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CHAPTER I 

INTRODUCTION 

1. Motivations 

Unconventional oil and gas are becoming increasingly important energy in the past decade. 

However, the oil recovery of tight and shale oil reservoirs is generally lower than 10% IOOP 

(Hawthorne et al., 2019b). Besides, the storage of water and oil in shale formations is much more 

complex than that in the tight reservoirs and conventional reservoirs (Xie et al., 2019; Zhang et al., 

2020). Thus, it is desirable to comprehensively investigate the storage, flow mechanisms, and EOR 

in unconventional reservoirs. 

The wettability of tight reservoirs can be changed from oil-wet to water-wet by using 

different surfactants (Meng et al., 2018). The imbibition process is a very important mechanism 

for oil recovery from fractured tight reservoirs. The oil can be displaced out at the presence of 

capillary pressure  Alvarez et al., 2017). Thus, the water imbibition experiments are systematically 

investigated using air-saturated tight Bakken cores and Berea sandstone core samples. Imbibition 

experiments are carried out in two-end-closed (TEC) and one-end-opened (OEO) boundary 

conditions. The capillary pressure and relative permeability curves are obtained by matching 

experimental results with mathematical models. In addition, water and surfactant imbibition 

experiments are performed on oil-saturated tight Bakken cores. The oil recovery is recorded during 

the surfactant imbibition experiments. The effects of surfactant types, clays, and pore size on oil 

recovery were analyzed. 

The storage and transport mechanisms of oil in shale oil rocks is still a challenging problem. 

The hydrocarbons can be stored in inorganic pores, organic pores, and bulk kerogen (Huang et al., 
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2020; Sang et al., 2018). The specific surface area, porosity, and permeability of shale rocks are 

significantly impacted by the total organic content (TOC). The contents of micropores and 

mesopores increase with the organic content (Tang et al., 2016). The content of hydrocarbon in 

kerogen increases with total organic content (Sang et al., 2018). However, the experimental method 

to accurately measure the hydrocarbon content in each major component of shale is still a difficult 

issue. Thus, we propose a new vacuum imbibition method to test the storage capacity of inorganic 

pores and organic matter in shale oil rocks. The mathematical models for vacuum imbibition 

experiments are derived. 

CO2 injection in shale is a feasible method for EOR and carbon storage. However, the mass 

transfer in shale oil reservoirs is still unclear due to the organic matter. Methane and CO2 can 

adsorb and diffuse in the organic matter shale gas reservoirs (Etminan et al., 2014; Liu et al., 2019; 

Wang et al., 2018). However, there is very little research focusing on hydrocarbon and CO2 mass 

transfer in shale oil reservoirs. Thus, I systematically explore the mass transfer mechanisms of 

hydrocarbon during CO2 injection in shale rocks. Some new mass transfer models for CO2 EOR 

in shale reservoirs are proposed. Those models are verified with experimental results from the 

literature. 

2. Research Objectives  

 The objective of this dissertation was to solve the key issues in understanding EOR 

mechanisms in the Middle Bakken and shale rocks using surfactants and supercritical CO2. The 

research scope of this dissertation was focused on the following aspects: 

(1) Experimental and numerical studies of the mechanism of spontaneous imbibition in 

various rocks. Examine the oil recovery of the Middle Bakken cores from different surfactants 

using the spontaneous imbibition method.  
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(2) Studies of the storage mechanisms of water and oil in shale reservoirs. Evaluate the 

storage capacity of inorganic pores and organic matter.  

(3) Investigate the diffusion and extraction mechanisms for CO2 EOR in shale rocks. 

Mathematical modeling of miscible CO2 EOR in shale. Verify the mass transfer models by 

matching mathematical models with experimental data.  

3. Hypotheses 

(1) The spontaneous imbibition is an important mechanism for the oil recovery of Middle 

Bakken rocks. Surfactant imbibition can improve the oil recovery of Middle Bakken samples. The 

types of surfactants will significantly impact oil recovery. 

(2) The oil storage mechanisms in shale rocks may be tested using water and oil vacuum 

imbibition experiments. The exact oil volume in inorganic pores and organic matter can be 

obtained from vacuum imbibition experiments. The total organic carbon and thermal maturity 

might significantly impact the storage capacity of oil in organic matter. 

(3) The CO2 is an efficient solvent in extracting oil from inorganic pores and organic matter. 

The mass transfer in organic matter can be modeled by combining diffusion and extraction theories.  

3. Dissertation Organization 

This dissertation is composed of five chapters. The introduction is shown in Chapter Ⅰ, which 

generally presents the motivations, objectives, hypotheses, and dissertation organization. Chapter 

Ⅱ is a comprehensive review of enhanced oil recovery using surfactants and supercritical CO2. 

Chapters Ⅲ-Ⅴ are based on published papers, of which I am the first author, about topics of EOR 

mechanisms of surfactants and miscible CO2 injection. Chapter Ⅵ is conclusions and 

recommendations. A brief summary of each chapter is shown as follows: 

Chapter Ⅱ is a comprehensive review of recently published papers regarding EOR 
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mechanisms using surfactants and supercritical CO2. Chapter Ⅲ explores the mechanisms of water 

spontaneous imbibition in tight rocks. The relative permeability and capillary data are obtained 

from the imbibition experiments. In addition, spontaneous imbibition experiments are performed 

on the Middle Bakken rocks using various kinds of surfactants. Oil recovery is obtained from those 

experiments carried out at a high temperature condition. Chapter Ⅳ describes the mechanisms of 

storage and transport of water and oil storage in shale reservoirs using vacuum-imbibition method. 

