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Abstract 

Nanoscale Thermal and Fluid Transport Phenomenon in Porous Media: A Molecular 

Dynamics Study   

(November 2019) 

Mohammad Rashedul Hasan 

The small length scales and large specific surface areas associated with the 

nanostructures play a key role in the molecular level thermal and fluid transport. In such 

nanometer length scales, the local intermolecular interaction creates temperature 

discontinuities between the solid-like interfaces and their neighboring fluid molecules. This 

phenomenon often referred to as interfacial thermal resistance (i.e., Kapitza resistance) during 

nanoscale thermal transport. There is also evidence that the fluid molecules are absorbed by 

the wall molecules promoting structural ordering of fluid at the solid/fluid interface. The local 

dynamic properties of this fluid layered structure are substantially different from the fluid 

properties at macroscale. Therefore, the continuum transport theories break down near the 

material interfaces at nanoscale.  

In this thesis, we investigate the unique transport behaviors of fluid molecules in 

confining nanoenvironments using Molecular Dynamics (MD) simulations. Firstly, heat 

transfer across an interface between a monolayer coated solid substrate and fluid has been 

analyzed by varying the atomic mass (mM) and interaction energy between monolayer 

molecules (εMM). In that case, the mutual combination of atomic mass (mM) and interaction 

energy (MM) of monolayer lead to a significant influence in heat transport at the interfacial 

region. It was found that Kapitza resistance monotonically increases with the increase of mM 
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irrespective of εMM without any further change in the fluid-structure near the solid surface. 

This indicates the vibrational coupling between the molecules at the solid/fluid interface 

largely depend on the mass of monolayer molecules.  

We also investigate the pressure-driven transport mechanism of liquid argon through 

nanoporous graphene membrane (NPGM) using MD simulations. In this study we check the 

validity and limitations of the assumptions of continuum flow equation. We present a 

thorough characterization of the density and pressure distribution of liquid argon based on the 

respective flow region to elucidate the unique fluid transport behaviors. The argon velocity 

adjacent to the pore edge was found lower than pore center suggesting the influence of the 

interaction between argon and carbon molecules at the pore boundary. In that case, we 

consider the argon velocity closest to the pore edge as slip velocity, which provides an update 

in the continuum flow equation. The local viscosity was also calculated from the thin argon 

film flows sheared by graphene walls. Our study shows that the entrance interfacial pressure 

and higher local viscosity in the vicinity of graphene membrane associated with the 

optimized definition of wall/fluid boundary near the pore edge play a critical role for the 

permeation of argon through NPGM.  
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CHAPTER 1 

INTRODUCTION 

The behavior of fluids at solid-fluid interfaces plays an important role in various 

technical processes such as heat transfer, coating, adhesion etc. In recent years, with the 

advancement of modern technologies, many Micro and Nano Electro-Mechanical Systems 

(MEMS/NEMS) have been developed with high accuracy and sensitivity. Most importantly, 

the heat and mass transport phenomena in theses MEMS/NEMS devices are quite different 

from those at macroscale. In such cases, understanding the physics of fluid flows at solid-

fluid interfaces is critical to designing, fabricating, utilizing and optimizing theses nanoscale 

device components.  

It has been noted that fluid-wall interactions are substantially different from classical 

fluid transport mainly due to the size effects of the nano-conduits geometries. Consequently, 

this creates interfacial thermal resistance (i.e., Kapitza resistance [1] and slip effect [2] at the 

solid/liquid interface. In that case, surface chemistry of the solid surface, for example, crystal 

structure [3] (face-centered cubic, body-centered cubic etc.), physical property of the solid 

molecule [4] (strong or weak wetting), surface roughness or smoothness [5,6], surface 

coating [7–9], surface thickness [10], changing surface temperature [11] and pressure [12], 

nano-engineering the solid substrate [13] etc. is the key factors determining the heat and mass 

transport mechanism at molecular level. Moreover, the liquid molecules form a solid-like 

