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ABSTRACT 

With vast potential reserves of heavy oil, the research on heavy oil has been the 

hottest topic over the decades. Foamy oil flow occurs in primary production of 

heavy oil reservoirs with unexpected high oil recovery factor. Studying on foamy 

oil mechanisms and flow behaviors helps enhancing oil recovery. Lots of 

experimental researches have been conducted to investigate on improving foamy 

oil flow efficiency. Pressure depletion rate has been proven to be one of the most 

significant parameters that affects foamy oil flow. However, the other factors that 

influence foamy oil such as reservoir temperature, oil viscosity, oil composition, 

etc. are not fully understood. Therefore, it is of great importance to study the 

influence of temperatures and oil viscosity on foamy oil flow. 

 

In this study, two types of experiment are carried out: (1) the sand-pack pressure 

depletion test under different temperatures; (2) sand-pack pressure depletion test 

with different viscous oils. In the first series of experiment, four different 

temperatures (20℃, 30℃, 40℃, 50℃) are selected to exam the production 

performance. In the second set of experiment, three heavy oil specimens with 

different oil viscosities are utilized under the same temperature condition (40℃). 

Initial gas oil ratio (GOR) is settled the same in all experiments. 

 

The experimental results of different temperatures indicate that foamy oil flow is 

weakened, and oil recovery factor declines with elevating temperatures. However, 
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gas recovery factor increases when temperature rises. It is observed that the higher 

initial reservoir pressure does not certainly increase oil recovery factor during 

foamy oil flow. Given a favorable live oil viscosity, oil recovery can reach the 

optimized value. A new foamy oil behavior is discovered during the study, in which 

a second foamy oil flow appears during the late-time production. The experimental 

results of different viscosities showed that, there is an optimal live oil viscosity for 

foamy oil production because the results give a non-linear relationship between oil 

recovery factor and oil viscosity. The dead oil viscosity should also be considered 

when estimating oil recovery performance since oil viscosity is approaching to 

dead oil viscosity due to the relatively low reservoir GOR after gas is produced.  
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Chapter 1 Introduction 

1.1  Introduction 

Until today, fossil fuels are still a major energy source that supply the world’s 

consumption demand. Petroleum energy plays a very important role in it. 

According to evaluation and calculation, the global recoverable conventional oil 

resources are 5350×108t, the recoverable condensate oil resources are 496.2×108t, 

and the recoverable natural gas resources are 588.4×108 m3. The remaining oil and 

gas  recoverable reserves are 4212.6×108 t, the reserve growth of oil and gas fields 

are 1531.7×108 t. The undiscovered oil and gas recoverable resources are 

3065.5×108t. The global unconventional oil recoverable resources are 4209.4×108t 

and the unconventional natural gas recoverable resources are 195.4×1012 m3 

(Xiaoguang, T et al, 2018). Even if there is a huge resource, a greater demand is 

always expected by market. According to International Energy Agency (IEA), they 

see an increase of oil at least the next two years of strong growth and the oil demand 

is growing strong. They do not see any peak in oil in the market at least in the next 

five years or so (Toon, S. 2018). With instant growing demands of petroleum energy, 

researchers and scholars in oil industry need to work on new and refreshed oil and 

gas technology and make full use of fossil fuel. 

 

Petroleum reservoir can be divided into two main categories of reservoirs: 

conventional reservoir and unconventional reservoir. A reservoir in which buoyant 
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forces keep hydrocarbons in place below a sealing caprock. Reservoir and fluid 

characteristics of conventional reservoirs typically permit oil or natural gas to flow 

readily into wellbores. And unconventional reservoirs are essentially any reservoir 

that requires special recovery operations outside the conventional operating 

practices. Gas and oil shales, heavy oil and tar sands, tight gas sand, coalbed 

methane, and gas-hydrate deposits all are classified as unconventional reservoirs. 

There is about 70% of the oil reservoirs worldwide that are unconventional 

reservoirs (Yi-Bo Li et al, 2017). In global unconventional oil, oil shale, heavy oil, 

oil sands and tight oil are the top four recoverable resources respectively. The 

recoverable resources of oi shale is 1979.3×108 t, which holds 47.0% of the total 

recoverable resources. The second is heavy oil and it take up 29.7% of total, which 

is 1248×108 t. Oil sands and tight oil occupy 14.7% and 8.6% of total recoverable 

resources respectively (Xiaoguang, T et al, 2018). Lots of technologies have been 

carried out to enhance unconventional reservoir oil recovery since 1980’s. With the 

reducing production of conventional oil reservoirs, an increasing attention around 

the world is paid to unconventional oil reservoirs. Among unconventional 

reservoirs, shale and heavy oil are the two hottest topics that many researchers and 

industry performers are working on.  

 

Heavy-oils, ultra-heavy oils and bitumen are significant part in unconventional 

reservoirs because based on available statistics, more than 68% of the world’s 

proven oil resources are heavy oil (British Petroleum, 2014). 
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1.2 Foamy oil and its importance 

Researchers and scholars find that foamy oil flow is the key factor that leading to 

unusual high recovery efficiency. Foamy oil flow describes a form of two-phase 

oil-gas flow in porous media in which the gas phase remains partially or completely 

dispersed in the oil. Foamy oil flow phenomena occur in the primary production 

period of heavy oil during solution gas drive. Maini (1993) is the first researcher 

who describe heavy oil solution gas drive behavior as “foamy oil flow”. In his 

research, oil-continuous foam is produced near the wellbore, which he described 

as chocolate mousse with a fraction of gas. The study of foamy oil started from the 

observation of anomalously good primary production performances, which are a 

high oil production rate, a high primary heavy oil recovery factor and low gas oil 

ratio, in the heavy oil reservoirs under solution gas drive in Venezuela, western 

Canada and China (Chen and Maini, 2005). 

 

The oil samples collected from the wellhead of these types of reservoirs were like 

a kind of foam that oil is the continuous phase with dispersed gas bubbles. The 

existence of the tiny gas bubbles which are trapped in the produced heavy oil 

distinguishes the behaviors between the solution-gas-drive heavy oil reservoir and 

the conventional solution-gas-drive reservoir. In addition, the duration of the gas 

bubbles dispersed in heavy oil and the amount of gas bubbles are important aspects 

that discriminate the differences between foamy oil and conventional heavy oil (Xu 

2007). The reservoirs are characterized by an unconsolidated sand reservoir (Maini, 
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2010), and the initial reservoir pressure range, the porosity range and the 

permeability range are 350 to 850 psi, 30% to 34% and 0.5 to 10 mD (Tremblay, 

1998), respectively. Furthermore, the heavy oil production rates from these 

reservoirs were published as more than 10 to 100 times, even 300 times (Yeung, 

1996) that predicted by using Darcy's law without foamy oil flow behaviors. Foamy 

oil flow during solution gas drive has abnormal/high recovery factor but the 

mechanism is not fully understood. It is also of importance to study the optimal 

condition for foamy oil and maximize the recovery.   

 

1.3 Problem statement 

With proven evident that the depletion pressure rate has significant impact on 

foamy oil flow behaviors, the opinion about the influence of the temperature and 

viscosity on foamy oil still controversial. (Guo et al. 1997) believes that in pressure 

depletion test (blowdown test), the temperature or viscosity have no obvious effect 

on the total bitumen recovery. (Zhang, 1999) concluded the highest oil recovery 

factor was obtained at an intermediate temperature using his sand-pack depletion 

test, but gas oil ratio decreases with increasing temperature. In his test the oil 

recovery factor  (Li and Li, 2016) also investigated the effect of temperature on 

foamy oil. Their results showed that oil recovery efficiency increases and then 

decrease with temperature but GOR did not change dramatically with increasing 

temperature. Meanwhile very few researches were focused on the viscosity effect 
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on foamy oil. Some (Liu et al.) suggest that more viscos oil helps increasing foamy 

oil recovery rate. However high viscosity of heavy oil surly increase the difficulty 

of oil exploitation. 

 

1.4 Research objectives 

Experimental study of sand-pack pressure depletion test is carried out under 

different thermal conditions and different oil samples are used in the tests. To study 

following objectives: 

1. To study the impact of different solvents on foamy oil flow, mainly focus 

on its impact on production behavior (recovery). 

2. To study the effect of saturation pressure and initial reservoir pressure 

(energy) that leading to recovery efficiency change.  

3. The validate the effect of different temperatures effect on foamy oil flow 

through a set of depletion tests at gradient temperatures.  

4. To study temperature effect on viscosity, which is another key factor that 

influence foamy oil flow apart from pressure drawdown rate and GOR. 

Through this research, different results due to viscosity change are 

compared and analyzed to find the condition that holds the optimal viscosity 

to benefit the reservoir production. 

 

1.5 Thesis outline 

The thesis is composed of five chapters. The first chapter is a brief introduction 

of the topic about the importance of this research, research objectives. Chapter 
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2 introduces some basic information about literature review and key 

terminologies about foamy oil. Chapter 3 and 4 are the experimental studies 

about foamy oil. In chapter 3, four experiments are carried out under four 

different temperatures. Chapter 4 is experimental tests using 2 different viscous 

oil sample. The last chapter is a summary chapter that concludes the thesis work 

and recommendations are given for future foamy oil study. 
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Chapter 2 Literature Review 

2.1  Heavy oils 

Heavy oil is defined as the viscosity greater than 100 centipoises with an API 

gravity of between 10° and 20°API. The properties of bitumen or oil sands are 

similar with heavy oil but are more dense, asphaltic and viscous. The API gravity 

of bitumen and oil sands are usually below 10°with viscosity of larger than 10000 

centipoises. To exploit those viscous liquid and gas, it needs more energy to lower 

the viscosity and density of oil not only for the production but also for 

transportation since viscous liquid needs more energy to flow and mobilize. It also 

needs more new technologies in managing field during the time of drilling, 

completion, cementing, production and following enhance oil recovery strategies. 

