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ABSTRACT 

CO2 based enhanced oil recovery methods, such as continuous CO2 injection, 

intermittent CO2 injection, water-alternating CO2 injection, and CO2 huff 'n' puff, are 

successfully implemented in heavy oil reservoirs. Among them, the CO2 huff 'n' puff 

method has been proved as an applicable recovery method. Although many previous 

researches were conducted on the CO2 huff 'n' puff process applied in heavy oil reservoirs, 

some technical issues are still not investigated, such as non-equilibrium phase behaviors 

of foamy oil flow, CO2 diffusion into heavy oil, and the production performance in CO2 

huff 'n' puff process coupled with non-equilibrium phase behaviors and CO2 diffusion. 

Therefore, this study aims at addressing the following major topics. 

Non-equilibrium phase behaviors of foamy oil flow. In order to investigate the 

foamy oil flow behavior in the primary production process, experimental studies on non-

equilibrium phase behaviors of heavy oil-methane system are implemented in a 

pressure/volume/temperature cell with different pressure decline methods. The 

experimental results indicate that, with pressure decline rate increases, the pseudo-bubble-

point pressure decreases, leading to longer pressure duration of foamy oil, so that the 

foamy oil stability becomes stronger under higher pressure depletion rate. To study foamy 

oil stability in the production stage of the CO2 huff 'n' puff process, the non-equilibrium 

phase behaviors are investigated using the heavy oil-CO2 system. The same experimental 

methods are applied with that in the heavy oil-methane system, but the gas transfers rates 

(solution gas transfers to dispersed gas, dispersed gas transfers to free gas) in heavy oil-

CO2 system are much higher than that observed in the heavy oil-methane system. A 
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dynamic reaction rate model is developed to match the foamy oil stability using heavy oil-

CO2 system, and high agreements are achieved. The reaction rate constants (k1 and k2) 

among different gas phases are determined through the history match.  

The performance of foamy oil flow, in the production stage of the CO2 huff 'n' puff 

process, highly relates to the amount of CO2 dissolves into heavy oil during the soaking 

stage. To understand the CO2 diffusion process in the heavy oil, CO2 diffusion coefficient 

is measured in both bulk phase (high pressure cell) and porous media (real reservoir core). 

The CO2 diffusion coefficient determination process mainly includes: (1) experimental 

study is conducted to measure the pressures in the diffusion process using the pressure 

decay method; (2) mathematical modeling study is carried out to calculate the CO2 

diffusion coefficients using the history match method. 

Based on the understandings of the non-equilibrium phase behaviors and CO2 

diffusion, the heavy oil production performance in CO2 huff 'n' puff process coupled with 

non-equilibrium phase behavior and CO2 diffusion is investigated. Six CO2 huff 'n' puff 

experiments are carried out using long cores (60 cm). The main affect parameters are 

studied, including pressure depletion rates (0.5, 1, 4, and 16 kPa/min), soaking time (5, 10, 

and 20 hours) and cycle numbers. Via experimental study, an equation which indicates the 

relationship of the cumulative oil and gas production in each cycle and each test is gained 

with high agreement. The experimental results indicate that the CO2 huff 'n' puff process 

can be an efficient approach to enhance heavy oil production with a recovery factor of 

38.02%. The optimized pressure depletion rates, soaking time and cycle numbers are 1 

kPa/min, 5 hours and 3 cycles, respectively, and the optimization parameters are upscaled 

for field application using scaling criteria.   
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𝑟𝐿  limit radius, m 

𝑟𝑚𝑑   maximum diffusion radius, m 

𝑟𝑤  well radius, m 

𝑅   universal gas constant, m3‧kPa/(kmol‧K) 

𝑅𝐹  heavy oil recovery factor, % 

𝑅𝑣𝑖𝑠  viscosity reduction ratio, fraction 

𝑅𝑉𝑖
𝐶𝑎𝑙  𝑖𝑡ℎ calculated data in the mathematical model 

𝑅𝑉𝑖
𝐿𝑎𝑏   𝑖𝑡ℎ data measured in the experiments 

𝑅𝑃𝐷   pressure depletion rate, kPa/min 

𝑅𝑉𝑚  relative volume of the studied parameters, cm3/cm3 

𝑆𝑓  oil swelling factor, m3/m3 

𝑆𝑔   gas saturation, fraction 

𝑆𝑔
̅̅ ̅   normalized gas saturation, fraction 

𝑆𝑜  oil saturation, fraction 

𝑆𝑜
̅̅ ̅   normalized oil saturation, fraction 

𝑆𝑜𝑖  initial oil saturation, fraction 

𝑆𝑜𝑟   irreducible oil saturation, fraction 

𝑆𝑟  CO2 stimulation ratio 

𝑆𝑤  water saturation, fraction 

𝑆𝑤𝑐   connect water saturation, fraction 

𝑡   time that the pressure depletion process elapses, minute 

𝑇   temperature, ℃ 
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𝑇𝑐   critical temperature, ℃ 

𝑡𝑝𝑏  time at which pseudo-bubble point pressure reaches, minute 

𝑇𝑟   reduced temperature, ℃ 

𝑇𝑆𝑜𝑎𝑘  soaking time, day 

𝑈𝐶𝑂2  CO2 utilization, MScf/Stb 

𝑉  volume of the targeted fluid(s), cm3 

𝑉𝑐  volume of injected CO2 in each cycle per foot of sand, MMscf/ft 

𝑉𝐶𝑂2   volume of the injected CO2, m
3 

𝑉𝐶𝑂2/𝑐𝑦𝑐𝑙𝑒 volume of injected CO2 for each cycle, MMScf 

𝑉𝐷𝐺   volume of dispersed gas, cm3 

𝑉𝐹𝐺   volume of free gas, cm3 

𝑉𝑚   volume of the studied parameters, cm3 

𝑉𝑚𝑖𝑥   volume of the heavy oil-CO2 system, cm3 

𝑉𝑜,𝑒𝑞𝑢  volume of the heavy oil-CO2 system at the equilibrium status, cm3 

𝑉𝑟,𝑚𝑖𝑥,0  relative volume of total fluids, cm3/cm3 

𝑉𝑟,𝑚𝑖𝑥,𝑡  relative volume of total fluids at time 𝑡, cm3/cm3 

𝑉𝑡   volume of the heavy oil-CO2 system, cm3 

𝑥   distance from the bottom of the high pressure cell/core 

𝑧𝐶𝑂2(𝑡)   z factor for CO2 at time t 

(
𝜕𝑉

𝜕𝑃
)𝑇  volume difference of the target fluid(s), cm3/kPa 

[𝐷𝐺]𝑑𝑒𝑐𝑎𝑦,𝑡  mole fraction of DG decays into FG at time 𝑡, mole/ml 

[𝐷𝐺]𝑡   dispersed gas concentration at time 𝑡, mole/ml 

[𝐷𝐺]𝑡𝑝𝑏
  concentration of DG when Ppb is obtained, mole/ml 
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[𝐹𝐺]𝑡  concentration of FG in the system, mole/ml 

[𝑆𝐺]𝑎𝑡𝑚  concentration of solution gas at the atmosphere pressure, mole/l 

[𝑆𝐺]𝑒𝑞𝑡   SG concentration at time t under equilibrium condition, mole/ml 

[𝑆𝐺]0  initial concentration of solution gas, mole/l 

[𝑆𝐺]𝑡  concentration of solution gas at time 𝑡, mole/l 

[𝑆𝑠]𝑡   concentration of the supersaturation of CO2 in heavy oil, mole/ml  

∆𝑃𝑎𝑣𝑒   average pressure difference, kPa 

∆𝑆   saturation difference, fraction 

 

 

Greek Symbols 

𝜇𝑔   gas phase viscosity, mPa·s 

𝜇𝑜  heavy oil viscosity, mPa·s 

𝜇𝑜𝑐  viscosity of heavy oil-CO2 system, mPa·s 

𝜇𝐿𝑜  live oil viscosity, mPa·s 

∅  porosity, fraction 

𝜌𝑔   gas phase density, g/cm3 

𝜌𝑜   oil density, g/cm3 

𝜌(𝑃)   density of CO2 at the test pressure (P), g/cm3 

𝑣    molar volume, cm3/mol 

𝜔   acentric factor 
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Abbreviations 

API  American Petroleum Institute 

BC  boundary condition 

CCE  Constant Composition Expansion 

cGOR  Cumulative Gas Oil Ratio 

CHOP  Cold Heavy Oil Production 

CHOPS Cold Heavy Oil Production with Sands 

CMG  Computer Modeling Group Ltd. 

CSI  Cyclic Solvent Injection 

CSS  Cyclic Steam Stimulation 

ES-SAGD Expanding Solvent Steam Assisted Gravity Drainage 

FS  Full Scale 

FVF  Formation Volume Factor  

IFT  Interfacial Tension 
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CHAPTER 1 INTRODUCTION 

1.1 Heavy oil resources and recovery methods 

The heavy oil resource is defined as an asphaltic, dense, and viscous oil with an 

American Petroleum Institute (API) gravity less than 20º API and a viscosity greater than 

100 mPa·s (Briggs et al., 1988; Meyer and Attanasi, 2003; PetroWiKi, 2016; Zhou et al., 

2018). Heavy oil resources are found all over the world, but they are mainly deposited in 

Canada and Venezuela. The total estimated volume of recoverable heavy oil (434 billion 

barrels) and bitumen (651 billion barrels) is almost the same as the remaining light oil 

reserves in the world. To meet the continuous increase in energy consumption, heavy oil 

production will be boosted in the future (Briggs et al., 1988; Jiang, 2013; Peng et al., 2017; 

Safinya, 2008; Santos et al., 2014; Wang et al., 2015; Zhou, 2015; Zhou et al., 2018, 

2016b). In order to enhance heavy oil production, many recovery methods are studied 

previously, as shown in Figure 1.1. In the heavy oil production process, the main 

difficulties are high oil viscosity, thin oil pay zone, deep reservoir in some areas, etc.  

High oil viscosity leads to low mobility in the heavy oil production process. To 

reduce high heavy oil viscosity, two approaches are mainly used: 

(1) Thermal based methods reduce heavy oil viscosity significantly due to the high 

temperature of the injected fluids. These methods include processes such as Steam 

Assisted Gravity Drainage (SAGD) (Butler, 1998; Morte and Hascakir, 2016; Zhou et al., 

2016a), Cyclic Steam Stimulation (CSS) (Bao et al., 2016; Yoelin, 1971), Steam Flooding 

(Liu et al., 2016; Owens and Bramlsy, 1966), in-situ combustion (Jia et al., 2017; Jones 

and Truitt, 1968; Moore et al., 1995), etc.   
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Figure 1.1 Summary of the enhanced heavy oil recovery methods.  
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(2) Solvent based non-thermal methods reduce oil viscosity through the dilution 

of solvent into heavy oil. These methods include Cyclic Solvent Injection (CSI) (Ivory et 

al., 2010; Jiang et al., 2014), Vapor Extraction (VAPEX) (Das and Butler, 1998; Ma et al., 

2017), huff 'n' puff process (Lu et al., 2016; Sayegh and Maini, 1984; Zhou et al., 2018), 

etc. 

Previous studies have proved that most heavy oil deposits in Canada are found in 

thin pay zones (Srivastava et al., 1999). In Western Canada, up to 80% of the proven heavy 

oil reserves are in the oil pay zone, which is less than 5 m. Almost 97% of them are located 

in the pay zone, which is less than 30 m (Bowers and Drummond, 1997; Huang et al., 

1987; Zhao et al., 2014). The thermal based production method could not be implemented 

in this type of heavy oil reservoir due to the extremely high heat loss to the over-/under-

burdens (Srivastava et al., 1999, 1997). Regarding deep heavy oil reservoirs in some areas 

(Oman, Kuwait, China, etc.), thermal methods cannot enhance heavy oil production 

significantly, because the steam quality will be decreased remarkably when the steam is 

injected into the deep reservoir: leading to a very slow heat expansion in the reservoir. To 

avoid the negative effects of thin or deep reservoir properties on thermal based methods, 

the solvent-based non-thermal recovery method can be applied to enhance heavy oil 

recovery in the thin or deep heavy oil reservoir.  

Regarding the solvent based non-thermal method, methane (Shi and Kantzas, 

2008a; Tharanivasan et al., 2006), ethane (Upreti and Mehrotra, 2002; Yang and Gu, 

2006), propane (Das and Butler, 1998; Du et al., 2015), normal butane (Butler and Jiang, 

2000; Das and Butler, 1998; Karmaker and Maini, 2003), toluene (Butler and Mokrys, 

1993; Cuthiell et al., 2003), CO2 (Alshmakhy and Maini, 2012; Ravel and Anterion, 1985; 
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Shi and Kantzas, 2008a), and mixture solvents (Ivory et al., 2010; Sayegh and Maini, 

1984) etc., can be used as the injection solvent. Among the solvents, scholars have focused 

on CO2 because (1) potential climate change will result in a rising temperature in the future 

and CO2 emissions into the atmosphere (the latter, no doubt, is one of the key issue) (Chang 

et al., 2016; Huntingford et al., 2013; Perera et al., 2011; Schrag, 2007; Seinfeld and 

Pandis, 2016; Silva and Anand, 2013; Solomon et al., 2007); (2) the laboratory tests 

indicate that CO2 can be absorbed in heavy oil and thus boost heavy oil production in the 

industry (Gao et al., 2012; Huang et al., 1987); and (3) CO2 can gain a much higher 

saturation pressure and higher viscosity reduction ratio at high pressure than other solvents 

(Holm and O’Brien, 1971; Jha, 1986a; G. Rojas and Farouq Ali, 1988). 

There are many different approaches to enhance heavy oil recovery using CO2 

based production process, including continuous CO2 injection, intermittent CO2 injection, 

water-alternating-CO2 injection, and CO2 huff 'n' puff. Among them, the CO2 huff 'n' puff 

process is the most efficient process, although the recovery factor is still low (Sahin et al., 

2008; Sayegh and Maini, 1984). An ongoing CO2 huff 'n' puff pilot test carried out in the 

Cold Heavy Oil Production with Sand (CHOPS) wells by Husky Energy in the 

Lloydminster area, Canada, indicates that the oil recovery has been increased about 8-

20%, which is around 1.5 million barrels of heavy oil, and the recovery rate has been 

doubled (Roche, 2017; Rogers, 2011).  

1.2 CO2-based heavy oil recovery methods 

In order to minimize the greenhouse gas emissions (mainly because of CO2) in the 

world, and therefore reduce the carbon footprint, the CO2 based heavy oil recovery 
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methods face more challenges than that of the conventional oils, mainly because the heavy 

oil has much higher viscosity need to be reduced by the injected CO2. The injected CO2, 

for one thing, can reduce the viscosity of the heavy oil remarkably, when it dissolved into 

the heavy oil (Huang et al., 2017, 2015; Zhou et al., 2018); for another thing, could be 

stored in the reservoir when the oil is produced (Abedini and Torabi, 2014; Alvarado and 

Manrique, 2010; Cadogan, 2016; Emadi et al., 2010; Gao et al., 2012; Godec et al., 2011; 

Zhou et al., 2019b). Therefore, the CO2 based heavy oil recovery methods can gain more 

benefit for both the oil company and the environment. 

CO2, currently one of the biggest solvents concerned, is proved to be effective in 

both laboratories and fields, especially for heavy oil. In 1950s, scholars started to do CO2 

flooding experiments in laboratories and observed a high solubility of CO2 in oil that can 

effectively reduce oil viscosity at a relative high pressure (Beeson and Ortloff, 1959; 

Holm, 1959). The earliest reported field pilot test is the Mead Strawn Field in 1964 which 

consisted of the injection of a small slug of CO2 followed by an injection of carbonated 

water and brine; it gives as much as 50% more oil production than by conventional water 

flooding (Holm and O’Brien, 1971). Over half a century`s development, CO2 EOR 

techniques have become more and more mature. A survey in 1998 showed that the 

miscible CO2 recovery method had already led to the production of over 179000 barrels 

of oil per day at that time (Moritis, 1998). And now, more CO2 EOR processes are being 

developed, such as continuous CO2 injection, water-CO2 mixture injection, CO2 injection 

followed by water injection, CO2 injection followed by Water Alternating Gas (WAG) 

injection, huff 'n' puff process, etc. (Shi and Kantzas, 2008b). No matter which process is 
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used, the key point is the high solubility of CO2 in oil, and the dissolved CO2 enhanced oil 

recovery by the combination effect of several factors. 

Although CO2 miscibility can hardly be reached in heavy oil cases, oil recovery 

can still be greatly enhanced. The most important mechanism of CO2 methods in heavy oil 

is viscosity reduction. It is reported that, even though CO2 is not fully miscible in heavy 

oil, partially dissolved CO2 can still reduce heavy oil viscosity by a factor of 10 (Rojas et 

al., 1991). Oil swelling is another important factor in CO2 EOR methods. Miller and Jones 

indicated that one barrel of heavy oil with 17° API can dissolve more than 700 standard 

cubic feet CO2 and has a volume increase of 10% to 30% under certain pressures and 

temperatures (Miller and Jones, 1981). As the oil volume increases and pore volume 

remains constant, extra heavy oil is expelled from the porous media which leads to heavy 

oil recovery enhancement on a large scale. What is more, this swelling effect makes great 

contribution to the recovery of residual oil which is impossible to consider before 

(Moortgat et al., 2013). 

Of course, there are other factors that contribute to enhance heavy oil recovery in 

CO2 methods, such as density change of oil and water, interfacial tension reduction, 

improvement of formation permeability and so on. These are always considered as 

subordinate factors compared with the two introduced above and always tend to be 

neglected (Zhou et al., 2016a). However, solution gas drive, which is one of the factors 

that was neglected before, has been found to be important in recent years. The reason for 

that is a phenomenon observed under solution gas drive which is called “foamy oil”. When 

pressure decline occurs in the heavy oil-solution gas phase, little gas bubbles are generated 

from the heavy oil, trapped and dispersed in the oil phase. This gas-liquid two-phase fluid 
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is known as foamy oil. The existence of foamy oil flow is believed to be one of the most 

influential factors in stimulating high recovery in many heavy oil reservoirs in Canada and 

Venezuela (Maini, 2001; Smith, 1986; Wang et al., 2015; Zhou et al., 2016b). Although 

the mechanism of foamy oil flow in enhanced oil recovery is still in controversy, the effect 

of foamy oil can be affirmed and can be utilized in EOR methods. Due to high dissolution 

into the oil, slow desorbing when depressurizing and the effect of extraction, CO2 is 

expected to generate high quality foamy oil (Claridge and Prats, 1995; Or et al., 2014). 

1.3 Problem statement and research objectives 

1.3.1 Problem statement 

Although the application of CO2 huff 'n' puff process in heavy oil reservoir is 

previously studied on the experimental and numerical aspects. Several technical problems 

are still needed to be further focused on.  

1. Non-equilibrium phase behaviour and foamy oil stability, in the production 

stage of the CO2 huff 'n' puff process applied in the heavy oil reservoir, are not 

investigated before. In the production stage, obvious foamy oil flow 

phenomenon (non-equilibrium phase behaviour) is observed. The foamy oil 

stability in the heavy oil-CO2 system, under different pressure depletion 

methods and pressure depletion rates, are rarely studied in previous researches. 

What is more, the regulations of the gas phases (solution gas, dispersed gas 

and free gas) transformation are not clearly studied. In the CO2 huff 'n' puff 

process, both the non-equilibrium phase behavior and foamy oil stability are 

important aspects, because of the following reasons. (1) The non-equilibrium 
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phase behavior can be applied to determine the foamy oil stability and the 

pseudo-bubble point pressure in different heavy oil-solvent systems and 

different pressure depletion rates. (2) The foamy oil stability can be applied to 

choose the type of solvent and pressure depletion rate in the field. (3) The 

pseudo-bubble point pressure can be used to determine the pressure at which 

the pressure depletion process should be stopped, to avoid free gas flow in the 

reservoir and thus reduce the heavy oil production. 

2. CO2 mass transfer into heavy oil in the soaking stage is not fully understood. 

In the soaking period of the CO2 huff 'n' puff process, the injected CO2 diffuses 

into heavy oil, leading to oil swelling and heavy oil viscosity reduction, thus 

the heavy oil recovery can be enhanced. But in previous literatures, the CO2 

diffusion process in the real reservoir condition, indicates the interface of 

liquid-gas phase exits inside the porous media, is not determined.  

3. The heavy oil production performance in the CO2 huff 'n' puff process, coupled 

with non-equilibrium phase behaviors and CO2 diffusion applied in the heavy 

oil reservoirs, is rarely studied in previous researches. Especially, the 

relationship between the amount of heavy oil and gas production, which can 

be used to predict the production performance in oil field, is not clearly 

investigated before. And also, the study of upscaling the optimized operation 

parameters (pressure depletion rates, soaking time) from laboratory scale to 

field scale is rarely conducted. However, the upscaling study is a bridge, which 

connects the fundamental researches and the field application, and it is very 

important to both scholars and the oil company. 



9 

 

1.3.2 Research objectives 

Aiming at the aforementioned technical issues, the objectives of this thesis can be 

summarized as follows. 

1. To understand the non-equilibrium phase behaviors in the production stage 

of the CO2 huff 'n' puff process. Experimental studies on the non-

equilibrium phase behaviors, using both heavy oil-methane system and 

heavy oil-CO2 system under different pressure depletion methods and 

pressure depletion rates, are carried out using PVT cell; 

2. To understand the foamy oil stability in the production stage. A 

mathematical model (dynamic reaction rate model) is developed to history 

match the foamy oil stability and determine the reaction rate constants (k1 

and k2) for heavy oil-CO2 system; 

3. To understand the mass transfer process of CO2 into the heavy oil. The 

CO2 diffusion coefficient in both bulk phase (high pressure cell) and 

porous media (real reservoir core) is determined, by using the pressure 

decay method (experimental section) and the history match method 

(calculation section); 

4. To understand the heavy oil production performance in the CO2 huff 'n' 

puff process coupled with non-equilibrium phase behaviors and CO2 

diffusion. Experimental investigations on CO2 huff 'n' puff process applied 

in heavy oil are carried out, and the operation parameters (pressure 
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depletion rate and soaking time) are optimized and upscaled for field 

application. 

The relationship among the objectives in this study is that, the understandings of 

the non-equilibrium phase behavior and CO2 mass transfers into heavy oil will be coupled 

into the CO2 huff 'n' puff process applied in heavy oil reservoirs, to understand the 

mechanism and production performance in this enhanced heavy oil recovery method. 

1.4 Outline of the thesis 

This thesis is composed of seven chapters. Specifically, Chapter 1 is a concise 

introduction to the topic, together with problem statement and research objectives. Chapter 

2 gives a comprehensive review of the previous studies on CO2 huff 'n' puff process applied 

in heavy oil. The mechanisms, in terms of foamy oil flow, viscosity reduction, oil swelling 

and CO2 diffusion, are analyzed in details. The experimental studies in laboratory, 

investigations in pilot tests and researches using the numerical simulation approach are 

summarized and reviewed. Also, the challenges (asphaltene precipitation, corrosion, 

viscous fingering, etc.) of the CO2 huff 'n' puff applied in the heavy oil reservoir are 

analyzed and the solutions are mentioned. Chapter 3 describes the details of the non-

equilibrium PVT tests for the heavy oil‒methane system under different pressure depletion 

methods and different pressure depletion rates. The foamy oil stabilities under different 

pressure depletion rates are investigated, and an approach to determine the pseudo-bubble 

point pressure is generated. In Chapter 4, the experimental studies on foamy oil stability 

of heavy oil-CO2 system under different pressure depletion rates are implemented. 

Comparison study is conducted on the differences of non-equilibrium phase behaviors 
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between heavy oil-methane system and heavy oil-CO2 system. A dynamic reaction rate 

model is developed to match the foamy oil stability of heavy oil-CO2 system, the trends of 

the reaction rate constants with pressure depletion rate are gained. Chapter 5 provides the 

experiments to measure CO2 diffusion coefficients in bulk phase (high pressure cell) and 

porous media (real reservoir core). Then a mathematical model is developed to calculate 

the CO2 diffusion coefficients using the history match method. Chapter 6 presents the CO2 

huff 'n' puff process coupled with non-equilibrium phase behaviors and CO2 mass transfer 

applied in heavy oil using long cores (60 cm). The heavy oil production performances are 

analyzed under different operation parameters (pressure depletion rate, soaking time and 

cycle number), the operation parameters are optimized for the experimental study, and also 

the optimized parameters are upscaled for field application using the scaling criteria. To 

predict the heavy oil and gas production, an equation is developed to describe the 

relationship of the heavy oil and gas production in the CO2 huff 'n' puff process. In Chapter 

7 the major scientific conclusions of this study are summarized, and several technical 

recommendations are provided.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 The CO2 huff 'n' puff process 

The CO2 huff 'n' puff process is implemented in a single well (Zhou et al., 2018), 

it is divided into three stages: (1) the injection stage, (2) the soaking stage, and (3) the 

production stage (Murray et al., 2001; Sayegh and Maini, 1984; Simpson, 1988; Srivastava 

et al., 1997), as shown in Figure 2.1. In the injection stage, CO2 is injected into the target 

formation through the well, which acts as the injector in the injection stage. The injected 

CO2 bypasses the unmovable heavy oil and pushes part of the mobile heavy oil and water 

into a further location in the reservoir: leading to water saturation reduction near the 

wellbore so that the relative permeability of the heavy oil increases. The other part of the 

movable heavy oil is prevented from pushing away near the wellbore, and it is exposed in 

the injected CO2 phase. The CO2 diffusion process is negligible in the injection stage, 

because (1) the diffusion coefficient of CO2 in heavy oil is not very high, (2) the injection 

stage is short, and (3) the CO2 is injected at a high injection rate. At the end of the injection 

stage, the pressure in the reservoir will be much higher than the reservoir pressure when 

the injection process started. 

In the soaking stage, the well is shut-in. CO2 diffusion occurs, and the key 

mechanisms of the CO2 huff 'n' puff process in terms of oil swelling and viscosity reduction 

are obtained. During the soaking period, the mass transfer of CO2 into heavy oil occurs 

and light/medium components in heavy oil are extracted into CO2 so that the volume of 

heavy oil increases and the viscosity decreases.  
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Figure 2.1 Schematic of the CO2 huff 'n' puff process in heavy oil reservoir. (a) oil drops are 

flushed to a further location in the reservoir by CO2; (b) light/medium components are extracted 

by CO2; (c) CO2 dissolves into heavy oil; (d) oil drops connect together due to oil swelling; (e) the 

fluids flow direction; (f) residual oil due to wettability alteration; (g) oil drops generated from 

swelled oil in the soaking stage; and (h) oil drops in the water phase are driven from the further 

location (Zhou et al., 2018).   
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In the production stage, when the well is open, part of the injected CO2, which 

does not dissolve into the heavy oil, is produced as free gas phase. Then the swelled heavy 

oil (indicated as a lighter color than the dead heavy oil in Figure 2.1) that forms a large 

portion of the production fluids. Finally, heavy oil is produced with the water phase from 

a further location of the reservoir due to the drive force generated by the pressure drop. 

Part of the swelled oil is flushed by the movable water. 

2.2 Mechanisms of the CO2 huff 'n' puff in heavy oil reservoir 

Regarding heavy oil reservoirs, the injected CO2 is mainly under the immiscible 

condition for two reasons: (1) the Minimum Miscible Pressure (MMP) of the heavy oil is 

too high to be achieved in the heavy oil reservoir when the gravity of crude oil is lower 

than 30o API (Mangalsingh and Jagai, 1996); and (2) the reduction of interfacial tension 

(IFT) between the injected CO2 and heavy oil is not remarkable, so the miscible process 

cannot occur. The mechanisms of the immiscible CO2 process are mainly reported as 

foamy oil, oil swelling, and viscosity reduction (Abedini and Torabi, 2014; Jha, 1986a; 

Simpson, 1988; Spivak and Chima, 1984), so they are discussed in detail. However, the 

upper aspects are insufficient to enhance heavy oil recovery in the CO2 huff 'n' puff process 

alone (Zhang et al., 2010b). The extra concepts are (1) reduction of interfacial tension, (2) 

increased water wettability, (3) three-phase relative permeability effects, (4) CO2 

solubility in water, (5) light/medium hydrocarbons extraction, (6) solution gas drive, (7) 

CO2 as a water shutoff agent, and (8) concomitant reactions with rock to increase the 

reservoir permeability near the wellbore, etc. (Beeson and Ortloff, 1959; Bijeljic et al., 

2003; Firouz and Torabi, 2012; Gondiken, 1987; Holm, 1959; Huang et al., 2017; Hwango 

et al., 1995; Jeong and Lee, 2015; Jha, 1986a; Khatib et al., 1981; Klins, 1984; Maneeintr 
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et al., 2014; Miller and Jones, 1981; Mohammed-Singh et al., 2006; Seyyedsar et al., 2017; 

Tharanivasan et al., 2006; Vazquez and Mansoori, 2000; Wu et al., 2017). 

2.2.1 Foamy oil 

Compared with the CO2 huff 'n' puff process in a heavy oil reservoir under water 

drive, the pressure depletion process that is conducted in the heavy oil reservoir can result 

in better oil production (Monger et al., 1991) mainly due to foamy oil occurring in the 

production stage. Solution gas drive has been proven as the main production mechanism 

in the CO2 huff 'n' puff process applied in a heavy oil reservoir (Du et al., 2018a; Firouz 

and Torabi, 2014; Li et al., 2016; Or et al., 2016; Sun et al., 2017a). When CO2 is injected 

into the heavy oil reservoir, it will dissolve into heavy oil through mass transfer, and the 

dissolved CO2 gas will expand the volume of the heavy oil. Then the dissolved CO2 will 

drive the heavy oil out of the pores to the production well when the pressure is declined in 

the production stage. Because of the high viscosity of heavy oil, the phase of the CO2 

appears as gas bubbles, which are dispersed in heavy oil and flow with the heavy oil when 

the reservoir pressure declines. The produced heavy oil is a mixture containing small 

bubbles. This kind of produced fluid is defined as foamy oil (Maini et al., 1993a; Sheng et 

al., 1999; Zhou et al., 2017). The foamy oil phenomenon has been observed in 

experimental studies on the CO2 huff 'n' puff process in heavy oil reservoirs, and it 

enhances heavy oil production significantly (Abedini and Torabi, 2014; Asghari and 

Torabi, 2007; Huang et al., 2017). 

In the production stage of the CO2 huff 'n' puff process in heavy oil, the foamy oil 

phenomenon relates highly to the pressure decline rate, temperature, solvent solubility, 
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etc. A higher pressure depletion rate results in a higher heavy oil recovery factor due to 

the higher pressure depletion rate producing more stable foamy oil in the production stage 

(Du et al., 2016; Ostos and Maini, 2005; Zhou, 2015; Zhou et al., 2014). Considering the 

effect of temperature, researchers have found that the stability of the foamy oil decreases 

sharply and the volume of the dispersed gas increases with increasing temperature (Du et 

al., 2018b; Tang and Firoozabadi, 2003; Zhang, 1999), but an optimized temperature can 

be obtained for a certain oil sample (Liu et al., 2013). Among different solvents, foamy 

oil, which is generated by using CO2 saturated in heavy oil, can achieve a higher quality 

than other solvents (CH4 or N2) due to the slow desorption of CO2 in heavy oil (Or et al., 

2016). The solubility of CO2 in heavy oil relates to injection pressure, as the CO2 solubility 

increases with the increasing of injection pressure. With higher CO2 solubility, the foamy 

oil behavior will be more obvious in the production stage (Huang et al., 2017), and the 

heavy oil recovery factor will be higher. 

2.2.2 Viscosity reduction 

Viscosity reduction is another main mechanism in the CO2 huff 'n' puff process. 

Previous studies have indicated that the effect of viscosity reduction is more significant in 

heavy oil with a lower API gravity (Dyer et al., 1994; Sayegh and Maini, 1984). When 

CO2 is recombined into heavy oil, the viscosity of the heavy oil is extremely reduced, as 

shown in Table 2.1. The main reasons for viscosity reduction through CO2 injection are: 

(1) the particulate matters in the heavy oil are washed out by the injected CO2; (2) the 

viscous deposits are dissolved by the injected CO2; (3) the viscous crude in heavy oil is 

diluted by the injected CO2; and (4) the injected CO2 is demulsified in heavy oil (Jeffries-

Harris and Coppel, 1969). The viscosity reduction of heavy oil results in the fractional 
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Table 2.1 Summary of the measured viscosity reduction ratios and oil swelling factors in different heavy oils (Zhou et al., 2018). 

Proposed by Oil sample 
Gravity T μo PSat GOR μLo R Sf 

(m3/m3) (o API) (℃) (mPa·s) (kPa) (Sm3/m3) (mPa·s) (%) 

(Bagci et al., 2008) Athabasca 8.6 21 296660 / / 640 99.8 / 

(Chung et al., 1988) Bartlett 16.9 

23.9 1484.4 1341-4084 7.6-123 735.6-61.5 50.4-95.9 1.025-1.215 

60 195.6 
214.4-

4004.5 
9.1-115.3 122.6-13.6 37.3-93.1 1.027-1.216 

93.3 39.66 396-4017 13.8-125.2 33-4.85 16.8-87.8 1.027-1.246 

(Frauenfeld et al., 1998) Burnt Lake / 15.5 18000 3450 / 406 98 / 

(Seyyedsar et al., 2015) Heavy oil 11.3 28 12100 10342 / 717 94.1 1.07 

(Seyyedsar et al., 2017)  Heavy oil  11.3  
25 277000 4137 30.63 733 99.7 1.04 

50 1665 10342 / 219 86.8 1.053 

(Or et al., 2016) Japan 13.1 50 172 9970 / 120 30.2 / 

(Dyer et al., 1994) Kindersley 13.2 25.5 819 4580-7080 44.5-87 124.5-42 84.8-94.9 1.081-1.155 

(Sayegh et al., 1990) Lindbergh 14.7 21 12086 5880 / 500 96 / 

(Yang and Gu, 2006) Lloydminster 11.7 23.9 23000 2000-6000 / / / 1.033-1.131 

(Sayegh and Maini, 1984) Lloydminster 13.8 25.5 6822 6550 60.4 225.6 96.7 1.08 

(Jha, 1986b) Lloydminster 15.8 28 1430 3280-7580 30.5-84.4 154-32 89.2-97.8 1.058-1.156 

(Li et al., 2016) Orinoco Belt 7.8 54 14488 5800-8600 16-28 5570-4180 61.6-71.1 1.08-1.28 

(Firouz and Torabi, 2014) Saskatchewan 15.4 28 1423@22℃ 1724-7239 / 890 37.5-61.3 / 

(Zhang et al., 2010a) Saskatchewan 18.3 24 353 3530-7600 12.1-76.07 174.8-25.2 50.5-92.9 1.021-1.176 

(Srivastava et al., 1999, 1994) Senlac 15.4 / 1650 890-7580 6.76-84.4 859-32 47.9-98.1 1.012-1.156 

(Zhang, 2008) Shengli 8.7 70 15889 1880-12210 5-70 12841-224 19.2-98.6 / 

(Zhou, 2010) Shengli 17.4 

60 7792-9890 8000-18000 69.8-126.6 906.4-447.2 88.4-95.5 1.148-1.28 

70 3462-4296 8000-18000 65.7-121.7 471.3-229.6 86.4-94.7 1.136-1.254 

80 1768-2159 8000-18000 59-117.9 265.9-157.1 85.0-92.7 1.116-1.236 

90 1092-1313 8000-18000 52.7-113.6 
181.28-

116.83 
83.4-91.1 1.104-1.22 

(Sankur et al., 1986) Wilmington 13.2 49 172 6101-22063 17.3-103.8 77.6-11 54.9-93.6 1.034-1.195 
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flow curve shifting to the right, so that the fractional flow of water is lower than that before 

CO2 injection at the same water saturation and the oil mobility and oil connection are 

increased, which leads to a relative higher oil flow rate (Simpson, 1988). 