The mathematical models of hydrocarbon flow and diffusion in shale rocks are proposed and 

matched with experiments. Chapter Ⅴ investigates the mass transfer mechanisms and oil recovery 

of miscible CO2 injection in shale oil reservoirs. Mathematical models of mass transfer between 

pores and bulk kerogen are proposed. Mathematical models for shale samples in spherical and 

cylindrical shapes are derived. Those models are matched with experimental results from the 

literature. 
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CHAPTER Ⅱ 

REVIEW OF THE APPLICATIONS OF SURFACTANTS AND 

SUPERCRITICAL CO2 ENHANCED OIL RECOVERY 

1. EOR Mechanisms of Surfactants. 

Surfactant enhanced oil recovery is one of the most commonly used EOR methods to reduce 

the interfacial tension and to change the wettability. Surfactants are amphiphilic molecules, which 

have a hydrophilic portion and a hydrophobic portion. The hydrophilic part is soluble in water 

solution, and the hydrophobic part is insoluble in water (Belhaj et al., 2020). 

1.1. Surfactants Used for EOR 

1.1.1. Anionic Surfactants 

Anionic surfactants have negative charges on the head groups when they are in water 

solution. Anionic surfactants are widely used chemicals for EOR due to their advantages, as shown 

following (1) easy to synthesize with low cost, (2) anionic surfactants have low adsorption on 

rocks due to the negative charges of minerals surface, (3) effectively reduce interfacial tension, (4) 

their high stability at high-temperature conditions (Belhaj et al., 2020). The anionic surfactants can 

be classified into carboxylate, sulfate, sulfonate, and phosphate (Negin et al., 2017).  Carboxylate 

surfactants exhibit high stability and efficiency at high temperature and high salinity conditions 

with the existence of cations (Lu, 2014). Alkyl sulfates are commonly used surfactants, and their 

molecular structure is shown in Figure 2-1. 
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Figure 2-1 Molecular structure of an alkyl sulfate (Negin et al., 2017). 

The “R” could be various hydrophobic hydrocarbon chains, and those hydrocarbon groups 

biodegrade really easily. The sulfate group enables the surfactant hydrophilic and soluble in the 

aqueous phase. Nevertheless, the sulfate group is sensitive to temperature, and the solubility of 

surfactants decreases with temperature. The sodium dodecyl sulfate (SDS) is one of the commonly 

used sulfate surfactants. The molecular structure of a Sodium Dodecyl Sulfate is shown in Figure 

2-2.  

 

Figure 2-2 Molecular structure of SDS surfactant. 

1.1.2. Nonionic Surfactants 

Nonionic surfactants have no charge in aqueous solutions. They are commonly used to change the 

efficiency of other ionic surfactants. Nonionic surfactants have the advantage of high stability 

under high salinity conditions. However, their ability to reduce IFT is lower compared to ionic 

surfactants. A combination of anionic and nonionic surfactants is an efficient method to increase 

the stability in high salinity brine. The molecular structure for an alkyl ethoxy carboxylated is 

presented in Figure 2-3 (Negin et al., 2017). The ethoxy group forms the hydrogen bond with water. 

This mechanism enhances the iteration energy between surfactant and water, and reduces the IFT. 

The carboxylate group increases the stability of surfactants at high-temperature conditions. 

- +

2 2 x 2RO(CH CH O) CH COO M  
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Figure 2-3 Molecular formula for alkyl ethoxy carboxylated. R is the alkyl group with a carbon 

number of C8-C18. 

1.1.3. Cationic Surfactants 

Cationic surfactants have positively charged tails. Cationic surfactants can dissociate in 

water solution and form an amphiphilic cation and an anion. Cationic surfactant is easy to be 

adsorbed on the negatively charged clay surface. Thus, the cationic surfactant has high efficiency 

in altering the wettability of the rock surface. Cationic surfactants have been identified as an 

efficient chemical to change the wettability and improve the oil recovery in carbonate rocks due 

to the negatively charged rock surface. However, the cationic surfactants are more expensive due 

to the high-pressure reaction condition in the synthesis process (Kumar et al., 2016). 

1.1.4. Zwitterionic Surfactants 

Zwitterionic surfactants contain a negatively charged tail and a positively charged tail. They 

have been widely used in the research of enhanced oil recovery due to their high water solubility, 

high stability under high salinity and temperature conditions, and remarkable interfacial activity 

(Zhong et al., 2019a). It has been reported that zwitterionic surfactants can significantly reduce the 

interfacial tension with a very low concentration of 50−3000 mg/L under a high salinity condition 

(Wang et al., 2010). Meanwhile, zwitterionic surfactants have good stability with other surfactants, 

such as ionic and nonionic surfactants. Using zwitterionic surfactants with other kinds of 

surfactants can improve their stability and strengthen their interfacial properties. Experimental 

results have shown that a synthesized zwitterionic surfactant can recover additional 27.03% of oil 

from rocks because it is able to change the wettability and interfacial tension (Kumar and Mandal, 

2017).  
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1.2. Interfacial Tension 

During the water flooding, the flow is a multiphase flow, and oil recovery is low because the 

oil can be trapped in pores. As the surfactants are injected into the oil reservoirs, the hydrophilic 

head is placed in water, and the hydrophobic tail contacts the crude oil. The concentration of 

surfactants on the interface is higher than in the bulk water phase. This process forms an adsorbed 

film due to the interactions between the crude oil, surfactants, and water (Gbadamosi et al., 2019). 