Consequently, it is costlier to exploit heavy oil reservoirs than other conventional 

reservoirs. 

 

The world largest heavy oil reservoirs regions are mainly found in Venezuela in the 

Orinoco heavy oil belt, United State, Saudi A.rabia, Mexico and Western Canada 

Sedimentary Basin in Athabasca oil sand region in Alberta, where the estimated 

reserves are about 3396 billion barrels of heavy oil in Venezuela and 5505 billion 

barrels in Canada (Shah Amjad, et al 2010). The recoverable unconventional heavy 

oil reservoir in Canada is about 405.4×108 t, which equals to 5.51 billion barrels of 

oil (TONG et al.) 
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2.2 Heavy oil recovery methods 

2.2.1 Primary and secondary recovery methods 

Primary and secondary recovery methods include: surface mining, cold production, 

water flooding and cold heavy oil produced with sand (CHOPS). They are 

considered low-risky, precursor production and many of them are followed up by 

other recovery methods after fulfilled its capacity of exploitation. Shah Amjad et 

al. reviewed heavy oil recovery method and their recovery factor, which shows as 

Table 2-1 below. 

 

Cold production refers to a reservoir condition that oil viscosity is sufficiently low 

to mobilize, cold production is feasible to produce heavy oils. Cold production is a 

method for enhancing primary production from heavy oil reservoirs. In the cold 

production process, sand is produced aggressively along with heavy oil. Water is 

injected in to reservoir as a driving force through injection wells to push the oil 

towards production wells. When water front reaches production wells the water 

flooding becomes less efficient. Cold heavy oil production with sand (CHOPS) is 

an improved cold production method that allowed sands to come with flowing oil 

out of the production well. This production method expanded the high permeability 

area due to sands been produced and the formation of wormholes. 
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Table 2-1 Summary of Primary and Secondary Recovery Method 

Method 
Recovery 

Factor 
Advantage Problem 

Surface mining 90% 
High recovery 

factor 

Mineable area is strictly 

limited: 80% of Alberta oil 

sands are un-mineable 

Environmental problems 

Cold 

production 

5-6% (up to 

10% in 

horizontal 

wells) 

Low capital 

expenditure 

(horizontal 

well excluded) 

Poor recovery factor 

Water flooding 

Up to 20-40% 

in light oil 

reservoir 

Widely 

applied in 

both primary 

and secondary 

production 

Oil rate decreases rapidly 

with increasing oil 

viscosity and poor sweep 

efficiency 

Cold Heavy-

Oil Production 

with Sand 

(CHOPS) 

Over 12% 

Production 

rate is 10 to 30 

times than 

cold 

production. 

No tensile in 

grain 

cementing. 

Issue in separation and 

disposal of sand. May 

cause water breakthrough 
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2.2.2 Enhance oil recovery methods 

Enhance oil recovery (EOR) is also referred to tertiary recovery or improved oil 

recovery. It is usually implemented after primary and secondary production but 

economically there still is a need of continue production to extract more heavy oil. 

Enhance oil recovery includes: miscible displacement, chemical flooding and 

thermal recovery or it can be simply classified as two categories: thermal and non-

thermal recovery methods. Because heavy oil and bitumen has become more 

attractive than ever before, many projects are in operation in Alberta. Most of them 

are conducted with surface mining in shallow deposits and various in situ extraction 

techniques are applied in a deeper reservoir. Recently different enhance oil 

recovery (EOR) methods are introduced into heavy oil and bitumen fields. Water 

flooding, Steam Assisted Gravity Drainage (SAGD) and Toe-to-Hell Air Injection 

(THAITM) are some of the most successful recovery method. 

 

Miscible flooding method injects a fluid (usually hydrocarbon gas, nitrogen or 

carbon dioxide, whichever is miscible in reservoir condition) in to injection well, 

pressurizing the fluid until it dissolved into oil. Through this process, there is a 

contact phase that is formed between injected fluid and reservoir oil/gas. The 

interfacial tension and the oil displacement efficiency (fluid sweep efficiency) will 

be improved tremendously due to this contact phase meanwhile the reservoir 

pressure is maintained. Some of the gas is not actually miscible with underground 

heavy oil but extracting light or intermediate components (usually C5 to C30) from 
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reservoir heavy oil and then provide miscibility with heavy oil, building contact 

phase and improving displacement efficiency. Miscible flooding can be divided 

into several groups based on the variety of miscible gas that been used: Carbon 

Dioxide miscible flooding, Nitrogen miscible flooding and Hydrocarbon miscible 

flooding. 

 

It can be achieved reducing the interfacial tension and improving sweep efficiency 

by chemical flooding, which injecting chemicals rather than gases. Chemical 

flooding includes: polymer flooding, surfactant flooding, alkaline flooding, 

micellar flooding, alkaline flooding, and microbial enhanced oil recovery (MEOR) 

or the combination of them. Their working mechanism are alike. 

 

Thermal recovery methods, as its name, provide heat into reservoirs to reduce oil 

viscosity and increasing the mobility of oil. Thermal methods are more frequently 

applied in heavy oil and oil sands reservoirs. A more cost-efficient decision needs 

to be made in the reservoirs since the high cost of thermal methods. Steam flooding 

injects steam into reservoir continuously to heat and pressurize reservoir. Oil 

viscosity is reduced when reservoir is heated and driving force is also provided 

through steam injection. Well patterns are an important factor that determine the 

recovery efficiency. Huff-and-puff is referred to cyclic steam stimulation. After 

steam is continuously injected into reservoir, the production and injection wells are 

closed for a while and finally oil is been produced after steam evenly distribute in 
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the reservoir. The whole process is repeated for several times to reach ultimate oil 

recovery factor. While steam assisted gravity drainage (SAGD) needs two 

horizontal wells that vertically parallel to each other around 5 meters away, 

functioning as an injection well and a production well. Steam is injected from the 

well above and oil is produced from the well below the injection well. To produce 

on barrel of oil, usually 2 to 10 barrels of water are needed to create steam for 

injection. And the cost for separating water and oil is also enormous. SAGD process 

is inevitably associated with the greenhouse gas emission (GHG) issue and water 

consumption problem. In fact, in order to reduce the in-situ GHG and water usage 

quantity, adding solvents into steam has been considered as the available solution 

for the last 15 years (Bita Bayestehparvin, Ali, & Abedi, 2016). Vapor extraction 

(VAPEX) is a modified SAGD that difference is solvent gases with carrier gas 

(nitrogen or carbon dioxide) is injected in to above parallel wells. In situ 

combustion (ISC) is implemented by injecting air in reservoir while make it burn, 

heating the reservoir to enhance oil recovery. No extra energy is needed operating 

this EOR method compared with other thermal method. Moreover, the burning oil 

with air with produce flue gases that make oil more flowable. Toe-to-Heel air 

injection (THAI) is a developed in situ combustion method that combines a 

horizontal production well. It prevents the gas phase that created in combustion 

from override, which makes the process more stable and efficient. Moreover, there 

are many other EOR methods that been discovered by lots of researchers and many 

of them have proven to be very successful such as downhole catalytic upgrading of 
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heavy oil and in situ conversion processes with electrical heating. 

 

2.3  Solution gas drive in heavy oil 

From time to time we have all seen that conventional energy resources are 

dominated by heavy crude oil. If unconventional resources are included, heavy and 

extra-heavy crude dominates the world’s endowment and are not well exploited yet. 

With vast potential of heavy oil resources which may exceed 4 trillion barrels base 

in the world barrels (Thakur, 1997), many enhance oil recovery methods have been 

applied in exploring heavy oil reservoir. Solution gas drive method is one of the 

most efficient processes and its application has been employed in field. Oil 

reservoirs that do not initially contain free gas but develop free gas on pressure 

depletion are classified as solution gas drives. A solution gas drive reservoir is a 

reservoir that been exploited by primary depletion production method. Primary 

production, as introduced before, utilizes the energy of original reservoir. When it 

comes to production where reservoir pressure is higher than production pressure, 

the main reservoir energy is supplied by solution gas that is continuously released 

from oil due to pressure drop (below the bubble point pressure). Solution gas drive 

is also referred as internal gas drive(S. Xu, 2007). 

Conventional solution gas drive is characterized as (Sheng et al.): 

◆ Relatively high-pressure decline rate (faster than with fluid injection); 

◆ Low initial production gas oil ratio but increase to a high gas oil ratio; 

◆ Oil production rate is decreasing; 
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◆ Low oil recovery factor 5% to 25%. 

 

The high viscosity of heavy oil blocks the oil production when conducting primary 

production (solution gas drive) in heavy oil reservoirs, in which researchers expect 

only 5% of oil recovery factor of original oil in place. However, heavy oil reservoirs 

in Canada and Venezuela have unexpected high recovery factor using solution gas 

drive method (Akin, Serhat, and Anthony, 2002). In the exploitation of those 

reservoirs, the word “anomalous” is usually been used to describe production 

performance because they have: better fluid production rate; relatively low gas oil 

ratio during the production; better oil recovery factor than expected (which is only 

around 5%). However, due to the abnormal behaviors of primary production of 

solution gas drive such as high oil production rate, low gas oil ratio and high 

recovery (Saputelli, et al 1998), researching on heavy oil solution gas drive 

mechanism.  

 

2.4  Solvent-based solution gas drive 

When it talks about solvent-based solution gas drive in enhance oil recovery 

methods, the first topic that needs to discuss is the gas that drive the reservoir. 

