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ABSTRACT 

  

Simulation of many enhanced oil recovery (EOR) methods requires accurate 

modelling and determination of relative permeability (Kr) data under different saturation 

histories. Relative permeability is a function of several factors such as wettability, 

spreading coefficient and fluid pore occupancy. Experimental measurements of three 

phase Kr are time consuming and difficult considering infinite possible flow paths in the 

three-phase flow regime. There are several models in the literature to predict the oil 

relative permeability (Kro) data in three phase systems. Despite many studies reported, 

the available models can not accurately predict the oil relative permeability (Kro) in low 

oil saturation regions (e.g. WAG injection scenario). In addition, the saturation history 

dependency of relative permeability (i.e. hysteresis) should also be considered for 

simulation of WAG experiments. Although there are a few methods for modeling of 

hysteresis, the predicted values are still not adequate to simulate the hysteresis observed 

in two- or three-phase flow experiments.  

In this thesis, Stone’s model has been modified to improve the prediction of oil relative 

permeability (Kro) data in low oil saturation regions. Then, a generalized WAG hysteresis 

model was developed to be coupled with the modified Stone’s model to simulate the 

observed hysteresis in the experiments. The hysteresis model is developed based on the 

new techniques which predict the oil, water and gas saturations at the end of each injection 

cycle. The developed model also updates the water relative permeability data to capture 

the observed behaviours in WAG experiments reported in the literature. In addition, since 

the model is based on the interactions of a water phase and a hydrocarbon phase, it can 

be simplified to a two-phase system. 

The performance of the model was verified using experimental data obtained from 

two-phase and three-phase systems in sandstone rocks at different conditions (reported in 

the literature). The results showed that the developed model can simulate oil, water and 

gas production more accurately. Based on the results, the model can simulate the pressure 

behaviour observed in the experiments with dominant hysteresis. In addition, the 

developed model can predict the oil, water and gas saturations at the end of each cycle 

with higher accuracy compared to the available methods in the literature. The hysteresis 

in capillary pressure data was not considered in this study as it was out of the scope of 

this work. 
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Chapter 1. Introduction 

 

The development of Enhanced Oil Recovery (EOR) techniques dates back to the end 

of World War II, when operators realised that a significant amount of oil remained in their 

declining reservoirs. The research in this field peaked as a result of the oil embargo in 

1973, which was followed by an “energy crisis”, and which lasted until 1986 when the 

oil price collapsed all over the world (Green and Willhite, 1998). The discovery of major 

oil fields around the world (such as those in Indonesia and South America) and an increase 

in the estimation of oil reserves in the Middle East diminished the interest in EOR 

processes significantly after this time. However, the intensive and valuable research 

performed during the energy crisis period shaped the future of petroleum engineering. 

EOR processes usually increase oil production by improving the overall displacement 

efficiency (E): 

𝐸 = 𝐸𝐷𝐸𝑉 (1-1) 

in which, ED is the microscopic displacement efficiency and refers to the effectiveness 

of the EOR process for mobilizing the oil phase at pore scale. The microscopic 

displacement is reflected by a decrease in residual oil saturation (Sor) in the invaded zones. 

EV is the macroscopic displacement efficiency, which refers to the effectiveness of the 

EOR process in sweeping the reservoir in a volumetric sense. 

 The successful field operation of any EOR scenario requires an accurate feasibility 

analysis to assess the effectiveness of the suggested EOR technique at reservoir 

conditions. This feasibility study provides valuable data for engineers to estimate the 

increase in oil recovery, which is required for the economic analysis. The managers also 

rely on this data for decision making as to whether the EOR process is economically 

favourable or not. The microscopic displacement efficiency can be determined with great 

accuracy in the laboratory, by measuring the reduction in residual oil saturation. However, 

the estimation of macroscopic displacement efficiency is complicated and depends on the 

characteristic parameters of the rock, the fluids involved and the reservoir (such as 

anisotropy, heterogeneity and areal changes in wettability). These parameters can only be 

estimated by performing a precise simulation of the displacement process to determine 

the volume of the reservoir which is bypassed. Therefore, characterization of the 
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properties of multiphase fluid flow in porous media is very important for accurate 

simulation of EOR processes. 

The simultaneous flow of three phases - oil, water and gas - in porous media is of great 

interest for simulation of secondary and tertiary EOR processes, such as waterflooding of 

undersaturated reservoirs, WAG injection, steam injection and thermal flooding. In 

addition, many reservoirs experience a multiphase flow at the early stages of production, 

because of gas cap expansion, evolution of solution gas, gravity drainage or in cases 

where an active aquifer exists in the system. Multiphase flow is also important in other 

areas of science and technology, such as in environmental engineering, for instance, when 

a non-aqueous phase liquid (NAPL) leaking from an underground storage tank migrates 

through the unsaturated zone and may coexist with water and air. 

In order to obtain an accurate simulation of multiphase fluid flow in porous media, the 

fundamental relationships between the macroscopic properties of the system (such as 

relative permeability data, capillary pressures, and fluid saturations) should be studied. 

These fundamental relationships are used to describe the transport of fluid at the 

macroscopic scale. Inaccurate determination of these fundamental relationships will 

result in a significant error in the estimation of improvement in oil recovery while 

performing the feasibility analysis. The information obtained from this analysis is 

essential to study the EOR processes, in which the main goal is to increase the 

macroscopic (volumetric) displacement efficiency such as Water Alternating Gas (WAG) 

injection scenario.  

The determination of the fundamental relationships can become very complicated, as 

it depends on the fluids’ properties, the pore structure of the rock, and the saturation 

history. Two-phase relative permeability (kr) measurements are quite straightforward, 

since only two phases exist and the number of available saturation paths is limited. On 

the other hand, measurements of the three-phase relative permeability (3P-Kr) data are 

extremely difficult to perform, mainly because of the infinite number of possible 

saturation paths. Hence, experimental measurements of the 3P-Kr data and capillary 

pressures have been the subject of several studies [1-3]. Ever since the first empirical 

correlations emerged which enabled the 3P-Kr data to be estimated from two-phase kr 

data were developed [4, 5]. To replace the complicated and time-consuming 

measurements in three-phase systems, other researchers have tried to improve the 

accuracy of the 3P-Kr models [6-9]. 
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The value of relative permeability is not equal during the primary drainage process 

and the imbibition process, at the same fluid saturation. This path-dependency of relative 

permeability data is called hysteresis [10]. In other words, relative permeability data 

depends on the saturation path as well as the fluid saturation. Estimation of both two- and 

three-phase kr data is more complex when the hysteresis phenomenon needs to be 

considered. Hysteresis is usually divided into two categories: directional hysteresis 

(which is encountered when a drainage process is followed by an imbibition) and cyclic 

hysteresis (which occurs when the system is experiencing cyclic injection, between 

primary and secondary drainage curves). 

To consider the hysteresis phenomenon in simulations, several models have been 

developed to quantify the observed hysteresis in two-phase systems [4, 5, 11, 12]. All 

these models were developed to simulate the directional hysteresis resulting from an 

imbibition process following the first drainage cycle (i.e. an imbibition-drainage process). 

It is noted that the directional hysteresis was only simulated for the non-wetting phase 

and the hysteresis in the wetting phase was assumed to be negligible. In addition, it was 

assumed in these models that the imbibition cycle is reversible (i.e. cyclic hysteresis 

between subsequent cycles is negligible). 

 Later, several studies reported some evidence for the existence of cycle-dependent 

hysteresis in WAG experiments, especially the reduction in gas relative permeability. 

Subsequently,  Skauge and Larsen developed  a model to simulate the complex three-

phase hysteresis phenomenon [13, 14]. However, even though this model is currently 

available in commercial simulators such as Eclipse, several authors have reported its 

inadequacy in simulation of WAG experiments [15, 16].  

Thus, this work aimed to decrease the errors associated with the use of the available 

hysteresis models and to provide a better approach for the simulation of the hysteresis 

phenomenon. In this research, the hysteresis phenomenon was initially studied thoroughly 

and the short-comings of the available models for simulation of directional hysteresis for 

two-phase systems were identified. Then, the two- and three-phase experiments 

performed previously at HWU for characterization of cyclic hysteresis were studied. The 

limitations of available hysteresis models in the literature for simulation of these 

experiments and the effects of wettability and interfacial tension (IFT) on cyclic 

hysteresis were discussed. In this thesis, a new generalized WAG hysteresis model is 

introduced which can be used for accurate simulation of cyclic hysteresis in three-phase 

systems. The model can also be simplified to simulate the two-phase cyclic hysteresis. 
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The model simulates the experiments performed at different wettability conditions with 

various IFT values successfully. However, some effects, such as spreading, viscous 

fingering and capillary end-effects were not studied in this research.  

1.1 Problem Statement 

As a part of the “Improved Characterization of Two- and Three-Phase Flow for 

Reliable Reservoir Performance Prediction Joint Industrial Project” research programme, 

several two- and three-phase experiments were performed in recent years in the Centre 

for EOR and CO2 Solutions of the Institute of Petroleum Engineering (IPE) at Heriot-

Watt University (HWU). These experiments were primarily performed to investigate the 

effect of injection scenario, rock wettability and gas/oil IFT on the final oil recovery of 

WAG experiments. However, when performing core-scale simulations, the researchers 

noticed that the hysteresis models available in the literature could not simulate the 

observed behaviour in the experiments. The inadequacy of the available hysteresis models 

to simulate the experiments which undergo severe flow reversals, such as WAG 

experiments, has also been reported in the literature [15]. Hence, this study was initiated 

at the Centre for EOR and CO2 Solutions at HWU to use the data obtained from the 

previous experiments for the evaluation of the available hysteresis models and to identify 

their shortcomings. The aim of this study was to investigate both two- and three-phase 

experiments in order to suggest a generalised hysteresis model which can be used for the 

simulation of hysteresis in both two- and three-phase systems. To achieve this aim, the 

study had to address the dominant issues when performing core scale and reservoir scale 

simulations. The most important issues that need to be addressed in this study are 

discussed briefly as follows:   

1.1.1 Directional Hysteresis 

The directional hysteresis is observed in kr data when the saturation history of the flow 

changes from drainage to imbibition or vice versa. During the imbibition process, the 

non-wetting phase in the system becomes disconnected and trapped, which reduces the 

available paths for the phases to flow through. This results in a reduction in relative 

permeability data of both the wetting and non-wetting phases, mainly the latter. The 

imbibition kr data are a strong function of the initial non-wetting phase saturation from 

which the imbibition process starts. Hence, it is very time-consuming to measure all 

possible imbibition kr data experimentally. An alternative approach is to predict the 
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imbibition kr data using the measured Land trapping coefficient and the known primary 

drainage kr data [5]. Some predictive models are available in commercial simulators such 

as Carlson’s model and Killough’s model [11, 12]. For prediction of imbibition data, these 

models require the primary drainage kr data and one set of imbibition kr data to calculate 

the corrected Land’s trapping coefficient. However, the imbibition kr data are not always 

available and the inappropriate use of these models can introduce significant errors in the 

calculations. 

1.1.2 The Effect of Wettability on Directional Hysteresis 

The available literature models for the simulation of directional hysteresis were 

developed for water-wet systems. The experimental results reported in the literature 

showed different behaviour of the directional hysteresis in mixed-wet systems. It was also 

shown that the impact of wettability on the directional hysteresis is significant [17, 18]. 

Using the available hysteresis models for simulation of a mixed-wet sample introduces a 

significant amount of error in the simulation results. Hence, the underlying mechanism 

and the effect of wettability on directional hysteresis in mixed-wet samples needs to be 

studied in detail. 

1.1.3 Two-Phase Cyclic Hysteresis  

The available models for estimation of cycle-dependent hysteresis (in two-phase 

systems) were developed for water-wet samples. In these models, it is assumed that if an 

imbibition curve is followed by a drainage process, the relative permeability data are 

reversible (i.e. the cyclic hysteresis is ignored in two-phase systems). However, the results 

of the two-phase experiments performed on mixed-wet samples at HWU have shown that 

cyclic hysteresis cannot be ignored [19]. Since the available models were suggested for 

water-wet samples, the observed behaviour might be due to the difference in rock 

wettability. Therefore, it was considered necessary to modify the available models or to 

develop a new model which can simulate the observed hysteresis in the mixed-wet 

samples. A generalised model which can be used for simulation of both mixed-wet and 

water-wet samples is an ideal solution.  

1.1.4 Three-Phase Cyclic Hysteresis 

There are two approaches to simulate the observed hysteresis in three-phase systems. 

The first one is to couple a two-phase hysteresis model with the 3P-Kr models. It is clear 
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that using two-phase hysteresis models for simulation of three-phase systems is only valid 

if the system experiences directional hysteresis. As mentioned above, the cyclic hysteresis 

is ignored in two-phase models; hence they cannot be used for simulation of WAG 

experiments.  

The second approach is to use a hysteresis model which is specifically developed for 

three-phase models. The data available in the literature and the simulation results from 

the previous studies at HWU demonstrate that these approaches are inadequate for 

accurate simulation of WAG hysteresis [16]. Generally, the three-phase hysteresis models 

consist of three parts: 1) a formulation for estimation of three-phase oil relative 

permeability from the known two-phase kr data, referred to as the 3P-Kr model; 2) a 

formulation for the calculation of final saturations at the end of each cycle; and 3) a set 

of formulations to estimate the reduction of water and gas relative permeability. It is noted 

that errors in the results obtained at each of these three stages will significantly affect the 

final simulation results. The first step for improving the simulation results is to understand 

the sources of errors in the simulations. When the formulation that introduces the errors 

is identified, then it can be modified to improve the accuracy of the simulations. In the 

following subsections, the three main parts of the three-phase hysteresis model are 

discussed separately. 

1.1.4.1 Estimation of Three-phase Oil Relative Permeability 

Experimental measurements of three-phase kr data are time-consuming and difficult, 

when considering the indefinite flow paths that can exist in the three-phase systems. There 

are several available 3P-Kr models in the literature to predict the three-phase oil kr data 

using the two-phase oil relative permeability measured in the presence of gas (Krog) and 

in the presence of water (Krow). In these models, it is assumed that, for the water and gas 

phase, the two-phase and three-phase kr data are equal. However, it is reported in the 

literature that these 3P-Kr models cannot accurately predict the oil relative permeability 

(Kro) in a low oil saturation region, which is the dominant saturation range in WAG 

experiments [20]. Some researchers tried to modify the available correlations to obtain 

better kr results for the systems at low oil saturation [21]. However, the modified model 

still cannot accurately simulate the trend of oil production observed in the three- phase 

experiments performed on mixed-wet samples in the ‘Centre for EOR and CO2 Solutions’ 

at Heriot-Watt University. 
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1.1.4.2 Estimation of water and gas relative permeability 

When a system is experiencing a cyclic injection scenario, such as in WAG injections, 

the non-wetting phase can be trapped, and form disconnected clusters. Trapped non-

wetting saturation usually occupies the larger pores and throats and decreases the relative 

permeability, especially for the gas phase (since gas is usually residing in the larger 

pores/throats). The WAG hysteresis model available in the literature calculates the 

reduction in gas and water relative permeability according to the changes in trapped non-

wetting saturation. However, this model has limitations in the simulation of the increase 

in pressure drop observed in the experimental results available at Heriot-Watt University.  

1.1.4.3 Estimation of Residual Oil Saturation 

One of the most important complications of the WAG hysteresis model is the 

estimation of the final saturation at the end of each injection cycle. In WAG experiments, 

a small amount of oil is produced in each injection cycle, which is not negligible. The 

results of experiments performed at HWU show that the available WAG hysteresis model 

overestimates the gradual oil production during the injection cycles, which results in an 

underestimation of oil saturation at the end of the experiments. Correct estimation of oil 

production during each cycle plays a significant role in the simulation of the next cycle, 

when the saturations are updated and the kr data is calculated as a function of fluid 

saturation.  

In addition, the residual oil saturation in three-phase systems is lower than the two-

phase residual oil saturation measured in the presence of the gas phase (Sorg) or the water 

phase (Sorw). This affects the estimation of ultimate oil recovery significantly, which is 

important when the EOR process is assessed economically. Therefore, an accurate 

estimation of three-phase residual oil saturation at the end of a WAG experiment is vital. 

Some researchers have suggested empirical formulations to estimate the residual oil 

saturation in three-phase systems, using the values obtained from two-phase experiments, 

which will be discussed later [22, 23]. 

 

1.1.5 The Effect of Rock Wettability on Cyclic Hysteresis 

 The three-phase experimental data available in the ‘Centre for EOR and CO2 

Solutions’ at HWU consist of measured data on both mixed-wet and water-wet samples. 

As mentioned above, the available hysteresis models cannot simulate the observed 
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behaviours in the experiments precisely. All cyclic hysteresis models developed so far 

are based on the behaviour of two- and three-phase cyclic injection in water-wet rocks. 

Therefore, this raises the question of whether the inadequacy of these models can be 

attributed to the impact of rock wettability. Since the experiments performed at HWU 

included both water-wet and mixed-wet samples, the data can be used to compare and 

understand the effect of wettability on the measured data. It can then be concluded if a 

generalised model can be suggested for simulation of cyclic hysteresis in both water-wet 

and mixed-wet samples. 

1.1.6 The Effect of Spreading on Cyclic Hysteresis 

During primary drainage, when oil invades a water-saturated water-wet pore, the oil 

phase occupies the centre of the pore, and the water phase forms stable films and layers 

on the solid surface. When this process is followed by a gas injection, gas occupies the 

centre of the pore and there is a possibility for oil to form a layer between the gas and 

water. These layers, called spreading layers, are typically a few microns in thickness and 

have a non-negligible hydraulic conductivity. The ability of the oil phase to spread on the 

water phase in the presence of gas is evaluated by calculation of the spreading coefficient, 

which is a representation of the force balance where the three phases meet [24, 25]. 

Spreading of the oil phase on water affects the relative permeability and the observed 

hysteresis significantly; however, the calculation of the spreading coefficient for the 

experiments performed at HWU shows that the system is non-spreading and, hence, the 

effect of spreading on cyclic hysteresis is not investigated in this study.  

1.1.7 The Effect of Interfacial Tension (IFT) on Cyclic Hysteresis 

The effect of interfacial tension on two-phase relative permeability has been 

investigated and well documented [26, 27]. However, the relative permeability hysteresis 

studies available in the literature were performed for systems at immiscible conditions. 

The results of the experiments performed at HWU include data measured at both 

immiscible and near-miscible conditions [28-30]. These experimental data are used in 

this thesis to compare the hysteresis phenomenon at high and low IFT conditions and to 

discuss how the hysteresis models can consider the effect of IFT variation. 
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1.1.8 Hysteresis in Capillary Pressure 

Similarly to relative permeability, the capillary pressure data is also affected by  the 

fluid saturation, the direction of saturation change and on the maximum and minimum 

achieved saturations [31]. Killough and Carlson proposed models for estimation of 

observed hysteresis in two-phase capillary pressure [11, 12]. The model presented by 

Killough has been frequently employed in the commercial simulators (e.g. Eclipse). 

However, this model has been found to be inadequate by other researchers [32, 33]. The 

hysteresis in capillary pressure data has also been studied in three-phase systems [34-36]. 

However, in this research, the impact of hysteresis in capillary pressure data was not 

studied since it was out of the scope of this thesis. It will be discussed as a 

recommendation for future studies. 

1.1.9 Reservoir Scale Simulations 

As discussed earlier, WAG injection is performed to improve the volumetric sweep 

efficiency in hydrocarbon reservoirs. One argument might be that the three-phase region 

which experiences the cyclic hysteresis is very small compared to the reservoir scale. So, 

how much exactly will the final oil recovery be affected by any miscalculations/errors in 

the estimation of 3P-Kr at three-phase region? If only a small part of the reservoir 

experiences three-phase flow, the effect of cyclic hysteresis might be negligible when 

performing reservoir simulation at field scale. There are few studies in the literature 

focused on reservoir-scale simulation of the hysteresis phenomenon. The ability of 

commercial simulators to calculate the correct saturation table according to the saturation 

history of that specific block is questionable and needs to be discussed. In this research, 

simple reservoir scale simulations are performed in an attempt to investigate the impact 

of 3P-Kr data and three-phase hysteresis in the three-phase region on the final reservoir 

production. 

1.2 Objectives and Thesis Structure 

Based on the issues discussed in the previous section for the simulation of directional 

and cyclic hysteresis thesis is organised as follows: 

Chapter 1 has provided a short introduction to EOR processes and the importance of 

multiphase flow characterization. The concepts of relative permeability hysteresis in two- 

and three-phase systems were then discussed. The challenges for simulation of directional 

and cyclic hysteresis have been briefly explained, in the problem statement section.  
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In Chapter 2, the importance of an accurate simulation of multiphase flow is first 

explained. In the literature review, the main findings of previous studies are discussed. 

The literature review is divided into four different sections to cover “directional 

hysteresis” in water-wet and mixed-wet samples as well as “cyclic hysteresis” in two-and 

three-phase systems. A short literature review on the estimation of oil relative 

permeability and residual oil saturation in three-phase systems is also included. Finally, 

the experimental procedure of the two- and three- phase experiments performed in the 

‘Centre for EOR and CO2 Solutions’ at Heriot-Watt University is described. It should be 

noted that the experiments were not performed by the author. The experimental data were 

collected as part of the JIP and are available in the literature, as cited.  

Chapter 3 discusses the limitations of the available models for the estimation of 

directional hysteresis, followed by the introduction of a new methodology. In the first 

section of this chapter, the directional hysteresis in water-wet sandstones is studied and 

the limitations of the available two-phase hysteresis models are discussed. A new 

methodology is then proposed which provides more accurate estimations. It is shown that 

the proposed method can be used to estimate the imbibition relative permeability data for 

several systems reported in the literature. The results of using the new methodology are 

compared with those obtained from the commercial simulators. In the second part, the 

effect of wettability on directional hysteresis is discussed and the behaviour of imbibition 

kr data in mixed-wet samples is investigated.  

In Chapter 4, the experimental data obtained at HWU are used to evaluate the 

performance of the two-phase and WAG hysteresis models. The results obtained from the 

two-phase hysteresis models available in the commercial simulators are compared with 

the HWU experimental data and the limitations of these models are discussed. In addition, 

the available WAG hysteresis model was used for the simulation of three-phase 

experiments and the results are presented. The sources of error in the WAG hysteresis 

model are discussed and the findings are presented as a foundation for the next chapter 

where the new generalised model is presented. The commercial simulator used in this 

study was Eclipse 2014, provided by Heriot-Watt University under the academic licence.   

Chapter 5 presents a new model for simulation of cyclic hysteresis in three-phase 

systems, especially WAG experiments, to reduce the errors in available models. The 

performance of the developed model is evaluated when it is used for simulation of four 

sets of three-phase experiments. Since the experiments were performed on both mixed-

wet and water-wet systems, the effect of wettability on cyclic hysteresis is also considered 
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in this model. In addition, using the results of experiments performed at high and low 

IFT, the impact of IFT on the cyclic hysteresis is also discussed. Finally, it is 

demonstrated that the new model can be used for simulation of two-phase cyclic 

hysteresis.  

Chapter 6 presents the results of the reservoir-scale simulations performed in this study 

to investigate the impacts of 3P-Kr data (used in three-phase regions) on the final 

reservoir production. In this chapter, the reservoir rock and fluid properties, boundary 

conditions and the initial conditions are first described. After presenting the simulation 

results, the impacts of misestimating the 3P-Kr data on the final oil recovery are then 

shown. Finally, the limitations of the commercial simulator for the inclusion of hysteresis 

at reservoir scale are discussed and the sources of errors are highlighted. 

Finally, a summary of the results and the main conclusions are presented in Chapter 7. 

This chapter also includes some recommendations for further investigations on the 

research areas discussed in this work.     



Chapter 2 : Multi-Phase Flow in Porous Media 

12 

 

Chapter 2. Multi-Phase Flow in Porous Media 

2.1 Characterization of Multiphase Flow: kr data 

Three-phase flow in porous media occurs widely in oil and gas reservoirs. Oil 

production from a saturated oil reservoir or a gas-condensate reservoir with an active 

aquifer is a typical example. Three-phase flow also occurs in most enhanced oil recovery 

(EOR) operations, such as polymer injection, surfactant injection, or any other EOR 

technique which involves the injection of multiple slugs of fluids. Thermal methods for 

heavy oil recovery, such as steam drive and in-situ combustion are other examples of 

simultaneous flow of three immiscible fluids in porous media [37]. Water alternating gas 

(WAG) injections are the most common examples of three-phase flow in petroleum 

engineering. The cyclic injection of the fluids in a WAG injection scenario results in a 

hysteresis phenomenon which adds to the complexity of three-phase flow [38]. This topic 

is not only of great interest for petroleum engineers, but in environmental engineering the 

engineers are constantly dealing with three-phase situations as well. The flow of non-

aqueous phase liquids (NAPL) or dense non-aqueous phase liquids (DNAPL) are two 

examples where three-phase flow becomes important in other subjects [39].  

Determination of three-phase relative permeability (3P-Kr) data is crucial for 

performing an accurate numerical simulation of three-phase processes in oil and gas 

reservoirs. The importance of numerical simulations becomes more critical when 

comparing the performance of different EOR schemes using the simulation results.  Since 

relative permeability is the main input data for numerical simulations, many researchers 

have tried to determine this value experimentally or by using predictive models. The 

experimental techniques for determination of 3P-Kr data are steady state, unsteady state, 

centrifuge, and gravity drainage methods. The appropriate method is usually chosen to 

represent the flow regime that takes place in the reservoir. The experimental 

determination of 3P-Kr data is a costly and time-consuming procedure since the number 

of possible saturation paths is unlimited. To alleviate the difficulties of performing three-

phase experiments, several predictive models have been introduced to estimate the three-

phase kr data using the available two-phase kr data. These models are reviewed and 

discussed in this chapter. 
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2.2 Relative Permeability Hysteresis 

The relative permeability of a fluid in a porous medium is a function of its saturation 

history, as well as fluid saturation. This fact was first reported in 1951 for two-phase flow 

in porous media [10, 40]. The history dependence of relative permeability is called 

hysteresis and later this effect  was also reported for the kr data in three-phase systems 

[41, 42].  The term “Directional Hysteresis” refers to the hysteresis observed when a 

saturation path is reversed (i.e. primary drainage to imbibition or vice versa). Another 

form of hysteresis can exist between first and second drainage cycle or between two 

subsequent imbibition cycles when a system is undergoing cyclic injections (Figure 2-1). 

Larsen and Skauge (1998) use the term “cycle-dependent relative permeability” for the 

hysteresis behaviour observed in WAG experiments performed in an oil-filled sample, to 

emphasize the effects of cyclic injection on relative permeability. In this thesis, the terms 

“cyclic hysteresis” and “cycle-dependent hysteresis” are used interchangeably for the 

same concept. 

  

(a) (b) 

Figure 2-1: The hysteresis in relative permeability data. (a) Directional hysteresis (b) 

Cyclic hysteresis.  

2.3 Literature Review 

2.3.1 Directional Hysteresis in Water-Wet Systems  

The directional hysteresis observed in relative permeability is a result of two 

phenomena: the contact angle hysteresis and the trapping of the non-wetting phase [43, 

44]. Due to chemical heterogeneities or surface roughness, the advancing contact angle 

is larger than the receding contact angle, which is called the contact angle hysteresis. 

Moreover, during an imbibition process, as the wetting phase invades the porous medium, 

a fraction of the non-wetting phase becomes disconnected and trapped. The overall impact 
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of these two phenomena is that the relative permeability data are not identical for primary 

drainage and imbibition processes.  

Directional hysteresis in relative permeability is important in the simulation of the 

waterflooding process. In this process, the water phase invades different blocks in the 

reservoir, which may have different initial non-wetting (gas or oil) saturation. As shown 

in Figure 2-2, the initial non-wetting phase saturation (Snwi) from which the imbibition 

process is started directly affects the values of imbibition kr data [5]. Hence, the 

imbibition relative permeability data in these blocks are not the same and should be 

measured separately. The water advancement from the aquifer to the reservoir is another 

good example of the directional hysteresis phenomenon. The grid blocks located at the 

oil-water contact have different initial non-wetting saturations, which strongly affect the 

imbibition relative permeability [11]. Thus, it is time-consuming to conduct many 

experiments in the laboratory at different initial non-wetting phase saturations to measure 

all possible imbibition kr data. As an alternative, several empirical models have been 

suggested to predict the imbibition relative permeability using other measured values 

such as the Land trapping coefficient and primary drainage kr data. Among the available 

models, Land’s, Carlson’s and Killough’s models have been used frequently in the 

literature [5, 11, 12]. 

 

Figure 2-2: The Imbibition kr data as a function of the non-wetting saturation from which 

the imbibition process is initiated (data from Land, 1971). 
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Several studies have been undertaken in order to relate the initial non-wetting 

saturation to the trapped non-wetting saturation left after the imbibition process [45-47]. 

To obtain the experimental data in these studies, a drainage process was first performed 

to increase the non-wetting phase saturation in the sample to the desired value of initial 

non-wetting saturation (Snwi). Then an imbibition process was conducted until the non-

wetting phase reached an immobile state and the residual non-wetting saturation was 

measured (Snwr). The drainage and imbibition processes were repeated several times to 

obtain different sets of initial and residual non-wetting saturations. The trapped non-

wetting saturation directly affects the final oil recovery. Hence, by finding a relationship 

between initial and trapped non-wetting saturation, the final oil recovery could be 

determined more precisely. In addition, the non-wetting saturation can be divided into 

free and trapped non-wetting saturation, from which the imbibition relative permeability 

can be estimated. 

In 1968, Land introduced a relationship between the initial and residual non-wetting 

phase saturation during an imbibition process [4]. The constant coefficient which relates 

the values of initial and residual non-wetting phase saturation is known as the Land 

trapping coefficient (C): 

1

𝑆𝑛𝑤𝑟
∗

−
1

𝑆𝑛𝑤𝑖
∗ = 𝐶 (2-1) 

where 𝑆𝑛𝑤𝑟
∗  is the normalised residual non-wetting phase saturation and 𝑆𝑛𝑤𝑖

∗  is the 

normalised initial non-wetting phase saturation. The saturations are normalised to 

eliminate the effect of the connate water saturation.  

Later, Land pioneered a method for predicting the imbibition relative permeability [5]. 

In Land’s method, a set of primary drainage kr data, the Land trapping coefficient (C) and 

a pore-size distribution factor (ϵ) were the required parameters. He used the famous 

initial-residual relationship (Eq. 2-1) to calculate the flowing and trapped non-wetting 

phase saturations at any saturation, as follows: 

𝑆𝑛𝑤
∗ = 𝑆𝑛𝑤𝑓

∗ + 𝑆𝑛𝑤𝑡
∗  (2-2) 
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𝑆𝑛𝑤𝑓
∗ = 0.5 [𝑆𝑛𝑤

∗ − 𝑆𝑛𝑤𝑟
∗ + √(𝑆𝑛𝑤

∗ − 𝑆𝑛𝑤𝑟
∗ )2 +

4

𝐶
(𝑆𝑛𝑤

∗ − 𝑆𝑛𝑤𝑟
∗ )] (2-3) 

where 𝑆𝑛𝑤
∗  is the normalised non-wetting phase saturation and 𝑆𝑛𝑤𝑓

∗  is the normalised free 

non-wetting phase saturation. 

The Brooks-Corey relationship for the imbibition process (Eq. 2-4) was then used to 

calculate the imbibition relative permeability. The unknown parameter of the Brooks-

Corey relationship was the pore-size distribution factor (ϵ). This parameter was obtained 

by fitting the Brooks-Corey relationship for the primary drainage process (Eq. 2-5) to the 

experimental primary drainage kr data of wetting phase. Thus, the primary drainage kr 

data should be available to calculate the pore-size distribution factor. 

𝑘𝑟𝑛𝑤
𝐼𝑚𝑏 = 𝑆𝑛𝑤𝑓

∗ 2
[1 − (1 − 𝑆𝑛𝑤𝑓

∗ )𝜖−2] (2-4) 

𝑘𝑟𝑤
𝑃𝐷 = (𝑆𝑤

∗ )𝜖 (2-5) 

The initial and residual gas saturations were normalised prior to calculation of Land’s 

trapping coefficient (Figure 3-9) as follows: 

𝑆𝑛𝑤𝑟
∗ =

𝑆𝑛𝑤𝑟

(1 − 𝑆𝑤𝑟)
 (2-6) 

𝑆𝑛𝑤𝑖
∗ =

𝑆𝑛𝑤𝑖

(1 − 𝑆𝑤𝑟)
 

(2-7) 

In 1976, Killough suggested a model to capture the observed hysteresis in relative 

permeability and capillary pressure of the imbibition process [11]. In this work, the 

imbibition relative permeability curves, beginning at different values of Snwi, were called 

“scanning curves” or “intermediate scanning curves”. The primary drainage curve and 

the imbibition curve starting at the maximum non-wetting saturation were termed 

“bounding curves”. A schematic of the scanning and bounding curves is shown in Figure 

2-3.  

