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Abstract 

The spontaneous displacement of a fluid in another immiscible one on a solid surface is essential 

for many technical applications, such as painting, detergency, bitumen extraction and enhancing 

oil recovery. This project was motivated by exploring a process of high viscosity bitumen 

displaced by aqueous phase over sand grains during the water-based oil sands extraction. For the 

experimental investigation, a microscopic control and image system was adopted to observe the 

microscale spontaneous displacement of high viscosity model oil droplets over highly curved 

surfaces in aqueous media. Relevant characterizations (e.g., the three-phase contact angle and the 

three-phase contact line velocity) were extracted via digital image analysis and the corresponding 

methodology was discussed in detail. The interfacial tension between the high viscosity oil and 

aqueous solutions, was determined by the drop shape relaxation method due to the difficulty of 

measurements using conventional techniques of tensiometry. The experimental results showed that 

both static and dynamic behavior of the oil displacement could be significantly changed by surface 

wettability alternation or surfactant addition. On the other hand, only the displacement dynamics 

strongly depended on oil viscosity, surface curvature, and droplet volume. An interesting 

observation of the dynamic droplet shape deviating from a spherical segment has been found to 

originate from the relative significance of the viscous stress to the capillary stress on the interface 

near the three-phase contact line. The quantitative data analysis using the generally accepted 

models of dynamic wetting indicated that the displacement dynamics could be controlled by 

different mechanisms at different stages, and additional mechanisms could be introduced by 

surfactant additions. The findings from this study are expected to improve the general knowledge 

of spontaneous liquid-liquid displacement as well as offer some practical implications to optimize 

the bitumen liberation process during industrial operations.   
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Chapter 1  

Introduction and motivation 

Wetting describes how one fluid interacts with a substrate surface in the presence of another 

immiscible fluid. Originally, water was the primary fluid concerned in this phenomenon, but 

recently, it has been expanded to more general fluids. A fluid can be regarded as the wetting phase 

if it exhibits a strong affinity toward the surface; on the contrary, it is called a nonwetting phase 

when the affinity is weak. Most common three-phase systems of wetting are seen as liquid-gas-

solid or liquid-liquid-solid systems, and systems with three fluid phases could also be found in 

some situations.[1] [2] 

In principle, wetting behavior could be classified into two categories: static and dynamic wetting. 

The static wetting focuses on the configurations of the wetting system with immobile three-phase 

contact line (TPCL) where the three phases meet; the dynamic wetting phenomena could occur as 

the TPCL moves with respect to the substrate surface. Both wetting phenomena have been 

extensively studied since they are closely relevant to our daily life and crucial to numerous 

industrial processes. Relevant examples include ink delivered by printer spreading on paper, 

coating functional films on the top of the surface, pesticide distribution on the plant leaves, 

removing dirt on the surface by detergent, extracting natural oil from porous media and water 

drainage from highways, to name a few.  

In what follows, a brief history of the investigations on wetting phenomena is presented. 

Subsequently, an industrial application of water-based oil sands extraction process, which is 

strongly relevant to the wetting phenomenon, is discussed in detail. The motivation for gaining a 

better understanding of this specific application constitutes the overall objectives of this Ph.D. 

project.  
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1.1 Historical overview of wetting phenomena investigations 

More than 200 years ago, British scientist Thomas Young[3] worked out a theoretical description 

on an ideal wetting system at a static equilibrium state, which is also known as Young’s equation. 

Since then, extensive research has been conducted both theoretically and experimentally to further 

explore the fundamental principles of wetting. In the late 1860s, Athanase Dupre[4] introduced a 

concept to quantify the strength of the interaction between two different phases. Based on Young’s 

equation, he also derived the famous Young-Dupre equation for the direct evaluation of that 

strength. In 1964, American chemist William Zisman[5] carefully examined the experimental data 

of the contact angles and proposed a retraction method to determine a critical parameter to 

characterize the solid surface.  

With respect to the history of the static wetting investigation, the study on wetting dynamics starts 

relatively late. The pioneering work of wetting dynamics was found in Huh and Scriven’s 1971 

paper[6]. This paper uncovered a significant challenge on the investigation of wetting dynamics 

due to a theoretical singularity in the classical hydrodynamic description, and thereafter inspired 

extensive studies in this field. In the past several decades, endeavors have been made to figure out 

reasonable mechanisms that could alleviate the singularity issue and gain insight into the physics 

of the TPCL. For instance,  rolling motion of spreading droplet[7] and slippage on the surface[8] 

were proposed in 1974 and 1984, respectively. In 1975, Hoffman[9] discovered that all the data 

from his dynamic wetting experiments could be correlated by a master curve on a single plot and 

indicated the potential existence of a universal description of the dynamic wetting behavior. Later, 

in 1979, an explicit mathematical expression given by Tanner[10] successfully quantified the 

dynamic behavior of wetting observed from the experiments. To date, more mathematical models 

for dynamic wetting quantifications have been developed. Among them, the molecular kinetic 

(MK) model originated from Blake and Haynes’s theoretical description[11] in 1969 and the 

hydrodynamic (HD) model based on the hydrodynamic analysis of Cox[12] in 1986 are considered 

to be the most influential ones and have been widely used in recent theoretical investigations. More 

recently, thanks to the rapid development of computational technology, the molecular dynamics 

simulation has provided an alternative tool to explore the field of wetting dynamics. 

Currently, wetting, especially wetting dynamics, is still an active field of research, despite the 

extensive study for many decades. Searching relevant publications of recent 10 years (from 2008 
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to 2018) archived in the Web of Science database with keyword “wetting dynamics”, 13111 results 

are returned. The most influential review in this field by Pierre-Gilles de Gennes[13], a Nobel 

Prize laureate in physics, has been cited more than 2000 times during the past 10 years. Several 

hot topics, such as wetting on rough surfaces[14] [15], volatile liquid wetting[16], dynamics of 

non-Newtonian fluid wetting[17] [18], nanofluid spreading[19] and superspreading phenomena of 

surfactant solutions[20] [21] have attracted more investigators into this field. 

1.2 Wetting phenomena in water-based oil sands extraction 

Canadian oil sands that are mainly located in northern Alberta are considered as one of the major 

recoverable natural oil resources over the world.[22] A high-efficient and low-cost technique of 

exploration along with the production of oil from oil sands is desperately needed to provide reliable 

energy supply for the future. Alberta oil sands are sedimentary deposits, or mixture, consisting of 

unconsolidated mineral solids, water and ultra-heavy oil known as bitumen.[23] The main 

component of the mineral grains in Alberta oil sands is quartz sands and the bitumen commonly 

deposits on the grain surface in the reservoir condition. Depending on the bitumen content in the 

ore, the oil sands ore could commonly be divided into three categories, including rich grade ore 

(12-14 wt.% bitumen), average grade ore (10-11 wt.% bitumen) and lean grade ore (6-9 wt.% 

bitumen). Compared to the conventional crude oil, the bitumen is characterized by an extremely 

high viscosity (~103 Pas at room temperature) and thereby low mobility. As a consequence, the 

production of the bitumen from the oil sands turns out to be a challenging process.  

The water-based oil sands extraction, which originates from the hot water separation process 

developed by Clark[24], has been demonstrated as an effective technique for the extraction of the 

bitumen from the oil sands. Currently, it is widely used in commercial operations of processing oil 

sands ore mined in shallow deposits.[25] A typical operation of the water-based oil sands 

extraction contains several elementary steps summarized as follows:  

• The oil sands ore is mined and transported to an extraction plant.  

• The bitumen is separated from the mined ore in hot water solution with additives. 

• The liberated bitumen attaches to air bubbles and forms bitumen froth.  

• The bitumen froth is collected on the top of separation vessels due to the buoyancy effect. 
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• The solids, water and unrecovered bitumen left in the extraction plant are rejected into 

tailing ponds for further treatments. 

• The bitumen froth is treated by solvents in a froth treatment plant for removal of the water 

and solids in the froth. 

• The bitumen obtained from the froth treatment plant is upgraded to synthetic crude oil.  

A generalized schematic for the entire process is given in Figure 1-1. 

 

Figure 1-1: Schematic of a typical water-based oil sands extraction process.[25] 

For the water-based oil sands extraction, one of the key steps is the disengagement of the high 

viscosity bitumen layer from its host sand grain surface in aqueous surroundings. This step is also 

called as bitumen liberation. As illustrated by Figure 1-2, during the bitumen liberation, a 

bitumen/water/solid TPCL is established at a pinning point caused by the rupture of the thin 

bitumen film due to the hydrodynamic flow of the surrounding aqueous phase. Subsequently, in 

most cases, the aqueous phase could displace the bitumen on the solid surface until reaching 

another state where the bitumen could be readily detached from the solid surface spontaneously or 

with the aid of hydrodynamic forces. It could be seen the bitumen liberation process is highly 

relevant to the wetting phenomenon, i.e., the wetting of the aqueous solution or the dewetting of 

the bitumen on the solid surface. Thus, the process is believed to be controlled by physicochemical 

properties, in particular interfacial properties of the bitumen-water-solid system. 
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Figure 1-2: Conceptual steps of bitumen liberation during the water-based oil sands 

extraction.[26]  

In light of the practical production experience of water-based oil sands extraction, it was found 

that alkaline chemicals addition could facilitate bitumen liberation. Although the exact mechanism 

of the benefit is still not fully understood, a popular hypothesis is that the natural surfactant in the 

bitumen is released into the aqueous phase at a high pH condition, which gives a reasonable 

explanation.[27] It is reported that major surface-active species contained in bitumen are 

naphthenic acids which are categorized as a group of cycloaliphatic carboxylic acids 

(RCOOH).[23] [27] The typical carbon number of the cycloaliphatic structure with saturated 

cyclopentane or cyclohexane rings (R) in naphthenic acids varies from 10 to 50.[28] In a simple 

immiscible hydrocarbon-water binary system as shown in Figure 1-3, the undissociated form of 

the naphthenic acid is favored to exist in the hydrocarbon phase. However, at increased pH 

environment, the chemical reaction equilibrium of the naphthenic acid described in Figure 1-3 

could shift towards the right and generate more naphthenic acids of ionized form dissolved in the 

aqueous phase. For the oil sands extraction, such process often refers to the natural surfactant 

release since the dissociated naphthenic acids are more interfacially active than the undissociated 

form.[28] Hence, the bitumen liberation behavior is likely to be modified under the influence of 

the released natural surfactant into the aqueous phase. 
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Figure 1-3: A simplified representation of the equilibrium of the naphthenic acid in an 

immiscible hydrocarbon-water system.  

Generally speaking, an improvement of the ultimate bitumen liberation degree from the 

thermodynamic view is a strategy of achieving higher bitumen recovery during the water-based 

oil sands extraction process. On the other hand, faster bitumen liberation is beneficial for saving 

the processing time of production. Thus, a comprehensive study on both wetting statics and 

dynamics of an oil/water/solid system is necessary to further understand this critical bitumen 

liberation process and offer practical guidance for optimizations of the industrial production.  

1.3 Objectives of this research 

This Ph.D. project aims to explore the behavior of spontaneous liquid-liquid displacements. To 

distinguish other displacement systems investigated previously and establish a closer link to the 

bitumen liberation during the water-based oil sands extraction process, the project focuses on a 

microscale system involving an oil phase with extremely high viscosity and curved solid surfaces. 

To circumvent the disadvantage of using bitumen as the oil phase for the experimental 

investigation, which includes difficulties of identifying influential factors due to its complicated 

components and inconsistent experimental results caused by the unexpected reaction with air, pure 

high viscosity model oil which is stable in air is used in this study. The main objectives of this 

research are summarized as follows: 

• Use an optical method to investigate the static and dynamic behavior of the microscale 

spontaneous oil-water displacement under the influence of several system parameters, such 

as solid wettabilities, oil viscosities, surface curvatures, oil volumes and surfactant types 

and concentrations. 
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• Develop an automatic method on the digital image analysis to process large volumes of 

image-based raw data and carry out comprehensive image analysis. 

• Determine the interfacial tensions between the high viscosity oil and aqueous phase 

solutions which is difficult to measure from conventional techniques of tensiometry.  

• Perform quantitative analysis of the data from the displacement experiments to understand 

the physics and physical chemistry related to the motion of the TPCL.  

• Provide practical implications of the bitumen liberation in the industrial process and 

improve the general knowledge on the spontaneous wetting dynamics. 

1.4 Outline of the Thesis 

Chapter 2 introduces the fundamental knowledge in connection with the wetting phenomena. The 

difficulty of investigating the dynamics of wetting with the classic transport theory is mentioned. 

Several approaches, which are popular for the quantitative investigation of the wetting dynamic 

behavior, are thoroughly reviewed. Furthermore, the knowledge regarding surfactant-added 

wetting systems, including basic concepts of surfactant, adsorption behavior at interfaces, 

wettability alterations and surfactant-induced additional mechanisms on dynamic wetting behavior, 

are also covered in this chapter. 

Chapter 3 describes the materials and experimental apparatus that are used for the examination of 

the high viscosity oil displacement behavior in this study. The experimental characterizations of 

the relevant properties of materials, such as viscosity, interfacial tension and adsorption of 

surfactant at a solid, are discussed as well. 

Chapter 4 elaborates on the methodologies of the digital image analysis associated with three 

algorithms for the contact angle determination implemented in this study. A quantitative error 

analysis of the contact angle measurement is also performed to estimate the potential errors arising 

from some influential factors. The findings from that analysis give an implication of a suitable 

operational condition for the image-based contact angle determination. 

Chapter 5 introduces an unconventional interfacial tension measurement technique that could be 

exclusively applicable to the system involving high viscosity liquid in this study. The numerical 

algorithms for the theoretical evaluation, experimental approach and methodology of the data 
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processing, which constitutes several indispensable parts for the application of this technique, are 

presented in detail. 

Chapter 6 focuses on the investigation of the high viscosity model oil displaced by clean water 

without chemical additives. Various system parameters consisting of solid wettabilities, oil 

viscosities, surface curvatures and oil volumes are explored experimentally to understand their 

effects on the spontaneous oil displacement behavior. The dynamic shape of the microscale droplet 

and the relevant issues on the dynamic contact angle determination are also covered. Popular 

molecular kinetic and hydrodynamic approaches for the dynamic wetting investigation are also 

applied to analyze the corresponding experimental data and shed light on the fundamental 

mechanisms of the moving TPCL. 

Chapter 7 presents a study of a more complicated displacement behavior in the presence of 

surfactant. Three types of surfactant aqueous solutions at different concentrations are used in the 

investigation. The data analysis is performed to obtain the contributing role of surfactants on the 

oil displacement and indicates some possible interpretations of the dynamic behavior in the 

presence of surfactants. 
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Chapter 2  

Fundamentals 

2.1 Static wetting 

When a drop of water is deposited on a clean glass surface, it tends to completely spread out and 

ultimately form a thin water layer on the surface; however, if a Teflon surface replaces the clean 

glass surface, the spreading of the water drop could only reach a limited extent and be stuck on the 

surface. Based on these two final static configurations of water drop on the surface, the wetting 

behavior could be divided into two regimes including complete and partial wetting. For the 

complete wetting, a fluid could spread on a substrate surface to form a thin layer between the 

surface and another fluid. In the case of the partial wetting, a specific liquid drop shape could be 

formed on a surface associated with a finite equilibrium contact angle (θ0) at the TPCL. The value 

of θ0 provides a reliable evaluation of the wettability, which is a measure of the tendency of a fluid 

to spread on a solid surface surrounded by another immiscible fluid. As a simple example, good 

wettability is often indicated by a small contact angle of a specific fluid phase and vice versa. 

Thereafter, for convenience, the term “wettability” appearing in this dissertation refers in particular 

to the wettability with respect to an aqueous phase. 

The configuration of the wetting system at the static state largely relies on the relevant interfacial 

properties. For a simple gas-liquid-solid system (see Figure 2-1), a spreading coefficient (S), 

which is a common criterion to distinguish the complete and partial wetting, is defined as,[29] 

 𝑆 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 (2-1) 

where γSG, γSL and γLG are interfacial tensions between solid-gas, solid-liquid and liquid-gas, 

respectively. Complete and partial wetting is likely to occur when the system is characterized by 

positive and negative S, respectively.  

On an ideal solid substrate surface, the equilibrium contact angle θ0 depicted in Figure 2-1 could 

be well described by the famous Young’s equation:[3] 
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 cos 𝜃0 =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺
 (2-2) 

 

Figure 2-1: Schematic of a typical gas-liquid-solid three phase system and the interfacial 

tensions between the respective two phases. 

Although Equation (2-2) originates from a rigorous thermodynamic derivation by minimizing the 

excess free energy of the overall system, the final mathematical expression gives a straightforward 

description of the mechanical balance at the TPCL in the horizontal direction. It is noted that θ0 

described in Equation (2-2) should be considered as a geometrical parameter observed on the 

macroscopic scale where the long-range intermolecular force is negligible.[30] When the radius 

of the solid-liquid contact area is extremely small (typically less than 100 nm), an extra term 

regarding the line tension which indicates the additional free energy to create the unit length of the 

TPCL should be added into Equation (2-2).[31]  

In actual application, Equation (2-2) could suffer a remarkable limitation since the real solid 

surface does not comply with the critical assumption of being atomically smooth, homogeneous 

and non-deformed.[32] Therefore, the experimentally observed static contact angle θS is likely to 

deviate from θ0. The upper and lower limits of θS are called advancing and receding static contact 

angles, respectively. The difference between the advancing and receding contact angles is termed 

static contact angle hysteresis which is another critical parameter to characterize wetting 

phenomenon.[33] In practice, the experimentally measured θS could be considered to 

approximately equal to θ0 if the static contact angle hysteresis is not considerable. 

The static condition of a wetting system is believed to have a close correlation to the interaction 

between the corresponding liquid and solid which commonly refers to adhesion. To characterize 

such interaction, a concept of reversible work of adhesion (Wa) which reflects how much energy 

is needed to separate fluid from a unit area of solid surface in wetting systems is introduced by 
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Dupre.[4] Integrating with the description of θ0 in Equation (2-2), a simple expression of Wa is 

given: 

 𝑊𝑎 = 𝛾𝐿𝐺(1 + cos 𝜃0) (2-3) 

Equation (2-3), which is called the Young-Dupre equation, provides a convenient way to evaluate 

Wa. 

2.2 Dynamic wetting and singularity problem 

Essentially, a dynamic wetting process at an isothermal condition is a typical hydrodynamic 

transport phenomenon. However, a significant difficulty emerges as a consequence of the conflict 

between the no-slip boundary condition assumed in the classic hydrodynamic theory and the 

motion of the TPCL. A rigorous classical hydrodynamic analysis has been performed by Huh and 

Scriven to model a steady creeping flow of a fluid at the corner near the moving TPCL.[6] 

Although a reasonable velocity field has been achieved from their analysis, the result suggests that 

the no-slip boundary condition could lead to the unbounded stress and pressure at the TPCL, which 

implies that the energy dissipation close to the TPCL diverges in the classical hydrodynamic 

description. This issue in dynamic wetting is often called the moving contact line singularity or 

paradox.  

Because of the singularity, several attempts have been made to theoretically rationalize the TPCL 

motion at a microscopic scale where the continuum of hydrodynamics breaks down.  Some 

mechanisms or hypotheses, namely the existence of a thin precursor film spreading ahead of the 

moving meniscus,[34] the violation of the no-slip boundary condition at the microscopic region 

near the TPCL[35] and the remarkable shear thinning viscosity of Newtonian fluid at the 

immediate TPCL,[36] have been artificially introduced to circumvent the singularity existing in 

the classic hydrodynamic analysis. However, these mechanisms have not been fully verified due 

to inadequate experimental proof. 

From a practical perspective, two types of situations, including forced and spontaneous wetting, 

are frequently encountered in the dynamic wetting phenomena. The forced wetting refers to the 

case where the TPCL is in motion due to the external force applied (Figure 2-2a). In this case, a 

competition exists between the tendency of relaxing the system into equilibrium and the external 
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force driving the system away from the equilibrium state. For the spontaneous wetting, the TPCL 

could spontaneously evolve until the system reaches a new stable state, in the case that a liquid 

droplet is deposited on a surface or the surrounding environment of a deposited droplet is replaced 

(Figure 2-2b). Both forced and spontaneous wettings are the general forms of wetting dynamic 

phenomena. They could give complementary insights into the complicated physics of the TPCL 

motion.[37] From experimental investigations in scientific research, the forced wetting usually 

involves a constant velocity of the TPCL whereas the TPCL velocity is successively varied in the 

case of the spontaneous wetting. 

 

Figure 2-2: Schematics of (a) forced wetting and (b) spontaneous wetting[38] 

2.3 Common approaches for wetting dynamic investigation 

As the dynamic wetting occurs out of the thermodynamic equilibrium, it is an irreversible process 

involving certain energy dissipation mechanisms. Depending on different considerations of 

dominant energy dissipation mechanisms, two conventional approaches, including HD and MK, 

are frequently used in the dynamic wetting research.[39] The HD approach mainly takes into 

account the dissipative energy arising from the viscous flow in the bulk of fluids, whereas the MK 

highlights the friction dissipation between fluid and solid surface at the vicinity of the immediate 

TPCL. Essentially, these approaches are distinctive from each other since they rely on different 

frameworks. Nevertheless, both approaches focus on establishing a correlation between the 

observed dynamic contact angle and the velocity of the TPCL. In this section, some common 

approaches for the theoretical investigation of the wetting dynamics are thoroughly reviewed. 
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2.3.1 HD approach 

The most frequently used HD approach for the wetting dynamics originated from Cox’s 

hydrodynamic analysis.[12] In his analysis, the moving meniscus has been divided into three 

hypothetical regions with different length scales as sketched in Figure 2-3: the outer, intermediate 

and inner regions are supposed to be characterized by the length scales at the macroscopic, 

mesoscopic and microscopic levels, respectively. In the macroscopic outer region, the interface 

configuration is assumed to be accurately described by the analytical solution of a static condition. 

The static interface profile and the solid surface could form a contact angle which is called 

macroscopic contact angle, or apparent dynamic contact angle in the HD approach (θd,H). As the 

interface is microscopically close to the TPCL, a microscopic cut-off length (LS) with the order of 

a molecular size has been introduced to characterize the size of the inner region. In this region, 

totally different mechanisms other than hydrodynamics are supposed to determine the shape of the 

interface. Currently, the exact physics of this region has not been fully understood, as a direct 

experimental probing of the microscopic inner region has not been realized. However, solid-liquid 

interactions in the molecular level, such as van der Waals, electrostatic and hydrophobic forces, 

have been reasonably suggested to be crucial factors.[39] A concept of microscopic contact angle 

(θm) is applied to reflect the effect of these intermolecular forces on the meniscus shape at the 

microscopic scale. The existence of the intermediate region is proposed to connect the outer and 

inner regions. In the intermediate region, the prevalent hydrodynamic transport could result in a 

considerable energy dissipation from viscous flows.  
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Figure 2-3: Schematic of three hypothetical regions of moving meniscus in Cox’s hydrodynamic 

analysis.[32] 

By matching the asymptotic expansions to the intermediate regime, the hydrodynamic flow 

equations have been solved by Cox. For his solution, in the simplest form, the relation between 

the assumed θm at the inner region and θd,H observed from the outer region is expressed as follows: 

 g (𝜃𝑑,𝐻,
𝜇1

𝜇2
) − g (𝜃𝑚,

𝜇1

𝜇2
) = ±𝐶𝑎 ln (

𝐿

𝐿𝑆
) (2-4) 

In Equation (2-4), Ca is the dimensionless capillary number which is defined as Ca=µU/γ, where 

µ could be the viscosity of advancing or receding fluid depending upon specific situations, U is 

the velocity of the TPCL and γ is the interfacial tension between the advancing and receding fluids. 

