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ABSTRACT 

Numerous tight oil resources that are characterized by both low porosity and 

permeability have been found in North America during past decades. Due to the 

extremely low permeability, water injection has found its limitation with its relatively 

low injectivity. Alternatively, gas injection, such as CO2, N2, hydrocarbon gas, and flue 

gas, has been made physically possible for enhancing oil recovery under certain 

conditions, during which molecular diffusion is of great importance. Due to the 

affordability and sustainability of CO2, N2 and flue gas have been found to be cost-

effective for enhancing hydrocarbon recovery to a certain extent. Physically, there exists 

two-way mass transfer between the injected gas and light oil, though the light component 

extraction has been theoretically neglected. Therefore, it is essential to quantify the 

mutual mass transfer of gas-light oil systems under reservoir conditions. 

 

In this study, a novel and pragmatic technique has been developed to quantify mutual 

mass transfer between a gas and light oil by dynamic volume analysis. Experimentally, 

diffusion tests for a CO2-light oil system, a N2-light oil system, and two flue gas-light oil 

systems, have been conducted at a constant temperature and pressure with a 

pressure/volume/temperature (PVT) system, while the dynamic swelling factors of oil 

phase are measured and recorded continuously during the experiments. Gas samples 

have been collected at end of each diffusion experiment to measure gas compositions by 

performing gas chromatography (GC) analysis. Theoretically, by combining Fick’s 

second law and Peng-Robinson equation of state, the diffusion coefficients of both gas 

components and oil phase can be determined once the discrepancies between the 
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measured and calculated dynamic swelling factors and gas compositions have been 

minimized simultaneously.   

 

At end of diffusion experiments, the swelling factor measured for the CO2-light oil 

system is 1.029, which is higher than that of N2-light oil system (i.e., 1.005). For the two 

flue gas-light oil systems, the enriched flue gas, which has a higher CO2 concentration, 

results in a higher swelling factor (i.e., 1.013) at end of diffusion experiment, comparing 

with that of flue gas-light oil system (i.e., 1.009). Besides, based on the GC analysis 

results, light components have been found in the gas phase, which proves that there 

exists two-way mass transfer between gas and oil phases. 

 

For the CO2-light oil system and N2-light oil system, at temperature of 336.15 K, the 

diffusion coefficients of CO2 and N2 are determined to be 12.87×10-9 m2/s at pressure of 

2170 kPa and 1.35×10-9 m2/s at pressure of 5275 kPa, respectively. The diffusion 

coefficients of light oil in gas phase are determined to be 6.04×10-11 m2/s for the CO2-

light oil system and 0.26×10-11 m2/s for the N2-light oil system under the corresponding 

conditions. Similarly, for the enriched flue gas-light oil system, the individual diffusion 

coefficients determined for CO2 and N2 are 8.35×10-9 m2/s and 1.52×10-9 m2/s at 

temperature of 336.15 K and pressure of 5275 kPa, respectively, while that of oil in gas 

phase is 0.07×10-11 m2/s. For the flue gas-light oil system, at the same condition, the 

individual diffusion coefficients calculated for CO2 and N2 are 6.42×10-9 m2/s and 

2.19×10-9 m2/s, respectively, while that of oil in gas phase is 0.08×10-11 m2/s.  
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CHAPTER 1 INTRODUCTION 

1.1 Unconventional Resources 

With an increase in worldwide energy consumption, unconventional resources (i.e., 

heavy oil and tight oil) have shown huge potential to meet the increasing energy 

demands due to their huge quantities (Yang et al., 2015a; Alfarge et al., 2017). Tight 

formations, which are characterized by very low porosity (< 10%) and permeability (< 1 

mD), present great production potential (Zuloaga et al., 2017; Joslin et al., 2017).  In 

North America, there are 24 tight oil reservoirs containing more than 30 billion barrels, 

among which only 14 reservoirs are now under development (Forrest et al., 2011; Ling et 

al., 2014; Santiago and Kantzas, 2018; Jia et al., 2019). So far, more than 1 billion bbl of 

oil has been produced from the Bakken formation, which is in the deep layer of the 

Williston Basin and covers across the states of Montana and North Dakota in America 

and the provinces of Saskatchewan and Manitoba in Canada (Jin et al., 2017; Jia et al., 

2019). The progress of hydraulic fracturing and horizontal drilling has contributed to the 

recent development of tight oil reservoirs and increasing oil production (Todd and Evans, 

2016; Zuloaga et al., 2016; 2017). According to a tight oil production assessment by the 

Canada National Energy Board (NEB), the share of tight oil production in Alberta will 

increase to 51% by 2040, while tight oil production in Saskatchewan will keep 

increasing because of the tight oil development in the southwest and southeast part of the 

province (National Energy Board, 2018). Therefore, efficient and effective development 

of unconventional resources is and will be of great importance for the oil and gas 

industry in Canada and other parts of the world. 
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1.2 Enhanced Oil Recovery 

At present, oil produced from tight formations is mainly through primary depletion by 

combining horizontal drilling and massive hydraulic fractures, which can only lead to 5-

10% of the original oil in place (OOIP) being recovered (Song and Yang, 2013; 2017; 

Joslin et al., 2017; Sheng, 2017). Conventional water injection has found its limitations 

in such tight formations due to its relatively low injectivity and poor sweep efficiency 

(Yang et al., 2015a; Todd and Evans, 2016). Alternatively, gas injection (i.e., 

hydrocarbon gas, CO2, N2, and flue gas) may be physically and economically possible 

for enhancing oil recovery in such tight formations (Song and Yang, 2013; Yu et al., 2014; 

2015). Among the different types of injected gas, CO2 injection, including miscible and 

immiscible recovery methods, has received more attention for enhanced oil recovery 

(EOR) in tight formations, which can promote the oil recovery from the reservoirs and 

mitigate the emission of greenhouse gases (GHGs). By evaluating the potential of CO2 

flooding in the Bakken formation in Saskatchewan, it has been found from numerical 

simulations that continuous CO2 can perform effectively in oil recovery (Wang et al., 

2010a). Compared with CO2 flooding, CO2 huff-n-puff process is found to be more 

effective in ultra-tight reservoirs with permeability lower than 0.01 mD (Zuloaga et al., 

2016; 2017; Jia et al., 2018). However, CO2 injection has been constrained due to 

affordable and sustainable CO2 supply and corrosion (Sinanan and Budri, 2012). 

Accordingly, N2 and flue gas have been considered cost-effective when compared to CO2, 

especially for the mature formations (Shokoya et al., 2005; Sinanan and Budri, 2012).  

 

N2 injection is an effective recovery method that can be applied in deep, high-pressure, 
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and light oil reservoirs, while miscibility between N2 and the formation oil can be 

achieved in such reservoirs (Manrique et al., 2007; Alvarado and Manrique, 2010). 

Immiscible N2 flooding can also be applied to maintain the reservoir pressure and drive 

the miscible slugs (Alvarado and Manrique, 2010). Due to the high capital and 

operational inputs associated with the N2 injection and the downturn of the world oil 

price, however, fewer N2 projects have been applied in recent years (Alvarado and 

Manrique, 2010). 

 

1.3 Importance of Molecular Diffusion 

For different gas-EOR methods, the molecular diffusion of an injected gas is of great 

importance in oil-saturated porous media, especially in low-permeability reservoirs due 

to its special characteristics (Li and Dong, 2009; Yu et al., 2015; Jia et al., 2018). 

Hawthorne et al. (2013) proposed four conceptual steps for CO2-EOR in hydraulically 

fractured reservoirs with low permeability: (1) CO2 flows through the fractures but not 

through the rock matrix; (2) The pressure gradient caused by CO2 injection drives the 

injected CO2 to penetrate the rock matrix; (3) While CO2 penetrates the rock matrix, oil 

starts to migrate to bulk CO2 in fractures due to oil swelling and viscosity reduction; and 

(4) CO2 pressure will gradually equalize through the rock matrix. At this time, oil will be 

continuously swollen and the possible formation of a CO2/oil miscible phase will 

continue to enhance the oil mobilization. Physically, oil production depends on the 

concentration-driven diffusion of the hydrocarbons in CO2 once the pressure equilibrium 

has been achieved. Based on the four conceptual steps, it can be concluded that 

molecular diffusion plays a dominant role in the unconventional reservoirs.  



4 

 

 

Different simulation studies have proved, moreover, that molecular diffusion is a key 

factor that affects the EOR process. With numerical simulation, Yu et al. (2015) 

evaluated the performance of CO2 huff-n-puff process for a specific reservoir in the 

Bakken formation, demonstrating that CO2 diffusion plays an important role in oil 

recovery and cannot be neglected. Jia et al. (2018) numerically simulated the CO2 huff-n-

puff process for the Middle Bakken formation and pointed out that molecular diffusion is 

able to contribute 0.2-0.3% of oil recovery factor. Zhang et al. (2018b) applied a 

numerical model to evaluate the performance of CO2-EOR in the Bakken reservoir and 

found that considering CO2 diffusion leads to a better performance of CO2 huff-n-puff 

process. Therefore, molecular diffusion is of great importance in tight reservoirs for the 

EOR process.  

 

1.4 Purpose of the Study 

The purpose of this thesis is to determine the diffusion coefficient of CO2 or N2 or its 

mixture in the light oil with the consideration of two-way mass transfer. The specific 

tasks are listed as follows: 

1). To develop a pragmatic technique to experimentally and theoretically quantify 

two-way mass transfer between a gas (e.g., CO2 and N2) and the light oil by 

applying dynamic volume analysis.  

2). To conduct diffusion experiments for one CO2-light oil system, one N2-light oil 

system, one enriched flue gas-light oil system, and one flue gas-light oil system 

under constant pressure and reservoir temperature of T = 63ºC. 
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3). To measure the dynamic oil swelling factors for pure CO2/N2 or their binary gas 

mixture-light oil systems at constant pressure and reservoir temperature of T = 

63ºC. 

4). To determine the diffusion coefficient of CO2, N2, and each component of its 

mixture in the oil phase as well as the diffusion coefficient of oil components in 

the gas phase at reservoir temperature of T = 63ºC. 

 

1.5 Outline of the Thesis 

This thesis is composed of five chapters. Chapter 1 introduces the topic of this study as 

well as its major objectives. Chapter 2 presents an updated literature review that is 

related to the major mechanisms involved in the gas-EOR processes and two-way mass 

transfer. In Chapter 3, an experimental and theoretical technique has been developed to 

determine the diffusion coefficients for the pure CO2/N2-light oil systems with 

consideration of two-way mass transfer under reservoir conditions. Similarly, Chapter 4 

details the experimental and theoretical techniques for determining the preferential 

dissolution of each component for a gas mixture into light oil and the mass transfer from 

oil phase to gas phase for the two flue gas-light oil systems under reservoir conditions. 

Finally, Chapter 5 summarizes the major findings of this study and provides some 

recommendations for the future research.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Flue Gas Injection 

The application of flue gas, which mainly contains CO2 and N2, is a desired EOR method 

for many mature reservoirs, especially at the downturn of the world oil price (Shokoya et 

al., 2005). Typically, the composition of flue gas includes 80-88 mol% N2 and 12-20 mol% 

CO2 as well as other impurities (Shokoya et al., 2005; Wu et al., 2018). Flue gas 

injection will not only increase the oil recovery from hydrocarbon reservoirs, but can 

also mitigate the emission of the greenhouse gases and save the cost of CO2 separated 

from other emitters (e.g., coal-fired power plants) (Lu et al., 2018).  

 

Compared with pure CO2 or N2, flue gas, which can be captured from power plants and 

other emitted sources or generated in-situ with air injection process, is considered less 

corrosive and more cost-effective (Fassihi et al., 1997; Greaves et al., 1999; Shokoya et 

al., 2005). Shokoya et al. (2004) identified the recovery mechanisms of flue gas injection 

in light oil reservoirs and found that a combined vaporizing-condensing gas drive 

dominates the EOR process. The injected flue gas extracted intermediate components 

from oil phase to the gas phase, while the heavier intermediates condensed back to the 

oil phase from the enriched gas phase. By examining effect of flue gas and oil 

composition, oil recovery will increase with an increasing CO2 concentration in the flue 

gas and that a higher paraffin and naphthene content in the oil phase will increase the oil 

recovery with flue gas injection (Shokoya et al., 2005).  

 

It has been experimentally proved that enriched flue gas (i.e., 30 mol% CO2 and 70 mol% 
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N2) huff-n-puff process can perform as well as or better than pure CO2 (Zhang et al., 

2006), while the immiscibly enriched flue gas injection has been found to achieve a 

reasonable oil recovery from the Bakken formation (Luo et al., 2017). By experimentally 

evaluating performance of flue gas injection process for heavy oil production with a two-

dimensional (2D) high-permeable physical model, Dong and Huang (2002) found that 

flue gas can increase oil recovery dominated with free-gas drive and solution gas drive.  

 

Simulation studies have also been conducted to evaluate the performance of flue gas 

injection in different reservoirs. Bender and Akin (2017) simulated the tertiary flue gas 

EOR processes with a 3D compositional model for an entire Turkish oilfield. Their 

results demonstrated that a higher oil recovery can be achieved with optimized operating 

constraints for the flue gas injection. In 2010, multi-thermal fluid injection, which 

includes hot water/steam and flue gas, has been piloted in an offshore heavy oil reservoir 

in China with positive findings (Liu and Li, 2013). Based on the peak oil production and 

cold production capacity for the two test wells, production capacity could be tripled by 

the multi-thermal fluid injection, indicating that flue gas is an efficient agent to stimulate 

the oil recovery from heavy oil reservoirs while combining with other thermal methods.  

