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ABSTRACT 

Carbon dioxide (CO2) dissolution into a heavy oil has been extensively investigated 

as an effective solvent-based enhanced heavy oil recovery method for several decades. 

However, fewer attempts have been made to study CO2 dissolution into a light crude oil 

mainly because of possible occurrence of density-driven natural convection in the CO2-

saturated light crude oil phase. The primary objective of this thesis is to experimentally 

study the phase behaviour of a Bakken light crude oil‒CO2 system and the complex 

mass-transfer process of CO2 dissolution into the light crude oil.  

First, a series of PVT tests were conducted to measure CO2 solubilities in the light 

crude oil, oil-swelling factors, and CO2-saturated light crude oil densities at different 

equilibrium pressures and the actual reservoir temperature of Tres = 56.0°C. Second, the 

onset pressure of the initial quick light-hydrocarbons (HCs) extraction was determined by 

applying the axisymmetric drop shape analysis (ADSA) technique. Third, five 

comprehensive CO2 diffusion tests in the light crude oil were performed at five different 

initial test pressures (Pi = 4.1, 5.2, 6.3, 7.7, and 9.0 MPa) and Tres = 56.0°C by applying 

the pressure decay method (PDM). Two CO2 diffusion tests were repeated and conducted 

at Pi = 6.2 and 7.9 MPa to determine the experimental repeatabilities. Fourth, three gas 

samples in the diffusion cell were collected at three different CO2 diffusion times (t = 8 

min, 1 and 24 h; t = 20 min, 1 and 24 h) in two CO2 diffusion tests (Pi = 5.2 and 7.7 MPa), 

respectively. Then the so-called graphical method was applied to analyze the measured 

pressure versus time data and determine the CO2 diffusivities in the light crude oil under 

different initial test pressures. The equilibrium pressures required in the graphical method 

were predicted from the measured CO2 solubilities and oil-swelling factors, as well as the 
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predicted HCs extraction by using the Peng‒Robinson equation of state (P‒R EOS). 

Finally, the pressure history matching (PHM) method was also employed to determine 

the CO2 effective diffusivity in a short period of each diffusion test, in comparison with 

the graphical method. 

The experimental results show that CO2 solubility in the crude oil was increased from 

1.301 to 8.101 kmole/m
3
 in the pressure range of 2.46‒10.20 MPa. A quicker increase in 

CO2 solubility was found at a higher test pressure. The swelling factor of the light crude 

oil was increased from 1.05 to 1.62 in the pressure range of 2.01‒9.29 MPa. The 

measured density of CO2-saturated light crude oil was increased with the equilibrium 

pressure or CO2 concentration in the range of 2.01‒9.29 MPa or 1.150‒7.079 kmole/m
3
. 

The onset pressure of the initial quick light-HCs extraction was determined to be 5.1 MPa. 

It was found from the five diffusion tests that there were three distinct periods of CO2 

dissolution into the light crude oil: the natural convection-dominated period (Period I), 

the transition period, and the molecular diffusion-dominated period (Period II). The 

determined CO2 effective diffusivities (Deff) in Period I and CO2 molecular diffusivities 

(D) in Period II from the graphical method were in the ranges of 0.28‒1.75×10
6 

m
2
/s and 

0.87‒1.94×10
9 

m
2
/s at the initial test pressures of Pi = 4.1‒9.0 MPa, respectively. The 

CO2 effective diffusivity (Deff) was much reduced once CO2 reached the supercritical 

state because of possible formation of the CO2-enriched second liquid phase. However, 

the CO2 molecular diffusivity (D) was almost independent of the initial test pressure. A 

constant Z-factor used in the graphical method may lead to a relatively large error in the 

determination of Deff or D. 
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3
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D  Molecular diffusivity, m
2
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Deff  Effective diffusivity, m
2
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fs  Oil-swelling factor 

g  Gravitational acceleration, m/s
2
 

h  Gas phase height, m 
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2
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eq
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CHAPTER 1 INTRODUCTION 

1.1 CO2-Enhanced Oil Recovery Methods  

With the increased consumption of the fossil fuels, to develop new enhanced oil 

recovery (EOR) technologies is urgent and important. Meanwhile, the excessive emission 

of carbon dioxide (CO2) from the burning of fossil fuels, which is the major greenhouse 

gas, leads to accelerated global warming. Carbon capture and storage (CCS) has received 

great attention recently in order to mitigate greenhouse gas emissions. It was reported that 

50‒65% of the original oil-in-place (OOIP) remains in many oil reservoirs after the 

primary and secondary recovery stages [Rao and Hughes, 2011], which means that there 

is still considerable oil production potential.  

Among CO2 sequestration methods, deep ocean sequestration, mineral and biological 

sequestration and terrestrial sequestration [Kermani and Daguerre, 2010], CO2-enhanced 

oil recovery (CO2-EOR) method is defined as the injection of CO2 into an oil reservoir to 

enhance oil recovery. This method has become popular in the petroleum industry in the 

past six decades. 

In 1952, Whorton et al. proposed CO2 as a displacing and extracting solvent for 

producing oil. Ever since, several CO2-EOR methods have been extensively studied in 

the laboratory and successfully applied in many oilfields to enhance light and medium oil 

recovery [Aycaguer et al., 2001], such as continuous CO2 flooding [Mungan, 1992], CO2 

huff-n-puff process or cyclic solvent injection (CO2-CSI) [Han and Gu, 2014], CO2 

water-alternating-gas (CO2-WAG) injection [Blunt et al., 1993], and CO2 simultaneous 

water-and-gas (CO2-SWAG) injection [Gong and Gu, 2015] under the so-called 

immiscible or miscible conditions.  
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Continuous CO2 flooding is proposed as a relatively effective method for increasing 

oil recovery and has been applied in many oilfields for decades [Mungan, 1992]. As CO2 

is dissolved into the non-mobile crude oil, the oil viscosity is reduced. Meanwhile, the oil 

expands to some degree with the dissolution of CO2. The portion of swollen oil becomes 

mobile and is removed by the continuously injected CO2. However, the major 

shortcomings of this technology are an early CO2 breakthrough (BT) and a lower sweep 

efficiency due to a higher CO2 mobility. In addition, an extremely large amount of CO2 is 

required in this continuous injection process. The relatively high operating costs of CO2 

acquisition, transportation, storage, and injection may limit the applications of continuous 

CO2 flooding in some oilfields [Holt et al., 2009]. 

In the CO2 huff-n-puff process or CO2-CSI, a slug of CO2 is injected into a single 

well. After a shut-in or soaking period, the CO2-diluted oil is recovered from the reservoir 

[Monger and Goma, 1988]. During the CO2 soaking period, CO2 is further dissolved into 

the crude oil, leading to a significant reduction in both the oil viscosity and the interfacial 

tension and to an increase in oil volume. This method is the only EOR option for small 

pool size or discontinuous reservoirs [Monger et al., 1991]. 

In CO2 water-alternating-gas (CO2-WAG) injection, water and CO2 are injected 

alternately into the reservoir. This technique combines the advantages of water flooding 

and CO2 continuous flooding, resulting in an improved volumetric sweeping efficiency 

and an enhanced microscopic displacement efficiency [Kulkarni and Rao, 2005]. Many 

researchers have studied the optimum operating parameters of WAG injection, such as 

WAG slug ratio, WAG slug size, and fluid injection sequence in each WAG cycle 

[Pritchard and Nieman, 1992; Juanes and Blunt, 2007; Han and Gu, 2014].  
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In CO2-SWAG injection, CO2 and water are co-injected simultaneously in order to 

control the mobility of CO2 phase and improve waterflooding. It was found that CO2-

SWAG injection resulted in a higher oil recovery factor than continuous CO2 flooding or 

CO2-WAG [Aleidan and Mamora, 2010]. Similarly, the optimum operating parameters of 

SWAG injection were also studied experimentally [Quale et al., 2000; Gong and Gu, 

2015]. 

1.2 CO2-EOR Mechanisms 

The major CO2-EOR mechanisms in the above-motioned CO2-EOR processes include 

the miscible/immiscible displacement, CO2-saturated oil viscosity reduction, interfacial 

tension (IFT) reduction, oil-swelling effect, and light-hydrocarbons (HCs) extraction 

[Blunt et al., 1993; Green and Willhite, 1998]. These EOR mechanisms are attributed to 

CO2 dissolution into the crude oil through the convective dispersion [Young, 1990] and 

molecular diffusion [Eide et al., 2016] under the actual oil reservoir conditions. The 

former plays an important role in CO2 injection period and the initial CO2 dissolution 

period, whereas the latter is dominant in the later long mass-transfer process in the matrix. 

It has also been demonstrated that the natural convection occurs in the light crude 

oil‒CO2 system due to the temperature or CO2 concentration gradients in the CO2-diluted 

oil phase [Nasrabadi and Ghorayeb, 2006; Farajzadeh et al., 2007b]. Consequently, the 

CO2-saturated heavier oil layer flows downward by gravity under the driving force of the 

natural convection and greatly accelerates the mass-transfer rate. Molecular diffusion is 

the mixing of fluids caused by the random Brownian motion of molecules due to the 

concentration gradient. CO2 molecular diffusion is an important fundamental mechanism 

in CO2-EOR methods, especially in the CO2 soaking period. The viscosity of the CO2-
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diluted crude oil by molecular diffusion is greatly reduced and the swollen CO2-dissolved 

oil is easy to be displaced and recovered.  

1.3 Purpose and Scope of This Study 

The purpose of this thesis is to study the phase behaviour of the Bakken light crude 

oil‒CO2 system and investigate the mass-transfer mechanisms of CO2 into the light crude 

oil. The eight specific research objectives of this thesis are: 

1. To measure CO2 solubilities in the light crude oil system at different equilibrium 

pressures (Peq) and the actual reservoir temperature of Tres = 56.0°C;  

2. To study the oil-swelling factors of the light crude oil‒CO2 system at different 

equilibrium pressures (Peq); 

3. To examine CO2-saturated light crude oil densities at different equilibrium pressures 

(Peq) and CO2 solubilities (ceq); 

4. To determine the onset pressure of the initial quick light-HCs extraction by CO2 in 

the light crude oil‒CO2 system at the reservoir temperature; 

5. To conduct five diffusion tests and two repeated tests of CO2 dissolution in the light 

crude oil by applying the pressure decay method at seven different initial test 

pressures and the actual reservoir temperature of Tres = 56.0°C; 

6. To determine the CO2 effective diffusivities and molecular diffusivities in two 

different diffusion periods and analyze the mass-transfer mechanisms; 

7. To investigate the effects of HCs extraction and the oil-swelling phenomenon on the 

CO2 dissolution process; and 

8. To study the effects of the initial test pressure on the determined CO2 effective 

diffusivities and molecular diffusivities. 
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1.4 Outline of the Thesis 

This thesis contains six chapters. Chapter 1 is an introduction to the thesis research 

topic and states the purpose and scope of this thesis. Chapter 2 provides an updated 

literature review on phase behaviour of the light crude oil‒CO2 systems, CO2 dissolution 

in the light crude oil/water/aqueous solution, and solvent diffusivities in an oil phase. 

Chapter 3 describes the diffusion model of CO2 dissolution into the light crude oil system 

and two data analysis methods to determine the diffusivity are presented: the graphical 

method and the pressure history matching (PHM) method. The equilibrium pressure (Peq), 

which is required in the graphical method, is predicted from the measured PVT data and 

the Peng‒Robison equation of state (P‒R EOS) by considering the oil-swelling effect 

and/or HCs extraction. Chapter 4 introduces the experimental setup and procedures for 

conducting the PVT tests, the onset pressure determination of the initial quick HCs 

extraction, the pressure decay measurements and the gaseous solvent compositional 

analysis. Chapter 5 analyzes the PVT data of the light crude oil‒CO2 system and 

indicates the existence of density-driven natural convection in the CO2-saturated light 

crude oil phase. In Chapter 6, CO2 effective diffusivity and molecular diffusivity in the 

respective two periods are determined by applying the graphical method. The specific 

effects of the initial test pressure and the oil-swelling phenomenon on the determined 

CO2 effective and molecular diffusivities are examined. The PHM method is also 

employed to determine CO2 effective diffusivity in the first period, in comparison with 

the graphical method. Chapter 7 summarizes the major scientific findings of this study 

and makes several technical recommendations for future studies. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Phase Behaviour Studies of the Light Crude OilCO2 Systems 

2.1.1 CO2 solubility in a light crude oil 

In the petroleum industry, gas solubility is defined as the maximum amount of gas 

that can be dissolved into oil at the reservoir conditions. Welker [1963] studied the CO2 

solubilities in thirteen crude oils. It was found that the solubility of CO2 is decreased with 

the temperature and increased with the test pressure and API gravity. Simon and Graue 

[1965] measured the solubility of the oil‒CO2 mixture at the bubble-point pressure. The 

correlations of CO2 solubility with CO2 fugacity, saturation pressure and temperature 

were obtained. With these correlations, CO2 solubilities can be easily predicted for given 

oil compositions at specified reservoir conditions.  

2.1.2 Light crude oil-swelling effect 

The oil-swelling factor (fs) is defined as the ratio of the volume of the carbon dioxide 

saturated crude oil at given CO2 test pressure and temperature to the volume of the dead 

crude oil at the standard pressure (1 atm) and same temperature [Welker, 1963; Chung et 

al., 1988]. 

The oil-swelling effect is an important mechanism in the CO2 displacement oil 

recovery process [Holm and Josendal, 1974]. As CO2 is dissolved into the non-mobile 

crude oil, the oil expands to certain degree. The portion of swollen oil becomes mobile 

and is removed by the continuously injected CO2 [Huang and Tracht, 1974]. Moreover, 

the expanded oil can also displace the reservoir brine [Jha, 1986], which improves the oil 

relative permeability and reduces the residual oil saturation in the oil reservoir.  
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Some researchers measured the oil-swelling factors at the bubble-point pressures 

[Simon and Graue, 1965; Huang and Tracht, 1974]. It was found that the oil-swelling 

factor is increased with the increasing pressure but then decreased with the increasing 

temperature due to a lower CO2 solubility at a higher temperature. Later on, some other 

researchers measured the swelling factor in a swelling/extraction test [Hand and 

Pinczewski, 1990; Tsau et al., 2010]. A small amount of oil and CO2 were injected into a 

constant-volume see-through cell at a high pressure. After an equilibrium state of the 

oilCO2 system was achieved, the CO2-saturated oil phase volume was recorded. The oil-

swelling factor is equal to the ratio of the volume of CO2-saturated oil at the equilibrium 

pressure to the initial dead oil volume at 1 atm. They found that the oil volume was 

increased to a maximum value with the increasing pressure and then decreased at a higher 

pressure. It was explained that the rate of hydrocarbons (HCs) extraction from the oil 

phase is faster than the rate of oil-swelling effect as CO2 is dissolved into the oil at high 

pressures.  

2.1.3 CO2-saturated light crude oil density 

In the literature, few experimental attempts have been made to study the density of 

the light crude oil with dissolution of CO2. Ashcroft and Isa [1997] performed a series of 

experiments to investigate the density of liquid hydrocarbons with the dissolution of air, 

nitrogen, oxygen, hydrogen, methane, and carbon dioxide, respectively. It was found that 

the density of a liquid hydrocarbon is decreased if the liquid hydrocarbon is saturated 

with any gas except CO2. Carbon dioxide, in contrast to the other gases, can lead to an 

increase in the density of the light hydrocarbon. Farajzadeh et al., [2007b] measured the 
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densities of n-decane and n-hexadecane with dissolution of CO2. It was also concluded 

that CO2 can increase the density of a hydrocarbon liquid phase. 

2.1.4 Hydrocarbons extraction 

Carbon dioxide can selectively extract some HCs from the crude oil phase since these 

components are more readily soluble in CO2 [Holm and Josendal, 1982]. Wang [1986] 

found that the CO2‒crude oil interactions had three stages, CO2 condensation, 

extraction‒condensation, and extraction. The crude oil swells to some extent at a lower 

pressure as a large amount of CO2 is condensed into the oil phase and the HCs extraction 

by CO2 is observed as the pressure is increased to a higher value. In general, the oil-

swelling effect and the light-HCs extraction occur concurrently in a light crude oil‒CO2 

system. At a lower equilibrium pressure, the initial CO2 dissolution into the oil phase is 

dominant and results in the oil-swelling phenomenon [Yang and Gu, 2005]. At a higher 

equilibrium pressure, the oil volume is shrunk due to a strong HCs extraction and can be 

observed from the swelling/extraction tests [Holm and Josendal, 1982; Harmon and 

Grigg, 1988; Hand and Pinczewski, 1990; Tsau et al., 2010]. This occurs because at a 

higher pressure, as CO2 density is increased, the potential of CO2 to extract HCs from the 

crude oil phase is also enhanced [Holm and Josendal, 1982; Harmon and Grigg, 1988]. It 

was found that at the CO2 supercritical state (P ≥ 7.38 MPa and T ≥ 31.1°C), CO2 

achieves a liquid-like density [Lansangan et al., 1987; Chaback, 1989], leading to a 

supercritical extraction from the HC phase into the CO2 phase [Chaback, 1989]. In CO2 

miscible flooding, large amounts of light and intermediate HCs in the light crude oil are 

extracted or vapourized by the injected CO2 and eventually the oil and CO2 achieve the 

so-called multi-contact miscibility (MCM).  
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2.1.5 CO2-enriched second liquid phase 

Many researchers have found that a CO2-enriched second liquid phase can be formed 

at the crude oilCO2 interface in a narrow pressure range at a low temperature. Huang 

and Tracht [1974] experimentally studied the phase behaviour of the West Texas oilCO2 

system at the reservoir conditions and observed a CO2-enriched second liquid phase 

above the HC liquid phase during the pressure-rising process at the temperature of 90°F. 

Gardner et al. [1981] studied the phase behaviour of the Wasson crude oilCO2 system. 

They found that the system exhibited a three-phase region at a low temperature of 105°F 

and at a pressure not too far above the bubble-point (1,000 psi) region. Later on, Orr Jr. et 

al. [1981] performed a series of experiments to investigate phase behaviour in the 

Maljamar crude oilCO2 system. A mixture of 79.7 mol.% CO2 and 20.3 mol.% separator 

oil was pressurized at a temperature of 90F. At a lower pressure, a clear vapour phase 

and a dark liquid phase were observed. As the pressure was increased, the HCs were 

extracted into the upper phase and a second liquid phase (the CO2-enriched phase) 

appeared between the CO2 vapour phase and the HC liquid phase. With an additional 

increase in pressure, the CO2 vapour phase disappeared and the two liquid phases (LL) 

coexisted in the system. The experimental phenomena observed by Orr Jr. et al. [1981] 

were consistent with the previous observations made by Huang and Tracht [1974] and 

Gardner et al. [1981]. They also found that the liquid‒liquid‒vapour (LLV) phase 

behaviour in the crude oilCO2 mixture occurred at a temperature not too far above the 

critical temperature of CO2. 

Tsau et al. [2008; 2010] studied the phase behaviour of a small amount (3‒4 cm
3
) of 

oil with CO2. The volume fractions of the observed phases in a see-through cell at 
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pressures between 1,100 and 1,225 psi and the temperature of 98°F are given in Figure 

2.1. At a pressure below 1,150 psi, the liquid volume increased with pressure due to the 

oil-swelling effect. The hydrocarbon liquid phase and CO2-enriched vapour phase coexist 

in this pressure range. As the pressure rose to 1,160 psi, a CO2-enriched second liquid 

phase appeared and the oil‒CO2 system became three phases (LLV). The volume of the 

second liquid phase increased with the pressure until the pressure reached 1,225 psi, 

above which the second liquid phase merged with the CO2-enriched vapour phase and the 

system had two phases (LV). 

2.2 CO2 Dissolution into a Light Crude Oil 

In the literature, few experimental and numerical studies examine the mass-transfer 

process of CO2 dissolution into a liquid (e.g., water, brine, and pure HCs) and seek to 

understand its mechanisms in spite of the obvious fact that a number of PVT tests of 

different light crude oil‒CO2 systems under various experimental conditions have been 

conducted. One possible reason for this fact may be the occurrence of natural convection 

in the oil phase caused by the CO2 concentration gradient [Ghorayeb and Firoozabadi, 

2000; Farajzadeh et al., 2007a]. It was demonstrated that the density of the CO2-saturated 

light crude oil is increased with the increase of the CO2 concentration [Ashcroft and Isa, 

1997]. In the CO2 dissolution process, CO2 concentration gradient-induced instability is 

generated near the light crude oilCO2 interface, resulting in the density-driven natural 

convection in the oil phase.  

Farajzadeh et al. [2007a; 2007b; 2007c] experimentally studied the mass transfer of 

CO2 into a distilled water or an oil phase (n-C10 and n-C16) in a high-pressure PVT cell. A 

2-D diffusion and natural convection model was applied to simulate the mass-transfer  
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Figure 2.1 Three-phase (LLV) region of crude oil A at 98°F [Tsau et al., 2010]. 

Pressure (psi) 
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process and this mass-transfer problem is solved numerically. The calculated CO2 

effective diffusivity in the water phase based on the Fick’s second law in the early stage 

was one order of magnitude larger than that in the later stage. It was concluded that the 

convection was attenuated with time and that the molecular diffusion was dominant at the 

end. The mass transfer of CO2 into a liquid (water or oil)-saturated porous media was 

investigated numerically by using the diffusion equation coupled with the momentum 

equation. It was found that the natural convection was increased with the Rayleigh 

number and attenuated with time. The onset of convection was decreased with the 

increasing aspect ratio.  

