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ABSTRACT 

 I 

ABSTRACT 

In Chapter 1, the research background and objective were stated. The current world 

energy is mainly supplied by the crude oils. However, the oil production from oil reservoirs 

is low and over 50% original oils in place are bypassed after the primary and secondary 

recovery stages. The oil bypassed mechanisms can attribute to two factors: viscous fingering 

(VF) and capillary forces. The chemical enhanced oil recovery (CEOR) methods are the 

most economical and effective techniques to improve the oil recovery because they could 

suppress the VF and reduce the capillary forces. It has been extensively reported that various 

CEOR methods were tried to optimize these two factors from a macro-scale application. 

Unfortunately, the pore-scale oil displacement mechanisms cannot be well understood since 

the rock reservoirs are opaque. In addition, the effect of acid compositions in crude oils was 

not systematically considered. Thanks to the advanced X-ray microtomography (micro-CT), 

we could have a deep insight into these micro-pore spaces from a three-dimensional (3D) 

visualization. Based oil this imaging technique, our objective is to optimize various CEOR 

methods considering the effect of acid compositions in crude oils from a 3D pore-scale view. 

In Chapter 2, the performances and mechanisms of traditional surfactant and alkaline 

flooding were compared for acid-existing oil recovery. We found that the emulsification 

ability in alkaline flooding is much stronger than that in surfactant flooding, leading to a 

significant improvement of oil recovery. The effectiveness of surfactant transport to the 

water–oil interface is responsible for the performance differences. For surfactant flooding, 

the surfactant molecules are transported to the interface by convection individual alone, 

which is a time-dependent and slow process. By contrast, the alkaline flooding relies on the 

quick process of chemical-produced surfactant at the interface. In addition, the strong 

emulsification can, in turn, increase the chemical contact area and strengthen the convection 

flow, which again promotes the effective transport of surfactant molecules. To optimize the 

surfactant flooding, we introduced a novel cationic surfactant that could physically adsorb 

the acid components of oil to form a dual-surfactant system. Consequently, the surfactant 

transport to the interface became more quicker because the fast accumulation of surfactant 

aggregates. 

In Chapter 3, the effect of acid concentrations on the performance of alkaline flooding 

was investigated. As suggested in the results, the oil recovery efficiency increases with 

increasing oil acid concentrations because of stronger emulsification ability. As the 

emulsification becomes stronger, the VF is gradually suppressed, and oil displacement front 

became more stable. The complete emulsification occurs in the high-acid concentration at 

which the large oil clusters are completely emulsified into tiny-size oil droplets. As a result, 

an entrained flow happens because these tiny droplets could entrain in the aqueous phase and 

easily pass through the pore spaces. Therefore, the strong emulsification has a good control 

of stable displacement and characteristic of entrained flow. As an optimal scenario for 
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engineering, the alkaline flooding was suggested to be applied for the high-acid oil reservoirs. 

For these low-acid oil reservoirs, the emulsification is not strong enough, and capillary 

forces still dominate, which hinders the improvement of oil recovery. Hence, it is needed to 

consider a novel method that maintains the stable displacement control and eliminates the 

capillary forces at the same time. 

In Chapter 4, we created a novel solvent-based microemulsion flooding to improve the oil 

recovery regardless of the acid concentrations. The emulsion flooding was selected because 

of its good control for stable displacement. The solvent agent was used to prepare the 

emulsions due to its role of miscible behavior, which has an ability to eliminate the capillary 

forces. In addition, the solvent-based emulsion could reduce half percentage of solvent use, 

thereby significantly decreasing the cost. The performance of this new chemical agent was 

examined through the pore-scale detection using a micro-CT scanning. As shown in the 

results, the oil recovery was significantly improved regardless of the oil-acid concentrations. 

For one reason, the oil displacement by the emulsion flooding is uniform, namely VF is 

avoided, thereby leading to the increasing areal sweeping efficiency. For another reason, the 

solvent-based emulsion flooding exhibits a quasi-miscible displacement behavior. The either 

positive or negative capillary forces can be eliminated because the water–oil interface is not 

visible, but it presents a compositional gradient. Therefore, the oil recovery mechanism is 

controlled by the mass transfer that the solvent disperses into oils and oils are gradually 

dissolved into the solvent at the same time. The dissolved oil could entrain in the emulsion 

solution and flow out of the oil reservoirs. We concluded that the solvent-based 

microemulsion flooding has the best performance, which can be applied for any type of 

reservoirs regardless of oil acids and wettability (negative or positive capillary forces). 

In Chapter 5, the key conclusions of each chapter are summarized and some suggestions 

for future works are provided. The optimal CEOR methods should consider the acid 

concentrations and cost in an actual oil recovery application. For example, the solvent-based 

microemulsion flooding is more expensive than that of traditional surfactant and alkaline 

flooding. Considering the cost, the alkaline flooding is suggested to apply for a high-acid oil 

reservoir. For a low-acid oil reservoir, the novel cationic surfactant is recommended since it 

could adsorb the acid components to formulate a dual-surfactant system and work more 

effectively than an individual surfactant alone. For a non-acid oil reservoir, the solvent-based 

microemulsion flooding shows the best performance because of the capillary forces 

elimination. In an energy crisis, the oil production is a main concern instead of cost; the 

solvent-based microemulsion is highly recommended because it is independent on acid or 

wettability conditions, which could produce the oil recovery efficiency approaching 100%. 
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1 Introduction 

 1 

1   Introduction 

1.1 Current energy situation 

Fossil fuels (coal, crude oil and natural gas) are hydrocarbon-containing substances, 

which originates from decomposing plants and animals under complicated chemical and 

thermal processes for millions of years. A porous media formation called “reservoir” 

accumulates and traps these organic substances into its permeable layers [1]. The fossil fuels 

play a significant role in the global energy resources and economic activities [2]. As shown 

in Fig. 1-1, the fossil fuels account for about 80~90% of world total energy supply (TES) in 

1971-2019 years [3,4]. Between 1971 and 2019 world TES increased from 2.3 × 1010 to 6.1 

× 1010 J up to 2.6 times in a remarkable rise. Currently, the consumption peak of fossil fuels 

is decreased and clean energies, such as nuclear, hydrogen, biofuels, etc., are rapidly 

developed because the national pledge to reduce carbon dioxide (CO2) emissions [5,6]. 

However, the fact is that world economy is not ready to be supported by clean energy 

resources alone. Therefore, the fossil fuels continue to provide the majority of global energy 

demand for a foreseeable future [7–9]. Among fossil fuels, oil occupies the largest ratio for 

global energy resources, reaching 44.3% in 1971 and 30.9% in 2019, respectively (Fig. 1-1). 

As a conclusion, the oil remains the most important energy supply in the current century. 

 

Fig. 1-1. World energy supply during 1971 year and 2019 year (Adapted from [4]). 

The oils can be classified into two types of “conventional oil” and “unconventional oil” 

according to their API gravity and density or API and viscosity [10]. The general oil 

classification can be found in Table 1-1. For example, all oils with API gravity 20° and 

viscosity above 100 cP are considered to be conventional oil (light oils and medium oils), 

whilst the others are unconventional oil (heavy oils, extra-heavy oils and bitumen). 

According to the International Energy Agency (IEA), unconventional oils are categorized 

into light tight oil, shale oil and oil sands [7] because these oils exist in extremely 

low-permeability formations [11]. That means the unconventional oil production required 
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very difficult and different technologies from those used in the conventional oil reservoirs.  

Table 1-1. Classification of oil types according to API and viscosity [10]. 

Oil type API gravity 

(Degree API) 

Dynamic viscosity 

(cP) 

Light oils > 31.1° < 100 cP 

Medium oils 22.3° < API < 31.1° < 100 cP 

Heavy oils 10.0° < API < 22.3° > 100 cP 

Extra-heavy oils < 10° <10000 cP 

Natural bitumen (or tar deposits) < 10° > 10000 cP 

Note: API gravity (American Petroleum Institute) is a measurement of density oil, within range of 10° ~ 

70°. The lower the number, the heavier and the more viscous the oil is. 

Fig. 1-2 provide the world oil production from different types of sources. It can be seen 

that the world oil production and supply mainly come from the conventional oil (crude oil 

and natural gas liquids) because the traditional oil recovery techniques are mature and 

cost-effective. Although the unconventional oil resources are also very large (e.g., global 

shale oils are estimated at 4.8 trillion barrels), they are currently largely undeveloped owing 

to the immature technologies and high cost [7,12]. Therefore, how to make better use of 

conventional oil reservoirs is the most important as foresee.  

 

Fig. 1-2. World oil production supplied by different sources in millions of barrels per day [7,10]. EOR 

means enhanced oil recovery. 

1.2 Oil recovery methods 

The lifecycle of an oil reservoir experiences periods of discovery, exploration, production 

and abandonment (Fig. 1-3). In the production period, oils are produced from the reservoirs 

by three stages: primary recovery, secondary recovery and tertiary recovery [13]. As shown 

in Fig. 1-4, the primary recovery relies on the natural-driven mechanism by which oils are 

pushed out under the pressure gradient. Meanwhile, an artificial lift (pump-assisted) system 

is usually installed to increase the pressure difference. This stage usually produces oil 

recovery accounting for 10~25% original oil in place (OOIP) [13–15]. The secondary 
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recovery takes place until the primary presents profit limited. To be general, water or 

immiscible gas (CO2) is popularly used as a driven fluid to displace the oils out of reservoir. 

On this stage, additional oils of 15~25% OOIP are recovered [13–15]. After the primary and 

secondary stages, the new oilfields become mature oil fields, remaining over 50% OOIP 

unrecovered [16]. It is at the moment that third stage (tertiary recovery) plays a key role in 

the additional oil production from these mature oilfields. 

 

Fig. 1-3. Schematic representation of the lifecycle of an oil reservoir [7]. 

The tertiary oil recovery is also named enhanced oil recovery (EOR) which produces 

additional oils after the primary and secondary recovery stages. The EOR methods can be 

classified into main three branches: chemical, miscible and thermal [10,17]. Fig. 1-4 displays 

various EOR methods. During the EOR stage, a number of techniques based on different 

liquid or gaseous fluids is prepared and injected into the oil reservoirs, which modifies the 

chemical/physical properties of oils, liquids and reservoirs. As a result, the oil recovery can 

be significantly enhanced. For example, surfactant and alkaline flooding can be used to 

reduce the interfacial tension (IFT) between the water and oil interface, thereby reducing the 

capillary forces [18]. Polymer can increase the viscosity of injected fluids, which decrease 

the viscosity ratio of fluid to oil [19]. Consequently, the viscous fingering can be suppressed, 

improving the oil mobility [20]. Solvent agent is used to eliminate the capillary forces since 

the water–oil interface presents compositional gradient [21]. Steam provides a 

high-temperature gaseous liquid, decreasing the crude oil viscosity as well as the viscosity 

ratio [19]. To understand why these methods could enhance the oil production, we should 

first figure out the reason why most of oils (above 50% OOIP) are bypassed during the 

secondary recovery stage. The oil bypassed mechanism will be introduced in Section 1.3. 
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Fig. 1-4. Classification of various oil recovery techniques (adapted from [10,17]). Tertiary oil recovery 

methods are also called enhanced oil recovery. 

1.3 Oil bypassed mechanism 

Section 1.2 stated that more than 50% OOIP has been left behind in the oil reservoir after 

the primary and secondary recovery stages. The large fraction of trapped oils can be 

attributed to the oil bypassed mechanism in both macroscopic and microscopic level. Fig. 

1-5 illustrates the schematic of bypassed oils after waterflooding. From a macro-scale 

perspective, most of oils are bypassed because the viscous fingering (VF) occurs. The 

viscous fingering is named from its finger-like structure which is a flow instability as a less 

viscous fluid (water) displaces a high viscous fluid (oil) [22,23]. As show in Fig. 1-5, the 

fingertip causes an earlier breakthrough to the production wells and most of oils are 

bypassed in the finger-valley. Consequently, areal sweeping efficiency is low. In addition, the 

oils are not completely removed even in the water-swept area. From a micro-scale view, we 

can observe many oil clusters are trapped in the pore spaces, leading to a low microscopic 

displacement efficiency. The fraction of microscopic bypassed oils can be ascribed to the 

capillary forces [24]. Therefore, we conclude that viscous fingering and capillary forces are 

the two main factors preventing higher oil production. 

The total oil recovery efficiency (𝐸𝑇) is used to describe how much oil fraction are 

produced from the reservoirs, including the areal sweeping efficiency (𝐸𝐴) and microscopic 

displacement efficiency (𝐸𝐷) [25]. Their relationship is shown in Eq. (1-1). From this 

equation, we can understand that improving 𝐸𝑇  needs to increase 𝐸𝐴  and 𝐸𝐷 

simultaneously. Therefore, understanding which factors affect the VF and capillary forces 

could provide a pivotal guide in improving the total oil recovery efficiency. 

𝐸𝑇 = 𝐸𝐴 × 𝐸𝐷 (1-1) 
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Fig. 1-5. Schematic of bypassed oil after secondary recovery stage 

1.3.1 Viscous fingering 

The (macroscopic) areal sweeping efficiency is significantly restricted by the VF. The VF 

is induced because of two main factors: viscosity difference and permeability heterogeneity 

[26,27]. 

1) Viscosity difference 

In natural, the oil phase is more viscous than the water phase. As a rule, the finger-like 

structure, i.e., VF, is formed when the low viscous water displaces the high viscous oil. Table 

1-1 show the viscosity of crude oil varies from 100cP to 10000 cP, indicating the VF may be 

different for different oil types. The fingering pattern is controlled by the capillary number 

(𝐶𝑎) and viscosity ratio (𝑀) [28–30]. Capillary number is defined as the ratio of viscous 

force to the capillary force as shown in Eq. (1-2). Viscosity ratio is defined as the viscosity of 

water phase to that of oil phase (see Eq. (1-3)). 

𝐶𝑎 =
𝜇𝑤 𝑉𝑤

𝛾𝑜𝑤
 (1-2) 

𝑀 =
𝜇𝑤

𝜇𝑜
 

(1-3) 

Where 𝛾 is the interfacial tension between the water and oil phases, 𝜇 is the viscosity of 

the water phase, and 𝑉 is the velocity of waterflooding; 𝑜 and 𝑤 represent oil and water 

phases, respectively. 

Fig. 1-6 shows fingering patterns are classified into viscous fingering, capillary fingering 

and stable displacement. Viscous fingering happens under unfavorable viscosity ratios at 

high injection flow rates while capillary fingering occurs under favorable viscosity ratios at 
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very low flow rates. The stable displacement means fingering disappears as the viscosity 

ratios and injection flow rates are both high enough. The ideal areal sweeping efficiency can 

be obtained in the stable displacement. The three patterns of fingering can be transferred to 

each other under well-controlled condition [31]. 

 

Fig. 1-6. Displacement fingering patterns as a function of capillary number (Ca) and viscosity ratio (M) 

(Adapted from [30,31]). Similar diagram can be also found in other reports [28,29]. 

2) Permeability heterogeneity 

The permeability heterogeneity also affects the fingering pattern. It is defined as the 

inherent variation of permeability as a function of space [13]. In the other words, the actual 

oil reservoirs have different permeable layers ranging from low to high. The low permeable 

layers are made up of smaller rock pore spaces while the high permeable layers are larger 

pore spaces. During the waterflooding period, viscous fingering happens when the water 

flow path transfers from one permeable layer to the other. In general, as the reservoir 

heterogeneity increases, the bypassed oil will increase, due to the uneven flow path of 

displacing water [13,32]. 

Previous researchers reported that the position of fingering patterns in Fig. 1-6 changed 

when they conducted the displacement in a high heterogenous porous media [33,34]. 

Through a special design of porous media structure, the viscous fingering can be suppressed 

without modifying fluid properties [35]. This imply us that the stable displacement can be 

triggered when applied for some kind of oil reservoirs with special heterogeneity. 

1.3.2 Capillary forces 

The capillary forces, known as capillary pressure, is defined as the pressure difference 

between two immiscible fluids (e.g., oil and water) in contact with rock solid. The capillary 

forces are given in Young-Laplace equation as shown in Eq. (1-4) [13,27,36]. 
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𝑃𝑐 = 𝑃𝑜 − 𝑃𝑤 = 𝛾 (
1

𝑟1
+

1

𝑟2
) (1-4) 

Where 𝑃𝑐  is the capillary pressure, 𝛾 is the interfacial tension between water and oil 

phases, 𝑃𝑜 and 𝑃𝑤 are the pressure in oil and water phases, 𝑟1 and 𝑟2 are the principal 

radii of the curvature of the water–oil interface. 

Fig. 1-7(a) shows the oils are trapped in the pore spaces from a micro-scale view. The oil 

cluster contacting water phase always presents concave meniscus under control of an 

interfacial energy balance [36]. Once the balance is stable, the capillary pressure is large 

enough that trap oil clusters effectively. The capillary rise phenomenon is a simple example 

that is analogous to the trapped oil in the pore spaces. The size of capillary tubing shares 

similar magnitude of order with that of pore spaces, reaching micrometer. As a common 

sense, the water phase will automatically rise up when a capillary tubing sinks into the water 

phase. The capillary pressure is given as Eq. (1-5) considering 𝑟1 = 𝑟2 = 𝑟 𝑐𝑜𝑠𝜃⁄  in Eq. 

(1-4). 

𝑃𝑐 =
2𝛾𝑐𝑜𝑠𝜃

𝑟
 (1-5) 

Where 𝜃 is the contact angle between the water and solid phases. 

 

Fig. 1-7. (a) Oil trapped by capillary forces is analogous to (b) capillary rise action. 

From Eq. (1-5), we understand the interfacial tension, contact angle and pore size are 

three important factors that influence the strength of capillary forces. For oil recovery 

improvement, the capillary forces need to be reduced considering the three factors.  

1) Interfacial tension 

Interfacial tension is defined as the energy per unit area of surface between the phases or 

the energy difference at the unit area of phase interface between two immiscible fluids, 

which is expressed as a basic formula (Eq. (1-6)) [36]. In laboratory, the interfacial tension 

can be measured by pendant drop technique [37]. 

𝛾 =  
𝑑𝐹

𝑑𝑆
 (1-6) 

Where F is the free energy at the fluid interface and S is the area of interface. 
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The forces of pendant droplet are balanced between the hydrostatic pressure, capillary 

pressure and gravitational force [38]. The schematic of pendant drop is shown in Fig. 1-8. 

The capillary pressure is governed by the Young-Laplace equation (Eq. (1-4)). For an 

arbitrary point A, the capillary pressure can be described as Eq. (1-7). For the apex O, the 

capillary pressure can be written as Eq. (1-8). 

 

Fig. 1-8. Schematic of a symmetric pendant droplet (adapted from [39]). 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡  are the pressures 

water and oil, respectively, 𝜌𝑖𝑛 and 𝜌𝑜𝑢𝑡 are the water densities of water and oil, respectively, 𝑟1  and 

𝑟2  are the principal radii of curvature at any point A, and point O is the apex of droplet. 

∆𝑃𝐴 = 𝑃𝑖𝑛,𝐴 − 𝑃𝑜𝑢𝑡,𝐴 = 𝛾 (
1

𝑟1,𝐴
+

1

𝑟2,𝐴
) (1-7) 

∆𝑃𝑂 = 𝑃𝑖𝑛,𝑂 − 𝑃𝑜𝑢𝑡,𝑂 = 𝛾 (
1

𝑟1,𝑂
+

1

𝑟2,𝑂
) = 𝛾

2

𝑟𝑂
 (1-8) 

The hydrostatic pressure difference between the point A and point O becomes significant 

with the increasing height ℎ. Therefore, the hydrostatic pressure difference can be described 

as Eq. (1-9). 

∆𝑃𝐴 = ∆𝑃𝑂 − ∆𝜌𝑔ℎ (1-9) 

Combining Eq. (1-7), Eq. (1-8) and Eq. (1-9), the interfacial tension can be calculated 

from the pendant droplet, which is governed by Eq. (1-10). 

1

𝑟1,𝐴
+

𝑠𝑖𝑛𝜑

𝑥
=

2

𝑟𝑂
−

∆𝜌𝑔ℎ

𝛾
 (1-10) 

Where 𝑟1,𝐴 is the radius of curvature at the point A, 𝑟𝑜  is the radius of curvature at the apex 

O, 𝑔 is the gravitational constant, 𝜌 is the density difference between the water and oil 

phases, 𝛾 is the interfacial tension, ℎ is the height between point A and O, 𝜑 is the 

tangent angle made by the point A and x axis.  
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2) Rock wettability 

Wettability is used to describe one fluid has a tendency to spread on or adhere to a solid 

surface in the presence of the other immiscible fluid [13,36]. The wettability can be 

expressed by measuring the angle of contact through the liquid to the solid surface; this 

angle is more familiarly known as the contact angle (𝜃). A sessile drop technique is 

popularly employed to measure the contact angle [40] by means of one liquid droplet placed 

on the flat solid surface with other surrounding fluid. Fig. 1-9 illustrates the different rock 

wettability in water–oil fluid system using the sessile drop method. The contact angle ranges 

from 0° to 180° corresponding to strong water-wet and oil-wet, respectively. If the contact 

angle is < 90°, the water phase is the most wetting phase that preferentially adhere to the 

rock surface. On the contrary, the oil phase is the most wetting phase if the contact angle is > 

90°. In natural formations, Berea sandstone and carbonate rock are the typical 

representatives of water-wet and oil-wet rock, respectively. The wettability is an important 

factor that affects the distribution of water and oil phases in the porous media [41], which 

determines the oil displacement efficiency. 

 

Fig. 1-9. Wettability of oil phase on the flat rock surface with surrounding water phase (adapted from 

[36]). 

In second oil recovery, the wettability order controls the fluid configurations in the pore 

space; that is, the most wetting phase tends to preferentially occupy small pores and throats, 

as well as the wetting films attached to the surface, whereas the most nonwetting phase tends 

to occupy the center of larger pores [36,41]. Fig. 1-10 shows examples of different 

wettability and oil occupancies in water-wet and oil-wet rock sample, respectively. In 

principle, the different occupying behavior attributes to the capillary pressure difference (see 

Eq. (1-5)). If the rock surface is more water-wet, the contact angle (< 90 °) decreases and 

capillary pressure for water phase increases. From Eq. (1-5), the pore radius of water 

occupying should be decreased, and oil phase resides in the larger pore center. Reversely, the 

more oil-wet (contact angle > 90 °) will make capillary pressure more negative (< 0 Pa). The 

negative pressure will push the oil to occupy the small size of pores and throats, leaving 

water phase stay in larger pore center. Fig. 1-10(a)-(iii–v) and (b)-(iii–v) shows 3D examples 

of oil occupying the pore space. In a water-wet system, oil as the most nonwetting phase 

preferentially occupies the center of large pores, whereas in an oil-wet system, oil as the 

most wetting phase tends to occupy small pores and throats. In oil recovery application, a 

positive capillary pressure means that water will almost always have sufficient pressure to 
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mobilize oil out of the pore space. In contrast, if the capillary pressure is negative, a higher 

water pressure is required to achieve the same oil saturation [41]. Therefore, it is detrimental 

to oil displacement efficiency for the type of oil-wet reservoirs.  

 

Fig. 1-10. Examples of different wettability (i-ii) and oil occupancies (iii-v) in (a) water-wet and (b) 

oil-wet rock sample (From Chapter 4, Fig. 4-6). 

3) Pore-throat size 

A porous media contains most of solid material with void spaces inside it. The porosity 

(Eq. (1-11)) is generally used to characterize the porous media property, which depend on the 

number and size of void spaces. The void spaces consist of larger pores and smaller throats, 

and one pore is connected by multiple throats. They play a vital role in determining the 

permeability and capillary pressure. As shown in Eq. (1-5), the capillary pressure increases 

as the pore-throat size decreases, which will affect the distribution of water and oil phases in 

porous media. For an oil-wet reservoir, the smaller size of pores will make the capillary 

pressure more negative, which hinders the oil movement, significantly. As previously 

reported, the pore-throat size distribution of rocks can range from nanoscale (e.g., shale) [42] 

to microscale (e.g., Berea sandstone) [43]. Therefore, the oil displacement efficiency is 

different as we apply the waterflooding for these reservoirs. 

Φ =
𝑉𝑉

𝑉𝑇
 (1-11) 

Where 𝑉𝑉  is the volume of void spaces and 𝑉𝑇  is the total volume of porous media, 

including the solid and void volumes. 