layering structure over several atomic distances from the solid wall which is observed by both 

experimentally [14,15] and numerically [16]. The dynamics of this fluid layered structure 

also produce a different shear rate and viscosity at the wall/fluid boundary than the bulk flow 

region [17,18]. These decisive effects of the molecular structure of the solid wall and fluid 

molecules, as well as their interactions, play a critical role in nanoscale fluid dynamics. 
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Therefore the traditional continuum model breaks down at the materials interfaces [19]. The 

findings, in this thesis, have identified the limitations in modeling/predicting the fluid 

behaviors in molecular fluidic devices. 

Molecular dynamics (MD) simulation is a promising approach to investigate 

nanoscale phenomena. Therefore, I perform equilibrium and non-equilibrium molecular 

dynamics simulation using LAMMPS [20] to understand the behavior of fluid particles at the 

solid/fluid interface and the effect of interfacial fluid dynamics properties on heat and mass 

transport. In this method, the dynamics parameters of particles (i.e., position, velocity, and 

intermolecular force) can be determined by solving Newton’s second law as follows, 

2

2

d r
F m

dt
        (1) 

where F is the sum of the forces acting on the particles by the other particles in the system, r 

is the position vector of the particle, t is the time, and m is the mass of the particle. The 

velocity of the molecule can be obtained by integrating the equation 1. Further integrating the 

velocity term, results in its displacement. Therefore, step by step integration of equation1 for 

every particle from the random initial configurations, computed from the Boltzmann 

distribution, provides the trajectory of the movement of every particle in the simulation 

domain. The information from the simulated trajectory of each particle can be further 

processed by time-averaging, ensemble averaging, or both. Finally, the averaged MD data 

provide macroscopic physical properties (i.e., density profile, velocity profile, temperature 

profile, etc.) over the entire simulation domain.  

The thesis is organized as follows. In chapter 2, I investigate the heat transfer across 

an interface between a monolayer coated solid substrate and fluid. The effect of the 

monolayer on interfacial thermal resistance (i.e., Kapitza resistance) was studied by varying 
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its atomic mass (mM) and interaction energy between monolayer particles (εMM). The effect of 

the monolayer on the Kapitza resistance was also summarized by a fourth polynomial 

function that demonstrates the contribution of both mM and εMM with respect to each other on 

the Kapitza resistance.  

In chapter 3, I investigate the pressure-driven transport mechanism of liquid argon 

through nanoporous graphene membrane. In this study, I investigate fluid dynamics 

properties such as density, pressure variation and viscosity depending on the flow region. The 

results indicate that the continuum transport theory, i.e., Sampson flow equation, fails to 

predict the argon flow velocity profile inside graphene nanopore. It was found that fluid 

layering in the vicinity of the graphene membrane plays a critical role in nanoscale fluid 

transport mechanism. Because, the fluid layering effect at the solid/fluid interface induces 

significantly higher density, pressure, and viscosity than the bulk flow region of the 

simulation domain. Moreover, slip velocity of argon adjacent to the pore edge was measured, 

which provides an update in the Sampson flow equation. Finally, the modified Sampson flow 

equation was analyzed with the characterized fluid dynamics properties based on the 

respective flow region and effective pore boundary to accurately predict the argon velocity 

profile inside the graphene nanopore. 
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CHAPTER 2 

Manipulating thermal resistance at the solid–fluid interface through 

monolayer deposition 

This material presented in this chapter was published in 2019 in issue 9, pages 4948-4956, of 

the RSC Advances. DOI: 10.1039/C8RA08390H 

2.1. Abstract 

Heat transfer across an interface between the monolayer coated solid substrate and 

fluid has been extensively analyzed through a series of non-equilibrium molecular dynamics 

simulations. The effect of monolayer was studied by varying its atomic mass (mM) and 

interaction energy between monolayer particles (εMM). Even though the fluid adsorption is 

playing a role in heat transfer at the solid−fluid interface, we found that the interfacial 

thermal resistance (Kapitza resistance) is highly affected by the insertion of monolayer 

without any further change in the liquid structure near the solid surface. Kapitza length 

monotonically increases with the increase of mM irrespective of εMM. The observations were 

explained by analysis of the overlap of phonon spectrum at the interface using vibrational 

density of states. The effect of monolayer on Kapitza length was summarized by a fourth 

polynomial function that demonstrate the contribution of both mM and εMM with respect to 

each other on the Kapitza resistance within the parametric range studied. 

