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Abstract 

Most of the consolidated rock reservoirs are to some extent naturally fractured, but when 

the fractures do not affect the fluid flow, they are not taken in account and the reservoirs can be 

modelled as conventional reservoirs. However, in some reservoirs the fractures play a large role 

in the fluid flow. In such cases, the fracture properties must be considered in modeling the flow 

processes and the reservoir must be modelled as a naturally fractured reservoir (NFR). 

The exploitation activity related to the NFR, is often limited to the primary recovery. 

Only recently, the industry has started to implement Enhanced Oil Recovery (EOR) techniques 

in such reservoirs. With advancements in the data acquisition technologies, it is now possible to 

determine the fracture direction, length, thickness, morphology and angle. Such information is 

crucial for the implementation of EOR processes in NFRs. 

The laboratory modelling of EOR processes in NFRs is also challenging and the models 

used in the past were limited in terms of the number and the direction of the fractures. This work 

has developed a physical model that can mimic various multi-fractured systems and work at high 

pressures and elevated temperature. This model was used to investigate the performance of the 

gas injection under different conditions of injection rate and operating pressure. The operating 

pressure covered the range over which the gas moves from being immiscible with the oil to 

achieving first contact miscibility with the oil.  

In terms of recovery, the results were good in all tests and the oil recovery factor achieved 

ranged from 37 % to 43%, showing that even in a multi fractured system the oil can be recovered 

by gravity drainage and solvent extraction. The increase in pressure from immiscible conditions 

to first contact miscible condition resulted only in a modest increase in recovery. The effect of 

gas injection rate on recovery performance was significant for immiscible runs but at pressures 
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higher than the minimum miscibility pressure the recovery factor versus pore volumes injected 

curve was not significantly affected by the injection rate. 

 This analysis of recovery performance was complemented by using a numerical 

simulation model for investigating the effects of parameters that could not be changed easily in 

the experiment model. A sensitivity analysis was performed to see which parameters affect the 

recovery more strongly. It showed that the recovery is very sensitive to matrix capillary pressure. 

Other parameters that affect the performance significantly include matrix wettability and fracture 

spacing. These results showed that the simulator can provide good production forecasts, but 

accurate representation of all physical phenomena, such as asphaltene precipitation and matrix-

fracture interaction, would require fine grid simulation and a huge amount of numerical work.  
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CHAPTER 1 

1  Introduction  

Vapour extraction process VAPEX and Gas Assisted Gravity Drainage GAGD are 

powerful Enhanced Oil Recovery (EOR) methods that use gravitational flow to improve the oil 

recovery. These methods have been subject of study in several academic works, but only GAGD 

has had its benefits proven in field applications while VAPEX remains restricted to laboratory 

studies. 

This chapter discusses the importance of EOR activity in the Petroleum Industry around 

the world, and the potential of VAPEX and GAGD to contribute to the oil industry, which at this 

moment, demands environmentally friendly solutions that enhance production while minimizing 

the cost. 

This chapter also presents a brief description of EOR methods, as well as the better 

practices related to them, to highlight the advantages of VAPEX and GAGD in some situations.  

 

1.1  EOR Overview  

EOR in general is related to mature oilfields where the prevenient primary energy from 

the fluids in the reservoir has been exhausted and some kind of stimulation is necessary to 

continue production. This stimulation can be classified as chemical, thermal or by gases, 

Manrique (2010). 
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From the technical point of view, the EOR applications should be initiated earlier in the 

exploitation, and the EOR application would be benefited by the primary energy of the reservoir. 

However, to implement an EOR project early in the life of a reservoir, substantial additional 

investments are necessary and generally the industry is reluctant to spend large amounts at this 

stage, because in the beginning of exploitation there are more geological uncertainties and large 

investments have already been made in the exploration and development. In this scenario, using 

just the primary energy of the reservoir to produce oil where possible appears to be the preferred 

option since it does not require additional investments.  

In some cases the oil production is impossible using only the primary energy and the 

EOR must be applied from the beginning, for example, in extra heavy oil reservoirs the oil 

viscosity is so high that the primary energy is not enough to produce the oil.  In this situation the 

production is only possible using an EOR technique. In another situations the EOR must be 

applied from the beginning if required by the local regulatory authority.  

Examples related to the legislation occur when the reservoirs with huge gas caps or 

aquifers, start to produce large volumes of water, or gas, or both, from the beginning of their 

exploitation. If the gas or the water produced does not have commercial value, they must be 

discharged. Based on the legislation, that is country specific, the discharge can become very 

expensive. 

Generally the environmental laws related to water discharge require that the components 

harmful to the environment must be removed before the discharge. When this treatment is very 

expensive it becomes advantageous to inject this water back into the reservoir. Such injected 

water will at least maintain the pressure of the reservoir, thereby increasing the oil recovery. 
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Adding some chemicals to this water will provide other benefits for the oil recovery that will be 

discussed later in this chapter. 

The laws related to the discharge of gas are similar to water discharge laws, but they are 

more concerned with the greenhouse gas emissions, and the energy potential of the gas. 

Generally the legislations impose limits for the gas that can be discharged in each oilfield, and 

in many situations the discharge limit restricts the oil production. To produce more oil the gas 

discharge must be reduced by commercializing the gas, or by using it in the production facilities, 

or by injecting it in to the reservoir, i.e. by implementing an EOR process.  

1.1.1 EOR and Lithology 

Reservoir lithology is one of the key considerations in EOR. The properties of the rock 

defined by its lithology can limit the types of EOR that can be applied in a specific reservoir. 

Figure 1-1 shows that the majority of EOR applications have been made in sandstone reservoirs 

where the thermal methods are the most often applied methods, based on the database of 346 

published projects, Oil & Gas Journal Survey (2014). 
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Figure 1-1 EOR projects by lithology (based 346 database projects) Oil & Gas Journal 

2014 

Other reservoir properties such as pressure, temperature, oil viscosity are important 

factors in the performance of an EOR project. For heavy oils, for example, the thermal methods 

are the most used because the viscosity of heavy oil is much more sensitive to heat than the 

viscosity of light oils. Since viscosity is not an issue for light oils, chemical methods or gas 

injection are the most often applied EOR techniques. 

Operational conditions can be another important issue because they can restrict the 

application or sometimes make it impossible. Field location can also have a great operational 

impact since it impacts the availability of technology and resources. In offshore oilfields, for 

example, thermal methods cannot be easily applied because the available offshore technologies 

to prevent heat losses are limited; due to this, gas injection is the most often used EOR method 

in offshore oilfields, followed by the combination of gas and water injection. 
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1.1.2 Thermal Methods 

Thermal methods are the most used EOR methods in the world, and the main reason for 

this, is that that the heavy oil volumes around the world are higher than light oil, where most of 

them are situated in Venezuela and Canada.   

Thermal methods can be classified as in-situ generation and injection methods. In the in-

situ methods, thermal energy is generated in the reservoir by chemical reactions with the oil and 

injected air. In the injection methods thermal energy is generated at the surface and injected in 

the reservoir using high thermal capacity fluids such as hot water and steam. 

Cyclic Steam Stimulation (CSS) and steam flooding are the most popular injection 

methods and generally provide good recovery results. Usually, at the beginning of the 

development of a heavy oil field CSS is used and after some time it is changed to steam flooding. 

Good  examples of this practice are Carmopolis and Alto do Rodrigues fields in Brazil, and Kern 

River field in California, USA, where the oil  production reached 150 thousand barrels per day. 

Nevertheless there are some oilfields that do not follow this usual sequence. Cold Lake 

field in Canada, for example, has been doing very well just with the CSS. Steam Assisted Gravity 

Drainage (SAGD) was tried in Cold Lake in a pilot project, but the economic performance was 

not so good in comparison with CSS, as can be seen in the work of Scott (2002).  

SAGD uses a specific configuration of steam injection in which the gravity flow 

predominates, enhanced by the thermal activity in the reservoir. It is a very efficient method but 

the results are more dependent on the reservoir characteristics, such as thickness and vertical 

horizontal permeability ratio, while CSS and steam flooding are less sensitive to these properties. 

A large number of SAGD projects are situated in the northeast region of the province of Alberta 
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in Canada, more specifically in the reservoirs of McMurray formation, as reported in the work 

of Putnam and Christensen (2004).  

Hot water injection is useful in deep heavy oil reservoirs or in shale formations that 

become swollen in the presence of steam, such as Kaparuk field in Alaska. 

In-situ combustion (ISC) is the main in-situ method. Actually, it is the oldest thermal 

method with several projects developed in the past, but many of them failed due to economic 

issues and operational problems. Currently, there are few active ISC projects, Battrum in Canada 

(Moritis 2008), Suplacu de Barcau, Romania, Balol and Santhal in India, and Belleuve in USA 

(Turta, 2007).  

High pressure air injection (HPAI) is a variation of ISC applied in light oil reservoirs. 

HPAI has gained attention during the last two decades due to the activity in Medicine Pole Hills 

Field and Buffalo Field that reported good results. In the case of the Buffalo field, the 

performance of the air injection was compared with water injection in similar blocks of the field 

and the results showed that air injection had better results than water injection (Kumar, 2006).  

 

1.1.3 Chemical Methods 

Chemical methods are methods that change the properties of the rock and fluids in the 

reservoir by injecting chemical agents with water into the reservoir. The main methods that fit 

this description are the surfactant flooding, polymer flooding and Alkali-Surfactant-Polymer 

(ASP). 

Polymer flooding is the most applied chemical method, and attempts to improve the 

sweep efficiency by changing the mobility ratio between oil and water. Several current projects 

are situated in China in the fields of Daqing, Gudao, Gudong and Karamay among others. Other 
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countries that have reported polymer flooding at large scale include Argentina (El Tordillo 

Field), Canada (Pelican Lake) and Brazil (Buracica and Canto do Amaro fields) (Shecaira et al., 

2002).  

Surfactant flooding works by modifying the interaction between rock and fluids and by 

reducing the capillary trapping forces, thereby improving the displacement efficiency. However, 

the ASP process is considered more promising because it works on the capillary forces and 

mobility ratio at same time. In the 80’s the method gained the attention of the industry. However, 

the lower price of oil combined with the high costs of the surfactants limited its use. Today, with 

the development of improved surfactants chemistry, the industry is again paying attention to this 

method. 

 

1.1.4 Gas Injection Methods 

In this category, gases are injected in the reservoir and the injected gas can be immiscible 

or miscible with the oil. In the immiscible injection, the injected gas increases or maintains the 

reservoir pressure and displaces the oil towards the producer well. In the miscible injection, the 

pressure can also be increased or maintained, but the greater advantage is due to the reduction of 

the oil viscosity and drastic reduction of the interfacial tension between oil and gas that reduces 

the residual oil saturation. Gas methods are usually applied in medium and light oil reservoirs 

and are the most often used EOR methods in carbonate reservoirs. 

Miscible injection appears to be more advantageous than the immiscible since it requires 

a lower gradient pressure to displace the oil bank. However, each gas requires specific conditions 

of pressure and temperature to reach miscibility with the reservoir oil. Nitrogen (N2) for example 

just reaches the miscibility conditions in deeper reservoirs (high pressure), but it has been used 
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under immiscible conditions for pressure maintenance, cycling of condensate reservoirs and as 

a drive gas for miscible banks. Cantarell is currently the largest N2 injection projects in the world. 

It is an offshore carbonate reservoir and the work of Sanchez (2005) has reported its outstanding 

results. 

The Cantarell project can be classified as GAGD application because the reservoir has a 

big gas cap into which the N2 is injected. The producers are located in the bottom of the reservoir, 

while the injectors are located at the top of the reservoir making the gravity flow prevail, thereby 

postponing the gas breakthrough and maintaining the reservoir pressure for longer time. 

CO2 is one of the most popular gas used in such kind of method, and USA is the country 

that has more active projects today, since it has huge natural sources of CO2. The good results 

reported in the USA projects has contributed to the popularity of the CO2 and several projects 

around the world have been reported. In Brazil, Miranga, Buracica and Rio Pojuca fields 

implemented CO2 injection but only the first one remains active. Canada has promoted CO2 

injection as a technology to mitigate the emissions of greenhouse gases and Zama, Pembina, 

Swan Hills and Enchant fields have had CO2 pilot projects implemented, as reported in the work 

of Lakeman et al (2008).  

Hydrocarbons have also been used as injected gases in onshore and offshore fields. In 

onshore fields this practice is being performed at a lower scale, since the hydrocarbon gases have 

commercial value. However, in the offshore fields the situation is different and the produced 

hydrocarbon gases are either re-injected into the reservoir or flared. However, there are not too 

many offshore hydrocarbon gas injection projects reported in the literature. 

The VAPEX process can be classified as gas injection method and although it has not 

succeeded in the field yet, experimental results in the literature have shown that it is a method 
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that has great potential. VAPEX was developed as an alternative to SAGD in heavy oil reservoirs 

in which the steam application is problematic either because of the small formation thickness or 

larger depth of the reservoir.  

A big issue in gas injection projects is the sweep efficiency; generally the gas tends to 

create fingers in the reservoir causing an earlier breakthrough. To mitigate this effect, WAG 

(water alternating gas) methods are used. WAG relies on the relative permeability effects that 

reduce the mobility of the gas, which improves the sweep efficiency and increases the oil 

recovery factor. 

In VAPEX and GAGD the gas is injected near the top of the reservoir and oil is produced 

from the bottom by gravitational flow. A better description of VAPEX and GAGD will be 

provided later in Chapter 2.  
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1.2  Statement of the problem 

The oil consumption has been increasing in the last several years all over the world, and 

according to the Brazilian Petroleum Agency (ANP), the worldwide consumption has increased 

from 84 million barrels per day in 2005 to 95 million barrels per day in 2015. This consumes 

from the existing reserves a volume of approximately 35 billions of barrels per year. The 

evolution of oil consumption is presented in the Figure 1-2 below. 

Figure 1-2 Evolution of oil consumption around the world (ANP). 

To continue supporting this level of worldwide consumption, it is important to replace 

the consumed reserves, otherwise these reserves will be exhausted in foreseeable future. Now 

that the conventional hydrocarbons resources are scarcer, the industry has been investing in the 

exploration of unconventional sources of hydrocarbons. Countries like Japan and Norway have 

been looking for hydrates, while USA and Canada are focusing on the shale gas, tight gas, shale 

oil and tight oil. In Brazil, Angola and Nigeria the pursuit is for the offshore hydrocarbons 

sources from carbonate reservoirs of the aptian period, also known as pre-salt. Figure 1-3 shows 
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that the newly discovered accumulations are apparently successfully replacing the consumed 

reserves of oil. 

Figure 1-3 Evolution of proved reserves around the world (ANP) 

The definition of proved reserve is the volume that can be produced using currently 

available methods with economical gain and much of this increase in the reserve is due to 

increase of oil prices, which increased more than 40% between 2005 and 2014. From 2014 to 

2016 the oil prices decrease abruptly, even though the reserves did not decrease significantly 

from 2014 to 2015, Figure 1-4 show the evolution of the average oil price along the years. With 

this huge increase in the oil price in 2014, some resources that were uneconomic to exploit at 

lower prices became profitable and were reclassified as proven reserves. Now in 2016 that the 

oil price has decreased lower than the level of 2005, some of these proven reserves may be no 

longer valid. Therefore EOR in this scenario may provide a better alternative for adding reserves, 

by enhancing the oil production at lower cost.  
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Figure 1-4 Evolution of oil price (ANP) and Bloomberg 

VAPEX and GAGD are potentially the methods suitable for this scenario; they improve 

the sweep efficiency; they can work with low rates of injection ensuring a better energy balance 

in comparison with other EOR; and they are more environmental friendly especially if CO2 is 

used as the solvent, because the CO2 that would be released in the atmosphere is stored in the 

reservoir. They can also be good options for EOR in naturally fractured reservoirs (NFR). As 

mentioned before, the gas injection methods are the most used EOR processes in the carbonate 

reservoirs, and some reports in the literature already show good results for the VAPEX and 

GAGD applications in NFR (Ali Gul 2010, Fatemi 2009, Mahmoud 2008), but it is important to 

continue the research to further develop this technology. 
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1.3  Objectives of this work 

The main objective of this work is to examine the applicability of VAPEX and GAGD 

type EOR technology in naturally fractured offshore oil fields using lab experiments and 

numerical simulation methods.  The first step in this effort would be to evaluate the available 

analytical and numerical methods for predicting the GAGD performance, and if possible, 

develop an improved mathematical model capable of predicting the performance of these EOR 

methods in NFR.  

The experiments of this work will use CO2 as the solvent, since it is relatively inexpensive 

in comparison with other solvents; is less restrictive with oil composition and is a greenhouse 

gas, which means that injecting CO2 in reservoir mitigates the emissions of this gas into 

atmosphere.  

Experimental results will be compared with analytical and numerical methods available 

in the literature. It is hoped that the results of this research will answer the following questions: 

 Does a high-pressure environment favour the applicability of CO2 as a solvent for 

oil recovery? 

 Can the performance of solvent injection in naturally fractured reservoir be as good, 

or better, than in un-fractured reservoirs with good matrix permeability? 

 How does the performance change with operating pressure? 

 Is there an optimum gas injection rate for best performance? 

 Do the available numerical simulation models provide a good history match of the 

laboratory scale tests? 

 



 

14 

1.4   Structure Dissertation 

This dissertation has the following structure. In chapter 2, the general theories and past 

work related with this investigation are reviewed. The general models of fluid displacement are 

presented as well as the requirements for the use of VAPEX and GAGD technology are 

described. 

Chapter 3 describes the laboratory setup used in the experiments conducted in this 

research.  

Chapter 4 describes the numerical simulation modeling used for designing some of the 

experimental components and for history matching the experiments. 

In Chapter 5, the results obtained from the laboratory tests are presented, analyzed and 

compared with the numerical and analytical models available in the literature. 

Chapter 6 summarizes the conclusions and recommendations for future work. 
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CHAPTER 2 

 

2 Literature Review 

This chapter presents the current state-of-the-art in VAPEX and GAGD research. It 

includes a description of VAPEX and GAGD methods, numerical and analytical models, the 

screening criteria and a brief analysis of the published works related to these techniques in NFR. 

A discussion of the importance of characterizing the NFRs and techniques used to do this task is 

also included. 

2.1 VAPEX and GAGD Description and Applications 

VAPEX is a tertiary oil recovery method similar to SAGD applied on heavy oil and 

bitumen reservoirs. Likewise to SAGD, two horizontal wells parallel from each other and located 

in the same vertical plane are used as injector and producer where the injector well is above from 

the producer well. However in VAPEX, a vapor solvent is injected while in SAGD steam is 

injected. The solvent can be a light hydrocarbon, like methane, ethane or propane, or CO2. 

The main mechanism in the VAPEX process is molecular diffusion of solvent in the oil, 

which reduces the oil viscosity, the interfacial tension between the solvent vapor and the oil and 

improves the rate of oil drainage. The expected production rates are lower than SAGD for the 

same reservoir because the molecular diffusion rather than thermal diffusion controls the rate 

and it is relatively slow. VAPEX was developed for heavy oil and oil sand reservoirs where 

SAGD and another thermal methods cannot be applied, like thin reservoirs where the heat losses 

have a great influence on the economics of the project, and deep reservoirs where the pressure is 

very high and can limit the steam application by technical or operational limitations.  
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The GAGD is similar to VAPEX in regard to the well configuration and the use of the 

gravitational flow. However, in VAPEX the major concern is to promote a height spanning 

solvent chamber that connects the injector with the producer, while in GAGD the major concern 

is maintenance of the pressure in the reservoir, displacing the oil from the top to the bottom by 

the growth of the solvent chamber, but avoiding the premature connection between injectors and 

producers. GAGD is more suitable for medium and light oil and thick reservoirs, where the 

gravitational force can act in whole plenitude providing all the benefits of the method. 

