath et al., 1993).
2.6.1 Formation Damage due to Asphaltene Deposition
Asphaltene induced formation damage can cause absolute permeability impairments,
wettability changes and viscosity increases due to emulsion formation and asphaltene
particle increase near the borehole. Studies by Kamath et al. (1993) have shown that
asphaltene deposited on porous media can reduce effective permeability at the irreducible
water saturation and change wettability.
Minssieux et al. (1998) conducted an experiment to determine the effect of asphaltene
deposition on permeability. His work shows that asphaltenic oil flow through core
sample can cause a reduction of reservoir rock oil permeability. He took three different
crude samples that cover the range from about 0.1% weight of Hassi Messaoud (HMD)
crude, Algerian oil to 6% for Weyburn crude, Canadian oil. Core flooding experiments
were done core samples from:
1. Outcrop consolidated samples: Fontainebleau sandstone (consolidated sandstone).
2.

Vosges Sandstones: Sandstone containing illite and tight Pfalz sandstones
containing kaolinite.

3. Hassi Messaoud (HMD) core as an example of reservoir rock.
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Experiment result shows that Koil decreases steadily and linearly as shown in Figure 2.1.
Figure 2.12 shows Koil decreases more drastically, and then approaches an asymptote.

Figure 2.11: Oil permeability reduction in a model porous medium (Minssieux et al., 1998)

Figure 2.12: Oil permeability reduction in Vosges sandstone (Minssieux et al., 1998)
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Figure 2.13: Oil permeability reduction in the presence and absence of clay minerals (Minssieux
et al., 1998)

From this experiment it is observed that most noticeable plugging was observed in
clayey Vosges sandstone containing illite. For this type of rock, permeability reduction
starts with an adsorption of asphaltene onto the specific clay areas and retention of
asphaltene aggregates at the pore throat (Minssieux et al., 1998). Multi layer deposition
molecular deposition is formed over the pore surface. The pore throat plugging causes
severe permeability loss because the gates connecting the pore are closed and an insitu
cake is formed by pore filling if the plugged pore throat still allows some flow through
the jammed particles (Acevedo et al., 1995). Hence for lower permeability samples, core
damage is more extensive.
2.6.2 Permeability Damage Process

Extensive laboratory studies have been done by Roque et al. in 1995 on quartzitic
sandstone having well –characterized pore structure and commercial latex microspheres.
During these experiments, the main operating parameters such as particle size,
concentration, flow rate, porous medium permeability were systematically varied. Four
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phases are considered to describe the permeability damage process due to the in depth
asphaltene particle deposition as shown in Figures 2.14 and 2.15. The dashed line in
Figure 2.15 shows the ration of instantaneous concentration of the fines to the initial
concentration. The solid lines give the permeability ratio caused as an influence of
particle deposition (Ashoori, 2005, p. 50).

Figure 2.14: Interpack damage mechanisms (Roque et al., 1995)

Figure 2.15: Different phases of formation damage process (Roque et al., 1995)
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The four phases of permeability damage due to particle deposition according to Roque et
al., 1995 are:
1. Surface Deposition
2. Pore Bridging
3. Internal Cake Formation
4. External Cake Formation
Surface Deposition:
In this first phase (Figure 2.15) particles deposit onto the grain or pore surface.
The kinetics of this deposition depends on physical and chemical factors such as porescale, hydrodynamics, electrostatic charge differences between particles and pore
surfaces, pore surfaces texture and particle composition. The effect of particle deposition
on permeability is significant only if it takes place in pore throat. Thus, permeability
reduction is not related to the total amount deposited but only to the fraction deposited in
pore throat areas. Surface deposition may be restricted to a monolayer when the flowing
suspensions are highly stable, i.e. there is a strong repulsive interaction between particles
(Ashoori, 2005, p. 51). When the energy barrier opposing aggregation is not very high,
multilayer deposition can occur during this surface deposition.

Pore Bridging:
Pore throat bridging is initiated as soon as particle flowing through a pore throat
may form a bridge (Figure 2.15). The particles may attach either to two particles already
deposited onto a pore throat surface (three-particle bridging) or to a previously deposited
particle and pore throat surface (two-particle bridging). Once a bridge is formed and
consolidated, the newly arriving particles accumulate upstream from bridged pores, thus
decreasing fluid flow through the pores (Ashoori, 2005, p. 52).

Internal Cake Formation:
When the fraction of bridged pore throats reaches a critical value, the pores are no
longer connected over some critical damaged depth. Then all the incoming particles
accumulate not only upstream from bridged pore throats but also inside all pore bodies
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that are still available to flow, forming an internal cake (Figure 2.14). The onset of
internal cake formation is detected by a rapid reduction of downstream particle
concentration (Ashoori, 2005, p. 52).

External Cake Formation:
As soon as internal cake formation is achieved, particles accumulate upstream
from the inlet of the porous medium, thus forming the external cake. Figure 2.16 shows
various processes (Civan, 2000)

Figure 2.16: Various particulate processes (Civan, 2000)
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Asphaltene deposition on reservoir formation has enormous impact on reservoir
and oil production. Figure 2.17 shows permeability and pore throat size of Eagle Ford
shale formation. Figure 2.18 shows pore throat diameter and permeability range for
conventional, shale gas and tight gas reservoirs. During carbon dioxide flooding,
precipitation of asphaltene nano-aggregates of 5 nm can plug the pore throat of the
formation and reduce permeability. Asphaltene floc size of 40 nm can form an external
cake and block the pore throat of a reservoir.

Permeability vs. Pore Throat Size of Eagle Ford Shale Formation
250
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Figure 2.17: Permeability and pore throat size of Eagle Ford shale formation
(Adapted from Sanaei et al., 2014)
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Figure 2.18: Pore throat diameter and permeability (Ozkan, 2012)
2.6.3 Asphaltene Formation Damage Models

Modeling asphaltene deposition could play a major role in estimating amount and
location of asphaltene deposition that result in formation damage. Most of the asphaltene
deposition models are based on the work of Gruesback and Collins, 1982. In Gruesback
and Collins model porous media is considered as two different parallel pathways with
small and large pore sizes (Soulgani et al., 2011). This model explains the mechanisms of
solid deposition with three terms that include surface deposition, entrainment and pore
plugging. The first two terms occurs in large pores and the last one occurs in the small
pores (Soulgani et al., 2011).

Listed below are some of the asphaltene formation damage models based on the
work of Gruesbeck and Collins. Civan in 1995 proposed another model for asphaltene
deposition in porous media by improving the Groesbeck and Collins Model based on the
three terms surface deposition, entrainment and plugging without applying parallel
pathways. (Ali and Islam, 1998) provided a new model that includes asphaltene
adsorption with wellbore plugging and using surface excess theory and the parallel
pathway model developed by Gruesbeck and Collins. They performed a series of
experiments with artificial carbonate core and a mixture of crude oil and asphaltene with
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60:40 volume ratio as injected fluids (Soulgani et al., 2011). Leontaritis in 1998
developed yet another asphaltene deposition model for the near wellbore formation
damage induced by blockage of pore throats by asphaltene particles using the
thermodynamic colloidal model. Wojtanowycz et al. (1987) proposed a model based on
filtration theory. This theory provides a tool for identification for permeability damage in
a linear core flow system. Their theory assumed constant filtration rate, linear flow,
homogenous formation, and regular pore geometry and cake incompressibility.

Nazbar et al. (1996) developed the PARIS (PARticle Injection Simulator) model,
which uses the colloidal approach and the “Grain and Pore Throat Model” that gives a
porous medium representation relevant for particle deposition studies. (Nazbar et al.,
2005). In the PARIS model, permeability impairment is not directly related to porosity
change but to the events occurring in the pore throat area where the pressure drop occurs.
In the previous work, Nazbar et al. (2003) studied monolayer deposition kinetics using
dilute asphaltene in toluene solutions and concluded that once a monolayer is formed, the
porous media damage caused by asphaltene deposition continues to increase in
successive steps and eventually forms a multilayer deposition.

The kinetics of surface deposition depends on the flow regime. Surface deposition
may be restricted to a monolayer when the flowing suspensions are highly stable and
caused by the strong repulsive interactions between particles (Nazbar et al., 2005).
However, when the energy barrier opposing the aggregation is not high, multilayer
deposition can occur (Chauveteau et al., 1998). For particles that are smaller than the
permeability determines the pore throats, successive deposition regimes can be defined as
the convection to diffusion forces ratio increase. This ratio is referred to as the grain
Peclet number, defined as
(2.3)
where U is the approach velocity, D is the particle diffusion coefficient and
grain diameter.
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According to the convection to diffusion force ratio, Chauveteau et al. (1998) defined the
following deposition regime.

1. Pure diffusion regime.
This regime corresponds to

, where diffusion forces dominate

convection for the transport of particles to the grain surface. Hence, for a very
slow flow or small particle it has no importance for formation damage (Nazbar et
al., 2005).

2. Convective-Diffusion Deposition Regime.
In this regime

hen particle or collector interactions are

attractive or weakly repulsive. All diffusing particles reaching the grain are
deposited (Nazbar et al., 2005). The diffusion layer approximation, also known as
Smoluchowski-Levich Approximation (SLA) where van der Waals interactions
are counterbalanced by hydrodynamics interactions, can be used to calculate the
initial capture efficiency

, which is defined as the deposited to incident flux.