This mechanism can lead to a lower interfacial tension at the oil/water interface. The reduction of 

the interfacial tension at the interface can decrease the capillary force. The improved oil recovery 

mechanism of reducing interfacial tension is related to the remobilization of residual oil. The low 

interfacial tension allows the oil droplets to flow more easily in the pores. The Nca is defined as 

the ratio of viscous force to capillary force as 𝑁𝑐𝑎 = 𝑣𝜇𝑤/𝜎𝑤 (Guo et al., 2017). It has shown that 

the lower the interfacial tension, the higher the capillary number and oil recovery (Yuan et al., 

2015). 

1.3. Wettability Alteration 

The wettability refers to the propensity or inclination of the surface at the presence of an 

immiscible fluid (Cheraghian, 2015; Mohammed and Babadagli, 2015). For the reservoir rock, the 

wettability of the rock surface largely impacts the location, distribution, and flow of the liquid 

(Alhammadi et al., 2017). The wettability of the reservoir is of significant importance because it 

impacts the oil recovery parameters, such as residual oil saturation, capillary pressure, and relative 

permeability curves. The wettability of reservoirs generally has three types: oil-wet, water-wet, 

and mixed-wet (Christensen and Tanino, 2017). The wettability properties of rock can be 

characterized by the contact angle, zeta potential, and surface imaging, etc. The contact angle 

measurement is the most commonly used method to identify the wettability of a solid surface. For 
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the oil phase, the surface is oil-wet as the contact angle is larger than 90°, and the surface is water 

wet as the contact angle is smaller than 90°. The wettability alteration from oil-wet to water-wet 

will decrease the capillary force and increase the oil relative permeability of the reservoir, as shown 

in Figure 2-4 (Gbadamosi et al., 2019; ShamsiJazeyi et al., 2014). Oil can be more easily recovered 

from water-water reservoirs than oil-wet reservoirs. 

 

Figure 2-4 Schematic of improved permeability due to wettability alteration of rock from oil-wet 

to water-wet (ShamsiJazeyi et al., 2014). 

Various kinds of surfactants have been widely used to alter the wettability and enhance the 

oil recovery in conventional and unconventional reservoirs (Alvarez and Schechter, 2017; Negin 

et al., 2017). The unconventional oil reservoirs typically have extremely low porosity, permeability, 

and oil recovery. The surfactants were reported to increase oil recovery by altering the matrix 

wettability and fluid flow behaviors in fractured reservoirs (Kathel and Mohanty, 2013; Mirchi et 

al., 2015). Meanwhile, spontaneous imbibition occurs in the fractured reservoirs. In this process, 

the wetting phase penetrates into the rock matrix and displaces the oil phase. Thus, the spontaneous 

imbibition in the reservoir rock enhances oil recovery. The surfactants have been widely used as 

chemical agents to enhance the oil recovery in conventional reservoirs, such as sandstone and 

carbonate reservoirs (Jarrahian et al., 2012; Salehi et al., 2008). An important mechanism of 

wettability alteration by surfactants is the cleaning mechanism that surfactants can remove the oil-
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wet layer on the rock surface. This mechanism can alter the wettability of rock surfaces from oil-

wet to water-wet. The cationic surfactants are preferentially used for carbonate reservoirs and 

anionic surfactants are usually used for sandstone rocks because of their charges (Esmaeilzadeh et 

al., 2011). The crude oil has negatively charged organic components, which can adsorb on the 

surface of positively charged minerals. The positively charged surfactants will reduce the 

adsorption of anionic components on rock surface due to the ion-pair formation interactions 

(Standnes and Austad, 2003). Thus, the crude oil is removed from the rock surface. Besides, 

desorption of the oleic phase from rock surface will alter the wettability from oil-wet to water-wet 

(Standnes et al., 2002; Standnes and Austad, 2003). The mechanism of this process is shown in 

Figure 2-5.  

 

Figure 2-5 Schematic of wettability alteration mechanism by cationic surfactant (Salehi et al., 

2008). 

However, anionic surfactants are unable to detach the oleic phase from the rock surface due 

to their negative charges. Instead, the anionic surfactants can reduce the capillary forces due to the 

interaction between their hydrophobic tails and the oil phase (Hou et al., 2015). Moreover, the 

nonionic surfactants can be adsorbed on rock surface through the polarization of  electrons and ion 

exchange. The cationic surfactants have high efficiency in altering the wettability of rock surfaces 

than anionic and nonionic surfactants. The wettability alteration of oil-wet sandstone and carbonate 
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rocks can be explained by the mechanism of polar interactions, surface precipitation, and acid/base 

interactions due to the adsorption of surfactants on negatively charged minerals (Hou et al., 2016). 

2. EOR Mechanisms of Supercritical CO2 

2.1. Miscible and Immiscible EOR 

The immiscible supercritical CO2 enhanced oil recovery is dominated by oil swelling and 

viscosity reduction. CO2 dissolution in the crude oil can result in a significant reduction in viscosity 

and an extraction effect for crude oil. Those effects improved the oil recovery ( Perera et al., 2016). 

