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Abstract 

The solvent-based huff ónô puff process has been used with great success in heavy oils with CO2  

as the solvent. The aim of this work was to explore the use of natural gas as a solvent in the huff 

ónô puff process and apply this to the Hibernia reservoir by creating a numerical reservoir simulator 

to complete this study. A one-dimensional compositional reservoir model was created using 

MATLAB. The simulator was developed to be able to use a Cartesian as well as radial co-ordinate 

system, allowing for simulation of multiple processes which aided in the validation of the model. 

The model uses a robust flash calculation which was tested against known experimental values, as 

were all fluid prediction models. The reservoir flow was compared to known analytical solutions, 

using both constant-rate and constant-pressure boundaries. This was done to ensure the simulator 

could adequately handle the required boundary conditions for simulation of the huff ónô puff 

process. 

Slim-tube experiments were simulated with Hibernia oil using realistic reservoir properties, in 

order to determine the minimum miscibility pressure for different gases to be tested in the huff ónô 

puff process. Simulation of the huff ónô puff was successful for the huff and puff phases, but issues 

were encountered when simulating the puff phase. It was found that it was not possible to model 

the three-phase huff ónô puff process in the one-dimensional simulator that was developed. 

Although the huff ónô puff process was not able to be modelled using the developed simulator, the 

simulator was validated on many different levels and there are many other useful processes that 

can be simulated using this model. It is also a great foundation for future work studying the huff 

ónô puff and many other gas injection processes.
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Chapter 1 Introduction  

1.1 Overview of Reservoir Simulation 

Reservoir simulation is used across the oil and gas industry for solving reservoir engineering 

problems (Abou-Kassem et al., 2013). These types of problems can cover all types of oil and gas 

recovery processes. A reservoir simulator mathematically models the behaviour of the physical 

fluids in the reservoir, as well as the reservoir rock itself. This means that in order to simulate an 

oil and gas reservoir, there first must be a mathematical model to describe the system. The 

mathematical model is based on laws of conservation of mass, momentum, and energy (Aziz and 

Settari, 1979). The numerical model describing an oil and gas reservoir draws from the basic laws 

governing fluid flow, and applies them to fluid flow in porous media. The development of the 

mathematical model for the work completed in this Thesis is described in detail in Chapter 3.  

There are two types of reservoir simulation: black oil modelling and compositional modelling. 

Black oil modelling was developed first, as this is the simpler form of reservoir simulation. This 

does not take into account the composition of the oil, but instead assumes only three major 

components in a reservoir: water, oil, and gas. Typically, black oil modelling is used for modelling 

primary and secondary recovery. This method has been used with great success in reservoir 

simulation, and is still used today as it is adequate for modelling many recovery processes such as 

water injection and immiscible gas injection. 

Compositional reservoir modelling is used to model more complicated reservoir processes which 

are referred to as tertiary recovery or enhanced oil recovery (Chen et al., 2006). The compositional 

reservoir models each component of the reservoir fluid individually, and is useful in examining 

complex processes such as miscible gas injection.  
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1.2 Purpose of Work 

The purpose of this work is to examine the possibility of using the solvent-based huff ónô puff 

process in conditions experienced offshore Newfoundland, and specifically to apply this process 

to injector wells for improved oil recovery (IOR). IOR involves increasing the production of a well 

after its production has begun to decline, which can include enhanced oil recovery (EOR) 

techniques. EOR encompasses any process that increases oil production, whether it be field wide 

or for a single well. Residual oil can be left in the vicinity of an injector well, limiting gas injectivity 

as well as leaving valuable oil unrecovered in the near well region. The production of this residual 

oil can be aided through the use of the solvent-based huff ónô puff process. 

The most common solvent used in solvent-based huff ónô puff is CO2. When running the CO2 huff 

ónô puff process onshore, the CO2 will generally be provided directly from a pipeline or from CO2 

trucks. In general, there are no CO2 pipelines running to offshore facilities, therefore CO2 

availability becomes an issue. The huff ónô puff process has rarely been documented in offshore 

usage before, but in a CO2 huff ónô puff project offshore Vietnam one of the main problems was 

the availability of CO2 (Ha et al., 2012). It can become quite costly to ship CO2 offshore which 

can render the process economically unviable.   

This work examines the use of natural gas as the solvent for the solvent-based huff ónô puff process 

in a light oil reservoir. Natural gas has not been thoroughly studied for use in this process, and it 

is readily available in an offshore environment which could improve the economics of using this 

process, as well as provide a use for the natural gas produced in certain offshore environments. 

Although much of the literature review is for the CO2 huff ónô puff process, previous studies have 
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shown that some of the mechanisms which can lead to IOR could also apply to the natural gas huff 

ónô puff process.  

1.3 Scope of Thesis 

A comprehensive literature review was completed regarding the huff ónô puff process and how it 

works. Through this literature review, knowledge was gained on how the process works and what 

injection parameters are important to the process. The literature review on the huff ónô puff process 

is summarized in Chapter 2. Completing this thorough review gave insight to what work has 

already been completed, as well as what would be useful to study. 

In order to examine the possibility of using a solvent-based huff ónô puff process offshore, a one-

dimensional isothermal compositional reservoir simulator was created in MATLAB to simulate 

the process. The description of how this model was created is outlined in Chapter 3. This involved 

a very comprehensive study of reservoir simulation; many different textbooks were used to create 

the mathematical model for compositional near well reservoir simulation. A combination of 

research into reservoir simulation and knowledge of general numerical simulation and 

programming was required to complete this model. 

The model inputs and boundary conditions were determined through literature review, and 

different parameters were studied to determine their effect on the natural gas huff ónô puff 

process. The model used to evaluate the natural gas huff ónô puff process along with the results 

and discussion are described in Chapter 4. Once the case studies were run, the conclusions and 

recommendations for future work were listed in Chapter 5. Figure 1.1 shows a concept map of 

the work completed in this thesis. The work started with a literature review of the huff ónô puff 

process in parallel with a literature review of compositional reservoir simulation and numerical 
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simulation in MATLAB. Once knowledge on reservoir simulation in MATLAB was adequately 

developed, the compositional reservoir simulator was created and then validated. The literature 

review on the huff ónô puff process aided in creating case studies to examine the natural gas huff 

ónô puff process, and then finally these case studies were evaluated using the developed 

simulator.  

 

Figure 1.1 ï Concept Map of Thesis 
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Chapter 2 Literature Review of Huff ónô Puff Process  

2.1 Background 

When a well is shut-in due to economic constraints, residual oil is left in the vicinity of the well. 

An improved oil recovery (IOR) process known as the solvent-based huff ónô puff process has been 

used to extend the life of wells as they near the end of their economic life. This method has become 

popular over recent years as it is easy to implement and generally does not require a large up front 

capital commitment, as long as the well is equipped for gas usage. It can be used as a typical EOR 

process and also an IOR process for residual oil well cleanup. The solvent-based huff ónô puff 

process involves three stages; injection, a shut-in period, and production. There are various 

mechanisms which contribute to the IOR of this process, these are described in the proceeding 

section. The injection stage, known as the huff cycle, is when the solvent is injected into the well. 

The shut-in period allows for the solvent to interact with the formation oil. It is during this stage 

that some of the mechanisms of IOR, such as oil swelling and oil viscosity reduction, take place. 

When the shut-in period is over, the well is returned to production, which is known as the puff 

cycle. Huff ónô puff is a cyclic solvent injection process; therefore this scheme can be repeated 

multiple times to increase the recovery factor. This process works as a single well EOR or an IOR 

method.  

The primary solvent used in the solvent-based huff ónô puff processes is CO2 and mixtures of CO2 

with other components. CO2 is widely used in EOR, and it has been investigated in terms of EOR 

since the 1950ôs. Although the CO2 huff ónô puff process was not used until the 1970ôs, CO2 was 

still used for other EOR methods. The phase behaviour of CO2 and paraffin systems was studied 

by Poettman and Katz (1945). The main mechanisms in which CO2 could contribute to EOR were 

determined to be the swelling of oil, and the reduction of viscosity upon dissolution of CO2 in the 
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oil. These mechanisms caused miscible CO2 applications to become quite popular in the 1960ôs, 

as injecting CO2 under miscible conditions allows for the highest solubility and increased mass 

transfer between the CO2 and the oil. Thermal EOR methods were also popular at this time, with 

steam injection being widely used. Steam injection could be quite costly, and similar to miscible 

CO2 applications steam injection could not penetrate deep enough to provide EOR for deeper wells 

(Khatib et al., 1981). 

One method of steam injection which was used was what is called a steam huff ónô puff process. 