=

The capture efficiency

(2.4)

takes the form:

=

(2.5)

The prefactor

depends on the flow field around the collector and

collector geometry. It is 4 for an isolated spherical sphere collector, 12 for random
pack of sphere and 24 for a well sorted shape edge grains.
When there is a large energy barrier between particles and collectors, the
physicochemical particle/collector collision efficiency, termed

, becomes very

small. In this case, the particle deposition over the energy barrier located at a
distance

can be calculated in the frame work of the Interaction Force Boundary

Layer Approximation (IFBLA). The initial collection efficiency n may be
approximated by
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(2.6)
Where
(2.7)
For Damkohler number

the deposition is diffusion limited and there

is no energy barrier. For Damkohler number

1, the capture efficiency decreases

and the deposition becomes reaction limited and has high energy barrier. In this
case formation damage may occur at large distance from injection wells and cause
severe injection decline (Nazbar et al., 2005).

3. Hydrodynamic Deposition Regime:
Hydrodynamic forces play a major role in the deposition either by
reducing the energy barrier between particle and grain surface, thus increasing the
particle particle/grain collision efficiency

or by enhancing the escape

probability (particle entrainment). When the hydrodynamic force exerted on top
of the particle toward the collector surface becomes equal to the mean Brownian
force on the distance

characterizes the interaction layer (Nazbar et al., 2005).

In this case the hydrodynamic force is able to reduce the energy barrier between
particles and surface and contribute to significant particle deposition.

4. The interception regime
At very high Peclet numbers (

c
2 ),

the deposition flux

becomes independent of the surface forces and proportional to the Peclet number.
In this regime, the well known interception collection efficiency obtained from
the trajectory analysis is then recovered:

(2.8)

The prefactor C is equal to 3/2 for an isolated sphere, 9/2 for a random pack of
sphere and around 9 for packs of well sorted shaped edged grains (Nazbar et al., 2005).
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2.7 Asphaltene Precipitation Models

Different thermodynamic models have been proposed to study asphaltene
precipitation. These models can be dived into two main groups: Colloidal and solubility
models.
2.7.1 Colloidal Models

The Colloidal model is based on the assumption that asphaltene exist in crude oil
as solid particles in colloidal suspension, stabilized by resins adsorbed on their surface
based on polar- polar interactions.
Mansoori and Leontaritis (Mansoori et., al 1987) were the first to use the colloidal
model approach. In this model asphaltenes are assumed to be insoluble solid particles
suspended in oil and kept in solution by resins and to adsorb onto the surface of
asphaltene molecules (Kraiwattanawong, 2008, p. 10). Resins must be present for
asphaltene to stay in solution. Dilution of resin below certain point will cause asphaltene
to precipitate. Therefore, in this model, resins play an important role in keeping the
colloidal asphaltenes in the solution. The Flory-Huggins statistical thermodynamics
theory was used to calculate the chemical potential of resin molecules. Figure 2.19 shows
Mansoori and Leontaritis thermodynamic colloidal model approach.

Figure 2.19: Thermodynamic colloidal model (Leontaritis, 1987)
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Victorov and Firoozabadi micellization model (Victorov and Firoozabadi 1996)
describes asphaltenes and resins as polar molecules. The authors explain the effects of
resin on the stability of asphaltene in terms of micelle formation. This model assumes
that an asphaltene colloidal particle has a core that is formed by aggregated asphaltene
molecules surrounded by resin molecules. All specific features of the micellization
models are calculated by minimizing the Gibbs free energy of micellization
(Kraiwattanawong, 2008, p. 11). An equation of state such as Peng-Robinson cubic
equation is used to calculate the effect of pressure, temperature and composition. Figure
2.20 shows Victorov and Firoozabadi micellization model.

Figure 2.20: Schematic of micellization model (Victorov and Firoozabadi, 1996)

32

Texas Tech University, Maaroof Shahriar, August 2014

2.7.2 Solubility Models

Solubility models assume that asphaltenes are dissolved in the crude oil. This
equilibrium can be solid – liquid (S-L) or Liquid-Liquid (L-L) type. In the S-L type,
precipitated asphaltene is treated as a single component residing in the solid phase, while
oil and gas phases are modeled with a cubic equation of state (EOS).

The solubility parameter was first described by Hildebrand and Scott in 1950. A
solubility parameter is a numerical estimate value that describes the interactions between
molecules in condensed materials. The Hildebrand solubility parameter is the square root
of the cohesive energy density and is defined by

δ=
where

δ

(2.9)

= solubility parameter ( MPa1/2)
= energy of vaporization to the gas at zero pressure (J/mol)

v

= molar volume of the liquid (cm3/mol)
heat of vaporization of the liquid ( J/mol )

R

= ideal gas constant (8.314J/mol/K)

T

= temperature (K)

Flory-Huggins regular solution theory is one of the most widely used
thermodynamic models to describe asphaltene behavior (Prausnitz, 1986). In the equation
below (Ting, 2003).

(2.10)

Where

In equation 2.10

;

= the change in Gibbs energy on mixing
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R

= ideal gas constant

T

= temperature
= molar volume of the solvent
= the number of solvent and solute molecules respectively
= the ration of solute to solvent volume
= the solubility parameter of the solvent and solute at T
volume fraction of either the solvent or the solute species

Using the Flory-Huggins approach Hirschberg et al. (1984) developed a
thermodynamic model to describe the behavior of asphaltenes in crude oil on the basis of
the thermodynamic solubility model (Prausnitz, 1986). Hirschberg model uses a
combination of vapor/liquid and a liquid/liquid model instead of three phase model for
simplicity. Soave equation of state was used to calculate the amount of asphaltene
precipitated. The model was simplified by assuming that the separated phase consists of
pure asphaltenes and obtained the following equation:

(2.11)

Where
= maximum volume fraction of asphaltenes soluble in crude oil
molar volume of asphaltenes
molar volume of crude oil
solubility parameters of asphaltenes
solubility parameters of crude oil

Nghiem et al. (1998) proposed their solubility model by considering the
precipitated asphaltene as a pure dense phase, while the heaviest component in the oil can
be split into two parts: non precipitating and precipitating components (Rodriguez, 2008,
p. 33). Cimino et al. (1995) developed a solubility model based on polymer solution
thermodynamics using the experimental phase behavior data from the laboratory test.
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Cimino et al. (1995) assumed that a pure phase is formed upon phase separation.
The Flory- Huggins approach is not good for modeling asphaltene solubility under
reservoir conditions, therefore other asphaltene precipitation solubility models have been
developed.
PC- SAFT model uses the minimum number of physically relevant parameters
possible to predict the onset of precipitation by including essential interactions (Ting et
al., 2003). In PC-SAFT approach, London dispersion interactions (contribution to the van
de Waals forces) and molecular size dominate the precipitation and aggregation of
asphaltenes. The occurrence of these forces is due to induced polarization which
determines the ability of hydrocarbons to serve as a precipitant or as a solvent for
asphaltenes. The more polarizable components (resins and aromatics) solubilize the
asphaltenes, and less polarizable components (saturates) destabilize the asphaltenes.

Following assumptions were made in the development of the PC-SAFT asphaltene
precipitation model (Rodriguez, 2008, p. 34).


Asphaltenes are dissolved in the crude oil



Asphaltene precipitation process is thermodynamically reversible



Asphaltene associate to form pre-aggregates; further association is not considered
during precipitation. Only van der Waals interactions are considered



Asphaltene exist as a monodispersed pre-aggregate with a fixed molecular weight
or as a polydispersed system characterized by a series of pseudo-components with
characteristics molecular weight

Chapman et al. (1988) derived the SAFT EOS theory by applying and extending
Wertheim’s first order perturbation theory (Wertheim, 1986) to chain molecules. In this
theory, molecules are modeled as chains of bonded spherical segments and the properties
of a fluid are obtained by expanding about the same properties of a reference fluid
(Gonzalez, et al., 2008). Gross and Sadowski (2001) proposed the perturbed chain
modification (PC-SAFT) to SAFT, by extending the perturbation theory of Barker and
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Henderson (1967) to a hard chain reference. PC-SAFT employs a hard sphere fluid
described by the Mansoori-Carnahan-Starling-Leland equation of state (Mansoori, 1971).
This version of SAFT predicts the phase behavior of high molecular weight fluids similar
to the asphaltene molecules.

PC-SAFT describes the residual Helmholtz free energy (Ares) of a mixture of an
associating fluid (Gonzalez et al., 2005).

=

where,

=

,

,

(2.12)

and

are the segment, chain, hard-

sphere , dispersion and association contributions to the mixture Helmholtz free energy. In
equation (2.12), R is the universal gas constant and T is temperature. The average
segment number of the mixture m is average of the pure species’ number mi weighted by
the species’ compositions:

(2.13)

where

is the mole fraction of species i.

The Mansoor-Carnahan-Starling-Leland (Mansoori, 1971) equation of state provides the
free energy contribution of the hard-sphere mixtures:

=

]

( 2.14 )

where,

(2.15)
and
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]}

where

(2.16)

is the mixture number density and

is the temperature dependent segment

diameter of species i.

PC-SAFT incorporates the effects of chain length on the segment dispersion energy. The
perturb chain dispersion contribution is given by

=

(2.17)

where

(

(2.18)

(

(2.19)

(2.20)

(2.21)

(2.22)
where, η is the package fraction (same as
parameter between species i and j and
diameter.

and

),

is the binary interaction

is the temperature independent segment

are functions of the system packing fraction and average segment

number m and can be found in the work by Gross and Sadowski (2001).
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The contribution to

due to the chain formation from Wertheim theory (1986) is

given by

=

where

(2.23)

is the hard sphere pair correlation function at contact given by

(2.24)

The PC SAFT association term is not used in this work because of the assumption
that molecular size and van der Waals interactions dominate asphaltene phase behavior in
crude oil (Rodriguez, 2008, p. 37).
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CHAPTER 3
STABILIZATION TIME MEASUREMENT: EQUIPMENTS AND
EXPERIMENTAL PROCEDURE
This chapter describes equipment and procedures used in carrying out the
measurement of the stabilization time for the crude oil. Prior to the design of this
experiment set up, the department did not have asphaltene precipitation or floc size
measurement apparatus. Therefore, one needed to the designed and assembled for the
research. Stabilization time experiment was done to find out how long it took pressurized
carbon dioxide to diffuse into the crude oil. The system was pressurized to 103 psig and
stabilization time was obtained after 6 hours (360 minutes). Figure 3.1 shows the
apparatus diagram for measuring stabilization time for the asphaltene floc size
experiment.