The size of pores and throat can be obtained by the pore-network modelling. The 

maximum ball algorithm is one of the methods to model the pore-throat structure [36,44], 

which produces a stick-ball network as shown in Fig. 1-11. In this method, a pore body is 

inscribed by a maximal sphere (called “ball”) and a throat is inscribed by a series of similarly 

maximal spheres (called “stick”).  
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Fig. 1-11. Schematic of pore and throat spaces in porous media and simplified into pore-network model 

with balls (i.e., pore bodies) and sticks (i.e., pore throats) (adapted from [42]). 

1.4 Chemical enhanced oil recovery 

This study focuses on the chemical EOR (C-EOR), which is one of popular technique 

among the EOR methods (see Fig. 1-4) owing to its high efficiency and low cost. The 

C-EOR agents generally include alkaline (A), surfactant (S), polymer (P) and any 

combination of these processes (AS, AP, SP and ASP) [45]. In a field-scale oil exploitation, 

the scenario for C-EOR application is shown in Fig. 1-12. The water flooding is followed by 

a series of chemical flooding sequences. As aforementioned, over 50% OOIP is trapped in 

the pore spaces after waterflooding. When the chemical agents are injected, the oil recovery 

is improved because original trapped oils remobilize. The EOR mechanisms of these 

chemicals are introduced in Section 1.4.1. 

1.4.1 General mechanisms 

Section 1.3 states the oil recovery is less than 50% OOIP after waterflooding because of 

the viscous fingering and capillary forces. The C-EOR methods can aid for suppressing the 

VF or reducing the capillary forces.  

1) Polymer flooding 

The polymer flooding is used to suppress the VF by means of increasing displacing fluid 

viscosity [15,45]. As show in Fig. 1-6, a stable displacement tends to occur when the 

viscosity ratio is increased. As a result, oil mobility is significantly improved, thereby 

increasing the areal sweeping efficiency. Oil mobility is defined as the relative permeability 

divided by the viscosity of fluid as shown in Eq. (1-12). We often use the term mobility ratio 

(𝑅𝑀), the ratio of aqueous phase mobility to oil phase mobility, to describe the comparison of 

aqueous and oil mobilities (Eq. (1-13)) [45]. The polymer flooding can maintain the mobility 

ratio < 1, which is considered a favorable mobility ratio. 

𝜆 =
𝑘𝑟𝑜

𝜇𝑜
 (1-12) 
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𝑅𝑀 =
𝑘𝑟𝑤 𝜇𝑤⁄

𝑘𝑟𝑜 𝜇𝑜⁄
 (1-13) 

Where 𝑘𝑟𝑜 is the relative permeability to oil and 𝜇𝑜  is the viscosity of oil phase, 𝑘𝑟𝑤 is 

the relative permeability to aqueous phase and 𝜇𝑤  is the viscosity of aqueous phase. 

 

Fig. 1-12. Schematic view of oil recovery by the most popular C-EOR techniques (adapted from [10]). 

2) Surfactant flooding 

The surfactant flooding (SF) represents the direct injection of ready-made surfactant 

solution for EOR application. The key mechanism of SF is to reduce the interfacial tension 

and alter the wettability of rock surface [45]. Eq. (1-5) shows that the capillary forces can be 

reduced when the IFT decreases. In other words, the viscous forces dominate over the 

capillary forces (Ca number increases), leading to the oil remobilization (Fig. 1-13(a)) [15]. 

If the IFT is reduced to ultralow (< 10-2 mN/m), the in-situ emulsification is induced, namely 

large oil clusters split into many tiny oil droplets in a spontaneous condition [46]. The tiny 

oil droplets are easy to pass through the pore-throat spaces as shown in Fig. 1-13(b). The 

surfactant also can alter the rock wettability from oil-wet to water-wet [47], resulting in the 

aqueous phase change from non-wetting phase to wetting phase. In the other words, the 

displacement process is transferred from drainage (a non-wetting phase displaces a wetting 

phase) to imbibition (a wetting phase displaces a non-wetting phase). The capillary pressure 

changes from negative to positive (see Eq. (1-5)). Therefore, the microscopic displacement 

efficiency is also improved by the wettability alteration. 
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Fig. 1-13. Pore-scale oil movements after surfactant flooding: (a) oil remobilization after IFT reduction 

and (b) emulsification occurrence when IFT became ultra-low. 

3) Alkaline flooding 

Alkaline flooding (AF), e.g., sodium hydroxide (NaOH) and calcium hydroxide 

(Ca(OH)2), relies on the chemical-produced surfactant to remobilize the trapped oil phase. 

The surfactant is produced in situ by the chemical reaction between the alkali agents and 

organic acid components in crude oil. That is, the AF shares similar mechanism with the 

direct SF, including IFT reduction, wettability and emulsification [10,45]. Take NaOH as an 

example, the chemical reaction formula can be written as Eq. (1-14). Therefore, the alkalis 

are sensitive to acid components and can be only applied for acidic crude oils. 

𝑁𝑎𝑂𝐻 + 𝑅𝑂𝑂𝐻 = 𝑅𝑂𝑂𝑁𝑎 + 𝐻2𝑂 (1-14) 

Wherein NaOH is sodium hydroxide; ROOH is linoleic acid; ROONa is the salt of linoleic 

acid (sodium linoleate); H2O is the produced water. 

In nature, the crude oils contain a certain number of organic acids, including major 

naphthenic acid (85%) and organic sulfur compounds. The acids originate from in-reservoir 

biodegradation. For example, aerobic bacteria can produce organic acids from organic 

nutrients and generate hydrogen sulfide, which, in turn, can be converted to sulfuric acid (by 

bacterial action) [48]. The various acid components are described as the total acid number 

(TAN). The TAN is defined as the mass of potassium hydroxide (KOH) in milligrams that is 

required to neutralize one gram of acidic oil sample. From measurement, the TAN varies 

from very low to very high values that ranges 0 ~ 16.2 mg KOH/g depending on different 

territorial oil reservoirs [49]. Table 1.8 from Ref. [48] shows the highly different TAN values 

in crude oils from different countries. Therefore, considering different TAN property, the 

engineering application of AF should be carefully designed for different acid oil reservoirs. 

1.4.2 Literature review 

In this study, our main work is regarding the SF and AF, therefore, the polymer flooding 

is not reviewed currently. 

1) Surfactant flooding 

Most common surfactants used in EOR consist of nonionic, anionic, cationic, and 

zwitterionic types [47,50]. Recently, SF applied for oil recovery has been investigated 

extensively. IFT reduction [51], wettability alteration [51–53] and emulsification [54–56] 

have been considered the three dominant mechanisms for EOR. However, different types of 
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surfactants show different performance depending on the characteristics of rock formation, 

crude oil, brine and other internal factors, such as pressure and temperature [10]. Therefore, 

choosing an appropriate surfactant is still a challenging task. For example, anionic 

surfactants are widely used for sandstone formations owing to their low adsorption. The 

shortcoming is that they cannot tolerate the harsh conditions of high salinity [57] and 

temperature [57]. The carbonate reservoirs contain high contents of clay which results in 

high adsorption of surfactant. In this case, the cationic surfactants are the best choice because 

of low adsorption [58]. The nonionic surfactants have a good adaption to the high-salinity 

reservoirs because they have a strong hydrogen bonding (no ionization) and have no charge 

interactions with brine ions [59]. It has been proven that some dual surfactants, i.e., mixtures 

of two surfactant types, are more effective than individual surfactant alone [60]. Adding a 

co-surfactant (alcohol) can improve oil recovery owing to synthetic effects [61]. 

Undoubtedly, the use of multitype surfactants will increase costs and foster the development 

of alternatives.  

From previous research, the SF is applied for oil reservoirs without considering the effect 

of oil acidity on its performance. In fact, the oil acid components in crude oil could act as 

weak anionic surfactants and exit as monomers in the organic phase [62,63]. Sumino et. al 

found that these monomers can be adsorbed by introducing a novel cationic surfactant in a 

Petri dish test in which a tetradecane drop with palmitic acid (PA, formula: C16H32O2) was 

placed on an aqueous phase with stearyltrimethylammonium chloride (STAC, formula: 

C21H46ClN) [64]. They observed that intensive surfactant aggregates accumulated near the 

water–oil interface [63–65]. The petri dish tests imply us that a dual surfactant formation 

can combine one type of the new cationic surfactant and in-situ oil acids. In this sense, the 

cost can be reduced significantly to form a dual surfactant system and apply for the acid oil 

reservoirs, which needs more investigations. 

2) Alkaline flooding 

In the laboratory, the fatty acids (linoleic acid, lauric acid, palmitic acid, and oleic acid) 

are added into the oil phase to mimic the acid components in crude oil [23,66,67]. After that, 

AF has been extensively studied for EOR on a laboratory scale. The mechanisms include the 

IFT reduction [68,69], wettability alterations [70], emulsification [71,72], and viscoelastic 

gel blockage [73,74]. Among these mechanisms, the emulsification is the most prominent 

one, which has been extensively reported. Two kinds of emulsions are mainly observed 

based on the transparent micromodel experiments, that is, water-in-oil (W/O) and 

oil-in-water (O/W) emulsions [75]. W/O emulsions are characterized by the connected water 

emulsified into tiny water droplets inside the oil phase [76]. The viscosity can be 

significantly increased and even be higher than the oil phase [77]. Consequently, the water 

mobility is reduced owing to the viscous fingering suppression. Dong et al. pointed out that 

W/O emulsions could plug the pores and divert the preferential water flow path to the 

un-swept area [72]. In addition, O/W emulsions are found to coexist with W/O emulsions. 

The size of O/W emulsions is small enough that enable oil droplets to entrain in the water 
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phase and flow out of the oil reservoir [71,72]. High oil recovery can be achieved with the 

proper size of oil emulsions that do not exceed size of pores and throats. In some big pores, it 

is found that uncounted O/W emulsions accumulates and also block the pores effectively, 

leading to the flow path change [78]. Therefore, the emulsification by the AF plays a key 

role in the seepage characteristics as well as the oil recovery. 

Emulsification ability is influenced by many factors, such as pore geometry, rock 

wettability and crude oil properties [75]. For the oil properties, most of researchers focus on 

the alkaline flooding applied for the low acid oil reservoirs [79–81]. However, the extent of 

IFT reduction is affected by different acidic fractions in crude oil [82], indicating the 

emulsification ability may varies from the different acid concentrations in oil reservoirs. This 

point implies that the alkaline flooding scenario should be optimized when it is designed for 

different acid oil reservoirs. Unfortunately, there is no current report in this field, which 

needs more investigations. 

1.5 Miscible flooding 

Miscible flooding implies that the displacing fluid has a good miscibility or mixing zone 

with the oils in reservoirs [17]. The typical characteristic is that there is no clear interface 

between the displacing fluid and oils, but it presents a compositional gradient (see Fig. 1-14). 

Compared with the immiscible flooding, the interface is clearly observed. As stated in the 

Section 1.3.2, the capillary forces are calculated based on the clear interface. Therefore, the 

capillary forces in the miscible flooding can be eliminated since the interface is invisible 

(Young-Laplace equation (Eq. (1-5)) is not applied for this case). As a result, the oil recovery 

can be significantly improved. 

 

Fig. 1-14. (a) Clear water–oil interface in immiscible flooding and (b) invisible water–oil interface in 

miscible flooding. 

The high oil recovery by the miscible flooding is controlled by the mass transfer instead 

of the capillary forces [21]. The interface in immiscible fluid system becomes a 

compositional gradient at which the displacing fluid can disperse into the oil phase 

(dispersion dominated [83]) and reduce the oil viscosity, which enhances the mobility of the 

oil phase [21]. The oils could dissolve into the displacing fluid and flow out of oil reservoirs. 

The miscible-based agents for EOR consist of solvent [21,84] and supercritical gases, e.g., 

CO2 [85–87]. 

However, the miscible flooding usually produced the viscous fingering [22]. 

Consequently, a large quantity of oils is bypassed, leading to reduction of areal sweeping 
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efficiency. In addition, direct injecting miscible fluid (e.g., solvent) is very expensive that 

limits its extensive utilization. Therefore, how to suppress the viscous fingering and lower 

the cost during the miscible flooding receives many concerns. 

1.6 X-ray microtomography 

The X-ray microtomography (micro-CT) is a powerful non-invasive imaging technique 

that enables us to visualize the fluid flow behavior in the opaque porous media [41,88,89]. 

Fig. 1-15 shows a schematic diagram of image acquisition and post-processing by X-ray 

micro-CT. Initially, the rock sample is fixed in a stage and rotates 360° by itself. Meanwhile, 

X-ray energies are emitted from a source and get through the rock sample (Fig. 1-15(b)). 

After that, the tomographic images are obtained based on the different attenuation of 

materials (fluids and solid) differentiated by a detector. Afterwards, an in-house compatible 

software is used to reconstruct these tomographic images into stacking image slices (Fig. 

1-15(c)). One can refer to previous research for the principle of X-ray imaging in detail [90]. 

In the final step, a workflow of post image processing is conducted to obtain the fluid-fluid 

configuration from a direct pore-scale view (Fig. 1-15(d)). 

 

Fig. 1-15. Schematic diagram of image acquisition and post-processing by X-ray microtomography: (a) 

photo of X-ray workstation, (b) work principle of X-ray device, (c) image tomographic reconstruction and 

(d) image post-processing sequence. 

The fluid flow behavior in actual rock formations has been extensively investigated using 

this technique [43,59,91,92], such as snap-off, piston-like displacement, and pore-body 

filling [59,93,94]. The emulsification phenomenon using C-EOR methods has also been 

captured from a pore-scale view [55,95,96]. The quantitative information (e.g., oil cluster 

size, surface area, and Euler characteristics) provide an important support for analyzing these 

pore-scale flow behavior [36]. 
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Thanks to the advanced imaging technique, in this study, we are able to directly observe 

the oil movement from a pore-scale visualization in the three-dimensional rock sample. As 

such, we could understand the microscopic displacement mechanism and find an appropriate 

way to optimize various C-EOR methods. 

1.7 Current research works 

1.7.1 Problem statement 

(a) The crude oil contains organic acids in nature. In C-EOR engineering, alkaline 

flooding is applied for reservoirs with acid oils because of chemical-produced surfactants. 

Surfactant flooding relies on the ready-made surfactant that directly injects for this kind of 

oils. Previous research mentioned both methods are conducive to EOR. However, the 

superiority of one type over the other is not clearly classified and the underlying 

displacement mechanism from a pore-scale view has rarely been reported, which determines 

the optimal selection of surfactant and alkaline flooding for the acid crude oils. 

(b) Previous reports stated that dual surfactants are more effective than a single surfactant 

alone. If the dual-surfactant system can be formed combining an appropriate surfactant 

injection and the in-situ oil acids, the surfactant performance may be significantly optimized, 

and, meanwhile, the cost can be reduced to a large degree. Therefore, this field needs more 

investigation. 

(c) The total acid number in actual oil reservoir ranges from 0~16.2 mg KOH/g. The 

effect of different oil-acid concentrations on the performance of alkaline flooding is never 

reported. In petroleum engineering, the scenarios of alkaline flooding application for 

different acid oil reservoirs should be optimized. 

(d) The disadvantage alkaline floodings is that it is strongly dependent on the acid 

concentrations. Furthermore, although the capillary forces are significantly reduced, it 

cannot be eliminated. In this case, some oils may be trapped in the pore spaces. Considering 

this, a miscible flooding is a good choice to eliminate the capillary forces. However, the 

miscible flooding usually produced intensive viscous fingering and the cost is very high. 

Therefore, a new modified miscible flooding needs to be created which could eliminate the 

capillary forces, suppress the viscous fingering and reduce the cost at the same time. If so, 

the oil recovery can be significantly and cost-effectively improved.  

Based on above-mentioned existing circumstances, four major questions need to be 

addressed in this study: 

(1) Which is more effective and what is the underlying mechanism for acid oil reservoirs 

between the surfactant and alkaline floodings?  

(2) How to create an in-situ dual-surfactant system relying on only one type of surfactant 

injection and oil acid components? 

(3) How is the effect of oil-acid concentrations on the performance of alkaline flooding? 
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(4) How to create a cost-effective miscible flooding that eliminates the capillary forces and 

suppress the viscous fingering at the same time? 

Thanks to the X-ray micro-CT, we are able to address these questions from a direct 

visualization into the micro pore spaces. The pore-scale oil movements provide direct 

evidence that the microscopic displacement efficiency is optimized step by step using the 

various C-EOR methods. A logical structure of four questions is stated in Section 1.7.2. 

1.7.2 Thesis objective and outline 

The objective of this study is to improve the acidic oil recovery by optimizing the various 

C-EOR methods considering two factors of viscous fingering suppression and capillary 

forces reduction. By using an X-ray micro-CT, the water–oil configurations from a 

pore-scale view can be visualized in the pore spaces of opaque rock formations. 

Consequently, the microscopic displacement mechanisms can be analyzed to examine the oil 

recovery enhancement when using these various C-EOR techniques. Most importantly, the 

different chemical methods are optimized step by step and finally the most favorable C-EOR 

method is proposed for petroleum engineering applications. The thesis structure of this study 

is illustrated in Fig. 1-16. 

In Chapter 1, we provided a background and objective about our study. The current world 

energy is mainly provided by the crude oils. However, the oil production from oil reservoirs 

is low and over 50% oils are bypassed during the secondary recovery stage. The oil bypassed 

mechanisms attributes to the two factors: viscous fingering and capillary forces. It has been 

extensively reported that various C-EOR methods were tried to adjust these two factors. 

Although the oil recovery can be improved to a certain degree, some methods need to be 

optimized considering its efficiency and applied conditions. Therefore, we stated the existing 

problems and our objective at the end. 

In Chapter 2, the performances of surfactant and alkaline flooding for acid oil recovery 

were compared by the evaluation of interfacial properties and residual oil occupying 

configuration in the pore spaces. It was found that the alkaline flooding for acid oil 

reservoirs is more superior than that of surfactant flooding and their underlying mechanisms 

were provided. Finally, we introduced a novel cationic surfactant to optimize the 

performance of surfactant flooding. However, the effect of oil-acid concentrations on the 

performance of alkaline flooding is unknown, which determines the optimization for 

different acid oil reservoirs. To address this, we go to the next chapter. 

In Chapter 3, the effect of oil acid concentrations on the performance of alkaline flooding 

was investigated. From the pore-scale view, we found the oil recovery efficiency increases 

with increasing oil acid concentrations because of stronger emulsification ability. A good 

emulsification has a good control of stable displacement (viscous fingering suppression) and 

entrainment flow (tiny oil droplets entrain in the aqueous phase and flow out). However, the 

alkaline flooding for low acid oil reservoirs is not good, namely it depends strongly on the 

acid concentrations. To solve this problem, we created a new fluid agent in next chapter. 
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In Chapter 4, we created a solvent-based microemulsion flooding for low acid oil 

recovery. The emulsion flooding was selected because of its good control of stable 

displacement. The solvent was added to make the emulsion agent due to its miscible 

behavior that eliminates the capillary forces. In addition, the solvent-based emulsion could 

reduce half percentage of solvent use, thereby decreasing the cost. The performance and 

miscible mechanism of this new agent was investigated from a pore-scale view using X-ray 

micro-CT. We concluded the solvent-based emulsion flooding has the best performance and 

can be applied for any type of acid oil reservoirs. 

In Chapter 5, we summarized the key conclusions in each chapter and provided the 

suggestions for future works. 

 

Fig. 1-16. Flowchart of current thesis structure 
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2   Comparative performance of ready-made and chemical-produced 

surfactants in acid-existing oil reservoirs 

Objective: In this chapter, the performances of ready-made surfactant and 

chemical-produced surfactant flooding for acid-existing oil recovery will be compared by the 

evaluation of interfacial tension, wettability alteration, and emulsification ability as well as 

the oil recovery efficiency. The superiority of one method over the other will be classified 

and their underlying mechanisms will be provided. Finally, one of method that has weaker 

performance will be optimized. 

2.1 Experimental 

2.1.1 Rock and fluids 

A miniature (6 mm in diameter and 15 mm in height) fabricated with sintered glass beads 

(SGB) was used to imitate an actual sandstone in subsurface. We selected SiO2-based SGB 

material as the artificial sandstone because most sandstones are composed of about 60–80% 

quartz. The quartz material is made up of SiO2 composition [92,97,98].  

 

Fig. 2-1. (a) Three-dimensional pore structure, (b) image-based porosity, and (c) pore size distribution of 

rock sample. 

Fig. 2-1 shows the properties of rock sample. The 3D pore structure was exemplified in 

Fig. 2-1(a), which was reconstructed using an open-source software (UCSF Chimera, 

University of California). In this region, the porosity was calculated to be 40% using an 

X-ray CT image scanning (Fig. 2-1(b)). Based on the images, the pore size distribution was 

extracted using a 3D watershed-segmentation algorithm [99,100] as shown in Fig. 2-1(c). 

The pre size ranges 10–300 µm with a peak of 100 µm, which agrees well with a broad 
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range of pore sizes in Berea sandstone [101,102]. The absolute permeability was measured 

~11 Darcy by a set of different rates of waterflooding. 

Liquid paraffin oil, sodium hydroxide solution (NaOH, 100 mmol/L), and linoleic acid 

were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Sodium 

linoleate was obtained from the Tokyo Chemical Industry Co., Ltd, (Tokyo, Japan). All 

chemicals were used directly with no further filtration or purification. The linoleic acid was 

doped into the paraffin oil to mimic the organic acid components in the crude oil. It is noted 

that linoleic acid, a type of fatty acid, can acts as a weak surfactant to reduce the IFT and 

alter the wettability. However, the effect of this acid on the IFT and wettability is much 

lower than that of its sodium salt, i.e., sodium linoleate [62]. Sodium linoleate is a strong 

anionic surfactant that can effectively reduce the IFT and thereby induce an emulsification 

process. Table 2-1 compares the properties of linoleic acid and sodium linoleate. The 

hydrophilic–lipophilic balance of linoleic acid and sodium linoleate were estimated to be 1 

and 18, respectively, according to the method of Davies [103], indicating that linoleic acid is 

preferentially oil soluble and that sodium linoleate is strongly water soluble. The critical 

micellar concentration (CMC) of linoleic acid and sodium linoleate are 0.15 mM and 4–5 

mM, respectively [104]. 

Table 2-1. Properties of linoleic acid and sodium linoleate. 

Name Linoleic acid Sodium linoleate 

Molecular formula C18H32O2 C18H31NaO2 

Structure 

  

Molecular weight 

(g/mol) 

  

HLB 1 (oil soluble) 18 (water soluble) 

CMC (mM) 0.15 4–5 

 

The core flooding experiments includes three systems of water flooding (WF), surfactant 

flooding (SF), and alkaline flooding (AF). Throughout all the experiments, the defending 

fluids were prepared with paraffin oil doped with 100 mM linoleic acid, which imitated 

natural crude oil with a total acid number of 6.4 mg KOH/g. In the WF system, the invading 

fluids were prepared only with de-ionized (DI) water. For the SF system, 100 mM sodium 

linoleate used as an anionic surfactant was dissolved into the DI water. For the AF system, 

100 mM NaOH solution was used as received from the company. It is noted that 4 wt.% NaI 
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was added into each invading fluid to enhance the discernment of the water and oil phases 

during the X-ray CT scanning. Each fluid was stirred overnight to ensure uniform solute 

dissolution using a magnetic homogenizer. The anionic surfactant powder was well dissolved 

with an aid of ultrasonic homogenizer (ASU-6M, As One, Japan) for 60 min [105–107]. The 

fluid viscosity was measured by using a viscometer (Sine-wave Vibro Viscometer-SV 10, 

A&D Co., Ltd., Japan). The viscosities of defending and invading fluids were 89 and 1.25 

mPa·s, respectively. The densities of defending and invading fluids were 0.837 and 1.02 

g/mL, respectively. The fluid pairs used in the core-flooding systems are shown in Table 2-2.  

Table 2-2. Fluid pairs used in the miniature core-flooding experiments. The invading liquid was doped 

with 4 wt.% NaI to enhance the image contrast among the solid, oil, and water phases. 

System Invading liquid Defending liquid 

WF Deionized water + 4 wt.% NaI  

Paraffin oil + 100 mM linoleic acid 

(total acid number = 6.4 mg KOH/g) 
SF 

Deionized water + 100 mM sodium 

linoleate + 4 wt.% NaI 

AF 
Deionized water + 100 mM sodium 

hydroxide + 4 wt.% NaI 

Note: WF, SF and AF represent water flooding, surfactant flooding and alkali flooding, respectively. 