2.2 Introduction 

Thermal transport through an interface between two dissimilar materials is known to 

result in a temperature jump T . The ratio of this temperature jump to the rate of heat 

transfer (Q) determines the interfacial thermal resistance (Kapitza resistance; i.e., KR T Q 

) [1]. Therefore, RK plays a key role in controlling heat dissipation at the interfaces. As with 
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the concept of velocity slip length when fluid passes to solid surfaces [21], thermal resistance 

length (LK, known as Kapitza length) can be defined by extrapolating the temperature profile 

from fluid into the solid. Consequently, Kapitza length is defined as the equivalent thickness 

of fluid at the solid−fluid interface, with the same temperature gradient of the respective fluid 

region, that causes equivalent thermal resistance on the interface [16]. If the Fourier law (

Q T   ) is valid with constant thermal conductivity , then the Kapitza length can be 

estimated as  

                                                                
liquid

K

T
T L

n


 


,    (1) 

where T n  is the temperature gradient on the fluid side in the direction (z-axis) of heat 

transfer. 

Recent developments in nanoscience and technology have attracted a vast number of 

investigations of mass, momentum, and energy transport in nanoscale structures, and 

nanoconduits [22,23]. Several methods have been used to manipulate the Kapitza resistance, 

such as, changing the pressure of the nano−confined fluid [24,12], using different solid lattice 

orientations [25,26], changing the wall temperature [11,27], inserting metallic nanoparticles 

into the fluids (i.e., nanofluids) [28,29], nanoengineering the solid substrate [30–33]. 

However, wall−fluid interaction energy, which solely determines the surface wettability [34–

36], is the key factor affecting the Kapitza resistance. Increasing intermolecular interaction 

strength at the interface (i.e., enhancing the wetting degree) reduces the interfacial thermal 

resistance and vice versa [11,16,17,37–42]. In case of nanoparticle-fluid interfaces, Tascini et 

al. also showed that large interfacial curvature (nanoparticle size) coupled with strong 

nanoparticle-fluid interaction strength provide optimum heat transport near the interfacial 

region [43]. Moreover, in 2016, Ge et al. used time−domain thermoreflectance to measure the 
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Kapitza length between water and various solids through the transport of thermally excited 

vibrational energy across the interfaces [44]. It was reported that the Kapitza length at 

hydrophobic interfaces (10–12 nm) is a factor of 2–3 larger than the Kapitza length at 

hydrophilic interfaces (3–6 nm). Nevertheless, changing solid substrate material seems 

inapplicable, because every device has its own specific application and usage and operating 

conditions. 

 For such a case, using two-dimensional (2D) material coated on solid substrate has 

become a potential solution because one atom thick layers of almost any material are 

transparent to visible light; however, this can vary the energy transport at the interface. Since 

the discovery of graphene in 2004 [45], it has become a cutting-edge material; that opens up a 

pandora’s box for other 2D materials that might be beyond the limited current applicability of 

graphene. Recently, 2D materials have been attracting increasing attention due to the many 

interesting properties originating from bulk to monolayer transition [46,47]. For instance, 

Rafiee et al. measured a 30-40% increase in condensation heat transfer as a result of the 

ability of graphene coating to suppress copper oxidation [48]. The enhancement of 

condensation heat transfer performance with graphene coatings was also confirmed in the 

report of Preston et al. [49]. More recently, the results on Kapitza resistance revealed that the 

interfacial temperature jump increases with the introduction of graphene at the interface 

between solid and fluid water [8,19,50]. Meanwhile, the dominant influence of monolayers 

WS2 and MoS2 on the wettability of the underlying substrates has also been investigated [9]. 