Dead crude oil sample for the experiment came from the Levelland

Slaughter field (LSF), Cochran County, Texas. Oil properties and PVT analysis of crude
oil are shown in Table 3.1 and 3.2. The minimum miscibility pressure (MMP) for the oil
sample was calculated from the existing correlation available in the literature and verified
with Core Lab results. Correlations selected for the calculations of MMP are Yelling and
Metcalfe, Orr and Jensen and Cronquist (Ahmed, 2000). Table 3.2 and Appendix A show
the MMP calculation for each correlation.

Table 3.1: Properties of crude oil
Property

Crude Oil

o

Density at 60 F ( g/mL )
Molecular Weight ( g/mol)
Degree API
Bubble Point Pressure ( psig )

0.865
159.1
32
467

Crude Oil Temperature ( oF )

105

Table 3.2: Predicted MMP from Correlation
Oil Sample
LSF

Yelling and Metcalfe
1278.69 psi

Orr and Jensen
1293.57 psi
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Table 3.3: Hydrocarbon analysis of the Levelland Slaughter crude oil
Components
( Symbol/Name)
H2S Hydrogen Sulfide

Molecular Weight
(g/mol )
34.08

Reservoir Fluid
( mole % )

Reservoir Fluid
(weight %)

0.24

0.05

CO2 Carbon Dioxide

44.01

0.30

0.08

N2

Nitrogen

28.01

0.61

0.11

C1
C2
C3
iC4
nC4
iC5
nC5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17

Methane
Ethane
Propane
iso-Butane
n-Butane
iso-Pentane
n- Pentane
Hexanes
Heptanes
Octanes
Nonanes
Decanes
Undecanes
Dodecanes
Tridecanes
Tetradecanes
Pentadecanes
Hexadecanes
Heptadecanes

16.04
30.07
44.10
58.12
58.12
72.15
72.15
84.00
96.00
107.00
121.00
134.00
147.00
161.00
175.00
190.00
206.00
222.00
237.00

C18 Octadecanes
C19 Nonadecanes
C20 Eicosanes Plus

251.00
263.00
499.00

7.87
4.75
5.57
1.97
5.46
2.70
2.82
5.64
8.67
8.33
6.20
4.45
3.90
2.88
2.65
2.35
2.31
1.67
1.46
1.55

0.79
0.9
1.55
0.72
1.99
1.23
1.28
2.98
5.23
5.6
4.72
3.75
3.6
2.92
2.92
2.8
2.99
2.33
2.18
2.45

1.54
14.11
100.00

2.55
44.28
100.00

Total ( % )
Average Molecular
Weigth ( g/mol )

159.10
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3.1 Experimental Apparatus for Measuring Stabilization Time

The discussion of the experimental apparatus will be divided into two main
sections, the crude oil loading apparatus and the loading procedure.
3.1.1 Equipment Used

The loading of the crude oil was accomplished with the use of modified stainless
steel core holder, pressure gauge and CO2 bottle. The CO2 used was supplied in standard
gas bottles, which had a pressure of 830 psig and 99.99% purity at room temperature.
Figures 3.1 and 3.2 show the pictorial view of the loading procedure for the stabilization
test.

Figure 3.1: Diagram of stabilization test
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Figure 3.2: Photo of experimental setup for stabilization test
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3.1.2 Stainless Steel Core Holder

The stainless steel core holder was operated at maximum pressure of 1800 psig
and 70o F. The capacity of the cylinder was 400 ml. The inner radius of the cylinder was
2.54 inches (6.452 cm). Figure 3.3 shows the picture of the core holder (Reservoir Tank).

Figure 3.3: Core holder (Reservoir tank)
3.1.3 CO2 Cylinder

The CO2 used was supplied by Air Liquide American Corporation; it came as
extra dry. The CO2 bottles are shown in Figure 3.4.

Figure 3.4: CO2 supply bottle
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3.1.4 Pressure Gauge

Psi-Tronix Model PG2000 was used to measure pressure drop during stabilization
time (shown in Figure 3.5). The range of the pressure gauge is 2000 psig.
Accuracy

of Full Scale (FS).

Figure 3.5: Pressure gauge
3.1.5 Regulator

Regulator was used to measure the input pressure for the stabilization period. The
regulator is rated up to 4000 psig or 2800 KPa. It is manufactured by Victor Model No.
SR4J (Figure 3.6).

Figure 3.6: Victor regulator

44

Texas Tech University, Maaroof Shahriar, August 2014

3.2 Loading Procedure

Standard Operating Procedure (SOP) was followed for loading crude oil into the
core holder. SOP is divided into two parts. The first part will discuss the SOP for
handling carbon dioxide cylinder. The second part will discuss the SOP for loading crude
oil.
3.2.1 SOP for handling pressurized carbon dioxide cylinder
1. Appropriate personal protective equipment (goggles, lab coats, and gloves) should
be worn with compressed gases.
2. The cylinder fittings and connections must be properly tested for leaks using
soapy water or snoop.
3. The cylinder must be fastened securely at all times whether in use, in transit, or
storage.
4. The cylinder valve should be positioned so that it is accessible at all times. The
main valve must be closed when the cylinder is not in active use.
5. Never use wrenches or pliers to open the main valve unless it is a specially
designed key provided by the supplier.
6. The main valve on a regulated cylinder should be opened slowly. Stand to the side
in case of a malfunctioning valve.
7. With the cylinder valve open and the flow control valve in the closed position, set
the desired delivery pressure by turning the delivery pressure adjusting screw
clockwise until the desired pressure is reached.
8. Always turn off the cylinder by first closing the main cylinder valve and then the
regulator. The pressure gages should be brought back to zero.
9. After the experiment, disconnect the connection and place the cap on the cylinder
for future use.
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3.2.2 SOP for loading crude oil to measure stabilization time
1. Appropriate personal protective equipment (goggles, lab coats, and gloves) should
be worn when handling crude oil.
2. Four hundred ml of crude oil was poured carefully from the 5 gallon tank into a
500 ml beaker.
3. The 350 ml of crude oil was filtered through 2.7 μm Ofite filter to remove large
impurities from oil.
4. The 350 ml filtered oil was transferred to the 500 ml beaker and ready for loading
in the reservoir cylinder.
5. The reservoir cylinder was carefully carried from the system setup to the vice.
6. The reservoir cylinder was mounted on the vice. The cylinder cap was opened
using the vice .The cylinder was cleaned and O ring seals were inspected for any
damage. The damaged O ring seals were replaced with new seals.
7. The 350 ml filtered crude oil was carefully poured into the reservoir cylinder. The
cylinder cap was sealed tight using a vice.
8. The loaded cylinder with crude oil was carefully transported back and fastened to
the steel frame.
9. The core holder with crude oil was connected carefully to the pressurized carbon
dioxide cylinder.
10. The pressure gauge was switched on and reset to zero.
11. The main valve on the regulator cylinder was opened slowly and desired pressure
was set to 103 psig.
12. Snoop was used to check for leaks during pressurization.
13. Shut the regulator and line valve so that pressure was maintained at 103 psig.
14. Allow carbon dioxide to dissolve or diffuse into the crude oil.
15. Take gauge pressure reading every 5 minutes and note the pressure drop.
16. Keep taking reading until there was no drop in the gauge pressure
17. Note time when there was no change in pressure drop.
18. After 6 hours (360 minutes) the pressure stopped dropping and the crude oil
stabilization time was obtained.
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CHAPTER 4
ASPHALTENE FLOC-SIZE MEASURMENT EXPERIMENTS:
EQUIPMENTS AND EXPERIMENTAL PROCEDURE
This chapter gives the description of the equipment and procedures used in
carrying out the measurement of asphaltene floc- size using nano filters. The first section
will discuss the experimental equipment and materials used. The section will give details
of the experimental procedures. The experiments were performed in the PVT lab fume
hood room and the Apache upstream research lab. Figures 4.1 and 4.2 show the location
of the experiment.

Figure 4.1: PVT Lab. Fume hood room. Old PE building

Figure 4.2: Apache upstream research lab. New PE building
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4.1 Experimental Apparatus

The discussion of the experimental apparatus will be divided into two main
sections, equipment used and crude oil loading procedure.
4.1.1 Equipment and Materials Used

The loading of the crude oil was accomplished with the use of stainless steel core
holders, pressure gauge and CO2 bottle.
4.1.2 Stainless Steel Core Holders

The stainless steel core holder was operated at maximum pressure of 1800 psi and
o

70 F. The capacity of the cylinder is 400 ml. The inner radius of the reservoir and filter
cylinder is 2.54 inches (6.452 cm). The inner radius of the filterate tank cylinder is
2.445 inches (6.211 cm). The volume of the filterate tank is 300 ml. Figures 4.3, 4.4 and
4.5 show the picture of the core holders.

Figure 4.3: Reservoir cylinder Figure 4.4: Filter cylinder Figure 4.5: Filterate cylinder
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4.1.3 CO2 Cylinder

The CO2 used was supplied by Air Liquide American Corporation; it came as
extra dry with 99.99% purity.