The viscosity reduction ratio of a heavy oil-CO2 system changes with the 

temperature, pressure, and solubility of the dissolved CO2 (Khatib et al., 1981). Figure 2.2 

shows the viscosity reduction ratio and CO2 solubility of a heavy oil-CO2 system at 

different temperatures and pressures. With temperature increases, the viscosity of the dead 

heavy oil decreases extremely and the viscosity reduction ratios for the dead oil at 60℃ 

and 93℃ are 86.8% and 97.3%, respectively. Therefore, the effect of temperature on heavy 

oil viscosity is remarkable.  

With CO2 injection, when the temperature is lower than the critical temperature, 

the viscosity reduction mainly occurs at a lower pressure due to the mass transfer of the 

liquid phase being much slower than the gas phase. This leads to the effect of pressure on 

CO2 solubility being not significant. Regarding the heavy oil-CO2 system, the efficiency 

of viscosity reduction decreases with temperature increases at the same pressure due to (1) 

lower CO2 solubility with higher temperature in heavy oil; and (2) lower viscosity of heavy 

oil at higher temperature, which results in less viscosity reduction potential. The 

experimental study indicates that a higher percentage of viscosity can be reduced by CO2 

injection for heavy oil with higher viscosity (Chung et al., 1988). With an increase in CO2 

solubility, the viscosity reduction ratio increases, which means a higher percentage of the 

heavy oil viscosity is reduced by injecting CO2. The viscosity reduction ratio can be as 

high as 97% for the studied heavy oil.  
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Figure 2.2 The viscosity reduction ratio and CO2 solubility of a heavy oil-CO2 system at different 

pressures and temperatures (Chung et al., 1988).  
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A summary of viscosity reduction studies on a heavy oil-CO2 system is tabulated 

in Table 2.1. Table 2.1 shows that the effect of CO2 in heavy oil is significant, the viscosity 

reduction ratio can reach up to 99.8%, and the viscosity reduction of the heavy oil-CO2 

system relates to pressure and temperature. Among different heavy oil samples with a 

higher heavy oil viscosity, a greater viscosity reduction ratio can be obtained. Regarding 

the same heavy oil sample, the viscosity reduction ratio decreases with an increase in 

temperature.  

2.2.3 Oil swelling 

When CO2 is injected into the heavy oil reservoir, an important phenomenon is 

observed in terms of oil swelling, because the injected CO2 dissolves into the heavy oil 

and expands the volume (Avaullee et al., 1997; Bijeljic et al., 2003; Do and Pinczewski, 

1991; Jha, 1986b). The oil swelling is an important mechanism to enhance heavy oil 

recovery in the CO2 huff 'n' puff process, because (1) oil swelling shows an advantage on 

the movable oil, and an inverse proportional relation is found between the oil swelling 

factor, which indicates the degree of oil swells and is defined as the volume of crude oil 

saturated with CO2 at the reservoir pressure and temperature divided by the volume of 

crude oil at the atmospheric pressure and reservoir temperature (Welker and Dunlop, 1963) 

and the residual oil saturation; (2) the mobility of the heavy oil is improved; (3) the 

dissolved heavy oil will generate a drainage force to push water out of the pore space; and 

(4) oil swelling can increase the oil saturation, resulting in an increase of oil relative 

permeability, which increases the oil phase fractional flow in the production stage (Grogan 

and Pinczewski, 1987; Maneeintr et al., 2014; Mangalsingh and Jagai, 1996; Tharanivasan 

et al., 2006; Yang and Gu, 2006). 
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The degree of oil swelling factor relates to pressure, temperature, and oil 

composition (Mangalsingh and Jagai, 1996). Figures 2.2 and 2.3 indicate that the plots of 

the oil swelling factor have the same trends as the plots of CO2 solubility, which means 

that, under the same conditions (temperature and pressure), the oil swelling factor is 

proportional to the CO2 solubility. The effects of pressure on the oil swelling factor are 

different at different temperature, and a linear relationship is obtained between the oil 

swelling factor and pressure when the temperature is greater than the critical temperature. 

However, the phase of the CO2 affects the oil swelling factor remarkably. In the low-

pressure region (when the CO2 is in the gas phase), the oil swelling factor increases with 

pressure increases. At higher pressure, the phase of CO2 changes from the gas phase to the 

liquid phase, leading to lower CO2 solubility and a reduced effect of pressure on oil 

swelling factor. The effect of temperature shows that a higher temperature leads to a lower 

oil swelling factor in the low-pressure region due to CO2 solubility decreasing with 

temperature increases. In a higher-pressure region, the oil swelling is greater than that at 

low temperature due to the phase change reducing the CO2 solubility. Regarding oil 

composition, lighter oil can get a higher oil swelling factor than that of heaver oil, because 

more CO2 can be dissolved into the lighter oil (Sayegh and Maini, 1984). 

2.2.4 Diffusion coefficient 

Another important parameter that impacts the properties of a heavy oil-CO2 

system is the diffusion coefficient, which indicates the diffusion rate and the amount of 

CO2 dissolved into the heavy oil (Boustani and Maini, 2001; Frauenfeld et al., 2006; 

Huang et al., 2016; Riazi, 1996; Wang et al., 1996; Yuan et al., 2017a, 2017b). Previous   
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Figure 2.3 Oil swelling factor of the heavy oil-CO2 system at different pressures and temperatures 

(Chung et al., 1988).   
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studies indicate that heavy oil production in the vapour-extraction process is mainly from 

the transient zone, where heavy oil is saturated with an injected solvent and the area of the 

transient zone is controlled by the molecular diffusion rate of the injected solvent 

(Ghasemi et al., 2017; Jiang and Butler, 1996). As a type of solvent, when CO2 is injected 

into the heavy oil reservoir, it is gradually dissolved into the heavy oil by means of mass 

transfer (molecular diffusion), especially in the soaking stage (Grogan and Pinczewski, 

1987; Tharanivasan et al., 2004). This results in viscosity reduction and oil swelling so 

that heavy oil production can be enhanced. 

The diffusion coefficient relates to pressure, temperature, and oil composition, as 

shown in Figure. 2.4 and Table 2.2. The effect of pressure on the diffusion coefficient is 

more sensitive at a higher temperature than at a lower temperature because (1) the lower 

surface tension of oil molecules can be obtained at higher temperature, so that the mass 

transfer rate of CO2 molecules into heavy oil is higher and (2) a lower heavy oil viscosity 

is obtained at a higher temperature and CO2 molecules can pass through the interface 

easier. Kavousi et al. studied the CO2 diffusion coefficient in heavy oil at different 

temperatures and pressures (Kavousi et al., 2014). In their experimental researches, the 

CO2 diffusion coefficient increases with pressure increases. However, if the pressure 

continues increasing at a very high level, the viscosity and density of the heavy oil-CO2 

system increases as well, which causes the diffusion coefficient decreases steadily 

(Jamialahmadi et al., 2006).  
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Figure 2.4  CO2 solubility and diffusion coefficient at different temperatures and pressures 

(Kavousi et al., 2014).   
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Table 2.2 Summary of the measured diffusion coefficients of CO2 in different heavy oils (Zhou et al., 2018). 

Proposed by Oil sample 
GGravity T μo 

Test method BC 
P D 

(o API) (℃) (mPa·s) (kPa) (× 10-9 m2/s) 

(Fadaei et al., 2011) Athabasca 6.4 21 2000000 Pressure decay / 3100-5600 0.12-0.24 

(Upreti and Mehrotra, 2000) Athabasca 9.1 25-90 767@80℃ Pressure decay Quasi-equilibrium 4000 0.16-0.47 

(Upreti and Mehrotra, 2002) Athabasca 9.1 25-90 821000@25℃ Pressure decay Equilibrium 
4000 0.13-0.43 

8000 0.40-0.93 

(Schmidt, 1989) Athabasca / 20-200 361700@20℃ / Quasi-equilibrium / 0.279-1.75 

(Etminan et al., 2010) Athabasca 
11.7 50 10000@80℃ Constant pressure Equilibrium 3804.8 0.36 

14.0 75 100000@50℃ Constant pressure Equilibrium 3239.6 0.5 

(Henni and Shirif, 2010) Cactus Lake 15.4 14.85-29.85 724.15@26℃ / Equilibrium 800-2000 0.171-0.641 

(Zhang et al., 2000) Intevep / 21 / Pressure decay Equilibrium 3510 4.8 

(Li and Yang, 2016) Lloydminster 10.0 21.4 12854 Pressure decay Quasi-equilibrium 3741 0.824 

(Zheng et al., 2016) Lloydminster 10.0 21.4 12854 Pressure decay Quasi-equilibrium 3741 0.43 

(Yang and Gu, 2006) Lloydminster 11.7 23.9 23000 
Dynamic pendant 

drop volume 
/ 2000-6000 0.20-0.55 

(Tharanivasan et al., 2006) Lloydminster 11.7 23.9 20267 Pressure decay 
Equilibrium, quasi-equilibrium, 

non-equilibrium 
4200 0.56 

(Henni and Shirif, 2010) Lloydminster 13 16.85-39.85 13443@17℃ / Equilibrium 800-2000 0.216-0.985 

(G. Rojas and Farouq Ali, 1988) Lloydminster 
14.4 23 4681 Constant pressure / 5500 2.56 

17.0 23 1032 Constant pressure / 5500 3.59 

(Nguyen and Farouq Ali, 1998) Lloydminster 17.0 23 / Constant pressure / 1000 6 

(Song et al., 2010) Heavy oil 7.6 25 15000@23℃ Constant pressure / 900-4140 0.11-1.19 

(Behzadfar and Hatzikiriakos, 

2014) 
Heavy oil 14.4 22 490000@30℃ 

Pressure decay couple 

with rheometry 
Equilibrium 2423-4794 0.493-1.162 

(Unatrakarn et al., 2011) Heavy oil / 
30-55 21285 Pressure decay Non-equilibrium 2665.5 34-35.5 

30-55 8154 / Non-equilibrium 2415.3 58-68 

(Kavousi et al., 2014) Saskatchewan 
12.9 24.85 20000 Pressure decay / 1730.5-4487.1 0.413-0.532 

14.1 24.85 5000 Pressure decay / 1725.8-4488.6 0.453-0.595 
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Under a constant temperature, the diffusion coefficient increases with pressure 

increases in the relative lower pressure region, mainly because the higher pressure supports 

a greater drive force for the CO2 transferring into heavy oil. The combined effects of 

pressure and temperature show that the diffusion coefficient of CO2 in heavy oil increases 

with pressure and temperature increase. 

The viscosity of heavy oil decreases with temperature increases, which can be 

concluded as the diffusion coefficient of CO2 in heavy oil decreasing with heavy oil 

viscosity increases. Table 2.2 indicates that CO2 diffusion coefficients are different for 

different oil samples. Even different diffusion coefficients can be achieved using the same 

experimental results (Li and Yang, 2016; Zheng et al., 2016), due to (1) different treatment 

of the pseudo-components for the heavy oil in the calculation, and (2) a slight difference 

between the objective functions. 

Regarding CO2 solubility in heavy oil, the solubility of CO2 increases with 

pressure increases and decreases with temperature increases, but no significant 

relationship can be found with the CO2 diffusion coefficient. 

To measure the diffusion coefficient of CO2 in heavy oil, direct and indirect 

measurement methods have been applied in previous studies. In the direct method 

(Sheikha et al., 2005; Upreti and Mehrotra, 2000), oil samples are extracted out of the 

tested system during the test to involve compositional analysis. Then a mathematical 

model is required to calculate the diffusion coefficient. Experimental errors in the direct 

method are not easily avoided. In the indirect method, the properties of heavy oil and CO2 

are measured and the changes are monitored during the tests. The tested properties include 
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pressure decay monitoring (Riazi, 1996; Sheikha et al., 2005; Tharanivasan et al., 2006; 

Upreti and Mehrotra, 2000), volume changing measurement (Renner, 1988), volatilization 

rate of solvent testing (Fu and Phillips, 1979), location of the gas-liquid interface 

determination (Das and Butler, 1996; Riazi, 1996), etc. Other indirect methods such as 

dynamic pendant drop volume analysis (Yang and Gu, 2006), Nuclear Magnetic 

Resonance (NMR) (Wen et al., 2005), and X-ray Computer Assisted Tomography (CAT) 

(Song et al., 2010) are also used to determine the concentration of CO2 at different 

locations of the test fluids. 

The diffusion coefficients measured by previous scholars are summarized in Table 

2.2. Table 2.2 indicates that the diffusion coefficient of CO2 in heavy oil relates to oil 

components, viscosity, temperature, and pressure, and that most of the measured diffusion 

coefficients of CO2 in heavy oil are in the order ranges from 10-10 m2/s to 10-9 m2/s. For 

heavy oil with a higher API gravity, there are more light or medium components, which 

results in the CO2 diffusion process occurring easily, so that the CO2 diffusion coefficient 

is higher than that in heavy oil with a lower API gravity. Compared with different heavy 

oil samples, the heavy oil sample with a relative lower viscosity is beneficial to the 

diffusion coefficient, so that a greater diffusion coefficient can be obtained. Regarding the 

test methods, pressure decay is the most popular method in previous studies and the 

pressure profile is matched using the derived mathematical models. Then the diffusion 

coefficient of CO2 is calculated. In the calculation process, the diffusion coefficient of CO2 

differs slightly according to different boundary conditions (equilibrium, quasi-

equilibrium, and non-equilibrium) in the mathematic model even through the same tests 

are applied.  
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2.3 Experimental studies 

Prior to the implementation of pilot tests of the CO2 huff 'n' puff process in the 

heavy oil field, the applicability study on this process was carried out in the laboratory. 

The properties of the heavy oil-CO2 system, in terms of viscosity, CO2 solubility, swelling 

factor, etc., were studied in detail to investigate fluid properties in the process. The 

reservoir properties including porosity, permeability, oil saturation, and water saturation 

were researched to determine the reservoir properties that would be suitable for the CO2 

huff 'n' puff process. In addition, the operation parameters, such as number of cycles, 

injection pressure, soaking time, pressure depletion rate, etc., were optimized at the lab 

scale. 

Table 2.3 indicates that the successful application of the CO2 huff 'n' puff process 

at the lab scale can be carried out under high reservoir temperature as high as 90 ℃, with 

an extra-high heavy oil viscosity that reaches to 28646 mPa·s. The permeability of the 

tested models ranges from 30 mD, which is real core, to 24200 mD, which is packed using 

sands. The recovery factor did not change too much, so that the permeability is not a 

sensitive parameter that affects the production performance of the CO2 huff 'n' puff process 

applied in a heavy oil reservoir. The oil saturation in the physical models shows that the 

process can be applied even in a low oil saturation reservoir, which can be as low as 40.6%, 

which means that this process can be conducted in the reservoir under higher water 

saturation (Huang et al., 2017).  
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Table 2.3 Properties of the successful CO2 huff 'n' puff lab tests in different heavy oil samples (Zhou et al., 2018). 

Proposed by 
T 

(℃) 

μo 

(mPa·s) 

Gravity 

(° API) 

Model 

type 

Model size 

(L×D, cm) 
Sand/Core 

So 

(%) 

Sw 

(%) 

K 

(mD) 

Φ 

(%) 
Nc 

Pinj 

(kPa) 

Tsoak 

(Day) 

dp/dt 

(kPa/min) 

RF 

(%) 

(Sankur and 

Emanuel, 

1983) 

37.8 3000 13.9 Core plugs 49 × 5.08 Real core 51-54 1 46-49 289 24 2 8618 / / 9  2 

(Shi and 

Kantzas, 

2008b) 

/ 
18100-

28646 
/ Sandpack 22.8 × 3.8 

Sand: 

0.6mm 
40.6-67 3 5.5-7.0 4 10500 36.5 1 7000 / 7.0-20.8 

10.9

-

17.6 

(Abedini and 

Torabi, 2014; 

Firouz and 

Torabi, 2012) 

28 1423 15.4 Berea core 30.48 × 5.08 
Artificial 

core 
86.8-88.3 

11.7-

13.2 
1800 24 7-10 

1724-

7239 
1-2 / 

47-

74 

(Alshmakhy 

and Maini, 

2012, 2009) 

23 / / Sandpack 200 × 5.35 
Sand: 

30-50 mesh 
92.7 7.3 24200 36.3 1-2 

3557-

3681 
5 1.8-2.0 

2.7-

8.4 

(Ekhlasjoo et 

al., 2014) 
30 / 19 

Core 

holder 
15.8 × 3.81 Real core / / 47.2 15.3 3 10342 0.42 / 6.9 

(Ravel and 

Anterion, 

1985) 

90 144 13 
Core 

holder 
20 × 6.5 Real core 68-100 0-32 30-40 19-20 8 25000 18 / 

34.8

-38 

(Lu et al., 

2016) 
54 12041 8.2 Sandpack 60 × 2.54 Quartz sand / / 9854 37.5 / 

6000-

12000 
0.5-2 5-20 

2.1-

19.5 

Summary 23-90 144-28646 8.2-19 / / / 40.6-100 5.5-49 
30-

24200 
15.3-37.5 1-10 

1724-

25000 

0.42-

18 
1.8-20.8 

2.1-

74 

 

Note:  1 Oil saturation after water flooding process 
 2 Heavy oil recovery factor of the remaining oil in place (ROIP) 
 3 Oil saturation after primary production process 
 4 Irreducible-water saturation  

mailto:3000@100F
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Also, the application of the CO2 huff 'n' puff process in a heavy oil reservoir with 

an extremely high water cut (98%) was studied using real core plugs (Huang et al., 2017; 

Sankur and Emanuel, 1983). The experimental results show that the CO2 huff 'n' puff 

process can be applied in the heavy oil reservoir with a high water cut. Regarding the 

operation parameters, to optimize the number of cycles, a maximum of 10 cycles were 

conducted in the lab test, and it was found that the highest production rate occurred in the 

second cycle (Firouz and Torabi, 2014, 2012).  

The injection pressure ranges from 1724 kPa to 25000 kPa, which relates to the 

reservoir permeability. The soaking time is mainly around 2 days, but it can be as high as 

18 days. In the production stage, the pressure depletion rate affects the heavy oil reservoir 

significantly. The trend shows that oil recovery increases with increasing pressure 

depletion rate. 

The properties of heavy oil saturated with CO2 were studied using three different 

heavy oil samples with oil gravities of 10, 15, and 17o API, respectively (Chung et al., 

1988; Miller and Jones, 1981). The experimental results indicate that, without CO2 

solution, the viscosity of the oil sample increases with pressure increases at a constant 

temperature. With CO2 recombination, the CO2 solubilities of the three heavy oil samples 

increase with increasing pressure at different temperatures. However, the trends of heavy 

oil properties change at different temperatures when CO2 is recombined into heavy oil. At 

a lower temperature, CO2 solubility increased until the critical pressure was reached, and 

then it kept almost stable. The same phenomena were observed for heavy oil viscosity and 

swelling factor. At higher temperatures, with increasing pressure, (1) CO2 solubility in 
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heavy oil increases, (2) the viscosities of the heavy oil-CO2 system decreases significantly, 

and (3) the swelling factor increases up to as high as 1.28 of the tested oil samples.  

The operation parameters, including injection pressure and soaking time, were 

researched by using a physical Berea core (Firouz and Torabi, 2014, 2012). The 

experimental results indicate that, (1) the maximum oil production rate occurred at the 

second cycle; (2) higher oil recovery factor can be obtained when higher operation 

pressure was conducted, due to more CO2 could be dissolved in the heavy oil to reduce the 

viscosity and increase the oil swelling factor at higher pressure; (3) even through the longer 

soaking time could not improve the oil recover factor remarkably, the oil production rate 

in the first several cycles could be increased significantly. Another important application 

of CO2 huff 'n' puff process is conducted to enhance heavy oil production after solution 

gas drive process (Alshmakhy and Maini, 2012; Lu et al., 2016; Shi and Kantzas, 2008a). 

The results of these studies show that, higher recovery factor was obtained in the first cycle 

when longer primary production duration was carried out; the effect of surfactant in the 

test did not remarkable; and more than 30% of the total recovery factor can be improved 

because of the CO2 huff 'n' puff process.  

To obtain a better understanding, the same process was carried out on two kinds 

of heavy oil samples in Shi and Kantzas’s research (Shi and Kantzas, 2008a). The effects 

of oil viscosity and pressure depletion rates were analyzed respectively. The tests indicate 

a high potential for heavy oil production using the CO2 huff 'n' puff process,even in the 

low residual oil saturation (47.1% OOIP) after the primary production test. 
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In order to study the mechanisms of the CO2 huff 'n' puff process applied after 

primary production in the heavy oil reservoir, Lu et al. conducted experiments in both a 

micromodel and a sandpack (Lu et al., 2016). The micromodel tests show that the 

conversion pressure (at which the primary production process was changed into the huff 

'n' puff process) affects oil production significantly, and the pseudo-bubble point pressure 

is the optimized conversion pressure. The results of the sandpack tests show that the 

highest recovery factor was obtained when the conversion pressure was applied, and the 

heavy oil recovery factor of the CO2 huff 'n' puff process is proportional to injection 

pressure, soaking time, and pressure depletion rate. Therefore, CO2 huff 'n' puff can be 

applied in the heavy oil reservoir after the primary production process due to the high 

potential of CO2 huff 'n' puff as a follow-up process to primary recovery. 

2.4 Pilot test studies 

Pilot tests of the CO2 huff 'n' puff process in the heavy oil reservoirs were carried 

out in several oil fields in the past several decades. Most of the published cases are 

successful. To analyze the production performance of heavy oil under the CO2 huff 'n' puff 

process, the properties of the reservoirs and the production performance of the process are 

summarized in Tables 2.4 and 2.5, respectively. 

Table 2.4 indicates that the properties of the heavy oil reservoirs in which 

successful CO2 huff 'n' puff processes were carried out affect the production performance 

to some extent. The comparison of the heavy oil viscosity indicates that the successful 

application of the CO2 huff 'n' puff process in a heavy oil reservoir can be carried out not 

only in a medium heavy oil reservoir with a viscosity as low as 118 mPa·s, but also in an   
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Table 2.4 Properties of the heavy oil reservoirs those performed CO2 huff 'n' puff pilot tests (Zhou et al., 2018). 

Proposed by Oil field Country 
T Pi μo Gravity PSat GOR ht hnet Sw k Φ 

(℃) (kPa) (mPa·s) (o API) (kPa) (Sm3/m3) (m) (m) (%) (mD) (%) 

(Gondiken, 

1987) 
Camurlu Turkey 46.7 11969 475 10.8 7102 36.5 1300-1450 60 23 700 11-22 

(Mohammed-

Singh et al., 

2006) 

Forest 

Reserve 

Trinidad 

and 

Tobago 

33.3 / 3000 14 / / 350 / 32 250 32 

(Sahin et al., 

2012) 

Bati 

Raman 
Turkey 65.5 12411 450-1000 9-15 1103 3.2 1311 / 14 

200-

2000 
14-20 

(Olenick et al., 

1992) 
Halfmoon USA 

57.2-

60.6 
3102-6205 118 17 / / 1036-1097 12.2-29.8 7.6 95 15 

(Issever et al., 

1993) 

Bati 

Raman 
Turkey 53.9 12066 592 13 1069 3.2 1300 48.8 21 58 18 

(Luo et al., 

2005) 
Liaohe China 63.5 17330 

16300-

17200  
13.85 / / 1900-1985 38.2-49.8 42.7 448-897 20-25 

(Ishii et al., 

1997) 
Ikiztepe Turkey 50 12693 2000-15000 4-13 6205 16.9 880 13.1-21.9 14-17  50-400 15-23 

Summary / / 
33.3-

65.5 

3102-

17330 
118-17200 4-17 

1069-

7102 
3.2-36.5 350-1985 12.2-60 7.6-42.7 58-2000 11-25 
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extra heavy oil reservoir with a viscosity as high as 17200 mPa·s. In the studied reservoirs, 

the temperature, which affects the viscosity of heavy oil significantly, ranges from 33.3 ℃ 

to 65.5 ℃. In this temperature range, different CO2 phases (vapour phase and supercritical 

phase) were obtained in the pilot tests of the CO2 huff 'n' puff process in the heavy oil 

reservoir. Because the reservoir temperatures in the pilot tests are higher than the critical 

temperature of CO2 (31.1 ℃), the phase of the injected CO2 only relates to the initial 

reservoir pressure. As listed in Table 2.4, in most of the tested reservoirs the initial 

reservoir pressure is higher than the critical pressure of CO2 (7370 kPa), so that the phase 

of injected CO2 is in a supercritical condition except that in the Halfmoon field (Olenick 

et al., 1992). Under the reservoir temperature, the highest saturation pressure in the pilot 

tests is 7102 kPa, which is much lower than the initial reservoir pressure. Thus, when CO2 

is injected into the reservoir, the heavy oil in the transition zone between the injected CO2 

and the heavy oil is saturated. This results in gas drive and foamy oil flow occurring in the 

production stage (with the pressure decline process). 

The reservoir depth of the successful cases applied in the oil fields ranges from 

350 m to 1985 m with a thickness of net pay zone ranging from 12.2 m to 60 m. When the 

CO2 huff 'n' puff process is applied in the heavy oil reservoir, the water saturation can be 

as high as 42.7%, which means that this process can be applied in a reservoir with a high 

water saturation (as proven in the lab tests) or even in a reservoir which has undergone the 

steam stimulation process (Luo et al., 2005). Furthermore, with CO2 injection, the water 

cut of the produced fluids can be reduced significantly (Haskin and Alston, 1989; Monger 

et al., 1991; Olenick et al., 1992). 
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The reservoir properties and operation parameters, in terms of reservoir 

connections, reservoir homogeneity, amount of CO2 injection, soaking time, etc., affect 

the production performance of the CO2 huff 'n' puff process applied in the heavy oil 

reservoir, significantly. In regards to reservoir properties, the following aspects were 

mainly studied. The effect of the thickness of the net pay zone is sensitive to the production 

performance of the CO2 huff 'n' puff process applied in a light oil reservoir (Monger and 

Coma, 1988; Monger et al., 1991; Thomas and MongerMcClure, 1991). However, in the 

heavy oil reservoir, the study indicated a different trend for the effect of the thickness of 

the net pay zone (Mohammed-Singh et al., 2006). The evaluation of the Forest Reserve 

oilfield shows that the cumulative oil production does not increase with increases in the 

thickness of the net pay zone. In fact, it even decreases a little bit. The connections among 

the wells in the reservoir show a negative effect for the heavy oil production performance 

under the CO2 huff 'n' puff process (Olenick et al., 1992). With well connection, the 

injected CO2 will be pushed to the other wells nearby, which means that breakthrough will 

occur among different wells, leading to the injected CO2 being pushed far away from the 

treated well. Thus, the pressure around the wellbore would not be maintained and the 

injected CO2 would not be saturated in the heavy oil. Therefore, the oil production cannot 

be increased remarkably. 

Another negative effect of the reservoir property is gas blockage near the 

wellbore, which forms another obstacle to the heavy oil production process (Issever et al., 

1993; Sahin et al., 2012). In some wells, when CO2 is injected into the reservoir, the 

injected CO2 could not be pushed away from the vicinity of the wellbore due to 

unfavorable permeability around the wellbore. The injected CO2 could not be dissolved 
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into heavy oil in a further location. Consequently, in the production stage, the pressure in 

the reservoir declined rapidly and the production of heavy oil could not be improved too 

much. 

For the operation parameters, the injection volume and injection rate were mainly 

focused on. The cumulative oil production increased with greater CO2 volume injected 

into the reservoir (Mohammed-Singh et al., 2006). Because when a larger volume of CO2 

was injected into the reservoir, a larger area of connections between the injected CO2 and 

heavy oil occurred, leading to more heavy oil being saturated with CO2 and more heavy 

oil production during the production stage. Even under the same injection volume, the 

injection rate of CO2 can affect the heavy oil production performance to some extent. With 

a higher injection rate, the heavy oil recovery is greater, because the higher CO2 injection 

rate promotes more serious CO2 fingering in the heavy oil reservoir than a lower injection 

rate (Brock and Bryan, 1989; Palmer et al., 1986). Consequently, the injected CO2 would 

be pushed into a further area in the reservoir and enlarge the connection area. 

Table 2.5 shows that the stimulation ratio ranges from 4.2 to 18 MScf/Stb. The 

ratio is defined as the peak oil production rate after the CO2 injection process divided by 

that before CO2 injection (Mohammed-Singh et al., 2006; Monger and Coma, 1988). Thus, 

the CO2 huff 'n' puff process applied in the heavy oil reservoir is effective and economical. 

The reservoir properties and operation parameters for a successful CO2 huff 'n' puff process 

applied in the heavy oil reservoir can be summarized as: a thick oil pay zone, deep 

reservoir, mild pressure support, an approximate 2 to 4 weeks soaking time, a high CO2 

injection rate and volume, and a maximum of 3 cycles (Mohammed-Singh et al., 2006). 
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Table 2.5 Production performance of heavy oil using CO2 huff 'n' puff process in the pilot tests (Zhou et al., 2018). 

Proposed by Oil field Country Nwell Nc 
VCO2/cycle TSoak QO/cycle UCO2 

Sr 
(MMScf) (Day) (Stb) (MScf/Stb) 

(Gondiken, 1987) Camurlu Turkey 2 3 2.6-10.6 13 109-4998 18 / 

(Mohammed-Singh et al., 

2006) 

Forest 

Reserve 

Trinidad and 

Tobago 
1 2 53.5-87 3-5 7781-10085 5 1 

(Sahin et al., 2012) Bati Raman Turkey / / 30-40 MMScf/d 1 / 7000 b/d 1 ~4.3-5.7 / 

(Olenick et al., 1992) Halfmoon USA 3 3 9.3-11.0 / / 4.2-15.5 1.7-2.4 

(Issever et al., 1993) Bati Raman Turkey 9 / 2 MMScf/d/well 2 ≤ 21 100/50-60/25-30 Stb/D 3 / / 

(Luo et al., 2005) Liaohe China 3 1 / / 6.79-12.97 t/d 2 6.47 t/t 1.1-1.8 

(Ishii et al., 1997) Ikiztepe Turkey 1 3 6.86 4 / 921 4 7.45 / 

Summary / / 1-9 1-3 / 3-21 / 4.2-18 1-2.4 

 

Note: 1 The average injection and production data are based on all the tested wells 
 2 The average injection and production data are related to each tested well in the studied area 
3 The average production rates are various: natural flow rate at 100 Stb/D; flow rate with pump at 50-60 Stb/D; then stabilized 

at 25-30 Stb/D 

  4 The injection and production data are based on all the three cycles of the studied well 

    The Number of wells is based on the details studied in the literature 
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2.5 Numerical and mathematical studies 

The numerical and mathematical studies on the CO2 huff 'n' puff process in heavy 

oil reservoirs in the published literature focus mainly on numerical simulation by using 

commercial simulators and mathematical study through the correlation method. Regarding 

the numerical simulation, different simulators were applied to conduct history match 

studies in terms of a single well simulator (Patton et al., 1982b), dual-porosity simulator 

(Spivak et al., 1989), thermal 3-D and 3-phase simulator (Luo et al., 2005), compositional 

simulator (Ravel and Anterion, 1985), and E300 (Ekhlasjoo et al., 2014). The simulation 

results indicate that: 

(1) The CO2 huff 'n' puff process could be conducted to enhance oil production in 

heavy oil reservoir, successfully;  

(2) The effect of the reservoir properties shows that the drainage area would affect 

the CO2 huff 'n' puff process due to the CO2 huff 'n' puff process only impacting a certain 

area near the wellbore. If the drainage area is greater than the certain area, the incremental 

oil would not increase much;  

(3) The recommended application of the CO2 huff 'n' puff process differs 

according to the viscosity of the heavy oil. For the extra heavy oil (with an oil viscosity 

greater than 10000 mPa·s), one or two cycles of the CSS process in the early stage will 

benefit CO2 huff 'n' puff stimulation. For the regular heavy oil reservoir (with a viscosity 

ranging from 2000 to 10000 mPa·s), even three to four cycles of the CSS process will 

benefit it. In addition, the CO2 stimulation process can obtain oil production. For the heavy 
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oil reservoir (with a viscosity lower than 500 mPa·s), the CO2 huff 'n' puff process should 

be carried out directly;  

(4) The effect of operation parameters indicate that (a) an optimized soaking time 

(24 hours) exists in the liquid phase CO2 huff 'n' puff process; (b) a lower oil recovery 

factor is obtained when a higher injection rate is applied (the higher injection rate will push 

the oil near the producer to a further area of the core. Moreover, the higher injection rate 

leads to a shorter duration for the connection of heavy oil and liquid CO2); and (c) a higher 

oil recovery factor is gained when a larger volume of liquid phase CO2 is injected due to 

the larger volume of heavy oil being connected with the injected CO2. 

For the correlation method, the effect of the key parameters including operation 

parameters (treatment pressure, treatment volume, backpressure, and the number of 

cycles) and reservoir properties (oil viscosity, reservoir depth, and current oil saturation) 

on the CO2 huff 'n' puff process in heavy oil reservoirs were studied (Patton et al., 1982a), 

and an analytical method was proposed to predict heavy oil production in the oil field 

(Colmenares and Méndez, 2015). The scholars studied the relationship among the 

reservoir properties, operation parameters, and production efficiency. Regarding the 

operation parameters, (1) a higher treatment pressure (the maximum reservoir pressure 

permitted during the injection process) can gain lower oil viscosity, because more CO2 can 

be injected into the reservoir. The injection pressure can be as high as 15.8 kPa/m of depth, 

which was carried out in several fields with good heavy oil production performance; (2) 

backpressure may benefit the oil production, and the productivity increases with a 

declining bottom hole pressure. Regarding the reservoir properties, (1) commercial 

projects indicate that the heavy oil viscosity is usually less than 2000 mPa·s; (2) with a 
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higher depth, the reservoir can obtain a higher injection pressure, which results in a higher 

CO2 solubility and lower oil viscosity; (3) unexpectedly, high oil saturation tends to reduce 

the performance of the CO2 huff 'n' puff process due to the incremental production being 

reduced. A correlation was developed for the efficiency of heavy oil production and the 

parameters (Patton et al., 1982a): 

𝐸 = 0.33 − 0.035𝑁𝑐 − 4.5 × 10−5𝜇𝑜 + 1.6 × 10−4𝑃𝑡 + 1.3 × 10−9𝑃𝑡
2 + 4.3 ×

10−5𝑘 − 0.013𝑆𝑜𝑖 − 0.69𝑉𝑐                                                                                         (2.1) 

where, 𝐸 is the efficiency of the CO2 huff 'n' puff process, Stb oil/MScf CO2; 𝑁𝑐 is the 

number of cycles; 𝜇𝑜 is the heavy oil viscosity, mPa·s; 𝑃𝑡 is the treatment pressure, kPa; 

𝑘 is the reservoir permeability, mD; 𝑆𝑜𝑖 is the initial oil saturation, fraction; and 𝑉𝑐 is the 

volume of injected CO2 in each cycle per foot of sand, MMScf/ft. 

The heavy oil production rate, which relates to the pressure distribution, heavy oil, 

and reservoir properties, was correlated according to the production data in the oil fields. 

To simplify the calculation, the velocities of CO2 diffusion and heat transfer are assumed 

as constants. The pressure distribution was calculated using Spivey`s model. An exact 

solution was obtained and the temperature distribution was calculated using Laplace`s 

transformation based on Marx and Langenheim`s model (Marx and Langenheim, 1959). 