 

Considering the large amount of flue gas required during the injection process, high-

pressure air injection (HPAI) has been piloted in several light oil reservoirs (Gutiérrez et 

al., 2009; Alvarado and Manrique, 2010; Kumar et al., 2010). The oldest HPAI project in 

the Buffalo field is now still in operation, leading to a total of 17.2 million bbl of 

incremental oil (i.e., 9.4% of OOIP) produced from the formation and continuing to be a 
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commercial success (Gutiérrez et al., 2009). During the HPAI processes, the thermal 

front, which is generated from the combustion of hydrocarbons, is able to mobilize the 

residual oil (Montes et al., 2010). The in-situ generated flue gas has the ability to swell 

the reservoir fluids, strip the light components from the oil phase, and subsequently 

reach the miscibility with the crude oil (Jia et al., 2012). Another air-injection project in 

the Williston basin, which is the Medicine Pole Hills Unit (MPHU) EOR project, is the 

deeppest one begun in October 1987 (Kumar et al., 1995). After the initiation of the air-

injection project, oil production is increased from 400 STB/d to 950 STB/d, while the 

recovered natural gas liquid (NGL) is increased to about 200 STB/d that is attributed to 

the stripping of light oil by the in-situ generated flue gas (Kumar et al., 1995). Moreover, 

the produced-gas composition, which contains 72 mol% N2, 13 mol% CO2, 13 mol% C1+, 

and 2 mol% trace gas, indicates the extraction of light components from the oil phase to 

the gas phase by the in-situ generated flue gas. Based on the previous experiment studies 

and air-injection processes in low-permeability reservoirs, air/flue gas injection has a 

huge potential in tight oil formations as an economical EOR method. 

 

2.2 EOR Mechanisms 

In tight reservoirs, the major mechanisms involved in a gas-EOR process include gas 

dissolution, light to medium components extraction, oil swelling effect, interfacial 

tension reduction, and wettability alteration (Jin et al., 2017).  

 

2.2.1 Gas dissolution 

Gas solubility is defined as the maximum amount of gas that can dissolve into the oil 
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phase at a certain temperature and pressure (McCain, Jr., 1990). Gas dissolution into 

crude oil is likely to lead to oil swelling effect and viscosity reduction, which will 

contribute to the oil recovery from a reservoir. It has been found that solubility of gas in 

an oil phase is a function of pressure, temperature, and gas and oil properties (Welker 

1963; Simon and Graue, 1965). The solubility of gas usually increases with pressure and 

the API gravity of oil and decreases with temperature.  

 

Physically, CO2 is highly soluble in light crude oils (Rahman et al., 2010). By conducting 

phase behaviour experiments on CO2 huff-n-puff processes, it has been found that, 

during the huff cycle, the amount of CO2 dissolved in the crude oil is increased almost 

linearly with an increase in saturation pressure (Zhang et al., 2006). By measuring the oil 

swelling factors at different saturation pressures, it also found that CO2 dissolution 

resulted in substantial oil swelling effect (Zhang et al., 2006). With experiments on four 

different CO2-oil systems, Wei et al. (2017) illustrated that maximum CO2 solubility is 

inversely proportional to oil density. Recently, a newly developed acoustic pulse-echo 

(APE) technique has been applied to experimentally measure the CO2 solubility and the 

oil swelling factor, demonstrating that increasing pressure from 2 MPa to 6 MPa results 

in an approximately five-fold increase in gas solubility for the oil sample used (Czarnota 

et al., 2018). 

 

Compared with CO2, N2 has a lower solubility in oleic phase at the same condition. 

Nguyen and Farouq Ali (1998) examined the effect of N2 on the solubility of CO2 in 

crude oil. With the presence of N2 in CO2, at pressure of 1.0 MPa, the solubility of CO2 
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dropped from 12.50 Sm3/Sm3 for pure CO2 gas to about 7.45 Sm3/Sm3 for 30 mol% N2 

and 70 mol% CO2 mixture, as illustrated in Figure 2.1. For the same gas mixture, as the 

pressure increases to 2.0 MPa and 3.0 MPa, the solubility is reduced about 50% 

compared with that of the pure CO2, which is attributed to the fact that the partial 

pressure of CO2 is decreased with the presence of N2. 

 

2.2.2 Oil swelling 

Oil swelling effect, which is attributed to the gas dissolution into the oil phase, is one of 

the major mechanisms of a gas-EOR process in hydrocarbon reservoirs (Shokoya et al., 

2005; Zhang et al., 2006; Jin et al., 2017). Once the injected gas is dissolved into the 

crude oil in a reservoir, the latter will be swollen and tends to expand. Such an expansion 

helps to reduce the residual oil left in the reservoir (Rahman et al., 2010). The degree of 

oil swelling is related to pressure, temperature, gas solubility, and crude oil composition, 

among which the gas solubility is considered as the most significant factor (Vali et al., 

2011; Ahmadi et al., 2018). At a constant temperature, a higher equilibrium pressure will 

lead to a larger swelling factor, as the CO2 solubility increases with an increase in 

pressure (Mosavat et al., 2014; Sharbatian et al., 2018). However, when pressure is 

higher than the extraction pressure, there will be a sharp shrinkage of the oil phase. This 

is attributed to the fact that more light components are extracted from the oil phase to the 

gas phase compared with the amount of gas dissolved into the oil phase (Wang et al., 

2010b; Mosavat et al., 2014; Sharbatian et al., 2018). Hence, the swelling factor of oil 

phase changing with pressure can be divided into three different regions, i.e., swelling 

region, and major and minor extraction regions (see Figure 2.2) (Sharbatian et al., 2018). 
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Figure 2.1 Effect of N2 on the solubility of CO2 in Aberfeldy oil at 23ºC (Nguyen and 

Farouq Ali, 1998) 
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Figure 2.2 Dynamic oil swelling factor versus time indicating three regions for CO2-

crude oil as a function of pressure (T=50ºC) (Sharbatian et al., 2018) 
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By performing the swelling tests for CO2/N2-live oil systems, Lashkarbolooki et al. 

(2016) found that, at the same condition (i.e., T = 373.15 K and P = 12.7 MPa), N2 

cannot significantly lead to an obvious swelling effect of the oil phase compared with 

CO2 due mainly to its limited solubility in the oil phase. Also, adding N2 to CO2 will 

reduce the solubility of CO2 in the oil phase and thus suppress the swelling effect of the 

oil phase (Nguyen and Farouq Ali, 1998). Recently, interactions between bypassed oil 

and CO2 have been investigated and found that the oil volume for the shallow bypassed 

oil is controlled by both gas dissolution and light component extraction, while, for the 

deep bypassed oil, the swelling effect strongly depends on the level of exposure between 

the crude oil and injected CO2 (Ding et al., 2019). 

 

2.2.3 Light-components extraction 

While the injected gas is in contact with the reservoir oil under certain conditions, light 

components will be preferentially extracted and form the so-called second liquid phase, 

which significantly contributes to the oil recovery from hydrocarbon reservoirs (Huang 

and Tracht, 1974; Du, 2016). The extent of hydrocarbon extraction depends on 

temperature, pressure, and oil composition (Bayat et al., 2016; Yassin et al., 2018). It has 

been found that CO2 extraction capacity decreases with an increase in temperature but 

increases with an increase in pressure (Siagian and Grigg, 1998). Once pressure is higher 

than the extraction pressure, which initiates the extraction of light to medium 

components, the oil phase volume reduces and the oil swelling factor decreases due to 

the vaporization of light components into the gas phase (Abedini et al., 2014). 
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Wang et al. (2010b) studied oil swelling effect and light-components extraction for three 

different CO2-oil systems by applying axisymmetric drop shape analysis (ADSA) at a 

constant temperature (i.e., T = 300.15 K). While observing and measuring the shape of 

the oil drop, it is reported that, at a lower equilibrium pressure, CO2 dissolution is 

dominant at the beginning and followed by weak light-components extraction from oil 

phase to the gas phase. On the other hand, once pressure is higher than the onset pressure 

of the initial strong light-components extraction, light components are rapidly extracted 

into the gas phase. The onset pressures of the initial strong light-components extraction 

measured for the three different oil samples are 5.5 MPa, 6.4 MPa, and 7.2 MPa, 

respectively. When CO2 is in contact with crude oil, it tends to extract heavier 

components from the oil phase, while N2 predominantly vaporizes light to medium 

components (i.e., C2 to C5) into the gas phase (Farias and Watson, 2007). 

 

2.2.4 Interfacial tension reduction 

Interfacial tension (IFT) is defined as the energy required to build a unit surface area at 

the boundary of two immiscible phases involved, which is considered important to 

determine the hydrocarbon fluid behaviour in porous media (Asar and Handy, 1988; 

Hemmati-Sarapardeh et al., 2013). As one of the major properties that affect the gas 

flooding efficiency, IFT strongly depends on temperature, pressure, and composition of 

the reservoir fluid (Yang and Gu, 2005; Hemmati-Sarapardeh et al., 2013). For the CO2-

crude oil systems, equilibrium IFT reduces with pressure, which is attributed to the fact 

that CO2 solubility increases with pressure (Hemmati-Sarapardeh et al., 2013). It has 

been reported that, in both water-wet and oil-wet systems, the displacement efficiency 
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can be greatly improved with a sufficient reduction of IFT between different phases 

(Wagner and Leach, 1966). The gas-oil relative permeability will obviously change when 

IFT drops below 0.04 mN/m (Longeron, 1980; Zhang et al., 2016). Once the injected gas 

and the reservoir fluid achieve miscibility, IFT between the two phases becomes zero. 

 

Yang and Gu (2005) measured both dynamic and equilibrium IFT between the crude oil 

and CO2 by applying the ADSA technique for the pendant drop case. At the temperature 

of 27°C, the dynamic IFT at the pressure of 4.122 MPa is found to be approximately half 

of that at the pressure of 0.112 MPa. A similar trend of the dynamic IFT change can also 

be found under the temperature of 58°C. For the equilibrium IFT, it reduces with an 

increase in pressure. By measuring the IFTs between the crude oil and CO2 under high 

pressures and elevated temperatures, Yang et al. (2005) found that lowering the 

intermolecular forces will decrease the IFT between the two phases obviously. Moreover, 

at the pressure of 27 MPa, the IFT decreased from 53.07 mN/m to 34.79 mN/m while the 

concentration of CO2 in the oil phase increased from 0 to 65 mol% (Yang et al., 2015b; 

Esene et al., 2019). 

 

2.2.5 Wettability alteration 

Rock wettability, which affects the extent of oil trapping by the injected fluid, will 

influence the oil recovery from the formations (Huang and Holm, 1988). Huang and 

Holm (1988) conducted experiments of water-alternating-gas (WAG) injection in 

different types of cores and found that less oil produced from the oil-wet cores compared 

with the mixed-wet and preferentially water-wet cores. This is due to the fact that there 
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exists a strong affinity of the oil phase in the oil-wet rocks. As indicated, wettability of 

the rock surface is influenced by pressure, temperature, rock surface chemistry and 

roughness, and fluid chemistry (Iglauer, 2017; Zhang et al., 2018a).  

 

Yang et al. (2008) conducted experiments to measure the dynamic and equilibrium 

contact angles of the CO2-crude oil-reservoir brine-reservoir rock systems by applying 

the ADSA technique and found that the equilibrium contact angle increases with an 

increase in pressure but decreases with an increase in temperature. The variation of 

contact angle confirms the wettability change during the CO2 injection process and thus 

will influence the oil recovery. Recently, the interactions between supercritical CO2, 

brine, and formation rocks have been studied for tight sandstone reservoirs (Zhang et al., 

2018a). It has been concluded that exposing the mineral surface to CO2 altered the rock 

wettability to be more water-wet that is attributed to the mineral dissolution, kaolinite 

formation, and surface corrosion (Zhang et al., 2018a).  By measuring the contact angle 

of oil/brine/carbonate systems, Chen et al. (2019a) stated that CO2-assisted EOR in 

carbonate reservoirs can lead to the wettability alteration with H+ adsorption because of 

water uptake of CO2 on the interface of oil/brine and brine/carbonate, which enhances 

hydrocarbon recovery from carbonate formations. They also observed during the 

experiments that carbonated water shifted contact angle from 73º to 22º at a pressure of 

20.68 MPa and temperature of 25ºC. Moreover, they concluded that the contact angle has 

been significantly decreased by carbonated brine regardless of salinity, which implies a 

strong water-wet system (Chen et al., 2019b). 
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2.3 Mass Transfer 

2.3.1 One-way diffusion 

Generally, one-way diffusion refers to the process that gas components gradually diffuse 

into the oil phase due to the concentration difference. Based on Fick’s first law, the 

molecular diffusion can be described as the following equation: 

D c  j                                                          [2.1] 

where j represents the diffusion flux of the substance, D is the diffusion coefficient, and 

c is the concentration of the diffusing substance. As the diffusion flux moves from high 

concentration region to low concentration region, the negative sign in the above equation 

illustrates the diffusion direction is opposite to that of increasing concentration. 