Different gas will cause varies of behaviors during the pressure depletion test or in-

situ field operation since the solubility of gases are unalike, resulting in different 

foamy oil flow behaviors and ultimate recovery factors. (Aldea, 1967) conducted 

laboratory test on solution gas drive to study the mechanisms of it. He found that 
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gas properties do not have essential influence on the solution gas drive. However, 

Bashir Suliman (2010) did a series of two meters long sand-pack primary pressure 

depletion experiments and he considered applying methane, ethane and carbon 

dioxide as different solvent to provide different saturation pressure in his tests. His 

conclusion is that saturation pressure does not significantly influence oil recovery 

factor but solution gas oil ratio matters. The highest solution GOR gave the highest 

recovery factor. In sand-pack pressure depletion experimental study of (Zhou et 

al.) , methane, propane, and a mixture of methane and propane were used. Results 

showed that, foamy oil flow behavior is more stable in heavy-oil methane system 

than that in heavy-oil propane system. The mixture gas heavy oil system gave the 

worst foamy oil flow performance and the weakest foamy oil phenomena in his 

results.  

 

In petroleum industry, CO2 enhance oil recovery (EOR) is one of the most 

prominent methods, which also has been given great interests by researchers and 

policy makers (F, Zeng et al, 2016). Therefore, in this study researcher applied CO2 

solution gas drive in sand-pack pressure depletion test to obtain production ratio 

with optimal foamy oil phenomenal. It is well known that all the project in oil and 

gas industry have been strongly affected by economics, the price of crude oil and 

the (environmental) policies. CO2 is wildly used and inexpensive. CO2 sources are 

broadly spread that is easy to obtain and transport. Moreover, due to its relatively 

high solubility in oil, it can decrease the viscosity of oil hugely (Bayat et al.), which 
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is an essential parameter for heavy oil exploration. Many researchers found that 

CO2 injection leads to remarkable decrease of oil viscosity and sand-pack and core 

flooding test results indicates the CO2 strategy has a sound performance in heavy 

oil EOR (H. Tuo, 2018). The solubility of CO2 is reported can reach 50-100 Sm3/m3 

in pressure at 1.0MPa to 6.0 MPa. It also has an excellent volume increasing effect 

about 10% to 20% with more than 80% of oil viscosity deduction when consider 

CO2 as a solvent in oil reservoir. 

Many researchers study foamy oil flow by conducting sand-pack experiment. 

Aldea (1967) conducted laboratory tube sand-pack test using several experimental 

procedures with pressure depletion. He found that there is an optimum pressure 

depletion rate for the best oil recovery and depletion rate appeared to be the most 

important factor that influence solution gas drive mechanism and ultimate recovery. 

Pooladi-Darvish and Firoozabadi (1999) did sand-pack experiments to exam two 

different solution gas drive between light oil and heavy oil. They found that in 

heavy oil experiment gas flowed intermittently without simultaneous gas 

microbubbles and heavy oil solution gas drive is a time depended phenomena. The 

non-equilibrium effects will disappear when time elapsed long enough. Most 

importantly, they found that the oil mobility did not increased by forming gas phase 

in porous media. Sahni and Gadelle et al (2001) discussed the importance of initial 

solution gas oil ratio, oil viscosity and depletion rate on gas phase forming.  
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Kumar (2002) also did research on sand-pack laboratory depletion experiment with 

heavy oil. The depletion rate had a greater range up to two orders of magnitude. He 

suggested that in the magnitude of his depletion rate, gas mobility was a function 

of depletion rate but is still very low and decreased with increasing depletion rate. 

They also believe that pressure is kept by solution gas liberating and free gas 

expansion. 

 

The oil samples collected from the wellhead of these types of reservoirs were like 

a kind of foam that oil is the continuous phase with dispersed gas bubbles. The 

existence of the tiny gas bubbles which are trapped in the produced heavy oil 

distinguishes the behaviors between the solution-gas-drive heavy oil reservoir and 

the conventional solution-gas-drive reservoir. In addition, the duration of the gas 

bubbles dispersed in heavy oil and the amount of gas bubbles are important aspects 

that discriminate the differences between foamy oil and conventional heavy oil (Xu 

2007). Foamy oil has been found to be an important factor that contributing to a 

successful primary production of heavy oil under solution gas drive. Wong and 

Guo (1999) used unconsolidated oil sand-pack to conduct pressure depletion test. 

Their results show that the phenomena of foamy oil flow is mainly/likely 

dominated when system is under bubble point pressure until the gas saturation 

reached critical gas saturation but less influential after free gas coming out of 

production channel. They confirmed that foamy oil flow is a time-depend 

phenomenon that during slow depletion production test foamy oil flow did not exist. 
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However, most previous work on solution gas drives in heavy oil mainly examined 

cold production: only a few studies tested solution gas drives at different 

temperature. This is because barely of researchers found temperature has positive 

influence on oil recovery. Wang and Guo (1999) did unconsolidated oil sand cores 

depletion test under different temperature. Although the bitumen ultimate recovery 

factors were high, they found that the temperature effect on recovery was not 

obvious. Tang and Firoozabadi (2005) conducted experimental tests to study the 

effects of gas oil ratio, temperature and initial water saturation on heavy oil-

methane solution gas drive. The conclusion of their research is: increasing initial 

water saturation have negative effect on gas mobility, and the higher temperature 

increase gas relative permeability but decrease oil recovery. They also indicated 

that gas oil ratio has a “significant effect on gas-bubble nucleation”. 

 

 

2.5  Foamy oil flow dynamics 

Foamy oil flow is essentially a non-equilibrium gas releasing process during heavy 

oil flow compared to the gas exsolution process in light oil. Foamy oil flow is 

believed a time-dependent process so that pressure depletion rate is of critical 

important in terms of regulating its flow behavior and foamy oil mechanical actions. 

The mechanisms of the foamy oil flow in a porous medium are complicated. 

generally, with time elapsed during foamy oil flow the whole process of the bubble 

formation in foamy oil flow is divided into the following three processes (Bora, 
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1998; Kumar, 1999; Zhang, 1999; Albartamani, 2000; Uddin, 2005; Xu, 2007; 

Maini, 2010; Xiang, 2015; Seyde, 2017): 

 

1) Bubble nucleation; 

2) Bubble growth; 

3) Bubble coalescence. 

 

Bubble nucleation: 

Bubble nucleation starts from the pressure declines to the bubble point pressure. It 

is the first dynamic process of foamy oil flow. When pressure drops to bubble point 

pressure (thermodynamic fluctuation reaches to certain magnitude) in heavy oil 

solution gas reservoir, gas molecules that bigger than critical size begins to form 

clusters (Uddin). The nucleus can grow and lead to rupture of the liquid phase or it 

can be re-dissolved into the liquid phase (Xiang, 2015).  

 

During this period when bubble starts to nucleate, the status of foamy oil is called 

supersaturation. Supersaturation is also a non-equilibrium condition when liquid 

and gas stay equilibrium distributed but the system pressure drops below the bubble 

point pressure at a relatively rapid rate that liquid and gas cannot reach equilibrium 

within a limited time. Under supersaturation, gas has the trend to evolve out of oil 

phase but due to high viscous oil, gas molecules are constrained and trapped in oil 

phase. Gas is over-saturated in liquid phase and the saturation is beyond the upper 
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limit of the liquid saturation at that pressure and temperature. Firoozabadi et al. 

(1992) suggested a higher-pressure depletion rate result in higher supersaturation. 

However, Sahi et al (2004) concluded that with increasing pressure depletion rate, 

supersaturation status appears to be stronger at the early time of oil production but 

becomes weaker in later-time. 

 

There are many parameters that matters in the stage of bubble nucleation: pressure 

depletion rate, capillary pressure, pore wall roughness, asphaltene contest, 

irreducible water saturation, viscosity, diffusion, dispersion and molecular 

movement(Zhou). 

 

Bubble growth: 

Gas growth and formation is mainly controlled by mass transfer in static systems, 

and is controlled by mass, momentum and heat transfer across the bubble-liquid 

interface in flow systems (Uddin, et al., 2005; Seyed, et al., 2017). As its name, in 

foamy oil flow bubbles become bigger during this stage. Bubble growth inside 

pores is described by molecular diffusion with some correlation factors to account 

for the presence of the porous medium(El Yousfi et al.). Two main sub-stages of 

the bubble growth during a pressure depletion process can be concluded. At the 

early stage, gas nucleation and diffusion dominate the bubble growth. When 

pressure is properly evenly propagated, bubble growth may be related to pressure 

depletion and fluid volumetric expansion (xiang, 2015). 
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Bubble coalescence (Gas phase formation): 

With bubble continuously nucleating and growing, it will come to a point that 

bubbles contact with other bubbles, forming free gas phase. This process is called 

bubble coalescence. At the beginning of gas ex-solution, coalescence is less likely 

to happen because the bubbles or bubble clusters are relatively small, and they are 

evenly distributed apart from each other. Viscosity plays an important role in 

preventing gas bubbles from coalescing because gas bubbles need to be big enough 

to coalescent with other bubbles, and flowing gas bubbles are more likely to 

coalescent. However, viscous force impedes those behaviors. 

 

Pseudo-bubble point pressure: 

In petroleum, the bubble point pressure is the pressure where the natural gas begins 

to evolve out from oil. In conventional reservoirs at original condition, reservoir 

oils solve certain amount of natural gas in solution. When reservoir pressure 

declines to bubble point pressure, gas starts to ex-solute from reservoir oil. 

However, in heavy oil reservoir, gas bubbles will be entrained in oil phase even if 

the pressure is dropped below the bubble point pressure due to the relatively high 

viscosity of oil. During this non-equilibrium dynamic process, gas bubbles are 

going to be released from oil phase eventually. The pressure when the first bubble 

come out of heavy oil in this process is called pseudo-bubble point pressure. Figure 

2-1. Shows the pseudo bubble point pressure using formation volume factor as a 
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reference. The x-axis is pressure. With pressure drop down to bubble point pressure, 

bubble molecular start nucleating, growing and coalescence. The first bubble 

evolves from oil phase. The pressure reaches pseudo bubble point pressure. 