The model suggested by Killough assumed that the intermediate scanning curve 

ranged between the bounding curves. The experimental values of the bounding curves 
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were provided as input data for this model, since the model interpolated between the 

bounding curves to estimate the values of the intermediate scanning curves. If the 

experimental imbibition relative permeability curve was not available, then Land’s model 

could be used for prediction of the imbibition bounding curve. The same interpolation 

concept was then used to calculate the scanning curves of capillary pressure. The 

intermediate scanning curves of capillary pressure were calculated by interpolating 

between the capillary pressure curves of primary drainage and imbibition (bounding 

curves). The scanning curves and the bounding curves are illustrated in Figure 2-3.  

 

 

Figure 2-3: Schematic of the scanning curves and the bounding curves presented in 

Killough’s method. 

In 1981, Carlson proposed a method for predicting the imbibition relative 

permeability. He used Land’s initial-residual non-wetting phase saturation relationship 

[12]. However, the Brooks-Corey equations were not used for estimation of imbibition 

relative permeability and instead a novel equation was used to substitute them as follows: 

𝑘𝑟𝑛𝑤
𝐼𝑚𝑏(𝑆𝑛𝑤) = 𝑘𝑟𝑛𝑤

𝑃𝐷 (𝑆𝑛𝑤𝑓) (2-8) 

Other researchers challenged the reliability of the Land trapping coefficient and tried 

to suggest new models for linking the initial-residual saturations. Aissaoui suggested 

another formulation based on the data obtained from twelve Fontainebleau sandstones. 

The model can be referred to as a simplified form of the Land model [48]: 

𝑖𝑓 𝑆𝑛𝑤𝑖 < 𝑆𝑛𝑤,𝑐      𝑆𝑛𝑤𝑟 =
𝑆𝑛𝑤𝑟,𝑚𝑎𝑥

𝑆𝑛𝑤,𝑐
 𝑆𝑛𝑤𝑖 

(2-9) 
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𝑖𝑓 𝑆𝑛𝑤𝑖 ≥ 𝑆𝑛𝑤,𝑐           𝑆𝑛𝑤𝑟 = 𝑆𝑛𝑤𝑟,𝑚𝑎𝑥 

 

Figure 2-4: Schematic of the model suggested by Aissaoui (1983).  

The schematic of the formulation suggested by Aissaoui is shown in Figure 2-4, in 

which Snw,c represents the critical non-wetting saturation at which the maximum residual 

non-wetting saturation (Snwr,max) is reached. Later, Kleppe used the data obtained from an 

artificial rock to develop his model. Although they did not use a reliable source of data, 

they suggested a linear relationship between initial and residual saturation [49]. Suzanne 

et al. (2003) performed several experiments on the water-wet Fontainebleau sandstones 

and concluded that Aissaoui’s model achieved the best performance for capturing the 

observed behaviour in this sandstone [50]. However, a close look at Figure 2-5 shows 

that as the Land trapping coefficient increases, the shape of the curves produced by Land’s 

initial-residual relationship approaches the schematic of the formulation suggested by 

Aissaoui. Thus, this model may be considered as a simplified form of Land’s model for 

samples with high trapping coefficient. Recently, Spiteri et al. (2008) also suggested a 

new trapping model for mixed-wet sandstones, based on pore-network modelling results. 

However, the reliability of the model was not verified since the prediction results were 

not compared with the experimental data [51].  
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Figure 2-5: The initial-residual non-wetting saturation curves plotted for different values 

of the Land trapping coefficient (C).  

For many years, hysteresis methods such as those in Carlson’s and Land’s models were 

used in simulations [16, 29, 44, 52]. However, to predict the imbibition relative 

permeability curves by using these models, one set of primary drainage kr data and one 

set of imbibition kr data must be measured as input data. This set of imbibition kr data is 

needed to calculate the corrected Land trapping coefficient. The differences between the 

corrected and the experimental Land trapping coefficient will be discussed in detail later.  

Considering the drawbacks of the previous models, in this research, a modified method 

has been introduced which does not require one set of imbibition kr data for correction of 

Land trapping coefficient. The only input data for this modified method is one set of 

primary drainage kr data and the experimental Land trapping coefficient. In this approach, 

it is assumed that the trapped non-wetting saturation increases linearly to reach the 

maximum value (residual non-wetting saturation). This assumption was supported by the 

experimental data from the literature and was used as a basis for prediction of imbibition 

kr values. The comparison of the results with the measured data revealed that this method 

was successful in calculating trapped non-wetting saturation and prediction of imbibition 

kr data in water-wet samples. In addition, the application of the model for oil-water 

systems and other experimental conditions (different rates and pressures) will be 

discussed. 

It should be also added that the term “trapped saturation”, used in this thesis, refers to 

the saturation that is trapped in the system at any time. In other words, at any time the 

non-wetting saturation is a summation of trapped and flowing saturations. However, the 

term “residual saturation” refers to the final stage when the non-wetting saturation in the 

system cannot be produced (the flowing saturation is equal to zero). In addition, the term 



Chapter 2 : Multi-Phase Flow in Porous Media 

20 

 

“final saturation” is used in this thesis to refer to a condition where the experiment is 

performed but the system has not yet reached residual value. By increasing the viscous 

force, the final saturation is decreased until it reaches the residual saturation. 

2.3.2 Directional Hysteresis in Mixed-Wet Systems 

Understanding the multiphase flow behaviour in porous media is vital for performing 

the numerical simulation of fluid flow in petroleum reservoirs. The rock wettability plays 

an important role in determining fluid flow properties such as relative permeability. 

Although many oil and gas reservoirs are known to be mixed-wet, most of the current 

studies of relative permeability were performed on water-wet rocks, as stated before. The 

hysteresis effect in mixed-wet samples is different from that in water-wet systems, 

because of the presence of oil layers and reduced snap-off [53]. These two phenomena 

decrease the trapped non-wetting phase saturation and increase the oil’s relative 

permeability. In the mixed-wet samples with high contact angle hysteresis (i.e. where the 

advancing contact angle is significantly larger than the receding contact angle), the oil 

layers are quite stable and the imbibition oil relative permeability is even higher than its 

value during the primary drainage. High contact angle hysteresis indicates that the 

wettability of the rock has been changed and the advancing contact angle is large enough 

to form stable oil layers. However, the oil layers are stable only as long as the injection 

pressure is less than the critical capillary pressure at which the oil layers become unstable 

and collapse [54, 55]. 

Ricardson et al. (1954) first noticed the difference in flow behaviour of preserved East 

Texas Field cores compared with the same cores after extraction with organic solvents. 

The measured residual oil saturation after a waterflooding experiment was much lower 

for the preserved cores compared to the solvent-extracted cores. They could not explain 

this difference in behaviour between the preserved and extracted cores. Hence, they just 

suggested that to obtain more reliable data, preserved samples should be used for 

performing the experiments [56].  

The results of laboratory displacement tests performed by Salathiel on preserved East 

Texas Field cores showed that the residual oil saturations could be reduced to less than 

10 percent by either of two methods – extended waterflooding or extended centrifuging 

under brine. The results also showed that, at very low oil saturations, a small but finite 

permeability to oil exists in the system. Since this behaviour was only observed in the 

preserved samples, it was related to the wettability of these samples. Figure 2-6 compares 
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the residual oil saturation during the waterflood for different mixed-wet and water-wet 

rocks (before and after wettability alteration). As seen, for the water-wet rocks, little oil 

was produced after breakthrough, while the oil production continued after breakthrough 

for the mixed-wet sample [57]. 

Salathiel also concluded that the composition of crude oil plays an important role in 

the generation of stable oil layers. The results showed that East Texas crude oil, upon 

long standing at reservoir temperatures, will deposit a film of strongly oil-wetted material 

on surfaces contacted directly by the oil. However, the oil-wet film deposited by 

"stabilised" (evacuated) East Texas Field crude during several days of contact was not 

highly stable - that is, brine had displaced the film after a rather brief contact. In 

subsequent experiments it was found that a mixture of evacuated East Texas crude oil and 

heptane deposited a stable, strongly oil-wet film on initially water-wet glass or fused 

quartz in direct contact with the oil mixture. He repeated the procedure with different rock 

samples and observed the same low oil residual saturation in them. Very low residual oil 

saturations in mixed-wet samples were also reported in other works [58]. The predicted 

residual oil saturation in mixed-wet samples is typically 35 percent lower than that of 

water-wet samples [59, 60]. The continuous oil production after breakthrough can only 

be explained by the presence of oil layers [61]. 

(a)  
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(b)  

Figure 2-6: Reported oil saturation for different samples before and after wettability 

alteration for (a) BOISE sandstone (b) LISSIE sandstone [57]. 

Some other researchers focused on the oil phase relative permeability in mixed-wet 

samples and showed that the behaviour of oil relative permeability is quite different for 

mixed-wet samples than for water-wet rocks. In the reported experimental data, the oil 

relative permeability curve for the imbibition process lies above the primary drainage 

curve [17, 18]. This is contrast to the behaviour of oil fluid in water-wet rocks, where the 

imbibition oil relative permeability curve is below the primary drainage. This behaviour 

indicates an increase in oil production during the imbibition stage in mixed-wet samples. 

Wang (1988) performed some steady state experiments on mixed-wet and water-wet 

samples. Wang reported the relative permeability of a mixed-wet reservoir rock sample. 

The oil imbibition relative permeability was above the primary drainage curve in this 

case. The wettability of the sample was then changed to water-wet, by toluene extraction, 

which dissolves away the strongly oil-wet surface coating of deposited organic materials. 

As observed in Figure 2-7, when the wettability was changed, the oil imbibition relative 

permeability moved to values lower than the primary drainage oil relative permeability. 

This behaviour is in contrast with the available hysteresis models. The relative 

permeability hysteresis models state that the imbibition oil relative permeability is lower 

than its value during the primary drainage and the suggested formulations calculate the 

reduction of oil relative permeability. However, this experiment demonstrates the high 

contact angle hysteresis and the increase of oil relative permeability during the imbibition 

process. It highlights the unusual relative permeability hysteresis in mixed-wet systems, 

which should be considered during reservoir simulations [17]. 
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Figure 2-7: Relative permeability for (top) preserved Loudon core (mixed-wet) and 

(bottom) toluene extracted Loudon core (water-wet) [17]. 

After this observation, Wang performed another set of experiments on a water-wet 

Berea sample, in order to check the reproducibility of the experiment results. The relative 

permeability of a water-wet Berea sandstone during the primary drainage and the 

imbibition stage was measured. In this water-wet sample, the hysteresis in water relative 

permeability was negligible. The oil imbibition relative permeability curve obtained was 

below the primary drainage curve. The sample was then aged to become mixed-wet and 

the relative permeability was measured again. After the aging process, the oil imbibition 

relative permeability had higher values than those obtained during primary drainage. This 

phenomenon could be attributed to the formation of oil layers during the imbibition 

process in the mixed-wet rocks, which increases the connectivity of the oil phase and 

prevents oil trapping. The results of this set of experiments are shown in Figure 2-8. 
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Wang also obtained results similar to those of Salathiel, which indicate that oil-

production from mixed-wet rock continues for a long time after water breakthrough, 

which is an indication of the presence of oil layers. While Salathiel emphasized the 

importance of the crude oil composition for the formation of stabilised oil layers, Wang 

focused on the importance of the aging process and the aging time, pointing out that: 

“Aging of a water-wet Berea rock in Loudon crude at irreducible brine saturation at 160°F 

[71°C] for one year can generate a condition of mixed wettability similar to that of some 

preserved reservoir cores... The wettability alteration was persistent over a 2-month 

period of continuous flow experiments at 78°F [25.6°C]”. Hence, he concluded that for 

the formation of oil layers, the duration of wettability alteration (aging time) is important, 

as well as the composition of the crude oil. 

 

 

Figure 2-8: Oil/water relative permeability hysteresis for (top) water wet Berea sandstone 

and (bottom) aged Berea sandstone (mixed-wet) [17]. 
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Braun and Holland (1995) also reported the increase in imbibition oil relative 

permeability after wettability alteration [18]. They performed experiments on an outcrop 

of Berea sandstone and four preserved reservoir cores. They assumed that the cores had 

preserved their wettability. Thus, the outcrop is water-wet while the reservoir core is 

mixed-wet. In their study, the imbibition curve for the water-wet sample was below the 

primary and secondary drainage, while for the mixed-wet sample the imbibition curve 

was above the secondary drainage curve. The hysteresis in the wetting phase relative 

permeability was negligible, which is in line with the other data reported in the literature. 

Honarpour et al. (1996) also reported the same behaviour in their study. They performed 

experiments on preserved carbonate cores and reported an increase in oil relative 

permeability during the imbibition stage [62]. There is a lack of experimental data 

measured on mixed-wet samples, as the increase in oil production due to presence of oil 

layers is only observed if the oil composition contains active polar components and the 

aging process is very long. Although the reservoir rocks are in contact with oil for a long 

time and many of them may have established oil layers, the aging time for mixed-wet 

rock samples reported in literature is quite short or even not reported as an important 

parameter [19, 63].  

Dixit et al. (1996) tried to predict the behaviour of fluid flow in mixed-wet media using 

pore network modelling. However, in their work the formation of oil layers during the 

imbibition stage was not modelled. Although they were able to produce graphs in which 

the imbibition relative permeability was slightly higher than that for drainage, the 

hysteresis was not as large as reported in the literature. They explained that the higher 

relative permeability in the imbibition stage was due to the presence of oil-wet pores and 

a reduced snap-off mechanism. Although these parameters are quite important in the 

simulation of mixed-wet systems, the observed continuous oil production (after 

breakthrough) in Salathiel’s experiment can only be explained by the presence of oil 

layers in the system. A reduction in the snap-off mechanism in the mixed-wet systems 

results in less trapping of non-wetting phase saturation. However, if the oil layers are not 

present, a short time after breakthrough the oil phase becomes disconnected and trapped 

and the oil production stops [64]. 

As mentioned in the previous section, the literature hysteresis models were developed 

for water-wet samples, e.g. Land’s or Carlson’s model [5, 11, 12]. Therefore, these 

models cannot predict the increase in the oil relative permeability during the imbibition 
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stage in the mixed-wet samples with significant contact angle hysteresis. Considering that 

the wettability of many reservoir rocks is mixed wet, using these models can introduce a 

significant amount error in the simulations. Although many reservoir rocks are mixed-

wet and many studies have been performed on mixed-wet samples, the increase in oil 

relative permeability during the imbibition process has not been studied. There are several 

models for predicting the imbibition relative permeability and the hysteresis in mixed-

wet samples [36, 65, 66]. However, the presence of oil layers and the increased oil relative 

permeability (when there is significant contact angle hysteresis) has been ignored in these 

models. Moreover, in the studies in which very low residual oil saturations in mixed-wet 

samples were reported, the behaviour of imbibition relative permeability was not 

investigated [59, 60]. 

Since only mixed-wet samples with significant contact angle hysteresis can show this 

behaviour (i.e. increase in oil relative permeability during the imbibition stage), a criterion 

is needed to understand whether the oil layers are stable enough to increase the oil relative 

permeability or not. As a part of this thesis, it is found that the threshold capillary pressure 

for the stability of the oil layers can be used as a criterion to determine the stability of the 

oil layers. In this study, several coreflood simulations were performed. From the results, 

it was found that ignoring the presence of oil layers will result in 13-30% underestimation 

in the total oil production.  

2.3.3 Cyclic Hysteresis in Two-Phase Systems 

There are very limited data available in the literature regarding two-phase cyclic 

hysteresis. Geffen et al. (1951) discussed the hysteresis effects, and reported that the 

imbibition relative permeability curve is reversible when an imbibition process is 

followed by another drainage cycle [10]. Later, Land, Carlson, and Killough made the 

same assumption for the development of their hysteresis models [5, 11, 12]. In other 

words, the hysteresis models developed for two-phase systems only simulate the 

directional hysteresis and ignore the cyclic hysteresis. These models were based on the 

behaviour observed in the water-wet samples.  

As mentioned before, two-phase experiments with cyclic injection were performed at 

HWU to understand the cyclic hysteresis in two-phase systems [19]. The results of these 

experiments showed that the cyclic hysteresis is not negligible in two-phase systems and 

the available models fail to simulate the observed behaviour. Since the experiments at 

HWU were performed in the mixed-wet samples, the observed behaviour may be due to 
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the difference in the wettability of the rock. The research of this thesis attempted to 

simulate the observed cyclic hysteresis in two-phase experiments and examine the effect 

of wettability on two-phase cyclic hysteresis. 

2.3.4 Cyclic Hysteresis in Three-Phase Systems 

Among the complexities associated with three-phase flow are the numerous possible 

saturation paths available in three-phase systems. Saraf et al. (1982) pointed out that in a 

three-phase system, there are 27 possible combinations for saturation change, as each 

phase may be increasing, decreasing or constant. However, among them, 14 of these 

combinations are not physically possible; e.g. where all three phases increase or decrease 

simultaneously [67]. Table 2-1 shows the remaining saturation paths that may possibly 

occur in the reservoir. The saturation paths are abbreviated, using I for increasing, D for 

decreasing and C for constant saturation, for example CDI, in which the letters represents 

the saturation variation for water, oil and gas phases, respectively.  The presence of many 

saturation paths increases the complexity of the 3P-Kr data measurements. For this 

reason, empirical correlations have been developed to estimate oil relative permeability, 

such as the models suggested by Corey, Stone, and Baker.  

Table 2-1: The possible saturation paths in a three-phase system: the initials stand for 

increasing, decreasing and constant saturations of water, oil and gas phases respectively 

[67]. 

One phase is stationary CDI, CID, ICD, DCI, IDC, DIC* 

Two phases are decreasing IDD, DID, DDI 

Two phases are increasing IID, IDI, DII 

All phases constant CCC 

*I for increasing, D for decreasing and C for constant saturations such as CDI in which the letters 

represent the saturation variation of water, oil and gas phases respectively 

One important concept lies in the differences between three-phase systems with 

different saturation history. Each saturation path explained above represents a three-phase 

system with no saturation history and the 3P-Kr models are developed to predict the oil 

relative permeability in these systems. However, the cyclic hysteresis in three-phase 

systems can only be observed when a saturation path is followed by another saturation 

path and then repeated. For example, in a WAG experiment, a water injection process 

(IDD) is followed by a gas injection (DDI) which is succeeded by another water injection 

(IDD). Using the 3P-Kr models gives same values for both IDD saturation paths, whereas 
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the actual relative permeability data (for oil, gas and water) are not equal, because of 

cyclic hysteresis. In the research reported in this thesis, the main aim was to simulate the 

cyclic hysteresis in three-phase systems. Using the terminology suggested by Saraf et al. 

(1982) (Table 2-1) is confusing and complicated for addressing the injection scenarios in 

WAG experiments. Hence, the WAG experiments are referred to as a sequence of 

drainage and imbibition processes such as IDIDID in which “I” stands for imbibition and 

“D” stands for drainage. Thus, IDIDID shows an injection scenario started by imbibition 

and continued for five extra sequences. This terminology has been used in the rest of this 

thesis to describe the WAG experiments. However, it should be noted that each drainage 

and imbibition stage is an individual three-phase system (a gasflood or waterflood) and 

the 3P-Kr data need to be calculated in each cycle. 

Most of the hysteresis models comprise three important sections: first, a 3P-Kr model 

for calculation of three-phase oil relative permeability; second, a formulation for 

prediction of residual oil saturation in the system, third, formulations for calculation of 

hysteresis in water and gas relative permeability data. In the following sub-sections the 

previous studies and the experimental data available in the literature for each step are 

briefly discussed.  

According to Element et al. (2003), the analysis of the data obtained from WAG 

experiments shows that they have some common features. However, no model includes 

all of these features yet [15]. The most important features are that: 

- The hysteresis cycles are not reversible 

- The residual oil saturation is reduced in each cycle by increasing the trapped 

gas saturation. 

- During the stages, both water and gas relative permeability are reduced. 

- The Land trapping coefficient is not constant during the WAG experiment. 

2.3.4.1 Step1: Estimation of Three-Phase Oil kr Data 

Corey et al. (1956) conducted three-phase tests on water-wet consolidated Berea 

sandstone samples. These experiments were performed at constant water saturation, while 

the two other fluid saturations were changing. Corey et al. suggested the first equations 

for calculating the relative permeability data as a function of saturation and used them to 

predict the three-phase kr values, with satisfactory results. Although the data measured in 

their study were frequently used in subsequent works, the water relative permeability data 
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were not measured and were only calculated by making two assumptions. The first 

assumption was that the water relative permeability depends on water saturation only. 

The second assumption was that the water relative permeability in a water-wet system is 

equal to the oil relative permeability in an oil-wet (gas-oil) system. Another drawback of 

their work was that the oil-gas relative permeability was measured in a system with no 

water phase present [1]. 

Later, Stone used the three-phase data measured by Corey, Saraf and Dalton et al. to 

suggest a new formulation, widely known as “Stone I”, for estimation of 3P-Kr data from 

the measured two-phase kr data  [68]. The main assumption in the suggested formulation 

is that the water and gas phase are spatially remote and displacement of the oil phase by 

water and gas are two independent events. Stone also suggested that even though Som 

(minimum oil saturation in three-phase system) is probably a function of initial saturation, 

it can be treated as a constant value, due to the lack of sufficient experimental data. Later, 

in 1973, he modified and revised the first model which is widely known as “Stone I 

(modified)”, as follows [6]: 

𝑆𝑆𝑜 =
𝑆𝑜 − 𝑆𝑜𝑚

1 − 𝑆𝑜𝑚 − 𝑆𝑤𝑐𝑜
       𝑆𝑜 > 𝑆𝑜𝑚 

(2-10) 

𝑆𝑆𝑤 =
𝑆𝑤 − 𝑆𝑤𝑐𝑜

1 − 𝑆𝑜𝑚 − 𝑆𝑤𝑐𝑜
       𝑆𝑤 > 𝑆𝑤𝑐𝑜 

(2-11) 

𝑆𝑆𝑔 =
𝑆𝑔

1 − 𝑆𝑜𝑚 − 𝑆𝑤𝑐𝑜
 

(2-12) 

𝐹𝑤 =
𝑘𝑟𝑜𝑤

𝑘𝑟𝑜𝑐𝑤 (1 − 𝑆𝑆𝑤)
 

(2-13) 

𝐹𝑔 =
𝑘𝑟𝑜𝑔

𝑘𝑟𝑜𝑐𝑤 (1 − 𝑆𝑆𝑔)
 (2-14) 

𝑘𝑟𝑜 = 𝑘𝑟𝑜𝑐𝑤. 𝑆𝑆𝑜 . 𝐹𝑤. 𝐹𝑔 (2-15) 

where 𝑆𝑆𝑜, 𝑆𝑆𝑤 and 𝑆𝑆𝑔 are the normalised saturations with respect to the connate water 

saturation (𝑆𝑤𝑐𝑜) and minimum oil saturation, 𝑆𝑜𝑚. In these equations, krog represents the 

oil relative permeability in a gas/oil system in the presence of connate water and krow 

denotes the oil relative permeability for a two-phase oil/water system. In addition, krocw 

is the relative permeability of oil phase in the presence of connate water (maximum oil 

relative permeability in a water-oil system). The most important feature of this 

formulation is that 𝑆𝑜𝑚 can be inserted as a known parameter. When 𝑆𝑜𝑚 is not known, 
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the residual oil saturation in the two-phase systems is used. The two-phase residual oil 

saturation is measured in the presence of the water phase (Sorw) or in the presence of the 

gas phase (Sorg). If both values are known, the minimum is used in the 3P-Kr model. 

Subsequently, Aziz and Settari (1979) modified Stone’s model to improve the 

estimations, which is known as “Stone II model” [69]: 

𝑘𝑟𝑜 =  𝑘𝑟𝑜𝑐𝑤[(
𝑘𝑟𝑜𝑤

𝑘𝑟𝑜𝑐𝑤
+ 𝑘𝑟𝑤) (

𝑘𝑟𝑜𝑔

𝑘𝑟𝑜𝑐𝑤
+ 𝑘𝑟𝑔) − 𝑘𝑟𝑤 − 𝑘𝑟𝑔] (2-16) 

This model is less flexible in assigning the three-phase residual oil saturation. 

Baker (1988) also suggested a 3P-Kr model based on interpolation of two-phase 

models. As mentioned before, in most of the literature models it is assumed that the 3P-

Kr data of water and gas phase are a function of its own saturation only, which simply 

means that the two and three-phase kr data are equal. However, Baker suggested to use 

the interpolation method to calculate the three-phase relative permeability of gas and 

water phases. Hence, the model suggested by Baker is the only model in which the two- 

and three-phase relative permeabilities for gas and water phases are different. This model 

is only available in the compositional simulation module in ECLIPSE software [7, 8]. 

Hustad and Holt (1992) also modified Stone’s first model to improve the predictions 

in the low oil saturation range. They concluded that Stone’s first model over-predicts the 

oil relative permeability in low oil saturation. Thus, they introduced a new coefficient 

into the formulation, which is equal to one at higher oil saturation and reduces to zero as 

the oil saturation decreases [21]: 

𝑘𝑟𝑜 = 𝛽 𝑘𝑟𝑜𝑤 𝑘𝑟𝑜𝑔/𝑘𝑟𝑜𝑐𝑤 (2-17) 

𝛽 = (
𝑆𝑆𝑜

(1 − 𝑆𝑆𝑤). (1 − 𝑆𝑆𝑔)
)𝜂 (2-18) 

In these formulations, SSo, SSw and SSg are calculated using equations 2-10 to 2-12 

respectively. This model is commonly known as Stone’s modified model (exponent) and 

it is currently available in Eclipse software in the black oil module. Hustad et al. later 

developed another model for calculation of three-phase oil relative permeability, which 

considers the effects of mass transfer in the WAG experiments on the relative 

permeability data. This model can be used for compositional simulation of miscible WAG 
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experiments and is known as IKU3P model [70, 71]. Hustad later extended this model to 

obtain a coupled model for estimation of relative permeability and capillary pressure data 

[72]. 

There are other 3P-Kr models available in the literature [2, 9]. However, this thesis 

focuses on the models that are currently available in the commercial simulators, as the 

aim of this research is to address the limitations of commercial software for simulation of 

WAG injection scenario. The simulation results presented in this thesis also confirm that 

Stone’s first and second models overestimate the oil production in the experiments. In 

addition, it is shown that the model suggested by Hustad and Holt, known as the Stone 

Exponent, cannot simulate the oil production rate in the WAG experiments accurately. 

Hence, another approach is needed to simulate the WAG experiments. 

2.3.4.2 Step 2: Estimation of Residual Oil Saturation 

The residual oil saturation determines the final oil recovery and plays a crucial role in 

the economic assessment of EOR scenarios. For the WAG injection scenarios, accurate 

estimation of produced oil (in each cycle) is very important, as it affects the estimation of 

fluid saturation in the system and consequently estimation of the fluid relative 

permeability data. However, in most of the previous three-phase experiments, 

measurement of the residual oil saturation was not a priority. Hence limited data are 

available in the literature to show how the wettability, the saturation paths and other 

experimental conditions might affect the residual oil saturation in three-phase systems. In 

the literature on predictive models, there is limited discussion on how three-phase residual 

oil saturation can be determined from the residual saturations measured in the two-phase 

systems (Sorw, Sorg). In this section, the available data in the literature are reviewed in 

order to provide a clear picture of the studies performed on residual oil saturation 

determination in three-phase systems.  

Over the years, significant emphasis and efforts have been directed toward three-phase 

studies focused on the behaviour of experimental data or the hysteresis models [39, 73]. 

But relatively little effort has been spent to analyse the associated final oil recovery and 

the residual saturations. Leverett and Lewis first measured the three-phase relative 

permeability in an unconsolidated sand pack in 1941. The oil, gas and water relative 

permeability data were plotted and the trends of the curves were analysed. In their 

experiments, the two-phase residual oil saturations obtained were between 20 and 10 

percent, while the three-phase residual oil saturation was as low as 5 percent. This showed 
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that the residual oil saturation in three-phase systems can be significantly lower than those 

in two-phase systems [74].  

In 1951, Holmgren and Morse measured the residual oil saturation in waterflood 

experiments in the presence of free gas (known as Nellie Bly). In the tests designed by 

Holmgren and Morse, the water-wet sandstone rock sample was initially fully saturated 

with brine. Live oil was then injected to obtain the desired water-oil saturations in the 

system. To establish a certain gas saturation, the gas phase was introduced into the system 

using two approaches. In the first approach, the gas phase was injected into the system, 

while in the second approach, the system underwent depressurization to release the 

dissolved gas. From the obtained results, they concluded that increasing the trapped gas 

saturation decreases the residual oil saturation. They found that the presence of trapped 

gas in the system affects the oil phase more than the water phase. This happens by 

displacing the residual oil saturation and reducing the oil relative permeability. [45]. They 

then suggested that the relationship between trapped gas saturation (Sgt) and residual oil 

saturation (Sorm) can be described as follows: 

𝑆𝑜𝑟𝑚 = 𝑆𝑜𝑟𝑤 − 𝑎 𝑆𝑔𝑡 (2-19) 

According to their experimental data, the value of the constant parameter was equal to 

0.5 for Nellie Bly sandstone. However, it is important to note that in the experiments 

performed by Holmgren and Morse, the gas saturation was below 25 percent, which 

means that the gas phase was still mostly immobile and disconnected. The immobility of 

the gas phase was confirmed when a water flood process was performed on the same 

sample and showed no changes in gas saturation. Hence, the process used by Holmgren 

and Morse resembles the water flooding process in a saturated oil reservoir. Therefore, 

these experimental results cannot be considered for simulation of the three-phase 

experiments such as WAG experiments, in which a connected path of mobile gas phase 

has been established during the gas flooding. 

Kyte et al. (1956) extended the work of Holmgren and Morse by performing 

waterflood experiments in the presence of mobile gas phase and trapped gas phase. A 

combination of water-wet and oil-wet rocks was used in the experiments. The mobile gas 

phase was established by helium injection into a rock fully saturated with oil until the 

desired gas and oil saturations were reached. For the tests in the presence of trapped gas 

saturation, after the mobile gas phase was established, the sample was oil flooded again 
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to remove the mobile gas phase. The results obtained by Kyte et al. in a water-wet medium 

showed that the presence of trapped gas results in a reduction in the residual oil saturation. 

However, the trapped gas does not have any effect on the residual oil saturation in an oil-

wet medium. To explain the observed behaviour, they suggested that, in a water-wet 

medium, the trapped gas occupies a part of pore space which is usually occupied by oil, 

when there is no gas phase. On the other hand, in an oil-wet medium, the gas phase 

occupies the space which would be filled by water in the absence of gas [75]. 

Figure 2-9 shows the experimental results reported by Kyte et al. (1956) in the 

presence of free gas. The graph illustrates that, after one pore volume water injection, the 

residual oil saturation decreased quite rapidly as the initial mobile gas saturation changed 

from 0% to 15% of pore volume. Further increase in initial gas saturation resulted in 

minimal changes in the corresponding residual oil saturation. This is primarily because 

any further increase in the fraction of the mobile gas phase is displaced during the 

waterflooding, and therefore it cannot contribute to the reduction of the residual oil 

saturation [75]. This fact is of practical interest in WAG experiments, as waterfloods are 

usually performed with different initial gas saturations. 

The difference between the experiments conducted by Kyte et al. and Holmgren and 

Morse was the method used for the establishment of the trapped gas saturation. When the 

gas phase is generated in the system during the pressure depletion process (as in 

Holmgren and Morse’s technique) it is distributed evenly as an immobile phase (i.e. in 

both small and large pores). On the other hand, when the trapped gas saturation is 

established by gas flood proceeded with an oil flood (as in Kyte et al.’s method), the 

trapped gas phase occupies the largest pores. Hence, there is a possibility that the 

distribution of the gas phase trapped by water flood affects the oil relative permeability 

data. Unfortunately, the work of Kyte et al. did not study the relative permeabilities; hence 

it is hard to draw a solid conclusion. Moreover, this different pore occupancy of trapped 

gas saturation could lead to different conclusions regarding the behaviour of oil flow in 

the oil-wet samples.  
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Figure 2-9: The relationship between initial mobile saturation and residual oil saturation 

in the presence of free gas, after one pore volume water injection [75]. 

In 1984, Fayers and Mathews studied the normalised Stone’s methods, specifically to 

evaluate their ability to predict the residual oil saturation. They recommended an equation 

for accurate selection of residual oil saturation (Som). They explained that, although Som 

is usually unknown, the residual oil saturation at the end of a waterflood (Sorw) and the 

residual oil saturation at the end of the gas flood in presence of water saturation (Sorg) are 

known and measured. Hence the value of Som can be determined using a linear 

relationship between these two values as follows [22]: 

𝑆𝑜𝑚 = 𝛼 𝑆𝑜𝑟𝑤 + (1 − 𝛼)𝑆𝑜𝑟𝑔 (2-20) 

where  𝛼 = 1 − [
𝑆𝑔

1−𝑆𝑤𝑐−𝑆𝑜𝑟𝑔
]. 