More recently, Khosrokhavar et al. [2011] visualized the respective natural 

convection flows of CO2-saturated water, brine and pure HC (n-C10) in a closed 

transparent high-pressure cell by applying the Schlieren method for the first time. The 

gravity-induced viscous fingers or vortexes were observed after CO2 was made in contact 

with water/brine/pure HC. The vortexes were immediately observed after CO2 was made 

in contact with water and pure HC. Nevertheless, the onset times of the unstable 

behaviours of the respective 10 and 25 wt.% NaCl solutions were started at 25 and 50 

seconds. Figures. 2.2(a) and (b) show the gravity-induced fingers in water and pure HC 

(n-C10), respectively. Moreover, the natural convection currents were found to be the 

strongest in the oil, moderate in the water, and the weakest in the brine with a high 

salinity.  

2.3 CO2 Dissolution in Water or Brine 

Marchetti [1977] introduced the concept of CO2 sequestration for the first time as an 

approach to mitigate the greenhouse effect. Later on, carbon capture and storage (CCS)  
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(a) 

 

(b) 

 

Figure 2.2 (a) Gravity-induced fingers in the water‒CO2 system at different times; 

and (b) Gravity-induced fingers in the pure oil (n-C10)‒CO2 system at different times 

[Khosrokhavar et al., 2011].  
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and CO2 sequestration in deep geological formations gained a significant attention. It was 

estimated that 5,100‒100,000 and 320‒10,000 billion tonnes of CO2 can be stored in the 

deep oceans and aquifers, respectively [Herzog et al., 1997]. It has been suggested that 

the physical process and the dissolution mechanisms of CO2 into a light crude oil are 

analogous to CO2 dissolution into brine/water [Khosrokhavar et al., 2011; Farajzadeh, et 

al., 2007a]. For these liquid‒solvent systems, molecular diffusion and convective 

dispersion play important roles in the mass-transfer process.  

In the past, many researchers studied the CO2 dissolution process in water 

theoretically. Lindeberg and Wessel-Berg [1997] pointed out that the vertical convective 

currents in the water column were formed as CO2 was dissolved into a water phase. Two 

possibilities for the occurrence of natural convections were presented and analyzed: the 

vertical temperature gradient and the joint effect of temperature and concentration 

gradients. By comparing the above-mentioned two effects, Lindeberg and Wessel-Berg 

[1997] concluded that the density gradient in the water column dominantly resulted in the 

natural convection and that the temperature gradient enhanced the instability to a smaller 

degree. Ennis-King and Paterson [2005] estimated the time required to have the 

convective instability in anisotropic systems by using a linear stability analysis. They 

concluded that the onset time of instability depended on the permeability of the formation 

and varied from less than one year up to hundreds of years. Moreover, the convective 

mixing rather than the molecular diffusion was shown to be the dominant mechanism in 

CO2 dissolution into the formation water. Riaz et al. [2006] investigated the density-

driven natural convection in the CO2 sequestration in horizontal saline aquifers. The time 

for the onset of instability was accurately determined by using the linear stability analysis. 
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Furthermore, Riaz et al. [2006] extended the analysis by employing the quasi-steady-state 

approximation (QSSA), which gave accurate results for long times. The direct numerical 

simulations of the instability problem in the nonlinear regime were conducted, which 

showed good agreements with the linear stability predictions at short times. Farajzadeh et 

al. [2011] modified the simulation model [Waggoner et al., 1992] to investigate the effect 

of heterogeneity on the natural-convection currents of CO2 in aquifers. Their results 

indicated that the mass-transfer rate of CO2 into water was higher in a heterogeneous 

reservoir.  

Some researchers tested the CO2 dissolution into water or brine. Yang and Gu [2006] 

experimentally studied the mass transfer of CO2 in bulk phase of brine at high pressures 

and elevated temperatures. The density of CO2-saturated brine was measured to increase 

in comparison with pure brine, which indicated that a density-driven natural convection 

was generated near the CO2‒brine interface. The researchers determined the mass-

transfer rate of CO2 into the brine phase and conducted the experiments in a closed high-

pressure PVT cell by using the pressure decay method. The so-called CO2 effective 

diffusivity, which accounted for the combined effects of molecular diffusion and 

convective dispersion, was two orders of magnitude larger than CO2 molecular diffusivity. 

However, the experiments lasted for a limited time and the long-term behaviour was not 

examined. Farajzadeh et al. [2007b, 2007c and 2009] carried out similar experiments by 

using a vertical cylindrical PVT cell to study the natural convection of CO2 in bulk water. 

They also developed a numerical model and solved it by using the finite volume method. 

The declining pressure vs. time data obtained from the numerical solution showed good 

agreement with the experimental data within the experimental error. Moreover, the 
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researchers pointed out that the critical time for the onset of natural convection in the 

bulk phase was extremely small. Moghaddam et al. [2012] quantified the density-driven 

natural convection of CO2 dissolution in a saline brine for CO2 sequestration with or 

without porous media. The critical time for the onset of convection was calculated from 

the Rayleigh number. The determined CO2 effective diffusivity from the diffusion 

equation in the early stage is two orders of magnitude larger than the CO2 molecular 

diffusivity in the late stage. It was concluded that the density-driven natural convection 

was dominant in the early stage, whereas the molecular diffusion was the major mass-

transfer mechanism in the late stage. 

2.4 Solvent Diffusivity in An Oil Phase 

2.4.1 Molecular diffusion equation 

By means of analogies, Adolf Eugen Fick introduced the molecular diffusion on the 

same mathematical basis as the Fourier’s law for heat conduction or the Ohm’s law for 

electrical conduction [Cussler, 1997]. The Fick’s first law defines the mass flux caused 

by the concentration gradient. The one-dimensional flux can be expressed as: 

                                                       
x

c
DJ



 ,                                                         (2.1) 

where J is the mass flux; c is the concentration of the solute in the solvent; x is the 

distance; and 
x

c




 is the concentration gradient, which is the driving force of the 

molecular diffusion. 

The Fick’s second law can be derived from the Fick’s first law and the conservation 

law of mass in the absence of chemical reactions: 
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2.4.2 Experimental methods 

In the literature, a number of researchers proposed a variety of experimental methods 

to study the molecular diffusion. In general, the experimental methods to measure the 

diffusivity can be divided into two categories: direct and indirect methods [Riazi, 1996; 

Upreti and Mehrotra, 2000]. In the first category, direct measurement of solvent 

concentration profiles is required to determine the diffusivity. Most conventional 

methods measured the solvent concentration profiles by taking fluid samples and 

conducting compositional analyses [Sigmund, 1976; Schmidt et al., 1982], which are 

straightforward but are system-intrusive and prone to large errors. In recent years, nuclear 

magnetic resonance (NMR) [Wen et al., 2005] and computed tomography (CT) [Song et 

al., 2010] scanning techniques have been developed to obtain the concentration gradient, 

which do not disturb the diffusion system. The new techniques are non-intrusive to the 

system but the experimental setup is expensive.   

In the second category, the most well-known indirect method to determine the 

diffusivity is the pressure decay method (PDM), which was introduced by Riazi [1996]. 

This method is carried out by measuring the pressure in the upper gas phase and tracking 

the liquidsolvent interface position in a closed diffusion cell. The pressure is declined 

with time as the solvent is dissolved into the liquid until the latter is completely saturated 

with the former. Hence, the solvent diffusivity can be determined by equalizing the rate 

of gas leaving from the gas phase to the rate of gas dissolving into the liquid phase. Later 

on, several researchers applied this method and made some scientific contributions 
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[Upreti and Mehrotra, 2000; 2002; Tharanivasan et al., 2004; 2006; Guo et al., 2009]. 

Instead of recording the pressure change during the solvent diffusion process, Yang and 

Gu [2005] developed a dynamic pendant drop volume analysis (DPDVA) method to 

measure the diffusivity based on the volume change of the pendant oil drop. The finite 

element method was applied to solve the mass-transfer problem numerically. More 

recently, Etminan et al. [2010] modified the conventional PDM by continuously injecting 

the required amount of solvent into the diffusion cell from a secondary gas supply cell. 

The liquidsolvent system in this design approach can maintain a constant pressure 

during the diffusion process. This method is referred to as the constant-pressure 

technique (CPT). The advantage of this new technique is that the influence of the test 

pressure change on the determination of the diffusivity is eliminated. 

2.4.3 Theoretical models 

In this section, the theoretical studies on the solvent molecular diffusion model in the 

liquid phase will be reviewed and summarized in the following aspects: 1) different 

interfacial boundary conditions (BCs) that can be applied on the mathematical model; 2) 

a constant or concentration-dependent diffusivity; and 3) mathematical methods to 

determine the diffusivity. 

Many researchers developed and solved different diffusion problems by applying 

different types of BC at the liquidgas interface. For example, Zhang et al. [2000] used 

the Dirichlet BC at the heavy oilsolvent interface by assuming that the heavy oil at the 

interface was saturated with the solvent under the so-called equilibrium pressure at all 

times. Upreti and Mehrotra [2000; 2002] measured the diffusivities of CO2, CH4, C2H6 

and N2 in bitumen. A time-dependent Dirichlet BC is applied at the interface by assuming 
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that the solvent interfacial concentration in bitumen is the solvent equilibrium 

concentration at the existing pressure. The diffusivity is solved numerically by 

considering the oil-swelling effect and diffusivity dependency on concentration. Civan 

and Rasmussen [2001; 2002; 2006] introduced mass-transfer resistance at the interface 

and modeled the interface by using the Robin BC. The existence of the interfacial 

resistance hinders the solvent diffusion into the liquid phase. Therefore, the solvent 

saturation at the interface is impossible to occur instantaneously. The mass-transfer 

coefficient and the diffusivity as the two unknowns are to be determined. 

 Tharanivasan et al. [2006] examined and compared the above-mentioned three BCs 

for different heavy oilsolvent systems, respectively. It was concluded that the most 

applicable BC at the interface varies in different heavy crude oilsolvent systems.  

Etminan et al. [2013] modified the Robin BC by assuming that the mass-transfer rate at 

the interface is proportional to the difference between the solvent actual concentration at 

the interface at any time and the solvent concentration when the liquid‒solvent system 

reaches the equilibrium state. This is referred to as a time-dependent Robin BC and it 

covers the entire range of the equilibrium and non-equilibrium behaviours. Recently, 

SaboorianJooybari et al. [2014] investigated the respective effects of the equilibrium 

and non-equilibrium BCs at the interface on the determination of the diffusivity based on 

the experimental data of Upreti and Mehrotra [2000; 2002]. The results showed that the 

calculated diffusivities by applying the equilibrium BC at the bitumen‒solvent interface 

achieved an excellent agreement with those by applying the non-equilibrium BC. It was 

suggested that the effect of the interfacial resistance to mass transfer can be negligible 
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and that the classical equilibrium BC is sufficient to be applied at the interface in the 

diffusion mathematical model. 

In the previous studies, most researchers used a constant diffusivity to describe the 

entire diffusion process in the heavy crude oil or bitumenCO2 systems [Zhang et al., 

2000; Sheikha et al., 2005; 2006; Tharanivasan et al., 2006]. Nevertheless, some 

researchers proposed a concentration-dependent diffusivity [Upreti and Mehrotra, 2000; 

2002; Ghaderi et al., 2011] by pointing out that the gradual dissolution of solvent reduces 

the viscosity of the heavy crude oil or bitumen, which in turn accelerates the diffusion 

process and leads to a continuously changing diffusivity over time. Upreti and Mehrotra 

[2000; 2002] employed the functional optimization to determine the diffusivity and found 

that diffusivity was a unimodal function of the solvent concentration in bitumen. It was 

explained that the bitumen viscosity was reduced with the dissolution of solvent until the 

concentration reached a threshold, beyond which the high concentration hindered the 

diffusion process. Ghaderi et al. [2011] introduced a heating integral method to determine 

the proposed three different types of diffusivity, (i.e., constant diffusivity and two other 

concentration-dependent diffusivities in the form of exponential and power-law functions, 

respectively). This methodology is tested by using a reliable numerical method and 

proven to be practicable regardless of the form of diffusivity.  

Two common methods used to determine solvent diffusivity are the simplified 

graphical method [Zhang et al., 2000; Sheikha et al., 2005; 2006] and the non-linear least 

squares method or pressure history matching (PHM) method [Tharanivasan et al., 2006; 

Upreti and Mehrotra, 2000; 2002]. In the former method [Zhang et al., 2000], the 

measured pressure is plotted logarithmically as a function of time and thus the gas 
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diffusivity in the liquid phase is determined from the slope of such a plot. In the latter 

method , the gas diffusivity and another parameter (if needed) are obtained by finding the 

minimum objective function of the root-mean-square error (RMSE), which corresponds 

to the best PHM between the predicted and measured pressure vs. time data.  

2.5 Problem Statement 

In the past, CO2 molecular diffusivities in different heavy oils under different test 

conditions have been measured by many researchers. However, fewer attempts are made 

to study CO2 dissolution into a light crude oil, though there are numerous PVT data of 

different light crude oil‒CO2 systems under various experimental conditions. One major 

technical challenge is possible occurrence of the so-called density-driven natural 

convection in the CO2-saturated light oil phase. In addition, strong oil-swelling effect and 

light-HCs extraction by CO2 can take place simultaneously in the light crude oil‒CO2 

system and make the related mass-transfer processes much more complicated. 

In this study, CO2 dissolution into a Bakken light crude oil in a closed constant-

volume diffusion cell is experimentally studied by applying the PDM. A series of PVT 

tests and seven diffusion tests (five tests + two repeated tests) are conducted in the pre-

specified initial test pressure ranges and at the actual reservoir temperature. Each CO2 

diffusion test is divided into three distinct mass-transfer periods: the natural convection-

dominated first period (I), the transition period, and the molecular diffusion-dominated 

second period (II). Correspondingly, CO2 effective diffusivity (Deff) in Period I and CO2 

molecular diffusivity (D) in Period II are determined by using the GM. The specific 

effects of the initial test pressure, the oil-swelling phenomenon, and the light-HCs 

extraction on the determined CO2 effective and molecular diffusivities are examined. 
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Finally, the PHM method is also applied to determine the CO2 effective diffusivity in 

Period I, in comparison with the GM. 
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CHAPTER 3 THEORY 

3.1 Diffusion Model 

In this study, CO2 is introduced into a closed constant-volume diffusion cell and made 

in contact with the light crude oil at an initial test pressure and a constant reservoir 

temperature of Tres = 56.0C. Then CO2 is gradually dissolved into the oil phase with time 

by the natural convection and molecular diffusion. A modified diffusion equation with an 

effective diffusivity is used [Yang and Gu, 2006]: 
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c
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t

c









,                                                (3.1) 

where, c is the CO2 molar concentration in the light crude oil; x is the vertical distance 

from the bottom of the diffusion cell; and Deff is defined as the effective diffusivity, 

which represents the mass-transfer rate of CO2 in the light crude oil phase due to the 

density-driven natural convection and molecular diffusion. The schematic diagram of the 

light crude oil‒CO2 system in a closed high-pressure diffusion cell is plotted in Figure 3.1. 

The bottom of the oil phase is located at x = 0 and the light crude oil‒CO2 interface is 

located at x = l. 

At the beginning of each diffusion test, the dead light crude oil phase is free of CO2. 

Thus, the initial condition (IC) for Eq. (3.1) becomes: 

                                                0 |),( 0 ttxc          )0( lx  ,                                 (3.2) 

where l denotes the light crude oil column height.  

At the light crude oilCO2 interface, the classical equilibrium boundary condition (BC) is 

assumed: 
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Figure 3.1 Schematic diagram of the light crude oilCO2 system inside a closed 

constant-volume diffusion cell. 
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                                       eqeq )(|),( cPctxc lx          ),0( t                                  (3.3a) 

where Peq is the equilibrium pressure and ceq denotes the CO2 molar solubility in the light 

crude oil under the equilibrium pressure (Peq). Usually, an empirical correlation of 

)( eqeq Pcc   is obtained from the measured PVT data of the light crude oil‒solvent 

system in the laboratory. 

At the bottom of the diffusion cell, the impermeable rigid BC is applied: 

                                                  0 
0
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The analytical solution in an infinite series to the diffusion equation in Eq. (3.1) subjected 

to the IC in Eq. (3.2) and two BCs in Eqs. (3.3a‒b) is given by Crank [1975]: 
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3.2 Graphical Method 

In this work, the graphical method (GM) [Zhang et al., 2000] is employed to 

determine CO2 diffusivity in the light crude oil. Briefly speaking, a semi-logarithmic 

correlation between the experimental pressure and time is derived from the diffusion 

equation coupled with the gas material balance equation. A brief derivation is given as 

follows.  

Based on the conservation law of mass, the rate of moles of solvent left the gas phase 

should be equal to the rate of moles of solvent transferred across the interface into the oil 

phase. Therefore, the following equation can be obtained by combining the Fick’s first 

law with the constant-compressibility equation of state (EOS) for the gas phase: 
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where, the Z-factor is assumed to be constant; R is the universal gas constant; T is the test 

temperature; and A is the cross-sectional area of the diffusion cell. 

Eq. (3.5) can be written as Eq. (3.6) by integrating it with respect to time: 
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where, h is the gas phase height. 

Differentiating the analytical solution of Eq. (3.4) with respect to x and evaluating the 

resultant equation at x = l gives: 
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By substituting the above equation into Eq. (3.6), the following pressure decay vs. time 

relation can be obtained:  
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At a large time, the solution in the infinite series in Eq. (3.8) converges quickly. In fact, 

the first approximate solution is obtained if only the first term is kept: 
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Taking the natural logarithmic operations of both sides of Eq. (3.9) yields a semi-

logarithmic relation between the test pressure and time: 
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By plotting the measured pressure vs. time data in terms of Eq. (3.10), a linear regression 

line is obtained so that the CO2 diffusivity can be calculated from its slope. It should be 

noted that the equilibrium pressure (Peq) in the above equation should be pre-determined 

in order to use the GM to determine the solvent diffusivity.  

3.3 Equilibrium Pressure 

Physically, the equilibrium pressure is reached when the oil phase is completely 

saturated or in equilibrium with the solvent at the equilibrium state. In the past, some 

researchers even assumed the final termination pressure of each diffusion test to be the 

equilibrium pressure [Zhang et al., 2000]. In reality, the former pressure should be 

always higher than but close to the latter pressure if the diffusion test takes a long time. In 

this study, the equilibrium pressure is predicted from the measured CO2 solubilities in the 

same light crude oil at different equilibrium pressures and Tres = 56.0°C by using the 

Peng‒Robinson equation of state (P‒R EOS) [Peng and Robinson, 1976]. Moreover, the 

specific effects of the oil-swelling phenomenon and the light-HCs extraction on the 

predicted equilibrium pressure are also studied [Du and Gu, 2016], both of which occur 

simultaneously during the CO2 dissolution into the light crude oil. The following four 

possible cases are considered accordingly:  

Case A (no the oil-swelling effect nor the light-HCs extraction);  

Case B (the oil-swelling effect alone);  

Case C (the light-HCs extraction alone); and  

Case D (both the oil-swelling effect and the light-HCs extraction). 
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Case A: Neither the oil-swelling effect nor the light-HCs extraction is taken into 

account. In this base case, the equilibrium pressure (Peq) in the solvent phase at the 

equilibrium state of each diffusion test can be predicted from the P‒R EOS: 

                                resM
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bvbbvv
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 ,                      (3.11) 

The mole-based specific volume of CO2 in the gas phase, Mv , is defined as: 
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and                                               oeq
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CO

eq

CO 22
VcNN  ,                                              (3.12b) 

where, gV  and oV  are the initial gas phase volume )( g AhV   and the dead oil phase 

volume )( o AlV  , respectively; 
eq

CO2
N  and 

i

CO2
N  denote the number of moles of CO2 

remaining in the gas phase at the equilibrium state and the initial total number of moles of 

CO2 inside the diffusion cell at Pi and Tres, respectively. Here, iP  stands for the corrected 

initial test pressure for each diffusion test, which is obtained by extrapolating the 

measured pressure vs. time data (t ≥ 30 s) to t = 0. This is because on average the actual 

initial test pressure ( iP ) was measured and recorded after CO2 and the light crude oil 

were made in contact for 30 s. In Eq. (3.12b), ceq is correlated to Peq, i.e., )( eqeq Pcc  , by 

using the measured CO2 solubilities in the light crude oil at different equilibrium 

pressures and Tres = 56.0°C. In this way, Peq becomes the only unknown parameter in Eq. 

(3.11) and can be easily determined by using the iteration method.  
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Case B: If only the oil-swelling effect is considered, the oil volume increases and the 

CO2 volume shrinks as the light crude oil‒CO2 interface rises. In this case, the mole-

based specific volume of CO2 in the gas phase becomes: 

                                                        sw

CO
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v  ,                                                   (3.13a) 
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where, 
sw

gV  is the reduced CO2 phase volume due to the oil-swelling effect; 
sw
CO2

N  denotes 

the number of moles of CO2 remaining in the gas phase at the equilibrium state in 

consideration of the oil-swelling effect; and fs is the oil-swelling factor, which is 

correlated to Peq, i.e., )( eqss Pff  , by using the measured oil-swelling factors at 

different equilibrium pressures and Tres = 56.0°C.  