L is a macroscopic length of the wetting system. The plus and minus signs before the capillary 

number represent advancing and receding cases of the primary fluid concerned, respectively. 

When the plus sign is applied, the viscosity ratio μ1/μ2 is defined as the viscous ratio between the 

receding and advancing fluids, and µ in Ca equals to the viscosity of the advancing fluid; on the 

contrary, the negative sign indicates that μ1/μ2 is the ratio between the advancing and receding 

fluid viscosities and µ in Ca is the viscosity of the receding fluid.[32] Moreover, the integral 

function g (θ, μ1/μ2) in Equation (2-4) is defined as 

 g (𝜃,
𝜇1

𝜇2
) = ∫

𝑑𝜖

𝑓 (𝜖,
𝜇1

𝜇2
)

𝜋−𝜃

0

 (2-5) 

where the function f (β, μ1/μ2) is written as 
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 𝑓 (𝜖,
𝜇1

𝜇2

) =
2 sin 𝜖 [(

𝜇1

𝜇2
)

2
(𝜖2 − sin2𝜖) + 2

𝜇1

𝜇2
{𝜖(𝜋 − 𝜖) + sin2𝜖} + {(𝜋 − 𝜖)2 − sin2𝜖}]

(
𝜇1

𝜇2
)

2
(𝜖2 − sin2𝜖){𝜖(𝜋 − 𝜖) + sin𝜖cos𝜖} + {(𝜋 − 𝜖)2 − sin2𝜖}(𝜖 − sin𝜖cos𝜖)

 (2-6) 

Equation (2-4)~(2-6) are called the HD model. Due to the experimental difficulty of determining 

θm and LS, θm and ln(L/LS) in this model could be regarded as adjustable parameters. In the common 

case of a liquid spreading on a gaseous surrounding, the dominant viscosity of the advancing phase 

(μ1/μ2~0) could lead to the simplification of the integral function g (θ, μ1/μ2) in the model,  

 g(𝜃, 0) = ∫
𝜖 − sin𝜖cos𝜖

2 sin 𝜖
𝑑𝜖

𝜃

0

 (2-7) 

As suggested by Voinov[40], a further simplification of Equation (2-7) could be carried out in the 

case that θ falls into the range between 30° and 135°, which commonly happens in the partial 

wetting. In such a case, the approximation of g(θ, 0) could be given by g(θ) ≈ θ3/9. As such, 

Equation (2-7) could have a simple form as 

 𝜃𝑑,𝐻
3 − 𝜃𝑚

3 = ±9𝐶𝑎 ln (
𝐿

𝐿𝑆
) (2-8) 

As the complicated integral function in the original model is eliminated in Equation (2-8), the 

latter is a frequently used form of the HD model in applications. 

Other than the Cox’s conventional HD approach, another sophisticated approach, known as the 

microhydroydnamic approach, has been proposed by Shikhmurzaev.[41] In his approach, the 

interfacial tension near the TPCL at the dynamic state is considered to deviate from the equilibrium 

value due to the fact that the formation-disappearance of the interface occurs there. As a 

consequence, an interfacial tension gradient could exist. On the assumption that Young’s equation 

is still valid on the dynamic condition, a mathematical relation between the dynamic contact angle 

and the velocity of the TPCL has been established by performing hydrodynamic analysis. The 

major advantage of the microhydroydnamic approach is that it takes into account the influence of 

some non-local factors beyond the velocity of the TPCL (e.g. the flow field near the TPCL) on the 

wetting dynamics.[42] Unfortunately, in this approach, too many unmeasurable parameters which 

could only be extracted from an experimental data fitting process restrict its widespread 

application.[43]  
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2.3.2 MK approach 

The original MK approach was developed by Blake and Haynes in 1969.[11] According to the 

description of their approach, the macroscopic behavior of the TPCL motion is a consequence of 

overall statistical motions of microscopic elements (namely, individual molecule, a segment of 

macromolecules or molecular cluster) at the immediate vicinity of the TPCL as illustrated in 

Figure 2-4. Moreover, the microscopic elementary motion is assumed to be thermally activated. 

At equilibrium, the ceased TPCL motion implies that the statistical frequencies of the elementary 

displacement in forward and backward directions which are defined as the direction along and 

against the TPCL motion respectively are identical. By analogy with the activated rate theory of 

Eyring,[44] the frequency (K0) to either direction at equilibrium is expressed as, 

 𝐾0 =
𝑘𝐵𝑇

ℎ
exp (

−∆𝐺0

𝑁𝐴𝑘𝐵𝑇
) (2-9) 

where kB and h are the Boltzmann and Planck constant respectively, NA is Avogadro’s number, T 

is absolute temperature, and ∆G0 indicates the energy barrier of thermal activation for one-mole 

elementary units at equilibrium. 

 

Figure 2-4: Schematic of the microscopic elementary motion described in the MK approach.[32]  

At the dynamic situation where the contact angle deviates from the static one (θS), the energy 

barrier of thermal activation could be altered due to a driving force (Fd) acting on the TPCL which 

is given by, 

 𝐹𝑑 = 𝛾(cos 𝜃𝑑,𝑀 − cos 𝜃S) (2-10) 

where θd,M is the non-static dynamic contact angle or apparent dynamic contact angle in the MK 

approach. By assuming the mean distance between two nearest thermal activated sites is λ, the 
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number of such sites at the unit area is roughly equal to 1/ λ2. Thus, the energy barrier of the 

forward motion is decreased and the reverse one is increased with the same amount of Fdλ
2/2. The 

thermally activated frequency of the forward direction (K+) and backward direction (K−) are given 

by, 

 𝐾+ =
𝑘𝐵𝑇

ℎ
exp (

−∆𝐺0/𝑁𝐴 + 𝐹𝑑𝜆2/2

𝑘𝐵𝑇
) (2-11) 

 𝐾− =
𝑘𝐵𝑇

ℎ
exp (

−∆𝐺0/𝑁𝐴 − 𝐹𝑑𝜆2/2

𝑘𝐵𝑇
) (2-12) 

The net frequency (K) at the dynamic state is described in terms of the frequency difference 

between the forward and backward motion, 

 𝐾 = 𝐾+ − 𝐾− = 2𝐾0sinh [
𝛾(cos 𝜃𝑑,𝑀 − cos 𝜃S)𝜆2

2𝑘𝐵𝑇
] (2-13) 

where K0 is the frequency of the microscopic motion in any direction at equilibrium. Subsequently, 

the macroscopic velocity of the overall TPCL motion is reasonably evaluated by the product of K 

and λ, 

 𝑈 = 2𝐾0𝜆sinh [
𝛾(cos 𝜃𝑑,𝑀 − cos 𝜃S)𝜆2

2𝑘𝐵𝑇
] (2-14) 

Equation (2-14) is the full mathematical description of the MK model. It is seen that this model 

contains two microscopic parameters, K0 and λ. When the argument of the hyperbolic sine function 

in Equation (2-14) is sufficiently smaller than unity, the model could be reduced to a linear form, 

which is called linear MK model, 

 𝑈 =
𝛾(cos 𝜃𝑑,𝑀 − cos 𝜃s)𝐾0𝜆3

𝑘𝐵𝑇
=

𝛾

𝜉
(cos 𝜃𝑑,𝑀 − cos 𝜃S) (2-15) 

where ξ is defined as the coefficient of contact line friction which is given by 𝜉 =
𝑘𝐵𝑇

𝐾0𝜆3. In this 

linear form, two microscopic parameters in Equation (2-14) are integrated into one parameter. It 

is noted that ξ has the same unit as the dynamic viscosity. Thus, the energy dissipation at the TPCL 

zone could be indicated by this combined parameter quantitatively. 
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One of the remarkable advantages of the original MK approach over the HD approach is that the 

fluid-solid interaction is considered. However, it has the limitation that the effect of fluid viscosity 

on the dynamics of the TPCL moving is not considered. To fill this gap, this approach was further 

modified by Blake et al.[45] In the amendment, an improvement was achieved by adding an extra 

contribution to the energy barrier of molecular activation arising from liquid viscosity instead of 

only considering the influence from the interaction between solid and liquid as assumed in the 

original model. As a result, the total energy barrier of the thermal activation could be written as 

the sum of the contributions from liquid-solid interaction and fluid viscosity, 

 ∆𝐺0 =  ∆𝐺𝑆 + ∆𝐺𝜇1 + ∆𝐺𝜇2 (2-16) 

where ∆GS indicates the contribution of the interaction between a solid surface and both fluids, 

and ∆Gµi represents the contribution from the viscous interaction with surrounding fluid molecules 

in the fluid i. Base on Eyring’s theory of fluid viscosity[46], the dynamic viscosity (µ) is directly 

related to ∆Gµ as following, 

 𝜇 =
ℎ

𝑉𝐿
exp (

−∆𝐺𝜇

𝑁𝐴𝑘𝐵𝑇
) (2-17) 

where VL is the volume of the unit flow and typically close to λ3. In the case that the considerable 

viscous contribution only comes from the fluid with dominant viscosity µ, combining Equation 

(2-13) (2-16) and (2-17) yields, 

 𝐾0 =
𝑘𝐵𝑇

𝜇𝑉𝐿
exp (

−∆𝐺𝑆

𝑁𝐴𝑘𝐵𝑇
) (2-18) 

In practical terms, the evaluation of ∆GS seems to be difficult. Thus, Blake and De Coninck[45] 

suggested a reasonable approximation that the contribution of the solid-liquid interaction on the 

unit area (∆GS/λ2NA) is equivalent to the reversible work of adhesion which could be evaluated by 

the Young-Dupre equation (Equation (2-3)).  Taking this into account, the contact line friction 

could be expressed as 

 𝜉 ≈
𝜇𝑉𝐿

𝜆3
exp (

𝑊𝑎𝜆2

𝑘𝐵𝑇
) (2-19) 

Provided that λ and VL/λ3 do not vary too much case by case in a specific system, Equation (2-19) 

provides a theoretical prediction that the contact line friction increases linearly with fluid viscosity 
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and exponentially with adhesion energy. Although such dependence is indeed a coarse 

approximation, the validity of such theoretical correlation has been substantiated in studies of a 

number of surfactant-free systems, such as the spontaneous spreading of the glycerol-water 

mixture on glass[47], the electrowetting and retraction of the ionic liquids at the hydrophobic 

surface[48], and the forced wetting of the nylon filament.[49] Recently, Ramiasa et al.[50] and 

Goossens et al.[51] have performed in-depth investigations to disclose the intrinsic correlation of 

the dynamic behavior of liquid-air and liquid-liquid systems, as well as suggested a practical 

approach for the prediction of ξ in a liquid-liquid system from the corresponding ξ in liquid-air 

systems.   

2.3.3 Combination of HD and MK approaches 

The application of the HD or MK approaches concentrating on single energy dissipation 

mechanism could miss some critical physics governing the TPCL motion. Thus, intuitively, these 

approaches could somehow be integrated to achieve a more sophisticated approach that could 

simultaneously take into account both crucial energy mechanisms described in the HD and MK 

approaches. In the following, two different approaches are introduced to realize such a 

combination. Using these approaches, the real physics of the TPCL motion is expected to be further 

illustrated. 

Normally, both θd,H in the HD model and θd,M in the MK model are achieved from the 

experimentally observed dynamic contact angle and treated to be identical in practice.  Therefore, 

both are written as the dynamic contact angle (θd) in most of the expressions. However, in Petro’s 

argument, it is assumed that θd,M is actually the microscopic contact angle (θm) in the HD model.[52] 

As such, a combined model of dynamic contact angle-TPCL velocity dependence could be 

formulated by substituting θd,M in Equation (2-14) into θm in Equation (2-8),  

 𝜃𝑑
3 = 𝑎𝑟𝑐𝑐𝑜𝑠3 [cos 𝜃s −

2𝑘𝐵𝑇

𝛾𝜆2
ln [

𝑈

2𝜆𝐾0
+ √(

𝑈

2𝜆𝐾0
)

2

+ 1]] + 9
𝜇𝑈

𝛾
ln (

𝐿

𝐿𝑆
) (2-20) 

Taking into account that the work done by the unbalanced interfacial tension on the moving TPCL 

is totally compensated by the energy dissipation channels from viscous flow in the wedge near the 

TPCL as well as the friction at the TPCL, de Ruijter et al. suggested an alternative combined 

approach and derived a formulation specifically for a spreading droplet,[53]  
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𝛾(cos 𝜃s − cos 𝜃𝑑)
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𝐿
𝐿𝑆
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(2-21) 

where Ф(θd) is a factor related to the geometry of the droplet. In the case that the shape of a 

spreading droplet could be approximated as a spherical cap, Ф(θd) could be expressed as, 

 Φ(𝜃𝑑) =
sin3𝜃𝑑

2 − 3 cos 𝜃𝑑 + cos3𝜃𝑑
 (2-22) 

2.3.4 Experimental validation 

It is noted that all the approaches discussed above eventually interpret the dynamic behavior in the 

form of the relation between U and the dynamic meniscus shape characterized by θd. Thus, the 

common demonstration of any given model is the comparison with the easily collected 

experimental data of θd and U over a certain range. Moreover, some ancillary measurements are 

also required to determine other necessary measurable parameters, such as fluid viscosity and 

interfacial tension. In this section, several relevant experimental data found in the literature are 

selected to illustrate some success of these models in the interpretation of the experimental 

observation. 

In the paper of the HD model derivation,[12] Cox validated his model by a comparison of 

Hoffman’s experimental data regarding the moving meniscus shape of silicone oil in the glass 

capillary[9].  Blake and Haynes adopted the experimentally observed shape of the water-benzene 

interface in the capillary tube to validate the MK model in the original publication where they 

proposed this model.[11] In the initial work of developing the combined approaches, Petro et al.[52] 

and de Ruijter et al.[53] confirmed the validity of their respective combined models by the 

experimental dynamic wetting data of glycerol-water mixture and di-n-butylphthalate (DBP) on 

the low energy polyethylene terephthalate (PET), respectively. 

In addition to the preliminary validation of these models outlined in the corresponding original 

works, extensive experimental studies of wetting dynamics have been conducted to further explore 

the applicability of these models. Haynes and Ralston[54] examined the dynamic wetting and 

dewetting of water as well as glycerol on the smooth PET surface and subsequently pointed out 

that the MK model is more suitable for their data description than the HD model. The experimental 

study of the advancing and receding behavior of the hexadecane and octamethylcyclotetrasiloxane 
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(OMCTS) on the fluorinated surface was reported by Schneemilch and coworkers.[55] Their work 

has concluded that the better description of the HD and MK models on the dynamic behavior 

depends on the direction of the movement in the case of hexadecane, but such dependence is trivial 

for OMCTS; and furthermore, the best prediction of their experimental data was given by the 

Petro’s combined model. The experimental dynamic spreading data of polymers along with their 

mixtures was found to have a satisfactory agreement with de Ruijter’s combined model in the case 

of complete wetting whereas molecular-kinetic model worked well for the partial wetting case.[56] 

Fetzer et al. were able to demonstrate experimentally that the HD and MK model could 

satisfactorily describe the dodecane-water displacement behavior at the initial fast-speed stage and 

final stage with low speed, respectively.[57] 

Due to a large number of reports on the interpretation of the dynamic wetting behavior with these 

models, only a few typical examples are covered in this section. Nevertheless, all the cases stated 

above collectively indicate that the applicability of each model to the dynamic wetting description 

could vary case by case.   

2.3.5 Limitations of these approaches 

Even though these generally accepted approaches have successfully been used to interpret 

numerous experimental observations of wetting dynamics, it should be recognized that some 

critical limitations may appear during their applications.  

First, in terms of model expression, all approaches involve several crucial parameters related to 

microscopic properties that cannot be currently measured directly from the experiments. Therefore, 

practical experimental data fitting process is commonly performed for their evaluations. Yet, 

physically unreasonable information may arise from such a purely mathematical process 

sometimes.[43] Moreover, applying the combined approaches is more likely to increase the 

possibility of overparameterization as it is suggested to be phenomenological.[39] Due to the free 

choice of these parameters, the demonstrated agreement of the experimental data to the theoretical 

models does not mean that these approaches could essentially provide a reliable description of a 

real dynamic behavior all the time. Comprehensive and detailed analysis of these extracted free 

parameters could potentially alleviate that unreliability, but such analysis could be complicated.  

Second, as the typical way for dynamic behavior quantifications in these approaches focus on 

establishing the dependence of U on θd, the proper and accurate acquisition of θd from experiments 
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looks clearly important. Nevertheless, the conventional techniques of the image-based 

measurement on θd suffer from an accuracy limit since it is usually inadequate to probe the length 

scale in submicron level. Currently, adopting alternative experimental techniques of delicate 

microscopic probing are still difficult to precisely determine the moving meniscus microscopically 

close to the TPCL. As a result, the experimentally measured dynamic contact angle is unlikely to 

be well-defined, and even worse, it may be short of physical implications for the wetting 

phenomenon description and investigation.[58] [59] For instance, from the perspective of the HD 

approach, it is generally believed that the actual dynamic contact angle at the immediate TPCL is 

rather different from the one assessed by the conventional techniques at a specific distance limited 

by the experimental capacity. 

Furthermore, since the HD and MK approaches merely involve one independent energy dissipation 

mechanism of the TPCL motion for each, both approaches could reasonably capture the wetting 

behavior at a certain spectrum where the respective mechanism dominates. In fact, the appropriate 

criterion on the spectrum to distinguish the applicability of different approaches is rather difficult 

to be clarified. It is possible that the combined approaches could potentially overcome that 

difficulty by the simultaneous consideration of two dissipation mechanisms. Unfortunately, they 

have not been demonstrated as the universal solution yet.[52] 

2.4 Surfactant 

2.4.1 Basic concepts of surfactant 

Surfactants which are also known as surface-active agents are natural or synthetic chemicals. The 

typical structure of surfactant molecules is comprised of an ionic or highly polar hydrophilic group 

and a nonpolar hydrocarbon chain which are called “head” and “tail” of surfactant molecules, 

respectively.[60] Moreover, the head and tail are covalently bonded, so neither could be easily 

separated from each other. Such a special structure is responsible for the interesting amphiphilic 

property of surfactants. For a surfactant dissolved in a solvent, one portion of the surfactant 

molecule, which is incompatible with the solvent, could cause the increase of the overall free 

energy. To lower the free energy of the whole system, surfactant molecules preferably adsorb or 

concentrate on the interface with a certain orientation. As a result, the corresponding interfacial 

properties are modified in the case of surfactant adsorption. The addition of surfactant into a 
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wetting system could more or less affect the wetting behavior. Due to this feature of surfactants, 

they have been widely used in a lot of fields to tune or control various wetting processes. 

Despite the similar amphiphilic structure, surfactant molecules display a huge variety on detailed 

molecular structure. To distinguish them conveniently, several methods of surfactant grouping 

have been suggested. The most common method is based on the ionic properties of the hydrophilic 

head groups.[60] As shown in Figure 2-5, surfactants could be divided into four categories, 

including anionic surfactants with a negatively charged head group, cationic surfactants with the 

hydrophilic group carrying a positive charge, no charged nonionic surfactants and amphoteric 

surfactants (zwitterionic surfactants) which carry both positive and negative charges on a single 

surfactant molecule. Typically, zwitterionic surfactants could transfer into anionic or cationic ones 

when the surrounding environment, such as pH, is changed.[61] The recent appearance of highly 

activated Gemini surfactants (dimeric surfactants), a single molecule of which consists of two 

hydrophilic head groups and two hydrophobic groups,[62] [63] could potentially add one more 

category of surfactant types based on this classification method. 

 

Figure 2-5: Schematics of the major four categories of surfactants based on the ionic group of 

hydrophilic head. 

Another normal classification method of surfactants relies on their solubilities in solvents, such as 

oil or water. The concept of the hydrophilic-lipophilic balance (HLB), which is introduced to 

measure affinities of surfactants to water or oil, is considered as a criterion of this method.[64] The 

scale of HLB is typically distributed from 0 to 20.[65] A simple method has been suggested to 

estimate the HLB value of a certain surfactant by accumulating the effect of each chemical group 

in the surfactant molecule on the overall property.[64] [66] Higher HLB indicates that the 
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surfactant has more tendency of being dissolved into water. By taking the HLB value of 10 as a 

reference, the surfactant could be roughly classified as water-soluble and oil-soluble. A more 

comprehensive classification of surfactants based on HLB could be found somewhere, which could 

provide an intensive instruction of surfactant applications.[67] [68] 

For a certain surfactant solution of low concentration, in addition to most adsorbed surfactant 

molecules at the interface, a tiny amount of the molecules remaining in the bulk could be 

homogeneously dispersed in the solvent as an isolated form. As the concentration is increased, the 

finite interface area could gradually saturate with surfactant molecules and hence significantly 

restrict further surfactant adsorption. At a critical point, a certain number of molecules could 

spontaneously aggregate in bulk instead of going to the interface, and in most cases form an 

aggregate structure of a spherical geometry that is known as surfactant micelles. The typical 

configuration of surfactant micelle in aqueous media is given in Figure 2-6a: the hydrophilic head 

groups are located on the surface while hydrophobic chains congregate in the core. On the other 

hand, the positions of the hydrophilic and hydrophobic portions could be reversed in the solvent 

of non-polar oil as shown in Figure 2-6b. The formation of micelles could effectively avoid the 

incompatible portion of surfactants from contacting with the solvent and therefore lower the 

overall free energy. The concentration in which the aggregation begins to take place refers to the 

critical micelle concentration (CMC). Above the CMC, both individual surfactant molecules and 

surfactant micelles are believed to exist in the solution simultaneously. The size of a micelle could 

depend on many factors, such as the chemical structure of surfactant and solvent, surfactant 

concentration, temperature to name just a few, but the typical diameter of micelles is around 

several nanometers.[69] According to the theory of Israelachvili et al.[70], some larger sized 

structures of surfactant aggregates beyond the spherical micelle, such as cylindrical micelles and 

bilayer structures are likely to form at even higher surfactant concentration. 
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Figure 2-6: Schematics of structures of surfactant micelles in (a) aqueous and (b) oil media. 