The solubility of CO2 in crude oil is impacted by pressure, temperature, and oil gravity. The 

solubility of CO2 increases with pressure and API gravity. However, it decreases with temperature. 

As the pressure is lower than the critical temperature, the oil composition, and liquefaction 

pressure also significantly impact the solubility (Emera and Sarma, 2007). Besides, the authors 

also developed correlations for CO2 solubility in crude oil. The solubility correlations were derived 

under different temperature conditions.  

For temperatures higher than the critical temperature: 

2

0.6474 0.256562.238 0.33 3.23 4.8COS y y y      

For temperatures lower than the critical temperature: 

2

2 2 40.033 1.14 0.7716 0.217 0.02183COS y y y y      

where 
0.8 1

( )exp( )
s

T
y

P M
 , γ is the specific gravity, T is the temperature (°F), Ps is the saturation 

pressure (psi), Pliq is the CO2 liquefaction pressure, M is molecular weight of crude oil, and SCO2 is 

solubility (mol/mol).  

The miscible flooding occurs as the pressure is higher than the minimum miscibility pressure 
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(MMP). The main advantage of miscible CO2 EOR is its high oil recovery. The mass transfer 

between CO2 and crude oil is able to create a completely miscible zone in the oil reservoir with oil 

in the front and CO2 in the back. CO2 has a low miscibility pressure with light crude oil than other 

gases, such as N2 and CH4 (Zhang, 2016). The MMP of crude and CO2 generally varies from 2500 

psi to 3300 psi (Alfarge et al., 2017). Song et al. (2013) conducted laboratory studies of water, 

immiscible, and miscible CO2 injection for Bakken rocks (Song and Yang, 2013). Their results 

show that water flooding has a higher oil recovery than immiscible CO2 Huff-n-Puff.  However, 

the miscible CO2 Huff-n-Puff has a much higher oil recovery. Hawthrone et al. (2013; 2019b) 

experimentally investigated the oil recovery from Bakken tight and shale rocks (Hawthorne et al., 

2019b, 2013). They proposed that the diffusion process is the main mechanism for miscible CO2 

enhanced oil recovery from fractured tight and shale reservoirs. Alharthy et al. (2015) 

experimentally investigated the oil recovery in Bakken rocks from different types of gases, such 

as C1-C2, N2, and CO2 (Alharthy et al., 2018). Their results suggested that the oil recovery in the 

Middle Bakken cores could be 90%. However, the oil recovery is approximately 40% for Upper 

and Lower Bakken shale samples. 

2.2. Flooding and Huff-n-Puff 

2.2.1. CO2 Huff-n-Puff 

CO2 huff-n-puff is a widely used method to improve the oil recovery in tight and shale 

reservoirs (Li et al., 2017; Zhang et al., 2018). The CO2 can be dissolved in crude oil and result in 

swelling and viscosity reduction effects under reservoir conditions. Huff-n-puff processes use one 

well as injection well and production well. There are mainly three stages: gas injection stage, 

soaking stage, and the production stage.  
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The CO2 huff-n-puff method has been applied to EOR for unconventional rocks in the past decade. 

Fakher and Imqam (2020) experimental studies the oil recovery of shale rocks using the CO2 cyclic 

injection method (Fakher and Imqam, 2020). They concluded that oil recovery increases with 

injection pressure and temperature. However, the increasing temperature reduces the CO2 

adsorption capacity on shale rocks. Li et al. (2019) explored the CO2 EOR on shale cores by 

combining huff-n-puff experiments and nuclear magnetic resonance methods (Li et al., 2019). 

Results suggested that fractures can significantly increase oil recovery, and the recovered oil in the 

first cycle is primarily from macro and mesopores. In order to increase the stability of CO2 huff-

n-puff, the cosolvents were added. Gong et al. (2020) used ethanol as a cosolvent in CO2 cyclic 

injection (Gong et al., 2020). Their results suggest that the CO2/ethanol has better performance on 

EOR than pure CO2. The ethanol enhances oil recovery by reducing the interfacial tension and 

accelerating the CO2 diffusion in the oil phase. 

2.2.2 CO2 Flooding 

CO2 injection processes have different types of injection patterns such as continuous CO2 

injection, CO2 flooding coupled with a soaking period, and CO2 flooding coupled with pressure 

maintenance (Zhou et al., 2019). Chen et al. (2018) performed flooding experiments on different 

low permeability rocks using water, surfactant solution, CO2, and nitrogen (Chen et al., 2018). The 

CO2 flooding yields the highest oil recovery, followed by nitrogen, surfactant, and water. Zhu et 

al. (2020) conducted miscible CO2 flooding experiments on different shale and sandstone rocks 

(Zhu et al., 2020). The fluid distribution was measured using the NMR method. Their results show 

that the porosity of immobile oil is lower than free oil in shale rocks. The oil recovery in sandstone 

is much higher than that in shale rocks. The oil recovery process in shale rocks is slow due to the 

adsorbed immobile oil on clay and organic matter. Zhang (2016) performed miscible flooding 
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experiments and simulation on different Bakken tight rocks with an average porosity of 7.5% and 

permeability of 0.0018mD (Zhang, 2016). The results indicated that the oil recovery was higher 

than 70%. The numerical model suggested that the vaporization of light hydrocarbon components 

into CO2 is a major recovery mechanism.  
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CHAPTER Ⅲ 

