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Abstract 

Shale gas is emerging as an important source of energy supply worldwide. The economic production of 

shale gas has become feasible because of the increasing global energy demand and advanced multistage 

hydraulic fracturing technologies. A huge amount of a fracturing fluid is usually injected into a shale 

formation during a fracturing process, but only a small fraction of the fracturing fluid can be recovered. 

The main reason for the low recovery of a fracturing fluid is the spontaneous imbibition of the fracturing 

water into the shale matrix. The current understanding of the water imbibition behavior in shale is still 

poor, since a pore network of shales is usually complex and heterogeneous, consisting of abundant 

nanopores. At such confined conditions, a surface to volume ratio is very large and surface forces dominate 

over volume forces. Therefore, the characteristics of a solid surface have crucial effects on flow properties, 

and macroscopic hydrodynamic models are insufficient to be applied to water imbibition behavior in shale. 

To investigate water imbibition behavior in shale and develop its theoretical models, unique properties 

should be considered, including the slip behavior, an increased viscosity effect, a dynamic contact angle, 

and the propagation of precursor films. In this thesis, the dynamics of water flow in a quasi-continuum 

flow regime are investigated. The mechanisms of friction at a liquid-solid interface are firstly investigated, 

and a relationship between the friction and the slip velocity is established. Moreover, a theoretical model 

for the effective viscosity of water in nanopores is proposed based on a molecular kinetic Theory, and the 

factors that affect the effective viscosity are discussed. Besides, a unified model in a quasi-continuum 

flow regime is established by inserting the effective viscosity model and a slip length model into the 

traditional Hagen-Poiseuille model. The impact of the wettability condition on the effective viscosity is 

investigated. Furthermore, the spreading of precursor films is investigated. A model for water imbibition 

in nanopores is proposed, considering the propagation of the precursor films ahead of a main meniscus. 

All the models proposed in this thesis have been validated by experimental and simulation results in the 

literature. The research results in this thesis can be beneficial to an understanding of the water flow 

behavior in nanopores and will have many applications in the chemical and petroleum industry.   
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Nomenclature 

AH Hamaker constant 
ε0 Permittivity of vacuum 
εr Relative permittivity of film 
ζ Electric potentials of an interface 
k Constant of structural force 
h* Critical thickness 
𝜇𝜇bulk Bulk fluid viscosity 
γ Surface tension between the wetting and non-wetting fluids 
θe Contact angle at equilibrium condition 
λ The average length of the molecular displacement 
kB Boltzmann's constant 
T Temperature 
Ff Force exerted by the surface friction on the liquid motion 

Ncoll Number of particle collisions with the solid wall 
m Mass of the particles colliding with the wall 
𝛥𝛥uw Mean velocity change for the particles 
S0 Initial spreading coefficient 
S Spreading coefficient under the equilibrium state 
fY Young capillary force per unit length of a contact line 
σlg The surface tension of a liquid-vapor interface 
𝜃𝜃t Dynamic contact angle 
σsg The surface tension of a dry solid substrate in contact with a gas 
σsl Solid-liquid interfacial tension 
Lf Length of the precursor film 
V The velocity of the meniscus 
Π Disjoining pressure 
h Distance to a solid surface 
𝛥𝛥ζ Difference of the electric potentials of two interfaces separating 

the film 
κ Reciprocal of the Debye length 
Df Self-diffusion coefficient 
rij Intersite distance between atoms 
εij Well depth 
σij Size parameter 

rcutoff Cut-off radius 
ν Hopping rate 
hP Planck constant 
ΔG0 Energy barrier 
Fa An external force acting on the molecule 
δ Length for each hopping event 
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τ Shear stress 
Vm Molecular volume 
𝛥𝛥E A variance of the total potential energy 
fN External normal load 
𝛥𝛥z Vertical distance 
𝛥𝛥Ead Adsorption energy difference at different sites 

fx Position-dependent force 
ff Friction force 

Δx Distance of one period of the movement 
fext Force pointing downward to graphene 
frep Force pointing upward 
PIJ Pressure tensor 
N Number of atoms in the system 
N’ All atoms in the system and periodic image atoms outside the central 

box 
Z Vertical position to a solid surface 
Nt Number of total water molecules in the system 
Ns Number of water molecules in the two slip planes 
U Internal energy 
f A fitting factor 
σLL The liquid-liquid L-J size parameter 
σLS Liquid-solid L-J size parameter 
l Distance to a solid surface 

W Channel width 
H Channel height 
r* Distance from the boundary of the two water density layers to the 

middle of the streamline 
D Diameter of a nano capillary tube 
PC Capillary pressure 
K pErmeability 
μeff effective viscosity 
ls Slip length 
𝜇𝜇le local effective viscosity 
L The imbibition length 
t Time 
𝑅𝑅′ The radius of the macroscopic region in the capillary tube 
𝐻𝐻′ A macroscopic region in the channel 
𝜅𝜅0 Rate of the hopping process 
𝜌𝜌b Bulk phase density 
𝜌𝜌 The density of the solidified water layers and the precursor films 
Af The cross-section area of the precursor film 
Am The cross-section area of the macroscopic region 
MD Molecular Dynamics 
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OM Organic matters 
TOC Total organic content 
BSE Backscattered electron 
L-W Lucas-Washburn 
EDL Electrical double layer 
DL Debye length 

TPCL Three-phase-contact-line 
vdW van der Waals 
Ubond The potential energy of bond stretching 
Uangle Potential energy required to bend the angle formed by three atoms 

L-J Lennard-Jones 
LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator 

OVITO Open Visualization Tool 
GCMC Grand Canonical Monte Carlo 
NEMD Non-Equilibrium Molecular Dynamic 
EMD Equilibrium Molecular Dynamic 
LB Lattice Boltzmann 
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CHAPTER 1 Introduction 

 

1.1 Problem Statement  

Shale gas has become an important source of energy supply. The increasing global energy demand coupled 

with the advanced multistage hydraulic fracturing technologies has shifted the attention of the petroleum 

industry to shale gas reservoirs [1–3]. During a fracturing process, a huge amount of a fracturing fluid is 

injected into a shale formation to create fractures. However, most field observations found that only a 

small fraction of the fracturing fluid can be recovered during a flowback process [4–6]. The main reason 

for the low recovery of a fracturing fluid is the spontaneous imbibition of a fracturing water into the shale 

matrix [7,8]. In addition to the petroleum industry, understanding and modeling dynamic imbibition 

behaviors of fluids through nanopores have numerous applications in the chemical engineering field, such 

as energy conversion/storage and next-generation seawater desalination [9–13]. Many processes, such as 

imbibition of liquid reactants into pores in porous catalysts and adsorbents in reactor beds, and spreading 

of liquid condensate on fuel cell membranes, require a deep understanding of dynamic imbibition for 

fluids. 

The current understanding of the water imbibition behavior in nanopores is still poor, which hinders the 

recognition of water distributions in shale formations. The primary reason for the lack of understanding 

this topic lies in that a pore network of shales is usually complex and heterogeneous, consisting of 

abundant micropores and nanopores [14,15]. At such confined conditions, the water flow properties are 

different from the macroscopic hydrodynamics, as a surface to volume ratio can be very large at the 

nanoscale, and the effect of a solid surface cannot be neglected [16–19]. This is because the interactions 

between the solid substrate will be different compared with the interactions within water molecules. As 

water molecules near a solid surface will interact with both surrounding water molecules and solid 

molecules, the flow properties of water near a solid surface will be modified. Hydrodynamics at the 
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macroscale is dominated by viscous forces within fluids and the Navier-Stokes equations hold at such a 

continuum condition. However, surface forces dominate over volume forces at the nanoscale, and thus the 

characteristics of a solid surface, such as wettability and surface roughness, have crucial effects on the 

flow properties at the nanoscale [20,21]. Therefore, theoretical models used in the macroscopic 

hydrodynamics are insufficient to be applied to water imbibition behavior in shale. To investigate this 

research topic, an approach is to quit the continuum level and turn directly to the atomistic description of 

fluid flows as a collection of moving molecules. However, this is computationally demanding, which 

prevents the attainment of space and time macroscopic scales of experimental interest. Theoretical models 

that can be applied in the water imbibition problems are still lacking.  

To propose theoretical models for water imbibition in shale, unique properties should be considered. Many 

phenomena exist for flowing water under nanoconfined conditions. The first one is the slip behavior for 

water near a solid surface. The traditional no-slip boundary condition that can apply to macro-

hydrodynamics will be significantly violated when the flow dimension is down to nanometers. Besides, a 

density profile is usually inhomogeneous. Many Molecular Dynamics (MD) simulations showed that there 

were density layering phenomena for water molecules near a solid surface, indicating density peaks within 

a water boundary layer [22–29]. This arises from strong interactions between water molecules and the 

solid surface. Moreover, viscosity was found to be spatially varying for water flow under nanoconfined 

conditions, and the effective viscosity was different under various wettability conditions. MD simulations 

performed by Sendner showed that on hydrophobic surfaces the water dynamics were purely diffusive, 

while transient binding or trapping of water over times of the order of hundreds of picoseconds occurred 

for water close to a hydrophilic surface [26]. Accordingly, it was demonstrated that excess water in an 

interface region at the hydrophobic condition diffused faster compared with the bulk phase [26,27,30–33]. 

Besides, the viscosity in a water boundary layer under hydrophilic conditions was higher than the bulk 

phase due to stronger interactions with a solid surface [34–39]. Furthermore, a research topic that draws 
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increasingly wide attention is the fluid imbibition behavior in nanopores with the existence of precursor 

films. The precursor film propagation is a prevalent phenomenon during a wetting process, which may 

occur for water imbibition in a shale formation. Additionally, there are many other unique phenomena for 

water flow at the nanoscale, such as hydrogen bonding depletion [40,41], electrostatics in surface-charge-

governed transport [42], and single-file flow under extreme confinement [35]. All these phenomena and 

their applications in engineering problems require further research in nanofluidics, in terms of experiments, 

computational work, and theoretical investigations. 

In this thesis, the dynamics of water flow in a quasi-continuum flow regime are investigated. This 

precondition indicates a bulk phase flow in the middle of a flow region and a unique boundary flow near 

a solid surface [43]. Thus, the continuum theory is still valid, as a bulk phase exists. According to the 

definitions of the continuum system, the behavior of a liquid can be described in terms of infinitesimal 

volumetric elements that are small compared to the flow domain but have well-defined thermophysical 

properties. Newton’s second law can be applied to such a system and the Cauchy and Navier-Stokes 

equations can be obtained. However, in a system where the size of a liquid molecule is comparable to the 

size of the flow domain, the notion of a representative volumetric element is invalid and the continuum-

based relations are violated. Within such subcontinuum systems, the movement of individual molecules 

must be considered when predicting mass and momentum transport. In this work, the quasi-continuum 

flow regime is investigated, and the proposed models can be applied at a continuum level, rather than a 

molecule level, and the parameters used in the models are macro-scale parameters.  

Moreover, a region under the influence of solid surfaces may take a non-negligible proportion of the whole 

cross-section for fluid flow in nanopores, and thus the unique physics of a fluid near the solid surfaces 

need to be considered [16,17]. It was confirmed that for simple fluids, there is no expected deviation from 

the continuum framework of hydrodynamics for confinement larger than around 1 nm [44–47]. Chan and 

Horn predicted that the Reynolds formula was valid for confinement larger than typically ten molecular 
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diameters [48]. Moreover, MD simulations were also applied to investigating a threshold for the validity 

of the continuum hydrodynamics, and a value of approximately 1.66 nm for water was achieved by 

Thomas and McGaughey [49–51]. They examined the structure and flow of water inside carbon nanotubes 

with diameters ranging from 0.83 to 1.66 nm using MD simulation. Below a tube diameter of 1.66 nm, 

the bulklike water structure vanishes and the water structure becomes stacked hexagonal rings. Besides, 

the relationship between the flow enhancement and the tube diameter becomes nonlinear when the tube 

diameter is below 1.66 nm. This threshold may be various for other solid materials. In this work, the 

proposed models can only be applied for water flow behavior confined in nanopores with a diameter of 

larger than 1~2 nm.  

Most of the research in this thesis is theoretical work. MD simulations are applied in topic 1 to validate 

the proposed model, and the last three topics use experimental results reported in the literature to validate 

the proposed models. Experiments are not performed in this work. 

1.2 Objectives 

The primary aim of this thesis is to investigate mechanisms of water imbibition at the molecular scale and 

develop theoretical approaches to model water imbibition in shale formations. Four specific objectives are 

listed as follows:  

1) Investigate the mechanisms of friction between water and a solid surface and propose theoretical 

foundations between a friction force and a slip velocity;  

2) Examine the impact of surface forces on water flow properties and propose a theoretical model for 

the spatially varying viscosity phenomena for water imbibition in shale;  

3) Propose unified approaches to model water imbibition behavior under various wettability 

conditions for a quasi-continuum water flow problem; 

4) Investigate the spreading behavior of precursor films and propose theoretical models for the 

capillary dynamics with the existence of the precursor films.  
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The novelties in this thesis are summarized as follows. 

For the first topic, this can be discussed in two aspects. The first one is that similar mechanisms among 

all friction processes are found. In literature, the mechanisms of liquid-solid friction are commonly 

distinguished from those of solid-solid friction and friction within liquids. In this work, it is found that for 

simple structure particles, the friction mechanisms among all friction processes may be similar, in terms 

of energy barrier. The second one is that there are some papers on the relationship between the friction 

force and the slip velocity, but the authors only use MD simulations to obtain this relation. In this work,  

the molecular kinetic theory is applied to establish this relation, and MD simulations are used to validate 

it. A theoretical relation with clear physical meanings is obtained.  

The other three topics talk about the water imbibition behavior in nanopores. There are two main 

contributions. First, a theoretical model for the effective viscosity is proposed and validated. There are 

some effective viscosity models in the literature, but most of them have drawbacks. In some models, the 

authors divided the flow region into the bulk phase and the interface region, and then use two constant 

viscosity values in the two regions. This assumption cannot be argued, because the viscosity is spatially 

varying, and it should be a function of the distance to a solid surface. Besides, some authors use fitting 

parameters in the models, which have no clear physical meanings. There are no such limitations in the 

proposed model in this work. The second one is that the dynamics of the precursor films are investigated 

in the context of the capillary filling process. Very few works have been directed to the study of precursor 

films for the case of capillary filling, and no theoretical models can be found in the literature. To the best 

of my knowledge, this is the first theoretical model to describe the capillary dynamics with the precursor 

films in a capillary filling problem. 

The main results obtained in this work can be widely applied in the petroleum and chemical engineering 

industry.  
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First, the proposed models can guide the field operations on soaking processes. During the production of 

shale gas, many oilfield cases have confirmed the validity of soaking to increase production. But the 

estimation of the invasion depth of fracturing water requires theoretical models. Therefore, understanding 

the water imbibition behavior can help to make better strategies on the soaking processes.  

Second, the proposed models can help to recognize the water distribution in the shale formation. Some 

researchers showed that fracturing water may migrate upward from a shale formation and enter a shallow 

aquifer, but some other scholars suggested that this is impossible. Understanding water imbibition can 

help to resolve this issue. Finally, the proposed theoretical models in this thesis can be used for the 

simulation of fluid flow in unconventional reservoirs, because theoretical models for water imbibition in 

shale are still lacking. 

Besides, in the chemical engineering industry, there are also numerous applications, such as energy 

conversion/storage and next-generation seawater desalination. Many processes require a deep 

understanding of imbibition behavior for fluids, such as imbibition of liquid reactants into porous catalysts 

and adsorbents in reactor beds, and spreading of liquid condensate on fuel cell membranes. For example, 

in topic 4 of this thesis, the propagation of the precursor films is investigated, and it is found that the 

dynamic contact angle has a minimal effect on the capillary dynamics for a complete wetting case. So, the 

propagation of the precursor films may improve the nano-channel-coating efficiency. This finding can be 

applied to hide the chemical and geometrical details of the nano-channel walls, and making better 

strategies on the nano-channel–coating problems. 

1.3 Outline 

There are seven chapters in this thesis. The first chapter introduces the research topic, major challenges, 

and primary research objectives. The second chapter presents a literature review on five parts, including 

characteristics of shale reservoirs, an introduction of hydraulic fracturing and flowback processes, water 

imbibition behavior in shale formations, unique water flow phenomena under nanoconfined conditions, 
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and an introduction of the molecular kinetic theory. The third chapter proposes the computation of the 

friction force and discusses its relationship with the slip behavior. The fourth chapter establishes a 

theoretical model for the effective viscosity, and the fifth chapter discusses a quasi-continuum flow 

problem under various wettability conditions. In the sixth chapter, the behavior of precursor films are 

investigated, and the main conclusions are given in the seventh chapter, the last chapter. 
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Chapter 2 Literature Review 

 

2.1 Shale reservoirs 

The world energy market has witnessed a significant increase in the production of unconventional 

reservoirs in recent years, the primary of which is shale gas reservoirs. Given that the enormous potential 

for shale gas resources, the economic production of shale gas exerts profound effects on the global energy 

market where conventional supplies are already on the decline, but the energy demand is on the rise [52]. 

Apart from its huge geological storage, one more important advantage of shale gas is the cleanness and 

efficiency compared with traditional fossil fuels, which contributes to reducing air pollutants and 

greenhouse emissions [53,54]. Owing to advances in multistage hydraulic fracturing and policy support, 

the development of shale gas resources has made a series of breakthroughs throughout the world. The 

global shale gas resources are fairly abundant and widely distributed, and the recoverable shale gas 

resources are estimated to be approximately 2.21⨉1014 m3 under current technical and economic 

conditions, accounting for nearly one-third of total natural gas resources [55]. Figure 2.1 shows the top 

10 countries holding the largest resources of shale gas. Among these countries, the United States was the 

first one to achieve success in the development of shale gas resources, followed by Canada and China. 

Other resource-rich countries, such as Argentina and Algeria, also promoted the exploitation of shale gas 

[56–58]. The abundant explored resources coupled with the technical revolutions indicate the huge 

potential to develop shale gas, which has profound effects on the global energy and petroleum industry.  
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Figure 2. 1 Top 10 countries with technically recoverable shale gas resources [55] 

The extraction of shale gas is much more expensive compared with conventional natural gas resources. 

Despite the abundant storage of gas, economic production can be achieved only when their flow properties 

are enhanced by artificially induced fractures. The primary reason lies in the special geological 

characteristics of the shale reservoirs.  

The shale formations are composed of organic-rich mudstones, which act as seals and flow barriers in 

conventional reservoirs due to their low permeability and high capillary entry pressure [59]. Commonly, 

the mudstones in shale comprise a mixture of clay minerals, non-clay minerals, and organic matter [60–

66]. Clay minerals include illite, chlorite, smectite, kaolinite and non-clay minerals consist of quartz, chert, 

and feldspar. Organic matters (OM), denoted by the total organic carbon content, are mainly kerogen 

which is composed of carbon, hydrogen, oxygen, nitrogen, and smaller amounts of sulfur. Milliken et al. 

examined many shale rock samples from the Marcellus Formation of Pennsylvania, and they found that 

the Total organic carbon content (TOC) ranges from 2.3 % to 13.6 % [65]. Although OM only takes a 

small percentage of the total weight, it usually acts as a significant source for gas storage, owing to its 

advantages for gas adsorption, such as low density and varying wettability [67,68]. 

The pore network of shales is complex and heterogeneous, consisting of abundant micropores (< 2 nm), 

mesopores (2-50 nm), and macropores [14]. Figure 2.2 illustrates the pore size distribution estimated from 
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the Horn River reconstruction which indicates that small pores dominate in number [69]. The larger 

internal surface area in the micropores contributes the majority to gas adsorption and storage in reservoirs 

compared to macropores and mesopores. However, the macropores and mesopores provide a connected 

pathway for fluids to flow through micropores and play an important role in establishing pore networks 

of shale matric and fracture systems. Chalmers et al. examined the pore system of cores obtained from the 

Barnett, Marcellus, Woodford, Haynesville shale formations in the United States, and Doig formation of 

northeastern British Columbia, Canada [70]. Results showed that the gas shales in the United States are 

clay and quartz-rich, while the Doig Formation samples are quartz and carbonate dominated. Total 

porosity from helium pycnometry ranges from 2.5 to 6.6%, TOC content ranges between 0.7 and 6.8 wt. % 

and vitrinite reflectance measured between 1.45 and 2.37%.  

 

Figure 2. 2 The pore size distribution estimated from the Horn River reconstruction [69] 

The shale rocks are usually classified by clay content, TOC, and porosity. For example, the Upper Wood 

Formation is characterized as high quartz content, low TOC, and high porosity [71]. In addition, much 

research focused on the classification of the pore types of the shale formations. The types of pores in shale 

formations are various. Loucks et al. gave a pore classification consisting of interparticle pores, 

intraparticle pores, and organic-matter pores. The interparticle pores are found between particles and 
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crystals, intraparticle pores are located within particles and organic-matter pores are intraparticle pores 

located within OM [72]. The former two pore types are associated with the mineral matrix while the third 

pore type is associated with OM. Interparticle mineral pores have a higher probability of being part of an 

effective pore network than intrapartical mineral pores because they are more likely to be interconnected. 