In this study, the ex-situ surfactant flooding (SF) denotes that the core sample was flooded 

using a ready-made surfactant solution, whereas the in-situ surfactant flooding indicates that 

the core sample was flooded with alkaline solution by which the surfactant was produced in 

situ under a chemical reaction. In the AF system, chemical-produced surfactant is governed 

by the chemical reaction equation given in Eq. (2-1). It should be noted that 

chemical-produced and ready-made surfactants share the same material and concentration in 

the core-flooding system. The oil displaced by WF provided a good reference for SF and AF 

systems. 

𝑁𝑎𝑂𝐻 + 𝑅𝑂𝑂𝐻 = 𝑅𝑂𝑂𝑁𝑎 + 𝐻2𝑂 (2-1) 

Wherein NaOH is sodium hydroxide; ROOH is linoleic acid; ROONa is the salt of linoleic 

acid (sodium linoleate); H2O is the produced water. 

2.1.2 Methodology 

1) Preliminary test 

A tube test was used to observe the stability of emulsions during 0, 1, and 24 h of aging 

for the surfactant and alkali systems. Prior to being poured into a graduated cylinder, 10 mL 

specimens of chemical solution and oil phase were mixed and stirred in a beaker at 700 rpm 

for 60 min. Then, the photographs of the mixtures were captured using a digital camera (R6, 

Canon, Japan). In the meanwhile, the fresh mixtures were transformed into a Petri dish and 

examined under a microscope (YDU-3S, Yashima Optical Co., Japan). The diameter 

distribution of emulsion droplets was extracted by the ImageJ program. Note all tests were 

implemented at a room condition. 
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The pendant-drop method was employed to measure the IFTs between the oleic phase and 

the water phase using a drop shape analyzer (DSA 25, Krüss Scientific, Germany). This 

device was also configured for contact angle (CA) measurement through the sessile-drop 

technique. Flat glass substrates composed of the same SiO2 material as that of the SGB were 

used to enable the invading fluid to form droplets gravitationally on the surface with the 

surrounding oil [108]. During each IFT and contact angle (CA) measurement, the data were 

acquired until reaching the equilibrium condition; this process was repeated at least twice to 

ensure data reliability. All measurements were conducted under a condition of room 

temperature and pressure. 

2) Experimental setup and procedures 

As shown in Fig. 2-2(a), the miniature core-flooding system was composed of three main 

parts: miniature sandstone, a fluid flooding system, and an X-ray micro-CT scanner. The 

sandstone (6-mm diameter and 15-mm length) was covered by an acrylic sleeve with 8 mm 

in outer diameter and 15 mm in length, as received from the company. The acrylic sleeve 

was sealed with heat shrink tubing (Teflon material, 8.03-mm inner diameter) by heating to 

shrink at 150 °C using a heat gun (Bosch, Germany). A syringe pump (KDS 200, KD 

Scientific, United States) was used to inject the aqueous phase downward to displace the oil 

phase in the sandstone. The core-flooding system was configured with a high-resolution 

X-ray micro-CT scanner (ScanXmate-CF110TSS300, Comscantecno Co., Ltd., Japan), 

which was used for visualization of oil movement in porous media. In this study, the 

resolution was determined to be 3.6 µm/pixel by adjusting the core sample position close to 

the X-ray source. During each CT scanning, the sample was rotated 360° to complete one 

image dataset acquisition within 20 min (two frames/s). To remove the noise and beam 

hardening, a voltage of 70 kV and current of 120 µA were confirmed as optimal setting. One 

scanned image stack contained 1300 slices in height (distance between two neighboring 

slices was 1 pixel) and 2304 × 2304 pixels in width and length, respectively. The sketch of 

image stacks is shown in Fig. 2-2(b). The field of view (FOV) covering the entire area for 

each scanning was 8.3 × 8.3 × 4.7 mm3 in a cuboid volume. 
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Fig. 2-2. (a) Schematic diagram of miniature core-flooding system and (b) sketch of X-ray CT scanning 

for image stack. 

To verify whether the FOV was able to represent the entire core sample, representative 

elementary volumes (REVs) of porosity and residual oil saturation in the sub-cubical 

volumes [59,109] were calculated as shown in Fig. 2-3. The REV is the smallest volume that 

can be used to describe the general oil occupancies in porous media. As shown in this figure, 

the REV was calculated as 10 mm3 which is 13 times smaller than the FOV of sandstone. To 

conserve image processing time and computer memory, 3.5 mm × 3.5 mm × 4 mm of the 

cuboid volume was selected for the subsequent image analysis. This selected sub-volume 

was five times larger than that of the REVs and was therefore able to represent the oil 

displacement phenomenon for the entire sample. 

 

Fig. 2-3. Representative elementary volumes (REVs) of porosity after dry scan and oil saturation after 

surfactant flooding with 15 pore volume (PV) injection. 

The miniature core-flooding scenarios outlined in Table 2-2 were implemented according 

to the following procedures. The miniature sandstone was mounted vertically between the 

X-ray source and detector and adjusted the resolution to be 3.6 µm/pixel. Initially, a dry 

miniature was scanned to obtain the properties of rock sample (see Fig. 2-1). Then, the core 

sample was flushed with CO2 for 30 min to remove the air and transferred into a vacuum 

chamber. In this step, the sample was fully saturated with DI water. This step guaranteed that 

there was no air or CO2 remained in the pore spaces. An additional CT scanning was 

conducted to confirm that water saturation reached 100%. Afterward, a drainage process 

[non-wetting phase (oil) displaces wetting phase (water)] was performed upward at a flow 

rate of 100 µL/min until the residual water was irreducible. This process was to obtain an 

initial connate water condition. The connate water saturation was confirmed to be 24% by 

another CT scanning. Finally, an imbibition [wetting phase (water) displaces non-wetting 

phase (oil)] process was carried out that the aqueous phase was injected downward to 

displace the oil phase at a flow rate of 250 µL/min. The injection pore volumes (PVs) of 

aqueous phase were 1, 5, 10, 15, and 20 PV in a continuous mode. During each injection, the 

oil phase occupying in pore spaces were recorded by the X-ray CT scanning. 
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All experiments were done using the same miniature, which indicated the identical 

properties of porous media. This enabled us to study the effects of ex-situ and in-situ 

surfactant flooding on the residual oil occupancies with similar pore structures. To this end, 

the sandstone was rigorously rinsed at the end of each core-flooding experiment. The 

cleansing of miniature was alternatively followed by injection of 100 PV ethanol (60 v/v%) 

and 100 PV DI water. This step was repeated for twice to ensure complete cleaning. The 

cleaning procedure had a negligible effect on the phase configurations in pore spaces 

because all the connate water saturations were similar. 

3) Image processing 

Fig. 2-4 shows the image processing workflow for the core-flooding experiments. The 

raw images were captured by X-ray CT scanning (Fig. 2-4(a)), and the noise was removed 

using a non-local means filter (Fig. 2-4(b)). The non-local filter can preserve the edges of the 

three phases in the raw image. Detailed information can be found in previous publications 

[110–113]. As shown in Fig. 2-4(d), the gray values fluctuated along the downward yellow 

line before noise removal, which was hard to segment the phases. After noise removal, the 

gray values became smooth (Fig. 2-4(e)) and it was favorable to segment the solid, oil and 

water phases using a histogram threshold method [113]. Subsequently, three phases were 

combined into a clear and aesthetic-pleasing 3D image as shown in Fig. 2-4(c). After the oil 

phase was solely obtained, the 3D Object Counter and MorphoLibJ plugins were employed 

to label and digitize the trapped oil phase in the 3D pore spaces. As a result, the quantitative 

information of oil volume, interfacial area and Euler characteristics was extracted from the 

CT images. All images were processed by an open-source ImageJ software (National 

Institutes of Health, USA). 

 

Fig. 2-4. Image processing workflow after core flooding. (a) Raw CT images. (b) Filtered CT images. (c) 

Segmented three-phase CT images (rock, oil, and water phases are marked with gray, red, and blue colors, 
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respectively. (d) Gray values fluctuating along the downward yellow line before noise removal. (e) 

Smoothed gray values along the downward yellow line after noise removal. 

2.2 Results and discussion 

2.2.1 Tube test and microscopic visualization 

Tube testing was conducted to examine the emulsion stability of the surfactant and alkali 

systems. As shown in Fig. 2-5(a), the emulsion formation in the surfactant system was less 

stable than that of alkali system. Specifically, the emulsion volume in surfactant system was 

20 mL at the initial time (0 h). After aging for 1 h and 24 h, the value changed from 12 to 10 

mL, respectively. Moreover, the emulsion phase was observed to be milky white, which 

indicates precipitation of the surfactant. This implies that the effect of ex-situ surfactant 

flooding on IFT, wettability, and oil recovery is weaker in the porous media. In contrast, the 

emulsion phase in the alkali system appeared to be transparent and more stable at the aging 

time since the volume was maintained 10 mL. To evaluate the emulsification ability of 

ex-situ and in-situ surfactants, the size distribution of the emulsion droplets was examined 

using a microscope. As shown in Fig. 2-5(b), both the ex-situ and in-situ surfactants 

produced O/W emulsions. However, the oil globules in the ex-situ cases were larger and 

more regular than those in the in-situ cases. The irregularity of oil droplets in the alkali 

system indicates the presence of surfactant films produced at the oil–water interface that are 

easily ruptured by volume forces [114]. In addition, this film substance could also be a steric 

barrier toward coalescence [96].  

 

Fig. 2-5. Tube test and microscopic observation of oil–water mixtures in surfactant and alkali systems. (a) 

Emulsion stability with different aging times (from top to bottom, aging for 0, 1, and 24 h; red bold line 

denotes the boundary between emulsion and water phase). (b) Microscopic visualization of emulsions in 

water, surfactant, and alkali systems (×50 magnification). (c) The distributions of emulsion droplet 

diameters based on the microscopic visualization in which more than 50 droplets were evaluated using 
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ImageJ software. 

The quantitative size distribution of oil droplets is described in Fig. 2-5(c). The 

distribution of oil globule diameters presented two peaks of 350 µm and 250 µm in the 

ex-situ and in-situ systems, respectively. Furthermore, many large sizes of droplets ranged 

from 600 µm to 1200 µm in the ex-situ system, whereas most of globules distributed were 

less than 600 µm in the in-situ system. Therefore, the emulsification ability is much stronger 

than that of ex-situ system, which implies its better solubilization and mobilization in the 

pore spaces of sandstone.  

2.2.2 IFT and wettability measurement 

Fig. 2-6 illustrates the results of IFT and CA measurement for the water, surfactant, and 

alkali flooding systems in an equilibrium condition. The IFT value in water system was 12.6 

mN/m, and pendant drop was largest at ~6 µl in volume. In the surfactant system, the IFTs 

were reduced significantly to 3 mN/m, and pendant drop formed was much smaller than that 

of water system, at a volume of ~0.9 µl. However, the pedant drop could not form in the 

alkali system because the IFT was less than 1 mN/m and beyond the measurement range. 

This result agrees well with that in previous research [74]. Nevertheless, it was supposed that 

the IFT was in range of 0.01–0.1 mN/m according to a previous test [115]. Therefore, the 

IFT was largely reduced by two orders of magnitude compared with that in the surfactant 

system. It implies that the chemical-produced surfactant may be more effectively formed at 

the oil–water interface [116], whereas the ex-situ surfactant relied on a slow transport to the 

interface [117].  
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Fig. 2-6. (a) Interfacial tension measurement by the pendant-drop method. (b) Wettability measurement of 

the contact angle by the sessile-drop technique. (c) Quantitative information of interfacial tension and 

contact angle in the water, surfactant, and alkali systems. 

The wettability is slightly altered by the alkali and surfactant flooding. In the water 

system, the average CA was 54.9°, which revealed that the sandstone was initially water wet. 

In the surfactant system, the wettability became strongly water-wet with a CA of ~33.1°. 

Similarly, the wettability was also strongly water-wet in the alkali system, in which the CA, 

at ~30.1°, showed a slight reduction compared with that in the surfactant system. The 

wettability alteration of the ex-situ surfactant can be attributed to the “ion pair” formation 

mechanism [118] via interaction between the carboxylic acid group and the surfactant; that 

of the in-situ surfactant can be explained by electrostatic or hydrogen bond interactions [70]. 

2.2.3 Miniature core-flooding experiments 

1) Oil recovery performance 

Fig. 2-7 displays the oil recovery performance at the end of various flooding experiments 

in the FOV. In Fig. 2-7(a), the X-ray CT images show 3D configuration of the residual oil 

phase at the end of 20 PV injection. In the WF system, the oil phase was well connected 

throughout the sample, which was marked with red color. This indicates that the oil recovery 

was very low because a large amount of oil was trapped in the pore spaces. During the SF, 

the volume of well-connected oil phase decreased, and many disconnected oil clusters 

appeared. In contrast, the well-connected oil phase in the AF system disappeared and were 

completely split into many separate oil ganglia and singlets owing to the strong 

emulsification process. Fig. 2-7(b) shows the variation of total oil volume and oil cluster 

number. The total oil volume decreased from 8.6 mm3 to 2.5 mm3, and the oil cluster number 

increased steadily from 21538 to 62280 in the water, surfactant, and alkali systems. That is, 

the emulsification ability from the in-situ surfactant was much stronger than that of the 

ex-situ surfactant, which agrees well with the microscopic observations (Fig. 2-5(c)). The 

quantitative oil recoveries are illustrated in Fig. 2-7(c). At 20 PV injection, the final oil 

recovery in the AF and SF were highest and intermediate, corresponding to efficiencies of 

86.9% and 69.6%, respectively. The lowest oil recovery occurred in WF with 55.4% 

efficiency. In the AF system, the highest developed emulsification produced a large quantity 

of small oil droplets, thereby leading to an effective “emulsion–entrainment” flow, in which 

small oil globules are entrained in the main flowing stream and easily pass through the pore 

spaces [119]. This result also agrees very well with “smooth flow mode” in the 

high-efficiency emulsification zone [120]. 
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Fig. 2-7. Residual oil configuration at the end of 20 PV injection in the water, surfactant, and alkali 

flooding systems. (a) 3D images of trapped oil clusters (different colors denote disconnected oil clusters). 

(b) Statistical residual oil volumes and cluster numbers for WF, SF and AF systems, respectively. (c) Oil 

recovery efficiency as a function of injection PV.  

2) Microscopic oil displacement 

The capillary number (Ca) is a key parameter defined as the capillary–viscous force ratio 

(Eq. (2-2)) that controls the oil cluster trapping and mobilization of invading fluid in porous 

media. In this study, the Ca values were calculated to be Ca = 2.6 × 10−5, 7.3 × 10−5, and 2.1 

× 10−3–2.1×10−2 for the WF, SF, and AF systems, respectively. Therefore, both the WF and 

SF systems belong to the capillary–viscous flow regime, whereas that for the AF is a 

dominant viscous-flow regime [20,94]. 

𝐶𝑎 =
𝜇𝑢

𝛾𝑐𝑜𝑠𝜃
 (2-2) 

Wherein 𝑢 is the cross-sectional velocity of the invading fluid, 𝜇 is the dynamic viscosity 

of invading fluid, and 𝛾 is the interfacial tension at the oil–water interface. 

Fig. 2-8 shows a 2D cross-sectional image of the dynamic oil displacement by invading 

fluid at a series of 1, 5, and 20 PV injections. More than half of the oil phase was left behind 

after WF. The oil recovery performance was not effective because the capillary forces 

trapped the oil clusters in the pores. That is, the displacement forces were unable to 

overcome the threshold capillary pressure during the dynamic processes. The threshold 

pressure can be estimated by Young–Laplace equation in Eq. (2-3) [121]. Fig. 2-1(c) and Fig. 

2-6(c) show that the average pore radius was found to be 56 µm, and the IFT and CA were 
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12.6 mN/m and 54.9°, respectively. Therefore, the threshold pressure was approximately 

258.75 Pa. In addition, the close-ups indicate that the pore dynamic displacing events were 

dominated by two main mechanisms: piston-like displacement and pore-body filling, 

generally occur in the water-wet porous media [59]. The piston-like events occurred in the 

main terminal meniscus, where the oil phase was displaced by the water phase through an 

advanced piston movement [93]. The pore-body filling events means one or more pore body 

initially occupied by the oil phase has been filled by the water phase [122]. Note that there is 

no emulsification occurred without the participation of surfactants in the pore events.  

𝑝𝑐 =
2𝛾𝑐𝑜𝑠𝜃

𝑅
 (2-3) 

Wherein 𝑝𝑐 is the threshold capillary pressure, R is the pore or throat radius, and 𝜃 is the 

CA. 

In the SF system, oil clusters in the originally uninvaded pore sites of WF system were 

mobilized and solubilized by participation of surfactants, which resulted in 14.2% additional 

oil recovery compared with that by WF. This phenomenon can attribute to the aspects of IFT 

reduction, wettability alteration, and weak emulsification. The surfactant additive reduced 

the IFT from 12.6 mN/m to 3 mN/m, thereby resulting in a maximum fourfold increase in 

the Ca. This means that the viscous force was significantly increased compared with the 

capillary force. Furthermore, the wettability was altered from weakly water-wet to strongly 

water-wet. Therefore, the threshold pressure was reduced significantly with the combined 

IFT and wettability changes. As shown in Eq. (2-3), the threshold pressure was estimated to 

be 89.76 Pa in the SF system. The reduction in threshold pressure enables a lower 

displacement force can improve the oil remobilization. As shown in close-ups of Fig. 2-8, 

the weak emulsification process was observed through the partially small oil droplet 

formations in the pores. Therefore, a large fraction of oil was mobilized in the form of oil 

droplets that were smaller than the pore size. Moreover, both piston-like and pore-body 

filling mechanisms were also observed in the dynamics. This result provides direct evidence 

that the emulsification process in the ex-situ SF is less effective. Comparably, a strong 

emulsification process was induced in the AF system that dominated the dynamic 

displacement. Close-ups of Fig. 2-8 in AF system show the numerous small oil globules 

formed in the pores and entrained in the main flow stream that easily passed through the 

pore-throat structure. In addition, the in-situ surfactant was more effectively produced at the 

oil–water interface, thereby promoting additional reduction in the IFT and wettability 

alteration and a significant increase in the Ca number. The high Ca number suggests a 

dominant viscous-flow regime where the viscous forces were more pronounced. The 

threshold capillary pressure was further decreased to 0.31–3.1 Pa, which led to substantial 

enhancement in oil mobilization, particularly in very small pores or corners. During the 

continuous injection, small oil blobs were re-entrained in the flow stream until equilibrium 

was reached. An additional final oil recovery of 17.3% was promoted compared with that 

produced by SF. 
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Fig. 2-8. Oil occupancies from 2D cross-sectional view at various injection PV values for WE, SF and AF 

systems. The 550 µm × 550 µm magnifications show close-ups of typical oil displacement behavior in 

pore spaces. 

Fig. 2-9 shows 3D visualization of emulsification process from the close-ups of Fig. 2-8 

for the SF and AF systems (WF as a reference). Without surfactant participation, no 

emulsification occurred in the pores, and the oils were removed through piston-like and 

pore-body filling mechanisms. With ex-situ SF, the emulsification was slight until the 

injection was increased to 5 PV. Prior to this stage, the oil removal relied on the piston-like 

and pore-body filling mechanisms; after 5 PV injection of invading fluid, many small oil 

droplets were formed and were entrained in the main flow stream. However, many oil 

clusters that were larger than the pore diameter remained in the pores owing to the weak 

emulsification ability. In contrast, a large fraction of the oil phase area was effectively 

emulsified into many smaller oil droplets, indicating that the emulsification process during 

AF was spontaneous and very strong through all injection stages. The quantitative analysis 

of the oil droplet diameter distributions is presented in Fig. 2-10 and Fig. 2-11. Direct 

observation of the emulsification phenomenon proves that the in-situ surfactant is more 

effective than the ex-situ surfactant for emulsion formation and oil recovery performance. A 

reasonable explanation for the performance differences will be discussed in Section 2.2.4. 
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Fig. 2-9. Exemplary three-dimensional (3D) visualization of dynamic oil phase removal in pores at 

various injection pore volume (PV) values for water, surfactant, and alkali flooding systems. The image 

group of three systems was reconstructed using the VG Studio Max 2.1 volume rendering software.   

3) Morphology and topology 

As mentioned previously, the size distribution of residual oil clusters is strongly affected 

by ready-made and chemical-produced surfactants. To quantify the emulsification ability, the 

count number and volume fraction of oil clusters as a function of equivalent diameter were 

extracted at the final stage of 20 PV injection, as presented in Fig. 2-10(a)–(b). The 

equivalent diameter was calculated by Eq. (2-4) [107]. After WF, 19163 small oil clusters 

were distributed in the equivalent diameter range of 10–50 µm, although only one 

well-connected cluster was present as a network pattern within 2000–2500 µm. This largest 

long-chain network accounted for 97.2% of the entire oil cluster volume, which indicates 

very low oil recovery performance, as shown in Fig. 2-10(c). The highly non-uniform 

distribution of oil cluster size is attributed to the high-threshold capillary pressure. As a 

result, once the invading path was established, preferential main flow stream was maintained 

without invading new pores. 

𝐷 =  √
6𝑉

𝜋

3

 (2-4) 

Where D is the equivalent diameter, V is the volume of oil cluster. 
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Fig. 2-10. (a) Count number and (b) volume fraction distribution of oil clusters as a function of equivalent 

diameter. (c) Examples of the largest oil clusters.  

With the SF, the number of 10–50 µm counts increased to 30647, which indicates that 

more small oil droplets were produced from the largest network. Fig. 2-10(c) shows a 

decrease in the largest cluster size, which accounted for 85% of the entire volume of oil 

clusters. This implied gradual solubilization of largest oil network leading to emulsification 

in the pore spaces. The oil recovery was also enhanced by the emulsion entrainment flow. 

However, a strong emulsification was produced when the core sample was subjected to the 

AF. Oil size distribution indicates that 10–50 µm oil cluster counts increased to 56320, 

which is almost twice than that in the ex-situ SF. Furthermore, the volume fraction of the oil 

cluster presented uniform distribution, as shown in Fig. 2-10(b). That is, the largest network 

in the WF and SF systems disappeared and emulsified into small oil droplets which spanned 

pore size from very small to intermediate. The largest cluster accounted for only 5% of the 

volume fraction to the total oil cluster volume. Fig. 2-11 presents the average equivalent 

diameter of a single oil droplet extracted randomly from pores in the WF, SF and AF systems. 

The diameters of the individual oil globules decreased steadily in all systems at values of 

93.5 µm, 57.6 µm, and 31.4 µm, in WF, SF, and AF systems, respectively. The smallest 

diameter of oil droplets in AF system supports again the entrainment flow that the droplets 

can easily pass through the tortuous pore-throat structure in a smooth-flow mode. Therefore, 

using the chemical-produced surfactant resulted in the most favorable oil recovery 

efficiency. 
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Fig. 2-11. Average equivalent diameters of oil clusters in pore spaces from different systems. The inset 

images show representative 3D reconstructed oil clusters in pore spaces, where the different colors denote 

single oil clusters. A, B and C represent water, surfactant and alkali flooding systems, respectively. 

The oil clusters were classified into different patterns according to the sphericity (G) and 

Euler characteristics (Eu) as expressed in Eq. (2-5) and Eq. (2-6), respectively [123]. As 

shown in Table 2-3, four main patterns of networks, branches, ganglia, and singlets were 

classified. Networks are characterized by well-connected shapes spanning vast pores with 

the largest volume through the porous media. The structure is highly complicated and 

includes many loop-like structures. Networks generally have very low sphericity owing to 

the large surface area and negative Eu characteristics (Eu < 0). Branches are small network 

patterns that occupy several pores with one or more loops. The volumes are relative larger, 

and Eu values are negative. Ganglia patterns usually span several pore spaces without loops, 

and singlets usually occur in the form of sphere-like structures existing within single pores. 

The volume of singlets is lowest, and the G approaches 1. The Eu characteristics of both 

ganglia and singlet are positive, i.e., Eu > 0. 

𝐺 =  
𝜋1/3(6𝑉)2/3

𝐴
 

(2-5) 

𝐸𝑢 = 𝑁 − 𝐿 + 𝑂 (2-6) 

 

Wherein V and A are the volume and surface area of individual oil clusters, respectively; N is 

the number of isolate objects; L is the number of redundant loops; and 𝑂 is the number of 

cavities [124]. 

Table 2-3. Classification of oil cluster patterns combining sphericity and Euler characteristics. 