 

Numerous efforts have been made to experimentally and theoretically determine the 

diffusion coefficient of gas into oil phase in a gas-liquid system through direct or indirect 

methods. Generally, the direct method requires taking fluid samples to determine the 

concentration profile, which is more reliable; however, its drawbacks are system-

intrusive, expense, and time-consuming (Sigmund, 1976; Du, 2016; Li and Yang, 2016; 

Zheng et al., 2016a; b; Li et al., 2017; Shi and Yang, 2017; Shi et al., 2017; Zheng and 

Yang, 2017a; b). Hence, the indirect methods have been developed and widely applied to 

determine the diffusion coefficient for different gas-liquid systems. An indirect method is 

to observe and measure a physical parameter that is strongly related to the mass transfer 

rate or essentially the diffusion coefficient, among which PVT experiments have been 

widely applied (Li et al., 2017; Zheng and Yang, 2017a).  
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Riazi (1996) conducted PVT experiments to measure the diffusion coefficient of 

methane in n-pentane in a constant-volume and constant-temperature vessel, while the 

pressure and interface position versus time were measured during the experiment. Then, 

the diffusion coefficient was determined by matching the calculated results with the 

experimental ones. While applying this method, no fluid sampling for compositional 

measurements during the experiment is needed, and it is considered less expensive and 

more accurate.  

 

Zhang et al. (2000) adapted the Riazi technique for methane-heavy oil systems and CO2-

heavy oil systems to quantify the gas diffusion process in the oil phase. Instead of 

measuring both pressure and interface position during the PVT experiments, they only 

monitored and recorded the change of pressure versus time. The diffusion coefficient can 

be determined by minimizing the deviation between the measured and calculated 

pressure as a function of time. Subsequently, this so-called pressure-decay method has 

been applied widely and modified to determine the diffusion coefficient of a gas 

component in heavy oil (Li and Yang, 2016; Zheng et al., 2016a; Shi and Yang, 2017). 

 

Compositional change of gas phase at the beginning and end of the experiment can also 

be measured during the diffusion experiments. Combining the volume change of liquid 

phase and compositional change (Sun et al., 2014; Zheng and Yang, 2017a), or both of 

pressure, interface position and compositional change (Rongy et al., 2012, Zheng and 

Yang, 2017a), has been applied to determine the diffusion coefficient of each gas 

component of a gas mixture in the oil phase. This allows us to evaluate the preferential 
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contribution of each gas component for the gas mixture possible. It is worthwhile to 

mention that the viscosity of heavy oil is strongly affected by high temperature, and thus, 

the diffusion of gas components in the oil phase will be influenced.  

 

By coupling heat and mass transfer, Sun et al. (2014) developed an experimental and 

theoretical technique to describe such a combined process. They concluded that the 

thermal equilibrium will achieve faster than the mass equilibrium, while heat transfer 

process is dominant at the initial stage and mass transfer is more important at the 

subsequent stage. While quantifying the diffusivity of a hot gas or gas mixture, the 

diffusion coefficient is assumed to be a function of viscosity at the initial stage since the 

heat transfer affects the heavy oil viscosity obviously, and then constant after the thermal 

equilibrium has been achieved. Similarly, a 2D model has been developed to couple heat 

and mass transfer for a hot CO2-heavy oil system and a C3H8/CO2 mixture-heavy oil 

system, while both apparent and individual diffusion coefficients are assumed to be 

constant (Zheng et al., 2016b). Based on the temperature profiles, it is found that the 

thermal equilibrium achieved within 20 minutes. Considering the effect of temperature 

on the heavy oil viscosity, the coupled heat and mass transfer model is able to quantify 

the diffusivity of hot gas more accurately. 

 

Recently, new methods have been developed to quantify the gas diffusion in the oil phase. 

X-ray CAT scanning and low field NMR have been applied for diffusion measurements 

of solvents-bitumen systems (Wen et al., 2005). The results from NMR measurements 

are found to be similar and reasonable as those obtained from the CAT scanning data. 
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Yang and Gu (2006) developed dynamic-pendant-drop-volume-analysis (DPDVA) 

method to measure the diffusion coefficients and oil swelling factors of different pure 

solvent/solvent mixture-heavy oil systems. Moreover, dynamic interfacial tension 

method (Yang et al., 2006; Yang and Gu, 2008) have been applied to quantify one-way 

diffusion process for different gas-oil systems. During diffusion experiments, natural 

convection induced by density and/or volume change will inevitably influence the 

accuracy of the determined diffusion coefficients (Li and Dong, 2009; Shi and Yang, 

2017). Efforts have also been made to examine the effect of natural convection on the 

one-way diffusion by applying diffusion-convection equation (Shi and Yang, 2017).  

 

Besides, one-way diffusion of gas component has been also quantified in porous media 

(Li and Dong, 2009; Tang et al., 2013; Li et al., 2016; Liu et al., 2016; Zhao et al., 2016). 

In order to mitigate the effect of natural convection induced by density gradient during 

the gas dissolution process, Li and Dong (2009) developed an experimental method and 

mathematical solutions to determine CO2 effective diffusion coefficients in oil-saturated 

porous media at elevated pressures, which considers that gas diffuses into a core sample 

through radial directions only. Then, by applying the concentration profiles from X-ray 

CAT scanning, the diffusion coefficient of CO2 in decane in oil-saturated porous media 

has been determined (Tang et al., 2013). The experimental method for determining the 

effective diffusion coefficient of CO2 is then improved for low permeability cores with 

the application of a diffusion cell (Li et al., 2016). They investigated the effect of 

pressure, temperature, oil saturation, and permeability on the diffusion of CO2. Recently, 

new methods, including micro-CT technique and magnetic resonance imaging (MRI), 
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have been applied to quantify the diffusivity of CO2 in liquid hydrocarbon-saturated 

porous media (Liu et al., 2016; Zhao et al., 2016). Comparing the diffusion coefficient of 

CO2 in bulk liquid phase and porous media, the effective diffusion coefficients in oil-

saturated porous media is significantly small since the diffusive molecules have to travel 

a longer path through a pore network; however, the diffusion mechanism remains the 

same (Liu et al., 2016). The effect of relative tortuosity factors of the porous media on 

the diffusion coefficients are illustrated in the following equation (Li and Dong, 2009; Li 

et al., 2016): 

eff

D
D




                                                          [2.2] 

where effD  represents the effective diffusion coefficient in porous media;   is porosity of 

the porous media; D is the diffusion coefficient in the bulk liquid phase; and   is the 

tortuosity factor of the porous media. 

 

2.3.2 Two-way diffusion 

Physically, there exists two-way mass transfer between a gas (e.g., CO2 and N2) and light 

oil once the injected gas is in contact with the light oil, during which gas will dissolve 

into the oil phase, while light components can be extracted from the latter to the former 

(Holm and Josendal, 1974; Yang and Gu, 2005; Yang et al., 2005; Nobakht et al., 2008). 

Guo et al. (2009) studied the diffusion process of a gas component in both gas and oil 

phase instead of light components extracted into gas phase. It is worthwhile noting that 

current mathematical models are commonly assumed to exclude the vaporization of light 

components into the gas phase, though it physically exists when a gas is in contact with 

oil. Limited information regarding to the diffusion coefficient of oil components in the 
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gas phase has been made available. Therefore, it is significant to quantify the diffusion 

process of light components in the gas phase in order to accurately describe the two-way 

mass transfer processes between gas and oil phases. 

 

2.3.3 Effect of mutual diffusion on EOR 

While indicated by many experimental and numerical studies, diffusion plays an 

important role for enhancing oil recovery in low-permeability reservoirs (Hawthorne et 

al., 2013; Yu et al., 2015; Jia et al., 2018). Diffusion can significantly affect the 

efficiency of gas injection in fractured formations (Hoteit and Firoozabadi, 2006). In 

naturally fractured reservoirs, molecular diffusion may override other mechanisms for 

hydrocarbon recovery while the dispersive flow through fractures increases the contact 

area for diffusion process (da Silva and Belery, 1989). By examining the effects of 

diffusion on gas flooding in light-oil fractured reservoirs, Morel et al. (1993) found that 

setting diffusion coefficient to zero prevents pentane recovery and diffusion mechanism 

is important in initiating the development of gas phase in the core samples that lead to 

the viscous flow of both liquid and gas phases. For the carbonated water injection (CWI) 

process, laboratory experiments have proved that molecular diffusion and convection of 

CO2 from carbonated water into the oil phase plays a significant role in oil recovery 

(Kechut et al., 2011). 

 

As mentioned in the four conceptual steps for CO2-EOR process in a tight fractured 

reservoir, oil consequently produced from the reservoir mainly based on the 

concentration-driven diffusion of hydrocarbon components in the gas phase (Hawthorne 
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et al., 2013). Based on the experiment and simulation results, Ghasemi et al. (2018) 

concluded that the effect of oil-phase diffusion is significant in oil recovery and a higher 

oil-phase diffusion coefficient leads to higher hydrocarbon recovery. Therefore, it is of 

fundamental and practical importance to quantify the diffusion process of oil components 

in the gas phase. 

 

2.4 Summary 

Due to low permeability and injectivity of water in a tight formation, gas injection has 

attracted an increasing interest as a potential EOR process. In addition to pressure 

maintenance, solution gas drive, oil swelling, viscosity reduction, gas diffusion and mass 

transfer, IFT reduction, and wettability alteration contribute to the oil recovery during the 

gas injection, among which gas dissolution and light-components extraction (i.e., two-

way mass transfer) are dominated for enhancing oil recovery in a light oil reservoir. 

 

Unlike conventional reservoirs, diffusion is of great importance in a tight reservoir, 

especially in naturally fractured formations. The contact area between the injected gas 

and reservoir fluid is larger in fractures, which enhances molecular diffusion process and 

makes the diffusion as a major mechanism for EOR process. As aforementioned, gas 

dissolution and light-components extraction will depend on the molecular diffusion in 

the tight formations, and thus influence the oil recovery factor. Different experiments and 

simulation studies have shown that considering molecular diffusion will result in a 

higher oil recovery factor. Currently, one-way diffusion (i.e., the diffusion of gas 

components in the oil phase) has been widely studied through direct or indirect methods, 



24 

 

while the light-components extraction has not been theoretically quantified, though it 

physically exists when a gas is put into contact with crude oil. Therefore, it is of practical 

and fundamental importance to accurately quantify the two-way mass transfer process.  
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CHAPTER 3 QUANTIFICATION OF MUTUAL MASS TRANSFER 

OF CO2/N2-LIGHT OIL SYSTEMS 

In this chapter, a pragmatic technique has been developed to quantify mutual mass 

transfer between gas (i.e., CO2 and N2) and oil by dynamic volume analysis (Dong et al., 

2018). Experimentally, diffusion tests have been conducted for CO2/N2-light oil systems 

at a constant pressure and temperature in a sealed pressure/volume/temperature (PVT) 

system. Theoretically, a mathematical model has been developed to calculate the 

diffusion coefficient of a gas component in the oil phase as well as that of oil 

components in the gas phase by combining the Fick’s second law and gas 

chromatography (GC) analysis.  

 

3.1 Experimental 

3.1.1 Materials 

The light oil sample used in the experiments is collected from the Bakken formation in 

the southern Saskatchewan area, while the reservoir temperature is 336.15 K. The 

molecular weight of the oil sample, which is determined based on oil distillation, is 

181.21 g/mol, while its specific gravity is 0.8012. Table 3.1 illustrates the detailed 

compositional analysis of the oil sample. At 293.15 K and atmospheric pressure, the 

viscosity of the oil sample is measured to be 2.17 cP. 

 

CO2 and N2 used in the experiments have the purity of 99.998 mol% and 99.998 wt% 

(Praxair, Canada), respectively. The detailed mole fraction and experimental conditions 

are shown in Table 3.2. The experimental pressures are determined based on the   
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Table 3.1 Detailed compositional analysis of the clean light oil sample  

Component wt% mol% Component wt% mol% 
C1 0.000 0.000 C14 3.811 4.173 

C2 0.000 0.000 C15 3.887 3.975 

C3 0.000 0.000 C16 3.216 3.085 

i-C4 0.000 0.000 C17 2.994 2.704 

n-C4 0.000 0.000 C18 2.694 2.300 

i-C5 0.173 0.521 C19 2.527 2.044 

n-C5 0.433 1.304 C20 2.370 1.822 

Other C5 0.000 0.000 C21 2.172 1.591 

i-C6 0.672 1.694 C22 1.951 1.365 

n-C6 0.895 2.256 C23 1.739 1.164 

Other C6 0.267 0.673 C24 1.719 1.102 

C7 8.097 17.554 C25 1.700 1.047 

C8 5.690 10.821 C26 1.510 0.894 

C9 3.677 6.228 C27 1.389 0.792 

C10 3.187 4.866 C28 1.338 0.736 

C11 3.974 5.523 C29 1.253 0.666 

C12 4.617 5.888 C30 1.183 0.608 

C13 4.050 4.772 C31+ 26.815 7.832 

Total 100.000 100.000 

(Measured by the Saskatchewan Research Council)  



27 

 

Table 3.2 Compositional and experimental conditions for the two gas-oil systems 

Test No. Gas Sample 
Composition, mol % Temperature, 

K 
Pressure, 

kPa CO2 N2 Oil 

1 CO2 18.05 0.00 81.95 336.15 2170 

2 N2 0.00 9.97 90.03 336.15 5275 

 



28 

 

experimentally measured saturation pressure of each gas-light oil system. Since N2 has a 

lower solubility in the light oil than that of CO2, pressure used for the N2-light oil system 

is higher than that of CO2-light oil system. 