Carbon dioxide concentration in the transient zone is an important parameter to predict the 

location of CO2 dissolved into heavy oil and how much heavy oil can be produced in each 

cycle, and Fick`s law diffusion was applied to calculate CO2 concentration in the transient 

zone. Then the oil production rate was predicted based on Boberg and Lantz`s model 
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(Boberg and Lantz, 1966), and the heavy oil production rate in the CO2 huff 'n' puff process 

was presented as (Colmenares and Méndez, 2015): 

𝑞𝑜 =
0.536∙ℎ𝑡∙𝐾𝑜∙(𝑃(𝑟,𝑡)−𝑃𝑤𝑓)

𝐵𝑜∙𝜇𝑜𝑐∙ln(
𝑟𝐿

𝑟𝑚𝑑
)+𝐵𝑜−𝐶𝑂2 ∙𝜇𝑜ℎ ∙ln(

𝑟𝑚𝑑
𝑟𝑤

)
    (2.2) 

where, 𝑞𝑜 is the heavy oil production rate, bbl/day; ℎ𝑡 is the reservoir thickness, m; 𝐾𝑜 is 

the oil relative permeability, mD; 𝑃(𝑟,𝑡) is the pressure as a function of space and time, 

kPa; 𝑃𝑤𝑓  is the wellbore flowing pressure, kPa; 𝐵𝑜  is the heavy oil formation volume 

factor, rb/Stb; 𝜇𝑜𝑐 is the viscosity of heavy oil-CO2 system, mPa·s; 𝑟𝐿 is the limit radius, 

m; 𝑟𝑚𝑑  is the maximum diffusion radius, m; 𝐵𝑜−𝐶𝑂2
 is the formation volume factor of 

heavy oil-CO2 system, rb/Stb; 𝑟𝑤 is the well radius, m. 

2.6 Challenges of CO2 huff 'n' puff process 

Through worldwide application in heavy oil reservoirs, CO2 has been found to be 

an efficient candidate for recovering heavy oil in low pressure and thin pay zone reservoirs 

via the immiscible displacement process (Mohammed-Singh and Singhal, 2005; Reid and 

Robinson, 1981). Although the CO2 huff 'n' puff process has been carried out in the field 

for several decades, technic and economic challenges are still encountered when it is 

implemented in the field. Technically, asphaltene precipitation, corrosion, viscous 

fingering, etc., are the main serious problems. Economically, oil prices and the cost of CO2 

recourse are the key obstacles. 

Asphaltene deposition in the CO2 huff 'n' puff process causes serious issues such 

as formation damage, relative permeability reduction, and flow interruption in the 

reservoir and the surface facilities. It can lead to a low production rate and even no flow 
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rate when the tubes or the wellbore are plugged (Hashemi-kiasari et al., 2014; Idem and 

Ibrahim, 2002; Leontaritis and Ali Mansoori, 1988; Sheu and Mullins, 1995; Vazquez and 

Mansoori, 2000; Zanganeh et al., 2012). Furthermore, when the asphaltene content is 

higher than 4.6%, the wettability of the reservoir will alternate from water wet to oil wet, 

which results in a reduction in heavy oil production (Al-Maamari and Buckley, 2000; 

Huang, 1992). To reduce asphaltene deposition in the CO2 huff 'n' puff process, asphaltene 

inhibitors can be injected into the reservoir. The results of the tests show that the inhibitor 

can effectively reduce the asphaltene deposition in the gas lift production process in the 

heavy oil production (Yen et al., 2001). Another way to reduce the asphaltene deposition 

in heavy oil is by adding a solvent mixture of polar protic hexane-1-ol and nonpolar 

toluene into the heavy oil along with the CO2 injection process (Alomair and Almusallam, 

2013). The tests indicate that the asphaltene deposition can be delayed or stopped when 

the solvents are injected. 

In the production stage, the undissolved CO2 evolves out of the reservoir through 

the penetrated holes on the well. The volume of the CO2 expands extremely in a very short 

time, which results in heat extraction at the bottom of the wellbore. When the temperature 

decreases to the wax appearance temperature, wax precipitation occurs in the heavy oil at 

the bottom of the well, the wax sticks on the wellbore and the formation near the wellbore 

(Luo et al., 2005): leading to the flow rate decreasing (Mullins et al., 2007). The efficient 

method to reduce wax precipitation in the reservoir is to optimize the pressure depletion 

rate, under which the temperature near the wellbore would not be decreased too much and 

the heavy oil production rate would not be affected too much. Another approach is to add 

a wax inhibitor into the reservoir. The polymeric inhibitor causes the formation of a 
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hydrocarbon chain between the wax inhibitor and the wax. The chain is a polar segment 

which inhibits the aggregation stage of the wax, so the wax appearance time can be 

decreased (Machado et al., 2001). 

The corrosion of equipment due to corrosive fluid is generated when the injected 

CO2 encounters water. The chloride corrosion is serious in the CO2 huff 'n' puff process 

implemented in the Bati Raman oilfield and Aminoil's North Bolsa Strip project, even 

though special steel and chemical protection is used (Babadagli et al., 2008; Patton et al., 

1982b). The best way to avoid CO2 acid corrosion is to add inhibitor chemicals into the 

reservoir and use a corrosion resistant element on the surface of the pipeline, metal 

components, etc. (Parker et al., 2009). 

Because the viscosity of CO2 is much lower than that of the reservoir fluids (heavy 

oil, formation water), viscous fingering occurs when CO2 is injected into the reservoir. 

The injected CO2 will pass through the higher permeability zone and bypass the lower 

permeability zone. In the oil field, injected CO2 breakthrough occurs among nearby wells 

in a short time in the heterogeneous reservoirs (Moffitt and Zornes, 1992; Yuan and 

Azaiez, 2014a, 2014b). For this type of reservoir, high permeability layer(s) exist and the 

injected CO2 passes through these layers, except they will be maintained near the injector. 

Different methods can be used to avoid the negative effect of high permeability 

layers among wells in different oil pay zones. First, a packer can be applied to isolate thin 

high permeability layers in the wellbore (Olenick et al., 1992). For a thick layer or a 

reservoir with natural fractures, which means there is a large amount of heavy oil reserves 

in this layer, the packer is not applicable. To solve this problem, a high viscosity gel 
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solution or another type of solution can be injected into the reservoir to separate the high 

permeability layer prior to the implementation of the CO2 huff 'n' puff process. By using 

this method, heavy oil production can be enhanced (Sahin et al., 2012). 

Other technical issues such as low injectivity, pump problems, ice plugs forming 

in the injection lines and tubes, and annular wellbore freezing occurring while the injection 

pressure is extremely low, etc., are also serious problems in the field (Gao et al., 2012; 

Sahin et al., 2008). 

In terms of the economic aspect, the costs of CO2 capture, CO2 transportation, 

facilities of CO2 injection system, operation etc., are the main capital investments. Until 

now, successful field applications of the CO2 huff 'n' puff process have been based on CO2 

reservoirs located close to the heavy oil reservoirs. For example, the CO2 source for the 

CO2 huff 'n' puff process applied in the Bati Raman field, Turkey, is a CO2 reservoir (the 

Dodan field) located 88 km away from the heavy oil reservoir. However, regarding the 

application of the process without a CO2 reservoir nearby, the benefits of the CO2 huff 'n' 

puff process are not remarkable, because the costs of CO2 capture and transportation 

without pipelines remain very high. Furthermore, the facilities used in the CO2 huff 'n' puff 

process are specialized from common ones to avoid the corrosion of CO2. In addition, the 

operations on the CO2 huff 'n' puff field are much more complex than other common 

processes. 
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2.7 Chapter summary 

In this chapter, the CO2 huff 'n' puff process applied in the heavy oil reservoir is 

reviewed on the experimental studies and field application. Five conclusions can be drawn 

from this study.  

First, the experimental, pilot tests and numerical studies show that the CO2 huff 

'n' puff process is an efficient approach to enhance oil recovery in heavy oil reservoirs. 

Second, the main challenges of the CO2 huff 'n' puff process include asphaltene 

precipitation, wax deposition, equipment corrosion, viscous fingering, etc. are analyzed, 

and the solutions for the potential problems have been researched in detail. 

Third, viscosity reduction is extremely remarkable in the heavy oil-CO2 system, 

and the viscosity reduction ratio can reach up to 99.8%. Oil swelling is significant in the 

CO2 based enhanced oil recovery process, and the oil swelling factor can be as high as 

1.28 when CO2 is recombined into the heavy oil. 

Fourth, the CO2 huff 'n' puff process is one of the most successful enhanced oil 

recovery methods in heavy oil production from both experimental studies and field tests. 

The property range of the heavy oil in which the CO2 huff 'n' puff process can be used to 

enhance heavy oil production is large. The oil viscosity can be as high as 28646 mPa·s, 

the oil gravity can be as low as 4o API, and the CO2 utilization can be as low as 4.2 

MScf/Stb. 

Fifth, in terms of the reservoir properties of the heavy oil reservoir that can 

implement the CO2 huff 'n' puff process successfully, this study indicates that the depth 
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can be as high as 1985 m, the oil pay zone can be as low as 12.2 m, the permeability can 

range from 30 to 24200 mD, and the porosity can range from 11% to 37.5%. 
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CHAPTER 3 NON-EQUILIBRIUM PHASE BEHAVIOR OF HEAVY OIL-

METHANE SYSTEM AT RESERVOIR CONDICTION 

In the primary production process in heavy oil reservoir, the anomalous oil 

production behaviors, in terms of high oil production rate, low gas oil ratio, and high 

recovery factor, are observed in the heavy oil reservoirs under solution gas drive (Maini et 

al., 1993b; Smith, 1988; Tang et al., 2006; Zhou et al., 2016b). In the original heavy oil 

reservoir, the main solution gas in the reservoir is methane, so the non-equilibrium phase 

behavior is important to the heavy oil production performance in the primary production 

process. Therefore, in this chapter, researches on the non-equilibrium phase behaviors are 

carried out. Three types of constant composition expansion tests on foamy oil are 

conducted in a pressure/volume/temperature cell: (a) constant pressure depletion rate test, 

(b) constant volume withdraw rate test, and (c) step-by-step test (Zhou et al., 2017). The 

experiments are conducted to investigate the effect of pressure depletion methods and 

depletion/withdraw rates on a heavy oil‒methane system in the bulk phase. Pure methane 

is recombined into a typical Manatokan dead-heavy oil sample to generate a live oil 

sample. Totally, nine experiments are undertaken including four experiments for the 

constant pressure depletion rate test, four experiments for the constant volume withdraw 

rate test, and one experiment for the step-by-step test. 

3.1 Introduction 

Experimental studies on effects of pressure depletion rates, temperatures, and 

porous media on foamy oil stability have been conducted in previous researches. In those 

studies, the Constant Composition Expansion (CCE) tests were conducted using a 
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transparent Pressure/Volume/Temperature (PVT) cell. The experimental results indicated 

that, higher pressure depletion rate, leading to higher volume of dispersed gas and lower 

pseudo-bubble point pressure (Albartamani, 2000; Alizadeh et al., 2015; Bennion et al., 

2003; Or et al., 2016; Sheikha and Pooladi-Darvish, 2009; Sheng, 1997; Wong et al., 1999), 

due to higher pressure depletion rate allows shorter time for bubble nucleation, in contrast, 

longer time for gradual evolution and permitted gravity and interfacial tension (IFT) forces 

to coalescent the free gas phase in lower depletion rate tests (Alizadeh et al., 2015). 

Considering effect of temperature, the stability of foamy oil decreased sharply and the 

volume of the dispersed gas in PVT cell increased with an increasing in temperature (Tang 

and Firoozabadi, 2003; Zhang, 1999), but an optimized temperature can be obtained for a 

certain heavy oil sample (Liu et al., 2013). Furthermore, when glass beads were packed 

into the PVT cell, the trend of the foamy oil volume curve could be changed, due to the 

packing provided nucleation sites and aided in coalescence and gas separation to the free 

gas phase (Albartamani, 2000; Liu et al., 2013).  

Properties of foamy oil including physical properties, bubble shape and diffusion 

of solvent, were studied in previous researches using PVT cell (Bennion et al., 2003; 

Sheng, 1997; Wang et al., 2015; Wong et al., 1999). For studies on physical properties in 

terms of formation volume factor, density, solution gas oil ratio (GOR), viscosity, etc., it 

is found that those properties related highly to the pressure depletion rate, and could be 

represented as functions of pressure and pressure depletion rates (Bennion et al., 2003). In 

regards of bubble shape in foamy oil, it is concluded that at low share rate, gas bubbles 

remained spherical, but were elongated at high share rate (Abivin et al., 2009). With 

regards to diffusion coefficient of solvent in foamy oil, the diffusion coefficient of natural 
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gas in foamy oil was lower than that in saturated oil and dead oil, and increased linearly 

with increasing operating pressure (Zhang et al., 2015), that is because the mass transfer 

and dissolution rates were limited when the oil and solvent contacted each other, and a 

power exponent relationship existed between the dissolution rate and dissolution time 

(Chen et al., 2013). 

In previous researches, properties studies on foamy oil were mainly conducted 

using pressure depletion method, which focused mainly on constant volume withdraw 

rates in a PVT cell (Liu et al., 2013; Sheng, 1997). However, researches on the constant 

pressure depletion method has been seldom carried out, and relations of solution gas and 

free gas with test time have been rarely studied.  

In conventional CCE tests, the stirrer at the bottom of PVT cell is stirring during 

the tests, leading to free gas evolves out of the heavy oil synchronously when the pressure 

declines lower than the bubble point pressure. In addition, the heavy oil-methane system 

is under thermodynamic equilibrium condition at any pressure, as shown in Figure. 3.1(a). 

In contrast to conventional CCE tests, the stirrer is stopped in the non-equilibrium CCE 

tests. So that, the supersaturated gas cannot evolve out of heavy oil immediately with 

pressure decline, remains entrained in heavy oil for a long time period due to high viscosity 

of the heavy oil. 

Figure 3.1(b) indicates gas phase characters in the non-equilibrium CCE test. 

When pressure declines lower than the bubble point pressure, tiny gas bubbles start to 

generate in the heavy oil-methane system, but volume changes of the fluids are  
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Figure 3.1 Schematic of gas characters in conventional CCE and non-equilibrium CCE 

tests: (a) gas characters in conventional CCE test with stirrer running during the tests; (b) 

gas characters in non-equilibrium CCE test, including (1) bubble nucleation, (2) bubble 

growth, and (3) bubble coalescence processes.   
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inconspicuous due to the bubble size is very small and negligible (Kumar and Pooladi-

darvish, 2002; Zhou et al., 2016b, 2014). In this time period, supersaturation status in the 

heavy oil-methane system reaches (Firoozabadi and Kashchiev, 1996) and volume 

increment of heavy oil-methane system is principally contributed by the liquid phase. 

When pressure declines to the threshold pressure which is lower than the bubble point 

pressure but higher than the pseudo-bubble point pressure, numerous bubbles nucleate and 

volume of the foamy oil increases remarkably with pressure declines (bubble nucleation 

process). Small bubbles are trapped in heavy oil and increase in size with pressure declines, 

changes of volume are dominated by foamy oil, due to gas bubbles dispersed in heavy oil 

(bubble growth process). When the pressure declines to the pseudo-bubble point pressure, 

dispersed gas bubbles coalescent and start to evolve out of the heavy oil (bubble 

coalescence process), the gas evolution rate relates to pressure depletion rates (Wang et 

al., 2015; Zhou et al., 2016b), and during this period, volume changes of total fluids (foamy 

oil and free gas) are mainly controlled by free gas. In the non-equilibrium CCE test, if a 

pressure is maintained for a long time, the system will reach an equilibrium status, which 

indicates that 100% of the dispersed gas transfers to free gas and only solution gas and 

free gas exist in gas phase. 

3.2 Experimental study 

3.2.1 Materials 

In this study, the heavy oil-methane system (live oil) is generated using a typical 

heavy oil sample from Manatokan, western Canada. Because the heavy oil sample is free 

of gas, it is considered as dead oil. Properties and compositional analysis of the heavy oil 
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sample are tabulated in Tables 3.1 and 3.2, respectively. The solvent (methane) used to 

generate the live oil with a purity of 99.99 mol% was supplied from Praxair Canada Inc.. 

The heavy oil-methane system is generated by recombining methane into dead oil sample 

in the PVT cell, properties of the heavy oil-methane system are indicated in Table 3.3.  

3.2.2 Experimental setup 

In this study, a mercury-free DBR PVT system (PVT-0150−100−200−316−155, 

DBR, Canada) is used to carry out the tests, as shown in Figure. 3.2. The PVT cell is 

equipped in the system with an inner diameter of 3.177 cm, and an effective volume of 

125.620 cm3. The inner diameter and height of the PVT cell are measured using a Vernier 

Caliper (500-173, Mitutoyo, USA) before it is stored, and the PVT cell can withstand a 

high pressure up to 69000 kPa with a temperature range from -35.0 °C to 200.0 °C. A 

floating piston is located in the PVT cell to separate the hydraulic oil from the test fluids. 

A magnetic stirrer is mounted at the bottom of the PVT cell in order to stir the test fluid at 

an adjustable velocity. The test fluid can be either pressurized or depressurized by a DBR 

pump (PMP-0500−1−10-MB-316-M4-C0, DBR, Canada). A syringe pump (1000 D, 

Teledyne ISCO Inc., USA) is used to control the pressure in a Back Pressure Regulator 

(BPR, EB1ZF1-SS316, EquiliBAR, USA) in the constant pressure depletion rate tests. 

With a pressure control mode, the pressure of the hydraulic oil above the piston can be 

changed linearly with time, the test fluid is injected into the PVT cell using another syringe 

pump. The PVT cell is mounted in an air-bath, whose temperature is controlled by a 

Resistance Temperature Device (RTD) sensor and a micro-processor controller.  
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Table 3.1 Measured dead oil properties for the Manatokan heavy oil sample at 1 atm and 

21.0°C. 

Dead Oil Sample Manatokan 

Dead oil density (kg/m3) 964.3 

Dead oil viscosity (mPa·s) 2200 

Dead oil molecular weight (g/mol) 389 

Dead oil compressibility (1/kPa) 5.5×10-7 

Dead oil compressibility coefficient of viscosity (1/MPa) 0.031 

 

  



54 

 

Table 3.2 Compositional analysis results of the flashed Manatokan oil sample. 

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

C1 0.000 0.000 C32 1.390 1.608 

C2 0.000 0.000 C33 1.050 1.252 

C3 0.000 0.000 C34 1.030 1.266 

C4 0.000 0.000 C35 1.330 1.682 

C5 0.000 0.000 C36 1.310 1.704 

C6 0.031 0.006 C37 0.870 1.163 

C7 1.160 0.298 C38 0.860 1.181 

C8 1.530 0.448 C39 1.290 1.817 

C9 1.050 0.346 C40 1.280 1.849 

C10 1.210 0.442 C41 0.750 1.111 

C11 1.660 0.666 C42 0.750 1.138 

C12 1.590 0.695 C43 1.220 1.894 

C13 2.140 1.012 C44 1.290 2.049 

C14 2.170 1.105 C45 0.820 1.332 

C15 2.520 1.373 C46 0.820 1.362 

C16 2.270 1.319 C47 1.020 1.731 

C17 2.340 1.444 C48 1.000 1.733 

C18 2.400 1.567 C49 0.870 1.539 

C19 2.240 1.543 C50 0.820 1.480 

C20 2.020 1.464 C51 0.840 1.546 

C21 2.310 1.758 C52 0.820 1.539 

C22 1.480 1.179 C53 0.750 1.434 

C23 1.890 1.574 C54 0.750 1.461 

C24 1.670 1.451 C55 0.690 1.369 

C25 1.740 1.574 C56 0.700 1.414 

C26 1.680 1.581 C57 0.700 1.440 

C27 1.690 1.651 C58 0.680 1.423 

C28 1.750 1.772 C59 0.680 1.447 

C29 1.520 1.594 C60 0.680 1.472 

C30 1.380 1.497 C61+ 28.039 25.567 

C31 1.460 1.636 Total 100.000 100.000 
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Table 3.3 Properties of the heavy oil-methane system at 21.0°C. 

Property Value 

Mole fraction (mol%) 

Dead oil 89.95 

Methane 10.05 

Density (kg/m3) a 960 

Viscosity (mPa·s) a 1562 

Solution GOR (Sm3/m3) b 6.62 

Saturation pressure (kPa) 2000 

 

Note: a. the density and viscosity are measure at the saturation pressure;  
b. the solution GOR is measured at 1 atm, and then changed into standard 

conditions. 
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Figure 3.2 Schematic of experimental setup for testing foamy oil behavior with different 

depletion methods and depletion rates for heavy oil-methane system. 
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3.2.3 Experimental procedures 

Preparation processes (including cleaning, leakage testing, and live oil generation) 

are carried out before the tests are started. The PVT cell and tubes are cleaned by injecting 

toluene, kerosene, and ethanol, sequentially, then air is used to flush and dry the whole 

system. After that, high pressure nitrogen is injected into the PVT cell to conduct leakage-

free test. Before fluid injection, the whole system is vacuumed using the vacuum pump, 

and then the temperature of the air bath is set as the test temperature (21±0.5 °C) for 24 

hours, to make sure the temperature of the fluids in the cylinders reaches to the target 

temperature, then the gas and heavy oil injection processes are conducted. The exact 

volume of methane and heavy oil at the injection pressure and temperature were calculated 

previously (Zhou et al., 2016b). Methane and heavy oil are injected into the PVT cell in 

sequence, and the magnetic stirrer keeps stirring during the injection process. After the 

certain volumes of fluids are injected into the PVT cell, the fluids are pressurized and 

maintained at a level of 10% higher than the saturation pressure (2000 kPa) to ensure that 

the heavy oil-methane system is under saturated condition (Ostos and Maini, 2005; Zhou 

et al., 2016b), the volume of the heavy oil-methane system is 29.370 cm3 at the saturation 

pressure. The mixing process is undertaken for at least 24 hours, and the PVT cell was 

rocked every 4 hours during the mixing process. The bubble point pressure is tested using 

the conventional PVT test (CCE) to make sure the saturation pressure of the heavy oil-

methane system is 2000 kPa. 

Three types of experiments including constant pressure depletion rate test, 

constant volume withdraw rate test, and step-by-step test, are implemented in this chapter. 

For the constant pressure depletion rate test, the syringe pump is set in the pressure control 
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mode. The pressure in the PVT cell can decline smoothly and change linearly with time, 

and four experiments are conducted at the pressure depletion rates of 0.5 kPa/min, 1.0 

kPa/min, 2.0 kPa/min, and 4.0 kPa/min. In regards to the constant volume withdraw rate 

test, the pump is set in the volume control mode, so that the volume of the total fluids can 

expand proportional to the test time, and four tests are designed at the volume withdraw 

rates of 0.5 cm3/hr, 1.0 cm3/hr, 2.0 cm3/hr, and 4.0 cm3/hr. For the step-by-step test, one 

experiment is carried out, the pressure is declined by 100 kPa in several seconds, then 

maintained to investigate the volume changes of the foamy oil and free gas. In each test, 

the volume changes of the total fluids (foamy oil and free gas), foamy oil, and free gas are 

monitored by the cameras. 

3.3 Results and discussion 

3.3.1 Behaviors of the total fluids in non-equilibrium tests 

With regard to the equilibrium CCE test, the bubble point pressure which is 2000 

kPa, can be investigated obviously via the turning point on the relative volume versus 

pressure curve, as shown in Figure 3.3(a). Different from equilibrium CCE test, relative 

volumes of the total fluid in constant pressure depletion rate tests increase smoothly with 

pressure declines. That is because, in the equilibrium CCE test, when the pressure declines 

to the bubble point pressure, the nucleated gas bubbles cannot be trapped, due to the 

running stirrer accelerates bubbles coalescent together and evolve out of the heavy oil. 

However, for the constant pressure depletion rate tests, when the pressure declines to the 

threshold pressure, the nucleated gas bubbles are trapped in heavy oil because of high 

viscosity of heavy oil, and the size of the gas bubbles increases with pressure decreases,   
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Figure 3.3 Relative volume changes of total fluids for equilibrium and foamy oil (non-

equilibrium) CCE tests (a) foamy oil tests at different constant pressure depletion rates and 

(b) foamy oil tests at different constant volume withdraw rates.   
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so that the pressure is maintained, and no sharp pressure changes occur in the depletion 

process. 

The comparisons of the two types of continuous depletion tests (constant pressure 

depletion rate and constant volume withdraw rate tests) indicate that, (a) the trends of 

relative volume versus pressure plots are similar, as shown in Figure 3.3; (b) the relative 

volume profiles are similar to each other before pressure declines to pseudo-bubble point 

pressure, because volume of foamy oil has an almost linear relationship with pressure; (c) 

with same volume difference, the pressure differences in the non-equilibrium CCE tests 

are much higher than those in the equilibrium CCE tests, due to gas bubbles are trapped in 

heavy oil in the non-equilibrium tests; (d) one different phenomenon is observed: the 

relative volume profiles in the constant pressure depletion rate tests are much smoother 

than those in the constant volume withdraw rate tests. That is because, once the pressure 

declines below the pseudo-bubble point pressure, the pressure changes are different in the 

two types of tests. For the constant pressure depletion rate test, the depletion process is 

controlled by a continuous depletion of pressure, leading to the volume of the total fluids 

changes gradually with the pressure declines. For the constant volume withdraw rate tests, 

with same volume changes in single phase and two phases, the pressure in two phases 

cannot be decreased as much as that in the liquid phase period due to the high 

compressibility of gas phase, therefore, the slopes of the plots increase significantly, 

leading to an obvious intersection in the plots. 

The pseudo-bubble point pressure can be determined using the total fluids 

compressibility plot. The compressibility of the fluid(s) (foamy oil, total fluids) is 

calculated using the following equation 
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𝐶𝑓𝑙𝑢𝑖𝑑 = −
1

𝑉
× (

𝜕𝑉

𝜕𝑃
)

𝑇
                                          (3.1) 

where, C𝑓𝑙𝑢𝑖𝑑  is compressibility of the target fluid(s), kPa-1; 𝑉  is volume of the target 

fluid(s), cm3; (
𝜕𝑉

𝜕𝑃
)𝑇 is volume difference of the target fluid(s) as a response to a pressure 

change at constant temperature, cm3/kPa. In the tests, when free gas evolves out of heavy 

oil, compressibility of the total fluids increases, so that, a turning point appears in the 

compressibility curve, and the pressure at this turning point is defined as the pseudo-

bubble point pressure. The pseudo-bubble point pressure for pressure depletion rate of 0.5 

kPa/min is 1551 kPa, as shown in Figure 3.4. For the other three tests (pressure depletion 

rates of 1.0 kPa/min, 2.0 kPa/min, and 4.0 kPa/min), the pseudo-bubble point pressures 

are 1327 kPa, 1223 kPa, and 825 kPa, respectively. That means the pseudo-bubble point 

pressures for the constant pressure depletion rate tests decrease with pressure depletion 

rate increases. That is to say, for the lowest pressure depletion rate test (0.5 kPa/min), the 

process is much closer to the equilibrium test, so the pseudo-bubble point pressure 

approaches the equilibrium bubble point pressure (2000 kPa). In addition, the higher the 

pressure depletion rate, the longer the duration of the foamy oil period, as shown in Figure 

3.4, this result is the same as that in previous experimental study in sandpack (Zhou et al., 

2016). Using the same approach, the pseudo-bubble point pressures for the volume 

withdraw rates of 0.5 cm3/hr, 1.0 cm3/hr, 2.0 cm3/hr, and 4.0 cm3/hr are 1141 kPa, 1035 

kPa, 820 kPa, and 736 kPa, respectively. 

From Figure 3.4, a better understanding of bubble nucleation, bubble growth, and 

bubble coalescence processes can be obtained. In regard to test at pressure depletion rate 

of 0.5 kPa/min, in regime 1, the compressibility of the heavy oil-methane system almost   
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Figure 3.4 Compressibility of the total fluids at different constant pressure depletion 

rates.  
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equals to that of dead oil. When the pressure declines to bubble point pressure (2000 kPa), 

the compressibility starts to increase slightly, but it can be negligible because the nucleated 

bubbles are too small to affect the total volume. In regime 2, when pressure is 

depressurized to the threshold pressure (1900 kPa), a large amount of gas bubbles nucleate 

and disperse in heavy oil. In this period, the volume of total fluid increases much quicker 

than that of dead oil in the same pressure depletion scenario due to effect of dispersed gas. 

With pressure further declines, the bubble size increases, leading to foamy oil 

compressibility increases with pressure decreases. Once pressure declines to the pseudo-

bubble point pressure in regime 3, the dispersed gas starts to evolve out of heavy oil to 

generate free gas. Because the compressibility of gas phase is extremely higher than that 

of liquid phase, the compressibility of total fluids is dominated by the free gas, so the 

compressibility of the total fluids increases remarkably with pressure declines. With 

pressure further declines, more and more bubbles evolve out of the heavy oil, due to the 

gas saturation becoming smaller at lower pressure, resulting in trend of compressibility 

increase monotonically. The same trends of compressibility are found in the tests at 

constant pressure depletion rate tests. 

The gas phase transformation in foamy oil is determined as a sequential reaction 

process: with pressure depletion, part of Solution Gas (SG) transfers to Dispersed Gas 

(DG), and then portion of dispersed gas transfers to Free Gas (FG). This transformation 

process is similar to the chemical kinetics reaction that occurs in the solution, and 

concentrations of the reactants relate to reaction time, the relations were presented as 

equations which were reported in previous study (Rogers, 2011). And the first-order 

kinetic rate laws indicate the relation of the reactant concentration for the first step 
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reaction. Therefore, the first-order kinetic rate laws can be applied to study changes of 

solution gas concentration in foamy oil. According to Rogers' study, the concentration of 

solution gas at time 𝑡 can be presented as 

[𝑆𝐺]𝑡 − [𝑆𝐺]𝑎𝑡𝑚 = [𝑆𝐺]0𝑒−𝑘𝑆𝐺𝑡                                       (3.2) 

where [𝑆𝐺]𝑡  is concentration of solution gas at time 𝑡 , mole/l; [𝑆𝐺]𝑎𝑡𝑚  is the 

concentration of solution gas at the atmosphere pressure, mole/l; [𝑆𝐺]0  is initial 

concentration of solution gas, mole/l; and 𝑘𝑆𝐺  is reaction rate constant which indicates the 

transformation rate from solution gas to dispersed gas, 1/min. A linear equation can be 

obtained from Equation (3.2):  

ln([𝑆𝐺]𝑡 − [𝑆𝐺]𝑎𝑡𝑚) = −𝑘𝑆𝐺𝑡 + ln([𝑆𝐺]0)                      (3.3) 

In most cases, [𝑆𝐺]𝑎𝑡𝑚 is negligible, due to the concentration of methane in heavy 

oil is much small. So it is neglected in this study. Equation (3.3) indicates that linear 

relationship exists between ln([𝑆𝐺]𝑡 − [𝑆𝐺]𝑎𝑡𝑚) and time 𝑡, as shown in Figure 3.5. The 

value of [𝑆𝐺]𝑡 can be obtained by the following steps: (1) the volume of methane injected 

into the PVT cell and the volume of free gas at a certain pressure are measured using the 

cathetometer; (2) moles of total solution gas (𝑛𝑆𝐺0) and free gas (𝑛𝐹𝐺𝑡) are calculated 

using the real gas law (PV = ZnRT); (3) moles of the solution gas (𝑛𝑆𝐺𝑡) at a certain 

pressure are calculated using equation: 𝑛𝑆𝐺𝑡 = 𝑛𝑆𝐺0 − 𝑛𝐹𝐺𝑡; (4) volume of foamy oil at a 

certain pressure is tested; and then (5) concentration of solution gas at a certain pressure 

is calculated. The slopes and 𝑅2 values for the trendlines are shown in Table 3.4. And 

initial volume of the heavy oil-methane system is 29.370 cm3, thus, the value of 

ln ([𝑆𝐺]0 − [𝑆𝐺]𝑎𝑡𝑚) equals to -1.29834 which is the intercept of the trendlines, the start   
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Figure 3.5 Trendlines for the non-equilibrium tests of ln([𝑆𝐺]𝑡) versus time plots for 

constant pressure depletion rate tests.   
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Table 3.4 Slope and R2 data of the trendlines for the non-equilibrium tests in this study 

and from previous research. 

Pressure depletion method Decline rate Slope, k R2 

Constant pressure-depletion-rate 

(kPa/min) 

0.5 0.00014 0.95191 

1.0 0.00023 0.96506 

2.0 0.00033 0.96431 

4.0 0.00048 0.97847 

Constant volume-depletion-rate 

(cm3/hr) 

0.1* 0.00021 0.99157 

0.8* 0.00076 0.99373 

1.6* 0.00131 0.94232 

3.0* 0.00186 0.99411 

0.5 0.00050 0.96119 

1.0 0.00089 0.98021 

2.0 0.00124 0.96952 

4.0 0.00194 0.97747 

 

         *Wang et al., 2015 
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depletion pressure is calculated from the bubble point pressure. The slopes of the 

trendlines indicate the solution gas transformation rates increases with pressure depletion 

rate increases for both continuous depletion tests, that is because, for a higher depletion 

rate at the same pressure, more solution gas can transfer into dispersed gas, leading to more 

remarkable foamy oil phenomenon appears. 

Figure 3.6 indicates that a strong quadratic relationship between the reaction rate 

constant and depletion/withdraw rates is obtained. Moreover, the reaction rate constant 

increases with depletion rates increase for both types of tests, leading to the solution gas 

concentration decreases. Also, more solution gas transfers to dispersed gas and much more 

significant foamy oil phenomenon is observed at higher depletion rates. However, the 

increments of the trendlines decrease with the increase of depletion/withdraw rate because 

of the limited total volume of the heavy oil-methane system (29.370 cm3). 

3.3.2 Behaviors of the foamy oil 

In previous studies, anomalous oil production behaviors were observed in heavy 

oil reservoir under solution gas drive, and foamy oil flow was reported as the main 

mechanism (Du et al., 2016; Maini et al., 1993a; Nguyen and Farouq Ali, 1998; Sheng et 

al., 1999; Zhou et al., 2016b), most of the previous studies are conducted in porous media. 

Therefore, in this study, the properties of foamy oil are studied mainly in bulk phase. 

The relative volume of foamy oil is studied in the continuous depletion tests. 

Volume of foamy oil is calculated using volume of total fluids minus volume of free gas. 

The heights of fluids (foamy oil, total fluids) in the PVT cell can be measured using the   
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Figure 3.6 Relationship between the reaction rate constant kSG and the pressure depletion 

rates for the non-equilibrium tests.  
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cathetometer, and then volumes can be calculated. The plots for the relative volume of 

foamy oil changes over time at different constant pressure depletion rates are shown in 

Figure 3.7(a), similar trends are obtained in the constant volume withdraw rate tests. This 

figure indicates that volume of foamy oil increases with pressure decreases when the 

pressure is higher than the pseudo-bubble point pressure (Regime 1 and 2), because the 

bubble nucleation and bubble growth process occur in this time period. With further 

pressure declines, the dispersed bubbles grow and become bigger bubbles. When the 

pressure declines to the pseudo-bubble point pressure (Regime 3), volume of foamy oil 

decreases sharply mainly because of the dispersed bubbles coalescent to each other and 

evolve out of heavy oil. Part of heavy oil sticks on the wall of the PVT cell and piston for 

a short period (oil coating), leading to the free gas appearance time being delayed than the 

real time. The height of the maximum relative volume relate to pressure depletion rate: 

higher pressure depletion rate, larger maximum relative volume of foamy oil reached, and 

a faster volume drop when the dispersed bubbles evolved out of the heavy oil. With 

pressure declines, when free gas phase appears in the PVT cell, the volume of foamy oil 

decreases to a certain value and remains stable due to effect of pressure constraint in the 

PVT cell, the volume of free gas evolves out of the foamy oil almost equals to the volume 

expansion in the foamy oil, this phenomenon is similar to that in previous study (Sun et 

al., 2015). But different from Sheng`s research (Sheng, 1997), in his study, the pressure 

was decreased from 4826 kPa to 2413 kPa with a sudden pressure decline rate, and then 

the pressure was maintained, the relative volume profile is shown in Figure 3.7(b). During 

this process, no pressure constraint was applied, so the bubbles evolved out of heavy oil 

freely and resulted in the volume profile changing smoothly. 
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Figure 3.7 Relative volume changes with time of the foamy oil (a) constant pressure 

depletion rate tests, (b) sudden pressure depletion test (Sheng, 1997). 
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Figure 3.8 shows the compressibility of foamy oil at different constant pressure 

depletion rates. The compressibility of foamy oil in regimes 1 and 2 is the same as that for 

the total fluids because no free gas forms in these periods. When the pressure declines to 

pseudo-bubble point pressure, gas bubbles start to evolve out of heavy oil and the 

compressibility reduces quickly due to two reasons: first, the oil coating delays the volume 

change of foamy oil, leading to a lower calculated compressibility than the real value; 

second, gas compressibility, which is much higher than that of liquid, is not significant for 

foamy oil once the dispersed gas evolves out of the heavy oil, results in the compressibility 

of foamy oil is mainly controlled by liquid phase. With pressure declines forward, more 

and more gas bubbles evolve out of the heavy oil and results in compressibility decreases 

with pressure decreases. The tests under constant volume withdraw rates have the same 

trends for the foamy oil compressibility. 