Besides, OM pores are also likely to be part of an interconnected network because of the interconnectivity 

of OM particles although they are intrapartical pores.  

Moreover, a variety of shapes of the pores can be detected in porous systems, such as slit-type pores, 

cylindrical-type pores, and cross-linked pores [73]. A backscattered electron (BSE) image of a cross-

sectioned Haynesville Shale sample is demonstrated in Figure 2.3 [69]. Phyllosilicate porosity in the form 

of triangular and linear pores can be seen. Many other scholars also verified that the number of slit pores 

is huge in shale formations.  

 

Figure 2. 3 Backscattered electron (BSE) image of a cross-sectioned Haynesville Shale sample [69] 

2.2 Hydraulic fracturing and flowback fluid 

It is acknowledged that the traditional exploitation operations cannot efficiently extract hydrocarbons to 

the ground from shale formations. Hydraulic fracturing (HF) is the primary technology employed to break 
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the rock matrix and establish a high-permeable pathway to obtain an economical production. Such 

stimulating techniques are usually coupled with more recent advances in horizontal drilling [74]. 

Generally, large volumes of proppant, a mixture of chemicals, sands, and water, are injected under high 

pressure into low permeable reservoirs during hydraulic fracturing operations. The high-pressure 

stimulation creates fractures in the rock and small fractures are induced during multi-stage hydraulic 

fracturing operations, which usually extend 100 to 200 meters in the matrix [75]. The overview of this 

process is illustrated in Figure 2.4 [76].  

 

Figure 2. 4Overview of how hydraulic fracturing is used to produce natural gas from shale [76] 

Once the fracturing is completed, the injection pressure is reduced and the fluid mixture returns up the 

well to the ground for a brief period (around10 days), followed by shutting-in the well for a soaking 

process (approximately a few weeks to months) before hydrocarbon production [3,77]. Sometimes, the 

well is shut-in without a brief flow back period after fracturing operation. The mixture of the flowback 

fluid usually consists of fractions of injected fluids, co-extracted formation water, and other substances as 

a result of various hydro-geochemical processes, as shown in Figure 2.5 [78,79].  
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Most field observations found that the flowback fluid only takes up a small fraction of the total fluid 

injected [4–6,80], and the low recovery of a fracturing fluid could be due to several mechanisms, including 

retention within fractures due to fracture volume closure during early flowback depletion, and imbibition 

into the shale matrix [81–83]. Many researchers reported that micro-fractures can be created because of 

swelling of clays by adsorbing water which take up a significant amount of water [84–86]. Moreover, the 

spontaneous imbibition of fracturing fluid into shale formations is regarded as the primary factor for fluid 

loss and its impact on hydrocarbon production is controversial. Many scholars claimed that the 

spontaneous imbibition process leads to the water block damage, indicating that an increase of water 

saturation near the induced fractures reduces the relative permeability of shale gas [87–89]. In addition, it 

was reported that water imbibition can obviously reduce fracture connectivity, resulting from the strength 

weakness of shale rocks [90]. Moreover, many oilfield cases have confirmed the validity of soaking to 

increase hydrocarbon production recently [91,92], which is attributed to the counter-current imbibition 

during a flowback process [93,94]. Therefore, this process has both beneficial and detrimental effects on 

the production of hydrocarbon in shale formations. 

 

Figure 2. 5 Schematic depiction of flowback formation via mixing of fracking fluids and formation 

water in connection with hydro-geochemical processes [78] 
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2.3 Spontaneous imbibition in shale formations 

The issue of substantial fracturing fluid loss inside shale did not draw much attention for a decade. In the 

past few years, many researchers began to investigate various processes by which water imbibes into shale 

rocks and understand the mechanisms behind each process that contributes to fluid uptake in shale. The 

main reason for a low recovery of fracturing fluid is the spontaneous imbibition of a fracturing fluid into 

the shale matrix and capillary pressure is the primary driven force for this process.  

There is more and more research focusing on the imbibition behavior of water in nanopores within shale 

formations [95,96]. Among all mechanisms that lead to spontaneous imbibition in shale formations, a 

capillary force is the dominant one [37,97,98]. In the field of nanoscale capillarity research, many 

experimental and simulation works have been conducted to investigate the unique imbibition behavior 

[99–102]. For example, Cihan et al. stated that the water flow regime in nanopores may transfer from 

adsorption-diffusion type to a capillary condensation type after a critical relative humidity (RH) [103]. In 

addition, Stroberg et al. presented a calibrated water model combined with a dissipative particle dynamics 

thermostat in MD simulations, which successfully predicted surface tension, density, and viscosity of 

water in a capillary filling problem [104]. 

To investigate the spontaneous imbibition in shale nanopores, the wettability condition and the 

nanoconfined condition are the two main factors that need considerations.  

2.3.1 Wettability of shale formations   

As the wettability of a rock is one of the key factors controlling capillary pressure, numerous experimental 

research has been focused on the wettability of shale reservoir rocks [105–109]. Typically, the kerogen-

rich shales are oil-wet or mixed-wet, and the wettability of shale reservoir rocks are different for various 

components. Commonly the inorganic minerals are hydrophilic and organic matters are hydrophobic. 

Observations from most of the experiments on shale rocks from a variety of formations indicated that 

kerogen-rich shales tend to have a higher affinity for oil than for water. However, some authors [81,110] 
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reported conflicting results by contact angle measurement. The main reason for these counter-intuitive 

results lies in the difference between the contact angle under macroscopic and microscopic conditions. 

The meniscus will be highly deformed at the nanoscale due to the influences of the solid surface, which 

leads to a different value of the contact angle. Additionally, the role of surface tension becomes less 

important compared to the line tension at the three-phase contact line under the nanoconfined conditions, 

which further deviates the microscopic contact angle [111–114]. To avoid this problem, a cylindrical 

droplet is usually measured in MD simulations to obtain a contact angle that is not affected by the line 

tension [115]. 

The imbibition tests have been performed extensively. A schematic showing the general imbibition 

behavior of oil and water within the same sample of rock is illustrated in Figure 2.6 [88]. The results 

obtained by these authors demonstrated that the normalized imbibed mass of the oil phase was higher than 

that of the water phase at the initial stages, owing to a higher affinity for oil by the shale samples. This 

implies that the shale rock sample used in these experiments is generally oil-wet. However, the oil 

imbibition rate reached a plateau sooner than the water phase and the total imbibed volume of oil was less 

than that of water. This was ascribed to the strong adsorption of water by clay in the shale samples. 

Kerogen-rich shales tend to have a higher affinity for oil than for water, however, the oil phase does not 

have an affinity to absorb on clay. Therefore, there also exists hydrophilic minerals in this shale rock 

sample. The clay minerals can absorb a large amount of water, which could also generate micro-fractures 

and, as a result, increase sample permeability.  
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Figure 2. 6 General imbibition behavior of oil and water within the same sample of rock [88] 

2.3.2 Capillarity at the nanoscale: The influence of the disjoining pressure 

The spontaneous imbibition behavior of fracturing fluid is usually simplified to a capillary filling process 

which can be modeled by the Lucas-Washburn (L-W) equation. Lucas [116] and Washburn [117] 

investigated the fluid invasion in the capillaries with negligible gravity and inertia and found a linear 

relationship between the capillary rise and the square root of time. This relation can be derived based on 

the classic Hagen-Poiseuille equation [118]. As the wetting phase invades the non-wetting phase inside 

the pores because of capillary pressure acting on the meniscus of the interface, it has to resist its own 

viscous force within the wetting fluid. However, when the confinement is down to the nanoscale, the 

classic L-W which is derived at the macroscale is not applicable. A review by Honschoten et al. 

summarized unique phenomena for capillarity at the nanoscale [34]. It is stated that under 

nanoconfinement conditions, the microscopic structure of the contact line and the meniscus will be highly 

deformed due to the influence of the surface forces, which are associated with the disjoining pressure and 

the wetting films. It is acknowledged that the capillary meniscus can coexist with the liquid films [119–

121]. Water in nanopores will be in the form of film adsorbed on solid surfaces when the relative humidity 

is low, and its thickness raises as the relative humidity increases until a critical value. Capillary 

condensation occurs if the relative humidity further increases [121]. Li et al. deemed that capillary 
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condensation only occurs when water films reach the critical thickness [68,122,123]. After this threshold, 

water is regarded to not be influenced by a solid surface and is defined as the bulk phase. The calculation 

of this critical value is usually based on the concept of disjoining pressure proposed by Derjaguin et al. 

[124]. Disjoining pressure is defined as the pressure difference between water in the thin film and that in 

bulk liquid, which represents the influence of solid surface forces. It is characterized by the sum of 

molecular component Πm, electrical component Πe, and structural component Πs. Each term can be 

calculated as follows [124–126]:  

𝛱𝛱𝑚𝑚(ℎ) =
𝐴𝐴𝐻𝐻
ℎ3

 

𝛱𝛱𝑒𝑒(ℎ) =
𝜀𝜀𝜀𝜀0
8𝜋𝜋

(𝜁𝜁1 − 𝜁𝜁2)2

ℎ2
 

                                                                       𝛱𝛱𝑠𝑠(ℎ) = 𝑘𝑘𝑒𝑒−ℎ 𝜆𝜆⁄                                                                          (2.1) 

where AH is the Hamaker constant, ε0 is the permittivity of vacuum and εr is the relative permittivity of 

film. ζ1 and ζ2 are the electric potentials of two interfaces between film, respectively, k is the constant of 

structural force and λ is the characteristic thickness of the hydration layer.  

The Critical thickness h* for the water film is obtained by: 

                                                                                 𝜕𝜕𝛱𝛱(ℎ)
𝜕𝜕ℎ ℎ=ℎ∗

= 0                                                                          (2.2) 

Furthermore, there are other special phenomena under nanoconfined conditions. For example, the electro-

capillarity may occur when a solid surface is charged, as in the case of water absorption by clay minerals. 

The presence of electric fields induces an extra stress term to be added in the Young-Laplace equation. A 

typical example is the formation of the Taylor cone, essential in the theory of electrospray.  

2.3.3 Other factors 

Apart from capillary pressure, other mechanisms may also contribute to liquid imbibition in shale 

formations, including clay hydration, osmosis effect, creation of microfractures, and evaporation due to 

gas expansion. These mechanisms were reviewed and discussed by Singh [88].  
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Clay hydration is an important mechanism for liquid uptake by shale formations, which can also be 

explained by osmosis. The abundant charged clay minerals can adsorb water molecules through interlayer 

spaces. Some researchers reported that imbibed volume in some core samples can be greater than the 

initially measured pore volume, indicating strong adsorption of water by the semi-permeable clay 

membranes [106,127,128]. The theory of the electrical double layer (EDL) theory is usually used to 

explain the interactions between the clay membranes and aqueous solutions. The characteristic thickness 

of the EDL is generally referred to as Debye length (DL), representing the length over which the 

electrostatic effects persist. Tuning the dynamics of the fluid in the EDL or modifying its structure is 

expected to affect the whole response of the system and exert a macroscopic impact on the fluid dynamics 

at scales much larger than the Debye length [35]. Thus the Debye length plays a significant role in 

nanofluidics and the impact of clay hydration on fluid flow properties cannot be neglected. Figure 2.7 

gives an illustration of the general concept of EDL [88].  

Moreover, low pore connectivity, as well as strong heterogeneity in pore types and pore geometries, are 

other important factors. All these mechanisms lead to a non-linear relationship between imbibition length 

and the square root of time, which makes the imbibition characteristics more complex than capillary filling. 

 

Figure 2. 7 Schematic to depict the charge distribution around the clay surface and to illustrate 

the general concept of EDL [88] 
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2.4 Unique flow properties at the nanoscale 

The reason why nanofluidics deserves its own terminology is primarily attributed to the considerable 

progress made over the last two decades in developing nano-fabrication technologies and computational 

techniques, like MD simulations, which give the possibility of investigating fluid behavior at the 

nanometer scale. In this subsection, literature is reviewed in terms of experiments, computational work, 

and theoretical analysis, which focus on unique properties and physical phenomena for water flow at the 

nanoscale. The slip behavior and the molecular-scale friction force are firstly reviewed, as this is an 

important research topic and this behavior highly affects the total flow rate. Then, the changed viscosity 

effect and the dynamic contact angle for nanoconfined water are investigated. Finally, the spreading 

behavior of the precursor films is reviewed, which may occur in the context of fracturing fluid imbibition 

in shale.  

2.4.1 Friction force and the slip behavior 

The dynamics of flow in confined geometries can be thoroughly understood only if the physics of the flow 

at the fluid-solid interface is accurately described. One of the most important steps towards this 

understanding lies in the determination of the correct boundary conditions for liquid flow. It is 

acknowledged that the traditional no-slip boundary condition does not hold for all conditions, as fluid 

molecules near the solid surface could not bear the infinite stress. Thus, as long as the shear stress at the 

solid-liquid interface is large enough, the interactions between the solid surface and liquid molecules could 

be conquered and the slip could occur [129]. Recent experiments and MD simulations have shown that 

liquid flow at the nanoscale can be many orders of magnitude higher than that predicted from the 

conventional fluid flow theory with a no-slip boundary condition [130–132]. Therefore the slip behavior 

is essential for nanofluidics, which highly affects flow properties.  

The primary mechanism contributing to slip is believed to arise from a stronger viscous force between 

liquid molecules compared with that between liquid molecules and solid surfaces. Slip is much more 
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prevalent when the solid-liquid interactions are weak or the shear rate is high, and thus, wettability and 

the shear rate are believed to be the most important factors affecting slip. Many works have proved that 

hydrophobic surfaces tend to induce slip compared with hydrophilic surfaces as the strength of the 

molecular potential between the fluid and wall molecules is lower [133–136]. Huang et al. obtained a 

quasi-universal relationship between the slip length and the contact angle [137], which was verified to fit 

many MD results [134,138,139]. Besides, many researchers found that the slip length increases rapidly 

with the shear rate [140–145]. However, whether slip is shear-dependent is still controversial, as many 

experiments agreed with a constant slip length model [146–152].  

Moreover, apart from this primary mechanism, there are many other factors, such as surface roughness 

and possible dissolution of gas [139,153–156], which can give rise to slip behavior. Owing to these factors, 

wettability may not be the dominant mechanism under some circumstances, as many works have verified 

that slip behavior can also exist under hydrophilic conditions [151,157–160]. Due to the complexity of 

the slip behavior, current techniques do not appear to be capable of providing an accurate physical 

description of boundary slip behavior. This is also responsible for the scattered results of slip length 

published in current literature. Kannam et al. reviewed the existing literature on water flow in carbon 

nanotubes and within graphene sheets, and they found that the slip length reported were scattered over 5 

orders of magnitude for nanotubes of diameter 0.81-10 nm [161]. Some scholars even found slip lengths 

exceeding 1000 nm under experimental conditions [132,162,163]. Besides, MD simulation studies showed 

slip lengths spanning from 1 nm to 1000 nm for the tube diameter range of 0.81-7 nm. It is well known 

that the slip length will be higher for a curvature surface, and it increases sharply when the radius of 

curvature is down to several nanometers. Under the same external force field, the slip length will be the 

smallest for a flat geometry [33]. For a flat graphene, the slip lengths span the range of 1-100 nm in the 

literature [29,161]. For example, experimental measurements conducted by Qin et al. obtained a slip 

length of around 10 nm [164]. Additionally, slip lengths measured by MD simulations were reported from 
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35-80 nm [165–170]. For instance, Wagemann et al. found a constant slip length around 50 nm before a 

critical shear rate for water flow within graphene nanochannels with separations of 2-2.8 nm [28]. All 

these scattered results reflected the complexity of the slip behavior, and thus there is a strong need for 

both theoretical work and simulations in this area so as to provide more understanding for the experimental 

results [171].  

In addition, the mechanisms of friction are closely related to the slip behavior at the liquid-solid interface 

[172–176], and a precise prediction of the slip boundary condition is crucial for a thorough description of 

fluid dynamics at the nanoscale [16,132,162,177–182]. Therefore, understanding mechanisms of liquid-

solid friction process and relating friction to the slip behavior play a key role in hydrodynamics of a nano-

confined water flow. Ma et al. found that the data from MD simulation fitted very well using a general 

inverse hyperbolic sine relation between shear stress and slip velocity [145,183]. Besides, the friction 

coefficient is usually computed to relate slip length and the magnitude of friction force [184–187]. This 

parameter can be expressed in terms of equilibrium properties in the form of the Green-Kubo relation 

[183,188]. However, this coefficient is a macroscale parameter, and there is limited work focusing on 

molecular-scale friction due to the complexity of the liquids at the nanoscale.  

Commonly, the mechanisms of liquid-solid friction are distinguished from those of solid-solid friction 

and friction within a liquid, even when the system is down to nanoscale [149,189–192]. For solid-solid 

friction at the nanoscale, the dominant mechanisms are adhesion hysteresis and deformation of asperities 

[193–199]. For friction within a fluid, the viscous force which represents the interaction strength between 

fluid molecules is the main factor contributing to friction. As for liquid-solid friction, both the interactions 

between the solid substrate and liquid, as well as interactions between fluid molecules have significant 

impacts on the friction at a liquid-solid interface [200,201]. Among the investigations of liquid-solid 

friction at the nanoscale, most researches were conducted in the context of lubrication processes [202,203]. 
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Commonly, these liquid molecules have long and complicated structures, which highly affect the 

magnitude of friction [204,205].  

However, many studies have prompted the uniformity between water-solid friction and solid-solid friction, 

regarding both complex fluids and simple fluids like water. For example, Michael et al. compared the 

solid-solid friction and the advancement of a liquid drop’s triple line through a solid substrate and found 

that both of them were closely related to adhesion hysteresis resulting from chemical heterogeneity and 

surface roughness [206]. Moreover, Lichter et al. modified the Frenkel-Kontorova model which was 

usually used to describe dislocation motion in solids and applied the modified equation (vdFK model) to 

successfully model liquid dynamics at a liquid-solid interface [207]. Furthermore, Bocquet and Barrat 

proposed and validated a systematic derivation of the friction coefficient by considering the structure 

factor of the fluid. The incorporated term measures commensurability of the fluid with the underlying 

solid structure, in full analogy with solid-solid friction [50,208].  Thus, solid-solid friction and liquid-solid 

friction should have similar mechanisms at the molecular scale, which deserves further investigation. 

Moreover, the effect of surface friction on liquid imbibition was researched in the context of dynamic 

contact angle and many scholars attempted to propose theoretical foundations for friction coefficient that 

account for the effect of surface roughness and confinement [209–213]. Kelly et al. showed that the solid-

liquid interactions at the nanoscale lead to increased viscosity compared to the bulk phase [214]. They 

proposed a simple expression for viscosity accounting for surface friction in the imbibition dynamics as 

follows:  

                                                 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏{1 + 1
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝜆𝜆3

exp [𝛾𝛾(1+𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑒𝑒)𝜆𝜆2

𝑏𝑏𝐵𝐵𝑇𝑇
]}                                                    (2.3) 

where 𝜇𝜇bulk is the bulk fluid viscosity, γ is the surface tension between the wetting and non-wetting fluids, 

θe is the contact angle at equilibrium condition, λ is the average length of the molecular displacement (of 

the order of the distance between the adsorption sites on the solid surface), kB is the Boltzmann's constant, 
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and T is the temperature. Another approach to consider the effect of the surface force is to use the 

tangential momentum transferred by the liquid particles colliding with the wall [210]: 

                                                                     𝐹𝐹𝑒𝑒 = 𝑁𝑁𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑚𝑚𝛥𝛥𝑏𝑏𝑤𝑤
𝛥𝛥𝛥𝛥

                                                                                         (2.4) 

where Ff is the force exerted by the surface friction on the liquid motion, Ncoll is the number of particle 

collisions with the solid wall in time 𝛥𝛥t, m is the mass of the particles colliding with the wall, and 𝛥𝛥uw is 

the mean velocity change for the particles colliding with the wall.  