 

3.1.2 Experimental setup 

The diffusion experiments are conducted in a mercury-free DBR PVT system (PVT-015-

100-200-316-155, Schlumberger). The schematic of the PVT system is presented in 

Figure 3.1. The major part of this system is the visual and high-pressure PVT cell. A 

glass tube, which has an inner diameter of 3.177 cm and a total length of 20.320 cm, is 

contained in an overburden cell with a floating piston fitted in it. The maximum 

operating temperature and pressure of the PVT system is 473.15 K and 69000 kPa, 

respectively. During the experiments, the temperature of the PVT cell is maintained by 

an air bath, which has an uncertainty of ±0.10 K, while the pressure is maintained by 

connecting the PVT cell to a high-pressure syringe pump (500 HP, ISCO Inc., USA) with 

an uncertainty of ±4 kPa. 

 

Oil and gas samples are introduced into the PVT cell from cylinders by applying a high-

pressure syringe pump (500 HP, ISCO Inc., USA). A video-based cathetometer, which 

has a resolution of 0.002 cm, is utilized to monitor and record the height of the liquid 

phase during the diffusion experiments. 
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Figure 3.1 Schematic of PVT experiments 
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3.1.3 Experimental procedures 

Diffusion experiments are respectively conducted for CO2-light oil system and N2-

lightoil system while maintaining constant temperature and pressure. Table 3.2 

illustrates the experimental condition of each test. The detailed experimental procedure 

for the CO2-light oil system is briefly described as follows: 

 

Prior to an experiment, oil and CO2 samples are introduced into two pre-vacuumed 

transfer cylinders by applying syringe pump. The PVT system, including the glass tube 

and tubing are thoroughly cleaned, flushed with air, and then vacuumed. Then, CO2 is 

injected from the transfer cylinder into the PVT cell. While closing the valve of the PVT 

cell, it is isolated for at least 12 hours in order to reach equilibrium state at the desired 

temperature. After that, a certain amount of oil sample at the room temperature is quickly 

introduced into the PVT cell in order to minimize the possible dissolution of CO2 phase 

to the largest extent. The inlet valve is then immediately closed after both gas and oil 

samples are injected into the PVT cell. Once the pressure reached the prespecified value 

by adjusting the position of the piston inside the glass tube, the diffusion test is initiated.  

 

During the experiment, by tracking the position change of the gas-liquid interface, the 

height of the liquid phase is continuously monitored and recorded for 31 hours through 

the video-based cathetometer. Subsequently, at end of each diffusion experiment, a pre-

vacuumed gas sampler (Swagelok, Canada) is applied to collect the gas sample for the 

GC analysis. 
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The experimental procedure for the N2-light oil system is similar to that of the CO2-light 

oil system. Due to the slow diffusion process, the diffusion experiment for the N2-light 

oil system is last for 96 hours. 

 

3.2 Mathematical Formulations 

3.2.1 Molecular diffusion 

According to the Fick’s second law, the molecular-diffusion model for an n-components 

system can be described by the following equation (Cussler, 2008; Li and Yang, 2016): 

1
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                                                  [3.1] 

The above equation can be expanded into the following form for the multicomponent 

diffusion: 
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where ci is the concentration of ith component; Dii represents the “main-term” diffusion 

coefficient for the ith component; Dij,i≠j is the “cross-term” diffusion coefficient for the 

ith component, which is usually 10% of the “main-term” diffusion coefficient (Cussler, 

2008; Li and Yang, 2016). 

 

To quantify the two-way mass transfer between a gas and light oil, the following 

assumptions have been made: 

1). The diffusion between vapor and liquid phases is an isothermal and one-

dimensional process. 
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2). The “main-term” diffusion coefficient is constant. 

3). The “cross-term” diffusion coefficient Dij,i≠j is ignored, since it is much smaller 

than the “main-term” diffusion coefficient in noninteracting solute (Cussler, 2008; 

Li and Yang, 2016). 

4). The extracting and condensing effects occurring at the gas-oil interface has been 

neglected. As indicated by Yassin et al. (2018), there exist weak extracting and 

condensing effects at the CO2(g)-oil interface, while, for the N2 and oil 

experiments, such extracting and condensing flows cannot be observed due to the 

smaller solubility of N2. 

5). Effect of natural convection on diffusivity is neglected. 

6). Interface between gas and liquid phase is flat and the composition along the 

interface is consistent (Rongy et al., 2012; Zheng and Yang, 2017a). 

 

3.2.2 Initial and boundary conditions 

At the beginning of the diffusion process, it is considered that there is no gas dissolved in 

the oil phase, that is, the concentration of the gas component in light oil is zero, which 

can be described as: 

00 , 0 , 0 , 1, 2ic x L t i                                          [3.3] 

where ci represents the concentration of the ith component in the liquid phase, and L0 is 

the initial height of the oil phase. 

 

As indicated by Tharanivasan et al. (2004), the Dirichlet quasi-equilibrium boundary is 

considered more appropriate for such a gas-liquid system, i.e., 
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c x t c t i


                                [3.4] 

where 
,i satc  is the saturation concentration of the ith component at the gas-oil interface at 

the experimental condition, and Lt represents the height of oil phase that is updated with 

time. 

At the impermeable bottom of the PVT cell, the mass flux shall be zero at any time. Thus, 

the Neumann boundary condition is employed at the bottom of the PVT cell (Li and 

Yang, 2016; Zheng and Yang, 2017a). 
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3.2.3 Volume-translated PR EOS 

As one of the most widely applied methods, PR EOS is applied to perform the flash 

calculation. The PR EOS is expressed by the following equation (Peng and Robinson, 

1976): 

( ) ( )

RT a
p

V b V V b b V b
 

   
                                   [3.6] 

where p is pressure, T represents temperature, V represents molar volume, and a and b 

are the parameters calculated by the following equations: 

( , )c Tra a                                                    [3.7a] 

2 20.457235 c
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R T
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                                            [3.7b] 
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b
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where R is defined as universal gas constant, Tc is critical temperature, pc is critical 

pressure, and ( , )Tr  is alpha function that is related to reduced temperature Tr and 

acentric factor ω. The alpha function is illustrated as the following equation: 

 
2

21 0.37464 1.5422 0.26922 1
c

T

T
  

  
       
   

               [3.8] 

As oil is characterized into several pseudocomponents, van der Waals mixing rule has 

been applied to calculate the following parameters. 
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                                                   [3.9b] 

where nc is the total number of components in the gas-oil system, xi and xj represent the 

mole fraction of the ith and jth component in the mixture respectively, and δij is the 

binary interaction parameter (BIP) between the ith and jth component. 

 

The BIP between each component in the gas-oil system is calculated based on the 

following equation that is determined by the critical temperature (Gao et al., 1992; Li et 

al., 2013): 
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where Zc is the critical compressibility factor of each component, and I and j represent ith 
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and jth component respectively. The exponent θ can be adjusted to match the 

experimental data. 

 

Péneloux et al. (1982) proposed a volume translation strategy that has been applied in 

this study to improve the accuracy of volumetric prediction for the liquid phase 

(Péneloux et al., 1982; Li and Yang, 2016; Zheng and Yang, 2017a). The corrected molar 

volume is calculated based on the following equation: 

*

1

nc

corrected i i

i

V V xV


                                            [3.11a] 

where Vcorrected is defined as the corrected molar volume, V is the molar volume that is 

determined from PR EOS, and Vi
* represents the volume correction for each component 

that can be calculated by (Péneloux et al., 1982): 

  * 0.40768 (0.29441 )c
RA

c

RT
V Z

P

 
  

 
                             [3.11b] 

where ZRA is the Rackett compressibility factor that is considered to be constant for the 

given component. 

 

3.2.4 Light oil characterization 

Light oil characterization is of great importance for the flash calculation. Since the light 

oil sample used in the experiments contains a large amount of hydrocarbons that are 

heavier than C20, the plus fraction is first split into single carbon number (SCN) fractions 

with known molar number and mole fractions. Molar weight, acentric factor, and critical 

properties (e.g., critical temperature, pressure, and volume) are estimated for each SCN 

fraction. Second, based on Whitson’s lumping method (Ahmed, 2013), the SCNs are 
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lumped into five pseudocomponents, which will be subsequently discussed in detail. The 

properties of each pseudocomponent are calculated based on the Hong’s mixing rule 

(Ahmed, 2013). 

 

3.2.5 Numerical solution and diffusivity determination 

Combining the diffusion equation with the initial and boundary conditions, the two-way 

mass transfer model can be expressed by the following equations. For the diffusion 

processes from gas to oil phase: 
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                                          [3.12a] 

As for the diffusion processes from oil to gas phase, it is expressed by the following 

equations: 
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                                       [3.12b] 

where cg is the concentration of light-components in the gas phase, Dg represents the 

diffusion coefficient for the oil phase, Lg is the height of gas phase, and cg,sat represents 

the saturation concentration of oil components at the gas-liquid interface at the 

experimental conditions. It is worthwhile to mention that, when performing the mass 
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transfer calculation from liquid to gas phase, oil is treated as one pseudocomponent for 

the purpose of simplifying the model and reducing the computational costs. 

 

The partial differential equations of the Fick’s second law are solved with the finite 

volume method (FVM) (Sun et al., 2014; Li and Yang, 2016; Zheng and Yang, 2017a). 

The temporal term is derived with the first-order-forward-difference method: 
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                                                  [3.13a] 

The diffusion term in the partial differential equation is discretized with the second-

order-central-difference method: 
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                                        [3.13b] 

where m represents the mth grid along the x-direction and n represents the nth time step. 

 

The swelling factor is applied to quantify the swelling effect of the light oil induced by 

the gas dissolution process. As diffusion experiment is considered as a dynamic process 

to achieve equilibrium state, dynamic swelling factor is introduced to describe the 

volume increase of the gas-diluted oil phase, which is defined based on the equilibrium 

swelling factor (Teja and Sandler, 1980; Zheng and Yang, 2017a). Eq. 3.14 is applied to 

calculate the dynamic swelling factor: 

0
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1 ( )

V t
SF t

V s t
 


                                          [3.14] 

where SF(t) represents dynamic swelling factor that is a function of time, V0 is initial 

molar volume of liquid phase, V(t) represents molar volume of solvent-diluted light oil as 
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a function of time under the existing conditions, while s(t) is the mole fraction of gas 

components in the diluted light oil. 

 

The diffusion coefficients of CO2 and N2 into light oil as well as that of light-components 

into gas phase are determined once the following objective functions are minimized with 

respect to their corresponding prespecified tolerances. The root-mean-squared relative 

error (RMSRE) between the measured dynamic swelling factor and gas composition and 

their calculated ones are applied to define the first and second objective function, 

respectively (Zheng and Yang, 2017a). 
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where ND represents the total number of dynamic swelling factor data points collected 

from the experiments, and SFexp,i and SFcal,i are the measured and calculated dynamic 

swelling factor for the ith measured data point, respectively. NG is the number of gas 

components in the gas phase, and yexp,i and ycal,i represent the measured and calculated 

gas composition of the ith component, respectively. 

 

It is worthwhile to note that the two objective functions may not reach the requirements 

of accuracy simultaneously. In this case, the following combined objective function is 

applied to determine the diffusion coefficients once it has been minimized. 
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where min(RMSRE1) represents the minimum of the first objective function. 

 

Figure 3.2 illustrates the flowchart of calculating diffusion coefficients for the two gas- 

oil systems. The detailed procedure is concisely described as follows. 

1). Characterize light oil sample into five pseudocomponents. The BIPs between 

CO2, N2, and each pseudocomponent, which are applied as input parameters for 

determining the diffusion coefficients, are determined based on the saturation 

pressure measured in the experiments. 

2). For each gas-light oil system, assign an initial diffusion coefficient for both gas 

and light oil. Note that the light oil sample is considered as one component while 

determining the diffusion coefficient. 

3). At the gas-liquid interface, the saturation concentration is calculated by 

performing two-phase flash calculation with the PR EOS. 

4). Determine the concentration of gas in the oil phase and oil in the gas phase with 

the mass transfer model at each time step. 

5). While applying the volume-translated PR EOS, the dynamic swelling factor for 

the liquid phase is updated for each time step. 

6). Repeat Steps 3-5 until the duration time has been reached. 

7). At end of the calculation, it must be checked whether the objective function has 

satisfied the pre-specified tolerance. If it is equal to or smaller than the pre-

specified tolerance, the current diffusion coefficients are considered to be the 
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Figure 3.2 Flowchart for determining diffusion coefficients 
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actual ones; otherwise, the values of diffusion coefficients need to be updated and 

prepared for the next iteration by repeating Steps 2-6. 

 

3.3 Results and Discussions 

3.3.1 Light oil characterization and BIP matrix 

Based on the SCN groups measured in the experiments by the Saskatchewan Research 

Council, the light oil sample applied in this study is divided into five pseudocomponents, 

considering both computational expenses and accuracy of the determined diffusion 

coefficients. Table 3.3 tabulates the properties of each pseudocomponent. 

 

Since the light oil sample are characterized into five pseudocomponents, the BIPs for a 

system with CO2, N2 and light oil form a 7 × 7 matrix. As for nonhydrocarbon CO2-N2 

pair, the BIP is set to be -0.02 (CMG, 2017.10). The BIPs for other components have 

been tuned based on the experimentally measured saturation pressure for each gas-oil 

system. Consequently, the optimal BIP matrix is shown in Table 3.4. 

 

While applying the optimal BIP matrix, the average absolute relative deviations (AARDs) 

in predicting the saturation pressures are calculated to be 0.37%. Since there exists such 

a minor difference between the measured and calculated saturation pressures, the PR 

EOS with the optimal BIP matrix in predicting saturation pressure is deemed accurate. 