The key difference between VAPEX and GAGD is that the operating temperature is 

lower than the critical temperature of the injected solvent in VAPEX but the reverse is true in 

GAGD. The solvent selection criteria depends on the reservoir and oil properties. For each oil 

and solvent composition at a specific temperature, there will be a specific minimum miscibility 

pressure where the solvent achieves total miscibility with oil. In GAGD, it is important to choose 

a gas that has the minimum miscibility pressure close to the reservoir pressure at the specific 

reservoir temperature, in this way, it is not necessary to inject at higher pressures and the 

gravitational flow prevails in the whole process improving the sweep efficiency.  

At the start of the VAPEX process, it is necessary to establish fluid communication 

between the injector and the producer wells. If there is no fluid mobility at the native reservoir 

conditions, then it becomes necessary to employ thermal means to heat up the inter-well zone. If 

some fluid mobility is present, communication can be established by injecting the solvent to 

displace the oil to the producer. The solvent eventually creates a vapor chamber and a vapor-

liquid interface between the undrained oil and the chamber. At this interface the solvent dissolves 

in the oil dilating its volume and reducing its viscosity, thereby making it flow to the producer 

well by gravity, as shown in the Figure 2-1.  
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Solvent dissolution in the oil reduces the vapor-oil interfacial tension and consequently 

the residual oil saturation is reduced, improving the displacement efficiency. In some VAPEX 

tests, the oil saturation achieved in the chamber zone (swept zone) was 19.6% (Derakhshanfar 

2009). At the same time the gravitational flow ensures a good sweep efficiency. These two 

benefits make VAPEX a complete oil recovery method since it leads to very good microscopic 

and macroscopic displacement efficiency. 

Figure 2-1 VAPEX schematic based on Yazdani (2009) draft 

2.2 VAPEX Analytical model: 

Butler and Mokrys (1989) developed a model to predict the oil rate in VAPEX analogous 

to the SAGD model. As in SAGD, the flow rate in VAPEX depends on the chamber growth, as 

the chamber spreads, an interface with diluted oil is created between the vapor chamber and the 



 

18 

undiluted oil, as cited earlier. Near this interface the diluted oil flows by gravity as shown on 

Figure 2-2. This model is considered the classic model of VAPEX and was developed for 

drainage in a Hele-Shaw cell. 

Figure 2-2: Thin mixing layer modeled for VAPEX, Boustani (2001)  

The model of Butler uses Fick’s second law of diffusion and Darcy’s equation of flow 

for the mass and momentum balance respectively. It is assumed that the mass transfer of solvent 

into the bitumen bulk is under pseudo-steady state condition, which means that the solvent 

concentration profile in the bitumen will not change with time. Another assumption is that the 

solute-solvent interface moves at a constant speed Ux in the direction x. By incorporating 
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appropriate initial and boundary conditions, the following relationship can be derived for the 

recovery rates.   

 
2.1 

Where Ns is a dimensionless number defined as: 

 2.2 

Where: 

Diff = intrinsic solvent diffusivity, m2d-1 

Δρ = solvent density change, kg m-3 

Cs = solvent concentration, vol. fraction 

μmix = mixture viscosity, kg m-1d-1 

Cs max = maximum solvent concentration in oil 

Cs min = a very small solvent concentration 

This model was developed to match the Hele-Shaw cell experiments, but it does not fit 

well with sandpack experiments. In order to get a better match for tests in packed models, Das 

and Butler (1994) introduced the cementation factor Ω and the expression to predict the oil rate 

becomes: 

 
2.3 

And now Ns is also a function of the cementation factor and a λ factor: 

 
2.4 

Where: 



 

20 

 2.5 

 The λ factor accounts for other factors that enhance the rate of mass transfer in porous 

media. These include the transient mass transfer at the interface aided by capillary imbibition 

and surface renewal, film drainage due to positive spreading coefficient and increased solubility 

(Yazdani, 2007). 

The rate limiting mechanism in VAPEX is the slow rate of solvent diffusion into the oil. 

In contrast, in GAGD the rate limiting mechanism is the maximum inflow rate of oil into the 

production well that can be used without encountering gas coning. The interface between the 

injected gas and oil is in GAGD is kept nearly horizontal and the rate of solvent diffusion is not 

a big concern.   

2.2.1 Diffusion and dispersion 

Molecular diffusion of the solvent vapor into oil phase is an important mechanism in 

VAPEX process. Diffusion rate is controlled by molecular diffusivity of the solvent in oil and 

its magnitude is very important to the effectiveness of oil viscosity reduction and interfacial 

tension reduction. 

Many theories were developed to predict the values of diffusivity in VAPEX; most of 

them are based on kinetic theory. As the use of kinetic theories requires simplifying assumptions, 

none of these theories is completely satisfactory to provide correct values of diffusivity in 

bitumen systems.  Correlations on the basis of molecular theory propose an inverse relationship 

between molecular diffusion coefficient and viscosity, as shown below: 

 2.6 Diff =am
b
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The values of α and β depend on the properties of solvent/solute pair; Table 2-1 shows a 

summary of several different diffusivity coefficient correlations, given by Boustani (2001). 

 

Table 2-1: Liquid Diffusivity correlations (Boustani, 2001)  

 Wilke & Change (1955) – All Solutes 

 Reid et al. (1987) 

 Hayduk & Cheng (1971) 

 Hiss & Cussler (1973) 

 
Hayduk et al. (1973) – Propane, Peace River 

Bitumen 

 
Das & Butler (1996) – Propane, Peace River 

Bitumen 

 
Das & Butler (1996) – Propane, Peace River 

Bitumen 

 
Hayduk & Minhas (1982) – Normal 

Paraffin Solute/Solvent 

 

The mass transfer model based only on the molecular diffusion is not able to explain the 

observed recovery rates in VAPEX experiments, which suggests that other mechanisms, like 

convective dispersion, may also be contributing and should be integrated into the mass transfer 

model. Although the incorporation of the dispersion effects into mass transfer model of the 
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VAPEX could lead to more accurate predictions of recovery rates in sand-packed VAPEX 

experiments, the dispersion models available in the literature do not fit well to VAPEX systems. 

Perkins and Johnston (1963) developed empirical correlations for estimating the 

dispersion coefficient, and in the region where both diffusion and dispersion are important their 

expressions for longitudinal and transverse dispersion are given below. 

  2.7 

  2.8 

Where: 

Dt = Transverse dispersion coefficient 

DL = Longitudinal dispersion coefficient 

dp = particle diameter 

σ = inhomogeneity factor 

U = fluid velocity in the direction of bulk flow 

Another option to obtain a reasonable value of dispersion coefficient is by numerical 

simulation history matching of the oil production in VAPEX experiments, using the dispersion 

coefficient as an adjustable parameter. However, this works well only when the numerical 

dispersion in the simulation model is insignificant compared to the physical dispersion. This is 

generally not the case and very often the numerical dispersion is larger than the physical 

dispersion. 
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2.2.2 Initial Displacement 

The preceding model was developed to predict oil rates after the VAPEX reaches steady 

state, which happens when the vapor chamber is full developed and the flux rate to the production 

well is driven by gravity drainage and molecular diffusion at the lateral boundary of the chamber. 

Before the space between producer and injector is filled with the solvent vapor, the initial 

production is mainly by displacement. If the reservoir has a high value of the width/height ratio, 

and the injector is located horizontally apart from the producer, the oil rate can be calculated by 

the following adapted Darcy expressions developed by Farouq Ali (2013): 

= ×
∆

+
 2.9 

If the injector is located above a producer, which is located at the bottom of the reservoir, 

the oil rate can be calculated by the expression below: 

=
∆

 2.10 

2.2.3 Fluids Characterization 

The dissolution of the solvent in the oil creates a mixture of oil and solvent with lower 

viscosity. A correlation to calculate the viscosity of oil-solvent mixture was developed by Shu 

(1984). It uses the properties of the oil and the solvent, like viscosity, density and concentration, 

to calculate the mixture viscosity, as follows. 

 2.11 

Where vs and vo are the kinematic viscosities of the solvent and oil, respectively. The 

parameters xs and xo are functions of oil and solvent concentration, as shown below. 
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2.12 

 2.13 

 

The parameter α is function of the viscosities and densities of the oil and solvent, as 

follows. 

 

2.14 

For hybrid process, where the viscosity changes with temperature and molecular 

diffusion, the viscosity-temperature model of Butler can be combined with the correlation of Shu 

to estimate the viscosity of the mixture by the expression below, developed by Rabiei (2012). 

=  
2.15 

In the above relationship, the exponent for oil-solvent mixture, and the dimensionless 

Temperature, TD, is calculated using the following expressions. 

 2.16 

 
2.17 

The preceding viscosity models have been used successfully in previous VAPEX works, 

however, for more complex oil compositions, these models do not give good predictions. 

Pedersen and co-workers (1984) noted that large molecules present in a mixture make a relatively 
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greater contribution to the viscosity than the smaller ones, and suggested that the viscosity of the 

mixture could be a function of the critical properties of the components along with the pressure 

and temperature, as can be seen in the expression below. 

, = ×
∙

,
∙

 
2.18

Here, the subscript o represents the reference component which is methane. Critical 

properties of the mix are calculated using the following mixing rules: 

=
∑ ∑ / / + /

/ /

∑ ∑ / / + /
/

 

2.19 

=
8 ⋅ ∑ ∑ / / + /

/ /

∑ ∑ / / + /
/

 

2.20 

 The parameter z, in the above relationships, denotes the molar fraction of the components 

i and j. The molecular weight of mix is given by the expression below: 

= + −  2.21 

The average molecular weight is given by the following expression: 

=  2.22 

The model assumes that the contribution of each molecule is proportional to its weight, 

to ensure this, a weight average molecular weight is inserted in the molecular weight mix. The 

weight average molecular weight is given by the following expression: 
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=
∑
∑

 2.23 

With the molecular weight of the mix we can calculate the parameter α for the mixIt is 

important to note that the parameter α in the Pedersen model is different from the parameter α of 

Shu model. The parameter α for the reference component is function of the reduced density of 

this component, as can be seen from the following expressions: 

= 1 +  2.24 

= 1 + 8.374 ∗ 10  2.25 

The parameters b1, b2, b3 and b4 can be calculated by least squares or by any other 

regression method. Pedersen model is ideal to use in numerical simulators where the fluid and 

reservoir properties are calculated for many time-steps. At each time-step, the viscosity of the 

mixture is calculated with respective values of component properties in the reservoir, giving a 

better representative behavior of the mixture viscosity. 

  

2.2.4 In situ upgrading  

One of the purported advantages of the VAPEX process is possible improvement in the 

quality of the oil by de-asphalting of the crude oil. The level of upgrading depends on the solvent 

used and the oil properties. The advantage is that the oil gains commercial value and becomes 

easier to transport and refine, however the precipitated asphaltene can cause formation damage 

and reduce the rate of oil production.  



 

27 

Marciales et al (2014) evaluated mixing rate by the diffusion and asphaltene precipitation. 

The author found that low carbon number solvents yield faster diffusion and higher asphaltene 

precipitation while higher carbon number solvents yield slower diffusion but lower asphaltene 

precipitation. Sometimes the precipitated asphaltene can plug pores reducing the transmissibility 

of the reservoir. However it is more likely to happen in low permeability reservoirs. 

Although several laboratory investigations have been reported on the effect of asphaltene 

precipitation in VAPEX, most of them used very high permeability porous media. Haghighat et 

al. (2010) conducted several VAPEX experiments in a sand pack with a permeability of 

approximately3 Darcy, using propane as solvent in most of the runs, at different operational 

conditions to evaluate the effect of asphaltene precipitation on VAPEX performance. They found 

significant upgrading of oil but at cost of substantial formation damage.  

The upgrading of oil was analyzed by the asphaltene percentage and viscosity reduction 

in the produced oil. In Figures 2-3 and 2-4 their results show that the increase in propane pressure 

provides a better upgrading of the oil.  
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Figure 2-3 Asphaltene fraction in produced oil samples, Haghighat (2010). 

Figure 2-4 Dead Oil viscosity in produced oil samples, Haghighat (2010). 
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In the lower pressure Run #5, there was no upgrading because the dead oil viscosity and 

asphaltene fraction did not decrease. The results were compared with the data of Yazdani (2004) 

who used a physical model under the same conditions, but with much higher permeability (~600 

Darcy) and found no evidence of asphaltene precipitation. In Run #1, the upgrading effect was 

stronger than the damage effect, because of cumulative dead oil production was reached in less 

time. However, in Run #2 the damage effect became stronger and production of 500 ml of 

cumulative dead oil took more time than the precipitation free run, as can be seen in Figure 2-5. 

Figure 2-5 Cumulative dead oil produced for different pressures Haginhat (2010). 

In lower permeability porous media in-situ upgrading must be controlled during the 

VAPEX process in order to maintain the upgrading effect more dominant than the damage effect. 

It can be done by regulating the solvent pressure or the solvent composition.  
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In GAGD applications the upgrading of the oil is insignificant in comparison with 

VAPEX, since in GAGD the major concern is maintenance of pressure in the reservoir and the 

solvent concentration in the oil often remains below the asphaltene precipitation threshold. 

2.2.5  Screening of Reservoirs  

The performance of VAPEX is very dependent on the reservoir characteristics, like 

permeability, height of the formation, presence of aquifer and gas cap, as reported in the work 

of Singhal & Das (1996). Under certain conditions the application is not possible and other 

methods must be evaluated. 

2.2.6 Permeability 

High values of absolute permeability ensure high transmissibility and fluid rates, but 

more important than the absolute permeability is the vertical permeability. The vertical 

permeability must be high enough for the injected solvent to develop a vapor chamber. Some 

authors recommend a value of at least 0.7 for the vertical-horizontal permeability ratio Kv/Kh for 

SAGD applications that can be extended to VAPEX; this value ensures the chamber creation and 

spread, since, without a vapour chamber, the gravitational drainage becomes limited. 

In the work of Mahmoud (2008) it was reported that vertical fractures enhance the oil 

recovery of GAGD applications, as fractures are paths of high permeability, a similar effect is 

expected in reservoirs with high vertical matrix permeability values. 

2.2.7 Thickness 

The total height of the formation has a great influence on the process performance. With 

greater height, taller vapor chambers can be created and the gravity forces can act with more 

intensity and for more time.  Consequently, the oil rates are greater than at lower heights. Yazdani 
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et al. (2006) used physical models with varying heights to run VAPEX experiments; the results 

showed much greater than expected height dependency but confirmed the square root 

dependency of oil rate on permeability proposed in the classical model of Butler. 

In GAGD the oil displacement is made in the vertical direction, which means that a higher 

thickness will contain a higher volume of oil that can be recovered, furthermore the gravitational 

forces will be stronger than the capillary forces. Reservoirs with huge thickness are becoming 

scarcer, but a similar effect can be achieved in reservoirs with low thickness but with large dip 

angle.  

2.2.8 Capillary forces 

Capillary forces can be related with permeability, as larger the pore size lower will be the 

capillary force. Capillary forces act against the gravitational forces, which means that large pore 

size is better for VAPEX and GAGD, because the gravitational forces will overcome the 

capillary forces. Furthermore, problems with reduction of the permeability can be minimized in 

rocks with large pore apertures. 

The capillary pressure delays the solvent breakthrough and establishment of connection 

between the wells. High capillary pressure also increases the residual oil saturation in the swept 

zones. 

Similarly, high values of capillary pressure are not desirable in GAGD process, since 

they will act against the oil flow and as the process is often immiscible, there will be less 

reduction in the residual oil saturation. It means that high capillary forces will generally be 

detrimental in GAGD and VAPEX.   
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2.2.9 Gas Cap and Aquifer Influence 

Reservoirs with a gas cap can be a problem for a VAPEX process since solvent losses to 

the gas cap may affect economics of the process. However small gas caps can improve the 

performance of VAPEX by the migration of solvent into the gas cap, thereby accelerating the 

mass transfer by providing a large contact area and improving the performance, as shown in the 

work of Karmaker and Maini (2003). 

In GAGD the reservoir is pressurized by the gas cap, so a big gas cap will require larger 

volume of injected gas to reach the desired pressure. However, a larger areal extent of the gas 

cap will be beneficial, as it will distribute the gas laterally. 

The presence of a bottom water aquifer in VAPEX can be beneficial, since the water zone 

can serve as a means of providing initial injectivity and it spreads the solvent underneath to the 

reservoir. However, it is important to use a water insoluble solvent, otherwise the VAPEX 

performance can be prejudiced by large solvent losses to the water zone. 

A better way to improve VAPEX performance in the presence of an aquifer is to inject 

the solvent at the oil-water interface, this would increase the contact area and the oil would be 

produced through a counter current contact of rising solvent vapor and draining oil with a 

significant enhancement of the extraction rate. This configuration of VAPEX is also called 

counter-current solvent extraction, as shown on Figure 2-6. 
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Figure 2-6: Counter-current solvent extraction schematic 

 

 The presence of aquifer is not a big problem in the GAGD process, actually GAGD is 

indicated for these type of reservoir, because the sweep is made from the top to the bottom, and 

with good control of the operational parameters like injection pressure and production pressure, 

the aquifer influence can be minimized and more oil can be recovered. 

2.3  Hybrid Steam Solvent Process 

The idea of a hybrid process is take advantage from the viscosity reduction promoted by 

steam’s temperature increase and by solvent’s dilution effect. The increase in temperature raises 

the miscibility pressure and reduces the solvent’s solubility, but some field tests show good 

results; like the Solvent Aided Process (SAP) developed by ENCANA in Senlac, Saskatchewan, 

Farouq Ali (2013). In this process butane was injected with steam for several months and 

enhanced the oil rate by more than 50% compared to SAGD wells without solvent. In Cold Lake, 
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Alberta a small amount of gas condensate was injected with steam and the production increased 

100% in comparison with the wells operating with steam only, this process was named Liquid 

Addition to Steam Enhanced Recovery (LASER) Manrique (2010). 

Butler and Mokrys (1991), created a process of VAPEX combined with hot water 

injection. In this process a solvent and hot water is injected simultaneously into the reservoir, a 

vapor chamber is created and as it spreads laterally, the diluted oil is drained by gravity to the 

producer.  Near the production well, the solvent diluted oil interacts with hot water and a part of 

the solvent in oil is boiled off in to the solvent chamber. The great advantage of this method is 

that it allows recycling of the solvent without bringing it to surface. Their results showed that 

the mass of solvent required per unit mass of recovered oil is 0.5 kg/kg. The final oil recovery 

was 80%, which is far higher than what could be obtained by hot water alone, as shown on Figure 

2-7. 

Figure 2-7: Cumulative Production VAPEX + Hot Water, Butler & Mokrys (1991) 
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Expanding Solvent-SAGD (ES-SAGD) is another variant of SAGD with solvent co-

injection method. In this method solvents are selected according to the phase behavior of solvent 

at steam temperature and reservoir pressure in order to promote simultaneously water and solvent 

condensation at the steam boundary. Muskametshina et al (2014) used lab experiments to 

investigate different solvents (n-hexane and toluene) and different procedures of injection 

(continuous and cyclic) for an ES-SAGD process. The results showed that at ES-SAGD reduced 

the viscosity considerably in comparison with a simple SAGD run, and the energy consumption 

was lower for the ES-SAGD experiments which means that ES-SAGD is a more efficient and 

profitable method and it is more environment friendly. 