SPONTANEOUS IMBIBITION AND OIL RECOVERY FROM 

SURFACTANTS SPONTANEOUS IMBIBITION FOR TIGHT ROCKS 

1. Introduction 

In the fractured reservoirs, imbibition is an important process to improve oil and gas recovery 

from the matrix (Mirzaei-Paiaman, 2015; Standnes, 2004). The spontaneous imbibition 

mechanisms in rock and coal are key issues that need to be focused upon to improve recovery in 

the development of the tight oil (Olatunji et al., 2018; Wang and Sheng, 2018), shale and tight gas 

(Lai et al., 2019; Xu et al., 2018; Yang et al., 2017), and coalbed methane (Shen et al., 2018; Wu 

et al., 2018). Spontaneous imbibition is the process of a wetting phase displacing a non-wetting 

phase in a porous media in the presence of capillary pressure. Depending upon the flow directions 

of wetting and non-wetting phases, spontaneous imbibition can be divided into co-current 

imbibition and counter-current imbibition. Assuming that a rock sample is water-wet, co-current 

imbibition occurs when the water and oil flow in the same direction through the inlet, whereas 

counter-current imbibition occurs as the water and oil flow in opposite directions (Alyafei and 

Blunt, 2018; Foley et al., 2017). Some experiments and numerical studies show that the recovery 

rate and displacement efficiency of co-current are much higher than those of counter-current (Chen 

et al., 2003; Pooladi-Darvish and Firoozabadi, 2000). However, counter-current spontaneous 

imbibition is normally regarded as the dominated imbibition mechanism in fractured reservoirs 

(Haugen et al., 2014; Mattax and Kyte, 1962; Xu et al., 2017). 
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Figure 3-1 Schematic of four boundary conditions: (a) all faces open (AFO); (b) two ends closed 

(TEC); (c) two ends open (TEO); (d) one end open (OEO). 

For counter-current spontaneous imbibition, a pre-saturated core plug is submerged in water. 

Depending upon boundary conditions of a core plug, there are several kinds of counter-current 

spontaneous imbibition: (1) all faces open (AFO), (2) two ends closed (TEC), (3) two ends open 

(TEO), and (4) one end open (OEO). The schematic of four kinds of spontaneous imbibition are 

presented in Figure 3-1. Boundary conditions have great impacts on imbibition performances 

(Yildiz et al., 2006). AFO is a commonly used method in spontaneous imbibition experiments 

because it is the easiest to conduct and with highest recovery rate (Lyu et al., 2019; Mason et al., 

2009). However, the flow patterns of the AFO boundary condition are complicated due to the 

coexistence of co-current and counter-current flow through the inlets. Therefore, the established 

mathematical models cannot be applied to AFO imbibition (Mason and Morrow, 2013). Boundary 

conditions will impact contact surface between core and water and have significant effects on 

recovery rate. Cheng et al. (2018) and Lyu et al. (2019) demonstrated that the AFO imbibition has 

the highest recovery rate and TEO has the lowest recovery rate. However, boundary conditions 

(a) (b) 

(c) (d) 

No-flow boundary 

Water 

Oil/Gas 
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have negligible impact on the ultimate recovery factor (Standnes, 2004; Yildiz et al., 2006). In 

addition, other factors, such as permeability, relative permeability, capillary pressure, initial water 

saturation, fluid viscosity, interfacial tension, and wettability, also have effects on the imbibition 

process (Graue and Fernø, 2011; Jing et al., 2019; Pan et al., 2018; Qin et al., 2019, 2017). 

The spontaneous imbibition is usually modeled by a set of differential equations. The 

solutions of those equations require functions of capillary pressure and relative permeability to the 

wetting phase and non-wetting phase. Matching of a mathematical model with the experimental 

results is a new method to obtain relative permeability and capillary pressure. Li et al. (2006) 

performed spontaneous imbibition simulation with the OEO boundary condition (Li et al., 2006). 

They derived a mathematical model without considering the gravity effect. Then the brine/air 

capillary pressure and relative permeability were obtained by matching the model with 

experiments. Schmid et al. (2011) derived a set of semianalytical solutions for one-dimensional 

imbibition (Schmid et al., 2011). In order to derive the analytical solutions, the water front position 

was obtained experimentally as a function of square root of time. Alyafei et al. (2016) and Schmid 

et al. (2016) derived a closed form of analytical solutions for spontaneous imbibition based on 

fractional flow theory (Alyafei et al., 2016; Schmid et al., 2016). Mathematical models are 

important in order to understand the mechanisms of spontaneous imbibition. Haugen et al. 2014) 

proposed models to scale relative permeability and capillary pressure for imbibition of cores with 

TEC and OEO boundary conditions (Haugen et al., 2014). Alyafei and Blunt (2018) conducted 

one-dimensional water co-current imbibition on sandstones and obtained the relative permeability 

and capillary pressure (Alyafei and Blunt, 2018). While there have been various models focusing 

on linear imbibition, there are very few research studies about modeling imbibition with complex 

boundary conditions such as TEC and AFO. Besides, the gravity effects on spontaneous imbibition 
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have not been well studied. 

Recently, low-field nuclear magnetic resonance (NMR) techniques were introduced to 

analyze the spontaneous imbibition to observe fluid distribution and core petrophysical properties. 