It was shown that even when a monolayer WS2 (or MoS2) is coated, the measured contact 

angle highly increases compared to the substrate without coatings. 

 For the reasons given above, a systematic study on the effects of monolayer coating 

on the interfacial heat transfer is required. There have been several studies on thermal 
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boundary resistance at the perfect interfaces between solids [51,52], and with the introduction 

of monolayer near the solid-solid interface [53,54]. However, they lack an investigation on 

the variation of Kapitza length at solid−fluid interfaces with the presence of monolayer 

inserted under a wide range of its atomic properties. Note that substrate and monolayer 

particles are likely to vibrate back and forth in both horizontal and vertical directions about a 

fixed lattice point unlike the fluid particles, as the interatomic potential is comparatively 

weak for fluids. In that case, the mutual combination of atomic mass (mM) and interaction 

energy (MM) of monolayer may lead to a significant influence in heat transport at the 

interfacial region. Therefore, in this paper, we aim to study the effects of the interfacial 

monolayer on Kapitza resistance between solid and fluid using molecular dynamics (MD) 

simulations by the variation of mM and MM. Finally, LK under the effect of monolayer was 

compared as the function of mM and MM. It is known that interaction energy () and mass (m) 

are related to the thermal oscillation frequency, which is proportional to 






2m

 [38]. 

Hence, in this paper, we attempt to correlate LK and 





 M
r

F

. Herein, ωr denotes the 

interfacial mismatch at the solid−fluid interface, where ωM and ωF represents the thermal 

oscillation frequency of monolayer and fluid particles respectively. 

2.3. Theoratical Background 

The solid wall atoms are initially constructed in perfect FCC structure with a 

computational domain of Lx = 8a, Ly = 8a and Lz = 15a across each respective direction, 

where the lattice constant a = 0.5256 nm (see Figure 2.1). Fluid particles were confined 

between two solid walls with and without monolayer coating. The number density (
3 /N V 

) of fluid was set to 0.8 at a distance of 10 nm along the z-direction. For simulations where  



8 
 

 

Figure 2.1. (a) Snapshot of the MD simulation of heat transfer at the interface 

between the monolayer-coated solid surface and argon. (b) Velocity distribution for mM = 

12mF and MM = 10FF at the NEMD steady state condition compared to the Maxwell-

Boltzmann distribution function at (left) one-atomic-layer in the left wall, (middle) fluid 

argon in the bulk region, and (right) interfacial monolayer on the right wall. 

 

the interfacial monolayers (colored gray) are presented, the innermost solid layers, (i.e. the 

ones facing the fluid argon), are replaced by the monolayer. We limit the monolayer to the 

non−lattice−mismatch to the lattice structure of the solid walls, but with a different atomic 

mass and interaction energy depending on the cases studied. To perform the non-equilibrium 

MD (NEMD) simulations of heat transport through the z-direction of the systems, the 

outermost layers of both sides of the simulation domains (colored cyan) were fixed to their 

original positions to maintain a constant volume. Thermostats were situated at four 

consecutive layers (colored orange and blue) next to the outmost layers. Meanwhile, the 

remaining solid and fluid atoms were free to move without thermostats applied when heat 

transfer occurs. The temperature of the left wall was kept higher than the right to generate 
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thermal energy fluxes from left to right. Periodic conditions were applied in the x- and y-

directions. 