The key factor in working with co-injection of solvents and steam, is the reservoir 

pressure and temperature of steam. Rabiei et al. (2012) developed a semi-analytical model to 

calculate the flow rate for hybrid SAGD VAPEX process. They found that the dispersion effect 

has importance in the process for lighter oils. Higher operating pressures improve the hybrid 

process. The expression obtained to calculate the oil rate is similar to the expression of the 

Butler’s model, but it takes in account the solvent effect, as shown below:   

 
2.26 

Where qR is the ratio of the steam-solvent oil flow rate at one point to the steam-only oil 

rate, defined by the expression below. 

 2.27 

Where: 

mo = exponent viscosity for the oil 
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a = fitting parameter 

Pe = Peclet Number 

γ = dimensionless solvent penetration 

 
2.28 

The parameter α is obtained from Equation 14 of this chapter and the exponent  for 

the mixture of oil and solvent is obtained from Equation 16. 

The combination of SAGD with GAGD was presented by Mohsenzadeh et al (2012), in 

this work the authors initially performed experiments with GAGD in fractured carbonate rock 

samples from outcrops, the maximum oil recovery achieved in the matrix was only 14%, so the 

author decided to implement the experiment with a secondary SAGD combined with the gas 

injection. The SAGD was implemented only when the oil production was decreased to zero, the 

results were very impressive and one of the experiments achieve 70% of oil recovery factor. 

Netaifi et al (2015) compared the GAGD efficiency with the combination GAGD with 

water injection in different configurations, water alternating gas injection WAG, and 

simultaneous water alternating gas injection SWAG. The authors performed experimental runs 

in glass bead fractured model and the results were very impressive with 70% oil recovery factor 

for GAGD and WAG runs and 63% for SWAG run. This work showed that gravitational drainage 

can be effective even when the gas injection is combined with water. This is an important result 

since there are situation where the cost of gas injection is higher than the water injection and this 

combination can make the project economically attractive. 
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2.4  Numerical Simulation  

VAPEX and GAGD are not thermal methods, and a compositional simulation is the best 

option for VAPEX and GAGD, especially in miscible applications. The great advantage of the 

full compositional simulation is that it uses equations of state (EoS) to determine phase 

equilibrium of the components, which is the best way to represent oil-sands and heavy oil phase 

behaviors. 

For hybrid process that mix VAPEX with thermal methods a thermal simulation must be 

used. Some simulators use the full compositional simulation with thermal simulation but the 

numerical work is intense and the simulation demands more time. Some numerical simulations 

use a pseudo-compositional simulator, where K-values correlations are used to calculate the 

phase equilibrium instead the EoS, the pseudo compositional simulation with thermal simulation 

is a good alternative to simulate the hybrid applications since it requires less time.  

2.4.1 Capillarity pressure and Interfacial Tension 

Capillarity pressure and interfacial tension are very important to VAPEX because they 

are strongly related to the residual oil saturation of the reservoir. Interfacial tension is function 

of the fluids and operating conditions. Higher values of interfacial tension means more difficulty 

in removing oil from the reservoir. Capillarity pressure acts as an ascending force in opposition 

to the gravity flow, it is directly proportional to the interfacial tension and inversely proportional 

to the pore radius. 

Rostami et al (2007) used the numerical simulator STARS in a two-dimensional model 

based on laboratory scaled physical model properties with height, length and width of 67.5cm, 

15.2 cm and 3.1 cm respectively to evaluate the effect of capillarity pressure and interfacial 

tension on the performance of VAPEX process. The author used a base case with the normal 
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values of capillarity pressure, and two other cases, where the second case used the values of base 

case multiplied by ten and the third case that used the base case multiplied by a hundred. 

The results showed that the capillarity pressure hinders solvent breakthrough and 

establishment of well communication, consequently the oil recovery is lower for the second and 

third case, the chamber development is also altered and for higher values of capillary pressure, 

the chamber spreads more horizontally. Before the communication is established between the 

wells, the oil rate is higher for the case base, and even after establishing the communication 

between wells the oil rates of the case two and three remains lower than the base case, as can be 

seen in the Figure 2-8 below: 
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Figure 2-8 Cumulative Oil vs Capillary pressure, Rostami (2007), 

To evaluate the interfacial tension effect, the author considered the effect of coming close 

to miscibility on relative permeability. The author considers that VAPEX is not a fully miscible 

process, because during the dissolution a considerable reduction in the interfacial tension occurs 

and the residual oil saturation is reduced, but in a fully miscible process the interfacial tension is 

reduced to zero. Based on this concept, two relative permeability models were constructed to 

include the effect of interfacial tension reduction, the base case and the case with lower residual 

oil saturation that represents the behavior with lower interfacial tension.  
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 The results were analyzed by the cumulative oil and gas production and showed that 

interfacial tension has a great influence on the VAPEX since the lower interfacial tension model 

provides higher values of cumulative gas and cumulative oil, as illustrated in Figure 2-9. 

Figure 2-9 Effect of Interfacial Tension on Cumulative Volumes, Rostami (2007), 

2.4.2 VAPEX and GAGD in Fractured Reservoirs 

The presence of fractures can be beneficial in VAPEX and GAGD, because they can help 

in the development of the gas chamber, but sometimes it can accelerate the solvent breakthrough 

and elevate the gas saturation near the producer well reducing the oil recovery. The performance 

of VAPEX and GAGD in a fractured reservoir is dependent on characteristics of the fractures 

such as direction, location, density, length, storage and transmissibility. There are not that many 
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studiesworks related with VAPEX and GAGD in fractured reservoirs due to the limitations 

imposed by the lab experiments and numerical simulators.  

Rostami et al. (2005) used a compositional simulator to investigate the VAPEX process 

in high-pressure fractured heavy-oil reservoir. The author used a conventional un-fractured 

model and a model with multiple fractures to analyze the development of the chamber in both 

systems. The effect of solvent injection rate was analyzed using two different scenarios: different 

injection rate for the same total injection time, and different injection rate with the same pore 

volumes injected. The properties of the base model are summarized in Table 2-2. 

Table 2-2: Data for initializing the conventional model, Rostami (2005) 

Length in X direction 35 cm 

Length in Y direction 35 cm 

Length in Z direction 3.05 cm 

Number of grids 2,209 

Bulk Volume 3,680 cm³ 

Porosity 0.3105 

Permeability 10 md 

Number of pseudo component 8 

EoS PR (1979) 

Temperature 21°C 

Initial pressure 1,000 psia (6,890 Kpa) 

Initial dead oil viscosity 500 cp 

Initial water saturation 0.187 

Residual oil saturation 0.2 

Number of injectors 1 

Number of producers 1 

Solvent Injection System 75% C1 + 25% C3 (mole %) 
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The fractured model was similar to conventional model, the difference being the 

inclusion of symmetrical vertical fractures parallel to the path injector-producer, with intrinsic 

fracture porosity of 0.99 and permeability of 10,000 mD. The relative permeability was from an 

Iranian carbonate reservoir for the matrix of the reservoir. For the fractures the relative 

permeability curves were assumed to be two straight lines with 45° angles. 

  Results showed that fractured system benefits the solvent propagation through the 

reservoir; the solvent advance in the fractured reservoir is faster compared to the non-fractured 

system. The solvent tends to flow in the fracture creating fingers, later the solvent zones from all 

neighboring blocks combine with each other creating an integrated solvent zone similar to that 

in the conventional system. Figure 2-10 shows the viscosity distribution at different times for 

both models. 
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Figure 2-10 Viscosity distribution in conventional and fractured model, Rostami (2005) 

The injection rate analysis shows that higher cumulative oil mass was reached with higher 

injection rates for the same amount of time, however for the same pore volume injected the lower 

injection rate provided the higher cumulative oil. Figure 2-11 shows the cumulative oil mass for 

equal injected pore volume. 
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Figure 2-11 Cumulative oil mass at different injection rates (same injected pore volume), 

Rostami (2005). 

This result showed that the injection rate is an optimization parameter for a project, the 

lower value will provide higher oil recovery, however it will require more time to achieve and 

that can penalize the project economically. The optimal value of injection rate must take in 

account the dimensions of the system, rock and fluid properties and breakthrough time of solvent. 

Azin et al (2005) developed a model considering the mass transfer and fluid flow 

characteristics of VAPEX. The model was validated with lab experiments and is capable to 

predict the production rate in all stages of a VAPEX process. Subsequently, the authors included 

fractures in order to evaluate the VAPEX performance under different operational conditions. 

They first tested two different samples of oil, one with low viscosity and other with high 

viscosity. The results showed that optimum injection rate and the corresponding oil recovery are 

higher for the low viscosity heavy oil. 
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 This is an important result because heavy oil with lower viscosity are less sensitive to 

temperature, which indicates that VAPEX can be competitive with thermal methods for this type 

of oil. However, for high viscosity heavy oil or bitumen the viscosity is very sensitive to 

temperature and thermal methods have a better performance and will be always the first choice 

under this condition. 

The authors also tested the influence of the matrix permeability in the fractured system 

for both oil samples. The results showed that changing the matrix permeability does not make 

too much influence in the cumulative oil production for the low viscosity oil. However, for the 

high viscosity oil sample, decreasing the matrix permeability will significantly decrease the 

cumulative oil production. 

Rahnema et al (2008) used lab experiments and numerical simulation with scale analysis 

to evaluate VAPEX process in fractured carbonate reservoirs. The properties of oil and rock used 

in the experiments and simulation are described in Table 2-3.  
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Table 2-3: Properties of VAPEX Cell 

Length in X direction 67.3 cm  

Length in Y direction 15.3 cm 

Length in Z direction 3.18 cm 

Number of grid cells 1,800 

Average Matrix Porosity 0.39 

Average Matrix Permeability Not mentioned 

Number of components 7 

EoS SRK 

Temperature 27°C 

Initial dead oil viscosity 6,450 cp 

Number of injectors 1 

Number of producers 1 

Solvent Injection System 100% C3  

Fracture Width 2 mm 

Fracture Permeability 5,000 D 

Fracture Porosity 1.00 
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Results from experimental work showed that in early stages solvent flows preferentially 

through the fractures and surrounds the matrix blocks, after that the solvent get into the matrix 

creating a chamber. The cumulative oil rate was greater for the fractured system indicating that 

the presence of fractures is beneficial for a better performance of VAPEX process, Figure 2-12 

shows the cumulative oil for the conventional and fractured models.  

Figure 2-12 Cumulative oil in fractured and non-fractured models, Rahnema (2008) 
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The numerical simulation model was validated by the matching with the experimental 

results, which are in good agreement for the saturation profile of both fractured and conventional 

system.  As can be seen on Figures 2-13 and 2-14 

Figure 2-13 Oil saturation profile VAPEX cell and simulation model for base case, 

Rahnema (2008). 
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Figure 2-14 Oil saturation profile VAPEX cell and simulation model fractured case, 

Rahnema (2008). 

The oil rates from the numerical model did not match very well with the initial period 

values. This period corresponds to the development of the chamber and the production is mainly 

by displacement and not by gravitational drainage with molecular diffusion. However as soon as 

the chamber is created the values achieve a good match, and the production is mainly by gravity 

drainage and molecular diffusion. Since this is the part of the process in which the residual 

saturation is reduced and more oil is produced, it is considered that the overall match is good and 

the numerical simulation can predict the performance of the VAPEX process. 
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Since the numerical simulation was in good agreement with experimental results, the 

numerical model was extrapolated to a field scale model of the Kuh-e-Mond naturally fractured 

reservoir. The authors developed a scaling procedure based on the diffusion time scale and 

convection time scale, as follow: 

 2.29 

Where ε is the characteristic length of mass diffusion. 

 2.30 

Drainage velocity can be calculated by Darcy law, ignoring capillary forces and gas 

viscosity, as follow: 

 2.31 

Mass diffusion and oil drainage must reach a balance and, in general, diffusion time scale 

approaches to convection time scale. Based on this scaling, the laboratory conditions can be 

extrapolated to field conditions using the expression below: 

 2.32 

Their simulation model was dual porosity dual permeability and for sake of simplicity 

interaction of block to block was neglected; more detailed information is show in Table 2-4. 
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Table 2-4: Properties of sector model of Kuh-e-Mond for both fractured and conventional 

cases 

Reservoir Properties Fractured Model Conventional Model 

Length in X direction 30 m 30 m 

Length in Y direction 4 m 4 m 

Length in Z direction 20 m 20 m 

Number of grid cells 3,750 3,750 

Matrix Porosity 0.26 0.26 

Matrix Permeability 75 mD 75 mD 

Temperature 139.3 °F 139.3°F 

Connate Water Saturation 0.28 0.28 

Number of injectors 1 1 

Number of producers 1 1 

Solvent Injection System 80% C3 + 20% C1 80% C3 + 20% C1 

Fracture Perm. Permeability 34,000 mD - 

Fracture Porosity 1.00 - 

Initial Pressure (psia) 927 (6412 Kpa) 927 (6412 Kpa) 

Initial Oil Viscosity 6,400 cp 6,400 cp 

 

The simulation of Kuh-e-Mond showed that the development of the vapour chamber is a 

little bit faster for the fractured model, though the cumulative oil rate is substantially higher than 

the conventional model. It lead to the conclusion that in reservoirs with low permeability the 

fractured network provides communications for solvent, the solvent flows faster through 

fractures and forms solvent fingering in early stages, which can affect regions at farther distances 

from the injection well. So, at later stages of the process the solvent zones from neighboring 

fingers combine with each other and form an integrated zone, similar to the chamber formed in 
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conventional reservoirs. Therefore, under similar conditions, the amount of the solvent diffused 

into heavy oil is higher in the fractured system compared to a non-fractured one. 

Fatemi et al (2009) used the numerical simulation model, validated in the work of 

Rahnema (2008), and analyzed several properties of the fractures, such as direction, extension, 

dispersion and interaction between models, the results showed that vertical fractures improve the 

VAPEX efficiency by increasing the cumulative oil recovery while horizontal fractures decrease 

the oil recovery. In addition, the extension of the fractures improves the beneficial effect of the 

vertical fractures and accentuate the negative effect of the horizontal fractures. The opposite 

happens when some discontinuities are inserted in the fractures, these discontinuities decreases 

the beneficial effect of the vertical fracture and decrease the detrimental effect of the horizontal 

fracture. 

The benefits of the vertical fractures are also related to their distance from the injection 

well, if they are located far from the injection well their beneficial effect is minimized. This was 

shown in the work of Ali Gul (2010), who used numerical simulation to analyze four different 

combinations of fractures configurations, as can be seen in the Figure 2-15. 
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Figure 2-15 – Fracture configurations Ali Gul (2010) 

The results were analyzed by the cumulative oil production, and as expected, the 

configuration with two vertical fractures achieves the better results. The configuration (d) 

provides the worst result since the fracture scheme provides a direct channel from the injector to 

the producer, inducing a premature solvent breakthrough. The configuration (b) provide a higher 

oil production than the configuration (a) indicating that in this situation a horizontal fracture can 

be beneficial, by improving the injectivity and by spreading the injected solvent in the reservoir 

while a vertical fracture far from the injector well does not make much difference in the process. 

There are few publications on numerical simulation regarding GAGD in NFR, but the 

benefits of the fractures were demonstrated in the experimental works of Mahmoud (2007) and 

Mahmoud & Rao (2008).  

In the work of Mohammed (2015) it was presented an experimental and numerical 

simulation study to investigate the role of driving forces and miscibility in non-equilibrium 
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compositional displacements in NFRs under gravitational drainage. Their experiment results 

showed that gravity drainage displacement yields more oil recovery compared to a horizontal 

displacement for the same NFR, because gravity drainage is mainly controlled by the balance 

between the capillary and gravity forces. Their results also showed that multi contact miscibility 

floods give higher recovery than first contact miscibility floods under the same conditions of 

gravity drainage, which is an important result since it is not always possible achieve first contact 

miscibility in field applications.  

Watheq et al (2015) used the numerical simulation to evaluate the application of GAGD 

in South Rumaila Oil field located in Iraq. Although it is not a NFR, the methodology of this 

work and results can be extended to any GAGD application. The authors first performed a 

sensitivity analysis (SA) with 13 geological uncertain parameters and some controllable 

operational parameters using the statistical method Latin Hypercube Sample. The SA showed 

that only 7 of this parameters have a significant effect in the oil production. Based on this 

parameters the simulation model was adjusted with the field production and the adjusted model 

was extrapolated with a GAGD application that showed an attractive result to the oil field.  

2.5  Characterizing NFR 

For a long time, it was believed that the fracture occurrence was random, and so were its 

characteristics, so the industry was not concerned to identify and characterize the fractures in the 

reservoirs. Furthermore, the data acquisition tools in the past were not capable of getting enough 

information from the reservoir to characterize the fractures. However, with the advancements in 

technology of the data acquisition tools, today it is possible characterize the fractures in the 

reservoir and associate these properties according to other characteristics such as geology, 
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morphology, lithology and associated stress. It means that the occurrence of the fractures, as well 

as their properties are not random incidents. 

The presence of fractures and wormholes in the reservoir creates different patterns of 

fluid flux. Since fractures and wormholes have much higher permeability and porosity than the 

rest of reservoir, they act like channels that conduct the main fluid flux through the reservoir 

while the matrix of the reservoir act like fluid sources or sinks for these channels. Therefore, it 

is important to characterize the NFR correctly in order to get accurate predictions of fluid flow. 

2.5.1 Lithology 

An important factor to characterize NFR is the reservoir lithology, carbonates and 

sandstones display different properties for fractures and matrix. In general, the fractures 

properties in carbonates such as porosity and permeability are higher due to its brittleness and 

chemical reactivity, while matrix in sandstones has higher values of porosity and permeability. 

The sandstone reservoirs are generally more homogenous than carbonates because they 

are created by the transport of the sediments and the process of deposition induces the sorting of 

the grains. During the transport of the sediments the bigger grains will deposit in the higher 

velocity parts of the route, while the minor grains will be only deposited in the lower velocity 

parts of the route creating zones with specific properties. In contrast, most carbonates sediments 

are often born in the same environment and are made by organisms such as corals, clams, algae, 

or by the direct precipitation from sea water.  

Carbonate minerals (calcite, dolomite, gypsum, anhydrite) are more reactive than 

sandstones minerals (quartz, feldspar, clays) and there are other process related to carbonate 

rocks, like recrystallization, that can change the properties of the reservoir. Recrystallization is 

related to pressure and temperature changes in reservoir and may result in enhancement of the 
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reservoir properties in limestones and dolomites, otherwise if large crystals are formed, 

permeability and porosity can decay. Fracturing can occur due to tectonic activity or by the 

increasing of pressure above the fracturing pressure; in general, fracturing increases the 

permeability but it can also increase the channeling through the reservoir. Table 2-5 summarizes 

all the processes and their respective effects in carbonate rocks.  

Table 2-5 Summary of the effects of various processes on porosity and permeability of 

carbonate rocks 

Process Favorable Effects Unfavorable Effects 

Dissociation Increases ø and k - 

Dolomitization Increases ø and k - 

Fracturing Increases k Increases Channeling 

Recrystallization 
May increase pore size 

and k 
Decreases ø and k 

Cementation by 

calcite, Dolomite, Anhydrite, 

Pyrobitumen, Silica 

- Decreases ø and k 

 

General equations that describe the flow through fractured reservoirs can be developed 

by the same principles used for the flow of a constant compressibility fluid in conventional 

reservoirs. In addition, considering the inherent complexities of multi-phase flow, dual 

permeability flux model describes reasonably well the fluid flow in fractured reservoirs and can 

be used for this kind of reservoir for VAPEX and GAGD modeling. The model is described in 

the Appendix A.  
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Understanding the fluid flow behavior of VAPEX and GAGD in NFR is important not 

just for applying the method in this type of reservoirs but also to apply it in stratified reservoirs 

with low permeability layers were the chamber cannot be developed and the solvent may get 

trapped. In this situation the engineer can evaluate if creating hydraulic fractures before applying 

VAPEX or GAGD is a feasible option. 