This involved injecting steam, allowing it to soak, and then producing the oil. As with most thermal 

methods of EOR this was developed for use in heavy oil fields. The procedure used in the solvent-

based huff ónô puff process is very similar to the procedure which was used in the steam huff ónô 

puff process. The solvent based huff ónô puff process was also initially developed for use in heavy 

oil fields. Solvent-based huff ónô puff was first seen in a patent by P.C. Keith in 1969, but this 

patent did not describe the process as it is used today. Keith described a cyclic injection of a 

mixture of CO2 and steam, as at the time he believed steam may still be necessary to promote 

desirable EOR. The solvent-based huff ónô puff process as it is used today was described in detail 

by Patton et al. (1982). There are a few key differences between the solvent-based huff ónô puff 

process and miscible solvent flooding processes which had been used. The solvent-based huff ónô 

puff process works in a single well, where miscible flooding is generally injected in one well, 

producing oil from another well sweeping the larger field. The huff ónô puff process uses injection 

under immiscible conditions, which allows the solvent to propagate deeper into the reservoir than 

what could be achieved through miscible flooding. This enables the solvent to interact with more 

formation oil, which in turn increases the recovery factor in the near well region. 
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2.2 The Huff ónô Puff Process 

The huff ónô puff process was developed in order to enhance the oil recovery in deeper wells. It is 

generally used as a single well IOR method. The solvent is injected in small treatments and does 

not typically travel more than 60 m from the injection well (Patton et al., 1982). There are three 

stages to the huff ónô puff; injection, shut-in, and production. The injection stage involves injection 

of the solvent under immiscible conditions in order to bypass the oil and propagate deep into the 

reservoir through fingering and channeling (Liu et al., 2005). After the injection stage the drainage 

area of the near well region is pressurized before the shut-in period. The shut-in period is when the 

flow into the well is shut off, which allows the solvent to soak into the formation and oil and mass 

transfer occurs. The length of the shut-in period has been noted as an important parameter in the 

huff ónô puff process (Mohammed-Singh et al., 2006), it can last up to several weeks (Liu et al., 

2005). Although the thermodynamic conditions for miscibility may not be met, the solvent is 

generally still soluble in the oil. The solubility of CO2 in oil has been shown to increase with 

pressure, as was studied by Barclay and Mishra (2016) when developing the following correlation 

for CO2 solubility in light oils. 

 (0.36913 0.00106 )ln( ) (0.01280 0.00160 )sol T p T= - + -  (2.1) 

where sol  is the solubility of CO2 as a mole fraction, p is pressure in MPa, and T  is temperature 

in °C. Through this equation it is seen that the solubility of CO2 in light oils is logarithmically 

proportional to pressure. At low pressures only a small portion of the solvent will dissolve in the 

oil, which is why it is important that the solvent contacts as much oil as possible through fingering 

and channeling (Miller, 1990). Diffusion can take a long time to reach equilibrium, which is why 

the shut-in period has been thought to be an important factor. After the well has been shut-in for 

an adequate period of time it is returned to production by reducing the pressure to operating 
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conditions. The oil surrounding the well has now mixed with the lighter injection gas and is easier 

to produce due to mechanisms discussed in the proceeding section. When the well is returned to 

operating conditions it will see an increase in oil recovery. The solvent-based huff ónô puff process 

can be repeated multiple times to produce the remaining residual oil left in the vicinity of the well. 

This process has shown to have an economically viable increase in oil recovery after up to 3 cycles 

in the field (Mohammed-Singh et al., 2006). The number of cycles which are most favourable will 

depend on the economics of the individual project. 

2.3 Mechanisms Contributing to EOR 

There are many mechanisms that have been shown to contribute to the increase in oil recovery; 

those which have shown to be common amongst the majority of CO2 huff ónô puff processes are 

(Liu et al., 2005; Mohammed-Singh et al., 2006): 

1. Oil swelling 

2. Oil viscosity reduction 

3. Gas relative permeability hysteresis  

4. Gas penetration 

5. Extraction of lighter components of oil by CO2 

Some mechanisms are common amongst both miscible and immiscible CO2 EOR methods such 

as oil swelling and oil viscosity reduction. These have been known since the 1940ôs and were 

examined in early CO2 EOR applications. Other mechanisms which are unique to immiscible CO2 

injection are; the extraction of lighter components of oil by CO2 and gas penetration. 
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2.3.1 Oil Swelling 

Swelling of oil has been noted to be an important recovery mechanism for the CO2 huff ónô puff 

process. Dissolution of CO2 in the formation oil can cause the oil to swell, which can lead to IOR 

through mobilizing more oil. When producing a two-phase system, a higher oil swelling factor 

will increase the oil phase saturation and leave less residual oil in the reservoir (Liu et al., 2005). 

This effect is simulated through the equation of state flash calculation, described in section 3.4.3. 

2.3.2 Oil Vi scosity Reduction 

Another mechanism contributing IOR of the CO2 huff ónô puff process is oil viscosity reduction. 

This is also caused by the dissolution of CO2 into the formation oil. This mechanism is common 

to other CO2 EOR processes as well, the reduced oil viscosity allows oil to flow more easily, 

improves the mobility ratio and similarly to the oil swelling effect the reduction of viscosity will 

reduce the residual oil saturation left in the reservoir (Liu et al., 2005). In the simulator, oil 

viscosity is calculated based on composition thus as the oil composition changes the viscosity 

accurately reflects these changes as described in section 3.4.4. 

2.3.3 Gas Relative Permeability Hysteresis 

During the huff ónô puff process relative permeability hysteresis may be invoked during the 

production phase. Through interactions between the injection gas and formation water during the 

injection and shut-in phase, the gas-oil relative permeability function may experience hysteresis 

for the production phase (Liu et al., 2005). It has been noted during previous simulations that the 

gas relative permeability hysteresis has been a major cause of oil recovery in the huff ónô puff 

process (Denoyelle and Lemonnier, 1987: Haines and Monger, 1990). As mentioned in Chapter 4, 

this mechanism is not included in this simulator due to complexity. 
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2.3.4 Gas Penetration 

The CO2 huff ónô puff process has been primarily used as an immiscible process. The benefit of 

injecting the gas under immiscible conditions is that it allows the injection gas to penetrate much 

deeper into the reservoir than what would occur during a miscible injection. This allows the 

injection gas to come into contact with, and thus dissolve into more formation oil. In successive 

cycles of the huff ónô puff process the CO2 continues to penetrate further into the reservoir and 

contacting more and more formation oil (Khatib et al., 1981).  

2.3.5 Extraction of Lighter Components by CO2 

In the huff ónô puff process, the injection gas can strip away some intermediaries from the 

formation oil, and produce an enriched gas mixture to produce some of these intermediate 

components from the reservoir. Liu et. al (2005) have noted that these intermediaries can go as 

high as C7 when using CO2 as the injection gas. They also noted that the recovery of these 

components extracted by the injection gas can account for up to 20% of the hydrocarbon recovery 

by mole fraction. This mechanism is modelled through the phase effects of injection gas coming 

into contact with formation oil. 

2.4 Previous Studies 

Although the first field implementations of the solvent-based huff ónô puff process were recorded 

in the 1960ôs (Palmer et al., 1986), the first laboratory study was conducted by Sayegh and Maini 

(1984). Their study, along with other early studies, was aimed to understand the process and what 

parameters affect the EOR of the process. The majority of studies have been conducted using CO2, 

with some examining the effect of using different solvents. Overall, the parameters which have 

shown to have the greatest influence on the process are: injection pressure (Firouz and Torabi, 

2012; Wang et al., 2013), injection rate (Karim et. al, 1992), injection volume (Monger and Coma, 
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1988; Hsu and Brugman, 1986), number of cycles (Wang et al., 2013; Hsu and Brugman, 1986), 

soaking time (Monger and Coma, 1988), and type of solvent used (Qazvini Firouz and Torabi, 

2012; Sayegh et al., 1984). 

2.4.1 Injection Pressure 

The solvent based huff ónô puff process is typically used as an immiscible injection process. Studies 

have examined this process over various ranges of miscibility, and have shown that in general 

immiscible injection provides better EOR than miscible injection in light oil (Monger and Coma, 

1988; Monger et al., 1991). In these studies core floods were completed to examine the difference 

between injection of CO2 under miscible and immiscible conditions, and it was determined that 

injecting under near miscible conditions produced the best results. In studies where all trials were 

done under immiscible conditions, an increased injection pressure provided better oil recovery for 

both heavy oil (Firouz and Torabi, 2012) and light oil (Wang et al., 2013) under laboratory 

conditions. CO2 mixing with formation oil is necessary for improved oil recovery, and the 

solubility of CO2 in oil is a function of pressure as described by equation (2.1). The higher pressure 

allows more solvent to dissolve in the formation oil, which improves oil recovery as noted by 

Asghari and Torabi (2007) where they ran a huff ónô puff experiment injecting CO2 in a slim tube 

filled with normal decane at different operating pressures. It was shown in their slim tube 

experiment that higher pressure (above the MMP) provided the best recovery factor, but even when 

operating below the MMP an increase in pressure improved the recovery factor. When increasing 

the operating pressure from 250 psi to 750 psi (both below the MMP) they saw an improvement 

of 14% in the recovery factor. 



12 

2.4.2 Injection Rate 

One of the mechanisms which enhances oil recovery of the solvent-based huff ónô puff process is 

gas penetration, where a higher injection rate would lead to higher gas penetration. Karim et. al 

(1992) studied the effect of injection rate on the huff ónô puff process. This study was completed 

on 6 ft long, 2 in diameter cores of consolidated Berea sandstone. It was determined that an optimal 

injection rate was 140 cc/h. Injection rates which were higher and lower than this number were 

tested, but 140 cc/h yielded the best results. This study showed that lower injection rates caused 

the solvent to stay close to the injection site which negatively affected EOR, but when injection 

rates reached levels which were too high they negatively affected gas utilization. Injection rate was 

also studied by Wang et al. (2013). This study showed similar results but the results were not as 

measurable, which may have been attributed to the study being completed on a low permeability 

reservoir. 

2.4.3 Injection Volume 

An obvious parameter affecting solvent based huff ónô puff process is the injection volume. The 

larger the volume of solvent injected, the more solvent which will be in contact with formation oil 

to promote EOR. This has been shown experimentally (Monger and Coma, 1988), as well as in a 

pure simulation study (Hsu and Brugman, 1986). In the simulation study by Hsu and Brugman it 

was shown that injection volume is the most important parameter affecting the increased oil 

recovery. Although an increase in injection volume positively affects oil recovery, it negatively 

affects gas utilization therefore needs to be optimized depending on the economics of a project. 