Fayers and Mathews (1984) pointed out that there was no experimental evidence that 

Som changes linearly between the two limiting residual oil saturations; however, this is 
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certainly better than an arbitrary assumption of Som in the absence of experimental data. 

To show that the suggested equation provides good estimation of Som, they used Stone’s 

model and tried to predict the measured oil relative permeability by changing the value 

of Som in the equation. They used several sets of experimental data to verify their 

assumption and, as pointed out above, the three-phase residual oil saturations are not 

measured in these datasets. Fayers and Mathews used the lowest oil saturation at which 

the oil relative permeability was measured and reported this as residual oil saturation and 

the prediction results were improved significantly. Since this value is still larger than the 

actual Som, they recalculated the 3P-Kr data using lower values of Som and the results 

showed further improvement. Their work signifies the importance of using an accurate 

residual oil saturation value in predictive models [22, 23]. 

They also explained that near the limiting residual oil saturations, the water phase is 

bypassing the other two phases. Hence, the total residual hydrocarbon saturation would 

be essentially unchanged from Sorw. They also added that the residual oil saturation at the 

end of a gas flood (Sorg) should be significantly lower than Sorw. This claim was in line 

with the data published by Saraf et al. (1982), in which Sorw was 0.4 and Sorg was reported 

as 0.15 in the presence of 25% irreducible water saturation. However, their suggested 

formulation overestimates the residual oil saturation in the WAG systems reported in the 

literature, where the value of Som can be significantly lower than values of Sorw and Sorg 

[67].  

Baker (1988) compared the prediction results from the predictive models with the 

limited data available in the literature. He discussed the importance of the residual oil 

saturation in the three-phase systems. He pointed out that when using Stone I method, the 

residual oil saturation will be larger or equal to Som, which is an input parameter for 

adjusting the model. Moreover, the predicted residual oil saturation in the unadjusted 

Stone II model is larger than that in the Stone I model. He reported that tuning Stone II 

by choosing an appropriate value for α (correction factor) improves the predicted results. 

Although the linear interpolation and saturation-weighted interpolation models suggested 

by Baker need an appropriate tuning parameter, Baker claimed that the results obtained 

are more realistic compared to those obtained from unadjusted Stone I and Stone II 

models. Finally, he suggested that a suitable predictive model should be chosen according 

to the possible impacts that it may have on the predicted oil recovery [7]. 
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A complete set of two-phase and three-phase kr data of a fired Berea sandstone were 

measured by Oak et al., in 1990. The 2P-Kr data were measured for oil-gas, water-gas 

and water-oil systems, both in the imbibition and drainage stage. The data obtained by 

Oak et al. showed that when three pairs of 2P-Kr data are plotted in the same graph versus 

the wetting phase, the curves are nearly identical. The residual non-wetting phase 

saturation in all imbibition curves was reported to be identical (nearly 36%). The 

irreducible water saturation in the water-oil drainage test and the irreducible oil saturation 

at the end of the oil-gas drainage test were reported to be 30%.  However, for the gas/water 

drainage test, the measured irreducible water saturation was 40% [76]. Furthermore, in 

this work, the three-phase relative permeability data were measured for primary gas 

injection and co-injection of water and oil. In order to use Stone models, they also 

measured the two-phase oil-gas relative permeability (Krog) in the presence of 30% 

interstitial water and water-oil relative permeability (Krow) at 36% residual gas. They 

pointed out that the presence of 30% interstitial water saturation decreased the residual 

oil saturation significantly to 13%. The measured residual oil saturation in the presence 

of 36% residual gas was lower than 10%. This represents a huge reduction in the residual 

oil saturation compared to 36% and 30% residual oil saturation measured in the water-oil 

system and the oil/gas system, respectively. Oak et al. used the obtained data to predict 

the three-phase oil relative permeability using Stone models. Unfortunately, they did not 

measure the three-phase residual oil saturation; hence, it is not possible to compare the 

two-phase and three-phase residual saturations. 

Even in the more recent papers, measurement of the three-phase residual oil saturation 

has not been a priority when performing three-phase experiments. Masihi et al. (2011) 

conducted two-phase and three-phase steady state relative permeability measurements 

and evaluated the performance of the predictive models. Like others, they have only 

investigated the trend of the relative permeability curves and the predicted values [77].  

Moghadasi et al. (2016) performed two- and three-phase steady-state experiments 

using two core samples (a sand-pack and a Berea sandstone). The X-Ray absorption 

technique was used to measure the spatial and temporal dynamics of the in-situ saturations 

along the core samples. They measured the oil/gas and the oil/water two-phase relative 

permeability values. Figure 2-10 compares the values of two and three-phase oil relative 

permeability, in which the three-phase residual oil saturation is obviously lower than the 

value in the two-phase systems. These results clearly establish the inadequacy of the 
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formulation suggested by Fayers and Mathews, which states that Som changes linearly 

between Sorw and Sorg. The results of this experiment show how much error could be 

introduced in the system if the reduction in residual oil saturation is ignored [78] 

 

Figure 2-10: Comparison of two and three-phase oil relative permeability values. The 

residual oil saturation in the three-phase system is lower than those in the two-phase 

systems [78]. 

Although the estimation of residual oil saturation in the three-phase systems is 

important and controversial, the estimation of residual oil saturation in the WAG 

experiments is more important, as a very small amount of oil is produced during each 

cycle. As explained before, the trapped gas saturation plays an important role in the WAG 

experiments. Currently, the formulation suggested by Holmgren and Morse (1951) is 

being used to calculate the oil production in the WAG experiments, since it is the only 

formulation that links the residual oil saturation to the trapped gas saturation and the main 

active mechanism in hysteresis is trapping of the non-wetting phase. 

Some researchers have shown that the residual oil saturation in the low IFT WAG 

experiments is even lower compared to the high IFT systems. Sohrabi et al. performed 

several micromodel tests and showed that the oil recovery increases as the gas/oil IFT 

decreases (Sohrabi et al., 2004, Sohrabi et al., 2007, Sohrabi et al., 2008). However, these 

studies are qualitative and the relationship between IFT and residual oil saturation has not 

been quantified. Moreover, the use of the formulation suggested by Holmgren and Morse 

for estimation of the reduction in oil saturation in low IFT experiments is questionable. 

In this thesis, the application of the existing formulations for estimation of residual oil 

saturation in the WAG experiments will be discussed. The simulation results showed that 
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these models overestimate the trapped non-wetting saturation in each cycle and 

consequently underestimate the residual oil saturation. In this research, a new method has 

been developed to estimate the three-phase residual oil saturation, which produces more 

accurate results.  

2.3.4.3 Step 3: Reduction in Water and Gas Relative Permeability 

The cyclic hysteresis in the three-phase system is very complex. Since it is a 

combination of several phenomena, different formulations are required to simulate this 

phenomenon correctly. Subsequent injections of gas and water slugs result in trapping of 

the gas phase in the system. Hence, the available paths for the water and gas phase are 

decreased and consequently the rock shows lower relative permeability. Several studies 

have reported some evidence for cycle-dependent hysteresis in the gas and water kr data 

in the WAG experiments (especially the reduction in gas relative permeability). After 

that, more studies were performed, focused on the hysteresis effect in complex three-

phase flow. As a result, some models were developed for simulation of hysteresis in three-

phase systems [13, 14].  

Larsen and Skauge performed some WAG experiments on Berea sandstone outcrops 

and reservoir rocks to observe the hysteresis trend [13]. They used the experimental data 

to develop a WAG hysteresis model. However, the experiments were not long enough for 

the cyclic hysteresis to be recorded completely. The WAG injection scenarios only 

consisted of three cycles of gas and water injection. Later when other researchers 

performed WAG experiments with more cycles, the WAG hysteresis model suggested by 

Larsen and Skauge was not able to capture the observed behaviour successfully. Hence, 

the researchers tried to modify the coefficient parameters in each cycle in order to 

improve the simulation results [16]. The limitations of the suggested approach for 

modification of parameters will be discussed in detail in Chapter 4.  

In this WAG hysteresis model, gas and water relative permeabilities are calculated in 

each cycle. The Stone I model is used for estimation of oil 3P-Kr data and the model 

suggested by Holmgren and Morse (Eq. 2-19) is used to calculate Som in each cycle. 

Trapped gas saturation is also calculated using Land’s initial-residual relationship and it 

is assumed that the trapped gas saturation increases in each cycle, which reduces the gas 

relative permeability accordingly. However, for the water phase, it is assumed that the 

relative permeability changes between two and three-phase kr curves. This assumption is 

true when the 3P-Kr data for water are obtained at the maximum gas saturation. However, 
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in many WAG experiments the gas saturation increases in each cycle and the water kr 

data at the maximum gas saturation are unknown at first. Hence, the model has some 

limitations in the estimation of water relative permeability in the system. Moreover, it 

will be shown in Chapter 4 that the Stone I model tends to overestimate the oil relative 

permeability data in a low oil saturation region. Furthermore, the use of Land’s trapping 

coefficient for the WAG systems is questionable, as the system (i.e. phase saturations) 

has not reached to the residual values after each cycle. 

 

  

Figure 2-11: Schematic of  the water and gas kr data variation predicted by the available 

WAG hysteresis model [14]. 

Another approach for simulation of the observed hysteresis in three-phase water and 

gas relative permeability is to use the empirical models available for simulation of two-

phase hysteresis [4, 5, 11, 12]. The relative permeability data of gas and water in every 

cycle are updated according to these models. One of the 3P-Kr correlations such as Stone 

I, Stone II or SWI is then used to calculate the oil relative permeability. As mentioned 

before, the two-phase hysteresis models (such as those of Land and Carlson) can only 

predict the reduction in the relative permeability data in the imbibition process 

(directional hysteresis). Since it is assumed that the kr data of subsequent cycles are 

reversible (i.e. cyclic hysteresis is ignored), their use for the simulation of cycle-

dependent hysteresis in the WAG experiments seems inadequate. 

In 2006, Spiteri and Juanes evaluated the performance of different hysteresis models 

for simulation of WAG injection at reservoir scale. They also discussed the inadequacy 

of two-phase hysteresis models (such as that of Killough) for the simulation of WAG 
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experiments. However, their study fails to differentiate and discuss the directional and 

cyclic hysteresis observed in the WAG experiments separately [52].  

As mentioned before, the aim of this research is to develop a new model which can be 

used for estimation of the hysteresis observed in the three-phase systems. Although the 

hysteresis in two- and three-phase systems has been discussed separately in the literature; 

this study attempts to suggest a formulation which can be applied for both systems. To 

achieve this aim, the limitations of the available hysteresis models are first discussed 

(Chapter 4). It is explained why the available hysteresis models for calculation of 3P-Kr 

data fail to simulate the common observed behaviour in the WAG experiments. The 

results obtained from the Eclipse simulator were used to assess the available models. In 

Chapter 5, a new model is suggested and used to simulate the experimental data. It is 

found that the new model can be used to simulate the oil flow in very low residual oil 

saturations. 

2.3.5 The Experimental Procedure 

The two- and three-phase WAG experiments used in this research for evaluation of the 

suggested method were performed previously in the ‘Centre for EOR and CO2 Solutions’ 

at Heriot-Watt University. The experimental procedure and data have been published 

before in detail [19, 28-30, 79]. However, the experimental conditions, rock, and fluid 

properties are also briefly described here. 

 The main purpose of performing these experiments was to investigate the cyclic 

relative permeability (kr) hysteresis in the oil reservoirs during the water alternating gas 

(WAG) injection. A Clashach sandstone rock sample was used for performing the 

experiments. Table 2-2 shows the physical properties of the core. Before performing the 

core-flood experiments, a core characterization procedure was performed to determine 

the physical properties of the core. 

Table 2-2: The properties of the Clashach Sandstone used in the experiments performed 

at HWU. 

Length (cm) Diameter (cm) Permeability (md) Porosity (frac.) 

60.5 5.082 65 0.18 

First, large amounts of solvents (acetone and methanol) followed by nitrogen were 

injected to clean the core. The core was then dried in the oven and scanned using X-ray, 

to examine its homogeneity before performing the coreflood tests. The average porosity 
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of the core from X-ray data was found to be 18.3%. The brine and helium pore volume 

measurement techniques were also applied and results in line with this were obtained 

(18.2%). The brine used in the experiments was a synthetic brine sample and its properties 

can be found in Table 2-3. 

Table 2-3: The properties of synthetic brine used in the experiments performed at HWU. 

Salinity (mg/L) Density @ 38ºC (g/L) Viscosity @ 38ºC (cp) 

1000 992.96 0.68 

The hydrocarbon fluid system used in the experiments was an equilibrated binary 

mixture of methane (C1) and n-butane (n-C4). The hydrocarbon mixture was made at 

2,250 psi and 37 °C (100 °F) by mixing methane and n-butane (73.6 mole% and 26.4 

mole% respectively). The pressure of the mixture was then reduced to the test pressure 

(1840 psia and 1200 psi) at the same temperature and the oil and gas were separated to 

be used in the experiments. A detailed study of the compositional behaviour and physical 

properties of this C1/C4 mixture can be found in the literature [80].  

Table 2-4: Properties for C1-nC4 binary mixture at 100°F, measured at HWU. 

Pressure 

(psi) 

ρg 

(kg/m3) 

ρL 

(kg/m3) 

μg 

(mPa.s) 

μL 

(mPa.s) 

IFT 

(mN/m) 

1840  211.4 317.4 0.0249 0.0405 0.04 

1200  86.68 466.06 0.0141 0.0793 2.7 

After fluid preparation, the immobile water saturation was established in the core, after 

a series of fluid injections and displacements. First, the core was cleaned and dried and 

fully saturated with brine. The oil phase (C10) was then used to establish the immobile 

water saturation. The oil was then removed from the core by injecting high-pressure 

methane, which was equilibrated and hydrated. Finally, at required temperature and 

pressure, methane was displaced with the equilibrated oil. The established immobile 

water saturation was calculated to be 18%, by accurate material balance. The core was 

scanned again using the X-ray facility, and the uniformity of the irreducible water 

saturation profile was confirmed. 

Four WAG experiments were performed by subsequent injection of gas and water 

cycles in an oil-saturated Clashach sandstone. Among them, three experiments were 

conducted at 1840 psi at the temperature of 37°C, in which the IFT between oil and gas 
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was very low, close to 0.04 (near miscible condition). One experiment was performed on 

the mixed-wet sample at 1200 psi and the measured gas/oil IFT was 2.7 mN/m 

(immiscible condition). The IFTs between gas/water and oil/water phases were calculated 

as 60 and 55 mN/m, respectively. The changes in gas/water and oil/water interfacial 

tension were assumed to be negligible and the same values were used for both 

experiments. Two sets of two-phase experiments (gas/water and oil/water) were also 

performed at 1840 psi and 37°C. 

In order to investigate the hysteresis in mixed-wet samples, the wettability of the 

water-wet sample was altered. First, the same value of immobile water saturation (18%) 

was established in the core by injecting the mineral oil (C10), for the sake of consistency 

between water-wet and mixed-wet experiments. The mineral oil was then displaced with 

a suitable crude oil while the oven temperature was raised to 60–80 °C. The core was 

allowed to age for 3 weeks while the injection of crude oil was continued at a very slow 

rate (1-2 cm3/hr). The change in the wettability of the system was confirmed by examining 

scanning electron microscope (SEM) pictures for thin sections of water-wet and mixed-

wet samples. The semi-dynamic capillary measurement technique was used for 

calculation of USBM wettability indices of both water-wet and mixed-wet samples [81]. 

The USBM wettability index for the water-wet sample was obtained as 0.45, with an 

Amott-Harvey index of 0.79, which verified the water-wet nature of the rock. The USBM 

index of the mixed-wet sample was obtained as - 0.02, which shows that the wettability 

of the core sample was changed to an average neutral wettability. The capillary pressure 

curves of the samples were measured using the centrifuge technique. Only one of the 

experiments was performed on the water-wet Clashach sandstone (Experiment No.4 

according to Table 2-5) and the remainder of the experiments were performed on the 

mixed-wet rock. 

In this thesis, the common terminology, in which “I” stands for imbibition (water 

injection cycle) and “D” stands for drainage (gas injection cycle), was used for describing 

the experiments. Hence, “IDIDIDI” refers to an injection plan started with imbibition and 

followed by subsequent cycles of drainage and imbibition. This terminology was used for 

both two- and three-phase experiments. The final oil recovery depends significantly on 

whether the experiment is started with a gas or water injection cycle, hence, the first cycle 

of the experiments is highlighted in red in Table 2-5. The pressure drop, cumulative oil, 
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and gas and water production were measured for each experiment. The saturations were 

calculated using a material balance equation.  

Table 2-5: The injection scenario and the experimental conditions of two- and three-phase 

experiments performed at HWU. 

 No. of   Phases Wettability Pressure Injection scenario* 

Exp (1) 

Three-phase 

(oil/water/gas) 

Mixed-Wet 

1200 Psi IDIDIDI 

Exp (2) 

1840 Psi 

DIDIDID 

Exp (3) IDIDID 

Exp (4) Water-Wet IDIDID 

Exp (5) 
Two-phase 

(oil/water) 
Mixed-Wet 

DIDID 

Exp (6) 
Two-phase 

(gas/water) 
DIDID 

*I: Imbibition, D: Drainage 
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Chapter 3. Directional Hysteresis  

3.1 Water-Wet Sandstones 

3.1.1 Introduction 

The hysteresis in 2P-Kr data occurs when the saturation history of the flow changes 

from drainage to imbibition or vice versa. The imbibition relative permeability is a strong 

function of initial non-wetting phase saturation from which the imbibition process starts. 

Hence, it is very time-consuming to conduct many experiments for measuring all possible 

imbibition relative permeability (kr) data. An alternative approach is to predict the 

imbibition relative permeability using the measured Land trapping coefficient and 

primary drainage relative permeability. Some predictive models, found in the literature, 

such as that of Land, Carlson and Killough are available in commercial simulators. For 

prediction of imbibition data, these models require the primary drainage kr data and one 

set of imbibition kr data to calculate the corrected Land trapping coefficient. However the 

imbibition relative permeability is not always available and the inappropriate use of these 

methods can introduce significant errors in the calculations. In this study the limitations 

of the available models are discussed and a modified model is suggested, which only 

requires the primary drainage kr data and the measured Land trapping coefficient.  

The available methods for prediction of imbibition kr data are based on the calculations 

of trapped non-wetting saturation (𝑆𝑛𝑤𝑡). Therefore, in this study, a modified method was 

introduced which improved the estimations of trapped non-wetting phase saturation. The 

predicted values of imbibition relative permeability using the suggested method were in 

good agreement with the experimental data. It was shown that the suggested method can 

be used for both gas and oil as non-wetting phases in a water-wet medium. However, the 

trapped non-wetting phase is a function of capillary number and the Land trapping 

coefficient changes as the capillary number changes. Hence, the measured Land trapping 

coefficient cannot be assumed as constant in cases where severe changes in pressure result 

in changing IFT and fluid viscosity. 

3.1.2 Methodology 

In this work, an improved method is introduced for the prediction of imbibition relative 

permeability, using the measured primary drainage kr data and trapping coefficient. 
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Because the trapped non-wetting phase saturation directly affects the prediction of 

imbibition relative permeability, we tried to improve the formulations for calculation of 

Snwt. The previous methods suggested for prediction of imbibition relative permeability, 

used the Land initial and residual relationship (Eq. 2-1) to calculate the residual non-

wetting saturation. Based on this relationship, an equation was then derived to relate the 

flowing and trapped non-wetting saturation in each step (Eq. 2-3). Finally, the equation 

2-4 or 2-8 was used to estimate the imbibition kr data from the primary drainage kr data. 

In this work, it is suggested that the inaccurate estimation of non-wetting phase trapped 

saturation (step 2) could increase the errors in estimation. Hence, a modified formulation 

is suggested for precise estimation of trapped and flowing non-wetting saturations.  

The fluid saturation in porous media can be divided into three groups in terms of their 

contribution in fluid flow: flowing, dendritic and trapped saturation. The flowing 

saturation (also known as backbone saturation or effective saturation) is a continuous path 

of non-wetting phase which spans from the inlet to the outlet. The relative permeability 

of a fluid is a direct function of flowing saturation. Dendritic saturation is the fluid which 

resides in dead-end paths and it is stationary. This part of non-wetting phase saturation is 

connected to the continuous path from inlet to outlet, but it does not contribute to flow. 

The trapped saturation (or isolated saturation) is a cluster of disconnected amounts of one 

fluid -usually non-wetting phase- which is surrounded by another fluid – usually wetting 

fluid [82].  

In the primary drainage stage, the saturation of the non-wetting phase in each step is 

equal to the summation of flowing saturation and dendritic saturation. However, in the 

imbibition process, it is the summation of dendritic saturation, flowing saturation and 

trapped saturation (refer to Figure 3-1 and Figure 3-2).  

𝑆𝑛𝑤
𝑃𝐷 = 𝐷𝑒𝑛𝑑𝑟𝑖𝑡𝑖𝑐 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐹𝑙𝑜𝑤𝑖𝑛𝑔 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (3-1) 

𝑆𝑛𝑤
𝐼𝑚𝑏 = 𝐷𝑒𝑛𝑑𝑟𝑖𝑡𝑖𝑐 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐹𝑙𝑜𝑤𝑖𝑛𝑔 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

+ 𝑇𝑟𝑎𝑝𝑝𝑒𝑑 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 
(3-2) 

The dendritic saturation does not affect the fluid flow, hence it is equal in the primary 

drainage and imbibition processes. Jerauld and Salter (1990) plotted the relative 

permeability vs. flowing saturation for the imbibition and primary drainage processes. 
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The curves were matching and no hysteresis was observed between the two curves [82]. 

Therefore, the flowing saturation is also equal in the primary drainage and imbibition 

processes. This observation was consistent with other studies in the literature, where the 

authors conclude that the relative permeability depends primarily on flowing saturation 

[83, 84].  

During the imbibition stage, as the water invades the system, gradually some of the 

flowing saturation becomes disconnected and forms the trapped saturation. Thus, the only 

difference between the primary drainage and imbibition stages is trapped saturation. 

Hence, for calculation of imbibition relative permeability at any saturation, the trapped 

saturation should be determined. The imbibition relative permeability at any saturation is 

then equal to the relative permeability associated with the flowing saturation measured in 

the primary drainage stage (Eq. 2-8).  

 

 

Figure 3-1: The development of imbibition stages in the system (stage a and b), showing 

the flowing non-wetting phase (yellow), dendritic non-wetting saturation (orange), 

flowing wetting phase (blue) and trapped non-wetting saturation (grey). 
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Figure 3-2: The development of imbibition stages in the system (stage c and d), showing 

the flowing non-wetting phase (yellow), dendritic non-wetting saturation (orange), 

flowing wetting phase (blue) and trapped non-wetting saturation (grey). 

The hysteresis observed between the primary drainage and imbibition relative 

permeability curve is due to the trapping process in the system. With increasing wetting 

saturation, the trapped non-wetting phase in the system gradually increases until all of the 

remaining non-wetting phase becomes disconnected from the outlet. The remaining non-

wetting saturation in the final step of the imbibition process is called residual saturation 

and the non-wetting relative permeability is equal to zero. In other words, the trapped 

saturation is zero when the imbibition process starts (Snwi) and it reaches its maximum 

value when the non-wetting phase stops flowing (Snwr). The main assumption in the 

suggested method is that the trapped saturation increases linearly between the initial zero 

value (at Snwi) and the final maximum trapping saturation (at Snwr). By fitting a line to 

these two points, an equation is obtained which relates each saturation to the 

corresponding trapped saturation (Eq. 3-3). This procedure is visualised in Figure 3-3. 

The flowing saturation can be calculated easily by finding the trapped non-wetting 

saturation. 
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𝑆𝑛𝑤𝑡 =
𝑆𝑛𝑤𝑟

𝑆𝑛𝑤𝑟 − 𝑆𝑛𝑤𝑖
(𝑆𝑛𝑤 − 𝑆𝑛𝑤𝑖) (3-3) 

 

Figure 3-3: The illustration of the basic assumption in this work. The trapped saturation 

is increasing linearly. 

The Land trapping coefficient is used to calculate the residual trapping saturation for 

any initial non-wetting saturation (Eq. 2-1). The Land trapping coefficient should be 

measured by conducting an imbibition experiment starting from the maximum non-

wetting saturation Snw=(Snw)max (or Sw=Swi ). The imbibition process can be an unsteady-

state water injection experiment, however, it should continue until no more non-wetting 

phase is produced, even if the inlet pressure is increased. 

The proposed process of predicting imbibition relative permeability for Snwi is as 

follows: 

1. Performing a primary drainage test and measuring the primary drainage 

relative permeability. The test should be continued to reach the residual non-

wetting saturation. 

2. Performing an unsteady-state imbibition test and calculating the Land trapping 

coefficient experimentally from the measured initial and residual non-wetting 

saturations (Eq. 2-1). 

3. Estimation of the residual trapped saturation (Snwr) for the non-wetting 

saturation at which the imbibition process begins (Snwi), using the Land 

trapping coefficient.  
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4. Calculating the trapped saturation for Snwr <Snwt< Snwi with the assumption that 

there is a linear relationship between zero trapped saturation at the start and 

maximum trapped saturation at the end (Eq. 3-3). 

5. Calculation of flowing non-wetting saturation. 

6. Using the primary drainage relative permeability equation suggested by 

Carlson to calculate the imbibition relative permeability of flowing non-

wetting saturation (Eq. 2-8). 

It was mentioned above that Land used normalised saturations in the calculations. 

However, the formulations used in Carson’s method were not normalised. In this study, 

we highly recommend using the normalised gas saturations for calculation of trapping 

coefficient. The reason is that, by using normalised saturations, the effect of the presence 

of the other phase for calculation of the Land trapping coefficient has been eliminated. 

The original saturations can then be used for the rest of the procedure. 

3.1.3 Results and Discussion 

3.1.3.1 Validation of suggested model with experimental values 

The experimental kr data of Berea and Alundum samples, as reported by Land, were 

used in this work for verification of the suggested method [5]. The initial and trapped 

non-wetting phase saturations for Berea Sandstone are shown in Figure 3-4. Although a 

value of 1.27 fitted the measured initial and trapped non-wetting phase saturations, Land’s 

method was not able to estimate the imbibition kr data accurately using this value. 

Therefore, one set of measured imbibition kr data was used to determine the corrected 

Land trapping coefficient. Using the corrected value, Land’s method was able to predict 

the other paths of imbibition kr data initiated at other initial non-wetting phases. There is 

a difference between the measured value of the trapping coefficient and the corrected 

value which was used in Land’s model. Hence, the drawback of Land’s model is that one 

set of measured steady-state imbibition kr data is needed to determine the corrected 

trapping coefficient. The differences in measured and corrected trapping coefficients will 

be discussed in more detail later in this chapter (refer to section 3.1.3.2.1).  

In the suggested model, the measured value of the trapping coefficient was used for 

prediction of imbibition kr data and the results are shown in Figure 3-5, Figure 3-6 and 

Figure 3-7. The initial non-wetting saturation for the imbibition process is different in 
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each figure. These figures show that the predicted values of imbibition kr data are in good 

agreement with the experimental kr values. These promising results indicate that the 

method suggested in this study was able to successfully predict both the trapped non-

wetting saturation and imbibition relative permeability.  

 

Figure 3-4: The difference between measured and corrected value of trapping coefficient 

for Berea Sandstone, reported by Land [5]. 

 

Figure 3-5: Comparison of predicted data using the model suggested in this work and the 

experimental kr data of Berea sample (Snwi=0.25) reported by Land [5].  
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Figure 3-6: Comparison of predicted data using the model suggested in this work and the 

experimental kr data of Berea sample (Snwi=0.35) reported by Land [5].  

 

Figure 3-7: Comparison of predicted data using the model suggested in this work and the 

experimental kr data of Berea sample (Snwi=0.75) reported by Land [5].  
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The experimental data of the San Andres sample and the Beaverhill sample reported 

by Carlson were used for further verifications. Figure 3-8 shows the experimental 

imbibition kr data and the predicted results using the method suggested in this work. The 

results show that the predicted results are in good agreement with the experimental data. 

The trapping coefficient reported by Carlson for the San Andres Sample is 0.92 and that 

for the Beaverhill sample is 0.71. It should be noted that, despite its significant 

importance, the author does not mention whether these are the experimental values of 

trapping coefficient or the corrected values. The results indicate that the method was also 

able to successfully predict the imbibition kr data in these two samples. 

(a)  

(b)  

Figure 3-8: Comparison of predicted data from the suggested model with experimental 

data of (a) Beaverhill sample and (b) San Andres sample from Carlson [12]. 



Chapter3: Limitations of Hysteresis Models Available in Commercial Simulators 

 

53 

 

3.1.3.2 Comparison of Suggested Method with the available models in 

commercial simulators 

3.1.3.2.1 Land’s Model 

Land used the experimental data of Alundum and Berea samples, for verification of 

his method. Land’s experimental trapping coefficient for Alundum samples was 4.617. 

However, when using the experimental value in the calculations, the predicted values 

were not consistent with the experimental imbibition kr data. By trial and error, Land 

realised that when a value of 1.8 was used as the Land trapping coefficient, the predicted 

data had a good agreement with the experimental data. He explained that based on these 

data, the Land trapping coefficient should be corrected before using it in the calculations. 

The same behaviour was observed for Berea samples, in which the Land trapping 

coefficient was measured as 1.273, but the predicted values of the imbibition kr data were 

in good agreement with the experimental values when a trapping coefficient of 0.8 was 

used (Figure 3-4). Land believed that the difference between the corrected and measured 

Land trapping coefficient was due to the compressibility of the residual gas. In other 

words, the residual gas saturation was measured as less than it should ideally be. 

Moreover, Land suggested that his method can be used to calculate the oil relative 

permeability in an oil-water system as well as gas- water systems. (The non-wetting phase 

in the Land’s research was a gas phase, Figure 3-9) 

Although Land’s proposed method was successful in predicting the imbibition kr data, 

the corrected Land trapping coefficient is unknown at first and one set of steady-state 

imbibition data is needed to calculate this value. The other drawback of Land’s model is 

that it doesn’t suggest a clear procedure for obtaining the corrected trapping coefficient. 

Hence, the Land trapping coefficient was changed through a trial and error procedure 

until a good match for the experimental imbibition kr curve had been obtained. Once this 

corrected value was determined, it was used to calculate other imbibition curves with 

different Snwi.  
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Figure 3-9: The experimental (C=4.617) and the corrected Land trapping coefficient 

(C=1.8), Alundum Sample, from Land [5]. 

3.1.3.2.2 Carlson’s Model 

As with Land’s model, Carlson did not use the measured trapping coefficient. Instead, 

he suggested a procedure to calculate the corrected Land trapping coefficient from one 

set of measured steady-state imbibition kr data. Carlson used the measured imbibition and 

primary drainage kr curves to calculate the flowing and trapped non-wetting phase 

saturation (see Figure 3-10). The only difference between Carlson’s method and Land’s 

model is the formulation for calculation of imbibition relative permeability. While Land’s 

model uses the Brooks-Corey relationship, Carlson suggested a new formulation (Eq. 2-

8). This procedure is explained step by step as follows: 

- For each non-wetting saturation (Snw) on the imbibition kr curve, find the value 

of krnw
Imb(Snw). 

- On the primary drainage kr curve find the point which has a relative 

permeability equal to krnw
Imb(Snw). 

- The value of Snw for this point on the primary drainage curve is the value of 

flowing non-wetting saturation (Snwf). 

- Calculate the trapped non-wetting saturation (Snwt) by subtracting the flowing 

non-wetting saturation (Snwf) from total non-wetting saturation (Snw). 
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Figure 3-10: Schematic illustration of Carlson method for calculation of corrected C. 

Choosing several points on the imbibition curve resulted in the calculation of several 

values for trapped non-wetting saturation (Snwt). An average value of these calculated Snwt 

was used along with the Snwi in the Land initial-trapping relationship to determine the 

corrected trapping coefficient (Eq. 2-1). In the procedure suggested by Carlson, a set of 

measured Imbibition kr data was needed for calculation of the corrected trapping 

coefficient which could be used later for prediction of other imbibition kr curves. Carlson 

derived a value of 1.75 for the corrected trapping coefficient of the Alundum sample, 

which was quite far from the measured trapping coefficient of 4.617 obtained by Land. 

However, this value was close to Land’s corrected trapping coefficient, which was 1.8 

for the Alundum sample (Figure 3-9). 