2.4.2 The increased viscosity effect for fracturing fluid imbibition in shale 

For a spontaneous imbibition process under a nanoconfined condition, the most important effect induced 

by the solid surface is that the effective viscosity of water is different from the bulk phase value. It was 

found that the effective viscosity under a hydrophilic condition is usually higher than that of the bulk 

phase, while it is lower under a hydrophobic condition [33,215–217]. For a spontaneous imbibition 

process, water will imbibe into hydrophilic pores, and the effective viscosity will be higher than that of 

the bulk phase. The increase of the viscosity results from the stronger interactions between water 

molecules in the near-surface region and the solid surface, compared to viscous interactions among water 

molecules [218]. In the direction normal to water flow, the strong interactions make it easier for water 

molecules to be attached to the solid surface, and thus the flow resistance becomes higher, leading to the 

increased viscosity effect [34]. To predict the water imbibition behavior in shale formations precisely, the 

increased viscosity effect must be considered. Many experiments verified that the L-W model can still be 

applied in a capillary filling problem at the nanoscale, as long as the viscosity is correctly calibrated 

[34,219–222].  However, there are two important assumptions for the validation of the L-W model. The 

first one is that the radius of a nano capillary or the width of a nanochannel is large enough to ensure the 

existence of a bulk phase in the middle of the flow region. The L-W model is a continuum model that is 

derived from the Hagen-Poiseuille equation, and it cannot be used under a sub-continuum condition. As 

mentioned in Chapter 1, the threshold for the validity of the continuum hydrodynamics is approximately 
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1.66 nm. Therefore, the L-W model can only be used for nanopores with a diameter of larger than 1.66 

nm. The second one is that the L-W model assumes a force balance between capillary forces driving the 

flow and viscous drag. This is only observable in the initial states of an imbibition process, and eventually, 

gravity comes into play, ceasing the imbibition process. Therefore, this model can only be used in the 

early time of the imbibition process.  

The key to model the water flow behavior under nanoconfined conditions is to predict the effective 

viscosity precisely. Some theoretical research on this issue has been performed. For example, Tomas and 

McGaughey divided the flow area into the bulk phase and interaction region and used a constant viscosity 

as well as a constant thickness of the interaction region to calculate the total flow rate [33]. A similar 

treatment was adopted by Vo et al. to predict the effective viscosity for nanoconfined water [223]. 

However, the assumption that the viscosity within the interaction region is a constant is not strictly valid, 

as this value should be a function of the distance to the solid surface. Moreover, some approaches were 

proposed with the fitting methods of the experimental data, and there were parameters with unclear 

physical meanings [224,225]. Therefore, a simple theoretical model that captures physics under 

nanoconfined conditions is still lacking. 

2.4.3 The dynamic contact angle 

The most common model to describe a dynamic imbibition process, the L-W model, uses a constant 

contact angle, which is the equilibrium one under Young’s condition. However, during a dynamic 

imbibition process, a moving three-phase contact line (TPCL) experiences surface roughness and chemical 

heterogeneities, leading to a dynamic contact angle [226]. It was observed from many experiments that a 

dynamic contact angle is dependent on the meniscus velocity [227,228]. Cherry and Holmes proposed a 

theoretical model for the dynamic contact angle, where the wetting process was considered as an activated 

rate process. This theory was based on the Molecular Kinetic Theory proposed by Eyring, which was 

applied to describing viscous flow mechanisms [229,230]. It was assumed that a TPCL moved along 
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successive equilibrium positions across intervening activation energy barriers during a liquid spreading 

process [231]. Later, Blake and Yarnold improved this theory and claimed that the driving force for the 

motion of a TPCL arose from the unbalanced surface tension. The adsorption equilibrium was disturbed 

during the motion of the TPCL, leading to a changed curvature of a meniscus [232–234]. It was verified 

that the Molecular Kinetic Theory is sufficient to describe a capillary filling process when hydrodynamic 

regimes play a dominant role after an inertia effect at the initial stage [235,236].  

2.4.4 Spreading of the precursor films 

Recently, a research topic that draws increasingly wide attention is the fluid imbibition behavior in 

nanopores with the existence of precursor films. The precursor film propagation is a prevalent 

phenomenon during a wetting process, and the dynamic imbibition behavior with the precursor films has 

extensive applications in nanotechnology and chemical engineering [237]. For example, the performance 

of the external wetting of porous solids plays a key role in widely employed trickle bed reactors, which is 

associated with a lubrication approximation for thin film flow on an external surface [238]. The thin films 

propagating ahead of the main meniscus may manage to hide the chemical and geometrical details of the 

nano-channel walls, thereby exerting a major influence on the efficiency of nano-channel–coating 

strategies [139,239]. Furthermore, for fracturing water imbibition in shale formations, the non-negligible 

precursor films may also occur. Therefore, the physics of the precursor films need to be considered when 

modeling the spontaneous imbibition process of water in shale. 

A wetting process with the existence of precursor films was first investigated in the context of droplet 

spreading on a substrate. A special case that a droplet spreads from an initial non-equilibrium 

configuration with S0>0 towards its equilibrium shape where S=0 has been the subject of extensive 

experimental and theoretical investigations, where S0 is an initial spreading coefficient, and S is the 

spreading coefficient under the equilibrium state. The pioneering work by Hardy reported the observation 

of a precursor film ahead of the edge of a macroscopic drop [240], and numerous experiments verified 
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this observation later [241–244]. A consensus in this area has been reached that precursor films are 

omnipresent in a liquid-solid-vapor wetting system, even when liquid droplets only partially wet a solid 

surface. These films spread ahead of their meniscus as lubricants for the macroscopic part of drops, 

resulting from the competition between the gain in entropy and the balance of liquid-solid interactions and 

viscous interactions within fluids [245].  

It is well acknowledged that the water dynamics in the bulk phase are different from that in a thin film 

attached to a solid surface. Philip proposed a unitary approach to capillary condensation and adsorption 

in porous media [246]. A liquid-vapor interface is considered as a surface of constant partial specific Gibbs 

free energy. The bulk phase water is controlled by a capillary component while the water in the film is 

dominated by an adsorptive component. Moreover, the driving force for a capillary filling process is 

composed of two components, the liquid-vapor interfacial tension and the spreading power of a solid 

surface. This force is given in the following equation: 

                                                         𝑓𝑓𝑌𝑌 = 𝑆𝑆0 + 𝜎𝜎𝑏𝑏𝑙𝑙(1 − cos 𝜃𝜃𝛥𝛥)                                                        (2.5) 

where fY is the Young capillary force per unit length of a contact line, σlg is the surface tension of a liquid-

vapor interface, and 𝜃𝜃t is the dynamic contact angle. S0 is given by 

                                                             𝑆𝑆0 = 𝜎𝜎𝑠𝑠𝑙𝑙 − 𝜎𝜎𝑏𝑏𝑙𝑙 − 𝜎𝜎𝑠𝑠𝑏𝑏                                                            (2.6) 

where σsg is the surface tension of a dry solid substrate in contact with gas and σsl is the solid-liquid 

interfacial tension. The driving force due to the spreading power of the solid surface cannot be neglected 

at the nanoscale, which can be comparable to that arising from the liquid-vapor interfacial tension.  

For an imbibition process under strongly hydrophilic conditions, the initial spreading coefficient is usually 

positive. Under such conditions, S0 indicates the driving force for film spreading, and the other term 

represents the driving force for capillary filling. Hervet and de Gennes found that for a complete wetting 

case where S0 is non-negative, the entire spreading power S0 is dissipated in a film [247,248]. This 

remarkable finding resolved the paradox that the spreading of a macroscopic meniscus is independent of 
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S0 in a complete wetting case [249,250]. Therefore, the bulk water will flow above films, which act as a 

pre-wetted substrate for the sliding of the bulk water.  

The motion of precursor films is fast compared with the bulk phase water during a capillary filling process. 

It was verified that the primary mechanism of film propagation is surface diffusion of molecules from the 

edge of a meniscus, and a precursor film itself is solid-like [241,251,252]. This is consistent with the 

observation that the viscosity of water close to a solid surface is increased dramatically, and the mobility 

of water is highly reduced. Moreover, the structure of water molecules near a solid surface can be changed 

by surface forces. Epitaxial layers in a fluid that mimic the solid structure near a solid surface were 

observed by many simulations and experiments [134,216,253,254]. A consensus has been reached that 

the fluid structure close to the solid surface is detrimental to the slip behavior under the strongly 

hydrophilic conditions, as a solid wall can drag fluid molecules more efficiently when the epitaxial layers 

form [217]. Furthermore, water molecules tend to be layered near a solid surface, leading to the multi-

layer sticking phenomenon [215]. This arises from the changed structure of water molecules near the solid 

surface. Thus, the density of the water layers close to the solid surface is normally higher than the bulk 

phase value. Numerous MD simulations showed that a density peak usually occurs for the first water layer 

near a solid surface, and the bulk phase density can be obtained beyond two water layers [47,255,256]. 

Additionally, it is found that the ratio of the peak density to the bulk density is related to a contact angle, 

indicating that water layering is more prevalent under strongly hydrophilic conditions [257]. Figure 2.8 

illustrates the water layering phenomenon for the first two water layers close to a solid surface, which 

arises from the strong adsorptive forces induced by the solid surface. The water molecules whose motion 

is highly restricted in the first two layers have an ordered molecular arrangement, while, in the bulk region, 

the water molecules can move randomly due to thermal motion. Besides, there is a void region between 

the solid surface and the first layer of water, resulting from strong repulsion at short ranges.  
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Figure 2. 8 The density layering phenomenon for water near a solid surface in half of a nano-

channel 

the pioneering work conducted by Hervet, de Gennes, and Joanny provided a thorough description of the 

spreading of precursor films which includes a contribution of long-ranged forces [247,258,259]. 

Theoretical analysis showed that when a meniscus advances slowly and a film reaches a stationary shape 

very rapidly at time scales that are much shorter than the scales at which the velocity of the meniscus 

varies, the spreading of the precursor film arises from the drift of the meniscus. In this case, the length of 

the precursor film increases very slowly, which can be regarded as a constant. The length of the precursor 

film is calculated by [260]: 

                                                                   𝐿𝐿𝑒𝑒 = � 𝐴𝐴𝐻𝐻𝑆𝑆
6𝜋𝜋𝜇𝜇𝑏𝑏2𝑉𝑉2

                                                                 (2.7) 

where Lf is the length of the precursor film, AH is the Hamaker constant, 𝜇𝜇b is the bulk phase viscosity, V 

is the velocity of the meniscus, and S is the spreading coefficient, which can be computed by [245]: 
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                                                                𝑆𝑆 = ∫ 𝛱𝛱(ℎ)𝑑𝑑ℎ∞
ℎ                                                                  (2.8) 

where Π(h) is the disjoining pressure and h is the film thickness. The disjoining pressure can be calculated 

by [124]: 

                                                     𝛱𝛱(ℎ) = 𝐴𝐴H
ℎ3

+ 𝜀𝜀𝑟𝑟𝜀𝜀0
8𝜋𝜋

𝛥𝛥𝜁𝜁2

ℎ2
+ 𝑘𝑘𝑒𝑒−𝜅𝜅ℎ                                                           (2.9) 

where ε0 is the permittivity of vacuum, εr is the relative permittivity of a film, 𝛥𝛥ζ is the difference of the 

electric potentials of two interfaces separating the film, k is the constant of the structural force, and κ is 

the reciprocal of the Debye length. 

Moreover, it was found that at a long-timescale when a film reaches microscale, the motion of the 

precursor film is because of the gradient of the disjoining pressure along the film, and the film increases 

diffusively. This is because the supplement of water from its meniscus is negligible compared with the 

film length, and in this case, the film length can be computed by: 

                                                                    𝐿𝐿𝑒𝑒 = �𝐷𝐷𝑒𝑒𝑡𝑡                                                                   (2.10) 

where Df is a self-diffusion coefficient, which is verified to be comparable to an Einstein-Stokes self-

diffusion coefficient [245]. Therefore, the film length is proportional to the square root of time [259,260]. 

Although the film thickness under various conditions ranges from molecular size to over 1000 nm, this 

dependence holds very generally for self-diffusive films. Only diffusivity depends on the particular feature 

of a liquid-solid system. Many factors, including the molecular weight, the bulk phase viscosity, the 

surface energy, and the relative humidity, were found to affect the diffusivity of a precursor film [261–

264]. 

2.5 Fundamental theories of molecular interactions and Molecular kinetic theory 

2.5.1 Molecular interactions  

Understanding the fundamental theories of molecular interactions is the first step towards the 

establishment of a theoretical approach modeling nanoconfined water flow. These basic theories are also 

adopted in MD simulations, which have been applied in all parts of science and engineering backgrounds 
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due to the development of high-performance computing during the last few decades. It provides a 

straightforward method for analyzing a system in the detail such as interactions between atoms, 

topological structures of molecules, and thermodynamic properties. The various kinds of interactions 

between molecules are introduced below. Moreover, the governing equations and the Integration of 

equations of motion used in MD simulations are briefly introduced. 

The interactions between molecules can be classified into intramolecular interactions and intermolecular 

interactions. The former includes bond stretching, angle bending, torsion around bond while the latter 

consists of van der Waals (vdW) and electrostatic interactions.  

The bonded interaction has the same physical meaning as the intramolecular interaction which can be 

written as: 

                                         𝑈𝑈𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 = 𝑈𝑈𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏 + 𝑈𝑈𝑎𝑎𝑏𝑏𝑙𝑙𝑏𝑏𝑒𝑒 + 𝑈𝑈𝑏𝑏𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑎𝑎𝑏𝑏𝑠𝑠 + 𝑈𝑈𝑑𝑑𝑚𝑚𝑖𝑖𝑒𝑒𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑠𝑠                        (2.11) 

where Ubond refers to the potential energy of bond stretching. Uangle implies the potential energy required 

to bend the angle formed by three atoms, which varies with time due to vibration. The dihedral and 

improper terms represent the interactions between four bodies which are common for molecules with long 

chains.  

The non-bonded interactions can be expressed as: 

                                                     𝑈𝑈𝑏𝑏𝑐𝑐𝑏𝑏−𝑏𝑏𝑐𝑐𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 = 𝑈𝑈𝑒𝑒𝑏𝑏𝑒𝑒𝑐𝑐𝛥𝛥𝑒𝑒𝑐𝑐𝑠𝑠𝛥𝛥𝑎𝑎𝛥𝛥𝑑𝑑𝑐𝑐 + 𝑈𝑈𝑣𝑣𝑏𝑏𝑣𝑣                             (2.12) 

The Lennard-Jones (L-J) 12-6 potential is the most common model to describe the van der Waals force: 

                                          𝐸𝐸(𝑟𝑟𝑑𝑑𝑖𝑖) = �
4ε𝑑𝑑𝑖𝑖 ��

σ𝑖𝑖𝑖𝑖
𝑒𝑒𝑖𝑖𝑖𝑖
�
12
− �σ𝑖𝑖𝑖𝑖

𝑒𝑒𝑖𝑖𝑖𝑖
�
6
�    𝑟𝑟𝑑𝑑𝑖𝑖 ≤ 𝑟𝑟𝑐𝑐𝑏𝑏𝛥𝛥𝑐𝑐𝑒𝑒𝑒𝑒

       0                                       𝑟𝑟𝑑𝑑𝑖𝑖 > 𝑟𝑟𝑐𝑐𝑏𝑏𝛥𝛥𝑐𝑐𝑒𝑒𝑒𝑒
                                (2.13)                                                 

where rij represents the intersite distance between atoms i and j, εij is the well depth of the Lennard-Jones 

(L-J) potential, σij is the L-J size parameter, and rcutoff  is a cut-off radius, beyond which the interaction is 

negligible. Cross interaction parameters for unlike pairs are determined by the Lorentz-Berthelot 

combining rule: 
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                                                                σ𝑑𝑑𝑖𝑖 = 1
2
�σ𝑑𝑑𝑑𝑑 + σ𝑖𝑖𝑖𝑖�                   (2.14) 

                                                                     ε𝑑𝑑𝑖𝑖 = �ε𝑑𝑑𝑑𝑑ε𝑖𝑖𝑖𝑖                   (2.15) 

The electrostatic interactions are typically long-range forces. The partial charges of each atom are 

generally obtained according to electronegativity differences and quantum mechanics, which can replicate 

the dipole moment of molecules.  

Particles’ evolution with time the MD simulation system applies Newton’s equation of motion for classical 

mechanics. The force exerting on each atom is described as the negative gradient of the potential energy 

U(r) between two atoms with a distance r: 

                                                                     𝐹𝐹 = −∇𝑈𝑈(𝑟𝑟)                 (2.16) 

The force exerting on each particle in the system is firstly calculated according to its position relative to 

other particles, and then the position of each particle at the time of t+δt is updated by integrating the 

equations of motions. Therefore, the time evolution of the system, the momentum, and the position of 

each atom at each time step can all be obtained. The Verlet algorithm and the Leapfrog algorithm are 

commonly used for this calculation.  

2.5.2 Molecular kinetic theory 

A classic theory of the transport properties of liquids was developed by Eyring et al. [229,230,265], which 

gave a quantitative estimation of viscosity and diffusion based on the statistical mechanical theory of 

reaction rates. This theory is revisited to bridge the gap between behavior water at the molecular scale and 

macroscopic hydrodynamics.  

According to this theory, liquid molecules are largely confined within energy barriers formed by their 

neighbors because of the close packing. The motion of liquid molecules is regarded as the molecule 

overcoming energy barriers and hopping to the next low energy site. When fluid molecules are under 

external forces, shear stress, for instance, the energy barriers along the direction of the external force will 

be changed, as shown in Figure 2.9. The rate of hop under external force is given by: 
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                                       𝜈𝜈 = 𝜈𝜈+ − 𝜈𝜈− = 𝑏𝑏𝑇𝑇
ℎ𝑃𝑃

exp �−𝛥𝛥𝐺𝐺0
𝑏𝑏𝑇𝑇

� [exp �−𝐹𝐹𝑎𝑎𝛿𝛿
𝑏𝑏𝑇𝑇

� − exp (𝐹𝐹𝑎𝑎𝛿𝛿
𝑏𝑏𝑇𝑇

)]                            (2.17) 

where ν is the hopping rate, ν+ is the forward hopping rate in the direction of the external force, and ν- is 

the backward hopping rate. T is temperature, k is Boltzmann constant and hP is Planck constant. ΔG0 is 

the energy barrier, Fa is the external force acting on the molecule and δ is the length for each hopping 

event. Fa multiplied by δ is the work done by the external force, which can also be calculated by: 

                                                                     𝑊𝑊 =  𝜏𝜏𝑉𝑉𝑚𝑚
2

                                                                        (2.18) 

where τ is shear stress and Vm is the molecular volume. The velocity profile is considered to be linear over 

a very small distance between two water layers, and thus: 

                                        −𝑏𝑏𝑣𝑣𝑥𝑥
𝑏𝑏𝑑𝑑

= 𝑎𝑎
𝛿𝛿

(𝜈𝜈+ − 𝜈𝜈−) = 2𝑎𝑎𝑏𝑏𝑇𝑇
𝛿𝛿ℎ

exp �−𝛥𝛥𝐺𝐺0
𝑏𝑏𝑇𝑇

� sinh �−𝐹𝐹𝑎𝑎𝛿𝛿
𝑏𝑏𝑇𝑇

�                                 (2.19) 

Combined equations (2.17)-(2.19), the viscosity can be computed by: 

                                                 𝜇𝜇 = 𝜏𝜏

−𝑑𝑑𝑑𝑑𝑥𝑥𝑑𝑑𝑑𝑑

= 𝐹𝐹𝑎𝑎𝛿𝛿2ℎ
4𝑎𝑎𝑏𝑏𝑇𝑇𝑉𝑉𝑚𝑚

exp �𝛥𝛥𝐺𝐺0
𝑏𝑏𝑇𝑇
� csch �−𝐹𝐹𝑎𝑎𝛿𝛿

𝑏𝑏𝑇𝑇
�                                        (2.20) 

 

Figure 2. 9 Illustration of the hopping event for a water molecule 
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Chapter 3 Molecular-scale friction and the slip behavior 

 

Understanding molecular-scale friction at a liquid-solid interface in a nanofluidic system is essential, as 

friction affects slip behavior and flow properties at the nanoscale. In this Chapter, the molecular-scale 

friction at a water-graphene interface is computed, combined with theoretical analysis and MD simulation. 

A solid-solid friction model is modified, regarding a new method to calculate the work done by the 

substrate. The reliability of the computations is validated by MD results. It is manifested that liquid-solid 

friction, solid-solid friction, and viscous friction within liquids have similar mechanisms, in terms of 

energy barriers. Moreover, the relationship between the slip behavior and friction process is analyzed, and 

a theoretical foundation between the slip velocity and the friction force is obtained based on a classic 

molecular kinetic theory. This foundation indicates a hyperbolic-like relation between the friction force 

and the slip velocity for a single water molecule, which is almost linear under realistic experimental 

conditions. This foundation provides a new way to determine the boundary condition for water flow 

between graphene sheets. 