2.4.2 Surfactant adsorption at the interface 

As stated previously, in the presence of surfactant, interfacial properties (e.g., interfacial tension 

of fluid-fluid interface or surface energy of fluid-solid interface) are most likely affected by the 

preferential surfactant adsorption at the interface. From the molecular point of view, interfacial 

energy originates from the asymmetric molecular attractions acting on the molecules at the 

interface. Thus, the alternation of the interfacial energy occurs when the surfactant molecule 

substitutes the original one at the interface during the adsorption process. The extent of the 

alteration relies on the nature and amount of the adsorbed molecules on the interface. The surface 

excess concentration (Γ) defined as the number of surfactant molecules at the unit interfacial area 

is proven to be a useful characterization of surfactant adsorption. Based on the thermodynamic 

theory, Gibbs has derived an expression to quantitatively correlate the change of the interfacial 

energy (γ) caused by surfactant adsorption to the surfactant concentration in the bulk (cb) and Γ, 

which is given as [67] 

 𝛤 = −
1

𝑅𝑇

𝑑𝛾

𝑑ln𝑐𝑏
 (2-23) 

In practice, Equation (2-23) is rarely adopted to interpret experimental data directly. However, on 

the one hand, the change of γ could give a hint to Γ in the system where γ could be easily measured 

with this equation; on the other hand, the access to the change of interfacial energy is allowed by 

Equation (2-23) when Γ could be measured directly.[67]  It should be noted that Equation (2-23) 

is no longer valid at the concentration above the CMC where γ is nearly constant.[71] 

At the fluid-fluid interface, adsorbed surfactant molecules preferentially orientate with the head 

exposed to the more polar phase and the tail located in the less polar one. Normally, such molecular 
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orientation at the interface could result in the reduction of the interfacial tension. The interfacial 

tension keeps decreasing with the increase of surfactant concentration in the bulk until the CMC 

in which all the adsorption sites on the interface are fully occupied by the adsorbed surfactant 

molecules. 

It is believed that the surfactant adsorption at the fluid-solid interface is driven by the interactions 

between surfactant molecules and the solid surface.[72] Thus, the adsorption on such interface is 

unlikely to take place if the interaction is rather weak. Apart from the adsorption caused by 

chemical reactions, the interaction could arise from several kinds of intermolecular forces, such as 

electrostatic interactions, hydrophobic bonding, hydrogen bonding and dispersion forces. 

In addition to the thermodynamic consideration thus far, it is noted that the surfactant adsorption 

at the interface is a kinetic process, and hence the corresponding interfacial tension is supposed to 

be time-dependent under isothermal conditions. The typical surfactant adsorption kinetics could 

be described as a two-step process: the diffusive transport of surfactant molecules from the bulk 

solution as well as the local adsorption that occurs at the interface.[73] To gain further knowledge 

of the surfactant adsorption kinetics, in 1946, Ward and Tordai[74] derived a simple diffusion-

controlled adsorption kinetics model. Even though dozens of models have been developed to deal 

with surfactant adsorption kinetics afterward, it appears that their influential model is still 

considered as the basis of most contemporary models of surfactant adsorption kinetics because 

most adsorption processes are diffusion-controlled.[73] Based on their model, a quantitative 

description with regard to the time dependence of Γ for an initially surfactant-free interface is given 

by, 

 𝛤(𝑡) = 2𝑐𝑏√
𝐷𝑠𝑡

𝜋
− √

𝐷𝑠

𝜋
∫

𝑐1(𝜏)

√𝑡 − 𝜏
d𝜏

𝑡

0

 (2-24) 

where cb and c1 are the surfactant concentration in the bulk and the subsurface immediately outside 

the interface respectively; t is time and DS is the surfactant diffusivity in the solution. Currently, 

obtaining an analytical solution of Equation (2-24) seems impossible. Nevertheless, with the 

integrated consideration of this equation along with Equation (2-23), which suggests the direct 

dependence of the interfacial tension change on Γ, it could be implied that the relatively fast 

relaxation of the dynamic interfacial tension caused by surfactant adsorption is expected at 

increased surfactant concentration. The second terms in Equation (2-24) is the negative 
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contribution from the desorption process to the overall net adsorption amount.[75] Considering the 

early stage where the desorption is negligible, this term can be safely neglected, resulting in 

 𝛤(𝑡) = 2𝑐𝑏√
𝐷𝑠𝑡

𝜋
 (2-25) 

Equation (2-25) predicts that Γ could linearly increase with t0.5 at the initial stage, which has been 

substantiated by some experiments of surfactant adsorption. [73] [76] 

2.5 Wettability alteration in the presence of surfactant 

The surfactant-induced interfacial energy change of one or more interfaces in a three-phase wetting 

system is responsible for the modified wetting behavior. The term wettability alternation of a 

certain solid surface is frequently adopted to describe the changed static wetting state caused by 

surfactant. In general, the variation of the static contact angle could give an appropriate 

interpretation of the wettability alternation and hence the sessile drop contact angle measurement 

is preferably used to offer a quantitative characterization. Driven by the interest to obtain industrial 

products with optimized formulation for wettability modification, many experiment-based studies 

have been carried out to interpret the wettability variation of a variety of solid surfaces under the 

influence of surfactants. For these studies, it appears that the water/air/solid and water/oil/solid 

wetting systems have attracted more attention due to widespread applications related to them. 

2.5.1 Water/air/solid system  

For the water/air/solid wetting system, the majority of works have focused on the phenomenon of 

spreading surfactant aqueous solutions on different types of solid substrates, which is an essential 

process for coatings, cosmetic applications and pesticide distributions. For these works, the 

enhanced or hindered spreading of an aqueous solution with surfactant addition is preferentially 

substantiated by observed smaller or larger static contact angles of the aqueous phase, respectively.  

The surface of glass or quartz, a kind of purer glass in terms of the silicon dioxide content, is a 

common high energy surface. Normally, pure water could completely spread over glass or quartz 

surface in air. Early study regarding some traditional ionic and nonionic surfactant solutions 

spreading on the hydrophilic glass surface revealed that cationic surfactant solutions have distinct 

wetting behavior from other anionic and nonionic surfactant solutions: in the presence of cationic 
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surfactant, the spreading of aqueous solution is considerably hindered due to the decreased 

wettability of glass surface by the aqueous phase.[77] Later, it was found that the negative impact 

of cationic surfactant on spreading of aqueous solution over quartz surface could be alleviated at 

the increasing surfactant concentration because of bilayer structure formation of adsorbed 

surfactant on the surface.[78] The solutions of Zwitterionic surfactant with a big polar group which 

is likely to introduce steric effect have been verified to have a small impact on the wettability of 

quartz surface over a wide range of surfactant concentrations.[79] Such a feature of these 

Zwitterionic surfactant solutions is quite different from conventional nonionic or ionic surfactant 

solution.[79] Moreover, the synergetic effect of mixed surfactant systems on the wettability of 

glass surface by their aqueous solution has been reported to arise from the specific interactions of 

different surfactant molecules.[80]  

Except for the high energy hydrophilic solid surface mentioned in the previous paragraph, low 

energy hydrophobic solid surfaces, such as paraffin, polytetrafluoroethylene (PTFE) and 

polymethyhmethacrylate (PMMA) have been extensively studied as well. Since water does not 

preferably spread on such surfaces, surfactants are introduced into the water to enhance the ability 

of the aqueous phase on wetting the surface in most cases. It has been shown that surfactant 

mixtures generally display a better performance on the wettability improvement of the low-energy 

surface than a single surfactant.[81] [82] [83] Mixtures of surfactants and additives may also 

improve the wettability of the low-energy surface in some situations.[84] Furthermore, 

extraordinary trisiloxane surfactants which are referred to as superspreaders have been widely 

reported in that their aqueous solutions could completely wet low energy surface.[85] Nevertheless, 

the corresponding mechanism regarding the superspreading phenomenon is still in hot dispute. [20] 

[86] 

2.5.2 Water/oil/solid system 

The wettability alternation of water/oil/solid system in the presence of surfactant is strongly related 

to the application of enhanced oil recovery (EOR) in the oil and gas industry as well as the 

implementation of a suitable detergent for the removal of oily dirt from the surface by aqueous 

solution. In the oil and gas industry, the water flooding technique, which consists of injecting water 

or water-based solutions to help complement producing energy thereby expelling the residual oil 

out of rock pores, is frequently adopted to stimulate oil production. When this technique is applied, 
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more hydrophilic rock surface is favorable since more efficient spontaneous imbibition of water 

caused by capillary force could displace more trapped oil in the subsurface reservoir to the 

producing well.[87] [88] Therefore, the surfactant-induced wettability alternation could be a better 

candidate to reach this goal by lowering the oil-water interfacial tension and adjusting the surface 

energy of the rock surface. The latter mechanism is believed to be more prominent.[89] In fact, 

most relevant studies have concentrated on the capability of surfactants to lower the advancing 

static contact angle of the aqueous phase. 

Even though most of the rock surface in the reservoir is intrinsically hydrophilic, in reality, the 

aging effect arising from the adsorption of components from the crude oil could lead to the 

hydrophobic rock surface.[89] The introduction of surfactant could cause the shift of the aged 

hydrophobic rock surface towards the hydrophilic state by two mechanisms: establishing a 

hydrophilic layer by the surfactant adsorption on the top of hydrophobic layer on the rock surface; 

or exposing the originally hydrophilic rock surface via the interaction between surfactants and 

adsorbed substance to remove that layer.[90]  

The surfactant selection for the field application of EOR often depends on the rock type. For two 

common reservoir types, it has been found that more efficient wettability alternation could be 

achieved by cationic addition in the carbonate reservoir, whilst the anionic surfactant is more 

suitable for sandstone reservoir.[87] [91] However, some researchers suggested that nonionic 

surfactants could have higher ability of wettability alteration for EOR than ionic surfactants.[92] 

A recent study reveals that using the Gemini surfactant could achieve better performance of 

wettability alternation since its high density of charge could lead to a more efficient mechanism of 

oil layer removal.[93] 

2.6 Influence of surfactant on wetting dynamics 

The altered interfacial properties due to surfactant addition could adjust the capillary force acting 

on the TPCL and thereby modify the TPCL motion. From the theoretical perspective, the presence 

of surfactants could lead to a more complicated dynamic wetting behavior. Some surfactant-

induced mechanisms are likely to dominate at certain stages of the dynamic process and 

considerably affect the corresponding dynamic behavior. In this section, some common 

mechanisms are reviewed. 
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The first mechanism concerns the fact that the surfactant adsorption at initially clean interfaces is 

a kinetic process, and hence the corresponding interfacial properties, which are commonly 

regarded as constants in the absence of surfactants, are time-dependent under isothermal conditions. 

As the instantaneous capillary force for the TPCL motion depends on the interfacial properties 

near the TPCL, a significant temporal relaxation of the interfacial energy caused by the surfactant 

adsorption kinetics could have an impact on the dynamic wetting behavior. 

Second, apart from the temporal variation mentioned above, adsorbed surfactants at interfaces may 

not be spatially uniform in dynamic conditions. As a result, interfacial tension gradients are 

established, which could induce traction forces along the interface and hence drive fluid flow. This 

phenomenon is also known as the Marangoni flow and the induced additional tangential stress (σM) 

acting on the interface is given by:[20] [94] 

 𝜎M = ∇𝛾 (2-26) 

where  ∇𝛾  denotes the interfacial tension gradient. A positive interfacial tension gradient indicates 

that the Marangoni flow is in the direction from low to high surface tension area. To be specific, 

if the interfacial tension of a sessile liquid droplet is greater at the area near the TPCL than the 

apex, the Marangoni flow could push the droplet outward and enhance the spreading rate of the 

droplet on the surface.  

The additional mechanisms could arise from the existence of surfactant micelles in the solution 

above the CMC. For a surfactant micellar solution, if the migration of surfactant molecules to the 

interface during the adsorption could lead to a depletion of surfactant monomers in the bulk, 

surfactant micelles in the solution could break down into surfactant monomers to compensate. The 

typical relaxation time of the disintegrating process of the micelles has been reported to range from 

milliseconds to minutes.[95] [96] [97] As a result, the relevant kinetics of the surfactant adsorption 

associated with the dynamic wetting could potentially be affected. 

In the investigation of wetting dynamics in the presence of surfactant, a quantification of the 

temporal evolution of instantaneous parameters relevant to wetting status was frequently adopted, 

instead of the dependence of the velocity of the TPCL on the dynamic contact angle described in 

the MK and HD models. Typically, the growth of the wetting area on the flat surface was described 

by a power law correlation for the case of droplet spreading: [86] [98] [99] [100] [101]  
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 𝑟c~𝑡𝛼 (2-27) 

where rc is the radius of the liquid-solid contact area at the respective time (t) and α is called the 

wetting exponent which could be obtained through experimental data fitting. The spreading 

dynamics at different stages was found to be well described by Equation (2-27) and the underlying 

mechanisms governing the dynamics could be indicated by the extracted α.[98] [102] [103] The 

common relationship between α and the corresponding mechanism found in the literature is briefly 

summarized in Table 2-1. Normally, for the complete spreading of a surfactant-free droplet of low 

viscosity fluid, α ~ 0.5 is extracted from the early stage, which corresponds to the regime 

dominated by inertia;[104] subsequently, a viscous regime of α ~ 0.1 could be found at the late 

stage, which is consistent with the description of the well-known Tanner’s law.[10] On the other 

hand, a dependence of α on surface wettability at the early regime was reported by Bird et al.[105] 

in the case of partial spreading. They found that α could decrease with increasing equilibrium 

contact angle. Recently, another viscous regime at the even earlier stage has been confirmed from 

the study of the spreading of high viscous fluid.[106] [107] The early viscous regime could be 

characterized by α ~ 1 and the duration of this regime was related to the fluid viscosity.[107] 

Surfactant additions into spreading droplets were suggested to affect α as well due to additional 

mechanisms[103].  

Table 2-1: Summary of the relationship between α and the corresponding mechanisms 

Spreading exponent (α) Corresponding mechanisms 

0.1 Capillary-driven (opposed by viscous dissipation) [102] [108] 

0.14 Capillary-driven (opposed by the contact line friction) [102] [108] 

0.25 Marangoni force-driven [94] [101] 

0.125 Gravity-driven [109] 

0.5 Inertial force-driven [110] [104] 

1 Dominated viscous force at the early stage [106] [107] 
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Chapter 3  

Experimental methods 

3.1  Materials 

To investigate the influence of the high viscosity of the bitumen on the oil displacement process 

during the bitumen liberation, three high viscosity polybutene oils N190000, N450000 and 

N2700000 purchased from Cannon Instrument Co. were used in this study. All these liquids were 

Newtonian fluids and their relative density with respect to water was around 0.9. The general 

molecular structure of the oils is given in Figure 3-1 and these oils are characterized by various 

viscosities due to different molecular weights. The glass micropipette from Drummond Scientific 

was used to fabricate the microscale curved solid surface to model the sand grain surface of the oil 

sands ore. 

 

Figure 3-1: General molecular structures of high viscosity polybutene oil. 

Three surfactant agents, namely anionic sodium dodecylbenzenesulfonate (SDBS, Sigma Aldrich), 

cationic hexadecyltrimethylammonium bromide (CTAB, Sigma Aldrich) and nonionic TritonTM 

X-100 (TX-100, Fisher Scientific), were used in this study. These water-soluble surfactants are 

expected to have negligible solubility in the oil phase as their hydrophile-lipophile balance (HLB) 

values are larger than 10.[64] All the agents were used as received without further purification. 

The corresponding molecular structures are given in Figure 3-2. 
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Figure 3-2: Molecular structures of (a) SDBS; (b) CTAB; and (c) TX-100 (n=9-10). 

3.1.1 Preparation of solid substrates 

Microscale curved solids for high viscosity oil displacement experiments were fabricated using 

the following method: a glass micropipette (30 microliters) was stretched by hot wire pipet puller 

(Kopf, model 730) at elevated temperatures to produce a tapered end tip (Figure 3-3a). The tapered 

end was melted by hot platinum wires, resulting in a microscale spherical cap end (Figure 3-3b) 

of smooth surfaces with a root-mean-square roughness of 1nm.[111] The size of the spherical cap 

was controlled by melting time and temperature. The radius of the spherical cap was roughly 

controlled to be around 100 μm with less than 5% variations except for the case of investigating 

surface curvature effect. The microscale spherical cap glass surface was cleaned by air plasma 

cleaner for 5 minutes. 

 

Figure 3-3: (a) A tapered end glass tip produced by hot wire pipet puller; (b) a glass tip with a 

microscale spherical cap. 

To produce substrate surface with different wettability, spherical glass caps were silanized in 1 

wt.% dichlorodimethylsilane (DCDMS, 99%, ACROS Organics) in toluene solution (ACS grade, 
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Fisher Scientific) for 1, 30 or 120 seconds and washed subsequently by pure toluene repeatedly. 

The silanization hydrophobized the glass surface due to the reaction of dichlorodimethylsilane 

with silanol groups on the glass surface.[112] Depending on the immersion time, the glass surface 

could be made to various degrees of surface hydrophobicities. To obtain a more hydrophilic glass 

surface, glass tips were treated by sodium hydroxide solution (pH = 12) for 2 hours, which 

hydrolyzed the glass surface and led to the formation of hydrophilic silanol groups on the surface, 

and subsequently rinsed by deionized water thoroughly. All the glass tips with various wettability 

modifications were dried in air for 24 hours prior to their use. 

3.1.2 Preparation of surfactant aqueous solutions and the CMC determination 

A series of surfactant aqueous solutions with the desired concentrations have been prepared with 

water produced by a Milli-Q filtration system. The surface tensions of these surfactant solutions 

at 20ºC were measured by the du Nouy ring method (Tensiometer-K12, Kruss, Germany). With 

the plot of measured surface tension against logarithmic concentration as indicated by Figure 3-4, 

the CMCs of SDBS, CTAB and TX-100 were determined to be 2.1, 0.96 and 0.22 mmol/L, 

respectively. The surfactant aqueous solutions in glass jars at 5 concentration levels, which are 

given as multiples of the CMC (0.2, 0.5, 1, 3 and 10) were prepared by shaking and using 

ultrasound at 50 ºC water bath. 
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Figure 3-4: The plot of measured surface tension vs. logarithmic concentration of surfactants 

3.2 Viscosity measurement of the oil sample 

The AR-G2 rotational rheometer (TA instrument, USA) was used to determine the viscosity of the 

high viscosity oil samples. The principle of this measurement is based on the detection of the 

torque caused by the viscous flow of the sample in a cylinder gap at a certain rotational speed of 

geometry as illustrated by Figure 3-5. The measured torque and implemented rotational speed 

could be translated into the shear stress and shear rate with the known geometrical information. 

As a result, the viscosity of the sample could be readily calculated. 

Since the high viscosity of the oil samples could more easily lead to the considerable torque during 

the measurement, the small parallel plate geometry with 20 mm diameter was selected. The shear 

rate was increased logarithmically from 0.01 s-1 to 1 s-1 for the data collection when the temperature 

was controlled at 20ºC by circulating water pumped from the water bath and the electrically heated 

base simultaneously. It is noted that even higher shear rate should be avoided in this measurement 

as more significant dissipation arising from viscous flow could cause a considerable temperature 

increase of the sample. The results of the viscosity measurement are shown in Figure 3-6. Because 

of the independence of the oil viscosity on the shear rate, the rheological property of these oil 

samples is similar to that of bitumen, which shows Newtonian behavior. The viscosities of 

N190000, N450000 and N2700000 at 20ºC were determined to be 810±10, 2140±20 and 7890±100 

Pa·s, respectively, which are close to the typical viscosity of pure bitumen. 
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Figure 3-5: Schematic of viscosity measurement with a rotational rheometer.  
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Figure 3-6: Measured viscosities of the high viscosity oil samples at the various shear rate 

3.3 Measurement of interfacial tension 

Due to the extremely high viscosity of the oil phase, the drop shape relaxation method, which is 

feasible to high viscosity liquid, was adopted to determine interfacial tensions between the oil and 

aqueous solutions in this study. The detailed description of this method will be given in Chapter 

5. In short, the geometrical information on the spontaneous relaxation of an elongated liquid 

droplet into its final spherical shape in another immiscible liquid was obtained experimentally. 
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Subsequently, the interfacial tension between these liquids could be evaluated by fitting the 

experimental geometry of the droplet to the theoretical curve achieved by the hydrodynamic 

analysis. It should be mentioned that, in the presence of surfactants, the nonuniform surfactant 

distribution caused by the surfactant convection and diffusion on the interface was assumed to be 

negligible due to the small droplet size and the slow relaxation of the high viscosity fluid here.[113] 

Thus, the interfacial tension was nearly constant during the relaxation and the measured value from 

such method was believed to be close to the equilibrium value. Pure water as well as prepared 

SDBS and TX-100 aqueous solutions were directly used in this test, whereas CTAB solutions were 

adjusted by 10N HCl solution to acidic condition (pH=2) since the surface of the glass pipette was 

preferentially wet by oil in the natural CTAB solution. 

3.4 Measurement of surfactant adsorption at the solid surface 

The surfactant adsorption at the solid-water interface was quantitatively investigated using a quartz 

crystal microbalance with dissipation (QCM-D) technique. In principle, the piezoelectric quartz 

sensor of QCM-D could oscillate at a fundamental resonant frequency under an alternating current 

(AC) voltage applied between its electrodes. The frequency could be altered once adsorption or 

loading occurring on the surface of the sensor causes mass changes.[114] In a QCM-D experiment, 

two parameters, resonant frequency (f) and dissipation factor (D), could be simultaneously 

monitored. Therefore, the measured shift of f allows the evaluation of the adsorbed mass with some 

well-known empirical relationships.  For a simple case, if the adsorbed substance is rigid and does 

not slip on the surface which normally indicated by a small trace of D, the shift of f at the overtone 

order of n (∆fn) is proportional to the adsorbed mass (∆m) in the light of the Sauerbrey model:[115] 

 ∆𝑚 = −𝐶
∆𝑓𝑛

𝑛
 (3-1) 

where C is the mass sensitivity constant, and n is the overtone number. It is noted that the 

adsorption kinetics could be understood through the temporal evolution of the monitored data. 

In our study, a QSense Analyzer (Biolin Scientific, Sweden) was used to monitor f and D signals 

of the piezoelectric sensor. Silica sensors (QSX 303, QSense) were adopted to mimic the glass 

surface since silica is a major component of glass. The surfactant solutions of 0.5CMC and 3CMC, 
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which represent the concentration below and above CMC respectively, were selected for this 

analysis. 

The experiments were carried out at a temperature of 20 °C. The fluid was feed by a peristaltic 

pump with a flow rate of 0.15 mL/min. At the beginning of the experiments, stable baselines of 

signals were established through the feed of deionized water flow. Subsequently, surfactant 

solutions were pumped into the system to observe the variation of f and D arising from the 

surfactant adsorption. The instrument could record 11 harmonics of f and D during the experiment, 

however, only the one at the third overtone was used for our analysis. After each measurement, 

the piezoelectric silica sensor, tubing and flow module mounted on the instrument were cleaned 

thoroughly by following the instructions provided by the manufacturer.  

3.5 Spontaneous microscale oil displacement tests 

The micropipette system, which has been used to investigate emulsion properties,[116] was 

modified here to study the displacement of an oil droplet on a stationary microscale curved solid 

surface in an aqueous phase at room temperatures (20˚C). As shown in Figure 3-7, the 

micropipette experimental system is an inverted optical microscope (Zeiss Axiovert 200) equipped 

with micromanipulators, which could smoothly adjust the position of the micropipette mounted on 

them with a three-dimensional movement at microscale range. A charge-coupled device (CCD) 

camera is attached on the microscope to record observations in the form of digital images.  