Classified patterns Sphericity (G) Euler characteristic (Eu) 

Network 0 < G ≤ 0.1 Eu < 0 

Branch 0.1 < G ≤ 0.3 Eu < 0 
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Ganglia 0.3 < G ≤ 0.5 Eu > 0 

Singlet 0.5 < G ≤ 1.0 Eu > 0 

 

The volume fraction of oil cluster patterns against various flooding stages for WF, SF and 

AF systems is shown in Fig. 2-12. At the early flooding stage of 1 PV, the network pattern 

was dominant in all systems and contributed 99% of the volume fraction, which indicates 

good connectivity in the oil phase. When the flooding increased to 5 PV, the network pattern 

showed a slight decrease of about 10% volume fraction but still dominated in this condition. 

However, the branches, ganglia, and singlets increased a few percentage points in volume 

fraction. During this stage, no distinct difference was noted in the volume fraction of oil 

cluster patterns among these three systems. However, the volume fraction of the different 

patterns changed significantly when subjected to flooding stage of 10 PV in the AF system. 

In particular, the network with 78.5% volume fraction disappeared and emulsified into 

patterns of branches, ganglia, and singlets. Fig. 2-12 clearly shows that the branch patterns 

increased to 61% of the volume fraction and were the dominant pattern, whereas both the 

ganglia and singlets increased to 35%. During the flooding stage of 20 PV, ganglia and 

singlets were formed by branch solubilization. As shown in the figure, the volume fraction of 

the branches decreased 23%, whereas that of both ganglia and singlets increased almost 10%. 

As previously mentioned, this distinctive transformation is attributed to the strong 

emulsification occurring in the AF. 

 

Fig. 2-12. Volume fraction of oil clusters in morphologies of (a) network, (b) branches, (c) ganglia, and (d) 

singlets as a function of various pore volume (PV) injections for WF (A), SF (B), and AF (C) systems. 

A similar variation trend in cluster patterns when the sample was subjected to the SF. 

However, this change was slight due to the weak emulsification process. For example, the 
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volume fraction of the network decreased by 4%, whereas a reduction of 78.5% was noted in 

the AF system. The other patterns of branches, ganglia, and singlets also increased slightly. 

Nevertheless, the results are still comparable to that of WF system in which once the 

network was established, only 1% variation was changed for all patterns. The network was 

the dominant pattern and accounted for 98% of the volume fraction, indicating very low oil 

recovery efficiency. 

2.2.4 Underlying mechanism 

As analyzed previously, it can be known that emulsification ability is stronger in the 

chemical-produced (i.e., in-situ) surfactant than that of in the ready-made (i.e., ex-situ) 

surfactant. Fig. 2-13 shows the Petri dish tests agrees well with the micro-CT observation. 

The time-series images indicate no obvious change in the oil phase after 80 s in the ex-situ 

system. After shaking, many small oil droplets were produced under the mechanical forces. 

In contrast, spontaneous oil deformation was observed at the oil–water interface after 80 s in 

the in-situ surfactant system. During the development of oil blebbing over time, some blebs 

grew large enough to break into smaller droplets. The occurrence of the blebbing 

phenomenon agrees well with previous research [64,125]. After shaking, most of the oil 

droplets were very small size. This phenomenon implies that emulsification induced by 

chemical-produced surfactant was effective and spontaneous, whereas that by ready-made 

surfactant was weak and required strong shearing force in the porous media. 

In the Petri dish test of chemical-produced surfactant system (see Fig. 2-13), the easy 

fission of oil droplets can be attributed to the a large quantity of surfactant aggregates that is 

produced effectively at the oil–water interface by chemical reaction [125]. Sumino et al. [64] 

revealed that these surfactants aggregates has a gel-like structure, which is a type of soft 

matter. The oil cluster deformed because of inhomogeneous surfactant distribution that 

resulted in uneven distribution of IFT [63,65] That is, a strong interfacial instability is 

induced related with IFT gradient and internal pressure inside oil droplets [125]. A similar 

phenomenon was observed previously in a calcium hydroxide–fatty acid system in which a 

film of unstable matter formed at the water and oil interface. Within a short time of a few 

seconds, the film ruptured to enable water entry, which caused the oil droplet to break into 

smaller droplets [114]. However, the Petri dish test shows there was no oil deformation after 

aging 80 s, indicating the ready-made surfactant is not effective to reduce the IFT. This 

reason is that the transport of surfactant molecules to the oil–water interface is a slow 

process only relying on the diffusion mechanism (no convection). 

Fig. 2-14 shows transport mechanisms of ready-made and chemical-produced surfactants 

in porous-media-flow condition. In the ready-made surfactant system (Fig. 2-14(a)), 

convection flow is responsible for the surfactant transport to the oil–water interface. In this 

study, the Péclet number (ratio of convection to diffusion) is estimated within 5~300, 

indicating the convection dominates over the diffusion [126]. In the other words, the 

surfactant transport is a slow process because it requires time to deliver the surfactant 

molecules to interface by convection flow [96,127]. However, in the chemical-produced 
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surfactant system (Fig. 2-14(b)), the surfactant transport to the interface strongly depends on 

the quick and precise surfactant production by the chemical reaction. As the large oil clusters 

are emulsified into many tiny droplets, it increases the contact interfacial area, which results 

in stronger chemical reaction and the convention flow is also strengthened because of 

disturbances around the multi-droplets. Consequently, the surfactant transport is much more 

effective than that of ready-made surfactant injection. Therefore, the surfactant transport 

mechanisms are very different between the SF and AF systems, which supports that fact that 

emulsification ability is much stronger in the AF system than that in the SF system.  

 

Fig. 2-13. Petri dish experiments of oil drops in the bulk water phase for water, surfactant, and alkali 

systems. 

 

Fig. 2-14. Surfactant molecules transport to the water–oil interface: (a) Ready-made surfactant transport 

and (b) Chemical-produced surfactant transport. 



Tokyo Tech Doctoral Dissertation 

 38 

2.3 Extra study for optimization 

Section 2.2 revealed that the ready-made surfactant transport to the water–oil interface 

tends to be slow relying on the convection mechanism (Fig. 2-14(a)). On the contrary, the 

surfactant produced at the interface by chemical reaction presents comparative rapidity and 

effectiveness (Fig. 2-14(b)). Therefore, this section will introduce a novel surfactant to 

optimize the performance of ready-made surfactant which is analogous to the AF. In other 

words, the new introduced surfactant can adsorb the acid components of oil to form the 

surfactant aggregates and accumulate quickly near the interface. As a result, the oil 

deformation was spontaneously induced which shows similar behavior with that AF (see Fig. 

2-13). In this sense, the performance of SF can be significantly optimized which approaches 

that of AF. Note that the adsorption is a physical process instead of a chemical reaction. 

2.3.1 Chemicals and fluids 

The oil phase was prepared by mixing 25% v/v tetradecane (FUJIFILM Wako Chemicals 

Co., Ltd) and 75% v/v JS 1000 standard oil (Nippon Grease Co. Ltd.). The standard oil was 

used to increase the viscosity of the oil mixture due to its high viscosity of ~1000 mPa·s 

(20℃). We dissolved 20 mmol/L palmitic acid (PA) (FUJIFILM Wako Chemicals Co., Ltd) 

into the oil sample to imitate the natural acidic heavy oil, which corresponds to a total acid 

number of 1.35 mg KOH/g. The chemical aqueous phase was prepared by dissolving 20 

mmol/L stearyltrimethylammonium chloride (STAC, a type of cationic surfactant) (Tokyo 

Chemical Industry Co., Ltd) into the de-ionized water (TRUSCO Nakayama Corporation). 

The experiments included water flooding (WF) and chemical flooding (SF) systems, which 

indicates oil phase was displaced by the pure water phase and STAC aqueous phase, 

respectively. Note that pure WF was only a reference to compare with the performance of SF. 

The test fluids and physical properties are listed in Table 2-4. To aid visualization, a certain 

concentration of Sudan red or iododecane was doped during camera snapshotting and X-ray 

micro-CT scanning, respectively. 

Table 2-4. Test fluids and properties in the WF and CF systems.  

System Oil phase Aqueous phase 

Water flooding 

(WF) 

Oil + PA 20 mmol/L 

Viscosity: 85.1 mPa∙s 

Density: 0.830 g/mL   

 De-ionized water  

Viscosity: 0.890 mPa∙s 

Density: 0.997 g/mL   

Surfactant flooding 

(SF) 

Oil + PA 20 mmol/L 

Viscosity: 85.1 mPa∙s 

Density: 0.830 g/mL   

Water + STAC 20 mmol/L 

Viscosity: 1.18 mPa∙s 

Density: 0.975 g/mL   

Note: PA represents palmitic acid, and STAC is stearyltrimethylammonium chloride. 

2.3.2 Experimental method 

The spontaneous oil deformation was first observed in a static mode using a Petri dish test. 
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Afterwards, the performance and displacement mechanism were evaluated by two tests of 

2D microchannel and 3D porous media. The schematic diagrams of two tests are shown in 

Fig. 2-15. 

1) Petri dish test 

In this test, an oil droplet containing PA was statically placed in the aqueous phase with 

the STAC surfactant. As the time progressed, the shape of oil droplet was monitored using a 

digital camera (EOS R6; Canon, Japan). 

2) Microchannel test (2D) 

A microchannel (45 mm × 10 mm) was fabricated using a stereolithography 

three-dimensional (3D) printer (Form 3+, Formlabs Inc., USA), as shown in Fig. 2-15(a). A 

large channel and a constricted channel were printed inside the microchip. The accuracy of 

the 3D printer has been evaluated in our previous study [128]. The radius of the large 

channel was 1500 µm. The length and radius of the constricted channel were 5 mm and 150 

µm, respectively. The large and constricted channels were used to imitate a group of 

pore-throat structures in an actual rock sample, thereby allowing oil displacement to be 

observed directly from a pore-scale view. First, the microchannel was saturated with pure 

water. Next, oil was injected to remove water. Subsequently, an aqueous phase was injected 

to displace the oil in the channel. A syringe pump (KDS 200, KD Scientific Inc., USA) was 

used to control the flow rate to 1, 10, and 50 µL/min. The dynamic displacement process was 

captured using a digital camera (EOS R6; Canon, Japan). 

3) Porous media test (3D) 

A pore-scale test (see Fig. 2-15(b)) was performed to observe oil deformation 

phenomenon in the 3D porous media. The pore space was more tortuous and complicated 

than that in a single pore-throat structure (Fig. 2-15(a)). Glass beads with a diameter of 1000 

µm were used as the porous media. This particle size yielded large pore-throat spaces, which 

allowed us to observe the oil deformation more clearly. First, the glass beads were packed 

densely into an acrylic container with a 10-mm inner diameter and 30-mm height. In this 

step, the image-based porosity was measured to be ~0.41 via X-ray CT scanning 

(ScanXmate-RB090SS, Comscantechno Co., Ltd., Japan). Afterwards, the sample was 

transferred to a vacuum chamber, where it was fully saturated with DI water. Subsequently, 

the oil phase was injected to create connate water conditions. Finally, 0.5 pore volume (PV) 

of STAC solution was injected to displace the oil phase at a flow rate of 500 µL/min. In this 

step, the injection was stopped, and oil deformation automatically occurred in the pore 

spaces. Residual oil deformation was monitored via X-ray CT scanning at different periods 

(0–60 min, 5 min intervals). The resolution of the X-ray CT was set to 16.553 µm/pixel, 

which implies that the FOV encompassed the entire sample with a diameter of 10 mm and a 

height of 15 mm. More details regarding the X-ray CT performed are available in our 

previous publication [113]. 
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Fig. 2-15. Schematic diagram of experiments: (a) 2D microchannel and (b) 3D porous media. 

2.3.3 Image processing 

In this study, all image-based data were obtained via camera snapshotting and X-ray CT 

scanning. Therefore, all quantitative information (including area, perimeter, volume, and 

saturation) was extracted from the images using the ImageJ software platform (National 

Institutes of Health). Details regarding the image-processing workflow are presented in 

Appendix A-A.1 Image processing. 

2.3.4 Results and discussion 

The oil droplet deformation in the chemical aqueous phase has been observed in the Petri 

dish. Three stages of shrinking, spreading, and blebbing were also confirmed in the previous 

research [64,129]. In this study, we successfully reproduced their experiments, and some 

novel phenomena were revealed as shown in Fig. 2-16. In Fig. 2-16(a), there were three 

distinct stages of deformation when the oil droplet was placed on the water phase. The oil 

droplet first shrank and then spread to a larger diameter within a few seconds. Subsequently, 

the oil droplet shape became deformed, undergoing a blebbing stage. The 

shrinking–spreading–blebbing stages were consistent with that reported by Sumino et al. 

[64]. When we dropped a smaller oil globule in the water phase, oil blebbing occurred and, 

at the same time, splitting along the deformed surface started spontaneously (see in Fig. 

2-16(b)). We found that if increased the oil droplet size to four times larger than that in Fig. 

2-16(b), the droplet spread to critical size and then activated a drastic crushing to pieces (Fig. 

2-16(c)). This phenomenon is also called an amoeboid movement in alignment with previous 

observation [129]. Apart from the droplet size, the depth of water in the Petri dish also 

played a significant role in the deformation phenomenon. Fig. 2-16(d) shows the oil droplet 

first spread and then shrank to a smaller size instead of crushing stage. In Fig. 2-16, we can 

see that the oil deformations show similar behavior with that of AF in Fig. 2-13. 

 Fig. 2-16(e) illustrates the schematics of molecular aspects of aggregate formation. 

Initially, STAC in the aqueous phase forms spherical micelles, whereas PA in the oil phase 

exists as monomers (stage 1). The PA cannot penetrate the aqueous phase without the 
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presence of STAC. When the aqueous phase contacts with the oil phase, the PA molecules 

will penetrate the aqueous phase and adsorb into the STAC micelles (stage 2). Once the PA 

molecular aggregate is enough, the STAC micelles elongate to form several bilayers close to 

the water-oil interface (stage 3). This bilayer was also called lamellar structure with a 

thickness of about 40 nm, proved by Sumino et al. [63]. The intensive deformations of oil 

droplets were attributed to the heterogeneous distribution of surfactant aggregates, leading to 

an inhomogeneous IFT distribution [64]. In turn, a convective flow in the aqueous phase was 

induced due to the Marangoni effect [129]. Furthermore, the oil droplet size and depth of the 

aqueous phase affected the intensity of convective flow. Therefore, the oil deformations 

presented different stage behaviors (see Fig. 2-16(a)–(d)). Given that the crude oil contains 

the PA molecules, the oil cluster will also deform and split in the porous media when 

subjected to the STAC flooding. In other words, the Petri dish experiments imply that the 

new STAC surfactant is analogous to the AF, which can also accelerate the surfactant 

aggregates to the water–oil interface in a method of physical adsorption. 

 

Fig. 2-16. Time-series snapshots of an oil droplet on the aqueous solution in a Petri dish test. Four main 

types of deformation were observed: (a) shrinking–spreading–blebbing, (b) blebbing–splitting (c) 

spreading–crushing and (d) spreading–shrinking. 

The microchannel test simulated the oil displacement process in a single pore-throat 

structure. Fig. 2-17 shows the oil blebbing phenomenon in the static mode and its effect on 

the frequent change of flow path direction in the dynamic mode. As shown in Fig. 2-17(a), 

the oil shape is monitored immediately after the injection is terminated. The oil shape 

changed repeatedly, indicating that the oil clusters underwent continuous interfacial blebbing. 

This result is consistent with a previous report pertaining to Petri dish experiments by 
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Sumino et al. [64,125]. They reported that oil blebbing is ascribed to an unstable internal oil 

pressure resulting from the inhomogeneous distribution of surfactant aggregates. In the 

dynamic mode (Fig. 2-17(b)), the flow path direction is diverted by the frequent change in 

the oil shape, which implies that the STAC solution can contact more oil phase in pore 

spaces, especially in the dead pores and corners. Fig. 2-17(c) shows quantitative information 

based on the deformation number (see Eq. (A-A1) in Appendix A-A.1) for comparing the 

changed oil shapes in the static and dynamic modes. Initially, the deformation numbers are 

similar, which indicates that the oil shapes are similar. As time progresses, the difference 

between the static and dynamic modes increases. The oil shape in the dynamic mode is 

elongated during the shearing force, whereas that is reduces to a clump in the static mode. 

This implies that the perimeter in the dynamic mode should exceed that in the static mode. 

Finally, the deformation number indicates a significant difference. The deformation number 

again supports that flow path was changed frequently which could displace more oil in pore 

spaces. Additionally, Fig. 2-17(b) shows oil splitting was produced under the shearing forces 

in the dynamic displacement process, indicating emulsification occurred spontaneously even 

without interactions with porous media. Fig. A-A3 shows that flow patterns were also 

affected by the flow rates (see Appendix A-A.2). With increasing flow rate, the 

emulsification became more intensive which enable the tiny oil droplets easily pass through 

the pore spaces. Therefore, it is supposed that emulsification ability of STAC surfactant is 

improved which is better than the previous sodium linoleate surfactant. As a reference to Fig. 

A-A3, the pure water flooding in Fig. A-A4 shows there is no oil deformation in the 

microchannel flow. 

 

Fig. 2-17. Comparison of oil deformations between static mode (a) and dynamic mode (b) in 
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microchannel. Deformation number (c) is quantitatively extracted from time-series images. Near 

water–oil interface, STAC micelles adsorb PA monomers, generating bilayers (d) that exhibit viscoelastic 

and fragile properties. 

Fig. 2-18 shows the oil deformation phenomenon in the multi-pore-throat structures in the 

3D porous media. As shown in this figure, oil deformation is strong in the well-connected 

pore spaces, and some novel phenomena are discovered through this test. Fig. 2-18(a) shows 

the oil deformations in the 2D cross-sectional area. Numbers 2 and 5 represent the shrinking 

stage of the oil cluster, and number 6 indicates the spreading stage. This finding is consistent 

with those from Petri dish tests [64,125,129] and that from the single pore-throat test (see 

Fig. 2-17(a)). In the multi-pore-throat structures, the oil film attached to the solid particle 

surface and connected the adjacent particles as bridges. Once oil deformation occurred, the 

oil film detached from the surface and appeared in the main oil clusters, as shown in number 

3. This implies that film detachment can strengthen oil remobilization and improve oil 

recovery. In addition, many bridges were disconnected, as indicated by numbers 1 and 4. As 

shown in Fig. 2-18(a), small new oil droplets appeared in the pore space, which implies the 

occurrence of spontaneous emulsification due to splitting. Fig. 2-18(b) shows 3D close-up 

images of oil deformation from numbers 2, 4, and 6. As shown in this figure, oil shrinkage 

reduced the oil cluster volume (number 2). In number 4, the bridge was disconnected, and 

some oil clusters snapped off automatically, even without the participation of shearing forces. 

At number 6, oil shrinking widened the oil cluster, which was ascribed to the pull-back 

self-movement. Meanwhile, the appearance of new oil droplets indicated the occurrence of 

spontaneous emulsification. 
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Fig. 2-18. Examples of oil deformation phenomenon captured via X-ray CT scanning in pore-scale 

flooding experiment. Left images (a) show oil deformations in three groups of cross-sectional area after 

aging for 20 min (numbers 1–6 indicate oil shape changes between 0 and 20 min). Right images (b) show 

3D close-up views of oil deformation from numbers 2, 4, and 6. 

The oil deformations were summarized as disappeared and newly appeared oil phases. 

Disappeared oil implies the disappearance of some oil, which consequently reduced the oil 

cluster volume. Some examples include oil shrinking, film detachment, and bridge 

disconnection. Newly appeared oil implies the reappearance of some oil, e.g., oil spreading, 

which results in a larger volume and emulsification. 

The qualitative and quantitative information of the disappeared and newly appearing oil is 

shown in Fig. 2-19. As shown, both the disappeared (Fig. 2-19(a)) and newly appeared (Fig. 

2-19(b)) oils were intensive in the pore space. As time progressed (0–60 min), the volumes 

of both oils increased. Fig. 2-19(c) shows the volume ratio of the disappeared or newly 

appearing oil volume to the initial oil-trapped volume. This figure shows that the oil 

deformation is the most intense prior to 10 min and weakens thereafter. Therefore, the status 

of the most intense oil deformation at 10 min was selected for the subsequent morphology 

analysis. Sphericity and the Euler number were used to classify the oil shapes into different 

patterns. The details are available in our previous publications [18,113]. Based on the 

different patterns, we discovered that only ganglia and singlets coexisted in the deformed oil 

shape, as shown in Fig. 2-19(d). The ganglia show that the deformed oil occupied several 

pores and throats, which resulted in a more complicated structure. Meanwhile, the singlets 

show the simplest configuration and represented the deformed oil within a single pore and 

throat. As presented in Fig. 2-19(d), the volume fractions of the ganglia and singlets were 

almost equal in the disappeared oil, whereas those of the singlets was more than five times 

larger than those of ganglia in the newly appeared oil. In other words, the singlets dominated 

the newly appearing oil, which implies that spontaneous emulsification dominated over 

spreading. The equal fractions of ganglia and singlets in the disappeared oil indicate that 

bridge disconnection and shrinking contributed equally to the volume change. 

In summary, microchannel tests show the flow path of the aqueous phase was frequently 

diverted because of the constant oil shape change, which enabled the STAC solution to be in 

contact with more oil in the pore spaces, particularly in the stagnant region. In addition, 

spontaneous emulsification was induced under shearing forces. Porous media test shows the 

oil deformations, i.e., oil spreading, shrinking, film detachment, and bridge disconnection, 

were the strongest after 10 min of aging. Combined the results of microchannel and porous 

media tests, we recommend a new injection–alternate–stop scenario for oil recovery 

applications. The flow rate should be controlled as low as possible, ensuring the domination 

of diverted flow path. The stop interval was set to 10 min, considering the most intense oil 

deformation. Therefore, it is supposed that the new scenario can significantly enhance the oil 

recovery. The new introduced STAC surfactant shows better performance than previous 

sodium linoleate surfactant. 
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Fig. 2-19. Three-dimensional visualization of disappeared oil (a) and newly appeared oil (b) as a function 

of time (0–60 min) in pore spaces of entire sample and their quantitative information, i.e., volume ratio (c) 

and volume fraction (d). Field of view is 10 mm in diameter and 15 mm in height. Volume ratio represents 

ratio of deformed oil volume (disappeared/newly appeared oil volume) to initial oil-trapped volume. 

Volume fraction in (d) is calculated based on time at which deformation is the most intense (i.e., 10 min) 

in (c), which represents ratio of ganglia/singlet volume to deformed oil volume. Inset shows several 

examples of ganglia and singlets from the most intense oil deformation. 

2.4 Summary 

In this chapter, the surfactants prepared in ready-made and chemical-produced manners 

for oil recovery were examined through a series of miniature core-flooding tests. The 

noninvasive technique, X-ray CT, enabled us to investigate the oil configuration in 3D pore 

spaces from a pore-scale view. The surfactant efficiency was evaluated by the factors of the 

IFT, wettability, emulsion stability, emulsion sizes and oil cluster patterns in porous media. 

Possible mechanisms were proposed for the different surfactant systems. In the extra study, 

we introduced a novel STAC surfactant to optimize the performance of ready-made 

surfactant and revealed its novel mechanism. Several important conclusions were drawn as 

follows: 

(1) The final oil recovery was highest in the AF system, whereas that of SF was 

intermediate, corresponding to the efficiencies of 86.9% and 69.6%, respectively. The 

performances of surfactants prepared by ready-made and chemical-produced manners are 
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different. The chemical-produced surfactant in AF is more effective than that of ready-made 

surfactant in the IFT, wettability alteration and emulsification. Strong emulsification 

dominated in the oil displacement that produced tiny oil droplets when subjected to the AF. 

The average equivalent diameter of the oil droplets changed from 57.6 µm to 31.4 µm in the 

ex-situ and in-situ cases, respectively, which led to effective emulsion-entrainment flow in 

the mainstream. Additionally, the threshold capillary pressure was decreased from 87.6 Pa to 

0.31–3.1 Pa because of IFT reduction and wettability alteration, which enhanced the 

mobilization of oil clusters from the pore spaces. 

(2) The morphology analysis shows that the residual oil of AF system included only 

separate small oil ganglia and singlets, whereas that of SF system was dominated by the 

large well-connected networks (accounting for 85% of total volume). This indicated a 

transformation occurred that the networks and branches in the SF system were gradually 

emulsified into ganglia and singlets in the AF system. 

(3) The surfactant transport mechanisms are different between the SF and AF systems. 