 

3.3.2 Dynamic swelling factor and gas compositions 

The measured and calculated dynamic swelling factors for the two gas-oil systems are   
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Table 3.3 Physical and critical properties of pseudocomponents 

Pseudocomponent zi , mol% MW, g/mol Tc, K Pc, kPa 𝛚 Vc, m
3/kmol 

PSC1 24.002 92.261 532.602 3178.058 0.2988 0.3702 

PSC2 21.915 116.974 596.559 2779.723 0.3864 0.4611 

PSC3 20.356 166.429 676.638 2041.391 0.4675 0.6481 

PSC4 15.930 236.063 755.346 1591.773 0.6147 0.8906 

PSC5 17.797 379.275 869.167 1101.348 0.8657 1.3636 
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Table 3.4 BIP matrix for CO2, N2, and pseudocomponents 

Component CO2 N2 PSC1 PSC2 PSC3 PSC4 PSC5 
CO2 0.000000 -0.020000 0.034897 0.049790 0.068943 0.087691 0.113974 

N2 -0.020000 0.000000 0.197259 0.223308 0.252739 0.278680 0.311819 

PSC1 0.034897 0.197259 0.000000 0.001473 0.006535 0.013836 0.026874 

PSC2 0.049790 0.223308 0.001473 0.000000 0.001817 0.006353 0.016022 

PSC3 0.068943 0.252739 0.006535 0.001817 0.000000 0.001387 0.007147 

PSC4 0.087691 0.278680 0.013836 0.006353 0.001387 0.000000 0.002255 

PSC5 0.113974 0.311819 0.026874 0.016022 0.007147 0.002255 0.000000 
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plotted in Figure 3.3. For both CO2/N2-light oil systems, there exists a reasonable 

agreement between the measured dynamic swelling factors and calculated ones based on 

the diffusion coefficients determined for CO2 and N2. It can be found that the dissolution 

of CO2 has a great potential to increase the expansion of oleic phase compared with that 

of N2. At end of diffusion experiments, the dynamic swelling factor measured for CO2-

light oil system and N2-light oil system is measured to be 1.029 and 1.005, respectively. 

The smaller dynamic swelling factor for the N2-light oil system is attributed to the 

limited solubility of N2 in the light oil (i.e., 0.6504 mol/L), compared to that of CO2 (i.e., 

5.2120 mol/L). Moreover, at end of diffusion experiments, the dynamic swelling factor 

for CO2-light oil system is lower than those measured at the equilibrium conditions from 

previous studies (Araújo, 2014; Du, 2016; Rezk and Foroozesh, 2018). This is due 

mainly to the nonequilibrium state for the diffusion experiment and the limited mole 

fraction of CO2 applied in the test (Bird et al., 2000; Vali et al., 2011; Ahmadi et al., 

2018). 

 

Based on the measured dynamic swelling factor, it can be expressed explicitly as an 

exponential function as follows: 

   1 2- -

1 2( ) 1- 1-b t b t

initialSF t a e a e SF                         [3.17] 

where SFinitial is the initial dynamic swelling factor of the liquid phase at t = 0, and t 

represents the diffusion time in hours. As for both gas-light oil systems, the dynamic 

swelling factor can be well represented by the following equations with R2 = 0.9945 and 

R2 = 0.9938, respectively. 

   
2

-5.0530 -0.1086( ) 0.0076 1- 0.0210 1- 1.0005t t

COSF t e e          [3.18a] 
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(a) 

 

(b) 

Figure 3.3 Dynamic swelling factors based on individual diffusion coefficient for (a) 

CO2-light oil system and (b) N2-light oil system  
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2

-24.469 -0.0289( ) 0.0011 1- 0.0042 1- 1.0001t t

NSF t e e            [3.18b] 

The correlation coefficients of the preceding two equations are close to 1, indicating that 

these two equations can provide accurate approximation for both gas-light oil systems. 

According to the two equations, the equilibrium time required for each gas-light oil 

system can be estimated once the calculated swelling factor changes slightly within a 

given time. For the CO2-light oil system, the equilibrium time is estimated to be 70 h 

with the change of swelling factor less than 0.0002%, and the swelling factor is 

estimated to be 1.030 at the equilibrium time. At end of the diffusion test, the swelling 

factor of CO2-light oil system is measured to be 1.029, which is very close to the value 

estimated at the equilibrium time. Similarly, the equilibrium time required for N2-light 

oil system is calculated to be 130 h with the change of swelling factor less than 0.0002%, 

and the swelling factor at the equilibrium time is estimated to be 1.005, i.e., the swelling 

factor at end of diffusion experiment is 1.005. 

 

Gas samples have been collected and the composition of each gas sample has been 

analyzed with the GC method at end of diffusion experiments. As tabulated in Table 3.5, 

light components have been detected in the gas phase, and there exists an excellent 

agreement between the measured and calculated gas compositions. This confirms and 

validates the reliability of the newly developed models for quantifying mutual diffusivity. 

The slight difference between the measured and calculated mole fractions may be caused 

by the intrusive gas sampling process (Zheng and Yang, 2017a). 
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Table 3.5 Measured and calculated gas compositions at end of diffusion experiments 

System Measured Calculated 

CO2-light oil 
98.77 mol% CO2, 1.23 mol% oil 

(30.59 mol% C5 + 69.41 mol% C6+) 
98.77 mol% CO2, 1.23 mol% oil 

N2-light oil 
99.32 mol% N2, 0.68 mol% oil 

(36.93 mol% C5 + 63.07 mol% C6+) 
99.34 mol% N2, 0.66 mol% oil 
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3.3.3 Diffusion coefficients 

Once the deviation between the measured dynamic swelling factor and calculated ones 

(see Figure 3.3) as well as the deviation between the measured and calculated gas 

compositions (see Table 3.5) are minimized, the diffusion coefficient of CO2 at 336.15 K 

and pressure of 2170 kPa is calculated to be 12.87×10-9 m2/s, while that of N2 at 

temperature of 336.15 K and pressure of 5275 kPa is determined to be 1.35×10-9 m2/s. 

Compared to CO2, the diffusion coefficient of N2 is much smaller, which is also 

consistent with the results published in the literature for similar fluids (Snijer et al., 1995; 

Upreti and Mehrotra, 2002). For the diffusion coefficients of light oil components in the 

gas phase, it is calculated to be 6.04×10-11 m2/s for the CO2-light oil system at 

temperature of 336.15 K and pressure of 2170 kPa, while, for the N2-light oil system at 

temperature of 336.15 K and pressure of 5275 kPa, it is determined to be 0.26×10-11 m2/s. 

 

Table 3.6 summarizes diffusion coefficients for CO2 and N2 in pure hydrocarbon 

substances and light oil collected from the literature. As can be seen from the table, the 

diffusion coefficient of CO2 calculated at temperature of 336.15 K and pressure of 2170 

kPa is larger than those published in the literature. Compared to the diffusion coefficients 

at similar pressured, the larger value calculated in this study is mainly attributed to a 

higher temperature applied in the experiments, which is in accord with the fact that CO2 

diffusivity in oil increases with an increasing temperature due mainly to the increased 

kinetic energy of molecules in gas and oil and its dominant factor for viscosity reduction 

(Upreti and Mehrotra, 2002; Zheng and Yang, 2017a). Besides, it is worthwhile to 

mention that, compare to the diffusion coefficients at similar temperatures, the effect of 
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Table 3.6 Comparison of measured diffusion coefficients in different oils 

Gas Liquid Pressure, kPa 
Temperature, 

K 

D (gas to 

liquid), 10-9 m2/s 

D (liquid 

to gas), 

10-11m2/s 

Sources 

CO2 

decane 

(horizontal) 
1544-5832 

311.0 

1.97-5.05* - 

Renner (1988) 
decane 

(vertical) 
1441-5832 7.3-12.6* - 

pentane 1544-3800 

298.15 

3.63-7.59 - 
Grogan et al. 

(1988) 
decane 1365-5600 1.87-5.71 - 

hexadecane 2089-5300 1.80-3.21 - 

n-octane up to 3670 
290.0 and 

311.0 
2.789-8.105 - Wang et al. 

(1996) 
n-tetradecane up to 4040 290.0-331.0 0.767-3.731 - 

n-hexadecane 2283-6259 313.15 0.560-0.801* - 
Li and Dong 

(2009) 

n-decane 2100-3100 302.15 2.45-3.43 - 
Tang et al. 

(2013) 

n-decane 1000-6000 
302.15 0.38-2.29 - Liu et al. 

(2016) 308.15 0.56-4.58 - 

Shengli oil 

19889 343.15 0.2005* - 

Li et al. 

(2016) 

20073 353.15 0.4346* - 

19985 373.15 0.8924* - 

6490-29940 403.15 0.165-2.827* - 

Viewfield light 

oil 
4149-8997 329.15 0.38-2.37 - Du (2016) 

n-decane 3000-6000 

298.15-318.15 

1.16-2.4 - Bagalkot and 

Hamouda 

(2017) 

n-heptane 2500-6500 1.24-2.68 - 

n-hexane 3000-6500 1.68-3.45 - 

Changji light 

oil 
5000-23400 343.15 2.63-10.22* - 

Li et al. 

(2018) 

Light oil  20000 333.15 0.01869 - 
Guo et al. 

(2009) 

Bakken light 

oil 
2170 336.15 12.87 6.04 This study 

N2 

Toluene 500 298.1 5.8 - 
Snijder et al. 

(1995) 

Light oil  20000 333.15 0.00556 - 
Guo et al. 

(2009) 

Bakken light 

oil 
5275 336.15 1.35 0.26 This study 

*Note: Apparent diffusion coefficient in porous media. 
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pressure on diffusivity is not obvious compared to that of temperature (Wang et al., 

1996). As illustrated in Table 3.6, the diffusion coefficients determined by Guo et al. 

(2009) are not only much smaller than the others, but also even smaller than the ones 

determined in heavy oil/bitumen for CO2 (i.e., (1.20-14.97) ×10-10 m2/s in the ranges of  

293.85-348.15 K and 2000-8000 kPa) (Upreti and Mehrotra, 2002; Yang and Gu, 2008; 

Li and Yang, 2016; Zheng et al., 2016a; b; Li et al., 2017; Shi and Yang, 2017; Shi et al., 

2017; Zheng and Yang, 2017a; b) and N2 (i.e., (0.18-8.92) ×10-10 m2/s in the ranges of 

298.15-363.15 K and 4000-8000 kPa) (Upreti and Mehrotra, 2002). Such very small 

diffusivities could be attributed to the fact that the correlations were used to quantify the 

diffusivity as a function of concentration since large errors may be introduced under 

conditions that are different from those used for developing the correlations. In addition, 

as two-way mass transfer is considered in this study, light components, which are mainly 

C5 (i.e., 30.59 mol%) and C6+ (i.e., 69.41 mol%), are extracted to the gas phase while 

CO2 dissolves into the oil phase. This process contributes to viscosity reduction, which is 

considered to result in a higher diffusion coefficient determined in this study. During the 

diffusion processes at lower pressure (i.e., P < Pext), there exist relatively weak 

asphaltene precipitation and deposition as well as relatively weak light-components 

extraction from oil phase to gas phase (Nobakht et al., 2008; Wang et al., 2010b; Du, 

2016; Yassin et al., 2018). As such, the two-way mass transfer is also attributed to a 

larger diffusion coefficient determined in this study. Moreover, the diffusion coefficients 

determined in the bulk phase are significantly larger than those determined in porous 

media that is affected by pore-space geometry, and macroscopic and microscopic 

heterogeneities (Li and Dong, 2009; Liu et al., 2016). For the diffusion coefficient of N2 
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in the light oil, limited data were available in the literature for a comprehensive 

comparison. Overall, the determined diffusion coefficient from gas phase to the light oil 

is in the same magnitude compared with the literature data, while the diffusion 

coefficients from light oil to the gas phase are the new addition to the literature. 

 

3.3.4 Composition distributions 

The CO2 and N2 composition in the oil phase can be calculated as a function of time, 

based on the determined diffusion coefficients. As shown in Figure 3.4, at the first 

several hours, CO2 mainly concentrates and diffuses at the top of the light oil, while, at 

end of the experiment, CO2 already reaches the bottom of the oil column though it has 

not reached the equilibrium state. The average concentration of CO2 in the oil phase 

increases with time as CO2 gradually diffuses into the light oil. The change of CO2 mole 

fraction along the oil column is illustrated in Figure 3.5 as a function of time. Obviously, 

at the beginning, CO2 mainly exists at the top of the liquid phase. As CO2 gradually 

diffuses into the light oil, the composition of CO2 in the liquid phase increases, and much 

more CO2 has reached the bottom of oil phase as time proceeds. Besides, it is worthwhile 

to mention that the moving gas-oil interface because of the dissolution of CO2 in oil 

phase can also be observed in Figure 3.5. 