During the bubble coalescence process, the free gas evolution rate relates to the 

diffusion coefficient of solution gas into heavy oil (Shahvali and Pooladi-Darvish, 2009), 

a linear relation is investigated between the mass of solvent transfers into dead oil and 𝑡1/2 

(Zhang et al., 2015). Therefore, a study of relationship between moles of free gas and time 

is conducted. Via correlation, the relationship between moles of free gas and 𝑡1/2 (which 

is calculated from initial test pressure [2200 kPa] for each test) is obtained, as indicated in 

Figure 3.9. The correlation can be presented as 

𝑛𝑟,𝐹𝐺 = 𝑘𝐷𝐺,𝑟 × 𝑡1/2 + 𝑏                                         (3.4) 

where 𝑛𝑟,𝐹𝐺  is mole ratio of free gas at time 𝑡 (in the non-equilibrium process), equals to 

moles of free gas divided by total moles of the injected gas, fraction; 𝑘𝐷𝐺,𝑟 is a factor 
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Figure 3.8 Compressibility of foamy oil at different constant pressure depletion rates.   
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Figure 3.9 Relationship between the moles of free gas and t1/2 for each test.   
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that relates to the reaction rate constant and 𝑡1/2 , mole/minute1/2; b is intercept of the 

trendline. When 𝑛𝑟,𝐹𝐺 = 0 is obtained, time calculated from Equation (3.4) is the time at 

which pseudo-bubble point pressure reaches. The volume of free gas is measured, then the 

moles of free gas is calculated using the real gas law. In regards of Equation (3.4), the 

corresponding dependence may only be valid in the early stage of the liberation, rather 

than in the later stage. That is because, mathematically, the mole ratio of free gas 

approaches to infinity when the depletion time tends to infinite, while a certain moles of 

solution gas is injected into heavy oil in the experiments, so the mole ratio of solution gas 

should equal to 1.0 when all of the solution gas evolves out of heavy oil. Therefore, 

Equation (3.4) is not applicable in the later stage. 

A new method is developed to determine the time at when the pseudo-bubble point 

pressure reaches (𝑡𝑝𝑏𝑝) using the trendlines, which are descripted as Equation (3.4). In 

Equation (3.4), by setting the free gas moles ratio as zero to solve the time for each test. 

From Table 3.5, the calculated 𝑡𝑝𝑏𝑝  values are smaller than the observed 𝑡𝑝𝑏𝑝  values, 

indicates that the observed free gas appearance time delays the real time in the tests. In 

addition, the error which is defined as the time difference between the tested and calculated 

𝑡𝑝𝑏𝑝 divided by the tested 𝑡𝑝𝑏𝑝, shows that the effect of oil coating cannot be neglected at 

the time when the gas bubbles start to evolve out of heavy oil, because the calculated error 

is as high as 8.59 %. In order to obtain more accurate data, the calculation approach can 

be applied. 
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Table 3.5 Details and calculation results for each test using the trendlines. 

Test method Decline/Withdraw rate 
Slope, 

kDG,r 
b R2 

tpb 

 Observed 

(minute) 

tpb 

Calculated 

(minute) 

Error  

(%) 

Constant pressure-

depletion-rate 

(kPa/min) 

0.5 0.0217 -0.771 0.986 1298 1267 2.45 

1 0.0362 -1.047 0.996 873 837 4.3 

2 0.0276 -0.603 0.963 489 478 2.29 

4 0.0299 -0.54 0.971 344 324 6.2 

Constant volume-

depletion-rate 

(cm3/hr) 

0.5 0.0219 -0.385 0.991 329 311 5.79 

1 0.0234 -0.284 0.99 152 143 6.34 

2 0.0224 -0.237 0.974 110 106 3.7 

4 0.0238 -0.165 0.951 52 48 8.59 
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3.3.3 Behaviors of the heavy oil-methane system in step-by-step test 

For the step-by-step test, the pressure in PVT cell declines by 100 kPa quickly for 

each step and then the pressure is maintained for 48 hours. The calculation results of free 

gas volume at each step similar to the experimental results, as shown in Figure 3.10, 

indicates that the calculation processes are acceptable in this study. The comparisons 

between volume of free gas in the step-by-step test and that in the continuous depletion 

tests show that, a significant volume difference is investigated. The reason for the 

remarkable volume difference is that, in step-by-step test, the total fluids at the end of each 

step is at equilibrium status, and moles of free gas equals to total moles of the injected gas 

minus that of solution gas at the same pressure under thermal equilibrium condition. 

However, for the continuous depletion tests, due to the main effect of supersaturation, no 

free gas is observed until the pressure declines to the pseudo-bubble point pressure. Then 

a small part of gas bubbles evolve out of the heavy oil, but most of the recombined gas is 

entrained in the heavy oil as solution gas or dispersed gas, leading to huge volume 

difference at the end of the test. For the step-by-step test, the volume of free gas reaches 

25.42 cm3, but the highest volume of the free gas for the non-equilibrium tests is only 5.70 

cm3 under the volume depletion rate of 2.0 cm3/hr at the lowest end pressure of 441 kPa. 

When the pressure declines below the bubble point pressure, the evolved free gas 

phase maintains the pressure in the PVT cell, leading to the mass transfer rate of methane 

from liquid phase to gas phase decreases under low pressure difference (100 kPa). Thus, 

the volume changes of oil phase cannot be investigated after one hour waiting time from 

the beginning time in each step, which means that volume of liquid phase is almost stable 

after one hour. 
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Figure 3.10 Volume changes of free gas for the step-by-step test and the continuous 

depletion tests. (a) step-by-step test and constant pressure depletion rate tests; (b) step-by-

step test and constant volume withdraw rate tests.  
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The relation between relative volume of total fluids and test time (start to record 

time at the beginning of each step) for each step can be presented as: 

𝑉𝑟,𝑚𝑖𝑥,𝑡 = 𝑘𝐷𝐺,𝑟 × 𝑡
1
2 + 𝑉𝑟,𝑚𝑖𝑥,0                                            (3.5) 

where 𝑉𝑟,𝑚𝑖𝑥,𝑡 is relative volume of total fluids at time 𝑡, cm3/cm3; 𝑘𝐷𝐺,𝑟 is a factor relates 

to the reaction rate constant and 𝑡1/2 , mole/hour1/2; and 𝑉𝑟,𝑚𝑖𝑥,0 is relative volume of total 

fluids under equilibrium status at the beginning of each step, cm3/cm3. Using the correction 

method, strong linear relationships between 𝑉𝑟,𝑚𝑖𝑥,𝑡  and 𝑡1/2 are obtained, as shown in 

Figure 3.11.  

The slope of trendlines for Equation (3.5) relates to the gas transfer rate from 

dispersed gas to free gas. Foamy oil phenomenon is investigated for a short time period at 

the beginning of each step, due to low pressure difference. At the end of each step, the gas 

transfer process closes to equilibrium process, 𝑘𝐷𝐺,𝑟  can be considered as a factor that 

relates to the evolution rate under equilibrium status. The intercept, which is presented as 

𝑉𝑟,𝑚𝑖𝑥,0, shows relative volume of total fluids at the start time for each step. Thus, the 

process at the end of each step can be considered as an equilibrium process, and the 

trendline can be applied to predict the gas evolution process under equilibrium status. 

Therefore, 𝑉𝑟,𝑚𝑖𝑥,0 indicates relative volume of total fluids under equilibrium status. The 

𝑘𝐷𝐺,𝑟 value for each step indicates an increasing trend with an end pressure decrease due 

to the lower pressure condition. Consequently, the effect of pressure constraint will be 

smaller. The 𝑉𝑟,𝑚𝑖𝑥,0  value increases with pressure decrease, because with pressure 

decline, the moles of free gas evolve out of heavy oil increase. The values are listed in 

Table 3.6. 
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Figure 3.11 Volume changes of free gas for the step-by-step test and the continuous 

depletion tests. (a) step-by-step test and constant pressure depletion rate tests; (b) step-by-

step test and constant volume withdraw rate tests.  
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Figure 3.12 Relationship between moles of free gas and t1/2 for each step in the step-by-

step test.  
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Table 3.6 Slope and R2 values of the trendlines of the free gas versus t1/2 for each step in 

the step-by-step test. 

Pressure 

(kPa) 
Slop, k b R2 

1900→1800 0.00366 1.06491 0.98679 

1800→1700 0.00316 1.09370 0.97784 

1700→1600 0.00267 1.12023 0.95250 

1600→1500 0.00331 1.14533 0.93075 

1500→1400 0.00273 1.18117 0.97314 

1400→1300 0.00356 1.21974 0.95276 

1300→1200 0.00312 1.26660 0.97871 

1200→1100 0.00387 1.31535 0.96027 

1100→1000 0.00466 1.37669 0.97115 

1000→900 0.00486 1.45362 0.95151 

900→800 0.00623 1.54520 0.96328 

800→700 0.00557 1.67460 0.95640 

700→600 0.00627 1.83110 0.93628 
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3.4 Chapter summary 

In this chapter, the non-equilibrium phase behaviors of the heavy oil-methane 

system are studied using experimental method with different pressure depletion methods 

(constant pressure depletion rate test, constant volume withdraw rate test, and step-by-step 

test) and pressure depletion rates (for the constant pressure depletion rate tests the pressure 

depletion rates of 0.5 kPa/min, 1.0 kPa/min, 2.0 kPa/min, and 4.0 kPa/min are conducted; 

in regards to the constant volume withdraw rate test, the volume withdraw rates of 0.5 

cm3/hr, 1.0 cm3/hr, 2.0 cm3/hr, and 4.0 cm3/hr are carried out), and also the relations of 

different gas phases are investigated. The following conclusions can be withdrawn.  

First, the pseudo-bubble point pressure effects by the pressure decline rate 

significantly, and a proportion by inversion relationship between depletion/withdraw rate 

and pseudo-bubble point pressure is observed. In addition, different trends of the 

compressibility of the total fluids and foamy oil are investigated. 

Second, a linear relationship between depletion rate and reaction rate constant is 

obtained. The reaction rate constant of solution gas transfers to dispersed gas increases 

with depletion/withdraw rate increases. That means with pressure depletion rate increases, 

higher rate of solution gas transfers to dispersed gas. 

Third, a linear relation between moles of the free gas and 𝑡1/2 is achieved. In order 

to determine the pseudo-bubble point pressure, a novel method is developed using the 

upon linear relations. 
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Fourth, in the step-by-step test, the status can be treated as under equilibrium 

status after 1 hour waiting time in each step. The free gas evolves rate, which is indicated 

by the factor 𝑘𝐷𝐺,𝑟, linearly relates to 𝑡1/2.  



84 

 

CHAPTER 4 FOAMY OIL STABILITY OF HEAVY OIL-CO2 SYSTEM AT 

RESERVOIR CONDICTION 

In Chapter 3, the non-equilibrium phase behavior of foamy oil is studied using the 

heavy oil-methane system. The heavy oil-methane system is applied to mimic the primary 

production process in the heavy oil reservoirs, due to the main solution gas in the original 

reservoir is methane; and thus, in the pressure depletion process (primary production 

process), foamy oil flow is generated by the dissolved methane. However, the non-

equilibrium phase behaviors of the heavy oil-methane system cannot be applied to 

represent those of the heavy oil-CO2 system, due to different solvent properties show 

different non-equilibrium phenomena. In the CO2 huff 'n' puff process, the foamy oil flow 

is mainly contributed by the heavy oil-CO2 system, therefore, the non-equilibrium phase 

behavior of heavy oil-CO2 system is studied in this chapter. In this chapter, the differences 

of non-equilibrium phase behaviors between heavy oil-methane and heavy oil-CO2 

systems are compared. After that, the foamy oil stability which is an important parameter 

to describe foamy oil, is mainly focused on using the mathematical method.  

In total, this chapter mainly consists of three sections, first, experimental studies 

are carried out to investigate the foamy oil stability under different pressure depletion rates 

using heavy oil-CO2 system. Second, the experimental observations are compared with 

those in the heavy oil-methane system, which are discussed in Chapter 3. Third, 

mathematical modeling study is developed to history match the foamy oil stability. The 

mathematical model (dynamic reaction rate model) is implemented to simulate the total 
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fluid (foamy oil and free gas) and foamy oil volume changes with different pressure 

depletion rates, and the reaction rate constants (k1 and k2) are determined. 

4.1 Introduction 

Foamy oil stability is an important property of foamy oil in heavy oil production 

with solution gas drive; it is related to heavy oil–gas interfacial tension, which significantly 

affects foamy oil behavior (Bennion et al., 2003; Sheng et al., 1995; Sun et al., 2018; Wang 

et al., 2009). Stability of foamy oil indicates the duration of dispersed gas existent in heavy 

oil, and, importantly, influences production performance. Dispersed gas trapped in heavy 

oil increases the volume of heavy oil (oil swelling) so that heavy oil fractional flow 

increases relatively (Zhou et al., 2019a). Addressing this problem could enhance the 

production of heavy oil. In previous studies, scholars have believed that the stability of 

foamy oil is affected mainly by pressure depletion rate (Maini et al., 1993a; Wu et al., 

2011), solvent type (Wang et al., 2015; Zhou et al., 2016b), viscosity of heavy oil 

(Callaghan and Neustadter, 1981), temperature (Zhang, 1999), pore structure (Li and 

Yortsos, 1995), etc. In order to understand foamy oil stability more clearly, different 

approaches were implemented to study the parameters affecting foamy oil stability. 

To study the parameters affecting the stability of foamy oil, experimental and 

mathematical methods were applied. Regarding the experimental studies, constant 

composition expansion (CCE) tests were conducted using a transparent 

pressure/volume/temperature (PVT) cell, and changes in foamy oil volume were 

investigated, allowing for direct observation of foamy oil stability. Four main pressure 

depletion methods have been carried out in previous literature, including the constant 



86 

 

pressure-depletion-rate method (Zhou et al., 2017), constant volume-depletion-rate 

method (Zhou et al., 2017), instant pressure-depletion-rate method (Abivin et al., 2009; 

Bennion et al., 2003; Sheng, 1997), and step-by-step method (Sun et al., 2017b). To apply 

numerical modeling methods, experimental study of foamy oil properties is necessary. 

Usually, there are two ways to study these properties using mathematical modeling: 

(1) Changes in foamy oil volume, which were monitored in the previously 

mentioned experimental tests, were simulated using numerical models, 

and then the properties of the foamy oil were predicted using the developed 

models. 

(2) The properties of foamy oil were measured in the experiments and were 

history-matched using the mathematical models, and then the changes in 

foamy oil volume were predicted. The results of the experimental and 

numerical modeling studies showed foamy oil stability to be highly related 

to solvent type, which was applied to generate live oil. 

Different solvents have been used to conduct experimental studies on foamy oil 

stability in previous work. Commonly used solvents have been methane (Abivin et al., 

2009; Firoozabadi et al., 1992; Sun et al., 2017b; Wang et al., 2015), ethane (Busahmin et 

al., 2017), propane (Du et al., 2016; Jia et al., 2016; Wang et al., 2015), natural gas (Sun 

et al., 2014), carbon dioxide (CO2) (Busahmin et al., 2017; Or et al., 2014; Sun et al., 

2017b; Zhou et al., 2018), etc. Among these solvents, CO2 is the one mainly focused on 

by scholars for the following reasons: 



87 

 

(1) Potential climate change because of CO2 emissions will lead to rising 

temperatures in the future (Chang et al., 2016; Huntingford et al., 2013; 

Perera et al., 2011; Schrag, 2007; Seinfeld and Pandis, 2016; Silva and 

Anand, 2013; Solomon et al., 2007). 

(2) Previous literature has shown that CO2 can dissolve into heavy oil, thus 

boosting heavy oil production because of oil swelling, viscosity reduction, 

etc. (Gao et al., 2012; Huang et al., 1987). 

(3) CO2 can gain a much higher saturation pressure and viscosity reduction 

ratio than other solvents, so a higher recovery factor can be achieved 

(Holm and O’Brien, 1971; Jha, 1986a; G. Rojas and Farouq Ali, 1988). 

Therefore, to gain more understanding of the CO2-based recovery method, this work 

measured foamy oil stability using a heavy oil–CO2 system to implement the numerical 

modeling research. 

Based on the test data, different mathematical models have been developed in 

previous studies. Although the previous mathematical models can obtain important 

information on foamy oil flow in both bulk phase and porous media, some shortages have 

been pointed out, as tabulated in Table 4.1. Therefore, a more suitable mathematical model 

is necessary to match the experimental data. In this study, a new mathematical model is 

developed based on the dynamic model (Bauget et al., 2005; Sheng, 1997), and the gas 

transfers among different gas phases (solution gas, dispersed gas and free gas) is coupled 

in the base theory of the dynamic model. The developed mathematical model can be 

applied to calculate the reaction rate constants among the different gas phases, and the  
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Table 4.1 Summary of the advantages and disadvantages of the previous mathematical models. 

Proposed by Model Advantages Disadvantages 

(Smith, 1988) Geo-mechanical model  Predicts dynamic reservoir performance 
Does not describe dynamic process of 

foamy oil flow 

(Smith, 1988) Dispersed gas bubble model  
Considers pressure effect on solution gas 

and dispersed gas bubbles 

Fails to consider gas diffusion and 

dispersion under time-dependent conditions 

(Kraus et al., 1993) Pseudo-bubble-point model 

Explains high apparent live oil 

compressibility, does good history-

matching 

Fails to predict dynamic foamy oil bubble 

nucleation and growth with respect to time  

(Lebel, 1994) 
Modified fractional flow 

model  
Captures the foamy oil feature 

Fails to simulate the time effect on foamy 

oil 

(Claridge and Prats, 1995) Reduced oil viscosity model Explains high oil recovery factor Does not consider time effect 

(Shen and Batycky, 1999) Gas lubrication model 
Explains effect of bubbles on heavy oil 

recovery 

Foamy oil having a higher mobility has 

been doubted by other scholars 

(Li and Yortsos, 1993) Pore geometry model 
Studies bubble nucleation, growth, and 

coalescence  

Does not consider the dynamic process of 

bubble evolving out of the oil phase  

(Arora and Kovscek, 

2001; Sahni et al., 2004) 
Mechanical model  Considers gas bubble an extra component 

Material balance of gas bubbles is treated 

similarly to other components in the oil 

phase 

(Firoozabadi et al., 1992) 
Non-thermodynamic 

equilibrium model 

Develops black oil simulator to simulate 

time-dependent compressibility 

Fails to predict the outcome of an evolving 

scenario under different flow conditions 

(Bauget et al., 2005; 

Sheng, 1997) 
Dynamic model  

Considers solution gas, dispersed gas, and 

free gas as gas phases in foamy oil 

Fails to predict foamy oil in new reservoir 

using history-matched results 
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reaction rate constants can be determined.  

This work studies the stability of foamy oil in the bulk phase using both 

experimental and numerical modeling. Firstly, a new experimental approach is developed 

utilizing a gas cap between the heavy oil and floating piston to avoid the effect of oil 

coating (Zhou et al., 2017). The experimental study is carried out using the CCE process 

in a PVT cell under different pressure depletion rates (1, 2, 4, 8, 16, 24, and 32 kPa/min) 

with the heavy oil–CO2 system, and changes in foamy oil volume are recorded for each 

experiment. Secondly, a dynamic reaction rate model is implemented to history-match the 

experimental data from the foamy oil stability test, and a first-order reaction is applied to 

two gas transfer processes (solution gas transfer to dispersed gas and dispersed gas transfer 

to free gas). The mathematical model is developed to simulate changes in foamy oil 

volume; reaction rate constants K1 (indicating the gas phase transfer rate from solution gas 

to dispersed gas) and K2 (indicating the gas phase transfer rate from dispersed gas to free 

gas) are determined using the developed model, and trends are identified for the reaction 

rate constants changing with pressure depletion rate. 

4.2 Experimental study 

4.2.1 Materials 

In this chapter, a heavy oil sample from Manatokan (western Canada) is selected 

to generate live oil (heavy oil–CO2 system) by recombining CO2 into a dead heavy oil 

sample in a PVT cell under a saturation pressure of 5000 kPa. The properties and 

compositional analysis of the heavy oil sample are tabulated in Tables 3.1 and 3.2, 

respectively, in Chapter 3. The properties of the heavy oil–CO2 system are indicated in 
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Table 4.2. The solvent (CO2), N2, and krypton gas (noble gas) with purities of 99.99 mol%, 

99.999 mol% and 99.998 mol%, respectively, are supplied by Praxair Canada Inc.; they 

are used as solution gas, leak-free gas, and the gas cap (to separate the floating piston and 

the tested fluids), respectively. 

4.2.2 Experimental setup 

The experimental set-up used to study the foamy oil stability in heavy oil-CO2 

system is the same PVT cell, which applied in the tests using heavy oil-methane system. 

The details of the experimental set-up are mentioned in Chapter 3. The main difference 

between these two set-ups is that, in the experimental study using heavy oil-CO2 system, 

in order to avoid the effect of oil coating, a gas cap is carried out between the floating 

piston and the test oil, as indicated in Figure. 4.1. 

4.2.3 Experimental procedures 

In this chapter, seven experiments (under pressure depletion rates of 1, 2, 4, 8, 16, 

24, and 32 kPa/min) are implemented to study the foamy oil behavior of a heavy oil–CO2 

system using a PVT cell. The experimental procedure can be described in brief as follows: 

(1) Prior to each test, the PVT cell and tubes are cleaned by injecting toluene, 

kerosene, and ethanol sequentially, and then air is used to flush and dry the whole 

system. After that, high-pressure nitrogen is introduced into the PVT cell to 

conduct the leak-free test. 

(2) Before the fluid injection process, the whole system is vacuumed using a vacuum 

pump, and then the temperature of the air bath is set at the test temperature (21   
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Table 4.2 Properties of heavy oil-CO2 system under 5000 kPa and 21.0 °C. 

Property Value 

Mole fraction (mol%)  
Dead oil 42.67 

CO2 57.33 

Density (kg/m3) 971.2 

Viscosity (mPa·s) 179 

Solution GOR (Sm3/m3) 80.03 

Saturation pressure (kPa) 5000 
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Figure 4.1 Schematic of experimental setup for testing foamy oil behavior under 

different depletion methods and depletion rates for the heavy oil-CO2 system. 
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±0.5 ℃) for 24 hours to make sure the temperature of the fluids in the cylinders 

reached the target temperature. 

(3) The gas and heavy oil injection processes are conducted once the 

preparation process is complete. The exact volumes of CO2 and heavy oil at the 

injection pressure and temperature are calculated using the method of the 

previous study (Zhou et al., 2016b). CO2 and heavy oil are injected into the PVT 

cell in sequence, and the magnetic stirrer kept running during the fluid injection 

process. 

(4) Once the certain volumes of fluids are injected into the PVT cell, the fluids are 

pressurized and maintained at 10% higher than the saturation pressures to ensure 

that the heavy oil–CO2 system is under the saturated condition (Wang et al., 2015; 

Zhou et al., 2017, 2016b). The mixing process is undertaken for at least 24 hours, 

and the PVT cell is rocked every 4 hours during the mixing process. 

(5) When equilibrium status is established, bubble point pressure and GOR are 

measured using the conventional CCE test method (with stirrer running in the 

pressure depletion process). 

(6) Once the target live oil is generated, noble gas (krypton gas) is injected into the 

PVT cell to separate the heavy oil–CO2 system from the floating piston to avoid 

the errors experienced by the previous study (Zhou et al., 2017), and the live oil 

system is stirred again for 24 hours to ensure that the heavy oil–CO2 system 

remained in equilibrium. 



94 

 

(7) Steps 1 to 6 are repeated for each test (under different pressure depletion rates). 

Then, the stirrer is turned off, and the non-equilibrium process is implemented 

with the designed experimental procedure. Changes in foamy oil height are 

recorded continuously using cameras to obtain the relationship between changes 

in foamy oil volume and depletion time. 

More details of experimental procedures can be found in the previous work (Zhou et al., 

2017). 

4.3 Mathematical modeling study 

4.3.1 Assumptions 

To study the stability of foamy oil in the pressure depletion tests in the bulk phase 

(PVT cell), a dynamic reaction rate model is developed. This dynamic model is applied to 

history-match the foamy oil stability and determine the reaction rate constants, which 

indicate the gas phase transfer rates among different gas phases. This study makes the 

following assumptions of the mathematical model (Chen et al., 2015; Kumar and 

Mahadevan, 2012; Oskouei et al., 2017; Sheng et al., 1999): 

(1) There are four components in the dynamic reaction rate model: heavy oil, 

solution gas, dispersed gas, and free gas. 

(2) Volume of the dispersed gas in the mixture is calculated as the volume of free 

gas under the same conditions (pressure and temperature). 
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(3) Capillary pressure between the heavy oil and gas bubbles in the continuous 

mixture fluid is ignored. 

(4) Laplace pressure in the gas bubble is negligible. 

(5) Temperature changes in the gas phase transformation processes in the heavy oil–

solvent system are negligible 

(6) In foamy oil, the entrained gas is at the same pressure as the heavy oil phase. 

4.3.2 Mathematical model 

The non-equilibrium process of gas phases in foamy oil is divided into two 

processes: (1) solution gas transfers to dispersed gas, and then (2) dispersed gas transfers 

to free gas (Abivin et al., 2009; Bayon et al., 2002; Joseph et al., 2002; Lago et al., 2002; 

Sheng, 1986; Sun et al., 2014; Zhou, 2015). Volume changes of foamy oil and free gas are 

recorded using a high-dimension digital camera, as shown in Figure 4.1, to obtain the 

relationship between the volume changes of foamy oil/free gas and the test time. 

According to first-order kinetic rate laws (Rogers, 2011), the concentration of the 

solution gas in the mixture is calculated using the following equation, and the 

concentration of the solution gas under atmosphere pressure is neglected (Zhou et al., 

2017): 

[𝑆𝐺]𝑡 = [𝑆𝐺]0𝑒−𝑘1𝑡                                                  (4.1) 

where [𝑆𝐺]𝑡  is the concentration of solution gas at time t; [𝑆𝐺]0 is the concentration of 

solution gas at the start time; 𝑘1  is reaction rate constant of solution gas transfers to 

dispersed gas, 1/min; 𝑡 is the time that the pressure depletion process elapses, minute. 
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Under the non-equilibrium condition, when the pressure declines to the bubble 

point pressure, the solution gas starts trying to evolve out of the heavy oil–CO2 system. 

However, because of the high viscosity of heavy oil, the evolved CO2 is entrained in the 

heavy oil to be dispersed gas rather than being released out of the heavy oil to be free gas. 

The status of the gas phase in the heavy oil is called supersaturation; supersaturation is the 

key mechanism of the bubble nucleation process (solution gas transfer into dispersed gas), 

meaning that the dispersed gas is transferred from the gas phase under the supersaturation 

condition (Maini, 2001; Shen et al., 2015; Sheng et al., 1999; Wang et al., 2015; Zhou et 

al., 2017, 2016b). Supersaturation is defined as follows: 

[𝑆𝑠]𝑡 = [𝑆𝐺]𝑡 − [𝑆𝐺]𝑒𝑞𝑡                                           (4.2) 

where [𝑆𝑠]𝑡 is the concentration of the supersaturation of CO2 in heavy oil, mole/ml; [𝑆𝐺]𝑡 

is the solution gas concentration at time t, mole/ml; [𝑆𝐺]𝑒𝑞𝑡 is solution gas concentration 

at time t under equilibrium condition, mole/ml. 

Based on the first-order kinetic rate laws, changes in concentration of dispersed 

gas can be presented as follows (Rogers, 2011) 

𝑑[𝐷𝐺]𝑡

𝑑𝑡
= 𝑘1[𝑆𝑆]𝑡                                                    (4.3) 

Combining equation (4.2) and (4.3), the concentration of dispersed gas in the 

heavy oil-CO2 system can be calculated as  

[𝐷𝐺]𝑡 = [𝑆𝐺]0(1 − 𝑒−𝑘1𝑡) − 𝑘1 ∫ [𝑆𝐺]𝑒𝑞𝑡𝑑𝑡
𝑡

0

                         (4.4) 

where [𝐷𝐺]𝑡 is the dispersed gas concentration at time 𝑡, mole/ml. 
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In equation (4.4), the value of [𝑆𝐺]𝑒𝑞𝑡 can be calculated using the Peng-Robinson 

equation of state (PR EOS). The components in the system are determined to be CO2 and 

dead oil, so the PR EOS is expressed as follows (Peng and Robinson, 1976): 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎(𝑇)

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
                                      (4.5) 

𝑎(𝑇) = 𝑎(𝑇𝑐)𝛼(𝑇𝑟, 𝜔)                                               (4.5𝑎) 

𝑏 = 𝑏(𝑇𝑐)                                                                  (4.5𝑏) 

𝑎(𝑇𝑐) = 0.45724
𝑅2𝑇𝑐

2

𝑃𝑐
                                             (4.5𝑐) 

𝑏(𝑇𝑐) = 0.07780
𝑅𝑇𝑐

𝑃𝑐
                                               (4.5𝑑) 

𝛼(𝑇𝑟 , 𝜔) = [1 + (0.37464 + 1.54226𝜔 − 0.26992𝜔2(1 − √𝑇𝑟))]2 (4.5𝑒) 

𝑇𝑟 =
𝑇

𝑇𝑐
     (4.5𝑓) 

where, 𝑃 is the pressure in the system, kPa; 𝑇 is the temperature in the system, K; 𝑅 is the 

universal gas constant, m3·kPa/(kmol·K); 𝑃𝑐 is the critical pressure, kPa; 𝑇𝑐 is the critical 

temperature, K; 𝑇𝑟 is the reduced temperature, K; 𝑣 is the molar volume, cm3/mol; 𝜔 is 

the acentric factor. 

In order to determine the reaction rate constant of dispersed gas transfer to free 

gas, the dispersed gas decay method is applied (Li and Liu, 1996; Shen, 2015; Sheng et 

al., 1995). In this method, the volume of free gas is calculated using the amount of 

cumulative dispersed gas, as indicated in Figure 4.2. When pressure in the system starts 

to decline from a higher pressure to the bubble point pressure, the relative volume of the 

total system almost equals 1 because the compressibility of the liquid phase is quite small  
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Figure 4.2 Schematic of dispersed gas decay process. 
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and the small pressure difference can not occur with large volume changes. Once the 

pressure declines lower than the bubble point pressure, the solution gas in heavy oil starts 

to nucleate as tiny dispersed bubbles (bubble nucleation process); this type of bubble is 

too small to be observed, so the volume change is negligible (Ostos and Maini, 2005; Zhou 

et al., 2017, 2016b). With pressure depletion, the size of the dispersed gas bubble increases 

(bubble growth process), but the bubbles still are trapped in heavy oil because of the high 

viscosity of heavy oil. Increased bubble size in the heavy oil–CO2 system led to increased 

total relative volume. Once the pressure declined to the pseudo-bubble-point pressure, the 

dispersed gas started to transfer to free gas and evolved out of the heavy oil.  

The transformation process of dispersed gas to free gas can be determined using 

the decay theory (Shen et al., 2015). As shown in Figure 4.2, at pressure 𝑃𝑇, the amount 

of dispersed gas taking part in the decay process is assumed to be the volume of the total 

system minus the volume of the heavy oil–CO2 system under the equilibrium status 

calculated using the PR EOS. This assumption means that the size of the dispersed gas 

keeps growing when the pressure in the system is lower than the pseudo-bubble-point 

pressure. In order to determine the relative volume of foamy oil, the dispersed gas decay 

method is applied (Shen, 2015; Shen et al., 2015). The relative volume of free gas is 

determined as the dispersed gas decayed from the time when the pseudo-bubble-point 

pressure is achieved. At test pressure 𝑃𝑇 , the relative volume of foamy oil (𝑅𝑉𝐹𝑜𝑎𝑚𝑦 𝑜𝑖𝑙) 

can be determined as the total relative volume of the system (𝑅𝑉𝑇𝑜𝑡𝑎𝑙) minus the relative 

volume of free gas (𝑅𝑉𝐹𝑟𝑒𝑒 𝑔𝑎𝑠). 
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The dispersed gas decay process can be expressed as the following equation 

(Shen, 2015; Shen et al., 2015). 

𝑑[𝐷𝐺]𝑑𝑒𝑐𝑎𝑦,𝑡

𝑑𝑡
= −𝑘2[𝐷𝐺]𝑑𝑒𝑐𝑎𝑦,𝑡

𝑛
                                        (4.6) 

With dispersed gas decays, the concentration of the free gas can be calculated 

using the following equation: 

[𝐹𝐺]𝑡 = [𝐷𝐺]𝑡 − [𝐷𝐺]𝑑𝑒𝑐𝑎𝑦,𝑡                                        (4.7) 

The initial condition of the dispersed gas can be determined as follows 

[𝐹𝐺]𝑡 = 0, 𝑡 ≤ 𝑡𝑝𝑏                                           (4.8) 

where, [𝐷𝐺]𝑡  is the concentration of dispersed gas in the system, mole/ml; 𝑘2  is the 

reaction rate constant of dispersed gas transfers to free gas, 1/min; [𝐷𝐺]𝑑𝑒𝑐𝑎𝑦,𝑡 is the mole 

fraction of the dispersed gas decays at time 𝑡, mole/ml; 𝑛 is reaction order; 𝑡𝑝𝑏 is the time 

at which the pseudo-bubble point pressure achieves.  

4.3.3 Numerical solution 

In this study, a first-order reaction is considered for the gas transfer process 

(dispersed gas transfer to free gas, 𝑛=1). Thus, the concentration of free gas can be derived 

as follows: 

[𝐹𝐺]𝑡 = [𝐷𝐺]𝑡 − [𝐷𝐺]𝑡𝑝𝑏
𝑒−𝑘2(𝑡−𝑡𝑝𝑏)                      (4.9) 

where, [𝐹𝐺]𝑡  is the concentration of free gas in the system, mole/ml; [𝐷𝐺]𝑡𝑝𝑏
 is the 

concentration of dispersed gas in the system when pseudo-bubble point pressure is 
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obtained, mole/ml; 𝑡𝑝𝑏 is the time at which the pseudo-bubble point pressure achieves, 

minutes. 

The volumes of the gas phases (dispersed gas and free gas) can be determined as 

follows: 

𝑉𝐷𝐺 =
[𝐷𝐺]𝑡 × 𝑉𝑡 × 𝑀𝑊

𝜌(𝑃)
                                              (4.10) 

𝑉𝐹𝐺 =
[𝐹𝐺]𝑡 × 𝑉𝑡 × 𝑀𝑊

𝜌(𝑃)
                                              (4.11) 

where, 𝑉𝐷𝐺 is the volume of dispersed gas, cm3; 𝑉𝐹𝐺 is the volume of free gas, cm3; 𝑉𝑡 is 

the volume of the heavy oil-CO2 system (include gas phase and oil phase), cm3; 𝑀𝑊 is 

the mole weight of the gas phase (CO2), g/mole; 𝜌(𝑃) is the density of CO2 at the test 

pressure (P), g/cm3.  

When the pressure in the system declines to the pseudo-bubble-point pressure, the 

total volume of the system is controlled mainly by the free gas. The total volume of the 

heavy oil–CO2 system can be gained by the volume of gas phases (dispersed gas and free 

gas) plus the volume of dead oil. According to assumption 2 of the mathematical model 

(volume of dispersed gas in the mixture is calculated as volume of free gas under the same 

pressure and temperature), the volume of the gas phase is calculated using equations (4.4) 

and (4.10) once the pseudo-bubble-point pressure is achieved because free gas can be 

treated as large bubbles in the heavy oil. 