Figure 4.6: CO2 cylinder
4.1.4 Pressure Gauge

Psi-Tronix . Model PG2000 was used to measure gauge pressure during
asphaltene floc –size experiment (Figure 4.7). The features of this gauge include:
Powered by a standard 9 volt battery. Range: vacuum to 2000 psi.
Accuracy (Linearity, Hysteresis, Repeability): + or – 0.25% F.S. (B.F.S.L)

Figure 4.7: Psi-Tronix pressure guage
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4.1.5 Regulator

Regulator was used to measure the input pressure for the stabilization period. The
regulator is rated up to 4000 psig or 2800 KPa . It is manufactured by Victor Model No.
SR4J. (Figure 4.8).

Figure 4.8: Victor regulator
4.1.6 Electronic Digital Weighing Scale

Ohaus Digital Weighing Scale. Analytical Plus API 1105 (Figure 4.9).
Specification:
Classical Analytical Design. Capacity (metric): 110 g.
Readability (metric): 0.01 mg. Stabilization Time: 4 seconds.
Operating Temperature Range: 50o to 104oF or 10o to 40oC
Calibration: Push button motorized internal and external lock out switch safeguards preset parameters.

Figure 4.9: Ohaus digital weighing scale AP 1105
50

Texas Tech University, Maaroof Shahriar, August 2014

4.1.7 Nano Filter Paper
Whatman Nuclepore Track –Etch Membrane.
Nuclepore Track-etched membranes are manufactured from high quality
polycarbonate film and have defined pore size, high flow rates and excellent chemical
and thermal resistance (shown in Figures 4.10 through 4.13). It also has smooth flat
surface for good visibility of particles.
Filter Size used for the experiment: 200 nm, 100 nm, 50 nm and 30 nm.

Figure 4.10: 200 nm filter

Figure 4.11: 100 nm filter

Figure 4.12: 50 nm filter

Figure 4.13: 30 nm filter
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4.1.8 Ruska Pump

Ruska Pump was used to pressurize carbon dioxide from 800 psig to above
miscibility pressure. The pump pressurized carbon dioxide to 1400 psig, 1600 psig and
1800 psig. Figure 4.14 shows the Ruska Pump.

Figure 4.14: Ruska pump
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4.2 Experimental Procedure
The experimental procedure is divided into four sections. These include Nano
filter preparation and loading into core holder, measuring crude oil density, loading and
running experiment and measurement of carbon dioxide gas from crude oil.

4.2.1 Nano Filter Preparation and Loading into Core Holder
4.2.1.1 Filter paper preparation procedure.
1. Appropriate personal protective equipment (goggles, lab coats and gloves) was
used while working in the lab.
2. Each filter paper was inspected with magnifying glass for impurities.
3. The filter paper was cut with clean scissors.
4. The diameter of each filter paper was 59.56 mm ( 2.345 inches)
5. After cutting, each filter paper dry weight was noted using the Ohaus Digital
weighing scale.
6. The filter paper was stored in a vacuum sealed chamber so that no moisture
settled on it until loading into the filter core holder.
7. Procedure steps 1 through 5 were repeated for 200 nm, 100 nm, 50 nm and 30 nm
filters. Figure 4.15 show nano filters after preparation.

Figure 4.15: Nano filter after preparation
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4.2.1.2 Nano Filter Loading Procedure
1. Appropriate personal protective equipment (goggles, lab coats, and gloves) was
worn while working in the lab.
2. The filter core holder was carefully carried from the system setup to the vice.
3. The filter core holder was mounted on the vice. The cylinder cap was opened
using vice .The cylinder was cleaned and O ring seals are inspected for damage.
4. Custom built six clean stainless steel stands were placed inside the cylinder to
support nano-filters as shown in Figure 4.17.
5. The stainless steel stand at the bottom of the cylinder was used for support and
does not support any filter.
6. The nano-filter and stainless steel stands were placed alternatively to form 5
stacks as shown in Figure 4.19.
7. A rubber seal was placed between the nano filter and stainless steel stand so that
oil did not leak from inside of core holder. Figure 4.18.
8. The two 30 nm filter was placed at the bottom of the stack.
9. Next 50 nm, 100 nm and 200 nm filter were placed from bottom to top.
10. The cylinder cap was sealed tight using a vice.
11. The loaded cylinder with nano-filter was carefully transported back and attached
to the steel frame.

Figure 4.16: Nano filter loading procedure
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Figure 4.17: Stainless steel stands

Figure 4.18: Rubber seals

Figure 4.19: Stacks of nano-filter and stainless steel stand with rubber seals
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4.2.2 Crude Oil Density Measurement

Initial oil density was obtained from the reservoir fluid analysis done by Core
Lab. The oil was 32 degrees API.
The oil density was measured using Ohaus digital scale and matches with the Core Lab
results.
4.2.3 Loading and Running Asphaltene Floc-Size Experiment

Asphaltene Floc-size measurement experiment was divided into three sections.
The first section discusses the untreated oil procedure. The second section discusses
immiscible pressure test (100 to 800 psig) and the third section discusses miscible
pressure test (1400, 1600 and 1800 psig).
4.2.3.1 Asphaltene Floc-Size Measurement: Untreated Oil Experiment

Standard Operating Procedure (SOP) for Untreated Oil Experiment
1. Appropriate personal protective equipment (goggles, lab coats, and gloves) was
worn when handling crude oil.
2. Four hundred ml of crude oil was poured carefully from the 5 gallon tank into a
500 ml beaker.
3. The 350 ml of crude oil was filtered through 2.7 μm Ofite filter to remove large
impurities from the oil.
4. The 350 ml filtered oil was transferred into 500 ml beaker and ready for loading
in the reservoir cylinder.
5. The reservoir cylinder was mounted on the vice. The cylinder cap was opened
using vice .The cylinder was cleaned and O ring seals were inspected.
6. The 350 ml filtered crude oil carefully poured in the reservoir cylinder. The
cylinder cap was sealed tight using a vice.
7. The loaded cylinder with crude oil was carefully transported back and attached to
the steel frame.
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8. The core holder with nano filter and filtrate cylinder was attached to the system.
9. Open valves 1 through 4 sequentially and crude oil to follow from the reservoir
cylinder to the filter cylinder and eventually to the filterate cylinder as shown in
Figure 4.20.
10. The untreated oil experiment was performed for 6 hours ensuring all liquid drain’s
from the reservoir tank, passes through the filter and collect’s in the filtrate tank
( bottom cylinder ).
11. After 6 hours the filterate cylinder was mounted on a vice and carefully opened.
12. Each oil soaked nano filter paper wet weight was measured using digital scale.
13. Next, each filter was dipped in n- Heptane solution for 10 seconds and allowed to
dry for 24 hours. Dry weight of the filter is taken after 24 hours.
14. Filtrate fluid was carefully poured in to the beaker and its volume was measured.
15. A small sample filterate fluid was used to measure density.
16. The gravity drainage experiment was repeated 3 times for data validation.

Figure 4.20: Photo and diagram of untreated oil experiment
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4.2.3.2 Asphaltene Floc-Size Measurement for 100 psig to 800 psig

Standard Operating Procedure (SOP) for the pressurized system experiment as shown in
figures 4.20 and 4.21.
1. Appropriate personal protective equipment (goggles, lab coats, and gloves) should
be worn when handling crude oil.
2. Four hundred ml of crude oil was poured carefully from the 5 gallon tank to a 500
ml glass beaker.
3. The 350 ml of crude oil was filtered using Ofite filter to remove impurities from
the oil.
4. The reservoir cylinder was carefully carried and mounted on the vice. The
cylinder cap is opened using vice .The cylinder was cleaned and O ring seals were
inspected for damage.
5. 350 ml of filtered crude oil was carefully poured in the reservoir cylinder. The
cylinder cap was sealed tight using a vice.
6. The loaded cylinder with crude oil was carefully transported back and attached to
the system.
7. The main valve on a regulated cylinder should be opened slowly.
8. Valves 1 and 2 were opened to let pressurized carbon dioxide in the reservoir
cylinder until desired pressure was reached.
9. Snoop or soapy water was used to detect for leaked in the system.
10. Let crude oil and pressurized carbon dioxide to stabilize for 6 hours.
11. After 6 hours, open valves 3 through 6 and let crude oil flow through the system.
12. After 60 minutes close all valves on the experiment set up.
13. Turn off the cylinder by first closing the main cylinder valve and then the
regulator.
14. Bleed pressure from experiment set up using the bleed valve.
15. After the experiment, disconnect the connection and place the cap on the cylinder
for future use.

58

Texas Tech University, Maaroof Shahriar, August 2014

16. Carefully open the system and take measurements of volume of oil left in the
reservoir cylinder and measure wet weight of each nano-filter.
17. The wet nano-filter papers were dipped in n-Heptane solution for 10 seconds to
remove crude oil and allowed to dry for 24 hours. Dry weight of the filter paper
was measured after 24 hours.
18. Evolved CO2 gas was measured from the filterate solution using displacement
technique. Measure CO2 gas again after 12 hours.
19. Next, open filtrate cylinder and collect its filterate fluid.
20. The density of the filtrate fluid was measured using Ohaus digital balance.
21. Steps 1 through 20 were repeated for 100 psig to 800 psig pressure.
22. Experiment for each pressure was repeated twice for data validation.