Table 3-1 compares the suggested method in this thesis with Carlson’s method. The 

first difference between the method suggested in the present thesis and Carlson’s method 

is that different trapping coefficients are used. The measured trapping coefficient was 

used in the suggested method while the corrected trapping coefficient was used in 

Carlson’s method. As a consequence, in Carlson’s method a set of measured imbibition 

kr values was needed to calculate the corrected trapping coefficient. In the method 

suggested in this work, the gas saturations measured during the experiment, were 

normalised for calculation of the trapping coefficient. The final difference is the equation 

used for calculation of trapped non-wetting saturation. The equation used by Carlson was 

based on Land’s initial-residual relationship, while the equation used in the suggested 

method was based on the assumption of a linear increase in the trapped non-wetting 

saturation. 
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Table 3-1: Comparison of formulations used in the suggested method with those in 

Carlson’s method. 

Carlson Method Suggested Method in this study 

Carlson uses one set of imbibition 

data to calculate corrected trapping 

coefficient 

The suggested method uses measured 

trapping coefficient (normalised saturations) 

𝐶 =
1

𝑆𝑛𝑤𝑟(𝑒𝑥𝑝)
∗ −

1

𝑆𝑛𝑤𝑖(𝑒𝑥𝑝)
∗  

To calculate Snwr : 

1

𝑆𝑛𝑤𝑟
−

1

𝑆𝑛𝑤𝑖
= 𝐶 

To calculate Snwr : 

1

𝑆𝑛𝑤𝑟
−

1

𝑆𝑛𝑤𝑖
= 𝐶 

To calculate the Snwf : 

𝑆𝑛𝑤𝑓

= 0.5 [𝑆𝑛𝑤 − 𝑆𝑛𝑤𝑟

+ √(𝑆𝑛𝑤 − 𝑆𝑛𝑤𝑟)2 +
4

𝐶
(𝑆𝑛𝑤 − 𝑆𝑛𝑤𝑟)] 

To calculate the Snwf : 

𝑆𝑛𝑤𝑡 =
𝑆𝑛𝑤𝑟

𝑆𝑛𝑤𝑟 − 𝑆𝑛𝑤𝑖
(𝑆𝑛𝑤 − 𝑆𝑛𝑤𝑖) 

 

𝑆𝑛𝑤𝑓 = 𝑆𝑛𝑤 − 𝑆𝑛𝑤𝑡 

To calculate imbibition krnw: 

𝑘𝑟𝑛𝑤
𝐼𝑚𝑏(𝑆𝑛𝑤) = 𝑘𝑟𝑛𝑤

𝑃𝐷 (𝑆𝑛𝑤𝑓) 

To calculate imbibition krnw: 

𝑘𝑟𝑛𝑤
𝐼𝑚𝑏(𝑆𝑛𝑤) = 𝑘𝑟𝑛𝑤

𝑃𝐷 (𝑆𝑛𝑤𝑓) 

As mentioned before, in many commercial simulators the calculation of the relative 

permeability hysteresis is based on the method developed by Carlson. Both Carlson’s and 

Land’s Model provide good results if the corrected trapping coefficient is used in the 

calculations. However, the problem is that for obtaining the corrected value, one set of 

measured imbibition kr data is needed. Although both Land’s and Carlson’s methods are 

used with a corrected value for the trapping coefficient, the experimental value is usually 

used in commercial simulators.  

For the Alundum sample, both measured and corrected trapping coefficients were 

reported by Land [5] (Figure 3-9). Hence, the experimental imbibition kr data of the 

Alundum sample were used to evaluate the performance of Carlson’s model when the 

experimental trapping coefficient is used. It is evident from Figure 3-11, that using the 

experimental trapping coefficient in Carlson’s Method results in a poor prediction of 

relative permeability while the suggested method in this study provides a good estimation 
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of measured imbibition data. It should be mentioned that most of petroleum engineers use 

the experimental trapping coefficient in their simulations and the original concept of a 

corrected trapping coefficient is overlooked [16, 52]. These results also illustrate that the 

suggested method in this work has been successful in predicting the imbibition relative 

permeability using the experimental trapping coefficient. The importance of the 

suggested method in this work is that it uses the measured trapping coefficient directly 

without any correction and does not require the experimental imbibition kr data. 

 

Figure 3-11: Comparison of the model suggested in this work with Carlson’s method used 

in commercial simulators, if the experimental trapping coefficient is used.  Snwi=0.6, 

Alundum Sample, from Land [5]. 

3.1.3.2.3 Killough’s Method 

Many commercial simulators use Land’s, Carlson’s or Killough’s method for relative 

permeability hysteresis calculations. In Killough’s model, the bounding curves (primary 

drainage kr data and one set of imbibition kr data) are needed for calculation of scanning 

curves. Since sometimes, the imbibition data is not available, Killough’s model is paired 

with Land’s or Carlson’s method to calculate the imbibition bounding curve. Hence the 

errors in Land’s and Carlson’s methods affect the accuracy of Killough’s method. In the 

present study it was shown that the inaccurate use of these predictive models in 

simulations of multiphase flow, which are highly affected by relative permeability 

hysteresis, introduces significant errors in the results. The results show that when the 

values predicted by Carlson’s method are used as input data (imbibition bounding curve), 

the errors in prediction of the bounding curve affect the results of Killough’s model. 
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Based on these results it is recommended to use the measured imbibition data as an input 

for Killough’s model.  

 

Figure 3-12: Comparison of the method suggested in this work with Killough’s method. 

The imbibition kr data predicted by Carlson were used as input (bounding curve). 

Snwi=0.6, Alundum Sample, from Land [5]. 

3.1.3.3 Application for the oil-water systems and different experimental 

conditions 

Land’s initial-residual non-wetting saturation relationship was originally derived for 

gas as a non-wetting phase. In this section, the reliability of the method if the non-wetting 

phase is a liquid phase is discussed. An example of this application is when the oil phase 

is flowing in a strongly water-wet porous medium. Some authors have reported the 

primary drainage and imbibition relative permeability of oil phase in a water-wet medium 

[3, 17, 76] . As shown in Figure 3-13, the method suggested in this study was successfully 

used for predicting imbibition relative permeability in an oil-water system. The 

experimental data were obtained by Wang in 1988, but this author had not measured the 

Land trapping coefficient [17]. Therefore, this value was calculated from the graph, with 

the assumption that the imbibition process had been continued until oil saturation reached 

0.47 and the fluid flow had stopped at this point (The residual oil saturation was assumed 

to be 0.47 and the Land trapping coefficient was calculated as C=0.43). The results show 

that the experimental data are in good agreement with predicted values, and thus the 

method suggested in this study can be used if the non-wetting phase is liquid.  
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Figure 3-13: Comparison of predicted data from the model suggested in this work and the 

experimental kr data of oil flow in a water-wet rock reported by Wang [17]. 

Although the suggested method predicts the oil imbibition relative permeability 

successfully, one important question arises. The question is whether a Land trapping 

coefficient measured for gas phase can be used to predict the relative permeability of oil 

phase. To find the answer, the data reported in the literature by different authors for the 

same rock sample (Berea Sandstone) was used. Braun and Holland (1995) and Wang 

(1988) published the experimental kr data of the primary drainage and imbibition 

processes for an oil-water system in Berea sandstone [17, 18]. The trapping coefficient 

for Wang’s experiments was calculated to be 0.43, which is close to the value of 0.52 

estimated by Braun and Holland. The values of the trapping coefficient are close and the 

predicted imbibition kr data using these values are close to the measured imbibition kr 

values. 

However, Land also published the data for the same rock sample (Berea Sandstone) 

with a gas-oil system. The trapping coefficient measured by Land for gas trapping was 

1.273. In the present study, when the trapping coefficient measured for gas as a non-

wetting phase was used to predict the oil relative permeability, the predicted imbibition 

kr data were quite far from the experimental kr data, especially at lower saturations 

(Figure 3-14). Therefore, it seems that the Land trapping coefficient measured for gas 

cannot be used to calculate the trapped oil saturation. This behaviour can be explained 

through the fact that residual saturation in porous media is a strong function of capillary 

number [85, 86]. By changing the non-wetting fluid, the fluid viscosity and interfacial 



Chapter3: Limitations of Hysteresis Models Available in Commercial Simulators 

 

60 

 

tension is no longer constant, so the capillary pressure changes and, in these new 

circumstances, some of the pores might be invaded which could not be invaded 

previously. 

 

Figure 3-14: Comparison of experimental data and predicted values of oil relative 

permeability with different Land trapping coefficients. 

In addition, even if the same liquid and the same rock sample is used in different 

experiments, the use of one value of the trapping coefficient in different pressures and 

flow rates is subject to question. The residual non-wetting saturation is a function of 

capillary number, as shown in Figure 3-15  [87]. This curve, widely known as the 

capillary desaturation curve, clearly shows that Snwr and Swr are constant below a critical 

capillary number.  Therefore, even if the porous media and fluid samples are the same, 

the capillary number should be checked before using the Land trapping coefficient, since 

the flow rate and interfacial tension will impact the capillary number and, consequently, 

the residual saturation. Of course, it is hard to obtain the CDC curve for all systems, but 

the aim of this study is to mention the possible errors in prediction of imbibition kr data. 

The other important property is the interfacial tension (IFT) between the fluids. 

According to the literature, the directional hysteresis effect decreases as the interfacial 

tension of the fluids decreases. It has been experimentally observed that low IFT fluids 

can flow simultaneously in the same pore or throat [88]. Hence, the droplets of one phase 

can be produced along with the main stream of the other fluid and do not get trapped.  By 

reducing the trapped saturation, the directional hysteresis decreases. Where there are very 

low IFTs and in miscible conditions, the primary drainage and imbibition kr data are 
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approximately equal [89].  This behaviour can also be explained using a CDC curve. By 

decreasing the IFT, the capillary number is reduced and the residual non-wetting 

saturation decreases. 

The method suggested in this study, like those used before by Land, Carlson and 

others, has been suggested for use with water-wet porous media. The use of this method 

for mixed-wet rocks is subject to question, since the imbibition curve lies above the 

primary drainage curve for the non-wetting phase [17, 57]. Using these methods 

introduces a large number of errors in the calculations for mixed-wet rocks. Some 

formulations have been developed to extend the Land’s formulation to be able to match 

the observed trapped gas saturations in mixed-wet rock samples [90].  

 

Figure 3-15: Capillary desaturation curve, from Lake [87]. 

3.2 Mixed-Wet Sandstones 

3.2.1 Introduction 

In the mixed-wet systems with high contact angle hysteresis, stable oil layers can be 

formed during the imbibition process, which increase the connectivity and the relative 

permeability of the oil phase (non-wetting phase). In this study, the criteria for the 

formation and stability of the oil layers in mixed-wet samples is discussed which 

considers the contribution of oil layers in oil production. To evaluate the impact of 

directional hysteresis in mixed-wet samples on simulation results, the measured relative 
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permeability data of an aged Berea sandstone and a preserved reservoir rock reported in 

literature were used. The observed hysteresis in water relative permeability was 

negligible; however, the increase in oil relative permeability was significant. It was shown 

that neglecting the behavior of relative permeability in mixed-wet samples introduces 

significant error in simulations using commercial simulators.  

3.2.2 Methodology 

According to the data published in the literature, in mixed-wet samples with severe 

contact angle hysteresis, the oil relative permeability curve for the imbibition stage is 

above the oil relative permeability curve of primary drainage. Moreover, in these samples 

the oil production continues after breakthrough in the system during water flood. To 

understand this behaviour and suggest a method for prediction of imbibition kr data, the 

active pore scale mechanisms in mixed-wet samples should be studied. In this section, it 

is discussed how it is theoretically possible to observe these two phenomena in the porous 

media. In addition, a preliminary criterion is proposed in order to determine if the stable 

oil layers can form in the reservoir rock.    

3.2.2.1 The presence of oil layers 

During the primary drainage process, the oil phase is able to invade and fill a pore or 

throat depending on the threshold capillary pressure of the element. If the capillary 

pressure is high enough, the oil phase fills the centre of the element and the corners of the 

pore or throat remain filled with water layers. However, a stable molecular water film 

forms between the rock surface and the oil phase which prevents the direct contact of oil 

with rock surface. As the pore pressure increases, this stable molecular film collapses and 

the oil phase reaches a direct contact with the rock surface [91, 92]. As a consequence, if 

the oil phase contains surface active components, they can adsorb on the rock surface and 

change the wettability from water-wet to oil-wet. However, the stable water layer remains 

in the corners of the pores and throats, due to capillary forces [54, 55]. This means that 

only the wettability of the surface which is in direct contact with oil is changed and the 

surface which was in contact with the water layers in the corners is still water-wet. Hence, 

this type of wettability is called mixed-wet.  

The mixed-wet term is used because the corners of the larger pores and the smaller 

pores are not filled by oil and remain water-wet. However, the mixed-wet term mentioned 

here should not be confused with oil-wet rock types, since in oil-wet samples all pores 
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and all surfaces (all small and large pores) are oil-wet, due to the mineral composition of 

the rock.  In addition, the mixed-wet term should not be confused with another type of 

wettability, sometimes called “fractional wetting”, as well. In this type of rock, oil-wet 

and water-wet sands are packed in different proportions to provide a porous matrix [93]. 

In other words, a part of the sample is fully water-wet (all small and large pores) while 

another part is fully oil-wet [94].  

 

Figure 3-16: the formation of oil layers in mixed-wet samples 

In the mixed-wet rocks, during the imbibition stage, when the water phase fills the 

centre of the pore/throat there is a possibility that a stable oil layer forms in the corners 

[91]. These oil layers increase the connectivity of oil layers significantly, which results 

in a higher oil relative permeability (Figure 3-16). When the advancing contact angle is 

large, there is a higher possibility that the advancing angle becomes larger than  
𝜋

2
+ 𝛽𝑚𝑖𝑛 

(The term 𝛽𝑚𝑖𝑛 is the sharpest corner half angle of the relevant pore or throat). In other 

words if equation 3-4 is valid in the system, the stable oil layers can form in the pores or 

throats [22]. This equation is suggested for the arbitrary equivalent triangular cross 

sections which replace the actual cross section of the pores and throats with the same 

shape factor. 

𝜃𝑎 >
𝜋

2
+ 𝛽𝑚𝑖𝑛 (3-4) 

The composition of the oil and water, the mineralogy of the solid surface and the 

capillary pressure imposed during primary drainage are important parameters which 

affect the degree of wettability alteration [61, 95]. The long-term experiments with dead 

crude oil containing active components show that an advancing contact angle of 60 

degrees is achieved relatively quickly. However, if the aging time is increased to more 

than 20 days, the contact angle reaches 120 degrees [58]. Hence, a large contact angle 

hysteresis can be observed in mixed-wet reservoir samples which had prolonged contact 
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with crude oil. Piri and Blunt reported the pore scale statistical parameters of a Berea 

network developed for studying the two-phase and three-phase flow in mixed-wet 

reservoirs. The average value of the sharpest corner half angle (𝛽𝑚𝑖𝑛) was reported to be 

15 degrees and the average value of the widest corner half angle (𝛽𝑚𝑎𝑥) was 50 degrees. 

[96, 97]. Based on the values reported for the advancing contact angle and the average 

values of corner half angles, the formation of stable oil layers is not far from reality. 

When the oil layer is formed in a pore or throat, it is stable until the two oil-water 

interfaces on both sides of the layer meet [91, 92]. The critical capillary pressure at which 

the oil layer collapses is calculated by: 

𝑃𝑐,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

−𝑃𝑐,𝑚𝑎𝑥,𝑃𝐷
=

𝑠𝑖𝑛𝛽𝑖

cos(𝜃𝑟 + 𝛽𝑖)
(

1 − 𝑑2

𝑑𝑐𝑜𝑠𝛽𝑖 + √1 − 𝑑2𝑠𝑖𝑛2𝛽𝑖

 )   

𝑑 = 2 + 𝑐𝑜𝑠𝜃𝑎/sin 𝛽𝑖 

(3-5) 

Since the rock sample used by Wang is Berea sandstone, the parameters reported by 

Piri et al. were used to perform a sensitivity analysis on the stability of oil layers. The 

values of critical pressure were calculated for different values of advancing angles. The 

average sharpest and widest corner half angles reported by Piri et al. for Berea sandstone 

were used in equation 3-5. The results are plotted in Figure 3-17 and Figure 3-18 for 

different values of advancing angles. The critical pressure at which the oil layers collapse 

is plotted versus the maximum pressure reached in the primary drainage process. Figure 

3-17 shows the plot for the average value of sharpest corner half angle when the 

advancing angle ranges from 90 degrees to 180 degrees. The plot shows that for 

advancing angles above 120 degrees, the oil layers are stable during the spontaneous 

imbibition. Even during forced imbibition, the pressure has to be increased significantly 

to reach the critical pressure for collapse of the oil layers. 

Figure 3-18 illustrates the critical pressure versus maximum pressure in primary 

drainage for the average value of the widest corner half angle. Compared to the previous 

graph, the oil layers are less stable as the corner half angle increases. However, for the 

advancing angles of 150 degrees and more, the oil layers are stable during spontaneous 

imbibition. It can be concluded that in large advancing angles there is a high possibility 

that a network of stable oil layers forms in porous media, which can increase the oil 

production significantly during the imbibition stage. Hence, if the advancing contact 

angle is high, at least one point of the imbibition curve should be measured to investigate 



Chapter3: Limitations of Hysteresis Models Available in Commercial Simulators 

 

65 

 

the effect of presence of oil layers during the imbibition stage. The measurement of 

advancing contact angle can be used as initial criteria in order to find out if the stable oil 

layers can form in the rock sample. 

 

Figure 3-17: The change in critical capillary pressure versus maximum pressure reached 

in primary drainage and advancing angle for the average sharpest corner half angle. 

 

Figure 3-18: The change in critical capillary pressure versus maximum pressure reached 

in primary drainage and advancing angle for the average widest corner half angle. 
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3.2.2.2 Snap-off mechanism 

During the imbibition process, one of the main active mechanisms is snap-off. In this 

mechanism the water layer present in the corners of pores or throats expands until it fills 

the centre of the pore or throat (Figure 3-19). This results in the trapping of the non-

wetting phase. The snap-off mechanism is the most important parameter in the trapping 

of the non-wetting phase in water-wet samples and it happens when the receding angle 

(contact angle generally) is very low [53]. As the advancing contact angle increases and 

the wettability of the rock changes toward the mixed-wet condition, the snap-off 

mechanism is decreased, which results in less and less trapping of the non-wetting phase. 

Since the hysteresis between primary drainage and imbibition relative permeability is a 

strong function of trapped non-wetting phase saturation, the observed hysteresis 

decreases as the rock becomes more mixed-wet (contact angle increases).  

 

Figure 3-19: An illustration of the snap-off mechanism active during the imbibition 

process. 

 

Figure 3-20: The change in relative permeability hysteresis as the advancing contact angle 

hysteresis increases.  
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In summary, the strange shape of the relative permeability curves in mixed-wet rock 

is a result of two changes, in primary drainage and imbibition kr curves. First, the oil 

phase is not occupying the largest pores and is not a completely non-wetting phase after 

wettability alteration. Hence, for the mixed-wet sample, the oil relative permeability in 

the primary drainage stage moves to lower values compared to that in the water-wet 

conditions. Second, the formation of oil layers, reduced snap-off and less trapping of the 

non-wetting phase during the imbibition process increases the connectivity of the oil 

phase in the mixed-wet sample. Therefore, the oil relative permeability during the 

imbibition stage is increased compared to that in water-wet samples. The overall effect 

of these two phenomena is that imbibition relative permeability moves above the primary 

drainage for mixed-wet rocks (Figure 3-20). However, the rock should have significant 

contact angle hysteresis to form stable oil layers. 

The water relative permeability is also affected by the wettability alteration. After 

wettability alteration, the water relative permeability curve moves to lower values 

compared to the water-wet condition. The reason is that by changing the wettability of 

the sample, the number of water-wet pores decreases, which results in poor connectivity 

of water-wet pores. Nevertheless, the decrease in water permeability is not severe, since 

the majority of the water flow is in the mid-range and small-range pores, which are not 

highly affected by wettability alteration.  However, in both mixed-wet and water-wet 

samples, the water relative permeability shows a negligible hysteresis between primary 

drainage and imbibition.  

3.2.3 Simulation Results 

To investigate the effect of the presence of oil layers on oil production in the core 

samples, the core flood experiments performed by Wang (1988) were simulated using 

ECLIPSE commercial simulator. The purpose of these simulations was to show the 

significant contribution of oil films in oil production. The core-scale imbibition process 

was simulated once for the water-wet Berea sample and once for the aged Berea. Table 

3-2 shows the properties of the rock and fluid in the core flood experiments performed. 

The imbibition process was simulated using the properties mentioned in Table 3-2 and 

the measured relative permeability values reported for mixed-wet and water-wet samples. 

The imbibition process was simulated during a constant rate water flood.  
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Table 3-2: The rock and fluid properties used for simulation of Wang’s (1988) 

experimental data [17]. 

Property Berea Loudon 

Porosity 0.18 0.21 

Permeability (md) 113 200 

Length (cm) 50 45 

Diameter (cm) 3.8 3.8 

Crude Oil Density (gr/cc) 0.8 0.8 

Crude Oil Viscosity (cp) 0.4 0.4 

Brine Density (gr/cc) 1 1 

Brine Viscosity (cp) 1.07 1.07 

Injection Rate (cc/hr) 25 25 

For the Berea Sandstone, the simulation was performed using two sets of imbibition 

relative permeability. The input relative permeability was the relative permeability 

measured for water-wet conditions and then the input relative permeability was replaced 

with the relative permeability data measured for Mixed-wet conditions. The input 

imbibition relative permeability data can be observed in Figure 2-8. Figure 3-21 shows 

the total oil production when core flood experiments on Berea Sandstone were simulated 

based on the kr data reported by Wang (1988). As shown, the wettability alteration can 

increase the oil production up to 27% of initial oil in place (IOIP) in the Berea sample. 

The increase in imbibition oil relative permeability cannot be modelled using the 

available hysteresis models. Hence, if the increase in imbibition oil relative permeability 

is ignored the oil production can be underestimated significantly. 

The simulation was repeated for the Loudon sample before and after wettability 

alteration. At first, the input relative permeability data was the imbibition relative 

permeability data measured for the preserved reservoir rock sample (mixed-wet 

condition). Then the simulation was repeated using the imbibition relative permeability 

data measured for the reservoir rock after wettability alteration (water-wet condition). 

The input imbibition relative permeability data can be observed in Figure 2-7. 

Figure 3-22 illustrates the oil production for the Loudon sample before and after 

wettability alteration. As mentioned before, this sample was a preserved reservoir rock, 

which means that the increased imbibition oil relative permeability can be observed 
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during a water flood in a reservoir with mixed-wet rock types. The total oil production 

can be underestimated by 13% if appropriate relative permeabilities are not used in the 

simulations of these reservoirs. 

 

Figure 3-21: The simulated total oil production during the imbibition process for water-

wet and mixed-wet samples based on the measured kr data of Berea Sample [17].  

 

Figure 3-22: The simulated total oil production during the imbibition process for water-

wet and mixed-wet samples based on the measured kr data of Loudon Sample [17]. 

The hysteresis models are widely used for estimation of imbibition relative 

permeability in simulations. Most of the available hysteresis models, such as Land’s or 

Carlson’s, have been suggested for water-wet samples. Moreover, the models developed 
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for calculation of relative permeability from capillary pressure for mixed-wet samples 

have not discussed the increased imbibition oil relative permeability and the contribution 

of this phenomenon in oil production. To study the result of using available hysteresis 

models for simulation of mixed wet samples, the Carlson method was used for simulation 

of the water flood process in Berea sandstone. Figure 3-23 compares the results obtained 

using Carlson method with the simulation results obtained by using the measured values 

of imbibition relative permeability for aged Berea sample. The results show that, if 

available models developed for water-wet samples are used in calculations, the error in 

prediction of residual oil saturation is as high as 10% in the Berea sample.  

Although the presence of oil layers has been mentioned in pore network studies, there 

is no formulation which can be used to consider the effect of the presence of oil layers in 

mixed-wet samples. Furthermore, there were no criteria as to whether the oil layers are 

stable enough to affect the oil production or not. The presence of a hysteresis method for 

mixed-wet samples is vital, especially for simulation of three-phase flow in porous media, 

which involves several cycles of imbibition. Currently, the hysteresis models developed 

for water-wet samples are used for the simulation of observed hysteresis in three-phase 

experiments performed on mixed-wet rocks [16]. Using the suggested method for mixed-

wet samples in these studies might be able to reduce the errors and provide a better match 

for the experiments. 

 

Figure 3-23: Comparison of simulation results with the experimental data when the 

available models are used for prediction, Berea Sample [17]. 
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The behaviour of the gas phase in mixed-wet systems is subject to question, since, to 

the authors’ knowledge, no data is found in the literature for the gas relative permeability 

behaviour in mixed-wet samples. Based on the mechanisms discussed above, it can be 

concluded that the hysteresis between drainage and imbibition gas relative permeability 

will be decreased due to a decrease in the snap-off mechanism. Nevertheless, the gas 

imbibition relative permeability will not increase as much as oil imbibition relative 

permeability, because the gas cannot form connected layers during imbibition. Therefore, 

it can be expected that the hysteresis decreases but the possibility that imbibition relative 

permeability exceeds drainage relative permeability is very low. However, more 

experiments should be performed to study the gas behaviour in mixed wet samples with 

high advancing contact angles. 

3.3 Summary and Conclusions 

The accurate determination of relative permeability hysteresis is important in 

multiphase flow simulations. As discussed thoroughly in Chapter 2, most of the hysteresis 

models were developed for water-wet sandstones and there is limited experimental data 

on mixed-wet samples. In this chapter, directional hysteresis was discussed in both water-

wet and mixed-wet sandstones. First, the limitations of frequently used methods for 

simulation of directional hysteresis in water-wet sandstones were discussed. It was shown 

that the inappropriate use of these methods introduces a huge amount of error in the 

simulation. Therefore, a modified method was suggested to calculate the trapped non-

wetting phase and it was used for estimation of the imbibition kr data. The results were 

promising and a good match with experimental data was obtained. The important topics 

discussed in this study are highlighted as follows: 

- Careful study of the papers revealed that Land’s and Carlson’s methods were used 

with a corrected trapping coefficient. However, it has been shown that if the 

experimental trapping coefficient is used in Land’s and Carlson’s methods, the 

errors in the predicted results are not negligible.   

- Killough’s method lacked a good set of experimental data for verification when 

published. In this study it was used for prediction of the imbibition kr values and 

it was shown that the model predicted the scanning curves accurately. However, if 

the imbibition bounding curve was not available, the errors associated with 
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predicting this curve (using Land’s or Carlson’s method) affect the predicted 

results for scanning curves. 

- A modified method was suggested to estimate the imbibition relative permeability 

using the experimental Land trapping coefficient. The modified method 

successfully predicted the imbibition relative permeability data. The input 

parameters for this model were the experimental trapping coefficient and the 

primary drainage relative permeability data.  

- The suggested method can be used in other systems (oil-gas and oil-water); 

however, it was pointed out that the trapping coefficient depends on the fluids and 

experimental conditions. 

Then, the behaviour of the relative permeability curves in mixed-wet rocks during 

primary drainage and the imbibition process were investigated. The available 

experimental data in literature, shows that in contrast to water-wet media, in these cases 

the imbibition oil relative permeability curve lies above the primary drainage curve. This 

behaviour is very important when mixed-wet samples with high advancing angles (or 

high contact angles) are studied, since all the methods available for prediction of 

imbibition kr data have been developed for water-wet samples. 

To understand the active mechanisms in mixed-wet samples which result in a 

significant increase in oil relative permeability, the pore-scale mechanisms in porous 

media, such as snap-off and formation of oil layers were studied. The increased oil 

relative permeability during the imbibition stage can be explained through the formation 

of oil layers and a decrease in the snap-off mechanism. The critical pressure for the 

stability of the oil layer was calculated and it was shown that in mixed-wet rocks with a 

high advancing angle, oil layers are stable within a significant range of pressures.  

Moreover, it was shown that the using available hysteresis models developed for water-

wet samples can introduce a significant error in calculations. The residual oil saturation 

was underestimated by 10% when Carlson’s method (developed for water-wet samples) 

was used for prediction of imbibition kr data of an aged Berea sample (mixed-wet). 
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Chapter 4. Limitations of Cyclic Hysteresis Models Available in 

Current Commercial Simulators 

4.1 Introduction 

In Chapter 2, the concept of cyclic hysteresis in two- and three-phase systems was 

defined and the available data in the literature was discussed. Due to the significant 

importance of WAG injection as an EOR technique, several experiments have been 

previously performed at Heriot-Watt University. The aim of these WAG experiments was 

to study the effect of IFT on the total oil recovery. However, later, the researchers in this 

research group noticed that the observed behaviour in the experiments could not be 

simulated using the hysteresis models available in the literature. To evaluate this, a 

sensitivity analysis was performed to understand the limitations of available models for 

the simulation of two- and three-phase experiments.  

The hysteresis phenomenon in three-phase systems is governed by many factors. The 

number of input parameters is greater than in the two-phase systems and each parameter 

can introduce a certain amount of error in the simulation. The simulation results cannot 

be improved unless the impact of each parameter is fully identified. Hence, a sensitivity 

analysis was performed to establish the contributions of each variable in the final 

simulation errors and the findings from this study are presented in this chapter. In the next 

chapter, I will explain and discuss how each parameter has been improved or replaced in 

the present research to decrease the associated error.  

As mentioned, some researchers have tried to use the models from literature for 

simulation of these WAG experiments. The available two-phase hysteresis models were 

assessed by Shahrokhi et al., who showed that the results of using these models (along 

with a three-phase model such as Stone I) are inadequate for the simulation of WAG 

experiments [16]. In their study, none of the studied models was able to accurately 

simulate the increase in oil recovery observed in the subsequent cycles. (see Figure 4-1). 

They found that the three-phase hysteresis model provided a better match for the oil 

production in the subsequent cycles; however it failed to predict the three-phase residual 

saturations (see Figure 4-2).  Thus, they suggested that the Land trapping coefficient (C) 

and the gas reduction factor (α) need to be modified in each cycle. Changing the trapping 

coefficient in each cycle improved the predictions of the saturation profile and the residual 

saturation values (Figure 4-1 and Figure 4-2). However, the main problem in this 
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approach is to calculate the reduced values of C and α, when no experimental data are 

available for tuning these parameters. Since there is no systematic guideline to changing 

these parameters, the tuning process would be tedious and time consuming. The tuned 

and updated parameters of the available WAG hysteresis model reported by Shahrokhi et 

al. are shown in Table 4-1. As seen, the Land trapping coefficient is changed during the 

cycles. In fact, the trapping coefficient is a rock characteristic parameter and thus there is 

no physical meaning to changing it in each cycle. In addition, the value of the gas 

reduction factor (α) should be more than unity. A value of gas reduction factor (α) less 

than one, as reported by Shahrokhi et al., means that the gas relative permeability has 

been increased in the subsequent cycles. This can be in contradiction to the concept that 

gas trapping occurs in subsequent cycles. 

 

Figure 4-1: Comparison of the experimental oil recovery with the predicted results 

obtained using the available WAG hysteresis model with constant and updated 

parameters [16]. 

 

Figure 4-2: The predicted saturation profile using the available WAG hysteresis model 

with constant and updated parameters [16]. 
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Table 4-1: The updated WAG hysteresis parameters used by Shahrokhi et al. (2014) to 

tune the simulation results [16]. 

Three-phase Interpolation Model W1G1W2 G2 W3 G3 

Stone I 𝐶1 = 2.4, 𝛼1 = 0.2 

Stone I 𝐶1,  𝛼1 𝐶1,  𝛼2 = 2 𝐶2 = 1.4, 𝛼2 𝐶2, 𝛼2 

 

This approach (i.e. variation of the trapping coefficient in each cycle) was also used 

by the other researchers in the same research group. They reported some values as high 

as 8.9 and 18.1 for the trapping coefficient [98]. Although the simulation results can be 

improved by using this approach, nevertheless, as mentioned before, the tuning process 

of WAG hysteresis parameters remains a trial and error process. In addition, no guideline 

or procedure, based on a physical concept, was proposed to change the hysteresis 

parameters.  

From the studies performed in the CO2-EOR group, it was found that the main 

problem associated with using the available WAG hysteresis models was obtaining the 

final oil saturation (Som) in each cycle. In this model, the Stone I model was used for 

calculation of 3P-Kr data. In the Stone I model, the two-phase oil kr data are used as input 

for estimation of the three-phase oil kr data. Considering this, it was also suggested that 

the simulation results would be improved if the two-phase relative permeability data were 

tuned by a history matching process [99]. To apply this, the first three cycles of the WAG 

experiments were used for history matching, to obtain the WAG hysteresis parameters 

and also the history matched two-phase oil kr data. The data obtained from the history 

matching then were used to simulate the full cycles of WAG experiments. Although the 

simulation results were improved, the obtained history matched two-phase kr data seem 

unrealistic. In addition, the sharp variation and unrealistic behaviour of the kr curve can 

result in convergence issues when using the obtained kr data in the reservoir-scale 

simulations (see Figure 4-3). The red rectangle represents the saturation range of the 

WAG experiment performed at Heriot-Watt University [99].  
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Figure 4-3:The kr data obtained using the simultaneous history matching of the first three 

cycles of a WAG experiment as reported in the literature [99].  