Therefore, the relative volume of the foamy oil can be obtained as follows: 

𝑉𝐹𝑂 = 𝑉𝑡,𝑝𝑏−𝑉𝐹𝐺                                                 (4.12) 
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where, 𝑉𝐹𝑂 is volume of the foamy oil, cm3; 𝑉𝑡,𝑝𝑏 is volume of the total system when the 

pseudo-bubble point pressure is achieved, cm3; 𝑉𝐹𝐺 is volume of the free gas, cm3. 

The relative volume of foamy oil and total relative volume of the heavy oil–CO2 

system can be calculated using the volume of foamy oil and total volume of the system 

divided by the volume of the heavy oil–CO2 system in equilibrium:  

𝑅𝑉𝑚 =
𝑉𝑚

𝑉𝑜,𝑒𝑞𝑢
                                                   (4.13) 

where, 𝑅𝑉𝑚  is relative volume of the studied parameters, cm3/cm3; 𝑚  represents the 

studied parameters (volume of foamy oil, total volume of heavy oil-CO2 system); 𝑉𝑚 is the 

volume of the studied parameters, cm3; 𝑉𝑜,𝑒𝑞𝑢 is the volume of the heavy oil-CO2 system 

at the equilibrium status, cm3.  

In order to achieve better simulation results, an objective function is applied, as 

presented in equation (4.14). The reaction rate constants (𝑘1 and 𝑘2) can be achieved once 

the objective function is minimized: 

𝐹𝑜𝑏𝑗 = √
1

𝑁
∑ (

𝑅𝑉𝑖
𝐶𝑎𝑙 − 𝑅𝑉𝑖

𝐿𝑎𝑏

𝑅𝑉𝑖
𝐶𝑎𝑙 )

2𝑁

𝑖=1

                                 (4.14) 

where, 𝑁 is the number of the data obtained in the foamy oil experiments; 𝑅𝑉𝑖
𝐶𝑎𝑙 is the 𝑖𝑡ℎ 

calculated data in the mathematical model; 𝑅𝑉𝑖
𝐿𝑎𝑏  is the 𝑖𝑡ℎ  data measured in the 

experiments. 

4.4 Results and discussion 
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4.4.1 Experimental studies 

Effect of pressure depletion rates 

To study the foamy oil stability of the heavy oil–CO2 system, a PVT test using the 

CCE method is implemented. In total, seven experiments are conducted to investigate the 

foamy oil stability of the heavy oil–CO2 system under different pressure depletion rates 

(1, 2, 4, 8, 16, 24, and 32 kPa/min). The changes in foamy oil volume generated by the 

heavy oil–CO2 system with pressure depletion can be found in Figure 4.3.  

As an example of the effects of pressure depletion rate, one look at the test under 

the pressure depletion rate of 1 kPa/min. From Figure 4.3, four regimes (regimes 1 to 4) 

can be investigated in the pressure depletion process. The bubble nucleation process occurs 

at the point when pressure declines from the bubble point pressure (5000 kPa), shown in 

regime 1 (section A). Tiny gas bubbles are generated and are trapped in the heavy oil 

because of the high viscosity of the heavy oil. Therefore, the volume of the heavy oil–CO2 

system increases minimally. But the size of the bubbles is very small, so the volume-

increasing ratio is not very high. When the pressure declines lower than the threshold 

pressure (Zhou et al., 2016b), the size of the small bubbles starts to increase (bubble growth 

process); the bigger bubbles also are trapped in the heavy oil (the mixture of heavy oil and 

dispersed gas is called foamy oil), leading to a quick increase in relative volume of the 

heavy oil–CO2 system (Zhou et al., 2016b), as shown in regime 2 (section B). Once the 

pressure decreases to the pseudo-bubble-point pressure, the free gas phase is investigated 

(in regime 3, section C), and because the dispersed gas phase starts to evolve out of the 

heavy oil–CO2 system, the relative volume of foamy oil decreases. When the pressure 

keeps decreasing, the relative volume decrease ratio becomes smaller (in regime 4, section  



104 

 

Dimensionless pressure, kPa/kPa 

0.50.60.70.80.91.0

R
e

la
ti
ve

 v
o

lu
m

e
, 
c
m

3
/c

m
3

0.98

1.02

1.06

1.10

1.14

1.18

1 kPa/min

2 kPa/min

4 kPa/min

8 kPa/min

16 kPa/min

24 kPa/min

32 kPa/min

A         B           C       D

 

 

 

 

 
                           
 

 

Figure 4.3 Relative volume of foamy oil generated by heavy oil-CO2 system under 

different pressure depletion rates. A to D represent Regime 1 to 4 for the test with 

pressure depeltion rate of 1 kPa/min.  
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D) because the remaining dispersed gas in the heavy oil–CO2 system is limited.  

Under different pressure depletion rates, the maximum relative volume of foamy 

oil increases with increased pressure depletion rate, mainly because of the following 

reasons: 

(1) A higher pressure depletion rate results in a higher gas phase 

transformation rate so that a larger amount of dispersed gas bubbles can 

be generated. 

(2) The bubble growth rate in the bubble growth process becomes larger when 

a higher pressure depletion rate is carried out. 

(3) A lower pseudo-bubble-point pressure will be achieved at a higher 

pressure depletion rate, so the pressure difference between the bubble 

point pressure and the pseudo-bubble-point pressure is greater with a 

higher pressure depletion rate, and the volume of the solution gas will be 

higher under relative lower pressure. 

The pseudo-bubble-point pressures and maximum relative volume of the foamy 

oil generated using the heavy oil–CO2 system are shown in Figure 4.4 for different 

pressure depletion rates, and the following equations show correlations developed from 

the experimental data. The correlations can be applied to predict the pseudo-bubble-point 

pressure and maximum relative volume of foamy oil in future studies. 

𝑃𝑝𝑏 =  −243.3912 × 𝑙𝑛(𝑅𝑃𝐷) +  4585.5855                      (4.15) 

𝐻𝐹𝑂 =  0.0173 × 𝑙𝑛(𝑅𝑃𝐷) +  1.0801                                      (4.16) 



106 

 

Pressure depletion rate (R
PD

), kPa/min

0 5 10 15 20 25 30 35

P
s
e

u
d

o
-b

u
b

b
le

 p
o

in
t 
p

re
s
s
u

re
 (

P
p
b
),

 k
P

a

3600

3800

4000

4200

4400

4600

M
a

x
im

u
m

 r
e

la
ti
v
e

 v
o

lu
m

e
 o

f 
fo

a
m

y
 o

il 
(H

F
O
),

 c
m

3
/c

m
3

1.06

1.08

1.10

1.12

1.14

1.16

PPB-tested

PPB-correlation

HFO-tested

HFO-correlation

PPB=-243.3912 x ln(RPD) + 4585.5855

                     R
2
=0.9844

HFO=0.0173 x ln(RPD) + 1.0801

                 R
2
=0.9706

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Relations of pseudo-bubble point pressure and maximum relative volume of 

foamy oil with different pressure depletion rates.  
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where, 𝑃𝑝𝑏 is the pseudo-bubble point pressure at different pressure depletion rates, kPa; 

𝑅𝑃𝐷 is the pressure depletion rate, kPa/min; 𝐻𝐹𝑂 is the maximum relative volume of foamy 

oil in the pressure depletion tests, cm3/cm3. 

The duration of foamy oil performance (foamy oil can withstand from the 

saturation pressure to the point at which all of the solution gas transforms to free gas) 

increases as pressure depletion rate increases, as shown in Figure 4.3,  because (1) higher 

pressure depletion rate results in lower pseudo-bubble-point pressure (Zhou et al., 2016b), 

giving foamy oil a longer pressure duration, and (2) pressure decreases quicker under a 

higher pressure depletion rate, so the pressure duration of foamy oil becomes longer under 

a higher pressure depletion rate. 

The total relative volume of the heavy oil–CO2 system increases with pressure 

declines. In the early stage (before the pressure declines to the pseudo-bubble-point 

pressure), the performance of the total heavy oil–CO2 system is the same as that of the 

foamy oil because no free gas phase appears in the PVT cell. The heavy oil–CO2 system 

in this stage is foamy oil (represented by regimes 1 and 2, sections A to D), as indicated 

in Figure 4.5. The relative volume of the system increases minimally because, compared 

with the free gas phase in regime 5 (presented as section E in Figure 4.5), the volume of 

foamy oil does not increase too much given the restriction of the initial volume of heavy 

oil and the pressure in the system. When the pressure in the system declines to the pseudo-

bubble-point pressure, the relative volume increases significantly (sections C and D) 

because the increasing volume is controlled mainly by the free gas phase, which evolves 

out of the heavy oil–CO2 system. The amount of free gas keeps increasing with pressure 

declines. Once most of the solution gas evolves out of the heavy oil–CO2 system (section  
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Figure 4.5 Relative volume of the heavy oil-CO2 system during the pressure depletion process. A 

to D reprent Regima 1 to 4 of foamy oil and E represents performance of the free gas phase.  
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E in Figure 4.5), the volume change is controlled mainly by the free gas phase; the 

compressibility of the free gas phase is shown to be much higher than that of the heavy oil 

phase.  

When most of the solution gas evolves out of the heavy oil–CO2 system, an 

inverse proportional relationship is obtained between the pressure and the relative volume 

of the system because the compressibility of the oil phase is much lower than that of the 

free gas phase, meaning that the volume of the system is controlled mainly by the gas 

phase. As seen in Figure 4.5, with a pressure depletion rate increase, the plot of the relative 

volume of the heavy oil–CO2 system moves to a lower-pressure area because (1) lower 

pseudo-bubble-point pressure is obtained with a higher pressure depletion rate and (2) 

longer pressure duration of foamy oil is obtained with a higher pressure depletion rate. 

Effect of different solvents 

To study the effect of different solvents on foamy oil stability, foamy oil 

performance is investigated for different heavy oil–solvent systems (heavy oil–methane 

system and heavy oil–CO2 system), as shown in Figure 4.6. Previous research and analysis 

have been performed on the foamy oil stability of a heavy oil–methane system (Zhou et 

al., 2017). As seen in Figure 4.6, similar trends are achieved for both the heavy oil–

methane system and heavy oil–CO2 system: (1) the maximum relative volume of foamy 

oil increases with increased pressure depletion rate because of higher pressure depletion 

rate leading to larger-size bubbles being trapped in the heavy oil and (2) pseudo-bubble-

point pressure decreases with increases pressure depletion rate (Sun et al., 2017b; Zhou et 

al., 2016b). 
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Figure 4.6 Comparison of relative volumes of foamy oil generated using heavy oil-methane 

system and heavy oil-CO2 system under different pressure depletion rates.  
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Because of property differences between methane and CO2, several differences 

are acknowledged for the foamy oil stability of the two heavy oil-solvent systems: 

(1) The plot for the heavy oil–CO2 system is much smoother than that of the 

heavy oil–methane system, possibly because the evolve rate of CO2 in 

heavy oil is much higher than that of methane. 

(2) The maximum relative volume of foamy oil for the heavy oil–CO2 system 

is higher than that of the heavy oil–methane system, mainly because ① 

the saturation pressure of the heavy oil–CO2 system is higher than that of 

the heavy oil–methane system and ② the solubility of CO2 in heavy oil is 

much higher than that of methane, thus the amount of dispersed gas is 

higher in the heavy oil-CO2 system. 

(3) The pressure duration of the foamy oil phase for the heavy oil–CO2 system 

is much narrower than that of the heavy oil–methane system because 

firstly, the rate of the gas phase evolving out of the heavy oil for CO2 is 

much quicker than that of methane and secondly, the saturation pressure 

of the heavy oil–CO2 system is higher than that of the heavy oil–methane 

system, so the foamy oil exists mainly in the high-pressure area. 

The relative total volume of the heavy oil–solvent systems shows similar trends 

for both the heavy oil–methane system and heavy oil–CO2 system, as shown in Figure 4.7. 

The relative total volume of the heavy oil–solvent system is inversely proportional to the 

decreasing pressure, and the relative volume plots moves to a lower dimensionless 

pressure area as pressure depletion rate increases because although a higher pressure  
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Figure 4.7 Comparison of relative volumes of heavy oil-methane system and heavy oil-

CO2 system under different pressure depletion rates. 
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depletion rate leads to a higher gas phase transformation rate, the time duration of gas 

phase transformation is much smaller in the test with a higher pressure depletion rate. 

Different phenomena of the total relative volume under lower pressure are observed for 

the two types of heavy oil–solvent systems; that is, the plots are close to each other in the 

tests of the heavy oil–CO2 system, but are obviously separate in the heavy oil–methane 

system. The main reasons for this result are as follows: 

(1) Different saturation pressures were applied to the two types of heavy oil–

solvent systems, making the pressure differences at the same 

dimensionless pressure different. 

(2) Different solution gas phases refer to various solubilities of heavy oil (6.62 

Sm3/m3 for the heavy oil–methane system at 2000 kPa, 80.03 Sm3/m3 for 

the heavy oil–CO2 system at 5000 kPa), so the amount of solution gas in 

the heavy oil–solvent systems are different. 

At the end of the tests, the solution gas evolve ratios (the amount of gas evolves 

out of the heavy oil over the amount of gas dissolves into the heavy oil) are different, as 

indicated in Figure 4.6. The evolve ratio of CO2 reached almost 100% (the relative volume 

of foamy oil decreased almost to 1 at the end of the test), but the evolve ratio of methane 

is shown to be much lower. 
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4.4.2 Mathematical modeling studies 

Mathematical modeling simulation results 

In order to study the total volume of the heavy oil–CO2 system using the 

mathematical model, it is assumed that the free gas phase can be treated as dispersed gas 

bubbles in the heavy oil, meaning that the properties of the free gas phase are the same as 

the dispersed gas phase (according to assumption 2). The volume changes in the gas phases 

follows a first-order kinetic rate law, so the volume of the gas phases can be calculated 

using equations (4.10) and (4.11). The measured and calculated total relative volume of 

the heavy oil–CO2 system are shown in Figure 4.8. High agreements are obtained for the 

measured and calculated results once the pseudo-bubble-point pressure is achieved, 

meaning that without the constraint of heavy oil, the volume expansion process of the gas 

phase is smoother, and the dynamic reaction method can be applied to describe the gas 

expansion process. However, obvious differences are investigated between the 

experimental data and the calculated data using the mathematical model in the foamy oil 

region. The differences indicate that the gas phase transfer (solution gas, dispersed gas, 

and free gas) among each other cannot be presented using the same equation, and different 

reaction rate constants should be considered. This indication is especially relevant for the 

bubble coalescence process (dispersed gas transfer to free gas) because the volume change 

in the free gas phase includes two processes: gas evolving out of the heavy oil and gas 

volume expansion under lower system pressure. This process is more complex than that 

of the bubble growth process.  
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Figure 4.8 The measured and simulated total relative volume of the heavy oil-CO2 system 

under different pressure depletion rates. 
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To simulate the total volume changes of the heavy oil–CO2 system, a total reaction 

rate constant (𝑘1,𝑡𝑜𝑡𝑎𝑙) is developed to instead the reaction rate constant (𝑘1) from solution 

gas to dispersed gas in equation (4.1). The total reaction rate constants for the heavy oil–

CO2 system under different pressure depletion rates are indicated in Figure 4.9, obtaining 

a correlation with a high R2 value: 

𝑘1,𝑡𝑜𝑡𝑎𝑙 = 1.335 × 10−3 × ln(𝑅𝑃𝐷) + 5.1471 × 10−4                 (4.17) 

where, 𝑘1,𝑡𝑜𝑡𝑎𝑙 is the total reaction rate constant of the heavy oil-CO2 system, 1/min; 𝑅𝑃𝐷 

is the pressure depletion rate, kPa/min. 

As seen in Figure 4.9, the total reaction rate constant increases as the pressure 

depletion rate increases because (1) higher pressure depletion rate leads to higher gas phase 

transfer rate and (2) higher pressure depletion rate results in higher gas expansion ratio 

(the volume of gas expands under the specific pressure difference) for the free gas phase.  

The mathematical model study on foamy oil generated by the heavy oil-CO2 

system includes two parts: (1) the process of solution gas transfer to dispersed gas (bubble 

growth), which can be calculated using equation (4.1), and (2) the process of dispersed 

gas transfers to free gas (dispersed gas decay), which can be presented as equation (4.7). 

The two processes are separate from the maximum relative volume of foamy oil. The 

measured and simulated data are shown in Figure 4.10. From Figure 4.10, one can find 

that for the former part (solution gas transfers to dispersed gas), all seven tests achieve 

high agreement of the simulation results. For the latter part of the simulation process 

(dispersed gas transfers to free gas), however, the tests shows errors in the matching results 

for higher pressure depletion rates (24 and 32 kPa/min) as compared to lower  
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Figure 4.9 The reaction rate constant of the total volume of the heavy oil-CO2 system 

under different pressure depletion rates. 
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pressure depletion rates. This result may be because in the bubble nucleation and bubble 

growth processes, the solution gas transfers to dispersed gas inside the heavy oil, so the 

change in foamy oil volume occurs with the constraint of heavy oil. But when dispersed 

gas transfers to free gas, two processes occurs (dispersed bubble growth and dispersed gas 

evolving out of the heavy oil), so the mechanism of the volume change is different from 

the former process to some extent, leading to the volume of foamy oil in the latter section 

being hard to match. 

The reaction rate constants (k1, k2) for the two processes are determined via the 

mathematical modeling study, and different trends are observed for the reaction rate 

constants, as indicated in Figure 4.11. Correlations of the reaction rate constants under 

different pressure depletion rates can be gained as follows: 

𝑘1 = 1.967 × 10−3 × ln(𝑅𝑃𝐷) + 1.399 × 10−3                   (4.18) 

𝑘2 = −1.662 × 10−5 × 𝑅𝑃𝐷
2 + 7.825 × 10−4 × 𝑅𝑃𝐷 + 4.233 × 10−4    (4.19) 

where, 𝑅𝑃𝐷 is the pressure depletion rate, kPa/min; 𝑘1 is the reaction rate constant from 

solution gas to dispersed gas; 𝑘2 is the reaction rate constant from dispersed gas to free 

gas.  

The reaction rate constant for solution gas transfers to dispersed gas increases as 

the pressure depletion rate increases, and a logarithmic relationship is obtained between 

k1 and the pressure depletion rate because as pressure depletion rate increases, pressure 

difference increases during the same time period, leading to an increase in gas phase 

transfer rate. But regarding the reaction rate constant of dispersed gas transfers to free gas 

(k2), a maximum value is gained at the pressure depletion rate of around 24 kPa/min, and   
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Figure 4.10 The relations of measured and simulated data of the foamy oil generated by 

the heavy oil-CO2 system under different pressure depletion rates.  
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Figure 4.11 Relations of reaction rate constants (k1, k2) for heavy oil-CO2 system under 

different pressure depletion rates. 
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then the reaction rate constant decreases. 

This result may be because as pressure depletion rate increases, a higher k1 is 

obtained, resulting in more dispersed gas are generated in the heavy oil so that the transfer 

rate of dispersed gas to free gas can be obtained. Thus, the reaction rate constant k2 

increases as pressure depletion rate increases.  

Sensitive analysis 

In order to study how the sensitivity of the reaction rate constants (k1, k2) impacts 

the simulation results, different reaction rate constants are applied to match the test with a 

pressure depletion rate of 8 kPa/min. Two groups of reaction rate constants are developed, 

the first group being 10 times the reaction rate constants, which matches the experimental 

data with high agreement, as indicated in Figure 4.10. The second group is 0.1 times the 

compared reaction rate constants; the matched results are shown in Figure 4.12. 

As shown in Figure 4.12, the reaction rate constants for the test of the pressure 

depletion rate at 8 kPa/min are found to be k1 = 0.005190 min–1 and k2 = 0.003538 min–1, 

respectively. To investigate the effect of the reaction rate constant of solution gas transfer 

to dispersed gas, the reaction rate constant k1 is set at 0.05190 min–1 and 0.0005190 min–

1, but the reaction rate constant k2 is 0.003538 min–1, which is the optimized matched 

value. When k1 increases to 10 times the optimized data, the calculated relative volume of 

foamy oil increases quickly once the pressure in the system starts to decline. This increase 

is because as reaction rate constant k1 increases, the amount of solution gas transfer to 

dispersed gas increases, resulting in the volume of foamy oil increasing synchronously. 

When the pressure declined to the pseudo-bubble-point pressure, the calculated amount of 

dispersed gas is much higher than the measured one, leading to the amount of the  
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Figure 4.12 Sensitive analysis of foamy oil stability with different reaction rate constants 

of the test with the pressure depletion rate of 8 kPa/min. 
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dispersed gas decaying to the free gas increase. With the same k2, the calculated amount 

of free gas is greater than that of the tested one because the amount of dispersed gas was 

higher. But the calculated relative volume of the foamy oil is much higher than the matched 

data because the amount of the calculated dispersed gas is much higher than the calculated 

free gas that decayed from the dispersed gas phase. 

When reaction rate constant k1 decreases to 0.1 times the matched one, the volume 

of the dispersed gas is much smaller than that of the tested data, as shown in Figure 4.12. 

Once the pressure declines to the pseudo-bubble-point pressure, the relative volume of the 

foamy oil phase decreases rapidly. This decrease is because the amount of the calculated 

dispersed gas for decaying is much smaller than the tested data, and reaction rate constant 

k2 is the same as the matched one, leading to the calculated free gas being much higher 

than the dispersed gas, so the relative volume of the foamy oil is lower than 1.  

To investigate the effect of reaction rate constant k2, two different values (0.03538 

and 0.0003538) are applied to compare the calculated results with the matched plot. With 

the matched reaction rate constant k1, the process of solution gas transfer to dispersed gas 

is the same. When the pseudo-bubble-point pressure is achieved, with a much higher 

reaction rate constant (k2 = 0.03538), the amount of the free gas transferred from dispersed 

gas using the calculation method is much higher than the dispersed gas in the heavy oil so 

that the relative volume of the foamy oil decreases rapidly. With a smaller reaction rate 

constant (k2 = 0.0003538), the dispersed gas decay rate will be much smaller than the tested 

data so that the amount of the dispersed gas transfers to free gas is small and the calculated 

volume of foamy oil is much higher than the measured data. 
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4.5 Chapter summary  

In this chapter, the study is carried out on foamy oil stability of a heavy oil–CO2 

system under different pressure depletion rates and compared changes in foamy oil 

volume. Next, a comparison study is performed on foamy oil stability of a heavy oil–

methane system and heavy oil–CO2 system. A dynamic model is developed to match the 

foamy oil stability of the heavy oil–CO2 system. Several conclusions can be extracted from 

this study: 

1. Compared with the foamy oil stability of the heavy oil–methane system, the 

heavy oil–CO2 system shows a higher maximum relative volume of foamy oil, 

along with a longer pressure duration of foamy oil and increased stability of 

foamy oil with increased pressure depletion rate. 

2. The maximum relative volume of the foamy oil increases and the pseudo-

bubble-point pressure decreases with increased pressure depletion rate. 

3. A new dynamic reaction rate model is developed to match the foamy oil 

stability, and high agreement is achieved between the experimental data and 

the calculation results. 

4. The reaction rate constants (k1, k2) affects foamy oil stability significantly; 

logarithmic relationships are obtained among k1, k1,total, and pressure depletion 

rates. 
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5. The reaction rate constant k1 ranges from 1.85 × 10–3 to 8.50 × 10–3; k2 ranges 

from 1.29 × 10–3 to 8.35 × 10–3; and the total reaction rate constant (𝑘1,𝑡𝑜𝑡𝑎𝑙) 

ranges from 6.93 × 10–4 to 5.47 × 10–3. 
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CHAPTER 5 DETERMINATION OF DIFFUSSION COEFFICIENT OF CO2 IN 

HEAVY OIL 

In the CO2 huff 'n' puff process applied in heavy oil reservoir, CO2 diffusion 

coefficient in heavy oil is another important parameter which indicates the amount of CO2 

that can be dissolved into heavy oil. But, in previous researches, this parameter is rarely 

applied in the studies on CO2 huff 'n' puff process. To understand the CO2 diffusion process, 

which will be coupled into the CO2 huff 'n' puff process, the CO2 diffusion coefficient in 

the Manatokan heavy oil is determined using history match method.  

In the CO2 based heavy oil recovery method, oil swelling and oil viscosity 

reduction are two of the main mechanisms. These two mechanisms occur once CO2 

diffuses into heavy oil. The amount of diffused CO2 into heavy oil relates to CO2 diffusion 

coefficient in heavy oil. The CO2 diffusion coefficient can be determined by monitoring 

the pressure changing when CO2 is injected into heavy oil. In this chapter, pressure decay 

method is applied to test the CO2 diffusion coefficient in Manatokan heavy oil sample. 

The CO2 diffusion coefficient is measured in both bulk phase and porous media. Then 

mathematical model is applied to calculate the CO2 diffusion coefficients for the two 

experiments.  

5.1 Introduction 

Increasing significance is being placed on the application of CO2-based recovery 

methods to enhance oil recovery in both conventional oil reservoirs and heavy oil 

reservoirs because (1) CO2-based oil recovery boosts oil production through oil swelling, 

viscosity reduction, foamy oil flow, etc. (Liu and Zhang, 2015; Rui et al., 2017b; Wu et 
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al., 2017; Zhou et al., 2018), and (2) the injected CO2 is stored in the reservoir, reducing 

greenhouse gas emissions and potentially reducing the effects of climate change (G Rojas 

and Farouq Ali, 1988; Seinfeld and Pandis, 2016; Silva and Anand, 2013; Verkoczy and 

Jha, 1986). In order to apply CO2-based recovery methods to enhance oil production, the 

CO2 diffusion coefficient should be clearly understood; this coefficient indicates the mass 

transfer rate and amount of CO2 dissolved into heavy oil through the two-phase interface 

of CO2 and heavy oil.  

Because of the importance of CO2 diffusion in CO2-based heavy oil production, 

many scholars have studied the CO2 diffusion coefficient in heavy oil. CO2 diffusion 

coefficients measured by previous scholars are summarized in Table 5.1. Table 5.1 shows 

that the measured diffusion coefficients of CO2 in different heavy oils range from 10–10 to 

10–9 m2/s. The main parameters affecting the CO2 diffusion coefficient in heavy oil are oil 

components, viscosity, temperature, and pressure (Zhou et al., 2019a). Parameter effects 

indicate the following: 

(1) CO2 diffusion coefficient is greater with higher API gravity because of 

more light or medium components in the heavy oil, meaning the injected 

CO2 can dissolve into the heavy oil easily. 

(2) Higher CO2 diffusion coefficient can be obtained with relatively lower 

viscosity. 

(3) CO2 diffusion coefficient increases with increased pressure in the relatively 

lower-pressure region with constant temperature. 

(4) CO2 diffusion coefficient has been shown to have a more sensitive response 

to higher temperatures than that observed at lower temperatures. 
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 1 
Table 5.1 Summary of the measured diffusion coefficient of CO2 in different heavy oils. 2 

Oil sample API T (℃) μ (mPa·S) Apparatus Test method BC P (kPa) D (× 10-9 m2/s) Proposed by 

Athabasca 6.4 21 2000000 Microfluidic PD / 3100-5600 0.12-0.24 (Fadaei et al., 2011) 

Athabasca 9.1 25-90 767@80℃ Pressure cell PD Q-Equ 4000 0.16-0.47 (Upreti and Mehrotra, 2000) 

Athabasca 9.1 25-90 821000@25℃ Pressure cell PD Equ 
4000 0.13-0.43 

(Upreti and Mehrotra, 2002) 
8000 0.40-0.93 

Athabasca / 20-200 361700@20℃ / / Q-Equ / 0.279-1.75 (Schmidt, 1989) 

Athabasca 
11.7 50 10000@80℃ 

Pressure cell 
CP Equ 3805 0.36 

(Etminan et al., 2010) 
14.0 75 100000@50℃ CP Equ 3240 0.5 

Cactus Lake 15.4 15-30 724@26℃ Pressure cell / Equ 800-2000 0.171-0.641 (Henni and Shirif, 2010) 

Colony 11.1 27 33876 

Pressure cell 

PD Equ, N-Equ 

1366-4723 0.22-0.36 

(Wang, 2016) Pressure cell 

with sand 
1494-4660 0.14-0.21 

Intevep / 21 / Pressure cell PD Equ 3510 4.8 (Zhang et al., 2000) 

Lloydminster 10.0 21.4 12854 PVT cell PD Q-Equ 3741 0.824 (Li and Yang, 2016) 

Lloydminster 10.0 21.4 12854 PVT cell PD Q-Equ 3741 0.43 (Zheng et al., 2016) 

Lloydminster 11.7 23.9 23000 IFT Pendant drop  2000-6000 0.20-0.55 (Yang and Gu, 2006) 

Lloydminster 11.7 23.9 20267 Pressure cell PD 
Equ, Q-Equ, 

N-Equ 
4200 0.56 (Tharanivasan et al., 2006) 

Lloydminster 13 17-40 13443@17℃ Pressure cell / Equ 800-2000 0.216-0.985 (Henni and Shirif, 2010) 

Lloydminster 14.4 23 4681 Pressure cell CP / 5500 2.56 
(G. Rojas and Farouq Ali, 1988) 

Lloydminster 17.0 23 1032 Pressure cell CP / 5500 3.59 

Lloydminster 17.0 23 / Pressure cell CP / 1000 6 (Nguyen and Farouq Ali, 1998) 

Heavy oil 7.6 25 15000@23℃ PVT cell CP / 900-4140 0.11-1.19 (Song et al., 2010) 

Heavy oil 14.4 22 490000@30℃ Pressure cell Rheometry Equ 2423-4794 0.493-1.162 (Behzadfar and Hatzikiriakos, 2014) 

Saskatchewan 12.9 25 20000 Pressure cell PD / 1731-4487 0.413-0.532 
(Kavousi et al., 2014) 

Saskatchewan 14.1 25 5000 Pressure cell PD / 1726-4489 0.453-0.595 
 3 

Note: T: Tests temperature; μ: Dead oil viscosity; BC: Boundary conditions; P: Test pressure; D: Diffusion coefficient; PD: Pressure decay; Q-Equ: Quasi-equilibrium; 4 
Equ: Equilibrium; CP: Constant pressure; N-Equ: Non-equilibrium; PVT: Pressure/volume/temperature; IFT: Interfacial tension.   5 
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Considering the combined effects of pressure and temperature, CO2 diffusion coefficient 

in heavy oil increases with increased pressure and temperature. 

In previous experimental studies, direct and indirect approaches have been carried 

out to measure the CO2 diffusion coefficient in heavy oil. In two studies applying the direct 

approach (Sheikha et al., 2005; Upreti and Mehrotra, 2000), dissolved oil samples were 

extracted out of the system during testing to perform compositional analysis. Experimental 

errors were not been avoided, because components changed when part of the oil sample 

was extracted; errors in the operation and apparatus affected the results. For the indirect 

approach, the properties of CO2 dissolved into heavy oil samples have been measured and 

recorded from experiments, including pressure decay (Sheikha et al., 2005; Tharanivasan 

et al., 2006), volume change (Renner, 1988), volatilization rate of solvent (Fu and Phillips, 

1979), gas-liquid interface location (Das and Butler, 1996; Riazi, 1996), etc. Other indirect 

methods also have been applied: dynamic pendant drop volume analysis (Yang and Gu, 

2006), nuclear magnetic resonance (NMR) (Wen et al., 2005), and X-ray computer 

assisted tomography (CAT) (Song et al., 2010). Among the different experimental 

methods, the pressure decay method is applied most commonly, in which the CO2 

diffusion coefficient can be gained by history-matching the pressure profile using 

mathematical models. The pressure decay method usually can be implemented in a 

pressure/volume/temperature (PVT) cell, and the changes in pressure and interface 

location with test time can be monitored (Riazi, 1996). 
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Experiments usually are conducted in a bulk phase, which is a high-pressure cell 

(nontransparent) or a transparent cell (PVT cell); this situation is different from a real 

reservoir (Wang, 2016). To get a better understanding of CO2 diffusion into heavy oil 

under reservoir conditions, tests applied in porous media have been carried out using 

packed sand in a high-pressure cell (Ghasemi et al., 2017; Li and Dong, 2009; Wang, 

2016). The material used in these tests has been packed sands or cores, the porous media 

have been fully saturated with heavy oil, and the gas chamber has been on the top of the 

porous media (Ghasemi et al., 2017; Li and Yang, 2016; Li and Dong, 2009). This situation 

is not exactly the same as reservoir conditions. In a real reservoir, when CO2 is injected, 

the liquid-gas interface is in the porous media rather than in the bulk phase. So, to gain a 

better understanding of CO2 diffusion in heavy oil in the reservoir, real reservoir 

conditions should be considered. Thus, a partly saturated core was used in this study to 

ensure the liquid-gas interface being in the porous media.  

Once the pressure of the system is obtained using the pressure decay method, CO2 

diffusion coefficient can be determined using the developed mathematical model (Riazi, 

1996; Sheikha et al., 2005; Tharanivasan et al., 2004; Upreti and Mehrotra, 2000; Zhang 

et al., 2000). In studies using mathematical models, mass transfer of CO2 in the heavy oil 

phase has been a vital parameter. With solvent diffusion, the concentration of the solvent 

decreases along the diffusion direction. When CO2 is injected into the system, an 

instantaneous saturated surface occurs on the interface (Zhang et al., 2000). Then, the 

injected CO2 diffuses into the heavy oil, the volume of the tested fluid increases, and the 

change in liquid-gas interface can be observed in a PVT cell; in a high-pressure cell, 
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however, this cannot be investigated. Therefore, mathematical models usually consider a 

moving liquid-gas interface in tests using a transparent cell (PVT cell), but constant liquid-

gas interface usually is applied in tests using a high-pressure cell (nontransparent cell). To 

determine the CO2 diffusion coefficient in heavy oil, modeling studies usually apply 

history-matching and consider different boundary conditions (equilibrium, 

quasiequilibrium, and nonequilibrium). For the heavy oil–CO2 system, the most applicable 

boundary condition applied to calculate CO2 diffusion coefficient is the nonequilibrium 

boundary condition (Tharanivasan et al., 2006, 2004; Zhang et al., 2000). 

In porous media (core), CO2 diffusion occurs along tortuous paths in the presence 

of the matrix. Thus, the effect of tortuosity cannot be ignored in porous media. The CO2 

diffusion coefficient in heavy oil in porous media is lower than that in the bulk phase 

because the diffusion path of CO2 into heavy oil is longer in porous media than in the bulk 

phase. Many scholars have studied the effects of tortuosity in porous media, and 

correlations have been developed for the tortuosity of porous media, as tabulated in Table 

5.2. Different from the equations gained in empirical models, no adjustable variables have 

been investigated for the correlations gained in theoretical models (Shen and Chen, 2007), 

meaning that these should be easier to apply. However, the development procedures for 

correlations in the literature indicate that correlations have been developed based on 

different packing types and/or different cores. Thus, errors occur when the correlations 

are applied in the core/sandpack because different geometries are observed in different 

porous media. The best way to avoid these errors and find a better CO2 diffusion 

coefficient for heavy oil in porous media, in this case in the Manatokan field, is through   
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Table 5.2 Summary of correlations of the tortuosity in the porous media. 

Tortuosity (τ) Proposed by 

√𝟐 (Petersen, 1958) 

∅−
𝟏
𝟑 (Millington, 1959) 

(𝑭∅)𝜷 (McDuff and Ellis, 1979) 

(
∆𝒍

∆𝒙
)

𝟐

 (Dullien, 1979) 

(𝟑 − ∅)

𝟐
 (Akanni et al., 1987) 

√𝟑 (Dykhuizen and Casey, 1989) 

∅

[𝟏 − (𝟏 − ∅)
𝟏
𝟑]

 
(Beeckman, 1990) 

∆𝒍

∆𝒙
 (Maerki et al., 2004) 
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direct experimental measurement, followed by calculation using the pressure decay 

approach (Li and Dong, 2010).  