Figure 4: 21: Diagram of immiscible pressure test
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Figure 4.22: Photo of immiscible pressure test

Figure 4.23: Crude oil in the reservoir cylinder
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4.2.4 Measument of Dissolved Cabon Dioxide Gas

Carbon dioxide gas was collected by displacement technique. The volume of
carbon dioxide was measured twice; once immediately after the experiment and again 12
hours later. This was done to give sufficient time for the dissolved carbon dioxide gas to
come out of the crude oil filterate. Inverted 1500 ml beaker filled with water was
submerged fully inside a 5000 ml glass vessel filled with water. The filterate cylinder
valve 7 (Figure 4.21) was slowly opened and volume of carbon dioxide released was
measured.
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4.2.3.3 Asphaltene Floc-Size Measurement for Miscible Pressure Test

Standard Operating Procedure (SOP) for the miscible pressure experiment for 1400 psig,
1600 psig and 1800 psig as shown in Figures 4.24 and 4.25.
1. Appropriate personal protective equipment (goggles, lab coats, and gloves) was
worn when handling crude oil.
2. 400 ml of crude oil carefully was poured from the 5 gallon tank to a 500 ml glass
beaker.
3. The 350 ml of crude oil was filtered through 2.7 μm Ofite filter to remove
impurities from the oil.
4. The reservoir cylinder was carefully carried and mounted on the vice. The
cylinder cap was opened using vice .The cylinder was cleaned and O ring seals
were inspected.
5. 350 ml of filtered crude oil was carefully poured in the reservoir cylinder. The
cylinder cap was sealed tight using a vice.
6. The loaded cylinder with crude oil was carefully transported back and attached to
the steel frame.
7. Ruska pump was connected to the carbon dioxide cylinder to pressurize from 800
psig to above miscibility pressure.
8. Valve 1 and Swagelok valve were opened to let 800 psig pressurized carbon
dioxide to the Ruska pump cylinder. Snoop was used to detect for leaked in the
system.
9. Turn knob of the Ruska Pump to increase the pressure to 1400 psig.
10. Open valves 2 and 3 and let 1400 psig pressurized carbon dioxide (super critical
state) into the reservoir cylinder.
11. Maintain pressure by turning the knob on the Ruska Pump.
12. Let crude pressurized carbon dioxide and crude oil to stabilize for 6 hours.
13. After 6 hours, open valves 4 through 7 and let crude oil flow through the system.
14. After 60 minutes close all valves on the experiment set up.
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15. Turn off the cylinder by first closing the main cylinder valve and then the
regulator.
16. Bleed the pressure from the experiment set up using the bleed valve.
17. After the experiment, disconnect the connection and place the cap on the cylinder
for future use.
18. Carefully open the system and take measurements of volume of oil left in the
reservoir cylinder and measure wet weight of each nano-filters
19. Nano-filter papers were dipped in heptane solution for 10 seconds to remove
crude oil and allowed to dry for 24 hours. Measure dry weight after 24 hours
20. Measure CO2 gas released from the filterate cylinder using displacement
technique. After 12 hours, measure CO2 evolved gas.
21. The filtrate cylinder was opened and filtrate fluid is collected.
22. The density of the filtrate fluid was measured using Ohaus digital balance.
23. Steps 1 through 22 were repeated for 1600 psig and 1800 psig.
24. Experiment for each pressure was repeated twice for data validation.

Figure 4.24: Diagram of miscibility pressure test
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Figure 4.25: Photo of miscibility pressure test
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CHAPTER 5
STABILIZATION TIME EXPERIMENT: RESULTS AND
DISCUSSION
In this chapter, the results of the stabilization time experiments carried out on the
crude oil sample. The chapter is divided into two main parts; the first part presents the
results, while the second part presents the analysis and discussion of the results.

5.1 Asphaltene Stabilization Time

Stabilization time was obtained prior to the pressurization experiment to see how
long it took carbon dioxide to diffuse or absorb completely in to the oil. From experiment
the stabilization time was found to be 6 hours (360 minutes). Figure 5.1 shows
stabilization time for the asphaltene floc-size experiment.

Asphaltene Floc Size Experiment Stabilization Time
120

Pressure ( psig)

100
Time When Oil Stops Absorbibg CO2

80
60
40

Time = 360 Minutes

20
0
0

100

200

300

400

Time ( Minutes )
Figure 5.1: Graph of asphaltene stabilization time
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Table 5.1 shows the time required for measuring asphaltene stabilization time.

Table: 5.1 Asphaltene stabilization time

Minutes
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150

Pressure
( psig)
102
101
99
97
96
95
94
93
92
91
90
89
88
87
86
85
84
83
82
81
80
79
79
78
77
77
76
75
75
74
74

Minutes
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305

Pressure
(psig )
73
72
72
71
70
70
69
69
68
68
67
67
66
66
65
65
64
64
63
63
62
62
61
61
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60
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59

66

Minutes
310
315
320
325
330
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340
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350
355
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375
380
385
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405
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Pressure
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58
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55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
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5.2 Discussion of results for stabilization time

The stabilization time for the asphaltene floc size experiment is 6 hours (360
minutes). It took six hours for the crude oil to stop absorbing carbon dioxide. The system
was initially pressurized at 103 psig. Pressure drop reading was taken each five minutes
and recorded until the crude oil stopped absorbing carbon dioxide. The final pressure
drop reading was 55 psig. Therefore, in six hours the pressure drop was 48 psig
(103- 55 psig). The 48 psig pressure drop shows that crude oil absorbs carbon dioxide
during immiscible injection. Equilibrium times are consistent with a diffusion process in
which CO2 molecules diffuse into a liquid until saturation. The diffusion of CO2 gas into
the crude oil causes it to swell and reduce oil viscosity.
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CHAPTER 6
ASPHALTENE FLOC-SIZE MEASURMENT EXPERIMENTS:
RESULTS AND DISCUSSION OF RESULTS
In this chapter, the results of the asphaltene floc-size experiments are carried out
on untreated oil and pressurized crude oil samples. The chapter is divided into two main
parts; the first part presents the results, while the second part presents the analysis and
discussion of the results.
6.1 Untreated Oil Experiment Results

Table 6.1: Untreated oil experiment results

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2346
0.2235
0.2262
0.2254
0.2262

wet weight
after exp.
Weight (g)
0.327
0.6508
0.4589
0.3598
0.4186

24 hr dry
weight
Weight (g)
0.2414
0.2368
0.2305
0.2328
0.2333

asphaltene
weight
Weight (g)
0.0068
0.0133
0.0043
0.0074
0.0071
0.0389

Table 6.2 : Data for untreated oil experiment
Asphaltene Precipitated wt. ( g )
Volume of Carbon Dioxide Released ( cc)
Volume of Oil Filterate ( ml )

0.0389
0
284

Density of Oil Filterate ( g/cc )

0.855
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Figures 6.1 and 6.2 show the effect of asphaltene deposition for untreated oil on the filter
paper.

Figure 6.1: Filter paper before untreated oil experiment

Figure 6.2: Dried nano-filters after 24 hours
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6.2 Untreated Oil Discussion of Results

In the untreated oil experiment, 0.0389g of asphaltene was obtained. This is the
amount of asphaltene that is already present in the oil as nanoaggregates and clusters of
asphaltene molecules. These clusters of asphaltene molecules were removed by 30 nm
filter paper. Hence, the untreated oil experiment produced asphaltene. No carbon dioxide
gas evolved from the oil filterate because no gas was injected into the crude oil sample.
Density of the filterate oil decreased from 0.865 to 0.855 because some of the heavier
components are removed from the oil.
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6.3 Pressurized Experiment Results and Discussion

In the pressurized part of the experiment, pressure was varied from 100 psig to
800 psig with increments of 100 psig below minimum miscibility pressure (MMP) and
increment of 200 psig above MMP. Tables 6.1 through 6.8 show the mass of asphaltene
precipitated during carbon dioxide injection for each pressure from 100 psig to 800 psig.

Table 6.11 through 6.13 shows results for above miscibility pressure.

Table 6.3: Pressurized experiment: 100 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2288
0.2099
0.222
0.2142
0.2151

wet weight
after exp.
Weight (g)
0.5607
0.4671
0.4777
0.5979
0.4662

24 hr dry
weight
Weight (g)
0.2327
0.2315
0.2241
0.2161
0.2269

asphaltene
weight
Weight (g)
0.0039
0.0216
0.0021
0.0019
0.0118
0.0413

Table 6.4: Pressurized experiment: 200 psig
From top to bottom

dry weight
before exp.

wet weight
after exp.

24 hr dry
weight

asphaltene
weight

#

Filter Grade (nm)

Weight (g)

Weight (g)

Weight (g)

Weight (g)

1

200

0.2321

0.3201

0.2345

0.0024

2

100

0.2145

0.4735

0.2321

0.0176

3

50

0.2251

0.4354

0.228

0.0029

4

30

0.2166

0.4932

0.2216

0.005

5

30

0.2228

0.3922

0.2356

0.0128
0.0407
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Table 6.5: Pressurized experiment: 300 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.234
0.2244
0.2324
0.2241
0.2301

wet weight
after exp.
Weight (g)
0.4322
0.4798
0.3051
0.3236
0.3717

24 hr dry
weight
Weight (g)
0.2446
0.2351
0.2423
0.2353
0.2445

asphaltene
weight
Weight (g)
0.0106
0.0107
0.0099
0.0112
0.0144
0.0568

Table 6.6: Pressurized experiment: 400 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2348
0.2242
0.2287
0.2244
0.2205

wet weight
after exp.
Weight (g)
0.3449
0.3399
0.3451
0.4317
0.2893

24 hr dry
weight
Weight (g)
0.2434
0.2369
0.2388
0.2341
0.2282

asphaltene
weight
Weight (g)
0.0086
0.0127
0.0101
0.0097
0.0077
0.0488

Table 6.7: Pressurized experiment: 500 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2312
0.2213
0.2227
0.222
0.225

wet weight
after exp.
Weight (g)
0.4227
0.3051
0.2933
0.2819
0.2811

72

24 hr dry
weight
Weight (g)
0.2427
0.232
0.2408
0.2336
0.2359

asphaltene
weight
Weight (g)
0.0115
0.0107
0.0181
0.0116
0.0109
0.0628
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Table 6.8: Pressurized experiment: 600 psig
From top to bottom

dry weight
before exp.

wet weight
after exp.