In this study, we used the truncated (12−6) Lennard-Jones (LJ) potential to model the 

interactions between atoms as follows 

                                     
12 6 12 6

truncated 4 ,ij

ij ij c c

U r
r r r r

   

           
                                

  (2) 

where ε is the depth of the potential well, rij is the intermolecular distance, σ is the finite 

molecular distance at which the interatomic potential is zero, and rc is the cut-off distance of 

1.0 nm. The interaction parameters and atomic properties used in this study are shown in 

Table 1. The interactions between the wall (or substrate) atoms are fixed as WW = 9FF and 

WW = FF. The mass of the wall atoms is fixed as equal to that of fluid argon. The interaction 

energy between the monolayer atoms MM is varied between 5εFF and 20εFF, whereas σMM is 

fixed to σFF. The mass of the monolayer atom is varied between 0.5mF and 16mF. The 

intermolecular interaction between the wall and fluid atoms, as well as between the 

monolayer and fluid atoms are kept WF = MF = 0.2FF. Meanwhile, the interaction 

parameters between the wall and monolayer atoms are estimated from the Lorentz-Berthelot 

(L-B) mixing rules [55]. In all simulations, a cut-off distance of 3σFF is used. 

The heat flux Q in the fluid is calculated by using the Irving–Kirkwood (I–K) 

expression as follows [56,57]: 

                                                      
1

,
Vol

i i ij j ij

i i j

Q v e f v r


     (3) 
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where ei is the per-atom energy (including potential and kinetic energy) of atom i, vi is the 

velocity of atom i, fij is the force acting on atom i from atom j. Here, the volume was defined 

within the fluid domain by considering the contribution of each argon molecule. 

Once the heat flux is calculated, the thermal conductivity of fluid argon can be 

obtained from the Fourier law. Also, we compute the vibrational density of states (VDOS) of 

atoms at the interface using the Fourier transform of its velocity auto-correlation function 

(VACF) as: 

                                                         
0

VDOS ,i tZ t e dt


   (4) 

where the VACF is defined as    ( ) 0Z t v t v  . According to condensed matter physics, 

the VDOS of a system characterized by the number of states per interval of energy at each 

energy level that is available to be occupied by phonons.  

 

 

 

 

 

 

 

Table 1 Interaction parameters studied in the simulation domain 

Interaction ε σ m 

Fluid−Fluid (F−F) εFF σFF mF 

Wall−Wall (W−W) 9εFF σFF mF 

Monolayer−Monolayer (M−M) [5~20]εFF σFF [0.5~16]mF 

M−W MM WW 
 MM WW( ) / 2    

W−F 0.2εFF σFF  

M−F 0.2εFF σFF  

εFF = 0.0103 eV 

σFF = 0.3405 nm 

mF = 39.948 gram/mol 
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Simulations start with an NVT (i.e., constant number of atoms, constant volume, and 

constant temperature) ensemble applied to the entire system. In this stage, the Maxwell-

Boltzmann velocity distribution is used for the initial velocities of all atoms, while the Nose-

Hoover thermal thermostat maintains system temperature at 100 K. Subsequently, the hot and 

cold reservoirs are respectively subjected to 110 K and 90 K using Langevin thermostats 

NVE (i.e., constant number of atoms, constant volume, and constant energy). The simulation  

time step is set to 1.0 fs. The simulations are performed for 12 ns: the first 3 ns to allow the 

systems to reach equilibrium, the next 3 ns to ensure the systems to gain a steady state in the 

presence of heat flux, and the last 6 ns for averaging. All simulations in this study are carried 

out using LAMMPS [20]. 

Before we present the temperature distributions and discuss the effects of the 

monolayer, we must demonstrate the local thermal equilibrium (LTE) in the system. It is 

known that the local temperature can be defined only if the LTE is established. In this paper, 

the temperature distributions are obtained using slab bins parallel to the walls. For instance, 

slab bins 0.2628 nm and 0.4 nm in thickness are used to observe the local temperatures in 

solid walls and fluids, respectively. Figure 1b shows the distribution of velocity components 

of atoms contained in one bin at different positions (i.e., in the mean position of the left solid 

wall, in the mean position of the fluid region, and at the mean position of the monolayer 

particles in the colder side when mM = 12mF and εMM = 10εFF). The results reveal that atomic 

velocity components satisfy the Maxwell-Boltzmann distribution very well; thus, the LTE is 

established.  
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2.4. Results and Discussion 