In this chapter, firstly, two experiments are implemented using the pressure decay 

method to measure pressure in the CO2 diffusion process in heavy oil, including testing 

for CO2 diffusion in a bulk phase (nontransparent high-pressure cell) and in porous media 

(partly saturated core). In the bulk phase, the study applies a high-pressure cell similar to 

previous studies. In the porous media (different from previous tests), the core is partly 

saturated with heavy oil to ensure the location of the liquid-gas interface being in the 

porous media. Secondly, a mathematical model is developed to determine the CO2 

diffusion coefficients in the bulk phase and in porous media using history-matching. The 

CO2 diffusion coefficients in Manatokan heavy oil are measured on the order of 10–9 m2/s, 

and the tortuosity of the core is calculated as 1.79 using the measured CO2 diffusion 

coefficient.   

5.2 Experimental study 

5.2.1 Materials 

In this chapter, the heavy oil sample from Manatokan (western Canada) is selected 

to determine the CO2 diffusion coefficient in heavy oil under 5000 kPa. The properties and 

compositional analysis of the heavy oil sample are tabulated in Tables 3.1 and 3.2, 

respectively, in Chapter 3. The properties of the heavy oil-CO2 system are indicated in 

Table 4.1, in chapter 4. 
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CO2 and N2 with purities of 99.99 mol% and 99.999 mol% are supplied by Praxair 

Canada Inc., they are used as dissolution gas and leakage-free test gas, respectively. The 

homogeneous natural sandstone core (supported by Kocurek Industries, Inc. USA) is 

collected from Boise, Idaho, USA. The length of the core is 11.778 cm with a diameter of 

3.842 cm. The porosity (28.39 %) and permeability (8.18 mD) are measured using brine 

which is collected from the studied heavy oil filed, the procedure of the measurement can 

be gained in previous study (Zhou et al., 2019b, 2016b).  

5.2.2 Experimental set-up 

In the experimental studies, two sets of equipment are used to measure the CO2 

diffusion coefficient in heavy oil in a bulk phase (nontransparent high-pressure cell) and 

in porous media (real core). In the experiment using the bulk phase, a nontransparent high-

pressure cell (Pinnacle, Canada) is used to test the CO2 diffusion coefficient in heavy oil, 

as shown in Figure 5.1. The high-pressure cell, with a diameter of 6.981 cm and height of 

27.23 cm, can withstand pressure as high as 35000 kPa and temperature as high as 150 ℃. 

The pressure change of the system is monitored using a pressure transducer (PXM409-

350BG10V, OMEGA Engineering INC., Canada) with an accuracy of ± 0.08% full scale 

(FS). The heavy oil and CO2 are transferred through transfer cylinders controlled by a 

syringe pump (260 D, Teledyne ISCO Inc., USA). To ensure a constant temperature in the 

test, all the systems are located in an oven (OGS750, Thermo Scientific, USA) with a 

precision of ±0.5 ℃. A floating piston is located at the bottom of the high-pressure cell to 

separate the heavy oil and the deionized water, which is applied to push the floating piston   
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Figure 5.1 Schematic of experimental setup for deternining CO2 diffusion coefficient in 

heavy oil in the bulk phase using the high pressure cell. 
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upward for CO2 concentration measurement in the heavy oil at the end of the diffusion 

experiment. At the end of the experiment, the CO2-dissolved heavy oil sample is pushed 

out of the high-pressure cell in small segments using a syringe pump (260 D, Teledyne 

ISCO Inc., USA). The pressure in the high-pressure cell is controlled by a backpressure 

regulator (BPR, EB1ZF1-SS316, EquiliBAR, USA). The heavy oil–CO2 sample is 

introduced into the sampler (304L-HDF2-40, Swagelok, Canada), which can withstand a 

pressure as high as 12410 kPa, and the CO2 concentration is measured at different locations 

of the high-pressure cell. 

For the measurement of CO2 diffusion coefficient in heavy oil in porous media, a 

12-inch-long core holder (RCHR-1.5, 17-4500, Core Lab L.P., USA) is used, as indicated 

in Figure 5.2. Different from the experimental setup in the test of the bulk phase, the high-

pressure cell is replaced by the core holder. In the core holder, the core is sealed using a 

sleeve with a confining pressure 1500 kPa higher than the initial pressure and is controlled 

by a syringe pump at a constant pressure. Both the confining pressure and the system 

pressure are monitored using pressure transducers. The other elements are set up the same 

as those in the bulk phase experiment.  

5.2.3 Experimental Procedure 

The CO2 diffusion coefficient measurement in heavy oil is implemented using 

both a bulk phase and porous media, with the initial injection pressure at 5000 kPa. The 

pressure decay method is carried out to determine the CO2 diffusion coefficient in each 

test. The experiment procedure for the high-pressure cell is detailed as follows: 



137 

 

Air bath888   888

888   888

Computer

Syringe pump

888   888

Pressure
gauge

Vacuum pump

Pressure

transducer

CO2 cylinder

Heavy oil cylinder

BPR
Vent

Syringe pump

888   888

CO2 saturated

Heavy oil saturated

Core

Water

Sleeve

Core holder

 

 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2 Schematic of experimental setup for testing CO2 diffusion coefficient in heavy 

oil in porous medium using the natural core. 



138 

 

1. Prior to the tests, the high-pressure cell and tubes are cleaned by injecting 

toluene, kerosene, and ethanol, sequentially; air is used to flush and dry the 

whole system. Then, high-pressure nitrogen is introduced into the cell to 

conduct the leak-free test. 

2. Before fluid injection, the temperature of the oven is set to the test temperature 

(21±0.5 °C) for 24 hours to make sure the temperature of the fluids reaches the 

target temperature. 

3. A certain volume of heavy oil (400 cm3) is introduced into the high-pressure 

cell with a low injection rate to avoid heavy oil adherence on the inner wall of 

the cell. Then, CO2 is injected into the high-pressure cell from the top of the cell 

under the target pressure (5000 kPa). 

4. The PVT cell is sealed, and the pressure in the high-pressure cell is recorded 

using a pressure transducer. 

5. At the end of the test, the CO2-saturated heavy oil sample is pushed out of the 

high-pressure cell into the sampler at rate of 40 cm3 each time. The average CO2 

concentration of each selected sample is measured, and then the CO2 

concentration plot along the depth of the heavy oil in the high-pressure cell is 

obtained. 

For the CO2 diffusion tests in the core holder, the procedure is detailed as follows: 
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1. The porosity of the core is measured using the imbibition method, and 

permeability is calculated using Darcy`s law. Then, the core is dried in the oven 

at 100 ℃ for 48 hours. 

2. The core holder is located in the oven vertically, and the confining pressure, 

which is 1500 kPa higher than the initial injection pressure (5000 kPa), is 

maintained by a syringe pump with de-ironed water. 

3. Once the experimental system is connected, the leak-free test for the whole 

system is conducted. Then, the system is vacuumed for 4 hours, and the 

temperature of the oven is placed at the target temperature for at least 12 hours 

to ensure that the temperatures of the liquids and system are the same as the 

target temperature (21℃). 

4. A certain amount of heavy oil sample (12 cm3) is injected into the core from the 

bottom of the core holder, CO2 is introduced into the core from the top of the 

core holder, and the pressure at the end of the injection process is 5000 kPa. 

5. After the fluids are injected into the core, the valves at the two ends of the core 

holder are closed. The pressure decay process is carried out, and the pressure in 

the core holder is monitored using the pressure transducer.  
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5.3 Mathematical model study 

5.3.1 Assumptions 

Based on experimental studies using a high-pressure cell and core holder, CO2 

diffusion coefficients in heavy oil can be determined using mathematical modeling. 

Assumptions for the mathematical model during the diffusion process include the 

following (Das and Butler, 1996; Riazi, 1996; Sheikha et al., 2005; Tharanivasan et al., 

2006; Zhang et al., 2000): 

1. The boundaries of the high-pressure cell and the core holder with confining 

pressure are determined to be closed boundaries. 

2. One-dimensional, one-way diffusion from CO2 to heavy oil is considered; the 

natural convection from heavy oil to the gas phase is not. 

3. The nonequilibrium boundary condition is considered at the interface of the CO2 

gas phase and the heavy oil liquid phase. 

4. The heavy oil sample is not volatile. 

5. The diffusion process is a physical process without reactions. 

6. The CO2 diffusion process is an isothermal process, and constant temperature is 

obtained using the oven. 

7. The volume changes of gas and heavy oil are neglected. 
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5.3.2 Mathematical model 

A schematic diagram of the diffusion cell for the heavy oil–CO2 system is shown 

in Figure 5.3. The baseline of the system is at the bottom of the cell/core, the total height 

of the heavy oil is L, and the height of the free-gas-phase CO2 at the end of the injection 

process is H. The injection pressure is 5000 kPa for the two tests, the test temperature is 

21 ℃, and constant temperature is conducted in the diffusion test.  

The governing equation of the diffusion process is based on the Fick`s second law.  

∂c

∂t
= 𝐷

𝜕2c

𝜕𝑥2
                                                          (5.1) 

where, c is the CO2 concentration in the heavy oil-CO2 system; t is time; 𝑥 is the distance 

from the bottom of the high pressure cell/core; 𝐷 is the diffusion coefficient of CO2 in 

heavy oil. 

At the moment when CO2 starts to inject into the high pressure cell, there is no 

CO2 in the heavy oil, so that the initial condition (IC) of the diffusion process can be 

presented as follow: 

𝑐(𝑥, 𝑡)|𝑡=0 = 0, 0 ≤ 𝑥 ≤ 𝐿                                             (5.2) 

As a close boundary of the cell, the Neumann boundary condition (BC) is applied 

at the bottom of the high pressure cell and the core (Tharanivasan et al., 2006): 

𝜕𝑐

𝜕𝑥
|𝑥=0 = 0, 𝑡 > 0                                                     (5.3) 
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Figure 5.3. Schematic diagram of the diffusion process for the heavy oil-CO2 system in 

both bulk phase  and porous media.  
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In this study, the non-equilibrium BC is applied at the liquid-gas interface, due to 

regarding heavy oil-CO2 system, the non-equilibrium BC is most applicable (Tharanivasan 

et al., 2004; Zhang et al., 2000). Thus, the corresponding Robin BC is applied as follow: 

𝐷
𝜕𝑐

𝜕𝑥
|𝑥=𝐿 = 𝑘[𝑐𝑠𝑎𝑡(𝑃𝑒𝑞) − 𝑐(𝑥, 𝑡)|𝑥=𝐿], 𝑡 > 0                       (5.4) 

where, 𝑐𝑠𝑎𝑡(𝑃𝑒𝑞) is the CO2 concentration at the equilibrium pressure 𝑃𝑒𝑞; 𝑘 is the mass 

transfer coefficient at the liquid-gas interface, and 1/𝑘 represents the resistance of CO2 

mass transfer through the liquid-gas interface.  

5.3.3 Analytical solution 

As an easier way to solve the mathematical model, the parameters refers to in 

equations (5.1) to (5.4) can be dimensionalized as follows: 

𝐶 =
𝑐

𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)
                                                           (5.5𝑎) 

𝑋 =
𝑥

𝐿
                                                                         (5.5𝑏) 

𝜏 =
𝑡

𝐿2

𝐷⁄
                                                                   (5.5𝑐) 

𝐾𝐷 =
𝐿

𝐷⁄

1
𝑘⁄

                                                                   (5.5𝑑) 

Thus, the governing equation, initial condition, and boundary conditions can be 

given using the dimensionless parameters. 

For the governing equation: 



144 

 

∂C

∂τ
=

𝜕2C

𝜕𝑋2
                                                            (5.6) 

For the initial condition: 

𝐶(𝑋, 𝜏)|𝜏=0 = 0, 0 ≤ 𝑋 ≤ 1                                   (5.7) 

For the lower boundary condition: 

𝜕𝐶

𝜕𝑋
|𝑋=0 = 0, 𝜏 > 0                                                  (5.8) 

For the non-equilibrium upper boundary condition: 

𝜕𝐶

𝜕𝑋
|𝑋=1 = 𝑘𝐷[1 − 𝐶(𝑋, 𝜏)|𝑋=1], 𝜏 > 0                         (5.9) 

To solve the partial differential equation, the equation of the non-equilibrium 

upper boundary condition can be transferred as the following homogeneous equation: 

𝐹(𝑋, 𝜏) = 1 − 𝐶(𝑋, 𝜏)                                                     (5.10) 

Further, according to the homogeneous equation, the governing equation, initial 

condition and boundary conditions can be given as follows: 

For the governing equation: 

∂F

∂τ
=

𝜕2F

𝜕𝑋2
                                                                  (5.11) 

For the initial condition: 

𝐹(𝑋, 𝜏)|𝜏=0 = 1,    0 ≤ 𝑋 ≤ 1                                         (5.12) 

For the lower boundary condition: 
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𝜕𝐹

𝜕𝑋
|𝑋=0 = 0, 𝜏 > 0                                                   (5.13) 

For the non-equilibrium upper boundary condition: 

𝜕𝐹

𝜕𝑋
|𝑋=1 = −𝑘𝐷𝐹(𝑋, 𝜏)|𝑋=1, 𝜏 > 0                           (5.14) 

By separation of variables, the governing equation can be presented using two 

equations relate to 𝑋 and 𝜏, respectively. 

𝐹(𝑋, 𝜏) = 𝐺(𝑋) ∙ 𝐻(𝜏)                                                (5.15) 

Substitute equation (5.15) to equation (5.11), the governing equation can be 

presented as follows: 

𝐺(𝑋) ∙ 𝐻′(𝜏) = 𝐺′′(𝑋) ∙ 𝐻(𝜏)                                                 (5.16) 

Through separation of variables and rearrangement of the equation, the following 

equation can be gained. 

𝐺′′(𝑋)

𝐺(𝑋)
=

𝐻′(𝜏)

𝐻(𝜏)
                                                            (5.17) 

The two functions 𝐺(𝑋) and 𝐻(𝜏) are two independent equations, according to 

equation (5.17), the value should be a constant. 

𝐺′′(𝑋)

𝐺(𝑋)
= −𝜆2                                                           (5.18) 

𝐻′(𝜏)

𝐻(𝜏)
= −𝜆2                                                            (5.19) 
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By applying separation of variables, the general solutions for equation (5.18) and 

(5.19) can be presented as follows: 

𝐺(𝑋) = 𝐾1 cos(𝜆𝑋) + 𝐾2 sin(𝜆𝑋)                                  (5.20) 

𝐻(𝜏) = 𝐾3𝑒(−𝜆𝑛
2𝜏)                                                     (5.21) 

So the general solution of 𝐹(𝑋, 𝜏) can be given: 

𝐹(𝑋, 𝜏) = 𝐺(𝑋) ∙ 𝐻(𝜏) = [𝐴 cos(𝜆𝑋) + 𝐵 sin(𝜆𝑋)] ∙ 𝑒(−𝜆𝑛
2𝜏)        (5.22) 

In view of the lower boundary condition, equation (5.13),  

𝜕𝐹

𝜕𝑋
|𝑋=0 = 𝐺′(0) ∙ 𝐻(𝜏) = [−𝐴 𝜆sin(𝜆𝑋) + 𝐵𝜆 cos(𝜆𝑋)] ∙ 𝑒(−𝜆𝑛

2𝜏)|𝑋=0    (5.23) 

So  

𝜕𝐹

𝜕𝑋
|𝑋=0 = 𝐵𝜆 ∙ 𝑒(−𝜆𝑛

2𝜏) = 0                                        (5.24) 

Due to 𝜆 ≠ 0, therefore, 𝐵 = 0 

𝐹(𝑋, 𝜏) = 𝐴 cos(𝜆𝑋) ∙ 𝑒(−𝜆𝑛
2𝜏)                                         (5.25) 

In view of the initial condition, equation (5.12) and 𝑋 = 1, 

𝐹(1,0) = 𝐺(1) ∙ 𝐻(0) = 𝐴 cos(𝜆) = 0                              (5.26) 

Due to 𝐴 ≠ 0, so that cos(𝜆) = 0, and solve this equation, 

𝜆𝑛 =
2𝑛 − 1

2
𝜋, (n = 1, 2, 3, … )                                     (5.27) 

And then, 𝐹(𝑋, 𝜏) can be presented as following: 
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𝐹(𝑋, 𝜏) =  ∑ 𝐴𝑛 cos(𝜆𝑛𝑋) ∙ 𝑒(−𝜆𝑛
2𝜏)

∞

𝑛=1

                       (5.28) 

In view of the initial condition, equation (5.12), 

∑ 𝐴𝑛 cos(𝜆𝑛𝑋)

∞

𝑛=1

= 1                                     (5.29) 

According to the orthogonality principle (Walas, 1991), the variable 𝐴𝑛 can be 

determined as follows 

𝐴𝑛 =
∫ cos(𝜆𝑛𝑋) 𝑑𝑋

1

0

∫ cos2(𝜆𝑛𝑋) 𝑑𝑋
1

0

                                           (5.30) 

By solving equation (5.30), the solution can be achieved 

𝐴𝑛 =
4sin (𝜆𝑛)

2𝜆𝑛 + sin (2𝜆𝑛)
                                          (5.31) 

Substitute equation (5.31) to equation (5.28) 

𝐹(𝑋, 𝜏) = ∑
4sin (𝜆𝑛)

2𝜆𝑛 + sin (2𝜆𝑛)
cos(𝜆𝑛𝑋) ∙ 𝑒(−𝜆𝑛

2𝜏)

∞

𝑛=1

          (5.32) 

Substitute equation (5.32) to equation (5.10) 

𝐶(𝑋, 𝜏) = 1 − ∑
4 sin(𝜆𝑛)

2𝜆𝑛 + sin(2𝜆𝑛)
cos(𝜆𝑛𝑋) ∙ 𝑒(−𝜆𝑛

2𝜏)

∞

𝑛=1

          (5.33) 

Compared equation (5.9) and equation (5.33), the 𝑘𝐷 can be presented as follows: 

𝑘𝐷 = 𝜆𝑛 tan 𝜆𝑛                                                      (5.34) 
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Therefore, the CO2 concentration in the CO2 dissolved heavy oil can be gained by 

substituting equation (5.5a) to equation (5.5c) into equation (5.33), the concentration of 

CO2 in heavy oil can be presented as following: 

𝑐(𝑥, 𝑡)

𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)
= 1 − 4 ∑

sin(𝜆𝑛)

2𝜆𝑛 + sin(2𝜆𝑛)
cos (𝜆𝑛

𝑥

𝐿
) ∙ 𝑒

(
−𝐷𝜆𝑛

2

𝐿2 𝑡)

∞

𝑛=1

          (5.35) 

5.4 Pressure decay calculation 

5.4.1 Pressure calculation 

With fluid volume (in both gas phase and fluid phase) assumed constant, the 

pressure of the gas phase can be determined using the real gas law. According to the real 

gas law, the pressure of the gas phase in the experimental system (high-pressure cell and 

core) can be determined using the following equation: 

𝑃𝐶𝑎𝑙(𝑡) =
𝑧𝐶𝑂2(𝑡)𝑛𝐶𝑂2(𝑡)𝑅𝑇

𝑉𝐶𝑂2
                                (5.36) 

where, 𝑃𝐶𝑎𝑙(𝑡) is the CO2 pressure by calculating, MPa; 𝑧𝐶𝑂2(𝑡) is the z factor for CO2 at 

time t; 𝑛𝐶𝑂2(𝑡) is the moles of CO2 in free gas phase at time t, mole; 𝑉𝐶𝑂2 is volume of the 

injected CO2, m
3; R is the gas constant, 8.314 m3·kPa/(kmol·K); T is absolute temperature, 

K. 
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In equation (5.36), the z factor for the gas-phase CO2 under the test pressure 

(𝑧𝐶𝑂2(𝑡)) can be calculated using the Peng-Robinson equation of state (PR-EOS). The PR-

EOS is expressed as follows (Peng and Robinson, 1976): 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎(𝑇)

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
                               (5.37) 

𝑎(𝑇) = 𝑎(𝑇𝑐)𝛼(𝑇𝑟 , 𝜔)                                     (5.37𝑎) 

𝑏 = 𝑏(𝑇𝑐)                                                     (5.37𝑏) 

𝑎(𝑇𝑐) = 0.45724
𝑅2𝑇𝑐

2

𝑃𝑐
                                      (5.37𝑐) 

𝑏(𝑇𝑐) = 0.07780
𝑅𝑇𝑐

𝑃𝑐
                                      (5.37𝑑) 

𝛼(𝑇𝑟 , 𝜔) = [1 + (0.37464 + 1.54226𝜔 − 0.26992𝜔2(1 − √𝑇𝑟))]2 (5.37𝑒) 

𝑇𝑟 =
𝑇

𝑇𝑐
     (5.37𝑓) 

where, 𝑃 is the pressure in the system, kPa; 𝑇 is the temperature in the system, K; 𝑅 is the 

universal gas constant, 8.314 m3‧kPa/(kmol‧K); 𝑃𝑐 is the critical pressure, kPa; 𝑇 is the test 

temperature, K; 𝑇𝑐  is the critical temperature, K; 𝑇𝑟  is the reduced temperature, 

dimensionless; 𝑣 is the molar volume, m3/kmol; 𝜔 is the acentric factor. 

Combining PR-EOS and the following equations, 𝑧𝐶𝑂2(𝑡) can be solved at the test 

time t. 

𝑧3 − (1 − 𝐵)𝑧2 + (𝐴 − 3𝐵2 − 2𝐵)𝑧 − (𝐴𝐵 − 𝐵2 − 𝐵3) = 0            (5.38𝑎) 
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𝐴 =
𝑎(𝑇)𝑃

𝑅2𝑇2
                                                       (5.38𝑏) 

𝐵 =
𝑏𝑃

𝑅𝑇
                                                            (5.38𝑐) 

𝑧 =
𝑃𝑣

𝑅𝑇
                                                            (5.38𝑑) 

The moles of the free gas phase CO2, 𝑛𝐶𝑂2(𝑡), at a certain time (𝑡) can be gained 

using the following equation, 

𝑛𝐶𝑂2(𝑡) = 𝑛𝐶𝑂2(0) − ∫ ∫
𝑐(𝑥, 𝑡)

𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)
𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)𝑑𝑡𝑑𝑥

𝑡0

0

𝐿

0

                (5.39) 

where, 𝑛𝐶𝑂2(0) is the moles of the injected CO2, mole. 

The concentration of CO2 in heavy oil at the equilibrium pressure (𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)) in 

equation (5.35) can be determined by combining the PR-EOS and the correlation of CO2 

concentration under different equilibrium pressures. CO2 concentrations are measured in 

the studied heavy oil sample at different pressures, as indicated in Figure 5.4. Correlations 

are generated for the CO2 concentrations under different saturation pressures to predict the 

CO2 concentration at any saturation pressure, as indicated as follows: 

𝑐𝑠𝑎𝑡(𝑃) = 6.1896 × 10−4𝑃 − 0.2550                            (5.40) 

where, 𝑐𝑠𝑎𝑡(𝑃) is the CO2 concentration under equilibrium pressure, mol/L; 𝑃 is the tested 

equilibrium pressure, kPa.  

Determining the CO2 concentration at different pressures in equation (5.40) allows 

the molar volume (𝑣) in equation (5.37) to be calculated, and thus, the equilibrium pressure  
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Figure 5.4 CO2 concentration in heavy oil under different equilibrium pressures. 
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can be determined. Through this calculation, the pressure (𝑃𝐶𝑎𝑙(𝑡)) in the diffusion process 

can be obtained. 

𝑣 =
𝑉𝐶𝑂2

𝑁𝑖 − 𝑉𝑚𝑖𝑥 · 𝑐𝑠𝑎𝑡(𝑃)
                                            (5.41) 

where, 𝑉𝐶𝑂2 is the volume of CO2, L; 𝑁𝑖 is the moles of the injected CO2, mole; 𝑉𝑚𝑖𝑥 is 

the volume of the heavy oil-CO2 system, L. 

After calculation, the equilibrium pressures for the CO2 diffusion experiments 

using the bulk phase (high-pressure cell) and the porous media (real reservoir core) are 

found to be 3766.78 and 3961.24 kPa, respectively. Therefore, according to equation 

(5.40), the CO2 concentrations in the heavy oil under the equilibrium pressures for the 

diffusion tests in the bulk phase and in porous media are determined as 2.0765 and 2.1969 

mol/L, respectively. Because of the relatively higher volume of the heavy oil sample in 

the high-pressure cell, the equilibrium pressure in the bulk phase is lower than that in the 

porous media, so a lower CO2 concentration is obtained at the equilibrium pressure in the 

bulk phase. 

5.4.2 Numerical optimization 

To ensure a high agreement of history-match between experimental results and 

calculation results using the developed mathematical model, an objective function is 

generated to optimize the numerical calculation process. In the calculation process, firstly, 

the ranges of 𝑘𝐷  and D  are assumed. Secondly, an objective function is defined to 

determine the CO2 diffusion coefficient once the minimum value of the objection function 
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is obtained in the assumed  𝑘𝐷 and D ranges. The defined objective function is indicated 

as follows: 

∆𝑃𝑎𝑣𝑒 = √
1

𝑁
∑(𝑃𝑖

𝐶𝑎𝑙 − 𝑃𝑖
𝐿𝑎𝑏)

2
𝑁

𝑖=1

                                    (5.42) 

where, ∆𝑃𝑎𝑣𝑒 is the average pressure difference, kPa; 𝑁 is the number of the pressure data 

obtained in the CO2 diffusion tests; 𝑃𝑖
𝐶𝑎𝑙 is the 𝑖𝑡ℎ calculated data in the numerical model; 

𝑃𝑖
𝐿𝑎𝑏 is the 𝑖𝑡ℎ data measured in the tests. Using this optimization equation, both the CO2 

diffusion coefficient and the average pressure difference (∆𝑃𝑎𝑣𝑒) are gained for the tests 

carried out using high-pressure and real reservoir cores.  

5.4.3 Numerical solving flowchart 

The procedure of the history-match method to determine CO2 diffusion coefficient 

in heavy oil is summarized as follows. The flowchart in Figure 5.5 shows the history-

match process using MATLAB software. 

1. Assume the ranges of two variables 𝐾𝐷 and 𝐷. 

2. Calculate the equilibrium pressure and the concentration of CO2 in heavy oil 

at the equilibrium pressure (𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)). 

3. Calculate the dimensionless CO2 concentration (𝐶 =
𝑐

𝑐𝑠𝑎𝑡(𝑃𝑒𝑞)
  ) using equation 

(5.35). Calculate the moles of free CO2 in the system by assuming that volume 

changes in the heavy oil can be ignored in the CO2 diffusion process because  
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Figure 5.5 Flow chart for determining the CO2 diffusion coefficient in the Manatokan 

heavy oil. 
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the oil-swelling factor is small. 

4. Calculate the gas compressibility factor (𝑧)  using the PR-EOS, and then 

determine the pressure of the gas phase in the system using the real gas law. 

5. Calculate the average pressure difference between the test data and calculation 

results using equation (5.42). 

6. If the pressure difference is a minimum of one in the assumed ranges of 𝐾𝐷 

and 𝐷, then 𝐾𝐷 and 𝐷 are selected. Otherwise, the ranges of the two variables 

of 𝐾𝐷 and 𝐷 need to be reassumed. 

5.5 Results and discussions 

By investigating the CO2 diffusion coefficient in the CO2-based enhanced oil 

recovery method for heavy oil applied in a previous study (Zhou et al., 2019a), injection 

pressures in the CO2 diffusion process are found to be the same in both the high-pressure 

cell (bulk phase) and core holder (porous media): 5000 kPa. Although the initial injection 

pressures are the same in the two experiments, huge differences are observed between the 

two pressure depletion plots, as indicated in Figure 5.6. Differences occur mainly because 

the amount of CO2 injected into the systems and the diffusion coefficients in the two 

systems are different. Therefore, the pressure decay in the porous media and bulk phase 

show different trends given a 200-hour diffusion process. Different final pressures also are 

observed at the end of the CO2 diffusion process, the final pressures of the experiments in 

the bulk phase and in porous media being 4234.5 and 4040.7 kPa, respectively.   



156 

 

Time, hrs

0 50 100 150 200 250

P
re

s
s
u
re

 i
n
 t
h
e

 s
ys

te
m

, 
k
P

a

3800

4000

4200

4400

4600

4800

5000

5200

Pressure decay in bulk phase

Pressure decay in porous media

 

 

 

                                      
Figure 5.6 Pressure decay plots for testing CO2 diffusion coefficient in heavy oil in bulk 

phase and porous media.  
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Pressure in the bulk phase decreases slower than that in the porous media, a trend 

to approach the equilibrium pressure is observed in the porous media, and a continual 

decreasing trend is shown in the bulk phase; these phenomena can be explained by the 

following reasons. (1) The amount of CO2 injected into the porous media is only 26.22 

cm3 under 5000 kPa, but that in the bulk phase is 642.38 cm3; the higher amount of CO2 

in the bulk phase can withstand the pressure. (2) The height of heavy oil in the porous 

media is 3.76 cm, which is much lower than that in the bulk phase (10.45 cm), leading to 

the duration of CO2 transfers to the bottom being much longer in the bulk phase than in 

the porous media. (3) The area of the interface of CO2 and heavy oil affects the CO2 

dissolve rate into heavy oil, and the contact area of gas and heavy oil in the bulk phase is 

much larger than that in the porous media. For the bulk phase system, the pressure plot is 

not as smooth as that in the porous media, possibly because both the CO2 dissolve-into 

and evolve-out-of the heavy oil occur in the interface. The relatively higher volume of CO2 

gas in the bulk phase leads to a higher final pressure in the bulk phase after a 200-hour 

diffusion.  

The CO2 diffusion coefficients for both the bulk phase and porous media are 

optimized once the minimum pressure differences between the tested pressure and the 

calculated pressure are obtained. The plots for both experimental data and calculated data 

for the CO2 diffusion coefficient measurements are shown in Figure 5.7. From Figure 5.7, 

one can find a high agreement of history-match is obtained between the experimental 

results and the mathematical modeling results. Thus, the developed mathematical model 

in this study can be applied to predict pressure in both the bulk phase and in porous media   
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Figure 5.7 Pressure decay plots for both testing and calculation of CO2 diffusion 

coefficient in heavy oil in bulk phase and porous media. 



159 

 

during the CO2 diffusion process. More details of the simulation results are summarized 

in Table 5.3. 

For the two experiments, once the minimum value of the objective function 

(equation (5.42)) is obtained in the assumed ranges of kD and D, the CO2 diffusion 

coefficient (D) can be determined, as indicated in Figures 5.8 and 5.9. From the figures, 

one can find that the average pressure difference between the experimental results and the 

mathematical results is much more sensitive at a relatively lower diffusion coefficient. 

With a higher diffusion coefficient, the effect of diffusion coefficient on the pressure 

difference is not remarkable with the same kD. In this study, the CO2 diffusion coefficients 

for the bulk phase and porous media are measured as 5.778 × 10–9 and 3.222 × 10–9 m2/s, 

respectively. Similar results for the CO2 diffusion coefficient in heavy oil have been 

obtained in previous studies. Using a transparent cell, the CO2 diffusion coefficient in 

Hamaca heavy oil (supplied by Intevep, Canada) was determined using an equilibrium 

boundary condition (Zhang et al., 2000) as 4.8 × 10–9 m2/s under an initial pressure of 3471 

kPa. Using a nonequilibrium boundary condition, an analytical solution was developed to 

determine another CO2 diffusion coefficient in heavy oil of 4.9 × 10–9 m2/s (Civan and 

Rasmussen, 2003). Another study compared three different mass transfer models at the 

surface of CO2 and heavy oil to measure a CO2 diffusion coefficient (Tharanivasan et al., 

2004) ranging from 3.4 × 10–9 to 25 × 10–9 m2/s with different boundary conditions 

(equilibrium, nonequilibrium and quasiequilibrium). Different orders of CO2 diffusion 

coefficient from this study and from previous research were investigated (10
–10 in previous 

research and 10–9 in this study). Because the viscosity measurements of the two heavy oil  



160 

 

 

Table 5.3 Summary of the results of the CO2 diffusion coefficient in the Manatokan heavy oil. 

  
Pi 

(kPa) 
Pf 

(kPa) 
Peq 

(kPa) 
csat(Peq) 

(mol/L) 
D 

(×10-9 m2/s) 
kD 

k 

(m/s) 
ΔPave 

(kPa) 

Bulk phase 5001.6 4234.5 3766.8 2.076 5.778 100.5 5.56×10-6 15.8 

Porous media 4996.3 4040.7 3961.2 2.197 3.222 312.9 1.61×10-5 13.8 

 

Note: Pi is the initial injection pressure;  

Pf is the final pressure at the end of the test;  

Peq is the equilibrium pressure in the diffusion test;  

csat(Peq) is the CO2 concentration at the equilibrium pressure;  

D is the CO2 diffusion coefficient;  

kD is the mass transfer Biot number; 

k is the mass transfer coefficient; 

ΔPave is the average pressure difference between the test data and the calculated data. 
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Figure 5.8. The average pressure difference of the experimental and mathematical 

pressures in the assumed ranges of kD and D values for the experiment in the bulk phase. 
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Figure 5.9. The average pressure difference of the experimental and mathematical 

pressures in the assumed ranges of kD and D values for the experiment in the porous media. 
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samples are huge, the viscosity difference of heavy oil in the previous study is 20267 

mPa‧s, but only 20% of the viscosity is measured in this study.  

The mass transfer Biot numbers (kD) for the tests in the bulk phase and in porous 

media are 100.5 and 312.9, respectively, which are similar to results gained in previous 

research (Tharanivasan et al., 2006). With the same diffusion coefficient, the effect of the 

mass transfer Biot number on the average pressure difference is different. In the bulk 

phase, with the same CO2 diffusion coefficient, the effect of mass transfer Biot number on 

the average pressure difference is not as significant as that in the porous media because 

the change range of the average pressure difference is much higher in the porous media 

than in the bulk phase, as indicated in Figures 5.8 and 5.9.  

The mass transfer rate coefficient (k) for the tests in the bulk phase and the porous 

media are 5.56×10–6 and 1.61×10–5 kPa, respectively. Because of a lower viscosity of 

the heavy oil sample selected in this study, the CO2 mass transfer rate is higher, leading to 

the mass transfer rate coefficient being higher than that in previous research (Tharanivasan 

et al., 2006). The average pressure differences for the tests in the bulk phase and porous 

media are 15.8 and 13.8 kPa, respectively. Similar results are gained in previous research 

(Tharanivasan et al., 2006, 2004).  

The optimized average pressure differences (ΔPave) between the measured data 

and the calculated data for the measurements in the bulk phase and porous media are 15.8 

and 13.8 kPa, respectively. The optimized average pressure differences are small enough 

compared with the initial injection pressure (5000 kPa). Therefore, the developed 
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mathematical model is applied to determine the CO2 diffusion coefficients in both the bulk 

phase and in porous media. 

The tortuosity of the porous media selected in this study (real core) can be 

determined using the following equation 

𝜏 =
𝐷𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒

𝐷𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑎
                                              (5.43) 

From the calculation, one can find the tortuosity of the studied core to be 1.79. 

Comparing the equations to those developed in previous studies, the tortuosity of the core 

is calculated, as found in Table 5.4. Using the previous equations, the tortuosity of the 

selected core ranged from 1.41 to 2.69. The calculated tortuosity of the core in this study 

fell in the range of the tortuosity determined using the previous equations. Therefore, the 

tortuosity of the core determined in this study is found to be acceptable. 

The CO2 concentration profiles at different times for both the bulk phase and 

porous media are displayed in Figure 5.10 and Figure 5.11, respectively. As shown in the 

figures, the CO2 diffusion along the height of the saturated heavy oil increases quicker in 

the early time period than that in the later time period because in the early time period, the 

CO2 contacts the heavy oil directly, so the injected CO2 can dissolve into heavy oil faster 

than that with CO2 partly saturated (in the later time period). Due to non-equilibrium 

boundary condition is applied, the CO2 concentration at the interface does not equal to the 

equilibrium concentration, as shown in the subfigures. 
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Figure 5.10 Dimensionless CO2 concentration profiles at different test times in the bulk 

phase. 
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Figure 5.11 Dimensionless CO2 concentration profiles at different test times in the 

porous media. 