3.1 Computation of the molecular-scale friction force 

In this section, we modify a solid-solid friction model proposed by Zhong and Tomanek [266], to verify 

its application to model water flow between parallel solid sheets. Graphene is chosen as the solid substrates 

due to its simple structure. The main difference between liquid-solid friction and solid-solid friction is that 

the work done to liquid molecules by the substrate is not the vertical distance multiplied by the external 

normal force. This is due to that the normal force acting on fluid molecules is not a fixed external load as 

in the case of solid-solid friction. To take this difference into account, the trajectories of water molecules 

within the first density layer are analyzed, and an approach to calculate the work done by the graphene 

substrate is proposed based on the trajectories and total L-J curves.  
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3.1.1 A model for solid-solid friction process 

Zhong and Tomanek quantified the atomic-scale friction associated with a layer of Palladium atoms 

moving across a graphite substrate by the first-principles theory, which is shown in Figure 3.1 [266]. As 

Palladium atoms experience periodic potential energies along their trajectories, the friction is induced 

owing to the variance of the total potential energy 𝛥𝛥E along a trajectory. This energy variance results from 

the work against an external load applied to an adsorbate, which is partly compensated by the adsorption 

energy difference at different sites. The total potential energy variance 𝛥𝛥E is calculated by:  

                                                            Δ𝐸𝐸 = 𝑓𝑓NΔ𝑧𝑧 − 𝛥𝛥𝐸𝐸ad                                                               (3.1) 

where fN is the external normal load, which is balanced by the repulsive force induced by the substrate 

against it. 𝛥𝛥z is the vertical distance, and 𝛥𝛥Ead is the adsorption energy difference at different sites. As a 

result of variations of E, there is a position-dependent force fx along the x direction, defined as the direction 

of atoms’ movement. This force is given by:  

                                                                 𝑓𝑓x = 𝜕𝜕𝐸𝐸 𝜕𝜕𝜕𝜕⁄                                                                      (3.2) 

 

Figure 3. 1 A schematic of a palladium atom sliding on a graphene substrate 

According to Sacco’s theory, a potential energy increase will be transferred into friction loss, and the 

energy dissipated by friction ΔEf equals the maximum potential energy variance ΔEmax  [267]. Moreover, 

as ΔEf equals the work done by a friction force ff, it is obvious that fx equals ff. Since friction is a 

conservative process, the friction force should be zero when the potential energy is decreased, otherwise, 
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a decrease of E along x generates a negative value of friction force and offsets the friction force during the 

increased stage of the total potential energy, which is unrealistic. Thus, ff equals fx when E increases and 

equals zero when E decreases. The potential energy E and the friction force ff are plotted as a function of 

x, as shown in Figure 3.2 (a) and (b), respectively.  

 

Figure 3. 2 (a) Potential energy variance; (b) Friction force variance 

For a sliding process, the friction force should be obtained as a weighted average over fx from the energy 

dissipated in the friction along the flow direction. It is illustrated in Figure 3.2 that for a period of a 

molecule’s movement, the work done by friction equals the maximum potential energy variance ΔEmax 

because fx is the differential of potential energy with the horizontal position x. Therefore the gliding friction 

force is computed as follows: 

                                                             𝑓𝑓f = Δ𝐸𝐸max Δx⁄                                                                   (3.3) 

where Δx is the distance of one period of the movement. 

3.1.2 Molecular-scale friction at the water-graphene interface 

An accurate calculation of ΔEmax for a water-graphene friction process is important. Carbon atoms in 

graphene form a structure shape of a regular hexagon, with one carbon atom on each vertex. The central 

position of the hexagon is defined as H, and the position in the middle of two neighboring carbon atoms 

is defined as B. The adsorption energy Ead for a single oxygen atom as a function of the vertical position 

z above these two positions can be calculated by a pairwise sum of L-J interactions with carbon atoms 
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within a cut-off range, which are illustrated in Figure 3.3. It is obvious that the liquid molecules 

preferentially occupy the sites between solid molecules with the lowest energies, due to stronger 

adsorption [268,269]. The adsorption energy indicates the van der Waals interactions between the carbon 

atoms and a water molecule. When the water molecule moves from site H to site B, the adsorption energy 

is decreased, which will partly offset the positive work done by the repulsive force applied to the water 

molecule, resulting in the total potential energy variance ΔE between the two sites. As a result, the water 

molecules within the slip plane will flow above a substrate with periodic energy, and the trajectories of 

water will be waved due to the influence of the energy substrate, as shown in Figure 3.4.  

 

Figure 3. 3 The total potential energy E as a function of z above two sites 
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Figure 3. 4 The schematic of the trajectory for a single water molecule above a graphene substrate 

To compute the friction force on a single water molecule by using the solid-solid friction model, the 

normal load exerting on the molecule should be considered. As there is force balance in the z direction, 

two opposite forces, equal in magnitude, are acting on the water molecule. These two forces are denoted 

as fext, and frep, respectively. fext represents a force pointing downward to graphene, which has a similar 

physical meaning with the external normal load in the solid-solid friction. frep is a force pointing upward 

which is against fext. These two forces arise from all interactions acting on a single water molecule within 

a cut-off range. It is known that a normal force pointing downward will push the molecule towards the 

graphene until the repulsive force induced by graphene balances it. Thus, frep is the repulsive force induced 

by graphene, which equals the differential of the total L-J curve because the repulsive force is due to that 

the water graphene interaction enters the repulsive region on the total L-J curve. All other interactions, 

including interactions with other water molecules, dipoles motion, water molecule orientation, and 

interactions between hydrogen atoms and the graphene, are incorporated in fext.  

To consider these interactions as well as compute fext and frep decently, MD simulation is used to obtain 

the pressure tensors. The average normal pressure tensors exerting on water molecules in the slip plane 

are determined by using the virial theorem. Here the slip plane represents the first peak density layer in 

the density profile, which is the outermost water layer close to the interface region. The equation adopted 

in MD simulation is given by: 

                                                  𝑃𝑃𝐼𝐼𝐼𝐼 = ∑ 𝑚𝑚𝑏𝑏𝑣𝑣𝑏𝑏𝑘𝑘𝑣𝑣𝑏𝑏𝑘𝑘𝑁𝑁
𝑏𝑏

𝑉𝑉′
+ ∑ 𝑒𝑒𝑏𝑏𝑘𝑘𝑒𝑒𝑏𝑏𝑘𝑘𝑁𝑁′

𝑏𝑏
𝑉𝑉′

                                                          (3.4) 

where P is the pressure tensor, I and J stand for the directions in a Cartesian coordinate, m is the mass of 

the atom, v is the velocity, and V’ is the system volume. N is the number of atoms in the system, N’ 

includes all atoms in the system and periodic image atoms outside the central box. r and f denote position 

and force, respectively. The calculation for the pressure tensors involves a kinetic term and a virial term, 

and the latter one includes the sum of all pair-wise interactions and bonded interactions, which considers 
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all kinds of interactions mentioned above. The normal pressure tensor Pzz is used among all pressure 

tensors, which represents a force and is different from the general physical concept to describe the 

isotropic pressure in the bulk phase. Pzz can be easily transferred into fext and frep. When fext increases, the 

water molecules in the slip plane will be pushed closer to the solid substrate, leading to a smaller void 

space within the liquid-solid interface and a higher friction force. A schematic illustrating this influence 

is shown in Figure 3.5. 

 

Figure 3. 5 The schematic of the trajectories for a single water molecule under different fext 

As the repulsive force frep is the differential of the L-J potential with the vertical position z, a tangent line 

that represents this force can be drawn on the total L-J curves. The coordinates on the horizontal axis 

corresponding to the points of tangency are the equilibrium vertical positions above the two sites, denoted 

as ZH and ZB, respectively. Those on the vertical axis are the total potential energies for water at the two 

sites, denoted as EH and EB, respectively. These energies and positions are shown in Figure 3.6 (a). The 

friction force on a single water molecule can be computed based on E and z for the two sites, using the 

solid-solid friction model introduced before.  

However, the traditional method in the solid-solid friction model to calculate the work done by graphene 

cannot be used in the liquid-solid friction. For solid-solid friction, the external normal load fN is usually 

fixed during the motion of the solid particles, and thus the work done by the graphene is fN multiplied by 
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the distance 𝛥𝛥z. For a liquid-solid friction process, there is no actual external load acting on the water 

molecule, and fext, in this case, is not a fixed load, but rather a statistical concept, representing an average 

of all interactions acting on the water molecule. 

Thus we propose a method to calculate the work done by graphene based on the total L-J curves. The 

position above site B whose distance to graphene equals ZH is defined as ZM, and the potential energy at 

this location is termed EM. This potential energy can be found on the total L-J curve for site B. When 

moving a molecule horizontally from ZH to ZM, the work done in the vertical direction is zero, since the 

repulsive force is in the normal direction, and does no work in the horizontal direction. Thus the total work 

done when taking a molecule from ZH to ZB equals that done when moving the molecule from ZM to ZB. 

This work equals EM - EB because the repulsive force above site B is the differential of the L-J potential 

function above site B. According to the solid-solid friction model as introduced before, this work is partly 

compensated by the adsorption energy difference 𝛥𝛥Ead, which equals EB - EH, and thus ΔEmax and the 

friction force can be calculated as follows: 

                                              𝛥𝛥𝐸𝐸max = (𝐸𝐸M − 𝐸𝐸B) − (𝐸𝐸B − 𝐸𝐸H)                                                       (3.5) 

                                          𝑓𝑓f = Δ𝐸𝐸max Δ𝜕𝜕⁄ = (𝐸𝐸H + 𝐸𝐸M − 2𝐸𝐸B)/Δ𝜕𝜕                                                (3.6) 

   

Figure 3. 6 (a) Determination of potentials and equilibrium vertical positions; (b) Parameters used 

in the calculation of the friction force 
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3.1.3 MD simulation  

The MD simulation is used for the computation of the friction force. The planar Poiseuille flow geometry 

of water between two parallel graphene sheets driven by an applied force is analyzed. We use Non-

equilibrium MD simulation by the Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) package [270], and visualization is realized by using the Open Visualization Tool (OVITO) 

software [271]. A single graphene layer is used for each wall, and each carbon atom is tethered to its lattice 

site by a linear spring. Periodical boundary conditions are applied in the x and y directions in the simulation 

cell. The dimensions of the simulation box in the x and y directions are 51.6 Å and 52.3 Å, respectively. 

The distance between the mean center of mass of the innermost wall atoms is 50 Å. The initial water 

molecule configuration obtained by Grand Canonical Monte Carlo (GCMC) simulation, as shown in 

Figure 3.7, is used as input for MD simulation.  

 

Figure 3. 7 The initial configuration of the system in MD simulation 

An NVT ensemble is used for 1 ns to achieve the initial thermo-equilibrium, then an additional force is 

applied to each water molecule following equilibration. During the non-equilibrium process, water is 

allowed to heat up due to shear, while the temperature of the walls is maintained at 300 K using a Nosé-

Hoover thermostat. The atom velocities and pressure tensors are updated under an NVE ensemble. Four 
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cases are run for comparison, with different applied forces from 1⨉10-15 ~ 2⨉10-14 N per molecule. 

Simulation is run with a time step of 1 fs to a minimum duration of 5 ns for the non-equilibrium process. 

It is found that the obtained velocity data by using a time step of 1 fs will not lead to significant deviations 

from that by using a time step of 0.5 fs.  

3.2 Validation and discussion of the proposed model 

3.2.1 Validation of the computations 

Firstly, the velocities and pressures are obtained from MD simulation when the average velocity of water 

molecules stays constant and the system reaches a steady state. Table 3.1 summarizes the average cross-

section velocities and pressure tensors for all cases during the non-equilibrium dynamic process. The 

pressure tensors are computed for the slip plane with a height of 3 angstroms in MD simulation.  

Table 3. 1 Summary of velocities and pressure tensors for all cases 

Case 
Force per molecule 

(⨉10-14 N) 
Velocity (m/s) 

Pressure tensor in the normal 

direction (MPa) 

1 0.5 7.51 12.91 

2 1 16.9 13.18 

3 1.5 27.36 13.31 

4 2 38.15 13.72 

To validate the modified model proposed, firstly the friction force is computed by using the modified 

model as shown in equation (3.6), denoted as Method 1. In addition, another method is used to compare 

the results. It is known that at steady state conditions, the total applied force exerting on all molecules 

equals the total friction force acting on the two slip planes, and thus the friction force acting on a single 

water molecule can be computed, denoted as Method 2. This method is given by:  

                                                             𝑓𝑓f = 𝐹𝐹a ⨯ 𝑁𝑁t 𝑁𝑁s⁄                                                                     (3.7) 
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where Fa is the applied force acting on a single molecule, Nt and Ns stand for the number of total water 

molecules in the system, and the number of water molecules in the two slip planes, respectively. Both Nt 

and Ns are output from MD simulation. Moreover, the friction force without correction for the work done 

by the substrate is also calculated, using the repulsive force multiplied by the vertical distance, denoted as 

Method 3. This method is given by: 

                                                      𝑓𝑓f = (𝑓𝑓NΔ𝑧𝑧 − 𝛥𝛥𝐸𝐸ad ) Δ𝜕𝜕⁄                                                             (3.8) 

Figure 3.8 shows the comparisons. The horizontal coordinates stand for the friction force calculated by 

Method 1 and Method 3, while the vertical coordinates represent that obtained by Method 2. It is shown 

that Method 1 can quantify the friction at a water-graphene interface, and the traditional method without 

correction leads to errors in the calculation of the friction force. As mentioned in Section 3.1, there is no 

actual normal load acting on the water molecule, which is the main difference between a solid-solid 

friction process and a liquid-solid friction process.  

 

Figure 3. 8 Comparison of friction force obtained from MD simulation and that calculated by the 

model with and without corrections 
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3.2.2 Similarities between solid-solid, liquid-solid, and liquid-liquid friction processes 

As the validated model is modified based on a model for solid-solid friction, it is exhibited that solid-solid 

friction and liquid-solid friction have similar mechanisms at the molecular scale, when the molecular 

structure of moving particles are simple. The contributions from the complex molecular structure of 

moving particles to friction are omitted, and the friction results from periodic energy barriers induced in 

the direction of relative motion between the contacting particles, which is due to the inhomogeneity of 

chemical energy and molecular structure of the substrate. Solid or liquid needs energy to overcome energy 

barriers and ensure relative motion, and the process to dissipate this energy leads to friction. Therefore, 

the energy barrier is the intrinsic source of friction. From this point of view, the friction process within 

liquid molecules is also related to energy barriers. Eyring proposed a theory for the mechanisms of 

momentum transport in liquids, according to which liquid flow is a process that molecules overcome the 

energy barriers under shear stress [229]. The energy barrier and viscosity follow an exponential form of 

relationship and the shear stress reduces the energy barrier in the flow direction. Equation (2.17) displays 

the hopping rate for a single water molecule under the applied external force based on Eyring’s theory. It 

is noted that δ has a similar physical meaning with Δx for a liquid-solid friction process. The liquid-solid 

friction process is associated with water molecules overcoming the energy barriers which are reduced by 

the applied force. Thus, liquid-solid friction, solid-solid friction, and viscous friction within fluid at the 

molecular scale are all associated with overcoming energy barriers.  

Moreover, one thing to mention is that the hopping rate equation predicts a non-zero velocity as long as 

an applied force exists. But in some realistic cases, the water molecules will be locked on the solid surface 

and the fluidity is highly reduced. This will be prevalent under strong hydrophilic conditions, where the 

energy barriers for water molecules are high, and epitaxial ordering may occur [216]. Under these cases, 

the slip behavior occurs occasionally. Some water molecules can diffuse into the bulk phase from the first 

peak density layer, leaving vacancies behind. The water molecules behind can hop and occupy the 
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vacancies, contributing to the slip behavior. Therefore, the slip behavior is not prevalent in these cases, 

which is termed molecular slip [269]. 

3.3 The relationship between friction force and slip behavior 

For liquid-solid friction, the magnitude of the energy barrier is closely related to the slip behavior. As 

shown in equation (2.17), the hopping rate of a single water molecule is affected by the magnitude of the 

energy barrier, and each hopping event contributes to slip flow. The slip velocity resulted from the motion 

of a single water molecule equals the hopping rate times the distance for each hop: 

                                                                 𝑉𝑉s =  ν ⨯ 𝛿𝛿                                                                        (3.9) 

In order to establish a theoretical foundation between friction force and slip velocity for a single water 

molecule, two relationships need to be quantified. The first one is the relation between the friction force 

and the applied force acting on the water molecule, and the second one is the relation between the friction 

force and the energy barrier.  

On one hand, the relationship between the friction force and the applied force exerting on a single water 

molecule in the slip plane is acquired from equation (3.7) when the system achieves equilibration. From 

MD simulation, the number density profiles for all cases are plotted, as illustrated in Figure 3.9. The first 

peak density layer in this Figure has the same physical meaning as the slip plane, which is beyond the 

water-graphene interface and is experienced by the friction force. 
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Figure 3. 9 Number density profiles for all cases 

On the other hand, the relationship between the energy barrier ΔG0 and the friction force can be discussed 

based on the concept of Gibbs free energy. The energy barrier is also termed activation energy by some 

scholars, indicating the extra energy required for a molecule to hop from an equilibrium state to a transition 

state [36,41,272–274]. The Gibbs free energy is lowest when water is at the equilibrium state, and a 

transition state corresponds to the highest Gibbs free energy [41,274]. Based on the definition of Gibbs 

free energy change, an energy barrier, or activation energy, is characterized by: 

                                                      Δ𝐺𝐺0 =  Δ𝑈𝑈 + Δ(𝑃𝑃𝑉𝑉𝑚𝑚) − Δ(𝑇𝑇𝑆𝑆)                                                   (3.10) 

where P is pressure, Vm is the volume of a molecule, U is the internal energy, and S is entropy. It is 

assumed that the entropic term TS is constant [269]. Besides, the kinetic energy of the molecule does not 

change as the water temperature is constant, and thus the change in the Gibbs free energy is the sum of 

the potential energy difference and the volume work done by graphene. It is noted that the potential energy 

difference is the adsorption energy difference, as both terms represent van der Waals interactions between 

molecules. Therefore, equation (3.10) can be reduced to: 

                                                             Δ𝐺𝐺0 =  Δ𝐸𝐸𝑎𝑎𝑏𝑏 + Δ(𝑃𝑃𝑉𝑉𝑚𝑚)                                                       (3.11) 
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For a hopping event from site H to site B, the positive work done by graphene is equivalent to reducing 

the volume of the molecule, so that Δ(PVm) will be negative [268]. Besides, the adsorption energy 

difference between the final state at site B and the initial state at site H will be positive, as can be seen in 

Figure 3.3. As introduced in Section 3.1, the maximum potential energy variance ΔEmax is induced owing 

to the work done by the repulsive force which is partly compensated by the adsorption energy difference, 

therefore, a theoretical foundation can be obtained by: 

                          𝛥𝛥𝐺𝐺0 = Δ𝐸𝐸ad −𝑊𝑊rep = (𝐸𝐸B  −  𝐸𝐸H) − (𝐸𝐸M − 𝐸𝐸B) = −𝛥𝛥𝐸𝐸max                              (3.12) 

In addition, the maximum potential energy variance ΔEmax equals the friction force ff multiplied by the 

distance δ from the view of dissipation. Thus, the relationship between the friction force and the energy 

barrier is obtained by:  

                                                            𝛥𝛥𝐺𝐺0 = −𝑓𝑓f ⨯ 𝛿𝛿                                                                    (3.13) 

Combined equations (2.17), (3.7), (3.9), and (3.13), the relationship between the friction force and the slip 

velocity is eventually obtained by: 

                                         𝑉𝑉s = 𝛿𝛿𝑏𝑏𝑇𝑇
ℎ

{exp [
(1+𝑁𝑁𝑠𝑠𝑁𝑁𝑡𝑡

)𝑒𝑒f𝛿𝛿

𝑏𝑏𝑇𝑇
] − exp [

(1−𝑁𝑁𝑠𝑠𝑁𝑁𝑡𝑡
)𝑒𝑒f𝛿𝛿

𝑏𝑏𝑇𝑇
]}                                          (3.14) 

This theoretical relation is plotted in Figure 3.10, and the data for slip velocity-friction force relation 

obtained from MD simulation for each case are also shown for comparison. As the velocity data points 

obtained from MD simulations are statistical, error bars are added. The range of the error bar is set as 5 

m/s, because it is found that most data points are within this range. 

It is displayed that the theoretical relation fits very well with the MD results, and thus the theoretical 

relationship is validated.  
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Figure 3. 10 Comparison of the data obtained from MD simulation and that calculated by the 

theoretical foundation 

It is therefore concluded that the slip velocity of the slip plane and the friction force at the interface follow 

a hyperbolic-like relationship, and a linear relationship is acquired when the friction force is low. In reality, 

when this relation is beyond the linear regime, the applied driven force will be too high for a real 

experiment. The velocities and temperatures of the slip plane for more cases with higher applied driven 

forces are also plotted, as shown in Figure 3.11. It can be observed that when the applied force is higher, 

the temperature of the slip plane will exceed 300 K, which means that the thermostat will be unreliable. 