2.5.2 Morphology 

Morphology relates the form of the fractures with its properties, such as porosity and 

permeability. Morphology of the fractures can be open, deformed, mineral-filled and vuggy. 

Open fractures do not contain any kind of secondary mineralization and are uncemented, 

for this reason they are very sensitive to the reservoir depletion and tend to close totally and 

relatively fast. In cases when the reservoir pressure is abnormal (higher than the correspondent 

fluid hydrostatic pressure at given depth), the fractures close even faster, but in the cases where 

the reservoir pressure is subnormal (pressure is below to the corresponding hydrostatic pressure 

at a given depth), this problem is minimized and the fractures do not close completely. This type 

of fractures increases the permeability of the reservoir in the direction parallel to the fracture but 

decreases the permeability in the perpendicular direction. 

Deformed fractures are subdivided in gouge-filled and slickenside fractures. Gouge-filled 

fractures are created by the finely abraded material resulting from grinding or sliding motion; 

this type of fracture reduces drastically the permeability in both directions. The slickenside 

fractures are created by the frictional sliding along a fracture or fault plane, this type of fracture 

can strongly increase the permeability in the parallel direction but can strongly reduce it in the 

perpendicular direction. 
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Mineral filled are the fractures cemented by secondary mineralization. If the fracture is 

fully filled by secondary mineralization the permeability will be reduced drastically, however if 

the secondary mineralization is partial, the cementing agents will act as natural proppant and 

hold the fracture open during the reservoir depletion maintaining the same permeability. 

Vuggy is the most desirable morphology of fracture because it provides good storage, 

good permeability and they do not close as the reservoir is depleted. Acidification processes in 

the rock create Vuggy fractures. 

2.5.3 Storage Capacities 

The NFR storage can be classified according to the capacity of fractures and matrix for 

storage and flow. Sometimes the matrix has a great capacity for storage but its permeability is 

very small and it cannot feed the fractures in a profitable time.  In this situation, any project in 

this reservoir must be developed considering only the storage of the fractures; otherwise it will 

not be profitable. 

Storage capacity is classified as Type A, B and C. In Type A the main storage comes 

from the matrix while the main flow capacity comes from the fractures. In type B the main 

storage is equal in matrix and fractures, but the main flow comes from the fractures. In type C 

both storage and flow come from the fractures. 

2.5.4 Geology 

The geologic classification of the fractures is related to the forces that created them. 

While the tectonic and regional fractures are created by surface forces, contractional and surface 

related fractures are created by body forces. 

Tectonic fractures are attributed to a local tectonic event and can be fault related or fold 

related. The fault related fractures are associated with the regional stress and are developed by 
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the application of surface or external forces. While fold related fractures are more associated to 

the folding process than to regional stress that cause folding. 

Regional fractures are fractures that cover huge areas and follow the same pattern, there 

are many theories that explain the existence of the regional fractures, and the most reasonable is 

that they are created by the uplift of the formation. They are very conductive because there is no 

offset across the fracture plane. 

Contractional fractures are created by desiccation, syneresis, thermal gradients and 

mineral phase changes. In the desiccation process the fractures are created by the shrinkage of 

the rock in clay-rich environments due to loss of water in subaerial drying and have the form of 

cuspate polygons. In the syneresis process the rock is dewatering by salinity change or pore 

chemistry change and have a form of a tridimensional polygon. In thermal process, the fractures 

are created by cooling the rock and their formation is dependent on the formation of a thermal 

gradient across the rock. In mineral phase changes the fracture is created due to the volume 

reduction, a good example is the dolomitization, where the phase change from calcite to 

dolomite. 

2.5.5 Fracture Intensity 

The fracture intensity in the reservoir can be related with petrology data, such as rock 

composition, grain size, porosity and permeability of the matrix and geometry data, like bed 

thickness and structural position. 

The mineral composition of the rock is an important factor in the fracture intensity 

because by the composition it can be determined how ductile is the rock. The mineral ductility 

increases in the following order quartzite, sandstone, dolomite and limestone, basically 

increasing the ductility of the rock will decrease the intensity of the fractures. 
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The grain size significantly affects the fractures intensity and for the same lithology and 

force applied, the structure with small grains will generate more fractures because they are better 

arranged and their rupture tension is higher. 

Maintaining the same lithology and changing the porosity of the matrix, the fracture 

intensity will increase as porosity is reduced in the rock. 

The bed thickness has an inverse effect in the fracture intensity, and when it is reduced 

the fracture intensity increases. 

The intensity of fracture can also be related with the depth of the reservoir and lithology, 

and generally the fracture intensity decreases with depths in sandstone reservoirs because in the 

deposition process the bigger grains tend to be deposited near shore in shallower water. In 

carbonates it is more complicated to relate the structural position with the fracture intensity 

because they are more heterogeneous than sandstones.  

2.6 Matrix-Fracture Interaction 

Pore aperture is the property that determines the rate at which the matrix can feed the 

fractures. It is related to the porosity and permeability of the matrix and can be determined by 

the following expression Aguilera (2003) 

= .
.

 2.33 

The pore aperture classification is given according with its value, for the highest values 

they are called megapores, which have the potential to feed the fractures in thousands of barrels 

of fluid per day, while smallest ones are the nanopores and generally they are so small that they 

do not feed the fractures. Figure 2-16 shows the correlation of pore aperture with porosity and 

permeability of the matrix. 
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Figure 2-16: Pore Throat radii as function of the permeability and porosity of the matrix, 

from Aguilera (2003) 

Capillary forces and gravitational forces have a great role in the transfer of fluid between 

fracture and matrix. In Chapter 4 it will be discussed further but basically the capillary pressure 

profile is different in fractures and matrix, making the pressure of phases different in matrix and 
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fracture. The exchange flow will be made from the higher phase pressure locaion (matrix or 

fracture) to the lower phase pressure location. Likewise the gravitational forces push the phase 

with higher density from matrix to fracture, the gravitational forces are dependent on the 

thickness of the fracture and matrix and density of the fluids. 

The shape factor (see appendix A) is a parameter that quantifies the open area of matrix 

in contact with fracture. In the equation of flow of matrix to fractures gravitational and capillary 

forces are multiplied by the shape factor, so the shape factor acts as a controller agent that 

determines the fluid transmission between matrix and fractures. 

2.7 Intrinsic and Effective properties 

Work with fractures becomes a question of scale and in analytical models and numerical 

models, the common practice is extend the properties of fractures and matrix to the entire 

analyzed volume that contains them. 

The intrinsic properties correspond to a particular volume of interest, for example the 

porosity of fractures consider just the volume of the fractures and is calculated by dividing the 

void volume in fractures by the fracture volume. The effective fracture porosity is calculated 

considering the total bulk volume that contains fractures and matrix, and now the fracture void 

volume is divided by the total bulk volume. 

The matrix intrinsic porosity is obtained by measuring the porosity of un-fractured cores. 

The effective matrix porosity is calculated by multiplying the intrinsic matrix porosity by the 

fraction of bulk volume occupied by matrix and can be expressed as function of the intrinsic 

matrix porosity and the effective fracture porosity, as shown in the following expression. 
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∅ = ∅ ∗ − ∅  2.34 

The intrinsic permeability of the fracture is obtained by combining Poiseuille’s law with 

Darcy’s law. Assuming the flow to be laminar and parallel to fracture planes, and ignoring the 

fracture roughness and related friction factor, the intrinsic fracture permeability is given by the 

following expression: 

=  2.35 

Here the parameter wf is the fracture thickness.  

The effective fracture permeability is calculated by assuming that the flow perpendicular 

to the cross-sectional area of the bulk volume where the effective permeability acts is equal to 

the flow perpendicular to the cross-sectional area of the fracture where intrinsic permeability 

acts. In other words, the effective permeability is calculated by distributing the flow that occurs 

in the fractures to entire cross-sectional area of the bulk volume. We can calculate the effective 

fracture permeability by the following expression. The parameters DIFRAC, DJFRAC and 

DKFRAC are the distances between fractures in the directions I, J and K and are illustrated in 

the Figure 2-17: 

= + +  2.36 
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Figure 2-17 Schematic of the Fracture Distances 

  

2.8 Potential of CO2 as solvent in VAPEX and GAGD 

The use of CO2 as VAPEX or GAGD solvent had being considered by its lower cost 

among the other solvents. Another advantage is the control of greenhouse gases emissions 

because these gases are harmful to the environment and when the CO2 is used for improved oil 

recovery, a part of this CO2 remains stored at the reservoir instead to being released into the 

atmosphere. CO2 also gives greater reduction of viscosity in comparison with other solvent 

carrier gases at same conditions of pressure and temperature. 

The work of Talbi et al (2003) evaluated the use CO2 with propane as solvent in VAPEX 

process. They ran experiments in sand-packed physical models and compared the performance 

of CO2 plus propane with that of methane with propane. The comparison showed that CO2 had 

better performance in experiments at higher pressure; the recovery factor was approximately 
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10% higher. In the experiments at lower pressure, the performance of the methane with propane 

mixture was slightly better with oil recovery factor 2% higher than the CO2 plus propane. 

Many countries around the world have programs for development of the use of CO2 for 

EOR. However, USA is the country that has more active CO2 projects, mostly because they have 

big CO2 reserves which makes the CO2 application cheaper. The CO2 applications use not only 

the natural sources but also the industrial sources and some of the CO2 that would be released 

into the atmosphere is being used for EOR. Figure 2-18 shows the active CO2 EOR projects in 

USA in year 2014. 

Figure 2-18: CO2 EOR activity, from Oi l& Gas Journal 2014 
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The CO2 from natural sources, in general, is pure and does not have impurities but the 

CO2 from industrial sources, in general, contains some impurities like N2, SO2, H2S and natural 

gas liquids (NGL), which will change its properties like density, miscibility and viscosity. These 

changes will potentially impact all operational stages of the process like transport, compression 

and injection. Figure 2-19 shows the phase behavior of pure CO2 and CO2 with impurities.  

Figure 2-19: Phase Equilibria of pure CO2 and CO2 with impurities (Wilkinson, 2010) 

Impurities can impact the compression efficiency since during this stage the CO2 may 

form a dense phase while the other components remain in the vapor phase, sometimes hydrates 

can be formed and it is very important to analyze the impure CO2 behavior and its impact on 

compressor operation. In the case of hydrate formations, it becomes necessary to carry out a 

dehydration treatment. 

The most used transport mode is the pipeline and the major concern in this kind of 

transport is the temperature changes, which may be very significant in cold ocean bottom or hot 

desert environment. Multi-phase flow can occur and the transport efficiency can be impacted. 
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Seevan (2007) showed that the presence of 5% N2 along with CO2 reduces volumetric flow rate 

and required recompression distances by 50%. These conditions make the use of pipeline 

capacity inefficient.   

Mireault et al (2009) discuss the phase behavior changes due to the presence of impurities 

such as H2S and CH4 that occur in the injection tubing; the main impact observed is the change 

of the injection rates without any apparent change in the wellhead pressures. These changes are 

more pronounced during the injection in depleted reservoirs, a dense phase gas is formed that 

may be injected with only the hydrostatic head as a driving pressure. 
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CHAPTER 3 

3 Experimental Setup 

The lab experiments of this work simulates VAPEX and GAGD applications in a 

naturally fractured reservoir using CO2 as solvent. The modeling of this experiment is based on 

past works that used unconsolidated sands to represent the matrix rock and steel meshes to 

represent the fractures.  

In this work, rectangular blocks of Berea sandstones were used as the matrix rock. These 

blocks were stacked inside the rectangular cavity of a high pressure physical model. The 

separation between adjoining blocks was maintained by inserting small V-shaped metallic clips, 

made of stainless steel shim stock, between them. The gaps between the blocks simulated the 

fractures of the model, while the sandstone blocks served as the matrix. 

 The experimental apparatus consists of a physical model, an injection system and a 

production system. A schematic of the apparatus is presented in Figure 3-1 and the components 

are described in the legend presented in the Table 3-1, as follow.  
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Figure 3-1 Experiment schematic. 

Table 3-1 Experiment Components 

Component Number Description 

1 CO2 cylinder 

2 Syringe Pump 

3 Transfer Vessel 

4 Physical Model 

5 Back Pressure Regulator 

6 Separator 

7 Oil Collector 

8 Gas Collector 
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3.1 Experiment Components 

3.1.1 Injection System 

The injection system consists of two syringe pumps with storage capacity of 100 ml in 

each and a transfer vessel of one liter capacity. The transfer vessel was filled with the solvent 

and pressurized to the intended test pressure. Figure 3-2 shows the pump and the transfer vessel. 

The two pumps can be operated together in continuous flow mode and the panel of the pump 

provides readings of the flow rate, injection pressure, and the cumulated volume injected. The 

transfer vessel was equipped with a pressure gauge on the downstream side, to read the discharge 

pressure.  

The injection rates are controlled by the pump using deionized water that is injected into 

the bottom of the transfer vessel pushing a piston that expels the solvent from the transfer vessel 

towards to the physical model.  The injection rates can be constant or variable according to the 

specific objective of each experiment. To facilitate the management of the injection operation, 

the pumps are equipped with automatic valves. These valves can be programmed and the 

operations of refilling and pumping become automatic, and the pump can operate continuously 

without any manual intervention. 
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Figure 3-2 Syringe Pump and Transfer Vessel 
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3.1.2 Physical Model 

Physical models with cylindrical form deal better with pressure and require low thickness 

structure in comparison with rectangular cubic models. However in this work, it was necessary 

to use a rectangular cubic model, in order to assemble the proposed fracture-matrix system. 

The physical model is composed of three pieces of 2 inch thick anodized aluminum 

plates. A large rectangular hole was cut in the middle plate to form a chamber that stores the 

Berea blocks. The middle plate was also equipped with the connections used to inject and 

produce fluids and for installation of devices like gauges and thermocouples. The other two 

plates formed the structural walls of two inch thickness.  These walls have the function of sealing 

the physical model cavity and supporting the pressure of the experiments. The following Figures 

(3-3, 3-4 and 3-5) show more detail of the physical model and its dimensions. 
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Figure 3-3 Physical Model Perspective view. 

Figure 3-4 Physical model side view from outside. 
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Figure 3-5 Physical model side view from inside. 

The physical model is assembled by using thirty four class eight bolts with diameter of 

half inches and six inches of length. Two O-rings of a material resistant to CO2 and two Teflon 

gaskets are placed between the outer plates and the middle plate, and are responsible for sealing 

the physical model cavity. 

The injection line is placed at the top while the production line is placed at the bottom. A 

pressure gauge is used to monitor the pressure of the experiment. The physical model is placed 

inside of an air bath that controls the temperature of the experiment. Figure 3-6 shows the model 

placed inside of the air bath. 
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Figure 3-6 Physical model inside the air bath 

3.1.3 Production System 

The production system consists on a backpressure regulator (BPR), a separator, a gas 

collector and an oil collector. 

The BPR is placed outside the air bath and controls the production pressure. The BPR 

inlet is connected to the production line that comes from the physical model, the BPR outlet is 
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connected to the separator that separates oil from gas by flashing at near atmospheric pressure. 

The gas dome type BPR is pressurized by nitrogen; Figure 3-7 shows the BPR. 

Figure 3-7 Back Pressure Regulator 

The separator is a glass vessel that operates at near atmospheric conditions; the gas in 

solution is separated from the oil by flashing and the gas flows to a collector where it can be 

measured. Figure 3-8 shows in the detail the separator and the oil collector. The oil collector is 

the plastic cylinder placed inside of the separator bottle. 
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Figure 3-8 Separator and Oil collector 

The gas collector is a tank of 11 liters, the gas is measured by monitoring the pressure 

increase in the vessel. A pressure gauge assembled on the top, measures the pressure increase 

that gives indirectly the cumulated produced gas. When the pressure of the gas collector exceed 
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5 psig, the outlet valve of the BPR is closed and all the gas is released to the atmosphere before 

restarting the gas collection. Figure 3-9 shows the gas collector of the experiment.      

Figure 3-9 Gas collector detail 
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3.2 Experimental procedures 

The sandstone blocks are cleaned and placed inside the physical model, each block has 

approximately the average dimensions of (in x, y, z direction), 7.75 x 2.75 x 7.75 centimeters, 

while the physical model chamber has dimensions of 31.44 x 3.01 x 23.84 centimeters, for each 

block is associated one number, and its dimensions and weight are measured and registered 

according to this number. With these dimensions, the chamber has the capacity to assemble 

twelve cores organized in four columns and three rows. The metal cleats separate the cores in 

order to create five vertical fractures and four horizontal fractures, Figure 3-10 shows in the 

detail the matrix-fracture system configuration. 

  

Figure 3-10 Berea Sandstone assembled in the physical model  
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Before assembling the blocks in the physical model, we first measure the matrix porosity 

and after that, calculate the fracture porosity from measured total porosity. The matrix porosity 

is measured by dehydrating the Berea blocks in an oven, measuring its dimensions and weight, 

after that, the core is fully rehydrated with water and weighed again, the difference between the 

hydrated core and dehydrated core gives the water weight, and with the value of the water density 

we calculate the water volume which is equal to the void volume in the core, the matrix porosity 

is calculated by dividing the void volume by the core bulk volume. 

The model is packed by using a torque wrench, the torque is applied creating a clamping 

load in the bolts. The correlation between torque and clamp force is given by the equation below: 

=
12

 
3.1 

Where T is the torque, F is the clamp force, D is the nominal diameter of the bolt and K 

is the torque factor related to the lubrication conditions of the bolts that varies from 0.1 for very 

well lubricated conditions, to 0.25 for dry conditions. 

This work uses high pressure in the experiments, so it is important to not exceed the proof 

load of the bolts, which is the tension at which the bolts do not suffer any permanent deformation. 

Actually all the manufacturers recommend to use 75% of the value of the proof tension as the 

maximum desired proof load. For our bolts this value is 14,400 lbf.  

In order to not exceed this value, we calculated the torque using the torque correlation 

and the value of the proof load minus the additional force from the pressure in the physical 

model. The pressure load was calculated by multiplying the pressure in the physical model by 

the internal area and dividing by the number of bolts. In our work the physical model will be 

subjected to three different values of pressure (1200, 1000, 500 psi), that corresponds to the 
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maximum clamp loads of 10,588 lbf, 11,223 lbf , 12,811 lbf and maximum torques of 44 lbf*ft, 

46 lbf*ft, 53lbf*ft respectively. Figure 3-11 shows the torque correlation and these limits with 

more details.  

After assembling the dehydrated blocks in the physical model and tightening the bolts, 

the model was evacuated with a vacuum pump in order to calculate the porosity and saturate the 

model with oil. The porosity of the system can be calculated two ways. The first one is by 

connecting a vessel of oil to the physical model, the oil is injected by suction in the vacuumed 

system and the system porosity is calculated by the volume of oil imbibed into the model. The 

second one is by gas expansion volume. The physical model with unknown pore volume V1 is 

pressurized with gas to a pressure P1 and the physical model is connected to a vessel of known 

Figure 3-11 Torque correlation and Clamp Load Limits 
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volume V2 which has been evacuated to near zero absolute pressure. The valve between the 

physical model and the vessel is then opened to allow the gas to expand from the volume V1 to 

V1+V2. Assuming that the gas has the behavior of a perfect gas, the pore volume of the model 

can be calculated by the following expression: 

=
−

 
3.2 

The fractures can be considered completely empty and the intrinsic porosity of the 

fracture is equal to one, and the effective fracture porosity is the relation between the fracture 

void volume and the total bulk volume. 