24 hr dry
weight

asphaltene
weight

#

Filter Grade (nm)

Weight (g)

Weight (g)

Weight (g)

Weight (g)

1

200

0.2316

0.3394

0.2392

0.0076

2

100

0.2216

0.351

0.2396

0.018

3

50

0.2258

0.3306

0.2422

0.0164

4

30

0.2273

0.3347

0.2422

0.0149

5

30

0.2246

0.3356

0.2353

0.0107
0.0676

Table 6.9: Pressurized experiment: 700 psig
From top to bottom

dry weight
before exp.

wet weight
after exp.

24 hr dry
weight

asphaltene
weight

#
1

Filter Grade (nm)
200

Weight (g)
0.2293

Weight (g)
0.3526

Weight (g)
0.2356

Weight (g)
0.0063

2
3
4
5

100
50
30
30

0.2193
0.225
0.2216
0.219

0.2893
0.3042
0.2884
0.2991

0.238
0.2311
0.2319
0.2289

0.0187
0.0061
0.0103
0.0099
0.0513

Table 6.10: Pressurized experiment: 800 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2277
0.2145
0.2212
0.2191
0.2175

wet weight
after exp.
Weight (g)
0.2919
0.3942
0.3426
0.3473
0.3491
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24 hr dry
weight
Weight (g)
0.2327
0.2367
0.2303
0.2375
0.2285

asphaltene
weight
Weight (g)
0.005
0.0222
0.0091
0.0184
0.011
0.0657

Texas Tech University, Maaroof Shahriar, August 2014

Table 6.11: Pressurized experiment: 1400 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2357
0.2244
0.2328
0.2224
0.2229

wet weight
after exp.
Weight (g)
0.3201
0.4735
0.4354
0.4932
0.3922

24 hr dry
weight
Weight (g)
0.2454
0.2315
0.2366
0.2278
0.2568

asphaltene
weight
Weight (g)
0.0097
0.0071
0.0038
0.0054
0.0339
0.0599

Table 6.12: Pressurized experiment: 1600 psig
From top to bottom

dry weight
before exp.

wet weight
after exp.

24 hr dry
weight

asphaltene
weight

#

Filter Grade (nm)

Weight (g)

Weight (g)

Weight (g)

Weight (g)

1

200

0.2352

0.3449

0.2524

0.0172

2

100

0.2241

0.3399

0.2629

0.0388

3

50

0.2333

0.3451

0.2425

0.0092

4

30

0.2229

0.4317

0.233

0.0101

5

30

0.2242

0.2893

0.2292

0.005
0.0803

Table 6.13: Pressurized experiment: 1800 psig

#
1
2
3
4
5

From top to bottom
Filter Grade (nm)
200
100
50
30
30

dry weight
before exp.
Weight (g)
0.2359
0.2246
0.2332
0.2226
0.2228

wet weight
after exp.
Weight (g)
0.3273
0.4508
0.4589
0.3598
0.4186
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24 hr dry
weight
Weight (g)
0.2641
0.2588
0.2413
0.2316
0.2331

asphaltene
weight
Weight (g)
0.0282
0.0342
0.0081
0.009
0.0103
0.0898
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Figures 6.3 through 6.24 show how a representative nano-filter papers changes color due
to asphaltene deposition on the filter paper during carbon dioxide injection.

Figure 6.3: Filter paper before 100 psig test

Figure 6.4: Dried filter paper after 24 hours: 100 psig test
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Figure 6.5: Filter paper before 200 psig test

Figure 6.6: Dried filter paper after 24 hours: 200 psig test
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Figure 6.7: Filter paper before 300 psig test

Figure 6.8: Dried filter paper after 24 hours: 300 psig test
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Figure 6.9: Filter paper before 400 psig test

Figure 6.10: Dried filter paper after 24 hours: 400 psig test
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Figure 6.11: Filter paper before 500 psig test

Figure 6.12: Dried filter paper after 24 hours: 500 psig test
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Figure 6.13: Filter paper before 600 psig test

Figure 6.14: Dried filter paper after 24 hours: 600 psig test
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Figure 6.15: Filter paper before 700 psig test

Figure 6.16: Dried filter paper after 24 hours: 700 psig test
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Figure 6.17: Filter paper before 800 psig test

Figure 6.18: Dried filter paper after 24 hours: 800 psig test
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Figure 6.19: Filter paper before 1400 psig test

Figure 6.20: Dried filter paper after 24 hours: 1400 psig test
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Figure 6.21: Filter paper before 1600 psig test

Figure 6.22: Dried filter paper after 24 hours: 1600 psig test
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Figure 6.23: Filter paper before 1800 psig test

Figure 6.24: Dried filter paper after 24 hours: 1800 psig test
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Table 6.14 shows combined results of untreated oil and pressurized experiments from
100 psig to 800 psig.
Table 6.14: Results of untreated oil and miscibility pressure experiments
Untreated
Oil

100
psig

200
psig

300
psig

400
psig

500
psig

600
psig

700
psig

800
psig

Filter
Grade
(nm)

wt. (g)

wt. (g)

wt.(g)

wt. (g)

wt. (g)

wt. (g)

wt. (g)

wt. (g)

wt. (g)

200

0.0068

0.0039

0.0024

0.0106

0.0086 0.0115 0.0076 0.0063 0.0050

100

0.0133

0.0216

0.0176

0.0107

0.0127 0.0107

50

0.0043

0.0021

0.0029

0.0099

0.0101 0.0181 0.0164 0.0061 0.0091

30

0.0074

0.0019

0.005

0.0112

0.0097 0.0116 0.0149 0.0103 0.0184

30
Total
Wt.

0.0071

0.0118

0.0128

0.0144

0.0077 0.0109 0.0107 0.0099 0.0110

0.0389

0.0413

0.0407

0.0568

0.0488 0.0628 0.0676 0.0513 0.0657

0.018

0.0187 0.0222

Table 6.15 shows combined results of the pressurized experiments above minimum
miscibility pressure (MMP)
Table 6.15: Above miscibility pressure test
Filter Grade (nm)
200
100
50
30
30
Total Wt.

1400 psig
Wt. (g)
0.0075
0.0071
0.0038
0.0054
0.0339
0.0577

1600 psig
Wt. (g)
0.0172
0.0388
0.0092
0.0101
0.005
0.0803
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1800 psig
Wt. (g)
0.0282
0.0342
0.0081
0.009
0.0103
0.0898
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6.3.3 Volume of Carbon Dioxide Released

Table 6.16: Volume of carbon dioxide released
Pressure (psig)
100
200
300
400
500
600
700
800
1400
1600
1800

Volume ( cc )
940
2400
4000
5200
8350
10000
12000
15200
22500
23800
24900

Volume of Carbon dioxide Released ( cc )

Volume of Carbon Dioxide Released vs Pressure
30000

25000

20000

15000

10000

5000

0
0

200

400

600

800

1000

1200

1400

Pressure ( psig)

Figure 6.25: Volume of carbon dioxide released
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6.3.4 Discussion of results for volume of carbon dioxide released

As carbon dioxide pressure increased from 100 psig to 800 psig, there is a steep
increase in the volume of carbon dioxide released. This is because more carbon dioxide is
being absorbed into the crude oil. The injected carbon dioxide dissolves in the crude oil
and causes the oil to swell and reducing its viscosity. Once, the pressure is released the
dissolved gas comes out of the solution at the rate absorption.
Above miscibility pressure, absorption of carbon dioxide by oil decreases because
it is approaching the maximum absorption capacity and the crude oil cannot absorb any
more gas. Hence, the steepness of the graph gradually decreases.
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6.3.5 Results of Oil Density Comparisons

The density of the original oil (0.865 g/cc) was compared to untreated oil
experiment, below miscibility pressure (100 psig to 800 psig) experiments and above
miscibility pressure (1400 psig to 1800 psig) experiments. Readings were taken for the
density of reservoir tank (top core) after CO2 injection, oil density in the filter tank
(middle core) after CO2 injection and filterate oil density (bottom core) after measuring
volume of carbon dioxide released. Table 6.15 and Figure 6.21 show the variation in oil
density in relation to carbon dioxide concentration.

Table 6.17: Comparison of oil density variation during asphaltene floc size experiment
CO2 Mole
Fraction
0
0.0246
0.0633
0.1059
0.1330
0.2111
0.2375
0.2768
0.3235
0.4275
0.4447
0.4609

Top Core
Density in Reservoir Tank
( g/cc )
0.865
0.839
0.843
0.848
0.824
0.831
0.833
0.836
0.823
0.811
0.799
0.702

Middle Core
Density in Filter Tank
( g/cc)
0.861
0.831
0.835
0.834
0.823
0.825
0.811
0.823
0.831
0.815
0.812
0.817
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Bottom Core
Oil Filterate Density
( g/cc)
0.859
0.855
0.851
0.845
0.842
0.821
0.828
0.831
0.836
0.813
0.815
0.807
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CO2 Mole Fraction vs. Oil Density
0.88
Density in Reservoir Tank
Density in Filter Tank

Oil Density ( g/cc)

0.86

Oil Filterate Density

0.84
0.82
0.8
0.78
0.76
0

0.1

0.2

0.3

0.4

0.5

CO2 Mole Fraction
Figure 6.26: Oil density variation during asphaltene floc size experiment
6.3.6 Discussion of results for oil density variation