It should be also noted that the core-scale simulation results were improved, since most 

of the core volume was experiencing a three-phase flow and the two-phase flow was 

negligible. The application of this approach for reservoir scale simulations is 

questionable, as the reservoir consists of both two- and three-phase regions. In other 

words, if the two-phase kr-curves are changed as a history matching parameter to improve 

the flow behaviour predictions for the three-phase region, using the obtained curves may 

introduce a significant amount of error in the simulation of flow behaviour for two-phase 

regions. Therefore, the associated error in reservoir-scale simulations, where the two-

phase region is also present, needs to be discussed. Moreover, this approach seems to be 

more applicable for the systems in which the two-phase kr data are obtained by history 

matching from unsteady state experiments. In this case, the two-phase and three-phase 

experiments can be history matched at the same time to find suitable two-phase kr data. 

However, this approach may not be applicable for the simulation of WAG experiments, 

since the steady state kr data are available most of the time. In this condition, the priority 

is to use the steady-state kr data without any changes. 

As mentioned before, the aim of this study is to develop an improved model for the 

simulation of cycle-dependent hysteresis with less uncertainty. The improved model can 

be used to simulate successfully the common behaviours observed in two- and three-

phase experiments with cyclic injection. A comparison of the results from the 

experiments performed at different wettabilities and at different pressure conditions 

(different gas-oil IFTs) reveals that they have some similar features. Figure 4-4 shows the 
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pressure drop in water injection cycles for two-phase systems. Figure 4-5 and Figure 4-6 

show the pressure drop measured in the WAG experiments. The cyclic hysteresis in the 

systems resulted in an increase in the pressure drop of the system. This behaviour is 

observed in almost all cycles of two- and three-phase experiments, except the last cycle 

of one experiment (MW, NM, IDIDID); it can be assumed that the decrease in pressure 

drop in this specific cycle could be due to some unexplained phenomenon. The changes 

in oil saturation also showed a gradual production in all WAG experiments (Figure 4-7, 

a). However, it can be seen that the water saturations are changing between two limiting 

values (Figure 4-7, b). In this chapter, the available hysteresis models are examined to see 

if these models can capture the common features observed in these two- and three-phase 

experiments. 

(a)  

(b)  

Figure 4-4: The increase in pressure drop observed in the two-phase experiments. 
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Throughout this thesis, consistent abbreviations are used for referring to the 

experiments. Use of these abbreviations is vital for appropriate labelling of the curves in 

the legends and captions of figures. The wettability of the rock sample is indicated by 

“MW” or “WW” which stand for mixed-wet and water-wet conditions respectively. The 

IFT between oil and gas and the experimental condition is represented as “NM” or “ImM” 

which indicate near-Miscible and immiscible conditions respectively. Two-phase 

experiments are labelled as “OW” which stands for oil-water or “GW” which stands for 

gas-water. The injection scenario of WAG experiments is abbreviated using “I” and “D” 

letters which stand for imbibition and drainage cycles respectively. 

(a) 

 

(b) 

 
Figure 4-5: The increase in pressure drop observed in the WAG experiments: (MW, ImM, 

IDIDIDI) and (MW, NM, DIDIDIDI). 
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(a)  

(b)  

Figure 4-6: The increase in pressure drop observed in the WAG experiments: (MW, NM, 

IDIDID) and (WW, NM, IDIDID). 
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(a)  

(b)  

Figure 4-7: The common trend in the changes of water and oil saturation observed in the 

WAG experiments. 

4.2 Limitations of Two-Phase Cyclic Hysteresis Models 

Two-phase hysteresis can be simulated using Carlson’s and Killough’s models, which 

are available in Eclipse software. As mentioned before, these models have been 

developed based on the experimental data obtained from water-wet samples and their 

application for mixed-wet samples is questionable. To simulate the two-phase hysteresis 

using Eclipse software, two saturation tables are required, one for the drainage and one 

for the imbibition kr data. The trapping coefficient (corrected) is calculated from the 

imbibition kr data to estimate the reduction in non-wetting phase kr data. As discussed 

previously, the simulation of cyclic hysteresis in two-phase systems has not been fully 

developed, and in these models, it is assumed that the imbibition kr curve is reversible 

(i.e. the cyclic hysteresis is ignored in these models). 
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The results of the two-phase experiments (gas/water and oil/water) performed at HWU 

were used in this study to evaluate the performance of the available hysteresis models. 

The unsteady-state experiments were performed on a mixed-wet sample and consisted of 

sequential injection of wetting and non-wetting phases for six cycles. Since the steady-

state kr data were not available, the experiments were history matched using the in-house 

software developed at HWU. This software, referred to as 3RPSim, is coupled with 

Eclipse software and uses a Genetic Algorithm (GA) for optimising the history matching 

process of unsteady-state experiments [100]. The history matched results for the first 

drainage cycle of the gas/water experiment are shown in Figure 4-8. 

  

(a) (b) 

Figure 4-8: The history matched results of first drainage cycle (two-phase gas-water 

experiment). 

The history matching process of imbibition cycles is not straightforward. To initiate 

the history matching process, the software requires the initial saturation of the core as 

input data. The simulator then assumes a uniform saturation distribution equal to this 

value throughout the core as an initial condition for the simulations. However, the 

imbibition cycle is performed after a drainage cycle and the initial fluid distribution is not 

uniform throughout the core. 

 When the history matched kr data is used for forward simulation of the imbibition 

cycle, a small mismatch is observed, due to the ignorance of the initial fluid distribution 

while history matching. Hence, the history matched imbibition kr data is further tuned 

during a forward simulation to obtain a better match for the imbibition cycle. For tuning, 

the DATA file is restarted at the end of the drainage cycle using the new saturation tables 

until an acceptable match is obtained. The restarting technique ensures that the imbibition 



Chapter 4: Limitations of Cyclic Hysteresis Models Available in Current Commercial Simulators  

 

82 

 

cycle is started from the exact saturation distribution obtained at the end of the drainage 

cycle. 

The concept of directional hysteresis is used in simulations to estimate the imbibition 

kr data for any possible saturation path. When both drainage and imbibition cycles are 

history matched, the directional hysteresis is simulated in the two-phase experiment. In 

the following, the validity of the assumed reversible imbibition kr data for simulation of 

the cyclic hysteresis will be investigated. Figure 4-9 shows the simulation results obtained 

assuming reversible imbibition kr data. The results show that this assumption may not be 

practical in simulating the increase in pressure drop observed during the subsequent 

cycles. In addition, with this assumption, the change in trapped non-wetting saturation 

during imbibition cycles cannot be predicted. 

(a)  

(b)  

Figure 4-9: The simulation results obtained assuming the history matched imbibition kr 

data is reversible (gas/water experiment).  

G1 G2 G3 W1 W2 W3 
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As mentioned earlier, Eclipse software requires both drainage and imbibition 

saturation tables to simulate the hysteresis in the two-phase systems. Hence, after 

obtaining the history matched data, the hysteresis keyword was activated to allow the 

software to simulate the hysteresis phenomenon observed in the system. There are five 

options available in Eclipse software for the estimation of the wetting and non-wetting kr 

data. In these options, the non-wetting phase kr data can be obtained using either 

Carlson’s or Killough’s model (directional hysteresis). The relative permeability of the 

wetting phase can be assumed to be equal to the values of drainage curve (i.e. negligible 

directional hysteresis). Alternatively, the imbibition kr data can be used for the wetting 

phase. This means that the directional hysteresis is not path-dependent and the same curve 

is used for any saturation path during imbibition stage. The user can also use Killough’s 

formulation to estimate the kr data for the wetting phase. Table 4-2 shows the available 

options to simulate the two-phase hysteresis in Eclipse software. In this section, a 

sensitivity analysis is described which compares the results of the five available options. 

Since the main aim of this study is to evaluate the performance of models in estimation 

of kr data, the hysteresis in the capillary pressure is not considered in the simulations. 

Table 4-2: The options available in Eclipse Software for simulation of the hysteresis 

phenomenon. 

EHYSTR 

Keyword 

Model used for Non-

Wetting phase 

Table used for Wetting Phase 

0 Carlson’s model drainage (SATNUM) 

1 Carlson’s model imbibition (IMBNUM) 

2 Killough’s model drainage (SATNUM) 

3 Killough’s model imbibition (IMBNUM) 

4 Killough’s model Killough’s model 

In Figure 4-10 the simulation results using the available options are shown. Graph (a) 

compares the experimental saturation distribution with the simulation results. It can be 

observed that the value of trapped non-wetting saturation at the end of each imbibition 

cycle is not simulated accurately. The use of option 1 and option 3 introduces significant 

errors in simulation of the first and second injection cycles, which were history matched. 

According to Table 4-2, in these cases the kr data of the imbibition cycle is used for the 

wetting phase throughout the experiment (even in the drainage cycle), which results in 

significant error.  
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Figure 4-10 (b) compares the experimental pressure drop with the simulation results. 

In contrast to the non-wetting saturation, the pressure drop can be better simulated by 

options 1 and 3. In these cases, the imbibition kr data is used for the wetting phase and 

the pressure drop is mostly controlled by the kr values of the wetting phase. Overall, these 

options still cannot be used to simulate the increase in pressure drop observed during the 

second and third water injection cycles.  

(a)  

(b)  

Figure 4-10: The comparison of the experimental data with the simulation results obtained 

by using the two-phase hysteresis options (gas-water experiment).  

The same procedure was applied to simulate the oil-water experiment. The first and 

second cycles were history matched using the in-house history matching software (i.e. 

3RPSim). The imbibition kr data was tuned by restarting the DATA file to maintain the 

saturation distribution at the end of drainage cycle. The imbibition relative permeability 

was used for simulation of the next cycles to investigate the accuracy of the reversible 
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imbibition kr data assumption. Figure 4-11 shows the simulation results using the history 

matched data and reversible imbibition kr data assumption. As with the gas-water 

experiment, the changes in trapped non-wetting saturation and the increase in pressure 

drop during the imbibition cycles cannot be simulated using this approach. 

(a)  

(b)  

Figure 4-11: The simulation results obtained assuming the history matched imbibition kr 

data is reversible (oil/water experiment). 

 The available two-phase hysteresis models were used to simulate the oil-water 

experiment and the results are shown in Figure 4-12. In this case, option 2 provides a 

good match for the drainage cycle while the other options do not provide an acceptable 

estimation of the first cycle. The hysteresis models available in Eclipse software do not 

estimate the trapped non-wetting phase at the end of imbibition cycles. As with the gas-

water experiment, option 1 and option 3 estimate the experimental pressure drop better, 

since the imbibition kr data is used for the wetting phase. However, the model still cannot 

simulate the increase in pressure drop during the imbibition cycles. 

O1 W1 O2 W3 O3 W2 
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(a)  

(b)  

Figure 4-12: The comparison of the experimental data with the simulation results obtained 

using the two-phase hysteresis options (oil-water experiment). 

The only difference between the simulation results obtained for two experiments is in 

option 4, which uses Killough’s model for both wetting and non-wetting phases. The 

performance of this option is totally different for the gas/water and oil/water systems. 

This option matches the saturation profile better in the gas/water experiment while in the 

oil/water experiment the match for pressure drop is more accurate. 

As mentioned in Chapter 3, input imbibition kr values were used in the hysteresis 

models to estimate the corrected trapping coefficient using the initial and residual non-

wetting. In Table 4-3, the experimental and the corrected trapping coefficients are 

compared for the different hysteresis options available in Eclipse software. The 

differences in calculated trapping coefficients explain the variations in the simulation 

results and the huge uncertainty obtained while performing the simulations. Since the 
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trapping coefficient cannot be used as a tuning parameter, the simulation results are 

difficult to improve. 

Table 4-3: The comparison of the Land trapping coefficients obtained from the 

experimental data and the simulation results by different options (gas/water and oil/water) 

 Gas-Water Oil-Water 

Experimental Data 2.17 1.3 

Option 0 6.52 3.17 

Option 1 8.67 3.17 

Option 2 3.13 2.08 

Option 3 3.18 2.16 

Option 4 3.13 2.16 

4.3 Limitations of Three-Phase Cyclic Hysteresis Models 

As discussed in Chapter 2, the three-phase hysteresis model consists of three steps:  

1) The estimation of fluid saturation at the end of each cycle: This is the most 

important step, as the relative permeability data are calculated as a function of fluid 

saturation. Any error in the estimation of the final fluid saturation introduces 

significant errors in determination of kr data. In the available WAG hysteresis 

model, two parameters directly affect the estimation of final saturations (refer to 

Eq 4-3 and Eq 4-6): the Land trapping coefficient (C) and the constant of the 

relationship, suggested by Holmgren and Morse (𝑎).  

2) The estimation of the three-phase oil relative permeability: Three-phase oil 

relative permeability measurement is not straightforward, because there are 

indefinite numbers of possible saturation paths. Alternatively, the 3P-Kr models 

are used for estimation of these data. However, since these models have been 

developed for steady-state experiments, the results may not be accurate for WAG 

experiments. The available 3P-Kr models for the WAG hysteresis option in Eclipse 

software are Stone I and Stone’s modified exponent. 

3) The changes in water and gas kr data: The hysteresis phenomenon also affects the 

water and gas relative permeability data in three-phase systems. The reduction in 

gas relative permeability is controlled by the reduction factor (𝛼) in the available 

WAG hysteresis model (refer to Eq 4-8). The water relative permeability is 
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estimated by interpolation between the measured kr data during first and second 

water injection cycles. 

In this section, a sensitivity analysis will be performed to understand which parameters 

introduce significant error in the results.  The results can determine how the parameters 

and formulations of the WAG hysteresis should be changed to obtain more accurate 

results. For simplicity, the capillary pressure and the hysteresis in capillary pressure are 

not considered in the study. The data obtained from the WAG experiment performed 

previously at HWU on mixed-wet Clashach sandstone, at near-miscible conditions, were 

used for the sensitivity analysis. This experiment started with a gas injection cycle and 

continued with another seven cycles of water and gas injection (DIDIDIDI). The WAG 

hysteresis model available in Eclipse software requires two-phase relative permeability 

curves (gas-oil and water-oil) as input data. Since the steady-state kr data were not 

available, the first gas injection cycle was history matched to obtain the gas-oil relative 

permeability data. The second cycle was then history matched using the Stone I model as 

the 3P-Kr model. The history matched gas-oil relative permeability data were used as 

input and the oil-water kr data were changed manually to tune the results. Figure 4-13 

shows the history matched two-phase kr data used for the simulation of the experiment. 

As mentioned before, when the steady-state two-phase data are available, then they can 

be directly used. 

The sensitivity analysis was performed by changing the input parameters of the 

available WAG hysteresis model (C, a, α) and the 3P-Kr model (Stone’s first model and 

Stone’s exponent model). The value of the exponent in Stone’s exponent model was 

varied to evaluate the errors associated with the estimation of three-phase oil relative 

permeability.   

(a)  
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(b)  

Figure 4-13: The history matched two-phase kr data used for the simulation of the WAG 

experiment (MW, NM, DIDIDIDI) 

4.3.1 Estimation of Final Saturation: Calculation of Trapped Gas Saturation (C) 

In the available WAG hysteresis model, the Land trapping coefficient is used to 

estimate the gas relative permeability during the imbibition cycles (decreasing gas 

saturation). Even though the second and third imbibition cycles are affected by the cycle-

dependent hysteresis, in this model it is assumed that all imbibition cycles experience the 

directional hysteresis phenomenon and the same formulation is used for the estimation of 

gas kr data. The Land trapping coefficient is transformed to be used in the second and 

third cycles according to the final saturations reached in the previous cycle: 

(𝑆𝑔𝑖
𝑡𝑟𝑎𝑛𝑠)𝑛 = (𝑆𝑔𝑖)𝑛 − (𝑆𝑔𝑟

𝑒𝑛𝑑)𝑛−1 (4-1) 

(𝑆𝑔𝑟
𝑡𝑟𝑎𝑛𝑠)𝑛 = (𝑆𝑔𝑟)𝑛 − (𝑆𝑔𝑟

𝑒𝑛𝑑)𝑛−1 
(4-2) 

(𝐶𝑡𝑟𝑎𝑛𝑠)𝑛 =
1

(𝑆𝑔𝑟
𝑡𝑟𝑎𝑛𝑠)𝑛

−
1

(𝑆𝑔𝑖
𝑡𝑟𝑎𝑛𝑠)𝑛

 (4-3) 

The transformed Land trapping coefficient is used for calculation of the transformed 

free gas saturation as follows: 

𝑆𝑔𝑓 = 0.5 [(𝑆𝑔 − 𝑆𝑔𝑟) + √(𝑆𝑔 − 𝑆𝑔𝑟)2 +
4

𝐶𝑡𝑟𝑎𝑛𝑠
(𝑆𝑔 − 𝑆𝑔𝑟)] (4-4) 

(𝑆𝑔𝑓
𝑡𝑟𝑎𝑛𝑠)𝑛 = (𝑆𝑔𝑓)𝑛 − (𝑆𝑔

𝑒𝑛𝑑)𝑛−1 (4-5) 
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This transformed free gas saturation is then used to estimate the imbibition kr data for 

the gas phase using the formulation suggested by Carlson.  

As mentioned before, in the available two-phase hysteresis models, the imbibition kr 

curve is used to estimate of the corrected trapping coefficient. However, the available 

WAG hysteresis model requires the trapping coefficient as input data. In Chapter 3, it was 

explained that the use of the experimental trapping coefficient results in significant errors 

in the simulations. However, this concept was not discussed by Larsen and Skauge when 

the WAG hysteresis model was presented. It needs to be acknowledged that the concept 

of Land’s initial-residual relationship was developed for two-phase systems, and thus its 

direct application for three-phase systems needs to be discussed. 

In WAG experiments the main mechanism for improving the microscopic efficiency 

(reduction of residual oil saturation) is by gas phase trapping in the system. Hence, any 

error in estimation of the trapped gas saturation directly affects the estimation of residual 

oil saturation. In this section, the capability of the available WAG hysteresis model to 

estimate the trapped gas saturation is investigated. Hence, a sensitivity analysis is 

performed by changing the value of trapping coefficient from 1 to 18. The reduction in 

gas relative permeability (𝛼) and the constant of Holmgren and Morse’s equation (𝑎) are 

assumed to be equal to 2 and 0.5 respectively. These values were chosen according to the 

other sensitivities presented and discussed later in this chapter. 

Figure 4-14 shows the effect of changing the Land trapping coefficient on simulation 

results. For comparison, a simulation was also performed while ignoring the hysteresis in 

the system. The results show that the saturation distribution of the first imbibition cycle 

and the associated trapped gas saturation can be simulated by changing the trapping 

coefficient. The first imbibition cycle is simulated accurately at C=18; however, the 

trapped gas saturation at the end of the next cycles could not be simulated. The second 

graph in Figure 4-14 shows the oil saturation profile. The oil production during first water 

injection is estimated better, at C=18, but the oil production during the rest of the cycles 

is not matched.                                                                                                                                                                                                                                                                                                                                                                             
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(a)  

(b)  

(c)  

Figure 4-14: The effect of changing the trapping coefficient on (a) gas saturation profile 

and (b) oil saturation profile (c) pressure drop of the WAG experiment. 

G1 W1 G2 W2 W3 W4 G3 G4 

G1 W1 G2 W2 W3 W4 G3 G4 
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The value of the trapping coefficient is also used in the formulations to estimate the 

gas relative permeability during the imbibition cycles. Hence, the pressure drop curve for 

different values of the trapping coefficient is plotted in Figure 4-14 (c). The increase in 

the value of the trapping coefficient has improved the estimation of pressure drop during 

the first imbibition cycle. As shown in this figure, the error in estimation of pressure drop 

for the subsequent cycles is very significant and the highest error is associated with C=18, 

which provides the best match for the saturation profile of the first imbibition cycle. Thus, 

the results show that changing the trapping coefficient in the available WAG hysteresis 

model can only improve the simulation results for the first imbibition cycle.  

Figure 4-15 shows the location of initial-residual saturations at the end of imbibition 

cycles for the WAG experiments performed at HWU. The curves associated with different 

values of trapping coefficient are also plotted. It can be observed in the graphs that the 

end points of the imbibition cycles in the WAG experiments performed at HWU are 

located on different curves. The reason for this might be that in the WAG experiments 

performed at HWU, the experiments were stopped before reaching the residual saturation 

while the Land’s relationship is suggested for initial-residual values. Therefore, when 

using the available WAG hysteresis model in simulations, the trapping coefficient had to 

be changed during the simulation cycles to obtain a good match.  

In this thesis, the saturations at the end of the imbibition cycles are called “final 

saturations”, as the injection rate has not been increased sufficiently to ensure reaching 

the residual values. The experiments performed at HWU are designed to be compatible 

with WAG injection scenarios performed at reservoir scale, since many blocks may not 

be flooded until residual values are reached. In some cases, the injection rate cannot be 

increased by more than a certain value, to avoid fracturing the reservoir rock. In addition, 

as the slug propagates in the reservoir, the injection rate decreases and the blocks that are 

far from the wellbore do not reach residual values.  



Chapter 4: Limitations of Cyclic Hysteresis Models Available in Current Commercial Simulators  

 

93 

 

  

  

Figure 4-15: The location of initial-final gas saturations at the end of imbibition cycles 

for the WAG experiments compared with the Land’s initial-residual relationship. 

4.3.2 Estimation of Final Saturation: Calculation of Som (a) 

In the previous section, it was shown how changing the trapping coefficient affects the 

simulation results during imbibition cycles. In the available WAG hysteresis, the trapping 

coefficient is used for estimation of the trapped gas saturation, which subsequently affects 

the estimation of the changes in final oil saturation, as suggested by Holmgren and Morse 

(1951): 

𝑆𝑜𝑟𝑚 = 𝑆𝑜𝑟𝑤 − 𝑎 𝑆𝑔𝑡 (4-6) 

in which 𝑆𝑜𝑟𝑤 is the residual oil saturation measured in the oil-water system and its 

value is reported as equal to 0.23, according to the experiments performed at HWU. This 

equation is the most important equation in determining oil saturation in the system. The 

oil saturation at the end of each injection cycle is estimated using this formulation as a 

function of trapped gas saturation. To understand the impact of this equation on 

simulation of the gradual change in the oil saturation, the value of the “𝑎” constant was 

changed from 0.1 to 1. Since this formulation depends on the trapped gas saturation, the 

simulations were performed at two different values of trapping coefficient (2.25 and 18). 
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The value of C=2.25 represents the average value of trapping coefficient reported in the 

literature for sandstones and the value of C=18 provided the best match for the first 

imbibition cycle (refer to Figure 4-14). The value of 𝛼 (reduction in gas relative 

permeability) was equal to 2 for all these simulations, which will be discussed in the next 

section.  

Figure 4-16 shows the simulation results for changing the value of the “𝑎” at C=2.25. 

Although Eq. 4-6 is used in the available WAG hysteresis model to simulate the gradual 

production of oil during the WAG experiment, the oil saturation profile shows that this 

equation cannot be used to simulate this behaviour properly. Theoretically, the trapped 

gas saturation is calculated at the end of each imbibition cycle, using the trapping 

coefficient, and the final oil saturation is updated according to Eq. 4-6. To understand 

why this procedure does not simulate the changes in oil saturation, the simulation results 

need to be discussed step by step. Table 4-4 shows the corresponding values obtained by 

using Eq. 4-6 for different values of “𝑎” constant in this WAG experiment. 

Table 4-4: The changes in final oil saturation at the end of each cycle (C=2.25). 

 W1 W2 W3 W4 

𝒂 =0.1 
Sgt1= 0.24227 

Sorm= 0.20577 

Sgt2= 0.24268 

Sorm= 0.20573 

Sgt3= 0.24267 

Sorm= 0.20573 

Sgt4= 0.24270 

Sorm= 0.20573 

𝒂 =0.3 
Sgt1 = 0.24227 

Sorm= 0.15732 

Sgt2= 0.24324 

Sorm= 0.15703 

Sgt3= 0.24326 

Sorm= 0.15702 

Sgt4= 0.24331 

Sorm= 0.15701 

𝒂 =0.5 
Sgt1= 0.24228 

Sorm= 0.10886 

Sgt2= 0.24407 

Sorm= 0.10797 

Sgt3= 0.24421 

Sorm= 0.10790 

Sgt4= 0.27422 

Sorm= 0.10789 

𝒂 =1 
Sgt1= 0.24229 

Sorm= 0 

Sgt2= 0.24690 

Sorm= 0 

Sgt3= 0.24693 

Sorm= 0 

Sgt4= 0.24702 

Sorm= 0 
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(a)  

(b)  

(c)  

Figure 4-16: The effect of changing the value of “𝑎” on the estimation of (a) gas 

saturation, (b) oil saturation (c) pressure drop of the WAG experiment (at C=2.25) 
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The estimation of trapped gas saturation can be explained by a detailed observation of 

Figure 4-16 (a). During the first drainage cycle, the gas saturation increases from zero to 

the maximum gas saturation. For the imbibition cycle, the use of Land’s initial-residual 

relationship estimates the residual gas saturation reached at the end of the cycle (Sgt1). In 

the available WAG hysteresis model, it is assumed that the gas saturation remaining at 

the end of the imbibition cycle is the trapped gas saturation. As mentioned above, this 

assumption is not correct in the WAG experiments, as the water injection rate has not 

been increased enough to reach the trapped saturation. However, according to this 

assumption, the estimated trapped saturation (Sgt1) can be used along with Eq. 4-6 for 

calculation of residual oil saturation (Som). The water saturation can then be estimated 

using the estimated values of Sgt1 and Som. The simulation results indicate that the pressure 

drop in the system is mainly controlled by water saturation and the corresponding water 

relative permeability. Hence, the pressure drop at the end of the imbibition cycle is 

different as the “𝑎” constant changes.  

The second drainage cycles have started at the same gas saturation; however, for 

different values of “𝑎”, the maximum gas saturations reached at the end of the second 

drainage cycle are not equal. The reason for this is that the estimated values of Som are 

different, which results in different values of water saturation. Since the corresponding 

water kr data are not equal, the maximum gas saturations will not be equal either. 

The gas saturation at the end of second imbibition cycle is calculated using the Land 

trapping coefficient again (Sgt2). Even though the initial gas saturations are different, the 

values of Sgt2 are very close to the value of Sgt1, as a result of the formulation associated 

with the Land’s initial-residual relationship (Figure 2-5). As the initial saturation 

increases, the values of residual (trapped) gas saturations are closer. Hence, when Eq. 4-

6 is used for estimation of the oil saturation at the end of the second imbibition cycle, the 

changes in oil saturation are very small. In other words, the changes in trapped gas 

saturation estimated at the end of imbibition cycles are minimal and when it is multiplied 

by the “𝑎” constant, the total impact on final oil saturation is negligible. 

As the value of “𝑎” increases (e.g. 𝑎 = 1), the formulation (Eq. 4-6) overestimates the 

oil saturation at the end of the first imbibition cycle. Hence, the oil is produced during the 

first imbibition cycle and the model does not allow gradual changes in oil saturation. It 

can be concluded that Eq. 4-6 can be used in the simulations only if the trapped gas 

saturation is estimated accurately. Otherwise, it is not adequate for simulation of oil 
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saturation variation during a WAG experiment and significant errors can be introduced 

in the simulations. 

Figure 4-17 shows the results of changing the “𝑎” constant at a higher trapping 

coefficient. The value of C=18 is chosen because this value provided the best match for 

the first imbibition cycle. As the trapping coefficient increases, the changes in trapped 

gas saturation decrease (the trapped gas saturation can be considered constant, as 

observed in Figure 2-5). In addition, at C=18 the values of trapped gas saturation are very 

low compared to the value of C=2.25. Therefore, the change in the residual oil saturation 

is smaller, which result in smaller changes in water saturation. Hence, the pressure drop 

at different values of “𝑎” is closer compared to that in the graphs plotted at C=2.25, as 

shown in Graph (c) in Figure 4-17. The results also indicate that for high values of the 

trapping coefficient, changing “𝑎” does not have a significant effect on simulation results. 

(a)  

(b)  
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(c)  

Figure 4-17: The effect of changing the value of “𝑎” on the estimation of (a) gas 

saturation, (b) oil saturation (c) pressure drop of the WAG experiment (at C=18). 

4.3.3 Estimation of Three-Phase Oil kr data 

Simulation of any three-phase system requires a 3P-Kr model for estimation of three-

phase oil relative permeability. Larsen and Skauge (1998) used the Stone I model for 

calculation of the three-phase oil relative permeability when suggesting the WAG 

hysteresis model (Eq. 2-10 to Eq. 2-15). However, in Eclipse software, the available 

WAG hysteresis model can be coupled with Stone I and Stone’s modified model 

(Exponent). Hustad and Holt (1992) suggested the Stone’s exponent model as [21]: 

𝑘𝑟𝑜 = 𝛽 (𝑘𝑟𝑜𝑤 𝑘𝑟𝑜𝑔)/𝑘𝑟𝑜𝑐𝑤 

𝛽 = (
𝑆𝑆𝑜

(1 − 𝑆𝑆𝑤)(1 − 𝑆𝑆𝑔)
)𝜂 

(4-7) 

in which the value of the β term varies between one and zero for high and low oil 

saturations respectively. If the exponent value (η) is equal to 1.0, the formula corresponds 

to Stone’s first model. This formulation was suggested since it was perceived that the 

Stone I model overestimates the oil relative permeability at low saturations. The β term 

reduces the oil relative permeability at low saturations.  

The oil saturation plots in Figure 4-16 and Figure 4-17 show that the oil saturation falls 

abruptly to the residual value, which indicates that the oil relative permeability is high in 

this saturation range. Since the oil saturations are usually very low in most cycles of the 

WAG experiments, the researchers at HWU used Stone’s exponent model to improve the 
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simulation results. For this part of the sensitivity analysis, to evaluate the impact of 3P-

kr modes on simulation results, the value of the exponent was changed from 1 to 20. 

Figure 4-18 shows the simulation results when the trapping coefficient is equal to 2.25, 

while Figure 4-19 demonstrates the simulation results at C=18. The reduction factor in 

gas relative permeability is assumed to be 2. The value of “𝑎” in the simulations is 0.5. 

As shown in Table 4-4, the final oil saturation at the end of first imbibition cycle is 

estimated to be 0.108 for 𝑎 = 0.5. The simulation results plotted in Figure 4-18 show that 

when the Stone I model (Exp=1) is used, the oil saturation at the end of first imbibition 

cycle reaches 0.108. As the value of exponent in Stone’s modified model increases, the 

oil relative permeability at low oil saturations decreases. However, the low oil relative 

permeability does not allow the system to reach the estimated oil saturation at the end of 

first imbibition cycle (t=26 hr). The results show that, despite a reduction in the oil relative 

permeability data, steady oil production cannot be observed when using the Stone’s 

exponent model.  

Reduction in oil kr data affects the saturation change at the end of drainage cycles. In 

addition, changes in the 3P-Kr model affects the estimated pressure drop, as it directly 

interferes with the estimation of other fluid saturations and, consequently, determination 

of the water and gas kr data. A comparison of Figure 4-18 and Figure 4-19 reveals that 

the impact of using Stone’s exponent model is more pronounced at the lower trapping 

coefficient values. 

(a)  
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(b)  

(c)  

Figure 4-18: The effect of changing the exponent value in the Stone’s modified model on 

the simulation results (a) gas saturation (b) oil saturation and (c) pressure drop (C=2.25). 
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(a)  

(b)  

(c)  

Figure 4-19: The effect of changing the exponent value in the Stone’s modified model on 

the simulation results (a) gas saturation (b) oil saturation and (c) pressure drop (C=18). 
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4.3.4 Changes in Gas Relative Permeability (α) 

Figure 4-4, Figure 4-5 and Figure 4-6 show the increase in pressure drop, observed in 

the two- and three-phase experiments performed at HWU. In the available WAG 

hysteresis model, the increase in pressure drop is simulated through reduction of gas and 

water relative permeability. The reduction in gas kr data is estimated as: 

[𝑘𝑟𝑔
𝑑𝑟𝑎𝑖𝑛(𝑆𝑔, 𝑆𝑤

𝐼 ;  𝑆𝑔
𝑠𝑡𝑎𝑟𝑡)]𝑛

= {[𝑘𝑟𝑔
𝑖𝑛𝑝𝑢𝑡(𝑆𝑔) − 𝑘𝑟𝑔

𝑖𝑛𝑝𝑢𝑡( 𝑆𝑔
𝑠𝑡𝑎𝑟𝑡)] ∗ (

𝑆𝑤𝑖

𝑆𝑤
𝐼

)𝛼}
𝑛

+ [𝑘𝑟𝑔
𝐼𝑚𝑏( 𝑆𝑔

𝑠𝑡𝑎𝑟𝑡)]𝑛−1 

(4-8) 

in which 𝛼 is a reduction factor larger than one. The second term on the right hand 

side is intended to maintain the continuity in the gas kr curve. Figure 4-20 shows the 

effect of changing 𝛼 on the simulation results. The values of 𝛼 should be larger than unity. 