The definition of the intrinsic and effective properties of matrix and fracture are described 

in detail in the chapter two, but at this point of the work we have all the necessary information 

to calculate these properties, these properties will give us an idea on how the fluid will behave 

during the experiment. 

Before saturating the model, it is important to check if the oil has solids or impurities that 

can disturb the readings of the experiment or even damage the equipment. In case that suspended 

solids are present, the oil must be cleaned by using a centrifuge before injecting in the model. 

The oil is injected until the physical model achieves the desired pressure. The physical 

model is sealed with two O-rings that are resistant to CO2 and two Teflon gaskets. Before going 

to the next step we must ensure that the model is leak free by observing the pressure in the model 

for a period of 24 hours. If a leaking is found, it must be corrected before continuing with the 

experiment. 

The test pressures of the experiments were defined according to the minimum miscibility 

pressure MMP of CO2 with the oil, which was calculated by using numerical methods and the 



 

83 

Peng and Robinson equation of state. For the oil used in experiments, the calculated MMP was 

1000 psi.  

For running the experiment, the physical model is placed inside an air bath, which is 

equipped with a heater, a fan, a thermocouple and a temperature controller. The desired 

temperature is set in the controller, which was 30o Celsius for these experiments and is above of 

the critical temperature of CO2.  

Before starting the injection of solvent in the model, the transfer vessel is pressurized 

with CO2 to one atmosphere higher than the pressure of the model. In the next 24 hours we 

observe the pressure in the transfer vessel to assure that it is sealed properly. If the physical 

model and the transfer vessel are not presenting any leakage they can be connected with the other 

components of the system and the experiment can continue. 

The syringe pumps injects water that pushes the piston in the transfer vessel making the 

CO2 flow through the line inside the air bath, that is under a temperature of 30 ºC which makes 

the CO2 turn into gas phase. 

The experiments involve the gravitational forces, viscous forces, capillary forces and 

diffusion, which are the main mechanisms that run VAPEX and GAGD. There will be six runs 

at different pressures and injection rates using pure CO2 as solvent.  

 Three different test pressures are used in the experiments, they are based on the full 

miscibility process that can be achieved by first contact (FCM), multi contact (MCM) and 

immiscible. At the highest pressure the solvent is first contact miscible, at the middle value of 

pressure the miscibility is achieved by MCM and at the lowest value some gas will dissolve in 

oil but miscibility will not be achieved. 
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The injection rates were determined based on the expected run time of each experiment 

which is six days, and the minimum desired pore volume injected in this period, which varies 

between one pore volume and one and a half pore volume.  The two injection rates used were 

0.077 cm3/min and 0.115 cm3/min of gas at test conditions. Table 3-2 summarizes the conditions 

imposed in these experiments. 

Table 3-2: Summary of Experimental Conditions 

Experimental 
Run 

Test Pressure 
(Kpa) 

Injection rate 
(cm3/min) @ 

exp. conditions 
Solvent Composition 

1 
3447 

0.077  

100% CO2 

2 0.115 

3 
6894 

0.077 

4 0.115 

5 
8273 

0.077 

6 0.115  

 

Higher initial pressure favors diffusion but disfavors capillary forces, lower injection 

rates favors gravitational forces but the process takes more time. It is expected that there would 

be an optimum combination of rate and pressure where we can take more advantage from these 

forces. 

For each run, the recorded data includes the volume of produced oil, the volume of 

produced gas in the gas collector, the real time of recording, the injected volume, and the pressure 

readings at the pump, transfer vessel, physical model and back pressure regulator. During the 

first two days the data recording was done every hour, but in the next several days the recording 

frequency was decreased. 
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The oil collector had a capacity of only 70 ml. Therefore during the run it was necessary 

to change the collection cylinder when it became nearly full. To change the oil cylinder the valves 

between the BPR and the gas collector were closed. The oil cylinder was changed by opening 

the separator bottle. A small volume of gas in the collector bottle, which was at the same pressure 

as the gas collection vessel, was lost during this operation. This loss was accounted for in the 

cumulative volume of collected gas. 

A similar situation can occur in the vessel used to measure the produced gas. When the 

volume of produced gas becomes large enough to make the pressure increase higher than 5 psi, 

the gas must be discharged from the gas tank.  

After completion of the experiment, the model must be depressurized slowly by 

disconnecting it from the BPR and opening the outlet valve slowly letting the fluid flow. After 

that, the model can be opened safely and the oil saturation remaining in the matrix blocks can be 

measured by weighing them. 

After each run, the Berea Sandstone blocks were cleaned by extracting the oil from them 

so that they can be used again. The extraction was performed in a large Soxhlet Extractor 

apparatus built according to our needs. The Soxhlet Extractor apparatus has an extractor with 

capacity of 1.5 liters, a round bottom flask of 3 liters, a condenser and the overall height of 46 

inches. With these dimensions it is possible to extract two Berea blocks simultaneously.  Each 

extraction took one day.  Figure 3-12 shows the Soxhlet extractor apparatus. 
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Figure 3-12 Soxhlet Extractor Apparatus 
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3.3 Model Adjustments 

After the first two experimental runs at test pressure of 500 psi, it became apparent that 

we need to improve the operational safety of the fluid separator.  During these experiments, it 

was observed that the gas production builds up very fast, quickly increasing the pressure in the 

gas collector to values above 5 psi. The separator used was a glass vessel and could deal with 

such pressure values, but for the work at higher test pressures it is expected that the pressure 

build-up in the separator would be faster and could burst the glass vessel.  

So the glass separator was replaced with an acrylic cylindrical separator, and the volume 

of gas collection vessel was increased to 4.8 liters. The new separator was pressure tested at 30 

psi but during the experiment the maximum pressure in the gas collection vessel was kept below 

15 psi by releasing the gas whenever the pressure approached 15 psi.  

The oil collector was also replaced with a bigger one with capacity of 500 ml. This 

alteration made us lose some precision in the readings, but now the oil collector was big enough 

for the whole experiment and there was no need to open the separator to replace the oil collector 

during the experiment. Figure 3-13 shows the separator and oil collector. 
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Figure 3-13 Separator and oil collector.   
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CHAPTER 4 

4 Numerical simulation 

The numerical simulation is a powerful tool used to solve complex problems in reservoirs 

where many different mechanisms are occurring simultaneously. EOR applications and NFR are 

good examples where the numerical simulation can be advantageous. 

This chapter focuses on the development of a numerical model. Although the final 

objective of simulation was to implement our analysis by varying parameters in the simulator 

that would be difficult to change in the experiment, the results of the initial simulations, which 

were done before running any experiments, were used to design some components of the lab 

experiment such as, the separator, the gas collector, the oil collector and the physical model.  

The numerical simulation will be used in the next chapter for matching the numerical 

model with the results of the experiments.  The purpose of such history matching is to evaluate 

the quality of the numerical model and the capacity of the numerical simulator to represent the 

fluid behavior at the conditions of the experiment. 

4.1 Numerical Model 

The numerical model was developed using the commercial simulator GEM from CMG 

using the dimensions, and the operational conditions of the experiment. This numerical model is 

dual permeability and enables flow between matrix to fracture, fracture to fracture and matrix to 

matrix. The shape factor is defined by the Gilman and Kazemi (1983) expression. 

The operational pressure of the experiments was selected according to the minimum 

miscibility pressure (MMP). Working with a pressure higher than the MMP ensures that the 

solvent will achieve full miscibility with oil. 
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The oil used is a medium gravity oil that came from an offshore oilfield from the Campos 

Basin in Brazil, where the reservoir pressure and temperature are high. High temperatures 

decrease the solubility of the solvent in the oil and increases the minimum miscibility pressure.  

The temperature used in the experiments will be ranging from 34º to 32o Celsius, which is higher 

than the CO2 critical temperature but lower than the actual reservoir temperature. The solvent 

will be CO2
 and generally, the MMP of CO2 is higher with heavier oils, which implies that the 

physical model must be able to withstand high pressure.  

Although the conditions of the experiment are not the same as in the reservoir, they 

simulate the expected behavior of a GAGD application in a NFR.  

This work used a numerical method to determine the CO2 MMP. These methods are more 

accurate than the empirical correlations based on reservoir properties. These numerical methods 

are based on Equation of State (EOS) and require fitting a pseudo-component model to represent 

the oil. 

4.2 Equation of State Tuning 

EOS have been used widely to predict the fluid behavior in the reservoir. The currently 

used EOS are very flexible and can be applied for widely different types of oil. For each type of 

oil, the parameters of the EOS must be adjusted and this process of adjustment is called tuning. 

Some previous works have established procedures for tuning the EOS. In the work of 

Scanavini (2013), the author used the commercial EOS simulator Winprop and divided the 

tuning process into two stages. In the first stage, all parameters of the EOS, except those related 

to the viscosity, are adjusted and in the second stage, only the coefficients of the viscosity model 

are adjusted without changing the other parameters. The EOS does not involve viscosity 

parameters, but the viscosity correlations of Pedersen (1987) or Jossi Stiel and Thodos, described 
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in Reid (1977) (1987), are function of some parameters of the EOS. This tuning strategy works 

because the EOS tuning affects the viscosity model but the viscosity tuning involves only the 

viscosity coefficients and does not affect the EOS tuning procedure.  

Merrill (1994) compared three different procedures of tuning EOS used in different 

companies (A, B, and C) for the same data. In company ‘A’, the procedure is to go directly to 

the tuning, expecting that the problems related with the data set would be revealed during the 

tuning. Company ‘B’ spends a considerable time evaluating the data from the laboratory tests 

and solves the issues related to them before tuning. Company ‘C’ uses an “extended EOS” model 

to assess the data before the tuning step. The results showed that model ‘A’ better matched the 

depletion data while models ‘B’ and ‘C’ better matched the separator test data. 

In fact, there is no perfect tuning process that will adjust all parameters, and for each 

application, there will be specific parameters that will be more important than the others. So., it 

can be concluded that for each application there will be a specific tuning process. 

In our work, the oil is first lumped into seven pseudo-components. The pseudo-

components with higher percentages in the composition of the oil are chosen by the process of 

multi-regression. Several properties of these pseudo-components, like critical pressure, critical 

temperature, critical volume, molecular weight, acentric factor, volume shift and omega factor, 

are adjusted to fit the Peng Robinson EOS (1976), which is given in the expression below. 

=
−

−
+ −

 4.1 

The parameters a and b are functions of the critical properties and Ω values while α is 

function of the acentric factor w, as follow: 
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=  4.2 

=  4.3 

= + − .  4.4 

= . + . − .  4.5 

 The parameters of the EOS were adjusted using the constant volume depletion (CVD) 

and differential liberation (DL) data using measured parameters like oil and gas density, oil 

formation factor volume, gas formation factor volume, gas compressibility factor, oil and gas 

viscosity and gas oil ratio. These parameters are functions of the critical properties and acentric 

factors of the components, and an objective function was defined to adjust these properties 

 The objective function is related with the predicted and experimental parameters yi,pred 

and yi,expt. The parameters are adjusted in order to minimize the objective function. A weighting 

factor wi was introduced in the objective functions in order to manage the adjustment for the 

main parameters, as follow: 

= , − , / ,  4.6 

The EOS parameters for matching the CVD data adjusted very well and were insensitive 

to weights wi. Therefore, it was decided to focus on the DL parameters: oil and gas formation 

factor, gas solubility, oil and gas densities and viscosities and gas compressibility factors.  

With so many component properties and experimental values, it is not easy to find “the 

best” tuning configuration. It is necessary to focus on the most important parameters for our 

experiments and assign a higher weight to them in the objective function. 
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Oil viscosity is perhaps the most important parameter, and a higher weight factor should 

be assigned to this parameter. On the other side, gas viscosity is not so important, since its values 

are relatively very small in comparison to the oil viscosity and even big percentages of error in 

the value does not change the overall flow behavior. 

Gas formation volume factor is directly correlated with the gas compressibility factor, so 

it is only necessary to assign a high weight factor to one of these two parameters and we selected 

the gas formation volume factor. After some tuning runs, we finally found the best adjustment 

for the desired parameters. The adjustment can be evaluated by the error percentage associated 

to each parameter in the desired range of pressures. Figures 4-1 to 4-8 show the final adjustment 

in comparison with previous tuning attempts. 

The error percentage function is given by the expression below: 

 % = , − ,
,

× 100 4.7 
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Figure 4-1: Final Tuning for Bo 

Figure 4-2: Final Tuning for Gas Oil Ratio 
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Figure 4-3: Final Tuning for Liquid Density 

Figure 4-4: Final Tuning Gas Compressibility Factor 
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Figure 4-5: Final Tuning Gas Formation Factor Volume 

 Figure 4-6: Final Tuning Gas Density 
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Figure 4-7: Final Tuning Liquid Viscosity 

Figure 4-8: Final Tuning Gas Viscosity 
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The initial conditions of temperature and pressure in the reservoir are very high.  Due to 

safety and economic concerns in transporting the oil sample to Calgary from Brazil, it was 

decided to work with dead oil.  Therefore, the best matching for this work is the tuning #15, since 

it provides low error values at the lower pressures. With the EOS adjusted, it was possible to 

export the fluid model to the numerical simulator and calculate the MMP with the adjusted 

properties of the components. 

The parameters of the EOS were updated according to the tuning 15 and the PVT data to 

be used in the numerical simulator was generated with seven pseudo-components. A numerical 

simulation of the depletion of the reservoir down to atmospheric pressure was performed.  The 

dead oil viscosity calculated by the simulator was 1008 cp, while the measured value of the dead 

oil viscosity was 998 cp, confirming that the tuning of the EOS was acceptable.  Table 4-1 shows 

the used parameters in the regression and their respective adjusted value for each pseudo-

component. 

Table 4-1 Adjusted parameter values from tuning 15 

 

Pseudo-

Components 

Pc 

(atm) 

Tc 

(K) 

Acentric 

Factor 

Mol. 

Weight 

(g) 

Volume 

Shift 
Zc Ωb 

Specific 

Gravity 

N2-CH4 45.83 170.74 0.0577 15.637 -0.2164 0.2876 0.0622 0.3019 

C2H6-C4H10 46.38 325.84 0.1128 34.229 -0.1124 0.2781 0.0777 0.3983 

IC5H12-C8H18 29.94 555.62 0.3313 101.41 0.0276 0.2656 0.0777 0.7355 

C9H20-C13H28 20.63 682.06 0.5645 121.07 0.1048 0.2114 0.0622 0.7973 

C14H30-C16H34 17.00 738.27 0.5723 199.67 0.1655 0.2354 0.0622 0.8354 

C17H36-C19H40 12.43 881.12 0.9645 300.3 0.0998 0.2269 0.0933 0.8561 

C20+ 9.52 812.29 1.4813 667.2 0 0.2903 0.0933 0.9782 
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4.2.1 Minimum Miscibility Pressure 

Minimum miscibility pressure is strongly dependent on pressure, temperature, oil 

composition and the solvent composition. It can be estimated using empirical correlations, 

calculated using EOS based numerical methods or experimentally measured using slim tube 

tests. Slim tube experiments provide the most reliable results but they are expensive and demands 

more time while empirical correlations are simple and fast but the predictions are not very 

accurate. EOS based numerical methods are not as simple as the empirical correlations but are 

faster and cheaper than slim-tube experiments and provide good predictions. 

Three numerical EOS based numerical methods will be used to calculate the MMP, Cell-

to-Cell Simulation, Multiple Mixing-Cell Method and the Key Tie Lines Method. The Cell-to-

Cell method calculates the MMP only by vaporizing or condensing mechanisms while the other 

two can calculate the MMP for the combination of both mechanisms.  

In the Cell-to-Cell Simulation, the ternary diagram is calculated for the specified 

conditions of temperature and pressure with the compositions of oil and solvent. For a 

condensing gas process, a flash-calculation is performed in order to detect a two-phase region, 

if the two-phase region is not detected the process is first contact miscible (FCM), otherwise in 

the two-phase region the vapor is removed and the remaining liquid is combined with the original 

solvent. A flash calculation is performed again, the vapor is again removed and the remaining 

liquid is combined with original solvent. This process is repeated until the oil cannot be enriched 

anymore and if the two-phase region is not detected, the solvent is miscible for the specified 

pressure and temperature of the ternary diagram by the multi-contact miscibility (MCM) process, 

otherwise the pressure must be increased and the whole process repeated again. 
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 The MMP calculated by the cell to cell method was 6856 kPa for MCM, for FCM the 

calculated value was 8384 kPa. 

The Multiple Mixing-Cell Method, reported in the work of Ahmadi (2008), is similar to 

the Cell-to-Cell Method in the first contact, where two cells, gas in the upstream cell and 

reservoir fluid in downstream cell at fixed pressure and temperature are mixed. A flash with 

cubic EOS calculation is performed resulting in two equilibrium compositions one for liquid (x) 

and one for gas (y). The equilibrium vapor moves ahead of the equilibrium liquid since gas is 

injected. This is the first contact. 

Now in the second contact we have four cells, two with the equilibrium conditions from 

the first contact liquid (x), gas(y), and in the remaining two cells, one is with the original gas 

composition and one with the original reservoir fluid. The original gas cell is mixed with the 

liquid cell (x) and the cell with original reservoir fluid is mixed with the gas (y) cell creating two 

new sets of equilibrium liquid and vapor phases. The key tie lines are calculated and the 

convergence of liquid and vapor compositions is examined, if the convergence is not achieved 

to the desired tolerance the process advances to next set of contacts.  The calculated value of 

MMP for MCM using the Multiple Cell method was 7092 kPa, but FCM was not achieved.  

In the Key Tie Lines Method, a system of equations is solved to determine the key tie 

lines of the solvent-oil system, which include the original tie-line, gas injection tie-line and the 

crossover tie-lines. The number of cross over tie-lines is equal to the number of components 

minus three. For example, if you have four components, the number of crossover tie-lines will 

be equal to one. The method performs a negative-flash calculation at specified temperatures and 

pressures, and measure the lengths of the tie-lines. If one of them is equal to zero, it means that 

we found the MMP, otherwise the pressure is increased and the process is repeated. This method 
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is explained in more detail in the work of Franklin Orr (2007). The calculated value of MMP 

using this method was 2500 kPa for MCM and 8384 kPa for FCM. 

4.3 Simulation Set 

The model for simulating the physical model experiments uses the compositional 

numerical simulator GEM from CMG with a dual permeability model. The model has the 

dimensions of 0.3048 m x 0.0254 m x 0.2286 m. 

The matrix porosity is 0.22, the matrix horizontal and vertical permeability value is 500 

mD.  

The relative permeability curves consider the system oil-wet with no water. The relative 

permeability curves were calculated using the following Corey type correlations.  

= ∗
−

−
 4.8 

= ∗
−

− −
 4.9 

The flow in the fractures are similar to the flow in the pipes and theoretically residual 

saturations are zero and multiphase flow occurs as long as the phase saturations are higher than 

zero. The relative permeability curves are approximated with two straight lines of 45 degree 

inclination, which is in agreement with the work of De la Porte et al (2005); the authors suggest 

that the straight line permeability curves can only be used in cases where the dimensionless 

fracture height Hd is higher than 10, which was the case in the work.  