All densities oil in the reservoir tank, filter tank and filtrate tank follow the same
pattern. Initial density in the reservoir tank is 0.865 g/cc. As the concentration of mole
fraction of carbon dioxide increases, the density of the oil in the reservoir tank falls
because injected carbon dioxide is causing the well to swell and reduce viscosity. The
heavier components of the crude oil precipitated and falls out of the solution resulting in
fall in density.
The density of oil in the filter tank is lower than the density in the reservoir tank
because heavier components of oil already precipitated out of the oil in the reservoir tank.
The oil filtrate density is higher than the reservoir and filter tank because most of
the dissolved gas is already evolved from the oil during carbon dioxide measurement.
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6.3.7 Results of Precipitated Asphaltene Weight

Table 6.18 and Figure 6.27 show the asphaltene precipitated weight for each mole
fraction.
Table 6.18: Asphaltene precipitated weight for each mole fraction
CO2 Mole Fraction
0.0246
0.0633
0.1059
0.1330
0.2110
0.2375
0.2768
0.3235
0.4275
0.4447
0.4609

Weight (g )
0.0413
0.0407
0.0568
0.0488
0.0628
0.0676
0.0513
0.0657
0.0577
0.0803
0.0898

Carbon Dioxide Mole Fraction vs. Weight ( g )
0.1
0.09
0.08

Weight ( g )

0.07
0.06
0.05
0.04
0.03

0.02
0.01
0

0.0246 0.0633 0.1059 0.1330 0.2110 0.2375 0.2768 0.3235 0.4275 0.4447 0.4609

Carbon Dioxide Mole Fraction

Figure 6.27: CO2 mole fraction vs. asphaltene precipitated weight
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6.3.8 Discussion of Precipitated Asphaltene Weight

It is observed from the experiment that even in low concentration of CO2 mole
fraction, asphaltene precipitation occurs. At 0.0246 CO2 mole fraction, 0.0413 g of
asphaltene precipitates. As the CO2 concentration increases, there is a gradual increase in
asphaltene precipitation. This can be explained by the change in solubility parameter of
the crude oil due to carbon dioxide injection.
6.3.9 Results of Asphaltene Floc Size Distribution

The main objective of this study was to detect size distribution of asphaltene flocs
due to carbon dioxide injection. Polycarbonate nano filters of size 200 nm, 100 nm, 50
nm and 30 nm were used for the experiment. Relative size distribution (NK) was used for
these filters because it captured asphaltene floc size that is larger than the size of the nano
filters. The average between two filters was taken as relative size. For example, the
average between 30 nm and 50 nm filter was 40 nm. Figure 6.29 shows how relative size
was chosen.

Figure 6.28: Relative size distribution
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The size distribution was found using the weight of asphaltene and the relative
size. Assumption was made that each asphaltene flocs are spherical and do not touch each
other. The number of asphaltene flocs was determined by equation 6.1. The sum of K for
all filters was used to calculate the distribution percentage for each size.

(6.1)
where

(g/cc)

Tables 6.19 through 6.29 show the relative size distribution calculation for each mole
fraction.

Table 6.19: Relative size distribution for 0.0246 CO2 mole fraction
Relative
Size
0.25

Relative
Size Radius
0.125

w

v

K

NK

Nk %

-0.002900

0.0082177

-0.295541

0.002088

0.208824

0.15

0.075

0.008300

0.001766

3.916018

-0.027670

-2.766985

0.075

0.0375

-0.002200

0.000221

-8.303845

0.058673

5.867342

0.04

0.02

-0.005500

0.000034

-136.843153

0.966908

96.690819

K total

-141.526522

Table 6.20: Relative size distribution for 0.0633 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.125
0.075
0.0375
0.02

w

v

K

NK

Nk %

-0.004400
0.004300
-0.001400
-0.002400

0.008177
0.001766
0.000221
0.000034
K total

-0.448408
2.028780
-5.284265
-59.713376
-63.417268

0.007071
-0.031991
0.083325
0.941595

0.707075
-3.199098
8.332534
94.159489
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Table 6.21: Relative size distribution for 0.1059 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.125
0.075
0.0375
0.02

w

v

K

NK

Nk %

0.003800
-0.002600
0.005600
0.003800

0.008177
0.001766
0.000221
0.000034
K total

0.387261
-1.226704
21.137061
94.546178
114.843796

0.003372
-0.010682
0.184051
0.823259

0.337207
-1.068150
18.405052
82.325891

Table 6.22: Relative size distribution for 0.1330 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.125
0.075
0.0375
0.02

w

v

K

NK

Nk %

0.001800
-0.000600
0.005800
0.002300

0.008177
0.001766
0.000221
0.000034
K total

0.183439
-0.283086
21.891956
57.225318
79.017628

0.002322
-0.003583
0.277052
0.724210

0.232150
-0.358256
27.705154
72.420952

Table 6.23: Relative size distribution for 0.2110 CO2 mole fraction
Relative
Size
0.25
0.15
0.075

Relative Size
Radius
0.125
0.075
0.0375

w

v

K

NK

Nk %

0.004700
-0.002600
0.013800

0.008177
0.001766
0.000221

0.478981
-1.226704
52.087757

0.003074
-0.007872
0.334242

0.307357
-0.787164
33.424203

0.04

0.02

0.004200

0.000034

104.498408

0.670556

67.055604

K total

155.838441

Table 6.24: Relative size distribution for 0.2375 CO2 mole fractions
Relative
Size
0.25

Relative Size
Radius
0.1250

w

v

K

NK

Nk %

0.000800

0.008177

0.081529

0.000348

0.034756

0.15

0.0750

0.004700

0.001766

2.217504

0.009453

0.945331

0.075

0.0375

0.012100

0.000221

45.671149

0.194698

19.469786

0.04

0.0200

0.007500

0.000034

186.604299

0.795501

79.550128

K total

234.574481
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Table 6.25: Relative size distribution for 0.2768 CO2 mole fraction
Relative
Size
0.25

Relative Size
Radius
0.1250

w

v

K

NK

Nk %

-0.000500

0.008177

-0.050955

-0.000626

-0.062565

0.15

0.0750

0.005400

0.001766

2.547771

0.031282

3.128228

0.075

0.0375

0.001800

0.000221

6.794055

0.083419

8.341941

0.04

0.0200

0.002900

0.000034

72.153662

0.885924

88.592395

K total

81.444533

Table 6.26: Relative size distribution for 0.3235 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.1250
0.0750
0.0375
0.0200

w

v

K

NK

Nk %

-0.001800
0.008900
0.004800
0.011000

0.008177
0.001766
0.000221
0.000034
K total

-0.183439
4.199104
18.117481
273.686306
295.819450

-0.000620
0.014195
0.061245
0.925180

-0.062011
1.419482
6.124506
92.518023

Table 6.27: Relative size distribution for 0.4275 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.1250
0.0750
0.0375
0.0200

w

v

K

NK

Nk %

0.003000
-0.006200
-0.000500
-0.002000

0.008182
0.001767
0.000221
0.000034
K total

0.305538
-2.923356
-1.886036
-49.729472
-54.233326

-0.005634
0.053903
0.034776
0.916954

-0.563377
5.390332
3.477633
91.695411

Table 6.28: Relative size distribution for 0.4447 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.1250
0.0750
0.0375
0.0200

w

v

K

NK

Nk %

0.010400
0.025500
0.004900
0.002700

0.008182
0.001767
0.000221
0.000034
K total

1.059198
12.023481
18.483155
67.134787
98.700621

0.010731
0.121818
0.187265
0.680186

1.073142
12.181768
18.726483
68.018606
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Table 6.29: Relative size distribution for 0.4609 CO2 mole fraction
Relative
Size
0.25
0.15
0.075
0.04

Relative Size
Radius
0.1250
0.0750
0.0375
0.0200

w

v

K

NK

Nk %

0.021400
0.020900
0.003800
0.001600

0.008182
0.001767
0.000221
0.000034
K total

2.179504
9.854539
14.333876
39.783577
66.151496

0.032947
0.148969
0.216683
0.601401

3.294715
14.896926
21.668256
60.140102

Table 6.30: Precipitation of asphaltene floc size distribution
CO2 Concentration

250

0.0246
0.0633
0.1059
0.1330
0.2110
0.2375
0.2768
0.3235
0.4275
0.4447
0.4609

0.2088
0.7071
0.3372
0.2322
0.3074
0.0348
-0.0626
-0.0620
-0.5634
1.0731
3.2947

Filter Grade (nm)
150
75
-2.7670
-3.1991
-1.0682
-0.3583
-0.7872
0.9453
3.1282
1.4195
5.3903
12.1818
14.8969
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5.8673
8.3325
18.4051
27.7052
33.4242
19.4698
8.3419
6.1245
3.4776
18.7265
21.6683

40
96.6908
94.1595
82.3259
72.4210
67.0556
79.5501
88.5924
92.5180
91.6954
68.0186
60.1401
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Figure 6.29: Asphaltene floc size distribution

6.3.10 Discussion of Asphaltene Floc Size Distribution

Asphaltene floc size distributions are significant and form at all carbon dioxide
concentration. At low concentration of carbon dioxide (for example 0.0246), floc size of
40 nm formed. As the carbon dioxide concentration increases from 0.0633 to 0.2110,
there is a change in flock size distribution from 40 nm to 75 nm. Here the 40 nm flocs are
combining to form larger flocs. However, at carbon dioxide concentration of 0.2375, the
larger flocs begin to break down and form smaller flocs and the percentage of the 40 nm
flocs goes up. This shows that the asphaltene nano aggregates may be reversible.
Based on the data, there is an inverse relationship between the floc size distribution of 40
nm and 75 nm flocs. An increase in the 75 nm floc size decreases the 40 nm floc sizes.
At 0.02768 carbon dioxide concentration, floc size of 150 nm begins to form in
addition to 75 nm and 40 nm floc size. At 0.4447 carbon dioxide concentration, an even
larger floc of 250 nm begins to develop. Hence, as carbon dioxide concentration
increases, more aggregation of asphaltene forms from small size to large size.
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Currently, there is no confirmed established theory why asphaltene nano
aggregates behave differently due to variation in carbon dioxide concentration. This work
provides a clue that even in the presence of small concentration of carbon dioxide,
asphaltene floc will form. It is possible that variation and reversibility of asphaltene flocs
are due to the increase in dipole moment of the asphaltene nano aggregates and van der
Waals interaction (dispersion forces) between the asphaltene molecules during carbon
dioxide injection (Murgich, 2002).
Linkhatsky et al. in 2011 suggested that dipole –dipole interaction plays an
important role in the process of asphaltene aggregation. This theory may explain the
behavior of asphaltene nano aggregates. In their work, they used the Diffusion Limited
Aggregation Model (DLA) to study the structure and properties of asphaltene. The
results of their work show the relationship between cluster mass and dipole moment as
shown in Figure 6.30. The dipole moment increases proportionally as asphaltene cluster
mass increases, therefore causing an increase in asphaltene precipitation.