Case C: If only the light-HCs extraction by CO2 is considered, the gas composition 

differs from pure CO2 and thus the equilibrium pressure is changed. In this case, the gas 

phase at the equilibrium state consists of primarily pure CO2 and some extracted light 

HCs. In this study, the equilibrium composition of the solvent phase (CO2 + HCs) at Peq 

and Tres is predicted from the CMG WinProp module (Version 2014.10, Computer 

Modelling Group Limited, Canada) with the P‒R EOS. It should be noted that the 

equilibrium pressure of the light crude oil‒CO2 system is the quantity that needs to be 

determined. As an approximation, the measured final pressure (Pf) of each diffusion test 

at its final termination time rather than the equilibrium pressure is used in the CMG 

WinProp module to simulate the gas composition at the equilibrium state. The 

equilibrium pressure (Peq) in the solvent phase at the equilibrium state of the diffusion 

test can be calculated from the P‒R EOS: 
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where, ij is the binary interaction parameter between the i
th

 component and the j
th

 

component; i is the so-called alpha function of the i
th

 component, which depends on the 

reduced temperature Tri and the acentric factor i; Tci is the critical temperature of the i
th

 

component; Pci is the critical pressure of the i
th

 component; and iy  is the mole fraction of 

the i
th

 component in the gas phase, which is obtained from the CMG WinProp module
 

with the PR EOS at the corresponding measured final pressure and the reservoir 

temperature. The predicted gas compositions in seven diffusion tests are listed in 

Appendix A. It is worthwhile to note that the simulated gas composition at its equilibrium 

state, instead of the gas compositional analysis result from the HCs extraction test at 24 h, 
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which will be presented later, is used in the above P‒R EOS to predict the equilibrium 

pressure (Peq). One major reason is that the light crude oil‒CO2 system tested did not 

reach the equilibrium state at 24 h. The light-HCs extraction was an ongoing process in 

the light crude oil‒CO2 system. 

The mole-based specific volume of CO2 + HCs in the gas phase is equal to: 
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where, 
eq

gN  stands for the total number of moles of pure CO2 (
eq

CO2
N ) and some extracted 

light HCs (
eq

HCsN ) at the equilibrium state (Peq, Tres). 

Case D: In this case, both the oil-swelling effect and the light-HCs extraction are 

taken into account, which combines Cases B and C. The P‒R EOS in Eq. (3.14) is used to 

determine the equilibrium pressure (Peq) at the equilibrium state. The mole-based specific 

volume of CO2 + HCs in the gas phase can be expressed as: 
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where, 
sw

gN  denotes the total number of moles of pure CO2 (
sw

CO2
N ) and some extracted 

light HCs (
sw

HCsN ) at the equilibrium state (Peq, Tres) if the oil-swelling effect is considered. 

3.4 Pressure History Matching Method 

It should be noted that two approximations can cause some errors in determining the 

diffusivity by using the GM. First, the Z-factor in Eq. (3.9) or (3.10) is assumed to be 
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constant. It should be increased in each diffusion test as the test pressure decays with time 

and CO2 is gradually dissolved into the oil phase. Second, a large truncation error can 

occur especially at a small mass-transfer time because only the first term of the pressure 

vs. time solution in an infinite series in Eq. (3.8) is kept. In this study, the pressure history 

matching (PHM) method is also employed to determine the solvent diffusivity, in 

comparison with the GM. The existing pressure Pcal (t) in the CO2 phase at any time can 

be calculated by applying the variable-compressibility EOS for a real gas: 

                resgcalreso

i
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RTtNtPZRTtNNtPZVtP  ,              (3.19) 

where, )]([ cal tPZ  is the Z-factor at Pcal (t) and Tres to be determined from the P‒R EOS; 

and )(o tN  represents the number of moles of CO2 dissolved into the oil phase at Pcal (t) 

and Tres, which is obtained by integrating the solvent molar concentration profile ),( txc  

in Eq. (3.4) with respect to the oil volume at a given time. As the only unknown 

adjustable parameter, the CO2 effective diffusivity Deff can be determined by finding the 

best match between the calculated and measured pressure vs. time data. The PHM 

method determines Deff by minimizing the following objective function: 
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where, )(cal itP  and )(exp itP  are the calculated and measured pressures vs. time data at a 

diffusion time ti, i = 1, 2, 3, …, m. Mathematically, the above objective function 

represents the average root-mean-square error (RMSE) or the average pressure difference 

between the calculated and measured pressure at different times (t1 ≤ t ≤ tm). 
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CHAPTER 4 EXPERIMENTEL 

4.1 Materials 

The original dead light crude oil sample was collected from the Viewfield region of 

the Bakken formation in Saskatchewan, Canada. The obtained original light crude oil was 

cleaned by using a centrifuge (Allegra X-30 Series, Beckman Coulter, USA) to remove 

any brine and sand. The density and viscosity of the light crude oil were measured to be 

ρo = 805 kg/m
3
 and μo = 2.43 cP at the atmospheric pressure and the laboratory 

temperature of Tlab = 22.0C, ρo = 745 kg/m
3
 and μo = 1.48 cP at the atmospheric pressure 

and the reservoir temperature of Tres = 56.0C, respectively. The molecular weight of the 

Bakken light crude oil was measured to be 168.0 g/mole by using an automatic high-

sensitivity wide-range cryoscopy (Model 5009, Precision Systems Inc., USA). The 

compositional analysis result of the cleaned light crude oil was obtained by using the 

standard ASTM D86 method and is given in Table 4.1 and plotted in Figure 4.1. The 

molar percentages of C1–10, C11–20, C21–30, and C31+ were equal to 64.19, 26.94, 6.26, and 

2.61 mol.%, respectively. The asphaltene content of the cleaned light oil crude was 

measured to be wasp = 0.16 wt.% (n-pentane insoluble) by using the standard ASTM 

D2007-03 method and filter papers (Whatman No.5, England) with a pore size of 2.5 m. 

These data show that the Bakken light crude oil tested in this work has large amounts of 

light to intermediate hydrocarbons and that it is particularly suitable for CO2-EOR. The 

purities of the carbon dioxide (Praxair, Canada) used as the gaseous solvent and the 

nitrogen (Praxair, Canada) used for leakage test were equal to 99.998 mol.%.  
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Table 4.1 Compositional analysis result of the orginal light crude oil from the 

Viewfield region (Well No.: 16-17-9-8W2). 

 

Carbon No. mol.% Carbon No. mol.% 

C1 0.00 C27 0.48 

C2 2.46 C28 0.43 

C3 1.09 C29 0.35 

C4 4.55 C30 0.29 

C5 7.13 C31 0.28 

C6 9.56 C32 0.27 

C7    11.73 C33 0.17 

C8    16.14 C34 0.17 

C9      5.46 C35 0.19 

C10 6.07 C36 0.13 

C11 4.82 C37 0.12 

C12 4.16 C38 0.12 

C13 3.67 C39 0.11 

C14 2.93 C40 0.11 

C15 2.83 C41 0.10 

C16 2.19 C42 0.06 

C17 1.93 C43 0.06 

C18 1.78 C44 0.06 

C19 1.42 C45 0.06 

C20 1.21 C46 0.04 

C21 1.26 C47 0.04 

C22 0.71 C48 0.04 

C23 0.85 C49 0.03 

C24 0.70 C50 0.03 

C25 0.64 C51+ 0.42 

C26 0.55 Total  100.00 
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Figure 4.1 Compositional analysis result of the original light crude oil from the 

Viewfield region (Well No.: 16-17-9-8W2). 

Viewfield oil (MWo = 168.0 g/mol and C30+ = 2.90 mol.%) 
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4.2 PVT Studies 

4.2.1 CO2 solubility measurements 

Carbon dioxide solubility in the Bakken light crude oil was measured by using a 

flashing method. A schematic diagram of the apparatus used to measure the CO2 

solubility in the light crude oil phase is shown in Figure 4.2. Specifically, the 

experimental setup mainly consisted of an oven (Heratherm OMH400, Thermo Scientific, 

Germany), two high-pressure cylinders (500-10-P-316-2, DBR, Canada), two 

programmable syringe pumps (100DX, ISCO Inc., USA), and an air bubbler. The 

detailed experimental procedure is described below.  

First, the two high-pressure cylinders (Cylinders A and B) were vacuumed. Cylinder 

A was filled with 50 cm3 of cleaned light crude oil, while Cylinder B was pressurized 

with sufficient pure CO2 to a specified pressure, e.g., P = 5 MPa. The two cylinders were 

placed vertically in the oven, whose temperatures were heated to and maintained at Tres = 

56.0°C. Second, the crude oil in Cylinder A was injected slowly into Cylinder B by using 

a syringe pump at a constant pressure. The oil was made in contact with the gaseous CO2 

phase and saturated with CO2 gradually. Meanwhile, Cylinder B was connected to a 

syringe pump by applying a constant pressure mode at the same pressure as Cylinder A. 

After the oil was completely injected into Cylinder B, the fluid mixtures in Cylinder B, 

which included the CO2-diluted light crude oil and an excessive amount of CO2 in the gas 

cap, were in turn injected into Cylinder A by using a syringe pump at the same constant 

pressure. This injection process was repeated alternately for three cycles. At the end, the 

fluid mixtures were stored in Cylinder A. It should be noted that a CO2 gas cap in 

Cylinder A should exist in order to ensure that the light crude oil is sufficiently and  
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Figure 4.2 Schematic diagram for CO2 solubility measurements. 
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completely saturated with CO2. Afterwards, Cylinder A was disconnected from Cylinder 

B. The pressure in Cylinder A was monitored by using a high-precision digital pressure 

gauge (2086, Ashcroft, USA) with an accuracy of 0.1% at its full scale of 34 MPa until 

the daily pressure reduction was within the accuracy of the pressure gauge. At this time, 

the light crude oil was considered to be completely saturated with CO2 and the light crude 

oil‒CO2 system reached the equilibrium state. The pressure was recorded as the 

equilibrium pressure (Peq). Finally, a high pressure was provided at the outlet of Cylinder 

A by using a back-pressure regulator (BPR) (BPR-50, Temco, USA) to ensure that the 

outlet pressure was slightly above the equilibrium pressure. Then a syringe pump was 

used to displace the CO2-saturated light crude oil in Cylinder A at the equilibrium 

pressure. The CO2-saturated light crude oil flowed through the BPR and was quickly 

separated into the dead oil and gas phase at the atmospheric pressure. The separated CO2 

and the crude oil were collected in an air bubbler and a flask, respectively. The CO2 

solubility in the light crude oil can be calculated:  
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,                            (4.1) 

where, ceq is the CO2 solubility in the Bakken light crude oil at the equilibrium state; 

2CON  is the number of moles of CO2 flashed from the CO2-saturated Bakken light crude 

oil; 
2COm and om  are the masses of the CO2 and the dead Bakken light crude oil flashed 

from the CO2-saturated Bakken light crude oil and are determined from the measured 

volumes of the collected oil and gas samples, the measured CO2-saturated light crude oil 

densities and simulated CO2 densities by using the P‒R EOS at different pressures; and 
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mix  is the density of the CO2-saturated light crude oil at the equilibrium state and is 

determined from the measured density vs. equilibrium pressure curve. 

4.2.2 Oil-swelling factor measurements 

The oil-swelling factor in the Bakken light crude oilCO2 system at a given Peq and 

Tres = 56.0C was measured by using a DBR PVT system (PVT-0150-100-200-316-155, 

DBR, Canada). The schematic diagram of the DBR PVT system is shown in Figure 4.3. 

The major component of this system was a visual cell, where fluid samples were 

encapsulated inside a glass tube. The maximum sample volume of this glass tube was 130 

cm
3
. Inside the glass tube, a movable piston was used to separate the test fluids from the 

surrounding hydraulic oil. A magnetic stirrer was used to stir the test fluids inside the 

glass tube. The maximum operating pressure and temperature of the PVT system were 

equal to 68 MPa and 200°C, respectively. The test temperature was maintained by using 

a microprocessor-based temperature controller with the accuracy of 0.1°C. A video-based 

digital cathetometer with a resolution of 0.0025 cm was used to measure the sample 

height inside the PVT cell. The PVT cell and two respective sample cylinders filled with 

pure CO2 and the Bakken light crude oil were kept inside the PVT system. 

The detailed experimental procedures are summarized below. First, prior to each PVT 

test, the PVT cell was thoroughly cleaned with kerosene and methanol, flushed with air, 

and finally vacuumed to remove any traces of the cleaning agents. Second, the PVT cell 

was pressurized with CO2 in a gaseous phase at an initial test pressure and the laboratory 

temperature of Tlab = 22.0°C. The mass of CO2 was determined from the predicted 

density at the test pressure and the temperature by applying the CMG WinProp module  
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Figure 4.3 Schematic diagram of the DBR PVT cell.  
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(Version 2014.10, Computer Modelling Group Limited, Canada) with the P‒R EOS. 

Second, a total of 30 cm
3
 Bakken light crude oil was injected into the PVT cell by using a 

syringe pump. The volume of the injected oil was read from the syringe pump. Third, the 

test temperature of the PVT cell was gradually increased to and maintained at Tres = 

56.0°C for 24 h, while the magnetic stirrer was turned on to mix the light crude oil and 

CO2. Fourth, the light crude oilCO2 system was compressed into one phase by using an 

automatic positive-displacement pump (PMP-1000-1-10-MB, DBR, Canada) to inject the 

hydraulic oil at a constant injection rate of 2 cm
3
/h. The saturation pressure (Psat) of the 

Bakken light crude oilCO2 system at Tres = 56.0°C was obtained by using the continuous 

depressurization method at a constant withdrawal rate of 3 cm
3
/h. The determined 

saturation pressure (Psat) is also considered as the equilibrium pressure (Peq) of the light 

crude oil‒CO2 system with the same compositions at the reservoir temperature. Finally, 

the height of the light crude oilCO2 system at the equilibrium pressure was read from 

the digital cathetometer. The Bakken light crude oil swelling factor fs at the equilibrium 

pressure and the reservoir temperature of Tres = 56.0°C can be calculated by using the 

following equation: 

                                             
),atm 1( 
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TPV
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where, mixV  is the measured volume of the CO2-saturated Bakken light crude oil at the 

equilibrium pressure and the reservoir temperature of Tres = 56.0C; and oilV  is the 

measured volume of the Bakken dead crude oil at the atmospheric pressure and reservoir 

temperature of  Tres = 56.0C. 
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4.2.3 CO2-saturated oil density measurements 

The density of the CO2-saturated light crude oil was measured by using a 

densitometer (DMA 512P, Anton Paar, USA) with an accuracy of 1 kg/m
3
, which is also 

shown in Figure 4.3. It should be noted that the density measurement was conducted in 

the same PVT test after the oil-swelling factor measurement was completed. Prior to each 

density measurement, the densitometer was calibrated by using two density-standard 

silicone oils (N7.5 and S20, Cannon Instrument Company, USA). After CO2-saturated 

light crude oil was prepared in the PVT system, an automatic positive-displacement 

pump was used to displace it into the densitometer at the equilibrium pressure (Peq) and 

the actual reservoir temperature (Tres). The oscillation period of the test live oil sample 

was recorded from the densitometer after a stable reading was obtained. Thus, the CO2-

saturated light crude oil density was determined from a pre-calibrated quadratic 

correlation between the densities of the two silicone oils and their oscillation periods.  

4.2.4 Onset pressure determination of initial quick HCs extraction 

A schematic diagram of the experimental setup used to determine the onset pressure 

of the initial quick HCs extraction (Pext) by CO2 is shown in Figure 4.4. The experimental 

setup was mainly composed of a see-through windowed high-pressure IFT cell (IFT-10, 

Temco, USA). A stainless steel syringe needle was installed at the top of the IFT cell and 

used to form a pendant liquid drop. The light crude oil was introduced from a transfer 

cylinder into the syringe needle by using a programmable syringe pump. A light source 

and a glass diffuser were used to provide uniform illumination for the pendant liquid drop. 

A microscope camera (KPM1U, Hitachi, Japan) was used to capture the sequential digital 

images of the dynamic pendant liquid drops inside the IFT cell at different times.  
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Figure 4.4 Schematic diagram of the experimental setup used to determine the onset 

pressure of the initial quick hydrocarbons (HCs) extraction by applying the axisymmetric 

drop shape analysis (ADSA) technique for the pendant drop case. 
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The general procedure for the HCs extraction test is briefly described below. First, the 

high-pressure IFT cell was filled with CO2 at the constant temperature of Tres = 56.0C. 

After the pressure and the temperature inside the IFT cell reached stable values, the 

Bakken light crude oil was introduced into the IFT cell from the high-pressure transfer 

cylinder to form a pendant oil drop at the tip of the syringe needle. Once a well-shaped 

pendant oil drop was formed, the sequential digital images of the dynamic pendant oil 

drop at different times were acquired and stored automatically in a personal computer. 

The light-HCs extraction by CO2 can be visually observed at any time. By gradually 

increasing the test pressure of the light crude oilCO2 system, the onset pressure of the 

initial quick HCs extraction by CO2 can be determined.  

4.3 CO2 Diffusion Tests 

Figure 4.5 shows a schematic diagram of the experimental setup used to measure CO2 

diffusivity in the light crude oil at a constant reservoir temperature (Tres) by applying the 

so-called pressure decay method (PDM). The experimental setup consisted of a diffusion 

cell, a solvent supply cylinder, and a crude oil supply cylinder. The closed constant-

volume diffusion cell was a stainless steel cylinder (CYL-0250-10-NP-316-2, DBR, 

Canada) with an interior diameter of 5.37 cm and a height of 16.12 cm. Its maximum 

operating pressure and temperature were equal to 69 MPa and 200C, respectively. Its top 

port was connected to the solvent supply cylinder through a needle valve (SS-0VS2, 

Swagelok, USA) and its bottom port was connected to the light crude oil supply cylinder. 

A high-precision pressure transducer (PXM409-350BG10V, Omega Engineering, Canada) 

with an accuracy of 0.08% at its full scale of 34 MPa was connected to the top port of the 

diffusion cell to automatically monitor and record the test pressure of the gas phase inside  
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Figure 4.5 Block diagram of the experimental setup used to measure the light crude 

oil‒CO2 diffusivity at a constant temperature. 

 

CO2  

CO2 cylinder 

 

 

 

CO2 

 

 

 Light 

crude 

   oil 

 

 Light  

crude  

   oil 

CO2 

 

Hydraulic oil 

 Vacuum pump 

Personal computer 

P 

t 

P 

V1 

Pressure transducer 



46 

 

the constant-volume diffusion cell at any time.  

The detailed experimental procedure for conducting each diffusion test is described 

below. First, the solvent supply cylinder was filled with high-pressure pure CO2. The 

diffusion cell, the gas supply cylinder with CO2, and the oil supply cylinder were placed 

vertically in an oven (AAH14036U, Cole‒Parmer instrument company, Canada), whose 

temperature was heated to and maintained at Tres = 56.0°C. Then the diffusion cell was 

pressurized with nitrogen, tested for leakage for 24 hours, and finally vacuumed. A total 

of 67.27 cm
3
 of the Bakken light crude oil was injected from the oil supply cylinder into 

the diffusion cell at a constant injection rate of qo = 5 cm
3
/min by using a programmable 

syringe pump (100DX, ISCO Inc., USA). The oil column height in the diffusion cell was 

equal to l = 2.97 cm. Afterwards, CO2 was introduced from the solvent supply cylinder 

into the diffusion cell to reach a pre-specified initial test pressure. This solvent 

introduction process was completed in 30 s in a relatively slower manner in order to less 

disturb the oil phase. Finally, the solvent supply cylinder was disconnected from the 

diffusion cell. The pressure vs. time data were automatically monitored by using the 

pressure transducer and recorded in a personal computer. As CO2 was gradually 

dissolved into the light crude oil, the test pressure in the closed constant-volume diffusion 

cell was reduced with time. The pressure vs. time data acquisition process was continued 

for 24 h in Test #2 or #4 and repeated Tests #6 and #7. Tests #1, #3, and #5 were 

purposely conducted in extended diffusion times.  

4.4 Gaseous Solvent Compositional Analysis 

In this study, the amount of the light-HCs extraction by CO2 in the CO2 diffusion test 

at a different diffusion time was measured. The solvent phase in the light crude oilCO2 
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system in the CO2 diffusion test consists of primarily pure CO2 plus a small amount of 

extracted light HCs. The gas chromatography (GC) compositional analyses of the gas 

samples in the diffusion cell at different CO2 diffusion times were undertaken by using a 

GC system (Agilent 7890, Agilent Technologies, USA). The accuracy of the GC 

compositional analysis varied with the mole percentage of each component in the test 

sample. The repeatabilities were equal to 0.01, 0.04, 0.07, 0.08, and 0.1 mol.% for the 

mole percentages of 00.09, 0.10.9, 14.9, 510, and 10  mol.%, respectively.  