Two glass pipets were mounted on the two opposite micromanipulators as shown in Figure 3-8: 

one is the aforesaid pipet with spherical cap end fabricated as the substrate for the liquid-liquid 

displacement tests; and the other is the pipet with small amount of oil sample at the tip. The 

spherical cap surface was coated spontaneously by the oil when it was made to contact the oil 

sample on the opposite glass tip in air.  Retracting the spherical cap pipet slightly several seconds 

later led to the formation of a submillimeter size oil droplet (approximately 5×10-4 mm3 if not 

specified) on the solid spherical cap surface. The freshly formed oil droplet spread slowly on the 

surface because of its high viscosity. To ensure the oil to be fully spread and relaxed on the solid 

sphere surface, a 30-minute waiting period was allowed prior to the drop receding experiment in 

solutions. 
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Figure 3-7: Photograph of micropipette system. 

 

 

Figure 3-8: Photograph illustrating the sample delivery to the spherical cap surface of the glass 

tip. 

Experiments were initiated by gently placing this partially oil-covered glass cap into a quiescent 

pool of aqueous solution while starting the time of the experiment. Driven by capillary force, the 

oil receded spontaneously on the solid surface in the aqueous phase to reach a new configuration 

as shown in Figure 3-9. Due to the strong flow resistance from the high viscosity oil used in our 

experiments, the oil relaxation may proceed much slower than other common spontaneous wetting 

processes. Because of the adequate solution in the pool, it was not necessary to take the overall 

depletion effect of surfactant concentration into account tough a significant effect may take place 

locally.  The maximum time of an individual experiment never exceeded 30 min within which the 
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mass loss of the solution in the reservoir due to the evaporation of the water from the pool was less 

than 2%. 

The instantaneous configuration of oil on the solid surface was directly observed in situ through 

the optical microsystem with the objective lens of 10 times magnification. The whole process was 

observed under the optical microscope and captured by the CCD camera as sequential digital 

images. The captured digital images were stored in 8-bit grayscale 801×801 pixels array. The 

typical frame rate for the recording varied from 2 to 60 frames/min, enough to achieve a reasonable 

number of images in an individual displacement process. Each experiment was repeated at least 

three times until a satisfactory reproducibility was observed. 

 

Figure 3-9: Snapshots of oil droplet receding on a solid surface in aqueous solution. The solid 

red lines indicate the arc length (2rc) of the droplet wetted area on the curved surface between the 

TPC lines observed from the side view image at an experimental time (t). The subscript 0 for rc 

in (a) denotes the initial time (t = 0s). 
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Chapter 4  

Digital image analysis 

4.1 Introduction 

Using advanced digital computational image processing technology, several characterizations for 

the oil displacement process, such as the oil-solid contact area and the velocity of the TPCL, could 

be extracted from the captured side view images. Moreover, the dynamic contact angle, which is 

critical for the description of the oil displacement process, could be obtained from the image 

analysis of instantaneous droplet configurations as well.  

In fact, the digital image analysis has been commonly used to directly measure the contact angle 

from a captured sessile droplet shape on a two-dimensional image because of its advantages of 

convenient operation and wide applicability on various situations.[117] The most straightforward 

method of measuring contact angle from an image is aligning a tangential line to the drop profile 

at the location of the TPCL. However, poor accuracy and relying on the experience of the operator 

could be the major limitation of this method.[118] In the past several decades, numerous 

computational methods (or algorithms) have been developed for more accurate image-based 

contact angle determinations. In the following paragraphs, several common algorithms for image-

based contact angle measurements are briefly reviewed. 

The half contact angle method is one of the simplest algorithms to readily determine the contact 

angle. [119] When the sessile drop on the flat surface is assumed to be a segment of a sphere under 

negligible gravitational effect, based on the pure geometric relation as indicated in Figure 4-1, 

half contact angle could be evaluated through the following simple mathematical formula with the 

measured contact surface radius (dC) and apex height (hA),  

 
𝜃

2
= tan−1 (

ℎ𝐴

𝑑𝐶
) (4-1) 
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Figure 4-1: Schematic of contact angle determination by θ/2 method 

The state-of-the-art axisymmetric drop shape analysis (ADSA) is a versatile technique for the 

theoretical description of the drop shape. Despite various numerical implementations of ADSA, 

the overall strategy is consistent to determine an optimized theoretical shape of a quasi-static 

axisymmetric liquid drop by matching the drop profiles extracted from the image.[120] The 

theoretical shape profile in ADSA is commonly achieved through numerical integration of the 

Laplace equations with the inputs of physical properties which consist of interfacial tension, 

density, gravity and the surface curvature at the apex of the drop. Typically, surface tension is an 

adjustable parameter for the numerical scheme of the profile matching. The best fit allows a quick 

determination of contact angles as well as other properties, such as drop volume and surface area. 

This constitutes the classic ADSA method originally proposed by Rotenberg et al.[121]. Motivated 

by widening the application of the ADSA technique, more advanced methods derived from the 

original ADSA have been developed. For instance, the axisymmetric drop shape analysis-diameter 

(ADSA-D) method has been introduced to handle small contact angles [122]; the axisymmetric 

drop shape analysis-no apex (ADSA-NA) method has been used to determine the contact angle in 

the case of missing critical information at the apex region of the drop[123]; and the axisymmetric 

drop shape analysis-electric field (ADSA-EF) method has been performed to take into account the 

effect of electric field [124]. The main advantage of these methods based on the ADSA over the 

θ/2 method is their high accuracy on contact angle measurement; however, considerable errors 

may appear when they are implemented to deal with asymmetric drop. The other limitation of 

these methods is that some physical properties are needed to be properly determined for the 

theoretical analysis.[125] 

To overcome the drawbacks of the methods based on ADSA, some direct fitting algorithms, such 

as circle fitting[126], ellipse fitting[127] and polynomial fitting[118] [128] are frequently used to 

determine the contact angle of both axisymmetric and asymmetric drops without the need of 
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knowing any physical property of the system. For these algorithms, a whole extracted drop profile 

or part of it is directly fitted by a simple geometrical model. Afterward, the contact angle can be 

readily determined by calculating the slope of the best fitting curve at the TPCL. The accuracy of 

the contact angle measurement might be compromised by adopting these direct fitting algorithms. 

However, increasing the magnification or resolution are two practical ways to compensate for such 

a loss of accuracy.  

It is noted that most algorithms mentioned above highly rely on extracted object profiles from 

sharp images. Recently, a new method which is called theoretical image fitting analysis (TIFA) 

has been developed to carry out an image-based contact angle determination without operating 

edge detection algorithm.[129] This new method could be exclusively applied to the case of 

blurred images commonly caused by the lack of contrast, out of focus or bad illumination. 

In this study, the digital image processing for data acquisition could be performed in a more 

efficient way due to the high volume of images. Thus, the automatic digital image analysis is 

carried out here. In this chapter, the methodology of the digital image analysis for this study is 

discussed. With the help of modern computational technology, a custom-programmed Matlab® 

code was developed to realize the anticipated automatic image analysis. Error analysis was 

performed to understand some common influential factors on detected edge profiles associated 

with measured contact angles obtained from direct fitting algorithms.   

4.2 Methodologies of digital image analysis 

As shown in Figure 3-9, the digital snapshots captured by the camera in this study are grayscale 

images. The recorded image sequences were analyzed with a custom-programmed Matlab® code. 

Thanks to the high contrast of oil-water and glass-water interface, the contours of different phases 

could be extracted from grayscale images (Figure 4-2a). An embedded function was employed to 

automatically transfer edge locations to a set of consecutive edge pixel coordinates. The 

coordinates were then converted to physical units through the factor of 0.4644µm/pixel obtained 

by the length calibration. The TPCL (two single points on the 2-D image) was identified by 

searching for two maxima in the second derivative variation of the edge coordinate function 

(Figure 4-2b).  By knowing the location of the TPCL, the oil and glass profiles were separated. A 

circle was fitted to the profile of the curved glass substrate to identify the oil-glass interface 
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(Figure 4-2c); and subsequently, the volume of the oil droplet (Vo) could be calculated due to the 

axisymmetric nature. The instantaneous oil-solid contact area was then evaluated from the arc 

length between the two contact points on the circle of the substrate. Meanwhile, the velocity of the 

TPCL was determined by analyzing the first derivative of the TPCL position with respect to the 

experimental time. Unfortunately, the limits of image resolution could cause some uncertainties of 

TPCL location, which may lead to more significant uncertainties in TPCL displacement velocity. 

To reduce such uncertainties, the experimental data were adjusted by a smoothing function using 

a moving average filter which was embedded in Matlab®.   

 

Figure 4-2: Visual demonstration of some critical steps during the digital image analysis. 

In this study, the instantaneous dynamic contact angle (θd) is defined as the contact angle measured 

from the aqueous phase. Thus, the dynamic contact angle measured from the oil phase at that 

moment is represented by (π−θd). It is noted that the methods based on the ADSA may be 

unreliable when the TPCL is in a considerable motion since the object for the ADSA is supposed 

to be in a static or at least quasi-static state. Here, in light of the balance between the calculation 

cost and the accuracy of measurement needed in this study, three types of direct fitting methods, 

by adopting the simplest model of circular geometry, were employed to determine θd from the 

extracted contour. In what follows, the description of these methods is given. 

As shown in Figure 4-3a and Figure 4-4a, a circle (green dash line) was fitted to the entire 

extracted contour of the oil-water interface on the image and the dynamic contact angle was 

obtained by calculating the intersection angle formed by this circle and the circle standing for 

substrate baseline (red solid line). This is called the circle fitting algorithm. For the local circle 

fitting algorithm, some local contour pixels from the TPCL point toward the droplet apex were 

fitted by a segment of a circle to determine the contact angle (Figure 4-3b and Figure 4-4b). A 

section of the circle was fitted to the droplet contour at the apex and extrapolated to the solid 
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surface for contact angle determination in the apex circle fitting algorithm (Figure 4-3c and Figure 

4-4c). It is noted that the implementation of these three algorithms could provide consistent contact 

angles when the receding oil droplet is close to final static as shown in Figure 4-3. Nevertheless, 

significant discrepancy of the determined contact angles could be observed in the case of the rapid 

motion of the TPCL (Figure 4-4). More implications on these methods are discussed later in 

Chapter 6. 

 

Figure 4-3: Visual demonstration of the contact measurement for the case of low TPCL velocity 

by adopting (a) the circle fitting, (b) local circle fitting and (c) apex circle fitting algorithms. 

 

 

Figure 4-4: Visual demonstration of the contact measurement for the case of high TPCL velocity 

by adopting (a) circle fitting, (b) local circle fitting and (c) apex circle fitting algorithms. 

Finally, a programmed loop was created to process each sequential image automatically, allowing 

the determination of the instantaneous oil-solid contact area and dynamic contact angles during 

the oil receding process. 
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4.3 Error analysis of contact angle measurement  

In this section, several easily adjustable factors that may affect the outcome of the detected edge 

from digital image processing are thoroughly investigated to understand potential errors on the 

image-based contact angle measurement. In the following discussion, the same static configuration 

of the oil droplet as shown by Figure 4-5 is consistently implemented to generate object profiles 

under various operational conditions for the error/sensitivity analysis of the contact angle 

measurement. This systematic error analysis is expected to offer guidance of recognizing suitable 

operational conditions for the image-based contact angle measurements in this study.  

 

Figure 4-5: The detected edge profiles by adopting various Nthreshold. The zoomed region of the 

meniscus near the TPCL enclosed in the red square is shown in the inset. 

The digital image is represented by a two-dimensional array of pixels that are the basic elements 

of the image. For the 8-bit grayscale digital image used in this study, the intensity of an arbitrary 

pixel is stored as an integer between 0 and 255, which represent shades of gray from absolute black 

to white.[130] Normally, due to the strong contrast at the object boundary appearing on the image, 

the intensity for pixels across the object edge could change drastically. Therefore, the edge location 

on the image could be identified by a critical intensity that is called grayscale thresholding.  In this 

study, the threshold grayscale intensity was evaluated by using the popular Otsu’s method to 

minimize the intraclass variance of the black and white pixels.[131] To elucidate the dependence 

of measured contact angles on threshold grayscale intensities, here, six relative threshold grayscale 

intensities (Nthreshold) with respect to the reference value obtained from the Otsu’s method (Nthreshold) 
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were selected for the error analysis. As indicated by Figure 4-5, all the detected edge profiles from 

adopting various Nthreshold are almost overlapped on the overall image. This is attributed to the sharp 

boundary of the captured image in this study. From the enlarged detail in the inset of Figure 4-5, 

it is seen that the detected edge profile could shift into water phase a little bit with the increase of 

Nthreshold. The measurement results in Figure 4-6 show that such shift of the detected edge could 

contribute to slightly larger measured contact angle. Therefore, the effect of the threshold grayscale 

intensity selection on the contact angle measurement is not distinct in this study.   
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Figure 4-6: The measured contact angles by adopting various threshold grayscale intensities for 

the edge detection  

The brightness of captured digital images is significantly dependent on some operational factors, 

such as exposure time and illumination intensity. As shown in Figure 4-7, at an identical condition 

of illumination intensity, a series of captured images of the displaced oil droplet (same as the state 

shown in Figure 4-5) show noticeable changes when different exposure times were applied. 

Clearly, longer exposure time could result in a brighter image. To gain knowledge of the sensitivity 

of the measured contact angle to the brightness of the image, the contact angles determined from 

these images were compared. Figure 4-8 indicates that the slow variation of the measured contact 

angles is observed at short-exposure time; on the other hand, the measured contact angles exhibit 

more considerable sensitivity at increased exposure time. Moreover, the even longer exposure time 

of 210 ms led to the failure of the image-based contact angle measurement due to the nearly 
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disappeared contrast (Figure 4-7h). It could be implied that long exposure time should be avoided 

for image acquisition, as unreliable image analysis could arise from rather bright images with less 

contrast.  

 

Figure 4-7: Images of the displaced oil droplet at the same state captured using exposure times 

of (a) 10 ms; (b) 35 ms; (c) 60 ms; (d) 85 ms; (e) 135 ms; (f) 160 ms; (g) 185 ms and (h) 210ms. 

The exposure time for the image in Figure 4-5 is 110 ms. 

The focus adjustment is another common factor related to the quality of captured images. Here, 

attaining on-focus image is realized by adjusting the location of the objective lens relative to the 

object with the focus knob on the microscope. Setting the location at the on-focus condition to 0 

mm as a reference, the objective lens was shifted away from that location to capture some out-of-

focus images (Figure 4-9). It is seen that the out-of-focus shot led to blurred images and thereby 

introduced a large uncertainty of edge detection. The measured contact angles from these images 

as well as the on-focus one (Figure 4-5) are constructed in Figure 4-10. The measured contact 

angle was significantly changed on the out-of-focus image compared with the on-focus one. 

Moreover, an obvious quantitative error of the measurement appeared at the case far away from 

the on-focus condition (Figure 4-9b&d).  Thus, it appears that guaranteeing the on-focus shot is 

essentially important for the contact angle measurement. 
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Figure 4-8: The contact angles measured from the captured digital images at different exposure 

time. 

 

Figure 4-9: Images of the displaced oil droplet at the same state captured under out-of-focus 

conditions, where the location of the objective lens was shifted from the on-focus one in (a) −2 

mm; (b) −4 mm; (c) +2 mm and (d) +4 mm. The on-focus image is shown in Figure 4-5. 
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Figure 4-10: The contact angles measured from the digital images captured at different location 

of the objective lens as shown in Figure 4-9. 

A comparison of the measured contact angles from different methods in Figure 4-6, Figure 4-8 

and Figure 4-10 revealed that these methods exhibit similar sensitivity to those influential factors 

investigated in the study of error analysis. As a consequence, these methods generally could 

provide similar reliability for the purpose of the static contact angle measurement in this study. 

4.4 Summary 

With the digital image analysis, several parameters for the oil displacement characterization, 

including the oil-solid contact area, the velocity of the TPCL and the contact angle, were extracted. 

Three algorithms of circle fitting, local circle fitting and apex circle fitting were performed in this 

study to directly evaluate contact angles from extracted contours on images without considering 

physical properties. In the case of the slow TPCL motion, the determined contact angles from these 

algorithms showed consistency, while significant difference appeared when the TPCL moved fast. 

Because of the sharp boundary of oil-water and solid-water interfaces on the captured image, the 

measured contact angle was not sensitive to the threshold grayscale intensity for the edge detection. 

Another error analysis on several images of oil droplet at the same static configuration suggested 

that relatively shorter exposure time and on-focus shot during the digital image acquisition were 
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two crucial conditions to guarantee the reliable result of the image-based contact angle 

determination in this study. 
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Chapter 5  

Drop shape relaxation analysis  

5.1 Introduction 

As the behavior of the oil displacement is highly correlated to the interfacial energy, knowing the 

relevant interfacial tension is an important prerequisite of gaining physical insight into the system. 

In practice, the interfacial tension at a fluid-fluid interface could be directly determined from a 

variety of experimental approaches. However, because of the extremely high viscosity of the oil 

in this study, it is difficult to measure the interfacial tension between the oil and the aqueous phase 

with conventional methods of tensiometry. For instance, the extremely long time needed for the 

oil drop to reach equilibrium caused by the slow viscous flow of the oil phase may limit the 

application of the pendant drop and spinning drop techniques; on the other hand, for force-based 

methods, such as du Nouy ring and Wilhelmy plate, a considerable viscous force arising from the 

high viscosity fluid flow should be considered to modify the force balance adopted for the 

interfacial tension calculation, however the evaluation of the viscous force is difficult.[132]  

To overcome the difficulty of the interfacial tension measurement on high viscosity system with 

conventional methods, alternative methods based on dynamic behavior analysis have been 

developed to evaluate the interfacial tension, especially for the polymer-polymer interface. In 

principle, these methods take advantage of the kinetics of interfacial motion governed by 

interfacial tension as well as some other factors to obtain the interfacial tension. Depending on the 

extent of the deformation, generally, a viscous drop could display two distinct behaviors, breakup 

(Figure 5-1) or retraction (Figure 5-2). The theoretical analysis of any dynamic behavior is 

utilized for the interfacial tension determination from the corresponding experiments.[133] In this 

study, a method based on the analysis of drop retraction/relaxation dynamic behavior, which is 

named “drop shape relaxation method”, is applied to determine the interfacial tension between 

high viscosity oil and aqueous phase. With a negligible body force, a deformed drop suspended in 

another immiscible fluid could reshape into a spherical shape with time. The drop shape recovery 
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process is driven by the interfacial tension between the fluids and retarded by the fluid viscosity. 

As a result, with the known fluid viscosity, the interfacial tension is evaluated by analyzing the 

dynamic behavior of the drop observed in the corresponding experiment.  

 

Figure 5-1: The process of a highly deformed drop breakup. [133] 

 



54 

 

 

Figure 5-2: The process of a gently deformed drop retraction.[134]  

In this chapter, several theoretical analyses of drop relaxation are briefly revisited, and a boundary 

least square method is introduced to analyze an axis-symmetrically deformed drop shape 

relaxation in a quiescent aqueous phase within the limit of Stokes flow. A custom-programmed 

Matlab® code was developed to implement this analysis for the numerical solution of the drop 

shape evolution. For the experiments, a distorted micrometer-sized oil droplet was generated by 

applying suction on the opposite sides of the droplet through two glass micropipettes; and 

subsequently, the oil droplet retraction was triggered by the sudden removal of the suction. This 

simple method avoided the use of an advanced device to obtain such kind of droplet deformation 

by generating complex flow. In the end, the experimental data was matched with the theoretical 

analysis to determine the interfacial tension, which was also performed by a custom-programmed 

Matlab® code. 
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5.2 Axisymmetric drop shape relaxation analysis 

5.2.1 Review  

The theoretical analysis of a deformed axisymmetric drop shape relaxation process has been 

performed by some researchers. Their works have provided useful mathematical models for the 

quantitative description of the relaxation process associated with the interfacial tension evaluation. 

Carriere and Cohen[135] [136] brought forward an empirical model to predict the relaxation 

process of a drop with a spherocylinder shape initially (a cylinder capped by two semispherical on 

both ends), 

 𝑓𝑐𝑐 (
𝑅𝑒

𝑅𝑑
) − 𝑓𝑐𝑐 (

𝑅𝑒0

𝑅𝑑
) =

2.7𝑡𝛾

(𝜇𝑒 + 1.7𝜇𝑖)𝑅𝑑
 (5-1) 

where μi and μe are viscosities of interior and exterior fluids respectively, t is time, γ is the 

interfacial tension between the two fluids, Rd is the radius of the drop as a sphere at equilibrium 

state, Re is defined as the equivalent radius and Re0 is Re at the initial time (t=0s). The following 

equation of volume preservation could be utilized for the evaluation of Re, 

 
4

3
𝜋𝑅𝑑

3 = 2 [𝜋𝑅𝑒
2 (

𝐻

2
− 𝑅𝑒) +

2

3
𝜋𝑅𝑒

3] (5-2) 

where H is the overall length of the drop. The function fcc(x) in Equation (5-1) is expressed as, 
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Using Rallison’s theoretical approach for objects at small deformation[137], Luciani et al.[134] 

and Guido et al.[138] developed another model to characterize the relaxation process of a slightly 

deformed spheroid drop, 

 𝐷𝑑/𝐷𝑑0 = exp [−
40

𝜇𝑖

𝜇𝑒
(

𝜇𝑖
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𝑡𝛾

𝜇𝑖𝑅𝑑
] (5-4) 

where Dd is the deformation parameter which is defined as, 

 𝐷𝑑 =
𝑎 − 𝑏

𝑎 + 𝑏
                  (𝑎 > 𝑏) (5-5) 
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where a and b are two principal semi-axes of the spheroid with different lengths on the projected 

view. 

Although the models mentioned above are simple and convenient to use, both suffer from critical 

disadvantages which could potentially limit their application: the first empirical model is 

unreliable when there is a viscosity considerable difference between two fluids [139] and the latter 

is only suitable for slightly deformed drop[133]. Therefore, a more sophisticated analysis is needed 

to deal with the more general situation for general applications. 

Essentially, instantaneous fluid velocity fields associated with the evolution of the oil drop shape 

are governed by the famous Navier-Stokes equations. As a result, theoretically, the evolution of 

the drop shape could be evaluated by solving these equations with appropriate boundary conditions. 

Unfortunately, in most cases, it is difficult to obtain the analytical solution of the full Navier-

Stokes equations due to its intrinsic complexity. In practice, numerical methods are normally 

adopted to solve these equations. The powerful finite element analysis, which is believed to be a 

general method to deal with numerical fluid mechanics problem, typically consumes a large 

amount of computational time, and hence, is not economical for this study. Boundary integral 

method (BIM) has been shown to be accurate and efficient in the study of free boundary problems 

(e.g., the transient motion of interface at low Reynolds number).[140] By using this method, Stone 

et al.[141] and Tjahjadi et al.[142] have successfully obtained the theoretical drop shape during 

the drop relaxation process. Unfortunately, such a method is inadequate to deal with the case of 

two immiscible fluids with extremely high or low viscosity ratios, which is the case in this 

study.[143] [144] Here, an alternative, so-called boundary least squares (BLS) method, which is 

applicable to the case of arbitrary viscosity ratio was implemented to obtain numerical solutions 

of the transport equations governing the drop shape evolution and predict the relaxation of an axis-

symmetrically deformed drop.[145] [146] The description of this method is presented in detail in 

the next section. 