NMR transverse relaxation time (T2) of the saturated cores can be converted into pore size 

distribution, porosity, and fluid distribution at the pore scale (Lyu et al., 2019; Prather et al., 2016; 

Song et al., 2015). Ling et al. (2017) used NMR T2 to monitor the oil saturation changes behind 

spontaneous imbibition front (Liang et al., 2017). Their results indicated that the smaller the 

average pore size the more rapid the saturation changes behind imbibition front. Cheng et al. (2018) 

investigated the residual oil distribution for oil/water displacement using spontaneous imbibition 

combined with NMR and MRI technologies (Cheng et al., 2018). Their results demonstrated that 

oil in micropores is preferentially expelled by water due to high capillary pressure. Another 

important implication of NMR is to detect the movable fluid distribution. Lyu et al. (2018) studied 

the movable water distribution in tight rocks using the centrifugal method. Their results show the 

movable fluid is controlled by pore size and the connectivity between pores (Lyu et al., 2018). Gao 

and Li (2015) measured movable fluid percentage for different cores and concluded the movable 

fluid percentage goes higher as the permeability increases (Gao and Li, 2015). NMR provides a 

fast and nondestructive technique and has become a common experimental method in imbibition 

interpretation and analysis of core properties. 

Tight oil and gas are becoming an increasingly important energy sources in North America. 

Bakken formation is one of the largest unconventional reservoirs with respect to its oil and gas 

reserves. The Middle Bakken Formation mainly consists of limestone and sandstone. The Upper 

and Lower Bakken members are tight shale which are the sources of hydrocarbons in the Middle 

Bakken member. Productivity of the Middle Bakken formation is becoming increasingly higher 
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with the application of multistage hydraulic fracturing and horizontal drilling. However, the 

recovery factors of the reservoirs are still low due to the extremely low permeability and porosity. 

Recently, many studies have demonstrated that the Middle Bakken member is a typical tight 

layer with ultralow porosity (Sonnenberg and Pramudito, 2009). The measured size of the 

microstructures was found to vary from nanometer to micrometer and typically includes some 

natural fractures (Liu et al., 2018; Zhang et al., 2019b). In addition, Cho et al. (2016) analyzed the 

pore size distributions of Bakken rocks (Cho et al., 2016). The results indicated that the Middle 

Bakken samples show both unimodal and bimodal pore size distribution curves. In addition, they 

studied mineralogical composition using X-Ray diffraction (XRD) technology. The results 

demonstrated that the dominant minerals are quartz followed by dolomite and calcite. 

In addition, the enhanced oil recovery technologies are of great interest to both academia 

and petroleum industry due to the low oil recovery of tight formations. Surfactant is one of the 

most commonly chemicals in unconventional reservoir EOR process. The surfactant can adsorb 

onto the rock surface and change the wettability of rock from oil-wet to water-wet. Surfactants are 

amphiphilic compounds that have both hydrophobic and hydrophilic groups, which can effectively 

change the wettability of the rock surfaces and reduce the oil-water IFT (Liu et al., 2019). In the 

fractured reservoirs, imbibition is a crucial process to enhance oil recovery from the matrix 

(Mirzaei-Paiaman, 2015; Morrow and Mason, 2001). Spontaneous imbibition is the process of a 

wetting phase displacing a non-wetting phase in the presence of capillary pressure. Counter-current 

spontaneous imbibition is the most important imbibition type in fractured reservoirs (Haugen et 

al., 2014; Mattax and Kyte, 1962; Xu et al., 2017). Thus, the spontaneous imbibition mechanisms 

in rock are key issues that need to be focused upon to improve recovery of the tight oil (Wang and 

Sheng, 2018).  Recently, many studies confirm that surfactant can significantly improve oil 
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recovery by use of surfactant imbibition. Wang et al. (2014) performed spontaneous imbibition 

experiments on Bakken rocks using different types of surfactants including anionic and nonionic 

surfactants (Wang et al., 2014). Their results demonstrated that a nonionic surfactant (SNA) can 

significantly improve oil recovery. Olatunji et al. (2018) conducted surfactant imbibition 

experiments on Middle Bakken rocks (Olatunji et al., 2018). Their results indicated that the oil 

recovery was low during brine imbibition, whereas surfactant solutions recovered approximately 

30–45% of the oil. 

In this work, we experimentally and numerically explored the spontaneous imbibition with 

OEO and TEC boundary conditions. Accurate experiments of brine imbibing into air-filled cores 

were carried out with continuous recording of mass changes using a high precision balance. The 

pore size distribution and fluid distribution in cores were obtained from the NMR method. 

Furthermore, new methods to determine capillary force and relative permeability were proposed 

by matching mathematical models with spontaneous imbibition experiments with OEO and TEC 

boundary conditions.  

Even there have been many studies related to improve oil recovery by applying different 

surfactants. There are very few studies that consider the effects of pore structure and mineralogical 

composition on surfactant EOR process. Thus, spontaneous imbibition experiments with different 

surfactants solutions and brine were carried out on Bakken and Berea rock samples. The 

microstructures and pore size distributions of Bakken samples were obtained from SEM and 

nitrogen adsorption methods. In addition, the mineralogical compositions of samples were 

obtained from XRD method. Effects of pore size distribution, mineralogy, and surfactants on oil 

recovery were analyzed. 
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2. Experimental Procedures 

 2.1. Rocks and Fluids  

Eight core plugs were selected to conduct spontaneous imbibition experiments. Four Bakken 

cores were obtained from the Middle Member of the Bakken Formation in North Dakota, USA. 