2.4.4 Number of Cycles 

The optimal number of cycles to be used for a solvent-based process can be difficult to determine. 

It has been shown that in general the incremental increased oil recovery (additional oil recovery 
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per cycle) drops after each cycle, through experimental studies (Wang et al., 2013) as well as 

simulation studies (Hsu and Brugman, 1986). However, it has been noted in another project that 

the peak oil production was after the 2nd and 3rd cycles (Qazvini Firouz and Torabi, 2012). The 

optimal number of cycles depends on the individual field, as well as economics of using the 

solvent-based huff ónô puff process. 

2.4.5 Soaking Time 

Similarly to the number of cycles, the optimal soaking time can be difficult to determine. There 

have been some disagreements found in different studies. Sayegh and Maini (1984) found that 

increasing the soaking time did not significantly improve oil recovery, where Monger and Coma 

(1988) found that runs with a soak period produced more oil than runs without a soak period. In 

terms of increasing soaking time, it has been shown that differences in soak times do not have a 

significant change on oil recovery. Experimentally, (Firouz and Torabi, 2012) when changing the 

soak time from 24 to 48 hours, it was shown that it did not significantly improve the overall 

recovery factor. Through simulation (Hsu and Brugman, 1986), it was shown that increasing the 

soak time from 5 to 40 days did not have a significant increase on oil recovery. In the field a soak 

period is typically used when employing the solvent-based huff ónô puff process. A study on Texas 

projects showed that a soak period of 2 to 3 weeks could produce as much oil as longer soak 

periods (Haskin and Alston, 1989), and a study on projects in Louisiana and Kentucky showed 

that the optimal soak period was 1 month (Thomas and Monger-McClure, 1991). The optimal soak 

period depends on field, as well as the economics of using the solvent-based huff ónô puff process. 

2.4.6 Solvents 

Although CO2 is the most popular solvent used in the solvent-based huff ónô puff process, other 

solvents have been tested with varying results. In the early stages of the solvent-based huff ónô puff 
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process organic solvents were also tested for heavy oil stimulation, but these lacked cost 

effectiveness. This is due to their inability to propagate deep into the reservoir (Patton et al., 1982). 

In the 1969 US patent, Keith submitted various EOR methods which were used at the time, one of 

which being an inert gas huff ónô puff. The inert gas EOR method used a gas composition of 

typically 11%-15% CO2 and 89%-85% N2. Keith proposed that using pure CO2 would provide 

better EOR than the inert gas.  

In studies in more recent years it has been shown that indeed CO2 produces better results than N2 

for heavy oils (Qazvini Firouz and Torabi, 2012; Sayegh et al., 1984), which is what the process 

was originally intended for. Liu et al. (2005) showed that CO2 causes more swelling than N2, as 

well as a greater decrease in viscosity of the oil, which are two of the main mechanisms that 

contribute to the EOR of the huff ónô puff process. This is due to the higher solubility of CO2 in 

the oil.  

Another solvent which has been studied for use in the solvent based huff ónô puff process is natural 

gas, although it has not been studied as extensively as CO2 and N2. A study on heavy oil (Firouz 

and Torabi, 2012) compared using pure methane against CO2, as well as other hydrocarbons with 

CO2 mixtures. This study concluded that CO2 provides greater EOR than pure methane, but some 

mixtures of CO2 and hydrocarbons can produce similar results to using pure CO2. Shayegi et al. 

(1996) studied light oil comparing the use of pure methane and N2 against CO2, as well as mixtures 

of CO2 with methane. This study determined that CO2 and methane produce roughly the same 

recovery factors, N2 only recovered half the oil that was recovered using CO2 or methane.  

There have also been a few studies examining the use of only natural gas for the solvent based huff 

ónô puff process. Haines and Monger (1990) completed a study which focused solely on natural 
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gas for the solvent-based huff ónô puff process. This study used natural gas as a solvent in the huff 

ónô puff process in a light oil reservoir after waterflooding. Through coreflooding experiments and 

a field scale model this study showed that natural gas can provide favourable EOR in light oil 

fields. The natural gas was injected under immiscible conditions similar to the CO2 process. The 

operational parameters affected the process in the same way as the CO2 process, with the injection 

volume being an important parameter affecting the incremental oil recovery. Many of the same 

recovery mechanisms such as oil swelling and oil viscosity reduction were noted to have an effect 

on oil recovery during the natural gas process, which is similar to what has been seen in the CO2 

process. The natural gas huff ónô puff process was tested in the field in Brazil (Lino, 1994).  The 

purpose of this study was to substitute the CO2 huff ónô puff process with natural gas, to make the 

process applicable to a larger number of projects. The process was tested on various wells with 

different injection volumes and different soak times. The results showed that most wells had a 

positive incremental oil recovery while some had a negative incremental oil recovery, with the 

overall conclusion being that cyclic natural gas injection is a promising method to replace CO2 

injection where it is not feasible due to the expensive costs of using CO2 in certain scenarios, such 

as operations offshore. 

The previous studies mentioned using natural gas for the solvent based huff ónô puff process 

applied to light oils. Studies have also been completed on heavy oils, which are what the process 

was originally intended for. A study by Wenlong et al. (2008) completed a laboratory experiment 

to determine how natural gas can dissolve in the heavy oil to decrease oil viscosity and increase 

oil flow. The use of the huff ónô puff process in this paper contributed to foamy oil flows which 

enhanced oil recovery from a single well through similar mechanisms discussed previously such 

as reduction in viscosity and oil swelling. Another study examined the use of the natural gas huff 
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ónô puff process to maintain foamy oil production in a heavy oil reservoir (Sun and Zhang, 2014). 

This study also showed that natural gas cyclic injection improved oil recovery by creating foamy 

oil.  
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Chapter 3 Methodology 

This section provides the methodology used to create a numerical reservoir simulation model. A 

system of equations was developed to describe the reservoir behaviour, and these equations were 

implemented in MATLAB to create a one-dimensional compositional reservoir simulator. The 

work flow for the development of this model is shown in Figure 3.1, there are three main pieces 

to this model: a numerical set of equations to model fluid flow in the reservoir, fluid property 

models, and well models. The numerical set of equations to model compositional fluid flow in the 

reservoir employs finite difference approximations. Finite difference approximations are 

commonly used in reservoir engineering to approximate non-linear equations. By solving for the 

pressure in each grid block across the reservoir model implicitly, the rest of the reservoir 

parameters can be updated explicitly in what is known as an implicit pressure explicit composition 

and saturation (IMPECS) method. This method, as well as the detailed solution method of the 

compositional simulator is described in detail in section 3.3, which also provides flow charts for 

the simulator in Figure 3.7 and Figure 3.8. The fluid property models encompass how the 

properties of the fluids in the reservoir change due to changes in the reservoir. These fluid property 

models are described in detail in section 3.4. The well models in a one dimensional radial model 

can be thought of as the boundary conditions for the model, boundary conditions are required in 

numerical simulations to model the boundary of the reservoir being simulated. These can either be 

modelled as real wells (such as at the injection/ production point) or virtual wells between the area 

being simulated and the rest of the reservoir. The well models are described in section 3.3.4. With 

all these pieces together to form the compositional numerical reservoir simulator, the model was 

then validated in section 3.5. 
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Figure 3.1 ï Work Flow of Model Development 

3.1 Compositional Modelling Equations 

The simpler form of reservoir modelling is referred to as black oil modelling. In black oil 

modelling there are only three components, water and the two hydrocarbon components of oil and 

gas. Black oil models only have two hydrocarbon components, oil and gas, therefore mass transfer 

only occurs between the oil and gas phases. In compositional modelling the hydrocarbons are split 

into multiple components, and these components transfer mass between the oil and gas phase. 

Therefore, the compositional model is based on the conservation of mass of each component. 

Compositional modelling is typically used for gas injection processes, or any process where it is 

thought that inter-phase mass transfer may affect the reservoir modelling.  
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The equations for the conservation of mass of the water and hydrocarbon components are listed in 

equations (3.1) and (3.2) respectively (Kazemi et al., 1978): 
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where ax is molar density, Sais a-phase saturation, ixais mole fraction of component i  in phase 

c, qais molar flow rate and uais volumetric flux represented in one dimension by Darcyôs law in 

equation (3.3): 
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where k  is rock permeability, rk a is relative permeability, am  is viscosity, and pa is pressure. 

Due to the fact that fluid flow is assumed to be slow relative to the inter-phase thermodynamic 

change, the reservoir is assumed to be in equilibrium at all times (Chen et al., 2006). Equilibrium 

relations are listed in equations (3.4)-(3.8). 
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where f is the fugacity, L is the liquid mole fraction of the hydrocarbons, V is the vapor mole 

fraction of the hydrocarbons, 
iz is the total mole fraction of component i , and

iK is the equilibrium 

ratio of vapor to liquid in component i . Equation (3.4) is the fugacity relationship, that shows that 

it is assumed that each component is at equilibrium in both the oil and gas phases. Equation (3.5) 

and equation (3.6) respectively are used to determine the liquid and vapor mole fraction based on 

phase saturations and molar densities. Equation (3.7) is used to determine the total mole fraction 

of a component from its liquid and vapor parts. The constraint equations are as follows: 
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where  ὖ  and ὖ  are oil-water and gas-oil capillary pressures respectively. These constraint 

equations are used for determining water and gas pressures from the oil pressure, equation (3.12) 

and equation (3.13), and also to constrain that the summation of all mole fractions, phases, and 

saturations is equal to unity. Combining the fluid flow equations with the equilibrium relations and 

the constraint equations provides a system of equations which can be used to compositionally 

model a reservoir. 