5.2.2 Theoretical calculation with boundary least squares method 

On an assumption of the negligible inertial and body forces, the dynamics of the drop shape 

reaction is governed by the following creeping motion equations simplified form the full Navier-

Stokes equations 
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 𝜇𝑖∆𝒗𝒊 = 𝛻𝑝𝑖, 𝛻 ∙ 𝒗𝒊 = 0 (5-6) 

 𝜇𝑒∆𝒗𝒆 = 𝛻𝑝𝑒 , 𝛻 ∙ 𝒗𝒆 = 0 (5-7) 

where v and p are the velocity and pressure fields, and subscript i and e denote interior and exterior 

phases, respectively.  

At the interface of two immiscible liquids, the continuity of velocities and the balance of 

mechanical stress must be satisfied. Therefore, two boundary conditions are imposed at the 

interface, 

 𝒗𝒊 = 𝒗𝒆     (at interface) (5-8) 

 𝝈𝒊 −  𝝈𝒆 + 𝑻 = 0     (at interface) (5-9) 

where σi and σe are the hydrodynamic tractions from interior and exterior phase respectively, and 

T is the normal stress on the interface arising from interfacial tension. 

In the case of axisymmetric velocity and pressure fields, the analytical solutions of Equation (5-6) 

and Equation (5-7) at spherical coordinates (R, β, Ф) have been found by Happel et al.[147], 

 𝑣𝑅,𝑖 = − ∑(𝐴𝑛𝑅𝑛−2 + 𝐶𝑛𝑅𝑛)𝑃𝑛−1(cos 𝛽)

∞

𝑛=2

 (5-10) 

 𝑣𝛽,𝑖 = ∑[𝑛𝐴𝑛𝑅𝑛−2 + (𝑛 + 2)𝐶𝑛𝑅𝑛]
𝐺𝑛(cos 𝛽)

sin 𝛽

∞

𝑛=2

 (5-11) 

 𝑝𝑖 = 𝛱 − 2𝜇𝑖 ∑
2𝑛 + 1

𝑛 − 1
𝐶𝑛𝑅𝑛−1𝑃𝑛−1(cos 𝛽)

∞

𝑛=2

 (5-12) 

 𝑣𝑅,𝑒 = − ∑(𝐵𝑛𝑅−𝑛−1 + 𝐷𝑛𝑅−𝑛+1)𝑃𝑛−1(cos 𝛽)

∞

𝑛=2

 (5-13) 

 𝑣𝛽,𝑒 = − ∑[(𝑛 − 1)𝐵𝑛𝑅−𝑛−1 + (𝑛 − 3)𝐷𝑛𝑅−𝑛+1]
𝐺𝑛(cos 𝛽)

sin 𝛽

∞

𝑛=2

 (5-14) 

 𝑝𝑒 = −2𝜇𝑒 ∑
2𝑛 − 3

𝑛
𝐷𝑛𝑅−𝑛𝑃𝑛−1(cos 𝛽)

∞

𝑛=2

 (5-15) 
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where Pn(x) and Gn(x) are the Legendre and Gegenbauer polynomials respectively, An, Bn, Cn, Dn 

and П are arbitrary constants which could be determined from boundary conditions. It is noted that 

the solutions are given by infinite sums as the integer n goes to infinity. However, in practice, a 

finite maximum n (nmax) must be imposed to truncate the exact solutions and hence obtain 

approximated ones. In the solutions, the subscripts R and β represent two resolved components of 

a vector in the spherical coordinate system. Due to the axial symmetry, the third component of the 

azimuthal angle Ф is eliminated.  

In principle, the BLS method was used to identify the optimal arbitrary constants truncated at nmax. 

In the analysis, the arbitrary constants were represented by a vector ai={П, An, Bn, Cn, Dn} and the 

parameter MBLS was defined as half of the value obtained by integrating the sum of squares of the 

two boundary conditions (Equation (5-8) and Equation (5-9)) over the interfacial region,  

 𝑀BLS =
1

2
∫ [(𝒗𝒊 − 𝒗𝒆)2 + (𝝈𝒊 −  𝝈𝒆 + 𝑻)2] 𝑑𝑆

interface

 (5-16) 

Theoretically, MBLS must be equal to 0 at the condition of infinite arbitrary constants. Here, the 

vector ai with finite parameters can be approximately evaluated by minimizing M with respect to 

ai. Thus, ai could be determined by finding the zero first derivative of MBLS with respect to ai, 

 
𝜕𝑀

𝜕𝑎𝑖
= ∫ [(𝒗𝒊 − 𝒗𝒆) ∙

𝝏(𝒗𝒊 − 𝒗𝒆)

𝝏𝑎𝑖
+ (𝝈𝒊 −  𝝈𝒆 + 𝑻) ∙

𝝏(𝝈𝒊 −  𝝈𝒆 + 𝑻)

𝝏𝑎𝑖
]

interface

 𝑑𝑆 = 0 (5-17) 

With the determined ai, the velocity and pressure fields at this moment were readily attained with 

the Happel’s solutions. Finally, the temporal evolution of the drop shape could be reasonably 

estimated, once the velocity of the interface at any moment was identified.  

In this study, this theoretical analysis was carried out numerically using a personal computer. More 

detailed numerical implementations regarding this calculation are given in Appendix A.  

5.2.3 Calculation results and validation 

First, the BLS method was used to obtain a theoretical relaxation process of an axisymmetric 

spheroid drop shape. For this calculation, the initial axial ratio (a0/b0) of the spheroid was set to 

1.8 and the viscosity of the drop fluid was assumed to be much larger than that of the continuous 

fluid. For the calculation, the following parameter setting was used: nmax is 60; Δtc is 0.05; the 
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maximum tc at the end of the calculation is 6 and the total number of the nodal points to describe 

the drop profile at one side of the axis (np) is 181. The result showed that the total computing time 

on the personal computer equipped with Intel Core i5-2500K dual-core processor (2×3.3 GHz) 

was only around 5 seconds. It is indicated that the BLS method is a highly efficient method for the 

drop shape relaxation analysis. 

In Figure 5-3, the evolution of the drop shape from the computation discussed in Section 5.2.2 is 

presented at several dimensionless computational times (tc). It can be seen that the calculated drop 

shape gradually evolved into a perfect sphere, which is in agreement with the real experimental 

behavior and thus provided preliminary validation of this theoretical analysis.  

 

Figure 5-3: The theoretical drop profile at several dimensionless times during the relaxation 

from an initial spheroid shape using the BLS method. 

Two additional self-consistency checks for the result of this analysis were performed: as indicated 

by Figure 5-4a, the slightly changed drop volume tracked at each incremental time step confirmed 

the mass conservation during calculation; meanwhile, in Figure 5-4b, the insignificant shifts of 
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the theoretical curves from the calculation by adjusting Δtc to larger 0.1 or smaller 0.01 suggested 

that Δtc=0.05 is adequate for the Euler-type integration. 

 

Figure 5-4: The results of two self-consistent checks for the BLS method: (a) the dimensionless 

drop volume in the calculation changes as function of tc and (b) the plots of the dimensionless 

length of the drop on symmetric axis (H) versus tc obtained in the calculations with adopting 

different Δtc for the Euler-type integration. 

In Figure 5-5, when a0/b0 was set to be 1.2, the satisfactory agreement between the analysis result 

of the BLS method and the theoretical line predicted by Equation (5-4) at various viscosity ratios 

could be found. This further demonstrated that the BLS method was reliable and convincible.  
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Figure 5-5: Comparison between the temporal evolution of Dd/Dd0 calculated from the BLS 

method and that predicted from Equation (5-4) at various viscosity ratios. 

For the arbitrary axisymmetric drop shapes, as shown in Figure 5-6, computation errors did not 

appear from the analysis of the BLS method. It was seen that reasonable results were obtained 

from the calculations, as the arbitrary drop shapes could finally evolve into a perfect sphere. Thus, 

it appears that the BLS method can handle the case of an arbitrary axisymmetric drop shape 

relaxation properly. 
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Figure 5-6: The theoretical drop profile at several dimensionless times during the relaxation 

from an initial shape of (a) “flower” and (b) spherocylinder using the BLS method. 

5.3 Interfacial tension measurement 

5.3.1 Micrometer-sized drop shape relaxation experiments 

The micropipette system discussed in Section 3.5 for microscale oil displacement experiments was 

adopted to conduct the micrometer-sized oil drop shape relaxation experiments. Similar to the 

procedure of the microscale curved glass substrate fabrication, a glass tip with a tapered end was 

obtained by stretching a micropipette (100 microliters) with hot wire pipet puller. The tapered end 

was truncated by a homemade forging apparatus to produce a glass tip with an open end of 

approximately 10μm diameter. Two such micropipettes were mounted on the micromanipulator 

with the micrometer-sized open ends opposite to each other. Meanwhile, the other untreated sides 

of the micropipettes were connected to syringes respectively through flexible plastic tubes.  By 

operating the syringe, negative or positive pressure at the micrometer-sized open end could be 

created to provide suction or release of an oil droplet, respectively. Prior to the experiment, the 

micrometer-sized open ends were placed into an aqueous solution with suspended micro-sized oil 

droplets. Subsequently, one oil droplet was selected and sucked from opposite sides by 

micropipettes and elongated axially as shown in Figure 5-7a. The relaxation experiment was 

initiated by releasing one side of oil from the pipette (Figure 5-7b) and then the axially deformed 

oil droplet relaxed into a sphere in the solution with time (Figure 5-7b~d). The evolution process 

was captured by a CCD camera. It is mentioned that the size of the oil droplet in this experiment 
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was at the order of 10μm, and hence the typical Bond number (ratio of body force to capillary 

force) and Weber number (ratio of inertial force to capillary force) in this process could be around 

10−4 and 10−9, respectively. The negligible body and inertial forces reflected by these 

dimensionless numbers were in accord with the assumption in the BLS method mentioned above. 

Therefore, the theoretical prediction of such relaxation process was attained by performing the 

BLS method.  

 

Figure 5-7: Snapshots illustrating the micrometer-sized oil drop shape relaxation in the 

mircopipette system. 

5.3.2 Digitized initial drop shape extraction 

Prior to performing the BLS method, the digitized initial experimental drop profile should be 

extracted from the captured image at a certain time set as the initial time of the experiments through 

the digital image analysis. Similar to the methodology of the contact angle measurement 

mentioned in Section 4.2, the contours of the oil drop and the glass pipette were extracted through 

grayscale thresholding (Figure 5-8a) and stored in the form of consecutive edge pixel coordinates. 

As indicated by Figure 5-8b, the extracted contour of the oil and the pipette were separated by 

two points located by searching for two maxima in the second derivative variation of the edge 

coordinate function. Subsequently, the profile of the drop was divided into two axisymmetric parts 

indicated by red and green lines, respectively, in Figure 5-8c. However, in this case, these two 

parts could never be absolutely axisymmetric. In practice, either of them was selected as the 

extracted drop shape.  As discussed in Appendix A, the extracted initial drop shape was 

characterized by the cylindrical coordinates in the form of closely spaced nodal points (ri, zi) along 

the meridian curve for the numerical BLS method. Figure 5-8d shows the extracted drop shape 

obtained from this procedure in the cylindrical coordinate system. It is mentioned that the 

coordinates could be easily converted to physical units through the factor of 0.4644µm/pixel. 
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Figure 5-8: Visual demonstration of some major steps to extract the experimental drop shape 

from the digital image for the BLS method. The zoomed region of the directly extracted drop 

profile at the apex is shown in the inset of (d). 

The unavoidable noise along the nodal points could appear on the directly extracted drop profile 

as shown in the inset of Figure 5-8d. For the calculation, such noise could yield the discontinuity 

of the calculated numerical curvature of the interface (Jc) along the nodal points and thereby fail 

the BLS method. To address this issue and validate the BLS method by achieving the continuous 

numerical curvature of the interface, a data smoothing algorithm was applied for the slight 

redistribution of the nodal points on the coordinates. As shown in Figure 5-9, for the plot of the 

original data, the significant variation of the numerical curvature along the nodal points could be 

observed. It could be seen that the conventional smoothing algorithm could only weaken but not 

fully eliminate such variation. 
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Figure 5-9: The calculated numerical curvature along the nodal points. The detailed description 

of the evaluation of Jc refers to Appendix A. 

To avoid the failure of the BLS method dealing with the extracted drop shape from the experiment, 

more sophisticated smoothing algorithm was implemented as follows: the nodal points with the 

cylindrical coordinates (ri, zi) were first translated into spherical coordinates (Ri, βi); an eighth-

order polynomial (such model may not be optimal, but it works quite well here) was used to fit the 

function Ri=fRi(βi) associated with the constraint of dfRi(π)/dβ=0 in the form of the Lagrange 

multiplier due to the axisymmetric nature of the drop shape; new spherical coordinates (Ri,s, βi,s) 

for the nodal points could be evaluated using the obtained best fitting polynomial and then 

translated back into new cylindrical coordinates (ri,s, zi,s). It could be seen that the smoothed drop 

profile from this algorithm was highly similar to the untreated one in general (Figure 5-10a) but 

rather smooth in detail (Figure 5-10b).  Also, as shown by Figure 5-9,  the anticipated continuous 

numerical curvature was obtained after such processing.  
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Figure 5-10: Comparison of the extracted drop profile without and with smoothing process from 

(a) an overall view and (b) an enlarged view at the apex.  

5.3.3 Interfacial tension evaluations 

The BLS method was performed to theoretically analyze the temporal evolution of the smoothed 

initial drop shape extracted from the experiment as shown in Figure 5-11. As indicated by Figure 

5-7, the lengths of the oil droplet along the symmetric axis (H) were measured at different 

experimental times. By adjusting γ/μ, the measured experimental data was plotted in a 

dimensionless form to match the theoretical curve obtained from the BLS method as shown in 

Figure 5-12. With the determined optimal value of γ/μ from the experimental data fitting as well 

as the known μ, γ could be readily evaluated.  
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Figure 5-11: The theoretical drop profile at several dimensionless times during relaxation from 

the extracted initial shape from the experiment with performing the BLS method. 
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Figure 5-12: Determination of the interfacial tension by matching experimental data with the 

theoretical curve obtained by the BLS method. 

The interfacial tensions against pure water of the high viscosity oils used in this study were 

measured by this drop shape relaxation method at 20ºC and the results are given in Table 5-1. It 

could be seen that these model oil samples with the distinct difference of viscosity exhibit similar 
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interfacial properties against water. The measured interfacial tensions in the presence of surfactants 

will be presented in Section 7.2.1. 

Table 5-1: The measured interfacial tension between the high viscosity oils and water 

Model oil N190000 N450000 N2700000 

Oil-water interfacial tension (mN/m) 37±2 36±3 34±3 

 

5.4 Summary 

To determine the interfacial tension between the high viscosity oil and the aqueous phase, the drop 

shape relaxation method was used in this study. In principle, this method consists of the theoretical 

analysis as well as the experimental data collection and matching. For the theoretical part, the 

creeping motion equations governing the dynamic process of an axisymmetrically deformed drop 

restoring into an equilibrium spherical shape have been solved by the BLS method numerically. 

The BLS method has been demonstrated to be a highly efficient technique to analyze the relaxation 

process of arbitrary axisymmetric drop shape. In the experimental aspect, a micrometer-sized 

sample oil droplet was elongated to create an axisymmetric deformation with the micropipette 

system. The initial oil drop profile was extracted from the image captured after initiating the 

relaxation experiments and then smoothed with a special algorithm for the BLS method. By 

matching the experimental data of the temporal evolution of drop shape with the theoretical value 

from the BLS method, interfacial tensions were determined. The measured interfacial tensions 

between oil and water suggest that three high viscosity model oil samples have similar interfacial 

tensions against water despite distinct viscosities.  
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Chapter 6  

Oil displacement in pure water 

6.1 Introduction and motivation 

The displacement of a fluid from a solid surface in an immiscible fluid has been the subject of 

considerable research over the past several decades. In the past, experimental studies of the 

displacement process have been focused mainly on how the wetted area of one fluid on the solid 

surface in air-equilibrated with the liquid vapor evolved with time. Such dynamic behavior is 

frequently described by the velocity of the TPCL displacement. 

Numerous investigations were conducted to understand the displacement dynamics, in particular 

for the spreading of nonvolatile liquid droplets on smooth solid surfaces. [40] [148] [149] [150] 

The spreading process has been considered to be driven by the capillary force. The surface tension 

and viscosity of the liquid were shown to be the key factors in determining the displacement 

dynamics of the TPCL. For the displacement of immiscible liquids on solid surfaces, the viscosity 

ratio of the two liquids was verified to play an important role in the liquid-liquid displacement.[57] 

The intrinsic correlation of the TPCL displacement in liquid-air and liquid-liquid systems has been 

obtained.[50] [51] More recently, the displacement of liquids on solid substrates of considerable 

surface roughness was studied to understand the influence of surface nanostructure on wetting 

dynamics. [14] [151] [152]  

The dynamic contact angle formed between the fluid-fluid and fluid-solid interfaces at the moving 

TPCL commonly serves as an important descriptor for the system. The dependence of dynamic 

contact angle on the TPCL displacement velocity is frequently investigated for model 

establishment.[37] [153] The dynamic contact angle determines the instantaneous geometry of the 

droplets on the solid surface.  From a thermodynamic point of view, it is generally accepted that a 

static liquid droplet on a smooth and homogeneous surface with insignificant gravitational effect 

could form a spherical cap to minimize its surface energy. Similarly, the dominant capillary force 

could keep the droplet shape as a spherical cap at any moment even when the TPCL moves on 
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solid surfaces. Consequently, the dynamic droplet shape has been treated traditionally as a 

spherical cap during spontaneous displacement of droplet in the wetting/dewetting process. In fact, 

such consideration of the dynamic drop shape, also known as “quasi-static spherical cap 

approximation”, has been widely used in studying dynamics of a sessile drop spreading or receding 

on a solid surface, [56] [108] [154] [155] [156] as it greatly simplifies analysis of dynamic contact 

angles.  However, such treatment could result in a poor or even erroneous estimation in some cases 

due to considerable body force[157] or inertia.[104]  

Most recent studies on displacement dynamics of TPCLs on solid surfaces are restricted to the 

spontaneous wetting of liquids with low or intermediate liquid viscosity. In such cases, the viscous 

force is a major rate-limiting mechanism but plays a limited role on the macroscopic shape of 

moving meniscus as compared with the dominant capillary force. However, wetting systems may 

involve extremely high viscosity liquids in some applications, such as polymer melts or heavy 

crude oil. A significant viscous force may arise from the flow of high viscosity liquids and exhibit 

unexpected wetting behavior. It is therefore necessary to develop deep understanding on 

microscale liquid-liquid displacement under considerable viscous force and expand 

comprehensive knowledge of spontaneous wetting phenomenon to high viscosity fluid systems.  

The objective of this chapter is to determine microscale displacement dynamics of high viscosity 

oil droplet on highly curved smooth solid surface by an aqueous medium. This investigation was 

initially performed to explore the bitumen liberation dynamics during water-based oil sands 

extraction process[25] [111] [158] and then expected to improve the general knowledge regarding 

high viscosity liquid spontaneous wetting dynamics. The effects of system parameters such as solid 

wettability, oil viscosity, surface curvature and oil volume on microscale displacement dynamics 

were investigated. The popular “quasi-static spherical cap approximation” was challenged for 

describing dynamic droplet shape of high viscosity oil in an aqueous medium and a new 

methodology for image-based dynamic contact angle determination was developed. Finally, 

widely used MK and HD models were applied to quantitatively analyzing the experimental 

observations. 
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6.2 Results and discussion 

6.2.1 Degree of liberation.  

In this section, the influence of some system parameters such as surface wettability, oil viscosity, 

substrate surface curvature and oil droplet volume on the oil displacement process was investigated 

by comparing the temporal evolution of DL. To more efficiently determine how much oil was 

displaced by water on the surface, the degree of oil liberation (DL) defined below (Equation (6-1)) 

was used to present the experimental results: 

 𝐷𝐿 (𝑡) =
𝐴0 − 𝐴(𝑡)

𝐴0
× 100% (6-1) 

where A0 and A(t) are the initial and the instantaneous oil-solid contact areas, respectively. In this 

study, the static advancing contact angle θS refers to the final contact angle measured from the 

aqueous phase. The instantaneous dynamic contact angle θd was also determined through the 

aqueous phase by the digital image processing. The dynamic contact angle measured through the 

oil phase was therefore given by (π−θd).  

In this section, the influence of some system parameters such as surface wettability, oil viscosity, 

substrate surface curvature and oil droplet volume on the oil displacement process was investigated 

by comparing the temporal evolution of DL. Glass tips of distinct surface wettability as described 

previously were first used to investigate the influence of surface wettability on oil receding process. 

The receding oil (N450000) exhibited different final static contact angles on these glass substrates 

in water (Table 6-1). The semi-logarithmic plot of DL as a function of experimental time is shown 

in Figure 6-1a. Clearly, both final DL and dynamics of oil liberation are sensitive to the wettability 

of the solid surface. Slower oil displacement rate and lower ultimate DL were observed on more 

hydrophobic surface, which implies that increasing hydrophobicity of the solid surface is a crucial 

factor to hinder oil receding in both static and dynamic perspectives. 

Figure 6-1b shows the results of oil receding experiments using three high viscosity oils (N190000, 

N450000 and N2700000). These model oil samples have distinct difference in viscosity but similar 

interfacial properties. In this case, the oil viscosity is the only prominent factor that alters the oil 

receding behavior. The faster receding of oil contact area observed with less viscous oil 

demonstrates that the viscosity of oil is an important limiting mechanism for the oil receding 
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dynamics. However, the impact of viscosity on the final static state of the oils on the solid is 

negligible as revealed by nearly identical ultimate DL as anticipated.  

The effect of macroscopic surface geometry on DL was investigated by conducting the experiments 

using the oil (N450000) on the spherical solid surfaces of different surface radii while keeping the 

other properties the same. The results in Figure 6-1c show a negligible effect of the substrate 

curvature on microscale oil receding. Interestingly, a slightly slower rate of oil liberation has been 

observed on the more curved surface. One possible interpretation for the slower receding rate was 

the longer moving distance of the whole oil droplet to reach the final state, which could be 

recognized by the shift in the center of gravity position of the droplet. Solving the governing 

hydrodynamic equations with a TPCL singularity alleviating model could shed the light on the 

underlying mechanism. To investigate the effect of oil drop size, different amounts of model oil 

samples (N450000) were deposited onto the identical solid surface. The results in Figure 6-1d 

show that reducing the oil volume could accelerate the oil receding process but has a negligible 

impact on the ultimate DL.  