 

Similar to CO2-light oil system, Figure 3.6 illustrates the N2 composition along the oil 

column with time. Compared to that of CO2-light oil system, N2 is found to diffuse much 

slower than CO2 in the light oil. At end of experiment, the mole fraction of N2 still 

remains low due mainly to the slow diffusion process. Similarly, the highest N2  



52 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Calculated CO2 mole fraction in liquid phase for the CO2-light oil system 
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Figure 3.5 Calculated CO2 mole fraction in liquid phase for the CO2-light oil system: (a) 

t=1 h, (b) t=5 h, (c) t=10 h, (d) t=15 h, (e) t=20 h, and (f) t=31 h 
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Figure 3.6 Calculated N2 mole fraction in liquid phase for the N2-light oil system 
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concentration exists at the gas-liquid interface, while the average concentration of N2 

increases gradually with time as more N2 diffuses into the light oil. The change of N2 

mole fraction long the liquid phase with time is depicted in Figure 3.7. As can be seen 

from the figure, since N2 diffuses much more slowly in the oil phase, only a small 

amount of N2 has reached the bottom of oil phase at end of diffusion experiment . 

Moreover, the moving gas-liquid interface, which is attributed to the dissolution of N2 in 

light oil, can also be found in Figure 3.7. 

 

Figure 3.8 shows the mole fraction of light components in gas phase as a function of 

time for the CO2-light oil system. At the early stage, the concentration of oil in gas phase 

increases slowly owing to the fact that the dissolution of CO2 into the oil phase is 

dominant during this period. After that, the concentration of oil in the gas phase increases 

gradually as more light components have been extracted into the gas phase. At end of 

diffusion test, there exists a turning point indicating that the extraction process is getting 

slower. This means that, for any CO2-crude oil system, there is a cutoff pressure that the 

light-components extraction reaches its maximum which corresponds to its minimum 

interfacial tension (Yang and Gu, 2005; Yang et al., 2005; Nobakht et al., 2008). 

 

Similarly, Figure 3.9 demonstrates the oil concentration in the gas phase as a function of 

time for the N2-light oil system. It can be seen from the figure that there exists relatively 

weak light-components extraction at the beginning, which is attributed to that the N2 

dissolution process is dominant during this period. Compared with the CO2-light oil 

system, the dissolution of N2 is much slower than that of CO2 since it takes a longer time  
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Figure 3.7 Calculated N2 mole fraction in liquid phase for the N2-light oil system: (a) 

t=1 h, (b) t=10 h, (c) t=20 h, (d) t=40 h, (e) t=65 h, and (f) t=96 h  
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Figure 3.8 Calculated oil mole fraction in gas phase for the CO2-light oil system 
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Figure 3.9 Calculated oil mole fraction in gas phase for the N2-light oil system 
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to have an obvious increase of oil concentration in gas phase. At end of diffusion 

experiment, the extraction process becomes slower, which is similar to that of CO2-light 

oil system. The hydrocarbon concentration in gas phase of CO2-light oil system is higher 

than that of N2-light oil system, which indicates that CO2 has a more obvious 

vaporization effect than N2. 

 

3.4 Summary 

A generalized methodology has been developed to quantify mutual diffusivity for the 

gas-light oil system by dynamic volume analysis. Diffusion experiments have been 

conducted for a CO2-light oil system and a N2-light oil system, respectively. At end of 

dynamic diffusion experiments, the dynamic swelling factor of the CO2-light oil system 

is found to be larger than that of the N2-light oil system, which is attributed to that CO2 

has a higher solubility in the light oil. The GC analysis results confirms that there exists 

light-components extraction, though the concentration is small due to that the 

experimental pressure is lower than the extraction pressure. 

 

Numerical model has been applied to determine the diffusion coefficients. There exists 

good agreement between the experimental and calculated results based on the 

determined diffusion coefficients. The diffusion coefficient of CO2 is determined to be 

12.87×10-9 m2/s at temperature of 336.15 K and pressure of 2170 kPa, while that of N2 is 

calculated to be 1.35×10-9 m2/s at temperature of 336.15 K and pressure of 5275 kPa. As 

for the diffusion coefficients of light oil in gas phase at temperature of 336.15 K, it is 

determined to be 6.04×10-11 m2/s for the CO2-light oil system at constant pressure of 
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2170 kPa and 0.26×10-11 m2/s for the N2-light oil system at constant pressure of 5275 

kPa. The two-way mass transfer contributes to viscosity reduction for the oil phase, 

resulting in a higher diffusion coefficient from gas to the light oil. 
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CHAPTER 4 DETERMINATION OF INDIVIDUAL DIFFUSION 

COEFFICIENT OF FLUE GAS-LIGHT OIL SYSTEMS WITH 

CONSIDERATION OF TWO-WAY MASS TRANSFER 

On the basis of previous work on quantifying the mutual mass transfer for a pure gas-

light oil system (Dong et al., 2018), in this chapter, further efforts have been made to 

determine the individual diffusion coefficient of flue gas-light oil systems with 

consideration of two-way mass transfer. Experimentally, diffusion tests are conducted for 

one enriched flue gas-light oil system and one flue gas-light oil system at a constant 

temperature and pressure in a sealed PVT system, respectively. Numerically, a two-way 

mass transfer model has been developed to quantify the diffusivity between gas and oil 

as well as to determine the individual diffusion coefficient for each component in the gas 

mixture. 

 

4.1 Experimental 

4.1.1 Materials 

The same light oil sample collected from Bakken formation in the southern 

Saskatchewan area is used in the experiments, which has a molecular weight of 181.21 

g/mol and specific gravity of 0.8012. Detailed compositional analysis result for the oil 

sample is tabulated in Table 3.1. The two gases (i.e., CO2 and N2) (Praxair, Canada)), 

have the purities of 99.998 mol% and 99.998 wt%, respectively. The feed of two flue 

gas-light oil systems are illustrated in Table 4.1.  
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Table 4.1 Experimental condition for the two flue gas-light oil systems 

Test 

No. 
Gas Sample 

Composition, 

mol% Temperature, 

K 

Pressure, 

kPa 

Partial 

Pressure, kPa 

CO2 N2 Oil CO2 N2 

1 

Enriched flue gas 

(40 mol% CO2 + 

60 mol% N2) 

5.56 8.35 86.09 336.15 5275 2110 3165 

2 

Flue gas 

(16 mol% CO2 + 

84 mol% N2) 

2.40 12.60 85.00 336.15 5275 844 4431 
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4.1.2 Experimental procedures 

Figure 4.1 illustrates the schematic of the diffusion experiments, while the experimental 

setup can be found in Section 3.1.2. The experiment procedures for the flue gas-light oil 

systems are briefly described as follows: 

1). First of all, CO2 and N2 are introduced into a transfer cylinder for about 12 hours 

to mix and form a homogeneous gas mixture according to the prespecified 

concentration for each gas component. 

2). A pre-vacuumed gas sampler (Swagelok, Canada) is applied to collect the gas 

sample from the transfer cylinder before each experiment for GC analysis. 

3). Prior to each diffusion test, the PVT cell and the inlet tubing are thoroughly 

cleaned with kerosene, flushed with air and vacuumed. The transfer cylinder is 

connected to the PVT cell and a certain amount gas mixture is introduced into it.  

The system is set up to the desired temperature for at least 12 hours to ensure a 

stable system temperature, which is maintained by using the air-bath with an 

accuracy of ±0.10 K. 

4). A certain amount of light oil sample is then quickly injected into the PVT cell by 

employing the high-pressure syringe pump (500 HP, ISCO Inc., USA) to 

minimize the possible dissolution of gas mixture into the oil phase. 

5). The inlet valve is then immediately closed after both gas and oil are introduced 

into the PVT cell. Then, the pressure is set to the prespecified one by adjusting 

the position of the floating piston inside the glass tube. The uncertainty of the 

system pressure is ±4 kPa. After that, the diffusion test is initiated.  

6). By tracking the position change of the gas-oil interface through the cathetometer,  
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Figure 4.1 Schematic of PVT experiments for the flue gas-light oil systems 
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the height of the liquid phase is continuously monitored and recorded for over 70 

hours. 

7). Subsequently, a pre-vacuumed gas sampler (Swagelok, Canada) is employed to 

collect the gas sample at end of the experiments for the GC compositional 

analysis. 

 

4.2 Mathematical Formulations 

4.2.1 Molecular-diffusion model 

The molecular diffusion process in an n-components system, based on the Fick’s second 

law, is expressed as (Cussler, 2008): 

21

2
1

n
ji

ij

j

cc
D

t x








 
                                                    [4.1] 

where ci represents the concentration of the ith component; Dii is defined as the “main-

term” diffusion coefficient of the ith component; Dij,i≠j represents the “cross-term” 

diffusion coefficient of the ith component, and t and x are time and the distance from the 

bottom of the diffusion cell, respectively. 

 

The following assumptions have been made to quantify the individual molecular 

diffusion processes: 

1). The “main-term” diffusion coefficient (i.e., Dii) is considered constant. 

2). The “cross-term” diffusion coefficient (i.e., Dij,i≠j) is neglected, as it is much 

smaller than the “main-term” one, which is less than 10% of Dii (Cussler, 2008; 

Li and Yang, 2016). 

3). The diffusion process between gas and liquid phase is one-dimensional and 



66 

 

isothermal. 

4). As mentioned by Yassin et al. (2018), the extracting and condensing effects are 

relatively weak at the gas-oil interface for CO2(g)/N2-oil system. Therefore, the 

extracting and condensing effects occurring at the gas-oil interface are neglected. 

5). The interface between vapor and liquid phase is flat and the composition along 

the interface is consistent (Rongy et al., 2012; Zheng and Yang, 2017a) and 

6). Effect of natural convection is neglected. 

 

At the beginning of each diffusion test, it is considered that the concentration of each gas 

component in the oil phase is zero, that is, no gas component dissolves into the oil phase. 

Therefore, Eq. 3.3 is applied to describe the initial condition for the two flue gas-light oil 

systems. The Neumann boundary condition (i.e., Eq. 3.5) is applied at the impermeable 

bottom of the diffusion cell since the mass flux is zero at any time. Moreover, at the gas-

liquid interface, the Dirichlet quasi-equilibrium condition described in Eq. 3.4 is applied 

for each flue gas-light oil system. 

 

Combining the aforementioned Fick’s second law with initial and boundary conditions, 

the mutual mass transfer model can be expressed with the following equations (Dong et 

al., 2018). For the diffusion of gas mixture in the light oil, the apparent diffusion 

coefficient, which assumes that each component in the gas mixture has the same 

diffusion coefficient (i.e.,𝐷𝐶𝑂2 = 𝐷𝑁2), is firstly determined with the following equations: 



67 

 

 

 

 

2

2

,

,0 0

0,
0

, ( , )

i i
app

o

i o

i

o

i o i sat

c c
D

t x

c x

c t

x

c L t c T P

 


 
 

 

 




                                      [4.2a] 

where Dapp represents the apparent diffusion coefficient of gas mixture in the oil phase; 

L0 is defined as the initial height of the oil phase; ci,sat represents the saturation 

concentration of the ith component at the gas-liquid interface with experimental 

temperature and pressure, while T and P are the temperature and pressure set in the 

diffusion tests, respectively. 

 

The individual diffusion coefficient of each gas component in the light oil is calculated 

with the following equations: 
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where 𝑐𝐶𝑂2 and 𝑐𝑁2 represent the concentration of CO2 and N2 in the oil phase that are 
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updated with time; 𝐷𝐶𝑂2 and 𝐷𝑁2 are the individual diffusion coefficient of CO2 and N2 

in the oil phase, respectively, while 𝑐𝐶𝑂2,𝑠𝑎𝑡 and 𝑐𝑁2,𝑠𝑎𝑡 are defined as their corresponding 

saturation concentrations at the gas-liquid interface at the experimental condition. 

 

As for the diffusion process from oil to gas, it is expressed as: 
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where coe is defined as the updated concentration of the light components extracted from 

an oil phase in a gas phase as a function of time; Doe is the diffusion coefficient of the 

extracted oil components in the gas phase; Lg represents the height of the gas phase; and 

coe, sat is the saturation concentration of the extracted components at the gas-liquid 

interface under the existing temperature and pressure. It is worthwhile noting that, in 

order to simplify the model, oil is treated as one pseudocomponent when performing the 

mass transfer calculation from the oil phase to the gas phase. 

 

PR EOS (i.e., Eq. 3.6) is applied to perform two-phase flash calculations. Since the gas-

oil systems contain multiple components, van der Waals mixing rule, which is 

demonstrated in Eq. 3.9, is applied to calculate the parameters involved in the PR EOS. 

In order to reduce the computational cost and accurately calculate the properties of the 

gas-oil system, the light oil is characterized as five pseudocomponents by firstly splitting 
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the plus fraction into single carbon number (SCN) fractions and then lumping into five 

pseudocomponents with Whitson’s lumping method (Ahmed, 2013). The properties of 

each pseudocomponent are calculated based on Hong’s mixing rule (Ahmed, 2013). The 

BIPs between components are described as a function of critical temperature that is 

described in Eq. 3.10, while the liquid phase is corrected with the Péneloux volume-

translation method (i.e., Eq. 3.11). 

 

4.2.2 Numerical solution 

Numerical calculation is performed to determine the individual diffusion coefficient of 

gas mixture in light oil. Based on Eq. 4.2, the temporal term in the equation is solved 

with the first-order-forward-difference method, while the diffusion term is discretized 

with second-order-central-difference method (Sun et al., 2014; Li and Yang, 2016; Zheng 

and Yang, 2017a). For CO2 diffusion process in the light oil, the partial differential 

equation is then solved as: 
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Similarly, for the N2 diffusion process, it can be expressed by the following equation: 
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where m represents the mth node along the x direction, and n is the nth time step. 

 

Figure 4.2 illustrates the flowchart for determining the individual diffusion coefficient 

for each gas component in the light oil. The detailed procedures are explained as follows: 

1). Characterize the light oil sample into five pseudocomponents and calculate the  
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Figure 4.2 Flowchart for calculating individual diffusion coefficients 
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properties of each pseudocomponent. 