3.2 Numerical Reservoir Modelling 

Numerical reservoir simulation typically employs a finite-difference approach to solve the 

differential equations involved in the mass transfer and fluid flow. This allows the reservoir to be 
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divided into grid blocks for simulation, which is known as discretization in space. The general 

method of discretization in space has been is shown in Figure 3.2 (Aziz and Settari, 1979). 

 

Figure 3.2 ï General Discretization in Space 

Two common methods of space discretization are the point-distributed grid (PDG) and the block-

centered grid (BCG) approach, which are illustrated in Figure 3.3 and Figure 3.4 respectively (Aziz 

and Settari, 1979): 

 

 

Figure 3.3 ï Point-Distributed Grid  
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Figure 3.4 ï Block-Centered Grid 

In this figure L  is the length of the model, and J  is the total number of grid blocks. These 

illustrations show the discretization of a uniform grid, but either method can be extended to an 

irregular grid.  In both methods the properties of the reservoir block are assumed to be acting in 

the center of the block, but for the PDG method the boundary blocks are only half as long compared 

to the BCG method. This allows the properties to be acting directly at the boundary when using 

the PDG method. The model in this thesis requires the use of an irregular grid (radial), for which 

the PDG method is more suited (Aziz and Settari, 1979).   

The compositional numerical simulator was programmed to be able to use each of these types of 

discretization. There are two common co-ordinate systems used in reservoir simulation, Cartesian 

and radial. Since the huff ónô puff is a single well model, this paper focuses on the development of 

the equations in radial geometry, although the simulator was programmed to also use Cartesian 

geometry for some validation work. Figure 3.5 and Figure 3.6 show a visual representation of each 

co-ordinate system in one dimension, respectively. 
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Figure 3.5 ï Cartesian Geometry (1-D) 

When using Cartesian geometry, xD is the length of each grid block, yD is the height and zD is the 

depth. The length of each grid block can be spaced uniformly or irregularly. 

  

                      

Figure 3.6 ï Radial Geometry (1-D) 
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In order to create a radial grid, the grid blocks should be spaced logarithmically (Aziz and Settari, 

1979). The grid block center radius 
1jr +  and grid block interface radius 

1/2jr °  are calculated from 

equations (3.14) and (3.15) respectively, and zD is the grid block depth. 
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where 
er  is the drainage radius, wr  is the wellbore radius, and J  is the total number of grid blocks. 

3.3 Numerical Compositional Model 

This section provides the numerical solution to a one-dimensional radial compositional model. The 

model was developed for Cartesian co-ordinates as well for testing purposes, therefore the 

differences needed to convert the radial model to a Cartesian model are also listed. The simulation 

process requires the user to set an initial reservoir pressure, composition, temperature, and 

boundary conditions. The model uses an IMPECS method, which means at each time step in each 

grid block the pressure is calculated implicitly, and the concentrations and saturations are then 

updated explicitly. As discussed in section 3.3.1 the formulation of the pressure equation is based 

off a method developed by Nghiem et al. (1981). Through a flash calculation (described in detail 

in section 3.4.3) the liquid vapor split of each component in each grid block is determined, and 

with this information, viscosity, saturation, relative permeability, capillary pressure and 

transmissibility are computed in that order. The pressure equation is updated with the new 

parameters, and through a Newton-Raphson iteration this process is repeated until the new pressure 

across the system has been found. The summary of the overall solution process is shown in Figure 
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3.7 and the flow chart for the iteration process is shown in Figure 3.8. Appendix B has fully 

discretized versions of the necessary equations. 

An initial reservoir pressure and oil composition are provided to the simulator, then all initial 

reservoir properties are calculated from there. At each time step opD is solved using the Newton-

Raphson iterative process, which then provides the new oil pressure. With this oil pressure 

reservoir properties are updated for each time step.  

The iteration process for solving pressure at each time step begins with a guessed value of 1n

op +  

(first guess is n

op ), then the iterative process for solving for opD  takes place as shown in Figure 

3.8. At the end of each iteration the pressure condition is checked to see if convergence has been 

achieved. If convergence has not been achieved, the iteration runs again until either the solution 

has converged or the maximum number of iterations has been reached  
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Figure 3.7 ï Overall Solution Process Flow Chart 
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Figure 3.8 ï Iteration Process Flow Chart 
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The model begins with the conservation of mass equation. Summing equation (3.2) over all 

components and applying the equilibrium relations gives: 

 ( [ ]) ( )o o g g o o g g

o g

S S u u
q q

t x

f x x x xµ + µ +
+ = +

µ µ
 . 

(3.16) 

Phase transmissibility is defined as follows: 

 rkk
T a a
a

a

x

m
=  , 

(3.17) 

where the relative permeability of each phase is calculated using the Corey model (see section 

3.4.2) or tabulated data combined with the standard EclipseÊ model (Schlumberger, 2014) as 

described in section 3.4.2. Applying the definition of transmissibility, and using a radial co-

ordinate system equations (3.1) and (3.16) yield: 

 ( ) 1w w w
w w

S p
rT q

t r r r

fxµ è µ øµ å õ
- =æ öé ù

µ µ µç ÷ê ú
 

(3.18) 

and 

 ( [ ]) 1o o g g go
o g o g

S S pp
rT rT q q

t r r r r

f x xµ + è µ øå õµµ å õ
- + = +é ùæ öæ ö

µ µ µ µç ÷ ç ÷ê ú
 , 

(3.19) 

which describe the water and oil/gas material balance, respectively. Equations (3.18) and (3.19) 

are added together to form the pressure equation developed in section 3.3.1, which can then be 

solved implicitly for pressure in the system if the phase transmissibilities and viscosities are 

evaluated explicitly at the previous time step as done in an implicit pressure explicit saturation 

(IMPES) or IMPECS formulation. In order to use a Cartesian co-ordinate system, any places in 

the model that use  
1

...
p

rT
r r r

a
a

è µ øµ å õ
æ öé ù

µ µç ÷ê ú
 should be replaced by ...

p
T

x x

a
a

è µ øµ å õ
æ öé ù

µ µç ÷ê ú
. 
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3.3.1 Formulation of the Pressure Equation 

There have been a few methods suggested in literature to solve the compositional pressure 

equation.  The method used here is an alteration of the method suggested by Nghiem et al.  (1981) 

in which they reviewed a method suggested by Kazemi et al. (1978), and made some variations in 

order to improve numerical stability.  Their method allows for an iterative process to be applied to 

the pressure matrix which can be solved through direct elimination. 

Applying equations (3.12) and (3.13) and multiplying the conservation of water equation by a 

constant parameter q and adding it to the conservation of hydrocarbons yields: 

 ( ) 1 cogo cow o o
w o g w o g

Pp P p p
rT rT rT q q q

t r r r r r r r

fy
q q
è µ øå õµ µ µ µµ µ å õ å õ

- - + + + = + +é ùæ öæ ö æ ö
µ µ µ µ µ µ µç ÷ ç ÷ç ÷ê ú

 
(3.20) 

where 

 
w w o o g gS S Sy qx x x= + +  . (3.21) 

The numerical modelling of the well terms is described in section 3.3.3. Equation (3.20) is now 

the pressure equation which can be solved for op . The water equation is multiplied by the scaling 

factor q in order to convert moles of water to moles of hydrocarbon.  This scaling factor is 

calculated from: 

 

0
( )

o o g g

w o g t

S S

S S

x x
q
x

=

+
=

+
 . 

(3.22) 

Using this scaling factor helps in convergence (Nghiem et al., 1981). This scaling factor can be 

evaluated at any time and is not updated throughout the solution model, in this model it is evaluated 

at 0t= , and kept fixed thereafter. 
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3.3.2 Implicit Solution to the Pressure Equation 

The pressure equation can be solved for 
op  by discretization. First, the discretization in time of 

the accumulation term fyyields: 

 
( )1 1( ) 1 n n n n

t t

fy
f y fy+ +µ

= -
µ D

 
(3.23) 

where tD is the time step, and superscriptn  refers to the interval of time. The time step is chosen 

through the Courant-Friedrichs-Lewy condition (CFL), which states that 

 x
t

u

D
D <  . 

(3.24) 

where u  is total volumetric flux. The time step must be less than the length interval divided by the 

magnitude of the velocity (Courant et al., 1967). It is important to note that for a radial model the 

time step must be chosen for the smallest control volume in order to ensure convergence. As the 

reservoir blocks get closer to the wellbore the blocks get progressively smaller, therefore the time 

step will typically be smaller than when using Cartesian co-ordinates. The next step is to discretize 

in space using either the BCG or the PDG described in section 3.2. The subscript j  refers to the 

center of the grid block, and the subscript 1/ 2j°  refers to the interface between grid blocks. The 

discretization of oil pressure in space is taken from the method for discretization of a cylindrical 

radial grid by Aziz and Settari (1979). Combining this with the discretization in time of the 

accumulation term provides the fully discretized pressure equation: 
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r n n n n n n n

j j j j w o g

P T p P

V
q q q

t
f y f y q

+ + +

+ +

+ +

ë û
î î
î î
ì ü
î î
è øî î+ + +
ê úí ý

+ - = + +
D

  (3.25) 
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where rV  is the grid block volume and for a radial co-ordinate system: 

1/2

1/2

1

2

j j

j

j j

r z
T T

r r
a a

p
+

+

+

D
=
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 , and 

(3.26) 
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D
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 . 