Moreover, it is shown that in these cases, the slip velocity is over 50 m/s, beyond which the non-linear in 

the flow rate begins to occur, which is unrealistic. It is reported that the velocity of molecules should be 

one order of magnitude lower than the thermal velocity (340 m/s) to be reliable [275,276]. 
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Figure 3. 11 Velocities and layer temperatures of the slip plane for more cases 

It is acknowledged that the fast slip of water above the graphene substrate arises from two aspects, 

including a weak interaction between water molecules and the graphene substrate, and a smooth structure 

of graphene [137,170,277–279]. Both aspects contribute to a small energy barrier for a motion of the water 

molecule, leading to a significant slip behavior. In Figure 3.12, the average cross-section flow rates for 

water flow between graphene sheets with a separation of 5 nm, and that with a traditional no-slip boundary 

condition are plotted. It is displayed that the slip behavior contributes significantly to the total flow rate 

for water flow between graphene sheets, and thus a precise estimation of the boundary condition is 

important.  
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Figure 3. 12 Average cross-section flow rate with and without slip velocity 

In this theoretical foundation, all parameters have clear physical meanings and there are no empirical 

parameters. Moreover, it omits the necessity to compute the slip length, which is usually difficult to 

quantify. The reported slip lengths in literature are scattered, spanning over several orders of magnitude 

[33,132,161–164]. Therefore, the proposed foundation between the friction force and the slip velocity 

provides a new way to determine the boundary condition for the flow of simple liquids at nanoconfined 

conditions. 

3.4 Summary 

In this part, the molecular-scale friction force at the water-graphene interface is computed, by a modified 

solid-solid friction model combined with MD simulation. A new method to calculate the work done by 

the graphene substrate is proposed to capture the physics of water, based on the total L-J potential curves. 

The reliability of the results is validated by force balance during the non-equilibrium dynamic process. It 

is concluded that liquid-solid friction has similar mechanisms compared with solid-solid friction, in terms 

of the energy barrier. Both friction processes arise from the dissipation of the energy that is acquired by 
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the molecules to overcome energy barriers. Moreover, this theory can be extended and compared with a 

classic molecular kinetic theory, which reveals the origin of viscous force within fluid molecules. 

In addition, the relationship between the slip process and friction is analyzed, and a theoretical foundation 

between slip velocity and friction force is obtained. The velocity of the water molecule in the slip plane 

and the friction force acting on it follow a hyperbolic-like relationship, and a linear relation can be 

recovered under realistic experimental conditions. This theoretical foundation provides a new way to 

determine the boundary condition for simple liquids flow above the graphene substrate. 
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Chapter 4 The increased viscosity effect for fracturing fluid imbibition in 

shale 

 

Understanding water imbibition behaviors in shale formations plays an essential role in shale gas 

development. The effective viscosity of water in shale nanopores is usually different from that of the bulk 

phase because of the confined conditions. In this part, a model considering interactions between water and 

a solid surface is proposed to predict the effective viscosity of water at the nanoscale, which is inserted 

into the classic L-W model to describe the water imbibition behavior in shale formations. This model is 

derived based on a molecular kinetic theory and incorporates the disjoining pressure. Published 

experimental data is used to validate the model. It is demonstrated that the effective viscosity of water in 

hydrophilic nanopores is much higher than that of the bulk phase due to strong interactions between water 

and a solid surface, and the deviation significantly increases when the separation is below 10 nm. For a 

hydrophilic capillary tube with a diameter of 10 nm, the water effective viscosity is approximately 2.5 

times higher than that of the bulk phase. Moreover, this deviation is larger for a capillary tube compared 

with a capillary channel, due to the curvature effect. Besides, the effective viscosity for water under a 

hydrophobic condition is smaller than the bulk phase water, because the structural repulsive force 

dominates under a hydrophobic condition. This work establishes a theoretical foundation to calculate the 

effective viscosity for water flow at the nanoscale. Furthermore, it helps to understand fracturing fluid 

imbibition behavior in shale gas reservoirs, which will benefit the simulation of fluid flow at the reservoir 

scale. 

4.1 Models for effective viscosity and spontaneous imbibition 

According to the Molecular kinetic theory, the impact of surface forces on water flow properties is 

reflected in the difference of an energy barrier ΔG0. Water molecules within the bulk phase only interact 

with other water molecules surrounded. However, those molecules near the solid surface interact both 
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with water molecules and solid molecules. Thus, energy barriers are spatially varying for water molecules 

at different locations. Some scholars defined the concept of an energy barrier as activation energy, 

meaning extra energy required for a molecule to hop from an equilibrium state to a transition state. The 

Gibbs free energy is lowest when water is at the equilibrium state, and a transition state corresponds to 

the highest Gibbs free energy [274]. Based on the definition of Gibbs free energy, an energy barrier, or 

activation energy, is characterized by: 

                                                      Δ𝐺𝐺0 =  Δ𝑈𝑈 + Δ(𝑃𝑃𝑉𝑉) − Δ(𝑇𝑇𝑆𝑆)                                                         (4.1) 

where U is the internal energy in J and S is the entropy in J/K. P and V are pressure in Pa and volume in 

m3, respectively. The solid surface is assumed smooth, and the variation of adsorption energy along the 

surface is negligible, indicating that ΔU is zero. Also, the entropic term TS and pressure P are usually 

assumed constant for a hopping event [268,269]. Therefore, equation (4.1) reduces to: 

                                                                    Δ𝐺𝐺0 = 𝑃𝑃Δ𝑉𝑉                                                                        (4.2) 

ΔV is considered as the volume difference of vacancy in the transition state and equilibrium state, and its 

calculation is proposed by Glasstone et al. [230]: 

                                                               Δ𝑉𝑉 = −𝑓𝑓 4𝜋𝜋
3

(𝜎𝜎
2

)3                                                                    (4.3) 

where f is a fitting factor, which equals unity when the applied shearing is small, and σ is the L-J size 

parameter. For water in the bulk phase, the liquid-liquid L-J size parameter σLL is used, while the liquid-

solid L-J size parameter σLS is applied for water near a solid surface. It is known that the first two layers 

with a thickness of approximately 0.7 nm are strongly affected by the solid surface, as there are usually 

two density peaks on water density profiles [255]. Therefore, it is regarded that the water within the first 

two layers use the liquid-solid L-J size parameter σLS, and that beyond these two layers apply the liquid-

liquid L-J size parameter σLL. 

For water molecules at different locations, the pressure is different due to the impact of surface forces. If 

P0 is defined as the pressure in the bulk phase and Pl as the pressure of water at a location with a distance 
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l to the solid surface, the difference between Pl and the pressure in the bulk phase is called the solvation 

pressure, which has the same physical meaning as the disjoining pressure Π(l) [268,269]. Thus the 

viscosity ratio of water under the influence of a surface force to that in the bulk phase can be calculated 

by: 

                                                            𝜇𝜇𝑏𝑏
𝜇𝜇0

= exp (Δ𝐺𝐺0(𝑏𝑏)−Δ𝐺𝐺0(0)
𝑏𝑏𝑇𝑇

)                                                              (4.4) 

Combining equations (4.2) to (4.4), this relation can be expressed as: 

                                                  𝜇𝜇𝑏𝑏
𝜇𝜇0

= exp �(𝑃𝑃0−𝑃𝑃𝑏𝑏)Δ𝑉𝑉
𝑏𝑏𝑇𝑇

� = exp(−𝛱𝛱𝑏𝑏𝜋𝜋𝜎𝜎3

6𝑏𝑏𝑇𝑇
)                                                    (4.5) 

To apply the above theory to the description of a spontaneous imbibition process, an effective viscosity is 

necessary to ensure the application of a continuum model. The effective viscosity for a slit nanopore is 

calculated by: 

                            𝜇𝜇e(𝐻𝐻) = ∫ 𝜇𝜇𝑏𝑏𝑏𝑏𝐴𝐴
𝐻𝐻
2
0
𝐴𝐴

=
∫ [𝑊𝑊𝑟𝑟∗
0 𝜇𝜇0exp (𝛱𝛱𝑏𝑏𝜋𝜋𝜋𝜋LL

3

6𝑏𝑏𝑘𝑘 )]𝑏𝑏𝑒𝑒+∫ [𝑊𝑊
𝐻𝐻
2
𝑟𝑟∗ 𝜇𝜇0exp (𝛱𝛱𝑏𝑏𝜋𝜋𝜋𝜋LS

3

6𝑏𝑏𝑘𝑘 )]𝑏𝑏𝑒𝑒

𝑊𝑊𝐻𝐻
2

∗                               (4.6) 

where l is the distance to a solid surface, W is a channel width, H is a channel height, r is the distance to 

the middle of a streamline, and r* is the distance from the boundary of the two water density layers to the 

middle of the streamline. Additionally, the effective viscosity for a cylindrical nanopore is given by: 

                                   𝜇𝜇e(𝐷𝐷) =
∫ [2𝜋𝜋𝑒𝑒𝑟𝑟∗
0 𝜇𝜇0exp (𝛱𝛱𝑏𝑏𝜋𝜋𝜋𝜋LL

3

6𝑏𝑏𝑘𝑘 )]𝑏𝑏𝑒𝑒+∫ [2𝜋𝜋𝑒𝑒
𝐷𝐷
2
𝑟𝑟∗ 𝜇𝜇0exp (𝛱𝛱𝑏𝑏𝜋𝜋𝜋𝜋LS

3

6𝑏𝑏𝑘𝑘 )]𝑏𝑏𝑒𝑒

𝜋𝜋(𝐷𝐷2)2
                                  (4.7) 

where D is the diameter of a nano capillary tube. 

A spontaneous imbibition process is usually described by the L-W model, which relates the imbibition 

length to time. The classical L-W model is modified by incorporating the effective viscosity as follows: 

                                                                   𝐿𝐿(𝑡𝑡) = (2𝐾𝐾𝑃𝑃C
𝜇𝜇e

)
1
2 𝑡𝑡−

1
2                                                            (4.8) 

where PC is the capillary pressure and K represents permeability given by [280]: 

                                                                     𝐾𝐾(𝐻𝐻) = 𝐻𝐻2

12
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                                                                     𝐾𝐾(𝐷𝐷) = 𝐷𝐷2

32
                                                                    (4.9) 

where K(H) is permeability for a nanochannel in m2 when its width is much larger than the channel height, 

and K(D) is permeability for nanocapillary in m2. Therefore, the spontaneous imbibition length can be 

estimated by combing equations (4.6) – (4.9). 

4.2 Model validation 

In order to check the validity of the proposed model, the results predicted by the model are compared with 

the published experimental data [219,221,222,281]. The calculating parameters are listed in Table 4.1.  

Table 4. 1 A summary of parameters in calculations 

Parameter 
Symbo

l 
Unit Value Reference Value 

Temperature T K 297  

Viscosity of bulk phase μ0 Pa s 0.001  

Boltzmann constant k 10-23 J/K 1.38  

Liquid-solid L-J size parameter for clay σLS nm 0.225 0.22-0.23 [282] 

Liquid-solid L-J size parameter for organic 

matters in shale 
σLS nm 0.34 0.3-0.35 [283] 

liquid−liquid L-J size parameter for bulk 

phase water 
σLL nm 0.32  

Contact angle for clay θ Dimensionless 0 0 [219,221] 

Contact angle for organic matters in shale θ Dimensionless 100 100 [122] 

Surface tension γ N/m 0.073  

Hamaker constant for clay AH 10-20 J 5.0 4.7-5.0 [284] 

Hamaker constant for organic matters in 

shale 
AH 10-20 J 0.1 0.1-1.0 [285] 

Permittivity of vacuum ε0 10-12 F/m 8.85  
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Relative permittivity of water ε Dimensionless 81.5  

Difference of electric potentials 𝛥𝛥ζ mv 50 0-80 [286] 

Coefficient of structural force for clay k 107 N/m2 1 -5-2 [286] 

Coefficient of structural force for shale k 107 N/m2 -1 -5-2 [286] 

Thickness of hydration layer λ nm 1.5 1.0-2.0 [286] 

4.2.1 Validation of the effective viscosity 

Figure 4.1 shows the ratio of the effective viscosity to the bulk viscosity calculated by the proposed model 

and those acquired from the literature [33,41,219,221,222,287,288]. The vertical axis represents the ratio 

calculated by the model and the horizontal axis corresponds to the results obtained from experiments. The 

effective viscosity values obtained in the literature are calculated based on the imbibition curves reported 

by the authors. The effective viscosity is calculated according to the slope of the L2 vs t straight line. As 

there are usually small tolerances for the data points, the error bars are added to the effective viscosity 

values. 

Equation (4.6) is used to calculate the effective viscosity ratio for a nano-channel, and equation (4.7) is 

used to predict that for a nano-capillary. A diagonal line is shown for comparison. The results match very 

well for all experiments, which validates the effective viscosity model. Moreover, the ratio of the effective 

viscosity to the bulk viscosity is also plotted as a function of the channel height for nano slits and compared 

with those from published data, as shown in Figure 4.2. The proposed effective viscosity model for a 

nano-channel can predict the effective viscosity ratio for different channel widths. Numerous values for 

various channel widths are calculated, and a curve is obtained as shown in this Figure. The data points in 

this Figure are also from the experimental results. It is illustrated that all of the data points are close to the 

blue curve, and thus the proposed effective viscosity model is validated. Moreover, this Figure shows the 

proposed viscosity model is capable of predicting the trend of the viscosity ratio as a function of the 

channel height, and it can be seen that the effective viscosity significantly deviates the bulk phase value 

for a channel with a width of below 10 nm.  
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Figure 4. 1 Comparison of the viscosity ratio calculated by the model and those obtained from 

experiments 

 

Figure 4. 2 Comparison of the viscosity ratio as a function of channel height calculated by the 

model and those obtained from experiments 

4.2.2 Validation of the spontaneous imbibition 

The validity of the model for spontaneous imbibition is also checked by published data from the literature. 

The experiments conducted by Haneveld et al. [221] are chosen for this validation.  In their experiments, 
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the solid material is a silicon-based rectangular pore, and the pore height is 5, 11, 23, and 47 nm, 

respectively, while the width is 20 μm. In Figure 4.3, the imbibition behavior predicted by equation (4.8) 

and that obtained from experiments are compared. The data points in this Figure show the recorded 

imbibition length as a function of time. Moreover, the imbibition rate is calculated as a function of time, 

and four curves are plotted. These four curves correspond to the imbibition behavior for water in a 

nanochannel with the four channel widths used in the experiments. It can be seen that the data points and 

the plotted curves match reasonably well, and thus the modified L-W model is validated. However, it can 

be seen that for channel widths of 5 nm and 11 nm, the predicted imbibition length is slightly higher than 

the measured imbibition length. This small deviation is attributed to two reasons. 

First, the surface roughness may further increase the flow resistance. This influence can be estimated by 

correcting the effective height of channels with a small distance 𝛥𝛥H. Ouyang et al. estimated this value to 

be approximately 0.229 nm [289], and this value should depend on the materials and fabrication methods 

[290]. Second, the possible formation and entrapment of nanobubbles may occur at the advancing liquid 

meniscus, leading to an immediate decrease in the filling speed [291]. This effect is associated with the 

dissolved gas or contaminant. These two reasons may be responsible for the small deviation between the 

predicted imbibition length and the measured one for channel widths of 5 nm and 11 nm in Figure 4.3.  
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Figure 4. 3 Comparison of the imbibition length calculated by the model and that obtained from 

experiments 

4.3 Results and discussion 

4.3.1 Effective viscosity versus geometrical factors 

The effect of geometrical factors on the effective viscosity is shown in Figure 4.4. The geometric factors 

include the shape of the cross-section for the flow area and the characteristic length of the cross-section. 

The characteristic length is the diameter for a capillary tube and the height for a capillary channel. In this 

Figure, the red curve for a nano-channel is plotted based on equation (4.6), and the blue curve for a nano-

capillary is plotted according to equation (4.7). It is demonstrated that the effective viscosity increases 

rapidly when the characteristic length is down to 10 nm. This trend clarifies that extreme confinement 

leads to a significant deviation for the effective viscosity, due to the influence of surface forces induced 

by solid. When the characteristic length approaches approximately 100 nm, the viscosity ratio decreases 

closely to unity. This trend can be explained by a disjoining pressure curve. As shown in Figure 4.5, the 

disjoining pressure as a function of the distance to the lower solid surface is plotted for a slit nanopore. It 

is obvious that the disjoining pressure elevates fast when water approaches closely to the solid surface, 

meaning that the viscosity increases rapidly in a near-surface region. When the separation of the two solid 

surfaces is down to several nanometers, the region with a significantly increased viscosity accounts for a 

great proportion, and thus the effective viscosity is much larger than that of the bulk value. When the 

separation gets larger, the proportion of the region with a significantly increased viscosity becomes less, 

leading to a lower effective viscosity.  
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Figure 4. 4 Relationship between viscosity ratio and geometrical factors 

However, it is noted that the proposed model is only applicable to nanopores whose characteristic length 

is larger than 1~2 nm. This precondition ensures that the confined water can be modeled by the continuum 

theory. When the confinement is so small that the regions influenced by surface forces from two solid 

surfaces overlap, new phenomena will occur during an imbibition process, which cannot be described by 

the continuum model. A review on various transport phenomena’ at different length scales stated that 

when the limit is such that only one molecule can enter a confining pore, single-file water transport occurs 

[35]. In this case, the deviations from bulk hydrodynamics will be more drastic, and various specific 

phenomena show up, including non-Fickian transport, ion transfer, and stochastic flow. When the 

separation is large enough to ensure the existence of a bulk phase, the disjoining pressure curve will 

decrease to zero in the bulk phase, as shown in Figure 4.5. 
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Figure 4. 5 Disjoining pressure curve for slit nanopore with a channel height of 5 nm 

Apart from the characteristic length, another factor that affects the effective viscosity is the shape of a 

nanopore. For the same characteristic length, the effective ratio for a nanopore with a cylindrical shape is 

always larger than that with a slit shape, and this effect amplifies when confinement increases. This is due 

to the curvature effect induced within a cylindrical shape nanopore. If the solid material is the same for 

the cylindrical nanopore and slit nanopore, the region under the influence of a solid surface for a 

cylindrical nanopore is larger than that for a slit nanopore, leading to a larger effective viscosity.  

4.3.2 Effective viscosity versus solid properties 

Shale gas reservoirs are composed of inorganic matters and organic matters, and thus there are both 

hydrophilic and hydrophobic nanopores in shale gas reservoirs. The effective viscosity of confined water 

within pores with different wettability is different, as wettability represents the interaction strength 

between water and solid materials. Figure 4.6 shows the comparison of the effective viscosity of water 

confined in slit nanopores of clay and organic matters in shale; the former represents hydrophilic inorganic 

matters and the latter stands for hydrophobic organic matters. Both curves are plotted based on equation 
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(4.6), but the parameters are different for the two wettability conditions. The values of parameters used in 

the calculations are listed in Table 4.1.  

 

Figure 4. 6 Comparison of the effective viscosity of water confined in slit nanopores of clay and 

organic matters in shale 

It can be seen that the effective viscosity for water in hydrophilic nanopores is always greater than the 

bulk phase viscosity while an opposite trend exists for that in the hydrophobic nanopores. This implies 

that wettability is a key factor that controls the effective viscosity for nanoconfined water flow. Moreover, 

the effective viscosity deviates more significantly under hydrophilic conditions compared with its 

decrease under hydrophobic conditions, especially when the channel height is below 10 nm. For example, 

the calculations show that for a channel height of 2 nm, the ratio of the effective viscosity to the bulk 

phase viscosity under the hydrophobic conditions is 0.822, while that under hydrophilic conditions reaches 

5.056. Furthermore, this ratio reduces to 1.104 under the hydrophilic conditions when the channel height 

is 60 nm, and the increased effect is still non-negligible. However, the ratio approaches very close to the 

bulk phase value when the separation is over 20 nm. Furthermore, this reduced viscosity effect also 

explains why a water flow rate is much higher under hydrophobic conditions at the nanoscale. For a 
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spontaneous imbibition process that occurs under hydrophilic conditions, the effective viscosity is always 

greater than the bulk phase viscosity, which cannot be neglected.  