Four Berea cores were cut from outcrops in Cleveland Quarries, Ohio, USA. All of those core 

plugs were drilled perpendicular to bedding. The XRD mineralogical analysis using X-ray 

diffraction (XRD) was conducted for the core samples and are shown in Table 3-1.  

Table 3-1 Mineralogical composition of Berea and Bakken samples 

Samples 
Kaolonite 

(wt %) 

Illite 

(wt 

%) 

Chlorite 

(wt %) 

Quartz 

(wt %) 

Calcite 

(wt %) 

Dolomite 

(wt % ) 

Feldspar 

(wt %) 

Pyrite 

(wt 

%) 

Halite 

(wt 

%) 

Berea 

cores 5   88  2 5   

Bakken1 

Bakken2  
9 3 39 10 22 15 1 1 

Bakken3 

Bakken4 
 

11 4 38 14 15 15 2 1 

 

As indicated in Table 3-1, the dominant mineral of Berea cores is quartz. However, the major 

minerals of the Middle Bakken samples are quartz, dolomite, feldspar, and calcite. Middle Bakken 

cores are light gray limestone. Berea cores are fine-grained, clay-cemented quartz sandstone. Core 

sample preparation includes extracting cores with toluene and ethanol and drying core samples in 

an oven at 105℃. After the cleaning and drying of core samples, routine analysis such as 

measuring mass, diameter length, helium porosity, and helium permeability was performed. The 

petrophysical properties of those samples are presented in Table 3-2. 
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Table 3-2 Summary of the petrophysical properties of core plugs 

Samples Diameter (cm) Length (cm) Permeability (mD) Porosity (%) 

Bakken1 3.78 2.12 0.49 8.4 

Bakken2 3.79 3.15 7.80 5.1 

Bakken3 3.78 1.86 8.00 3.6 

Bakken4 3.77 4.29 0.13 4.9 

Berea1 3.94 5.08 99.8 22.1 

Berea2 3.90 4.91 80.4 23.4 

Berea3 3.95 4.55 10.7 23.1 

Berea4 3.96 4.61 61.2 23.8 

 

As shown in Table 3-2, Middle Bakken samples are tight rocks and have lower porosity and 

permeability than Berea samples. All experiments were conducted at ambient conditions, 23 °C 

and atmospheric pressure (100 KPa). The brine solution is 1wt% NaCl and 1wt% KCl to prevent 

the swelling problem. The density of brine is 1.011 g/cm3 and its viscosity is 0.896 mPa·s (Zhang 

and Han, 1996). The air density is 0.0012 g/cm3 and its viscosity is 0.018 mPa·s (Lemmon and 

Jacobsen, 2004). 

 2.2. Imbibition Experiments 

 

Balance 

Core 

Brine 

Beaker 

OEO TEC 

Brine Air 

Epoxy resin 
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Figure 3-2 Schematic of the experimental setup. 

The schematic of the experimental apparatus is presented in Figure 3-2. The mass of core 

samples is continuously recorded using a high precision balance with 0.001g accuracy. 

Archimedes’ principle shows that the magnitude of the buoyant force in the core plug is equal to 

the weight of the brine it displaces, which is a constant. It can be verified that the increase of the 

mass equals the mass of the brine that is imbibed into the core minus the mass of the air displaced 

out of the core.  Two sets of experiments with different boundary conditions were carried out. In 

the first set, one end open (OEO) spontaneous imbibition experiments were conducted on core 

plugs Bakken1, Bakken4, Berea3, and Berea4. In the second set, two ends closed (TEC) imbibition 

experiments were performed on cores Bakken2, Bakken3, Berea1, and Berea2. To ensure that only 

counter-current imbibition occurred, core plugs were sealed with epoxy resin. For OEO imbibition, 

the bottom face and cylindrical surface were sealed with epoxy resin. For TEC imbibition, the top 

and bottom faces of cores were sealed with epoxy resin. 

 2.3. NMR Experiments  

The nuclear magnetic resonance (NMR) tests for cores at fully brine-saturated conditions (or 

pre imbibition) and after imbibition conditions were carried out. The experiments include 

following steps: (1) The ZYB-Ⅱ Vacuum Saturation Device was used to vacuum the cores for 24 

hours and then saturating cores with brine at 20 MPa for seven days. Then the mass of the cores 

were measured. (2) Raw NMR data of 100% brine-saturated cores were measured. (3) The cores 

were dried in an oven at 105℃. (4) Brine imbibition experiments with different boundary 

conditions were performed. (5) NMR T2 distributions of Berea and Bakken samples were measured 

as imbibition experiments completed. NMR measurements were carried out with low field (2 MHz) 

NMR equipment (Oxford Instruments Geospec2 Rock Core Analyzer). NMR measurements were 

javascript:;
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conducted with an in-built Oxford Instruments pre-emphasis testing EDDYCM pulse sequence 

(Bush, 2019). The NMR measurement parameters for Bakken samples are as follows: 150 ms 

waiting time, 4600 number of echoes, 200 μs echo time and 64 number of scans. The NMR 

measurement parameters for Berea samples are as follows: 1500 ms waiting time, 66700 number 

of echoes, 100 μs echo time, and 64 number of scans. The laboratory temperature and magnet 

temperature of NMR spectrometer were 23 °C and 20 °C, respectively. 