For the ready-made surfactant system, surfactant molecules transport to the oil–water 

interface is triggered by the convection, which requires time and is a slow process. By 

contrast, for the chemical-produced surfactant system, the surfactant transport to the 

interface depends strongly on the quick and precise surfactant production by the chemical 

reaction. The large oil clusters are emulsified into many tiny droplets, which increase more 

contact interfacial area and trigger stronger chemical reaction. Furthermore, the convention 

flow is also strengthened because of disturbances around the multi-droplets. Consequently, 

the surfactant transport is much more effective than that of ready-made surfactant injection. 

Therefore, the surfactant transport mechanisms are very different between the SF and AF 

systems, which supports that fact that emulsification ability is much stronger in the AF 

system than that in the SF system. 

(4) The novel introduced surfactant could accelerate the surfactant aggregates to the 

water–oil interface by a method of physical adsorption, which is quicker than that of 

convective transport. The oil deformation and emulsification are spontaneous and intensive 

which is analogous to that of AF. Therefore, the performance of ex-situ surfactant is 

optimized using a novel surfactant, which provides an important reference to the 

industrial-scale design of acid oil recovery. 
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3   Effect of oil-acid concentration on performance of alkaline 

flooding application 

Objective: Chapter 2 proves the alkaline flooding is the best choice for the acid oil recovery. 

But the performances of alkaline flooding applied for different acid oil reservoirs are still 

unknown. In this chapter, the effect of oil acid concentrations on the performance of alkaline 

flooding will be investigated. The performances will be evaluated from aspects of interfacial 

tension, oil displacement front, emulsification ability, and oil recovery efficiency. From a 

pore-scale view, the oil movement behavior will be visualized to reveal the underlying 

mechanisms. The industrial application scenario will be optimized when alkaline flooding is 

used as the chemical agent for various acid oil reservoirs. 

3.1 Experimental section 

3.1.1 Materials and fluids 

The paraffin oil (Wako 1st grade, FUJIFILM, Japan) was used to simulate the actual 

heavy oil phase in subsurface. The different concentrations (0, 2 and 200 mM) of linoleic 

acid (Wako 1st grade, FUJIFILM, Japan) were added into the oil phase, which represent 

different amounts of acid components that contain in natural heavy oil. In this experiment, 

we made three types of acidic oil with total acid number (TAN) of 0, 0.135, and 13.5 mg 

KOH/g, which corresponds to non-acid system (NAS), low-acid system (LAS), and 

high-acid system (HAS). The aqueous phase was injected to displace the heavy oil phase and 

oil recovery can be obtained from the outlet. The aqueous phase was prepared by dissolving 

100 mM sodium hydroxide (NaOH) into the deionized (DI) water (Trusco Nakayama 

Corporation) to imitate the alkaline flooding solution. The pure DI water injection was a 

reference to examine the performance of alkaline flooding. For a visualization purpose, 10% 

wt. sodium iodide (NaI) (Kanto Chemical Co., Inc., Japan) was doped in the aqueous phase. 

As a result, the oil and water phases can be differentiated using an X-ray CT scanning. The 

fluid viscosity was measured using a viscometer (Sine-wave Vibro Viscometer-SV 10, 

Japan), and the interfacial tension (IFT) was acquired using a tensiometer (Drop Shape 

Analyzer-DSA 25, Germany). The fluids and their properties are listed in Table 3-1. 

Table 3-1. The properties of injected and displaced fluids in core-flooding experiments under room 

conditions. 

Labels Heavy oil phase Aqueous phase 

Non-acid system 

(NAS) 

Pure paraffin oil  

(TAN = 0 mg KOH/g) 

DI water + 10 %wt. NaI 

Low-acid system 

(LAS) 

Paraffin oil + 2 mM linoleic acid  

(TAN= 0.135 mg KOH/g) 

DI water + 100 mM NaOH + 

10 %wt. NaI 

High-acid system 

(HAS) 

Paraffin oil + 200 mM linoleic acid 

(TAN = 13.5 mg KOH/g) 

DI water + 100 mM NaOH + 

10 %wt. NaI 
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𝜌 (kg/m3) 837 1070 

𝜇 (mPa·s) 89 1.25 

𝛾𝑤𝑜 (mN/m) in NAS 42.5 — 

𝛾𝑤𝑜 (mN/m) in LAS 2.0 — 

𝛾𝑜𝑤 (mN/m) in HAS < 1 — 

*𝜌 and 𝜇 represent the density and viscosity of fluids. 

*𝛾𝑤𝑜 represents the interfacial tension between the water and oil phases. 

3.1.2 Experiments and procedures 

In this work, two main experiments including 3D core flooding and 2D micromodel and a 

preliminary test in Petri dish were conducted. Initially, the chemical water-oil mixtures were 

observed using a microscope in a Petri dish. The core flooding aimed to obtain the oil 

recovery performance by alkaline flooding from a macro-scale view. After that, the 

displacement mechanisms were obtained in the micromodel tests from a pores-scale view. 

All tests were conducted in ambient pressure and temperature condition. 

1) Petri dish tests 

In Petri dish tests, the aqueous and heavy oil phases (water-oil ratio = 1:1) are firstly 

mixed and stirred in a beaker using a homogenizer. The stirred speed and duration were 

controlled at 1000 rpm and 60 min, respectively. After that, the mixture was transferred in a 

Peri dish and observed under a microscope ((YDU-3S, Japan)). 

2) Core-flooding tests (3D) 

The experimental diagram of core-flooding tests in 3D porous media are shown in Fig. 

3-1(a). The oil reservoir was imitated by unconsolidated plastic particles (250–425 μm, XH 

series, Ube Sand Engineering Co., Ltd.) as the porous media in a column container with an 

inner diameter of a 32 mm and a height of 90 mm. The porosity and permeability of porous 

media were measured to be ~0.53 and ~1.60 × 10−11 m2, respectively. The average pore and 

throat diameters were 127.53 μm and 39.40 μm, respectively [130]. A glass filter was 

mounted near the outlet to maintain the uniform flow and prevent particles blocking the 

outlet. A syringe pump (KDS200, KD Scientific Inc., USA) was used to control the flow rate 

of aqueous phase injection. The displaced heavy oil was collected from the outlet and oil 

recovery efficiency was obtained through the analysis of effluent composition. During each 

injection, the oil displacement processes were visualized using an X-ray CT scanner 

(Comscantechno, ScanXmate-RB090SS). The imagery data was obtained based on the X-ray 

tomograms, which contains total of 992 slices; each slice covers the area of 992 × 992 pixel2 

(Fig. 3-1(b)).  
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Fig. 3-1. Sketch of the (a) core-flooding experiment and the (b) scanned X-ray CT image structure. The 

porous media was initially saturated with 100% heavy oil; thus, the oil phase was displaced by the 

aqueous phase. The displaced oil was collected from the outlet. The X-ray CT was used to capture the 

displacement patterns during the flooding processes. The scanned CT images contained 992 × 992 × 992 

voxels along the axial directions of X, Y, and Z, respectively. 

The experiments were mainly conducted by employing four consecutive processes. First, 

we filled the constant weight (63.4 mg) of the plastic particle in the column container. The 

same weight can keep equivalent porosity and permeability in each test. Subsequently, the 

porous media was fully saturated with heavy oil phase using a vacuum chamber. The pore 

volume (PV) was obtained to be 37~39 mL according to the mass change before and after 

full saturation. Next, the core sample was vertically placed on a horizontal tray between the 

X-ray resource and the detector (Varian, PaxScan 1313DX). After that, the aqueous phase 

was injected downward to displace the oil phase at a flow rate of q = 24–480 mL/h. 

Meanwhile, the oil production was collected by a mini container from the outlet. The total 

injected volume reached 2 PV with an interval of 0.1 PV. After each interval injection, the oil 

displacement pattern was captured by one-time X-ray CT scanning. The resolution was set to 

be 103 μm/pixel by adjusting the distance to the X-ray source, which is enough to obtain the 

high-resolution images. The voltage 80 kV and current of 80 μA was set to control X-ray 

emission intensity. During each scan, the core sample rotated itself clockwise by 360° within 

almost 124 s (i.e., 8 frames/s) and 992 image slices were acquired from the XY, XZ, and YZ 

planes (i.e., 992 × 992 × 992 voxels). 

The open-source ImageJ software (National Institutes of Health, USA) was used to 

process the X-ray CT raw images. The workflow of image processing mainly includes five 

steps. (1) Rough crop: only circular area of porous media was retained by crop function 

which removed other unnecessary image parts; (2) Brightness adjustment: the gray value of 

each image slice was adjusted by referring to that of surrounding air, which was considered 
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unchanged during each scanning; (3) Image subtraction: only aqueous phase was obtained 

using the images of aqueous flooding subtracting that of full oil saturation. By this step, the 

displacement patterns can be extracted; (4) Noise removal: the noise in step (3) was removed 

by user-defined codes; (5) Calibration: the aqueous saturation was correlated with gray 

values by the calibration function (see Ref. [131] for details). 

3) Micromodel tests (2D) 

Micromodel tests were conducted to verify the mechanism of alkaline flooding for 

improving oil recovery. The microfluidic chip (Micronit Microtechnologies, Netherlands) is 

a good simulator for real pore-throat structure in sandstone, which was made of two thin 

glass plates with an etched channel in one of the plates. The micromodel diagram is shown 

in Fig. 3-2. The porosity of this chip was 0.57 and the average size of pore spaces was 130 

µm, which both resemble that of the 3D core sample. The detailed information about the 

micromodel is provided in Table 3-2. During the tests, the micromodel was horizontally laid 

under a color camera (Canon 60D, Japan), and the dynamic oil displacement process was 

videotaped. The injection flow rate was controlled using a syringe pump (KDS200, KD 

Scientific Inc., USA). The oil displacement mechanisms were analyzed based on image 

processing using the ImageJ software. 

 

Fig. 3-2. Micromodel diagram: (a) Pore spaces saturated with heavy oil dyed with Sudan red and (b) 

Magnification of the pore spaces in local area. 

 

Table 3-2. Properties of the glass-etched porous media in the micromodel 

Micromodel properties Values 

Chip size 20 mm × 10 mm 

Porosity 0.57 

Permeability 2.47 × 10−12 m2 

Pore volume 2.3 μL 

Channel depth 20 μm 

Average pore size 130 μm 
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The fluids used in the micromodel tests were prepared in a similar manner to that in the 

3D experiments. For visualization purpose, the heavy oil was colored using 0.5 % wt. 

concentration of Sudan red to differentiate the oil and aqueous phases. The micromodel tests 

were carried out as the following steps: (1) The micromodel was evacuated using pure 

carbon dioxide (CO2); (2) De-gas water was injected to displace CO2 at a flow rate of 100 

μL/min for an hour(CO2 gas was completely dissolved in this step); (3) Heavy oil was 

injected to remove the water and fully saturate the pore spaces at a flow rate of 100 μL/min; 

(4) The oil phase was displaced by the aqueous phase at flow rate of 1 μL/min, 10 μL/min, 

and 50 μL/min; (5) The dynamic oil displacement process was recorded using a digital 

camera (Canon 60D, Japan). 

3.2 Results and discussion 

3.2.1 Petri dish tests 

Fig. 3-3 illustrates the microscopic images of the aqueous-oil mixtures in different acid 

oil systems. Different emulsification behaviors were observed with the increasing amount of 

acid components in heavy oil. As shown in Fig. 3-3(a), the oil phase was well connected, 

indicating that there was no emulsification observed in the NAS system. After introducing 

the alkaline solution, the surfactant was produced in situ by a chemical action between the 

alkali and linoleic acid. The reaction formula is expressed in Eq. (1-1). As the surfactant 

produced, the IFT between oil and water was significantly reduced. When the IFT became 

ultralow value (< 10-3 mN/m), the emulsification can be induced, namely many tiny oil 

droplets were formed as shown in Fig. 3-3(b)–(c). We can see that these emulsions were type 

of oil-in-water (O/W). The oil emulsification ability was influenced by acid concentration. 

As shown in Fig. 3-3(d), a partial emulsification in LAS was produced, which meant that 

un-emulsified and emulsified regions were simultaneously observed. The un-emulsified 

region exhibited centimeter-sized oil blobs, while the emulsified region depicted oil droplets 

measuring several micrometers. A full emulsification behavior was observed at the high 

concentration HAS (Fig. 3-3(c)). We confirmed that the oil phase was completely formed 

into the micrometers of droplets, indicating a strong emulsified ability. Furthermore, we 

measured the viscosity of the full emulsions to be ~143 mPa·s, which is even higher than 

pure oil phase (89 mPa·s). This suggests that a stable displacement pattern may occur when a 

high viscous fluid displaces a low viscous fluid in porous media [20]. 

𝑁𝑎𝑂𝐻 + 𝑅𝑂𝑂𝐻 = 𝑅𝑂𝑂𝑁𝑎 + 𝐻2𝑂 (3-1) 

Wherein NaOH is sodium hydroxide; ROOH is linoleic acid; ROONa is the salt of linoleic 

acid (sodium linoleate); H2O is the produced water. 
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Fig. 3-3. Microscopic images (×400 magnification) of aqueous-oil mixture after stirring for 60min in the 

(a) non-acid system, (b) low acid system, and (c) high-acid system in which different emulsification 

behaviors (i.e., none, partial and full emulsified ability) were observed, respectively. The low acid system 

presented (d) a partial emulsified ability; (b) close-up shows the emulsification in the emulsified region. 

The oil droplet size is vital factor for improving oil recovery since it determines whether 

oil phase can pass through the pore spaces in porous media. The size distribution of oil 

droplets was analyzed with respect to the Petri dish tests, as shown in Fig. 3-4. For partial 

emulsification in LAS, the oil droplet size in the emulsified region was mainly distributed in 

0.5–35 μm, accounting for 93.3%. In comparison, the oil droplet size reached a centimeter 

order of magnitude in the un-emulsified region, indicating that large oil patches were very 

hard to pass through pore spaces in porous media. As an assumption, the partial 

emulsification may lead to a lower oil recovery performance in 3D core-flooding processes. 

In the full emulsification of HAS, 90% fraction of oil droplet size distributed ranging 0.5–35 

μm and the average size of all droplets was 15.9 μm, which approaches that size of pore 

spaces in 3D porous media. In this sense, oil recovery could be significantly improved due to 

a well-matched size between oil globules and pore spaces.  

 

Fig. 3-4. Size distribution of emulsion droplets in partially and fully emulsified areas. 
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3.2.2 Core-flooding tests (3D) 

1) Oil displacement patterns 

Fig. 3-5 depicts the evolution oil displacement patterns for different acid oil systems (i.e., 

NAS, LAS and HAS). All visualized surfaces were iso-contour surfaces corresponding to a 

saturation ratio of 0.27 (i.e., f = S/S0 = 0.27), where S is the local oil saturation, and S0 is the 

initial oil saturation. Fig. 3-6 shows the images from a view of cross-sectional area in Fig. 

3-5, respectively. As shown in Fig. 3-6(a), the oil displacement by pure waterflooding is very 

unstable, leading to an intensive VF occurrence. The VF pattern comprised a major large 

finger with various small branches, which showed a highly symmetric behavioral structure. 

Similar fingering pattern can be found in previous results of 2D porous media experiments 

[132]. With the continuous injection of water, the most advanced fingertip reached the 

bottom of the core sample, that is, a breakthrough happened at 0.13 PV. After the 

breakthrough, more additional oil was produced when the injection continued. Nonetheless, 

most of oil phase was bypassed because many viscous fingers were produced. Therefore, the 

water swept area was restricted to a large extent, leading to a low oil recovery (Fig. 3-5(a)). 

Fig. 3-5(b) and Fig. 3-6(b) displays the oil displacement pattern of LAS by alkaline flooding. 

In this acid system, the finger number was increased, and finger size presented thinner 

compared with that of non-acid system before breakthrough. Therefore, the swept area was 

initially smaller. However, the fingering was suppressed after breakthrough. The enlarged 

swept area was produced from the coalescences of thinner fingers. Hence, the oil recovery 

was improved at the end of 2 PV injection. The oil displacement pattern in HAS was shown 

in Fig. 3-5(c) and Fig. 3-6(c). As we can observe, the swept area was significantly expanded 

when subjected the alkaline flooding. The red mark in Fig. 3-6(c) indicates the displacement 

presented stable at 2 PV of the final injection. The displacement pattern shows that VF 

extended in all directions, and the fingers almost disappeared, indicating the highest 

sweeping area and oil recovery. The improved oil recovery in acid oil systems may attribute 

to the oil emulsification as shown in the results of Petri dish tests (Fig. 3-3). The emulsified 

ability in HAS was stronger than that of LAS, that is, full emulsification enables tiny oil 

droplets can easily pass through the pore spaces. Furthermore, the viscosity of O/W 

emulsions increased with the decreasing droplet size [75]. We measured the viscosity of the 

full emulsions to be ~143 mPa·s, which was even higher than that of heavy oil (89 mPa·s). A 

stable displacement should be produced when a high viscous fluid displaces a low viscous 

fluid [30]. 
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Fig. 3-5. Evolution of oil displacement patterns in 3D porous media for (a) non-acid, (b) low-acid, and (c) 

high-acid systems at a constant flow rate of 240 mL/h. The breakthrough for non-acid, low-acid, and high-acid 

systems is 0.13 PV, 0.13 PV, and 0.20 PV, respectively. The field of view vertically extends from the initial 

injection point to 90 mm. 

 

Fig. 3-6. Evolution of oil displacement patterns from a view of cross-sectional area with respect to Fig. 3-5 in 
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3D porous media. The red bold line denotes the propagating stable interface in the high-acid system. The 

calibration bar shows the aqueous saturation (Sw). 

The VF evolution with relevance to nonlinear finger–finger interactions, such as 

tip-splitting, shielding, and coalescence, were also confirmed in the 3D porous media 

experiments (Fig. 3-6). During the vertical finger extension, one finger broke into two or 

three fine fingers at the tip of some fingers. This process could further aggravate with finger 

propagation. The shielding process also happened, which retarded the growth of the short 

finger by the most advanced neighboring fingers. After the breakthrough, the volume 

coverage was continuously enlarged because a large quantity of the adjacent fine fingers 

merged with each other in a process called coalescence. Nonlinear finger–finger interactions 

were also reported in our previous research [22]. 

Fig. 3-7 and Fig. 3-8 show the evolution of oil displacement patterns for different oil acid 

systems as a function of the flow rate in 3D porous media. In Fig. 3-7, the areal coverage of 

fingering was expanded as the flow rate increased in all acid systems. This enlarged area was 

related to the increased flow resistance with increasing flow rates. In addition, the 

breakthrough time was delayed as the flow resistance increased. As show in Fig. 3-7, it can 

be observed that the distance between the farthest fingertip and outlet for a low flow rate 

became shorter than that of higher flow rate, indicating that a lower flow rate gives rise to an 

earlier breakthrough. Fig. 3-8 also shows many fine fingers were produced in the acid 

systems, whereas that in non-acid system presented larger. The small fingers were possibly 

the intensive oil emulsions that produced by the combination of chemical reaction and 

shearing forces.  
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Fig. 3-7. Evolution of oil displacement patterns of different acid systems (a-c) for different flow rates. The 

injection was fixed at 0.05 PV. The field of view vertically extends from the initial injection point to 65 mm. 

 

 

Fig. 3-8. The oil displacement patterns under different flow rates from a view of cross-sectional area with 

respect to Fig. 3-7. The calibration bar shows aqueous saturation (Sw). 

2) Oil recovery factor 

Oil recovery factor is defined as the ratio of the cumulative oil production to the total 

volume of the OOIP. As aforementioned, the in-situ surfactant was produced in the porous 

media after alkaline flooding. Therefore, three different layers (i.e., water phase at the 

bottom, a thin layer of surfactant at the middle, and oil phase at the top) were observed when 

the effluents of the system were collected in a volumetric cylinder. The oil production was 

calculated based on the top layer (oil phase). The result of oil recovery factor is shown in Fig. 

3-9. 

The cumulative oil recovery first rapidly increased and then reached a stable value with 

the increasing injection. This variation trend was consistent with the oil displacement 

patterns of the X-ray CT images (Fig. 3-5). At the end of injection, the HAS produced the 

highest oil recovery, whereas the NAS produced the lowest oil recovery. To be more specific, 

the final oil recovery in HAS from the flow rate of q = 120 mL/h to 360 mL/h reached 

46.45% to 49.31% OOIP; that of the LAS varied from 33.16 to 40.16% OOIP; and that of 

the NAS was from 28.69% to 36.54% OOIP. The oil recovery suggested that a full 

emulsification in HAS exhibited the best performance in the oil displacement behavior. This 

can be attribute to that tiny oil droplets (smaller than pores and throats) were formed and 
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could easily pass through the pores and throats. This behavior is also called entrained flow 

by which oil droplets are entrained in water phase and flow to the outlet. In contrast, a 

fraction of oil phase was not emulsified in LAS. The oil droplet size was mostly larger than 

the pores and the throats, leaving many bigger oil clusters or ganglia unable to get through 

the tortuous pore structure. Nevertheless, the oil in emulsified region improved the oil 

recovery because of the entrained flow. However, there is no emulsification in the NAS, 

therefore, the oil recovery presented the lowest factor. 

 

Fig. 3-9. Cumulative oil recovery as a function of the injection PV for the non-acid, low-acid, and high-acid 

systems. The flow rate of 24, 120, 240, and 360 mL/h are presented in (a-d), respectively. Inset: histogram of 

the final oil recovery in the three systems. The black, red, and green colors denote the non-acid, low-acid, and 

high-acid systems, respectively. 

3.2.3 Micromodel tests (2D) 

Last section provided the direct evidence that oil recovery is higher during the alkaline 

flooding process. However, the underlying mechanism cannot be observed in the large-scale 

porous media. To solve this, the pore-scale flow behavior was conducted in a 2D transparent 

micromodel to reveal the mechanism of oil displacement for 3D porous media experiments. 

Fig. 3-10 shows oil displacement patterns at the flow rates of 1 μL/min, 10 μL/min, and 

50 μL/min for the non-acid, low-acid, and high-acid systems, respectively. This figure shows 

consistent observations in agreement with 3D oil displacement patterns (see Fig. 3-6). For 

example, The VF shows intensive pattern when there is no chemical reaction in NAS. In 
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contrast, that was suppressed by the chemical reaction in LAS and HAS. In the other words, 

the swept area in NAS was smaller than that in LAS at each flow rate, suggesting that the 

produced surfactants positively affected the remobilization of more residual oil. With 

increasing acid concentration in HAS, the swept area was significantly enlarged, indicating a 

high-level stable displacement and oil recovery efficiency. The results of Petri dish test (Fig. 

3-3) implies that the oil recovery performance was associated with the emulsification ability 

as the acid concentration increased. In addition, the swept area was enlarged with the 

increasing flow rate. Pioneering research showed that more residual oil was mobilized and 

removed as the Ca number increased, consequently increasing the oil sweep efficiency 

[133]. 

 

Fig. 3-10. Images of the oil displacement patterns in the microfluidic chip (length × width = 20 × 10 mm) 

at the flow rates of 1 μL/min, 10 μL/min, and 50 μL/min for different acid oil systems (NAS, LAS and 

HAS). The black, red, and yellow colors denote the porous media, swept oil, and residual oil, respectively. 

All images are the flow patterns at the end stage of injection. 

The oil droplet size played a key role in the oil displacement performance when the O/W 

emulsification occurred in the porous media. The ideal oil droplet size should be smaller 

than the diameter of pores and throats. As such, the emulsion droplets that entrained in the 

aqueous phase can be regarded as a continuous phase [134], and oil recovery is highly 

enhanced by the entrainment flow [71]. As shown in Fig. 3-11(a), it can be observed that no 

emulsification, partial emulsification, and full emulsification occurred in the non-acid, 

low-acid and high-acid oil systems, respectively, which agrees well with the Petri dish tests 

(Fig. 3-3). After waterflooding in NAS, many large-sized oil clusters/ganglia were entrapped 

by capillary pressure in the pores and the throat, leading to a very low oil sweeping 

efficiency. After alkaline flooding, the oil cluster size decreased because of partial 

emulsification in LAS. However, many oil globule sizes were still not very effective in 

passing through the pore–throat structure, leaving many bigger oil clusters trapped. 
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Therefore, the oil recovery factor is still limited. The partial emulsification can attribute to 

the insufficient surfactants that produced by low acid concentration. In the other words, the 

high acid concentration could produce sufficient surfactants. Consequently, a full 

emulsification will dominate in the oil displacement pattens. Fig. 3-11(a) indicates the 

effective emulsified ability in HAS. We can observe that even the residual oil 

clusters/ganglia in the dead pores from LAS were also emulsified into many small oil 

droplets, allowing the oil droplets to possibly be entrained in the water phase and pass 

through the pore–throat channels. The results were very aligned with those in the previous 

works [135]. 