The dimensionless number Hd compares the capillary forces with gravitational forces, if 

this number is higher than 10 the straight lines model can be used. The expression for Hd is 

presented below, where Δρ is the density difference between phases, g is gravitational 
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acceleration, H is fracture height, γ is the interfacial tension and bo is the mean half-aperture of 

the fracture. 

=
∆

 4.10 

 

Using the preceding correlations and the points in the Table 4.2, we can calculate the two 

sets of relative permeability, one for the matrix and one for the fractures. 

Table 4-2 Relative Permeability Endpoints for Matrix and Fracture 

Properties Matrix Fracture 

Soirg 0.05 0 

Sorg 0.05 0 

Sgcon 0.05 0 

Sgcrit 0.05 0 

K*
rg 0.8 1 

Krog 0.8 1 

Nog 3 1 

Ng 3 1 

 

The generated curves are shown in Figures 4-9 and 4-10.  
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Figure 4-9: Relative Permeability curves for oil and gas in the matrix 
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Figure 4-10: Relative Permeability curves for oil and gas in the fractures 

The capillary pressure depends on the wetting phase saturation, matrix permeability and 

matrix porosity. It can be estimated by the correlation developed by Aguilera (2002), as follow: 

= . .
∅

.
 4.11 

We used this correlation to calculate the capillary pressure of the system but in place of 

the water saturation, we used the wetting phase saturation, which in this case is oil.  

The capillary pressure of the facture was calculated using the expression for the 

dimensionless capillary pressure proposed by De la Porte (2005).  This expression is a function 

of the fracture aperture and interfacial tension. With the dimensionless fracture capillary pressure 

Pcfd values provided by the author, the capillary pressure was calculated using the following 

expression:  
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=  4.12 

 

Figure 4-11 shows the calculated values of capillary pressure for matrix and fracture. The 

matrix values are in good agreement with measured values of the Berea sandstone available in 

the literature, such as the work of Baldwin (1991) and Li (2004). 

Figure 4-11: Capillary pressures of the system 

4.3.1 Grid Selection 

The grid of the numerical model must be refined enough to represent all the physical 

occurrences of the experiment. At the same time the level of refinement impacts in the time of 
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simulation, so it is necessary to identify the level of refinement that provides good results with a 

feasible simulation time. 

In Chapter 2, we defined how to calculate the intrinsic and effective properties of the 

fracture. The effective properties are the intrinsic properties related to the dimensions of the grid 

block; for a coarse grid, the effective properties of the fracture are lower than the intrinsic 

properties, but when the level or refinement of the grid is increased the effective properties get 

closer the intrinsic properties. 

This analysis included four different grid systems, representing the main fractures of the 

model, two vertical and two horizontals. The coarser grid has 12 blocks divided in the directions 

4 (I direction) x 1 (J direction) x 3 (k direction) with the respective dimensions 7.875 cm x 3.01 

cm x 7.945 cm. Figure 4-12 shows the fracture porosity and the grid system. 

Figure 4-12: Grid System (4 x 1 x 3), 3D view 
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The coarse-intermediate grid has 48 blocks divided in the directions 8 (I direction) x 1 (J 

direction) x 6 (k direction) with the respective dimensions 3.9375 cm x 3.01 cm x 3.9725 cm. 

Figure 4-13 illustrate the grid system and the fractures.     

Figure 4-13: Grid System (8 x 1 x 6), 3D view 

The intermediate-refined grid has 192 blocks divided in the directions 16 (I direction) x 

1 (J direction) x 12 (k direction) with the respective dimensions 1.9635 cm x 3.01cm x 3.9725 

cm. Figure 4-14 illustrate the grid system and the fractures. 
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Figure 4-14: Grid System (16 x 1 x 12), 3D view 

The refined grid has 1000 blocks divided in the directions 25 (I direction) x 2 (J direction) 

x 20 (k direction) with the respective dimensions 1.25755 cm x 1.505 cm x 1.19175 cm. Figure 

4-15 illustrate the grid system and the fractures. 
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Figure 4-15: Grid System (25 x 2 x 20), 3D view 

As the level of refinement in the grid is increased the values of effective properties of the 

fracture are also increased, but the same pressure diffusivity is maintained, since it is given by 

the square root ratio between transmissibility and storage and both are increased in the same 

proportion. Table 4-3 show the grid and the fracture effective properties, which were calculated 

using expressions from chapter 2 at section 2.7. The fracture width is the average measured gap 

between the blocks plus the gap between the blocks and the physical model. 
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Table 4-3 Grid and Fracture properties 

Grid 

System 

Grid Dimensions, 

(cm) 
Frac. I 

width 

(cm) 

Frac.  K 

width 

(cm) 

Frac. I 

Effect. 

Por. 

Frac. K 

Effect. 

Por. 

Frac. I 

Effective 

Perm. 

Darcy 

Frac. K 

Effective 

Perm. 

Darcy 

Frac. I 

Pressure 

Diffusivity, 

(Darcy/cp).0.5 

Frac. K 

Pressure 

Diffusivity  

(Darcy/cp).0.5
I J K 

25x2x20 1.257 1.501 1.191 0.4743 0.4155 0.398 0.330 754939 480758 43.55 38.14 

16x1x12 1.963 3.01 1.986 0.4743 0.4155 0.239 0.212 452963 307903 43.55 38.14 

8x1x6 3.929 3.01 3.972 0.4743 0.4155 0.119 0.106 226481 153845 43.55 38.14 

4x1x3 7.859 3.01 7.945 0.4743 0.4155 0.119 0.053 226481 76920 43.55 38.14 

 

The first limitation in the numerical simulator is that it does not accept fracture 

permeability values higher than 100000 Darcy, if the user tries to input higher values, the 

simulator will truncate the values to 100000 Darcy. This is most critical in the refined grid where 

the permeability is reduced from 754939 to 100000 Darcy, which is a reduction of 86.75 %. This 

reduction appears to be quite drastic. However, the calculated permeability does not take in 

account the friction effects that can reduce the fracture permeability by 70%, as reported in the 

work of Kolditz (2001). 

This imposed reduction in the fracture permeability implies in a reduction of the fracture 

pressure diffusivity, since the grid does not impose any limitation in the fracture porosity and its 

values remains the same. So the fracture pressure diffusivity now is given by square root of the 

imposed fracture permeability of 100000 Darcy divided by their respective calculated porosity 

and viscosity for directions I and K. Table 4-4 shows the imposed values of pressure diffusivity 

in the fractures by the simulator and the imposed reduction in the permeability. 
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Table 4-4 Effective properties imposed by the simulator 

Grid 
System 

Frac I 
Reduction 
Effective 
Perm. (%) 

Frac. K 
Reduction 
Effective 
Perm. (%) 

Frac. I Imposed 
Pressure 

Diffusivity, 
(Darcy/cp).0.5 

Frac. K Imposed 
Pressure 

Diffusivity, 
(Darcy/cp).0.5 

25x2x20 86.75 79.20 15.85 17.40 

16x1x12 77.92 67.52 20.46 21.74 

8x1x6 55.85 35.00 28.94 30.75 

4x1x3 55.85 0.00 28.94 38.14 

 So, as the refinement in the grid becomes higher, higher will be the reduction in the 

fracture pressure diffusivity imposed by the numerical simulator. The porosity could be reduced 

to lead to the same values of pressure diffusivity but it would reduce the fracture volume in the 

model leading to wrong predictions. Figure 4-16 shows the oil recovery factor for the four system 

grids.  
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Figure 4-16: Oil Recovery Factor for all grid systems 

This graph shows that the coarse grid simulation provides the lowest oil recovery factor 

and we could not find a trend of the oil recovery with the grid refinement. But these results show 

that it is necessary some level of refinement in the grid to represent correctly the physical 

phenomes in the simulation. 

One of the main mechanisms of fluid transfer between matrix and fracture is the 

gravitational forces that is given by the expression below: 

= ℎ ∙ ∙ Δ  4.13 
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Where h is the oil height, given by the difference of gas-oil contact in matrix and 

fractures. In a gas-oil system, the gravity forces push the oil out from the matrix when the gas-

oil contact is lower in the fractures than in the matrix, as can be seen in Figure 4-17.   

Figure 4-17 Gravity force acting in a matrix element. 

The h can be higher than the matrix block height if the gas-oil contact is in a lower 

position. When the hydraulic connection of oil is lost, the value of h is reduced. The value of h 

can be reduced by the low capacity of the matrix to feed the fracture that makes the hydraulic 

connection be lost, or by the high speed velocity on the fracture that can also make the hydraulic 

connection be lost and reduce the h value. 

At this point of the work it is not clear if the inconsistency of the results is resulted from 

truncation error at the fracture or at the matrix due to the poor grid refinement. To find out what 

is happening, a simple test was performed by reducing the fracture permeability of each grid 

system, maintaining all the other properties at the same values to observe the impact on the oil 

recovery factor. With the result of this test, we can determine if the inconsistencies in the results 

are provoked by the fluid velocity in the fractures. 

Matrix fully 

saturated with 

oil 

h 

Fracture with gas 
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In this test the fracture permeability of each grid system was reduced to 50000 Darcy for 

cases where the values were truncated to 100000 Darcy and where the values were not truncated 

the permeability was reduced by 50%, the test is focused in the fracture because the imposition 

of the simulator in the maximum value of the fracture permeability reduce the fracture pressure  

diffusivity with the grid refinement, if there is not such imposition the fracture pressure 

diffusivity would be the same for all the grids  .                          

    In the coarse grid with the new values of permeability the fracture pressure diffusivity 

is reduced from 28.94 to 20.46 (D/cp)0.5 in direction I, while in direction K pressure diffusivity 

was reduced from 38.15 to 26.97 (D/cp)0.5 , but it did not make any difference in the final oil 

recovery as illustrated in Figure 4-18. This result indicates that the decrease in the matrix capacity 

in feed the fracture at the lowest level of refinement overcome the alterations in the fracture 

properties. 
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Figure 4-18:Pressure Diffusivity analysis of the coarse grid 

In the next level of grid refinement, the fracture pressure diffusivity is reduced from 28.94 

to 20.46 (D/cp)0.5 in direction I and from 30.75 to 21.75 (D/cp)0.5 in direction K, we can observe 

that the lower pressure diffusivity run provides a slightly higher oil recovery as illustrated in 

Figure 4-19. At this level of refinement it appears that the decrease in the fluid velocity in the 

fracture is maintaining the hydraulic connection with the fluid that comes from the matrix and 

the final oil recovery is slight higher. 
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Figure 4-19: Pressure Diffusivity Analysis Coarse-Intermediate Grid 

In the next level of grid refinement, in direction I the values of fracture pressure 

diffusivity were reduced from 20.46 to 14.47 (D/cp)0.5, and in the direction K the values were 

reduced from 21.74 to 15.37 (D/cp)0.5. The results were similar to the previous grid with the 

lower fracture pressure diffusivity providing a slight higher oil recovery, as illustrated in Figure 

4-20. 

 

 

 

 

 

 



 

117 

Figure 4-20: Pressure Diffusivity Analysis Intermediate-Refined Grid 

Finally, in the refined grid the fracture pressure diffusivity was reduced from 15.85 to 

11.21 (D/cp)0.5 in the direction I, and from 17.40 to 12.30 (D/cp)0.5 in the direction K. Like in 

the coarse grid, there is no significant difference in the oil recovery curves, as illustrated in the 

Figure 4-21.          
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Figure 4-21: Pressure Diffusivity Analysis Refined Grid 

This analysis shows that the variation of the capacity of the matrix to feed the fracture is 

more affected by the grid refinement and has a bigger influence in the final oil recovery in 

comparison with the pressure diffusivity in the fractures.  

The refined grid is the reference result from this test it is assumed that this level of 

refinement represents correctly al the physical phenomena in matrix and fracture and the changes 

in the fracture properties of this test were not affecting the oil recovery factor results.    

The low level of grid refinement limits feeding of fluid from matrix to fracture by 

changing gravitational forces and relative permeability at the same time.  

When the coarse grid is used, the bigger matrix block in connection with the fracture 

assumes the average fluid saturation of the matrix, resulting in a faster decrease in the matrix 

relative permeability. The fluid transfer between matrix and fracture is directly proportional to 
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the matrix relative permeability (see Appendix A), if the refined grid is used the matrix block in 

connection with the fractures maintain the oil saturation higher for more time because they are 

fed by the other matrix blocks above them. 

The reduction of the relative permeability reduces the matrix capacity to fed the fractures 

faster provoking at the same time the loss of oil hydraulic connection that reduces the value of h 

reducing the effect of the gravitational forces in the fluid transfer from matrix to fracture.  

Therefore, the effects of grid refinement are more intense in the matrix because it acts on 

the relative permeability and in the gravitational force at the same time.  

We can conclude from these tests that the oil recovery is very sensitive to the grid 

refinement and it is important to use adequate level of refinement in the simulations to correctly 

represent the gravitational forces and relative permeability of the matrix. The refined grid system 

would be the first option but it took more than 2 days of simulation time for each run, so for the 

future simulations in this work, the intermediate-refined grid system will be used. It provides 

acceptable level of numerical dispersion and run the time of simulation is no more than 30 

minutes. 

The range of oil recovery factor seen in the simulations was 23% to 45% for the planned 

time of experiment. These values are encouraging and the design of the experimental equipment 

will be based on these values from the numerical simulation. 
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CHAPTER 5 

5 Results and Discussion 

This chapter discusses the results of all experiments of this work. The analyses are 

separated by the type of experiment, which are classified as immiscible runs, multi contact 

miscible runs and first contact miscible runs. 

The analyses of the results are supplemented with a sensitivity analysis using the 

numerical simulator for parameters that were not changed in the experimental runs. The 

sensitivity analysis will give a better understanding of the trends of fluid behavior observed in 

the tests and reveal the most and the least sensitivity parameter for each experiment. 

Both immiscible and fully miscible runs presented good results for the rock-fluid system 

of this work, but each configuration has technical and economic issues that become more 

pronounced under different reservoir conditions, as will be shown in the sensitivity analysis. So 

the rock-fluid system of this work is just a convenient reference point and any application in 

different reservoir conditions must take in account the variations in the behavior due to the 

parameter variations. Table 5-1 states all the test conditions for each run. 
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Table 5-1 Experiment conditions for each Run 

Run 
# 

Test 
Pressure 

(kPa) 

Injection 
rates 

(cm3/min) 
@ exp. 

conditions 

Fractur
e 

Porosity 

Average 
Intrinsic 

Permeability 
of Horizontal 

Fractures 
(Darcy) 

Average 
Intrinsic 

Permeability 
of Vertical 
Fractures 
(Darcy) 

Matrix 
Average 
Porosity 

OOIP 
cm3 
std 

Solvent 
Composition 

1 

3447 

0.075  1 700885.16 443912.37 0.2282 705 

100% CO2 

2 0.115 1 526232.27 672618.44 0.2271 701 

3 

6894 

0.075  1 546965.90 659978.40 0.2288 732 

100% CO2 

4 0.115 1 854298.77 579279.17 0.2287 706.5 

5 

8273 

0.075  1 648435.07 519062.82 0.2266 737.5 

100% CO2 

6 0.115 1 546965.90 699063.84 
0.2288 

 
732.1 

 

5.1 Immiscible Runs 

The first two runs were conducted at a pressure that was well below the minimum 

miscibility pressure. Therefore, in these two runs, the fluid displacement is driven only by the 

gravitational forces that also help in the exchange of fluids between matrix and fracture. In Run 

#1 the injection rate was lower, which was more favorable to the gravitational forces compared 

to the higher injection rate in the Run #2. 
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Both runs presented a similar pattern of oil rate that fluctuated during the whole 

experiment. In Run #1, many times the oil production rate decreases to zero while in the second 

run this happened less frequently. Figure 5-1 shows the oil production rate and cumulative oil 

production of both runs. 

Figure 5-1: Oil rate and cumulative production in the immiscible runs 

 The gas breakthrough happened near the end of both runs, which means that even in a 

multi fractured system like this one, the fluid displacement can be stabilized by the gravity 

drainage. Figure 5-2 confirms this statement showing the produced gas of both immiscible runs. 
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Figure 5-2:Gas rate and cumulative production in the immiscible runs 

Comparing both runs by the oil recovery factor per pore volume injected; the second run 

that used a higher injection rate was far better than the first run. Figure 5-3 shows the comparison 

between the runs; these results shows that although the lower injection rate favors the 

gravitational displacement, there will be an optimized injection rate that enhances the fluid 

exchange between matrix and fracture and maintain fluid displacement stable.   
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Figure 5-3: Oil Recovery Factor x Pore Volume Injected for Immiscible runs 

In the final step of the experiment, after completion of the flow test, the physical model 

was opened and the Berea sandstone blocks were visually examined. Apparently more oil was 

recovered from the top portions. Figure 5-4 shows the physical model just after opening. The 

blocks were weighed and with previous information of the dry weight of these blocks, it was 

possible to calculate the remaining oil saturation in each block. Table 5-2 shows the remaining 

oil saturation data and Figure 5-5 shows the generated saturation profile, which confirms what 

was visually observed when the model was opened. 

 



 

125 

Figure 5-4 Physical model open after second run 

Table 5-2 Berea Data from the second run 

Sample # Dry weight (g) 
Pore Volume 

cm3 
Porosity 

Weight with oil 
(g) 

Oil Saturation 

2 335.53 37.36 .228 357.75 0.65 
3 339.11 36.55 .222 360.73 0.65 
5 340.23 37.65 .227 365.21 0.73 
6 336.43 36.48 .223 361.54 0.76 
7 340.48 38.49 .230 362.63 0.63 
8 338.06 37.56 .227 360.48 0.66 
9 331.32 36.49 .226 352.78 0.65 

10 336.26 37.28 .227 358.31 0.65 
11 336.54 38.36 .232 361.83 0.72 
12 334.06 38.21 .233 356.11 0.63 
13 337.78 36.98 .225 362.79 0.74 
15 337.21 36.84 .225 359.37 0.66 
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Figure 5-5: Final Oil Saturation Profile Run 2 

5.2 Multi Contact Miscible Runs 

In the third and fourth runs, the pressure was high enough to develop miscibility by 

multiple contacts. Therefore the fluid displacement benefited also by greater molecular diffusion 

of CO2 in the oil, the greater reduction of the oil viscosity, and near zero (or zero when miscibility 

has been achieved) capillary pressure. These factors help in the fluid exchange between matrix 

and fracture and increase the fluid velocity in the matrix. 

However, during the mixing of oil and CO2 by molecular diffusion, the heavier oil 

components (Asphaltene) can precipitate, thereby plugging the porous medium in the matrix and 

reducing its permeability. At higher pressure, the density of the gas also increases reducing the 

gravitational force in comparison with the previous immiscible experiments. 