 

Figure 2-1 An Illustration of Pseudo-bubble Point Pressure 

 

 

2.6 Chapter summary 

In this chapter, necessary literature review has been done in terms of heavy oil 

and its recovery methods, solution gas drive, and foamy oil dynamics. Through 

literature review, the importance of solution gas drive in heavy oil recovery is 

revealed. It is prominent to use carbon dioxide (CO2) as solvent gas to implement 

foamy oil solution gas in heavy oils. The dynamic processes are introduced: the 

gas nucleation, gas bubble growth and bubble coalescence, which is important for 

understanding foamy oil flow and its mechanism. 

Chapter 3 Experimental Study on Foamy Oil Flow in Different Temperatures 

 



23 
 

3.1 Experiment section 

3.2.1  Overview 

Four sets of sand-pack pressure depletion experiments are conducted in this study 

with different temperatures. Apart from temperature, oil specimens, initial gas oil 

ratio, sand-pack properties and all the other parameters (purity of CO2, pressure 

depletion rate, experimental procedures, production measurement, etc.) are set to 

be the same. Because of the same initial GOR, the saturation pressure will be 

different. The higher temperature, the higher oil saturation pressures are. There are 

four incremental saturation pressures in the experiments, which means each 

experiment start depleting at different elevating pressure in sequence. Live CO2-

heavy oil system is prepared in two transfer cylinders and is pressurized at different 

bubble point pressure that related to its saturation pressure. Then live oil is injected 

into sand-pack with confining pressure 10% higher than that bubble point pressure. 

During the production, oil weight, gas volume and pressures along the sand-pack 

are measured. 

 

3.2.2 Material 

Manatokan, western Canada heavy oil sample is selected in this study. The oil 

sample is exposed to ambient at room temperature and pressure for a long time 

before conducting experiments, so it is considered dead oil. The oil properties and 

the saturates, aromatics, resins, and asphaltenes (SARA) analysis results of the 
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dead oil are shown in Table 3.1 the properties of dead oil are also listed as below 

Table 3.2.  
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Table 3-1 SARA Analysis Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-2 Dead Oil Properties at Room Temperature 

Manatokan Dead Oil Sample Value 

Density (kg/m3) 964.3 

Viscosity (mPa*s) 19.8℃ 2200 

Molecular weight (g/mol) 389 

Compressibility (1/kPa) 
5.5×10-7 

Viscosity Compressibility coefficient (1/MPa) 0.031 

  

Property Measured (mole%) Estimated (mole%) 

Saturates 28.4 37.0 

Aromatics 27.0 27.3 

Resins 22.5 20.9 

Asphaltenes 14.8 14.8 

Unrecovered 7.3 N/A 
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The sand-pack is 95 cm long with 3.8 cm inner diameter. Four pressure transducer 

ports are evenly settled along the sand-pack, with one outlet and one inlet at the 

two ends of the sand-pack. The distance between each port is 21.6 cm, which will 

be used in pressure calculation. Four pressure transducer ports are linearly 

distributed at the same side of the sand-pack. 

 

Before the experiment, the heavy oil samples are settled to centrifuge at 3000 to 

7500 rpm to segregate oil and water for at least four hours to ensure the oil is free 

of water as much as possible. When injecting heavy oil samples into transfer 

cylinder to mixture with gas, the first step is making transfer cylinder vacuumed 

for at least two hours. After the transfer cylinder is free of air, heavy oil samples 

are injected into cylinder as fast as possible. Because of the rheology of the heavy 

oil, the injection pressure tends to be higher when conducting faster injection rate. 

Normally, the injection rates are high enough that syringe pump reaches the upper 

operating limit. The last step is injecting carbon dioxide from gas cylinder with 

different temperatures and pressures corresponding to the quantity of the gas 

(moles). 

 

All gases are supplied by Praxair Canada Inc., with purity of greater than 99.99%. 

In the experiment, carbon dioxide (CO2) and Nitrogen (N2) are used. Live oil is 

mixed by carbon dioxide and dead oil at the same gas-oil ratio. Nitrogen is used for 

sand-pack leak test and confining pressure of back pressure regulator when making 
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live oil. 

 

Glass beads is supplied by Mod-U-Blast®, Canada with #10 commercial grade 

41916 01. The U.S. standard screen size of the glass beads are around 100 to 170 

with the bead size range of .0059 inch to .0035 inch in diameter. Glass beads 

contents contain less than 75ppm arsenic and less than 100ppm lead pursuant to 

California health and safety code section 25258. 

 

3.2.3 Live oil preparation 

In this study, two transfer cylinders are used to prepare live oil. The principle of 

live oil preparation is to make sure the confining pressure of cylinder is higher than 

saturation pressure that is simulated in CMG commercial software. Usually the 

operation (confining) pressure of two cylinders is 2 to 3 mPa higher than designed 

saturation pressure,. To ensure complete and efficient blending of live oil, live oil 

is diverted from one transfer cylinder to another and then diverted back. This 

procedure can provide a sound contact of oil and gas and speed up the generating 

of live oil. 
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Figure 3-2 Live Oil Preparation and Production Systems of the Sand-pack Pressure 

Depletion Test (Sand-pack and transfer cylinder are inside of the oven). 
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The first step of live oil preparation is to calculate the amount of oil and gas needed 

in the experiments. After the properties of Manatokan oil sample are acquired, 

simulation data which completed by CMG Winprop® commercial software can be 

applied to determine the live oil bubble point pressure at certain mole fraction under 

desired pressure and temperature (Table 3.3). 

 

The second step of live oil preparation is to inject designed oil and gas into transfer 

cylinder. Moles of oil which will be injecting into cylinder can be calculated in 

terms of oil density and molecule weight. Since the volume of the injected oil is 

decided, we can get the weight of the oil using volume times density. Moles of the 

oil can be obtained from weight divided by molecule weight. The amount of gas 

can be determined by pressure once the temperature and volume in cylinder are 

known. Note that there is a piston inside the cylinder and now they are connected 

like a nunchaku. Separated by pistons, the inner part with “chain” (intermediate 

tubing) filled with oil and gas mixture, outer parts are connected with pump through 

hydraulic de-ionized water. Water work as power transform media to push oil and 

gas mixture (through pistons) from a transfer cylinder to another cylinder and vice 

versa.  

 

𝑛 =
𝜌 ∙ 𝑉

𝑀𝑊
                                                   (3.1) 

 

According to literature and lab experience from X. Zhou (2015) on the live-oil 
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prepare time that oil and gas become equilibrium, 48 cycles will make gas fully 

saturated in oil and live oil is ready for the experiment. The last step is taking oil 

sample and measuring gas oil ratio to make sure live oil is under experiment’s 

expectation. Then the experiment process moves to next stage. 

 

 

Table 3-3 Calculation of CO2-Heavy Live Oil System 

 

CO2-Heavy Oil Live Oil Preparation 

Over All 
Oil Density 

Correlation 

Component K Value @P,T Flash Cal Mole Fraction 
Temperat

ure °C 

Density 

kg/m3 

CO2 3.481 Xco2 0.2872 15 967.9 

  Yco2 0.9999 25 961.8 

Heavy Oil 2.89883E-12 Xoil 0.7127 75 929.5 

  Yoil 0.0000   

Oil Calculation 
Gas Volume-

Pressure Corr 20°C 

Volume (L) Density kg/m3 Mass (kg) 
Mole 

(389kg/mol) 

Pressure 

(MPa) 

Density 

(L) 

0.769 951.994 0.732303 1.8825 2.095 0.9770 

1.000 951.994 0.951994 2.4472 2.110 0.9851 

0.985 951.994 0.937714 2.4105 2.125 0.9932 

0.5 N/A N/A N/A   
      

CO2 Calculation   

Mole of Gas Volume (L)  Factor (P, T) 
Actual 

Pressure MPa 
  

0.758777 1.000000 1.317909 1.6000   

0.986410 1.000000 1.013776 2.1122   

0.971614 1.000000 1.029214 2.0847   

0.493205 0.500000 2.027552 2.1100   

http://webbook.nist.gov/chemistry/  

   

 GOR  21.7953 
 

  
 

http://webbook.nist.gov/chemistry/
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3.2.3  Sand-pack Setup 

Sand-pack has an inner diameter of 3.8 cm with length of 95 cm. there are 6 ports 

on sand-pack in total: one inlet, one outlet, and four intermediate pressure ports. 

Those pressure ports are spaced 21.6 cm apart from one another. Sand-pack setup 

includes leaking test, packing sand, porosity and absolute permeability 

measurement and live oil saturation 5 steps. The properties of sand-pack are listed 

in Table 3-4. 

 

3.2.4  Leak test 

Before leak test, the inner wall of sand-pack pipe should be evenly painted by a 

layer of electrical tape, which is a layer of rough material. This is because the glass 

beads used in the experiment is around 100 to 170 U.S. meshes which may cause 

wall effect during the experiment which makes fluid easier to flow along the inner 

wall of sand-pack. Electrical tape is to increase the roughness of inner wall to 

prevent wall effect and the glass beads is regarded has better enough contact with 

the inner wall. 

 

After coating inner wall, two caps and all ports of sand-pack should be sealed with 

Swagelok fittings except one port, through which pure testing nitrogen gas is 
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injected into sand-pack. On this port a pressure gauge is also connected so we can 

read pressure changes during leak test. Leak test liquid (slippery water) is employed 

when sand-pack fill with testing gas at desired pressure to detect gas leak. This kind 

of liquid will influence the temperature of sand-pack because of water evaporation. 