In order to further analyze the impact of wettability on the effective viscosity, different components of the 

disjoining pressure that contribute to the effective viscosity are compared. As described in Chapter 2, there 

are three parts composing the disjoining pressure, including a molecular component, an electrical 

component, and a structural component. In equation (4.4), it is shown that the effective viscosity is 

determined by ΔG0(l)-ΔG0(0). As ΔG0(0) represents the energy barrier for water in the bulk phase, the 

difference between the energy barrier at a distance l and the bulk phase energy barrier is defined as the 

additional energy barrier, indicating the influence of the solid surface on the energy barrier. The additional 

energy barrier contributing from three components as a function of the distance of water to the solid 

surface under hydrophilic conditions is plotted in Figure 4.7. It is obvious that the molecular component 

dominates for water in clay nano slits. The electrical component is negligible compared with the molecular 

component, so is the structural component. Thus, under hydrophilic conditions, the van der Waals 

interactions between the solid surface and water tend to increase the viscous drag within water near the 

solid surface, which is the primary reason for the increased viscosity effect for spontaneous imbibition 

under hydrophilic conditions. 
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Figure 4. 7 Comparison of the contribution from different components to the additional energy 

barriers for water confined in slit nanopores of clay in shale 

Besides, the relationship between the additional energy barrier and the distance of water to the solid 

surface under hydrophobic conditions is illustrated in Figure 4.8. It can be seen that the structural 

component is the dominant one compared with the other two components, and this component is a negative 

value, which tends to reduce the additional energy barrier of water. This is the main reason for the effective 

viscosity to be less than the bulk phase viscosity. The structural component implies the hydrophobic 

repulsive force acting on water molecules close to a pore wall inducted by a solid surface. It has a negative 

value because it has an opposite effect compared with the van der Waals interactions. The parallel 

orientations of water molecules to the solid surface may occur when this interaction is strong, as can be 

seen in Figure 4.8. This changed structure leads to reduced viscous drag within water near the solid 

surface, and thus the energy barrier, as well as the viscosity of water, are decreased. Besides, it can be 

seen that the magnitude of the additional energy barriers induced by these components is small compared 

with that caused by the molecular component under the hydrophilic conditions, thus the deviation from 

the bulk phase viscosity under the hydrophobic conditions is much less compared with that under 

hydrophilic conditions.  
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Figure 4. 8 Comparison of the contribution from different components to the additional energy 

barriers for water confined in slit nanopores of organic matters in shale 

4.3.3 Spontaneous imbibition behavior 

The L-W model is usually used to calculate the imbibition length. Figure 4.9 compares the imbibition 

length calculated by the proposed model and that obtained by the classic L-W model without the correction 

for the effective viscosity. The solid lines are plotted according to equation (4.8), and the dashed lines are 

plotted based on the classic L-W model. It is shown that ignoring the effect of the effective viscosity leads 

to a deviation of the imbibition length, and the deviation becomes more significant when a channel height 

is small. This trend also shows that the effective viscosity increases with confinement. For a slit nanopore 

with a separation larger than 50 nm, the effect of the increased viscosity is much smaller. As there are 

abundant micropores and mesopores in shale gas reservoirs, the correction for the effective viscosity is 

necessary.  

 

Figure 4. 9 Imbibition length predicted by the proposed model and the classic L-W model 

Although the proposed model accounts for the effect of water-solid interactions by using an effective 

viscosity in the classic L-W model, this model still predicts that the imbibition length and the square root 

of time follow a linear relationship which the classic L-W model describes. However, this relationship 



68 
 

was found to deviate significantly from linearity in some core experiments [292]. This phenomenon arises 

from other factors leading to water retention in the shale matrix. For example, abundant charged clay 

minerals can adsorb water molecules through interlayer spaces, which is referred to as clay hydration. 

Some researchers reported that an imbibed volume in some core samples can be greater than an initially 

measured pore volume, indicating the strong adsorption of water by semi-permeable clay membranes 

[122]. Moreover, low pore connectivity and strong heterogeneity in pore types are other important factors. 

Furthermore, another important phenomenon that leads to the nonlinearity of the imbibition behavior is 

the deformation of the interface. Experimental evidence of irregular menisci has been reported in the 

literature. For example, Kim et al. observed multi-curvatures at the edge of a meniscus for low viscosity 

polymer flow in nanochannels, which results in a reduction of the effective cross-sectional area [293]. 

Van Honschoten et al. also found a deformed interface at the water imbibition front, the radius of which 

was much larger than that predicted by the macroscopic Kelvin equation [34]. Some models have been 

proposed to account for this effect. For example, Kelly et al. proposed a model that demonstrates how van 

der Waals forces lead to local menisci deformation and an average reduction in capillary pressure [214]. 

Moreover, Stoberg et al. verified by MD simulations that this effect can be accounted for by a dynamic 

contact angle [104]. However, the interfacial deformation phenomenon and a possible formation of a 

precursor film ahead of the meniscus under a strong hydrophilic condition requires further research. 

Therefore, many other mechanisms lead to a nonlinear relationship between the imbibition length and the 

square root of time, which makes the imbibition behavior more complex than a classic capillary filling.  

One more thing to discuss is the initial water thickness in the shale formations. Li et al. proposed a reliable 

method for the estimation of the initial water film thickness under experimental conditions [68]. The initial 

water film thickness is calculated based on the relationship between the disjoining pressure and RH: 

                                                           𝛱𝛱(𝑙𝑙)𝑉𝑉𝑚𝑚 = −𝑅𝑅𝑇𝑇𝑙𝑙𝑅𝑅 𝑃𝑃𝑑𝑑
𝑃𝑃0

                                                              (4.10) 
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This is an extended formula based on the Kelvin equation to describe the relationship between the RH and 

pressure difference of two phases [34]. The thickness of the initial water film can be computed based on 

the disjoining pressure curve. 

The estimation of the initial water film thickness is meaningful, as it provides information on water 

distribution characteristics in shale formations. It is found that the initial water film thickness is 

approximately 1~3 nm, implying that the small pores with a characteristic length less than this value will 

be blocked by the initial water. These small pores are invalid for gas transport and storage, as well as 

spontaneous imbibition of fracturing fluid. Moreover, the proposed model is valid for nanopores larger 

than 1 to 2 nm as the continuum theory will be invalid for extreme confinement. For very small pores with 

a separation of less than 2 nm, the capillary condensation will occur under realistic reservoir conditions, 

as the initial water film is usually 1 to 3 nm. This means that the extremely narrow pores that cannot be 

described by the proposed model are usually filled with initial water and is not open for spontaneous 

imbibition. Larger pores that allow for imbibition can be described by the proposed model, and thus the 

proposed model is meaningful and useful. However, the effective flow area of a cross-section is reduced 

when there is an initial water film, which should be considered to ensure a precise quantification of an 

imbibition rate.  

4.4 Summary 

In this part, a theoretical model for the effective viscosity for water imbibition in shale formations is 

proposed, according to Eyring’s molecular kinetic theory. The strong interactions between water 

molecules and solid surfaces are considered based on the disjoining pressure. The proposed viscosity 

model is validated by experimental results in the published literature. The main factors that affect the 

effective viscosity, including a pore size, a pore shape, and the properties of a solid material, are discussed. 

The main conclusions are summarized as follows: 
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(1) The effective viscosity is much higher for water under confined conditions, and it increases rapidly 

when the characteristic length of nanopores is lower than 10 nm. The effective viscosity for cylindrical 

nanopores is always larger than that for slit nanopores when the characteristic lengths are the same, and 

the difference is more obvious for small nanopores. 

(2) Wettability is a key factor that controls the magnitude of the effective viscosity. The effective viscosity 

for water under hydrophilic conditions is much higher than that of the bulk phase while that under 

hydrophobic conditions is smaller. The molecular component is the dominant mechanism that contributes 

to the increased viscosity under the hydrophilic conditions, and the structural component induced by the 

repulsive force is the primary factor on the reduced viscosity under hydrophobic conditions. 

(3) The proposed model considering the increased viscosity can predict spontaneous imbibition behavior, 

and ignoring this effect leads to huge errors, especially when the characteristic length is very small. 

Furthermore, other mechanisms may lead to water retention in reservoirs, including clay hydration and 

heterogeneity of pores.  

(4) The disjoining pressure curve can be used to estimate the initial water film thickness. Moreover, for 

the pores in the shale formation which are open for imbibition, the proposed model can be applied as the 

small pores are usually filled with initial water. 
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Chapter 5 A unified model for quasi-continuum water flow under 

nanoconfined conditions 

 

Although spontaneous imbibition only occurs under hydrophilic conditions, fracturing water can imbibe 

into hydrophobic nanopores when an external pressure exists. Besides, quasi-continuum water flow under 

hydrophobic conditions has tremendous applications in chemical engineering and nanotechnology. 

Therefore, it is important to investigate the quasi-continuum water flow regime under various wettability 

conditions. MD simulations performed by Sendner showed that on hydrophobic surfaces the water 

dynamics were purely diffusive, while transient binding or trapping of water occurred for water close to a 

hydrophilic surface [26]. Accordingly, some research demonstrated that the water near an interface region 

in the hydrophobic condition diffused faster compared with that in the bulk phase and the viscosity of 

water in a boundary layer under hydrophilic conditions was higher than in the bulk phase due to stronger 

interactions with a solid surface [34,36–39,214]. Moreover, the slippage effect cannot be neglected, 

especially under a hydrophobic condition. In this part, a slip length model based on a quasi-universal 

relationship between a contact angle and the slip length is applied. The L-W model is modified by combing 

the effective viscosity model and the slip length model. It is found that the effective viscosity of water is 

highly affected by a wettability condition, and a linear relationship exists between the contact angle and 

the interfacial viscosity. The main reason for this phenomenon lies in a different magnitude of the 

Hamaker constant under various wettability conditions. Besides, it is found that the applied slip length 

model considers most of the factors that affect the slip length, except for the molecular structure of a solid 

substrate. Furthermore, how these two factors contribute to the total flow rate under various wettability 

conditions are analyzed. It is validated that the proposed model can be used to predict the capillary filling 

behavior. 
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5.1 Models for slip length 

There is much research on the slip behavior for water flow at the nanoscale, and the slip lengths have been 

estimated both by experiments and MD simulations. However, the reported slip lengths are quite scattered, 

spanning from several nanometers to tens of micrometers. Many factors affect the magnitude of a slip 

length, and the experimental measurements under such nanoconfined conditions will be impacted by 

contaminants and surface roughness. Moreover, reliable theoretical methods to calculate a slip length are 

still lacking, and most of the approaches rely on Non-Equilibrium Molecular Dynamic (NEMD) 

simulations or Equilibrium Molecular Dynamic (EMD) simulations. One of the most used methods to 

calculate a slip length was proposed by Huang et al., who established a theoretical foundation between the 

slip length and a contact angle based on the Green-Kubo formula [137]: 

                                                                   𝑙𝑙s = 𝐶𝐶
(cos𝜃𝜃+1)2

                                                                       (5.1) 

where C is a fitting factor and it is found that a curve with C=0.41 fits the MD results very well. Combining 

the slip length model and the effective viscosity model, the total rate for water flow under nanoconfined 

conditions can be predicted. A model for fluid transport in a circular tube considering these two effects is 

given as follows [131]: 

                                                     𝑄𝑄 = 𝜋𝜋
8𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
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                                                       (5.2) 

where Q is the total flow rate, μeff is the effective viscosity, d is the diameter of a tube, and ls is the slip 

length.  

Accurate estimations of the effective viscosity and the slip length are essential for the prediction of fluid 

transport at the nanoscale. 

5.2 The impact of wettability on the effective viscosity 

It is acknowledged that wettability plays a significant role in the effective viscosity. Figure 5.1 

summarizes the data gathered from the literature and those obtained in this work, which shows a 
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relationship between a contact angle and the local effective viscosity [33,274,294–298]. Here, the local 

effective viscosity is the viscosity of water under the influence of surface forces. It equals the effective 

viscosity within the first two layers of water, as this region is highly affected by a solid surface and the 

liquid-liquid L-J size parameter σLS is applied. For each type of solid material, there is only one value of 

the effective viscosity. Although in most experiments and simulations the authors reported a set of 

effective viscosity values for various channel heights, the local effective viscosity can be calculated by a 

reduction of the bulk phase viscosity. Moreover, some authors did not measure the contact angles in their 

experiments or simulations, but these values can be found in other papers in the literature. For example, 

Babu and Satian performed MD simulations and reported the effective viscosity for water flow in carbon 

nanotubes. Although the contact angle was not reported in their work, this value has been extensively 

measured, and a value of 175° was reported [162]. 

It is found that a nearly linear relationship exists between the local effective viscosity and the contact 

angle. Increasing the contact angle results in a lower local effective viscosity, which is lower than the bulk 

phase value under strongly hydrophobic conditions.  

 



74 
 

Figure 5. 1 A linear relationship between the contact angle and the local effective viscosity for 

various water-solid systems. 

Moreover, the ratio of the mobility of water in the first two layers close to the solid surface to that of the 

bulk phase water is shown in Table 5.1. The mobility ratio is computed as the reciprocal of the viscosity 

ratio [129]. For a hydrophilic pore, the mobility in the first water layer is one order of magnitude lower 

than that of the bulk phase water, while that in the second water layer is only 10 percent lower than that 

of the bulk phase. Thus, the solid surface exerts a significant impact on the flow properties in the first 

water layer, while the effect becomes moderate in the second layer. In addition, the mobility of water in 

the first two layers under the hydrophobic condition exceeds the bulk phase value slightly, indicating that 

wettability is a major factor on the local effective viscosity. 

Table 5. 1 Mobility ratio of water in the first two layers to that of the bulk phase water 

 
Hydrophilic slit 

pore 

Hydrophilic 

cylindrical pore 

Hydrophobic slit 

pore 

Hydrophobic 

cylindrical pore 

Mobility ratio of 

the first layer 
0.1115 0.1067 1.0289 1.0667 

Mobility ratio of 

the second layer 
0.8964 0.8946 1.0095 1.0095 

Furthermore, it is known that a hydrophilic condition tends to increase the effective viscosity while an 

opposite trend can be observed for a hydrophobic pore. Besides, the deviation from the bulk phase 

viscosity for a hydrophilic pore is much larger compared with a decrease in the effective viscosity for a 

hydrophobic pore. This trend can be discussed regarding different components of the disjoining pressure 

which contribute to the effective viscosity. As described in Chapter 4, there are three parts composing the 

disjoining pressure, including a molecular component, an electrical component, and a structural 

component. The effective viscosity is determined by ΔG0(l)-ΔG0(0), which represents an additional energy 
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barrier at a distance l due to the influence of surface forces. The additional energy barrier contributed by 

the three components as a function of the distance of water to a solid surface under both the hydrophilic 

and hydrophobic conditions is plotted in Figure 5.2. Due to the small scale of the additional energy barrier 

under the hydrophobic condition, the additional energy barriers contributed by the three components are 

separately plotted. It can be observed that under the hydrophilic condition, the molecular component 

dominates, and the other two terms are negligible. However, under the hydrophobic condition, the 

molecular component is significantly reduced, and the hydrophobic repulsive force dominates compared 

with the van der Waals interactions, leading to parallel orientations of water molecules to the solid surface 

[68,123]. This altered structure leads to a reduced viscous drag within water near the solid surface, and 

thus the energy barrier, as well as the viscosity of water, are decreased.  

 

Figure 5. 2 The additional energy barrier contributing from the three components as a function of 

a channel height for hydrophilic and hydrophobic pores; The inset shows the additional energy 

barrier at an enlarged scale for hydrophobic pores. 

It is, therefore, concluded that the magnitude of the molecular component is crucial to the local effective 

viscosity for hydrophilic pores, which represents the van der Waals interactions between a solid surface 
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and water. Despite the difficulty in the determination of a theoretical relationship between the local 

viscosity and the contact angle, a qualitative argument can be given. The molecular component is 

determined by the Hamaker constant AH for a body-body interaction, which can be calculated as [299,300]:  

                                                                   𝐴𝐴H = 𝜋𝜋2𝐶𝐶𝜌𝜌1𝜌𝜌2                                                                    (5.3) 

where 𝜌𝜌1 and 𝜌𝜌2 represent the number densities of the two interacting particles, and C is a coefficient in 

the pair interaction which is determined by the L-J interaction energy parameter 𝜀𝜀. Moreover, Sinha 

derived a formulation of the Hamaker constant that is expressed in the form of L-J parameters as follows: 

                                                                 𝐴𝐴𝐻𝐻 = 4√2𝜋𝜋2 𝜀𝜀𝜎𝜎
6𝜌𝜌2
𝑅𝑅03

                                                               (5.4) 

where σ is the L-J distance parameter, representing the distance at which the intermolecular potential 

between the two particles is zero. R0 is the lattice constant of the solid surface. From this equation, it is 

known that the increase of both the interaction energy parameter 𝜀𝜀 and the size parameter σ will lead to a 

higher Hamaker constant, and thus the local viscosity will be increased.  

Furthermore, the impact of the two parameters on the contact angle can be described based on the L-J 

interaction curves. The interaction between an oxygen atom and a silicon atom is taken as an example. 

Figure 5.3 shows the L-J curves between an oxygen atom and a silicon atom for various parameters. The 

black curve is plotted according to the parameters for an oxygen-silicon pair interaction, the purple one 

shows the curve based on a 20 percent increase of the size parameter σ, and the red one is that according 

to a double increase of the interaction energy parameter 𝜀𝜀. The green dotted line is guided for comparison. 

It is illustrated that an increase in the two parameters will lead to a higher L-J potential between the two 

atoms. Thus, macroscopically, increasing these two L-J parameters can both enhance the interactions 

between a solid wall and water, resulting in a smaller contact angle. This analysis was verified by Voronov 

et al., who performed MD simulations and found that the contact angle will monotonically increase with 

a decrease in both the energy parameter and the size parameter [301]. In their work, the molecular 



77 
 

mechanism underlying the contact angle was explored through dimensionless analysis. The L-J parameters 

are grouped as follows: 

                                                                  𝜋𝜋1 = 𝜀𝜀𝑏𝑏𝐵𝐵𝑇𝑇𝜎𝜎3𝜌𝜌𝑒𝑒
𝜀𝜀𝑒𝑒𝑒𝑒2𝑚𝑚𝑒𝑒

                                                                      (5.5) 

where 𝜀𝜀ff is the interaction parameter between liquid-liquid molecules. It can be seen that this form is 

closely related to the Hamaker constant in the form of the L-J parameters, as compared with equation (5.4).  

They showed that the contact angle is a function of π1, and the contact angle will decrease monotonically 

as π1 increases. Therefore, the contact angle is also controlled by the Hamaker constant, which explains 

why the local viscosity is correlated with wettability. 

 

Figure 5. 3 L-J curves between an oxygen atom and a silicon atom for various exclusion diameters 

and potential well depths. 

5.3 Impacting factors on the slip length 

A relationship between the wettability condition and the slip length has been widely investigated, while 

only a few theoretical models have been proposed to predict the slip length. A scaling function between 

the contact angle and the slip length shown in equation (5.1) is derived based on a Green-Kubo relation, 

which computes the friction coefficient based on the total lateral forces acting on a surface. Note that this 
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model only considers the static contact angle and the viscous stress that contributing to the slip behavior, 

thus a Navier Boundary Condition, rather than a Generalized Navier Boundary Condition, is applied. The 

latter considers the uncompensated Young stress close to the contact line for the immiscible flow and can 

be used in all slip boundary conditions [302–305]. Furthermore, it is known that many other factors, such 

as surface roughness and a size of liquid molecules, also affect the slip length, apart from the contact angle. 

Thus, the main practicability of this model lies in that it has been verified to be applicable to a wide range 

of surface characteristics, including various solid densities, roughness, and commensurabilities of solid 

lattices and liquid molecules. Besides, previous research conducted by Blake also considered a theoretical 

method to calculate the slip length [129]. The equilibrium contact angle and the mobility of liquid 

molecules adjacent to a solid surface are related, and the proposed model incorporated the contact angle, 

the size of liquid molecules, and surface energy. 

However, it is noted that the molecular structure of a solid surface is also an important factor that 

determines the magnitude of the slip length, which is not considered by the previous theoretical models 

mentioned above [217]. For example, the measured contact angles of a water droplet on a graphene surface 

and a boron nitride surface are almost the same, and the structures of nanoscale water in contact with 

graphene and with boron nitride are also very similar [306]. However, the friction coefficient and the slip 

length are quite different for the flow behavior of water on these two surfaces [307]. This difference is 

attributed to a greater corrugation of the energy landscape on boron nitride arising from specific electronic 

structure effects. The slip model in equation (5.1) predicts a slip length of approximately 0.5 nm for water 

flow on a graphene substrate, as the measured contact angle in the literature is approximately 86˚ to 95˚ 

[308–312]. This slip length is too conservative, which has been verified by many experiments and MD 

simulations [164,167–169]. The ultra-smooth structure of a graphene sheet can reduce a viscous drag at a 

water-graphene interface effectively and lead to an amplified slip length [277,278]. Therefore, it is very 

difficult to propose a model coupling all the factors that contribute to the slip length.  
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Moreover, it is noteworthy that in some experiments the measured slip length reached over micrometers. 