In regard to the oil production, there is not too much difference in the oil rates, and the 

same pattern of production from the first two runs can also be observed in the third and fourth 

run. Oil production rate and cumulative oil production are illustrated in Figure 5-6.  
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Figure 5-6: Oil rate and cumulative production in the multi contact miscible runs 

Although the oil rate presented a similar behavior to the immiscible runs, the same 

statement cannot be applied to the gas production. Under these experimental conditions, the 

gravitational forces are weaker and it is more difficult to maintain a stable gas bank that is 

pushing the oil to the producer. The gas breakthrough occurred earlier in comparison with the 

immiscible experiments. Figure 5-7 shows the cumulative gas production of both runs, the 

situation gets worse when the injection rate is increased in the fourth run and the breakthrough 

happens before 2000 minutes in the experiment.  
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Figure 5-7 Gas rate and cumulative production in full miscible multi contact runs 

Comparing the oil recovery factor per pore volume injected, now the difference between 

these two runs is marginal with a small advantage to the Run #4, which used a higher injection 

rate and achieved a higher final oil recovery factor by end of the experiment. During most of the 

experiment the values were very similar. Figure 5-8 shows the oil recovery factor per pore 

volume injected in Runs #3 and #4. 
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Figure 5-8 Oil Recovery factor in the full miscible multi contact experiments 

 The final oil saturation was also different, both runs recovered a little bit less oil from 

the top in comparison with the GAGD runs. Figure 5–9 and Figure 5-10 shows the physical 

model just after opening in Run #3 and #4 respectively. A noticeable difference between them is 

that more oil remained in the fractures in the Run #3.  
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Figure 5-9: Physical model opened after the third run 

Figure 5-10: Physical model opened after fourth run 
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A better statement can be made from the saturation profiles. Run #3 recovered slightly 

more oil from the top, which indicates that the gas flow was more stable. In Run #4, the final 

saturation profile is more homogeneous indicating that gas breakthrough happened earlier. 

Tables 5-3 and 5-4 present the data used to calculate the final oil saturations of Run #3 and #4, 

and Figures 5-11 and 5-12 present the calculated oil saturation profiles.  

Table 5-3 Berea Data from the third run 

Sample # Dry weight (g) 
Pore Volume 

cm3 
Porosity 

Weight with oil 
(g) 

Oil Saturation 

7 340.8 37.47 0.2256 364.35 0.690 
10 336.98 38.72 0.2334 360.25 0.660 
12 334.37 38.66 0.2345 359.22 0.706 
15 337.61 37.02 0.2252 361.79 0.717 
30 339.36 37.46 0.2263 362.85 0.689 
60 337.26 37.31 0.2267 360.3 0.678 

100 336.55 36.81 0.2247 360.98 0.729 
90 336.79 36.68 0.2240 359.56 0.682 
40 337.38 38.73 0.2333 361.34 0.679 
1 336.08 38.81 0.2343 359.01 0.649 

70 339.95 38.94 0.2329 364.79 0.701 
80 338.37 37.08 0.2251 362.19 0.706 

Table 5-4 Berea Data from the fourth run 

Sample # Dry weight (g) 
Pore Volume 

cm3 
Porosity 

Weight with oil 
(g) 

Oil Saturation 

2 335.9 38.66 0.2337 360.73 0.705 
3 341.15 38.34 0.2295 365.05 0.685 
4 333.41 39.18 0.2375 358.3 0.698 
5 340.52 38.14 0.2289 364.66 0.695 
6 333.46 38.52 0.2344 357.83 0.695 
A 334.7 38.34 0.2329 358.38 0.678 
8 332.18 37.32 0.2294 355.53 0.687 
9 331.62 35.87 0.2228 354.97 0.715 

11 336.85 39.19 0.2357 362.23 0.711 
13 338.04 37.85 0.2288 361.74 0.688 
14 339.03 37.11 0.2249 363.85 0.735 
B 332.78 32.69 0.2065 356.64 0.802 
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Figure 5-11: Final Oil Saturation profile run 3  

Figure 5-12: Final Oil Saturation profile run 4  

5.3 First Contact Miscible Runs 

These two runs were conducted at a pressure that is high enough to make CO2 first contact 

miscible with the oil.  Therefore, the fluids flow in the same phase as soon as they get in contact, 

which means that the capillary trapping forces are no longer a factor in the drainage. However, 

the high pressure conditions of these runs reduced the gravitational forces to the lowest level 

encountered in this work. 
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At such conditions, the pore level displacement efficiency is improved in comparison 

with the other experiments, but the sweep efficiency is decreased. The Figure 5-13 shows the oil 

rate and cumulative production of these runs and now the oil rate has a peak in the beginning, 

and the average rate declines and becomes nearly zero near the end of the experiment. 

 Figure 5-13: Oil rate in the full miscible first contact runs 

The gas breakthrough now is more difficult to control, and it occurs earlier in comparison 

with the other runs, even in Run #5 that used a lower injection rate, the gas production started at 

2000 minutes of experiment which is not even half of the planned run time of the experiment. 

The cumulative gas production and gas rate of Run #5 and #6 are presented in Figure 5-14. 
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Figure 5-14: Gas rate and cumulative production in full miscible first contact runs 

Another interesting observation from these experiments is that both runs achieved the 

same oil recovery factor for the same pore volume injected. Furthermore, a high oil recovery 

factor was achieved earlier in comparison with all other experiments, which means that a lesser 

amount of pore volume injected is needed to achieve a good oil recovery factor. Figure 5-15 

show the oil recovery factor per pore volume injected for Runs #5 and #6.    
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Figure 5-15: Oil recovery factor in the full miscible first contact runs 

In the final step of both runs, the physical model was opened and visually examined. In 

the sixth run, the oil distribution appeared to be more homogeneous. Figure 5-16 and Figure 5-

17 show the physical model just after opening in Runs #5 and #6 respectively. The blocks were 

removed and weighted to calculate the final oil saturation in the matrix.  
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Figure 5-16: Physical model open after the fifth run 

Figure 5-17: Physical model open after the sixth run 
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The remaining oil saturations in the matrix blocks were calculated and based on the 

calculated data, more oil was displaced from the matrix in Run #5. Since the recovery factor was 

same in both runs, it means that when the physical model was opened, there was more oil in the 

fractures in Run #5 and more oil in the matrix blocks in Run #6. It is apparent that some oil was 

expelled from the matrix blocks into the fractures during depressurization and this process 

continued to some extent after reaching atmospheric pressure.  This is the reason why we see 

pooled oil on the surface of matrix blocks. Since, Run #5 was continued for longer period, the 

contact time between the gas and matrix oil was longer in Run #5 and this would be expected to 

give higher dissolved gas concentration in Run #5.  This may have lead to greater expulsion of 

oil from the matrix blocks in Run #5. Tables 5-5 and 5-6 present the calculated oil saturations. 

Table 5-5: Berea Data from the fifth run 

Sample # Dry weight (g) 
Pore Volume 

cm3 
Porosity 

Weight with oil 
(g) 

Oil Saturation 

9 332.13 35.68 0.2216 355.66 0.724 
80 338.95 36.86 0.2237 361.42 0.669 
3 341.6 38.17 0.2285 364.43 0.657 

14 339.81 36.82 0.2231 362.4 0.674 
100 337.24 36.55 0.2231 360.29 0.693 
A 335.17 38.17 0.2318 358.01 0.657 
11 337.27 39.03 0.2347 360.44 0.652 
60 337.78 37.11 0.2255 360.04 0.659 
6 334.13 38.26 0.2328 358.56 0.701 

90 337.27 36.50 0.2229 360.64 0.703 
7 341.41 37.24 0.2242 364.98 0.695 

13 338.57 37.65 0.2276 362.69 0.704 
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Table 5-6: Berea Data from the sixth run 

Sample Dry weight (g) 
Pore Volume 

cm3 
Porosity 

Weight with oil 
(g) 

Oil Saturation 

C 334.18 36.44 0.2242 358.18 0.723 
1 336.52 38.65 0.2333 362.18 0.729 

10 337.5 38.52 0.2322 362.24 0.705 
110 339.5 40.11 0.2384 365.34 0.708 

2 336.52 38.43 0.2323 362.62 0.746 
4 334.4 38.81 0.2352 360.86 0.749 

15 338.15 36.82 0.2239 363.09 0.744 
40 338.05 38.48 0.2317 363.64 0.730 
B 333.35 32.47 0.2052 355.29 0.742 
8 332.6 37.17 0.2285 356.83 0.716 

12 335.08 38.39 0.2329 359.83 0.708 
5 341 37.96 0.2278 366.14 0.727 

 

Based on the calculated oil saturation, the saturation profiles were built, as illustrated in 

Figures 5-18 and 5-19. In these profiles, it is easier to see that more oil was removed from the 

matrix blocks in Run #5, which also displayed more uneven saturation profile, while the 

saturation profile was more homogeneous in Run #6. 

Figure 5-18: Final Oil Saturation Profile Run 5 
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Figure 5-19: Final Oil Saturation Profile Run 6 

5.4 Sensitivity Analysis 

The sensitivity analysis using the numerical simulation model developed in Chapter 4 is 

used to supplement our experimental investigation to examine the effects of reservoir parameters 

that would be difficult to change in the experiment. 

The selected parameters are the matrix wettability, matrix capillary pressure, fracture 

relative permeability, matrix permeability and fracture spacing.  The variations of each parameter 

are based on the uncertainty associated to them. The matrix block permeability values are in the 

range of 400 to 600 mD, according to the supplier.  

Although the calculated values for capillary pressure are in good agreement with the 

values in the literature, most of these values were acquired under atmospheric conditions, while 

our experiments were performed under higher pressure conditions. It is known that when the 

pressure is increased the solubility of CO2 in the oil increases and the capillary pressure and 

interfacial tension decrease, so the capillary pressure was reduced by multiplying its values by 

0.1 and 0.01.    

The system is oil wet because only gas and oil were present, but the wettability intensity 

is not known, so two stronger oil wet sets of matrix relative permeability were created by 
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increasing the residual oil saturation from 0.05 to 0.3 and 0.5 respectively and changing the 

exponential term Nog from 3 to 4. These two sets used in the sensitivity analyses are presented in 

the Table 5-7. 

Table 5-7 Relative Permeability Changes 

Properties More Oil Wet Set Strongly Oil Wet set 
Matrix Fracture Matrix Fracture 

Soirg 0.3 0 0.4 0 
Sorg 0.3 0 0.4 0 
Sgcon 0.05 0 0.05 0 
Sgcrit 0.05 0 0.05 0 
K*

rg 0.8 1 0.8 1 
Krog 0.6 1 0.6 1 
Nog 4 1 4 1 
Ng 3 1 3 1 
 

During the reservoir depletion the fractures close, some will close more some will close 

less depending on their type of mineralization. There is also a specific type of fracture 

denominated vuggy that does not close with depletion. Aguilera (2006) suggests that this fracture 

closing effect could be represented in a material balance by replacing the two straight lines 

fracture relative permeability model with a regular set of relative permeability model, which 

makes sense since when the fracture close their flow behavior becomes closer to that of the 

reservoir matrix. 

The fracture spacing is used in the simulator to calculate the shape factor. Although the 

shape factor of the reservoir is well defined, there are different expressions that can be used to 

calculate the shape factor and each of them gives a different result. Therefore, to incorporate the 

range of uncertainty related to the shape factor, the fracture spacing was multiplied by 3 and 4. 

The sensitivity analysis focused on the oil recovery in the runs and was performed 

separately according to the type of experiment. Like the previous analysis of the experimental 
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results that classified the experiments as immiscible runs, multi contact miscible runs and first 

contact miscible runs, the sensitivity analysis also used the same classification.  

5.4.1 Immiscible runs 

Changing most of the parameters makes the simulator provides higher oil recovery 

factors than the experiment results for Run #1, except when the capillary pressure is multiplied 

by 0.01. These results indicate that there is a specific set of parameters that would match well 

with the experimental results while keeping the parameters within the uncertainty associated with 

these parameters. This match can validate the efficiency of the numerical model to represent the 

fluid behavior in this experiment. 

Figure 5-20 shows the oil recovery factor alterations for each modified parameter along 

with the experimental results. It is difficult to visualize the trends for each parameter in this figure 

but it shows that the numerical simulation results are not too far from the experiment results. 
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Figure 5-20: Oil Recovery Factor for different parameter sets Run 1 

A summary of the sensitivity analysis is presented in Table 5-8, the analysis is based on 

the oil recovery at 15,000 minutes of simulated experiment. All the simulations are compared 

with the base case that provided 47.26% recovery. Based on the simulation results, some trends 

can be identified. The oil recovery increases when oil wettability of the rock is decreased, 

fracture spacing is decreased. The oil recovery factor decreases when fracture closing effect is 

applied in the simulation. The matrix permeability trend was not identified because the 

sensitivity to this parameter in the range used was very low. Actually within this range, the matrix 

permeability was the least sensitive parameter of the sensitivity analysis, and the material balance 

error that is just 1% but can hide the real trend of this parameter. 
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Table 5-8 Summary Results Sensitivity Analysis Run 1 

Change applied Oil recovery Factor Difference 

Matrix Permeability 600 mD 48.44% 2.49% 

Matrix Permeability 400 mD 48.86% 3.37% 

Fracture close effect 44.08% -6.74% 

More oil wet rock 44.87% -5.05% 

Strongest Oil wet 44.01% -6.88% 

Matrix Pc *0.1 41.27% -12.67% 

Matrix Pc* 0.01 21.32% -54.90% 

I and K frac space *2 43.50% -7.95% 

I and K frac space *3 44.92% -4.96% 

 

Some of the trends seen in this sensitivity analysis are odd, but it is important to 

remember that the injection rate was slow, the breakthrough of the gas was delayed by the 

operational conditions imposed in the experiment and maybe the effect of some factors was not 

revealed in the short run time. To find the real trend of these parameters, it is necessary extend 

the simulation time. The results show that the reduction of capillary pressure increases the 

ultimate oil recovery in longer simulation time, which makes more sense. Figure 5-21 shows the 
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oil recovery factor extended to 1.3 E+5 minutes of simulated time for the capillary pressure 

alterations. 

Figure 5-21: Oil Recovery factor in an extended simulated time for capillary pressure 

alterations Run 1  

Same can be observed in the fracture spacing parameter, that only shows the real trend 

when the simulation time is extended to 1.3E+05 minutes. Figure 5-22 shows the sensitivity 

analysis for the extended time and it is clearer now that increasing the fracture spacing, decreases 

the shape factor value and the fluid exchange between matrix and fracture, which means that oil 

recovery decreases when the fracture space is increased. 
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Figure 5-22: Oil Recovery factor in an extended simulated time for fracture space 

alterations Run 1 

The history match can be achieved by combining the strong oil-wet set of relative 

permeability and reducing the capillary pressure. Figure 5-23 shows some acceptable options for 

the history match of the Run #1.   
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Figure 5-23 History Match Run 1 

The same type of analyses was performed for Run #2. Figure 5-24 presents the oil 

recovery factors for the different parameter changes. Most of these changes provide lower oil 

recovery factors in comparison with the experimental results. It can be also noted that the base 

case of this run is in better agreement with the experimental results. These results also show that 

it should be possible to find a set of parameters within on the range of uncertainty that can 

validate the numerical simulator.  
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Table 5-9 shows the results of this sensitivity analysis comparing the oil recovery factor 

of each simulation with the base case at 13,000 minutes of simulated time, the same trends, as in 

Run #1, were identified but the trend with changing capillary pressure was the inverse of the 

behavior noticed in the first run.  

 

 

 

 

 

Figure 5-24: Oil Recovery Factor for different parameter sets Run 2 
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Table 5-9 Summary Results Sensitivity Analysis Run 2  

Change applied Oil recovery Factor Difference 

Matrix Permeability 600 mD 51.25% -1.03% 

Matrix Permeability 400 mD 50.97% -1.56% 

Fracture close effect 43.02% -16.91% 

More oil wet rock 43.85% -15.31% 

Strongest Oil wet 43.17% -16.63% 

Matrix Pc *0.1 37.81% -26.98% 

Matrix Pc* 0.01 19.48% -62.39% 

I and K frac space *2 47.17% -8.91% 

I and K frac space *3 47.11% -9.02% 

 

In the same way as in the Run #1, the real trend with changing capillary pressure could 

not be visualized in the time simulated, but it could be visualized when the simulation time was 

extended to 1.3E+5 minutes, as illustrated in Figure 5-25. 
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Figure 5-25: Oil Recovery factor in an extended simulated time for capillary pressure 

alterations Run #2 

 

The base case simulation of this run in in good agreement with the experimental data and 

the match can be improved by accelerating the production in the first 2000 minutes. This can be 

done by changing the well productivity index and the transmissibility properties in the well 

vicinity. The best match was achieved by changing the matrix permeability to 1000 mD close to 

the well producer and its skin factor, in the other simulations, the producer well bottom-hole 
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pressure was altered in order to control the pressure gradient. Figure 5-26 shows the history 

match and Figure 5-27 shows the alterations in the bottom hole pressure of each simulation. 

 

 

 

 

 

 

 

 

 

Figure 5-26 History Match for Run #2 
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5.4.2 Multi Contact Miscible Runs 

The third and fourth runs were conducted in MCM regime.  All simulated results for Run 

#3 showed more optimistic results than the experiment, which means that a match between the 

numerical simulator and the experimental data would require a more aggressive variation in the 

parameters.  

These results were not a total surprise, because it was expected that some asphaltene 

precipitation occurred in the matrix block, which increases the residual oil saturation in the 

matrix and also reduces the matrix permeability. In the numerical simulator there is an option to 

incorporate asphaltene precipitation effect. However, we do not have the required data for this 

Figure 5-27 Bottom Hole Pressure Changes for the History Match of Run #2 
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option, and furthermore, this option would introduce additional adjustable parameters. 

Therefore, the asphaltene precipitation option was not used. Figure 5-28 shows the sensitivity of 

the oil recovery to different parameters for Run #3. 

Figure 5-28: Oil Recovery Factor for different parameter sets Run 3 

Comparing with the first two runs the oil recovery trends remain similar. For this case, 

the most and least sensitive parameters are the capillary pressure and the fracture spacing. Table 

5-10 summarizes the difference in the final oil recovery factor of each run in comparison with 

the base case at 13,000 minutes of simulated time. The degree of sensitivity decreased for most 

of the parameters but the capillary pressure remained the most sensitive parameter in the analysis. 
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Table 5-10 Summary Results Sensitivity Analysis Run 3  

Change applied Oil recovery Factor Difference 

Matrix Permeability 600 mD 65.16% -0.14% 

Matrix Permeability 400 mD 65.42% 0.26% 

Fracture close effect 64.61% -0.99% 

More oil wet rock 60.27% -7.65% 

Strongest Oil wet 58.90% -9.74% 

Matrix Pc *0.1 72.56% 11.20% 

Matrix Pc* 0.01 46.75% -28.36% 

I and K frac space *2 66.57% 2.02% 

I and K frac space *3 67.11% 2.84% 

 

Like in the other runs, the effect of the capillary pressure on ultimate recovery is revealed 

only when the simulation time is increased to 1.3E+05 minutes. Figure 5-29 shows the extended 

time simulation for the alterations in the capillary pressure. 
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Figure 5-29: Oil Recovery factor in an extended simulated time for capillary pressure 

alterations Run 3 

 

In this case, even after increasing the simulation time the expected trend for the fracture 

spacing did not appear. As the material balance error was less 0.01% for these simulations, these 

results confirms that the trend now is a small increase in the oil recovery when the fracture space 

is increased. Figure 5-30 shows the oil recovery factor for the alterations in fracture space.   
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Figure 5-30 Oil Recovery factor in an extended simulated time for fracture space 

alterations Run 3 

The simulation using the capillary pressure multiplied by 0.01 is closer to the 

experimental results because the miscible displacement reduces the interfacial tension and the 

capillary pressure to values close to zero. Combining this factor with an increase in oil wettability 

and fracture spacing improves the match.  

The best match was achieved by using an oil-wet relative permeability curve, where the 

residual oil saturation to gas is increased from 0.05 to 0.1 combined with the fracture space 

multiplied by 3 and capillary pressure multiplied by 0.01.  Figure 5-31 shows the history match 

of run #3. 
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In Run #4, the results of the sensitivity analysis were very similar, but now the results of 

simulations are closer to the experimental results. The simulation in which the capillary pressure 

is reduced to 0.01 of its original values shows a good match with the experimental data. 