It will take one to two hours to stabilize the pressure. Sand-pack is supposed to hold 

this pressure for 24 hours. Then a final pressure can be read at pressure gauge and 

a pressure loss ratio can be calculated as follow: 

𝑣 = 𝑃𝑏𝑓/𝑃𝑎𝑓 × 100%                     (3.2) 

𝑃𝑏𝑓  is the pressure before leaking test; 𝑃𝑎𝑓  is the pressure after 24 hours. A 

percentage of less than 0.1 % for over 24 hours is considered leak-free. This is 

because in this study, depletion rate will be using 2 kPa/min. 0.1% in 24hours 

means that pressure leaking rate is around 1.389 × 10−3  to 2.778 × 10−3 

kPa/min, which is neglectable in our experiment. 

 

3.2.5 Packing sand 

In this experiment, silica glass beads are used as filler media, which supplied by 

Potters Canada. The meshes of glass beads is around 90 to 170. To avoid producing 

sand in experiment, the outlet port of sand-pack fitting is built with filter screen. 

Inlet port works as injection channel of packing sands. Note that the total injection 

sands’ weight should be measured in each set of experiment because sands’ weight 

can be referred to porosity and those two parameters have direct relation. The more 

sands been packed into the sand-pack, the less the porosity is reached. 
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3.2.6 Porosity test 

Once finished packing sand, the sand-pack is considered fully equipped, including 

pressure transducers, pump, and production parts (digital scale, gas flow-meter, 

back-pressure regulater). Then through add-on tubing, the whole system is 

vacuumed for 4 hours until the pressure is stable upon pressure transducers. 

 

A measuring cylinder with full of de-ionized water (usually 500 ml) is connected 

to vacuumed sand-pack, letting water been imbibed into sand-pack. The porousity 

is determined as: 

∅ = 𝑉𝑤𝑎𝑡𝑒𝑟/𝑉𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒                  (3.3) 

∅ is the porousity; 𝑉𝑤𝑎𝑡𝑒𝑟 is the volume of the water that is refilled into sand-

pack; 𝑉𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒 is the bulk volume of sand-pack. In this experiment, the volume 

of bulk phase volume is 1077.41 cm3. 

 

3.2.7 Absolute permeability 

Permeability is calculated based on Darcy’s law, which is: 

𝑘 = 𝑞𝜇𝑙/𝐴∆𝑃                            (3.4) 

𝑘  is permeability, μm2; 𝑞  is flow rate, 𝑚𝑙/𝑠𝑒𝑐 ; 𝜇  is the viscosity of testing 

fluid, cp. In this experiment water is used as testing fluid; 𝑙 is the length of sand-

pack, cm; 𝐴  is the cross-sectional area of sand-pack, cm2; ∆𝑃  is pressure 
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difference, atm. After porousity measurement, more de-ionized water is injected in 

sad-pack in 6 different flow rates(5 ml/min, 7 ml/min, 9 ml/min, 11 ml/min, 13 

ml/min, 15 ml/min) and volume difference should be measured between water 

injected and produced. The amount of volume should be added as sand-pack pore 

volume. Each flow rate is maintained at least 30 mins until the pressure stays stable. 
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 Table 3-4 Properties of Sand-pack for Experiments 

# Experiment Porosity (%) 
Permeability 

(D) 

Oil Saturation 

(%) 

Water 

Saturation 

(%) 

20℃ 37.27 7.66 94.65 5.35 

30℃ 37.66 10.12 94.87 5.13 

40℃ 37.13 10.82 95.25 4.75 

50℃ 37.22 7.63 93.77 6.23 

 

  



37 
 

3.2.8 Live oil saturation 

Once all the basic parameters of sand-pack are acquired. Live oil is to be saturated 

into sand-pack. First is to build up pressure on back pressure regulator (BPR) to 

designed pressure, which depends on the calculated saturation pressure shows on 

Table 3-5. Usually the BPR setup pressure is 200 kPa higher than calculated 

saturation pressure. This consideration is to avoid losing reservoir energy due to 

the fluctuation of pressure. Then a flow rate of 0.08 ml/min (X. Zhou, 2015) is set 

to inject live oil from inlet port. The volume needed for saturation is 1.5 times 

greater than pore volume. The oil saturation is determined by: 

𝑆𝑜 =
𝑉𝑤𝑝

∅𝑉𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒
× 100%                     (3.5) 

𝑆𝑜 is oil saturation of sand-pack; 𝑉𝑤𝑝 is the volume of water that produced during 

saturating; ∅  is the porousity of sand-pack; 𝑉𝑏𝑢𝑙𝑘 𝑝ℎ𝑎𝑠𝑒  is the volume of bulk 

phase of sand-pack. 
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Table 3-5 Calculated Saturation Pressure of Live Oil 

Temperature ℃ Saturation (kPa) 

20 2000.000 

30 2260.610 

40 2524.288 

50 2787.714 

60 3047.808 

70 3301.795 

80 3547.251 

200 5373.772 
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3.2.9  Oil production 

In this experiment, oil is produced with depletion back pressure (bottom hole 

pressure) at a pressure gradience of 2 kPa/min (X. Zhou, 2016). In his study, he 

tested different heavy oil-solvent systems in different depletion rates. Results show 

that 2 kPa/min is the best depletion rate in terms of oil/gas recovery factor among 

methane-heavy oil, propane-heavy oil and mixture heavy oil systems. Also 

considered that this study is a further study on his work, the pressure depletion rate 

is determined as 2 kPa/min. Three key parameters are measured/recorded during 

the experiment: production oil weight; accumulative gas volume; pressure data of 

all pressure transducers. Gas volume and pressure data can be directly collected 

from computer which connected with data cable. A camera is built to record the 

production oil weight from digital scale and another camera is set to read the gas 

flowmeter. 

 

3.3  Results and discussion 

 

3.3.1  Overview 

The summary of four experiments results are listed below Table 3.6. The results are 

compared with previous researcher’s work. 
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Table 3-6 Summary of Experiment Results 

Experiment Oil Recovery (%) Gas Recovery (%) 
Cumulative Gas Oil 

Ratio Sm3/m3 

20℃ 19.35 82.12 165.42 

30℃ 11.39 85.88 166.72 

40℃ 10.55 94.69 195.65 

50℃ 6.96 94.91 312.24 
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3.3.2  Oil recovery 

Figure 3-3 is the oil production curve as function of elapsed time. Overall in those 

four experiments, oil recovery is declining when temperature increased, but oil 

production performance behaves differently. In 20 ℃  and 30 ℃ ’s test, oil 

production profiles appear to be traditional foamy oil behavior. At the beginning of 

the production, oil recovery stays nearly constant for a short time then increase at 

a relatively rapid speed during most of the production. The oil production rate 

decreases slightly until the end of experiment. However, in later two experiments 

40 Celsius degree and 50 Celsius degree, oil production rate raises at the beginning 

of the test and then almost stopped producing. The oil production rate stays as low 

as zero. During this period oil recovery reached a “platform” which profile shows 

as a flat horizontal straight line, followed by a sharp incremental of oil volume until 

the end of test. 

 

In the experiment pressure depletion of 20℃, at the first 4 hours the oil production 

rate is extremely slow. This is because during this period, depletion pressure 

dropped from production pressure 2200 kPa to pseudo-bubble point pressure 

(around 1890 kPa, the first 3.9 hours). When reservoir pressure higher than pseudo-

bubble point pressure, elastic energy dominates the oil and gas production. This is 

defined as single-phase flow region (Xiang, 2015). During this period, reservoir 

pressure is higher than pseudo-bubble point pressure but lower than bubble-point 

pressure and pressure decline rate along sand-pack is the same as the pressure drop 
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in back pressure regulator. Gas is still solved in oil phase and there are no gas 

bubbles been formed. In this stage gas molecular start to nucleate but the bubble 

size is so small that is negligible in this region. But due to strong non-equilibrium 

and high oil viscosity, there is only one phase exist in sand-pack. In other words, 

live oil expansion contributes oil and gas production during this time. 

 

When the outlet pressure drops below the pseudo-bubble point pressure, there is a 

sudden increment of oil volume. This is two-phase foamy oil flow region (Arora 

and Kovscek, 2001; Xu, 2007; Xiang, 2015). In this region, nucleated bubble starts 

to form bigger bubbles and due to bubble expansion, oil volume is expanded rapidly. 

The small bubbles are trapped by the capillary force in the oil due to high viscosity 

of heavy oil. Oil starts to produce after this point and will decrease slowly. Gas 

bubbles are not able to coalesce to free gas because the high viscosity of heavy oil. 

Oil flow with small gas bubbles dispersed in it. 
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Figure 3-3 Oil Recovery Factor Result of Four Experiments 
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In 30 ℃ experiment, oil recovery profile is similar to that in 20 ℃. Due to higher 

temperature in the system, oil viscosity becomes lower, which makes oil easier to 

flow. The mobility of oil phase is higher. In the early time of production when 

production pressure is above bubble-point pressure, oil production rate is larger 

than that in 20 ℃. Elastic energy is still the main driving force of production, so 

fluid is more movable. The oil recovery factor is no longer a nearly straight 

horizontal line but a slightly increasing line during time elapses. The single-phase 

flow region is shorter but during this region more oil is produced. In fact, during 

this period, it is not necessarily to define the flow as single-phase flow. Because it 

does not perform as purely single-phase flow and there is still decent of oil been 

produced. It may be called as supersaturation flow. Because during this time 

reservoir pressure is between bubble point pressure and pseudo-bubble point 

pressure. Supersaturation exists during the whole lifetime of foamy oil flow and it 

is the reason leading foamy oil phenomenal, yet it is the strongest when production 

pressure stays between bubble point pressure and pseudo-bubble point pressure. 

(Xiaofei. Sun, 2017) indicate that the foamy oil viscosity will decrease when 

pressure depletes between bubble point pressure and pseudo bubble point pressure, 

which makes foamy oil more flowable during production. As discussed in 20℃ 

the elastic energy is the dominating driving force that produces oil and the foamy 

oil is under supersaturation condition. After system reached pseudo-bubble point 

pressure, like 20℃’s experiment, the oil production rate at 30℃ jump rapidly. 