3. Imbibition Models  

 3.1. OEO Spontaneous Imbibition 

Counter-current imbibition with OEO boundary condition is a one-dimensional flow. 

Although air is compressible, the experiments were conducted at atmospheric pressure. The air is 

compressed at the short initial period of spontaneous imbibition (Li et al., 2006). Pressure change 

in the air phase is negligible, with little or no air volume change (Alyafei et al., 2016). Thus, 

incompressible flow in a homogeneous porous media is assumed. The wetting phase (water) 

conservation equation can be written as 

w wv S

x t


 
 

 
                                                                                                                                      (3.1) 

Considering the experimental setup in this paper, gravity is regarded as driving force. The 

Darcy velocity of wetting phase is  

( )rw w
w w

w

kk P
v g

x





  


                                                                      (3.2) 

The Darcy velocity of non-wetting phase (air) is 

( )
rg g

g g

g

kk P
v g

x





  


                                                                                                                          (3.3) 
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For counter-current spontaneous imbibition, total flow rate of water and air is zero. 

0w gv v                                                                                                                                                           (3.4) 

The mobility of water and gas can be expressed as λw = krw/𝜇w  and λg = krg/𝜇g , 

respectively. Combining Eq. (3.2) and Eq. (3.4), the water velocity is rewritten as 

[ ( ) ]
w g c

w w g

w g

k P
v g

x

 
 

 


  

 
                                                                                                                   (3.5) 

Substituting Eq. (3.5) into Eq. (3.1) yields 

[ ( ) ]
w g w gc w

w g

w g w g

k kP S
g

x x t

   
  

   

 
   

    
                                                                                          (3.6) 

The capillary pressure is  𝑃𝑐 = 𝑃𝑔 − 𝑃𝑤 and a function of water saturation. 

Eq. (3.6) can be rewritten as  

[ ( ) ]w w
sw sw w g

S S
D G g

x x t
  

 
   

  
                                                                                                         (3.7) 

where Dsw and Gsw denote nonlinear coefficients due to the capillary pressure and gravity. 

w g c
Sw

w g w

k dp
D

dS

 

 



                                                                                                                                           (3.8)    

w g

sw

w g

k
G

 

 



                                                                                                                                                       (3.9) 

Eq. (3.7) is the governing equation of OEO counter-current spontaneous imbibition. If the 

gravity is negligible, Eq. (3.7) is simplified as  

[ ]w w
sw

S S
D

x x t


 
 

  
                                                                                                                                   (3.10) 

The boundary conditions are given as 

,max( 0, )w wS x t S                                                                                                                                         (3.11) 
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0w

x L

S

x 





                                                                                                                                                    (3.12) 

The initial conditions are expressed as 

( , 0)w wiS x t S                                                                                                                                             (3.13)            

where Sw, max is the maximum water saturation, Swi is the initial water saturation, and L is the length 

of the core plug. 

 Both numerical and analytical methods are capable of obtaining the solutions of Eq. (3.10) 

by matching model results with the specific experiments (Alyafei et al., 2016; Foley et al., 2017; 

Li et al., 2006). However, there is no known exact solution of nonlinear Eq. (3.7), which considers 

gravity effect. Thus, the finite difference method was used to obtain the numerical solutions. The 

time steps and grid spacing need to be small in order to minimize the error. In this paper, a time 

step of 2 seconds and a grid spacing of 0.1 mm were used to accurately capture the water imbibing 

into cores.  

 3.2. TEC Spontaneous Imbibition 

Considering the experimental setup in this paper, the TEC counter-current imbibition is a 

horizontal radial flow. The water conservation equation is expressed as 

1
( ) ( )wrv S

r r t


 
 

 
                                                                                                                                         (3.14) 

Water phase Darcy velocity is  

rw w
w

w

kk P
v

r


 


                                                                                           (3.15) 

Gas phase (air) Darcy velocity is 

rg g

g

g

kk P
v

r


 


                                                                                                                                                         (3.16) 
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Combining Eqs. (3.15), (3.16), and (3.4), the water velocity is rewritten as 

w g c
w

w g

k P
v

r

 

 




 
                                                                                                                                              (3.17) 

Substituting Eq. (3.17) into Eq. (3.14) yields 

1
( )w w

sw

S S
rD

r r r t


 
 

  
                                                                                                                                   (3.18) 

  where Dsw is a nonlinear coefficient shown in Eq. (3.8). 

The boundary conditions are shown as 

,max( , )w e wS r r t S                                                                                                                                         (3.19) 

0

0w

r

S

x 





                                                                                                                                                   (3.20) 

The initial condition is written as 

( , 0)w wiS r t S                                                                                                                                                 (3.21) 

where re is the radius of the core plug. 

Eq. (3.18) is the governing equation of TEC counter-current spontaneous imbibition. The 

finite difference method was used to obtain the numerical solutions. In order to capture the 

significant water saturation change at the imbibition front, it is necessary to define smaller grids at 

the core plug center. One method is to use non-uniform grids that grid spacing increases 

exponentially and transform cylindrical coordinate into Cartesian coordinate. In this paper, the 

space size is 0.1 mm in Cartesian coordinate and the time step is 2 seconds. 

 3.3. Capillary Pressure and Relative Permeability 

In this paper, a power law was used for relative permeability curve. Other models such as 

Brook-Corey and Van Genuchten models could also be used (Schmid et al., 2016, 2011). However, 
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