The values lower than one result in higher values of gas kr data in the subsequent cycles, 

which is unacceptable, because the trapped gas saturation increases. As the gas relative 

permeability decreases, the water phase can flow and produce more easily compared to 

the gas phase. Hence, as the gas saturation increases, the water saturation decreases. 

Reduction in the values of gas kr data also increases the estimated pressure drop in the 

drainage cycles. The pressure drop curve shows that when the value of 𝛼 reaches a certain 

value, the simulation experiences convergence issues. The reason is that the estimated gas 

relative permeability is decreased so drastically that the material balance equation cannot 

be solved any longer. As observed, the gas and oil saturation profiles do not show any 

unrealistic behaviour or values (e.g. saturations of more than one or negative values), 

which is a sign of a convergence problem. Therefore, it is vital to report and observe the 

pressure drop profile when simulating the WAG experiments.  
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(a)  

(b)  

(c)  

Figure 4-20: The effect of increasing 𝛼 on simulation results (a) gas saturation (b) oil 

saturation (c) pressure drop.  
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The results of the sensitivity analysis performed in this chapter show that any value of 

𝛼 greater than 4 results in convergence problems. It is worth investigating which 

parameter can introduce significant error in simulations resulting in convergence issues. 

In previous sections, it was observed that at 𝛼=2, changing the trapping coefficient and 

the values of “a” do not result in convergence problems. Figure 4-21 shows the effect of 

changing other WAG hysteresis parameters on the observed convergence issue at 𝛼=5. 

The results show that increasing the trapping coefficient increases the errors in the 

simulations. The same behaviour is observed when increasing the “𝑎” constant. Hence, it 

can be concluded that the most important parameter which cause convergence issues in 

the simulations is the reduction factor in gas relative permeability (𝛼). It was also found 

that if convergence issues are observed at one value of α, changing the other parameters 

does not improve the simulation results. In addition, increasing the value of 𝛼 does not 

improve the convergence issues, as it will decrease the gas relative permeability further.  

(a)  
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(b)  

Figure 4-21: The effect of changing (a) the Land trapping coefficient and (b) the “𝑎” 

constant on the convergence problem encountered at high values of α. 

4.3.5 Changes in Water Relative Permeability 

In the WAG hysteresis model suggested by Larsen and Skauge (1998), the changes in 

water relative permeability can be estimated to simulate the increase in pressure drop 

caused by cyclic hysteresis. The water relative permeability is assumed to change between 

two bounding curves: two-phase water kr data (𝑘𝑟𝑤
2𝑃 ) and three-phase water kr data (𝑘𝑟𝑤

3𝑃 ). 

They assume that the first water injection cycle (W1) is a two-phase cycle and the second 

water injection cycle (W2) is the first three-phase cycle. The two-phase kr data have the 

highest values while the three-phase kr data have the lowest values of water relative 

permeability. Hence, the changes in water kr data can be estimated by interpolating the 

kr data measured from these two cycles. 

One main assumption in this statement is that the three-phase water injection cycle 

(W2) is performed at the maximum gas saturation, (𝑆𝑔)𝑚𝑎𝑥 (i.e. the previous gas injection 

cycle has reached the maximum possible gas saturation). Hence, the water relative 

permeability curve which started at the maximum gas saturation has the lowest value 

compared to the other cycles. The value of maximum gas saturation reached in first gas 

injection cycle ((𝑆𝑔)𝑚𝑎𝑥) needs to be known initially, as it is used for the estimation of 

kr data. As discussed before, this is not a general assumption, as in many experiments the 

gas injection rate is not increased sufficiently to reach the maximum gas saturation. It 

should be noted that the terminology used in the available WAG hysteresis model is only 
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valid in a WAG injection scenario starting with water (such as IDIDI). If the experiment 

is started with a gas injection cycle, the first water injection is the first three-phase cycle.  

As discussed above, the water kr data in other injection cycles can be obtained for any 

imbibition and drainage cycle by interpolating the two known kr curves (Figure 4-22) as 

follows: 

[𝑘𝑟𝑤
𝑖𝑚𝑏(𝑆𝑤;  𝑆𝑔

𝐼 )] = 𝑘𝑟𝑤
2𝑃 (1 −

𝑆𝑔
𝐼

(𝑆𝑔)𝑚𝑎𝑥
) + 𝑘𝑟𝑤

3𝑃 (
𝑆𝑔

𝐼

(𝑆𝑔)𝑚𝑎𝑥
) (4-8) 

𝑘𝑟𝑤
𝑑𝑟𝑎𝑖𝑛 = (𝑘𝑟𝑤

𝑖𝑚𝑏)
𝑓

(1 −
𝑆𝑔

𝐼 −  𝑆𝑔

𝑆𝑔
𝐼

) + 𝑘𝑟𝑤
2𝑃 (

𝑆𝑔
𝐼 −  𝑆𝑔

𝑆𝑔
𝐼

) (4-9) 

in which, 𝑆𝑔
𝐼  is the gas saturation at the start of an unknown imbibition cycle, (𝑆𝑔)𝑚𝑎𝑥 is 

the maximum gas saturation reached during the first gas injection cycle (i.e. gas saturation 

at the start of three-phase water injection, W2) and (𝑘𝑟𝑤
𝑖𝑚𝑏)

𝑓
 is the relative permeability 

curve from the last (former) increasing water saturation process. 

  

(a) (b) 

Figure 4-22: Schematic of water relative permeability curves for different injection 

cycles: (a) imbibition cycles (b) drainage cycles [14]. 

In this section, the performance of the available WAG hysteresis model to estimate the 

water relative permeability data of the WAG experiments performed at HWU is assessed. 

Since this experiment is started with gas injection (DIDIDIDI), the first three-phase water 

injection cycle is W1. As mentioned above, in this model it is assumed that the known 
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three-phase water kr data (used in the model) are measured at the maximum gas 

saturation. In the WAG experiments performed at HWU, the first gas injection cycle did 

not reach the maximum possible gas saturation; hence, the following three-phase water 

injection cycle (W1) did not meet have the criteria described by Larsen and Skauge. 

However, the gas saturation increased during the experiment and the last water injection 

cycle (W4) was started when the system reached the maximum gas saturation. Therefore, 

in the present study, the experiment was simulated once using the three-phase data from 

the first water injection cycle (W1) as the known three-phase data and once using the 

three-phase data from last water injection cycle (W4). The two-phase data used in the 

simulations are shown in Figure 4-13. 

Figure 4-22 and Figure 4-23 compares the simulation results when the 𝐾𝑟𝑤
3𝑝−𝑊1

 data 

obtained from the first water injection cycle (W1) were used and when the 𝐾𝑟𝑤
3𝑝−𝑊4

data 

from the last water injection cycle (W4) were used as the minimum kr value. The graph 

shows that when the three-phase water kr data from the first water injection cycle 

(𝐾𝑟𝑤
3𝑝−𝑊1

) were used (as input data), the model could not simulate the higher pressure 

drops. The reason for this is that in the available WAG hysteresis model, it is assumed 

that three-phase water kr data is measured at the maximum gas saturation and is the lowest 

possible value for water relative permeability. Hence, when the 𝐾𝑟𝑤
3𝑝−𝑊4

 values were used, 

which are the lowest possible values, and measured at maximum gas saturation, the model 

could simulate the pressure drop with more accuracy.  

Based on these results, even though the water relative permeability curves from the 

first two cycles are required as known parameters for the available WAG hysteresis 

model, it should be emphasised that the three-phase relative permeability curve should be 

measured at maximum gas saturation. In addition, the model is entirely based on an 

idealistic assumption that all cycles are performed at injection rates high enough to reach 

residual saturations and maximum possible saturation. This is not a realistic assumption, 

since many WAG experiments are not performed in these conditions and nor are the 

WAG injection processes at reservoir scale.  



Chapter 4: Limitations of Cyclic Hysteresis Models Available in Current Commercial Simulators  

 

108 

 

 

Figure 4-23: The performance of the available WAG hysteresis model in estimation of 

water kr data. 

Figure 4-24 illustrates the effect of water relative permeability on oil production. The 

simulation results show that the changes in water relative permeability do not affect the 

oil production significantly. Hence, the correct estimation of water relative permeability 

is important mostly for accurate estimation of the pressure drop.  

 

Figure 4-24: The effect of changes in water kr data on oil production. 
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4.4 Summary and Conclusions 

In this chapter, some limitations of the available two- and three-phase models have 

been discussed. To achieve this aim, the results of experiments which were performed at 

HWU by the other researchers were used. These experimental data were used to evaluate 

the sources of error when the available two- and three-phase hysteresis models are 

employed. Different options available for simulation of two-phase hysteresis were 

examined and the differences in simulation results were compared. It was shown that the 

available two-phase hysteresis models have limitations in simulation of both directional 

and cyclic hysteresis in two-phase systems. The performance of the available WAG 

hysteresis model for simulation of WAG experiments was then assessed.  

A sensitivity analysis was performed to evaluate each parameter in the available WAG 

hysteresis model separately. The trapping coefficient (C) and the value of the “𝑎” constant 

were changed to investigate the performance of the model for estimation of the final 

saturations. It was shown that the model is not able estimate the values of trapped gas 

saturation and final oil saturation accurately using these concepts. One of the main 

sources of error in using the available WAG hysteresis model for simulation of the 

experiments performed at HWU is the assumption that the fluid saturations reach residual 

values at the end of each cycle. This is in contradiction to the WAG experiments and the 

realistic reservoir scale injections, in which the system does not reach the residual values.  

The performance of the 3P-Kr models for estimation of the oil kr data at low oil 

saturations was then studied. The results showed that the three-phase oil relative 

permeability models such as Stone’s first model and Stone’s exponent model could not 

calculate the oil relative permeability at low oil saturations. The Stone I model 

overestimated the oil kr data while Stone’s exponent model underestimated the oil kr data 

and the oil production was terminated at high oil saturations. The capability of the 

available WAG hysteresis model to simulate the changes in pressure drop by reduction 

of gas and water relative permeability was also investigated. It was shown that increasing 

the value of the reduction factor in gas kr data (𝛼) results in convergence issues. The 

estimation of water relative permeability was also inaccurate, because of the assumption 

that the injection rates are high enough to reach the residual values at each cycle. In the 

next chapter a new hysteresis model is introduced, in which these issues are covered and 

discussed. 
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Chapter 5. Simulation of Cyclic Hysteresis Phenomenon  

5.1 Introduction 

Accurate estimation of the hysteresis effects on kr data is crucial, especially in the 

WAG injection experiments, which involve a sequence of drainage and imbibition cycles. 

Although there are a few methods to model the hysteresis effects in two- and three-phase 

systems, the predicted relative permeability data are still not adequate to simulate the 

hysteresis behaviour observed in two- or three-phase flow experiments.  

The significant impacts of the hysteresis phenomenon on the reservoir’s production 

and injectivity dictate the need to improve the available models for performing reliable 

reservoir simulations. In this chapter, a generalized three-phase hysteresis model is 

introduced to simulate the observed hysteresis in the WAG experiments. The aim of 

proposing a new hysteresis model is to overcome the limitations of the available WAG 

hysteresis model discussed in the previous chapter. It was shown that the use of Stone’s 

first model and Stone’s exponent model for WAG experiments tends to overestimate and 

underestimate the oil flow in the system, respectively. Hence, a new approach is 

suggested to modify Stone’s first model for the simulation of WAG experiments. It is also 

suggested that the use of Land’s trapping coefficient in the previous hysteresis models 

may not be appropriate, as it originates from the two-phase kr data. In addition, as 

discussed before, the relationship suggested by Land estimates the residual non-wetting 

saturation. However, in many WAG experiments, the injection rate has not been increased 

sufficiently to reach the residual values. In this study, a new hysteresis model is developed 

based on simple techniques to predict the final saturations at the end of each injection 

cycle. Moreover, the formulations used for estimation of the observed hysteresis in gas 

and water kr data are updated to capture the common behaviour observed in the WAG 

experiments, as reported in the literature. The details of the new developed model are 

explained in the first part of this chapter. 

The second part reports how the experimental data measured at HWU (reported in the 

literature) were used to evaluate the performance of the suggested hysteresis model. The 

experiments were performed on sandstone rocks at different wettability and experimental 

conditions. The results indicate that the developed model can be used to predict the oil, 

water and gas saturations at the end of each cycle with higher accuracy compared to those 

obtained from the available methods in the literature. In fact, the results show that the oil, 
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water and gas production can be simulated more accurately (up to 5% relative error). The 

model can also be used to simulate the gradual oil production observed during WAG 

experiments. Furthermore, it can be used to simulate the pressure behaviour observed in 

the experiments with dominant hysteresis effects. Considering this, it is concluded that 

the suggested model can improve the accuracy of feasibility analyses as well as the 

estimation of ultimate recovery in the WAG injection scenarios. 

5.2 Methodology  

As discussed previously, the three-phase hysteresis model consists of three main steps:  

1) The estimation of fluid saturation at the end of each cycle: controlled by the 

trapping coefficient (C) and the constant parameter in the Som-Sgt relationship 

suggested by Holmgren and Morse (a).  

2) The estimation of three-phase oil relative permeability: controlled by the 3P-Kr 

model. 

3) The estimation of changes in water and gas kr data: controlled by the reduction 

factor for gas relative permeability (𝛼). Two formulations are used to estimate the 

changes in water kr data. 

The limitations of the available WAG hysteresis model were discussed in detail in 

Chapter 4. In the available WAG hysteresis model, the directional hysteresis model 

suggested by Carlson, is used. The first cycle in a WAG experiment is a two-phase cycle, 

while the second cycle is a three-phase cycle. Considering this, using Carlson’s 

directional hysteresis may not be adequate for WAG experiments and it needs more 

investigation.  The concept of directional hysteresis in three-phase systems was out of the 

scope of this study. In this chapter, the simulation results obtained from this new 

suggested model are presented and it is shown how the new model can be used to address 

the issues, discussed in the previous chapter. 

5.2.1 Modifying the 3P-Kr models for simulation of the WAG experiments 

Simulation of any three-phase system including the water alternating gas injection 

requires accurate determination of oil relative permeability under different saturation 

histories. There are several models available in the literature to predict the oil relative 

permeability (Kro) in three-phase systems. The three-phase hysteresis model needs to be 

coupled with one of these models to estimate the three-phase oil kr data. As explained in 
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Chapter 4, the available models cannot be used to accurately predict the oil relative 

permeability (Kro) in low oil saturation regions. It was shown that Stone’s first model 

overestimated the oil relative permeability values at low oil saturation ranges, while 

Stone’s exponent model underestimated the oil kr data. 

The three-phase correlations have been developed for steady-state three-phase flow 

where the oil, water, and gas phases are co-injected. However, WAG experiments usually 

involve injection of one phase into the system while the other two phases are disconnected 

or partially connected (Figure 5-1). Therefore, the relative permeability of the oil phase 

in steady-state conditions is higher than in WAG experiments. As discussed in the 

previous chapter, Stone’s exponent model was developed to increase the accuracy of the 

estimated the oil relative permeability in low oil saturation regions. However, the results 

showed that the reduction in oil kr data observed in the WAG experiments cannot be 

simulated accurately with this model. 

(a)  

(b)  

Figure 5-1: Schematic of fluid distribution during (a) the co-injection of three phases in 

steady-state experiments and (b) the water-flood in WAG experiments. 

In this thesis, the Stone I model has been modified to improve the prediction of oil 

relative permeability (Kro) data. To this aim, at low oil saturations, a constant parameter 

is introduced in the formulation suggested by Stone (Stone’s first model) to consider the 

impacts of the disconnected oil clusters during the cyclic injection. This parameter is 

called the oil reduction factor (𝛽𝑜) and it is constant throughout a WAG experiment. The 

formulation is similar to Stone’s exponent model; however, this factor is not a function 

of fluid saturations and needs to be determined through history matching. In addition, the 

final oil saturation (Som) at the end of each cycle, which was required in Stone’s first 

model, is no longer needed in this modified model. The measured experimental data show 
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that the final oil saturation can be very low, even close to zero. To take this into account, 

the final oil saturation is assumed to be zero in this model, hence the behaviour observed 

during the WAG experiments can be captured properly: 

For So > Sorw (Stone I):  

𝑘𝑟𝑜 =  𝑘𝑟𝑜𝑐𝑤.  𝑆𝑆𝑜 . 𝐹𝑤. 𝐹𝑔 ,              𝑆𝑜𝑚 = 0 

(5-1) 

For So < Sorw (Modified Stone I):  

𝑘𝑟𝑜 = 𝛽𝑜 .  𝑘𝑟𝑜𝑐𝑤.  𝑆𝑆𝑜 . 𝐹𝑤 . 𝐹𝑔 ,        𝑆𝑜𝑚 = 0 

(5-2) 

The performance of the new model was evaluated when it was used to simulate the 

results of experiments conducted on a mixed wet Clashach sandstone. The 2D-tables in 

Eclipse software allow the user to input the oil relative permeability as a function of gas 

and water saturations. Hence, the three-phase oil relative permeability obtained from the 

modified Stone model was inputted as a 2D-table in Eclipse simulation software. The oil 

reduction factor (𝛽𝑜) was obtained through history matching. To tune the simulation 

results, the 𝛽𝑜 factor was gradually decreased, and the corresponding relative 

permeability data were used in Eclipse. It is evident that, when the 𝛽𝑜 factor was unity, 

the obtained relative permeability data were equal to those obtained from the Stone’s first 

model. The aim of this history matching process was to determine an appropriate oil 

reduction factor to reduce the errors associated with the 3P-Kr models. Hence, the 

hysteresis phenomenon was not considered in the simulations performed to obtain the oil 

reduction factor.  

Figure 5-2, the experimental data are compared with the simulation results obtained 

from Stone’s first model and from the new modified model. The oil production has been 

estimated accurately using Stone’s first model for the first imbibition cycle (W1). 

However, at low oil saturations, the simulation results show a sudden drop in oil 

saturation to the residual value, whereas, according to the experimental data, the oil 

saturation decreases gradually during the entire injection period. The sudden decrease in 

oil saturation indicates that the oil kr data is overestimated at low oil saturations when 

using Stone’s first model. However, as observed, the gradual reduction of oil saturation 

in the subsequent cycles can be captured accurately using the modified Stone model 

developed in this study. The value of the oil reduction factor obtained for this experiment 

was 0.04. It should be noted that for the high oil saturations (So > Sorw), Stone’s first model 

is used and the modified Stone model is only used at low oil saturations (So < Sorw).  
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Figure 5-2: Comparison of the use of the Stone I model and the modified Stone I model 

for simulation of WAG experiments (MW, ImM, IDIDIDI, where “I” stands for 

Imbibition and “D” stands for drainage). 

Figure 5-2 to Figure 5-5 show that using the modified Stone model has improved the 

estimation of oil relative permeability at low oil saturations in other WAG experiments 

performed at HWU. For determination of the oil reduction factor, an early match of the 

oil production trend is sufficient. The oil production in the last cycles is not properly 

matched because of the active hysteresis phenomenon. The simulation results in the later 

cycles can only be improved when the changes in final saturations, gas and water kr data 

are addressed properly by using a WAG hysteresis model.  

The values of the oil reduction factor obtained by history matching for WAG 

experiments are shown in Table 5-1. The results show that the simulation of experiments 

performed on mixed-wet samples requires a reduction factor, while no reduction factor 

was needed for the water-wet sample (𝛽𝑜 =1). One conclusion could be that no reduction 

factor is needed for water-wet samples. However, more experiments on water-wet 

samples are needed for verification of this. Although many researchers at HWU tried to 

differentiate the hysteresis behaviour in miscible and near-miscible conditions, these 

results indicate that a reduction factor is needed both for near-miscible and immiscible 

conditions (i.e. it is not a behaviour observed only in near-miscible or immiscible 

conditions). In addition, the oil production in both conditions can be simulated using the 

same formulation. 

W1 
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Figure 5-3: Comparison of the use of Stone I model and modified Stone I model for 

simulation of WAG experiments (MW, NM, DIDIDIDI). 

 

Figure 5-4: Comparison of the use of Stone I model and modified Stone I model for 

simulation of WAG experiments (MW, NM, IDIDID). 

W1 

G1 
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Figure 5-5: Comparison of the use of Stone I and modified Stone I for simulation of WAG 

experiments (WW, NM, IDIDID). 

Table 5-1: The values obtained for the reduction factor of oil relative permeability by 

history matching 

Sample Condition Reduction Factor 

Mixed-Wet 

Immiscible 𝛽𝑜 =0.04 

Near-Miscible 𝛽𝑜=0.04 

Near-Miscible 𝛽𝑜=0.1 

Water-Wet Near-Miscible 𝛽𝑜=1 

5.2.2 Suggested New Approach for Estimation of Som 

In the available hysteresis models, the basic assumption is that the trapped non-wetting 

phase (usually gas) is the most important factor in decreasing the relative permeability. 

As the gas phase occupies the larger and intermediate pores, the trapped gas reduces the 

available paths for the other fluids and affects the values of relative permeability 

drastically. It is also assumed that gas phase trapping mainly affects the oil saturation and 

the reduction in water saturation is negligible, since the water phase exists in the small 

pores and is not affected by the trapped gas. However, it can be argued that the water 

relative permeability can also be decreased, since the water paths can be partly closed by 

the trapped gas. 

W1 
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Figure 5-6: Variation of water and oil saturation in WAG experiments performed at   

HWU. 

Figure 5-6 shows the experimental data obtained at HWU. The oil and water saturation 

profiles show that the reduction in oil saturation is gradual and monotonic, while the water 

saturation fluctuates in a specific range. Taking this observation into account, some 

assumptions have been made to develop the new model: it is assumed that the oil 

saturation reduction is monotonic while the water saturations are between an upper and a 

lower limit. 

Table 5-2 shows the average reduction in oil and water saturations at the end of each 

cycle of WAG experiments. According to these values,  the variations in water saturation 

are assumed to be negligible in the suggested model, compared to the reduction in oil 

saturation. However, in some cases, there is a possibility that the flowing water phase also 

becomes disconnected, which increases the variations in water saturation. This is very 

unlikely in the water-wet samples, as the water phase is a continuous phase and occupies 

very small pores. This means that, even if the water phase becomes disconnected, the 

volume of these pores is not very large and its impact on the fluid flow and fluid saturation 

is inconsiderable. However, the disconnected water phase can be important in mixed-wet 

or oil-wet samples. In mixed-wet samples, the water phase mostly fills the intermediate 

pores and the variation in saturation can be high enough to have a significant impact on 

fluid flow.  

In the model developed in this study, the effect of disconnected water clusters on oil 

production is assumed to be negligible in general (compared to the impact of trapped gas 

saturation). However, as mentioned above, this effect might be considerable in oil-wet 

samples, where the disconnected water saturation may be as important as trapped gas 

saturation. Hence, the formulations have been developed so that the disconnected water 

saturation can be estimated and included in the simulations, when necessary. 
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In the available WAG hysteresis model, first the trapped gas saturation is calculated 

using the Land’s initial-residual relationship. The formulation suggested by Holmgren 

and Morse is then used to estimate the final oil saturation. Finally, the water saturation is 

calculated, using the estimated gas and oil saturations. As mentioned previously, the 

saturations at the end of each cycle in the WAG experiments performed at HWU were 

not the residual saturations. Hence, the use of Land’s relationship is questionable and can 

introduce significant errors in the calculations. In addition, as shown in Chapter 4, the 

formulation suggested by Holmgren and Morse is not adequate. Therefore, a new 

approach is suggested in this model for estimation of the saturations at the end of each 

cycle. This approach is now explained in more detail. 

In the WAG hysteresis model developed in this study, the estimation of fluid 

saturations is based on the changes in oil saturation instead of the trapped gas saturation. 

To this aim, a new parameter called “relative difference” is defined: 

𝛿𝑜 = (
𝑆𝑜𝑓

𝑛 − 𝑆𝑜𝑓
𝑛−1

𝑆𝑜𝑓
𝑛 ) (5-3) 

 This parameter, which is calculated for the oil phase, can be used to estimate the 

reduction in oil saturation in each cycle. In addition, it is assumed that the water 

saturations fluctuate in a certain saturation range, with known limiting values (see Figure 

5-6). This assumption is valid in the systems where the reduction in water saturation is 

negligible (or assumed to be negligible). It is noted that the relative difference term can 

also be defined for the water phase in systems in which the changes in water saturation 

are not negligible. Finally, the gas saturation can be calculated from the water saturation 

and estimated oil saturation.  

The relative difference for oil saturation (𝛿𝑜) is calculated for all cycles of the WAG 

experiment (except the first two-phase cycles). An arithmetic average value is then 

obtained (𝛿𝑜,𝑎𝑣𝑒), since the injected pore volume might vary for different cycles of 

injection. The accuracy of the model increases as the number of injection cycles increases. 

The final value of oil saturation at the end of each injection cycle is: 

𝑆𝑜𝑓 = (1 − 𝛿𝑜,  𝑎𝑣𝑒).  𝑆𝑜𝑓
𝑛−1 (5-4) 

In systems where the reduction in water saturation is negligible, the initial and final 

water saturations measured at the beginning and end of the second waterflood (W2) are 

reversible. 
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𝑆𝑤𝑓 =  {
𝑆𝑤𝑖

𝑊2        𝑏𝑒𝑔𝑖𝑛𝑖𝑛𝑔 𝑜𝑓 𝑎𝑛 𝐼𝑚𝑏𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝐶𝑦𝑐𝑙𝑒

𝑆𝑤𝑓
𝑊2            𝑏𝑒𝑔𝑖𝑛𝑖𝑛𝑔 𝑜𝑓 𝑎 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐶𝑦𝑐𝑙𝑒

 (5-5) 

In cases where the reduction in water saturation is not negligible (e.g. two-phase), the 

relative difference for water saturation (𝛿𝑤) in each cycle is calculated as follows: 

𝛿𝑤 = (
𝑆𝑤𝑓

𝑛 − 𝑆𝑤𝑓
𝑛−1

𝑆𝑤𝑓
𝑛 ) (5-6) 

Since the injected pore volume is not usually constant during different cycles, this 

value is calculated for each cycle and an average value is used in the simulations, if 

needed (𝛿𝑤,𝑎𝑣𝑒). The final value of water saturation at the end of each injection cycle is 

then updated as: 

𝑆𝑤𝑓 = (1 − 𝛿𝑤,  𝑎𝑣𝑒).  𝑆𝑤𝑓
𝑛−1 (5-7) 

After estimation of water and oil saturation, the value of gas saturation is then 

calculated as: 

𝑆𝑔𝑓 = 1 − 𝑆𝑜𝑓 − 𝑆𝑤𝑓 (5-8) 

This method is a substitute for the method used in the literature to calculate the oil 

saturation at the end of each cycle of WAG experiments. This new method can capture 

the gradual change in the trapped gas saturations. The estimated reduction factors are 

constant throughout the simulation process. Moreover, as the reduction factors are 

calculated directly from the experimental data, the number of parameters estimated 

through a trial and error process is decreased.  

Table 5-2 shows the average relative differences in water and oil saturations calculated 

at the end of each cycle. It can be seen that the changes in water saturation are negligible 

compared to the changes in oil saturation at the end of cycles. In the second experiment 

the changes in the water saturation reaches higher saturations compared to the other tests. 

Hence, there is a possibility that the water phase has become disconnected. In this study, 

it was first tried to simulate the experiments assuming negligible change in water 

saturation. If the results were not satisfactory, then the reduction in water saturation could 

be considered in the simulation as well. 

It should be noted that, for simulation of three-phase experiments in this study, the 

relative difference was calculated only for oil saturations. However, in two-phase cases, 
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the gas/oil phase (non-wetting phase) is trapped and the water saturation (wetting phase) 

is decreased. Hence, for simulation of two-phase experiments, the relative difference was 

calculated for the water phase. 

Table 5-2: The comparison of average percentage of reduction in oil and water saturations 

calculated at the end of cycles for WAG experiments performed at HWU. 

Experiment Decrease in So Changes in Sw 

(1) MW, IDIDIDI, IM 4 % < 1 % 

(2) MW, DIDIDI, NM 23.5 % 9 % 

(3) MW, IDIDID, NM 15 % 3 % 

(4) WW, IDIDID, NM 20 % < 1 % 

5.2.3 Estimation of Reduction in Water and Gas Relative Permeability 

In the last chapter, the limitations of the available WAG hysteresis model for 

estimation of water and gas relative permeability were discussed. It was shown that the 

use of Land’s initial-residual relationship can be unreliable, since this formulation is only 

valid when the injection rate is high enough to ensure reaching residual saturations in the 

system. In addition, this formulation is suggested for two-phase systems. The new model 

developed in this study attempts to take into consideration the fact that the phases may 

not reach residual values at the end of each cycle. Hence, an empirical equation is 

proposed to be used for estimation of changes in water and gas saturations. The changes 

in water relative permeability are estimated for the imbibition cycles and are assumed to 

be reversible in the drainage cycles (Figure 5-7). For the imbibition cycles, the water kr 

data is calculated as follows: 

𝐾𝑟𝑤
𝑛 =  𝛽𝑤. 𝐾𝑟𝑤

𝑛−1 (5-9) 

in which 𝛽𝑤 is the reduction factor for water kr data and is calculated using the stabilized 

pressure measured at the end of imbibition cycles. 

𝛽𝑤 = ∆𝑃 (𝑆𝑤𝑓
𝑛−2)/∆𝑃 (𝑆𝑤𝑓

𝑛 ) (5-10) 

in which the 𝑆𝑤𝑓 is the final water saturation measured at the end of the injecton cycle 

and 𝑛 represents the number of injection cycles. 
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Figure 5-7: Schematic of changes in the water relative permeability curves in the new 

WAG hysteresis model.  

In the available WAG hysteresis model, the formulation suggested by Carlson for 

directional hysteresis is used to estimate the gas kr data during the imbibition cycles. As 

mentioned before, the formulation of the directional hysteresis is suggested for two-phase 

systems and its use is questionable for WAG experiments. In the suggested model, the 

emphasis is on simulation of the cyclic hysteresis. The gas relative permeability is 

assumed to be decreased, using an empirical formulation in each cycle. It is very 

important to update the estimated final saturations at the end of each cycle. For the 

drainage cycle, it is proposed to use the reduction factor for gas kr data (𝛽𝑔) to estimate 

the reduction in gas relative permeability: 

𝐾𝑟𝑔
𝑛 =  𝛽𝑔. 𝐾𝑟𝑔

𝑛−1 (5-11) 

where 𝛽𝑔 is calculated using the stabilized pressure measured at the end of the drainage 

cycles: 

𝛽𝑔 = ∆𝑃 (𝑆𝑔𝑓
𝑛−2)/∆𝑃 (𝑆𝑔𝑓

𝑛 ) (5-12) 

For the imbibition cycles, another formulation is proposed to maintain the continuity 

in the kr data: 

𝐾𝑟𝑔
𝑛 = (

𝑆𝑔 − 𝑆𝑔𝑖
𝑛

𝑆𝑔𝑓
𝑛 − 𝑆𝑔𝑖

𝑛 ).  𝐾𝑟𝑔
𝑛−1 (5-13) 

in which 𝑆𝑔𝑖 and 𝑆𝑔𝑓 are the initial and final gas saturations for each injection cycle and 

n represents the number of injection cycles. 
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Figure 5-8: Schematic of changes in gas relative permeability curves in the new WAG 

hysteresis model.  

5.2.4 Application for Two-Phase Systems 

In two-phase systems, the relative permeability data need to be calculated for both 

wetting and non-wetting phases. The suggested hysteresis model can be used for 

simulation of cyclic hysteresis in two-phase systems. In this case, the formulations 

suggested for the water and gas phase in three-phase systems can be used in two-phase 

systems for the wetting and non-wetting phases, respectively. The calculations of final 

saturations are also similar to those for three-phase systems. However, in two-phase 

systems, there is more interaction between the wetting and non-wetting phases, in the 

absence of an intermediate phase. Hence, the relative difference term defined in the 

previous section is calculated for the wetting saturation and then the trapped non-wetting 

saturation is calculated accordingly. However, if the system is strongly water-wet or oil-

wet, the wetting phase is continuous and the changes in its saturation may be negligible. 

In the oil-wet systems, there is a possibility that the wetting phase becomes disconnected, 

hence the changes in the wetting saturation should be considered.  