(3.27) 

For a Cartesian co-ordinate system: 

1/2

1/2 1/2 1 1/2 1/2

2
j j

j j j j

T T
x x x x

y z y z

a a+

+ - + +

=
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(3.28) 

1/2 1
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2
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j j j j

T T
x x x x

y z y z

a a- -

+ - - -

=
- -

+
D D D D

 . 
(3.29) 

As is typical with an IMPES solution method, the transmissibilities are evaluated at the previous 

time step n , and with a small enough time step, the capillary pressures can also be evaluated at 

the previous time step  n . The oil pressure must be evaluated at time-step 1n+ . The following 

parameters are used to simplify the system: 

   

 
1/2 1/2 1/2j j jw o gD T T Tq
+ + +

= + +  ,    (3.30) 

 
1/2 1/2 1/2j j jw o gE T T Tq
- - -

= + +  ,    (3.31) 

 F D E=- -,    (3.32) 

where D , E , andF  are parameters used to make the system of equations more readable.  

Applying these simplifications to equation (3.25)  gives what is known as the residual pressure 

equation which is: 

( )

( ) ( ) ( )

1 1 1 1

1 1

1 1 1 1

1

( )
j j j j j j j

j

j j j j j j
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q fy fy
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ê úD

 . 

(3.33) 
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whereR  is the residual of the pressure equation. In order to solve for the values at the 1n+  time-

step, an iterative process must be employed.  This system is non-linear in the primary variables 

therefore, the Newton-Raphson method is used for iteration to linearize the variables. Letting  l  

represent the iteration level in the Newton-Raphson iteration, for a general variable u: 

 1 1n l lu u u u+ +º = +D (3.34) 

rearranging shows: 

 1l lu u u+D = - (3.35) 

 

Applying this to oil pressure yields: 

 1 1n l l

o o o op p p p+ +º = +D (3.36) 

A Taylor expansion can be used on the non-linear accumulation term ( )
1l

fy
+

: 

 
1 1( ) ( ) ( )

l

n l l

o o o o

o

p p p p
p

fy
fy fy fy+ + å õµ

º = + Dæ ö
µç ÷

 , 
(3.37) 

where
op

yµ

µ
 can be approximated as (Nghiem et al., 1981) : 

 l l

gw o
w o g

o o o o

S S S
p p p p

xx xy
q

µå õ å õµ µµ
= + +æ ö æ ö

µ µ µ µç ÷ ç ÷
 . 

(3.38) 

Molar densities and porosity are related to oil pressure through equations (3.39)-(3.41): 

 * *[1 ( )]p oc p pf f= + -  , (3.39) 

 * *[1 ( )]w w w o wc p px x= + -  , (3.40) 

 op

Z RT
a

a

x=       ,o ga= , 
(3.41) 
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where the *  superscript indicates a parameter taken at time zero, 
pc  is the rock compressibility, 

wc  is the water compressibility, Za is the phase compressibility factor, R  is the universal gas 

constant, and T  is temperature. Using equation (3.38), 

l

op

fyå õµ
æ ö
µç ÷

 can now be evaluated as: 
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ll

gl l o
p w w w o g

o o g

c S c S S
p p p
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fy f q x
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(3.42) 

where 

 1
1 o
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p RTZ Z p

a a

a a

x å õµ µ
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µ µç ÷
      ,o ga=  . 

(3.43) 

The accumulation term ( )
1l

fy
+

 is now a function which is linear in opD . The expanded form of 

l

op

fyå õµ
æ ö
µç ÷

 is as follows: 
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(3.44) 

Applying equation (3.36) to equation (3.33) creates a linear system which can be solved for opD  

over each iteration. The linear system is shown in equation (3.45): 

 l l

oH p RD =-, (3.45) 

where 
lR  is the residual function in equation (3.33) and 

lH  is an approximation to the Jacobian of 

lR . The matrix 
lH  can be evaluated through the following equations: 

 l l l l

gl l w o
jj j

o o o o

qq q
H R

p p p p

fy
q

µå õ å õ å õ å õµ µ µ
= + + + -æ ö æ ö æ ö æ ö
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(3.46) 

 
( 1)

l l

j j jH D+ = , (3.47) 
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( 1)

l l

j j jH E- = . (3.48) 

The value of 
o

q

p

aµ

µ
 for various types of wells is described in section 3.3.3. For simplification of the 

system the constant G  is defined as: 
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(3.49) 

The model has J  grid blocks, implementing equation (3.45) over these J  grid blocks, creates the 

system of equations shown in equation (3.50): 

 

 
1 11 1 1

l l l

o oG p D p RD + D =-  

 
1 2 32 2 2 2

l l l l

o o oE p G p D p RD + D + D =- (3.50) 
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1J J

l l l

J o J o JE p G p R
-

D + D =- . 

 

 

Equation (3.50) in matrix form yields: 
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(3.51) 

and in expanded form : 
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(3.52) 

This is a linear system with a tri-diagonal coefficient matrix. This system is solved using direct 

elimination. The pressure in each grid block is then updated as follows: 

 1l l

o o op p p+ = +D. (3.53) 

The Newton-Raphson iteration process is continued until the convergence criteria shown in 

equation (3.54) is met. 

 1l l

o o
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o

p p

p
e

+-
¢ . 

(3.54) 

With 1n

op +  computed, the pressure in each phase can be easily updated for each time step through 

the given capillary pressure relations. 

3.3.3 Explicit Solution to Compositions and Saturations 

Once the pressure has been implicitly solved, the compositions and saturations can then be updated 

explicitly for the next iteration. The total mole fraction of component i , iz , is updated by 

discretizing equation (3.2) with respect to time, and applying the assumptions which yields: 
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where the denominator can be approximated as seen in equation (3.56) by discretizing equation 

(3.19) with respect to time: 

 
1 1 1
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   . (3.56) 

With updated mole fractions of each component in each grid block, an equation of state flash 

calculation can be employed in each grid block to update the equilibrium ratios, phase mole 

fractions of each component, overall mole fraction of each phase and molar densities. A detailed 

description of the flash calculation is provided in section 3.4.3. The viscosities are then updated 

using the Lohrenz-Bray-Clark method (Lohrenz et al., 1964) which is described in section 3.4.4.  

The next step is to update the saturation of each phase. The water saturation is updated by 

discretizing equation (3.18) with respect to time. This yields: 
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(3.57) 

By substituting equations (3.5) and (3.6) into equation (3.11) the equations for updating oil and 

gas saturation are obtained, as shown in equations (3.58) and (3.59) respectively: 
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3.3.4 Well Models 

The molar flow rates for each phase can be calculated from equation (3.60), and the molar flow 

rate of individual components can be calculated from (3.61) (Nghiem et al., 1981): 

q Qa a ax=  , (3.60) 

i io o o ig g gq x Q x Qx x= +  , (3.61) 

where Qa is the volumetric flow rate of phase a, and iq  is the flow rate of component i . The 

model can accept constant flow rate wells, or constant bottom-hole pressure wells. These wells 

can be injection or production wells, as is described in the proceeding sections. 

3.3.4.1 Injection Wells 

For constant flow rate wells, 
inj

Qa  is specified. For constant bottom-hole pressure wells it is 

calculated through equation (3.62) (Kazemi et al., 1978): 

 ( )1
inj inj

n

inj bh oQ I M p pa a

+= -  , (3.62) 

where I  is a shape factor for the well, Mais the mobility of the injection phase and bhp  is the 

bottom hole pressure of the well. For constant rate wells 
o

q

p

aµ

µ
 is zero, and for constant bottom-hole 

pressure wells 
o

q

p

aµ

µ
 is: 

 
inj

inj

o

q
I

p

a

ax
µ

=-
µ

 , (3.63) 

3.3.4.2 Production Wells 

For constant flow rate wells phase rate, 
prod

Qa , can be calculated from the total rate, 
prodQ  ,using 

equation (3.64): 
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prod prod

T

M
Q Q

M

a
a =  , (3.64) 

where TM  is the total mobility of fluids in the grid block. Phase mobility is defined as: 

 
rk

M a
a

am
=  . (3.65) 

 Equations (3.66) and (3.67) can be used to calculate the value of 
prod

Qa and prod

o

q

p

aµ

µ
. This is similar 

to equations (3.62) and (3.63), with the difference being that the bottom-hole pressure will be set 

below the grid block pressure. 

 ( )1
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n

prod bh oQ I M p pa a

+= -  , (3.66) 
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µ

 . 
(3.67) 

3.4 Fluid Properties 

In compositional modelling, there are many fluid properties which are functions of pressure and 

require updating throughout the solution process. This section provides the detailed method used 

for updating each fluid property. Each of these fluid properties is updated at every iteration of the 

pressure equation. 