2.4.1 Effect of monolayer on interfacial heat transfer 

To provide a general picture of the effect of monolayer coating on heat transfer at 

solid−fluid interfaces, we show in Figure 2.2 the temperature distributions along the z-

direction of channels without and with monolayer. From Figure 2.2 (b−d), we keep the 

interaction energy of monolayer at εMM = 10εFF, while gradually increasing its mass. In order 

to determine the interfacial temperature jumps, we extrapolate the linear temperature from the 

fluid region to the solid surfaces, which are described by the black arrows. Throughout our 

analysis, surface positions are defined at the mean position of the solid surface adjacent to the 

fluid.  

 

Figure 2.2. Typical temperature profiles across the wall-fluid interface (a) without and  

(b-d) with monolayer coated for MM = 10FF at various values of mM 
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When the monolayer is coated, the surface positions are then at the mean position of 

the monolayers. We also observe additional temperature jumps between the solid substrate 

and monolayer interfaces, indicating the impact of solid−solid interactions of nanocomposite 

structure into the overall thermal resistance at solid−fluid interface. For such a case, the 

temperature jumps need to be defined considering both interface (i.e., monolayer−fluid) and 

near-interface (wall−monolayer) temperature discontinuity. Therefore, we extrapolate the 

linear temperature from the wall substrate across the monolayer. The results shown in Figure 

2.2 demonstrate the effects of monolayer as seen in the variation in temperature jump and 

temperature gradient within the fluid region compared to the substrate−fluid case. In addition, 

there is a slight discrepancy in temperature jumps at the hot and cold sides; however, no 

tendency is observed. Therefore, in the following, Kapitza length is shown as an average of 

the two walls. 

 

Figure 2.3. Dependence of thermal oscillation frequency between monolayer and fluid on 

thermal conductivity (Black line represents the value for λ without monolayer coating) 

Figure 2.3 shows the thermal conductivity (λ) measured in the confined fluid. The 

average thermal conductivity of the bulk fluid Argon at 100K is in agreement with other MD  
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Studies [16,27,58] (where the relative deviation of λ is 0.9% to 7.66%), as well as in 

experiments [59,60] (where the relative deviation of λ is 3.2% to 4.63%). The results from 

Fig. 3 reveal that the thermal resistance on the interface solely depends on the interfacial 

characteristics, and the thermal conductivity of the fluid is independent of the thermal 

resistance at the interface. In this study, the effect of monolayer is studied by the variation of 

its atomic mass (mM) and particle−particle interaction energy (MM). Therefore, it is 

interesting to know the contribution of mM and MM to the interfacial heat transfer. 

2.4.2 Role of monolayer mass and interaction energy 

2.4.2.1 Impact on Kapitza Length  

At first, we define LK,r as the ratio of the Kapitza length with a monolayer (LK-WMF) to one 

without a monolayer coating (LK-WF) near the wall−fluid interfacial region (i.e .,





,
K WMF

K r
K WF

L
L

L
). Therefore, we plot the variation of Kapitza length versus monolayer mass 

(c.f. Figure 2.4a) and monolayer interaction energy (c.f. Figure 2.4b). Here, after reaching the 

minimum, LK,r increases monotonically with the increase of the monolayer mass independent 

of its interaction energy. In addition, the monolayer surface for different εMM doesn’t show 

any significant effect on LK,r. Hence it would seem to be the monolayer-mass that plays a 

dominant role in the interfacial thermal resistance, as demonstrated also in Figure 2.2. 