We quantified the oil droplet size distribution to further describe the non-emulsification, 

partial emulsification, and full emulsification phenomena as shown in Fig. 3-11(b)-(c). Fig. 

3-11(b) depicts an obvious reduction in the oil droplet sizes, indicating that the emulsified 

ability increased as the oil acidity increased in heavy oil. Note that all size of the oil 

individuals were normalized as diameter of standard circle. As shown in this figure, the 

average size oil droplet significantly decreased with the increasing acid concentration, 

corresponding to the values of 278.5 μm, 156.1 μm, and 78.8 μm for NAS, LAS and HAS, 

respectively. As aforementioned, the pore diameter of 3D porous media was less than 130 

μm, which means 78 μm of droplets could easily pass through the pore spaces in HAS. 

Fig. 3-11(c) shows the frequency distributions of the oil droplets in the non-acid, low acid 

and high-acid oil systems. As illustrated, the sizes of 27.3% oil clusters in NAS were 

distributed in 50–128 μm; 54.5% oil clusters were distributed in 128–600 μm; and 14.3% oil 

clusters ranged from 600 to 1100 μm. Smaller oil droplets started to form in LAS in which a 

partial emulsification produced. The bigger oil droplets in NAS ranging from 600 to 1100 

μm disappeared. The oil droplet sizes of 50–128 μm increased to 44%, while the sizes of 

128–600 μm decreased to 50.2%. By contrast, full emulsification spontaneously occurred 

when the oil acid concentration was high. The full emulsification characteristic was 

identified as a complete formation of the oil droplets in the porous media. The oil droplet 

sizes ranging from 5 to 50 μm largely increased to 28.6%. The size of 50–128 μm increased 

to 53.6%. The larger size of 128–600 μm tightly decreased to 17.8%. Note that the 2D and 

3D porous media shares similar pore-throat structure with average pore diameter of 130 µm. 

Based on this, the size of the pore–throat structure suggested that much smaller oil droplets 

in HAS could easily pass through the pores and the throat in both 3D and 2D porous media. 

Furthermore, the capillary forces were significantly decreased because of a large extent of 

IFT reduction in the oil–water interface, which is conducive to remobilize oil droplets. 

Therefore, the full emulsification produced the highest oil sweeping efficiency, followed by 

the partial emulsification. 
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Fig. 3-11. Oil droplet size distribution of different acid oil systems (NAS, LAS and HAS) in porous media 

at the flow rate of 10 μL/min: (a) Pore-scale visual observation, (b) Average oil droplet size, and 

(c)Frequency distribution of oil droplet size. 

The emulsion formation is a complicated physical and chemical process in porous media, 

which is influenced by various factors, such as surfactant concentration, pore structure, pore 

throat, flow rate, and the like, etc. [75]. Fig. 3-12 and Fig. 3-13 show the different 

mechanisms of the emulsion formation in porous media for the partial and full 

emulsifications. As shown in Fig. 3-12, three types of the O/W emulsion formation were 

confirmed in the experimental observations of LAS: snap-off, splitting, and division. 

Snap-off was extensively observed in the porous media, as displayed in the image data of 

(A): (a) → (b) and the schematic illustration of (B): (a) → (b). The oil ganglia or larger oil 

droplets were lengthened and constricted into oil threads when they passed through a 

narrower pore throat. Under a sufficient constriction effect, the water film accumulated at the 

throat until it eventually bridged and snapped off the oil thread [136,137]. Splitting was 

frequently observed when two or more closely attached oil droplets propagated forward in 

the pores, as shown in image of (A): (c) → (d) and the schematic illustration of (B): (c) → 

(d). This behavior usually occurs at the joint of two droplets, where the curvature is very 

large. Another mechanism, called division, refers to the bended oil ganglia colliding with 

grains and divided into two oil droplets with the assistance of the injection velocity as the 

driving force, as clearly shown in (A): (e) → (f) and (B): (e) → (f). The IFT reduction could 

also weaken the interfacial film strength [138], which assisted for the easy breakup of the oil 

droplets. 
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Fig. 3-12. Snap-off, splitting, and division mechanisms of the oil droplet formation in the partial 

emulsification of LAS: (A) group of images showing the experimental observation and (B) group of 

images showing a schematic illustration of the oil droplet formation. The time interval of the two 

consecutive images is 3 s. 

We found a spontaneous emulsification occurred during the dynamic displacement in the 

high-acid oil system (Fig. 3-13). The shearing forces dominated for the full emulsification 

instead of interaction with the porous media that shows in Fig. 3-12. The trapped oil cluster 

was gradually carried away in the form of fine oil droplets by the alkaline solution during the 

sharing forces. This is shown in the sequential process of (A): (a) → (b) → (c) → (d) and (B): 

(a) → (b). As aforementioned, the tiny oil droplets were entrained in the aqueous phase flow, 

thereby leading to a emulsion–entrainment flow, which agrees well with the previous 

research results (Zhou et al., 2017). Under the shearing action effect, even the residual oil in 

the dead-end pores could be gradually emulsified into many fine oil droplets. Therefore, in 

the high-acid oil system, a full emulsification could be produced during the shearing action 

and had the best oil recovery performance than that of the low-acid oil system. 

 

Fig. 3-13. Shearing action mechanism of the oil droplet formation in the full emulsification of HAS: (A) 
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group of images showing the experimental observation and (B) group of images showing the schematic 

illustration of the oil droplet formation. The time interval of the two consecutive images is 3 s. 

3.2.4 Proposal for industrial applications 

In nature, the heavy oils contain a certain amount of organic fatty acids. The total acid 

number can range from 0.02 to 16.2 mg KOH/g depending on different oil reservoirs in 

regions [49]. Alkaline flooding has received much attention for EOR because of its effective 

chemical reaction with acid components. As a result, the IFT can be significantly reduced, 

thereby leading to spontaneous emulsification. In this study, no emulsification, partial 

emulsification, and full emulsification were confirmed in the pure oil (0 mg KOH/g), 

low-acidity oil (0.135 mg KOH/g), and very high-acidity oil (13.5 mg KOH/g) reservoirs, 

respectively. Fig. 3-14 provide the possible patterns of oil displacement by alkaline flooding 

in actual acid oil reservoirs. 

 

Fig. 3-14. Schematic illustration possible patterns of oil displacement in non-acid, low-acid, and high-acid 

oil reservoirs in which (a) no emulsification, (b) partial emulsification, and (c) full emulsification may 

occur during the alkaline flooding. The blue, yellow, and light brown colors denote the aqueous solution, 

oil phase, and rock matrix, respectively. 

In the non-acid oil reservoir, Fig. 3-14(a) shows that many large sizes of the oil 

cluster/ganglia were entrapped by the capillary forces in the pores and throats, leading to a 

very low oil recovery efficiency. For the low-acid oil reservoir [Fig. 3-14(b)], the partial 

emulsification was predominated by three pronounced processes: snap-off, splitting, and 

division [Fig. 3-12(b)]. The sizes of the oil droplet formation are mostly larger than those of 

the pores and throats. Furthermore, some residual oil clusters/ganglia are un-emulsified and 

has a centimeter order of magnitude, leading to the oil entrapments in the pores and throats, 

especially in dead-end regions. In this case, the oil recovery is limited although that in the 

emulsified region is effective. A full emulsification is desired in the high-acid oil reservoir to 

obtain the most favorable oil recovery [Fig. 3-14(c)]. This characterization of a strong 

emulsification ability suggests the highest oil recovery could be obtained by the effective 
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entrainment–emulsion flow. In summary, the alkaline flooding for oil recovery may increase 

if applied for the acid-increasing oil reservoir because of the reinforcement of the 

emulsification ability transition from partial to full emulsification. Therefore, the alkaline 

flooding is suggested to applied for the high-acid oil reservoir in which a full emulsification 

may occur, such as the Aradeiba and Bentiu reservoirs located in Sudan, where the average 

TAN was over 6 mg KOH/g [49]. 

3.3 Summary 

This chapter conducted the oil displacement by alkaline flooding in 3D porous media 

using an X-ray CT device and analyzed the effect of the acid concentration and flow rate on 

oil recovery performance. 2D transparent microfluidic experiments were performed to obtain 

the pore-scale displacement mechanism that may occurred in the 3D porous media. Finally, 

an application for industrial oil recovery was proposed based on the experimental results. 

Some of the key conclusions drawn in this chapter are as follows: 

(1) The swept area and oil recovery factor were increased with the increasing acid 

concentration and flow rates during the alkaline flooding process. The surfactant can be 

produced in situ by the chemical reaction between the NaOH and fatty acid. The viscous 

fingering can be significantly suppressed, leading to a good control of stable displacement. 

Therefore, alkaline flooding shows the most potential in an oil reservoir with high acid 

components. For instance, we found that the optimal flow rate for oil recovery was 360 mL/h 

at which the oil recovery factor increased from 36.5% to 49.3% OOIP as the acid 

concentration ranged 0–0.2 mol/L. 

(2) The emulsification ability became stronger with the increasing acid concentration, 

transitioning from partial to full emulsification during the alkaline flooding process. The 

partial emulsification in low-acid oil system was characterized by the emulsified and 

un-emulsified regions in the porous media. In the emulsified region, the emulsion formation 

was predominated by the snap-off, splitting, and division processes, leading to many bigger 

sizes of oil droplet (~156.1 μm) than the pore sizes (~130 μm). In the un-emulsified region, 

well-connected residual oil clusters were entrapped in the pore spaces, which was similar to 

that of non-acid oil system. A full emulsification in high-acid oil system was spontaneously 

produced, leading to the uncountable oil droplet formations with tiny sizes ~78.8 μm which 

matched well with the pore–throat size. The tiny oil droplets were effectively entrained in the 

water phase and passed through the pores and throats, namely “entrained flow”, thereby 

resulting in the most satisfactory oil recovery. 

(3) As an optimal scenario for engineering, alkaline flooding is suggested to applied for 

high-acid oil reservoirs (e.g., Aradeiba and Bentiu reservoirs in Sudan), where the average 

TAN was over 6 mg KOH/g. 
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4   Solvent-based microemulsion flooding with quasi-miscible 

behavior regardless of oil-acid concentrations 

Objective: Chapter 3 found the performance of alkaline flooding for the high-acid oil 

recovery is the most effective because emulsification has two advantages: good control of 

stable displacement and entrained flow. However, a large quantity of oils was bypassed 

because capillary forces still dominated in the low-acid oil reservoirs. How to remove the 

capillary forces and control the stable displacement is important to produce these low-acid 

oils. Based on this point, emulsion flooding is good choice to control the stable displacement 

and miscible flooding can remove the capillary forces. In this chapter, we combine the 

emulsion flooding and miscible fluid to make a novel miscible emulsion flooding that can 

improve oil recovery efficiency regardless of the oil-acid concentrations. That is, the novel 

agent can control the stable displacement (viscous fingering suppression) and eliminate the 

(positive and/or negative) capillary forces at the same time. The stable displacement and 

miscible behavior will be visualized from the pore spaces using the X-ray micro-CT. Finally, 

the scenario for enhanced oil recovery will be proposed in an actual industrial application. 

4.1 Experimental 

4.1.1 Materials 

Liquid paraffin oil (Wako 1st grade, FUJIFILM) doped with linoleic acid (Wako 1st grade, 

assay ≥ 88%, FUJIFILM) was used to represent acidic crude oil. Sodium chloride (NaCl) 

(guaranteed reagent, purity ≥ 99.5%, Kanto Chemical Co.) and sodium iodide (NaI) 

(guaranteed reagent, purity ≥ 99.5%, Kanto Chemical Co.) were used to improve the brine 

salinity and enhance the image contrast during X-ray CT scanning, respectively. The 

emulsion was prepared using sodium linoleate (anionic surfactant, reagent purity ≥ 95%, 

Tokyo Chemical Industry), 2-butanol (guaranteed reagent, purity ≥ 99%, Kanto Chemical 

Co.), n-decane (Guaranteed reagent, purity ≥ 99%, Kanto Chemical Co.), and water from a 

Milli-Q purification system. Octadecyltrichlorosilane (OTS) (guaranteed reagent, purity ≥ 

94%, Shin-Etsu Chemical Co.), toluene (extra pure, purity ≥ 99%, Kanto Chemical Co.), and 

ethanol (extra pure, purity ≥ 99.5%, Kanto Chemical Co.) were selected for the wettability 

alteration in porous media to strong oil-wet. All the chemicals were used as received without 

further filtration or purification. 

4.1.2 Test fluids 

Paraffin oil was used to represent the heavy oil phase in an oil-bearing reservoir. We 

added 0.02 mM linoleic acid to the oil phase to control the acidity for a total acid number of 

1.35 mg KOH /g. In the water flooding (WF) experiment, the injected fluid is de-ionized (DI) 

water doped with 4% wt. sodium iodide (NaI) to enhance the image contrast during X-ray 

CT scanning. In the EF experiment, the microemulsion phase was prepared in a beaker with 
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50% wt. emulsifier solution and 50% wt. n-decane oil (water-oil ratio (WOR) = 1:1) using a 

magnetic stirrer (RS-4AN, As One, Japan) at a speed of 1000 rpm. The emulsifier solution, 

containing 5% wt. 2-butanol, 0.5% wt. sodium linoleate (surfactant), and 94.5% wt. DI water, 

was stirred at 700 rpm. The 2-butanol as a co-solvent increases the solvent power and 

stabilizes the emulsion phase. Sodium linoleate was selected as the surfactant because of its 

high performance in oil recovery, which was produced in situ from alkaline flooding [67]. 

n-decane was doped with 30% wt. iododecane to provide the proper contrast in emulsion for 

CT scanning. It is noted the prepared emulsion phase is a new kind of solvent-based 

emulsion in which n-decane was used as a solvent agent. The partition coefficient of 

surfactant in the emulsion phase was estimated to ~2.3 in an equilibrium condition (see Eq. 

(2) in Ref. [140] for calculation). In enhanced oil recovery (EOR) experiments, 

water-alternate-emulsion (WAE) flooding was conducted to simulate a real EOR application. 

Prior to the core-flooding experiments, the formation and stability of the new 

solvent-based microemulsion over time under equilibrium conditions were monitored in a 

graduated cylinder for one week. The NaCl salt within 0–1.8 wt.% was added into the 

emulsion to examine the effect of salinity on the emulsion stability. The optimum emulsion 

(with high stability) was confirmed and used in subsequent emulsion injection experiments. 

The size distribution of the optimum emulsion droplets was characterized using a 

microscope (YDU-3S, Yashima Optical Co., Japan). The fluid viscosity was measured using 

a viscometer (Sine-wave Vibro Viscometer-SV 10, A&D Co., Ltd., Japan). The IFT was 

examined by pedant-drop analysis (DSA 25, Krüss Scientific, Germany). The properties of 

the fluids used in six sets of core-flooding experiments are summarized in Table 4-1. 

Table 4-1. The properties of injected and displaced fluids in core-flooding experiments under room 

conditions. 

Test T1: WF T2: WF T3: EF T4: EF T5: Tetiary EF T6: Tetiary EF 

Injected fluid Water Water Emulsion Emulsion WAE WAE 

Displaced fluid Paraffin oil Paraffin oil Paraffin oil Paraffin oil Paraffin oil Paraffin oil 

Wettability Water-wet Oil-wet Water-wet Oil-wet Water-wet Oil-wet 

ρw (kg/m3) 1020 1020 ─ ─ 1020 1020 

ρe (kg/m3) ─ ─ 876 876 877 877 

ρo (kg/m3) 837 837 837 837 837 837 

µw (mPa·s) 1.25  ─ ─ 1.25 1.25 

µe (mPa·s) ─ ─ 53.2 53.5 52.6 53.7 

µo (mPa·s) 89.2 89.8 89.1 90.5 89.8 90.1 

γwo (mN/m) 12.6 12.6 ─ ─ 12.6 12.6 
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γeo (mN/m) ─ ─ 1.12 1.23 1.21 1.18 

*WF and EF are waterflooding and emulsion flooding.  

*WAE is water-alternate-emulsion flooding. 

*ρw, ρe, and ρo are the water, emulsion, and paraffin oil density. 

*µw, µe, and µo are the water, emulsion, and paraffin oil viscosity. 

*γwo and γeo are the water-oil and emulsion-oil interfacial tension. 

4.1.3 Sand-pack preparation 

Toroura silica sand (TK-416, Toyoura Keiseki Kogyo Co.) is a high-quality silica sand 

(SiO2) that was selected to represent natural porous media in oil sands reservoirs. First, the 

sand particles were rinsed in an ultrasonic water bath (ASU-6M, As One, Japan) for 30 min 

to remove surface ash. Then, the dried particles were sequentially processed in ethanol and 

water to remove organic matter. Next, a mini sieve shaker (MVS-1, As One, Japan) was used 

to control the particle size within 212–250 µm for standby usage. 

1) Property determination 

The cleaned sand was poured into a transparent acrylic resin container with an inner 

diameter and height of 8 mm and 15 mm, respectively. The sand was compressed using a 

plastic rod of equal diameter to the container to produce a dense pack. Then, the sandpack 

was fixed on the stage between the X-ray source and detector; the CT scanning resolution 

was set as 4.197 µm/pixel. The high resolution requires that X-ray CT scanning be 

performed twice in the whole sample detection process. Fig. 4-1 shows the resulting porous 

media properties. Fig. 4-1(a) shows the 3D pore structure of the porous media reconstructed 

from the image stack. Based on this structure, the average porosity (Fig. 4-1(d)) was 

measured as 35%. An area of 3 × 3 × 3 mm3 (Fig. 4-1(a)) was selected to extract the 

coordination number (Fig. 4-1(c)) and pore-throat diameter (Fig. 4-1(e)). The pore-throat 

network (Fig. 4-1(b)) was constructed using the SNOW algorithm coded in the Python 

toolkit-PoreSpy module [141,142]. The average coordination number ~5.37 was then 

obtained, which agrees well with that from previous study on the random packing of Ottawa 

sand with a similar porosity of approximately 5.0–6.0 [143]. The pore-throat size distribution 

plotted in Fig. 4-1(e) indicates that their average diameters are 36 µm and 33 µm, 

respectively. The absolute permeability was measured to be 10 Darcy according Darcy’s law 

after WF. 
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Fig. 4-1. The porous media properties including (a) three-dimensional reconstruction of X-ray CT images; 

(b) pore-throat network using the SNOW algorithm; (c) distribution of the coordination number; (d) 

image-based porosity; and (e) pore-throat size distribution. 

2) Wettability alteration protocol 

The performance of EF in strongly water-wet and oil-wet porous media will be examined, 

corresponding to strong positive and negative capillary forces, respectively. Therefore, the 

wettability of the sand surface was first altered to water-wet and oil-wet conditions prior to 

the core-flooding experiments. The altered wettability was evaluated through the contact 

angle (CA) of a sessile drop (DSA 25, Krüss Scientific, Germany) on a glass slide (same 

material as sand). Fig. A-B1 shows the CA measurement results after different processing 

protocols (see Appendix B). For the strong water-wet alteration, the washed sand was 

exposed to plasma ion irradiation inside a vacuum chamber (PIB-10, Vacuum Device Co., 

Japan). The average CA was measured as ~30°, indicating a strong affinity to the water 

phase. The oil-wet alteration was carried out by coating the OTS chemical on the sand 

surface. Specifically, OTS was added to toluene to adjust the concentration (0.0001–0.1 

v/v%) of the OTS solution. Then, the sand was immersed in the OTS solution and vigorously 

stirred for 30 min. Afterwards, the sand was flushed using ethanol and water to remove 

residual chemicals, and finally dried off by heating. Fig. A-B1 shows that the sand surface 

approached the oil-wet condition with increasing OTS concentration. The equilibrium CA 

was measured as 140°; thereafter, we selected a 0.01% OTS solution for the oil-wet sand 

treatment. 
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4.1.4 Experimental apparatus and procedure 

1) Devices and accessories 

A schematic of the core-flooding system used in this study is shown in Fig. 4-2, which 

includes the vertically held sandpack, fluid injection system, and micro-CT scanner 

(ScanXmate-CF110TSS300, Comscantecno Co. Ltd., Japan) coupled with an image 

reconstruction software. The sand was packed inside a transparent acrylic resin holder with 

an inner diameter of 8 mm and a height of 15 mm. A plastic rod was used to compress for a 

dense pack. Fine glass beads (100 µm) were attached to the holder wall to avoid the bypass 

of wall effect. The top of the holder was connected to the side of the water or microemulsion 

supply, while the bottom was connected to the oil injection by Teflon tubing and fittings. 

Two flow straighteners were placed at the top and bottom of the sample to distribute the 

injection fluid uniformly.  

2) Procedures 

The core-flooding experiments were performed as follows. The core sample was first 

vacuumed and then fully saturated with brine (Sw = 1). Afterwards, the sample was mounted 

on the stage of the X-ray device and 15 pore volumes (PVs) of paraffin oil were injected to 

flush the entire sample at a flow rate of 100 µL/min (Line 1 in Fig. 4-2). This step created a 

connate water condition (Sw ≈ 0.3) for all tests. In tests T1–T4, the sample was subjected to 

direct WF or EF to simulate secondary recovery under both water-wet and oil-wet conditions 

(Line 2 and Line 3 in Fig. 4-2). The flow rate was controlled to 10 µL/min by a syringe 

pump (Model 100, KD Scientific, United States). The injected PVs ranged from 0.5 to 3.0 

with an interval of 0.5 PV. It should be mentioned that the 10 µL/min flow rate corresponds 

to approximately 1 ft/day, which is the widely accepted fluid velocity in hydrocarbon 

applications. For tests T5 and T6, 1.5 PV WF was followed by 3.5 PVs of EF to mimic the 

EOR method under both water-wet and oil-wet conditions. CT scanning was conducted to 

obtain the pore-scale fluid occupancies after each injected PV. During each CT scan, two 

scans were required to visualize the entire sample (see Fig. 4-2). All of the experiments were 

carried out under room conditions. 

3) X-ray micro-CT setting 

X-ray energies were emitted through the tube sources at a voltage of 70 kV and a current 

of 120 µA. The CT resolution was set to 4.197 µm/pixel by changing the core sample 

position close to the X-ray source. The X-ray detector recorded the spatial distribution of the 

transmitted X-ray intensities across each projection. During the scanning, the sample rotated 

360° within 20 min for image collection. Each scan produced 1300 image slices with an area 

of 2304 × 2304 pixels2; this means that the field of view (FOV) covered a volume of 8.3 × 

8.3 × 4.7 mm3. In this study, each fluid injection required two scans, that is, the FOV could 

reach the approximately 10 mm height of the sample; the total working time required is 40 

min. 
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Fig. 4-2. Schematic of waterflooding and emulsion flooding experiments on wettability-altered reservoirs 

using X-ray microtomography. The arrows with dashed lines indicate the direction of fluid injection. The 

experimental conditions are room pressure and temperature. 

4.1.5 Image processing workflow 

All the tomograms were reconstructed using an in-house software, and 16-bit gray image 

slices were obtained. To extract quantitative information from the images, different image 

processing methods were adopted for WF and EF. We found that EF exhibited miscible 

displacement behavior because the water-oil interface was invisible but not the gray gradient. 

Therefore, an advanced technique for miscible displacement image processing was 

developed for the first time to capture the fluid behavior at the pore scale. Fig. 4-3 shows the 

image processing workflow for EF. All the images were obtained using the open-source Fiji 

ImageJ software. The image processing workflow are as follows: 

Step 1 – Remove noise: All raw images were filtered using the “remove dark/bright 

outliers” with the threshold = 50 and radius = 10 (see Fig. 4-3-(1), (2), (4), and (5)). 

Step 2 – Obtain only particles: Only the solid phase was retained by removing the oil 

phase using the macro code in ImageJ software (Fig. 4-3-(3)). 

Step 3 – Subtract particles: After dynamic injection, only the solid phase was subtracted, 

leaving the emulsion and oil phases in the pore space (Fig. 4-3-(6)). 

Step 4 – Remove noise: Some high-level noise from particles appeared owing to the 
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particle subtraction error after Step 3. Therefore, macro codes were written to remove gray 

values < 12000. A Gaussian blur could be applied to remove additional noise and smooth the 

images (Fig. 4-3-(7) and (8)). 

Step 5 – Calibration: Emulsion saturation as a function of the mean gray values exhibited 

a linear trend. According to this curve, the emulsion saturation with the mean gray values in 

the images were correlated (see Fig. 4-3-(9) and (10)). 

 

Fig. 4-3. Image processing workflow for emulsion flooding. The raw image of oil saturation (1) was 

filtered using “remove outliers” (2). Then, only porous media was obtained by a user-defined code (3). 