2). Determine the BIP between each pseudocomponent, CO2, and N2 to match the 

experimentally measured saturation pressure. 

3). Assume an initial diffusion coefficient for each gas component in the gas 

component and for the oil phase. As aforementioned, oil is treated as one 

component while determining the diffusion coefficient of oil components in the 

gas phase. 

4). By conducting two-phase flash calculation, the saturation concentration of each 

component at the gas-liquid interface under the experimental pressure and 

temperature can be determined. 

5). The molar volume of the liquid phase and the gas concentration in the oil as well 

as the latter phase concentration in the former phase is updated with the volume- 

translated PR EOS for each time step. 

6). The dynamic swelling factor of the liquid phase is calculated with Eq. 3.14 and 

updated for each time step. 

7). Repeat Steps #4 to 6 until the time reaches the experimental duration. 

8). At end of each diffusion test, the objective functions (i.e., Eq. 3.15) have been 

applied to calculate the difference between the measured and calculated 

parameters. Since the two objective functions may not simultaneously achieve the 

prespecified accuracy, a combined objective function, which is described in Eq. 

3.16, is used to determine diffusion coefficients once it has been minimized. 

9). Once the calculated result of combined objective function has reached the 

prespecified accuracy, the diffusion coefficients of gas component and oil then can 
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be determined; otherwise, repeat Steps #3-8 with the updated diffusion 

coefficients until the objective function (i.e., Eq. 3.16) is minimized. 

 

4.3 Results and Discussion 

4.3.1 Light oil characterization and BIP matrix 

As mentioned previously, the light oil sample is divided into five pseudocomponents for 

the purpose of reducing computational costs and accurately determining the diffusion 

coefficients. The properties of each pseudocomponent are tabulated in Table 3.3. 

 

The BIP between each component, which is shown in Table 3.4, is also applied for the 

two flue gas-light oil systems. By employing the optimal BIP matrix, the average 

absolute relative deviation (AARD) between the measured and calculated saturation 

pressures for the two flue gas-light oil systems is 4.73%. Since the difference between 

the measured and calculated ones is small, the optimal BIP matrix is considered to be 

accurate for the two flue gas-light oil systems. 

 

4.3.2 Swelling effect 

During the diffusion tests, as gas components gradually dissolve into the oil phase, the 

gas-oil interface rises slowly. The dynamic swelling factors for both flue gas-light oil 

systems have been experimentally measured, while Figure 4.3 illustrates the measured 

and calculated dynamic swelling factors for both flue gas-oil systems. As can be 

observed, the calculated dynamic swelling factors based on both apparent and individual 

diffusion coefficients show reasonable agreements with the measured ones. At end of 
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Figure 4.3 Dynamic swelling factor for the enriched flue gas-light oil system and the 

flue gas-light oil system 
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each diffusion test, the swelling factor measured for the enriched flue gas-light oil 

system and flue gas-light oil system is 1.0126 and 1.0086, respectively. Compared the 

dynamic swelling factors of the two flue gas-light oil systems, the one with a higher CO2 

concentration results in a more obvious swelling effect of the oil phase, which is 

attributed to the fact that CO2 has a higher solubility in the light oil than N2. For the flue 

gas-light oil system, the solubility of CO2 in the oil phase has been reduced to 0.0312 

mol/L, compared with that of 0.1301 mol/L for the enriched flue gas-light oil system. 

This is in consistent with the fact that an increase in N2 concentration in the gas mixture 

will reduce the solubility of CO2 in the oil (Nguyen and Farouq Ali, 1998). Therefore, 

the decrease in swelling effect as a result of lower solubility of CO2 in the oil phase is 

resulted from an increase in N2 concentration in the gas mixture, as the oil swelling 

effect is related to the dissolution of CO2 or CO2-N2 mixture in oil. Physically, the 

swelling effect of the oil phase is slowing down at end of each diffusion experiment, 

indicating that the gas-oil system is reaching its equilibrium. 

 

Similar to the pure gas-light oil systems, Eq. 3.17 is applied to explicitly express the 

measured dynamic swelling factors. For the two flue gas-light oil systems, the dynamic 

swelling factors are represented by the following equations with R2=0.9970 and 

R2=0.9951, respectively. 

    

-0.0362 -6.2450
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According to Eqs. 4.4a and b, the correlation coefficients are close to 1, indicating that 

these two equations can provide good estimations for both flue gas-light oil systems. The 
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equilibrium time required for each gas-oil system can be estimated according to the 

above equations. For the enriched flue gas-light oil system, it takes approximately 103 

hours to achieve the equilibrium state. The swelling factor is estimated to be 1.0132, 

compared with the measured one of 1.0126 at end of diffusion experiment. Similarly, the 

equilibrium time required for the flue gas-light oil system is 121 hours with the swelling 

factor calculated to be 1.0096. At end of diffusion test of flue gas-light oil system, the 

swelling factor is measured to be 1.0086. 

 

4.3.3 Apparent diffusion coefficient 

The diffusion coefficients of both gas and oil can be determined after the deviations 

between the measured and calculated parameters (i.e., dynamic swelling factors and gas 

compositions) have been minimized. For the enriched flue gas, the apparent diffusion 

coefficient is calculated to be 3.51×10-9 m2/s at temperature of 336.15 K and pressure of 

5275 kPa. At the same condition, the apparent diffusion coefficient determined for the 

flue gas mixture is 2.79×10-9 m2/s. The calculated diffusion coefficient of oil in gas phase 

is 0.02×10-11 m2/s for the enriched flue gas-light oil system and 0.01×10-11 m2/s for the 

flue gas-light oil system. With such determined diffusion coefficients of oil for the two 

flue gas-light oil systems, there exists an excellent agreement between the measured and 

calculated oil concentration in the gas phase. Comparing the results determined for the 

two flue gas mixtures, it can be argued that a higher N2 concentration in the flue gas will 

result in a lower diffusivity of the gas mixture in the oil phase. Furthermore, comparing 

the apparent diffusion coefficient determined for the two flue gas mixtures with the 

diffusion coefficient determined for CO2 and N2 in the same oil system (Dong et al., 
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2018), it can be seen that the flue gas mixtures diffuse faster than pure N2 in the light oil 

but slow than pure CO2. With the presence of N2 in the gas mixture, it tends to form a 

stagnant phase, which lowers interfacial-equilibrium gas concentration and results in 

decreased mass transfer rate (Lansangan and Smith, 1993; Nguyen and Farouq Ali, 1998). 

 

4.3.4 Individual diffusion coefficient 

As mentioned previously, the individual diffusion coefficient of each gas component in 

the flue gas mixture has been determined once the combined objective function (i.e., Eq. 

3.16) has been minimized. The individual diffusion coefficients for CO2 and N2 in the 

enriched flue gas-light oil system are determined to be 8.35×10-9 m2/s and 1.52×10-9 m2/s 

at temperature of 336.15 K and pressure of 5275 kPa, respectively. As for the flue gas-

light oil system, the individual diffusion coefficients for CO2 and N2 are calculated to be 

6.42×10-9 m2/s and 2.19×10-9 m2/s at the same condition. For the diffusion coefficient of 

oil in the gas phase, it is calculated to be 0.07×10-11 m2/s for the enriched flue gas-light 

oil system and 0.08×10-11 m2/s for the flue gas-light oil system, respectively. According 

to the results determined for different components, it is found that, in the flue gas 

mixture, CO2 diffuses faster than N2 in the light oil. As Nguyen and Farouq Ali (1998) 

mentioned that increasing the N2 concentration in the gas mixture results in a slower CO2 

diffusion process in oil, such newly determined diffusion coefficients of CO2 for the two 

flue gas-light oil systems are consistent with the previously findings in an explicitly 

quantitative manner. Although the experimental pressures for both flue gas-oil systems 

are higher than that of the pure CO2, the partial pressure of CO2 in the gas mixture is 

lower than that of pure CO2. As aforementioned, the presence of N2 in the gas mixture is 
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likely to form a stagnant phase, which results in a lower saturation concentration at the 

gas-oil interface. As such, the diffusion coefficient of CO2 in the flue gas mixture is 

smaller than that of pure CO2. On the contrary, the diffusivity of N2 increases slightly 

when decreasing the CO2 concentration in the gas mixture. 

 

At end of each diffusion experiment, gas sample has been collected for the GC analysis. 

The measured and calculated gas compositions are given in Table 4.2. As can be seen 

from the table, there exists light oil components (i.e., C5 and C6+) in the gas phase, 

confirming the two-way mass transfer process for both flue gas-light oil systems, even 

though the concentration of oil components is limited owing to the fact that the 

experiment pressure is relatively low. Comparing the calculated gas compositions with 

the measured ones, there exists a certain difference for the flue gas-light oil system (i.e., 

Test #2), though the individual diffusion coefficient can provide an accurately calculated 

gas composition. Such a difference between the measured and calculated gas 

compositions is mainly attributed to the complex and intrusive procedure when 

collecting the gas sample (Zheng and Yang, 2017a). The diffusion coefficients of the oil 

phase determined for the two flue gas-light oil systems are much smaller than that of 

CO2-light oil system due to the fact that the saturation concentration for the light 

components at the gas-oil interface is smaller (i.e., 0.0272 mol/L), compared with that of 

0.1053 mol/L for the CO2-light oil system. At end of each experiment, the molar fraction 

of the oil phase in the gas mixture is smaller (see Table 4.2), while 1.23 mol% of the oil 

phase contained in the gas mixture for the pure CO2-light oil system (see Table 3.5). 
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Table 4.2 Measured and calculated gas composition for the two flue gas-light oil systems  

System 

Gas composition 

Measured 
Calculated with individual diffusion 

coefficient 

40 mol% CO2 + 

60 mol% N2 

8.68 mol% CO2, 91.13 mol% N2  

and 0.19 mol% Oil (0.07 mol% C5 + 

0.12 mol% C6+) 

8.44 mol% CO2, 91.37 mol% N2  

and 0.19 mol% Oil  

16 mol% CO2 + 

84 mol% N2 

3.86 mol% CO2, 95.66 mol% N2  

and 0.48 mol% Oil (0.12 mol% C5 + 

0.36 mol% C6+) 

9.47 mol% CO2, 90.05 mol% N2  

and 0.48 mol% Oil  
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Table 4.3 summarizes the diffusion coefficients determined in this study compared with 

those published in the literature (Renner, 1988; Grogan et al., 1988; Snijder et al., 1995; 

Wang et al., 1996; Li and Dong, 2009; Tang et al., 2013; Li et al, 2016; Liu et al., 2016; 

Du, 2016; Bagalkot and Hamouda, 2017; Dong et al., 2018; Li et al, 2018). While the 

diffusion experiments are conducted at a constant pressure, the effect of pressure on the 

diffusion coefficients has been minimized. At a higher experimental temperature, the 

kinetic energy of molecules is higher and molecules are moving faster. Hence, the 

diffusion coefficient is larger (Wang et al., 1996; Upreti and Mehrotra, 2002; Li et al., 

2016; Zheng and Yang, 2017a). Since two-way mass transfer is considered in this study, 

light-components extraction and asphaltene precipitation is considered to contribute to 

the larger determined diffusion coefficients, though the extraction is relatively weak at 

the experimental conditions (Nobakht et al., 2008; Wang et al, 2010; Du, 2016). 

Moreover, the diffusion coefficients measured in the bulk phase are greater than those in 

porous media due to the fact that the diffusive molecules have to travel a more 

complicated path, while the diffusion length in the latter is affected by the pore-throat 

geometry and microscopic and macroscopic heterogeneities (Li and Dong, 2009; Liu et 

al., 2016). For the diffusion coefficient of flue gas mixtures, the effect of N2 

concentration on the diffusion coefficient of CO2 has been studied (Nguyen and Farouq 

Ali, 1998), though no specific values of apparent and individual diffusion coefficients of 

the mixture have been determined previously. 
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Table 4.3 Comparison of measured diffusion coefficients in different oils  

Gas Liquid Pressure, kPa 
Temperature, 

K 

D (gas to liquid), 

10-9 m2/s 

D (liquid 

to gas), 

10-11m2/s 

Sources 

CO2 

decane 

(horizontal) 
1544-5832 

311.0 

1.97-5.05* - 

Renner (1988) 
decane 

(vertical) 
1441-5832 7.3-12.6* - 

pentane 1544-3800 

298.15 

3.63-7.59 - 
Grogan et al. 

(1988) 
decane 1365-5600 1.87-5.71 - 

hexadecane 2089-5300 1.80-3.21 - 

n-octane up to 3670 
290.0 and 

311.0 
2.789-8.105 - 

Wang et al. 

(1996) n-

tetradecane 
up to 4040 290.0-331.0 0.767-3.731 - 

n-

hexadecane 
2283-6259 313.15 0.560-0.801* - 

Li and Dong 

(2009) 

n-decane 2100-3100 302.15 2.45-3.43 - 
Tang et al. 