The reason for this exaggerated value has been discussed widely, and the main factors are usually 

attributed to the possible external dissolved gas and surface roughness. When there is external dissolved 

gas in water, a large slip length may occur as the nucleation of bubbles will form smooth gas films above 

which water can flow with small viscous dissipation [155,313,314]. Thus, the flow rate can also be 

significantly enhanced in this case, regardless of the wettability condition [315].  This phenomenon is 

usually termed apparent slip. Additionally, it was reported that the degree of slip increased with surface 

roughness, although an opposite trend was also observed by some scholars  [200,316,317]. 

5.4 Contributions to the flow rate from the two aspects 

It is acknowledged that surface forces play significant roles in the quasi-continuum water flow. The impact 

of surface forces can be discussed in two aspects, as shown in the flow chart in Figure 5.4. On one hand, 

in the tangential direction of water flow, a friction force at a liquid-solid interface is determined by the 

solid surface. This interfacial friction determines the dynamics of the slip plane, which is associated with 

the slip length. On the other hand, in the normal direction, there is induced disjoining pressure near the 

solid surface. The inhomogeneity of the pressure will result in the spatially varying viscosity, which 

deforms a velocity profile. The average cross-section velocity profile will deviate from a parabolic shape. 

For a Poiseuille flow type, these two aspects lead to the deviations of the flow rate from that predicted by 

a traditional Hagen-Poiseuille equation with constant viscosity and a no-slip boundary condition. 
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Figure 5. 4 The impact of surface forces on flow properties from two aspects at the nanoscale. 

Moreover, the contributions from the two aspects are various under different wettability conditions. The 

flow rates for water flow within a slit nanopore under different wettability conditions are calculated by 

using equation (5.2). The channel height is chosen as 5 nm, and the applied pressure gradient is 1014 Pa/m. 

Equation (5.1) is used to relate the contact angle and the slip length. Besides, a linear relationship between 

the local effective viscosity and the contact angle is used for calculation. This relationship is shown in 

Figure 5.1, which is obtained as follows: 

                                                           𝜇𝜇𝑏𝑏𝑒𝑒 = −0.0225𝜃𝜃 + 3.6182                                                         (5.6) 

where 𝜇𝜇le represents the local effective viscosity. The results are displayed in Figure 5.5. The four lines 

in this figure represent the flow rate with a slip length, the flow rate with an effective viscosity, the flow 

rate with both factors, and the flow rate predicted by a traditional Hagen-Poiseuille equation, respectively. 

By comparing the flow rate only with a slip boundary condition and that coupling both aspects, it is found 

that the effective viscosity tends to increase the flow resistance when the contact angle is low, while it 

reduces the viscous drag when the contact angle is very high. Besides, the slip behavior always contributes 

to a higher flow rate, as the flow rate with the slip boundary condition is always larger than that predicted 

by the traditional Hagen-Poiseuille equation. The flow rate under a strongly hydrophobic condition can 
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be several orders of magnitude higher than that predicted by the traditional Hagen-Poiseuille equation due 

to a large slip length. Moreover, it can be concluded that under the hydrophilic condition, both the effective 

viscosity and the slip length have non-negligible effects on the total flow rate, as shown in the inset. 

However, the slip behavior becomes a dominant factor under a strongly hydrophobic condition.  

 

Figure 5. 5 The flow rate through a slit nanopore with a channel height of 5 nm under different 

wettability conditions; The inset shows the flow rate under strong hydrophilic conditions at an 

enlarged scale 

5.5 Applications in chemical engineering – Capillary filling process 

Capillarity effects play an essential role in many different fields of science and engineering, including 

nanotechnology, physical chemistry, and chemical engineering. Applications of capillary filling are 

prevalent in the chemical engineering field [318–321]. For liquid flow under nanoconfined conditions, the 

effective viscosity and slip behavior are incorporated into the L-W model. The modified models for a 

nanocapillary and a nanoslit accounting for these two effects are given as follows [322]: 

                                                            𝐿𝐿(𝑡𝑡) = [
𝐷𝐷𝛾𝛾cos𝜃𝜃(1+8𝑏𝑏𝑠𝑠𝐷𝐷 )

4𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒(𝐷𝐷)
]
1
2𝑡𝑡

1
2                                                          (5.7) 

                                                            𝐿𝐿(𝑡𝑡) = [
𝐻𝐻𝛾𝛾cos𝜃𝜃(1+6𝑏𝑏𝑠𝑠𝐻𝐻 )

3𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒(𝐻𝐻)
]
1
2𝑡𝑡

1
2                                                          (5.8) 
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where L is the imbibition length and t is time.  

The proposed effective viscosity model and the slip model are inserted into the classic L-W model, and 

the results are compared with those obtained from the experiments conducted by Oh et al. [323]. In Figure 

5.6, the imbibition length as a function of time calculated by the model is exhibited and the results obtained 

from experiments are compared. The model fits very well with the experimental results, thus validating 

the reliability of the model. Moreover, the predictions of the imbibition length by the classical L-W model 

by only considering the effective viscosity and by only accounting for the slip length are also displayed in 

this figure. For such a capillary filling process, the deviation from the results will be huge if the effective 

viscosity effect is neglected. However, the slippage effect only has a slight effect on the imbibition length 

compared with the effective viscosity. This arises from that under such a strongly hydrophilic condition, 

the effective viscosity for a slit pore with a channel height of 6 nm is obvious, while the slip length is less 

than 1 nanometer. Thus, in this case, the effective viscosity is the dominant factor for a capillary filling 

process, and the flow rate is highly affected by a velocity profile. 

 

 

Figure 5. 6 The imbibition length predicted by the proposed model, by the classic L-W model, by 

the model that ignores the effective viscosity, by the model that ignores slip behavior, and that 

obtained from experiments 
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5.6 Summary 

In this part, the quasi-continuum water flow behavior under nanoconfined conditions is investigated, and 

its applications in the chemical engineering field are discussed. It is found that the effective viscosity of 

water is highly affected by a wettability condition, and a linear relationship exists between the contact 

angle and the interfacial viscosity. A strongly hydrophilic surface tends to increase the effective viscosity 

dramatically, while a small decrease in the effective viscosity can be observed under a hydrophobic 

condition. This is mainly due to the different magnitudes of the Hamaker constant under various 

wettability conditions. Moreover, it is found that the applied slip length model considers most of the 

factors that affect the slip length, except for a molecular structure of a solid substrate. The reason for the 

scattered slip lengths reported in the literature has also been discussed. 

The deviations of a flow rate from the prediction by the traditional Hagen-Poiseuille equation contributed 

by the effective viscosity and the slip length are analyzed. It is found that under strongly hydrophilic 

conditions, both factors are nonnegligible for the total flow rate, while the slip behavior becomes a 

dominant factor when the contact angle reaches over 100˚. In addition, an application of the above theories 

to a capillary filling process in the chemical engineering field has been discussed. 
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Chapter 6 The spreading of the precursor films 

 

Recently, a research topic that draws increasingly wide attention is the fluid imbibition behavior in 

nanopores with the existence of precursor films. The precursor film propagation is a prevalent 

phenomenon during a wetting process, and the dynamic imbibition behavior with the precursor films has 

extensive applications in nanotechnology and chemical engineering [237]. For example, the performance 

of the external wetting of porous solids plays a key role in widely employed trickle bed reactors, which is 

associated with a lubrication approximation for thin film flow on an external surface [238]. The thin films 

propagating ahead of the main meniscus may manage to hide the chemical and geometrical details of the 

nano-channel walls, thereby exerting a major influence on the efficiency of nano-channel–coating 

strategies [139,239]. It is well known that the film dynamics can significantly affect an imbibition process 

in a nanoconfined system [214]. However, much of the research in this area was performed in the context 

of a droplet spreading process, with a focus only on the dynamics of a film itself. The impact of precursor 

films on a capillary filling process was usually ignored, and to the best of our knowledge, there is no 

theoretical model available for the dynamic imbibition process at the nanoscale considering the precursor 

films in the literature.  

To investigate this research topic, an approach is to quit the continuum level and turn directly to the 

atomistic description of fluid flows as a collection of moving molecules. This is computationally 

demanding, which prevents the attainment of space and time macroscopic scales of experimental interest. 

In this part, the capillary dynamics of confined water in nanopores under a quasi-continuum flow regime 

is investigated, considering precursor films ahead of a main meniscus. A model for the imbibition behavior 

in nanopores is proposed, which takes the propagation of the precursor films into account. In addition, the 

increased viscosity of water near a solid wall and dynamic contact angle are incorporated in the proposed 

model. Experimental results are used to validate the model. It is found that the increased viscosity for 
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water near a solid surface significantly reduces the fluidity, and the fluid loss from the surface water into 

the precursor films plays a key role in the imbibition behavior. Ignoring this effect will highly overestimate 

the true imbibition length. For a nano-channel with a width of 5 nm, the predicted imbibition length 

without the consideration of the fluid loss will almost be double of the true imbibition length. Moreover, 

this deviation becomes smaller with the increase of the pore size. Furthermore, the dynamic contact angle 

has a minimal effect on the imbibition length, which indicates an improvement of nano-channel-coating 

efficiency by the propagation of the precursor films. The proposed model captures important physics for 

capillary dynamics at the nanoscale and has wide applications in many fields. 

6.1 Model establishment 

6.1.1 Water imbibition with precursor films 

The water imbibition behavior in nanopores has been extensively investigated. However, most of these 

investigations have not considered precursor films and treated a flow region as a whole part. As introduced 

in Chapter 2, the dynamics of films is different from that of the bulk phase water, and thus the previous 

treatment has huge deficiencies. Moreover, this assumption cannot explain a paradox that precursor films 

propagate faster than the bulk phase while the viscosity of water in the films is much higher due to its 

strong interactions with a solid surface. Therefore, a model that captures the unique physics of precursor 

films in nanopores is required for a spontaneous imbibition process.  

A spontaneous imbibition process with the existence of precursor films for water in a nanopore is shown 

in Figure 6.1. There are four parts in a flow region, whose middle is the bulk phase water and surface 

water. The viscosity of water in the middle of the flow region is not affected by a solid surface, and water 

beyond this region has a changed viscosity due to its interactions with the solid surface. Under strongly 

hydrophilic conditions, the viscosity of water close to the solid surface will be very high, and thus the 

water in this region is termed solidified water. Moreover, the surface water has higher mobility due to its 

contact with the vapor phase and will diffuse into the precursor films driven by the spreading force of the 
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solid surface. The energy of water in the precursor films acquired from the spreading power will be 

dissipated rapidly when they are pinned to the solid surface due to strong water-wall interactions, and thus 

they are transformed into the solidified layers. Moreover, as introduced in Chapter 2, the spreading power 

will be entirely dissipated in the films, and thus the water in the middle of the flow region is only driven 

by the capillary force arising from the liquid-vapor interfacial tension. Therefore, it can be anticipated that 

the water in the middle of the flow region behaves like a classical capillary filling process, which can be 

described by the macroscopic hydrodynamics. This flow region is defined as the macroscopic region, 

including the bulk phase water and the surface water. It should be noted that the thickness of the surface 

water is very thin, approximately one or two water layers, and thus it is impossible to differentiate the 

surface water from the bulk phase water. In other words, there only exists one meniscus at a certain time, 

composed of surface water molecules.  

 

Figure 6. 1 A spontaneous imbibition process with precursor films for water in a nanopore 

In Figure 6.2 (a), a schematic of the imbibition length is illustrated. The bulk phase and the surface water 

are in the middle while the solidified layers and precursor films are attached to the solid surfaces. As 

mentioned in Chapter 2, the solidified water layers and the precursor films are from the surface water in 

the middle of the flow region due to diffusion. It can be imagined that the water in the solidified layers 

and the precursor films moves to the bulk phase, and an imaginary imbibition length L can be obtained, 
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as shown in Figure 6.2 (b). Since the motion of the bulk phase water is a classical capillary filling process 

driven only by the capillary pressure, the total mass uptake during the spontaneous imbibition process is 

equivalent to the mass uptake of water in a nano-capillary with a radius of 𝑅𝑅′. Therefore, the imaginary 

imbibition length L can be computed by using the classical L-W model.  

Moreover, the main feature characterizing a dynamic capillary filling process is the dynamic contact angle, 

which deviates from its equilibrium value due to the energy dissipation in a TPCL [324]. Therefore, the 

macroscopic region of water can be modeled by using the modified L-W model for a nano-capillary: 

                                                                𝐿𝐿 𝑏𝑏𝑑𝑑
𝑏𝑏𝛥𝛥

= 𝜎𝜎𝑏𝑏𝑙𝑙 cos𝜃𝜃𝑡𝑡𝑅𝑅′

4𝜇𝜇𝑏𝑏
                                                                    (6.1) 

where 𝑅𝑅′ is the radius of the macroscopic region in the capillary tube and 𝜃𝜃t is the dynamic contact angle.  

The model for a nano-channel is given by 

                                                                𝐿𝐿 𝑏𝑏𝑑𝑑
𝑏𝑏𝛥𝛥

= 𝜎𝜎𝑏𝑏𝑙𝑙 cos𝜃𝜃𝑡𝑡𝐻𝐻′

6𝜇𝜇𝑏𝑏
                                                                   (6.2) 

where 𝐻𝐻′ is the height of the macroscopic region in the channel. 
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Figure 6. 2 (a) The schematic of the meniscus and films; (b) the equivalent imbibition length L 

excluding the impact of the precursor films 

After the calculation of the imaginary imbibition length L, the fluid loss into the solidified layers and the 

precursor films should be quantified to obtain the true imbibition length Lt, which represents the 

penetration of the macroscopic region. Additionally, the radius (height) of the macroscopic region in the 

flow region in the capillary (channel) should be determined, and a relationship between the dynamic angle 

and the imbibition speed should be established.  
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6.1.2 The relationship between the imbibition speed and the contact angle 

It is acknowledged that the dynamic contact angle is correlated with the velocity of the macroscopic region 

[227], and the motion of a TPCL is driven by the unbalanced surface tension. From the view of the 

molecular kinetic theory, the velocity of the TPCL is given by [325,326] 

                                                   𝑉𝑉 = 2𝜅𝜅0𝜆𝜆 sinh[𝜎𝜎𝑏𝑏𝑙𝑙𝜆𝜆
2(cos𝜃𝜃𝑒𝑒−cos𝜃𝜃𝑡𝑡)

2𝑏𝑏𝑏𝑏𝑇𝑇
]                                                         (6.3) 

where 𝜅𝜅0 is the rate of the hopping process, 𝜆𝜆 is the jump length of a molecule, 𝜃𝜃e is the equilibrium contact 

angle, kb is the Boltzmann constant, and T is temperature. 𝜅𝜅0 is computed by 

                                                    𝜅𝜅0 = 𝑏𝑏𝑏𝑏𝑇𝑇
𝜇𝜇𝑏𝑏𝑣𝑣𝑚𝑚

exp[−𝜆𝜆2𝜎𝜎𝑏𝑏𝑙𝑙(1+cos𝜃𝜃𝑒𝑒)

𝑏𝑏𝑏𝑏𝑇𝑇
]                                                        (6.4) 

where vm is the molar volume. Usually, 𝜆𝜆2σlg(1+cos𝜃𝜃e) is much smaller than kbT, and the part in the 

brackets in equation (6.3) is much smaller than 1. Thus, equation (6.3) can be linearized as 

                                                          𝑉𝑉 = 𝜅𝜅0𝜎𝜎𝑏𝑏𝑙𝑙𝜆𝜆3(cos𝜃𝜃𝑒𝑒−cos𝜃𝜃𝑡𝑡)
𝑏𝑏𝑏𝑏𝑇𝑇

                                                               (6.5) 

Therefore, the relationship between the dynamic angle and the imbibition speed can be established as 

                                                          𝜎𝜎𝑏𝑏𝑙𝑙(cos𝜃𝜃𝑒𝑒 − cos𝜃𝜃𝛥𝛥) = 𝜁𝜁 𝑏𝑏𝑑𝑑
𝑏𝑏𝛥𝛥

                                                         (6.6) 

                                                         𝜁𝜁 = 𝑣𝑣𝑚𝑚𝜇𝜇𝑏𝑏
𝜆𝜆3

exp[𝜆𝜆
2𝜎𝜎𝑏𝑏𝑙𝑙(1+cos𝜃𝜃𝑒𝑒)

𝑏𝑏𝑏𝑏𝑇𝑇
]                                                        (6.7) 

Inserting equation (6.6) into equations (6.1) and (6.2), the imbibition length without water loss L can be 

computed as 

                                                      2𝜇𝜇𝑏𝑏𝐿𝐿2 + 𝜁𝜁𝑅𝑅′𝐿𝐿 = 𝜎𝜎𝑏𝑏𝑙𝑙𝑅𝑅′ cos𝜃𝜃𝑒𝑒 𝑡𝑡                                                       (6.8) 

                                                      3𝜇𝜇𝑏𝑏𝐿𝐿2 + 𝜁𝜁𝐻𝐻′𝐿𝐿 = 𝜎𝜎𝑏𝑏𝑙𝑙𝐻𝐻′ cos 𝜃𝜃𝑒𝑒 𝑡𝑡                                                      (6.9) 

Thus, it can be seen that the imbibition length without water loss L and time t follows a parabolic 

relationship. 
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6.1.3 The thickness of solidified water layers 

It is acknowledged that the viscosity of water close to a solid surface is greatly changed. In a completely 

wetting case, it is mentioned in Chapter 4 that the mobility of the first two layers close to the solid surface 

is significantly reduced, and thus the film thickness is regarded to be the sum of the thickness of two water 

layers and the void layer between water molecules and the solid surface, which is approximately 0.65 nm 

[327]. Some spontaneous imbibition experiments at the nanoscale under completely wetting conditions 

also showed that there are two solidified water layers attached to a solid surface [219,221], which are 

consistent with these calculations.  

6.1.4 The true imbibition length 

As seen in Figure 6.1, the water lost in the macroscopic region flows into the solidified layers and films, 

and thus the true imbibition length can be computed by: 

                                                        𝐿𝐿𝛥𝛥 = 𝐿𝐿 − (𝐿𝐿𝛥𝛥 + 𝐿𝐿𝑒𝑒) 𝐴𝐴𝑒𝑒𝜌𝜌𝑒𝑒
𝐴𝐴𝑚𝑚𝜌𝜌𝑏𝑏

                                                             (6.10) 

where Lf is the length of the precursor film ahead of the meniscus, 𝜌𝜌b is the bulk phase density, 𝜌𝜌f is the 

density of the solidified water layers and the precursor films, Af is the cross-section area of the precursor 

film, and Am is the cross-section area of the macroscopic region. For a nano-capillary, this equation is 

given by: 

                                                          𝐿𝐿𝛥𝛥 = 𝑑𝑑𝑅𝑅′2𝜌𝜌𝑏𝑏−𝑑𝑑𝑒𝑒(𝑅𝑅2−𝑅𝑅′2)𝜌𝜌𝑒𝑒
𝑅𝑅′2𝜌𝜌𝑏𝑏+(𝑅𝑅2−𝑅𝑅′2)𝜌𝜌𝑒𝑒

                                                             (6.11) 

For a nano-channel, the equation for the true imbibition length becomes: 

                                                           𝐿𝐿𝛥𝛥 = 𝑑𝑑𝐻𝐻′𝜌𝜌𝑏𝑏−𝑑𝑑𝑒𝑒(𝐻𝐻−𝐻𝐻′)𝜌𝜌𝑒𝑒
𝐻𝐻′𝜌𝜌𝑏𝑏+(𝐻𝐻−𝐻𝐻′)𝜌𝜌𝑒𝑒

                                                               (6.12) 

A reliable prediction of Lf plays a key role in the quantification of the true imbibition length. As introduced 

in Chapter 2, the film length increases very slowly before it reaches a microscale. Thus, equation (2.7) is 

used to predict the length of a precursor film. In equation (2.7), the velocity of a TPCL can be computed 

by equations (6.1) and (6.2) for a nano-capillary and nano-channel, respectively: 
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                                                            𝑉𝑉 = 𝑏𝑏𝑑𝑑
𝑏𝑏𝛥𝛥

= 𝜎𝜎𝑏𝑏𝑙𝑙𝑅𝑅′𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑒𝑒
4𝜇𝜇𝑏𝑏𝑑𝑑+𝜁𝜁𝑅𝑅′

                                                                 (6.13) 

                                                            𝑉𝑉 = 𝑏𝑏𝑑𝑑
𝑏𝑏𝛥𝛥

= 𝜎𝜎𝑏𝑏𝑙𝑙𝐻𝐻′𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑒𝑒
6𝜇𝜇𝑏𝑏𝑑𝑑+𝜁𝜁𝐻𝐻′                                                                  (6.14) 

Therefore, the length of the precursor film can be computed by: 

                                                          𝐿𝐿𝑒𝑒 = �
𝐴𝐴𝐻𝐻𝑆𝑆

𝜇𝜇𝑏𝑏2(
𝜋𝜋𝑏𝑏𝑙𝑙𝑅𝑅′𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑒𝑒
4𝜇𝜇𝑏𝑏𝐿𝐿+𝜁𝜁𝑅𝑅′

)2
                                                               (6.15) 

                                                          𝐿𝐿𝑒𝑒 = �
𝐴𝐴𝐻𝐻𝑆𝑆

𝜇𝜇𝑏𝑏2(
𝜋𝜋𝑏𝑏𝑙𝑙𝐻𝐻′𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑒𝑒
6𝜇𝜇𝑏𝑏𝐿𝐿+𝜁𝜁𝐻𝐻′

)2
                                                               (6.16) 

As one of the most important preconditions of equation (2.7) is that the imbibition velocity is very slow, 

it can be seen that the length of a precursor film increases very steadily. After the calculation of the length 

of the precursor film, the imbibition length can be obtained by equations (6.11) and (6.12) for a nano-

capillary and a nano-channel, respectively. 