Note that the vibrating period of monolayer particles continuously gets longer with 

subsequent increase of mM regardless of any lower value for εMM. Thus, the monolayer 

surface continuously becomes very rough. However, the amplitude of the respective particles 

weakly depends on atomic mass for a high stiff surface (increased interaction energy between 

surface particles) that is largely controlled by the wall’s temperature [5,6,61]. Primarily, LK,r 

is found to be smaller for lighter monolayer particles than heavier particles for all the cases of 
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Figure 2.4. Variation of LK,r as a function of (a) mM at different MM/FF and  

(b) MM/FF at different mM 

εMM (see Figure 2.4a). Starting from mM = 0.5mF, LK,r likely to decrease mainly due to the 

reduced vibrational mismatch between the absorbed fluid and the solid surface at the 

interfacial region. Consequently, a reduced LK,r is observed for a delicate amount of mass at 

mM = 2mF, which marginally varies for different εMM around the dashed line. This line 

represents the result of Kapitza length at the solid−fluid interface without monolayer coating. 

Afterward the interfacial region experienced a greater vibrational mismatch between the 
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respective materials, and eventually, the LK,r becomes critical for heavy monolayer particles 

(i.e., mM > 2mF). These results indicate that the thermal vibration of monolayer surface, which 

is light in weight, similarly correlated with the wall and fluid particles as the vibrating period 

is considerably very short. In contrary, heavier monolayer molecules further hinder the heat 

transport due to the increased elastic properties as well as long vibrating period at the 

substrate−monolayer and monolayer−fluid region in spite of any alteration of εMM. However, 

it is still unclear what factor mainly contributes to the LK,r for different values of εMM. 

In Figure 2.4b, the LK,r fluctuates around an average value along each respective mass 

curve; therefore, variation in εMM contributes a minor part to further change in the LK,r. For 

the case of mM = 2mF, LK,r is slightly under the dashed line when εMM = 5εFF, that has gone up 

to more than unity when εMM = 20εFF. Such an observation also has been found for almost the 

entire remaining strong monolayer surface (εMM = 15εFF or 20εFF). This indicates that εMM has 

an indirect but important effect at the interface when the substrate is coated with monolayer. 

In 2011, Liang and Tsai studied the effect of single atom thick film confined between two 

dissimilar solids [53]. They also found that the interfacial thermal resistance slightly 

increases with the increase of film−solid binding strength.  

2.4.2.2 Impact on Density Profiles  

To provide more insight into the effects of monolayer mass and monolayer interaction 

energy, we first explore the distribution of fluid argon near the surface as shown in Fig. 5. For 

all cases, fluid atoms form layered structures due to surface force penetration depth and local 

fluid-fluid interactions. The molecular structure of fluid at the interface is an important factor 

in understanding the interfacial thermal resistance. During recent decades, density peaks and 

depletion length (i.e., the distance between the solid surface and first peak density) have been  
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Figure 2.5. Density profiles near the hot wall for (a) MM = 10FF at various values of mM and 

for (b) mM = 12mF at various values of FF 

two major factors for explaining the energy and momentum transport at the interface 

[3,11,12,37,50,62]. However, the results from Figure 2.5 show that the fluid spatial density 

distributions remain unchanged in spite of any change in monolayer properties. For instance, 

the first peak of number density near the solid surface as a function of mM and MM is 

1.53170.0097 and 1.53140.0078 respectively for all of the cases. These observations 

indicate that the fluid argon was unable to change their motion after interacting with the 

monolayer particles. This dearth of concurrence between fluid and monolayer coated solid 

particles leads to the more discontinuity at the interface, which results in higher interfacial 
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thermal resistance. Besides, change in MM has no impact on the interaction between 

monolayer and fluid particles. This tendency suggests that the thermal oscillation frequency 

of monolayer particles doesn’t have any effect on the fluid layering near the solid-fluid 

interface. However, Asproulis et al. Frank et al. found that the fluid density near the surface is 

highly affected by the variation of wall mass and stiffness, which contrast to our results 

[5,6,63]. The reason is that, in their case, the elastic properties of all the wall particles were 

varied to quantify the oscillatory motion of fluid particles. Therefore, both the roughness and 

smoothness of solid surface play a dominant role on the fluid structure near the interface. 