Two of the five CO2 diffusion tests, i.e. Pi = 5,200.2 kPa (Test #2), and Pi = 7,702.6 

kPa (Test #4) were chosen to study the light-HCs extraction in CO2 dissolution into the 

light crude oil. Specifically, the gas samples in the diffusion cell were collected at three 

different diffusion times (t = 8 min, 1 h and 24 h for Test #2 and t = 20 min, 1 h and 24 h 

for Test #4) and Tres = 56.0°C. The collection of the gas sample was intrusive to the light 

crude oilCO2 system. Therefore, the CO2 diffusion test had to be terminated after each 

gas sample was collected. A new diffusion test at the same initial test pressure was started 

for the next gas sample collection at another test time. The times for the gas sample 

collections were determined by applying the GM. Briefly speaking, two diffusion tests 

(Tests #2 and #4) were carried out continuously at Tres = 56.0C and the experimental 

pressure vs. time data in 24 hours were acquired and recorded. By plotting the pressure vs. 

time data on a semi-logarithm scale, two linear regression lines with two different slopes 

that represent two CO2 dissolution periods (Period  and Period ) can be obtained. The 

three gas sample collection times were the ending time of Period , the beginning and 

ending times of Period , respectively. 
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The detailed gas sample collection procedure is described below. First, a single-ended 

miniature sample cylinder (SS-4CS-TW-10, Swagelok, USA) with a volume of 10 cm
3
 

was vacuumed completely to remove any gas inside it. A CO2 diffusion test at a specified 

initial test pressure was conducted until the diffusion time reached the pre-determined gas 

sample collection time. Second the single-ended miniature sample cylinder was 

connected to the top of the diffusion cell through valve V1, which was shown in Figure 

4.5. The high-pressure gas in the diffusion cell was released into the sample cylinder by 

gradually opening valve V1. Finally, the sample cylinder was disconnected from the 

diffusion cell. Afterwards, the diffusion test was terminated. A new diffusion test at the 

same initial test pressure was commenced for the next gas sample collection at a different 

time. After all the six gas samples were collected, the GC compositional analyses of the 

gas samples were performed by the Core Laboratories in Calgary, Canada. 
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CHAPTER 5 PVT STUDIES OF THE LIGHT CRUDE OILCO2 

SYSTEM 

5.1 CO2 Solubility 

Figure 5.1 depicts the measured CO2 solubilities in the light crude oil at different 

equilibrium pressures (Peq) and a constant reservoir temperature of Tres = 56.0°C. The 

quadratic regression curve is obtained in the equilibrium pressure range: Peq = 2.46‒10.20 

MPa: 

 )9944.0 ,MPa 20.10MPa 46.2(  0.065035.0951.0)( 2

eq

2

eq eqeqeq  RPPPPc .  (5.1) 

These experimental data show that CO2 solubility is increased with the equilibrium 

pressure and that there is a quicker increase of CO2 solubility at a higher equilibrium 

pressure. 

5.2 Oil-Swelling Factor  

The measured oil-swelling factors (fs) of CO2-saturated light crude oil at different 

equilibrium pressures (Peq) and Tres = 56.0°C are plotted in Figure 5.2. It is found from 

this figure that fs is increased from 1.05 to 1.62 as Peq is increased from 2.01 to 9.29 MPa.  

The oil-swelling factor is also well correlated to the equilibrium pressure by applying the 

quadratic regression: 

       )9924.0 ,MPa 29.9MPa 01.2(  0.009029.0084.1 2

eq

2

eq eqs  RPPPf .       (5.2) 

Obviously, the measured oil-swelling factor is much larger at a higher equilibrium 

pressure than that at a lower equilibrium pressure. In summary, CO2 dissolution into the 

light crude oil may cause a strong oil-swelling effect and increase CO2-saturated light  
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Figure 5.1 Measured CO2 solubilities (ceq) in the light crude oil at different 

equilibrium pressures (Peq) and Tres = 56.0C.  
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Figure 5.2 Measured light crude oil-swelling factors (fs) at different equilibrium 

pressures (Peq) and Tres = 56.0C 
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crude oil volume considerably. 

5.3 CO2-Saturated Light Crude Oil Density 

Figures 5.3(a) and (b) show the measured densities ( mix ) of CO2-saturated light 

crude oil at different equilibrium pressures (Peq) or the corresponding CO2 solubilities 

(ceq) and Tres = 56.0C, respectively. In this study, two quadratic regressions of mix  vs. 

Peq and mix  vs. ceq were undertaken and the corresponding quadratic correlations are 

given as follows: 

     )9931.0 ,MPa 29.9MPa 01.2(  1.07.2786 2

eq

2

eqeqmix  RPPP ,                 (5.3a)                

    )9995.0 ,kmole/m 08.7kmole/m 15.1( 3.07.4786 23

eq

32

 eqeqmix  Rccc .  (5.3b) 

The measured density of CO2-saturated light crude oil is increased with Peq or ceq and is 

much higher than that of the dead light crude oil (
3

o kg/m 745 ) at Pa = 1 atm and Tres 

= 56.0°C. A similar trend has been reported in the literature [Ashcroft and Isa, 1997]. In 

the light crude oil‒CO2 system, the CO2-saturated oil beneath the oil‒CO2 interface 

becomes heavier and heavier than the dead light crude oil as CO2 is gradually dissolved 

into the oil phase. The upper heavier CO2-saturated oil phase will flow downwards under 

the gravity. This results in a density-driven natural convection in the oil phase and 

significantly accelerates the subsequent CO2 dissolution into the light crude oil phase. 

In order to determine the critical time for the onset of the density-driven natural 

convection in the CO2-saturated light crude oil phase, the transient Rayleigh number is 

used in this study, which depends on CO2 dissolution depth z from the light crude 

oil‒CO2 interface and CO2 concentration gradient 












z

c
 in the oil phase at any time [Tan  
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Figure 5.3 (a) Measured CO2-saturated light crude oil densities at different 

equilibrium pressures (Peq) and Tres = 56.0C; and (b) Measured CO2-saturated light 

crude oil densities at different CO2 solubilities (ceq) and Tres = 56.0C. 
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et al., 2003; Moghaddam et al., 2012]:        
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represents the oil density relative increase with respect to CO2 solubility; o  and o  are 

the density and viscosity of the dead light crude oil without any CO2 dissolution; and g is 

the gravitational acceleration; and D is the molecular diffusivity. 

In this study, the maximum Rayleigh number of 708,1Ra max   is used to determine 

the critical time, tc, for the onset of natural convection [Cussler, 1997; Moghaddam et al., 

2012]: 
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.                                        (5.5) 

The tc values for the five diffusion tests conducted in this work are calculated to be 6.74, 

10.45, 13.16, 6.90, and 5.16×10
‒8

 s for Tests #1‒5, respectively. Thus, the density-driven 

natural convection occurs in the light crude oil‒CO2 system immediately after CO2 is 

made in contact with the light crude oil. This immediate natural convection was verified 

by the recent observations of a quick onset of the natural convection flow in a pure 

HC‒CO2 system [Khosrokhavar et al., 2011]. Such an instantaneous instability in the oil 

phase is attributed to a large density difference between the upper CO2-saturated heavier 

oil phase and the lower dead light oil phase. The Bakken crude oil viscosity is low (oil = 

1.48 cP) at the actual reservoir temperature [Han and Gu, 2015] so that it is easy to flow. 
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This can accelerate the mixing of the oil phase and CO2 and the subsequent natural 

convection.  

5.4 Onset Pressure of Initial Quick HCs Extraction 

After the pendant oil drop was formed and surrounded by the CO2 phase inside the 

see-through windowed high-pressure cell, its volume and shape were observed to be 

changed continuously with time. At a low equilibrium pressure, extPP  , where extP  is 

defined as the onset pressure of the initial quick HCs extraction, the pendant oil drop 

swelled slightly and then shrank slowly. However, at a higher equilibrium pressure, 

extPP  , the volume of the pendant oil drop did not increase at the beginning. In fact, the 

oil drop shrank dramatically initially and then shrank slowly at a later time. The onset 

pressure of the initial quick HCs extraction is determined to be Pext = 5.1 MPa. 

The sequential digital images of the dynamic pendant oil drops and their volumes at 

Peq = 2.5 and 5.1 MPa and Tres = 56.0C are shown in Figures 5.4(a) and (b) at three 

different times (t = 0, 20, and 100 s), respectively. Figure 5.4(a) reveals that, at Peq = 2.5 

MPa, the pendant oil drop volume increased slightly ( s 20t ) due to the dominant oil-

swelling effect at the beginning when CO2 was dissolved into the oil phase and then 

shrank slowly due to the subsequent weak light-HCs extraction. In Figure 5.4(b), at Peq = 

5.1 MPa, the oil drop initially shrank dramatically at the beginning in a short time 

( s 20t ). This is because the light-HCs extraction by CO2 became dominant in 

comparison with the oil-swelling effect. Afterwards, the oil drop volume was decreased 

continuously due to the subsequent weak light-HCs extraction.  
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Figure 5.4 Sequential digital images of the pendant Bakken crude oil drops 

surrounded by CO2 at (a) Peq = 2.5 MPa during the initial oil-swelling process 

s) 20s 0(  t  and the subsequent weak light-HCs extraction process ( s 90s 0  t ); 

and (b) Peq = 5.1 MPa during the initial strong light-HCs extraction process 

( s 20s 0  t ) and the subsequent weak light-HCs extraction process ( s 90s 0  t ). 
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CHAPTER 6 THREE DIFFERENT PERIODS OF CO2 

DISSOLUTION INTO THE LIGHT CRUDE OIL 

6.1 Pressure Decay Data 

In this study, five CO2 diffusion tests in the light crude oil inside the closed constant-

volume diffusion cell were conducted by using the PDM at the actual reservoir 

temperature of Tres = 56.0C and five different initial test pressures: kPa 5.943,3i P  

(Test #1), 4,884.2 kPa (Test #2), 6,031.9 kPa (Test #3), 7,585.8 kPa (Test #4), and 

8,844.8 (Test #5). Two tests were repeated purposely and conducted corresponding to 

Tests #3 and #4, respectively. The initial test pressures of the two repeated tests were 

kPa 9.951,5i P  (Test #6) and kPa 4.937,7i P  (Test #7).  

It should be noted that the above-measured initial test pressures were recorded at 

approximate 30 s after CO2 introduction. The corrected initial test pressure )( iP  was 

obtained by applying the polynomial regression of the measured pressure vs. time data at 

s 30t  and setting t = 0. A detailed summary of the five pressure decay experiments and 

two repeated tests are tabulated in Table 6.1. The two initial test pressures, the overall 

composition of the light crude oil‒CO2 system, the test pressure at 24 h, and the final 

termination time and the measured final test pressure for each diffusion test are tabulated 

in this table. The detailed measured test pressure vs. time data for each diffusion test up 

to the final termination time are listed in Appendix B . The measured test pressure vs. 

time data in each test up to 24 h are shown in Figures 6.1(a‒g) respectively. The pressure 

decay data for each test are plotted by using the measured pressure vs. time data every 30 

s in the first 20 min, every 5 min in the next 40 min, and every 0.5 h in the period of 1‒24  
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Table 6.1 Experimental conditions and measured test pressures at different times of the five CO2 diffusion tests (Tests #15) and 

two repeated tests (Tests #6 and #7) at Tres = 56.0C. 

Test 

No. 
iP  

(kPa) 
iP  

(kPa) 

Light crude oilCO2 system 
P24h 

(kPa) 

tf 

(h) 

Pf 

(kPa) on  

(mol) 
2COn  

(mol) 
oz  

(mol.%) 
2COz  

(mol.%) 

1 3,943.5 4,149.2 0.3102 0.5660 35.40 64.60 3,311.8 144 3,284.0 

2 4,884.2 5,200.2 0.3102 0.7522 29.20 70.80 4,048.0 24 4,048.0 

3 6,031.9 6,251.5 0.3102 0.9685 24.26 75.74 5,073.6 38 5,061.2 

4 7,585.8 7,702.6 0.3102 1.3372 18.83 81.17 6,973.4 24 6,973.4 

5 8,844.8 8,996.5 0.3102 1.7695 14.92 85.08 8,155.7 96 8,114.2 

 
6a 5,951.9 6,175.1 0.3102 0.9032 25.56 74.44 4993.6 24 4993.6 

7b 7,885.5 7,937.4 0.3102 1.3205 19.02 80.98 7393.6 24 7393.6 

Notes:   

iP :  recorded initial test pressure after CO2 introduction of approximate 30 s 

  iP :  corrected initial test pressure at t = 0 

  on :  number of moles of oil in the light crude oil‒CO2 system 

2COn :  number of moles of CO2 in the light crude oil‒CO2 system 

oz :  mole percentage of oil in the light crude oil‒CO2 system 

2COz :  mole percentage of CO2 in the light crude oil‒CO2 system 

 P24h:  measured pressure at t = 24 h 

 tf:  final termination time 

 Pf:  measured final test pressure 
 a
:  repeated test of Test #3       

 b
:  repeated test of Test #4   
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Figure 6.1(a) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #1 (Pi = 4,149.2 kPa). 
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Figure 6.1(b) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #2 (Pi = 5,200.2 kPa). 
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Figure 6.1(c) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #3 (Pi = 6,251.5 kPa). 



62 

 

t (h)

0 4 8 12 16 20 24

P
 (

M
P

a
)

6.5

7.0

7.5

8.0

 

 

 

 

 

 

 

 

Figure 6.1(d) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #4 (Pi = 7,702.6 kPa). 
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Figure 6.1(e) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #5 (Pi = 8,996.5 kPa). 
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Figure 6.1(f) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #6 (Pi = 6,175.1 kPa). 
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Figure 6.1(g) Measured pressure decay data of the light crude oil‒CO2 system in 24 

hours at Tres = 56.0C in Test #7 (Pi = 7,937.4 kPa). 
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h. It can be seen from these figures that in general, the pressure decay data have similar 

trends in each diffusion test. The test pressure was reduced drastically at the beginning 

and then slowly at a large time. More specifically, the measured pressure vs. time data 

approached the asymptotic values (i.e., Peq) in Tests #1‒3 and #6 but continued to 

decrease slightly in Tests #4, #5, and #7 at t = 24 h. 

6.2 P‒R EOS Modeling 

The predicted equilibrium pressures (Peq) for Cases AD in Tests #15 and repeated 

Tests #6 and #7 from the P‒R EOS are given in Table 6.2. In principle, the predicted 

equilibrium pressure should be always lower than the measured final pressure at the final 

termination time of each diffusion test. However, the predicted equilibrium pressures in 

Table 6.2 for Cases A and B are found to be higher than the measured final pressures of 

Tests #1‒3 and #6. This fact indicates that Case A (no the oil-swelling effect nor the 

light-HCs extraction) or Case B (the oil-swelling effect alone) fails to predict the correct 

equilibrium pressure. Hence, Case C (the light-HCs extraction alone) or Case D (both the 

oil-swelling effect and the light-HCs extraction) has to be used to correctly predict the 

equilibrium pressure in any test. There are three different important trends for the 

predicted equilibrium pressures (Peq) in Cases C and D. First, as will be described later, 

Tests #4, #5, and #7 conducted at two higher initial test pressures have much lower CO2 

effective diffusivities in their first periods. As shown in Figures 6.1(d), (e) and (g), the 

measured pressures in these three tests still decayed slowly even at 24 h. This is why the 

predicted equilibrium pressures in both cases for Tests #4, #5, and #7 are always much 

lower than their measured final pressure. Second, as expected, the oil-swelling effect 

causes the predicted equilibrium pressure to increase in Case B, whereas the light-HCs 
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Table 6.2 Corrected initial test pressures, recorded initial test pressures, termination pressures, and the predicted equilibrium 

pressures of Tests #17 in four different cases at the reservoir temperature of Tres = 56.0C. 

Test 

No. 
iP  

(kPa) 
iP  

(kPa) 

Pf 

(kPa) 

Peq (kPa) 

Case A Case B Case C Case D 

1 3,943.5 4,149.2 3,284.0 3,302.6 3,340.6 3,226.5 3,259.9 

2 4,884.2 5,200.2 4,048.0 4,188.8 4,254.9 3,929.9 3,988.6 

3 6,031.9 6,251.5 5,061.2 5,128.7 5,260.4 5,009.7 5,036.7 

4 7,585.8 7,702.6 6,973.4 6,643.8 6,819.7 6,551.8 6,730.2 

5 8,844.8 8,996.5 8,114.2 7,684.2 7,979.8 7,548.5 7,813.6 

 
6a 5,951.9 6,175.1 4,997.9 5,0614 5,188.8 4,950.1 4,971.3 

7b 7,885.5 7,937.4 7,393.6 6,820.8 7,031.0 6,723.2 6,915.1 
 
                    Notes:    

iP :  recorded initial test pressure after CO2 injection of approximate 30 s     

:  corrected initial test pressure at t = 0 

Pf:  measured final test pressure 

Peq:  predicted equilibrium pressure  

   Case A: neither oil-swelling effect nor the light-HCs extraction 

   Case B: the oil-swelling effect alone 
   Case C: the light-HCs extraction alone 

   Case D: both the oil-swelling effect and the light-HCs extraction 

             
a
:  repeated test of Test #3       

b:  repeated test of Test #4     

iP
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extraction causes the predicted equilibrium pressure to decrease in Case C. The former 

effect on the equilibrium pressure is weaker than the latter effect in Tests #1‒3 and #6 so 

that the predicted equilibrium pressures in Case D are always lower than those in Case A. 

Third, on the contrary, the predicted equilibrium pressures in Case D for Tests #4, #5, 

and #7 are much higher than those in Case A. These three diffusion tests were conducted 

at much higher initial test pressures. Therefore, the oil-swelling effect is much stronger to 

substantially increase the predicted equilibrium pressure, whereas the light-HCs 

extraction is comparatively weaker to moderately decrease the predicted equilibrium 

pressure.  

6.3 Effective vs. Molecular Diffusivity  

In this work, the GM [Zhang et al., 2000] is used to determine CO2 diffusivities in the 

light crude oil in five diffusion tests (Tests #1‒5) at five different initial test pressures and 

two repeated tests (Tests #6 and #7) and Tres = 56.0°C. The measured pressure vs. time 

data are plotted in Figures 6.2(a‒g) for Tests #1‒7 by using the equilibrium pressure (Peq) 

predicted from Case D, in which both the oil-swelling effect and the light-HCs extraction 

are taken into account. These seven figures clearly show that unlike the heavy crude 

oil‒CO2 system for which there is only one best-fit straight line of ])([ ln eqPtP   vs. time 

data, the light crude oil‒CO2 system tested at seven different initial test pressures in this 

study has three distinct CO2 dissolution periods. The best-fit straight line for the first 

period (I) has a much larger slope than that for the second period (II), with a transition 

period in between. The measured pressure is reduced drastically in the first short period, 

whereas it is decreased slowly and gradually in the second long period. Obviously, one 

cannot use one constant CO2 diffusivity to quantify the entire CO2 dissolution process in  
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Figure 6.2(a) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #1 (Pi = 4,149.2 kPa).  
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Figure 6.2(b) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #2 (Pi = 5,200.2 kPa). 
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Figure 6.2(c) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #3 (Pi = 6,251.5 kPa). 
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Figure 6.2(d) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #4 (Pi = 7,702.6 kPa). 
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Figure 6.2(e) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #5 (Pi = 8,996.5 kPa).  
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Figure 6.2(f) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #6 (Pi = 6,175.1 kPa). 
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Figure 6.2(g) Experimental data of ])([ ln eqPtP   vs. time and the corresponding two 

linear regression lines for Periods I and II at the reservoir temperature of Tres = 56.0C in 

Test #7 (Pi = 7,937.4 kPa). 
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the light crude oil from the beginning to the end of each diffusion test. Instead, two 

constant CO2 diffusivities can be assumed for Period I (Deff for the effective diffusivity) 

and Period II (D for the molecular diffusivity) of each test, whereas there are variable 

CO2 diffusivities in the transition period from Period I to Period II. Prior to determining 

these two different constant CO2 diffusivities (Deff and D) in the two respective periods (I 

and II) of each diffusion test, the beginning and ending times of each period need to be 

examined and determined. 

In Period I, the test pressure declined sharply from the beginning of each diffusion 

test to approximately 10‒20 min. In this study, the ending time of the first short period is 

determined from ])([ ln eqPtP   vs. time data for each test when their linear correlation 

coefficient (LCC) is smaller than a cut-off value (e.g., 850.02

c R ) for the first time. For 

Period II, the first hour and the 24
th

 hour are chosen as the beginning and ending times, 

respectively. The obtained LCC for the second long period is always larger than 0.900. 

Thus the transition period starts from the ending time of Period I and ends at the 

beginning time (t = 1 h) of Period II. 

Table 6.3 lists the corrected initial test pressures, time intervals of Period I, the 

transition period, and Period II, as well as the pressure drops (∆P) in percentage of the 

three periods in Tests #1‒5 and repeated Tests #6 and #7. It is found from this table that 

Period I lasts for 8‒20 min only but has the largest pressure drop of 84.81‒96.35%. 

Therefore, the CO2 mass-transfer rate is the largest in the first short period because of the 

density-driven natural convection. The determined CO2 diffusivity in this period is 

considered to be the effective diffusivity (Deff). In the transition period up to 1 h, the 

pressure drop is in the range of 1.71‒4.92%. This fact indicates that the density-driven 
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Table 6.3 Corrected initial test pressures, durations and pressure drops in percentage in Periods  and II as well as the transition 

period, determined CO2 effective diffusivities in Period  and CO2 molecular diffusivities in Period II of Tests #17 in Cases C and D 

at Tres = 56.0C.    

Test 

No. 

Pi 

(kPa) 

Period  Transition period Period  

∆t 

(min) 

∆P 

 (%) 

   Deff  (10
6

 m
2
/s) ∆t 

(min) 

∆P 

(%) 

∆t 

(h) 

∆P  

(%) 

    D (10
9 

m
2
/s) 

Case C Case D Case C Case D 

1 4,149.2 0‒10 96.35 1.12 1.31 10‒60 2.21 1‒24 1.44 0.55 0.87 

2 5,200.2 0‒8 95.50 1.45 1.75 8‒60 2.43 1‒24 2.07 0.78 1.43 

3 6,251.5 0‒11 94.58 1.05 1.17 11‒60 3.12 1‒24 2.30 1.24 1.94 

4 7,702.6 0‒20 84.81 0.19 0.28 20‒60 4.92 1‒24 10.27 0.67 1.12 

5 8,996.5 0‒14 89.43 0.25 0.37 14‒60 3.51 1‒24 7.06 0.51 0.88 

 6a 6,175.1 0‒12 96.01 1.05 1.16 12‒60 1.71 1‒24 2.28 1.46 2.37 

7b 7,937.4 0‒17 86.46 0.17 0.27 17‒60 2.56 1‒24 10.98 0.38 0.74 

             

       Notes:   iP :  corrected initial test pressure at t = 0 

   ∆t:  duration of each period 

   ∆P:  measured pressure drop in percentage 

   Deff:  determined CO2 effective diffusivity 

                         D:  determined CO2 molecular diffusivity 

   Case C: the light-HCs extraction alone 

   Case D: both the oil-swelling effect and the light-HCs extraction 

              
a
:  repeated test of Test #3       

b:  repeated test of Test #4   
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natural convection in the CO2-saturated oil phase starts to attenuate and finally disappears 

at the end of this period. Accordingly, CO2 dissolution is reduced substantially in the 

transition period. Period II lasts 23 h but has the pressure drop of 1.44‒10.98% only. It 

can be inferred from the experimental data that the density-driven natural convection is 

diminished and that the molecular diffusion is the dominant mass-transfer mechanism in 

the second long period. The determined CO2 diffusivity in Period II is considered to be 

the molecular diffusivity (D). At the ends of Tests #1‒3 and repeated Test #6 conducted 

at lower initial test pressures, the diffusion tests were closer to their equilibrium states. 