Raw image of emulsion flooding (4) was also filtered to “remove outliers” (5). Subtracting the image (5) 

and (3) yields the oil-emulsion phase in the pore space (6). Removing noise again to smooth the image 

(7–8). Finally, the saturation profile (9) was calibrated as a function of the gray values (10). 

The image processing workflow as mentioned above is an advanced technique for 

miscible fluid system from a pore-scale view. For the supercritical CO2-water or CO2-oil 

system, we believe this technique could also be used for the visualization of miscible 

behavior by X-ray CT scanning. As such, flow behavior under supercritical condition can be 

discovered in 3D micro-scale pore spaces. However, this technique is very high-resolution 

which restricts the rock sample to a millimeter size. Nonetheless, it is critical to reveal some 

novel phenomenon to provide the fundamentals for industrial applications.  

In the immiscible WF system, the water-oil-solid interface is clearly visible, indicating the 

three phases can be segmented through the histogram threshold method 

[18,24,88,94,144,145]. This is a classical phase segmentation procedure, by which the three 
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phases (water, oil, and solid) were classified according to their voxel assignment. Fig. A-B2 

shows the segmentation procedure of the immiscible fluid system in detail (see Appendix B). 

The raw images were filtered using the nonlocal means algorithm. Then, we segmented 

(binarized) the solid and oil phases using Otsu’s threshold method. Afterwards, the solid and 

oil phases can be combined using an image calculator; the water phase is also distinguished 

at this step. Finally, the three phases were reconstructed by rendering a color image. Readers 

interested in more details can refer to our previous research on image processing [18]. Once 

the segmentation was completed, a 3D object counter plugin was used to quantify 

information such as oil saturation, oil cluster volume, surface area, and Euler characteristics.  

4.2 Results and discussion 

4.2.1 Emulsion characteristics 

1) Emulsion phase behavior 

The emulsion stability is critical for oil recovery application [75]. Therefore, the emulsion 

stability as a function of NaCl salinity should be first evaluated using the phase behavior 

screen over time [146]. The photos of phase behavior can be found in Fig. A-B3 in Appendix 

B. From the color change of emulsion phase, we can roughly know the emulsion stability. If 

the color of emulsion is turbid, it means that the emulsion was well dispersed in either water 

or oil phase. In contrast, if the color is transparent, the emulsion is unstable because water or 

oil phase separates from the emulsion. The water/oil solubilization ratios (𝜎𝑤 and 𝜎𝑜) are 

the important parameter to characterize the emulsion stability [146–148]. The water or oil 

solubilization ratio were described as the ratio of volume of water or oil solubilized into the 

emulsion (middle phase between the water and oil phases) per unit volume of surfactant. The 

calculated method can be found in previous reports for details [147,149]. As shown in Fig. 

4-4(a)–(j), the water/oil solubilization ratios as a function of time for different salinities were 

calculated based on the screen images in Fig. A-B3. Initially, the fresh emulsion (0 hour) 

showed similarly high water and oil solubilization ratios (i.e., 171 mL/mL). After standing 

for few hours, the solubilization ratio of oil decreased slowly, whereas that of water 

decreased sharply. This indicated emulsion in oil phase was more stable than that in water 

phase. In Fig. A-B3, the color of emulsion in water changed from turbid to translucent and 

more transparent supported that water separated. The salinity level has a strong effect on the 

solubilization ratios. With the increasing salinity, the water solubilization ratio decreased 

much faster as a function of time and even approached zero as salinity exceeded 0.6%. By 

contrast, the oil solubilization ratio declined slowly and it presented obvious decreasing 

trend when the salinity exceeded 0.4%. 

Fig. 4-4(k) shows the water/oil solubilization ratios extracted from one week of aging. It 

was observed that three stages of emulsion (i.e., stable, unstable and irregular status) 

appeared with increasing salinity. At low salinities of 0–0.4%, the emulsion phase was stable 

because oil and water solubilization ratios were high. There was no emulsion formation at 

the intermediate salinity of 0.6–1.2% because both oil and water solubilization ratios reached 
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zero. At high salinity of 1.4–1.8%, the emulsion status was unpredicted as the oil 

solubilization ratio presented strong fluctuation. Fig. A-B4 support that emulsion became 

unstable or irregular because of coalescence, namely the oil droplets merged to be larger (see 

Appendix B). Therefore, the most stable emulsion was obtained at a low salinity. In this 

study, we selected the emulsion without salinity for the subsequent core EF experiments 

because this status of emulsion was the most stable compared with that with salinities of 

0.2% and 0.4%. Note that the fresh emulsions are injected since it still maintains stable 

within five hours (see Fig. 4-4(a)) at which the core-flooding experiments will be completed. 

The dilution of chemicals (surfactant/co-surfactant) has a strong effect on the 

microemulsion phase behavior [150]. In the core-flooding experiments, the emulsions 

contact the connate brine in porous media which contains 4% NaI salt. Therefore, the 

emulsion stability may change with different diluted concentration of NaI. We estimated the 

maximum contact concentration of NaI was 1.0 wt.%. The phase behavior screen within 60 

min is reasonable way to predict the emulsion stability in porous media because the connate 

brine was fully displaced within 60 min. A new phase behavior screen was designed to 

analyze the dilution emulsion stability as shown in Fig. A-B5 (Appendix B). Table. A-B1 

shows the oil solubilization ratios were constant (i.e., 171 mL/mL) over time for different 

NaI concentration (see Appendix B). However, the water solubilization ratios decreased 

significantly when the time exceeded 60 min as shown in Fig. 4-4(l). Within 60min, it can be 

observed the water solubilization ratio changed slightly. Therefore, the emulsions in water 

phase were considered stable even if it contacted the brine for a short time. 
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Fig. 4-4. Water/oil solubilization ratios as a function of time for (a)–(j) different salinities; final 

solubilization ratios at the final time of (a)–(j) are plotted in (k) sub-image; (l) water solubilization ratio as 

a function of time for different NaI diluted concentration are extracted from Fig. A-B5 in Appendix B. 

The water or oil solubilization ratios were described as the ratio of volume of water or oil solubilized into 

the emulsion (middle phase between the water and oil phases) per unit volume of surfactant. 

2) Emulsion droplet size distribution 

The optimum emulsion was transformed in a Petri dish and visualized under a microscope. 

The droplets were classified using the machine learning-based trainable WEKA. The size 

distribution of the emulsion droplets was plotted as shown in Fig. 4-5. It can be seen that the 

distribution curve shows good fit with the Gaussian distribution. The emulsion size ranged 

from 0 to 37 µm, with one peak of 11 µm, which supports the microscale emulsion. As 

mentioned, the core-flooding experiments will be finished within five hours at which the 

solubilization ratios of water and oil maintained 165~171 mL/mL (see Fig. 4-4(a)). 

Therefore, it is reasonably supposed that the emulsion is stable and oil droplet size may 

slightly change during this period. 

 

Fig. 4-5. Droplet diameter distribution of the most stable microemulsions. The inset is a visualization of 

the microemulsion under a microscope post-processing. The droplet segmentation used machine 

learning-based trainable WEKA. A total of 1550 emulsion droplets were collected for statistical analysis. 
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4.2.2 Wettability characterization 

To confirm the success of the altered wettability on the sand surface after the chemical 

process, we measured the CA in situ using X-ray CT scanning, as shown in Fig. 4-6. In the 

water-wet porous media (Fig. 4-6(a)), the in situ CA was measured as ~42.1° (Fig. 4-6(a)-(i)), 

which is slightly larger than the ex situ CA of ~30° (Fig. 4-6(a)-(ii)), indicating strong 

water-wet wettability. The larger in situ CA may be attributed to the nonuniform exposure to 

plasma even though the sand surface turned over several times. For oil-wet porous media 

(Fig. 4-6(b)), the in situ CA was consistent with that in the ex situ measurement, 

approximately 140°. Therefore, plasma exposure and OTS coating altered the wettability to 

strong water-wet and oil-wet conditions, respectively, both of which showed good 

performance. In multiphase flow, the wettability order controls the fluid configurations in the 

pore space; that is, the most wetting phase tends to preferentially occupy small pores and 

throats, as well as the wetting films attached to the surface, whereas the most nonwetting 

phase tends to occupy the center of larger pores [36,41]. Theoretically, the different 

occupying behavior can attribute to the capillary pressure difference. The capillary pressure 

is controlled by the Young-Laplace equation as shown in Eq. (4-1). If the wettability is more 

water-wet, the CA decreases and capillary pressure for water phase increases. From Eq. (4-1), 

the pore radius of water occupying should be decreased, and oil phase resides in the larger 

pore center. Reversely, the more oil-wet will make capillary pressure more negative. The 

negative pressure will push oil to occupy the small size of pores and throats, leaving water 

phase stay in larger pore center. Fig. 4-6(a)-(iii–v) and (b)-(iii–v) shows 3D examples of oil 

occupying the pore space. In a water-wet system, oil as the most nonwetting phase 

preferentially occupies the center of large pores, whereas in an oil-wet system, oil as the 

most wetting phase tends to occupy small pores and throats. These examples provide visual 

evidence supporting the success of wettability alteration. 

 

Fig. 4-6. In situ and ex situ measurements of oil-water contact angles on the rock surface after wettability 

alteration to (a) water-wet and (b) oil-wet. The images were obtained under steady-state flow conditions 
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with no change in the fluid configuration in the pore space. The sub-image (i) was measured in situ using 

X-ray CT scan (red, blue, and gray represent the oil, water, and sand surface, respectively); sub-image (ii) 

was measured ex situ by the sessile drop technique; sub-images (iii)–(v) are exemplary 3D visualizations 

of the oil phase in the pore space (yellow and gray represent the oil droplets and rocks, respectively).  

4.2.3 Displacement behavior and performance 

In this section, WF, EF, and their combination of WAE (i.e., EOR) were investigated in 

both water-wet and oil-wet reservoirs. Their performance in oil recovery was analyzed 

through pore-scale visualizations of dynamic displacement, residual oil saturation profiles, 

oil cluster morphology, and oil recovery efficiency. Moreover, a new EF mechanism was 

found to exhibit a similar miscible displacement behavior, which replenishes the 

conventional blockage mechanism reported in previous studies. 

1) Waterflooding in water-wet/oil-wet rocks 

Fig. 4-7 shows the visualization of dynamic displacement front by WF in the 3D pore 

space of water-wet porous media. The center cross-sectional area was selected to better 

visualize the dynamic displacement front, as shown in Fig. 4-7(a). Initially, the oil phase was 

saturated and well-connected in the porous media. At 0.5–1.0 PV injection, the displacement 

front was nonuniform, and several viscous fingers were induced owing to the large viscosity 

difference between water and oil. After 1.0 PV injection, breakthrough occurred, and the 

residual oil was continuously flushed under shearing action. At 1.5–3.0 PV, the remaining oil 

phase stabilized and was bypassed by water, which fits well with the capillary desaturation 

curve [94]. Closeups of residual oil from the region of interest (ROI) revealed the 3D typical 

characteristics of displacement (Fig. 4-7(b)). The remaining oil phase was mobilized and 

gradually broken into many disconnected clusters with increasing injections. The smaller 

clusters were entrapped by capillary forces and could not be remobilized. The water-oil 

interface was clearly distinguished, indicating immiscible displacement behavior in WF. 

Therefore, the capillary forces cannot be ignored. The quantitative oil saturation profiles 

obtained from the 3D CT image slices (Fig. 4-7(a)) are shown in Fig. 4-9(a). At 0–1.5 PV, the 

residual oil saturation significantly decreased from the initial 0.67 to 0.08. At 2.0–3.0 PV, the 

oil saturation decreased by less than 3%, and reached a stable condition. In this wettability case, 

over 61% of the oil phase was recovered because the rock surface showed strong affinity to 

water, that is, water was the most wetting phase, thereby leading to imbibition displacement. 

The displacement behavior of WF in oil-wet porous media is significantly different from 

that in water-wet porous media. Owing to the strong wetting to oil on the rock surface, water 

became most nonwetting phase that displaced the oil, resulting in drainage displacement. 

The visualization of the dynamic displacement behavior in oil-wet porous media is shown in 

Fig. 4-8. In Fig. 4-8(a), only one waterflow path was formed, and most of the residual oil in 

the pore space was bypassed by water. This could be attributed to the strongly negative 

capillary pressure in the pore space, in which the viscous force is unable to overcome the 

capillary force. Fig. 4-8(b) presents the 3D morphology of the residual oil from the ROI, 

which indicates that the oil phase was well-connected and difficult to remobilize. The 
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quantitative information on oil saturation is shown in Fig. 4-9(b). From the initial to 3 PV, the 

residual saturation decreased slightly from 0.67 to 0.62, which indicates that over 62% of the 

residual oil remained in the pore space. The apparent water-oil interface in the CT images 

supports the immiscible displacement of oil by water; therefore, negative capillary pressure 

dominated in this process. To eliminate the capillary pressure and improve oil recovery, the 

most promising method is miscible flooding, during which the water-oil interface is invisible 

in oil-wet porous media. 

 

Fig. 4-7. 3D visualization of waterflooding in water-wet porous media. (a) Dynamic displacement front 

from the center cross-sectional area (red is oil, blue is water, and gray is solid). (b) Morphology of 

residual oil from the region of interest marked by the black rectangle in (a) (size: 2.5 × 2.5 × 5.5 mm, 

different colors represent disconnected clusters). 

The capillary pressure in water-wet and oil-wet porous media can be estimated by the 

Young–Laplace equation (Eq. (4-1)). According to a previous test, the IFT is 12.6 mN/m; the 

average pore radius is 36 µm, and the average CAs for water-wet and oil-wet porous media 

are 30° and 140°, respectively. Therefore, the capillary pressure for water-wet and oil-wet 

porous media is 1212 Pa (positive value) and -1072 Pa (negative value), respectively. A 

positive capillary pressure means that water will almost always have sufficient pressure to 

mobilize oil out of the pore space. In contrast, if the capillary pressure is negative, a higher 

water pressure is required to achieve the same oil saturation [151]. The relationship between 

the capillary pressure and saturation is shown by Eq. (4-2). The oil displacement behavior by 

WF in the water-wet and oil-wet porous media in this study agreed well with this 

relationship. 

𝑝c =
2𝛾𝑐𝑜𝑠𝜃

𝑟
 (4-1) 

Where pc is the capillary pressure, γ is the IFT between water and oil, r is the pore or throat 
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radius, and θ is the CA. 

𝑝𝑜(𝑆𝑤) = 𝑝𝑜(𝑆𝑤) − 𝑝𝑤(𝑆𝑤) (4-2) 

Where po and pw represent the oil and water pressure, respectively; and Sw is the water 

saturation. 

 

Fig. 4-8. 3D visualization of waterflooding in oil-wet porous media. (a) Dynamic displacement front from 

the center cross-section area (red is oil, blue is water, gray is solid). (b) Residual oil from region of 

interest marked by the black rectangle in (a) (size: 2.5 × 2.5 × 5.5 mm, different colors represent 

disconnected clusters). 

 

Fig. 4-9. Residual oil saturation profiles as a function of distance to the inlet in both (a) water-wet and (b) 

oil-wet (porous media after different injected PVs of waterflooding. 

2) Emulsion flooding in water-wet/oil-wet rocks 

Fig. 4-10 illustrates the pore-scale dynamic displacement of oil by direct microemulsion 

flooding in water-wet porous media. The center cross-sectional images show the 

displacement front during the continuous emulsion injection (Fig. 4-10(a)). The quantitative 

oil saturation was extracted, as shown in Fig. 4-12(a). Initially, the porous media was 
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saturated with oil, and the emulsion saturation (Se) was 0. When subjected to EF, two stages 

of displacement were observed in this process. The first stage is a fast invasion period (FIP); 

the second is a stable invasion period (SIP). Specifically, the FIP occurred at 0.5 PV injection 

of the microemulsion, during which the emulsion phase rapidly broke through the outlet. The 

image shows that the color of the oil changed from blue (0 PV) to a uniform green (0.5 PV), 

indicating that the oil phase in the pore space was uniformly removed by the areal sweeping 

mechanisms. At this point, the oil recovery reached a sweeping efficiency of 67%. After the 

FIP stage (i.e., 1.0–3.0 PV), the displacement front became increasingly stable, which marks 

the beginning of a new stage, i.e., the SIP stage. The images (1.0–3.0 PV) show that the color 

of oil at the top changed from green to dark red, which indicates that the trapped residual oil 

gradually solubilized into the emulsion phase. The gradient change in oil color implies that 

the emulsion dispersed into oil phase via mass transfer with aid of viscous forces which 

leading to miscible displacement behavior. Furthermore, viscous fingering was suppressed, 

leading to a stable displacement front. The saturation profile (Fig. 4-12(a)) shows that the 

residual oil saturation decreased from 0.62 to 0.015 during EF. The 30% original oil in place 

was recovered in the FIP stage, whereas an additional 30% was produced during the SIP stage. 

The residual oil saturation was ~1.5%, much lower than that in WF of ~10% at the end of 3.0 

PV injection. In other words, the previously trapped oil that could not be invaded alone by WF 

was solubilized and removed by EF. The mechanism is the capillary forces were eliminated, 

resulting in a miscible displacement front at which the interface between the emulsion and oil 

became compositional gradient. The 3D remaining oil distribution was extracted from the ROI, 

as shown in Fig. 4-10(b). During the FIP stage, the residual oil phase remained well-connected. 

After entering the SIP stage, the oil clusters were segmented into many disconnected clusters 

and droplets behind the stable front. With continuous emulsion injection, most of the small oil 

clusters gradually dissolved and disappeared, resulting in higher oil recovery. 
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Fig. 4-10. 3D visualization of microemulsion flooding in water-wet porous media. (a) Dynamic 

displacement front from center cross-section area (Se represents emulsion saturation). (b) Residual oil 

from the region of interest marked by the black rectangle in (a) (size: 2.5 × 2.5 × 5.5 mm, different colors 

represent disconnected clusters). 

The 3D visualization of microemulsion flooding for oil recovery in strong oil-wet porous 

media is shown in Fig. 4-11. The residual oil saturation profile is shown in Fig. 4-12(b). 

Similar to EF in water-wet porous media, two stages, i.e., FIP and SIP, were also found in 

oil-wet porous media (see Fig. 4-11(a)). The FIP stage occurred at the 0.5 PV injection, and 

breakthrough rapidly developed. During this period, the oil saturation decreased from 0.62 to 

0.34, and 28% of oil was recovered by uniform areal sweeping from the pore space. In the 

SIP stage, the uniform displacement front to the outlet rapidly developed, that is, the second 

breakthrough occurred between 1.5 and 2.0 PV. Behind the stable front, the gradient color 

indicates that the oil phase was gradually solubilized through emulsion dispersion into oil via 

mass transfer. After the second breakthrough (2.5–3.0 PV), the residual oil saturation tended 

to be stable (So = 0.1), which means that additional oil was recovered at 22% in the SIP stage. 

The 3D visualization of oil clusters (Fig. 4-11(b)) shows that the remaining oil was in the 

form of disconnected clusters and droplets, in contrast to the oil-wet case of WF in which the 

oil phase was well-connected at the end of injection. 

 

Fig. 4-11. D visualization of emulsion flooding of oil-wet porous media. (a) Dynamic displacement front 

from the center cross-section area (Se represents emulsion saturation). (b) Residual oil from the region of 

interest marked by the black rectangle (size: 2.5 × 2.5 × 5.5 mm, different colors represent disconnected 

clusters). 
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Fig. 4-12. Residual oil saturation profiles as a function of the distance to the inlet in both (a) water-wet 

and (b) oil-wet porous media after different injected PVs of microemulsion. 

3) Quasi-miscible displacement mechanisms 

As discussed above, EF can significantly improve oil recovery because it behaves as a 

miscible displacement behavior. The miscible behavior by EF is a novel discovery in the 

current 3D pore-scale experiments, which challenges the traditional blockage mechanism 

[72]. Fig. 4-13(b) presents visual evidence that there was no apparent interface between 

emulsion and oil phases, but it presents compositional gradients in the 3D pore space. 

Therefore, capillary forces can be eliminated during the flooding process. The compositional 

gradient indicates that oil removal was controlled by mass transfer between emulsion and oil 

phases. Namely, solvent-based emulsion dispersed into oil and oil was gradually dissolved 

into solvent emulsions at the same time. Note that only solvent droplets in the 

microemulsion flooding shows good miscibility (no interface) with crude oils, which can be 

captured by X-ray CT as shown in Fig. 4-13(b). However, the water phase inside the 

emulsion phase has a poor miscibility with crude oils that implies us the emulsion flooding 

in this study presents a quasi-miscible behavior, instead of a real miscible case at which there 

is not interface between any fluid at all. Fig. 4-13(c) illustrated this point from a molecular 

aspect. The interface between the solvent and oil is invisible whereas that between the water 

and oil still exists. In this figure, we can see that solvent emulsions changed from yellow to 

gray color, indicating the crude oils are dissolved into the solvent. Then, the dissolved oils 

and emulsions together flow out of the reservoirs under the shearing forces. Furthermore, the 

viscosity of crude oil was reduced significantly when the solvent emulsions dispersed into 

the crude oils. The viscous fingering may be restricted. WF was considered as the 

immiscible displacement behavior because the interface can be clearly distinguished in the 

pore space (Fig. 4-13(a)). Hence, capillary forces contribute negatively to oil removal. In 

general, the large viscosity contrast between miscible displacing and displaced fluids often 

causes viscous fingering [22]. However, in our study of the miscible system, viscous 

fingering was suppressed, resulting in a uniform and stable displacement front, as shown in 

Fig. 4-13(d). In other words, EF can improve the mobility ratio and provides good 

conformance control, which is consistent with the results reported in the literature [152]. 

These can be attributed mainly to the fact that the emulsion phase and oil phase share a 
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similar viscosity. 

 

Fig. 4-13. Different mechanisms between waterflooding (WF, immiscible) and emulsion flooding (EF, 

quasi-miscible). (a) The water-oil interface was observed during WF. (b) There was no interface, but it 

presents compositional gradients in the 3D pore space during EF. (c) The oil was gradually solubilized 

into solvent emulsions during EF from a molecular view of aspect. (d)The viscous fingering in the 

miscible displacement process was suppressed owing to the similar viscosity between the microemulsion 

and oil phase. 

4) Oil cluster morphology and topology 

In the previous sections, we found that EF is capable of displacing the oil phase through 

the miscible displacement front where oil is gradually solubilized, thereby improving oil 

recovery. The 3D visualization of the ROI shows that the size distribution of oil clusters 

varies between WF and EF. The wettability conditions also have a significant effect on the 

size distribution of oil clusters. In this section, we present a graphical and statistical analysis 

of the trapped-oil distribution after WF and EF under both water-wet and oil-wet conditions. 

Fig. 4-14 shows the oil cluster size distribution in the cumulative volume fraction (Fig. 

4-14(a)) and the 3D visualization of exemplary oil clusters of different size level (Fig. 

4-14(b)). After WF in water-wet porous media, the oil trapped in the pore space formed into 

disconnected clusters. The largest oil cluster volume was 3 × 108 µm3, which accounted for 

30% of the entire oil cluster volume. This result is consistent with the oil size level in Berea 

sandstone reported by Kuang et al. [101], in which strong water-wet conditions could create 

small oil clusters. However, the oil phase showed a strong connectivity in oil-wet porous 

media. The largest oil cluster volume reached 5.60 × 109 µm3, accounting for 99% of the 
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entire oil cluster volume and was an order of magnitude larger than that of the water-wet 

case. Fig. 4-14(a) shows that the distribution curve shifted to the right, indicating the 

significant increase in the size of the oil clusters. This behavior was attributed to the fact that 

the oil phase as the most wetting phase formed wetting layers on the rock surface, and 

preferentially occupied the smaller pores and throats. After the injection of the emulsion, the 

oil cluster volume became much smaller than that of WF in both water-wet and oil-wet 

porous media. For example, the distribution curves shifted to the left by approximately 2–3 

orders of magnitude compared with that of WF. As shown in Fig. 4-14(b), the largest oil 

cluster volume in water-wet rock was 8.02 × 105 µm3, while that in the oil-wet case was 5.84 

× 106 µm3, accounting for 50% and 2% of the total volume of oil clusters, respectively.  