Table 6-1: Static contact angle of N450000 on various solid surfaces with wettability 

modification in water 

Used chemicals 
Sodium hydroxide 

solution (pH = 12) 

Without 

treating 

1 wt.% DCDMS in 

toluene solution 

Treating time (s) 7200 - 1 30 120 

Static contact angle (°) 28±2 39±3 58±2 91±1 104±4 
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Figure 6-1: Semi-logarithmic plots of DL versus time under variable experimental conditions: (a) 

surface wettability, (b) oil viscosities, (c) surface curvatures and (d) oil volumes. The error bars 

are not presented for clarity. 

6.2.2 Non-spherical cap shape of the droplets 

The shape of oil droplets associated with the dynamic contact angle was found to evolve with time 

during the entire oil receding process. In this section, the dynamic contact angle measurement from 

the recorded optical images is discussed. In this study, the body force can be safely ignored due to 

the microscale size of the droplets, which is supported by small Bond number (ratio of body force 

to capillary force) of 10−5 for the current system. The speed of placing the oil droplet on the 

spherical cap from air into the aqueous phase was ~0.01 m/s in the experiments, corresponding to 

a Weber number (ratio of inertial force to capillary force) at the initial stage in the order of 10−3. 

In such systems, the inertial effect is negligible. As a result, “quasi-static spherical cap 

approximation” is often considered to be valid for the description of the receding droplet shape. 
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With this approximation, the dynamic contact angle can be determined via several easily 

measurable parameters. Assuming a constant Vo during the recession process, the direct geometric 

relationship between the contact angle (θd) and the half arc length (r) of the instantaneous droplet 

wetted area between the TPCLs on the side view image could be established. If the curvature of 

the solid surface is 1/Rm, the relationship is given by[159] 

 
sin3 𝜑

sin3(𝜃 − 𝜑)
[2 + 3 cos(𝜃 − 𝜑) − cos3(𝜃 − 𝜑)] − [2 − 3 cos 𝜑 + cos3 𝜑] =

3𝑉𝑜

𝜋𝑅𝑚
3 (6-2) 

where the angle φ is defined to be r/Rm. 

On the other hand, the convenient circle-fitting contact angle measurement approach as discussed 

in Section 4.2 may be employed to determine the dynamic contact angle directly from captured 

images by assuming the spherical cap shape of the oil droplet. The image sequences of one 

displacement experiment were analyzed by the aforesaid dynamic contact angle measurement 

approaches of the “quasi-static spherical cap approximation”. As indicated by the square and circle 

symbols in Figure 6-3, considerably different contact angle values from two different approaches 

were obtained at early receding stage. This finding indicates that the “spherical cap approximation” 

may provide inaccurate measurement of dynamic contact angles. In fact, as shown in Figure 6-2, 

significant deviation of receding droplet shape from the spherical cap shape was observed in these 

experiments.  
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Figure 6-2: Demonstration of the deviation of the dynamic drop shape from a spherical cap on 

the snapshot of the oil displacement experiment. The zoomed region of the meniscus shape near 

the TPCL enclosed in the red square is shown in the inset. 
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Figure 6-3: Comparison of dynamic contact angles determined using four different approaches 

for the same oil receding process. 

When the TPCL is moving, the viscous stress could arise from the viscous flow near the TPCL. 

Cox[12] provided a theoretical hydrodynamic analysis by dividing the moving meniscus into three 

hypothetical regions where different dominant balances of forces control the shape of the fluid-

fluid interface. Far away from the TPCL where viscous flow is insignificant, the surface of the 

droplet is well defined by the capillary force and its shape could be accurately described by the 
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analytical solution of a static condition (e.g., a spherical cap shape by neglecting gravity). This 

part of the droplet constitutes the outer region. Closer to the TPCL, the shape of the droplet is 

distorted by growing viscous forces from local flow field and bent towards the direction of the 

TPCL motion. In this viscous bending region which is also known as intermediate region, the 

meniscus shape governed by the balance of viscous and capillary forces may deviate significantly 

from the static Laplacian profile. As shown in Figure 6-2, the distortion of the oil droplet shape 

was found to be more pronounced near the moving TPCL and the location of the observed TPCL 

on the image to be inside the best fitted circle. Thus, the non-spherical cap shape in this study is 

likely to arise from the viscous effect near the TPCL, providing a direct proof that the viscous 

bending region hypothesized in the Cox’s theory does exist. As the interface is microscopically 

close to the TPCL where the classical hydrodynamic theory breaks down, totally different 

governing mechanism is supposed to control this inner region. Currently, the specific physics of 

this region is not well understood, as a result of lacking direct experimental probing of the 

microscopic inner region. However, solid-liquid interactions (such as van der Waals, electrostatic 

and hydrophobic forces) have been suggested to be a crucial factor.  

Based on Cox’s theoretical analysis, a model has been developed to appropriately capture the 

dynamic meniscus shape of immersing a glass tube into a liquid bath.[160] The details of this 

model could be found elsewhere.[160] [161] From the description of this model, the deviation of 

the dynamic interface shape from the static shape due to the viscous force is more significant for 

the interface close to the TPCL. Such deviation is considered to depend on Ca defined in Section 

2.3.1. The deviation at a given distance to the TPCL could become more significant with increasing 

Ca. Due to the complex temporal and spatial variation of the Ca during the spontaneous droplet 

receding, accurate quantification of the receding droplet shape with this model is proven to be 

difficult. However, it is still plausible that more significant viscous effect on the interface could be 

observed at higher Ca during the dynamic receding process. 

In most scenarios of the spontaneous spreading/receding of sessile droplets, the initial maximum 

Ca value at the TPCL is typically around 10-4 ~ 10-2. [43] [51] [47] [162] Even larger Ca value 

could be found in some cases but only for the forced wetting.[59] In this spontaneous droplet 

receding system, the typical maximum magnitude of Ca could be as large as 0.1. A non-negligible 

viscous contribution to the interface at the minimal length scale limited by the capability of the 

experimental set-up resolution (~1 µm), may emerge. On the other hand, it is likely that the smaller 
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microscale size oil droplet used in this study could result in larger relative surface area on the 

droplet under the influence of the considerable viscous force. Thus, the prominent viscous force 

indicated by large Ca value may distort the shape of static-like interface significantly near the 

TPCL, leading to significant deviation of the droplet shape from the spherical cap shape. 

To quantitatively investigate the extent of dynamic shape deviating from a spherical cap, the image 

analysis on the shape of the droplets was performed and a deviation factor (ε) as a measure of the 

deviation was defined as follows,  

 𝜀 =
∑ [√(𝑥𝑖 − 𝑥𝑐)2 + (𝑦𝑖 − 𝑦𝑐)2 − 𝑅𝑐]𝑛

𝑖=1

𝑛𝑝𝑖𝑥𝑒𝑙𝐿𝑐
× 100% (6-3) 

where (xi, yi) and (xC, yC) denote the coordinates of all the edge pixels on the oil-water interface 

and the center of the corresponding best fitting circle, respectively. RC is the radius of the best 

fitting circle. npixel in Equation (6-3) represents the total number of edge pixels and the 

characteristic length LC could be considered as the radius of oil droplet when it forms a spherical 

shape. 

The temporal evolution of ε is given in Figure 6-4. In general, the original spherical cap shape of 

oil droplet in air could deform immediately at the initial receding stage upon in contact with an 

immiscible liquid. The deviation factor increases rather rapidly to a maximum value (εmax) and 

then diminishes progressively to the minimum equilibrium value. It should be noted that ε can 

never be zero due to the pixel noise originating from the edge detection and the finite resolution 

of imaging analysis. In this study, the oil droplet could be regarded as a perfect spherical cap shape 

when ε is around 0.2%.  

On the surfaces of different wettabilities, the significant variation of εmax in each case was detected 

(Figure 6-4a). Since adjusting the surface wettability could achieve considerably variable Ca by 

varying U without changing µ and γ, such experimental observation further verifies that the extent 

of the droplet deformation is strongly correlated to Ca. On each corresponding surface, the 

receding oil droplet configuration at εmax is given by the snapshot in Figure 6-5. As shown in 

Figure 6-5a, the deviation of the droplets from the spherical cap shape on the most hydrophilic 

surface could be easily recognized. As the hydrophobicity of the solid substrate is increased, εmax 

becomes smaller and the droplet deformation at εmax is less significant. As shown in Figure 6-5e, 
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non-spherical cap shape of receding oil over the most hydrophobic surface is almost absent on the 

captured image. 
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Figure 6-4: Deviation factor as a function of displacement time with various (a) surface 

wettability and (b) oil viscosities.  

 

Figure 6-5: Snapshots of receding oil droplet configurations at the time with maximum 

deviation factor on a set of surface with variable wettability, showing progressive less deviation 

of the oil droplets on increasingly high hydrophobicity of solid surfaces: (a) θS=28°; (b) θS=39°; 

(c) θS=58°; (d) θS=91°and (e) θS=104°. 

In contrast to the alteration of the surface wettability, Figure 6-4b reveals insignificant influence 

of the oil viscosity on εmax, decreasing εmax only slightly with lowering the viscosity of the oil in 

the studied range. Reducing µ is known to increase U and alter Ca, which is believed to be a key 

factor that causes the deviation of the droplet from the spherical cap shape. Moreover, the recession 

of the low viscosity oil droplet occurs more rapidly to allow a narrow window of investigating 

temporal droplet shape. It should be noted that all the oils used in this study fell into the high 

viscosity range. Based on the tendency of µ variation obtained here, it may be predicted that εmax 
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could become smaller and significant deviation could occur only at an early stage in a narrow 

temporal window when viscosity is further decreased. This consideration could provide an 

explanation why the non-spherical cap droplet shape caused by viscous flow has not been observed 

in most studies involving low viscosity fluids.  

6.2.3 Dynamic contact angle 

Intuitively, it is straightforward to extract the local meniscus shape for the contact angle 

determination. In this study, a local circle fitting method mentioned in Section 4.2 was used. The 

number ratio of contour pixels selected for fitting with respect to the overall contour pixels of the 

oil-water interface was defined as the edge pixel ratio. Interestingly, for significantly deformed 

droplets (Figure 6-6a), a pronounced discrepancy of local fitting circles has been found when 

different edge pixel ratios which could be regarded as various observation scales were selected for 

fitting. Meanwhile, the results in Table 6-2 revealed that fewer edge pixels employed for such 

local fitting method could yield smaller dynamic contact angle values, which means that the 

curvature of the interface profile near the TPCL becomes increasingly larger as the observation 

gradually approach the TPCL. This observation further demonstrates that the viscous force could 

be the main factor of the droplet deformation in this study, as the viscosity-induced bending of the 

interface near the TPCL could result in the scale dependence of the local dynamic contact angle. 

As the droplet deformation became negligible at the scale of the observation, the discrepancy of 

best fitted circles with different edge pixel ratios diminished (Figure 6-6b) and consistent local 

contact angles were obtained (Table 6-2).  

Table 6-2: Contact angles obtained using the local circle fitting methods with various pixel 

ratios for fitting 

Pixel ratios for fitting 5% 10% 15% 20% 

(a) ε=2.93% 102° 110° 116° 121° 

(b) ε=0.24% 39° 38° 37° 37° 
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Figure 6-6: Best local fit of circles with various pixel ratios in fitting of local oil droplets for the 

ε values of the droplets to be (a) 2.93% and (b) 0.24%. 

The extensive drop shape analysis of the local meniscus has led to a generally-accepted view that 

the dynamic contact angle may not be a well-defined concept and the actual dynamic contact angle 

at the immediate vicinity of the TPCL is different from the experimentally measured macroscopic 

contact angle values. [30] [58] [160] Practically, the accessibility of the experimental observation, 

such as finite resolution of experimental set-up, allows us to extract the experimental dynamic 

contact angle at a specific length scale. In most cases, due to small Ca, the experimental 

observation can only reach the quasi-static interface which is negligibly affected by viscous force. 

For this reason, the complexity caused by viscous bending of the droplets near the TPCL could be 

easily avoided during the practical operation. 

As the interface near the TPCL becomes more curved beyond the circular description, more 

sophisticated ellipse[163] and polynomial[118] [128] fitting methods were performed in some 

investigations to obtain more accurate meniscus shape for contact angle measurement. However, 

to my knowledge, these measurements are essentially phenomenological, and the fundamental 

physics of the more curved surface is still beyond the consideration of these methods. In this study, 

the simple circular geometry for contact angle measurement was still adopted. To achieve more 

local information with finite image resolution, only 5% edge pixels were selected in the following 

discussion. Smaller edge pixel ratio was not implemented, since the noise on the captured image 

could cause pronounced uncertainty of the results from circle fitting. The contact angle determined 

in such way is called “local dynamic contact angle” in this study. 

To eliminate the impact of the viscous bending on the dynamic contact angle determination, the 

alternative apex circle fitting discussed in Section 4.2 was also conducted and the quasi-static apex 

part of the droplet far away from the TPCL was used in this method. From the apex to the TPCL, 
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the circle achieved by the apex fitting could fit a wide range of the droplet contour until it deviates. 

Thus, it is indicated that this method may, to a large extent, get rid of the scale sensitivity of the 

measured dynamic contact angle caused by the viscous bending. The measured contact angle by 

this method is called “extrapolated dynamic contact angle”. 

Comparing the results of dynamic contact angle obtained by all the methods mentioned above for 

the same image sequences (Figure 6-3), considerable difference at the initial oil receding stage 

suggests that these methods could not be treated identically. However, the consistent contact angle 

values at the later stage with slow TPCL movement illustrate that the discrepancy of these methods 

diminishes when the droplet deformation is not serious. This investigation hints that these methods 

are supposed to be interchangeable for the common dynamic wetting systems with a low Ca value. 

A close look at more significant scatter in the data obtained by local circle fitting method reveals 

such method has a relatively low resistance to the uncertainty of edge pixels on the image. 

6.2.4 Quantitative description with theoretical models 

In this section, the MK and HD models that were established to quantify wetting dynamics were 

examined to evaluate their applicability to predicting the experimental dynamics of TPCL 

displacements in this study. The respective adjustable parameters related to microscopic properties 

obtained by the least-square fitting will be discussed.  

With using the contact angle of the oil phase (π−θd), the MK model (Equation (2-14)) and the HD 

model (Equation (2-4)) were rewritten into Equation (6-4) and Equation (6-5) here respectively: 

 𝑈 = 2𝐾0𝜆 sinh (
𝛾[cos(π − 𝜃𝑑,𝑀) − cos(π − 𝜃S)]𝜆2

2𝑘B𝑇
) (6-4) 

 g (π − 𝜃𝑑,𝐻,
𝜇1

𝜇2
) − g (π − 𝜃𝑚,

𝜇1

𝜇2
) = ±𝐶𝑎ln (

𝐿

𝐿𝑆
) (6-5) 

The experimentally obtained dynamic contact angles could be considered to be the non-static 

contact angle in the MK model and macroscopic contact angle in the HD model. With these 

considerations, extracting their values from the experiments is an essential step to perform a 

quantitative investigation with these models. In most cases, the non-static contact angle and the 

macroscopic contact angle could be safely treated as identical concepts for model implementations. 

However, for these systems, different experimentally obtained dynamic contact angles for each 
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model need to be used due to significant interfacial viscous bending near the TPCL. For the MK 

model, the local shape of the meniscus at the TPCL could more accurately predict the unbalanced 

Young’s force which alters the thermal activated behavior of molecules at the TPCL zone. 

Therefore, more local dynamic contact angle extracted from the local circle fitting method needs 

to be used as the non-static contact angle in this model. The macroscopic contact angle in the HD 

model on the other hand should be extrapolated from the static interface with a negligible viscous 

effect. In this case, the dynamic contact angle extrapolated using the apex circle fitting method is 

used as the macroscopic contact angle in the HD model.   

Cosine functions of local dynamic contact angles are plotted against TPCL speed in Figure 6-7. 

The MK model is applied to fitting these experimental data with the theoretical curve. The 

theoretical curve from the MK model agrees fairly well with the experimental data of oil receding 

over low velocity range. However, as the TPCL speed increases, the MK model consistently 

underestimates the cosine function of local dynamic contact angles. In other words, the collected 

experimental dynamic contact angle values at high TPCL velocity are likely to yield stronger 

unbalanced Young’s force as compared with the model prediction. Previous research[164] pointed 

out that the transition of dominant energy dissipation mechanism from the immediate vicinity of 

the TPCL to the viscous flow in the core region of the droplet at increasing TPCL velocity could 

cause such deviation of the MK model, since the dissipation from the hydrodynamic viscous flow 

is not considered in the MK model. Here it is skeptical that the scale sensitivity of local dynamic 

contact angle discussed earlier could be an alternative explanation. At high displacement velocity 

of viscous liquid, a considerable viscous bending may cause unreliable measurement of local 

contact angle values through the present procedure. As mentioned earlier, reducing observation 

scale in such case could yield smaller local contact angle values. The correction of such 

experimental uncertainties could decrease the experimental value of cosine function in Figure 6-7 

to obtain a better prediction over the high velocity region. Such speculation lacks adequate 

evidence to confirm and further investigation with higher resolution experimental facilities is 

needed. 

A close look at the dynamic regime which is governed by the MK model reveals that the correlation 

between dynamic contact angle and TPCL velocity is strongly affected by surface wettability and 

liquid viscosity, while it remains almost unchanged at various surface curvatures and droplet sizes 

as anticipated. The adjustable parameters extracted from the best fit of the MK model to the 
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experimental results at low velocity regime are given in Table 6-3. In general, λ and K0 tend to be 

randomly distributed and have no particular dependence on variable parameters in this study, 

whereas the contact line friction (ξ) shows increasing ξ value with increasing surface 

hydrophobicity or oil viscosity. Again, the surface curvature and oil volume have insignificant 

impact on the contact line friction.  
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Figure 6-7: Cosine functions of local dynamic contact angles as a function of the TPCL speed at 

various surface (a) wettability, (b) oil viscosities, (c) surface curvatures and (d) oil volumes: 

symbols for the experimental results and solid lines from the MK model for comparison.  

In this high viscosity dynamic systems, the values of λ always fall within the typical length scale 

of molecular size, whereas the values of K0 are quite small only in a few hundred hertz as compared 

with the order of megahertz reported in previous studies. Such abnormal K0 values could be 

explained by the modified MK theory proposed by Blake.[45] The small K0 observed in this study 

is a result of extremely high viscosity of oil as shown in Equation (2-18). Equation (2-19) predicts 

a linear increase of the contact line friction parameter with liquid viscosity but an exponential 

increase with the adhesion energy.  Provided that λ and VL/λ3 do not change substantially as the 
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case in this study, the linear correlation between the contact line friction and liquid viscosity is 

substantiated by the data from the viscosity study in Figure 6-8a. It appears that the plot of ln(ξ/µ) 

against Wa obtained from wettability study yields a straight line in Figure 6-8b, which suggests 

that ξ will increase exponentially with Wa. It should be acknowledged that the linear fit in Figure 

6-8b is less convincing due to some scatter, which is attributed to the nature of Equation (2-19) 

to be a rough estimation. Consideration of the pinning energy arising from the contact angle 

hysteresis[164] [165] might be needed to improve the fit. Unfortunately measuring the receding 

contact angle of water in the current experimental setup is not possible and there is a clear need to 

design a new experimental setup that allows the addition of the oil droplet into the solid surface in 

the aqueous environment for the receding displacement of three phase contact angle at the 

microscale experiments. Furthermore, the values of λ and VL extracted from the best fitted straight 

line in Figure 6-8b are 0.41nm and 0.35nm3, respectively. The VL value obtained here is close to 

the volume of some small molecules, [47] [50] [166]which implies that only a molecular segment 

of the macromolecular oil is likely to be displaced on the adsorption sites in one individual 

thermally activated motion. 

Table 6-3: Adjustable parameters extracted from MK and HD models 

 λ (nm) K0 (kHz) ξ (kPa•s) 
ln (L/LS) 

(small U) 

θm (°) 

(small U) 

ln (L/LS) 

(intermediate 

U) 

θm (°) 

(intermediate 

U) 

Wettability: 28° 1.1±0.2 0.4±0.4 10±2 33±3 27±2 17±1 34±1 

Wettability: 39° 0.64±0.02 0.9±0.2 17±2 34±6 38±3 16±1 47±4 

Wettability: 58° 0.52±0.03 0.9±0.1 34±1 33±1 58±2 13±1 68±2 

Wettability: 91° 0.6±0.1 0.4±0.2 48±3 20±2 91±1 10±2 97±1 

Wettability: 104° 0.9±0.2 0.1±0.1 62±9 18±1 102±4 - - 

Viscosity: 810 Pa•s 0.8±0.1 1.0±0.4 7±3 63±8 36±2 19.8±0.4 50±1 

Viscosity: 2140 Pa•s 0.64±0.02 0.9±0.2 17±2 34±6 38±3 16±1 47±3 

Viscosity: 7890 Pa•s 0.63±0.03 0.3±0.1 47±1 22±2 41±3 12±1 51±5 

Curvature: 3.6 mm-1 0.7±0.1 1.0±0.2 16±1 36±5 36±3 16±1 45±2 

Curvature: 5.0 mm-1 0.6±0.1 1.0±0.3 18±1 35±3 39±2 14.0±0.4 50±4 

Curvature: 8.3 mm-1 0.64±0.02 0.9±0.2 17±2 34±6 38±3 16±1 47±3 

Volume: 0.9×10-4 mm3 0.7±0.1 0.7±0.3 18±2 34±3 36±2 14±2 47±1 

Volume: 5.1×10-4 mm3 0.64±0.02 0.9±0.2 17±2 34±6 38±3 16±1 47±3 

Volume: 10.4×10-4 mm3 0.7±0.1 0.8±0.5 17±1 44±3 34±4 18±2 43±4 
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Figure 6-8: (a) Plot of ξ versus µ of oil based on the results of viscosity study and (b) plot of 

ln(ξ/µ) versus Wa obtained from wettability study, both showing anticipated relationship 

predicted by Blake’s theory. 

To evaluate the validity of the HD model, g functions of the extrapolated dynamic contact angles 

were plotted against the respective TPCL displacement speed. As shown by the solid line in Figure 

6-9, two linear correlations between the g function and the TPCL velocity in the same oil receding 

process were found for the low and intermediate TPCL displacement velocity regimes. Such 

finding implies that the HD model could predict the experimental results reasonably well in these 

two regions. The interesting behavior associated with two HD model fitting regions for the same 

recession process has also been reported by Hua et al.[48] in a study on the ionic liquid retraction 

dynamics after removing applied electrical field. In comparison to their result, the HD fitting in 

this study failed to capture the data points at the high displacement velocity region, which could 

be attributed to the considerable unsteady flow at the corresponding early stage of drop 

displacement. More details regarding this region will be discussed later. Based on the length scale 

of this system and typical molecular size length scale of microscopic cutoff length, ln(L/LS) is 

expected to be around 10. As indicated in Table 6-3, the values of ln(L/LS) extracted from the 

slopes of the straight lines at the intermediate velocity range are closer to the expected values. This 

agreement implies that HD model may provide more reasonable physical description of oil 

receding over the intermediate TPCL velocity range. ln(L/LS) is related to the viscous resistance at 

the moving TPCL. Contrast to the contact line friction in MK model, the ln(L/LS) values extracted 

from intermediate velocity range decrease with increasing surface hydrophobicity or oil viscosity. 
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In addition, the ln(L/LS) value is illustrated to increase with oil volume as the consequence of 

increasing macroscopic length scale. θm extracted from the intermediate velocity range was found 

to be systematically larger than the static contact angle. 