The suggested formulations were used for simulation of the two-phase experiments 

(gas/water and oil/water) performed at HWU. For the strongly water-wet and oil-wet 

samples: 

𝑆𝑤 =  {
 𝑆𝑤𝑖       𝑏𝑒𝑔𝑖𝑛𝑖𝑛𝑔 𝑜𝑓 𝑎𝑛 𝐼𝑚𝑏𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝐶𝑦𝑐𝑙𝑒
𝑆𝑤𝑓           𝑏𝑒𝑔𝑖𝑛𝑖𝑛𝑔 𝑜𝑓 𝑎 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐶𝑦𝑐𝑙𝑒

 (5-14) 

in which 𝑆𝑤𝑖 and 𝑆𝑤𝑓 are the initial and final wetting saturations. For the weakly water-

wet and oil-wet samples, the relative difference in the wetting saturation should be 

estimated as: 
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(𝛿𝑤) = (
𝑆𝑤𝑓

𝑛 − 𝑆𝑤𝑓
𝑛−1

𝑆𝑤𝑓
𝑛 ) (5-15) 

𝑆𝑤𝑓 = 𝛿𝑤,  𝑎𝑣𝑒.  𝑆𝑤𝑓
𝑛−1 (5-16) 

The saturation of the non-wetting phase can then be simply calculated as: 

𝑆𝑛𝑤−𝑓 = 1 − 𝑆𝑤𝑓 (5-17) 

Following the above steps, the new developed model was used to simulate the two-phase 

experiments performed at HWU. The simulation results are presented in the next section. 

5.3 Simulation Results Using the Developed Model: 

5.3.1 Simulation of Three-Phase Experiments 

The new WAG hysteresis model was used to simulate four WAG experiments 

performed at HWU on sandstone rocks. The steps below should be followed to simulate 

a WAG experiment by the new developed model: 

1) First, the experiment is simulated (without considering hysteresis) to estimate the 

oil relative permeability reduction factor (𝛽𝑜). For this purpose, the oil relative 

permeability data are calculated using the modified 3P-Kr model. The obtained kr 

data are used as input kr data in the 2D-table in the simulation data file.  

2) If the simulation results are not satisfactory, the 𝛽𝑜 factor is changed and the 

corresponding kr data are modified in the 2D-table. During this tuning process, it 

is suggested to decrease the 𝛽𝑜 factor gradually from the initial value of one (which 

is equal to Stone’s first model). A good match of oil production for the first or 

second cycle is adequate, as the behaviour of the other cycles may be affected by 

the hysteresis phenomenon. 

3) The WAG hysteresis parameters (𝛽𝑤, 𝛽𝑔,  𝛿𝑜 and 𝛿𝑤, if needed) are calculated from 

the experimental data using the formulations described in the previous section. The 

relative difference in water saturation (𝛿𝑤) is assumed to be negligible in three-

phase systems (however, as explained before, it should be calculated for two-phase 

experiments). Knowing these parameters, gas and water kr data can be estimated 

for the next cycles. 
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4)  Finally, the data file is restarted and the updated water and gas kr data along with 

the new estimated end points are used for the simulation of the next cycle. 

The simulation results of four three-phase experiments are presented in the next 

subsections. 

5.3.1.1 Mixed-Wet Sandstone, Immiscible Condition, IDIDIDI 

The suggested method was used for simulation of WAG experiments performed at 

HWU. The first experiment was performed on a mixed-wet Clashach sandstone, at 

immiscible condition. The injection started with water injection and continued for another 

six cycles of drainage and imbibition (IDIDIDI). The first two cycles were history 

matched to find the two-phase kr data needed as input for the suggested model. If the 

steady-state kr data are available, they can be used directly in the model.  

Figure 5-9 shows the two-phase oil kr data in the presence of the water and gas phase, 

obtained from history matching of the first two cycles. Figure 5-10 shows the water and 

gas kr data used in the simulations. It is noted that the relative permeability data for the 

first water (W1) and first gas (G1) injection cycles were obtained by history matching 

while the rest of the curves were obtained using the suggested WAG hysteresis model. 

The reduction factors for water relative permeability (𝛽𝑤) were calculated from the 

experimental data and were 0.375, 0.88 and 0.94, for W2, W3 and W4, respectively. The 

reduction factors for gas relative permeability (𝛽𝑔) were calculated from the experimental 

data and were 0.5 and 1 for G2 and G3, respectively.  

The reduction factor for oil relative permeability (𝛽𝑜) in low saturation regions was 

obtained through history matching process and was 0.04. The relative difference in water 

saturation (𝛿𝑤) was assumed to be negligible and the relative difference in oil saturation 

(𝛿𝑜) was calculated as 0.023 per cycle. As mentioned before, the most important feature 

of the new suggested model is that many parameters are calculated using the experimental 

data rather than a trial and error procedure. The end points are updated when estimating 

the kr data for the next cycles. 
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(a)  

(b)  

Figure 5-9: The history matched two-phase oil relative permeability (a) in the presence 

of water phase (b) in the presence of gas phase (MW, ImM, IDIDIDI).  

Figure 5-11 and Figure 5-12 compare the simulation results with the experimental data 

for the pressure drop and the saturation profiles. It is clear that the model is able to 

simulate the pressure drop in gas injection cycles with good accuracy and the match 

obtained in water injection cycles is reasonable. The capillary pressure is not included in 

the simulation, which might be the reason for the observed mismatch in the pressure drop. 

The match of saturation profiles is good, especially at the final saturations. The gradual 

change in oil saturation has been simulated with good accuracy. As can be seen, the 

increase in the final gas saturation was also successfully simulated. The saturation profiles 

for gas and water during the experiment have been matched reasonably (the final values 

are estimated with good accuracy). 
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(a)  

(b)  

Figure 5-10: (a) Water and (b) Gas kr data used for simulation of WAG experiment (MW, 

ImM, IDIDIDI).  

 

Figure 5-11: Comparison of experimental pressure drop with those obtained from the 

simulation (MW, ImM, IDIDIDI). 
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(a) (b) 

(c)  

Figure 5-12: The comparison of the experimental data with simulation results obtained 

for (a) water, (b) gas and (c) oil saturation profiles (MW, ImM, IDIDIDI). 

To evaluate the accuracy of the suggested model for simulation of WAG experiments, 

the error in the estimation of the flow properties was calculated. The absolute and relative 

errors are widely used to calculate the errors in reservoir simulations. In this study, the 

relative errors of the predicted production rates were calculated. In addition, as the 

saturations are relative values (with respect to the pore volumes), the absolute errors of 

the predicted saturations are also presented. The relative and absolute errors are calculated 

as follows:   

Relative Error in Production =  
𝑄𝑠𝑖𝑚 −  𝑄𝑒𝑥𝑝

𝑄𝑒𝑥𝑝
∗ 100 (5-18) 

Absolute Error in Saturations =  𝑆𝑠𝑖𝑚 −  𝑆𝑒𝑥𝑝 (5-19) 

Figure 5-13, graph (a) shows the relative error in total production calculated at the end 

of each cycle. The maximum error in estimation of total water, gas and oil production at 

the end of each cycle is 3.5% which shows the capability of the model to simulate the 
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total production of the WAG experiment successfully. The error in estimation of fluid 

production at the end of last cycle (W4) represents the error in estimation of final 

production values, which is less than 1% for each phase.  

Figure 5-13, graph (b) shows the absolute error in fluid saturation calculated at the end 

of each cycle. The positive values indicate an overestimation and negative values indicate 

an underestimation of fluid saturations. The summation of errors in the estimation of oil, 

water and gas saturation is equal to zero at the end of each cycle. The maximum error 

calculated in the estimation of fluid saturation is for water saturation at the end of third 

gas cycle (G3), which is acceptable (2.5%). The error in the estimation of final fluid 

saturations at the end of the experiment (W4) is less than 0.5 % which shows great 

accuracy of the suggested model in the estimation of the total oil recovery. 

(a)  

(b)  

Figure 5-13: The error in simulation of a WAG experiment (MW, ImM, IDIDIDI). (a) 

Relative error in total production. (b) Absolute error in fluid saturations. 
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5.3.1.2 Mixed-Wet Sandstone, Near Miscible, DIDIDIDI 

The second WAG experiment, used here for evaluation, was previously performed at 

HWU on a mixed-wet Clashach sandstone at near-miscible condition. The experiment 

was started with gas injection and continued for another seven cycles (DIDIDIDI) of 

imbibition and drainage. Similarly to the previous simulation, the first two cycles were 

history matched to obtain the required two-phase kr data. Figure 5-14 shows the two-

phase oil kr data in the presence of the water and gas phase, obtained from history 

matching of the first two cycles. The suggested WAG hysteresis model was used to 

estimate the water and gas kr data used in the simulation of subsequent cycles (Figure 

5-15). The relative permeability data for the first gas (G1) and first water (W1) injection 

cycles were obtained by history matching. Using the experimental data, the reduction 

factors for water relative permeability (𝛽𝑤) were obtained as 0.5, 0.868, and 0.96 for W2, 

W3 and W4, respectively. The reduction factors for gas relative permeability (𝛽𝑔) were 

calculated as 0.5, 0.85 and 1 for G2, G3 and G4, respectively. The reduction factor for oil 

relative permeability (𝛽𝑜) was estimated as 0.04 in low saturation regions. The relative 

difference in water saturation (𝛿𝑤) was assumed to be negligible and the relative 

difference in oil saturation (𝛿𝑜) was calculated as 0.19 per cycle.  

(a)  
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(b)  

Figure 5-14: The history matched two-phase oil relative permeability (a) in the presence 

of water phase(b) in the presence of gas phase (MW, NM, DIDIDIDI).  

(a)  

(b)  

Figure 5-15: (a) Water and (b) Gas kr data used for simulation of the WAG experiment 

(MW, NM, DIDIDIDI).  
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Figure 5-16 and Figure 5-17 compare the simulation results with the experimental data 

for pressure drop and saturation profiles, respectively. The results show that using the 

proposed model, the pressure drop in gas and water injection cycles was simulated with 

acceptable accuracy. In addition, the fluid saturations were estimated with great accuracy, 

especially at the final saturations. In addition, the gradual production of the oil phase has 

been simulated successfully. Even though the model does not calculate the gas saturation 

directly, its value has been predicted successfully. As can be seen in Table 5-2, the change 

in water saturation at the end of the cycles was estimated at approximately 9%. Although 

the change in water saturation was ignored in the simulations, the water saturation profile 

has been matched successfully. The results indicate that the most important parameter in 

estimation of final saturations is the reduction factor for oil saturation (𝛿𝑜). It can be 

observed in Figure 5-3 that using the suggested modified Stone’s model does not improve 

the predictions in the last cycles. However, as mentioned above, this mismatch decreases 

when the hysteresis phenomenon is considered in the simulations (Figure 5-17-c). 

 

Figure 5-16: Comparison of the experimental pressure drop with the simulation results 

(MW, NM, DIDIDIDI). 
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(a) (b) 

(c)  

Figure 5-17: Comparison of the experimental data with simulation results obtained for (a) 

water, (b) gas and (c) oil saturation profiles (MW, NM, DIDIDIDI). 

Graph (a) in Figure 5-18 shows the relative error in total production calculated at the 

end of each cycle. The maximum error in estimation of total water, gas and oil production 

at the end of each cycle is almost 9% for water saturation at the end of the first water 

(W1) and second gas (G2) injection cycles, which is relatively high. However, the error 

in estimation of total fluid production (estimated at the end of W4) is less than 2% for 

each phase. This means that the model was able to simulate the total fluid production of 

the WAG experiment successfully. 

Figure 5-18, graph (b) shows the absolute error in fluid saturation calculated at the end 

of each cycle. The maximum error in the estimation of fluid saturation was obtained at 

the end of the second gas injection (~6%). The errors in estimation of final fluid 

saturations at the end of W4 are less than 2 %, which shows an acceptable accuracy of 

the suggested model in estimation of total oil recovery. 
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(a)  

(b)  

Figure 5-18: The error in simulation of the WAG experiment (MW, NM, DIDIDIDI). (a) 

Relative error in total production. (b) Absolute error in saturations. 

5.3.1.3 Mixed-Wet Sandstone, Near Miscible, IDIDID 

The third WAG experiment, used here for evaluation, was previously performed at 

HWU on a mixed-wet Clashach sandstone at near-miscible condition. The injection was 

started with water injection and continued for another five cycles (IDIDID) of drainage 

and imbibition. Figure 5-19 shows the history matched two-phase oil kr data used in the 

simulation. Figure 5-20 shows the water and gas kr data used in the simulations obtained 

using the suggested WAG hysteresis model. The reduction factor for water relative 

permeability (𝛽𝑤) was calculated as 0.68 for the change from the first to second water 

injection cycle. However, in this experiment the pressure drop at the end of the last cycle 

of water injection (W3) was lower than for the previous water injection (W2). This is in 

contrast to the behaviour observed in the other experiments and might be due to an error 
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in the experimental procedure. Hence, the next reduction factor was assumed to be equal 

to 1, because the trend in pressure drop was not normal. The reduction factor for gas 

relative permeability (𝛽𝑔) was calculated from the experimental data and obtained as 0.75. 

Its value for the next cycle was estimated to be 1, due to the abnormal behaviour observed 

in pressure drop. The values of 𝛽𝑔 and 𝛽𝑤 cannot be more than one. The cyclic injection 

of fluids involves trapping of non-wetting saturations and forming disconnected clusters 

of intermediate and wetting phase. The relative permeability may increase if two 

disconnected clusters re-join and form a connected path from inlet to outlet; however, it 

is still very unlikely that the relative permeability of the phases can increase during the 

cyclic injection. 

The experiment was history matched, ignoring hysteresis, and the value of the 

reduction factor for oil relative permeability (𝛽𝑜) which was obtained as 0.1. The relative 

difference in water saturation (𝛿𝑤) was assumed to be negligible and the relative 

difference in oil saturation (𝛿𝑜) was calculated to be 0.26 per cycle.  

(a)  

(b)  

Figure 5-19: The history matched two-phase oil relative permeability (a) in the presence 

of the water phase (b) in the presence of the gas phase (MW, NM, IDIDID).  
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(a)  

(b)  

Figure 5-20: (a) Water and (b) Gas kr data used for simulation of WAG experiment (MW, 

NM, IDIDID).  

Figure 5-21 and Figure 5-22 show the estimated pressure drop and the saturation 

profiles, respectively. As mentioned previously, the pressure drop in the third water 

injection cycle was reduced compared to that in the previous water injection cycle. This 

might have been due to a human error or a faulty device. The reduction factor for water 

relative permeability was assumed to be equal to 1 for this cycle. The model is able to 

simulate the pressure drop in gas and water injection cycles with acceptable accuracy. It 

is worth mentioning that the capillary pressure is not included in the simulation and this 

might be the reason for the mismatch observed in the system. However, the fluid 

saturations are estimated with great accuracy, especially at the final saturations.  
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Figure 5-21: The comparison of experimental pressure drop with the data obtained from 

the simulation, MW, NM, IDIDID. 

  

(a) (b) 

(c)  

Figure 5-22: Comparison of the experimental data with simulation results obtained for (a) 

water, (b) gas and (c) oil saturation profiles (MW, NM, IDIDID). 
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Error analysis was performed to investigate the performance of the model for 

simulation of WAG experiments. In Figure 5-23, graph (a) shows the relative error in total 

production calculated for simulation of WAG experiments at the end of each cycle. The 

average error in the estimation of total water, gas and oil production at the end of each 

cycle is 3%, which is acceptable. However, the error in estimation of fluid production at 

the end of third gas injection cycle is the error in estimation of total oil recovery which is 

less than 2%. This means that the model was able to simulate the total fluid production of 

WAG experiment successfully. Graph (b) in Figure 5-23 shows the absolute error in fluid 

saturation calculated at the end of each cycle. The maximum error in the estimation of 

fluid saturation was obtained at the end of the experiment (~2.5%), which shows 

acceptable accuracy of the suggested model in estimation of final saturations. The error 

in estimation of oil saturation was lower compared to those obtained for the gas and water 

phases. 

(a)  

(b)  

Figure 5-23: The error in simulation of WAG experiment (MW, NM, IDIDID): (a) 

relative error in total production; (b) absolute error in saturations. 
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5.3.1.4 Water-Wet Sandstone, Near Miscible, IDIDID 

The fourth experiment, used here for evaluation, was previously performed at HWU 

on a water-wet Clashach sandstone at near-miscible conditions. The experiment 

commenced with water injection and continued for another five cycles (IDIDID) of 

drainage and imbibition. Figure 5-24 shows the water and gas kr data used in the 

simulations. The reduction factors for water relative permeability were calculated as 0.73 

and 0.96, based the measured pressure drops in the imbibition cycles. However, the 

experiment was accurately simulated with no reduction in water permeability (𝛽𝑤 = 1). 

The explanation for this observation is that the sample is water wet and water saturation 

is a continuous phase which occupies the small pores. Hence, its relative permeability is 

not affected by the trapped gas saturation. The reduction factors for gas relative 

permeability were calculated as 0.41 and 0.54 for G2 and G3, according to the 

experimental data. 

 

(a)  

(b)  

Figure 5-24: (a) Water and (b) gas kr data used for simulation of the WAG experiment 

(WW, NM, IDIDID).  
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Figure 5-25 shows the oil relative permeability calculated in the presence of water and 

gas phases. The reduction factor for oil relative permeability was estimated as 1 in the 

low saturation regions (which means that oil flow in this sample can also be simulated 

using the Stone I model). The relative difference in water saturation was assumed to be 

negligible and the relative difference in oil saturation was calculated as 0.5 per cycle. The 

trapped gas saturation was calculated based on the reduction in oil saturation and 

negligible changes in water saturation. The end points were updated when estimating the 

kr data for next cycles. 

(a)  

(b)  

Figure 5-25: The history matched two-phase oil relative permeability (a) in the presence 

of water phase (b) in the presence of gas phase (WW, NM, IDIDID).  

Figure 5-26 and Figure 5-27 compare the simulation results with the experimental data 

for pressure drop and the saturation profiles, respectively. As mentioned previously, the 

reduction factor for water kr data was calculated based on the pressure drop data. 

However, the increase in pressure drop was successfully simulated without any reduction 

in water relative permeability. It is likely that this occurred because of the significant gas 

trapping in the system, which reduces the available path for the water phase and increases 
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the pressure drop in the system. The saturation profile also showed good accuracy in the 

simulation of fluid saturation profiles. 

 

Figure 5-26: Comparison of simulation results with the measured pressure drop, WW, 

NM, IDIDID. 

  

(a) (b) 

(c)  

Figure 5-27: Comparison of the experimental data with simulation results obtained for (a) 

water, (b) gas and (c) oil saturation profiles (MW, NM, IDIDID). 
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Figure 5-28, graph (a) shows the relative error in total production calculated at the end 

of each cycle. The error in estimation of total water, gas and oil production at the end of 

each cycle reaches just below 3%, which is acceptable. The error in estimation of total oil 

recovery is less than 4% for the oil phase. This means that the model was able to simulate 

the total fluid production of the WAG experiment successfully within an acceptable level 

of accuracy. Graph b in Figure 5-28) shows the absolute error in fluid saturation, 

calculated at the end of each cycle. The maximum error in the estimation of fluid 

saturation was obtained at the end of the experiment (~4%) for the gas phase, which is 

still acceptable. It can be seen that, although the value of gas saturation is underestimated, 

the oil saturation is calculated with good accuracy. 

(a)  

(b)  

Figure 5-28: The error in simulation of WAG experiment (WW, NM, IDIDID): (a) 

relative error in total production. (b) absolute error in saturations. 
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5.3.1.5 Comparison of the Estimated Pressure Drops for the Three-Phase 

Experiments 

Figure 5-29 compares the errors in estimated pressure drop at the end of each cycle for 

the four WAG experiments discussed previously. The results show that the error in 

estimation of pressure drop at the end of gas injection cycles is greater than that for water 

injection cycles. It is likely that this could be due to the comparable capillary pressure 

with respect to the viscous force in the gas injection cycles. The hysteresis in capillary 

pressure is a very complex topic which needs to be studied in detail. 

 

Figure 5-29: Comparison of error in estimation of pressure drop in four different WAG 

experiments.  

5.3.2 Simulation of Two-Phase Experiments 

5.3.2.1 Mixed-wet Sandstone, Immiscible, Oil/water (IDIDI) 

As mentioned before, the suggested hysteresis model can be used for simulation of the 

cyclic hysteresis in two-phase systems. The two-phase experiments used here for 

evaluation of the suggested model have been previously performed on fully water 

saturated samples. Hence, the first drainage cycle is similar to displacement of the 

interstitial water in a reservoir. Since the WAG hysteresis model is suggested for cyclic 

injection in an oil-saturated system, the model is not able to simulate the first drainage 

cycle. Therefore, the first cycles (i.e. primary drainage cycles) are only history matched 

and the subsequent cycles are simulated using the suggested model (IDIDI). The relative 
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permeability of the first cycle is not shown in the relative permeability graphs, since it is 

not a part of the WAG experiment. The sample is a mixed-wet Clashach sandstone and 

the increase in trapped oil saturation will result in a variation in water saturation; hence it 

can decrease the available pore space for the water phase during the imbibition cycles. 

The generalised model was used to simulate the fluid flow in the oil/water experiment. 

Figure 5-30 shows the oil and water kr data calculated using the suggested hysteresis 

model. The reduction in water relative permeability was estimated as 0.9 and 0.96 for the 

second and third water injection cycles, respectively. The reduction in oil relative 

permeability was estimated as 0.9. The relative difference in water saturation was 

estimated as 0.02 for each imbibition cycle. Since the amount of trapped oil saturation is 

minimal, the changes in water and oil relative permeability are not significant.  

  

(a) (b) 

Figure 5-30: (a) Water and (b) oil kr data used for simulation of two-phase experiment, 

oil/water (MW, ImM, IDIDI).  

Figure 5-31 compares the experimental pressure drop with the simulation results. 

Based on the simulation results, the pressure drop in the two-phase systems has been 

simulated using the suggested model, similarly to the pressure drops in the three-phase 

experiments. It should be noted that the hysteresis in capillary pressure is ignored and a 

constant capillary pressure is assumed in all cycles. Figure 5-32 compares the saturation 

profile measured in the two-phase experiment with the simulation results. As seen, the 

changes observed in the saturations were simulated with good accuracy. Unlike the results 

obtained using the available hysteresis models for two-phase systems, the increase in 

trapped non-wetting saturation is calculated successfully. As shown, the changes in water 

and oil kr data are very small but the impact on pressure drop is not negligible. As 

mentioned above, the hysteresis in strongly water-wet systems is not significant, since the 
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wetting phase is a continuous phase. This might be the reason that the cyclic hysteresis is 

assumed to be negligible in the available two-phase hysteresis models, which were 

developed based on the experimental data from water-wet samples. 

 

Figure 5-31: Comparison of the experimental pressure drop with the simulation results 

for oil/water system. 

(a)  

(b)  

Figure 5-32: Comparison of experimental saturation profile with the simulation results 

for oil/water (MW, ImM, IDIDI). 
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5.3.2.2 Mixed-wet Sandstone, Immiscible, Gas/water (IDIDI) 

Another two-phase gas/water experiment, performed on a fully water saturated 

sample, was used in this evaluation. In this experiment, the first drainage cycle is similar 

to the displacement of the interstitial water in reservoir. Hence, similar to the oil-water 

experiment, the first cycle was simulated by history matching and the subsequent cycles 

were simulated using the suggested model.  

The generalised model developed in this study was used to simulate the fluid flow in 

this experiment. Figure 5-33 shows the gas and water kr data calculated using the 

suggested method. The reduction factors for water relative permeability were calculated 

as 0.87 and 0.95, using the experimental data. The reduction factor for gas relative 

permeability was estimated equal to 1. The relative difference in water saturation was 

calculated as 0.02, using the experimental data for each imbibition cycle. Since the 

amount of trapped gas saturation is minimal, the changes in gas and water kr data are not 

significant. 

  

(a) (b) 

Figure 5-33: (a) Water and (b) gas kr data used for simulation of the gas/water experiment 

(MW, ImM, IDIDI).  

Figure 5-34 compares the calculated pressure drop with the simulation results. The 

results show that the model can simulate the pressure drop of the two-phase systems as 

well as the pressure drop of the three-phase experiments. The hysteresis capillary pressure 

is ignored and a constant capillary pressure is assumed in all cycles. It is likely that the 

observed mismatch in the second and third gas injection cycles is due to the hysteresis in 

capillary pressure. Figure 5-35 compares the saturation profile measured in the two phase 

gas/water experiment with the simulation results. As shown, the changes observed in the 

saturations can be accurately predicted using the generalized model.  
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Figure 5-34: Comparison of the experimental pressure drop with the simulation results 

for gas/water (MW, ImM, IDIDI). 

(a) 

 

(b) 

 

Figure 5-35: Comparison of experimental saturation profile with the simulation results 

for gas/water (MW, ImM, IDIDI). 

5.3.3 Study of the WAG Hysteresis Parameters 

One of the important questions when designing a WAG experiment is the number of 

injection cycles that needs to be performed. The effects of cyclic hysteresis on flow 
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behaviour may not be fully observed in a short WAG experiment; however, a long 

experiment is very time-consuming. Table 5-3 shows the values obtained for the 

parameters of the new WAG hysteresis model described in this chapter for the simulation 

of the WAG experiments performed at HWU. The results show that, in all experiments, 

the values of the reduction factor in gas and water kr data increase and reach one. This 

means that after several cycles the cyclic hysteresis in gas and water kr data is negligible 

in the system. It can be explained that this is because after several cycles the flow paths 

are established for each phase and less gas can be trapped in the system. Therefore, the 

WAG experiments need to be continued until no further changes are observed in the 

system. In addition, when performing the simulations, the cyclic hysteresis can be 

assumed to be negligible after certain number of cycles. 

Table 5-3: The values of the WAG hysteresis parameters obtained in this chapter for 

simulation of WAG experiments. 

Experiment 𝜹𝒐 𝜷𝒐 𝜷𝒘 𝜷𝒈 

(1) MW, IDIDIDI, IM 0.023 0.04 0.375 - 0.88 - 0.94 0.5 - 1 

(2) MW, DIDIDI, NM 0.19 0.04 0.5 - 0.868 - 0.96 0.5 - 0.85 

(3) MW, IDIDID, NM 0.26 0.1 0.68 - 1 0.75 - 1 

(4) WW, IDIDID, NM 0.25 1 Matched with βw=1 0.41 – 0.54 

(5) MW, IDIDI, GW - - 0.87, 0.95 𝛽𝑔 =1 

(6) MW, IDIDI, OW - - 0.9, 0.96 𝛽𝑜 =0.9 

The WAG experiments performed at near-miscible conditions show an increase in oil 

production compared to the immiscible conditions. The results presented in this chapter 

show that this increase in oil production can be successfully simulated using the suggested 

method. Hence, there is no need to differentiate the hysteresis behaviour in the WAG 

experiments performed at immiscible and near-miscible conditions. 

5.4 Summary and Conclusion 

In this chapter, a new hysteresis model has been suggested, which can be used for more 

accurate estimation of ultimate recovery value in WAG injection scenarios. The aim was 

to propose a generalised model which can simulate the cyclic hysteresis in both two-phase 
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and three-phase system. In addition, it is desirable to develop a model with fewer 

parameters, which can be calculated from the experimental data instead of history 

matching. 

In the previous chapter, it was explained that the Stone I model is suggested for steady-

state 3-phase experiments and requires modification to be used for simulation of WAG 

experiments (regardless of hysteresis). Hence, a reduction factor was introduced in the 

Stone I model which improves the estimation of the gradual oil production in WAG 

experiments (at low oil saturations). The reduction factor for the oil kr data is determined 

through history matching of the experiment while no hysteresis is considered. The 

proposed empirical formulations should thus be to calculate the water and gas kr data 

which can capture the observed behaviour in the two and three-phase systems. The 

reduction factors for the water and gas relative permeability were calculated using the 

experimental data, to decrease the number of parameters obtained by trial and error. 

In addition, as mentioned earlier, the trapped gas saturation can be overestimated when 

using the available WAG hysteresis model. Hence, in this chapter, a new approach was 

suggested to calculate the end point saturations for each cycle. This approach was based 

on the determination of oil and water saturation. The changes in oil saturation for each 

cycle were calculated and an average value was obtained. The changes in water saturation 

may be negligible or considered, according to the wettability condition. The gas saturation 

is determined from the estimated water and oil saturations.  

Finally, to evaluate the performance of the proposed model, four WAG experiments 

performed at HWU were simulated and compared with the experimental data (MW 

&WW, NM & ImM). The errors in prediction of pressure drop and saturations were 

calculated and discussed. It was shown that the saturations and the total fluid production 

had been simulated successfully. The model also captured the observed cyclic hysteresis 

in the two-phase experiments (gas/water, oil/water). However, it was found that the 

changes in kr data and saturations are not significant in the two-phase systems, because 

the wetting and non-wetting phases have less interaction compared to the three-phase 

systems. 
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Chapter 6. Reservoir Scale Studies 

6.1 Introduction 

In the previous chapters, the development and application of the two- and three-phase 

hysteresis models (available in the literature) have been studied. However, the application 

of these hysteresis models for reservoir-scale simulations is much more complicated. 

During the WAG injection process, the lighter phase (i.e. gas) mostly flows though the 

top of the reservoir, while the heavier phase occupies the lower part of the reservoir layer. 

Due to this gravitational segregation, a two-phase gas-oil region can form at the top of 

the reservoir layer while a two-phase water-oil system exists at the bottom of the 

reservoir. Despite several studies in the literature on three-phase hysteresis, practical 

application of the developed models for reservoir scale simulation is still a controversial 

topic. There is currently no agreement as to whether the volume of the three-phase region 

is considerable compared to the size of the reservoir since most of the reservoir’s volume 

is a two-phase system, due to gravity segregation. In other words, the impact of three-

phase hysteresis (in the three-phase region) on the overall simulation results are not well 

understood. Therefore, the effect of WAG hysteresis on the final simulation results might 

be negligible at reservoir scale; hence, the two-phase hysteresis models may be 

considered adequate for the simulation of WAG experiments.  

In this chapter, the results obtained from the field-scale simulations described in 

previous chapters are used to investigate the impact of using different 3P-Kr models at 

reservoir scale. In addition, the simulation results are also used to study the impact of the 

cyclic hysteresis phenomenon at reservoir-scale. The simulation results presented in this 

chapter show that the three-phase hysteresis phenomenon cannot be ignored during 

reservoir scale simulations. The effect of changes in the 3P-Kr model on reservoir scale 

simulation results is not considerable, However, the reduction in water and gas kr data 

can affect the simulation results significantly. Finally, the limitations of Eclipse software 

in simulation of two- and three-phase cyclic hysteresis at reservoir scale are discussed.  
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6.2 Description of The Model 

6.2.1 Fluid Properties 

The fluid used in the HWU experiments was C1-C4 binary fluid system. In these 

experiments, the pressure of the fluid was reduced to the required pressure for the 

experimental conditions. The equilibrated oil and gas phases were then separated and 

used in the experiment to reduce the mass transfer between the oil and gas phase in the 

system. Considering this, a black-oil model was used in this study.  

For the reservoir scale simulations presented in this chapter, a synthetic fluid composition 

was chosen which consisted of heavier components, to simulate realistic fluid systems. 

Since the experimental kr data were used in the simulations, the fluid composition was 

chosen such that its fluid properties such as density and viscosity were as close as possible 

to the properties of the binary fluid used in the experiments. Table 6-1 shows the fluid 

composition used for the reservoir scale simulations.  

Table 6-1: The composition of the synthetic crude oil used in the reservoir-scale 

simulations (%). 

C1 C2 C3 C4 C6 C8 C10 C13 C15 

35 20 10 5 5 5 5 5 10 

Figure 6-1 shows the phase diagram of the synthetic fluid. The compositions of the 

equilibrated oil and gas at a pressure of 2500 psi (initial reservoir pressure) were used in 

the simulations. The oil in place and the injected gas were assumed to have the same 

composition as the equilibrated oil and gas, respectively. This assumption was made to 

reproduce similar condition to the equilibrated experimental condition. Figure 6-2 shows 

the interfacial tension (IFT) between the equilibrated oil and gas phases at different 

pressures. Since in these simulations the reservoir pressure changes between 1200-2500 

psi, the corresponding gas/oil IFT changes between 0- 5.9 mN/m, which is comparable 

with the range of IFT of the binary fluid used in the experiments performed at HWU (0.04 

to 2.7 mN/m).  

Table 6-2 compares the density and viscosity of the synthetic fluid with the properties 

of the binary fluid used in the experiments. As observed, the densities of the synthetic oil 

and gas phases are more realistic compared to those for the binary fluid. The density 
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difference between the gas and oil phases is higher in the synthetic fluid compared to the 

binary fluid, due to the presence of heavy components. 