(2013) 

n-decane 1000-6000 
302.15 0.38-2.29 - 

Liu et al. (2016) 
308.15 0.56-4.58 - 

Shengli oil 

19889 343.15 0.2005* - 

Li et al. (2016) 
20073 353.15 0.4346* - 

19985 373.15 0.8924* - 

6490-29940 403.15 0.165-2.827* - 

Viewfield 

light oil 
4149-8997 329.15 0.38-2.37 - Du (2016) 

n-decane 3000-6000 
298.15-

318.15 

1.16-2.4 - Bagalkot and 

Hamouda 

(2017) 

n-heptane 2500-6500 1.24-2.68 - 

n-hexane 3000-6500 1.68-3.45 - 

Changji light 

oil 
5000-23400 343.15 2.63-10.22* - Li et al. (2018) 

Bakken light 

oil 
2170 336.15 12.87 6.04 This study 

N2 

Toluene 500 298.1 5.8 - 
Snijder et al. 

(1995) 

Bakken light 

oil 
5275 336.15 1.35 0.26 This study 

40 mol% 

CO2, 60 

mol% N2 

Bakken light 

oil 
5275 336.15 

8.35 (CO2) 
0.07 

This study 1.52 (N2) 

3.51** 0.02 

16 mol% 

CO2, 84 

mol% N2 

Bakken light 

oil 
5275 336.15 

6.42 (CO2) 
0.08 

This study 2.19 (N2) 

2.79** 0.01 
*Note: Diffusion coefficient in porous media. 
**Note: Apparent diffusion coefficient in bulk phase. 
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4.3.5 Concentration profiles 

For the enriched flue gas-light oil system, Figure 4.4 illustrates the change of CO2 and 

N2 concentration in oil phase as a function of time based on the determined individual 

diffusion coefficient. As can be seen from the figure, the average gas composition in oil 

phase is found to increase with time as more gas diffuses gradually into the oil phase. 

Comparing the concentration change of CO2 and N2, as CO2 diffuses faster than N2 in oil 

phase, the concentration of CO2 increases faster than that of N2. Also, CO2 reaches the 

bottom of the liquid phase in a shorter period than N2. At end of diffusion experiment, 

the concentration of CO2 at the liquid bottom is larger than that of N2, which is attributed 

to the fact that CO2 diffuses faster in the light oil. This phenomenon is more obvious in 

Figures 4.5 and 4.6, which illustrate the concentration change of CO2 and N2 along the 

oil phase as a function of time, respectively. For both gas dissolution processes, the 

highest concentration of both CO2 and N2 is found at the gas-oil interface. At end of each 

diffusion experiment, more CO2 has reached the bottom of oil phase compared to that of 

N2. Again, it is ascribed to the fact that CO2 diffuses faster than N2 in the light oil. 

Furthermore, the moving gas-liquid interface can also be found in the contour map, 

though it makes the mathematical solution more challenging. 

 

Similar to the enriched flue gas-light oil system, the calculated concentration changes of 

CO2 and N2 based on the calculated individual diffusion coefficients is depicted in 

Figure 4.7. As can be seen, the average concentration of CO2 and N2 increases with time 

as both gas components gradually diffuse into the light oil. Comparing the same gas 

component dissolution process with that in the enriched flue gas-light oil system, the   
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(a) 

 
(b) 

Figure 4.4 Calculated mole fraction of (a) CO2 and (b) N2 in oil phase for the enriched 

flue gas-light oil system 
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Figure 4.5 Calculated CO2 mole fraction in liquid phase for the enriched flue gas-light 

oil system: (a) t=1 h, (b) t=5 h, (c) t=15 h, (d) t=30 h, (e) t=50 h, and (f) t=76 h  
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Figure 4.6 Calculated N2 mole fraction in liquid phase for the enriched flue gas-light oil 

system: (a) t=1 h, (b) t=5 h, (c) t=15 h, (d) t=30 h, (e) t=50 h, and (f) t=76 h 
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(a) 

 
(b) 

Figure 4.7 Calculated mole fraction of (a) CO2 and (b) N2 in oil phase for the flue gas-

light oil system 
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concentration of CO2 increases slower as more N2 contained in the gas mixture, which 

results in a lower partial pressure of CO2 in the gas mixture (see Table 4.1). N2 diffuses 

faster owing to the fact that the concentration gradient in the flue gas-light oil system is 

larger than that in the enriched flue gas-light oil system. That is, the driving force of the 

diffusion process is stronger in this gas-oil system, leading to a larger diffusion 

coefficient of N2. As CO2 diffuses faster than N2, it can be seen that, at end of diffusion 

test, more CO2 has reached the oil bottom than N2. As can also be found in Figures 4.8 

and 4.9, the moving gas-oil interface due to the oil swelling effect has been illustrated 

from these two contour maps. 

 

Figure 4.10 represents the concentration of oil components in the gas phase for both flue 

gas-light oil systems. At the early stage of diffusion experiment, the mole fraction of oil 

components in the gas phase increases slightly. The reason leading to this phenomenon is 

that the gas dissolution is predominated during the early period. Afterwards, oil 

concentration in the gas phase increases progressively, as more light to medium 

components (i.e., C5 and C6+) are extracted into the gas phase. The increase of oil 

concentration becomes slower at end of each experiment since the gas-oil system is 

achieving its equilibrium state. For these two flue gas-light oil systems, as the diffusion 

experiments are conducted under a lower pressure, the light-components extraction is 

relatively weak. As such, the calculated diffusion coefficient of oil in the gas phase is 

small. 
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Figure 4.8 Calculated CO2 mole fraction in liquid phase for the flue gas-light oil system: 

(a) t=1 h, (b) t=5 h, (c) t=15 h, (d) t=30 h, (e) t=50 h, and (f) t=72 h 



88 

 

 

Figure 4.9 Calculated N2 mole fraction in liquid phase for the flue gas-light oil system: 

(a) t=1 h, (b) t=5 h, (c) t=15 h, (d) t=30 h, (e) t=50 h, and (f) t=72 h 
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(b) 

Figure 4.10 Calculated oil concentration in gas phase for the (a) enriched flue gas-light 

oil system and (b) flue gas-light oil system 
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4.4 Summary 

By performing dynamic volume analysis, a pragmatic technique has been developed to 

determine the individual diffusion coefficients for each gas component of flue gas in the 

light oil while considering two-way mass transfer. Experimentally, diffusion tests have 

been conducted for an enriched flue gas-light oil system and a flue gas-light oil system, 

respectively. At end of diffusion experiments, the dynamic swelling factor measured for 

the enriched flue gas-light oil system (i.e., 1.0126) is larger than that for the flue gas-

light oil system (i.e., 1.0086), since CO2 concentration in the flue gas mixture is lower 

than that in the enriched flue gas. Similarly, the GC analysis results confirm there exists 

light-components extraction, though the oil concentration in gas phase is small since the 

experiments are conducted under a lower pressure. 

 

Numerical model has been applied to determine both apparent and individual diffusion 

coefficients of the flue gas mixture. There exists a good match between the measured 

dynamic swelling factors and calculated ones based on both apparent diffusion 

coefficients and individual ones. At temperature of 336.15 K and pressure of 5275 kPa, 

the apparent diffusion coefficient determined for the enriched flue gas and flue gas are 

3.51×10-9 m2/s and 2.79×10-9 m2/s, respectively, while, for the diffusion coefficients of 

oil components in gas phase are 0.02×10-11 m2/s and 0.01×10-11 m2/s, respectively. The 

apparent diffusion coefficients determined for the two flue gas mixtures are higher than 

that of pure N2 but lower than that of pure CO2 in the same light oil. For the enriched 

flue gas-light oil system, the individual diffusion coefficients for CO2 and N2 are 

determined to be 8.35×10-9 m2/s and 1.52×10-9 m2/s at temperature of 336.15 K and 
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pressure of 5275 kPa, respectively, while the diffusion coefficient calculated for oil phase 

is 0.07×10-11 m2/s. At the same condition, the individual diffusion coefficient determined 

for CO2 and N2 is 6.42×10-9 m2/s and 2.19×10-9 m2/s in the flue gas-light oil system, 

respectively, while the diffusion coefficient of oil phase is calculated to be 0.08×10-11 

m2/s.  
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In this thesis, a pragmatic technique has been applied to quantify mutual diffusivity of 

gas-light oil systems by dynamic volume analysis. Experimentally, diffusion experiments 

have been conducted for a CO2-light oil system, a N2-light oil system, and two flue gas-

light oil systems at high pressures and elevated temperatures, respectively. Theoretically, 

theoretical models have been developed and applied to determine diffusion coefficients 

with the consideration of two-way mass transfer. The major conclusions of this thesis 

study can be summarized as follows: 

1). The dynamic swelling factor of oil phase for the CO2-light oil system is found to 

be the largest among the four gas-oil systems, indicating that CO2 has the highest 

solubility in the light oil, which is 1.029. For the two flue gas-light oil systems, 

the enriched flue gas, which has a higher CO2 concentration, results in a more 

obvious swelling effect of oil phase. At end of each diffusion experiment, the GC 

analysis results illustrate that there exist light components in the gas phase, which 

proves that two-may mass transfer exists between gas and oil phases. 

2). For the CO2/N2-light oil system, based on the determined diffusion coefficients of 

CO2 and N2, there exists a reasonable agreement between the experimentally 

measured and calculated dynamic swelling factors, indicating that the calculated 

diffusion coefficients for the two gases are reasonable. The diffusion coefficient 

determined for CO2 is 12.87×10-9 m2/s at temperature of 336.15 K and pressure 

of 2170 kPa, while that of N2 is 1.35×10-9 m2/s at temperature of 336.15 K and 

pressure of 5275 kPa. 
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3). Based on the determined diffusion coefficients, it can be concluded that CO2 

diffuses faster than N2 in the light oil, resulting in a higher concentration of CO2 

in oil phase at end of diffusion experiments. Besides, the two-way mass transfer 

considered in this study also contributes to higher determined diffusion 

coefficients of the gas components. 

4). Since the diffusion experiments are conducted at a lower pressure, there exists a 

relatively weak light-components extraction. As such, the diffusion coefficient 

determined for the light oil in gas phase and the concentration of light 

components in gas phase are relatively small. At temperature of 336.15 K,  

diffusion coefficient of light oil in gas phase is calculated to be 6.04×10-11 m2/s 

for the CO2-light oil system at a constant pressure of 2170 kPa and 0.26×10-11 

m2/s for the N2-light oil system at a constant pressure of 5275 kPa. 

5). Similarly, for the two flue gas-light oil systems, there exists a reasonable 

agreement between the measured and calculated dynamic swelling factors and 

gas compositions, indicating that the determined apparent and individual 

diffusion coefficients of the gas mixtures, as well as the diffusion coefficients of 

the light oil in gas phase, are reasonable. At temperature of 336.15 K and 

pressure of 5275 kPa, the apparent diffusion coefficient is calculated to be 

3.51×10-9 m2/s for the enriched flue gas and 2.79×10-9 m2/s for the flue gas, while, 

the diffusion coefficient of the light oil in gas phase is determined to be 0.02×10-

11 m2/s and 0.01×10-11 m2/s, respectively. Comparing the apparent diffusion 

coefficients of the two flue gas-light oil systems, the enriched flue gas diffuses 
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faster in the light oil since it has a higher CO2 concentration. 

6). For the enriched flue gas-light oil system, the individual diffusion coefficients 

calculated for CO2 and N2 are 8.35×10-9 m2/s and 1.52×10-9 m2/s at temperature 

of 336.15 K and pressure of 5275 kPa, respectively, while the diffusion 

coefficient for oil phase is determined to be 0.07×10-11 m2/s. For the flue gas-light 

oil system, at the same condition, the individual diffusion coefficients calculated 

for CO2 and N2 are 6.42×10-9 m2/s and 2.19×10-9 m2/s, respectively, while the 

diffusion coefficient for oil phase is calculated to be 0.08×10-11 m2/s. The 

apparent diffusion coefficients determined for the two flue gas mixtures are lower 

than the diffusion coefficients of CO2 but higher than that of N2 in the same light 

oil. 

7). Based on the individual diffusion coefficients determined for CO2 and N2 in the 

two flue gas mixtures, it can be concluded that the diffusivity and solubility of 

CO2 decreases with an increase concentration of N2 in the gas mixture as the 

partial pressure of CO2 decreases. For the light oil diffusion in gas phase, as the 

diffusion experiments are conducted at a lower pressure, there only exists weak 

light-components extraction, which results in a lower concentration of oil 

components in the gas phase and a small diffusion coefficient determined in this 

study. 

 

5.2 Recommendations 

Based on this thesis study, the following recommendations are made for future research: 

1). Since pressure has a significant influence on oil swelling effect and light-



95 

 

components extraction, diffusion tests should be designed at much higher 

pressures to further validate the theoretical models developed in this study. 

Besides, it should be noted that, with a pressure higher than the critical pressure 

of CO2, non-equilibrium boundary condition needs to be applied at the gas-oil 

interface since there will exist obvious extracting and condensing phenomenon at 

the gas-oil interface (Yassin et al., 2018). 

2). In this study, diffusion experiments are conducted under constant temperature, 

that is, no heat transfer is considered during the experiments. Since temperature is 

normally much lower than the reservoir temperature in the injectors, further 

efforts shall be made to couple heat and mass transfer process to quantify the 

mutual diffusivity for gas-light oil systems. 

3). There have been experimental and numerical studies that stated the importance of 

diffusion process in tight formations. Diffusion coefficients of different gas 

components in oil phase have been measured in different porous media. Further 

efforts shall be made to experimentally and theoretically quantify the mutual 

diffusivity in porous media under reservoir conditions. 

4). The light oil sample applied in this study is dead oil. Further efforts shall be made 

to experimentally and theoretically quantify the mutual diffusivity between gas 

and live oil that contains more light components, leading to a more obvious light-

component extraction.  
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