Then it slows down to close to zero, where oil will no longer been produced. 
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In test of 40℃, oil production curve shows different trend. Oil production rate tend 

to increase at early stage which even earlier than former two experiments (2.2 hours) 

and reach a point quickly. As the same in 30℃  experiment, this region is 

supersaturation flow region. With the pressure dropping down the oil production 

reaches the two-phase flow region. The oil production rate after that point becomes 

slow or nearly null. However, in the last 3.6 hours there is a rapid increase on oil 

production rate that even higher than the rate in the first 2.6 hours.  

 

In 50℃ experiment, supersaturation flow region becomes shorter and reaches two-

phase flow in very short of time. In the last 2.5 hours, like the oil flow behavior in 

40℃, oil production rate shows a tremendous raise until the end of the production. 

 

The reason that oil production rate increase in the late-time production period is 

complicated. One possible reason is that with the two-phase flow of the system, 

more and more gas been released from oil phase and the viscosity of oil increases 

suddenly. The reservoir reaches “foamy oil” again. I define that region as secondary 

foamy oil flow region since this happens after gas-oil two phase flow. Due to the 

increase of oil viscosity the flow behavior turns back to foamy oil single flow. 

 

Many researchers had found this trend in their experiments. In solution gas drive 

experiments carried by  (Zhang), he also found one of his depletion test which in 
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relatively high pressure tend to rapid produce oil in late-time foamy oil experiment. 

However, he did not explain this phenomenon. Figure 3-4 shows one of his 

experiment results. In my point of view, when the temperature increase from 22℃ 

to 70℃, the oil recovery factor increased due to the in stronger foamy oil flow 

effect because the heavy oil is extra-heavy. The live oil viscosity is 16506 cp while 

the dead oil viscosity is 104000 cp. When temperature increased to 122, the live oil 

viscosity became low enough that foamy oil is hardly exist. The increase in oil 

viscosity due to the gas releasing in late-time production enhanced the foamy oil 

flow. That is coincident with my point of view in my study, showing that there is 

an optimal viscosity that makes two-phase flow becomes foamy oil flow. 

 

(Xiang, 2015) also found there is an increase in oil recovery factor at the end of the 

test in his mixture solvent heavy oil pressure depletion test. He attributed this to 

“low pressure depletion rate hindered the foamy oil behavior by methane, and when 

the pressure declined to a low pressure at which the active solvent, propane, 

nucleated remarkably, leading to high pressure increase in the sandpack, the oil 

production rate went up quickly”. However, in my opinion the foamy oil behavior 

in his experiment is also result from the pseudo-foamy oil flow: first, he used 0.86 

kPa/min as his pressure depletion rate in his experiment. Compared to other 

depletion rates (1.84 kPa/min, 3.97 kPa/min, 6.66 kPa/min), the foamy oil flow is 

weakened under this depletion rate, which can be identified by the pressure 

difference curve (also results in the lowest oil recovery factor among those 
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depletion rates). Second, with the gas production in late-time, the oil viscosity 

increased to a threshold value that is high enough to keep gas entrained in the oil. 

After that pseudo-foamy oil flow occurred. 

 

The oil production results of four experiments indicate that, with the elevating 

temperature oil the heavy oil, the oil recovery factor decreases. The flow behavior 

becomes different each experiment, which means the effect of temperature on 

foamy oil flow is significant. In last two experiments with higher temperatures, the 

early-stage of oil production curve shows a “supersaturation flow”, but indeed it 

behaves like a solution gas flow since the oil production rate is extremely slow. 

3.3.3  Gas production 

Figure 3-5 to 3-8 are the cumulative gas recovery as function of average pressure 

of production end (bottom hole pressure). As listed in Table 3.6, the gas recovery 

increases as the temperature of experiment increase. This is because when 

temperature increases, the viscosity of oil decreases and the solubility of CO2 

decreases. Therefore, gas is easier been released from oil, which results to the 

increase of gas recovery.  
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Figure 3-4 (a)Similar Experimental Study Results Referring Secondary Foamy 

Oil Exist (Y. Zhang, 1999) 

 

 

 

Figure 3-5 (b)Similar Experimental Study Results Referring Secondary Foamy 

Oil Exist ( Zhou, 2015) 
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Figure 3-6 Cumulative Gas Recovery 20℃ 

 

 

 

 

 

 

 

 

Figure 3-7 Cumulative Gas Recovery 30℃ 
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Figure 3-8 Cumulative Gas Recovery 40℃ 
 

 

 

 

 

 

 

 

 

 

 
Figure 3-9 Cumulative Gas Recovery 50℃ 
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The gas production profiles are similar among those four experiments. In the first 

stage (early time) of production, gas produce rate stays close to zero since it is 

single-phase flow. The average bottom hole pressure (production end pressure) 

during this time is between bubble point pressure and pseudo-bubble point pressure. 

When outlet pressure drops below pseudo-bubble point pressure, gas starts 

coalescing and free gas is produced. This is two-phase foamy oil flow region. This 

region will continue until the end of production in experiments of 20℃ and 30℃. 

The presence of gas bubbles in the fluid increases the relative permeability of the 

oil phase because the mobility of the gas phase remains very low. As discussed 

above, in 40℃ and 50℃ experiments the flow behavior reaches two-phase flow 

in a very short of time until it comes to pseudo-foamy oil flow region. The gas 

production curves behaves the same way. In 40 and 50℃ experiment, there are 

fluctuations in the end of gas production which is at the same pressure as oil 

production.   

 

From the results, the pseudo bubble point pressure is 1770 kPa in 20℃ experiment, 

which is smaller than that observed in oil production curve (1850 kPa). However, 

the observation in oil production (the pseudo bubble point pressure observed in oil 

production curve) is closer to true pseudo bubble point pressure. This is because 

once the live oil reaches pseudo bubble point pressure free gas is released from oil 

phase but unable to escape from the system immediately due to the high capillary 

force (viscosity) of heavy oil. That means it also take times even for free gas to 
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process through the sand-pack matrix and production channel. At the same time 

free gas is entering production channel, oil is also been push into production tubing 

and there is a fine displacement efficiency. After gas been released from system 

(produced from gas flowmeter), the flow behavior becomes two phase foamy oil 

flow. This is the reason that there is a delay of pseudo bubble point pressure in gas 

production. The Table 3-7 shows the pseudo bubble point pressure (PBP) that 

observed in oil and gas production. 
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Table 3-7 Measured Pseudo-bubble Point Pressure 

Experiment PBP in oil production (kPa) PBP in gas production (kPa) 

20℃ 1840 1770 

30℃ 2340 2313 

40℃ 2806 2750 

50℃ 2890 2960 
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If we consider the strength of supersaturation flow, it can be found that its strength 

increases with the increasing temperature between 20℃ to 40℃ but decreases in 

50℃ experiment. This is different from researcher Tang and Firoozabadi (2001) 

that higher temperature will decrease the supersaturation because of the decreased 

oil viscosity. 

 

The PBP pressure observed in gas production is even higher than that in oil 

production. The reason for that is in 50℃ the oil viscosity is lower enough that 

cannot function as obstacle to prevent gas from releasing. Moreover, the mobility 

of gas phase is far bigger than the mobility of oil phase, resulting in gas phase is 

moving faster than oil phase like slippery effect. 

 

3.3.4  Cumulative gas oil ratio 

The cumulative gas oil ratio (cGOR) curve of four experiments are shown in Figure 

3-9. There are two patterns in cGOR among 20℃  to 50℃  test, which is 

coordinating with oil and gas production profile. The trend of 20℃ and 30℃’s 

experiments are alike while 40℃ and 50℃ experiments are similar. 

 

In 20℃ and 30℃ experiments, cumulative gas oil ratio starts at a point that even 

higher than average cGOR and then cGOR drops remarkably, which is also 

discovered in (Zhou, 2015). In 20℃ experiment the cGOR almost decrease to zero. 
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During cGOR decreasing period, oil production rate soar rapidly but gas production 

increase at a relevantly constant ratio. This is the region that system start two-phase 

flow but because of the high viscosity of oil, a threshold pressure exists in 

production tubing that prevent free gas from releasing (or a threshold pressure built 

up in gas flow meter). After the production sector reaches that threshold pressure, 

a decent portion of free gas is detected while oil production is insignificant. Then 

oil starts to produce and cGOR increases at a constant rate until the end of the 

production. 

 

In 40℃ and 50℃ experiment, the cGOR profile is different. The cGOR starts at 

lower value especially in 30℃ experiment. cGOR increases in two-phase flow 

region until it reaches “secondary foamy oil flow” region. Because oil production 

rate increases rapidly in this region while gas production rate stays almost the same.  