On the other hand, the measured pressure drops in Periods I and II for Tests #4, #5, and 

repeated Test #7 clearly show that surprisingly, the density-driven natural convection in 

the beginning of either test conducted at a higher initial test pressure was weaker and that 

the test pressure still decayed slightly in Period II.  

The determined Deff values in Period I and D values in Period II from the slopes of 

two linear regression lines of ])([ ln eqPtP   vs. time data for each test are listed in Table 

6.3 in Cases C and D. The CO2 effective diffusivities and CO2 molecular diffusivities are 

in the ranges of Deff = 0.27‒1.75×10
6

 m
2
/s (Period I) and D = 0.74‒2.37×10

9
 m

2
/s 

(Period II) in Case D, in which both the oil-swelling effect and the light-HCs extraction 

are considered. The former CO2 diffusivity (Deff) is approximately three orders of 

magnitude larger than the latter CO2 diffusivity (D) due to the strong density-driven 

natural convection in Period I. In Period II, the natural convection was absent and CO2 

dissolution into the light crude oil was attributed to the molecular diffusion alone. 

Table 6.3 also indicates the complicated effects of the initial test pressure on the 

measured CO2 effective and molecular diffusivities in Periods I and II, respectively. In 
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this study, Tests #1‒3 and #6 were conducted at the four initial test pressures below the 

CO2 critical pressure (Pc = 7.38 MPa), whereas Tests #4, #5, and #7 were performed at 

the three initial test pressures above Pc. The determined CO2 effective diffusivities of 

Tests #1‒3 and #6 in Period I are in the range of 1.16‒1.75×10
6

 m
2
/s, which are several 

times larger than 0.27‒0.37×10
6

 m
2
/s of Test #4, #5, and #7 in the same period. This fact 

implies that the density-driven natural convection becomes weaker once CO2 reaches the 

supercritical state. This may be due to possible formation of a CO2-enriched second 

liquid phase beneath the light crude oil‒CO2 interface [Orr et al., 1981]. In this case, 

there is stronger light-HCs extraction and possible CO2 condensation at the CO2 

supercritical state, which help to form the CO2-enriched second liquid phase. This 

additional liquid phase makes the natural convection weaker and accordingly the 

determined CO2 effective diffusivities are much smaller in Tests #4, #5, and #7. 

Moreover, in comparison with the effective diffusivities of 1.17×10
6

 m
2
/s in Test #3 and 

0.28×10
6

 m
2
/s in Test #4, the effective diffusivities of the corresponding repeated Tests 

#6 and #7 show excellent agreements, which are equal to 1.16×10
6

 m
2
/s and 0.27×10

6
 

m
2
/s, respectively. 

In Period II, however, the determined CO2 molecular diffusivities of Tests #1‒7 are 

close to each other. In the absence of the density-driven natural convection, the molecular 

diffusion alone is likely to be independent of the initial test pressure. The molecular 

diffusivities of the repeated Tests #6 and #7 are determined to be 2.37×109 m2/s and 

0.74×109 m2/s, which show some discrepancies from the corresponding molecular 

diffusivities of 1.94×109 m2/s in Test #3 and 1.12×109 m2/s in Test #4, respectively. 

This is because the molecular diffusivity is three orders smaller than the effective 



80 

 

diffusivity. Therefore, it is more sensitive to the pre-determined equilibrium pressure 

(Peq), which is used in the GM. 

6.4 Oil-Swelling Effect  

As given in Table 6.2, the oil-swelling effect increases the predicted equilibrium 

pressure (Peq) if Cases A and B or Cases C and D are compared. It should be noted that 

the predicted equilibrium pressure in Case A or B is higher than the corresponding final 

pressure (Pf). Thus, the corresponding CO2 effective and molecular diffusivities (Deff and 

D) cannot be determined by using the GM in these two cases. The calculated Deff and D 

for Tests #1‒5 and repeated Tests #6 and #7 in Cases C and D are given and compared in 

Table 6.3. Apparently, the CO2 diffusivities (Deff and D) in Case C (the light-HCs 

extraction alone) are always smaller than those in Case D (both the oil-swelling effect 

and the light–HCs extraction). Hence, CO2 diffusivity (Deff/D) is increased if the oil-

swelling effect is considered. Moreover, both Deff and D determined from the GM are 

rather sensitive to the predicted equilibrium pressure (Peq) from the P‒R EOS. 

6.5 Light-HCs Extraction Effect 

The three gas sample collection times of the respective two CO2 diffusion tests were 8 

min, 1 h, and 24 h in Test #2 (Pi = 5,200.2 kPa) and 20 min, 1 h, and 24 h in Test #4 (Pi = 

7,702.6 kPa). Figure 6.3(a) shows the carbon number distributions from the GC analysis 

in Test #2 at three different CO2 diffusion times. This figure illustrates that CO2 is the 

dominant component (more than 98.0 mol.%) in the collected gas samples from the 

beginning of the CO2 diffusion test (t = 8 min) to the end (t = 24 h). Figure 6.3(b) shows 

the light HCs distributions from the GC analysis in Test #2 at three different CO2 

diffusion times. It can be clearly seen from Figures 6.3(a) and (b), the numbers of mole  
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Figure 6.3(a) Carbon number distributions from the GC analysis results of the light HCs 

samples in the gas phase (HCs + CO2) taken at different diffusion times in Test #2 at Tres 

= 56.0C. 

          

       t = 24 h      ( mol.% 23.98
2CO y , 

                          mol.% 77.1HCs y ) 

       t = 1 h        ( mol.% 57.98
2CO y , 

                           mol.% 43.1HCs y ) 

       t = 8 min    ( mol.% 95.98
2CO y , 

                           mol.% 05.1HCs y ) 

      

 



82 

 

 

 

 

 

 

 

 

 

 

Figure 6.3(b) Grouped carbon histograms from the GC analysis results of the light HCs 

samples in the gas phase (HCs + CO2) taken at different diffusion times in Test #2 at Tres 

= 56.0C. 
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percentage of the total extracted light HCs and each HC are increased with CO2 diffusion 

time. This indicates that the light-HCs extraction by CO2 is an ongoing process in CO2 

dissolution into light crude oil phase. Moreover, the total mole percentage of gaseous 

light HCs (C211) at t = 8 min ( mol.% 05.1HCs y ) is relatively high. This implies that a 

strong light-HCs extraction happened immediately at the beginning of CO2 dissolution 

into the light crude oil phase. As time elapses, the light-HCs extraction by CO2 continous 

but becomes weaker.  

Figures 6.4(a) and (b) show the compositional analysis results of the gas samples in 

Test #4. Similarly, the total extracted light HCs and each HC are increased with CO2 

dissolution time. A strong light-HCs extraction ( mol.% 44.0HCs y ) took place 

immediately at the beginning (t = 20 min) of CO2 dissolution into the light crude oil 

phase. However, the total mole percentage of the extracted light HCs in the gas phase 

at24 h is only 0.78 mol.% in Test #4, which is much less than 1.77 mol.% in Test #2. 

This is because the initial injected gas‒oil ratio (GOR) in mole in the diffusion cell was 

larger at a higher initial test pressure (Test #4) than that at a lower initial test pressure 

(Test #2) when the number of moles of oil was the same in the light crude oil‒CO2 

system.  

In order to further investigate the effect of the test pressure on the light-HCs 

extraction in the light crude oil‒CO2 system, the numbers of moles of the extraction HCs 

( HCsn ) at the respective three diffusion times of Tests #2 and #4 are calculated by using 

the CMG WinProp module. The results are listed in Table 6.4. It can be clearly seen from 

this table that the number of moles of extracted HCs in the gas phase is increased with the 

diffusion time in the respective two test pressures. However, it is relatively larger at a 
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Figure 6.4(a) Carbon number distributions from the GC analysis results of the light HCs 

samples in the gas phase (HCs + CO2) taken at different diffusion times in Test #4 at Tres 

= 56.0C. 
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Figure 6.4(b) Grouped carbon histograms from the GC analysis results of the light HCs 

samples in the gas phase (HCs + CO2) taken at different diffusion times in Test #4 at Tres 

= 56.0C. 
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Table 6.4 Initial test pressures, gas sample collection times, and gas compositions of 

Tests #2 and #4 at Tres = 56.0°C. 

Test 

No. 

Pi 

(kPa) 
t (h) 

Gas composition 

2COy
a
 

(mol.%) 
HCsy a

 

(mol.%) 
2COn

b
 

(mole) 

HCsn
b
 

(mole) 

2 5,200.2 

0.13 (8 min) 98.95 1.05 0.558 0.006 

1 98.57 1.43 0.551 0.008 

24 98.23 1.77 0.547 0.010 

4 7,702.6 

0.33 (20 min) 99.56 0.44 1.175 0.005 

1 99.40 0.60 1.162 0.007 

24 99.22 0.78 1.143 0.009 

Notes:    

2COy : mole percentage of CO2 in the gas phase, mol.% 

HCsy : mole percentage of hydrocarbons in the gas phase, mol.% 

2COn : number of moles of CO2, mole 

HCsn :  number of moles of HCs, mole 

a
:
 

gas sample compositional analysis results  

b
: calculated by applying the CMG WinProp module 
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lower test pressure (Pi = 5,200.2 kPa) than that at a higher test pressure (Pi = 7,702.6 kPa) 

at the same diffusion time. This is because a strong HCs extraction already happened in 

Test #2 (Pi = 5,200.2 kPa > Pext = 5.1 MPa). In addition, some extracted HCs may be re-

dissolved into the oil phase at a higher test pressure (Pi = 7,702.6 kPa). These results 

agree well with the previous conclusions that the light-HCs extraction effect is more 

remarkable to reduce the predicted equilibrium pressure (Peq) at relatively lower initial 

test pressures in diffusion Tests #1‒3 and #6, but becomes relatively weaker to 

moderately reduce Peq at higher test pressures in Tests #4, #5, and #7.  

6.6 Pressure History Matching Method 

It should be noted that two approximations can cause some errors in determining the 

solvent diffusivities from the GM. First, a truncation error may occur especially at a small 

mass-transfer time because the GM uses the only first term of the pressure vs. time 

solution in the infinite series in Eq. (3.8). Second, the Z-factor in Eq. (3.9) or Eq. (3.10)  

is assumed to be constant during each diffusion test. In fact, it should be increased as CO2 

is gradually dissolved into the oil phase and the test pressure is reduced with time. 

Therefore, it is necessary to use the PHM method to determine the CO2 effective 

diffusivity in Period I, in comparison with the GM. In the PHM method, the Z-factor is 

considered to be a function of the existing test pressure at the given reservoir temperature 

(Tres), i.e., )]([ tPZZ  . It is found from trial and error that the first five terms (n = 5) in 

Eq. (3.4) gives an accurate solution of ) ,( txc   at any location and time close to that for 

the first 60 terms (n = 60), the latter of which are considered to be equivalent to the 

infinite series. 
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In this work, a sensitivity analysis is undertaken to study the effect of the number of 

the terms of the infinite series in Eq. (3.8) on the predicted transient pressure in the 

solvent phase in Period I. For each diffusion test, the predicted pressure vs. time curve is 

plotted by taking the first five terms (n = 5) of Eq. (3.8), in comparison with the first 

approximation or the GM, which considers the first term only (n = 1) in Eq. (3.9). The 

measured pressure vs. time data and the predicted pressure vs. time curves are plotted and 

compared in Figures 6.5(a‒g) for Tests #1‒5 and repeated Tests #6 and #7 in three 

different scenarios: the PHM method with n = 5 and )]([ tPZZ  ; Eq. (3.8) with n = 5 

and Z = constant; and the GM with n = 1 and Z = constant. The corresponding determined 

CO2 effective diffusivities (Deff) by using the PHM method and the GM, as well as the 

respective minimum objective functions (∆Pave) for Tests #1‒7 in Period I are given in 

Table 6.5. 

It can be seen from Figures 6.5(a‒c) and (f) that the predicted pressure vs. time curves 

from the PHM method with n = 5 and )]([ tPZZ   agree well with the measured 

pressure vs. time data for Tests #1‒3 and #6, respectively. However, the predicted 

pressure vs. time curve for each test from Eq. (3.8) with n = 5 and Z = constant is far 

below the measured pressure vs. time data at the beginning of 1−2 min. As listed in Table 

6.5, the determined CO2 effective diffusivities for Tests #1−3 and #6 from the PHM 

method are 2−3 times larger than those from the GM. Therefore, the constant Z-factor 

approximation used in the GM may cause a relatively large error in the predicted pressure 

vs. time data. Moreover, these figures show that the predicted pressure vs. time curve 

from the GM with n = 1 and Z = constant is slightly below that from Eq. (3.8) with n = 5 

and Z = constant in less than 1 min. These data show that the truncation error from n = 5  
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Figure 6.5(a) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 

5 and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #1 (Pi = 4,149.2 kPa). 

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and constantZ  [Eq. (3.8)] 

n = 1 and constantZ  (GM)  

 

Test #1 (Pi = 4,149.2 kPa) 
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Figure 6.5(b) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 5 

and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #2 (Pi = 5,200.2 kPa). 

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and constantZ  [Eq. (3.8)] 

n = 1 and constantZ  (GM)  
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Figure 6.5(c) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 5 

and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #3 (Pi = 6,251.5 kPa). 

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and constantZ  [Eq. (3.8)] 

n = 1 and constantZ  (GM)  
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Figure 6.5(d) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 

5 and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #4 (Pi = 7,702.6 kPa). 

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and constantZ  [Eq. (3.8)] 

n = 1 and constantZ  (GM)  
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Figure 6.5(e) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 5 

and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #5 (Pi = 8,996.5 kPa).  

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and constantZ  [Eq. (3.8)]  

n = 1 and constantZ  (GM)  
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Figure 6.5(f) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 5 

and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #6 (Pi = 6,175.1 kPa). 

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and  [Eq. (3.8)]  

n = 1 and  (GM)  

 

constantZ

constantZ
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Figure 6.5(g) Measured pressure decay data, the best-fit curve from the PHM method 

with n = 5 and )]([ tPZZ  , the predicted pressure decay curves from Eq. (3.8) with n = 5 

and Z = constant and the GM with n = 1 and Z = constant at Tres = 56.0C in the first 

period of Test #7 (Pi = 7,937.4 kPa). 

Experimental data 

n = 5 and )]([ tPZZ   (PHM ) 

n = 5 and  [Eq. (3.8)]  

n = 1 and  (GM)  

 

constantZ

constantZ
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Table 6.5 Corrected initial test pressures, durations, determined CO2 effective diffusivities and minimum objective functions 

∆Pave in Period  of Tests #1‒7 from the PHM method and the GM, respectively. 

Test 

No. 
iP  

(kPa) 

∆t 

(min) 

PHM method Eq. (3.8) GM 

n = 5 and )]([ tPZZ   n = 5 and Z = constant n = 1 and Z = constant 

Deff 

(10
6 

m
2
/s) 

∆Pave  

(kPa) 

∆Pave  

(kPa) 

Deff  

(10
6

 m
2
/s) 

∆Pave 

(kPa) 

1 4,149.2 0‒10 2.88 23.4 87.8 1.31 105.8 

2 5,200.2 0‒8 4.97 49.5 118.6 1.75 146.4 

3 6,251.5 0‒11 3.58 44.3 154.4 1.17 174.6 

4  7,702.6 0‒20 0.25 51.7 41.8 0.28   56.9 

5 8,996.5 0‒14 0.36 62.5 59.1 0.37   77.6 

 
6a 6,175.1 0‒12 3.88 53.8 163.8 1.75 181.2 

7b 7,885.5 0‒17 0.24 26.3 40.4 1.17 52.5 

   Notes:    

iP :  corrected initial test pressure at t = 0 

∆t:  duration of Period I 

Deff:  determined CO2 effective diffusivity 

∆Pave:  minimum objective function 

n:  number of terms taken from the solution in an infinite series 

Z:  Z-factor or compressibility 

              
a
:  repeated test of Test #3       

b
:  repeated test of Test #4 
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to n = 1 has a negligible effect on the predicted pressures vs. time data, except at the very 

beginning. Furthermore, as shown in Figures 6.5(d), (e) and (g), the predicted pressure vs. 

time curves from the PHM method with n = 5 and )]([ tPZZ   and Eq. (3.8) with n = 5 

and Z = constant match well with the measured pressure vs. time data for Tests #4, #5, 

and #7. Nevertheless, the predicted pressures from the GM with n = 1 and Z = constant 

are lower than the measured data for these two tests at t ≤ 5 min.   
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

In this thesis study, phase behaviours of the Bakken light crude oil‒CO2 system at 

different equilibrium pressures and the actual reservoir temperature of Tres = 56.0°C were 

experimentally studied. Five CO2 diffusion tests and two repeated diffusion tests in the 

initial test pressure range of Pi = 4.1‒9.0 MPa and at Tres = 56.0°C were conducted to 

investigate CO2 dissolution into the light crude oil. The following major conclusions can 

be drawn from this work: 

 In the PVT study, CO2 solubility (ceq) in the Bakken light crude oil was increased 

from 1.301 to 8.101 kmole/m3 in the equilibrium pressure range of Peq = 2.46‒10.20 

MPa. A quick increase in CO2 solubility was observed at a higher equilibrium 

pressure. The oil-swelling factor (fs) was increased from 1.05 to 1.62 in the 

equilibrium pressure range of Peq = 2.01‒9.29 MPa ; 

 The density of CO2-saturated light crude oil ( mix ) was increased with the 

equilibrium pressure (Peq) or CO2 solubility (ceq). The density-driven natural 

convection can take place in the light crude oil‒CO2 system immediately after CO2 

was made in contact with oil, based on the critical time (tc) for the onset of convection 

from the Rayleigh number (Ra); 

 The onset pressure of the initial quick light-hydrocarbons (HCs) extraction (Pext) for 

the Bakken light crude oil‒CO2 system was determined to be 5.1 MPa. Moreover, at a 

lower equilibrium pressure, there was an initial oil swelling and the subsequent slow 

light-HCs extraction by CO2; 
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 Three distinct periods of CO2 dissolution into the light crude oil were identified: the 

natural convection-dominated period (I), the transition period, and the molecular 

diffusion-dominated period (II). The determined CO2 effective diffusivities (Deff) in 

the first short period (I) of the seven diffusion tests were approximately three orders 

larger than the determined CO2 molecular diffusivities (D) in the second long Period 

II;   

 Deff values from the graphical method in Period I for Tests #1‒3 and #6 at the initial 

test pressure of )CO( 2ci PP   were approximately five times larger than those in the 

same period for Tests #4, #5, and #7 at )CO( 2ci PP  . It was speculated that a much 

reduced Deff at )CO( 2ci PP   was attributed to possible formation of CO2-enriched 

second liquid phase beneath the light crude oil‒CO2 interface, which remained to be 

confirmed in the future studies;   

 In the transition period, the density-driven natural convection became weaker and 

weaker with time. Thus CO2 did not have a constant diffusivity in the light crude oil. 

It was still an open technical question how to determine such a variable CO2 

diffusivity in this period; 

 In the second period (II), the measured pressure decayed smoothly with time. The 

density-driven natural convection was diminished and the molecular diffusion 

became the dominant mass-transfer mechanism in the long period. The determined 

CO2 molecular diffusivity (D) was small and almost independent of the initial test 

pressure;  

 The oil-swelling effect caused the predicted equilibrium pressure (Peq) and the 

determined CO2 diffusivity (Deff/D) to increase, whereas the light-HCs extraction by 
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CO2 caused Peq and Deff/D to decrease. At )CO( 2ci PP  , the former effect was much 

weaker than the latter effect. However, the former effect became a dominant factor 

and resulted in an increased Peq and Deff/D at )CO( 2ci PP  ;  

 Strong light-HCs extraction happened at the beginning of the CO2 diffusion test. The 

amount of extracted HCs by CO2 was increased with diffusion time. The HCs 

extraction effect was remarkable once the test pressure was above the onset pressure 

of the initial quick light-hydrocarbons extraction (Pext); and 

 The graphical method can be used to determine a constant solvent diffusivity in any 

time period of a diffusion test, such as Period I or II in this study. Nevertheless, it can 

lead to a relatively large error of the determined Deff/D mainly because of its constant 

Z-factor approximation, in comparison with the pressure history matching method.  

7.2 Recommendations 

Based on this study, four technical recommendations are made for future studies: 

 When CO2 is dissolved into the light crude oil, density-driven natural convection as 

the dominant mass-transfer mechanism greatly accelerates the mass-transfer rate in 

Period I. In principle, the diffusion equation with a molecular diffusivity should be 

solved numerically by coupling it with the Navier‒Stokes equation, which describes 

the fluid flow due to natural convection and can be studied in the future;  

 The pressure decay measurements for the light crude oil‒CO2 system can be 

conducted in a see-through PVT cell. In this case, the phase behaviours during the 

CO2 dissolution process, including the oil-swelling effect and the HCs-extraction, can 

be visualized, recorded, and analyzed;  
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 The diffusion equation can be solved numerically by considering the change in the 

light crude oil‒CO2 interface position with time due to the oil-swelling effect; and 

 The diffusion process of the light crude oil‒CO2 system can be regarded as a two-way 

diffusion when the light HCs-extraction effect is taken into account rather than a one-

way diffusion from gas to liquid only. Accordingly, two respective diffusivities can 

be determined corresponding to the two diffusion directions. 