167 

 

From Figure 5.10, it can be seen that the diffusion process made it hard to achieve 

the equilibrium condition because of the large volume of heavy oil sample injected into 

the bulk phase (high-pressure cell). The equilibrium condition cannot be achieved, even 

in 500 hours, if diffusion has taken place. But with a long time diffusion, the equilibrium 

status was achieved after 3200-hour diffusion. But for the diffusion process in the porous 

media, as indicated in Fig.11, the equilibrium condition is nearly obtained once the 200-

hour experiment is completed. At a diffusion time of 500 hours, the equilibrium condition 

is already achieved, and the CO2 concentration profile equals 1 at any location along the 

core. The equilibrium status for the test in the porous media is obtained after 735-hour 

diffusion. 

The measured CO2 concentration at the end of the test in the bulk phase is 

indicated using the gas-oil ratio at the end of the diffusion process, shown in Figure 5.12. 

In Figure 5.12, the measured and calculated CO2 gas-oil ratio in the heavy oil can be seen 

close to each other. That is to say, the mathematical model developed in this study can be 

applied to predict CO2 concentration in the CO2 diffusion process with a high level of 

agreement.   
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Table 5.4 Comparison of the tortuosity of the porous media using equations in previous studies. 

 

 

Note: ∅ is the porosity of the studied core;  

𝐷𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒 is the CO2 diffusion coefficient in the bulk phase; 

𝐷𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑎 is the CO2 diffusion coefficient in the porous media. 

  

Equation Tortuosity (τ) Proposed by 

√𝟐 1.41 (Petersen, 1958) 

∅−
𝟏
𝟑 1.52 (Millington, 1959) 

(𝟑 − ∅)

𝟐
 1.35 (Akanni et al., 1987) 

√𝟑 1.73 (Dykhuizen and Casey, 1989) 

∅

[𝟏 − (𝟏 − ∅)
𝟏
𝟑]

 
2.69 (Beeckman, 1990) 

𝑫𝒃𝒖𝒍𝒌 𝒑𝒉𝒂𝒔𝒆

𝑫𝒑𝒐𝒓𝒐𝒖𝒔 𝒎𝒆𝒅𝒊𝒂
 1.79 This study 
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Figure 5.12 Comparsion of the CO2 gas oil ratio in heavy oil in the diffusion process. 
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5.6 Chapter summary 

In this study, CO2 diffusion coefficient in heavy oil is calculated using the pressure 

decay method in a bulk phase (PVT cell) and in porous media (core). Firstly, experimental 

studies are implemented on CO2 diffusion in heavy oil in the bulk phase and porous media. 

Secondly, a mathematical model is developed for calculating CO2 diffusion coefficient. 

Thirdly, history-matching is applied to determine CO2 diffusion coefficient using the 

developed mathematical model. Several results can be summarized as follows: 

1. A experimental method is generated to measure CO2 diffusion coefficient in 

porous media. The interface of heavy oil and CO2 is located in the middle of the 

core, which can be applied to mimic the situation of CO2-based enhanced oil 

recovery applied in a real reservoir. 

2. A mathematical model is developed for determining CO2 diffusion coefficient in 

a bulk phase and in porous media. History-matching is applied to determine the 

CO2 diffusion coefficient. 

3. The CO2 diffusion coefficients for the bulk phase and porous media are measured 

as 5.778 × 10–9 and 3.222 × 10–9 m2/s, respectively. 

4. The CO2 diffusion coefficients in the bulk phase and in porous media are 

calculated using history-matching, and the measured CO2 diffusion coefficients 

can be used in CO2-based processes of reservoir study. 
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CHAPTER 6 STUDY OF CO2 HUFF 'N' PUFF PROCESS IN HEAVY OIL 

RESERVOIR 

Once the studies on the non-equilibrium phase behaviors of the heavy oil-CO2 

system and diffusion coefficient of the CO2 in the heavy oil are carried out, the research 

on CO2 huff 'n' puff process applied in heavy oil reservoir is implemented to study the 

heavy oil production performance using the CO2 huff 'n' puff process coupled with non-

equilibrium phase behavior and CO2 diffusion.  

In order to study the CO2 huff 'n' puff process applied in heavy oil reservoir, the 

experimental researches on the production performance in this process is carried out. 

Firstly, the experiments are carried out for investigating the production performance and 

parameter optimization. Secondly, the optimization parameters are applied to upscale for 

the field application. In this chapter, six experiments are implemented on the CO2 huff 'n' 

puff process applied in heavy oil using long cores to study the heavy oil production 

performance (Zhou et al., 2019a). The production profiles of the CO2 huff 'n' puff process 

are analyzed, including pressure, heavy oil recovery factor, gas production, cumulative gas 

oil ratio, and pressure difference. The experimental results show that, the pressure drop 

(indicates the CO2 diffusion in heavy oil) in the first cycle is much lower than those in the 

subsequent cycles. The heavy oil recovery factor is higher than 29.27% and can reach as 

high as 38.02% under the pressure depletion rate of 1 kPa/min. A main trend observed for 

each test is that the heavy oil recovery factor decreases with increases in the cycle number. 

With heavy oil production, a growing space is available for CO2 injection in the core, 
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resulting in a higher volume of injected CO2 together with increasing gas production and 

a cumulative gas oil ratio. With less heavy oil production, the pressure difference between 

the end port and the production port decreases with the cycle number increases. An 

equation is developed to study the relationship between CO2 production and heavy oil 

production, and the agreement between the equation and the experimental data is 

extremely high ( 𝑅2 > 0.97 ). The developed equation can be applied to predict the 

production performance in the later production period in the same cycle and/or to predict 

the production performance in the subsequent cycles. Via the analyzation of the production 

performance of the CO2 huff 'n' puff process in heavy oil under different pressure depletion 

rates and different soaking times, the effect parameters, including pressure depletion rates, 

soaking time and cycle numbers, are optimized in this study. The optimized pressure 

depletion rates, soaking time, and cycle numbers are 1 kPa/min, 5 hours and 3 cycles, 

respectively. The optimized parameters (pressure depletion rate and soaking time) gained 

in the tests are upscaled using the upscaling criteria. And the upscaled operation 

parameters can be applied in the field pilot test to enhance heavy oil recovery using the 

CO2 huff 'n' puff process.  

6.1 Introduction 

With the growing energy consumption in the world, the heavy oil reserve becomes 

increasingly important to meet energy needs (Jiang, 2013; Rui et al., 2018; Safinya, 2008; 

Santos et al., 2014; Yu et al., 2015). To explore the heavy oil resource, different 

approaches have been applied including the thermal method (Butler, 1998; Moore et al., 
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1995; Ni et al., 2017; Zhou et al., 2016a) and the non-thermal method (Gong and Gu, 2015; 

Hou et al., 2012; Sun et al., 2016, 2015; Zhou, 2015). The thermal methods have been 

proven the most efficient method to enhance heavy oil production (Butler, 1997; Jiang and 

Butler, 1998). However, the high investment and huge heat loss in the thin heavy oil pay 

zones (Srivastava et al., 1999) make this method uneconomical under the low crude oil 

price condition. Regarding the non-thermal method, the key obstacle for enhancing heavy 

oil recovery is the high viscosity of heavy oil. In order to reduce heavy oil viscosity, the 

solvent based non-thermal method is the optimized approach among the different non-

thermal methods (Du et al., 2018c; S. Li et al., 2017; Rui et al., 2017a). In the solvent 

based non-thermal approaches, the CO2 based non-thermal method is much more popular. 

Moreover, the CO2 huff 'n' puff process is considered an enhanced oil recovery method 

with more potential in terms of heavy oil production and climate change reduction (Chang 

et al., 2016; Gao et al., 2012; Jha, 1986b; G Rojas and Farouq Ali, 1988; Seinfeld and 

Pandis, 2016; Silva and Anand, 2013). 

In heavy oil reservoirs, the application of the CO2 based recovery method is 

mainly an immiscible process, because (1) the minimum miscible pressure (MMP) can 

hardly be obtained once the oil gravity is no higher than 30o API (Mangalsingh and Jagai, 

1996); and (2) the interfacial tension (IFT) between the injected CO2 and the heavy oil 

cannot be reduced significantly, thus, the miscible condition cannot be achieved 

(Seyyedsar et al., 2017; Wu et al., 2017). Regarding the immiscible CO2 process, the main 

mechanisms are oil swelling, IFT reduction, viscosity reduction, hydrocarbon extraction 

and foamy oil flow (Hwango et al., 1995; Miller and Jones, 1981; Seyyedsar et al., 2017; 
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Zhou et al., 2018). To gain an understanding of the mechanisms of the CO2 huff 'n' puff 

process applied in the heavy oil reservoir, the properties of a heavy oil-CO2 system have 

been studied in the previous literature. The studies infer that (1) the viscosity of heavy oil 

can be reduced remarkably (up to 98%) when the heavy oil sample is recombined with 

CO2 (Dyer et al., 1994; Sayegh and Maini, 1984). (2) Two trends of the effect of 

temperature have been observed at the critical temperature. Significant viscosity reduction 

is investigated when the temperature increased to the critical temperature. But once the 

temperature is higher than the critical temperature, the viscosity reduction was not 

remarkable (Chung et al., 1988; Wu et al., 2018; Yu et al., 2015). (3) Solubility of the 

injected CO2 into heavy oil is proportional to the swelling factor (Chung et al., 1988; 

Mangalsingh and Jagai, 1996). (4) The CO2 diffusion coefficient is affected by the 

temperature, and it is less sensitive at a lower temperature than it is at a higher temperature 

(Kavousi et al., 2014; Yuan et al., 2017b). Regarding different heavy oil samples, the 

measured CO2 diffusion coefficients are in ranges of the order from 10-10 m2/s to 10-9 m2/s 

(Yuan et al., 2018; Zhou et al., 2018). The researches of the heavy oil-CO2 properties can 

assist in studying the mechanisms of the CO2 huff 'n' puff process in the experiments. 

Regarding experimental researches on the CO2 huff 'n' puff applied in the heavy 

oil reservoir, the parameters mainly focused on injection pressure, soaking time, high 

water cut, etc. Through experimental studies, scholars found that (1) the highest heavy oil 

production rate is obtained at the second cycle (Firouz and Torabi, 2014, 2012); (2) when 

the higher injection pressure is applied, a greater heavy oil recovery factor is achieved; 

and (3) the soaking time is not a very sensitive parameter to affect the heavy oil recovery 



175 

 

(Zhou et al., 2018). Under a high water cut production condition (i.e. the water cut reaches 

as high as 98%) (Sankur and Emanuel, 1983), 9% of residual oil in place (ROIP) is 

produced using the CO2 huff 'n' puff process with a CO2 utilization range from 11 Mcf/Stb 

to 33 Mcf/Stb. Also, the CO2 huff 'n' puff process is implemented after the primary 

production process (Alshmakhy and Maini, 2012; Lu et al., 2016; Shi and Kantzas, 2008a). 

The studies indicate (1) the effectiveness of the CO2 huff 'n' puff process, as the recovery 

factor reaches as high as 30% even under a low residual oil saturation. (2) The conversion 

pressure at which the CO2 huff 'n' puff process will be implemented affects the heavy oil 

recovery remarkably. The optimized conversion pressure is the pseudo-bubble point 

pressure. (3) Proportional relationships are observed between the heavy oil recovery factor 

and the operation parameters (injection pressure, soaking time, and pressure depletion 

rate). Although several researches have been conducted on the CO2 huff 'n' puff process 

applied in the heavy oil reservoir, the studies are insufficient to understand the process in 

the heavy oil reservoir (Firouz and Torabi, 2014; Shi et al., 2008). In order to further 

understanding of the mechanisms of the CO2 huff 'n' puff process applied in the heavy oil 

reservoir, further experimental studies on the parameters should be conducted. 

In this study, six tests are carried out to study the production performance and the 

effects of the operation parameters of the CO2 huff 'n' puff process applied in heavy oil 

reservoir. Firstly, four tests under different pressure depletion rates (0.5 kPa/min, 1 

kPa/min, 4 kPa/min and 16 kPa/min) are carried out to study the effect of pressure 

depletion rates in the production period of the CO2 huff 'n' puff process. Secondly, in order 

to investigate the effect of CO2 diffusion in the soaking period, various soaking times (5 
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hours, 10 hours and 20 hours) are applied in the experiments with the pressure depletion 

rate of 4 kPa/min. The relationship of cumulative production oil and gas for the whole test 

and each cycle shows a perfect agreement using a novel equation. The parameters, in terms 

of pressure depletion rate, soaking time, cycle numbers, etc., are optimized to gain the best 

heavy oil production. 

6.2 Experimental section 

6.2.1 Materials 

In this study, the heavy oil sample is collected from Manatokan, western Canada. 

Because the targeted oil sample is free of gas, it is dead oil. The properties and 

compositional analysis of the dead oil sample are tabulated in Tables 3.1 and 3.2, 

respectively, in Chapter 3. Long cores (2 foot) are used to conduct the CO2 huff 'n' puff 

experiments. The cores are cut from Boise, Idaho, USA supplied by Kocurek Industries 

Inc., USA. The properties (permeability and porosity) of the cores are similar to those in 

the studied reservoir, due to the cores are drilled in the same area. The properties of the 

studied cores are listed in Table 6.1. 

The purities of N2 (leakage-free test gas) and CO2 (solvent) are 99.9 mol% and 

99.999 mol%, respectively. The brine used in this study is collected from the target 

reservoir. The salinity of the brine is 73140 mg/L. 
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Table 6.1 Summary of physical properties of the cores applied in this study. 

Tests 
Diameter 

(cm) 

Length 

(cm) 

Porosity  

(%) 

Permeability 

(D) 

Pore volume 

(cm3) 

Test #1 3.848 60.98 28.77 8.86 180 

Test #2 3.850 60.97 28.47 7.17 176 

Test #3 3.851 61.00 28.02 7.22 175 

Test #4 3.851 60.95 28.47 8.58 174 

Test #5 3.848 60.99 28.20 9.07 180 

Test #6 3.835 60.75 28.67 8.80 178 
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6.2.2 Experimental setup 

Regarding the CO2 huff 'n' puff experiments, a two-feet-long core holder (Core 

Lab L.P, USA) was used, as shown in Figure 6.1. The injection system including a syringe 

pump (500D, ISCO Inc., USA) for injecting the test fluids and four transfer cylinders for 

storing the test fluids (dead oil, brine, CO2 and N2). Four pressure transducers (PXM409-

350BG10V, OMEGA INC., Canada) those can withstand pressure as high as 35.0 MPa 

with an accuracy of ± 0.08% FS (Full Scale) were equipped along the core holder to 

monitor the confining pressure, pressures at the two ends of the core and the production 

pressure. The confining pressure (6500 kPa) is maintained by another syringe pump. The 

production pressure is controlled by a Back Pressure Regulator (BPR) (BP-50-SS, Core 

Laboratories L.P, USA), which is connected to a pressure control system (a nitrogen 

vessel, a mass flow controller and a pressure depletion controller). The pressure in the 

BPR is monitored by a pressure transducer. The produced oil and gas collector system 

include an electric actuator with solenoid valves (MS-142ACZ, Swagelok, Canada), four 

separators with an accuracy of 0.1 cm3 and a gas flow meter (MGC-3 V3.3, Ritter, 

Germany) with an accuracy of ± 0.2% Full Scale. A labview device (National Instruments 

Corporation, Canada) and a data acquisition computer were used to record the 

experimental data. The core holder and fluids cylinders are located in the oven, which 

supports a constant temperature (21 ℃) for the tests. 
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Figure 6.1 Schematic of experimental setup for the CO2 huff 'n' puff process in the two-foot-long core. 
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6.2.3 Experimental procedures 

Preparation processes (including cleaning, leakage-free testing) are carried out 

before each test. The whole systems are cleaned by injecting toluene, kerosene, and 

ethanol, sequentially, then air is used to flush and dry the whole system. After that, high 

pressure nitrogen is injected into the system to conduct a leakage-free test. Then the test 

fluids are injected into the cylinders located in the constant temperature oven to ensure the 

temperature (reservoir temperature) and pressure (injection pressure) in the cylinders equal 

the target ones before the experiments start. More details on fluids transfer can be found 

in previous work (Huang et al., 2017). The experimental procedure can be summarized as 

follows: 

1. The pore volume and porosity of the cores are measured using the imbibition 

method and then the permeability of the cores are tested by injecting brine at 

different flow rates and calculated using Darcy`s Law.  

2. Dead oil is injected into the core at a constant flow rate (0.05 cm3/min) to displace 

the saturated brine to generate the irreducible water saturation, until the pressure 

is stable and no brine is displaced out of the core plugs. In total, approximately 

2.0 PV of dead oil is required. 

3. CO2 will be injected into the cores to carry out the huff 'n' puff process according 

to the designed criteria, as indicated in Table 6.2. Once the pressure in the core 
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reaches 5000 kPa, the injection process will be stopped and the soaking periods 

carried out.  

4. After soaking, the production process is conducted and the constant pressure 

depletion rates are applied by controlling the pressure in the BPR. More details 

can be gained from the previous study (Zhou et al., 2016a). The tests will be 

completed once the recovery factor is less than 1% of the original oil in place 

(OOIP) in a single cycle. 

6.3 Results and discussion 

In this study, six tests are carried out to study the feasibility of the CO2 huff 'n' 

puff process for enhancing heavy oil recovery. Different pressure depletion rates (0.5 

kPa/min, 1 kPa/min, 4 kPa/min and 16 kPa/min) and soaking times (5 hours, 10 hours and 

20 hours) are applied to investigate the effects of pressure depletion rates, soaking time 

and cycle numbers on the production performance of the CO2 huff 'n' puff process in the 

heavy oil reservoir. More details about the tests and experimental results are listed in Table 

6.2. 

In the CO2 huff 'n' puff process, once CO2 is injected into the core, the CO2 

diffusion process occurs, which results in viscosity reduction and oil swelling, also the 

IFT between CO2 and heavy oil declines (Chung et al., 1988; Mangalsingh and Jagai, 

1996; Seyyedsar and Sohrabi, 2017). Consequently, the mobility of heavy oil is increased 

remarkably and the oil recovery enhanced significantly. The ultimate heavy oil recovery 

factor is as high as 32.75%, which is a very good production performance for a cold heavy   
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Table 6.2 Summary of experiment results of the CO2 huff 'n' puff process in this study.  

Tests Cycle 
VCO2 

(PV) 

Psoak 

(kPa) 

cGOR 

(Scm3/cm3) 

UCO2 

(MSCF/STB) 

qo, ave 

(cm3/h) 

RFC 

(%) 

RFU 

(%) 

Test #1 

Soi=86.99% 

Swc=13.01% 

Tsaok=10 hrs 

PDR=1 kPa/min 

Cycle 1 0.09 4027.00 25.42 0.14 0.29 12.67 

38.02 

Cycle 2 0.25 3307.01 214.47 1.20 0.23 8.45 

Cycle 3 0.40 3210.35 315.44 1.77 0.24 9.58 

Cycle 4 0.48 3258.88 623.00 3.50 0.10 3.66 

Cycle 5 0.57 2883.46 1068.78 6.00 0.08 2.70 

Cycle 6 0.63 2976.81 4496.47 25.25 0.03 0.96 

Test #2 

Soi=85.87% 

Swc=14.13% 

Tsaok=10 hrs 

PDR=4 kPa/min 

Cycle 1 0.09 4077.93 52.87 0.30 0.69 8.36 

35.96 

Cycle 2 0.25 3110.93 156.45 0.88 0.63 8.08 

Cycle 3 0.42 3174.80 268.73 1.51 0.69 8.91 

Cycle 4 0.54 3163.36 588.91 3.31 0.44 5.75 

Cycle 5 0.72 3218.70 1582.85 8.88 0.33 4.31 

Cycle 6 0.80 3130.52 9207.25 51.69 0.04 0.56 

Test #3 

Soi=86.66% 

Swc=13.34% 

Tsaok=10 hrs 

PDR=16 

kPa/min 

Cycle 1 0.08 3588.51 147.33 0.83 1.38 11.30 

32.75 

Cycle 2 0.49 2978.23 250.00 1.40 1.45 11.30 

Cycle 3 0.57 3106.96 528.67 2.97 0.88 6.96 

Cycle 4 0.70 3256.22 1904.33 10.69 0.30 2.38 

Cycle 5 0.78 3259.46 5970.71 33.52 0.10 0.81 

Test #4 

Soi=84.88% 

Swc=15.12% 

Tsaok=5 hrs 

PDR=4 kPa/min 

Cycle 1 0.08 4289.24 66.17 0.37 0.75 7.99 

34.36 

Cycle 2 0.15 3438.50 193.25 1.09 0.70 8.26 

Cycle 3 0.33 3416.01 374.00 2.10 0.65 7.99 

Cycle 4 0.44 3392.99 591.42 3.32 0.53 6.39 

Cycle 5 0.67 3467.55 1666.41 9.36 0.24 2.88 

Cycle 6 0.75 3463.90 6269.93 35.20 0.07 0.85 

Test #5 

Soi=88.73% 

Swc=11.27% 

Tsaok=20 hrs 

PDR=4 kPa/min 

Cycle 1 0.08 3268.13 51.24 0.29 0.64 12.39 

37.08 

Cycle 2 0.33 2768.21 180.12 0.76 0.82 13.77 

Cycle 3 0.64 2716.63 780.85 2.51 0.43 7.44 

Cycle 4 0.72 2786.26 3553.46 8.57 0.16 2.86 

Cycle 5 0.80 2805.76 16582.19 28.26 0.05 0.88 

Test #6 

Soi=89.88% 

Swc=10.12% 

Tsaok=10 hrs 

PDR=0.5 

kPa/min 

Cycle 1 0.07 3695 80.37 0.15 0.28 19.94 

29.27 

Cycle 2 0.25 3213 268.59 2.36 0.07 4.58 

Cycle 3 0.68 3466 897.76 10.93 0.04 2.70 

Cycle 4 0.76 3010 1027.38 30.54 0.02 1.08 

Cycle 5 0.86 3055 4182.50 53.16 0.01 0.70 

Note: Soi: initial oil saturation; Swc: connect water saturation; Tsoak: soaking time; PDR: pressure 

depletion rate; VCO2: total volume of CO2 injected; PV: pore volume; Psoak: pressure after soaking; UCO2: 

CO2 utilization; RFC: oil recovery factor per cycle; RFU: ultimate oil recovery factor. 
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oil production process (Li et al., 2018). However, from Table 6.2, it is clear that, in the 

CO2 huff 'n' puff process applied in the heavy oil reservoir, the first three cycles contribute 

significantly to the heavy oil recovery, that is because the location of the remaining heavy 

oil affects the heavy oil production to a certain extent and because the heavy oil is close to 

the production port in the first several cycles. The volume of the injected CO2 is 

proportional to the cycle number, because a higher cycle number leads to a larger available 

space in the core. Therefore, the cumulative gas oil ratio (cGOR) and CO2 utilization 

(UCO2) increases with cycle number increases. 

6.3.1 Production profiles 

To investigate the feasibility of the CO2 huff 'n' puff process applied in heavy oil 

reservoirs, 1 D long cores are used to conduct the experimental studies. The production 

profiles (pressure profile, heavy oil recovery and cumulative gas production) for Test #3 

are shown in Figure 6.2. In total, five cycles are conducted in this test. 

There are main three operations parameters (injection rate, soaking time and 

pressure depletion rate) are considered. First, in the injection period, a constant CO2 

injection pressure (5000 kPa) is applied, and the duration of the injection process is 10 

minutes to ensure the pressure in the core is stable. The confining pressure is kept constant 

as 1500 kPa higher than the injection pressure. Second, in the soaking period, a 10-hour 

soaking time is applied. Third, in the production period, a constant pressure depletion rate 

of 16 kPa/min is implemented. 



184 

 

From Figure 6.2, it is clear that, once CO2 is injected into the core, the injector is 

shut-in for 10 hours to let the injected CO2 dissolve into heavy oil. In the early part of the 

soaking period, the pressure decreases rapidly due to the injected CO2 partly diffusing into 

heavy oil when it contacts with heavy oil in front of the heavy oil bank. With increasing 

CO2 dissolved into heavy oil, a transfer layer is established between the free CO2 phase 

and the heavy oil bank (Jia et al., 2015). This layer is an obstacle to CO2 diffusion, leading 

to the diffusion rate decreasing and the pressure decline rate becomes slower than that at 

the beginning of the soaking period. Thus, the pressure drop rate decreases. The measured 

pressure drops indicate that, in the first cycle, the pressure drop is much lower than that in 

the other four cycles. This is because, in the first cycle, the core is fully saturated with 

heavy oil. When CO2 is injected into the core, no more space is available for it and the 

diffusion area is small. Consequently, the amount of diffused CO2 is small and the pressure 

drop is lower. In subsequent cycles, with growing heavy oil production, the diffusion 

surface becomes larger and the amount of CO2 diffused into heavy oil is greater: leading 

to higher pressure drops. 

At the end of the soaking period, the injector is transferred to be the producer and 

the production period starts. The production process is carried out with a pressure 

depletion rate of 16 kPa/min, and the final pressure for each cycle is around 100 kPa. The 

gas production is not synchronous with oil production at the beginning of the first cycle, 

mainly owing to the effect of the tube between the producer and the separator (Zhou et al., 

2016b). The total gas production for each cycle increases with cycle number increasing, 

because with oil production, more space is available for CO2 injection in the next cycle.  
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Figure 6.2 Production profiles of the CO2 huff 'n' puff process in 1 D long core with a 

soaking time of 10 hours and a pressure depletion rate of 16 kPa/min (Test #3).  
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Thus, an increasing amount of CO2 can be injected into the core under the same injection 

pressure (5000 kPa), and consequently, the gas production increases with the cycle number 

increasing, as indicated in Figure 6.2. The oil recovery profile shows that the heavy oil 

recovery is mainly contributed by the first three cycles, because the heavy oil is mainly 

produced from the area near the production port. But in subsequent cycles, the heavy oil 

recovery cannot be enhanced remarkably owing to the following reasons: (1) with CO2 

injection, the remaining heavy oil near the production port is flooded to a further location 

of the core, leading to the remaining heavy oil near the production port being low after 

three cycles of production (Chen et al., 2014). (2) During the production period, the 

returning heavy oil re-saturates the area near the production port and part of it remains on 

the way to the production port, resulting in less heavy oil being recovered from a further 

place in the core. (3) The mobility difference between heavy oil and CO2 results in gas 

channelling and low sweep efficiency when higher space exists in the core (B. Li et al., 

2017; Lu et al., 2016). (4) CO2 extraction occurs in the soaking and production periods, 

leading to a higher heavy components concentration in the remaining oil, and then a lower 

diffusion rate is obtained in the subsequent cycles (Firouz and Torabi, 2014). Therefore, 

in the later cycles, the heavy oil recovery factor cannot be enhanced significantly. This 

phenomenon has been investigated in previous studies (Lu et al., 2016; Sayegh and Maini, 

1984). 

In the production period, the reservoir pressure affects the heavy oil production 

remarkably. In order to gain a clearer understanding of heavy oil production in the CO2 

huff 'n' puff process, a new parameter (dimensionless pressure) is defined: 
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𝐷𝑃 =
𝑃𝑖

𝑃𝑝𝑟𝑜
                                                         (6.1) 

where 𝐷𝑃 is the dimensionless pressure, kPa/kPa; 𝑃𝑝𝑟𝑜 is the pressure at which oil and/or 

gas production is observed, kPa; and 𝑃𝑖 is the measured pressure which is not higher than 

𝑃𝑝𝑟𝑜, kPa. During the production process, 𝐷𝑃 ranges from 1 to 0, which means pressure 

depletion from the production-start pressure to the atmosphere pressure. The heavy oil 

recovery factor for each cycle is shown in Figure 6.3. The ultimate oil recovery factor and 

cumulative oil recovery factor for the first three cycles of Test #3 are 32.75 % and 29.56%, 

respectively. It is clear that the oil recovery factor cannot be enhanced significantly after 

three cycles of production. Regarding each cycle, the heavy oil recovery mainly 

contributed by the section of 𝐷𝑃 ranges from 0.5 to 0. That is because (1) in the higher 

pressure period, free gas is mainly near the production port and it maintains the pressure 

in the core; (2) the limitation of heavy oil swelling and the volume of CO2 dissolved in 

heavy oil means the heavy oil cannot be pushed to the production port until a lower 

pressure is reached. 

In each cycle, the performance of gas production shows that the CO2 produced in 

each dimensionless pressure section is similar, as indicated in Figure 6.4, which means 

that the gas production rate is similar in the same cycle. This is because the amount of 

produced gas mainly relates to the pressure in the core, and a similar amount of gas can be 

produced with the same pressure drop. For different cycles, a common trend in gas 

production is obtained. The gas production in the same DP section increases with cycle 

number increasing mainly due to (1) the amount of injection gas increasing with the cycle   
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Figure 6.3 Heavy oil recovery factor for each cycle under dimensionless pressure for 

Test #3.  
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Figure 6.4 Gas production for each cycle with the dimensionless pressure of Test #3.  
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number; and (2) larger amount of free CO2 in the core with cycle number increases. 

When the production period starts, the cumulative production gas oil ratio (GOR) 

increases with pressure decreases, as shown in Figure 6.5. The production GOR of cycle 

1 equals zero until the DP reaches 0.7, owing to the negative effect of the tube from the 

producer and separator. For the other cycles, the production GOR increases with pressure 

decreases due to the oil production rate being low at the beginning of the production 

period. When the oil production rate increases, the production GOR will decrease, because 

the gas production rate is similar in the same cycle, as mentioned previously. The 

maximum values of the production GOR for each cycle are different. The main trend is 

that the summit moves to a lower DP section with cycle number increases, because the 

pressure at which the oil production rate starts to increase becomes lower when growing 

heavy oil is produced. 

For the whole process, with oil production, the production GOR changes 

remarkably, as indicated in Figure 6.6. In the first two cycles, the production GOR 

decreases with oil production, because the oil production rate increases quickly. 

Accordingly, the cumulative heavy oil production increases quickly: resulting in 

production GOR decreases. For the subsequent three cycles, the production GOR 

increases. In those cycles, most of the mobile heavy oil near the production port is 

produced and less heavy oil can be driven to the producer from a further location in the 

core. However, the space in the core increases with heavy oil production. Therefore, the 

volume of the injection gas become larger: leading to increasing production GOR obtained  
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Figure 6.5 Cumulative production gas oil ratio for each cycle of Test # 3.  
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Figure 6.6 The relationship between the cumulative production gas oil ratio and 

cumulative production oil of Test # 3. 
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in the subsequent cycles. 

To gain an economical production process, the production GOR plot can help to 

determine the time at when the CO2 huff 'n' puff process should be stopped. For Test #3, 

the best time to stop the process is at the end of the third cycle. After three cycles of 

production, the oil recovery factor cannot be enhanced significantly and more CO2 is 

needed in further cycles, so the production GOR keeps increasing. 

When the CO2 huff 'n' puff process is carried out to enhance the heavy oil 

recovery, foamy oil flow is an important mechanism (Firouz and Torabi, 2014; Zhou et 

al., 2018). The foamy oil flow behavior can be investigated from the appearance of 

pressure differences between the end port and the production port, shown in Figure 6.7. 

In the soaking period, the injected CO2 partly dissolves into the heavy oil, leading 

to a transfer layer existing between the free gas and the heavy oil bank. When pressure 

depletion is conducted, the transfer layer starts to expand and the dissolved CO2 tries to 

evolve out of the heavy oil, but the CO2 is trapped in the heavy oil as the dispersed phase 

owing to the high viscosity of the heavy oil. The foamy oil phenomenon is investigated in 

the separator. The foamy oil flow in the core increases the pressure, resulting in a pressure 

difference being observed between the end port and the production port. With pressure 

decline, the bubble size increases, leading to a higher pressure difference being obtained. 

Thus, in the same cycle, the pressure difference between the end port and injection port 

increases with pressure decreases. This phenomenon indicates that foamy oil flow occurs 

in the production process (Ostos and Maini, 2005; Zhou et al., 2016b). Among different  
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Figure 6.7 Pressure difference between the end port and production port during the 

production periods of Test #3.  
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cycles, the pressure difference decreases with cycle number increases, because (1) with oil 

production, growing available space is obtained between production port and the oil bank, 

so free gas can flow directly to the production port without restriction by heavy oil. (2) A 

longer distance between the heavy oil bank and the producer makes the effect of foamy oil 

flow weaker. 

6.3.2 Relation of oil and gas production 

In the production period, a novel equation is obtained to predict the relationship 

between cumulative gas production and cumulative oil production in each cycle. The 

equation is presented as: 

𝑁𝑝 = 𝑎 (
√𝑙𝑔𝐺𝑝

𝑁𝑝
)

𝑏

                                                    (6.2) 

where 𝑁𝑝 is the cumulative oil production, cm3; 𝐺𝑝 is the cumulative gas production, 

Scm3; and 𝑎 and 𝑏 are coefficients, they are different from different tests and cycles. Take 

Test #4 (with a soaking time of 5 hours and a pressure depletion rate of 4 kPa/min) as an 

example to analyze the cumulative oil and gas production in the CO2 huff 'n' puff process. 

The experimental data and calculation results using the equation are shown in Figure 6.8. 

From Figure 6.8, a perfect agreement is obtained using the novel equation. In the early 

several cycles, the agreement between the test data and the calculation data is better than 

that in the subsequent cycles, because in the early cycles, heavy oil near the production 

port is produced with the injected gas and the production GOR does not change sharply, 

so that smooth production GOR curve can be achieved. Once the heavy oil near the   
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Figure 6.8 Relationship of cumulative heavy oil and gas production in each cycle for the 

CO2 huff 'n' puff process in Test #4. (a) to (f) represent cycle 1 to cycle 6. 
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production port is produced in the subsequent cycles, the heavy oil which is far away from 

the production port will be produced, but this part of the heavy oil will be delayed from 

gas because of the viscosity difference in porous media. Consequently, the production 

GOR will be much higher and the test data becomes close to each other in some areas, as 

shown in Figure 6.8 (e) and (f). For each cycle, there are some data apart from the main 

parts, because the effect of tubes in the production part. When the production section starts, 

gas is produced prior to heavy oil (Zhou et al., 2017), which results in higher gas 

production in the early production time.  

Regarding the whole process for the six tests, Equation (6.2) can also be applied 

to study the relationship between the cumulative oil and gas production. The log-log plot 

is developed to show the relationship between cumulative oil and gas production in the 

whole process, as shown in Figure 6.9. The plots indicate that almost overlapping plots are 

obtained for Test #2, Test #4 and Test #5, with the same pressure depletion rate of 4 

kPa/min. For Test #1, the slope is similar to those under the pressure depletion rate of 4 

kPa/min, but the intercept is greater: leading to parallel plots being observed. In regard to 

Test #3, the slope is smaller and the intercept is greater than that of Test #2, so the log- log 

plot is higher. That means the coefficients of the equation highly relate to the pressure 

depletion rates in the CO2 huff 'n' puff process. For a lower pressure depletion rate, the 

slope is greater. With the same pressure depletion rate, the plots are similar, which means 

that the pressure depletion rate is a very important parameter to affect the production 

performance. Comparing Tests #2, #4 and #5, it seems that the effect of the soaking time 

on the production performance is not remarkable.  
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Figure 6.9 Relationship of cumulative oil and gas production of the whole CO2 huff 'n' 

puff process for each test.   
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The summaries of the equations, including the coefficients and R2 values for each 

cycle and each test, are tabulated in Table 6.3. It is clear that high agreements are achieved 

for the calculation and experimental data and a main trend is observed for the coefficient 

𝑎  in each test. The trend indicates that coefficient 𝑎  increases with cycle number 

increasing. However, no clear trend is gained for coefficient 𝑏. The total coefficients for 

each test indicate that, with the same pressure depletion rate (4 kPa/min), the coefficients 

are similar to each other and they are between the minimum and maximum values of that 

obtained in each cycle. Especially, coefficient 𝑎 is almost the same in Test #2, #4 and #5, 

and the difference among coefficient 𝑏  in the three tests are small. However, for the 

pressure depletion rate of 1 kPa/min (Test #1) and 16 kPa/min (Test #3), coefficient 𝑎 for 

the whole process is much greater and coefficient 𝑏 is much smaller than those in each 

cycle. With pressure depletion rate increases (Test #1, #2 and #3), coefficient 𝑏 decreases, 

but coefficient 𝑎 has no clear trend with the pressure depletion rate.  