It is noted that the HD model is incapable of predicting the oil receding behavior at early receding 

stage. In fact, the HD model is based on Cox’s asymptotic expansion of hydrodynamic analysis 

for a steady meniscus shape near the moving TPCL. In reality, the spontaneous oil receding in this 

investigation is inherently unsteady. Yue et al.[167] suggested that an unsteady stress could arise 

from the temporal evolution of the contact angle. The experimental observation may deviate 

significantly from the steady state model if the condition that the unsteady stress is much smaller 

than the viscous stress at steady state is not satisfied. When the oil just starts to recede over the 

solid surface, the fast evolution of the contact angle caused by the sudden change in velocity of 

the TPCL could lead to a significant unsteady stress. The prevailing unsteady nature could be also 

implied by the negligible temporal evolution of the extrapolated dynamic contact angle in the 

initial stage as shown in Figure 6-3. Such unsteady stress arises from the delayed response of the 

interface shape at the apex to the sudden viscous flow generated near the TPCL. Due to prevailing 

unsteady nature, the classic dependence of the TPCL velocity on dynamic contact angle may be 

insufficient to predict the behavior of moving TPCLs. It appears that the dependence of the TPCL 

speed could be more complicated at this initial stage: both the local meniscus shape and nonlocal 

flow field near the TPCL should be involved. This observation could imply two intrinsically 

distinct types of common dynamic wetting phenomena, including the forced wetting with constant 

velocity and the spontaneous wetting with continuously changed velocity, which are usually 

believed to be identical in the theoretical description.[37] [39]  
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Figure 6-9: g function of extrapolated dynamic contact angles as a function of the TPCL speed 

at various surface (a) wettability, (b) oil viscosities, (c) surface curvatures and (d) oil volumes: 

symbols representing experimental results and lines the prediction by the HD model for 

comparison. The straight line represents the best fitting using the least square method on the data 

points over the velocity region where the data appeared visually linear. 

Based on the previous discussions of the droplet shape deviation, three distinct stages could be 

summarized in a single oil displacement process. At the early stage with the significant variation 

in the deviation factor ε, the considerable unsteady stress caused by the fast contact angle relaxation 

could result in the dynamic behaviors beyond the consideration of either HD or MK wetting 

dynamic models. Over time, ε becomes stable but the deformation of the oil droplet remains 

pronounced. In this case, the HD model could provide reasonable prediction of oil receding 

dynamics. At the later stage when the oil droplet is close to the spherical cap shape which is 

characterized by small ε, the MK model could describe the dynamic behaviors well. Since the 
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intensity of the hydrodynamic viscous flow could be directly inferred from the extent of the droplet 

deformation, the applicable range of these two conventional models in this study is consistent with 

the prominent energy dissipation mechanisms considered in corresponding models. For the HD 

model the energy dissipation comes from the viscous flow in the bulk whereas for the MK model 

the energy dissipation originates from the TPCL. 

6.3 Summary 

The microscopic spontaneous displacement of high viscosity oil by aqueous media on curved 

surface was studied experimentally using an optical method. The experimental results revealed 

that a faster oil displacement and higher ultimate DL could be observed on hydrophilic surfaces. 

The increase in oil viscosity, surface curvature or droplet volume has been shown to have an 

adverse effect on oil displacement dynamics but no considerable impact on the ultimate DL. 

The microscale experiment using high viscosity oil on a solid microsphere cap in water revealed a 

dynamic droplet with non-spherical cap shape, which is inconsistent with the thermodynamic 

consideration. This behavior is believed to arise from the relative significance of the viscous stress 

to the capillary stress on the interface near the TPCL. Such observation provides a direct 

experimental evidence of the viscosity-dominated intermediate region hypothesized in the Cox’s 

hydrodynamic description of a moving meniscus. The results of the image analysis suggest that 

the extent of the droplet deformation from the spherical cap shape is strongly correlated to Ca. 

Due to the non-spherical cap shape, the dynamic contact angle evaluation by the “quasi-static 

spherical cap approximation” has been demonstrated to result in considerable errors. Further image 

analysis revealed that the dynamic contact angle is a rather complex concept, since the dynamic 

contact angle extracted experimentally from the local meniscus shape may exhibit a strong 

dependence on the scale of observation. Such finding led to developing new techniques to extract 

the experimental dynamic contact angle. 

To perform the quantitative analysis of the dynamic contact angle-velocity dependence described 

in the MK and HD models, dynamic contact angles obtained using the image-based local and apex 

circle fitting methods were used in the respective approaches. The MK model was shown to 

produce a reasonable agreement with the dynamics of oil receding when the oil droplet shape is 

slightly deformed, whereas the oil receding behavior could be described only by the HD model as 
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the droplet deformation becomes more significant. The results collectively indicate that the 

applicability of these models relies on the dominant energy dissipation mechanism, a conclusion 

in line with those reported in previous studies.[57] [164] [168] The dynamic behavior at the initial 

stage was not predicted by the conventional models, which was attributed to the highly unsteady 

nature of these spontaneous wetting systems. The consideration of unsteadiness could potentially 

distinguish the dynamics of the spontaneous wetting from that of the forced wetting imbedded in 

the theoretical description.  
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Chapter 7  

Oil displacement in surfactant aqueous solutions 

7.1 Introduction 

In numerous practical applications, chemical additives, especially surface-active agents 

(surfactants), are added into one fluid to modify the interfacial properties and control the 

displacement behavior. Thus, understanding displacement behavior in the presence of surfactant 

is essential for many industrial processes. Even though many recent investigations discussed in 

Section 2.5 provided great insights into the influence of surfactants on fluid-fluid-solid systems 

from a thermodynamic point of view, they are inadequate to improve the understanding under 

dynamic conditions. 

Up to date, most studies on the dynamics of wetting systems involving surfactants were concerned 

with aqueous solutions spreading over a flat solid surface in air.[103] [169]  Despite these thorough 

investigations on spreading droplets, studies have rarely addressed the influence of surfactants on 

the dynamics of a receding droplet. For cleaning applications, the TPCL motion of an oil droplet 

displaced by aqueous solutions over a solid surface is considered one of the important mechanisms 

of the removal of oily contaminants from a surface.[170] This mechanism is frequently called 

“rollup”. Kolev et al. investigated the spontaneous oil drop detachment from a glass surface in 

anionic surfactant solutions.[171] Using a model that accounts for the line drag force to 

characterize the dynamic behavior of the oil displacement, they claimed that the behavior was 

mainly related to interfacial properties, but buoyancy was responsible for the ultimate detachment. 

Aiming to have a more comprehensive understanding of the oil droplet receding process in 

surfactant solutions as well as get a better understanding on the effect of the released natural 

surfactant on the bitumen liberation, in this chapter, spontaneous displacements of high viscosity 

micrometer-sized oil droplets from curved glass substrates in aqueous surfactant solutions is 

experimentally examined and discussed. This study expanded the work of the same process in pure 

water solutions discussed in the previous chapter. Conventional anionic, cationic and nonionic 
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surfactant solutions in a wide range of concentrations were used for a systematic investigation. 

The high viscosity oil phase could inhibit oil emulsification in surfactant solutions.[172] The 

density of the oil was close to the aqueous solution and hence, in conjunction with the micrometer 

size of the oil droplet, the buoyancy effect could be neglected. The properties of the oil-water and 

water-solid interfaces, which are closely related to the oil displacement behavior, were investigated 

independently prior to the displacement experiments. Experimental observations of the oil 

displacement were analyzed and discussed to understand the contributing role of surfactants. Two 

types of quantitative analysis were performed to explore the dynamic behavior of oil displacement.  

7.2 Results and discussions 

7.2.1 Interfacial tension between oil and water 

The surfactant-induced changes to the oil-water interfacial properties were directly reflected by 

the measured oil-water interfacial tension (γow). The oil-water interfacial tensions in the presence 

of SDBS, CTAB, and TX-100 versus the surfactant concentrations are presented in Figure 7-1. 

As the concentration was increased, all the surfactants exhibited similar efficiency in lowering γow. 

In addition, the CMC was a crucial shift point: γow drastically diminished with an increase of 

surfactant concentration until the CMC, whereas the further increase of surfactant concentration 

beyond the CMC had a slight impact on γow. Over the entire range of the surfactant concentration, 

the interfacial tension was always larger than 1mN/m. Thus, spontaneous emulsification regarded 

as another important mechanism for the removal of oily dirt in surfactant aqueous solutions was 

unlikely to occur here.[173] [174]  
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Figure 7-1: Interfacial tensions between high viscosity oil N190000 and surfactant aqueous 

solutions at different surfactant concentrations 

7.2.2 Adsorption of surfactants at the solid-water interface 

The influence of surfactants on the solid-water interfacial properties was characterized by adsorbed 

surfactant densities determined by the QCM-D technique. The typical raw QCM-D data of 

frequency and dissipation shifts at third overtone are shown in Figure 7-2. It was found that all 

the presented data satisfy the criterion of ΔDn/(-Δfn/n) <<4 ×10-7 Hz-1, thus the adsorbed surfactant 

molecules could be assumed to be a rigid layer on the surface.[175] With the assumption, 

Equation (3-1) can be applied to evaluate the surfactant adsorption density on the silica surface. 

The results of the corresponding evaluation of the adsorbed densities are given in Table 7-1. It is 

seen that these surfactants exhibit totally different adsorption behavior on the silica surface: a 

considerable amount of cationic CTAB molecules could preferably adsorb on the surface whereas 

few anionic SDBS molecules could deposit on it. Also, a sharp increase of the adsorption density 

from the low to the high concentration could be observed in the TX-100 solution. 
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Figure 7-2: Monitored (a) frequency and (b) dissipation shifts of the QCM-D silica sensor at the 

third overtone caused by surfactant adsorption. 

 

Table 7-1: Ultimate adsorbed surfactant densities (nmol/cm2) on the silica sensor 

Concentration 

(CMC) 

SDBS CTAB TX-100 

0.5  - 0.52±0.08 0.13±0.06 

3 0.09±0.03 0.78±0.05 0.7±0.1 

 

In fact, the adsorption process at the liquid-solid surface was shown to be driven by the interactions 

between surfactant molecules and the solid surface.[72] In this regard, apart from the adsorption 

caused by chemical reaction, several intermolecular forces, including electrostatic interactions, 

hydrophobic bonding, hydrogen bonding, and dispersion forces, are believed to be involved in the 

interaction during the adsorption.  

The significant difference between anionic and cationic surfactant adsorption densities presented 

in Table 7-1 should be mainly attributed to electrostatic interaction. The silica surface is negatively 

charged in the aqueous medium at a natural pH environment, so could lead to a strong attraction 

of cationic CTAB and repulsion of anionic SDBS. The slight adsorbed amount detected at high 

concentration of SDBS solution may be attributed to the extremely weak attractive force between 

siloxane groups on the silica and tails of SDBS molecules.[176] [177] 

The hydrogen bonding between hydroxyl groups on the solid surface and polar ethylene oxide 

groups of individual surfactant molecule plays an important role in the adsorption of the nonionic 

surfactant TX-100 on the silica surface.[178] Compared to the electrostatic interaction, the 
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hydrogen bonding is much weaker, in that the low adsorption density was observed in the low 

concentration solution of TX-100. However, as the concentration was increased, a sharp increase 

of surfactant adsorption could emerge due to the formation of a complex structure via hydrophobic 

chain-chain interaction or direct adsorption of surfactant micelles.[179] [180] It is mentioned that 

the direct micellar adsorption to the surface was more likely to occur when the strength of the 

attraction between the headgroup of the surfactant and the surface is weak.[181] This could result 

in considerable enhancement of adsorption density from low to high concentration solutions of 

TX-100.  

To sum up, the adsorption density of different surfactant at the solid-water interface displayed 

various features and hence led to a noticeable difference of solid surface energy alternation.  Except 

for the adsorption amount, the orientation of adsorbed surfactant molecules on the surface could 

be another important factor affecting the alternation caused by the surfactant adsorption. More 

details will be discussed later. 

7.2.3 Experimental result of oil displacement 

Figure 7-3 depicts the temporal evolution of rc normalized by its initial value (rc0) in the course 

of the oil displacement in different aqueous solutions. It should be mentioned that the symbol rc, 

which represents the radius of the wetted area on a flat surface, also denotes the half arc length of 

the wetted area in this study. The case of 0 CMC represents pure water solution without surfactant 

addition. It is seen that different surfactant solutions lead to diverse oil displacement behavior. In 

high concentration of SDBS solutions, spontaneous detachment of the oil from the glass surface 

could eventually occur at a certain moment. Such spontaneous detachment is indicated by the 

sudden disappearance of the rc/rc0 evolution data in the time range of 10 s to 100 s as shown in 

Figure 7-3a. Figure 7-3b revealed that oil displacement barely occurred in CTAB solutions, as 

rc/rc0 maintained its value close to 1 over time.  The values of rc/rc0 observed at the end of the 

experiments suggest that SDBS could promote the final configuration of oil displacement whereas 

CTAB and TX-100 could hinder it. However, from the dynamic perspective, all the surfactants, at 

any concentration, reduced the speed of the displacement process, since a slower decrease of rc/rc0 

with time was observed in the presence of surfactants. 
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Figure 7-3: Temporal evolution of rc/rc0 during oil displacement in (a) SDBS, (b) CTAB and (c) 

TX-100 solutions. 

In what follows, our discussion is divided into static and dynamic sections to explore the effect of 

surfactants on the oil displacement behavior. For the dynamic behavior, we focus on the case of 

SDBS and TX-100, as no obvious dynamics was observed in CTAB solutions. The quantitative 

analyses of the temporal evolution behavior and the dependence of U on θd are performed to 

investigate the dynamics. 

7.2.4 Final static contact angle  

The effect of surfactants on the final status of the oil displacement can be characterized by 

comparing the static contact angles (θS) of the advancing aqueous phase, which were measured at 

the end of the experiments (where γos and γsw are the surface energy at the solid-oil and solid-water 

interfaces, respectively. Since the value of γow is not sensitive to the surfactant type at the same 

concentration level of CMC, the substantial difference of θS could be mainly attributed to the 

modified surface energy (i.e., γsw or γos) caused by the different adsorption density on the solid 

surface as stated above.  

 

Table 7-2). Depending on the surfactant type, the values of θS versus concentration displayed 

different tendencies. Here, the slight difference between θS in the experimental measurement and 

the equilibrium contact angle due to the hysteresis could be ignored for the prediction of the trend 

of θS at various experimental conditions. As a result, Young’s equation was applicable to interpret 

the role of surfactant addition on the static behavior, 
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 cos(π − 𝜃S) =
𝛾𝑠𝑤 − 𝛾𝑜𝑠

𝛾𝑜𝑤
 (7-1) 

where γos and γsw are the surface energy at the solid-oil and solid-water interfaces, respectively. 

Since the value of γow is not sensitive to the surfactant type at the same concentration level of CMC, 

the substantial difference of θS could be mainly attributed to the modified surface energy (i.e., γsw 

or γos) caused by the different adsorption density on the solid surface as stated above.  

 

Table 7-2: Values of θS (deg) in SDBS, CTAB and TX-100 solutions at different concentrations 

Concentration 

(CMC) 
0 0.2 0.5 1 3 10 

θS (deg) 

SDBS 30±2 24±1 21±2 - - - 

CTAB 30±2 150±1 150±2 151±3 150±2 151±1 

TX-100 30±2 56±1 66±5 89±4 65±5 58±3 

 

In where γos and γsw are the surface energy at the solid-oil and solid-water interfaces, respectively. 

Since the value of γow is not sensitive to the surfactant type at the same concentration level of CMC, 

the substantial difference of θS could be mainly attributed to the modified surface energy (i.e., γsw 

or γos) caused by the different adsorption density on the solid surface as stated above.  

 

Table 7-2, it is shown that increasing the SDBS concentration could result in smaller θS. At the 

concentration beyond the CMC, θS was not defined due to the complete detachment of the oil from 

the glass surface. In such a case, θS could be regarded as a rather small contact angle (e.g., zero 

contact angle). In accordance with Equation (7-1), the decreased θS in the presence of SDBS could 

be mainly attributed to the lower γow as there was negligible adsorption of SDBS on the glass 

surface. 

As mentioned earlier, significant surfactant adsorption on the solid could take place even at the 

low concentration of CTAB due to the stronger electrostatic interaction between the hydrophilic 

head group and the glass surface. The adsorbed CTAB molecules with hydrophobic tail group 
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oriented towards the aqueous phase could considerably enhance the hydrophobicity of the surface. 

As a result, θS exhibited rather large values in CTAB solutions. 

For TX-100 solutions, a maximum θS appeared at the concentration of 1 CMC. The increase of θS 

over the low concentration range, which was less significant than that in CTAB solution, was 

attributed to the adsorption of TX-100 molecules on the solid surface via the weaker hydrogen 

bonding. With the further increase of the concentration of TX-100, the adsorption of surfactant 

molecules could occur via the chain-chain interaction between hydrophobic tails of adsorbed and 

free surfactants. The new adsorbed surfactant molecules could have a predominant orientation with 

hydrophilic part towards water and hence decrease θS at high concentrated solution due to the 

formation of a bilayer structure.[182] [80] In the literature[183] [177] [78], the appearance of a 

maximum contact angle of cationic surfactant solutions on silica surfaces as a function of 

surfactant concentration has also been attributed to the bilayer structure formation. However, it is 

interesting that the decrease of θS was not observed in high concentration solutions of CTAB in 

our study. According to Eq. Equation (7-1), the slightly decreased γsw arising from the bilayer 

formation to lower θS might be compensated by the reduction of γow at evaluated concentrations, 

as θS was around 150° in CTAB solution. 

7.2.5 Temporal evolution behavior 

In Figure 7-3, the different behavior of the temporal evolution at the beginning of the displacement 

process indicated that the influence of surfactants on the dynamic displacement could take place 

right after the immersion of the oil droplet into surfactant solutions.  

To quantify the temporal evolution of the oil droplet receding process, Equation (2-27), which 

was widely used for the dynamic analysis of droplet spreading, was modified. Here, we took an 

alternative considering that the aqueous phase was spreading on the surface. On the assumption 

that the spreading distance of the TPC line was (rc0 − rc) at t, the following equation was given, 

 
𝑟c0 − 𝑟c

𝑟c0
= 𝐵′ (

𝛾𝑜𝑤𝑡

𝜇𝑟c0
)

𝛼

= 𝐵𝑡𝛼  (7-2) 

where 
𝛾𝑜𝑤𝑡

𝜇𝑟c0
 is the dimensionless time and 𝐵 = 𝐵′ (

𝛾𝑜𝑤𝑡

𝜇𝑟c0
)

𝛼

 is the second fitting parameter other than 

wetting exponent α. 
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The plots of (rc0 − rc)/rc0 versus t as shown in Figure 7-4 revealed that rc and t could be correlated 

well by Equation (7-2) at the early stage. Based on the least-squares method over the data points 

at the early stage where the data appeared visually linear, B and α were determined (Figure 7-5).  
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Figure 7-4: Temporal evolution of (rc0 − rc)/rc0 during oil displacement in (a) SDBS and (b) 

CTAB solutions. The straight lines indicate best fits to Equation (7-2) at the early stage. 

Normally, the behavior of the coefficient B (or B') has attracted less attention and was barely 

discussed in the literature. Nevertheless, in light of the mathematical nature of Equation (7-2), B 

quantifies the TPL line motion within the first second of the oil displacement, which could be 

interpreted as a short initial period in this study. Therefore, the extracted B is expected to provide 

some general knowledge of the oil displacement dynamics in surfactant solutions at the initial 

moment. For the case of CTAB solution, B is likely to be ~ 0 due to the negligible TPC line motion. 

As a result, all types of surfactants studied here could reduce the initial speed of the TPC line 

motion and the effectiveness followed the order: CTAB > TX-100 > SDBS. In addition, B tended 

to decrease with surfactant concentration over the low concentration range while only changed 

slightly as the concentration was increased beyond the CMCs in the solutions of SDBS and TX-

100. 
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Figure 7-5: Coefficients B and α in Equation (7-2) extracted from the linear fit at the early stage 

of the oil displacement. 

The major driving force (Fd) of the TPC line motion originates from the unbalanced horizontal 

interfacial tension acting on the TPC line,  

 𝐹𝑑 = 𝛾𝑜𝑠 − 𝛾𝑠𝑤 + 𝛾𝑜𝑤 cos(π − 𝜃𝑑) (7-3) 

where θd is the dynamic contact angle. It is reasonable to conclude that a weaker Fd could be 

responsible for a slower motion of the TPC line. Consequently, a hindered TPC line motion within 

the first second (i.e., smaller B) is anticipated if the surfactant could lower Fd at initial stage due 

to the adjustment of interfacial tensions. At the beginning of the oil displacement, γos was unlikely 

to be significantly altered by surfactant due to non-direct contact of the oil-solid interface to the 

surfactant solution. The initial θd was equivalent to the contact angle of the air phase prior to 

displacement and stayed nearly identical on the same types of solid surfaces. Since the initial value 

of θd is much larger than 90°, the decrease of B in the presence of surfactants could be easily 

attributed to the reduction of γow. Compared to B of the SDBS solutions, even smaller B of CTAB 

and TX-100 solutions arose from the increase of γsw due to the surfactant adsorption into the solid 

substrate.  

In Figure 7-5, for the displacement in pure water solution, α ~ 0.95 agreed well with the reported 

value at the early viscous regime.[107] In our study, the early viscous regime could last for a long 

time due to the extremely high viscosity of the oil.[107] The decrease of α observed in the presence 

of surfactants suggested that inhibiting mechanisms on the displacement dynamics at the early 

regime could be introduced by surfactant additions. However, the mechanisms could be different 
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in the case of SDBS and TX-100 additions, since different responses of α to the increase of the 

concentration of the corresponding solutions were shown in Figure 7-5. For SDBS additions, α 

slightly decreased to ~ 0.87 at the concentration of 0.2 CMC and then returned to the original value 

with increasing concentration; the more significant decrease of α was caused by TX-100 additions 

with increasing the concentration until CMC.   

The expansion of the oil-water interface at the edge of the droplet arising from the TPC line motion 

could establish interfacial tension gradients along the oil-water interface and result in the well-

known Marangoni effect. In fact, the Marangoni effect has been widely reported as a very 

promising mechanism for the enhanced droplet spreading, i.e., the increased wetting exponent in 

the spreading of surfactant solutions.[94] [98] [100] In our study of the oil droplet receding, as 

indicated by Figure 7-6, the potential Marangoni flow in the oil droplet was supposed to flow 

towards the TPC line zone (high surface tension zone), which was opposite to the direction of the 

TPC line motion. As a result, it could not dominate the motion of the TPC line but could introduce 

an inhibiting mechanism for the decrease of α. 

 

Figure 7-6: Schematic representation of the Marangoni flow in the oil droplet caused by a 

spatial variation of surfactant adsorption along the oil-water interface. 