Figure 6.30: Dipole Moment and Cluster Mass (Linkhatsky et al., 2001)
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6.3.11 Empirical Models for Non Interacting Floc Sizes.

Empirical models of 40 nm, 75 nm, 150 nm and 250 nm asphaltene floc sizes for
each CO2 concentration were created using non linear regression analysis. These floc size
models assume that the floc sizes are independent and not interacting with each other.
The results of the models are given below.
Equations 6.1 through 6.4 give the equation for each individual model. The
coefficients are with 95% confidence bounds. Figures 6.31 through 6.35 shows the
graphical representation of each model. Goodness of fit for each model is given in Tables
6.31 through 6.34.

(6.1)

Figure 6.31: Empirical model for 40 nm floc size

Table 6.31: Goodness of fit for 40 nm floc size
SSE
3.761

R-Square
0.9975

Adjusted R-Square
0.9771
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RMSE
1.939
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(6.2)

Figure 6.32: Empirical Model for 75 nm floc size

Goodness of fit is given in table 6.32.

Table 6.33: Goodness of fit for 75 nm floc size
SSE
3.512

R-Square
0.9957

Adjusted R-Square
0.9609

100

RMSE
1.874
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(6.3)

Figure 6.33: Empirical Model for 150 nm floc size

Goodness of fit is given in table 6.33.

Table 6.33: Goodness of fit for 150 nm floc size
SSE
25.69

R-Square
0.9252

Adjusted R-Square
0.9158
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RMSE
1.792
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+ 0.1353

(6.4)

Figure 6.34: Empirical Model for 250 nm floc size

Table 6.34: Goodness of fit for 250 nm floc size
SSE
1.249

R-Square
0.8797

Adjusted R-Square
0.8497
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RMSE
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6.3.12 Empirical Models for Interacting Floc Sizes.

In this section, empirical models of interacting floc sizes of 40 nm, 75nm, 150 nm
and 250 nm were created. Here, the floc sizes are interacting with each other. These
models were created in the curve fitting tool box in MATLAB. The results of the models
are given below. The relationships between four interacting floc size models are
expressed in terms of each model as shown in equations 6.4 through 6.7.

40 nm floc size model:

(6.4)

75 nm floc size model:

(6.5)

150 nm floc size model:

(6.6)

250 nm floc size model:

(6.7)

where:

(6.8)

(6.9)

(6.10)

+ 0.1353

(6.11)
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Based on the data from Figure 6.35, there is an inverse relationship between the
40 nm and 75 nm floc size distribution. When 75 nm floc size distribution increases, 40
nm floc size decreases. The family of sine function was used to create the interacting
models of 40 nm and 75 nm because there is an increasing and decreasing behavior of the
model. Power function was used to generate the interacting models for the 150 and 250
nm floc size because most of the time the floc sizes are close to zero. It only spikes up
when the carbon dioxide concentration is about 0.275 for 150 nm floc size distribution
and 0.4275 for 250 nm floc size distribution.

Figure 6.35: Empirical Models for Interacting Floc Sizes

Although models were created independently, the sum of the four functions add
up to 100% approximately as shown with the blue dotted line across the entire CO2 range
in Figure 6.35. This indicates that the fitted models approximate the experimental results
quite well.

104

Texas Tech University, Maaroof Shahriar, August 2014

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
The conclusions drawn from this work and the recommendations for future research are
stated in this chapter.
7.1 Conclusions
The following conclusions can be drawn from the experimental investigations, data
gathering and analysis of the data.
This work has demonstrated that asphaltene floc size is significant at all
concentrations of CO2. No matter what, during CO2 injection, asphaltene will aggregate
in the reservoir. The situation is more adverse when CO2 is injected into tight formation
and shale oil reservoirs. The successes of CO2 miscible gas injection projects are greatly
dependent on the asphaltene deposition in the reservoir. High concentration of CO2
during miscible injection can cause reservoir pore throat to plug up by external cake
formation. These large clusters of asphaltenes flocs (150 to 250 nm) will block the
entrance of the pore throat, reduce permeability and cause formation damage. This is
particularly worse in the shale oil reservoir where the pore throat diameter is about
20 nm – 25 nm range.
The results of the asphaltene floc size experiment may suggest that the formation
of larger floc increases dipole moment due to van der Waals interaction among the
asphaltene flocs. As CO2 increases, the asphaltene floc size distribution changes from 40
nm to 75 nm and eventually grows to 250 nm for higher concentrations of CO2.
Independent and interacting models were created for asphaltene floc size of 40nm,
75 nm, 150 nm and 250 nm. The interacting models fitted the experimental data quite
well.
The density of the oil in the reservoir tank, filter, and filterate tank changes during
the course of the experiment. This is an important observation that requires further
investigation.
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7.2 Recommendations

The following are the recommendations for further work and future research.

The asphaltene floc size experiment must be performed at higher pressure
between 4000 psig and 6000 psig. Conduct experiment with live Levelland Slaughter
crude oil sample to see the difference in floc size distribution between live and dead oil
sample. Use Eagle Ford or Bakken shale oil sample and compare results with current
experimental data. Smaller size nano-filters such as 20 nm or 10 nm are suggested for
future experiment. Perform Composition analysis of crude oil after CO2 injection. Use
gas chromatography to perform analysis of released gas after saturation.
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APPENDICES
Appendix A
Minimum Miscibility Pressure (MMP) Calculation
The minimum miscibility pressure (MMP) for the Levelland Slaughter field was
calculated using existing correlations available in the literature and verified with
experimental results from the Core lab. Yelling and Metcalfe, Orr and Jensen and
Cronquist correlation were used to predict MMP. Sample calculation for each correlation
is given below.

1. Yelling and Metcalfe Correlation.

Reservoir temperature = 105oF

MMP = 1278.69 psi

2. Orr and Jensen Correlation

= 0.081933
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3. Cronquist Correlation

With:

Where:
T = Reservoir Temperature, 0F.
= Molecular weight of the oil pentane plus fractions.
= sum of the mole % of methane and nitrogen.

Calculations:

= 149.169
= 8.48

Summary of MMP Calculations with Different Correlations
Oil Sample
SLF

Yelling and Metcalfe
1278.69 psi
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Orr and Jensen
1293.57 psi

Cronquist
1166.77 psi
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Appendix B
Compositional Analysis of Crude Oil Sample
Components
( Symbol/Name)

Molecular Weight
(g/mol )

Reservoir Fluid
( mole % )

34.08

0.24

Reservoir
Fluid (weight
%)
0.05

CO2 Carbon Dioxide

44.01

0.30

0.08

N2

Nitrogen

28.01

0.61

0.11

C1
C2
C3
iC4
nC4
iC5
nC5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17

Methane
Ethane
Propane
iso-Butane
n-Butane
iso-Pentane
n- Pentane
Hexanes
Heptanes
Octanes
Nonanes
Decanes
Undecanes
Dodecanes
Tridecanes
Tetradecanes
Pentadecanes
Hexadecanes
Heptadecanes

16.04
30.07
44.10
58.12
58.12
72.15
72.15
84.00
96.00
107.00
121.00
134.00
147.00
161.00
175.00
190.00
206.00
222.00
237.00

C18 Octadecanes
C19 Nonadecanes
C20 Eicosanes Plus

251.00
263.00
499.00

7.87
4.75
5.57
1.97
5.46
2.70
2.82
5.64
8.67
8.33
6.20
4.45
3.90
2.88
2.65
2.35
2.31
1.67
1.46
1.55

0.79
0.9
1.55
0.72
1.99
1.23
1.28
2.98
5.23
5.6
4.72
3.75
3.6
2.92
2.92
2.8
2.99
2.33
2.18
2.45

1.54
14.11
100.00
159.10

2.55
44.28
100.00

H2S

Hydrogen Sulfide

Total ( % )
Average Molecular Weigth ( g/mol )
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completing high school (A-Levels). He attended Texas Tech University as an
undergraduate and double majored in Mechanical and Petroleum Engineering. He was
motivated to attend graduate school in Petroleum Engineering and obtained a Masters of
Science in Petroleum Engineering. While in school, he was actively involved with the
Bob L. Herd Petroleum Engineering Department and the Edward E. Whitacre Jr. College
of Engineering. He is a member of SPE, ASME, Engineering Honor Society, and a
former Engineering Ambassador for the Edward E.Whitacre Jr. College of Engineering.
While attending graduate school, he has worked with different professor as a
teaching assistant and instructor.

He was the teaching assistant for the petroleum

foundation course (PETR 1305), petroleum fluids course (PETR 3302) and reservoir
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the core laboratory classes and drilling fluids laboratory classes. He was also an instructor
for the foundation engineering course (ENGR 1305) for the Whitacre College of
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