3.4.1 Water Properties 

The compressibility and viscosity of formation water are both functions of pressure, temperature, 

and salinity. The compressibility of water is calculated as follows using field units (Danesh, 1998): 

 6 2

0 1 210 ( )wfc C C T C Tv-= + +  , (3.68) 

where 
wfc  is the isothermal compressibility of water in psi-1, T is the temperature in °F, vis the 

salinity correction factor and: 
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0 3.8546 0.000134C p= -  , (3.69) 

 7

1 0.01052 (4.77 10 )C p-=- + ³  , (3.70) 

 5 10

2 3.9267 10 (8.8 10 )C p- -= ³ - ³  , (3.71) 

where p  is in psi. The salinity correction factor is calculated through the following equation: 

 4 6 2 9 31 ( 0.052 (2.7 10 ) (1.14 10 ) (1.121 10 ) )sT T T wv - - -= + - + ³ - ³ + ³  , (3.72) 

where sw is the salinity of the formation water (as fraction). As previously mentioned, the viscosity 

(cP) of formation water is also a function of pressure, temperature and salinity. The water viscosity 

can be calculated as follows (Danesh, 1998): 

 
w

w wT

wT

m
m m

m
=  , 

(3.73) 

where wTm  is the water viscosity at atmospheric conditions. This is calculated through: 

 2 3 3(109.574 8.40564 0.313314 (8.72213 10 ) )DwT s s sw w w Tm - -= - + + ³  , (3.74) 

where  T is in °F and: 

 2 4 2
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(3.75) 

To relate the viscosity of water from atmospheric conditions to reservoir conditions, the following 

relationship is used: 

 5 9 20.9994 (4.0295 10 ) (3.1062 10 )w

wT

p p
m

m

- -= + ³ + ³  , 
(3.76) 

where p is in psi. 

3.4.2 Relative Permeability Model 

The three-phase relative permeability model used in the simulation is the default model used in 

EclipseÊ. This model is simple yet effective, and avoids typical problems seen in more complex 

three-phase permeability models. The basis of the model is that it assumes that water and gas are 
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completely segregated in a grid block, save from the connate water seen in the gas phase. This 

model treats the reservoir as if water and gas only flow relative to oil, and not each other. This 

allows the relative permeabilities of water and gas, rwk  and 
rgk , to be calculated through a typical 

two-phase relative permeability curve as a function of LS  (equal to oS  + wcS ) or through tabulated 

data. The relative permeability of oil is defined by: 

 ( )g rog w wc row

ro

g w wc

S k S S k
k

S S S

+ -
=

+ -
 , 

(3.77) 

where 
rogk is the relative permeability of oil to gas, rowk is the relative permeability of oil to water, 

and wcS  is the connate water saturation.  It can be seen from this definition that when 0gS =  the 

relative permeability of oil will only be equal to rowk , and when w wcS S=  the relative permeability 

of oil will be 
rogk . The two-phase functions which can be used to complete the relative 

permeability model are described using the Corey model as follows: 
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(3.81) 

where owa , 
oga , wa , and 

ga  are constants which are the end point value for their respective relative 

permeability curves. 
gcS  is the critical gas saturation and wn , 

ogn , own ,and 
gn are the Corey model 
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relative permeability exponents. The Corey model was chosen for correlating relative 

permeabilities as it is very popular in reservoir simulation. 

3.4.3 Equation of State Flash Calculations 

For compositional modelling of hydrocarbon mixtures, equations of state (EOS) are typically used 

to describe the volumetric behaviour and describe fluid phase behaviour (Danesh, 1998). Usually, 

a two parameter cubic equation of state is used to describe hydrocarbon systems. The first equation 

of state of this type was developed by van der Waals in 1873, since then others have taken the van 

der Waals EOS and improved upon it. Two common EOSs used in the oil and gas industry are 

Suave-Redlich-Kwong (SRK) and Peng-Robinson (PR). The SRK EOS was developed first, with 

Peng and Robinson (1976) taking the SRK EOS and modifying the attraction parameter to improve 

liquid density prediction (Danesh, 1998). Only the PR EOS is used for modelling in this paper, as 

it is more commonly used in reservoir simulation. 

The PR equation of state takes the following form (Peng and Robinson, 1976): 

 

( ) ( )

RT a
p

v b v v b b v b
= -
- + + -

 , 
(3.82) 

where p is pressure, R is the universal gas constant, T is the temperature, v is the molar volume, 

a is the attraction parameter and b is the co-volume parameter. This can be applied to pure 

components as well as mixtures. When dealing with mixtures the attraction parameter aand the 

co-volume parameter b are calculated through mixing rules. The method to perform flash 

calculations is an iterative process using a two parameter EOS such as the PR EOS, and has been 

described in detail by Danesh (1998).  With a known hydrocarbon composition, fluid properties, 

temperature and pressure, the phase behaviour can be determined by first determining the co-

volume and attraction parameters, ib and ia  respectively, for each component: 
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 20.37464 1.5422 0.26992i i im w w= + - , (3.86) 

 /
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where 
icT and 

icp are the critical temperature and critical pressure respectively, iw  is the acentric 

factor and 
irT is the reduced temperature of component i . 

The next step is to determine the mole fractions of liquid and vapor in the mixture. This is done 

through first estimating equilibrium ratios of each component using the Wilson correlation 

(Wilson, 1968): 

 
exp(5.37(1 )(1 ))i ic c

i i

p T
K

p T
w= + - , 

(3.88) 

where iK  is the equilibrium ratio of component i . With the first estimation of the equilibrium 

ratios the Rachford-Rice procedure described below can then be used to determine the mole 

fractions of liquid and vapor in the mixture. In order to stay consistent with the notation typically 

used in compositional reservoir modelling, liquid and vapor phases will henceforth be referred to 

as oil and gas phases respectively. In order The Rachford-Rice equation states that (Rachford and 

Rice, 1952): 
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where iz  is the composition of each component i  and V is the gas split of the mixture. The 

Rachford-Rice equation can be solved using iterative methods to find V , which then allows the 

mole fractions of each component in each phase to be determined through equations (3.90)-(3.92): 

 1L V= -, (3.90) 
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where on is the liquid split, iox is the mole fraction of each component in the oil phase and 
igx is 

the mole fraction of each component in the vapor phase.  

With the mole fraction of each phase known, the overall attraction and co-volume and attraction 

parameters can now be calculated in each phase. The equations for the overall co-volume and 

attraction parameters in each phase are: 

 

i

N

i

ibxb
c

ä
=

=
1

 , 
(3.93) 

and   

 
jiijj

N

i

N

j

i aaxxa
c c

)1(
1 1

k-=ää
= =

 , 
(3.94) 

where b is the overall liquid co-volume parameter, a is the overall liquid attraction parameter and 

ijk is the binary interaction parameter between two components i and j . In terms of 

compressibility, the PR EOS takes the form:  

 0)()32()1( 32223 =-----+-- BBABZBBAZBZ  , (3.95) 

where 
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where Z is the compressibility factor. Through numerical methods the three roots of equation 

(3.95) can be calculated. When calculating the compressibility factor of oil the lowest value of Z

is taken, when calculating the compressibility factor of gas the highest value of Z is taken. The 

next step is to check for equilibrium, meaning: 

 
igio ff =  , (3.98) 

where iof is the oil fugacity of each component and 
igf  is the gas fugacity of each component. To 

calculate the fugacities the following equation is used: 
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(3.100) 

where ijis the fugacity coefficient for each component i . Equation (3.101) is used to check for 

equilibrium, and if equilibrium is not reached the equilibrium ratio K  is updated for each 

component using equation (3.102): 
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where s refers to the iteration level of the flash calculation. Iterations of equations (3.89)-(3.102) 

are repeated until equilibrium has been reached. Once equilibrium has been found the equilibrium 

mole fractions iox  and 
igx  can be used to determine the mixture properties. 

Before using the multiphase flash calculation the system is first checked to see if it is a single 

phase (Danesh, 1998). The stability check was proposed by Michelsen (1982), and is used to 

determine if the system will be a single phase or if the flash calculation is required. The following 

approach was presented by Whitson and Brulé (2000). First the overall system fugacity if  is 

computed using them same equations listed above with the assumption of only one phase (hence 

no need to iterate and update for K ).  Then, a vapor-like second phase is created, and the second 

phase mole numbers and mole fractions are computed through the following equations: 

 
i i iY z K=  , (3.103) 
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where iY  is the vapor-like phase mole numbers and VS  is the sum of the vapor-like phase mole 

numbers. This system is iterated as described above, but the new iteration criteria for updating 

equations are: 
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where iR  is a correction factor. The K  values are then updated using equation (3.108). 
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The iteration process is terminated before convergence if the trivial solution is approached: 
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This process is repeated by creating a liquid-like second phase with equations (3.103) - (3.106) 

being replaced by equations (3.110) - (3.113) respectively.  
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where iX  is the liquid-like phase mole numbers and LS  is the sum of the vapor-like phase mole 

numbers. The system is single phase stable if the tests yields that both VS  and LS  are less than 1, 

or if both tests yield trivial solutions, or if one test yields a trivial solution and the other test yields 

a sum less than one. If none of these conditions are met, the system is considered to have two 

phases and the two phase flash calculation described above is used. 

3.4.4 Hydrocarbon Viscosity Model 

A method for calculating the viscosity of hydrocarbon mixtures was developed by Lohrenz, Bray 

and Clark (1964), the method is commonly referred to as the LBC viscosity prediction method. 

Jossi et al. (1962) first proposed a model for predicting the viscosity of pure compounds, and 

Lohrenz, Bray and Clark extended this to hydrocarbon mixtures. The equation for predicting 

viscosity is: 

 1/4
0 4 2 3 4

1 2 3 4 5( ) 10 r r r ra a a a am m l r r r r-è ø- + = + + + +ê ú  , 
(3.114) 
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where rr is the reduced density, 
0m  is the low pressure viscosity, l is multiplied by viscosity to 

make it dimensionless in the equation, and the a  values are the following constants: 
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For hydrocarbon mixtures, 
0m  and l are calculated through equations (3.115) and (3.116) 

respectively: 
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where iMW  is the molecular weight, and0

im  is the single component low pressure viscosity 

calculated through equation (3.117): 

 0 5 0.9434 10 /i r iTm l-= ³       1.5rT ¢   

 0 5 5/817.78 10 (4.58 1.67) /i r iTm l-= ³ -       1.5rT >  (3.117) 
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Reduced density is calculated as: 
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where 
icv  is the critical molar volume of each component, and v  is the molar volume determined 

from the EOS. The critical molar volume of the C7+ fraction can be calculated as: 
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where 
7CSG
+
 is the specific gravity of the C7+ fraction. The units used in this correlation are K for 

temperature, atm for pressure, mPa·s for viscosity, g/gmol for molecular weight and cm3/mol for 

volume. 