From the figure it can be find that the cumulative gas oil ratio increases with the 

increasing temperature due to that the mobility of gas raises faster than the mobility 

of oil in elevating temperature. 
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Figure 3-10 Cumulative Gas Oil Ratio as Function of Production Pressure 
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3.3.5  Pressure data analysis 

In this study, pressure data is more straight forward information that tells the 

pressure change along the sand-pack and indicates the flow behavior during foamy 

oil flow. 
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Figure 3-11 Production Pressure as Function of Time - 20℃ 

 

 

 

 

 

 

 

 
Figure 3-12 Production Pressure as Function of Time - 30℃ 
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Figure 3-13 Production Pressure as Function of Time - 40℃ 

 

 

Figure 3-14 Production Pressure as Function of Time - 50℃ 

 

 

The pressure P1 indicates the pressure transducer that close to the inlet of sand-

pack, which is sealed during the production. P5 indicates the outlet production 
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pressure. In depletion test of 20℃, the pressure data shows that, before production 

pressure decreases to pseudo bubble point pressure, the pressures of different 

pressure transducer along the sand-pack are the same, evenly decreasing with the 

production pressure. However, when production pressure reaches pseudo bubble 

point pressure, pressure difference starts to show up within those pressure 

transducers. The Figure 3-14 demonstrates the pressure difference between P1 to 

P5, which is also indicated in Figure 3-10. The bigger the pressure difference is, 

the stronger the foamy oil flow behavior are. This result is also found in other 

researchers work (Xiang 2015; Xu, 2007). Note that the pressure difference 

increases during two phase foamy oil flow region and slowly decreases with the 

production, but the pressure difference between P1 and P5 and P2 and P5 raise 

again. It means in the late time of production pressure difference still exists between 

inlet end and outlet end. Result from the viscos heavy oil and relatively small 

pressure gradient, oil is not able to be produced anymore and production end after 

production pressure drops to ambient pressure. 
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Figure 3-15 Pressure Deference as Function of Production End Pressure - 20℃ 
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In the experiment of other three temperatures, however, we have some new 

observations of those pressure data. Firstly, the intensity of foamy oil flow 

decreases with elevating temperature because the pressure difference decreases 

when temperature increases (Figure 3-15 to Figure 3-17), indicating the high 

temperature has negative effect on foamy oil flow. Secondly, in 40℃ experiment, 

the pressure difference in late-time production not only been observed between P1 

and P5, P2 and P5, but also found between P3 and P5, P4 and P5. Therefore, in the 

test of 40℃, a remarkably increase on oil production rate been found in late-time 

production, which coordinates with the assumption “secondary foamy oil flow 

region”. In this region foamy oil flow happens again duo to the decreasing of gas 

oil ratio of oil, which lead to the heighten of oil viscosity and oil is produced in a 

relatively high rate until the production end. The sign of production is 

accomplished is, the pressure difference drops again to a certain level with the 

increasing oil viscosity. The oil mobility reduces to a value that cannot afford 

pushing oil through production channel and the production end at this point. 

Figures 3-15 to 3-17 show different pressure gradient of 3 experiments. 

 

Table 3-8 compared the oil and gas recovery under 20℃using different solvent, 

which illustrates the cost-efficiency of carbon dioxide been applied for foamy oil 

solution gas drive. In this study, the oil recovery factor in 20℃ is about 19.35% 

meanwhile the methane and propane performed 22.13% and 19.19% under similar 

depletion rates. Especially compared to methane’s experiment, in which we used 
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the same saturation pressure (2 MPa). Also, in pressure difference graphs, CO2 have 

proven a above the average efficiency that forming foamy oil flow. 
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Figure 3-16 Pressure Deference as Function of Production End Pressure - 40℃ 

 

 

 

 

 

Figure 3-17 Pressure Deference as Function of Production End Pressure - 40℃ 
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Figure 3-18 Pressure Deference as Function of Production End Pressure - 50℃ 
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Table 3-8 Comparison of Experimental Results in 20℃ (X, Zhou 2015) 

solvent 
Depletion 

rate 

Initial GOR 

Sm3/m3 
Oil recovery Gas recovery 

CO2 2 kPa/min 21.80 19.35% 82.12% 

Methane 1.70 kPa/min 6.62 22.13% 94.86% 

Propane 1.92 kPa/min 74.70 19.19% 36.82% 

Methane-

Propane 

Mixture  

1.84 kPa/min 25.3 15.61% 69.91% 
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3.4 Chapter summary 

In this chapter, four set of experiment are completed, and the results are quite 

interesting. Firstly, compared to the results from X, Zhou (2015), the recovery 

efficiency of carbon dioxide excellent when take the solvent gas into consideration. 

The experiment of using carbon dioxide as solvent solution gas obtains the similar 

oil recovery factor with methane under same initial saturation pressure and similar 

pressure depletion rates. Secondly, with the temperature increases, the foamy oil 

flow becomes weaker due to the decreasing viscosity, showing a decline in oil 

recovery factor and incremental in gas recovery factor. However, with the 

continuously gas production, the oil viscosity increases when the flow behavior 

becomes foamy oil flow again. 
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Chapter 4 Experimental Study on Foamy Oil Flow with Different Viscosities 

4.1 Introduction 

After the insight of previous work been revealed, which refer to the lower 

temperature comes with the higher oil recovery factor, a thought comes to my mind: 

there must be an optimal lower temperature that gives the most oil recovery factor 

since it seems like oil is reluctant to booming its recovery in northern countries 

where the winter is as cold as Ice Ages. 

 

In previous chapter, the variable of experiments is temperature and the different gas 

saturation pressure resulting from the elevated temperature. Oil sample, solvent gas, 

the properties of sand-pack (porous media), original gas oil ratio, the whole 

experiment apparatus and even the production procedure are perfectly the same. 

Temperature change reduces the viscosity of oil and the remarkably increases the 

mobility of oil phase, which means the viscosity of oil have a great influence on oil 

recovery. Therefore, the key in this chapter is to study the effect of viscosity on 

foamy oil flow. 

 

Many researchers have noticed that the role of viscosity in heavy oil. (Smith, 1988) 

conducted modified buildup tests to obtain foamy oil condition in in-situ condition 

by assuming that in the function kh/μ the only unknow is the viscosity of foamy 

oil. The results of buildup test show the in-situ foamy oil has a viscosity between 
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100 to 500 mPa s. whereas the viscosity of single-phase crude oil was measured in 

the range of 1700 to 3500 mPa s. Although this method is doubted by (Maini, 1999), 

measuring and studying the viscosity of live heavy oil is still truly problematic 

especially during its production when it is flowing, and the properties of oil is 

changing unpredictably. (Bora, 1998) measured the viscosity of dispersed gas in 

heavy oil system. He found that the dispersion viscosity was higher than the 

continuous liquid phase viscosity. Maini and Sarma (1993) suggest that two factors 

are presented for non-aqueous foam stability, which has strong effect on foamy oil. 

One is the viscosity of heavy oil and another is the high molecular weight. He also 

concluded that the mobility of heavy oil is not firmly increased by the presence of 

nucleated gas bubbles. High viscosity of heavy oil is often suggested as a reason 

for stability of gas bubbles in heavy oil systems and the sound stability of gas 

bubbles is fundamental for foamy oil flow (Kumar, Pooladi-Darvish and 

Okazawa,2002). It prolongs the foamy oil flow region and make it last longer 

during the production. 

 

Wang, Jian (2009) did sand-pack experiments to study on foam quality and half-

life period of foamy oil for different oil viscosity at 25 °C ambient pressure. The 

results of their research indicate that viscosity has positive effect on foamy oil’s 

stability. Firoozabadi (2001) believe that high oil viscosity contributes to the 

recovery efficiency. 
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Shen and Batycky (1996) found there is an enhancement of foamy oil and 

concluded that foamy oil mobility was increased due to bubble nucleation. It was 

attributed as lubrication (or slippage) effect. The nucleated bubbles are reducing 

the viscosity of live foamy oil with this lubrication effect and the oil mobility is 

enhanced. Wong (1997) did pressure depletion test in different temperatures and he 

found temperature and viscosity do not have obvious effect on bitumen recovery. 

However, in his experiment, pressure depletion rate was too high that 

supersaturation dominated the production and there was very strong foamy oil flow 

since he used 200 kPa to 500 kPa pressure depletion rate in every minute. High 

intensity of supersaturation will induce more gas bubble nucleation or to form new 

gas bubbles and a high recovery. These ultra-high pressure depletion rate is not able 

to achieve in field. If the effect of viscosity change is to be studied, other effect 

such as pressure depletion rate should be weakened so that it will not disturb our 

experiment. 

 

4.2  Research objective 

It can be concluded that the effect of viscosity on foamy oil flow is complicated. In 

this chapter, viscosity is chosen as variable to conduct sand-pack pressure depletion 

test under the same temperature to research on following objectives. 

1. Study the effect of different viscosity on foamy oil and oil recovery factor. 

2. Determine optimal dead and live heavy oil viscosity for optimizing foamy oil 
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flow behavior. 

 

4.3 Experimental section 

4.3.1 Materials 

In this chapter, two sand-pack pressure depletion test have been conducted with 

two different heavy oil samples with variety of oil viscosity. The viscosity of two 

heavy oil specimens is displayed in Figure 4-1and 4-2. The heavy oil samples are 

provided by Saskatchewan Research Council (SRC) and Husky Energy Inc. 

respectively. 
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Figure 4-1 Dead Oil Viscosity Data with Different Temperature Oil Sample #1 

 

 

 

 

 

 

 

Figure 4-2 Dead Oil Viscosity Data with Different Temperature Oil Sample #2 
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4.3.2 Experiment setup 

The experiment setup is the same as last chapter. The sand-pack is filled with glass 

beads then the porosity and permeability are measured using de-ionized water. With 

a back-pressure regulator uploaded with certain confining pressure, the live oil, 

which is prepared the same way as in last chapter with the same initial gas oi ratio, 

is injected into sand-pack about 1.5 PV under injection rate of 0.08 ml/min. The 

properties of sand-pack are listed below Table 4-1. 

 

4.3.3 Relative permeability test 

The next step is measuring the live oil relative permeability. Because the water 

saturation is relatively low, which even is not flowable and can be regarded as 

connate water saturation, an assumption is made that the live oil relative 

permeability is equal to absolute permeability of sand-pack. After sand-pack is 

fully saturated with live oil, different flow rates of live oil are continuously flowing 

through the sand-pack. The pressure difference is recorded among pressure 

transducers along the sand-pack and the viscosity of live oil is calculated by using 

Darcy’s law: 

μ =
𝑘∗𝐴∗∆𝑃

𝑞𝑙
                             (4.1) 

where,  

𝜇 is the viscosity of the live oil. In this experiment two different oil sample are 

used as testing fluid; 𝑘 is permeability, μm2; 𝑞 is flow rate, 𝑚𝑙/𝑠𝑒𝑐;, cp. 𝑙 is 
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the length of sand-pack, cm; 𝐴 is the cross-sectional area of sand-pack, cm2; ∆𝑃 

is pressure difference, atm.  