6.3.3 Effect of the pressure depletion rate 

Four different pressure depletion rates (0.5 kPa/min, 1 kPa/min, 4 kPa/min and 

16 kPa/min) are implemented to study the effect of the pressure depletion rate on the CO2 

huff 'n' puff process applied in the heavy oil reservoir. From Table 6.2, a maximum heavy 

oil recovery factor is achieved at the pressure depletion rate of 1 kPa/min. And, once the 

pressure depletion rate higher than 1 kPa/min, the oil recovery factor decreases with 

pressure depletion rate increases. This phenomenon is opposite to that in a previous study 

on the heavy oil-methane system (Zhou et al., 2016b). The main reason is that the CO2   
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Table 6.3 Summary of the coefficients in the correlations for each test. 

Tests 
PDR 

(kPa/min) 

TSoak  

(hour) 
Cycles a b R2 

Test #1 1 10 

1 1.3856 -1.0731 0.9992 

2 1.6739 -1.0833 0.9930 

3 1.7754 -1.0475 0.9961 

4 1.8016 -1.0698 0.9905 

5 1.9598 -1.1678 0.9878 

6 2.2125 -1.8744 0.9856 

Total 2.2635 -1.0491 0.9997 

Test #2 4 10 

1 1.4168 -1.0438 0.9998 

2 1.4877 -1.1594 0.9850 

3 1.6304 -1.0859 0.9991 

4 1.7101 -1.0828 0.9934 

5 1.8513 -1.0470 0.9990 

6 2.3651 -1.2697 0.9979 

Total 1.5150 -1.0870 0.9996 

Test #3 16 10 

1 1.6544 -1.0468 0.9999 

2 1.6956 -1.0457 0.9991 

3 1.7259 -1.0810 0.9955 

4 1.8648 -1.1083 0.9814 

5 2.4634 -1.4078 0.9827 

Total 2.6426 -1.1821 0.9970 

Test #4 4 5 

1 1.5834 -1.0358 0.9999 

2 1.5442 -1.1330 0.9903 

3 1.6548 -1.0885 0.9975 

4 1.7266 -1.0704 0.9990 

5 1.9002 -1.0741 0.9980 

6 2.5303 -1.2707 0.9713 

Total 1.5568 -1.0765 0.9992 

Test #5 4 20 

1 1.5338 -1.0491 0.9999 

2 1.6110 -1.0623 0.9985 

3 1.7621 -1.0540 0.9969 

4 1.8259 -1.1723 0.9768 

5 2.1437 -1.1167 0.9872 

Total 1.4959 -1.0843 0.9989 

Test #6 0.5 10 

1 1.6860 -1.0316 0.9999 

2 1.7708 -1.1002 0.9948 

3 1.6687 -1.2081 0.9633 

4 1.9958 -1.2287 0.9911 

5 1.8408 -1.0923 0.9904 

Total 1.6240 -1.0688 0.9972 
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release rate from heavy oil is higher than that of methane. Also, with pressure depletion 

rate increase, the CO2 release rate increases: leading to the duration of foamy oil flow not 

being kept long and the heavy oil production rate not being maintained at a high production 

rate. Accordingly, the heavy oil recovery factor decreases with pressure depletion rate 

increases when the pressure depletion rate is higher than 1 kPa/min. The optimized 

pressure depletion rate is obtained around 1 kPa/min, due to the maximum heavy oil 

recovery factor is obtained at the pressure depletion rate of 1 kPa/min in this study. 

Under different pressure depletion rates, the heavy oil production rate shows the 

same trend for the first three cycles. The trend reveals that, with pressure depletion rate 

increases, the heavy oil production rate increases, as indicated in Figure 6.10. Also, the 

production rate reaches as high as 1.45 cm3/hr for the second cycle of the test under the 

pressure depletion rate of 16 kPa/min. That is mainly because a higher pressure depletion 

rate, results in a greater gas drive force in the production period. Thus, a low cumulative 

GOR is obtained in the first three cycles, as shown in Figure 6.11. Once the fourth cycle 

is carried out, the heavy oil production rate decreases quickly: leading to growing cGOR 

being investigated, as explained previously. 

6.3.4 Effect of soaking time 

The effect of soaking time is much more significant in light oil than it is in heavy 

oil. A previous study in light oil shows the remarkable effect of soaking time on the CO2 

huff 'n' puff process (Ma et al., 2015). A longer soaking time can produce a larger amount 

of the CO2-rich phase in the core and a higher volume swelling of the contacted oil. But,   
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Figure 6.10 Heavy oil production rate for each cycle under different pressure depletion 

rates.  
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Figure 6.11 Cumulative production gas oil ratio for each cycle under different pressure 

depletion rates. 
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the soaking time effect on heavy oil recovery is not remarkable (Wang et al., 2018). 

With different soaking times (5 hours, 10 hours and 20 hours for Tests #4, #2 and 

#5, respectively), the ultimate heavy oil recovery factor increases with soaking time 

increases, but the incremental of the ultimate heavy oil recovery factor is quite low (1.61% 

for soaking time increases from 5 hours to 10 hours, and 1.11 % for soaking time changes 

from 10 hours to 20 hours, respectively, as indicated in Figure 6.12). Although the soaking 

time has a relation with the first several cycles, the total effect is not remarkable due to (1) 

the shortage of limit core and amount of heavy oil saturated in the core (Wang et al., 2018); 

(2) in heavy oil, the CO2 diffusion coefficient is small, and the amount of CO2 dissolved 

into the heavy oil cannot be increased too much with a longer soaking time (Zhou et al., 

2018). Accordingly, there is not a high potential to increase the heavy oil recovery. In 

order to gain a better production performance, the total heavy oil production rate is 

compared among the three tests. The total production rate is defined as the cumulative 

heavy oil production over the total duration in the huff 'n' puff process. In this study, the 

optimized soaking time is 5 hours because the total heavy oil production rate is higher for 

Test #4 than it is in other tests. 

In the soaking period with longer soaking times, increasing CO2 can dissolve into 

the heavy oil, leading to the pressure at the end of soaking period decreasing with soaking 

time increases, as shown in Figure 6.13. For the first cycle in each test, no space is 

available for CO2 in the core and only the cross section of the core at the injection port 

can be treated as a diffusion area. Thus, the contact area between CO2 and heavy oil is   
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Figure 6.12 Heavy oil production rate and total heavy oil production rate for each cycle 

under different soaking times.  
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small, resulting in less CO2 being dissolved into the heavy oil and a low pressure drop 

being obtained. The pressure drops of the first cycle for Test #4, #2 and #5 are 710 kPa, 

1135 kPa and 1731 kPa, respectively. In the subsequent cycles, the pressure drops are 

much higher than that in the first cycle, owing to a larger contact area being obtained with 

increasing heavy oil production. With the same soaking time, the pressures in the 

subsequent cycles are similar, because with heavy oil production, the amount of CO2 

injected into the core is large, but only part of the injected CO2 dissolves into the heavy 

oil and the rest of the injected CO2 is free gas and maintains the pressure in the core.  

When increasing heavy oil is produced from the core, the contact area and 

available space increase: resulting in a larger volume of CO2 being injected into the core 

under the same injection pressure (5000 kPa), as shown in Figure 6.14. The CO2 injection 

volume increases remarkably in the first several cycles due to the heavy oil recovery factor 

increasing significantly. Consequently, more available space is obtained. In the last two or 

three cycles, the incremental of the CO2 injection volume decreases, because the 

incremental of heavy oil recovery is low in the last several cycles and the available space 

for CO2 is not increased remarkably. Regarding the same cycle under different soaking 

times, the CO2 injection volume increases with soaking time increases. That is mainly 

because a higher oil recovery factor is obtained with a higher soaking time, so that higher 

space is available for CO2 injection.  
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6.3.5 Effect of cycle number 

In this study, a main trend in heavy oil recovery is obtained for each test. The oil 

recovery factor decreases with cycle number increasing, as shown in Figure 6.15. That is 

because (1) the injected CO2 extracts light components in the heavy oil, resulting in heavier 

components being left in the core. The diffusion of CO2 in the heavy components are much 

smaller than that in lighter components, leading to a heavy oil recovery factor not being 

significantly enhanced in subsequent cycles (Firouz and Torabi, 2014). (2) In the early 

cycles, the heavy oil near the production port is produced. But in the subsequent cycles, 

the remaining heavy oil locates in a further location away from the production port, so that 

part of the swelled heavy oil (dissolved with CO2) cannot be pushed to the production port 

(Li et al., 2018). The heavy oil production is mainly contributed by the first three cycles, 

and the recovery factor decreased significantly from the fourth cycle. Only five cycles are 

conducted for Test #3 and #5 due to higher recovery factors being obtained in the first 

several cycles. Accordingly, the remaining heavy oil is low and far from the production 

port, leading to the oil recovery factor less than 1% in the fifth cycle is obtained. 

The oil production rate in each test has a similar trend with the heavy oil recovery 

factor, as shown in Figure 6.16. The highest heavy oil production rate for each test occurs 

in the first three cycles and decreases rapidly from the fourth cycle. Especially for Test #3 

and Test #5, due to a higher pressure depletion rate and longer soaking period, there are 

higher recovery factors in the first several cycles. A lower recovery factor and production 

rate are obtained in the subsequent cycles.  
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Figure 6.13 The pressure at the end of the soaking period for each cycle under different 

soaking times.  
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Figure 6.14 Volume of CO2 injection for each cycle under different soaking times.  
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Figure 6.15 Heavy oil recovery factor for each cycle in this study.  
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Figure 6.16 Heavy oil average production rate for each cycle in this study.   
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In the CO2 huff 'n' puff process, CO2 utilization is an important parameter to 

determine the applicability of this process in enhancing oil recovery (Ma et al., 2015; Zhou 

et al., 2018). For each test, the CO2 utilization in the first three cycles is less than 3 

Mscf/Stb, which is lower than that in the pilot tests (Zhou et al., 2018). But it increases 

extremely from the fourth cycle, as high as 52 Mscf/Stb, as indicated in Figure 6.17. There 

may be two reasons behind this phenomena: (1) with heavy oil production, the available 

space in the core increases with cycle number increases, which results in a growing volume 

of CO2 being injected into the core. (2) The heavy oil recovery factor decreases remarkably 

in the subsequent cycles, as mentioned in previous sections. The CO2 utilization presents 

that the application of the CO2 huff 'n' puff process in the heavy oil reservoir can gain a 

high economical production profile in the first three cycles rather than in the subsequent 

cycles. Therefore, in the pilot tests, three cycles can be an optimized cycle number to 

conduct the CO2 huff 'n' puff process in the heavy oil reservoir. 

6.3.6 CO2 storage 

One main benefit of the CO2 huff 'n' puff process applied in heavy oil reservoir is 

CO2 storage, which can reduce CO2 emission. To investigate CO2 storage in the heavy oil 

reservoir during the CO2 huff 'n' puff process, CO2 storage ratio is defined as total volume 

(at atmosphere condition) of CO2 stored in the core divided by the volume (at atmosphere 

condition) of CO2 can be stored in the empty core (assume the heavy oil recovery factor is 

100 %). 
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Figure 6.17 CO2 utilization for each cycle in this study.   
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Take Test #3 as an example, the CO2 storage ratios for each cycle are shown in 

Figure. 6.18. From Figure. 6.18, for each cycle, the CO2 storage ratio is maintained for a 

period of time. That is mainly because, part of the injected CO2 diffused into heavy oil 

during the soaking period, results in pressure decline, and when heavy oil and gas start to 

produce, the dimensionless pressure in the cores decreased to around 0.65. With pressure 

depletion, the CO2 storage ratio decreases because the injected CO2 was produced from 

the core with heavy oil, the produced gas in form of free gas and dispersed gas phases. 

When the pressure declined to the atmosphere pressure, almost 100 % of the injected CO2 

evolved out of the heavy oil, leading to the CO2 storage ratio reaches to 0. Among different 

cycles, the CO2 storage ratio increases with cycle number increasing, due to with cycle 

number increases, more heavy oil is produced, leading to the available space in the core 

increases. The incremental ratio of the CO2 storage ratio decreases with cycle number 

increasing, that is mainly because the heavy oil is difficult to be produced in the later 

cycles. And the highest CO2 storage ratio is 60.51% in the fifth cycle. The reason why the 

CO2 storage ratio is higher than the ultimate recovery factor (32.75%) is that, part of the 

injected CO2 diffused into the heavy oil as solution gas phase, and the other part stored in 

the available space as free gas phase. Therefore, to gain a higher CO2 storage ratio and 

reduce CO2 emission, the higher pressure and final cycle in the CO2 huff 'n' puff process 

should be applied. In this study, the last cycle and the injection pressure of 5000 kPa are 

applied to store CO2 in the experiments, and the CO2 storage ratio can reach as high as 

60%. 
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Figure 6.18 CO2 storage ratio for each cycle of Test #3. 
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6.4 Upscaling study 

In order to apply the optimized operation parameters into real reservoir, an upscale 

procedure is conducted. In this study, the scaling criteria is used to upscale the optimized 

experimental parameters to field scale (Doan et al., 1990; Tan et al., 2019; Wang et al., 

2016), due to (1) this scaling criteria method is effective to simulate the behavior in 

reservoirs, and (2) it is efficient to evaluate the advantages of the recovery process in the 

field application (Coskuner and Bentsen, 1988; Rahman et al., 2017).  

6.4.1 Assumptions 

In this study, the CO2 huff 'n' puff process is applied in the heavy oil without 

previous processes, so that the water phase in the core is connect water. Therefore, the 

scaling numbers are developed according to the following assumptions: 

(1) The water phase is immovable. 

(2) The rock is incompressible. 

(3) The CO2 huff 'n' puff process is an isothermal process. 

(4) The capillary pressure in the core is negligible. 

(5) The densities of the irreducible oil and connect water are constant. 

(6) CO2 solution in water phase is negligible. 



217 

 

6.4.2 Equation of mass conservation 

Regarding oil phase 

∇ ∙ [
𝐾𝐾𝑟𝑜

𝜇𝑜
𝜌𝑜𝐶𝑜𝑜∇(𝑃𝑜 − 𝜌𝑜𝑔𝑧)] + 𝐶𝑜𝑜𝑞𝑜 =

𝜕(∅𝜌𝑜𝑆𝑜𝐶𝑜𝑜)

𝜕𝑡
            (6.3) 

where, 𝐾 is the absolute permeability; 𝐾𝑟𝑜 is the oil phase relative permeability; 𝜇𝑜 is the 

oil phase viscosity; 𝜌𝑜  is the oil density; 𝐶𝑜𝑜  is the oil component concentration in oil 

phase; 𝑃𝑜 is the oil phase pressure; 𝑧 is the height; 𝑞𝑜 is the oil production rate; ∅ is the 

porosity; 𝑆𝑜 is the oil saturation; 𝑡 is the oil production time. 

For the gas phase, when the CO2 is injected into the heavy oil reservoir, solution, 

diffusion and dispersion processes occur. So, the equation of mass conservation of the gas 

phase can be presented as 

∇ ∙ [
𝐾𝐾𝑟𝑔

𝜇𝑔
𝜌𝑔∇(𝑃𝑔 − 𝜌𝑔𝑔𝑧) + 𝜌𝑜𝑅𝑆𝑜𝑣𝑜 +

𝑢𝑔𝑜

𝐴
] + 𝐶𝑔𝑜𝑞𝑜 + 𝑞𝑔

=
𝜕[∅(𝜌𝑔𝑆𝑔 + 𝜌𝑜𝑅𝑆𝑜𝑆𝑜 + 𝜌𝑜𝑆𝑜𝐶𝑔𝑜)]

𝜕𝑡
                                                        (6.4) 

where, 𝐾𝑟𝑔 is the gas phase relative permeability; 𝜇𝑔 the gas phase viscosity; 𝜌𝑔 is the gas 

phase density; 𝐶𝑔𝑜 is the gas component concentration in oil phase; 𝑃𝑔 is the gas phase 

pressure; 𝑞𝑔 is the gas production rate; 𝑆𝑔 is the gas saturation; 𝑅𝑆𝑜 is the gas saturation. 

6.4.3 Equation of Darcy`s law 

For oil phase 
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𝑣𝑜 = −
𝐾𝐾𝑟𝑜

𝜇𝑜
∇(𝑃𝑜 − 𝜌𝑜𝑔𝑧)                                                        (6.5) 

Regarding gas phase 

𝑣𝑔 = −
𝐾𝐾𝑟𝑔

𝜇𝑔
∇(𝑃𝑔 − 𝜌𝑔𝑔𝑧)                                                        (6.6) 

where, 𝑣𝑜 is the oil phase flow rate; 𝑣𝑔 is the gas phase flow rate. 

In the CO2 huff 'n' puff process, when the fluids flow through the porous media, 

the dispersion of CO2 is greater than that only diffusion process is considered (Perkins and 

Johnston, 1963), so the dispersion coefficient can be applied to present the diffusion 

coefficient in the Fick`s law. The dispersion of the CO2 in heavy oil can be present as 

𝑢𝑔𝑜

𝐴
= −𝐾𝑔𝑜∇𝐶𝑔𝑜                                                               (6.7) 

where, 𝑢𝑔𝑜  is the amount of gas phased dispersion; 𝐴  is the area of the gas and oil 

interface; 𝐾𝑔𝑜 is the relative permeability of gas phase and oil phase. 

Therefore, the total flow equation of gas phase can be presented by coupling the 

gas flow and the dispersion together 

𝑣𝑔,𝑡𝑜𝑡𝑎𝑙 = −
𝐾𝐾𝑟𝑔

𝜇𝑔
∇(𝑃𝑔 − 𝜌𝑔𝑔𝑧) − 𝐾𝑔𝑜∇𝐶𝑔𝑜                     (6.8) 

where, 𝑣𝑔,𝑡𝑜𝑡𝑎𝑙 is the total gas flow rate in the core. 
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6.4.4 Parameter normalization 

In order to avoid the effect of core properties on the relative permeability and 

fluids saturations, the normalization process is applied to normalize the relative 

permeability and saturations (Jahanbakhsh et al., 2016). 

𝑆𝑜
̅̅ ̅ =

𝑆𝑜 − 𝑆𝑜𝑟

∆𝑆
                                                                     (6.9) 

𝑆𝑔
̅̅ ̅ =

𝑆𝑔

∆𝑆
                                                                             (6.10) 

∆𝑆 = 1 − 𝑆𝑜𝑟 − 𝑆𝑤𝑐                                                        (6.11) 

𝐾𝑟𝑜
̅̅ ̅̅̅ =

𝐾𝑟𝑜

𝐾𝑟𝑜𝑐𝑤
                                                                     (6.12) 

𝐾𝑟𝑔
̅̅ ̅̅ ̅ =

𝐾𝑟𝑔

𝐾𝑟𝑔𝑅
                                                                      (6.13) 

where, 𝑆𝑜
̅̅ ̅  and 𝑆𝑔

̅̅ ̅  are the normalized oil and gas saturation, respectively; ∆𝑆  is the 

saturation difference; 𝐾𝑟𝑜
̅̅ ̅̅̅ and 𝐾𝑟𝑔

̅̅ ̅̅ ̅ are the normalized oil and gas relative permeability, 

respectively; 𝑆𝑜𝑟  is the irreducible oil saturation; 𝑆𝑤𝑐  is the connect water saturation; 

𝐾𝑟𝑜𝑐𝑤  is the oil phase relative permeability under 𝑆𝑤𝑐 ; 𝐾𝑟𝑔𝑅  is the gas relative 

permeability under 𝑆𝑤𝑐 and 𝑆𝑜𝑟. 

6.4.5 Normalized equations 

According to the upper equations, the normalized equations of mass conservation 

can be gained as following: 
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−∇ ∙ (𝜌𝑜𝐶𝑜𝑜𝑣𝑜) + 𝐶𝑜𝑜𝑞𝑜 =
𝜕(∅∆𝑆𝜌𝑜𝐶𝑜𝑜𝑆𝑜

̅̅ ̅)

𝜕𝑡
+

𝜕(∅𝜌𝑜𝐶𝑜𝑜𝑆𝑜𝑟)

𝜕𝑡
        (6.14) 

−∇ ∙ (𝜌𝑜𝑣𝑔) + ∇ ∙ (𝜌𝑜𝑅𝑆𝑜𝑣𝑜) − ∇ ∙ (𝐾𝑔𝑜∇𝐶𝑔𝑜) + 𝐶𝑔𝑜𝑞𝑜 + 𝑞𝑔

=
𝜕(∅∆𝑆𝜌𝑔𝑆𝑔

̅̅ ̅)

𝜕𝑡
+

𝜕(∅∆𝑆𝜌𝑜𝑅𝑆𝑜𝑆𝑜
̅̅ ̅)

𝜕𝑡
+

𝜕(∅𝜌𝑜𝑅𝑆𝑜𝑆𝑜𝑟)

𝜕𝑡
+

𝜕(∅∆𝑆𝜌𝑜𝐶𝑔𝑜𝑆𝑜
̅̅ ̅)

𝜕𝑡

+
𝜕(∅𝜌𝑜𝐶𝑔𝑜𝑆𝑜𝑟)

𝜕𝑡
                                                                                          (6.15) 

The normalized Darcy`s law equations are presented as 

𝑣𝑜 = −
𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜

̅̅ ̅̅̅

𝜇𝑜
∇(𝑃𝑜 − 𝜌𝑜𝑔𝑧)                                            (6.16) 

𝑣𝑔,𝑡𝑜𝑡𝑎𝑙 = −
𝐾𝐾𝑟𝑔𝑅𝐾𝑟𝑔

̅̅ ̅̅ ̅

𝜇𝑔
∇(𝑃𝑔 − 𝜌𝑔𝑔𝑧) − 𝐾𝑔𝑜∇𝐶𝑔𝑜                    (6.17) 

6.4.6 Scaling numbers 

In the filed application, to get a higher amount of CO2 injection and higher 

diffusion coefficient, the injection pressure is applied as 5000 kPa, which is the same as 

that applied in the experimental study. The cycle number is determined as 3, which is also 

the same with the experimental study. So that, the soaking time and pressure depletion rate 

are the key parameters needed to be upscaled to the field scale. From equations (6.14) to 

(6.17), in total, 60 scaling numbers can be obtained. To focus on the soaking time and 

pressure depletion rate, the following scaling numbers are mainly studied. 

From equation (6.14) 
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𝜋1 =
∇ ∙ (𝜌𝑜𝐶𝑜𝑜𝑣𝑜)

𝜕(∅∆𝑆𝜌𝑜𝐶𝑜𝑜𝑆𝑜
̅̅ ̅)

𝜕𝑡

=
𝜌𝑜𝐶𝑜𝑜𝑣𝑜

𝐿
×

𝑡

∅∆𝑆𝜌𝑜𝐶𝑜𝑜𝑆𝑜
̅̅ ̅

=
𝑣𝑜𝑡

∅∆𝑆𝑆𝑜
̅̅ ̅𝐿

 

From equation (6.15) 

𝜋2 =
∇ ∙ (𝐾𝑔𝑜∇𝐶𝑔𝑜)

𝜕(∅𝜌𝑜𝐶𝑔𝑜𝑆𝑜𝑟)
𝜕𝑡

=
𝐾𝑔𝑜𝐶𝑔𝑜

𝐿2
×

𝑡

∅𝜌𝑜𝐶𝑔𝑜𝑆𝑜𝑟
=

𝐾𝑔𝑜𝑡

∅𝜌𝑜𝑆𝑜𝑟𝐿2
 

From equation (6.16) 

𝜋3 =

𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜
̅̅ ̅̅̅

𝜇𝑜
∇𝑃𝑜

𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜
̅̅ ̅̅̅

𝜇𝑜
∇(𝜌𝑜𝑔𝑧)

=
∇𝑃𝑜

∇(𝜌𝑜𝑔𝑧)
=

𝑃𝑜

𝜌𝑜𝑔𝐿
 

𝜋4 =

𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜
̅̅ ̅̅̅

𝜇𝑜
∇(𝜌𝑜𝑔𝑧)

𝑣𝑜
=

𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜
̅̅ ̅̅̅𝜌𝑜𝑔

𝜇𝑜𝑣𝑜
 

Also, the new scaling numbers are achieved by coupling 𝜋1 to 𝜋4.  

𝜋5 = 𝜋1 × 𝜋4 =
𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜

̅̅ ̅̅̅𝜌𝑜𝑔𝑡

∅∆𝑆𝑆𝑜
̅̅ ̅𝜇𝑜𝐿

 

𝜋6 =
𝜋3

𝜋2
=

𝑃𝑜

𝑡
×

∅𝑆𝑜𝑟𝐿

𝑔𝐾𝑔𝑜
 

Therefore, the relationship between the parameters in the model and those in the 

real reservoir can be presented as follows: 

(
𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜

̅̅ ̅̅̅𝜌𝑜𝑔𝑡

∅∆𝑆𝑆𝑜
̅̅ ̅𝜇𝑜𝐿

)𝑚𝑜𝑑𝑒𝑙 = (
𝐾𝐾𝑟𝑜𝑐𝑤𝐾𝑟𝑜

̅̅ ̅̅̅𝜌𝑜𝑔𝑡

∅∆𝑆𝑆𝑜
̅̅ ̅𝜇𝑜𝐿

)𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟                     (6.18) 

(
𝑃𝑜

𝑡
×

∅𝑆𝑜𝑟𝐿

𝑔𝐾𝑔𝑜
)𝑚𝑜𝑑𝑒𝑙 = (

𝑃𝑜

𝑡
×

∅𝑆𝑜𝑟𝐿

𝑔𝐾𝑔𝑜
)𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟                               (6.19) 
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Due to the properties (porosity, permeability, oil saturation, water saturation, etc.) 

of the core are the same with the targeted reservoir, so equation (6.18) and (6.19) can be 

simplified as following: 

(
𝑡

𝐿
)𝑚𝑜𝑑𝑒𝑙 = (

𝑡

𝐿
)𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟                                                      (6.20) 

[(
𝑃𝑜

𝑡
) × 𝐿]𝑚𝑜𝑑𝑒𝑙 = [(

𝑃𝑜

𝑡
) × 𝐿]𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟                                        (6.21) 

Therefore, the soaking time and pressure depletion rate in the field can be 

calculated using the follow equations: 

𝑡𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 = 𝑡𝑚𝑜𝑑𝑒𝑙 ×
𝐿𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

𝐿𝑚𝑜𝑑𝑒𝑙
                                              (6.22) 

(
𝑃𝑜

𝑡
)

𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
= (

𝑃𝑜

𝑡
)

𝑚𝑜𝑑𝑒𝑙
×

𝐿𝑚𝑜𝑑𝑒𝑙

𝐿𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
                                       (6.23) 

The core applied in this study is cylindrical core, the shape is different from the 

prototype reservoir, so the size ratio can be gained through the volume ratio.  

𝐿𝑚𝑜𝑑𝑒𝑙

𝐿𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
= √

𝑉𝑚𝑜𝑑𝑒𝑙

𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

3

                                                           (6.24) 

In the real reservoir, the geological size of the target reservoir is 50 m × 50 m × 4 

m, so that, the size ratio in this study is calculated as 4.12×10-3. Then the optimized soaking 

time and the pressure depletion rate in the field are 50.59 days and 5.93 kPa/day, 

respectively. 
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6.5 Chapter summary 

In this chapter, six CO2 huff 'n' puff experiments in the heavy oil are carried out 

using long cores. The main affect parameters are studied, including pressure depletion 

rates (1 kPa/min, 4 kPa/min and 16 kPa/min), soaking time (5 hours, 10 hours and 20 

hours) and cycle number. From this study, the following conclusions can be drawn. 

First, the experimental study indicates that the CO2 huff 'n' puff process applied 

in heavy oil can be used to enhance heavy oil production, and a very high recovery factory 

in heavy oil recovery process is achieved (38.02%). In some extent, this process can meet 

the needs of enhancing heavy oil recovery and reducing carbon footprints. 

Second, in order to predict the production performance in the heavy oil reservoir, 

a novel equation which indicates the relationship between the cumulative heavy oil 

production and the gas production in each cycle and each test is developed. An 

overwhelmingly high agreement of the developed equations and the experimental data is 

achieved. This is the first time to gain this relationship in the study of CO2 huff 'n' puff 

process in the heavy oil reservoir. This new equation can be a guidance to predict oil and 

gas production in the CO2 huff 'n' puff process. 

Third, the heavy oil recovery is mainly contributed by the first three cycles. In the 

subsequent cycles, the oil production rate and heavy oil recovery factor decrease quickly 

and the cumulative gas oil ratio and CO2 utilization grows sharply. The optimized pressure 

depletion rates, soaking time and cycle numbers are 1 kPa/min, 5 hours and 3 cycles, 

respectively.  
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Fourth, the upscaling process is carried out using the scaling criteria. And the 

optimized operation parameters (soaking time and pressure depletion rate) gained in the 

experimental study are upscaled to the field scale. In the real reservoir, the optimized 

soaking time and the pressure depletion rate are 50.59 days and 5.93 kPa/day, respectively. 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

In this study, experimental and mathematical modeling researches are conducted 

to study the application of CO2 huff 'n' puff process coupled with non-equilibrium phase 

behaviors and CO2 diffusion in heavy oil reservoir. Experimentally, (1) the non-

equilibrium phase behaviors of foamy oil using both heavy oil-methane system and heavy 

oil-CO2 system are carried out in a PVT cell. (2) CO2 diffusion in heavy oil in both bulk 

phase (high pressure cell) and porous media (real reservoir core) are measured. (3) Tests 

of CO2 huff 'n' puff process applied in heavy oil reservoir in the long cores (60 cm) are 

carried out to study the production performance under different operation parameters. 

Mathematically, (1) the kinetic reaction rate model is developed to match the foamy oil 

stability using the heavy oil-CO2 system. (2) The history match method is applied to 

determine the CO2 diffusion coefficient in both the bulk phase and the porous media. All 

the researches can be applied to further studies on the history match and the predication in 

the field. The major conclusions can be drawn as follows: 

PVT experiments 

1. The pseudo-bubble point pressure decreases with depletion/withdraw rate 

increases. In addition, the compressibility of the total fluids increases with 

pressure decreases, but, the foamy oil compressibility decreases once the 

pseudo-bubble point pressure is reached. 
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2. The moles of free gas that transfers from dispersed gas has a linear relation 

with 𝑡1/2, and a more accurate method to determine the time when pseudo-

bubble point pressure reaches is developed using the trendlines. 

3. The free gas evolves rate in the step-by-step test indicates a linear relationship 

between the factor 𝑘𝐷𝐺,𝑟 and the tested time 𝑡1/2. 

Diffusion coefficient measurement 

4. An approach is implemented to determine the CO2 diffusion coefficients in 

both bulk phase (high pressure cell) and porous media (real reservoir core). In 

the porous media, to mimic the real condition in the CO2 injection process, the 

interface of gas-liquid phase is located inside the core. 

5. The pressure decay method is applied in the measurement, the pressure plots 

in both bulk phase and porous media are determined. The pressure decay rate 

in the porous media is much quicker than that in the bulk phase, due to the 

amount of heavy oil and injected CO2 in the bulk phase is much lower than that 

in the bulk phase. 

CO2 huff 'n' puff tests in long core 

6. A heavy oil recovery factor as high as 38.02% is obtained in the CO2 huff 'n' 

puff process applied in heavy oil reservoir. This result indicates that the CO2 

huff 'n' puff process can be an efficient approach to enhance heavy oil recovery. 
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7. An equation which indicates the relationship of the production performance 

(cumulative heavy oil and gas production in each cycle and each test) is gained, 

and an overwhelmingly high agreement of the equation and the experimental 

data is observed. With high accuracy, the new equation can be applied to 

predict heavy oil and gas production in the CO2 huff 'n' puff process applied in 

the heavy oil reservoir. 

8. The heavy oil recovery is mainly contributed by the first three cycles. In the 

subsequent cycles, the oil production rate and heavy oil recovery factor 

decrease quickly and the cumulative gas oil ratio and CO2 utilization grows 

sharply. 

9. The optimized pressure depletion rates, soaking time and cycle numbers are 1 

kPa/min, 5 hours and 3 cycles, respectively. These optimized parameters can 

be used as guidance in the field pilot test. 

10. The CO2 storage ratio increases with increasing cycle number and injection 

pressure. For each test, the last cycle is the best choice for CO2 storage, and the 

CO2 storage ratio can reach as high as 60% under the injection pressure of 5000 

kPa. 

11. The upscaling process is carried out using the scaling criteria. The optimized 

operation parameters (soaking time and pressure depletion rate) gained in the 

experimental study were upscaled to the field scale. In the real reservoir, the 
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optimized soaking time and the pressure depletion rate are 50.59 days and 5.93 

kPa/day, respectively. 

Non-equilibrium reaction rate modeling study 

12. A dynamic reaction rate model is developed to match the foamy oil stability in 

the heavy oil-CO2 system, and high agreement is achieved between the 

experimental data and the calculation results. 

13. The reaction rate constants (k1, k2) affect the foamy oil stability significantly, 

and a logarithmic relationships are obtained between k1, k1,total and the pressure 

depletion rates. 

14. Through mathematical modeling studies, the reaction rate constants are 

determined as: k1 ranges from 1.85×10-3 to 8.50×10-3; k2 ranges from 1.29×10-

3 to 8.35×10-3; and the total reaction rate constant ( 𝑘1,𝑡𝑜𝑡𝑎𝑙 ) ranges from 

6.93×10-4 to 5.47×10-3. 

CO2 diffusion coefficient determination 

15. A mathematical model is developed for determining the CO2 diffusion 

coefficient in both bulk phase and porous media. Through the history match 

method, the CO2 diffusion coefficients for bulk phase and porous media are 

measured as 5.778×10-9 m2/s and 3.222×10-9 m2/s, respectively. 

16. The measurements indicate that the mass transfer Biot number (kD) for the tests 

in the bulk phase and porous media are 100.5 and 312.9; the mass transfer rate 



229 

 

coefficient (k) for the tests in the bulk phase and porous media are 5.56×10
-6
 

kPa and 1.61×10-5
 kPa, respectively; and the average pressure differences for 

the tests in the bulk phase and porous media are 15.8 kPa and 13.8 kPa, 

respectively. 
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7.2 Recommendations 

In this study, the experimental and numerical modelling studies are carried out to 

study the huff 'n' puff process coupled with non-equilibrium phase behaviors and CO2 

diffusion applied in the heavy oil reservoir. Although several aspects are studied in this 

research, there are still some knowledge should be further covered in the future. To gain 

more clear understandings, further studies should be conducted, and the recommendations 

are given below. 

1. To enhance the stability of the foamy oil, assisted materials (foam stabilizer or 

nanoparticles) can be added into the heavy oil-CO2 system to test the stability 

of foamy oil. And further study on the effect of assisted materials on the heavy 

oil production performance can be investigated using the long core. 

2. To determine the CO2 diffusion coefficient in heavy oil reservoir, three 

boundary conditions (non-equilibrium, equilibrium and quasi-equilibrium) are 

mainly studied. In this thesis, only non-equilibrium condition is considered due 

to it is proved as the most applicable in the heavy oil-CO2 system in previous 

literatures. The other two boundary conditions should be used to calculate the 

CO2 diffusion coefficient and compare the differences among different 

boundary conditions. 

3. In the CO2 huff 'n' puff tests, more experiments should be carried out to study 

the effect of the injection pressure. Due to the injection pressure relates to the 

gas phases of CO2, to compare the effect of the CO2 phases (gas phase, liquid 
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phase and supercritical phase) on the heavy oil production performance using 

the CO2 huff 'n' puff method. 

4. The computerized tomography (CT) scan is recommend to be used to 

investigate the remaining heavy oil distribution in the core after CO2 huff 'n' 

puff is applied. The distribution of the remaining heavy oil in the core can be 

an important hint for future study. 
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