Figure 6-1 shows the phase diagram of the synthetic fluid. The compositions of the 

equilibrated oil and gas at a pressure of 2500 psi (initial reservoir pressure) were used in 

the simulations. The oil in place and the injected gas were assumed to have the same 

composition as the equilibrated oil and gas, respectively. This assumption was made to 

reproduce similar condition to the equilibrated experimental condition. Figure 6-2 shows 

the interfacial tension (IFT) between the equilibrated oil and gas phases at different 

pressures. Since in these simulations the reservoir pressure changes between 1200-2500 

psi, the corresponding gas/oil IFT changes between 0- 5.9 mN/m, which is comparable 

with the range of IFT of the binary fluid used in the experiments performed at HWU (0.04 

to 2.7 mN/m).  

Table 6-2: Comparison of the density and viscosity of the synthetic fluid with those of 

the binary fluid used in the experiments. 

Phase Fluid 
Density 

(kg/m3) 

Viscosity 

(cp) 

Gas 
Synthetic fluid 123.66 0.0171 

C1-C4 (Used in the experiments) 211.4 0.0249 

Oil 

Synthetic fluid 579.62 0.1306 

C1-C4 (Used in the experiments) 317.4 0.0405 
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Figure 6-1: The phase diagram of the synthetic crude oil (PVTi Eclipse) 

 

Figure 6-2: The interfacial tension between the equilibrated oil and gas phases at different 

pressures (synthetic fluid used in this study). 

6.2.2 Reservoir Properties 

In this study, a WAG injection scenario was simulated in a quarter of a typical five-

spot reservoir (Figure 6-3). As seen, the injection and production wells were located at 

two corners of the reservoir. The porosity and permeability of the reservoir were assumed 

to be homogenous and isotropic to represent the Clashach sandstone core and avoid the 
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complexities associated with the up-scaling process. As mentioned before, the 

permeability and porosity of the Clashach sandstone were 65md and 18.2%, respectively. 

The irreducible water saturation was assumed to be uniform throughout the reservoir and 

equal to 0.18 (to be consistent with the experimental data). The dimensions of the model 

were assumed to be 1000 ft *1000 ft*150 ft. The thickness of the reservoir was assumed 

150 ft, to simulate the gravity underride and override with more accuracy. The hysteresis 

in capillary pressure was assumed to be negligible to reduce the complexity. 

 

Figure 6-3: The schematic of the reservoir model used for the simulations (one quarter of 

five-spot injection plan). 

The reservoir model was assumed to be located 4000 feet below the surface and the 

hydraulic pressure at this depth was 2500 psi. Two injection scenarios were simulated: 

one starting with gas injection (DIDID) and one starting with water injection (IDIDI). 

Each injection cycle lasted five years. The water injection rate was constant and equal to 

1000 STB/day (2000 res bbl/day) while the bottom-hole pressure at the injection well 

reached up to 3000 psi. The gas injection cycles were controlled by constant bottom-hole 

pressure (3000 Psi) with maximum injection rate of 6000 MSCF/day (5367 res. bbl/Day). 

The production rate was equal to 1000 STB/day, while the constraint for bottom-hole 

pressure was 1200 psi. A sensitivity analysis was performed to investigate the effect of 

the block size on the simulation results. Figure 6-4 shows the simulation results when 

various block sizes were used. As seen in this figure, no significant change was observed 

between the oil production obtained from 20*20*10 blocks and smaller blocks (i.e. 
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25*25*10). Considering this finding, the reservoir was described using 20*20*10 blocks 

in this study.  

 

Figure 6-4: The results of the sensitivity analysis performed to investigate the impacts of 

block size on oil production. 

These simulations were performed to study the WAG hysteresis at large-scale. The 

experimental data previously reported at HWU were used as input data. The core-scale 

experimental data cannot be directly used in field scale reservoir simulations. These data 

need to be scaled up to consider the effects of heterogeneity, regional wettability and flow 

direction in the field. The upscaling of the three-phase kr data, which requires extensive 

study, is out of the scope of this research. Hence, in this study, a simple homogenous 

isotropic reservoir was modelled, to reduce the uncertainties regarding the up-scaling of 

relative permeability data. 

6.3 Simulation Results 

6.3.1 The Effect of Using Modified Stone I Model at Reservoir-Scale 

As mentioned before, the simulation of three-phase systems requires a 3P-Kr model, 

which is used to estimate the three-phase kr data from the measured two-phase kr data. 

Several 3P-Kr models are available in the literature and in commercial simulators such as 

the Eclipse software package. It was explained in the previous chapters that the available 

3P-Kr models were developed for steady-state experiments which involve co-injection of 

the three phases. In such experiments, a connected path is available for the oil phase from 

inlet to outlet. Therefore, these models are not adequate for oil flow in the WAG 
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experiments, where the oil phase forms disconnected clusters and its relative permeability 

decreases significantly. In the previous chapter, a new modification for Stone’s first 

model was introduced which can be used for accurate estimation of three-phase kr data 

in the low oil saturation regions: 

For So > Sorw (Stone I):  

𝑘𝑟𝑜 =  𝑘𝑟𝑜𝑐𝑤.  𝑆𝑆𝑜 . 𝐹𝑤. 𝐹𝑔 ,              𝑆𝑜𝑚 = 0 

(6-1) 

For So < Sorw (Modified Stone I):  

𝑘𝑟𝑜 = 𝛽𝑜 .  𝑘𝑟𝑜𝑐𝑤.  𝑆𝑆𝑜 . 𝐹𝑤 . 𝐹𝑔 ,        𝑆𝑜𝑚 = 0 

(6-2) 

The minimum oil saturation (𝑆𝑜𝑚) is set equal to zero, to improve the performance of 

the model at very low oil saturations. Although zero oil saturation may not be physically 

observed, it is selected to cover a wider range when oil saturation is significantly low in 

homogenous rock samples. 

In the previous chapters, the performance of the new model was reported when the 

results of core-scale simulations were compared with the flow behaviour in Clashach 

sandstone. The value of the oil reduction factor (𝛽𝑜) was obtained through history 

matching and was equal to 1, 0.1 and 0.04 for different WAG experiments performed at 

HWU. In Chapter 5, it was shown that using the modified Stone’s model improves the 

estimation of final oil saturation significantly in core-scale simulations. However, since 

most of the reservoir blocks experience two-phase flow, the changes in oil relative 

permeability may have negligible effects on simulation results at reservoir-scale. In 

addition, among the few blocks which undergo the three-phase flow, only a small number 

may experience low oil saturation. To investigate the impact of using different 3P-Kr 

models, the suggested modified Stone model was used in the reservoir-scale simulations 

and the results obtained were compared with those obtained from Stone’s first model. In 

this comparison, the WAG hysteresis phenomenon was not considered. The values of the 

oil reduction factor (𝛽𝑜) were assumed to be 1, 0.1 and 0.04, in consistence with the core-

scale simulations. The formulation of the modified Stone model presented in this chapter 

becomes equal to that of the Stone I model when (𝛽𝑜 = 1). However, in the modified 

Stone model, it is assumed that minimum oil saturation is zero, while in the “default” 

option for Stone’s first model in Eclipse software, it is assumed that the three-phase 

residual oil saturation is equal to the minimum residual oil saturation measured in two-

phase systems (oil-water and gas-water): 
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 𝑆𝑜𝑚 = min(𝑆𝑜𝑟𝑤 , 𝑆𝑜𝑟𝑔 ) (6-3) 

  Figure 6-5 and Figure 6-6 present the simulation results of WAG injection, starting 

from a water injection cycle (IDIDI) and gas injection cycle (DIDID), respectively. The 

average saturation profiles are plotted for oil, water and gas saturations at the end of the 

injections. As expected, during the first and second cycles, the average oil saturation of 

the reservoir does not reach the low saturation range (i.e. So > Sorw). Hence, the simulation 

results (obtained from both models) are equal for these cycles. As the WAG injection 

continues, the system reaches the low oil saturation range and the difference between the 

two 3P-Kr models becomes obvious. 

In addition, when comparing the results obtained for the two injection scenarios (i.e. 

IDIDI and DIDID), it can be concluded that the decrease in final oil recovery is 

independent of the injection plan. Changes in the estimation of three-phase oil kr data 

result in changes in the gas saturation profile, while the water saturation profiles mainly 

remain unaffected in both scenarios.  

From the simulation results, the final oil saturation of the reservoir was obtained as 

0.22 when the default option of Stone’s first model was used. This value was equal to the 

residual oil saturation measured in the water-oil system (Som=Sorw). When the modified 

Stone’s model (𝛽𝑜 = 0.1, 0.04  and 𝑆𝑜𝑚 = 0) was used, the final oil saturation was 

reduced by about 3%. The reduction in oil saturation was up to 5% for the modified 

Stone’s model (𝛽𝑜 = 1 and 𝑆𝑜𝑚 = 0 ). Thus, considering the volume of the reservoir 

model, the error in estimation of the oil production can be up to 210 res. bbl. It can be 

concluded that the difference between the results obtained from the models is not 

significant at reservoir scale. It is likely that this was because three-phase fluid flow only 

occurs in a small volume of the reservoir and for the rest of the reservoir it is mostly two-

phase (gas-oil or water-oil). 

Figure 6-7 shows the reservoir pressure for different injection scenarios (starting with 

water and starting with gas). As can be seen, the impact of changing the 3P-Kr model is 

more dominant in the later cycles, when oil saturation in the three-phase region reaches 

low values. The difference between the curves increases in the final injection cycle. 
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(a)  

(b)  

(c)  

Figure 6-5: The effect of changing the 3P-Kr model on the average (a) field oil saturation, 

(b) field water saturation and (c) field gas saturation (IDIDI). 
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(a)  

(b)  

(c)  

Figure 6-6: The effect of changing the 3P-Kr model on the average (a) field oil saturation, 

(b) field water saturation and (c) field gas saturation (DIDID). 
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(a)  

(b)  

Figure 6-7: The effect of changing the 3P-Kr model on the reservoir pressure: (a) IDIDI 

injection plan, (b) DIDID injection scenarios. 

6.3.2 The Effect of Using Generalised Hysteresis Model at Reservoir-Scale 

As stated previously, the main aim of this study was to develop a WAG hysteresis 

model to be used for reservoir scale simulations. In this section, the practical application 

of the new developed model for reservoir-scale simulation of WAG injection is 

investigated. 

It was explained that a WAG hysteresis model consists of three important parts. The 

first part is a 3P-Kr model, which is needed to estimate the three-phase oil relative 

permeability from the two-phase data. As pointed out, the impact of different 3P-Kr 

models may not be significant at reservoir scale because, although the fluid flow in a 
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small volume of the reservoir becomes three-phase, in the most of the reservoir it is two-

phase (gas-oil or water-oil).  

The second part of a WAG hysteresis model is the formulation for the reduction in gas 

and water relative permeability. As mentioned in Chapter 5, to evaluate the impact of 

reduction in relative permeability on reservoir-scale simulations, the reservoir model 

should be restarted at the beginning of each cycle, using the reduced gas and water kr 

data.  

In this study, the relative permeability data were obtained for one of the WAG 

experiments performed at HWU on a mixed-wet Clashach sandstone at near-miscible 

conditions. The experiment commenced with gas injection and continued for another 

seven cycles (DIDIDIDI) of imbibition and drainage. The core-scale simulation results 

for this experiment were presented in Chapter 5 and thoroughly discussed. The first two 

cycles were history matched to obtain the required two-phase kr data. Figure 6-8 shows 

the two-phase oil kr data in the presence of the water and gas phase, which were obtained 

from history matching of the first two cycles. The suggested WAG hysteresis model was 

used to estimate the water and gas kr data used in the simulation of subsequent cycles 

(Figure 6-9). The relative permeability data for the first gas (G1) and first water (W1) 

injection cycles were obtained by history matching. The hysteresis parameters obtained 

for this WAG experiment are shown in Table 6-3. 

 

Table 6-3: The WAG hysteresis parameters used for performing the reservoir scale 

simulations (MW, NM, DIDIDIDI)  

𝛿𝑜 0.19 

𝛽𝑜 0.04 

𝛽𝑤 0.5, 0.868, 0.96 

𝛽𝑔 0.5, 0.85, 1 
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(a) (b) 

Figure 6-8: Two phase oil relative permeability (a) in the presence of water (b) in the 

presence of gas (MW, NM, DIDIDIDI).  

  

(a) (b) 

Figure 6-9: Water and gas kr data used for simulation of WAG experiment (MW, NM, 

DIDIDIDI).  

First, the reservoir-scale simulation was performed considering the directional 

hysteresis. The trapping coefficient was assumed to be 3.5 and the Stone’s first model 

was used as the 3P-Kr model. Then, the simulation was repeated using the gas and water 

kr data obtained from the suggested WAG hysteresis model in this thesis. The oil relative 

permeability was calculated using the modified Stone’s model introduced in this thesis 

and input as in the 2D-table. The directional hysteresis was simulated indirectly through 

the history matched kr data.  

The fluid saturation profiles are shown in Figure 6-10. The results show that the 

average gas saturation is higher when only the directional hysteresis is considered in the 

simulations. On the other hand, the water saturation is lower compared to the results 

obtained from using the WAG hysteresis model. The reason is that the formulations of 

directional hysteresis are developed for systems that reach the residual saturations. Hence, 



Chapter 6: Reservoir Scale Studies  

 

162 

 

the trapped gas saturation is overestimated in the reservoir blocks that do not reach the 

residual oil saturation. It was explained previously that the gradual production of the oil 

phase during the WAG experiment can only be simulated by using the WAG hysteresis 

model. In line with the core scale simulation results, the obtained reservoir-scale 

simulation results showed a significant difference in the predicted average oil saturation. 

As shown in Figure 6-10, the difference between the two curves is more than 10%. 

(a)  

(b)  
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(c)  

Figure 6-10: The effect of WAG hsyteresis on the estimation of fluid saturations 

(reservoir-scale simulations).  

Figure 6-11 shows the bottom hole pressure for the gas and water injection wells. It 

can be observed that the changes in estimation of gas and water relative permeability data 

affect the bottom-hole pressure of the gas injection well significantly, whereas no 

difference is observed in the bottom-hole pressure of the water injection well. Hence, 

ignorance of the WAG hysteresis in the simulations can have significant impact on the 

design and assessment of the WAG injection scenarios.  

(a)  
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(b)  

Figure 6-11: The effect of WAG hysteresis on the estimation of bottom-hole pressures 

(reservoir-scale simulations). 

Figure 6-12 compares the reservoir pressure obtained for two the cases. The average 

reservoir pressure was higher when the WAG hysteresis model was used for calculation 

of the gas and water relative permeability. The gas and water relative permeability were 

reduced significantly in each cycle when the WAG hysteresis model was used. Hence, 

there was a greater increase in reservoir pressure compared to the other case. 

 

Figure 6-12: The effect of WAG hysteresis on the estimation of average reservoir pressure 

(reservoir-scale simulations). 
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6.4 Limitations of the Commercial Simulators  

The commercial simulators (e.g. Eclipse software) can be used for simulation of two- 

and three-phase hysteresis phenomena at core-scale and reservoir-scale. The results of the 

WAG hysteresis model are more accurate for core-scale simulations, since the system is 

relatively small and there is not a significant difference between the saturation histories 

of different blocks. However, in reservoir-scale simulations, the water and gas phases 

tend to override or underride the oil layer, hence both two-phase and three-phase fluid 

flow occurs. In this section, some limitations of the Eclipse software for simulation of 

WAG injection scenario at reservoir-scale are discussed. 

One of the main constraints of the Eclipse software for simulating WAG injection 

scenarios is the estimation of two-phase hysteresis in different parts of the reservoir. As 

mentioned before, the upper blocks are two-phase gas-oil systems while the lower blocks 

are two-phase water-oil systems. In Chapter 3, it was pointed out that the value of the 

Land trapping coefficient is different for water-oil and gas-oil systems. However, when 

simulating the hysteresis at reservoir-scale, one value is used for the simulation of two-

phase hysteresis in all parts of the reservoir.  

Figure 6-13 shows a schematic of different reservoir blocks during the second water 

injection cycle at reservoir-scale (IDI injection scenario). The blocks in the reservoir have 

different initial saturations at the beginning of this water injection cycle. Figure 6-13 (a) 

shows a schematic of a reservoir block during WAG injection. The reservoir blocks are 

expected to be first invaded by water and then by the gas phase. Hence, the relative 

permeability of the fluids during the second imbibition cycle should be determined using 

the WAG hysteresis model. This saturation history is more likely at the blocks near 

wellbore. However, the other blocks may have different saturation histories and various 

initial conditions. Figure 6-13 (b) shows a block which is invaded by the gas phase during 

the gas injection cycle; however, this block has not been invaded during the first water 

injection cycle. This can happen when the injected volume during the first water injection 

cycle is not large enough to reach blocks far from the injection well. Thus, even though 

the simulation is at the second imbibition cycle, the first imbibition kr curve should be 

used for this block.  

Figure 6-13 (c) represents a reservoir block at the bottom of the reservoir which has 

already been invaded by the water phase during the first water injection. This block has 
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not been invaded during the gas injection cycle. Hence, this is the second imbibition cycle 

at this block and the two-phase hysteresis formulation should be used for estimation of 

the kr data in this block. Using the WAG hysteresis model for this block can introduce 

significant errors in estimation of the trapped gas saturation. The last figure, Figure 6-13 

(d), shows a schematic of a reservoir block far from the injection well which has been 

first invaded during the second water injection cycle. The relative permeability in this 

block is not affected by the hysteresis phenomenon and the first imbibition kr curve 

should be used. 

 

Figure 6-13: Schematics of reservoir blocks at different initial saturations during the 

second water injection cycle (IDI injection scenario). 

For investigation of the new hysteresis model suggested in this thesis, the Eclipse data 

file was restarted to input the relative permeability data. Although the Eclipse software 

allows the user to input two saturation tables for the imbibition and drainage stages, the 

same saturation tables are used throughout the reservoir in both two-phase and three-

phase regions. The use of this method is relatively accurate in core-scale studies, since 

the gravity segregation is limited and the blocks have almost the same saturation history.  

It should be noted that the application of the suggested WAG hysteresis model in the 

form of saturation tables for reservoir-scale simulations is associated with some errors. It 

should be investigated whether the amount of this error is significant at reservoir-scale or 

not. For accurate simulation of WAG hysteresis at reservoir-scale, the correct saturation 

tables should be used according to the saturation history of each block.  
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6.5 Summary and Conclusion 

In this chapter, the application of the WAG hysteresis model at reservoir-scale 

simulation has been discussed. First, a simple homogenous and isotropic reservoir model 

was generated, then the effect of three-phase Kro correlation on reservoir-scale 

simulations was investigated. It was shown that changing the three-phase model in the 

reservoir-scale simulations only affected the simulation data of the last cycles (2-5 % 

error in prediction of final saturations). The impacts of the generalised hysteresis model 

in reservoir-scale simulations and its restrictions were then studied. The results showed 

that applying the hysteresis observed at core-scale to reservoir-scale simulations affected 

the simulation results significantly. The effect of hysteresis on the gas phase was 

significant compared to the effect on the water phase, due to the significant trapping of 

the gas phase (gas saturation, gas injectivity and gas breakthrough). Lastly, the limitations 

of the Eclipse software in simulating the WAG hysteresis at reservoir-scale were 

discussed. Due to the presence of gravity segregation in the reservoir, the blocks have 

different saturation histories. Hence, different kr curves and hysteresis models should be 

used for different reservoir blocks.  
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Chapter 7. Summary, Conclusions and Recommendations  

7.1 Summary 

The hysteresis phenomenon in relative permeability and its active role in the ultimate 

recovery obtained by EOR processes, especially WAG scenarios, is not a new topic in the 

literature. For many years, researchers have studied the observed hysteresis in two- and 

three-phase experiments and suggested different models for estimation of the reduction 

in relative permeability. Some of these models are available in Eclipse software to be 

considered in core-scale and reservoir-scale simulations. However, when the available 

WAG hysteresis model was used to simulate the WAG experiments performed at Heriot-

Watt University, the simulation results were not acceptable. The use of the WAG 

hysteresis model in reservoir-scale simulations was not also straightforward, due to the 

convergence issues. Hence, the need emerged for the modification of the available WAG 

hysteresis model or the development of a new model to overcome the limitations of the 

available WAG hysteresis model. To answer this need, the research presented in this 

thesis was initiated to study the sources of error in the available WAG hysteresis model 

and to improve the simulation results. 

The hysteresis phenomenon can be divided into two categories: directional hysteresis 

and cyclic hysteresis. The cyclic hysteresis can be observed in two-phase and three-phase 

systems that undergo cyclic injection. Rock and fluid properties, such as wettability, 

surface roughness and interfacial tension, can significantly affect the observed hysteresis 

in the experiments. The hysteresis phenomenon in three-phase systems is very complex 

and several formulations are needed for accurate estimation of the reduction in relative 

permeability. Hence, in this research, the directional and cyclic hysteresis in two- and 

three-phase systems were investigated individually and the related studies in the literature 

were reviewed and addressed.  

The performance of the available two-phase hysteresis models in estimating the 

reduction of relative permeability was assessed. A new approach was suggested to 

estimate the trapped gas saturation, which improved the estimation of imbibition relative 

permeability data. The studies of the directional hysteresis phenomenon in the literature 

were mainly performed on water-wet samples. Thus, the experimental data reported in 

the literature were used to investigate the effect of wettability on the directional 
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hysteresis. It was revealed that the directional hysteresis in mixed-wet sandstones cannot 

be simulated using the existing models. The two-phase hysteresis models mostly focus 

on the directional hysteresis and the cyclic hysteresis is assumed to be negligible.  

To study the cyclic hysteresis in two-and three-phase systems, experiments performed 

at HWU were used in this research. These experiments were performed previously in the 

“Centre for the EOR and CO2 solutions” at Heriot-Watt University and the results are 

published in the literature. The two-phase experiments were performed on mixed-wet 

Clashach sandstone and consisted of cyclic injection of gas-water and oil-water phases. 

One of the three-phase (WAG) experiments was performed on water-wet Clashach 

sandstone and the wettability of the sample was then changed to mixed-wet to perform 

the rest of the experiments. The experiments were performed at immiscible and near-

miscible conditions. Analysis of these experimental data revealed that there are common 

features in the pressure drop and fluid saturation profile of the experiments. 

The Eclipse software was used to perform core-scale simulations of the available 

experimental data. First, the capability of the available two-phase hysteresis models to 

simulate the common features observed during the two-phase experiments was 

investigated. The available WAG hysteresis model in Eclipse software was then used to 

simulate the observed hysteresis in the experiments. A sensitivity analysis was performed 

on the parameters of the WAG hysteresis model to study the impact of each parameter on 

the simulation results. The WAG hysteresis parameters were changed one at a time and 

the impact of the variation on the fluid saturation and the pressure drop was observed. 

The convergence issues encountered when using the WAG hysteresis model were also 

studied. 

Using the results of the sensitivity analysis, a new hysteresis model has been suggested 

in this thesis. This model can be used for simulation of the hysteresis phenomenon in both 

two-phase and three-phase systems. The three-phase hysteresis model consists of three 

main steps: the estimation of three-phase oil relative permeability; the estimation of fluid 

saturation at the end of each cycle, and the changes in water and gas kr data. The 

formulations at each step were modified to improve the simulation results. 

To decrease the errors associated with the estimation of the three-phase relative 

permeability in the low oil saturation regions, a reduction factor was introduced into the 

Stone I model. The reduction factor for the oil kr data can be determined through history 
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matching of the experiment, while no hysteresis is considered. The proposed empirical 

formulations should then be used to calculate the water and gas kr data, which can capture 

the observed behaviour in the two- and three-phase systems. The reduction factors for the 

water and gas relative permeability were calculated using the experimental data to 

decrease the number of parameters obtained using trial and error. 

Since the trapped gas saturation was overestimated when using the available WAG 

hysteresis model, a new approach was suggested to calculate the end-point saturations for 

each cycle. This approach was based on the determination of oil and water saturation. The 

changes in oil saturation for each cycle were calculated and an average value was 

obtained. The changes in water saturation may be negligible or considered, according to 

the wettability condition. The gas saturation is determined from the estimated water and 

oil saturations 

The two- and three-phase experimental data measured at HWU were used to evaluate 

the performance of the suggested hysteresis model. The results indicated that the 

developed model can be used to predict the oil, water and gas saturations at the end of 

each cycle with higher accuracy compared to those obtained from the available methods 

in the literature. The increase in pressure drop observed in the experiments was simulated 

using the new suggested model. The errors in simulation of the two-phase experiments 

were decreased significantly using the suggested hysteresis model. 

Finally, the application of the WAG hysteresis model at reservoir-scale simulation was 

discussed. A simple homogenous and isotropic reservoir model was generated and the 

effect of three-phase Kro correlation on reservoir-scale simulations was investigated. It 

was found that applying the observed hysteresis at core-scale to reservoir-scale 

simulations, affected the simulation results significantly. The limitations of the 

generalised hysteresis model for reservoir-scale simulations were then studied. It was 

explained that due to the presence of gravity segregation in the reservoir, the blocks have 

different saturation histories. Hence, different kr curves and hysteresis models should be 

used for different reservoir blocks.  

7.2 Conclusions 

In this section, the observations and conclusions obtained from this research are briefly 

summarized.  
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- Through a careful study of the papers and the available data in the literature, it was 

revealed that the use of Land’s and Carlson’s methods requires a corrected trapping 

coefficient. In this study, it was shown that when the experimental trapping 

coefficient was used according to Land’s and Carlson’s methods, the errors in the 

predicted results were not negligible.  

- Killough’s method lacked a good set of experimental data for verification when it 

was published. In this study it was used for prediction of the imbibition kr values 

and it was shown that the model predicted the scanning curves accurately. 

However, if the imbibition bounding curve was not available, the errors associated 

with predicting this curve (using Land’s or Carlson’s method) affected the 

predicted results for scanning curves. 

- In Chapter 3, a modified method was suggested to estimate the imbibition relative 

permeability in water-wet samples, using the experimental Land trapping 

coefficient. The modified method successfully predicted the imbibition relative 

permeability data. The input parameters for this model were the experimental 

trapping coefficient and the primary drainage relative permeability data. The 

suggested method can be used in other systems (oil-gas and oil-water); however, 

it was pointed out that the trapping coefficient depends on the fluids and 

experimental conditions. 

- The available experimental data in the literature show that, in contrast to water-

wet media, in mixed-wet sandstones the imbibition oil relative permeability curve 

lies above the primary drainage curve. This behaviour is very important when 

mixed-wet samples with high advancing angles (or high contact angles) are 

studied. 

- The increased oil relative permeability during the imbibition stage was explained 

through the formation of oil layers and a decrease in the snap-off mechanism. The 

critical pressure for the stability of the oil layer was calculated and it was shown 

that in mixed-wet rocks with a high advancing angle, oil layers are stable within a 

significant range of pressures.  It was concluded that the using available hysteresis 

models developed for water-wet samples can introduce a significant error in core-

scale calculations.  
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- In Chapter 4, the limitations of the available two- and three-phase models were 

discussed. The results of experiments performed at HWU were used to evaluate 

the sources of error when using the available two- and three-phase hysteresis 

models. Different options available for simulation of two-phase hysteresis were 

examined and it was shown that the available two-phase hysteresis models have 

limitations in simulation of both directional and cyclic hysteresis in two-phase 

systems.  

- To evaluate the performance of each parameter in the available WAG hysteresis 

model separately, a sensitivity analysis was performed. The trapping coefficient 

(C) and the value of the “𝑎” constant were changed to investigate the performance 

of the model for estimation of the final saturations. It was shown that the model is 

not able estimate the values of trapped gas saturation and final oil saturation 

accurately using these concepts.  

- One of the main sources of error in using the available WAG hysteresis model for 

simulation of the experiments performed at HWU was identified as the assumption 

that the fluid saturations reach residual values at the end of each cycle. This is in 

contradiction to the WAG experiments and the realistic reservoir-scale injections, 

in which the system does not reach the residual values.  

- The performance of the 3P-Kr models for estimation of the oil kr data at low oil 

saturations was then studied. The results showed that the three-phase oil relative 

permeability models such as Stone’s first model and Stone’s exponent model could 

not calculate the oil relative permeability at low oil saturations. The Stone I model 

overestimated the oil kr data, while Stone’s exponent model underestimated the oil 

kr data and the oil production was terminated at high oil saturations.  

- The capability of the available WAG hysteresis model to simulate the changes in 

pressure drop by reduction of gas and water relative permeability was also 

investigated. It was shown that increasing the value of the reduction factor in gas 

kr data (𝛼) results in convergence issues. The estimation of water relative 

permeability was also inaccurate, because of the assumption that the injection rates 

are high enough to reach the residual values at each cycle. 

- In Chapter 5, a new hysteresis model was suggested, which can be used for more 

accurate estimation of ultimate recovery value in WAG injection scenarios. This 
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generalised model can simulate the cyclic hysteresis in both two-phase and three-

phase systems. In addition, this model requires fewer parameters, which can be 

calculated from the experimental data instead of history matching. 

- In this study, it was explained that the Stone I model is suggested for steady-state 

3-phase experiments and requires modification to be used for simulation of WAG 

experiments (regardless of hysteresis). Hence, a reduction factor was introduced in 

the Stone I model which improves the estimation of the gradual oil production in 

WAG experiments (at low oil saturations). The reduction factor for the oil kr data 

is determined through history matching of the experiment, while no hysteresis is 

considered. The proposed empirical formulations should thus be to calculate the 

water and gas kr data, which can capture the observed behaviour in the two and 

three-phase systems. The reduction factors for the water and gas relative 

permeability were calculated using the experimental data, to decrease the number 

of parameters obtained by trial and error. 

- In this study, a new approach was suggested to calculate the end point saturations 

for each cycle. This approach was based on the determination of oil and water 

saturation. The changes in oil saturation for each cycle were calculated and an 

average value was obtained. The changes in water saturation may be negligible or 

considered, according to the wettability condition. The gas saturation was 

determined from the estimated water and oil saturations.  

- To evaluate the performance of the proposed model, four WAG experiments 

performed at HWU were simulated and compared with the experimental data (MW 

&WW, NM & ImM). The errors in prediction of pressure drop and saturations 

were calculated and discussed. It was shown that the saturations and the total fluid 

production had been simulated successfully. The model also captured the observed 

cyclic hysteresis in the two-phase experiments (gas/water, oil/water). However, it 

was found that the changes in kr data and saturations were not significant in the 

two-phase systems, because the wetting and non-wetting phases have less 

interaction compared to the three-phase systems. 

- In Chapter 6, the application of the WAG hysteresis model in reservoir-scale 

simulation was discussed. First, a simple homogenous and isotropic reservoir 

model was generated. Next, the effect of three-phase Kro correlation on reservoir-
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scale simulations was investigated. It was shown that changing the three-phase 

model in the reservoir-scale simulations only affected the simulation data of last 

cycles (2-5 % error in prediction of final saturations).  

- The impacts of using the generalised hysteresis model in reservoir-scale 

simulations and its restrictions were also studied. The results showed that applying 

the observed hysteresis at core-scale to reservoir-scale simulations, affects the 

simulation results significantly. The effect of hysteresis on the gas phase was 

significant compared to that on the water phase, due to the significant trapping of 

the gas phase (gas saturation, gas injectivity and gas breakthrough).  

- Finally, the limitations of the Eclipse software in simulating the WAG hysteresis 

at reservoir-scale were discussed. Due to the presence of gravity segregation in the 

reservoir, the blocks have different saturation histories. Hence, different kr curves 

and hysteresis models should be used for different reservoir blocks.  

7.3 Recommendations for future studies 

In this section, some recommendations are presented for researchers who would like 

to contribute to this line of research. In addition, it should be noted that some simplifying 

assumptions were made which can be relaxed in the future studies. These 

recommendations can be summarized as follows: 

- In this thesis, the hysteresis phenomenon was studied in Clashach sandstone, 

which is a homogenous sample. The hysteresis phenomenon may exhibit different 

behaviour in carbonates, because of their heterogeneity and different pore size 

distribution. It needs to be investigated whether the suggested model can simulate 

the fluid flow in carbonates or if a new model is required for complex systems. 

- In this work the hysteresis phenomenon in three-phase capillary pressure was not 

considered. There are some formulations available in the literature to estimate the 

hysteresis in capillary pressure in two-phase systems. The hysteresis in three-

phase capillary pressure has not been studied extensively and only limited 

experimental data are available in the literature.  

- When the WAG experiments are performed at reservoir scale, the size of the 

injected slugs are relatively small compared to the size of the reservoir. However, 

the size of the slugs at core-scale experiments may be two or three times the core 
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pore volume. To perform experiments that mimic WAG injection at reservoir 

scale, the water and gas phases are injected as small slugs. These experiments are 

called small slug water alternative gas (SSWAG) experiments. The hysteresis 

phenomenon and the application of the suggested method for simulation of these 

experiments needs to be studied, because of the complex saturation history. 

- The capabilities of other commercial software (such as CMG and t-navigator) in 

the simulation of the hysteresis phenomena can be studied. The pros and cons of 

each software for estimation of the hysteresis in kr data according to the saturation 

history of each block can be investigated.  
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