6.2 Model validation 

In order to check the validity of the proposed model, the results predicted by the model are compared with 

the published experimental and simulation data [219,221]. The calculation parameters are listed in Table 

6. 1.  

Table 6. 1 Parameters used in the calculation 

Parameter Symbol Unit Value Reference value 

Temperature T K 298  

Liquid-vapor interfacial tension σlg N/m 0.072  

The viscosity of the bulk phase 

water 
𝜇𝜇b Pa·s 0.001  

Length per hop 𝜆𝜆 nm 0.3 0.3 [129] 

Equilibrium contact angle 𝜃𝜃e Dimensionless 0 0 [219,221] 

Boltzmann constant kb J/K 1.38⨉10-23  

Molar volume vm nm3 2.99⨉10-2  
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Bulk phase density 𝜌𝜌b kg/m3 1  

The density of the solidified 

water layers and the precursor 

films 

𝜌𝜌f kg/m3 1.15 1.15 [36] 

Fluid/solid Hamaker constant AH J 8.6⨉10-20 
6.94~8.6⨉10-20 

[328] 

The relative permittivity of 

media 
𝜀𝜀r Dimensionless 81.5 81.5 

Permittivity in vacuum 𝜀𝜀0 F/m 8.85⨉10-12 8.85⨉10-12 

The difference between the 

electric potentials of two 

interfaces 

𝛥𝛥𝜁𝜁 V 0.05 
0.05~0.07 

[329,330] 

Reciprocal of the Debye length 𝜅𝜅 nm-1 1 1 [68,123] 

 

6.2.1 Validation of the proposed model by capillary filling experiments 

Experimental results are used to validate the proposed model at first. Haneveld et al. fabricated silicon-

based nanochannels with channel heights ranging from 5 nm to 47 nm, based on the use of a thin thermal 

silicon oxide spacer layer. For all channel heights, the filling kinetics were recorded and compared with 

the bulk phase behavior. Figure 6.3 shows the true imbibition length calculated by the proposed model 

and that obtained from their experiments. [221]. It is obvious that in all cases with different channel heights, 

the results calculated by the proposed model match very well with the experimental observations, and thus 

the model can reliably predict the true imbibition length in a single nano-channel.  

Moreover, the results obtained from the model are compared with spontaneous imbibition experiments for 

water uptake in three-dimensional networks of hydrophilic silica pores. The experiments were conducted 

by Gruener et al. [219]. They chose a Vycor glass as a porous host, which was a virtually pure fused silica 

glass permeated by a three-dimensional network of interconnected tortuous 

pores[219][219][219][219][219][219][218][219][219][218][227]. For such a network, the total mass 

uptake per unit area including geometric factors are given by: 
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                                                                   𝑚𝑚 = 𝐿𝐿𝛥𝛥𝜌𝜌
𝜙𝜙
𝜏𝜏
                                                                         (6.17) 

where m is the total mass uptake per unit area by the network, 𝜙𝜙 is porosity, and 𝜏𝜏 is tortuosity. Figure 

6.4 shows the results obtained from the model and experiments. It can be seen that the model predicts the 

true imbibition length correctly. Furthermore, the imbibition length predicted by the classical L-W model 

is illustrated. The classical L-W model will significantly overestimate the true imbibition length, and thus 

the modifications are required.  

 

Figure 6. 3 The true imbibition lengths from the model and experiments for nano-channels 
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Figure 6. 4 The true imbibition lengths from the model and experiments for a three-dimensional 

network 

It can be seen that the same experimental results are used for the validation of the proposed effective 

viscosity model in Chapter 4 and the proposed imbibition model in this Chapter. In Chapter 4, the modified 

effective viscosity model is inserted into the traditional L-W model. The precursor film ahead of the main 

meniscus is not considered, and the flow region is regarded as a whole part, including the bulk phase and 

the solidified layers. However, this treatment is simplified, and it can be seen that the results predicted by 

the model are not very accurate for small channels. Apart from the reasons mentioned in Chapter 4, 

ignoring the precursor films is another factor for the small deviations. The proposed imbibition model in 

this Chapter, however, captures the physics of the precursor films and gives a better match with the 

imbibition results. Therefore, the proposed model in this Chapter is more accurate. 

6.2.2 Validation of the proposed model by simulations 

In addition to the experimental results, simulation data is also used to verify the proposed model. Chibbaro 

et al. applied hydrokinetic Lattice Boltzmann (LB) and MD simulations of capillary filling of highly 

wetting fluids in nano-channels, which provided clear evidence of the formation of thin precursor films 

ahead of the main meniscus [331]. The imbibition behavior of the main meniscus predicted by the 

proposed model and their presented results are compared, as shown in Figure 6.5.  The vertical axis is the 

square of the imbibition length, and the horizontal axis represents the time. The results are presented in 

reduced capillary units. The gray dashed line represents the classic L-W model with no modifications, and 

thus it has a unit slope. It can be seen that this line cannot match the LB and MD data. The authors obtained 

a better fit by moving this line vertically, as shown by the red dashed line. However, this fit has no clear 

physical meaning. The fitted line doesn’t start from the origin of the coordinate axis, which is unrealistic. 

Besides, the uniqueness of the imbibition behavior at the nanoscale is not captured, as there are no 

modifications to the classic L-W model. However, this model can predict the imbibition behavior more 
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precisely, as shown in the black solid line. It can be seen that this line can fit the LB and MD data very 

well, and thus the proposed model is further validated.  

 

Figure 6. 5 The true imbibition length predicted by the proposed model and by the MD and LB 

simulations 

To sum up, three different ways are used to validate the proposed model. The first one is the capillary 

filling experiment in single capillary channels, the second one is the capillary filling experiment in a 

porous media composed of capillary tubes, and the last one is the LB and MD simulations. Therefore, the 

proposed model is reliable and can be widely applied.  

6.3 Results and discussion 

6.3.1 The dynamics of a meniscus 

For spontaneous imbibition of water in nano-channels, the edge of a meniscus in a macroscopic region is 

driven by the unbalanced surface tension. The dynamic contact angle changes continuously, which is 

related to the meniscus velocity. In Figure 6.6, the change in the dynamic contact angle with time for 

nano-channels is shown. The contact angle reduces rapidly at first and then decreases steadily towards the 

equilibrium one. It is noted that the deviations of the dynamic contact angles from the equilibrium ones 
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are always less than 1˚ in all cases. This result indicates that the dynamic wetting process has a minimal 

effect on the imbibition length under the completely wetting case.  

It is acknowledged that the dynamic contact angle arises from the surface roughness and chemical 

heterogeneity. The main reason for a negligible change in the dynamic contact angle lies in the fact that 

the effect of a solid surface on a meniscus can be neglected. This can be addressed in two aspects; the first 

one is that the spreading power due to the solid surface is completely dissipated in the solidified water 

layers and the precursor films, and thus the only driving force for the motion of the meniscus is the liquid-

vapor surface tension. The other one is that the viscosity of the water in the macroscopic region reaches 

the bulk phase value, so the dynamics of the meniscus is not affected by the solid surface and the meniscus 

behaves like a classical capillary filling process. As the macroscopic water slides above the solidified 

water layers and is slightly or not affected by the solid surface, the dynamic angle will approach the 

equilibrium contact angle under Young’s condition.  

 

Figure 6. 6 The change in the dynamic contact angle for nano-channels 

Moreover, it is noted that a meniscus is close to a semicircle. Normally, the curvature on the meniscus is 

not constant when a film coexists with the meniscus, due to the impact of adsorptive surface forces on the 

region close to the solid surface. As introduced in Chapter 2, a liquid-vapor interface is considered as a 



97 
 

surface of constant partial specific Gibbs free energy, composing of a capillary component and an 

adsorptive component. The bulk phase is only controlled by the capillary force arising from the liquid-

vapor surface tension, and the film is dominated by the adsorptive forces induced by the solid surface 

[332]. The former one has a constant curvature while the curvature of the latter is infinite. Between the 

bulk phase region and the film region, a transition zone exists, which is controlled by both the capillary 

component and the adsorption component [333,334]. The curvature on any point of the meniscus in this 

region is different. A schematic is shown in Figure 6.7. In a completely wetting case in this study, the 

motion of the meniscus is considered to be driven only by the capillary force, as the spreading power of a 

dry surface is totally dissipated in the precursor films. Therefore, it is supposed that the transition zone is 

much smaller than that in the partially wetting case.  

 

Figure 6. 7 The transition region between a meniscus and a precursor film 

Additionally, it is found that the water in the transition region behaves like bulk water during the wetting 

process, and it will not diffuse out of this region and flow into the precursor films [252]. Thus, the nominal 

contact line in Figure 6.7 represents the transition region when the meniscus and the precursor films 

coexist under the equilibrium condition, which is not associated with the surface water. The surface water 

indicates the source of the propagating precursor films. During a dynamic process, the surface water will 

diffuse above the nominal contact line, flow into the films, and get quick damping once pinned by the 
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solid surface. In many experiments, the terraced layering of the precursor films close to the nominal 

contact line was observed, due to that the surface water cannot be transferred into a precursor film instantly 

[335–337]. A schematic of the terraced layering phenomenon is illustrated in Figure 6.8.  

 

Figure 6. 8 The terraced layering water above a nominal contact line 

6.3.2 The effects of precursor films 

For water imbibition in nanopores, the imbibition speed becomes slower and slower with time, and the 

imbibition length increases slowly. Theoretically, the length of a precursor film also increases steadily; 

however, a change in the film length is usually negligible in the time scale during experiments. Thus, it 

can be regarded as a constant, and the precursor films in this stage are usually termed adiabatic films [245]. 

Moreover, some experiments found that when a film is sufficiently long ahead of a meniscus, the film 

flattens as it spreads. This is because the leading edge is far from the meniscus, and water cannot be 

supplemented from the meniscus instantly. Thus, the film will become self-diffused. This phenomenon is 

more prevalent for droplet spreading at the mesoscale, where the film thickness is in the range of 3~1000 

nm. In this case, the film thickness will not be constant, and there is a gradient of the disjoining pressure 

along the film, acting as a driving force for the self-diffusion of the precursor film [259,338]. In this study, 

a constant film thickness is assumed, since the focus of this work is the true imbibition length of the main 

meniscus. Therefore, the terraced layering of water close to the meniscus and the diffusive film due to the 

disjoining pressure gradient are not investigated.  
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Furthermore, the imbibition length L without fluid loss and that calculated by the classical L-W model for 

nano-channels are compared, as shown in Figure 6.9 (a) and (b). The length calculated by the classical 

L-W model ignores the increased viscosity effect near a solid surface and the precursor films ahead of the 

main meniscus. It is shown that the classical L-W model significantly overestimates the imbibition length, 

and the deviation is much more obvious for channels with small channel heights. This is mainly because 

the classical L-W model ignores the reduced mobility of the water molecules near the solid surface. When 

the channel height is very small, the region of water molecules with reduced mobility will account for a 

large part of the total flow region, and thus the deviation will become significant. Additionally, the 

imbibition length L also highly deviates from the true imbibition length, as the fluid diffusion into the 

films is neglected. This deviation proves that the precursor films come from the macroscopic part of the 

flow region; otherwise, the imbibition length L will match the experimental results, instead of the true 

imbibition length Lt. The viscosity of water close to a solid surface is much higher than that of the bulk 

phase value, and thus the fast propagation of the precursor films ahead of the meniscus cannot arise from 

the slip behavior of water molecules within the increased viscosity region near the solid surface. The 

continuous and fast diffusion of the surface water in the macroscopic region into the precursor films is the 

only explanation for this issue.  
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Figure 6. 9 (a) The imbibition length without diffusion and that calculated by the classical L-W 

model for nano-channels with channel heights of 5 nm and 11 nm; (b) the imbibition length 

without diffusion and that calculated by the classical L-W model for nano-channels with channel 

heights of 23 nm 47 nm 

6.3.3 The effects of solidified water layers 

The properties of films and a macroscopic region are different, mainly in three aspects: viscosity, density, 

and a molecular structure. It is known that the first two water layers have higher densities compared with 
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the bulk phase. Moreover, it was known that the mobility of the first two water layers was significantly 

reduced, especially the first layer whose mobility is reduced by an order of magnitude. Therefore, the 

water film thickness is chosen as the thickness of two water layers.  

The properties of the solidified water layers have many applications in the engineering field; an important 

one is the water retention phenomenon during the production process of shale gas. As mentioned in 

Chapter 1, during the exploitation phase, a great amount of water is required for hydraulic fracturing of 

multi-lateral horizontal wells. However, only a small fraction of the injected water can be recovered during 

a flowback process because of spontaneous. After the flowback phase, the residual water will exist in the 

form of films attached to solid surfaces with very low mobility [121]. It is well known that micropores 

(<2nm) and mesopores (<50nm) are dominated in shale formations [69]. Therefore, the water volume of 

films will take a great portion of the void volume, leading to low recovery of the injected water.  

6.3.4 The dimension issue 

As discussed in Chapter 1, the quasi-continuum flow regime is considered in this work, and precursor 

films only occur when a bulk phase exists. It should be noted that when the confinement is so extreme that 

a bulk phase vanishes, the continuum theory will be totally violated. This is called sub-continuum flow, 

indicating that the size of a liquid molecule is comparable to the size of the flow domain. Within such sub-

continuum systems, the whole cross-area for liquid flow is under the impact of the solid surfaces, and the 

movement of individual molecules must be considered when predicting mass and momentum transport 

[339]. Thomas and McGaughey assessed this flow regime and found that the confinement-induced 

changes to the liquid structure may reduce flow enhancement [49]. Moreover, the non-local rheological 

properties have been predicted in strongly confined situations, associated with a length characterizing non-

locality typically in a range of several molecules diameters [340]. Furthermore, the single-file transport 

behavior was investigated by some scholars, and various specific phenomena were reported, like non-
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fickian transport and fast ion transfer [341,342]. All these new phenomena make the sub-continuum flow 

problem a different research topic, which is still an open challenge.  

6.4 Summary 

In this part, the capillary dynamics of confined water in nanopores considering precursor films are 

investigated. Models for imbibition lengths in nano-channels and nano-capillaries are proposed, which are 

validated by experimental and MD results. The increased viscosity effect for water near a solid surface is 

considered in the models, and the motion of a meniscus is regarded to be driven by a dynamic contact 

angle based on the Molecular Kinetic Theory. Furthermore, the fluid loss from the surface water into 

precursor films is incorporated in the proposed models. It is found that under a completely wetting case, 

the first two water layers have significantly increased viscosity compared with the bulk phase. Besides, 

the surface water diffusion from the macroscopic region into the precursor films is an important 

phenomenon for capillary dynamics of nanoconfined water, which is a determinant for the imbibition 

behavior for both the main meniscus and the precursor films. For a nano-channel with a width of 5 nm, 

the predicted imbibition length without the consideration of the fluid loss will almost be double of the true 

imbibition length. Moreover, this deviation becomes smaller and smaller as the pore size increases. 

Furthermore, it is found that the impact of the dynamic contact angle on the motion of the meniscus can 

be neglected, indicating a possible efficiency of nano-channel-coating by the precursor films. The 

proposed models capture important physics for capillary dynamics at the nanoscale and will have wide 

applications in the chemical and engineering field. 
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Chapter 7 Conclusions and recommendations 

 

In this thesis, the water imbibition behavior in shale was investigated. Theoretical models were proposed 

which consider the unique characteristics for water flow under nanoconfined conditions. The main work 

and conclusions are summarized as follows: 

1. A model that describes the solid-solid friction is applied and modified to compute the friction force for 

a liquid-solid friction process. The trajectories for water molecules within the first density layer are 

analyzed and a method for the calculation of friction is proposed based on the trajectories and total L-J 

curves. The modified model is validated with MD simulations. It is found that the liquid-solid friction has 

many similarities in mechanisms with the solid-solid friction, in terms of the energy barrier, based on 

Eyring’s kinetic theory of liquid molecules. All friction processes arise from the dissipation of the energy 

that is acquired by the molecules to overcome energy barriers. Moreover, a close relationship between the 

slip process and friction is analyzed, and a theoretical relationship between the slip velocity and friction 

force is obtained. The slip velocity of the first water density layer and the friction force at a water-graphene 

interface follow a hyperbolic-like relationship, which is almost linear under realistic conditions.  

2. A theoretical model for the effective viscosity for water imbibition in shale formations is proposed 

according to Eyring’s molecular kinetic theory. Strong interactions between water molecules and solid 

surfaces are considered based on the disjoining pressure. The validity of the proposed viscosity model to 

predict spontaneous imbibition is checked by experimental results in the published literature. Besides, the 

main factors that affect the effective viscosity, including a pore size, a pore shape, the properties of a solid 

material, and the existence of an initial water film, are discussed. The effective viscosity is much higher 

for water under confined conditions, and it increases rapidly when the characteristic length of nanopores 

is lower than 10 nm. The effective viscosity for cylindrical nanopores is always larger than that for slit 

nanopores when the characteristic lengths are the same, and the difference is more obvious for small 
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nanopores. Besides, the solid properties strongly affect the magnitude of the effective viscosity. The 

effective viscosity for water under hydrophilic conditions is much higher than that under hydrophobic 

conditions. The molecular component is the dominant mechanism among the components that contribute 

to the increased viscosity, and the electrical component, as well as the structural component, can be 

neglected. 

3. A unified model for water flow in a quasi-continuum regime is proposed, coupling the effective 

viscosity and the slip behavior. It is found that the effective viscosity of water is highly affected by a 

wettability condition, and a linear relationship exists between a contact angle and the interfacial viscosity. 

A strongly hydrophilic surface tends to increase the effective viscosity dramatically, while a small 

decrease in the effective viscosity can be observed under a hydrophobic condition. This is mainly due to 

the different magnitudes of the Hamaker constant under various wettability conditions. Moreover, it is 

found that the applied slip length model considers most of the factors that affect the slip length, except for 

a molecular structure of a solid substrate. 

The deviations of a flow rate from the prediction by the traditional Hagen-Poiseuille equation contributed 

by the effective viscosity and the slip length are analyzed. It is found that under strongly hydrophilic 

conditions, both factors are nonnegligible for the total flow rate, while the slip behavior becomes a 

dominant factor when the contact angle reaches over 100˚. In addition, an application of the above theories 

to a capillary filling process in the chemical engineering field has been discussed. 

4. The capillary dynamics of confined water in nanopores are investigated, considering the propagation of 

precursor films. Models for imbibition lengths in nano-channels and nano-capillaries are proposed and 

validated by experimental and MD results. The increased viscosity effect for water near a solid, as well as 

the dynamic contact angle, are incorporated in the proposed model. Furthermore, the fluid loss from the 

surface water into precursor films is considered. It is found that under a completely wetting case, the 

surface water diffusion from a macroscopic region into the precursor films is an important phenomenon 
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for capillary dynamics of nanoconfined water, which is a determinant for the imbibition behavior for both 

the main meniscus and the precursor films. Furthermore, it is found that the impact of the dynamic contact 

angle on the motion of the meniscus is negligible. The proposed models capture important physics for 

capillary dynamics at the nanoscale and will have wide applications in the chemical and engineering field. 

The recommendations for future work include: 

1. The effect of salt dissolved in water is not considered in this work. It is known that the salinity may 

affect the water imbibition behavior in nanopores, as many scholars have observed the osmosis pressure-

driven flow in nano-fluidic experiments. The slip behavior for the water boundary layer should be further 

investigated, considering the salt-solid interactions. 

2. For solid materials with high energy, the effective thickness of the precursor films may be below the 

diameter of one water molecule. In this case, the capillary dynamics will be highly affected by the dynamic 

contact angle, rather than the precursor films. This research topic requires further research. 

3. The research of the imbibition behavior of oil in nanopores is still lacking. The properties of the oil are 

totally different from water, and there may be other mechanisms of spontaneous imbibition for oil in 

nanopores. This research topic needs much experimental and theoretical work. 
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