 



102 

 

REFERENCES 

Aleidan, A., Mamora, D.D. SWACO2 and WACO2 Efficiency Improvement in 

Carbonate Cores by Lowering Water Salinity. Paper SPE 137548, presented at the 

Canadian Unconventional Resources and International Petroleum Conference, 

Calgary, Alberta, October 19‒21, 2010. 

Ashcroft, S.J., Isa, M.B. Effect of Dissolved Gases on the Densities of Hydrocarbons. J. 

Chem. Eng. Data., 42(6), 12441248, 1997. 

Aycaguer, A.C., Lev-On, M., Winer, A.M. Reducing Carbon Dioxide Emissions with 

Enhanced Oil Recovery Projects: A Life Cycle Assessment Approach. Energy & 

Fuels, 15(2), 303‒308, 2001. 

Blunt, M., Fayers, F.J., Orr Jr., F.M. Carbon Dioxide in Enhanced Oil Recovery. Energy 

Convers. Manage., 34(9), 1197‒1204, 1993. 

Chaback, J.J. Discussion of Vapour-Density Measurement for Estimating Minimum 

Miscibility Pressure. SPE J., 3(4), 253−254, 1989. 

Chung, F.T.H., Jones, R.A., Nguyen, H.T. Measurements and Correlations of the 

Physical Properties of CO2‒Heavy Crude Oil Mixtures. SPE Res. Eng., 3(3), 

822828, 1988. 

Civan, F., Rasmussen, M. Accurate Measurement of Gas Diffusivity in Oil and Brine 

under Reservoir Conditions. Paper SPE 67319, presented at the SPE Production and 

Operations Symposium, Oklahoma City, OK, March 2427, 2001. 

Civan, F., Rasmussen, M. Determination of Gas Diffusion and Interface-Mass Transfer 

Coefficient for Quiesent Reservoir Liquid. SPE J., 11(1), 7179, 2006. 



103 

 

Civan, F., Rasmussen, M. Improved Measurement of Gas Diffusivity for Miscible Gas 

Flooding under Nonequilibrium vs. Equilibrium Conditions. Paper SPE 75135, 

presented at the SPE/DOE 13
th

 Improved Oil Recovery Symposium, Tulsa, OK, 

April 1317, 2002. 

Crank, J. The Mathematics of Diffusion, 2
nd

 ed.; Clarendon Press: Oxford, U.K., 1975. 

Cussler, E.L. Diffusion: Mass Transfer in Fluid Systems, 2
nd

 ed.; Cambridge University 

Press: New York, 1997. 

Du, F., Gu, Y. Three Different Periods of CO2 Dissolution into A Light Crude Oil. 

Industrial & Engineering Chemistry Research, MS ID: ie-2016-03197e, submitted 

on August 19, 2016.  

Eide, O., Ferno, M.A., Alcorn, Z., Graue, A. Visualization of Carbon Dioxide Enhanced 

Oil Recovery by Diffusion in Fractured Chalk. SPE J., 21(1), 112‒120, 2016. 

Ennis-King, J.K., Paterson, L. Role of Convective Mixing in the Long-Term Storage of 

Carbon Dioxide in Deep Saline Formations. SPE J., 10(3), 349‒356, 2005. 

Etminan, S.R., Maini, B.B., Chen, Z., Hassanzadeh, H. Constant-Pressure Technique for 

Gas Diffusivity and Solubility Measurements in Heavy Oil and Bitumen. Energy & 

Fuels, 24(1), 533549, 2010. 

Etminan, S.R., Pooladi-Darvish, M., Maini, B.B., Chen, Z. Modeling the Interface 

Resistance in Low Soluble Gaseous Solvents-Heavy Oil Systems. Fuel, 105(3), 

672687, 2013. 

Farajzadeh, R., Barati, A., Delil, H.A., Bruining, J., Zitha, P.L.J. Mass Transfer of CO2 

into Water and Surfactant Solutions. Pet. Sci. Technol., 25(12), 14931511, 2007a. 



104 

 

Farajzadeh, R., Delil, H.A., Zitha, P.L.J., Bruining, J. Enhanced Mass Transfer of CO2 

into Water and Oil by Natural Convection. Paper SPE 107380, presented at the SPE 

EUROPEC/EAGE Annual Conference and Exhibition, London, U.K., June 1114, 

2007b. 

Farajzadeh, R., Ranganathan, P., Zitha, P.L.J., Bruining, J. The Effect of Heterogeneity 

on the Character of Density-Driven Natural Convection of CO2 Overlying on the 

Character of Density-Driven Natural Convection of CO2 Overlying A Brine Layer. 

Adv. Water Resour., 34(3), 327339, 2011. 

Farajzadeh, R., Salimi, H., Zitha, P.L.J., Bruining, J. Numerical Simulation of Density-

Driven Natural Convection in Porous Media with Application for CO2 Injection 

Projects. Int. J. Heat Mass Tran., 50(25), 50545064, 2007c. 

Farajzadeh, R., Zitha, P.L.J., Bruining, J. Enhanced Mass Transfer of CO2 into Water: 

Experiment and Modeling. Ind. Eng. Chem. Res., 48(13), 64236431, 2009. 

Gardner, J.W., Orr Jr., F.M., Patel, P.D. The Effect of Phase Behaviour on CO2-Flood 

Displacement Efficiency. SPE J., 33(11), 2067‒2081, 1981. 

Ghaderi, S.M., Tabatabaie, S.H., Hassanzadeh, H., Pooladi-Darvish, M. Estimation of 

Concentration-Dependent Diffusion Coefficient in Pressure-Decay Experiment of 

Heavy Oils and Bitumen. Fluid Phase Equilibr., 305(2), 132‒144, 2011. 

Ghorayeb, K., Firoozabadi, A. Numerical Study of Natural Convection and Diffusion in 

Fractured Porous Media. SPE J., 5(1), 12‒20, 2000. 

Gong, Y., Gu, Y. Miscible CO2 Simultaneous Water-and-Gas (CO2-SWAG) Injection in 

the Bakken Formation. Energy & Fuels, 29(9), 5655‒5665, 2015. 



105 

 

Green, D.W., Willhite, G.P. Enhanced Oil Recovery. Textbook Series, Vol. 6, SPE 

Richardson, TX, 1998. 

Guo, P., Wang, H., Shen, P., Du, J. Molecular Diffusion Coefficients of the 

Multicomponent GasCrude Oil Systems under High Temperature and Pressure. Ind. 

Eng. Chem. Res., 48(19), 90239027, 2009. 

Han, L., Gu, Y. Optimum Timing for Miscible CO2-EOR after Waterflooding in a Tight 

Sandstone Formation. Energy & Fuels, 28(11), 6811‒6819, 2014. 

Hand, J.L., Pinczewski, W.V. Interpretation of Swelling/Extraction Tests. SPE Res. Eng., 

5(4), 595600, 1990. 

Harmon, R.A., Grigg, R.B. Vapour-Density Measurement for Estimating Minimum 

Miscibility Pressure. SPE J., 3(4), 1215‒1220, 1988. 

Herzog, H., Drake, E., Adams, E. CO2 Capture, Reuse and Storage Technologies from 

Mitigating Global Climate Change-A white paper. US DOE Order No. DE-AF22-

96PC01257, 1997. 

Holm, L.W., Josendal, V.A. Mechanisms of Oil Displacement by Carbon Dioxide. SPE 

J., 26(12), 1427‒1438, 1974. 

Holm, L.W., Josendal, V.A. Effect of Oil Composition on Miscible-Type Displacement 

by Carbon Dioxide. SPE J., 22(1), 87‒98, 1982. 

Holt, T., Lindegerg, E., Wessel-Berg, D. EOR and CO2 Disposal‒Economic and 

Capacity Potential in the North Sea. Energy Procedia, 1(1), 4159‒4166, 2009. 

Huang, E.T.S., Tracht, J.H. The Displacement of Residual Oil by Carbon Dioxide. Paper 

SPE 4735, presented at the SPE Improved Oil Recovery Symposium, Tulsa, OK, 

April 2224, 1974. 



106 

 

Jha, K.N. A Laboratory Study of Heavy Oil Recovery with Carbon Dioxide. J. Can. Pet. 

Technol., 25(2), 5463, 1986. 

Juanes, R., Blunt, M.J. Impact of Viscous Fingering on the Prediction of Optimum 

WAG Ratio. SPE J., 12(4), 486‒495, 2007. 

Kermani, B., Daguerre, F. Materials Optimization for CO2 Transportation in CO2 

Capture and Storage. Paper NACE 10334, presented at the CORROSION 2010, San 

Antonio, TX, March 14‒18, 2010. 

Khosrokhavar, R., Elsinga, G., Mojaddam, A.,Farajzadeh, R., Bruining, J. Visualization 

of Natural Convection Flow of (Sub-) and (Super-) Critical CO2 in Aqueous and 

Oleic Systems by Applying Schlieren Method. Paper SPE 143264, presented at the 

SPE EUROPEC/EAGE Annual Conference and Exhibition, Vienna, Austria, May 

2326, 2011. 

Kulkarni, M.M., Rao, D.N. Experimental Investigation of Miscible and Immiscible 

Water-Alternating-Gas (WAG) Process Performance. J. Pet. Sci. Eng., 48(1), 1‒20, 

2005. 

Lansangan, R.M., Jangkamolkulchai, A., Luks, K.D. Binary Vapour‒Liquid Equilibrium 

Behaviour in the Vicinity of Liquid‒Liquid‒Vapour Loci. Fluid Phase Equilibr., 

36(2), 49−66, 1987. 

Lindeberg, E., Wessel-berg, D. Vertical Convection in An Aquifer Column under A Gas 

Cap of CO2. Energy Convers. Manage., 38(1), 229234, 1997. 

Marchetti, C.  On Geoengineering and the CO2 Problem. Clim. Change., 1(1), 5968, 

1977. 



107 

 

Moghaddam, R.N., Rostami, B., Pourafshary, P., Fallahzadeh, Y. Quantification of 

Density-Driven Natural Convection for Dissolution Mechanism in CO2 

Sequestration. Transport Porous Med., 92(2), 439456, 2012. 

Monger, T.G., Goma, J.M. A Laboratory and Field Evaluation of the CO2 Huff ‘n’ Puff 

Process for Light-Oil Recovery. SPE Res. Eng., 3(4), 1168‒1176, 1988. 

Monger, T.G., Ramos, J.C., Thomas, J. Light Oil Recovery from Cyclic CO2 Injection: 

Influence of Low Pressures Impure CO2 and Reservoir Gas. SPE Res. Eng., 6(1), 

25‒32, 1991. 

Mungan, N. Carbon Dioxide Flooding as An Enhanced Oil Recovery Process. J. Can. 

Pet. Technol., 31(9), 12‒15, 1992. 

Nasrabadi, H., Ghorayeb, K. Two-Phase Multicomponent Diffusion and Convection for 

Reservoir Initialization. SPE J., 9(5), 530‒542, 2006. 

Orr Jr., F.M., Yu, A.D., Lien, C.L. Phase Behaviour of CO2 and Crude Oil in Low-

Temperature Reservoirs. SPE J., 21(4), 480‒492, 1981. 

Peng, D.Y., Robinson, D.B. A New Two-Constant Equation of State. Ind. Eng. Chem. 

Fundam., 15(1), 5864, 1976. 

Pritchard, D.W.L., Nieman, R.E. Imporving Oil Recovery through WAG Cycle 

Optimization in A Gravity-Overide-Dominated Miscible Flood. Paper SPE 24181, 

presented at the SPE/DOE Enhanced Oil Recovery Symposium, Tulsa, OK, April 

22‒24, 1992. 

Quale, E.A., Crapez, B., Stensen, J.A., Berge, L.I. SWAG Injection on the Siri Field‒An 

Optimized Injection System for Less Cost. Paper SPE 65165, presented at the SPE 

European Petroleum Conference, Paris, France, October 24‒25, 2000. 



108 

 

Rao, D., Hughes, R. Current Research and Challenges Pertaining to CO2 Flooding and 

Sequestration. SPE Academia@twa.com, 7(2), 1719, 2011. 

Riaz, A., Hesse, M., Tchelepi, H.A., Orr Jr., F.M. Onset of Convection in A 

Gravitationally Unstable Diffusive Boundary Layer in Porous Media. J. Fluid Mech., 

548(1), 87111, 2006. 

Riazi, M.R. A New Method for Experimental Measurement of Diffusion Coefficients in 

Reservoir Fluids. J. Pet. Sci. Eng., 14(3), 235250, 1996. 

Saboorian-Jooybari, H., Dejam, M., Chen, Z. Equilibrium or Nonequilibrium Models: A 

Critical Issue in Determination of Gas Diffusivity in Oil. Paper SPE 170030, 

presented at the SPE Heavy Oil Conference-Canada, Calgary, Alberta, June 1012, 

2014. 

Schmidt, T., Leshchyshyn, T.H., Puttagunta, V.R. Diffusivity of CO2 into Reservoir 

Fluids. Paper 83-33-100, presented at the 33rd Annual Technical Meeting of the 

Petroleum Society of CIM, Calgary, Alberta, June 69, 1982. 

Sheikha, H., Mehrotra, A.K., Pooladi-Darvish, M. An Inverse Solubtion Methodology 

for Estimating the Diffusion Coefficient of Gases in Athabasca Bitumen from 

Pressure-Decay Data. J. Pet. Sci. Eng., 53(3), 189202, 2006. 

Sheikha, H., Pooladi-Darvish, M., Mehrotra, A.K. Development of Graphical Methods 

for Estimating the Diffusivity Coefficient of Gases in Bitumen from Pressure-Decay 

Data. Energy & Fuels, 19(5), 20412049, 2005. 

Sigmund, P.M. Prediction of Molecular Diffusion at Reservoir Conditions: Part . 

Measurement and Prediction of Binary Dense Gas Diffusion Coefficients. J. Can. 

Pet. Technol., 15(2), 4857, 1976. 



109 

 

Simon, R., Graue, D.J. Generalized Correlations for Predicting Solubility Swelling and 

Viscosity Behaviour of CO2‒Crude Oil System. SPE J., 17(1), 102106, 1965. 

Song, L., Kantzas, A., Bryan, J. Experimental Measurement of Diffusion Coefficient of 

CO2 in Heavy Oil Using X-Ray Computed-Assisted Tomography under Reservoir 

Conditions. Paper SPE 137545, presented at the Canadian Unconventional 

Resources and International Petroleum Conference, Calgary, Alberta, October 1920, 

2010. 

Tan, K-K., Sam, T., Jamaludin, H. The Onset of Transient Convection in Bottom Heated 

Porous Media. Int. J. Heat Mass Trans., 46(15), 2857‒2873, 2003. 

Tharanivasan, A.K., Yang, C., Gu, Y. Comparison of Three Different Interface Mass 

Transfer Models Used in the Experimental Measurement of Solvent Diffusivity in 

Heavy Oil. J. Pet. Sci. Eng., 44(3), 269282, 2004. 

Tharanivasan, A.K., Yang, C., Gu, Y. Measurements of Molecular Diffusion 

Coefficients of Carbon Dioxide, Methane and Propane in Heavy Oil under Reservoir 

Conditions. Energy & Fuels, 20(6), 25092517, 2006. 

Tsau, J.S., Bui, L.H., Willhite, G.P. Swelling/Extraction Test of a Small Sample Size for 

Phase Behaviour Study. Paper SPE 129728, presented at the SPE Improved Oil 

Recovery Symposium, Tulsa, OK, April 2428, 2010. 

Tsau, J.S., Bustamante, V.O.V., Green, D.W., Barnett, G.B., Dale, J. Evaluation of 

Manson Lease Oil Field for Improved Oil Recovery Process. Paper SPE 113985, 

presented at the SPE Symposium on Improved Oil Recovery, Tulsa, OK, April 

2023, 2008. 



110 

 

Upreti, S.R., Mehrotra, A.K. Experimental Measurement of Gas Diffusivity in Bitumen: 

Results for Carbon Dioxide. Ind. Eng. Chem. Res., 39(4), 10801087, 2000. 

Upreti, S.R., Mehrotra, A.K. Diffusivity of CO2, CH4, C2H6, and N2 in Athabasca 

Bitumen. Can. J. Chem. Eng., 80(1), 116125, 2002. 

Waggoner, J.R., Castillo, J.L., Lake, L.W. Simulation of EOR Processes in 

Stochastically Generated Permeable Media. SPE J., 7(2), 173‒180, 1992. 

Wang, G.C. A Study of Crude Oil Composition during CO2 Extraction Process. Paper 

SPE 15085, presented at the SPE California Regional Meeting, Oakland, CA, April 

2‒4, 1986. 

Welker, J.R. Physical Properties of Carbonated Oils. SPE J., 15(8), 873‒876, 1963. 

Wen, Y., Bryan, J., Kantzas, A. Estimation of Diffusion Coefficients in Bitumen Solvent 

Mixures as Derived from Low Field NMR Spectra. J. Can. Pet. Technol., 44(4), 

2935, 2005. 

Whorton, L.P., Brownscombe, E.R., Dyes, A.B. Method for Producing Oil by Means of 

Carbon Dioxide. United States Patent US 2623596, December 30, 1952. 

Yang, C., Gu, Y. Accelerated Mass Transfer of CO2 in Reservoir Brine Due to Density-

Driven Natural Convection at High Pressures and Elevated Temperatures. Ind. Eng. 

Chem. Res., 45(8), 24302436, 2006. 

Yang, C., Gu, Y. New Experimental Method for Measuring Gas Diffusivity in Heavy 

Oil by the Dynamic Pendant Drop Volume Analysis (DPDVA). Ind. Eng. Chem. 

Res., 44(12), 44744483, 2005. 

Young, L.C. Use of Dispersion Relationships to Model Adverse-Mobility-Ratio 

Miscible Displacements. SPE Res. Eng., 5(3), 309‒316, 1990. 



111 

 

Zhang, Y.P., Hyndman, C.L., Maini, B.B. Measurement of Gas Diffusivity in Heavy 

Oils. J. Pet. Sci. Eng., 25(1), 37‒47, 2000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 

 

APPENDIX A PREDICTED GAS (PHASE 02) COMPOSITIONS  

 Test #1 (Pi  = 4,149.2 kPa and Tres = 56.0°C) at Pf  = 3,284.0 kPa: 

                               mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          63.19000   28.29825   96.19538 
           C2H6          0.90553    0.58080    1.21269 
           C3H8          0.40123    0.44946    0.35560 
           IC4           0.33129    0.48061    0.19004 
           NC4           1.34357    2.09064    0.63688 
           IC5           1.00491    1.78604    0.26601 
           NC5           1.61964    2.95223    0.35910 
           FC6           3.51904    6.83118    0.38596 
           FC7           4.31781    8.65282    0.21717 
           FC8           5.94113   12.07063    0.14302 
           FC9           2.00983    4.11187    0.02143 
           FC10          2.23437    4.58549    0.01036 
           FC11          1.77424    3.64574    0.00392 
           FC12          1.53130    3.14855    0.00148 
           FC13          1.35093    2.77842    0.00061 
           FC14          1.07853    2.21848    0.00021 
           FC15          1.04172    2.14289    0.00008 
           FC16          0.80614    1.65832    0.00003 
           FC17          0.71043    1.46146    0.00001 
           FC18          0.65522    1.34788    0.00001 
           FC19          0.60375    1.22856    0.00000 

 

Test #2 (Pi  = 5,200.2 kPa and Tres = 56.0°C) at Pf  = 4,048.0 kPa: 

 
                               mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          69.09440   34.11666   96.80263 
           C2H6          0.76028    0.52967    0.94296 
           C3H8          0.33687    0.40369    0.28394 
           IC4           0.27815    0.43139    0.15676 
           NC4           1.12805    1.88147    0.53122 
           IC5           0.84372    1.61738    0.23086 
           NC5           1.35985    2.67912    0.31476 
           FC6           2.95458    6.24088    0.35127 
           FC7           3.62523    7.94221    0.20545 
           FC8           4.98816   11.10808    0.14017 
           FC9           1.68745    3.79004    0.02184 
           FC10          1.87597    4.23026    0.01097 
           FC11          1.48965    3.36468    0.00431 
           FC12          1.28567    2.90652    0.00169 
           FC13          1.13424    2.56513    0.00073 
           FC14          0.90553    2.04831    0.00026 
           FC15          0.87463    1.97859    0.00011 
           FC16          0.67683    1.53119    0.00004 
           FC17          0.59648    1.34943    0.00002 
           FC18          0.55012    1.24456    0.00001 
           FC19          0.51236    1.15667    0.00000 
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Test #3 (Pi  = 6,251.5 kPa and Tres = 56.0°C) at Pf  = 5,061.2 kPa: 