The topology of the oil clusters also showed great contrast during WF and EF in both 

water-wet and oil-wet porous media. In general, oil clusters can be classified into different 

patterns (e.g., network, branch, ganglia, and singlet) according to the two key parameters of 

sphericity (G) and Euler characteristics (Eu). The equations are expressed as Eqs. (4-3) and 

(4-4) [144]. Readers interested in the details of the specific classification range of the two 

parameters can refer to our previous study [18]. The 3D visualization of the ROI (Fig. 4-7(b), 

Fig. 4-8(b), Fig. 4-10(b), and Fig. 4-11(b)) shows that oil branches with loop-like structures 

dominate the WF in water-wet porous media, whereas in oil-wet porous media, the oil phase 

exhibited a well-connected network. In contrast, there was no loop-like structure in the 

trapped-oil configurations, but ganglia and/or singlets were observed after EF. Only singlets 

appeared in water-wet porous media, while both ganglia and singlets dominated in oil-wet 

porous media. This difference in topology indicates that the oil removal performance of EF 

is better in water-wet than in oil-wet porous media. 

𝐺 =
𝜋

1
3⁄ (6𝑉)

2
3⁄

𝐴
 (4-3) 

𝐸𝑢 = 𝑁 − 𝐿 + 𝑂 (4-4) 

Where V is the single oil cluster volume, A is the surface area; and N, L, and O are the 

number of isolated objects, redundant loops, and cavities, respectively. 
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Fig. 4-14. (a) Oil cluster size distribution and (b) 3D visualization of exemplary oil clusters. All 

trapped-oil clusters were extracted at the end of 3.0 PV injection (stable condition).  

5) EOR scenarios in water-wet/oil-wet reservoirs 

The previous section discussed the displacement performance of direct WF and EF to 

imitate the secondary oil recovery technique. The results showed that EF, as a similarly 

miscible displacement process, has the most potential for applications in oil recovery, and is 

even independent of the rock wettability (from water-wet to oil-wet). This section evaluates 

its application in EOR and its effectiveness in oil recovery using WAE flooding scenarios. 

Fig. 4-15 presents the pore-scale visualization of the displacement behavior in EOR 

scenarios and quantitative residual oil saturation profiles of water-wet and oil-wet reservoirs. 

Initially, the porous media was saturated with oil (So ≈ 0.7, connate water condition). After 

immiscible WF of 1.5 PV, the water-oil fluid configurations stabilized in the 3D pore space 

in both water-wet (Fig. 4-15(a)) and oil-wet (Fig. 4-15(b)) porous media. However, the oil 

cluster morphology showed significant differences such that residual oil was well-connected 

in the oil-wet case but existed in the form of separate small oil branches and singlets in the 

water-wet case. In addition, the residual oil saturation was 6% in the water-wet case (Fig. 

4-15(c)), whereas in oil-wet porous media, it reached 64% (Fig. 4-15(d)). This result is 

consistent with the previous oil displacement performance by direct WF. After miscible EF, 

it was observed that EF was more effective in solubilizing well-connected large oil clusters 

instead of small oil ganglia and singlets. Specifically, most of the small oil ganglia and 

singlets were bypassed by the emulsion phase in water-wet porous media (areas marked as 1, 

2, and 3 in Fig. 4-15(a) to show the examples). Even the larger oil branches were slightly 

solubilized, as shown in the closeups of area 1. Therefore, only 3% additional oil was 

recovered compared with WF. This may be attributed to the small contact area between the 

oil and emulsion phases that restricted the emulsion ability to solubilize the trapped oil. In 

contrast to the oil-wet reservoir, an advanced solubilization front was clearly observed, 
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indicating that the mass transfer was very strong in this front where oil phase was gradually 

solubilized during EF. It is noteworthy that the emulsion phase preferentially flowed along 

the previous water path in WF and expanded its sweeping area after the water phase was 

removed. At the final emulsion injection of 3.5 PV, over 50% additional oil was produced, 

which shows high oil recovery performance. Therefore, we concluded that EF can be applied 

in cases where the residual oil phase is a well-connected network. That means EF is the best 

choice for EOR in weakly or strongly oil-wet reservoirs or as a direct secondary oil recovery 

method. 

 

Fig. 4-15. Pore-scale visualization of displacement behavior in enhanced oil recovery scenarios in 

water-wet (a) and oil-wet (b) reservoirs. The quantitative residual oil saturation profiles are plotted in (c) 

and (d), respectively. For the immiscible cases (oil saturation and WF 1.5 PVs), the three phases of oil, 

water, and rock surface were well segmented and represented as red, blue and gray, respectively. For the 

miscible cases (EF 1.5–3.5 PVs), the CT gray images were calibrated, where dark blue indicates oil 

saturation of 1, while dark red indicates emulsion saturation of 1. The inset images in (a) are the closeups 

of the area marked as 1 in the dynamic displacement. The black line in (b) exhibits the evolution of the 

solubilization front during miscible EF.  

6) Oil recovery efficiency 

Fig. 4-16 compares the amount of oil recovered under different wettability conditions by 

WF, EF, and the combination of both in EOR scenarios. The ultimate oil recovery for WF 

under the water-wet condition reached 91%, which is 82% higher than that under the oil-wet 
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condition. We repeated the same WF experiments until 1.5 PVs and applied EF to simulate 

the EOR method. The results showed that the final oil recovery only improved by 4% under 

the water-wet condition compared with direct WF. However, under the oil-wet condition, this 

performance was significantly higher, approaching 70%. Therefore, the EOR performance is 

poorer when applied in strong water-wet porous media. The EF has the greatest potential 

solubilization ability in well-connected oil clusters. In this case, direct EF could significantly 

improve oil recovery because oil clusters are an initially well-connected network. As 

expected, the plot indicated that the ultimate oil recovery with direct EF was very high, 

reaching 97% and 84% under water-wet and oil-wet conditions, respectively. 

In summary, because of its miscible behavior, EF can be applied in secondary oil recovery 

technique regardless of the wettability of reservoirs, or in tertiary oil recovery technique in 

weakly/strongly oil-wet reservoirs, in which the oil phase is well-connected after WF. 

 

Fig. 4-16. Oil recovery efficiency of secondary (T1–T4) and tertiary (T5–T6) techniques as shown in 

Table 4-1. 

4.3 Summary and suggestions 

In this chapter, we first prepared a new type of solvent-based microemulsion and then the 

oil displacement performance of direct WF, EF, and the combination of both for EOR was 

investigated in both strongly water-wet (e.g., Berea sandstone) and oil-wet (e.g., carbonate 

rock) porous media. X-ray micro-CT was used to visualize the fluid-fluid configurations in 

3D pore spaces. An advanced workflow for image processing was developed for the first 

time, which is appliable to any type of pore-scale miscible displacement behavior (e.g., 

solvent flooding, sCO2 injection, and microemulsion flooding in this study). After imaging 

and statistical analysis, our main conclusions are as follows: 

(1) Solvent-based microemulsion flooding exhibited quasi-miscible displacement 

behavior/front in which mass transfer between oil phase and emulsion phase occurred which 

challenges the previous blockage mechanism. The emulsions dispersed into oil phase and oil 

was gradually solubilized by emulsion flushes via viscous forces in this front. An interface 
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between the emulsion and oil was not observed but it presents compositional gradient, hence, 

eliminating the capillary forces. In addition, the viscous fingering was significantly 

suppressed, indicating this new agent has a good control of stable displacement. 

(2) Immiscible WF had very low oil recovery efficiency ~9% in strong oil-wet porous 

media. The residual oil was in the form of a well-connected network owing to the negative 

capillary forces. Compared with that in water-wet porous media, the oil recovery reached 

~91%. Small oil branches and singlets dominated in the 3D pore space because of positive 

capillary forces. The size of residual oil clusters in oil-wet case shows one order of 

magnitude larger than that of the water-wet case. In contrast, miscible EF indicated that main 

oil topology consisted of smaller size of oil ganglia and/or singlets in either strong water-wet 

or oil-wet porous media, that is, the size of residual oil clusters in EF is reduced to 

approximately 2–3 orders of magnitude compared with that of WF. The oil recoveries both 

present highly efficient under water-wet and oil-wet conditions, reaching 97% and 84%. 

Therefore, direct EF showed high performance in oil removal regardless of the oil-acid 

concentrations and wettability of reservoirs because of eliminating capillary forces. 

(3) Based on EOR scenarios, we found that EF could effectively solubilize large 

well-connected oil clusters in strongly oil-wet reservoir instead of small separate ones in 

strongly water-wet reservoir. For smaller separate oil clusters, only 4% oil recovery is 

enhanced, however, this performance could be improved to 70% for large well-connected oil 

clusters. Therefore, considering the solubilization ability, EF can be applied to secondary oil 

recovery regardless of the wettability of reservoirs, or to tertiary/enhanced oil recovery in 

weakly/strongly oil-wet reservoirs with a well-connected oil phase after WF. In addition, the 

solvent-based EF could reduce the half percent cost because only half percentage of solvent 

is used to prepare the flooding agent.  

The main task of this chapter is to reveal the miscible behavior by a novel solvent-based 

microemulsion flooding. Unfortunately, the stability of microemulsion with high salinity was 

ignored. In the future, the emulsion stability in the high-salinity system will be optimized by 

considering various factors, such as surfactant types and amounts, temperature control, PH 

value adjusting, and nanoparticles assisted, etc. The emulsion size distribution over long 

periods (days to months) will be also observed to aid for the determination of emulsion 

stability. In addition, the surfactant retention and adsorption may have a negative effect on 

the emulsion content and stability. In this study, we assumed that there is no 

chromatographic separation of linoleic acid, surfactant and solvent in the dynamic flow in 

porous media. However, the emulsion may separate into its constituents as it flows through 

the porous media, which may be different from that in the tubing tests. The effluent analysis 

is a possible way to confirm the retention, adsorption and separation of chemicals [150,153]. 

Furthermore, the injection pressure may increase a lot due to the high viscosity of emulsion 

phase. The future works also need to confirm the pressure drop during this new agent. 
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5   Conclusions and suggestions 

5.1 Conclusions 

Throughout this work, various C-EOR methods were optimized step by step for 

improving the acidic oil recovery. The interfacial properties, microscopic displacement 

mechanisms and oil recovery efficiency were used to evaluate the performances of these 

methods using X-ray micro-CT scanning. First, the performances of traditional surfactant 

and alkaline flooding were compared, and their underlying mechanisms were obtained. 

Afterwards, one method with weaker performance was optimized by improving its 

mechanism. After that, the other method with higher performance was applied for different 

acid oil reservoirs to examine the effect of acid concentrations on its performance. The 

optimal acid concentration was obtained with respect to the best performance. Finally, a 

novel C-EOR method was created to apply for the other concentrations of oil reservoirs. It 

has been proved that the new method introduced some extraordinary advantages and could 

be applied for any type of oil reservoirs regardless of oil-acid concentration. The key 

conclusions are summarized as follows: 

In Chapter 2, the comparative performances and mechanisms of traditional surfactant and 

alkaline flooding were investigated. We found that the emulsification ability of alkaline 

flooding is much stronger than that of surfactant flooding, leading to the significant 

improvement of oil recovery. The effectiveness of surfactant transport to the water–oil 

interface is responsible for the performance differences. For surfactant flooding, the 

surfactant molecules are transported to the interface by convection, which is a 

time-dependent and slow process. By contrast, the alkaline flooding relies on the quick 

process of chemical-produced surfactant at the interface. In addition, the strong 

emulsification could increase the chemical contact area and strengthen the convection flow, 

which again promotes the effective transport of surfactant to the interface. To optimize the 

surfactant flooding, we introduced a novel cationic surfactant (i.e., STAC) that could 

physically adsorb the acid components of oil to form a dual-surfactant system. Consequently, 

the surfactant transport to the interface became more quicker because the fast accumulation 

of surfactant aggregates. 

In Chapter 3, the effect of oil acid concentrations on the performance of alkaline flooding 

was investigated. As suggested in the results, the oil recovery efficiency increases with 

increasing oil acid concentrations because of stronger emulsification ability. As the 

emulsification becomes stronger, the viscous fingering is gradually suppressed, and oil 

displacement front became more stable. The complete emulsification occurs in the high acid 

concentration at which large oil clusters are completely emulsified into tiny-size oil droplets. 

As a result, an entrained flow happens because these tiny droplets could entrain in the 

aqueous phase and easily pass through the pore spaces. Therefore, the strong emulsification 

has a good control of stable displacement and characteristic of entrained flow. As an optimal 
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scenario for engineering, the alkaline flooding was suggested to be applied for the high-acid 

oil reservoirs. For these low-acid oil reservoirs, the emulsification is not strong enough, and 

capillary forces still dominate, which hinders the improvement of oil recovery. Hence, it is 

needed to consider a novel method that maintains the stable displacement control and 

eliminates the capillary forces at the same time. 

In Chapter 4, we created a novel solvent-based microemulsion flooding for low-acid oil 

recovery. The emulsion flooding was selected because of its good control for stable 

displacement. The solvent was used to prepare the emulsions due to its miscible behavior, 

which has an ability to eliminate the capillary forces. In addition, the solvent-based emulsion 

could reduce half percentage of solvent use, thereby significantly decreasing the cost. The 

performance of this new chemical agent was examined through the pore-scale detection 

using a micro-CT scanning. As shown in the results, the oil recovery was significantly 

improved (approaching 100%) regardless of oil acid concentrations. For one reason, the oil 

displacement by the emulsion flooding is uniform, namely viscous fingering is avoided, 

thereby leading to the increasing areal sweeping efficiency. For another reason, the 

solvent-based microemulsion flooding exhibits a quasi-miscible displacement behavior. The 

capillary forces can be eliminated because the interface is not visible, but it presents a 

compositional gradient. Therefore, the oil recovery mechanism is controlled by the mass 

transfer that the solvent disperses into oils and oils are gradually dissolved into the solvent at 

the same time. The dissolved oil could entrain in the emulsion solution and flow out of oil 

reservoirs. We concluded the solvent-based emulsion flooding has the best performance and 

can be applied for any type of acid oil reservoirs. 

For petroleum-engineering suggestions, the solvent-based microemulsion flooding is 

more expensive than that of traditional surfactant and alkaline flooding. Considering the cost, 

the alkaline flooding is suggested to apply for a high-acid oil reservoir. For a low-acid oil 

reservoir, the novel cationic surfactant is recommended since it could adsorb the acid 

components to formulate a dual-surfactant system and work more effectively than a single 

surfactant alone. For a non-acid oil reservoir, the solvent-based microemulsion flooding 

shows the best performance because of eliminating the capillary forces. If we care more 

about the oil production instead of the cost, the solvent-based microemulsion is highly 

recommended because it can produce the oil recovery efficiency approaching 100%. In the 

future, if an energy crisis occurs, we have to increase the oil production to meet the world 

energy supply regardless of the cost. 

5.2 Suggestions for future works 

Throughout this work, we optimize the traditional C-EOR methods and create a novel 

method to improving the acidic oil recovery. Their oil recovery mechanisms were analyzed 

well based on the pore-scale visualization using the micro-CT scanning. However, there are 

some gaps identified in these new findings and can be extended as the potential future works. 

In Chapter 2, we introduced a novel cationic surfactant (i.e., STAC surfactant) to promote 
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the fast surfactant transport to the water–oil interface through the mechanism of physical 

adsorption. However, its application for acid oil recovery was not investigated to examine its 

superior performance over that of old surfactant. In the future, it is needed to continue this 

work. 

In Chapter 2 and Chapter 3, we found the STAC surfactant and alkaline flooding are both 

strongly dependent on the oil-acid concentration. The effect of acid concentration on the 

performance of STAC surfactant needs more investigation. In addition, the comparative 

performances of surfactant produced by physical adsorption (i.e., STAC flooding) and 

chemical reaction (i.e., AF) also need to be continued in the future, which will provide a 

strong aid for the optimal selection of C-EOR scenarios. 

In Chapter 4, the stability of microemulsion with high salinity was ignored. However, 

some oil reservoirs contain high salinity in nature. Therefore, the emulsion stability is critical 

for these oil recovery applications. In the future, the emulsion stability in the high-salinity 

system will be optimized by considering various factors, such as surfactant types and 

amounts, temperature control, PH value adjusting, and nanoparticles assisted, etc. The 

emulsion size distribution over long periods (days to months) will be also observed to aid for 

the determination of emulsion stability. In addition, the surfactant retention and adsorption 

may have a negative effect on the emulsion content and stability. Furthermore, the emulsion 

may separate into its constituents as it flows through the porous media, which may be 

different from that in the tubing tests. The effluent analysis is a possible way to confirm the 

retention, adsorption and separation of chemicals. The injection pressure may increase a lot 

due to the high viscosity of emulsion phase. The future works also need to confirm the 

pressure drop during this new type of solvent-based microemulsion flooding. To 

continuously reduce the cost for the emulsion preparation, the solvent ratio can be reduced 

from 50% to 10% and at the same time, the water ratio is increased to 50% to 90%. However, 

whether the performance of miscible behavior and high oil recovery efficiency changes or 

not is still not clear and need to be confirmed in the future work. 
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Appendix (supplementary material) 

Appendix A 

A.1 Image processing 

This study collected all image-based data by means of camera snapshotting and X-ray CT 

scanning. Therefore, all quantitative information (including area, perimeter, volume, 

saturation, etc.) was extracted from images based on the ImageJ software platform (National 

Institutes of Health). For each experimental test, the image processing methods are listed as 

follows: 

1) Microchannel test (2D) 

It is observed that the oil shape frequently changed due to the interfacial instability in the 

microchannel. Therefore, the deformation number (D) as expressed in Eq. (A-A1) was used 

to describe the deformed oil shape quantitatively [154]. First, the raw color images were split 

into three groups of red, green, and blue images. The blue images showed great contrast 

between the water and oil phase in the microchannel and, therefore, were selected for 

subsequent data analysis. After that, the image noise was removed using the non-local means 

algorithm. The oil phase was binarized using the histogram threshold method. In the end, the 

oil area and perimeter were obtained by executing an Analyze Particle Plugin.  

𝐷 =
𝑃

√𝜋 ∙ 𝐴
 (A-A1) 

Where P and A are the perimeter and area of oil individuals, respectively. 

2) Porous media test (3D) 

Pore-scale experiment enables us to observe the oil and water occupancies in the 3D pore 

space. In other words, the oil deformation phenomenon can be monitored through direct 

visualization of oil shape changes. Fig. A-A1 shows the segmentation workflow of water, oil, 

and solid phases. The raw images were first filtered to remove noise using the non-local 

means algorithm. After noise removal, the porous media and oil phase were segmented using 

Otsu’s threshold method [88,113]. Finally, the water, oil, and solid phases were combined 

and rendered in one image. One can refer to our previous study for details about this 

segmentation method [18]. We observed that the oil deformation resulted in substantial 

missing or new-appeared oil parts in the pore space when the time increased. As shown in 

Fig. A-A2, we successfully separated the disappeared and new-appeared oil parts through the 

image subtraction function. To be more specific, the residual oil shape was considered as an 

initial state (0 min) once the sample was flooded by the STAC solution (0 min). The 

disappeared oil parts were obtained when the residual oil in 0 min subtract that in other time 

(5−60min). The new-appeared oil parts were obtained using a reverse subtraction. Note that 

image subtraction was carried out after oil segmentation using Otsu’s threshold. 
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Subsequently, the quantitative information about the volume changes was extracted using 3D 

Object Counter and MorphoLibJ Plugins [18,113]. 

 

Fig. A-A1. Image processing workflow for three-phase segmentation and rendering of water, oil, and solid. 

Upper images (a) ~ (c) represent the porous media (reference image), and lower images (d) ~ (f) are the 

residual oil phase in the pore space after chemical flooding. The raw images [(a) and (d)] were filtered to 

remove noise using the non-local means algorithm [(b) and (e)]. After noise removal, the binary images of 

solid (c) and oil phase (f) were obtained using Otsu’s threshold method, respectively. Finally, the water, oil, 

and solid phases were combined and rendered in one image (g).  

 

Fig. A-A2. Image processing workflow to obtain the disappeared and new-appeared oil parts. (a) 

represents the porous media as a base image; (b) and (c) are the residual oil phase in 0 min and 20 min 

after chemical flooding. All raw images [(a) ~ (c)] are filtered with a non-local means algorithm. After 

that, solid (d) or residual oil [(e) and (f)] phases are segmented using Otsu’s threshold method. The 

disappeared oil parts (g) were obtained when the residual oil in 0 min subtracts that in 20 min. The 

new-appeared oil parts (h) were obtained using reverse subtraction. Image (i) illustrated all the solid, 
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water, and deformed oil phases in the sample. 

A.2 Different flow rates in microchannel 

Time-series snapshotting images of the flow patterns under different flow rates of STAC 

flooding are shown in Fig. A-A3. Based on those images, we discovered that the interface 

deformed once the STAC solution established contact with the oil phase, which resulted in a 

meniscus shape different from that in pure water flooding (Fig. A-A4). In other words, the 

STAC solution always invaded the oil phase along the curved route. Meanwhile, the 

surfactant aggregates began to accumulate along the curved interface between the aqueous 

and oil phases. As expected, oil blebs appeared, which agreed well with the blebbing model 

in the static mode [64]. However, a new relationship was discovered, where surfactant 

aggregation was associated closely with the invading velocity in the dynamic mode. 

Consequently, the flow pattern varied with the flow rate. At a flow rate of 1 µL/min (Fig. 

A-A3(a)), the oil shape changed frequently, indicating that the invading flow path changed 

direction simultaneously. In this case, oil blebbing dominated the low-flow-rate region. 

Additionally, no snap-off oil droplets were observed as the oil clusters passed through the 

constricted channel. As the flow rate increased to 10 µL/min (Fig. A-A3(b)), changes in the 

oil shape and the snap-off phenomenon were both observed. The oil phase was segregated 

into small droplets by the snap-off action in constricted channel. At a high flow rate of 50 

µL/min (Fig. A-A3(c)), oil splitting was intensive when the droplets passed through the 

constricted channel, which implies that the shearing forces dominated in this region. The 

change in the oil shape was restrained by the shearing forces. It is noted that we observed the 

oil splitting also occurred besides the constricted channel during all flow rates, which means 

the new surfactant presented similar emulsification ability with that of AF. 

 

Fig. A-A3. Time-lapse photography of STAC chemical solution displacing acidic oil phase in 
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microchannel for different flow rates: (a) 1 µL/min; (b) 10 µL/min; (c) 50 µL/min. 

 

Fig. A-A4. Time-lapse photography of the pure water (STAC0) displacing the acidic oil phase (PA20) in 

the microchannel for different flow rates of 1 µL/min (a),10 µL/min (b), and 50 µL/min (c). The pure 

water injection is a reference to Fig. A-A3 in which the STAC solution was used instead. 

Appendix B 

 

Fig. A-B1. Result of contact angle (CA) measurements after different processing protocols. The CAs were 

measured by the sessile drop technique in which oil was dropped on the surface of a glass slide 

(SiO2-based material). 
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Fig. A-B2. Image processing workflow in immiscible flooding. All raw images [(1) and (4)] were filtered 

to remove noise using the nonlocal means algorithm [(2) and (5)]. The solid and oil phases were 

segmented using Otsu’s threshold method [(3) and (6)]. The oil and water phases were added to the pore 

space using the image calculator (7) and colored by rendering (8). 

 

Fig. A-B3. Photos of emulsion phase behavior as a function of salinities at (a) initial time, (b) 3 h, (c) 24 h, 

and (d) one week. The turbid color indicates the emulsion phase. The transparent color at the top and 

bottom represents the oil and water phases, respectively. 
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Fig. A-B4. Magnified visualization of emulsion stability behavior after one week (168 h). 

 

Fig. A-B5. Emulsion phase behavior screen for different NaI diluted concentration at time of (a) 0, (b) 30, 

(c) 60, and (d) 300 min. 

 

Table. A-B1. Solubilization ratios of water or oil phase as a function of time for different NaI diluted 

concentrations. 
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NaI salinity 

Time/min 

0% 0.25% 0.5% 1.0% 1.5% 

𝜎𝑤 𝜎𝑜 𝜎𝑤 𝜎𝑜 𝜎𝑤 𝜎𝑜 𝜎𝑤 𝜎𝑜 𝜎𝑤 𝜎𝑜 

0 171 171 171 171 171 171 171 171 171 171 

10 171 171 171 171 171 171 171 171 171 171 

20 171 171 171 171 171 171 171 171 171 171 

60 171 171 153 171 144 171 144 171 135 171 

120 171 171 144 171 135 171 99 171 81 171 

180 171 171 117 171 81 171 70 171 63 171 

240 171 171 92 171 81 171 63 171 59 171 

300 171 171 81 171 77 171 56 171 52 171 

Note: 𝜎𝑤 and 𝜎𝑜 represent water and oil solubilization ratios, respectively; Unit: mL/mL 
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