Comparing with the simulation results of Run #3, the main difference is that now the oil 

recovery curves tend to get flat earlier, so the maximum oil recovery is achieved earlier. The 

simulations here are somewhat closer to the experimental results, and this is similar to what was 

Figure 5-31 History match Run 3 
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seen in the comparison between Run #1 and #2. Figure 5-32 shows the sensitivity of the oil 

recovery factor to different parameters in Run 4.  

Figure 5-32: Oil Recovery Factor for different parameter sets in Run 4 

Table 5-11 summarizes the sensitivity analysis comparing the oil recovery factor of each 

simulation with the base case at 13,000 minutes of simulation. The same trends were found, and 

the most and least sensitive parameter remains the same.  
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Table 5-11 Summary Results Sensitivity Analysis Run 4 

Change applied Oil recovery Factor Difference 

Matrix Permeability 600 mD 67.60% -0.19% 

Matrix Permeability 400 mD 67.86% 0.19% 

Fracture close effect 67.07% -0.98% 

More oil wet rock 62.04% -8.41% 

Strongest Oil wet 60.41% -10.81% 

Matrix Pc *0.1 73.92% 9.13% 

Matrix Pc* 0.01 49.79% -26.49% 

I and K frac space *2 69.21% 2.18% 

I and K frac space *3 69.64% 2.81% 

 

As in Run #3, the real trend of the capillary pressure is revealed when the simulation time 

is increased to 1.3 E+5 minutes. Also, we can observe a similar behavior for the fracture spacing 

alteration, higher oil recovery for the lower fracture spacing in the beginning and the inversed 

trend near the end of the simulation. Figures 5-33 and 5-34 show the results for the extended 

simulated time of both parameters.  
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Figure 5-33: Oil Recovery factor in an extended simulated time for capillary pressure 

alterations Run 4 
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Figure 5-34: Oil Recovery factor in an extended simulated time for fracture space 

alterations Run 4 

As in the previous run, the simulation with the capillary pressure multiplied by 0.01 is 

closer to the experiment results. The match is based on this simulation, altering some parameters 

related to the rock fluid data like the maximum relative permeability to oil and multiplying the 

capillary pressure values by 0.02. Figure 5-35 shows the history match and it seems that using a 

value of 100% for the maximum relative permeability to oil combined with the capillary pressure 

multiplied by 0.01 provide the best adjustment of the numerical simulation with the experiment 

data.  
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5.4.3 First Contact Miscible Runs 

Like the two previous runs, the sensitivity analysis for Run #5 showed most of the 

numerical simulation results giving higher recovery than the experimental results. What was 

different is that the shape of the simulated curves are very similar to the experimental curve of 

oil recovery factor, which indicates that a near perfect history match in this run can be achieved, 

or at least a better quality match in comparison with the previous runs. Figure 5-36 shows the oil 

recovery factors for different parameter sets in Run #5. 

 

 

 

Figure 5-35 History Match Run 4 
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Figure 5-36: Oil Recovery Factor for different parameter sets Run 5 

The sensitivity is evaluated by comparing the oil recovery factor at 13,000 minutes of 

simulated time of each simulation and comparing with the base case simulation, the difference 

reveal the trends of each alteration in the numerical simulation. Table 5-12 summarize the results 

for Run #5. 
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Table 5-12 Summary of the Results of Sensitivity Analysis for Run 5 

Change applied Oil recovery Factor Difference 

Matrix Permeability 600 mD 73.60% 1.05% 

Matrix Permeability 400 mD 73.82% 1.35% 

Fracture close effect 73.10% 0.37% 

More oil wet rock 66.48% -8.72% 

Strongest Oil wet 64.48% -11.47% 

Matrix Pc *0.1 77.48% 6.38% 

Matrix Pc* 0.01 60.26% -17.26% 

I and K frac space *2 74.60% 2.42% 

I and K frac space *3 75.05% 3.04% 

 

The real trend of the capillary pressure was revealed only when the simulation time was 

increased, as illustrated in Figure 5-37. And the same behavior that was observed for fracture 

spacing in Runs #3 and #4 can be observed here in Run #5, as shown on Figure 5-38. 
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Figure 5-37: Oil Recovery factor in an extended simulated time for capillary 

pressure alterations Run 5 
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The history match in this run used the relative permeability of the fractures and matrix to 

compensate for the asphaltene deposition that was not included in the base model. The match 

was achieved by combining this new set of permeability with the capillary pressure multiplied 

by 0.8. Figure 5-39 shows the history match of the run 5 and table 5-13 shows the parameters of 

the new set of relative permeability used in this history match. 

 

 

 

 

 

Figure 5-38: Oil Recovery factor in an extended simulated time for fracture 

space alterations Run 5 
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Table 5-13 Relative Permeability used in the match 

Properties Matrix Fracture 

Soirg 0.8 0.6 

Sorg 0.8 0.6 

Sgcon 0.05 0 

Sgcrit 0.05 0 

K*
rg 0.8 1 

K*
rog 0.4 2 

Nog 4 1 

Ng 3 1 

 

Figure 5-39 History Match Run 5 
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In Run #6, the sensitivity related simulations are closer to the experimental values in 

comparison with Run #5.  This is due to the increase in the injection rate and such effect of 

injection rate was also observed in the previous comparison between Run #1 with #2 and Run 

#3 with #4. Figure 5-40 shows the oil recovery results of the sensitivity analysis in Run #6. 

 

Like other runs, the sensitivity was evaluated by the difference in the oil recovery factor 

of each simulation in comparison with the base case. Table 5-14 summarize these results. 

 

 

 

Figure 5-40 Oil Recovery Factor for different parameter sets Run 6 
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Table 5-14: Summary of Sensitivity Analysis Results for Run 6 

Change applied Oil recovery Factor Difference 

Matrix Permeability 600 mD 75.78% -0.17% 

Matrix Permeability 400 mD 76.01% 0.12% 

Fracture close effect 75.39% -0.68% 

More oil wet rock 67.99% -10.43% 

Strongest Oil wet 65.78% -13.34% 

Matrix Pc *0.1 79.40% 4.60% 

Matrix Pc* 0.01 67.23% -11.44% 

I and K frac space *2 73.95% -2.58% 

I and K frac space *3 74.35% -2.05% 

 

Increasing the simulation time confirmed the real trend of the capillary pressure, as 

illustrated in Figure 5-41. The trend with the fracture spacing was similar to what was observed 

in Runs #3, #4 and #5. It is illustrated in Figure 5-42. 
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Figure 5-41 Oil Recovery factor in an extended simulated time for capillary 

pressure alterations Run 6 
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Now to match the numerical simulation with the experimental results, we used the same 

set of relative permeability from the adjustment of Run #5 combined with the capillary pressure 

multiplied by 1.3. Figure 5-43 shows the History match of Run #6. 

 

 

 

 

 

 

Figure 5-42 Oil Recovery factor in an extended simulated time for fracture space 

alterations Run 6 



 

171 

After running all those simulations we found that the permeability and the shape factor 

have similar effects and both increase the oil recovery factor when they are increased, however 

the uncertainty associated to the shape factor is far higher since the theory of the shape factor 

assumes that the whole matrix area is used in the fluid exchange which is not happening in our 

experiments, besides there are different expressions to calculate the shape factor and even using 

the same fracture spacing they will lead to different shape factor values. 

The oil wettability of the matrix decreases the oil recovery factor; however, its effect is 

only evident from the middle to the finish of the simulation when only the matrix feeds the fluid 

production. 

The fracture closure effect limits the flow in the fracture and decreases the oil recovery. 

Although it was found in our experiments that our fractures did not close, this effect can be used 

Figure 5-43 History Match Run 6 
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to represent mathematically other physical effects in the simulation without increasing the 

numerical work in the simulator. 

The capillary pressure increases the oil recovery factor when its values are decreased, but 

its effects are only noticeable later in the run. The capillary pressure reduction favors the sweep 

efficiency, the CO2 tends to stay near the top of the model and spreads horizontally. When higher 

capillary pressures are used the CO2 finds more resistance to enter in the matrix and the 

horizontal spread becomes limited. The only alternative is flow toward to the producer and 

increase the pressure gradient in this direction. When this happens, more oil is produced earlier 

but more oil is also left behind decreasing the oil recovery factor.  

In a system without fractures the results can be transported to the field scale by correlating 

the convective dispersion with the molecular diffusion as stated in chapter 2, but when the 

fractures are included its effects need to be considered in a field extrapolation. 

The fluid diffusion in the fractures is associated with its dimensions and the results of our 

experiments also revealed that the correlation between the horizontal fracture permeability and 

vertical fracture permeability will affect the gas chamber spread and sweep efficiency so we 

suggest the expression below, where N is the number of fractures in the directions I and K: 

=  5.1 

The correlation between the matrix volume and fracture volume will ensure that you will 

have the same naturally fractured reservoir type in the field. 

=  5.2 
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When the gravitational forces prevail in the field it is necessary to be sure that the viscous 

forces will act with the same intensity, the viscous forces are expressed by the Darcy velocity 

multiplied by the length in the flow direction. In this work we can use the drainage velocity from 

the chapter 2 multiplied by the drainage height: 

× = ×  5.3 

 

If similar conditions of pressure and temperature are used, the diffusion time becomes 

equal for field and lab and the time scale is dependent only on the convection time given in the 

chapter 2, so the correlation between the time in field and the time in lab is expressed by the 

following expression: 

= ×  5.4 

Combining this expression with expression 5.3 the time correlation can be expressed as: 

=  5.5 

This expression relates the correlation time to geometric parameters, and if we consider 

a pilot project where the dimension is 100 time higher, 1 minute in the lab will correspond to 

10000 minutes in the field. 

If we take for example, the results of Run #6 where the oil recovery factor achieved at 

4000 minutes was 42%, in the field extrapolation it will take 4E+7 minutes to achieve the same 

recovery factor. This time equals to 7.6 years, which would be a good result and the pilot project 

could be profitable. 
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CHAPTER 6 

6 Conclusions and Recommendations  

This work developed an experimental apparatus capable of mimicking a multi fractured 

reservoir system. This apparatus can operate at high pressure and elevated temperature 

conditions and also enables many different fracture configurations. The effects of two 

parameters, the solvent gas injection rate and the operating pressure, were investigated and the 

results were evaluated by comparing the oil recovery behavior. Six experiments were completed 

successfully and the results were analyzed to develop improved understanding of the process.  

The experimental work was supplemented by investigating other parameters in the 

numerical simulator. A sensitivity analysis was performed using a numerical simulator and it 

revealed the trends of how each parameter affects the displacement process under specific 

conditions of the experiments.  The sensitivity analysis also confirmed the capacity of numerical 

simulation to represent all important phenomena that can occur in each experiment. 

6.1 Conclusions  

Based on the results from the experiments and from the numerical simulation, the 

following conclusions can be drawn from this work: 

The oil drainage under gravitational flow is efficient in controlling the gas breakthrough, 

improving the sweep efficiency and displacement efficiency even in a multi fractured system 

like the one used in this work. The effectiveness of gravity drainage is reflected in the oil 

recovery factors achieved, which were around of 40%. 

Based on the experiment results we can conclude that increasing the injection rate and 

maintaining the other parameters constants will accelerate the oil production and increase the oil 
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recovery factor for the same pore volume injected. The adverse effect is the gas breakthrough 

anticipation and there would be an optimum gas injection. 

Increasing the operating pressure and maintaining the other parameters constants 

improves the oil production and more oil is recovered in the beginning, however the density of 

the solvent increases and the gravitational forces are decreased affecting the sweep efficiency 

and the long term oil recovery factor. The gas production is also increased and the gas 

breakthrough is accelerated.  

The fracture pore aperture relation between vertical fractures and horizontal fractures is 

another factor that can affect the sweep efficiency. For example, in the immiscible experiment 

(run 1 and run 2) the average horizontal fracture aperture was bigger than the vertical one in run 

1, and a lower injection rate was used. These two factors enhance the sweep and horizontal flow, 

and less oil was left behind but it took more time to be produced. Theoretically run 1 should 

present a higher final oil recovery but more time and more solvent injection would be needed. 

So the results showed a discrepancy in the injection rate dependence of oil recovery in the 

Immiscible experiments while in the MCM runs the opposite is happening, the lower injection 

rate was compensated by a higher average vertical pore aperture, and the oil recovery factor per 

pore volume injected curves were very close. 

Based on the sensitivity analysis results we can make the following conclusions: 

The shape factor and matrix permeability have similar effects and when one of this 

variables is increased; the oil recovery factor is increased. 

The effect of matrix oil wettability becomes more pronounced near the finish of the 

simulation when the production is fed only by the matrix. Increasing the matrix oil wettability 

decreases the oil recovery factor. 



 

176 

The fracture closure effect modeled by the Darcyan relative permeability of the fractures 

reduces the oil recovery factor. 

The capillary pressure hastens the oil production when it is increased. However, the 

sweep efficiency is reduced and in long term the oil recovery factor is reduced.  

The most sensitivity parameter is the capillary pressure and as the operating pressure is 

increased the sensitivity to the parameters is decreased. Moreover, the match between the 

simulation results and experimental results deteriorates with increasing pressure, which suggests 

that there are other important phenomena occurring such as asphaltene precipitation. 

The inversion of trend with fracture spacing occurred when the operating pressure was 

increased, which suggests that the simulation is not capturing all the mechanisms. Actually the 

theory of the shape factor considers that all the matrix area is being used to exchange fluids with 

the fracture, but this is not happening in the experiment because the gas is segregated and part of 

the matrix remains submerged in the liquid. There are other mathematical ways to compensate 

for this effect, but in fact the uncertainty associated to this parameter is higher than the value 

used in this study. 

The sensitivity analysis also shows that the uncertainty related to the parameters of the 

experiment can lead to a satisfactory match between experiment and numerical simulator. Except 

for the run 5 and 6, all other runs were matched using the parameters of the sensitivity analysis 

within their uncertainty range.   
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6.2 Recommendations 

Based in the challenges faced in this work, the following recommendations are made in 

order to extend and improve the knowledge associated with gas assisted gravity drainage in 

naturally fractured reservoirs. 

Initially the proposal of this work was to run the experiments at the reservoir conditions 

but it was not possible due to safety and economic concerns, so it was decided to work as close 

as possible to the reservoir conditions. The advantage of running experiments in the reservoir 

conditions is that some of the scaling factors are eliminated and the results obtained reflect 

directly the results that could be obtained in a field application. However, work with lower 

pressure and temperature enables the researcher to investigate other interesting phenomena and 

the experimental system developed in this work can be adapted to study several aspects of the 

GAGD, such as: 

 Substitute the aluminum plates by Plexiglas, which would allow the visualization of 

the fluid motion in fractures and matrix. Other phenomena could also be visualized 

such as the gas chamber expansion as well as its velocity and shape. 

 Work with a different solvent, since CO2 MMP is higher than the rupture pressure 

of Plexiglas. CO2 is in important but there are other gases that can be used in such 

applications. 

 The fracture aperture role was identified near the end of this work. So it would be 

useful examine its role experimentally. Actually it would be interesting to develop a 

research program focused in the fracture properties such as aperture and geometrical 

disposition which is easily possible with the physical model of this work. 
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APPENDIX A 

The equations are based on the dual porosity-permeability model and are developed for 

matrix and fracture systems blocks, where each of them have their own values of porosity and 

permeability. The flux tends to go to the system with better porosity and permeability, which in 

this case is the fracture system, while the matrix system acts as a source or a sink of the fracture 

system since it contains most of the reservoir pore volume. The equations presented in 

Chilingarian et al (1992), represents the behavior of fractures and matrix for oil, water and gas 

respectively, as shown in the following expressions: 

   Fractures: 

 A.1 
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The flux between fracture and matrix is defined by the adapted Darcy expression: 

 A.7 

The shape factor σ depends on the size and shape of the matrix blocks and for a naturally 

fractured reservoir composed of rectangular matrix blocks of dimensions Lx, Ly and Lz, it can 

defined by the expression proposed by Kazemi (1976). 

 A.8 
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APPENDIX B 

Chemical reactions of rock occurs more frequently in carbonate rocks but can happens in 

sandstone rocks also. It will occur when the CO2 in contact with water forms carbonic acid, this 

carbonic acid dissolves the carbonate rock creating worm holes that increase the permeability 

and change the flow behavior at the injection point of CO2, chemical reactions that govern this 

processes are described by the following equations:  

 B.1 

 B.2 

In the same way, Dolomitization is a process that occurs when magnesium ions present 

in water replaces calcium ions in calcite, this process is describe by the following stoichiometric 

equation: 

 B.3 

Carbonate dissolution and dolomitization are reversible reactions, and if the 

concentration of dissolved carbonate increases too much its grains will precipitate and plug the 

rock reducing the porosity and permeability. Such precipitation generally occurs near to the 

producer well. All these reactions are dependent on pressure, temperature and injection rate, and 

any one of these reactions can be more dominant for the certain conditions of reservoir, and only 

experimental investigation can determine the ideal conditions to improve porosity and 

permeability in any process of EOR that uses CO2 in carbonate reservoirs. 

The rate law that guides mineral dissolution and precipitation reaction is given by the 

expression below: 
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 B.4 

Where rβ is the rate of mineral β, is the reactive surface area, kβ is the rate constant, 

Keqβ is the chemical equilibrium constant and Qβ is the activity product of mineral reaction β. If 

the activity product is greater than the chemical equilibrium constant mineral dissolution occurs, 

if it is less mineral precipitation occur and if it is equal there is no reaction. The activity product 

can be calculated, as follow: 

 B.5 

Where ak is the activity of the component k, Vkβ are the stoichiometric coefficients. The 

activities ak are function of the molality, as follows: 

  B.6 

The reactive surface area is a function of the number moles of minerals consumed or 

generated through dissolution or precipitation and can be calculated by the expression below: 

 B.7 

The new porosity due to precipitation or dissolution is function of the number of moles 

and density of the mineral, rock compressibility and gradient of pressures, as follows: 

 B.8 
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With the change in porosity the new value of absolute permeability can be calculated by 

the Kozeny-Carman equation, as follows: 

 B.10 

Dissolution and dolomitization do not guarantee permeability improvement, sometimes 

the formed warm holes lead the fluid flux to traps. Fredd (2000) used carbonate cores submitted 

to acid stimulation to find the relationship between the wormhole formation with injection and 

chemical rate. The author used Damkohler number and Peclet number to evaluate the wormhole 

propagation in the carbonate cores and the results showed that for each Damkohler number there 

exists a dissolution pattern for the specific rock-fluid system. According to the author, the 

patterns were divided into five types: 

Face dissolution 

Conical wormholes 

Dominant wormholes 

Ramified wormholes 

Uniform Dissolution 

The transition from dissolution structure 1 to 5 is a function of the injection rate. The first 

case is the worst because the dissolution only occurs in the surface of the core and the required 

injected pore volume for establishes communication with the other side of the core is huge. 

Increasing the injection rate the chemical activity in the core become more distributed. Although 

the uniform dissolution is the case where reaction rate is more favored, dominant wormhole is 

the case where the injected pore volume necessary to establish connection to the both sides of 
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the core is less, increasing the injection rate the flux tends to push into the smaller pores and the 

channels become highly branched or ramified.  

Another way to control the chemical rate is to change the properties of the injected fluid, 

some fluids have a better performance under high temperatures while others works better at low 

temperature.  

Since in VAPEX and GAGD injection rates are very small, dissolution structures are 

restricted to face dissolution, conical wormhole and dominant wormholes in extreme cases. 

 

 

 

 