 
                               mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          74.79000   41.25847   97.27713 
           C2H6          0.62017    0.47244    0.71923 
           C3H8          0.27479    0.35092    0.22373 
           IC4           0.22689    0.37326    0.12873 
           NC4           0.92016    1.63206    0.44275 
           IC5           0.68823    1.41203    0.20284 
           NC5           1.10924    2.34519    0.28038 
           FC6           2.41008    5.51221    0.32970 
           FC7           2.95713    7.06301    0.20363 
           FC8           4.06889    9.91849    0.14600 
           FC9           1.37647    3.39314    0.02403 
           FC10          1.53025    3.79305    0.01275 
           FC11          1.21512    3.01918    0.00527 
           FC12          1.04874    2.60930    0.00218 
           FC13          0.92521    2.30335    0.00099 
           FC14          0.73865    1.83953    0.00037 
           FC15          0.71344    1.77704    0.00016 
           FC16          0.55210    1.37526    0.00007 
           FC17          0.48655    1.21203    0.00003 
           FC18          0.44874    1.11785    0.00001 
           FC19          0.35798    0.89177    0.00001 
           FC20          0.32638    0.88230    0.00000 
 
 

Test #4 (Pi  = 7,702.6 kPa and Tres = 56.0°C) at Pf  = 6,973.4 kPa: 

 
                                mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          80.78000   53.57574   97.58800 
           C2H6          0.47281    0.41052    0.51130 
           C3H8          0.20950    0.27982    0.16605 
           IC4           0.17298    0.28776    0.10207 
           NC4           0.70153    1.25401    0.36018 
           IC5           0.52471    1.07987    0.18170 
           NC5           0.84568    1.79686    0.25800 
           FC6           1.83743    4.26509    0.33751 
           FC7           2.25451    5.52445    0.23419 
           FC8           3.10211    7.81999    0.18719 
           FC9           1.04941    2.69167    0.03475 
           FC10          1.16665    3.02126    0.02080 
           FC11          0.92640    2.41026    0.00961 
           FC12          0.79955    2.08639    0.00449 
           FC13          0.70537    1.84339    0.00226 
           FC14          0.56315    1.47306    0.00096 
           FC15          0.54393    1.42350    0.00048 
           FC16          0.42092    1.10183    0.00022 
           FC17          0.37095    0.97117    0.00010 
           FC18          0.34212    0.89574    0.00006 
           FC19          0.27292    0.71461    0.00003 
           FC20          0.24217    0.63412    0.00002 
           FC21          0.23256    0.60894    0.00001 
           FC21          0.22347    0.58021    0.00000 
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Test #5 (Pi  = 8,996.5 kPa and Tres = 56.0°C) at Pf  = 8,114.2 kPa:  

 
 
                               mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          84.67000   60.08459   97.61309 
           C2H6          0.37712    0.34359    0.39477 
           C3H8          0.16710    0.22614    0.13602 
           IC4           0.13797    0.23077    0.08912 
           NC4           0.55955    1.00902    0.32291 
           IC5           0.41851    0.87752    0.17686 
           NC5           0.67452    1.46734    0.25714 
           FC6           1.46555    3.54993    0.36822 
           FC7           1.79821    4.68021    0.28097 
           FC8           2.47426    6.70932    0.24470 
           FC9           0.83702    2.33233    0.04980 
           FC10          0.93053    2.63610    0.03263 
           FC11          0.73891    2.11139    0.01635 
           FC12          0.63773    1.83327    0.00833 
           FC13          0.56261    1.62266    0.00454 
           FC14          0.44917    1.29835    0.00211 
           FC15          0.43384    1.25571    0.00116 
           FC16          0.33573    0.97236    0.00057 
           FC17          0.29587    0.85732    0.00029 
           FC18          0.27287    0.79085    0.00018 
           FC19          0.21769    0.63099    0.00010 
           FC20          0.18549    0.53773    0.00006 
           FC21          0.19316    0.55999    0.00004 
           FC22          0.10884    0.31556    0.00001 
           FC23          0.13031    0.37780    0.00001 
           FC24          0.10731    0.31113    0.00001 

 

 

Test #6 (Pi  = 6,175.1 kPa and Tres = 56.0°C) at Pf  = 4,993.6 kPa: 

                                mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          75.41500   40.80443   97.30678 
           C2H6          0.60479    0.45514    0.69945 
           C3H8          0.26798    0.34355    0.22017 
           IC4           0.22127    0.36934    0.12761 
           NC4           0.89735    1.62043    0.44000 
           IC5           0.67117    1.41232    0.20238 
           NC5           1.08174    2.34934    0.27996 
           FC6           2.35033    5.54517    0.32953 
           FC7           2.88382    7.12171    0.20328 
           FC8           3.96802   10.01149    0.14542 
           FC9           1.34234    3.42684    0.02386 
           FC10          1.49231    3.83169    0.01261 
           FC11          1.18500    3.05024    0.00520 
           FC12          1.02274    2.63628    0.00214 
           FC13          0.90227    2.32722    0.00096 
           FC14          0.72034    1.85861    0.00036 
           FC15          0.69576    1.79548    0.00016 
           FC16          0.53841    1.38953    0.00006 
           FC17          0.47449    1.22461    0.00003 
           FC18          0.43761    1.12945    0.00001 
           FC19          0.34911    0.90103    0.00001 
           FC20          0.29748    0.76778    0.00000 
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Test #7 (Pi  = 7,937.4 kPa and Tres = 56.0°C) at Pf  = 7,393.6 kPa: 

 

 
                                mole percent 
                       ------------------------------- 
           component      Feed     Phase 01   Phase 02 
 
           CO2          81.93700   56.06550   97.59954 
           C2H6          0.44435    0.39389    0.47490 
           C3H8          0.19689    0.26362    0.15649 
           IC4           0.16257    0.26927    0.09797 
           NC4           0.65930    1.17298    0.34832 
           IC5           0.49312    1.00998    0.18021 
           NC5           0.79477    1.68184    0.25774 
           FC6           1.72682    4.00620    0.34689 
           FC7           2.11879    5.20862    0.24821 
           FC8           2.91537    7.39383    0.20412 
           FC9           0.98624    2.55075    0.03909 
           FC10          1.09642    2.86765    0.02413 
           FC11          0.87064    2.28982    0.01147 
           FC12          0.75142    1.98351    0.00552 
           FC13          0.66291    1.75319    0.00286 
           FC14          0.52925    1.40138    0.00126 
           FC15          0.51118    1.35448    0.00065 
           FC16          0.39558    1.04850    0.00030 
           FC17          0.34862    0.92422    0.00015 
           FC18          0.32152    0.85247    0.00009 
           FC19          0.25649    0.68010    0.00005 
           FC20          0.21856    0.57954    0.00003 
           FC21          0.22759    0.60351    0.00002 
           FC22          0.12825    0.34008    0.00001 
           FC23          0.15354    0.40714    0.00000 
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APPENDIX B DETAILED CO2 DIFFUSION TEST DATA  

Test #1 (Pi  = 4,149.2 kPa, Pf  = 3,284.0 kPa, and Tres = 56.0°C): 

t 

(min) 

t  

(h) 

P 

(MPa)   
t 

(min) 

t 

 (h) 

P 

(MPa)   
t 

(min) 

t  

(h) 

P  

(MPa) 

0 0 4.1492   16.5 0.2750 3.3294   600 10.0 3.3177 

0.5 0.0083 3.9435   17.0 0.2833 3.3309   630 10.5 3.3174 

1.0 0.0167 3.7489   17.5 0.2917 3.3295   660 11.0 3.3172 

1.5 0.0250 3.6312   18.0 0.3000 3.3302   690 11.5 3.3167 

2.0 0.0333 3.5565   18.5 0.3083 3.3303   720 12.0 3.3164 

2.5 0.0417 3.5040   19.0 0.3167 3.3297   750 12.5 3.3161 

3.0 0.0500 3.4666   19.5 0.3250 3.3307   780 13.0 3.3157 

3.5 0.0583 3.4392   20.0 0.3333 3.3286   810 13.5 3.3155 

4.0 0.0667 3.4156   25 0.4167 3.3295   840 14.0 3.3153 

4.5 0.0750 3.3999   30 0.5000 3.3282   870 14.5 3.3151 

5.0 0.0833 3.3864   35 0.5833 3.3259   900 15.0 3.3147 

5.5 0.0917 3.3759   40 0.6667 3.3256   930 15.5 3.3145 

6.0 0.1000 3.3682   45 0.7500 3.3252   960 16.0 3.3143 

6.5 0.1083 3.3626   50 0.8333 3.3249   990 16.5 3.3141 

7.0 0.1167 3.3567   55 0.9167 3.3247   1020 17.0 3.3139 

7.5 0.1250 3.3538   60 1.0 3.3239   1050 17.5 3.3137 

8.0 0.1333 3.3504   90 1.5 3.3212   1080 18.0 3.3134 

8.5 0.1417 3.3458   120 2.0 3.3220   1110 18.5 3.3132 

9.0 0.1500 3.3453   150 2.5 3.3211   1140 19.0 3.3129 

9.5 0.1583 3.3423   180 3.0 3.3213   1170 19.5 3.3127 

10.0 0.1667 3.3424   210 3.5 3.3215   1200 20.0 3.3126 

10.5 0.1750 3.3402   240 4.0 3.3203   1230 20.5 3.3125 

11.0 0.1833 3.3379   270 4.5 3.3197   1260 21.0 3.3124 

11.5 0.1917 3.3367   300 5.0 3.3195   1290 21.5 3.3122 

12.0 0.2000 3.3360   330 5.5 3.3192   1320 22.0 3.3121 

12.5 0.2083 3.3349   360 6.0 3.3188   1350 22.5 3.3120 

13.0 0.2167 3.3327   390 6.5 3.3185   1380 23.0 3.3119 

13.5 0.2250 3.3330   420 7.0 3.3183   1410 23.5 3.3120 

14.0 0.2333 3.3328   450 7.5 3.3178   1440 24.0 3.3118 

14.5 0.2417 3.3338   480 8.0 3.3185   1470 24.5 3.3126 

15.0 0.2500 3.3317   510 8.5 3.3183   1500 25.0 3.3131 

15.5 0.2583 3.3326   540 9.0 3.3181   1530 25.5 3.3103 

16.0 0.2667 3.3329   570 9.5 3.3179   1560 26.0 3.3117 
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t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P 

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa) 

1590 26.5 3.3105   2700 45.0 3.3054   3810 63.5 3.2964 

1620 27.0 3.3115   2730 45.5 3.3059   3840 64.0 3.2960 

1650 27.5 3.3104   2760 46.0 3.3045   3870 64.5 3.2944 

1680 280 3.3098   2790 46.5 3.3055   3900 65.0 3.2972 

1710 28.5 3.3106   2820 47.0 3.3049   3930 65.5 3.2964 

1740 29.0 3.3092   2850 47.5 3.3056   3960 66.0 3.2957 

1770 29.5 3.3087   2880 48.0 3.3061   3990 66.5 3.2969 

1800 30.0 3.3069   2910 48.5 3.3057   4020 67.0 3.2955 

1830 30.5 3.3057   2940 49.0 3.3049   4050 67.5 3.2956 

1860 31.0 3.3073   2970 49.5 3.3038   4080 68.0 3.2972 

1890 31.5 3.3070   3000 50.0 3.3036   4110 68.5 3.2968 

1920 32.0 3.3056   3030 50.5 3.3029   4140 69.0 3.2950 

1950 32.5 3.3055   3060 51.0 3.3036   4170 69.5 3.2961 

1980 33.0 3.3050   3090 51.5 3.3012   4200 70.0 3.2978 

2010 33.5 3.3062   3120 52.0 3.3029   4230 70.5 3.2961 

2040 34.0 3.3057   3150 52.5 3.3029   4260 71.0 3.2964 

2070 34.5 3.3046   3180 53.0 3.3010   4290 71.5 3.2940 

2100 35.0 3.3045   3210 53.5 3.3029   4320 72.0 3.2965 

2130 35.5 3.3029   3240 54.0 3.3023   4350 72.5 3.2969 

2160 36.0 3.3030   3270 54.5 3.3005   4380 73.0 3.2950 

2190 36.5 3.3030   3300 55.0 3.3026   4410 73.5 3.2969 

2220 37.0 3.3033   3330 55.5 3.2996   4440 74.0 3.2950 

2250 37.5 3.3035   3360 56.0 3.2999   4470 74.5 3.2954 

2280 38.0 3.3031   3390 56.5 3.2993   4500 75.0 3.2941 

2310 38.5 3.3051   3420 57.0 3.2992   4530 75.5 3.2936 

2340 39.0 3.3053   3450 57.5 3.2971   4560 76.0 3.2958 

2370 39.5 3.3042   3480 58.0 3.2988   4590 76.5 3.2936 

2400 40.0 3.3045   3510 58.5 3.2972   4620 77.0 3.2901 

2430 40.5 3.3032   3540 59.0 3.2982   4650 77.5 3.2931 

2460 41.0 3.3053   3570 59.5 3.2979   4680 78.0 3.2933 

2490 41.5 3.3048   3600 60.0 3.2961   4710 78.5 3.2913 

2520 42.0 3.3052   3630 60.5 3.2968   4740 79.0 3.2908 

2550 42.5 3.3047   3660 61.0 3.2959   4770 79.5 3.2908 

2580 43.0 3.3033   3690 61.5 3.2966   4800 80.0 3.2903 

2610 43.5 3.3063   3720 62.0 3.2957   4830 80.5 3.2899 

2640 44.0 3.3033 
  

3750 62.5 3.2963 
  

4860 81.0 3.2896 

2670 44.5 3.3031 3780 63.0 3.2950 4890 81.5 3.2901 
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t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa) 

4920 82.0 3.2902   6030 100.5 3.2923   7140 119.0 3.2894 

4950 82.5 3.2897   6060 101.0 3.2920   7170 119.5 3.2910 

4980 83.0 3.2899   6090 101.5 3.2927   7200 120.0 3.2879 

5010 83.5 3.2888   6120 102.0 3.2913   7230 120.5 3.2901 

5040 84.0 3.2883   6150 102.5 3.2889   7260 121.0 3.2898 

5070 84.5 3.2874   6180 103.0 3.2900   7290 121.5 3.2893 

5100 85.0 3.2882   6210 103.5 3.2897   7320 122.0 3.2895 

5130 85.5 3.2927   6240 104.0 3.2894   7350 122.5 3.2874 

5160 86.0 3.2926   6270 104.5 3.2871   7380 123.0 3.2856 

5190 86.5 3.2929   6300 105.0 3.2874   7410 123.5 3.2872 

5220 87.0 3.2903   6330 105.5 3.2877   7440 124.0 3.2854 

5250 87.5 3.2932   6360 106.0 3.2869   7470 124.5 3.2855 

5280 88.0 3.2926   6390 106.5 3.2871   7500 125.0 3.2858 

5310 88.5 3.2924   6420 107.0 3.2890   7530 125.5 3.2849 

5340 89.0 3.2927   6450 107.5 3.2866   7560 126.0 3.2836 

5370 89.5 3.2949   6480 108.0 3.2898   7590 126.5 3.2846 

5400 90.0 3.2948   6510 108.5 3.2882   7620 127.0 3.2829 

5430 90.5 3.2961   6540 109.0 3.2883   7650 127.5 3.2829 

5460 91.0 3.2963   6570 109.5 3.2880   7680 128.0 3.2819 

5490 91.5 3.2966   6600 110.0 3.2904   7710 128.5 3.2827 

5520 92.0 3.2975   6630 110.5 3.2890   7740 129.0 3.2813 

5550 92.5 3.2979   6660 111.0 3.2880   7770 129.5 3.2805 

5580 93.0 3.2971   6690 111.5 3.2904   7800 130.0 3.2812 

5610 93.5 3.2977   6720 112.0 3.2895   7830 130.5 3.2791 

5640 94.0 3.2966   6750 112.5 3.2890   7860 131.0 3.2799 

5670 94.5 3.2981   6780 113.0 3.2908   7890 131.5 3.2808 

5700 95.0 3.2990   6810 113.5 3.2910   7920 132.0 3.2796 

5730 95.5 3.2993   6840 114.0 3.2906   7980 133.0 3.2797 

5760 96.0 3.2985   6870 114.5 3.2908   8010 133.5 3.2804 

5790 96.5 3.2992   6900 115.0 3.2927   8040 134.0 3.2828 

5820 97.0 3.2939   6930 115.5 3.2929   8070 134.5 3.2807 

5850 97.5 3.2932   6960 116.0 3.2913   8100 135.0 3.2838 

5880 98.0 3.2921   6990 116.5 3.2907   8160 136.0 3.2842 

5910 98.5 3.2957   7020 117.0 3.2908   8190 136.5 3.2854 

5940 99.0 3.2950   7050 117.5 3.2902   8220 137.0 3.2826 

5970 99.5 3.2936   7080 118.0 3.2897   8250 137.5 3.2839 

6000 100.0 3.2932   7110 118.5 3.2900   8280 138.0 3.2842 
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Test #2 (Pi  = 5,200.2 kPa, Pf  = 4,048.0 kPa, and Tres = 56.0°C): 

t  

(min) 

t  

(h) 

P  

(MPa) 

 

t  

(min) 

t  

(h) 

P  

(MPa) 

 

t  

(min) 

t  

(h) 

P 

(MPa) 

0 0 5.2002 
 

16.5 0.2750 4.0801 
 

600 10.0 4.0618 

0.5 0.0083 4.8842 
 

17.0 0.2833 4.0795 
 

630 10.5 4.0618 

1.0 0.0167 4.5357 
 

17.5 0.2917 4.0780 
 

660 11.0 4.0614 

1.5 0.0250 4.3797 
 

18.0 0.3000 4.0783 
 

690 11.5 4.0604 

2.0 0.0333 4.2949 
 

18.5 0.3083 4.0805 
 

720 12.0 4.0593 

2.5 0.0417 4.2446 
 

19.0 0.3167 4.0768 
 

750 12.5 4.0591 

3.0 0.0500 4.2082 
 

19.5 0.3250 4.0788 
 

780 13.0 4.0590 

3.5 0.0583 4.1823 
 

20.0 0.3333 4.0790 
 

810 13.5 4.0573 

4.0 0.0667 4.1639 
 

25 0.4167 4.0754 
 

840 14.0 4.0565 

4.5 0.0750 4.1478 
 

30 0.5000 4.0745 
 

870 14.5 4.0557 

5.0 0.0833 4.1388 
 

35 0.5833 4.0748 
 

900 15.0 4.0555 

5.5 0.0917 4.1263 
 

40 0.6667 4.0744 
 

930 15.5 4.0554 

6.0 0.1000 4.1216 
 

45 0.7500 4.0739 
 

960 16.0 4.0545 

6.5 0.1083 4.1140 
 

50 0.8333 4.0733 
 

990 16.5 4.0545 

7.0 0.1167 4.1131 
 

55 0.9167 4.0722 
 

1020 17.0 4.0544 

7.5 0.1250 4.1072 
 

60 1.0 4.0719 
 

1050 17.5 4.0544 

8.0 0.1333 4.1042 
 

90 1.5 4.0714 
 

1080 18.0 4.0540 

8.5 0.1500 4.1002 
 

120 2.0 4.0703 
 

1110 18.5 4.0538 

9.0 0.1583 4.0953 
 

150 2.5 4.0696 
 

1140 19.0 4.0536 

9.5 0.1583 4.0931 
 

180 3.0 4.0690 
 

1170 19.5 4.0536 

10.0 0.1667 4.0911 
 

210 3.5 4.0674 
 

1200 20.0 4.0529 

10.5 0.1750 4.0891 
 

240 4.0 4.0672 
 

1230 20.5 4.0521 

11.0 0.1833 4.0889 
 

270 4.5 4.0667 
 

1260 21.0 4.0508 

11.5 0.1917 4.0878 
 

300 5.0 4.0662 
 

1290 21.5 4.0502 

12.0 0.2000 4.0856 
 

330 5.5 4.0661 
 

1320 22.0 4.0497 

12.5 0.2083 4.0847 
 

360 6.0 4.0656 
 

1350 22.5 4.0489 

13.0 0.2167 4.0839 
 

390 6.5 4.0656 
 

1380 23.0 4.0488 

13.5 0.2250 4.0825 
 

420 7.0 4.0655 
 

1410 23.5 4.0483 

14.0 0.2333 4.0843 
 

450 7.5 4.0655 
 

1440 24.0 4.0480 

14.5 0.2417 4.0833 
 

480 8.0 4.0646 
 

      

15.0 0.2500 4.0801 
 

510 8.5 4.0634 
 

      

15.5 0.2583 4.0821 
 

540 9.0 4.0627 
 

      

16.0 0.2667 4.0782 
 

570 9.5 4.0622 
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Test #3 (Pi  = 6,251.5 kPa, Pf  = 5,061.2 kPa, and Tres = 56.0°C): 

t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa) 