3.4.5 Hydrocarbon Interfacial Tension Model 

The model used to predict interfacial tension between the oil and gas phases was developed by 

Weinaug and Katz (1943) for hydrocarbon mixtures by extending the method developed by 

Macleod and Sugden for pure components. The Weinaug and Katz method uses simple molar 

averaging of the parachor (Danesh, 1998). The equation for interfacial tension between the oil and 

gas phases can be seen in equation (3.120): 
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where iPs  is the parachor of component i . 

3.5 Validation of Model 

Each component of the compositional reservoir simulator was validated through published 

measured results and the reservoir flow in the simulator was validated through an analytical model. 

First the fluid property models were validated. This included the equation of state flash calculation, 

viscosity model, and hydrocarbon interfacial tension model. These models were validated against 

experimental and analytical solutions provided in PVT and Phase Behaviour of Petroleum 

Reservoir Fluids (Danesh, 1998). Then the reservoir flow itself was validated. Both constant 

pressure and constant rate boundaries were used for validation to ensure the model could handle 

both. 

https://en.wikipedia.org/wiki/Interpunct
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3.5.1 Validation of Flash Calculation 

The PR EOS is used for flash calculations in the reservoir simulation. The flash calculation model 

was created as a function in MATLAB . In order to validate the results of the flash calculation 

MATLAB  function, the outputs were compared with data provided in PVT and Phase Behaviour 

of Petroleum Reservoir Fluids (Danesh, 1998). The author used an analytical method to complete 

a flash calculation of two-component reservoir fluid with known composition and experimentally 

measured flash calculation outputs. This work was repeated to show that the flash calculation 

function created in MATLAB  agrees with experimental data. The reservoir fluid is produced 

through a one stage separator at 344.3 K and 6.895 MPa. Table 3.1 shows the fluid composition, 

and Table 3.2 shows the flash calculation outputs using the different methods. 

Table 3.1 ï  Two Component Flash Calculation Function Validation Fluid Composition 

Component Mole Fraction 

C1 0.60 

nC10 0.40 

Table 3.2 ï Two Component Flash Calculation Function Validation Results 

 Results 

Method of 

Calculation 
K1 K2 x1o x2o x1g x2g 

Experimental 4.005 0.0027 0.2496 0.7504 0.998 0.0020 

Analytical Solution 3.8 0.0029 0.263 0.737 0.999 0.001 

MATLAB  Function 4.224 0.0028 0.2362 0.7638 0.9979 0.0021 

These results show that the MATLAB  function used for flash calculations is in agreement with the 

experimentally measured values (3.55% average error), and for this case predicts more accurately 

than the analytical solution (11.63% average error). 
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In order to validate the model for more than two components, the function was tested against a full 

array system using PVTsim software. The oil composition was taken from PVT and Phase 

Behaviour of Petroleum Reservoir Fluids (Danesh, 1998) and can be seen in Table 3.3. 

Table 3.3 ï Full Array Flash Calculation Function Validation Fluid Composition  

Component Mole Fraction 

CO2 0.0091 

N2 0.0016 

C1 0.3647 

C2 0.0967 

C3 0.0695 

iC4 0.0144 

nC4 0.0393 

iC5 0.0144 

nC5 0.0141 

C6 0.0433 

C7+ 0.3329 
C7+ properties: MW = 218 g/mol, Density = 851.5 kg/m3 

The flash calculation was performed in the MATLAB  function using the full array, as well as 

grouping into three pseudo-components. The three pseudo-components were chosen as: CO2, N2 

and C1; C2-C6; and C7+. The simple mixing rule was used to group the pseudo-component 

properties for the components lighter than heptane. The temperature used was the reservoir 

temperature of 378K, and the pressures used were the reservoir pressure of this oil listed in the 

textbook (28.37 MPa) and a pressure of 10 MPa to verify the MATLAB  functions validity at low 

pressures. The results are shown in  

 

 

Table 3.4. 
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Table 3.4 ï Full Array Flash Calculation Function Validation Results 

  Results 

P 

[MPa] 

Method of 

Calculation 
L  V Zo Zg 

ɟo 

[kg/m3] 
ɟg 

[kg/m3] 

10 

PVTsim 0.8297 0.1703 0.6218 0.8507 685.30 106.73 

 No Grouping 

MATLAB  
0.7293 0.2707 0.5919 0.8605 712.26 80.72 

Grouping MATLAB  0.7859 0.2141 0.5709 0.8269 687.50 88.91 

28.37 

PVTsim 1 0 1.2505 N/A 676.72 N/A 

No Grouping 

MATLAB  

1 0 1.3422 N/A 682.77 N/A 

Grouping MATLAB  1 0 1.3548 N/A 674.37 N/A 

It can be seen that the results of the MATLAB  function using grouping match up quite well with 

PVTsim. Some of the deviations in density prediction can be caused by the estimation of the 

volume shift parameter for the C7+ fraction. 

3.5.2 Validation of Viscosity Model 

The viscosity model used in simulation is the LBC model, described in section 3.4.4. The model 

was created as a function in MATLAB . The viscosity model is validated through data provided in 

PVT and Phase Behaviour of Petroleum Reservoir Fluids (Danesh, 1998). In this textbook the 

author used the LBC viscosity prediction method to calculate the liquid viscosity of an oil with 

known composition and measured viscosity. This work was repeated to show that the viscosity 

model created in MATLAB  agrees with the LBC prediction method as well as experimental data. 
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The liquid mixture is at 311 K and 20.68 MPa with a density of 0.368 g/cm3. Table 3.5 shows the 

fluid composition, and Table 3.6  shows the viscosity using the different methods. 

 

 

Table 3.5 ï Viscosity Model Validation Fluid Composition 

Component Mole Fraction 

C1 0.593 

C3 0.3746 

nC8 0.0324 

Table 3.6 ï Viscosity Model Validation Fluid Viscosity 

Method of Calculation Viscosity [mPa.s] 

Experimental 0.0510 

LBC prediction Danesh Textbook 0.04684 

MATLAB  Function 0.04939 

These results show that the MATLAB  function used to predict viscosity is in agreement with the 

experimentally measured values. 

3.5.3 Validation of Hydrocarbon Interfacial Tension Model 

The model used in simulation for the interfacial tension between the oil and gas phases is described 

in section 3.4.5. The model was created as a function in MATLAB, and is validated through data 

provided in PVT and Phase Behaviour of Petroleum Reservoir Fluids (Danesh, 1998), similarly to 

the viscosity function validation. In this textbook the author used the Weinaug and Katz method 

to calculate the interfacial tension between the oil and gas phases of the hydrocarbons. This work 

was repeated to show that the interfacial tension model created in MATLAB agrees with the 

prediction method from the textbook as well as experimental data. The mixture is 60% C1 and 40% 
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nC10 at 377.6 K and 23.59 MPa. Table 3.7 shows the fluid properties, and Table 3.8 shows the 

interfacial tension using the different methods. 

Table 3.7 ï Hydrocarbon Interfacial Tension Model Validation Properties 

Phase Density [g/cm3] Mole Fraction of Methane 

C1 0.5447 0.6000 

C3 0.1435 0.9825 

Table 3.8 ï Hydrocarbon Interfacial Tension Model Validation 

Method of Calculation Interfacial Tension [mN/m] 

Experimental 2.4 

Weinaug Katz prediction Danesh Textbook 1.708 

MATLAB Function 1.708 

These results show that the MATLAB function used to predict hydrocarbon interfacial tension is 

in decent agreement with the experimentally measured values, but in very good agreement with 

the prediction used by the authors of the textbook. 

3.5.4 Validation of Reservoir Flow 

The reservoir flow itself was validated through the comparison of the developed simulator to an 

analytical solution. Both constant rate boundaries and constant pressure boundaries were validated 

as these are each required to run the huff ónô puff process.  

3.5.4.1 Constant Rate 

To validate the flow under constant rate boundaries fractional flow theory was used to validate the 

reservoir when a waterflood was run in a one-dimensional Cartesian model with just oil and 

connate water in the reservoir. The cases were developed to match work which was completed in 

Fundamentals of Reservoir Engineering (Dake, 1978). The following tables provide the 
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information from the textbook which were used to develop the fractional flow model to compare 

with simulator developed in MATLAB. 

 

 

 

Table 3.9 ï Relative Permeability Functions for Constant Rate Reservoir Validation 

Sw krw kro 

0.2 0 0.800 

0.25 0.002 0.610 

0.30 0.009 0.470 

0.35 0.020 0.370 

0.40 0.033 0.285 

0.45 0.051 0.220 

0.50 0.075 0.163 

0.55 0.100 0.120 

0.60 0.132 0.081 

0.65 0.170 0.050 

0.70 0.208 0.027 

0.75 0.251 0.010 

0.80 0.300 0 

Table 3.10 ï Formation Volume Factors for Constant Rate Reservoir Validation 

Phase FVF [rb/stb] 

Water 1.0 

Oil  1.3 

Fractional flow models are developed for three cases listed in Table 3.11: 

Table 3.11 ï Viscosity Ratios for Constant Rate Reservoir Validation 

Case Ⱨ◌ȾⱧ▫ 
1 0.01 

2 0.1 
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3 2.5 

The fractional flow curves were developed using the same method that was used in the textbook, 

where: 

 1
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(3.121) 

Table 3.12 shows the tabular results of the fractional flow model, and shows the graphical 

fractional flow curves. Welgeôs graphical method (Welge, 1952) was used to determine the water 

saturation at breakthrough and the average water saturation behind the front, denoted by  
btwS  and 

btwS  respectively. 