For the surfactant adsorption at the interface, neither insufficient reduction of the interfacial 

tension nor fast adsorption rate could contribute to a considerable interfacial tension gradient 

which is the key factor for the Marangoni effect.[94] In the SDBS solution at the concentration of 

0.2 CMC, a remarkable reduction (~ 50%) of the interfacial tension was indicated in Figure 7-1. 

Referring to the data of the dynamic interfacial tension between hydrocarbon oil and SDBS 

aqueous solutions in Figure 7-7a, the characteristic timescale of the dynamic interfacial tension 

relaxation was close to that of the early-stage oil displacement in this solution. Thus, it was likely 

that the Marangoni effect was responsible for the slight decrease of α for SDBS solution at 0.2 



101 

 

CMC. However, the faster relaxation at higher concentration solutions could eliminate such effect 

on α. 
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Figure 7-7: The dynamic interfacial tension of hydrocarbon oil (heavy paraffin oil) against (a) 

SDBS and (b) TX-100 aqueous solutions at various concentrations measured by the theta optical 

tensiometer using the pendant drop method. 

It was found that TX-100 could lead to faster relaxation of the interfacial tension than SDBS (see 

Figure 7-7b). In addition, the lower interfacial expansion rate in TX-100 solutions could be the 

consequence of the slower oil displacement rate. These factors collectively implied that the 

Marangoni effect could not be a major contribution to the decreased α observed in TX-100 

solutions.  As mentioned earlier, the increase of θS was observed in TX-100 solutions due to the 

adsorption of TX-100 molecules on the solid surface. According to the report of Bird et al.[105], 

the surface hydrophobization could be a potential mechanism for the decreased α in TX-100 

solutions. Because of the slow adsorption at the less concentrated solution of TX-100 as indicated 

by the frequency shifts in Figure 7-2a, the small reduction of α at 0.2 CMC TX-100 might be 

attributed to the less hydrophobized surface at the early stage. 

7.2.6 Dependence of U on θd 

Previous reports  [111] [164] as well as the discussion in Chapter 6 suggested that the dependence 

of U on θd for the oil displacement dynamics of surfactant free systems could be reasonably 

predicted by the MK and HD models at the regimes of low and relative high velocities, respectively. 

In this study, most data points were fell into the low velocity range because of the reduced TPCL 

speed in the presence of surfactant. Therefore, the MK model was expected to be more suitable for 
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such quantitative analysis. With using the contact angle of the oil phase (π−θd) here, the MK and 

linear MK models were rewritten as following equations respectively: 

 𝑈 = 2𝐾0𝜆 sinh (
𝛾𝑜𝑤[cos(𝜋 − 𝜃𝑑) − cos(𝜋 − 𝜃s)]𝜆2

2𝑘𝐵𝑇
) (7-4) 

 𝑈 =
𝛾𝑜𝑤

𝜉
[cos(𝜋 − 𝜃𝑑) − cos(𝜋 − 𝜃s)] =

𝐹𝑑

𝜉
 (7-5) 

For the linear MK model of Equation (7-5), it implies a simple correlation that cosine functions 

of experimental dynamic contact angles, cos(π−θd), are proportional to the corresponding U, which 

is defined to be positive in the case of the oil droplet receding. In what follows, Equation (7-5) 

was extensively applied for the dynamic behavior analysis due to the more convenient form when 

compared to Equation (7-4). In Figure 7-8, cos(π−θd) were plotted against U at each 

corresponding time. If the dynamics of the displacement is governed by Equation (7-5), the 

experimental data points on these plots can be fitted by a straight line with a positive slope. It is 

found that all the data points from low to intermediate velocity regime in each plot follow the 

linear trend of Equation (7-5). U is observed to achieve the maximum value right after the 

immersion of the oil droplets into aqueous solutions and afterward decreases rapidly as time 

evolves. Thus, the MK model may provide a reasonable description of the dynamic behavior at 

the late stage of the oil displacement. We noticed that the full form of the MK model (Equation 

(7-4)) predicted slightly smaller cos(π−θd) than Equation (7-5) at the same U and the difference 

could become more considerable with the increase of U. Therefore, applying Equation (7-4) was 

unlikely to improve the fit for most cases in Figure 7-8 as the data points at high-velocity regime 

shifted above the linear fit of Equation (7-5). 
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Figure 7-8: Cosine function of the experimental dynamic contact angle as a function of the TPC 

line velocity obtained from the oil displacement experiments with (a) SDBS and (b) TX-100 

addition. The solid lines indicate the best fit of the data points which could be governed by the 

linear MK model. 

It is clear that the deviation of data points with large U from the linear fit in Figure 7-8  could be 

attributed to the velocity regime beyond the applicability of the MK model. Other than that, it is 

likely that surfactant addition could also contribute to the deviation. At the beginning of the 

displacement, the temporal relaxation of the interfacial energy caused by the kinetics of surfactant 

adsorption is rather considerable. It should be mentioned that the driving force used in these MK 

models derives from Equation (7-3). Assuming constant interfacial tensions of all three relevant 

interfaces, the driving force can be expressed in terms of the static contact angle (θS) by combining 

with Equation (7-1), 

 𝐹𝑑 = 𝛾𝑜𝑤[cos(π − 𝜃𝑑) − cos(π − 𝜃s)] (7-6) 

However, without constant interfacial tensions, Equation (7-6) would no longer be valid. As a 

result, the linear correlation between cos(π−θd) and U in Equation (7-5) could not be established 

for the data points obtained at the early stage. Over time, because of the nearly saturated surfactant 

at the interface, the satisfactory fit of the straight line on the data points obtained at the subsequent 

stage was found. 

The contact line friction ξ was extracted from the best fit of these data points to Equation (7-5) 

and listed in Table 7-3. In general, surfactant addition could lead to smaller ξ despite larger ξ was 

observed in high concentration solution of TX-100. The reduction of ξ in SDBS solutions was 
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more effective than that in TX-100 solutions. Interestingly, ξ in the SDBS micellar solutions was 

close to the viscosity of the oil phase. According to Blake’s theory, it was implied that the 

contribution from the solid-liquid interaction to ξ was negligible and the fluid viscosity might be 

the only dominant mechanism for the friction of the moving contact line. 

 

Table 7-3: The ξ extracted by fitting Equation (7-5) to the experimental data points at the linear 

regime in Figure 7-8 

Concentration 

(CMC) 
0 0.2 0.5 1 3 10 

ξ (kPa⸳s) 
SDBS 6±1 3±1 1.4±0.4 1.0±0.3 0.9±0.2 0.5±0.2 

TX-100 6±1 5.9±0.7 1.9±0.4 3±1 9±2 9±1 

 

Blake’s theoretical correlation (Equation (2-19)) provides a linear dependence of ln(ξ/μ) on Wa if 

λ and VL/λ3 do not vary too much case by case in a specific system. As a result, to further explore 

the behavior of the TPC line motion in this study, the extracted parameters in Table 7-3 were 

plotted in the form of ln(ξ/μ) as a function of the Wa predicted from θS through Equation (2-3) as 

shown in Figure 7-9. It should be mentioned that the points for SDBS micellar solution could not 

be plotted at the undefined θS. 

In Figure 7-9, when the concentration is below the CMC, the data points (open red triangles) can 

be roughly fitted by a straight line with a positive slope (solid black line). In the MK model, λ is 

used to characterize the mean distance of a single thermally activated elementary jump due to 

adsorption-desorption process at the TPC line and hence it is typically a few angstroms in the 

molecular size scale.  The estimation of λ from the slope of the linear regression was 1.10 nm. It 

could not accurately indicate the value of λ due to a rough approximation of Equation (2-19) in 

nature but was in agreement with the concept of λ on the order of magnitude. As the surfactant 

concentration was further increased beyond the CMC, the linear correlation could not be identified. 

In Figure 7-9, we could see that the point at the CMC (solid blue squares) was still close to the 

solid black line but solid green circles, which represent the concentration beyond the CMC, were 

significantly above the line. Thus, Equation (2-19) was incapable of describing the data points 

when a large number of surfactant micelles existed in the displacement system. Analogous 
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behavior has been reported in the study on the displacement over nano-rough surfaces: Blake’s 

correlation predicted the behavior on smooth surfaces fairly well but failed for surfaces with 

nanoroughness.[152]  It was claimed that the TPC line motion on nano-rough surfaces was still a 

thermally activated process as the MK model described. However, surface defects at the nanoscale 

could introduce an additional mechanism of the TPC line pinning-depinning events beyond the 

pure molecular adsorption-desorption mechanism considered in the MK model. As a result, Wa 

was inadequate to completely characterize the energy barrier of the thermal activation for the nano-

rough surface and the contribution from surface pinning strength was suggested to be added.[14] 

In our case, when the surfactant concentration was further increased beyond the CMC, it was likely 

that the behavior of elementary jumps at the TPC line was somehow disturbed in the presence of 

surfactant micelles. Therefore, the significant deviation of data points from Blake’s prediction 

mentioned above might be related to a mechanism induced by the supramolecular structure of 

surfactant micelles (e.g., steric hindrance). 
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Figure 7-9: The logarithm of the contact line friction coefficients normalized by oil viscosity 

versus the reversible work of adhesion. The black dash line represents the best fit of Blake’s 

correlation to the data points of surfactant concentration below the CMC. 

7.3 Summary 

The spontaneous displacement of high viscosity oil by three types of conventional surfactant 

aqueous solutions over the hydrophilic glass surface has been investigated. At the same 
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concentration level with respect to the corresponding CMCs, surfactant aqueous solutions studied 

here exhibited similar interfacial tension against the oil. Nevertheless, an outstanding difference 

of the interaction between surfactant molecules and the solid surface could lead to dramatically 

different ultimate extent of oil displacement as observed in our experiments: CTAB and TX-100 

solutions were detrimental to the oil displacement, while smaller final oil-solid contact area could 

be achieved in SDBS solutions. The improved static displacement did not correspond to faster 

dynamics. In fact, the initial contact line motion was found to be inhibited by any type of surfactant 

additions.  

Quantitative analysis of the dynamic behavior revealed that the oil displacement at the early stage 

could be described by a power law correlation of time-dependence. Surfactant-induced 

mechanisms could lead to the reduction of the wetting exponent α extracted from the early stage. 

For the late stage, the dynamic behavior of the dependence of U on θd satisfactorily agreed with 

the description of the MK model. Blake’s theory could reasonably correlate the friction coefficient 

ξ in the MK model and the apparent adhesion energy until the surfactant concentration above the 

CMC where additional mechanism might be induced by surfactant micelles.  
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Chapter 8  

Conclusions and implications 

8.1 Conclusions 

The phenomenon of spontaneous displacement of fluids is involved in many technical applications. 

This Ph.D. project was motivated by having an in-depth understanding of high viscosity bitumen 

displaced by aqueous solutions over sand grains during the industrial process of water-based oil 

sands extraction. The research focused on the spontaneous displacement of high viscosity 

micrometer-sized oil droplets from a curved solid in an aqueous environment. 

The modified micropipette system was utilized for the experimental investigation. The oil 

displacement was recorded as sequential digital images, and quantitative characterizations of the 

process, such as the instantaneous oil-solid contact area, contact angle, velocity of the TPCL and 

deviation factor, were extracted via the digital image analysis. The image-based contact angle 

determination was extensively discussed, and the circle, local circle and apex circle fitting methods 

were adopted. The systematic error analysis on these methods suggested that the relative lower 

exposure time and exactly on-focus shot during the image acquisition were beneficial for gaining 

more reliable contact angle values. 

The interfacial tension of the high viscosity sample oils against the aqueous phase, which is an 

important physicochemical property related to the displacement behavior, has been measured by 

the drop shape relaxation method due to the difficulty of the measurement using conventional 

techniques of tensiometry. For this measurement, the highly efficient BLS method was 

implemented to theoretically predict the drop shape during an axisymmetric relaxation. The 

corresponding experiments of micron size oil droplet relaxation were conducted using the 

micropipette experimental system. The interfacial tension was finally determined by matching the 

experimental data to the theoretical curve. 

The investigation of the oil displacement in pure water suggested that a faster dynamics and higher 

final degree of oil liberation could occur on a more hydrophilic surface. On the other hand, the 
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increase in oil viscosity, surface curvature or droplet volume has an adverse effect on the oil 

displacement dynamics but a negligible impact on the final state. The image analysis has shown 

the non-spherical cap shape of the dynamic droplet, which is inconsistent with the thermodynamic 

consideration and may cause considerable errors in the dynamic contact angle determination by 

using the “quasi-static spherical cap approximation”.  The relative significance of the viscous 

stress to the capillary stress on the interface near the TPCL was responsible for the peculiar droplet 

shape. The quantitative analysis of the dynamic process described in the MK and HD models was 

performed by applying experimental dynamic contact angles obtained from different methods. It 

has been found that the degree of droplet shape deviation from the spherical segment could indicate 

the applicability of each model: the MK model described the dynamic behavior fairly well for 

small departure from the spherical cap shape, while the HD model was more suitable for larger 

shape departures and at higher contact line velocities.  The flow of the high viscosity oil at the 

initial receding stage could cause complicated dynamic behaviors beyond what is considered by 

conventional dynamic wetting models. 

Further study of the oil displacement in surfactant aqueous solutions revealed that the final static 

configurations of the oil droplets could be considerably affected by the different adsorption 

behavior of surfactants at the water-solid interface. Moreover, surfactant additions could slow 

down the initial motion of the TPCL regardless of surfactant types. It was found that the dynamic 

behavior of the oil displacement could quantitatively agree with a power law correlation of time-

dependence and the dependence of U on θd in the description of the MK model at the early and 

late stages, respectively. The modified dynamic behavior in the presence surfactant was attributed 

to several potential surfactant-induced mechanisms which are supposed to be elucidated in a future 

study. 

8.2 Practical implications for water-based oil sands extraction 

In this section, results from the investigation on the displacement of the model oil are correlated 

to the bitumen liberation in the practical process and hence expected to offer implications on the 

industrial operation.  

According to this study, oil sand ores with more hydrophilic sand grain surfaces are favorably 

processed due to the enhanced bitumen liberation from both static and dynamic perspectives. 
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Generally, most sand grain surfaces in oil sands are intrinsically hydrophilic; however, some 

components in bitumen, such as asphaltenes and/or organic acids, may contaminate the sand grain 

surface via irreversible adsorptions and thereby increase the hydrophobicity of the surface.[184] 

[185] [186] Moreover, it was reported that the effect of weathering arising from the exposure of 

oil sands ores to an external environment could intensify such contamination.[187] Therefore, 

caution should be taken to alleviate the weathering effect during mining or storage of oil sands 

ores. On the other hand, feasible functional chemicals could be added to modify the wettability of 

the surface during processing.[188] [189]  

As high viscosity of fluid was demonstrated to considerably slow down the oil displacement rate, 

reducing the bitumen viscosity could be an efficient way to speed up the bitumen liberation and 

save processing time. The viscosity of bitumen could be readily reduced by increasing temperature 

or diluting via the addition of low viscosity solvents. Because of the high energy cost of high 

operating temperature, solvent addition turns out to be a better choice in practice. In fact, the 

solvent-assisted bitumen extraction process has been proved to be a promising technology 

according to several lab scale studies.[190] [191] 

The displacement over larger sand grains of less curved surfaces could lead to faster oil liberation. 

However, it was found that the effect of grain size is marginal. Thus, the corresponding control in 

the operation might not be an efficient way to improve bitumen liberation. 

This study exhibits the benefit of a smaller volume of the receding oil droplet in shortening the 

liberation time. To decrease the volume of the receding bitumen droplet, in practice, the generation 

of more rupture points of the bitumen layer on the sand grain is expected prior to the displacement. 

In light of the literature reports [192] [193], the spontaneous rupture of a thin liquid film covered 

on solids is likely to occur when the thickness of the film is reduced to a critical value under the 

effect of film thinning caused by the hydrodynamic force. Thus, it is recommended to input more 

hydrodynamic energy into the slurry to generate more rupture points and hence speed up the 

bitumen liberation. 

In contrast to the high viscosity model oil with a pure component used in this study, bitumen is a 

complex mixture with indigenous natural surfactants. Typically, naphthenic acids, sulfonate acids 

and asphaltenes are major sources of natural surfactants in crude bituminous oil. The dissociation 

of the acid groups in these sources could result in the release of the natural surfactants from the oil 
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bulk and hence lower the oil-water interfacial tension.[194] [195] Because of the anionic nature of 

most dissociated acidic molecules, the natural surfactant releasing could enhance the degree of the 

bitumen liberation due to the normally negatively-charged sand grain surface of the oil sands. 

Increasing the pH of aqueous solutions has been demonstrated to be an effective and convenient 

way to facilitate the release of the natural surfactant.[23] For the industrial process, the released 

natural surfactant in the process water may become gradually concentrated as part of the water 

comes from the recycling plant.[196] Although these natural surfactants could improve the degree 

of bitumen liberation, the recycled water enriched with surfactants may be added subsequent to 

fresh water to optimize the dynamic process since our study suggests surfactant additions could 

have a negative impact on the displacement speed at the early stage. 

Besides the release of the indigenous surfactants, the addition of external surfactants with more 

interfacial activity could be another option in controlling the liberation process. However, the 

interaction between the externally added surfactant molecules and the solid surface should be 

carefully examined since unreasonable selections of external surfactants might be detrimental to 

the bitumen liberation and cause significant surfactant loss during processing.  
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Appendix A 

Numerical implementation of the BLS method 

To describe the axisymmetric drop shape in the numerical analysis, the profile was characterized 

by a series of closely spaced nodal points along the meridian curve in a cylindrical coordinate 

system (r, z) as shown in Figure A-1. Here the azimuthal angle in the coordinates was no longer 

required due to the axial symmetry. The completed surface could be formed by the rotation of the 

meridian curve around the z axis. The nodal point i (ri, zi) could be converted into the spherical 

coordinate (Ri, 𝛽i) where the Happel’s solutions are as 

 𝛽𝑖 = cos−1 (
𝑧𝑖

√𝑟𝑖
2 + 𝑧𝑖

2
)        or     𝛽𝑖 = sin−1 (

𝑟𝑖

√𝑟𝑖
2 + 𝑧𝑖

2
) (A-1) 

 𝑅𝑖 = √𝑟𝑖
2 + 𝑧𝑖

2 (A-2) 

In addition, the mean curvature (Jc) at that nodal point could be estimated numerically with the 

following equation,  

 𝐽𝑐 = 𝐹𝑟𝑖 ∙ 𝐹𝑧𝑧𝑖 − 𝐹𝑧𝑖 ∙ 𝐹𝑟𝑟𝑖 +
𝐹𝑧𝑖

𝑟𝑖
 (A-3) 

where 

𝐹𝑟𝑖 =
1

2
(

𝑟𝑖+1 − 𝑟𝑖

√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2
+

𝑟𝑖 − 𝑟𝑖−1

√(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2
) 

𝐹𝑧𝑖 =
1

2
(

𝑧𝑖+1 − 𝑧𝑖

√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2
+

𝑧𝑖 − 𝑧𝑖−1

√(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2
) 

𝐹𝑟𝑟𝑖 = 2

𝑟𝑖+1 − 𝑟𝑖

√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2
−

𝑟𝑖 − 𝑟𝑖−1

√(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2

√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2 + √(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2
 

𝐹𝑧𝑧𝑖 = 2

𝑧𝑖+1 − 𝑧𝑖

√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2
−

𝑧𝑖 − 𝑧𝑖−1

√(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2

√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2 + √(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2
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According to Young-Laplace equation, T appearing in Equation (5-16) could be evaluated with 

the known Jc and resolved into two components (TR and Tβ) in the spherical coordinate system, 

 𝑇𝑅 = 𝛾𝐽𝑐 cos 𝜑 (A-4) 

 𝑇𝛽 = 𝛾𝐽𝑐 sin 𝜑 (A-5) 

where 𝛾 is interfacial tension between interior and exterior fluid and φ is defined as the angle 

between the outward normal vector to the interface and the vector pointed to interface from the 

center of the spherical coordinate system as indicated in Figure A-1. 

 

Figure A-1: The schematic of a drop profile (blue line) characterized by a series of nodal points 

in the numerical procedure.   

As for σ in Equation (5-16), the two resolved components (σR and σβ) in the spherical coordinate 

system could be written as 

 𝜎𝑅 = 𝜏𝑅𝑅 cos 𝜑 + 𝜏𝑅𝛽 sin 𝜑 (A-6) 

 𝜎𝛽 = 𝜏𝑅𝛽 cos 𝜑 + 𝜏𝛽𝛽 sin 𝜑 (A-7) 

where τRR, τRβ and τββ are the stress tensor of fluid and could be evaluated with the following 

equations in the case of incompressible Newtonian fluid, 
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 𝜏𝑅𝑅 = −𝑝 + 2𝜇
𝜕𝑣𝑅

𝜕𝑅
 (A-8) 

 𝜏𝛽𝛽 = −𝑝 + 2𝜇 (
1

𝑅

𝜕𝑣𝛽

𝜕𝛽
+

𝑣𝑅

𝑅
) (A-9) 

 𝜏𝑅𝛽 = 𝜇 (
1

𝑅

𝜕𝑣𝑅

𝜕𝛽
+

𝜕𝑣𝛽

𝜕𝑅
−

𝑣𝛽

𝑅
) (A-10) 

To calculate the surface integration in Equation (5-16) numerically, the interface on the r-z plane 

was divided into subintervals by the nodal points. Using the simple trapezoidal rule at each 

subinterval, the integration could be approximated to be the following summation,  

 
𝑀BLS =

1

2
∑ {[(𝒗𝒊(𝑟𝑖, 𝑧𝑖) − 𝒗𝒆(𝑟𝑖, 𝑧𝑖))

2
+ (𝝈𝒊(𝑟𝑖, 𝑧𝑖) −  𝝈𝒆(𝑟𝑖, 𝑧𝑖) + 𝑻(𝑟𝑖, 𝑧𝑖))

2
]

𝑛𝑝−1

𝑖=2

× π𝑟𝑖 [√(𝑟𝑖+1 − 𝑟𝑖)2 + (𝑧𝑖+1 − 𝑧𝑖)2 + √(𝑟𝑖 − 𝑟𝑖−1)2 + (𝑧𝑖 − 𝑧𝑖−1)2]} 

(A-11) 

With the expressions regarding T and σ, the Happel’s solutions could be substituted into Equation 

(A-11) step by step to form an equation of ai. It is not difficult to see such equation is quadratic. 

Therefore, deriving the first derivative of MBLS with respect to ai as described in Equation (5-17) 

could yield linear equations of ai. The unknown parameter of ai could be readily determined by 

solving these simple linear equations. The velocity and pressure fields at that moment could be 

determined as well by substituting ai back to the Happel’s solutions. 

Assuming the constant velocity of the interface within a short dimensionless time step (Δtc), the 

Euler-type integration was conducted to simulate the temporal evolution of the drop shape, 

 𝑅(𝑡𝑐 + Δ𝑡𝑐) = 𝑅(𝑡𝑐) + 𝑣𝑅Δ𝑡𝑐 (A-12) 

 𝛽(𝑡𝑐 + Δ𝑡𝑐) = 𝛽(𝑡𝑐) + 𝑣𝛽Δ𝑡𝑐 (A-13) 
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