0 0 6.2515   16.5 0.2750 5.1172   600 10.0 5.0837 

0.5 0.0083 6.0319   17.0 0.2833 5.1162   630 10.5 5.0825 

1.0 0.0167 5.6309   17.5 0.2917 5.1154   660 11.0 5.0814 

1.5 0.0250 5.4851   18.0 0.3000 5.1154   690 11.5 5.0813 

2.0 0.0333 5.4076   18.5 0.3083 5.1143   720 12.0 5.0812 

2.5 0.0417 5.3507   19.0 0.3167 5.1148   750 12.5 5.0811 

3.0 0.0500 5.3043   19.5 0.3250 5.1104   780 13.0 5.0810 

3.5 0.0583 5.2715   20.0 0.3333 5.1121   810 13.5 5.0809 

4.0 0.0667 5.2460   25 0.4167 5.1081   840 14.0 5.0808 

4.5 0.0750 5.2264   30 0.5000 5.1070   870 14.5 5.0807 

5.0 0.0833 5.2115   35 0.5833 5.1058   900 15.0 5.0806 

5.5 0.0917 5.1998   40 0.6667 5.1042   930 15.5 5.0805 

6.0 0.1000 5.1898   45 0.7500 5.1038   960 16.0 5.0804 

6.5 0.1083 5.1819   50 0.8333 5.0993   990 16.5 5.0802 

7.0 0.1167 5.1738   55 0.9167 5.1017   1020 17.0 5.0801 

7.5 0.1250 5.1664   60 1.0 5.1007   1050 17.5 5.0799 

8.0 0.1333 5.1595   90 1.5 5.0981   1080 18.0 5.0797 

8.5 0.1417 5.1544   120 2.0 5.0975   1110 18.5 5.0795 

9.0 0.1500 5.1492   150 2.5 5.0965   1140 19.0 5.0793 

9.5 0.1583 5.1455   180 3.0 5.0952   1170 19.5 5.0792 

10.0 0.1667 5.1429   210 3.5 5.0940   1200 20.0 5.0787 

10.5 0.1750 5.1387   240 4.0 5.0930   1230 20.5 5.0785 

11.0 0.1833 5.1374   270 4.5 5.0920   1260 21.0 5.0784 

11.5 0.1917 5.1337   300 5.0 5.0903   1290 21.5 5.0774 

12.0 0.2000 5.1305   330 5.5 5.0900   1320 22.0 5.0767 

12.5 0.2083 5.1277   360 6.0 5.0893   1350 22.5 5.0761 

13.0 0.2167 5.1256   390 6.5 5.0890   1380 23.0 5.0757 

13.5 0.2250 5.1241   420 7.0 5.0884   1410 23.5 5.0746 

14.0 0.2333 5.1235   450 7.5 5.0877   1440 24.0 5.0736 

14.5 0.2417 5.1216   480 8.0 5.0867   1470 24.5 5.0745 

15.0 0.2500 5.1216   510 8.5 5.0860   1500 25.0 5.0722 

15.5 0.2583 5.1189   540 9.0 5.0856   1530 25.5 5.0714 

16.0 0.2667 5.1178   570 9.5 5.0850   1560 26.0 5.0703 
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t  

(min) 

t  

(h) 

P  

(MPa) 

1590 26.5 5.0696 

1620 27.0 5.0686 

1650 27.5 5.0690 

1680 28.0 5.0694 

1710 28.5 5.0663 

1740 29.0 5.0668 

1770 29.5 5.0646 

1800 30.0 5.0668 

1830 30.5 5.0654 

1860 31.0 5.0659 

1890 31.5 5.0652 

1920 32.0 5.0668 

1950 32.5 5.0637 

1980 33.0 5.0649 

2010 33.5 5.0638 

2040 34.0 5.0629 

2070 34.5 5.0616 

2100 35.0 5.0609 

2130 35.5 5.0629 

2160 36.0 5.0613 

2190 36.5 5.0608 

2220 37.0 5.0614 

2250 37.5 5.0618 

2280 38.0 5.0612 
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Test #4 (Pi  = 7,702.6 kPa, Pf  = 6,973.4 kPa, and Tres = 56.0°C): 

t 

 (min) 

t  

(h) 

P  

(MPa) 

 

t  

(min) 

t  

(h) 

P  

(MPa) 

 

t  

(min) 

t  

(h) 

P  

(MPa) 

0 0 7.7026 
 

16.5 0.2750 7.1155 
 

600 10 6.9994 

0.5 0.0083 7.5858 
 

17.0 0.2833 7.1160 
 

630 10.5 6.9981 

1.0 0.0167 7.5483 
 

17.5 0.2917 7.1131 
 

660 11.0 6.9965 

1.5 0.0250 7.5201 
 

18.0 0.3000 7.1117 
 

690 11.5 6.9949 

2.0 0.0333 7.4787 
 

18.5 0.3083 7.1086 
 

720 12.0 6.9940 

2.5 0.0417 7.4360 
 

19.0 0.3167 7.1084 
 

750 12.5 6.9920 

3.0 0.0500 7.4016 
 

19.5 0.3250 7.1066 
 

780 13.0 6.9905 

3.5 0.0583 7.3692 
 

20.0 0.3333 7.1053 
 

810 13.5 6.9882 

4.0 0.0667 7.3418 
 

25 0.4167 7.0747 
 

840 14.0 6.9862 

4.5 0.0750 7.3175 
 

30 0.5000 7.0679 
 

870 14.5 6.9847 

5.0 0.0833 7.2957 
 

35 0.5833 7.0609 
 

900 15.0 6.9828 

5.5 0.0917 7.2739 
 

40 0.6667 7.0581 
 

930 15.5 6.9817 

6.0 0.1000 7.2566 
 

45 0.7500 7.0568 
 

960 16.0 6.9809 

6.5 0.1083 7.2401 
 

50 0.8333 7.0530 
 

990 16.5 6.9799 

7.0 0.1167 7.2266 
 

55 0.9167 7.0523 
 

1020 17.0 6.9790 

7.5 0.1250 7.2139 
 

60 1.0 7.0483 
 

1050 17.5 6.9781 

8.0 0.1333 7.2035 
 

90 1.5 7.0424 
 

1080 18.0 6.9773 

8.5 0.1417 7.1929 
 

120 2.0 7.0388 
 

1110 18.5 6.9771 

9.0 0.1500 7.1824 
 

150 2.5 7.0328 
 

1140 19.0 6.9768 

9.5 0.1583 7.1737 
 

180 3.0 7.0295 
 

1170 19.5 6.9765 

10.0 0.1667 7.1672 
 

210 3.5 7.0282 
 

1200 20.0 6.9763 

10.5 0.1750 7.1606 
 

240 4.0 7.0269 
 

1230 20.5 6.9760 

11.0 0.1833 7.1575 
 

270 4.5 7.0253 
 

1260 21.0 6.9759 

11.5 0.1917 7.1498 
 

300 5.0 7.0221 
 

1290 21.5 6.9758 

12.0 0.2000 7.1471 
 

330 5.5 7.0184 
 

1320 22.0 6.9753 

12.5 0.2083 7.1405 
 

360 6.0 7.0146 
 

1350 22.5 6.9746 

13.0 0.2167 7.1376 
 

390 6.5 7.0128 
 

1380 23.0 6.9743 

13.5 0.2250 7.1321 
 

420 7.0 7.0108 
 

1410 23.5 6.9741 

14.0 0.2333 7.1282 
 

450 7.5 7.0082 
 

1440 24.0 6.9734 

14.5 0.2417 7.1257 
 

480 8.0 7.0062 
 

      

15.0 0.2500 7.1236 
 

510 8.5 7.0047 
 

      

15.5 0.2583 7.1190 
 

540 9.0 7.0032 
 

      

16.0 0.2667 7.1171 
 

570 9.5 7.0019 
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Test #5 (Pi  = 8,996.5 kPa, Pf  = 8,114.2 kPa, and Tres = 56.0°C): 

t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa) 

0 0 8.9965   16.5 0.2750 8.2377   600 10.0 8.1841 

0.5 0.0083 8.8448   17.0 0.2833 8.2376   630 10.5 8.1798 

1.0 0.0167 8.7268   17.5 0.2917 8.2359   660 11.0 8.1796 

1.5 0.0250 8.6426   18.0 0.3000 8.2345   690 11.5 8.1771 

2.0 0.0333 8.5855   18.5 0.3083 8.2335   720 12.0 8.1731 

2.5 0.0417 8.5391   19.0 0.3167 8.2317   750 12.5 8.1723 

3.0 0.0500 8.5036   19.5 0.3250 8.2307   780 13.0 8.1688 

3.5 0.0583 8.4704   20.0 0.3333 8.2301   810 13.5 8.1661 

4.0 0.0667 8.4450   25 0.4167 8.2237   840 14.0 8.1645 

4.5 0.0750 8.4197   30 0.5000 8.2220   870 14.5 8.1605 

5.0 0.0833 8.3969   35 0.5833 8.2197   900 15.0 8.1618 

5.5 0.0917 8.3801   40 0.6667 8.2188   930 15.5 8.1585 

6.0 0.1000 8.3653   45 0.7500 8.2186   960 16.0 8.1545 

6.5 0.1083 8.3492   50 0.8333 8.2168   990 16.5 8.1562 

7.0 0.1167 8.3369   55 0.9167 8.2174   1020 17.0 8.1562 

7.5 0.1250 8.3234   60 1.0 8.2151   1050 17.5 8.1522 

8.0 0.1333 8.3137   90 1.5 8.2117   1080 18.0 8.1531 

8.5 0.1417 8.3028   120 2.0 8.2121   1110 18.5 8.1522 

9.0 0.1500 8.2960   150 2.5 8.2117   1140 19.0 8.1507 

9.5 0.1583 8.2888   180 3.0 8.2115   1170 19.5 8.1526 

10.0 0.1667 8.2823   210 3.5 8.2099   1200 20.0 8.1516 

10.5 0.1750 8.2763   240 4.0 8.2088   1230 20.5 8.1500 

11.0 0.1833 8.2687   270 4.5 8.2082   1260 21.0 8.1495 

11.5 0.1917 8.2633   300 5.0 8.2128   1290 21.5 8.1561 

12.0 0.2000 8.2606   330 5.5 8.2078   1320 22.0 8.1567 

12.5 0.2083 8.2586   360 6.0 8.2085   1350 22.5 8.156 

13.0 0.2167 8.2551   390 6.5 8.2048   1380 23.0 8.1574 

13.5 0.2250 8.2515   420 7.0 8.2032   1410 23.5 8.1567 

14.0 0.2333 8.2480   450 7.5 8.1981   1440 24.0 8.1557 

14.5 0.2417 8.2446   480 8.0 8.1958   1470 24.5 8.1549 

15.0 0.2500 8.2427   510 8.5 8.1908   1500 25.0 8.1577 

15.5 0.2583 8.2423   540 9.0 8.1911   1530 25.5 8.1574 

16.0 0.2667 8.2419   570 9.5 8.1882   1560 26.0 8.1579 
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t  

(min) 

t  

(h) 

P  

(MPa) 

  

t  

(min) 

t  

(h) 

P  

(MPa)   
t  

(min) 

t  

(h) 

P  

(MPa) 

1590 26.5 8.1607 2700 45.0 8.1276   3810 63.5 8.1232 

1620 27.0 8.1588 2730 45.5 8.1295   3840 64.0 8.1248 

1650 27.5 8.1590 2760 46.0 8.1282   3870 64.5 8.1221 

1680 28.0 8.1587 2790 46.5 8.1264   3900 65.0 8.1208 

1710 28.5 8.1573 2820 47.0 8.1256   3930 65.5 8.1215 

1740 29.0 8.1582 2850 47.5 8.1255   3960 66.0 8.1197 

1770 29.5 8.1591 2880 48.0 8.1258   3990 66.5 8.1178 

1800 30.0 8.1596 2910 48.5 8.1256   4020 67.0 8.1179 

1830 30.5 8.1588 2940 49.0 8.1267   4050 67.5 8.1212 

1860 31.0 8.1529 2970 49.5 8.1271   4080 68.0 8.1202 

1890 31.5 8.1556 3000 50.0 8.1278   4110 68.5 8.1171 

1920 32.0 8.1545 3030 50.5 8.1298   4140 69.0 8.1169 

1950 32.5 8.1549 3060 51.0 8.1285   4170 69.5 8.1179 

1980 33.0 8.1557 3090 51.5 8.1308   4200 70.0 8.1194 

2010 33.5 8.1515 3120 52.0 8.1328   4230 70.5 8.1180 

2040 34.0 8.1513 3150 52.5 8.1321   4260 71.0 8.1198 

2070 34.5 8.1495 3180 53.0 8.1317   4290 71.5 8.1205 

2100 35.0 8.1477 3210 53.5 8.1363   4320 72.0 8.1228 

2130 35.5 8.1488 3240 54.0 8.1345   4350 72.5 8.1205 

2160 36.0 8.1486 3270 54.5 8.1345   4380 73.0 8.1226 

2190 36.5 8.1479 3300 55.0 8.1332   4410 73.5 8.1255 

2220 37.0 8.1456 3330 55.5 8.1330   4440 74.0 8.1222 

2250 37.5 8.1440 3360 56.0 8.1311   4470 74.5 8.1229 

2280 38.0 8.1419 3390 56.5 8.1333   4500 75.0 8.1272 

2310 38.5 8.1394 3420 57.0 8.1324   4530 75.5 8.1299 

2340 39.0 8.1404 3450 57.5 8.1328   4560 76.0 8.1289 

2370 39.5 8.1380 3480 58.0 8.1323   4590 76.5 8.1309 

2400 40.0 8.1366 3510 58.5 8.1314   4620 77.0 8.1326 

2430 40.5 8.1333 3540 59.0 8.1303   4650 77.5 8.1317 

2460 41.0 8.1323 3570 59.5 8.1313   4680 78.0 8.1299 

2490 41.5 8.1331 3600 60.0 8.1323   4710 78.5 8.1302 

2520 42.0 8.1328 3630 60.5 8.1280   4740 79.0 8.1271 

2550 42.5 8.1312 3660 61.0 8.1284 
  

4770 79.5 8.1252 

2580 43.0 8.1323 3690 61.5 8.1282 4800 80.0 8.1231 

2610 43.5 8.1283 3720 62.0 8.1278   4830 80.5 8.1206 

2640 44.0 8.1283 3750 62.5 8.1251   4860 81.0 8.1236 

2670 44.5 8.1274 3780 63.0 8.1256   4890 81.5 8.1220 
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t  

(min) 

t  

(h) 

P  

(MPa) 

4920 82.0 8.1225 

4950 82.5 8.1236 

4980 83.0 8.1226 

5010 83.5 8.1208 

5040 84.0 8.1206 

5070 84.5 8.1219 

5100 85.0 8.1179 

5130 85.5 8.1177 

5160 86.0 8.1186 

5190 86.5 8.1161 

5220 87.0 8.1153 

5250 87.5 8.1141 

5280 88.0 8.1126 

5310 88.5 8.1116 

5340 89.0 8.1106 

5370 89.5 8.1133 

5400 90.0 8.1116 

5430 90.5 8.1125 

5460 91.0 8.1108 

5490 91.5 8.1093 

5520 92.0 8.1108 

5550 92.5 8.1100 

5580 93.0 8.1123 

5610 93.5 8.1126 

5640 94.0 8.1161 

5670 94.5 8.1168 

5700 95.0 8.1163 

5730 95.5 8.1157 

5760 96.0 8.1142 
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Test #6 (Pi  = 6,175.1 kPa, Pf  = 4,993.6 kPa, and Tres = 56.0°C): 

t  

(min) 

t  

(h) 

P 

(MPa) 

 

t  

(min) 

t  

(h) 

P  

(MPa) 

 

t 

(min) 

t 

 (h) 

P  

(MPa) 

0 0 6.1751 

 

16.5 0.2750 5.0372 
 

600 10.0 5.0040 

0.5 0.0083 5.9519 

 

17.0 0.2833 5.0362 
 

630 10.5 5.0037 

1.0 0.0167 5.5509 

 

17.5 0.2917 5.0354 
 

660 11.0 5.0035 

1.5 0.0250 5.4051 

 

18.0 0.3000 5.0354 
 

690 11.5 5.0034 

2.0 0.0333 5.3276 

 

18.5 0.3083 5.0348 
 

720 12.0 5.0025 

2.5 0.0417 5.2707 

 

19.0 0.3167 5.0343 
 

750 12.5 5.0025 

3.0 0.0500 5.2243 

 

19.5 0.3250 5.0321 
 

780 13.0 5.0018 

3.5 0.0583 5.1915 

 

20.0 0.3333 5.0304 
 

810 13.5 5.0017 

4.0 0.0667 5.1660 

 

25 0.4167 5.0276 
 

840 14.0 5.0016 

4.5 0.0750 5.1464 

 

30 0.5000 5.0280 
 

870 14.5 5.0013 

5.0 0.0833 5.1315 

 

35 0.5833 5.0245 
 

900 15.0 5.0012 

5.5 0.0917 5.1198 

 

40 0.6667 5.0240 
 

930 15.5 5.0010 

6.0 0.1000 5.1098 

 

45 0.7500 5.0238 
 

960 16.0 5.0008 

6.5 0.1083 5.1019 

 

50 0.8333 5.0213 
 

990 16.5 5.0007 

7.0 0.1167 5.0938 

 

55 0.9167 5.0212 
 

1020 17.0 5.0006 

7.5 0.1250 5.0864 

 

60 1.0 5.0205 
 

1050 17.5 5.0004 

8.0 0.1333 5.0795 

 

90 1.5 5.0174 
 

1080 18.0 5.0002 

8.5 0.1417 5.0744 

 

120 2.0 5.0167 
 

1110 18.5 5.0000 

9.0 0.1500 5.0692 

 

150 2.5 5.0150 
 

1140 19.0 4.9998 

9.5 0.1583 5.0655 

 

180 3.0 5.0138 
 

1170 19.5 4.9996 

10.0 0.1667 5.0629 

 

210 3.5 5.0138 
 

1200 20.0 4.9994 

10.5 0.1750 5.0587 

 

240 4.0 5.0128 
 

1230 20.5 4.9992 

11.0 0.1833 5.0574 

 

270 4.5 5.0117 
 

1260 21.0 4.9990 

11.5 0.1917 5.0537 

 

300 5.0 5.0105 
 

1290 21.5 4.9988 

12.0 0.2000 5.0505 

 

330 5.5 5.0103 
 

1320 22.0 4.9985 

12.5 0.2083 5.0477 

 

360 6.0 5.0089 
 

1350 22.5 4.9982 

13.0 0.2167 5.0456 

 

390 6.5 5.0081 
 

1380 23.0 4.9980 

13.5 0.2250 5.0441 

 

420 7.0 5.0080 
 

1410 23.5 4.9978 

14.0 0.2333 5.0435 

 

450 7.5 5.0074 
 

1440 24.0 4.9936 

14.5 0.2417 5.0416 

 

480 8.0 5.0066 
 

      

15.0 0.2500 5.0416 

 

510 8.5 5.0065 
 

      

15.5 0.2583 5.0389 

 

540 9.0 5.0055 
 

      

16.0 0.2667 5.0378 

 

570 9.5 5.0045 
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Test #7 (Pi  = 7,937.4 kPa, Pf  = 7,393.6 kPa, and Tres = 56.0°C): 

t  

(min) 

t  

(h) 

P  

(MPa) 

 

t  

(min) 

t  

(h) 

P 

 (MPa) 

 

t  

(min) 

t  

(h) 

P  

(MPa) 

0 0 7.9374 
 

16.5 0.2750 7.4709 
 

600 10.0 7.4166 

0.5 0.0083 7.8855 
 

17.0 0.2833 7.4680 
 

630 10.5 7.4159 

1.0 0.0167 7.8626 
 

17.5 0.2917 7.4671 
 

660 11.0 7.4150 

1.5 0.0250 7.8351 
 

18.0 0.3000 7.4655 
 

690 11.5 7.4142 

2.0 0.0333 7.8033 
 

18.5 0.3083 7.4647 
 

720 12.0 7.4135 

2.5 0.0417 7.7713 
 

19.0 0.3167 7.4632 
 

750 12.5 7.4122 

3.0 0.0500 7.7403 
 

19.5 0.3250 7.4613 
 

780 13.0 7.4113 

3.5 0.0583 7.7134 
 

20.0 0.3333 7.4599 
 

810 13.5 7.4107 

4.0 0.0667 7.6858 
 

25 0.4167 7.4567 
 

840 14.0 7.4105 

4.5 0.0750 7.6652 
 

30 0.5000 7.4553 
 

870 14.5 7.4102 

5.0 0.0833 7.6449 
 

35 0.5833 7.4550 
 

900 15.0 7.4098 

5.5 0.0917 7.6275 
 

40 0.6667 7.4548 
 

930 15.5 7.4095 

6.0 0.1000 7.6098 
 

45 0.7500 7.4545 
 

960 16.0 7.4092 

6.5 0.1083 7.5942 
 

50 0.8333 7.4543 
 

990 16.5 7.4088 

7.0 0.1167 7.5825 
 

55 0.9167 7.4542 
 

1020 17.0 7.4085 

7.5 0.1250 7.5678 
 

60 1.0 7.4540 
 

1050 17.5 7.4081 

8.0 0.1333 7.5569 
 

90 1.5 7.4535 
 

1080 18.0 7.4077 

8.5 0.1417 7.5486 
 

120 2.0 7.4531 
 

1110 18.5 7.4070 

9.0 0.1500 7.5391 
 

150 2.5 7.4527 
 

1140 19.0 7.4065 

9.5 0.1583 7.5317 
 

180 3.0 7.4522 
 

1170 19.5 7.4058 

10.0 0.1667 7.5239 
 

210 3.5 7.4516 
 

1200 20.0 7.4048 

10.5 0.1750 7.5175 
 

240 4.0 7.4509 
 

1230 20.5 7.4039 

11.0 0.1833 7.5092 
 

270 4.5 7.4468 
 

1260 210 7.4030 

11.5 0.1917 7.5037 
 

300 5.0 7.4453 
 

1290 21.5 7.4023 

12.0 0.2000 7.4999 
 

330 5.5 7.4428 
 

1320 22.0 7.4014 

12.5 0.2083 7.4961 
 

360 6.0 7.4390 
 

1350 22.5 7.4003 

13.0 0.2167 7.4919 
 

390 6.5 7.4355 
 

1380 23.0 7.3991 

13.5 0.2250 7.4898 
 

420 7.0 7.4324 
 

1410 23.5 7.3968 

14.0 0.2333 7.4832 
 

450 7.5 7.4286 
 

1440 24.0 7.3936 

14.5 0.2417 7.4807 
 

480 8.0 7.4252 
    

15.0 0.2500 7.4782 
 

510 8.5 7.4222 
    

15.5 0.2583 7.4752 
 

540 9.0 7.4206 
    

16.0 0.2667 7.4728 
 

570 9.5 7.41804 
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