Table 3.12 ï Fractional Flow Models for Reservoir Validation 

 
Case 1 

(‘Ⱦ‘ = 0.01) 

Case 2 

(‘Ⱦ‘ = 0.1) 

Case 3 

(‘Ⱦ‘ = 2.5) 

Sw fw fw fw 

0.2 0 0 0 

0.25 0.24691 0.03175 0.00131 

0.30 0.65693 0.16071 0.0076 

0.35 0.84388 0.35088 0.02116 

0.40 0.9205 0.53659 0.04427 

0.45 0.95865 0.69863 0.08486 

0.50 0.97873 0.82147 0.15544 

0.55 0.98814 0.89286 0.25 

0.60 0.9939 0.94218 0.39462 

0.65 0.99707 0.97143 0.57627 

0.70 0.9987 0.98719 0.75499 

0.75 0.9996 0.99603 0.90942 

0.80 1 1 1 
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Figure 3.9 ï Fractional Flow Functions for Constant Rate Reservoir Validation 

Figure 3.9 shows the fractional flow functions plotted graphically for each of the three cases used 

in this validation. Welgeôs graphical technique was used to determine the water saturation and 

average water saturation behind the front at breakthrough. These are found by drawing a tangent 

to the fractional flow curve from the point of the connate water saturation (co-ordinates 0.2,0 on 

Figure 3.9). The saturation value when this tangent intersects the fractional flow curve is the 

average water saturation at breakthrough, and the saturation value where this tangent line intersects 

the line 1wf =  represents the average saturation behind the front at breakthrough. The results of 

using Welgeôs graphical technique are provided in Table 3.13. 

Table 3.13 ï Results of Welgeôs Graphical Technique 

Case btw
S  

btwS  /m mw o  

1 0.28 0.34 0.01 

2 0.45 0.55 0.1 

3 0.80 0.80 2.5 
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The water saturation at break through and time to break through were the parameters used to 

validate the reservoir flow. The time to break through was calculated using equation (3.122) 

 
id

bt

W PV
t

Q
=  , 

(3.122) 

where PV is one pore volume, Q is the injection rate and idW  is the dimensionless water influx 

which is represented by: 

 
btid w wcW S S= -  . 

(3.123) 

The reservoir flow in the compositional simulator created in MATLAB was then validated by 

running the three cases listed in Fundamentals of Reservoir Engineering and comparing the time 

to breakthrough and the water saturation at breakthrough. The model uses the same relative 

permeability function shown in Table 3.9, and the rest of the input parameters are shown in Table 

3.14.  

Table 3.14 ï Input Parameters for Constant Rate Reservoir Flow Validation 

Input Parameter Value 

Oil Composition 100% nC10 

Porosity 18% 

Length 100 m 

Width 15 m 

Depth 5 m 

Water Injection Rate 0.00184 m3/s 

The oil viscosity changes with pressure as described earlier. In order to emulate the value of 

/w om mfor each case the oil viscosity was taken at the initial pressure, and the water viscosity was 

set as a constant fraction of the initial oil viscosity. The reservoir was divided into 100 grid blocks 

in order to accurately model the behaviour. The total pore volume is calculated through equation 

(3.124).  
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 30.18 100 15 5 1350PV x y z mf= D D D = Ö Ö Ö = , (3.124) 

Combining equations (3.124) and (3.123) with (3.122) allows for the solution of the water 

breakthrough time analytically, which is summarized for each case with the water saturation at 

breakthrough in Table 3.15. 

The three cases were then run using the developed compositional simulator; the breakthrough time 

and the water saturation at breakthrough are also summarized in Table 3.15. The water saturation 

profiles of the three cases are shown in Figure 3.10. These water saturation profiles show that as 

the viscosity ratio increases, the time to breakthrough increases as well as the saturation at 

breakthrough.  This is expected because the viscosity ratio is directly proportional to the mobility 

ratio, and with a lower mobility ratio in an injection process there is a more even front produced. 

This even front causes the time to breakthrough to increase as the water is not fingering into the 

reservoir. In the legend of each plot tbt  represents the time to breakthrough. 
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Figure 3.10 ï Water Saturation Profiles for Constant Rate Reservoir Flow Validation 

It can be seen from Table 3.15 that the time to breakthrough and water saturation at breakthrough 

match very well with the predicted values from the analytical solution. The reason for the 

discrepancies is discussed in section 3.5.4.3. 

Table 3.15 ï Analyt ical Breakthrough Time and Water Saturation 

 Case 1 Case 2 Case 3 

 Analytical  Simulator Error  Analytical  Simulator Error  Analytical  Simulator Error  

btw
S  0.28 0.28 0.0% 0.45 0.42 6.7% 0.80 0.78 2.5% 

btt  28.5 h 29.5 h 3.5% 71.3 h 72.0 h 1.0% 122.3 h 123.0 h 0.6% 
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3.5.4.2 Constant Pressure 

To validate the flow under constant pressure boundaries, an analytical solution developed by 

Johansen and James (2012) was used which is an extension of the classical Buckley-Leverett 

Theory. The results of the analytical solution were developed by Yang (2014) and are simply 

presented here for comparison to the numerical model. A one-dimensional Cartesian reservoir 

model with just oil and connate water in the reservoir was waterflooded. The Corey model as 

described in section 3.4.2  was used for relative permeability. 

Table 3.16 ï Input Parameters for Constant Pressure Reservoir Flow Validation 

Input Parameter Value 

Oil Composition 100% nC10 

Porosity 18% 

Permeability 1E-12 m2 

Length 100 m 

Inlet Pressure 21 MPa 

Outlet Pressure 17 MPa 

Water Injection Rate 0.00184 m3/s 

Residual Oil Saturation 0.3 

Connate Water Saturation 0.25 

Table 3.17 ï Relative Permeability Information for Constant Pressure Reservoir Validation 

Relative Permeability Parameter Value 

Model Corey 

,w on n  2 

maxrwk  0.2 

maxrok  0.8 

Table 3.18 ï Case Information for Constant Pressure Reservoir Validation 

Case wǍ  oǍ  Analytical  btt  

1 0.001 Paẗs 0.02 Paẗs 28.5 days 

2 0.02 Paẗs 0.001 Paẗs 122.7 days 
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The cases were then run using the developed compositional simulator; water saturation profiles 

for each case can be seen in Figure 3.11. In each plot tbt  represents the time to breakthrough. 

 

 

Figure 3.11 ï Water Saturation Profiles for Constant Pressure Reservoir Flow Validation 

The breakthrough time from the simulator for Case 1 was 27 days and for Case 2 it was 121 days. 

Similar to the constant rate validation, it can be seen that in the constant pressure model the 

simulation with the lower mobility ratio causes a more even water front to move through the 

reservoir, which increases the time to breakthrough. In Case 1, the higher mobility ratio, the water 

fingers into the reservoir hence causing an early breakthrough. By comparing the simulated 
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breakthrough times to the analytical breakthrough times shown in Table 3.18, it can be seen the 

numerical simulator matches the analytical solution very well. The discrepancies are discussed in 

section 3.5.4.3. 

3.5.4.3 Cause of Error 

In both the constant rate and constant pressure validation the numerical simulator did not match 

the analytical solution exactly, but the results were very close. This discrepancy can be attributed 

in both cases primarily to numerical dispersion. The breakthrough front is not a clean front in the 

numerical model, which makes the exact breakthrough time impossible to determine. Figure 3.12 

shows the water saturation of Case 2 of the constant rate injection at 30 hours. The analytical 

solution is shown along with the results of the numerical simulator using different numbers of grid 

blocks. It can be seen that as the number of grid blocks increases the simulator gets closer and 

closer to the analytical solution, but this is at the cost of simulation time. 

 

Figure 3.12 ï Numerical Dispersion Error  
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Chapter 4 Numerical Study of Natural Gas Huff ónô Puff 

This section provides the simulations completed on the natural gas huff ónô puff process using the 

simulator developed in the preceding chapter. The results of the simulations are presented, and the 

conclusions and recommendations from the numerical study are discussed in the proceeding 

section. 

4.1 Model Properties 

This section will describe properties used for the case study to evaluate the natural gas huff ónô 

puff. Reservoir properties are kept constant throughout the simulations as the area of interest is 

only in the near well region. Absolute permeability and porosity are not being studied. Therefore, 

they remain constant throughout the study as well. General assumptions for all simulations are: 

1. One dimensional flow 

2. Permeability and porosity are constant 

3. Capillary pressures are negligible 

4. Reservoir temperature does not change 

5. Hysteresis does not take place 

6. Bottom hole pressure and well rates can be set at the reservoir 

It is important to note that in a real huff ónô puff process hysteresis would play an important role 

in oil recovery, but due to complexity it was not modelled for this study. It has been noted in 

literature (Liu et al., 2005) that the hysteresis effect can contribute to enhanced oil recovery. The 

relative permeability of the puff phase will be modeled more accurately using hysteresis, thus 

giving more accurate production values when comparing different injection parameters of the huff 


































































































































































































