4.3.4 Viscosities of heavy oil sample  

Measuring the viscosity of heavy oil is vulnerable due to the specialty rheological 

property of heavy oil. “ideal heavy oil viscosity is obtained from uncontaminated 

sample preserved at or correctly restored to reservoir conditions, and using a perfect 

viscometer having no inherent limitations. Heavy oil viscosity is practically 

measured cost-effectively. i.e., using an affordable apparatus and dead oil samples 

acquired and prepared without involving expensive operations. It is almost 

impossible to obtain the real heavy oi viscosity; however, in the present work, care 

has been taken to minimize the error in measurement and provide accurate viscosity 

data.” 

 

The live oil viscosity is calculated below Table 4-2 and Table 4-3. As shown in 

table, the live oil average viscosity of sample one is 430 cp and the average live oil 

viscosity of sample two is 982 cp in 40℃. However, the crude oil viscosity in 40℃ 

temperature of oil sample one is around 1560 cp and the for sample two is 29800 

cp. This indicates that CO2 has huge effect on reducing the oil viscosity especially 

for extra-heavy oil. 

  



75 
 

Table 4-1 Pressure Depletion Test Sand-pack Properties 

# Experiment Porosity (%) 

Permeability 

(D) 

Oil Saturation 

(%) 

Water 

Saturation 

(%) 

Oil sample #1 37.68 10.33 92.56 7.44 

Oil sample #2 35.36 8.99 94.87 5.13 

 

Table 4-2 Live Oil Viscosity Oil Sample #1 

 

 

Table 4-3 Live Oil Viscosity Oil Sample #2 

 

  

40℃ 

Flow Rate 

(ml/min) 

Viscosity (mPa s) Average 

Oil Sample 

#1 

0.2 427.60 

429.27mPa s 0.3 400.69 

0.6 459.52 

40℃ 

Flow Rate 

(ml/min) 

Viscosity (mPa s) Average 

Oil Sample 

#2 

0.1 951.95 

891.99mPa s 0.4 811.60 

0.5 912.43 
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4.3.5 Production 

After the pressure data is acquired for live oil viscosity calculation, the valve at the 

injection end is kept closed. The pressure at the production end is confined by back 

pressure regulator with a pressure gradient of -2 kPa/min, which is the same as 

other four experiments in last chapter. 

 

4.4  Results and discussion 

4.4.1 Overview 

The summary of production data is listed in table 4-4. 
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Table 4-4 Overview of Experiments Results. 
Experiment Oil Recovery (%) Gas Recovery (%) Cumulative Gas Oil 

Ratio Sm3/m3 

Oil Sample 

#1 

14.10 82.12 144.22 

Oil Sample 

#2 

10.43 85.88 99.44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 
 

4.4.2 Oil Production 

As the results, the lower viscosity gives the higher oil recovery factor, which is 

opposite to what is observed in previous study. In last chapter, with the elevating 

temperature, oil viscosity decreases, and heavy oil recovery is weakened. If we 

combine three experiments that are all 40℃  but in three different crude oil 

viscosity, it will become more straight-forward (Figure 4-5). 

 

Comparing with the results of three experiments, it can be found that the 

intermediate viscosity sample gives the highest oil recovery. The results also 

illustrate that with the increasing viscosity, to some extent, the oil recovery is 

enhanced. However, starting with a viscosity which is an upper limit, the oil 

recovery factor decreases with the increasing of viscosity. 
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Figure 4-3 Oil Sample #1 Oil Production 

 

 

 

 

 
Figure 4-4 Oil Sample #2 Oil Production 
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Figure 4-5 Oil Recovery Comparison 
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Figure 4-6 Gas Production Oil Sample #1 

 

 

 

 

 

Figure 4-7 Gas Production Oil Sample #2 
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4.4.2 Gas Production 

Gas production pattern is the same as that in last chapter: the lower viscosity result 

in higher cumulative gas recovery. Two gas production data are listed in Figure 4-

6 and Figure 4-7. 

 

The pseudo bubble point pressure can be found in two figures, which is around 

2730 kPa for oil sample #1 and 3300 kPa for oil sample #2. The pattern of gas 

production is similar to other experiments. The gas is produced after pseudo bubble 

point in a relatively constant rate until the end of the production. 

 

4.4.3 Production Pressure 

The trend of pressure transducer data as function of production pressure is the same. 

When production pressure drops from bubble point pressure to pseudo bubble point 

pressure, the pressures along sand-pack decrease at the same time. When 

production pressure reaches pseudo bubble point pressure, pressure difference 

occurs.  

 

 

 

 



83 
 

 

Figure 4-8 Production Pressure Oil Sample #1 

 

 

Figure 4-9 Production Pressure Oil Sample #2 
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As time elapsed, the pressure difference decreases slowly, with decreasing oil 

production rate. When the production pressure reaches the secondary foamy oil 

flow, the pressure difference raises again. Notice that in oil sample #2, the pressure 

difference shows up distinctly. But because of the high oil viscosity at the late-time 

production, the mobility of oil phase reduced sharply, and gas is not able to function 

as a driving force to push oil out of production channel even though there are up to 

360 kPa pressure between P4 and the outlet P5. The results indicate that the 

intensity of secondary foamy oil flow strongly depends on crude oil viscosity. To 

strengthen the secondary foamy oil flow, for oil sample #2, the production pressure 

should increase again to reduce oil viscosity after a large portion of gas have 

evolved from system. 
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Figure 4-10 Production Pressure Difference Oil Sample #1 

 

 

 

 

 

Figure 4-11 Production Pressure Difference Oil Sample #2 
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Figure 4-12 Oil Recovery as Function of Live Oil Viscosity 

 

 

 

 
Figure 4-13 Oil Recovery as Function of Dead Oil Viscosity 

  



87 
 

Chapter 5 Conclusion and Recommendation 

In the thesis research, two series of experiments were conducted aiming to find out 

the key mechanisms or factors that influence foamy oil flow behavior for different 

purposes. In the first set of experiments, elevating temperature leading to the 

decrease of the intensity of foamy oil flow and oil recovery factor. In the second 

set of experiments, the study went deeper to the viscosity. Now the conclusion can 

be summarized as follow. 

1) For oil production behavior, with the rising of the viscosity, it shows an optimal 

oil viscosity for the best oil recovery factor. There is also an optimal oil 

viscosity for late-time of experiments that boosts the oil production. 

2) For cGOR behavior, in general production GOR increases with the decreases 

of oil viscosity. In late-time production GOR will decrease due to the abrupt 

increase of oil production.  

3) New flow region is observed after solution gas drive region, which helps oil 

production when given a favor condition. 

4) With the elevating of the experiment temperature, oil recovery factor drops, but 

gas recovery factor increases. 

5) Oil recovery manifests a non-linear relationship with viscosity when dead oil 

becomes more viscous, while cumulative gas oil ratio falls rapidly. 

6) With the temperature increases, the foamy oil flow becomes weaker due to the 

decreasing viscosity, showing a decline in oil recovery factor and incremental 

in gas recovery factor. However, with the continuously gas production, the oil 
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viscosity increases when the flow behavior becomes foamy oil flow again. 

7) There is a critical dead oil viscosity that the foamy oil flow vanished below this 

value when temperature increases. While foamy oil gets stronger when 

viscosity is higher with increasing temperature. 

8) With the increasing of the temperature, heavy oil viscosity decreased which 

increased the mobility of oil phase and made it more flowable. However, it is 

not linear relationship between oil recovery and oil viscosity (Figure 4-12 and 

Figure 4-13). In the region that oil viscosity is relatively “low” (22000 cp), the 

oil recovery factor increases with the increasing oil viscosity. When oil 

viscosity went higher (between 2200 to 6300 cp), the oil recovery factor 

decreases with the increasing crude oil viscosity. If consider the live oil 

viscosity, it can be drawn that oil recovery factor increase with increasing live 

oil viscosity. However, for oil sample #2, in late-time production the viscosity 

of oil dominated and stopped production. Therefore, both the viscosity of live 

oil and crude gas free oil should take into consideration when determining the 

oil recovery factor using viscosity as a reference. The oil recovery as function 

of live and dead oil viscosity is shown below. 

9) A concept is introduced to have better description and understanding of foamy 

oil flow behavior: the secondary foamy oil flow. The secondary foamy oil flow 

is the later-time foamy oil flow behavior that in later production stage of low 

viscosity solution gas heavy oil reservoir, due to the evolving of free gas, the 

viscosity of heavy oil increase rapidly which reformed foamy oil flow. The 
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secondary foamy oil flow cannot be seen in extra-heavy oil reservoirs, but the 

tendency exists. Due to the high viscosity of extra-heavy oil the pressure 

gradient cannot drive oil anymore.  
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The recommendation for future work is listed as follow: 

1) This study utilized carbon dioxide as a gas solvent to process solution gas drive, 

which showed a cost-effective means of enhance oil recovery. Therefore, more 

type of gases should be tested as a solvent gas in pressure depletion primary 

production. Nitrogen and air are recommended due to the low price of the gases 

and the relatively easy feasibility of acquiring for the production field.  

2) This study has proved that there is a best live and dead oil viscosity that is the 

most suitable for oil production. However, the range of the optimal oil viscosity 

is still to be verified. More oil specimens and experiment temperatures are 

needed to quantify the best oil viscosity. 

3) Scale-up analysis is needed to fit and guide oil field production in terms of 

pressure depletion rate, foamy oil mobility and temperature. 

4) Based on the results and proposed concepts in this study, if only take foamy oil 

flow (in relatively low viscosity heavy oil reservoir) as consideration, oil field 

could take advantages of secondary foamy oil flow by modifying the 

temperature of the reservoirs in early and late time of production periods. 
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