2.4.2.3 Impact on Vibrational Density of States 

To comprehensively understand the influence of monolayer coating on LK,r, we 

investigate the vibrational density of states, (VDOS; i.e., number of vibrational modes per 

unit volume and frequency), during NEMD simulation using equation 4. Particularly VDOS 

helps to quantify the change of phonon spectrum due to the mismatch in vibrational 

properties of different crystal structures in contact across an interface [64]. Besides, at 

nanoscale, thermal motions of fluid particles near the solid surface started to freeze, and form 

a layered structure at the soild−fluid interface due to the surface force and local fluid-fluid 

interaction. This layer also referred to as the “solid-like fluid layer” [11,37,61,62]. Therefore, 

we consider the first fluid layered structure near the solid surface to calculate the VDOS of 

fluid particles. In Figure 2.6, the overlap portion of the phonon spectrum is quite large for the 

interface with lighter monolayer atoms, including only the substrate−fluid interface, than 

heavier monolayer atoms when εMM = 10εFF. Basically, the overlap degree at the interface 

measures the degree of interfacial vibrational coupling. Increasing vibrational coupling at the 

interface enhances the thermal transport and thus reduces the thermal resistance. Hence, the 

crystal structure having mM = 0.5mF, mM = 2mF and without monolayer interface experienced  
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Figure 2.6. VDOS of wall, monolayer and fluid argon atoms as a function of frequency for 

MM = 10FF at different values of mM. (a) Interface without monolayer coating: surface atoms 

in fluid (green line), innermost substrate (red line) and bulk substrate (brown line). (b)-(f) 

Interface with monolayer coating: surface atoms in fluid (green line), monolayer (red line), 

innermost substrate (blue line) and bulk substrate (brown line). The grey area illustrates the 

overlap between VDOS 

relatively much lower ITR than the interface with mM = 4mF, mM = 10mF and mM = 16mF, 

which further corroborates the details in Figure 2.4. However, almost the entire phonon 

spectrum due to the monolayer has been used in the overlap region when mM = 2mF. In that 

case, peak of the phonon spectrum of the monolayer is also in good agreement with both 

peaks of the innermost substrate layer and the remaining bulk substrate layers, indicating a 

better vibrational coupling than any other cases of VDOS.  

Figure 2.7 illustrates the possible scenario of the VDOS with the variation of εMM for 

mM = 10mF. Here the black line represents the innermost solid layer, and the colored lines 
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represent the monolayer particles. Apparently, there is no obvious change in the phonon 

states of the monolayer with the increase of εMM, and the difference in peaks between the 

innermost solid layer and monolayer is considerably large. This indicates that εMM has no 

such control over the thermal energy transport at the interfacial region for the heavy 

monolayer particles. Liang and Tsai also studied the VDOS of a thin film between two 

different solid materials [53]. They found better vibrational coupling at the solid−film−solid 

interface with the increase of film−solid binding strength.  Since the solid particles oscillate 

about a fixed lattice point unlike fluids; therefore, increased inelastic or strong solid surface 

was likely to have a good agreement in the vibrations with the thin film near the interface.  

 

Figure 2.7. VDOS of innermost wall and monolayer atoms for mM = 10mF at different values 

of MM 

2.4.2.4 Effect of thermal oscillation frequency on the Kapitza length 

In Figure 2.8, the results of the numerical experiments are summarized to take into 

account the overall effects of monolayer mass and interaction energy on Kapitza length at the 
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interface between fluid argon and the solid substrate as a function of the thermal oscillation 

frequency. To quantify the behavior, we introduce a fourth-order polynomial master curve. 

   

 
     

 
4 3, 2 1

1 1 1 1
K r

r r r r

aL b       (5) 

in which values of the coefficients a = 4 and b = 2.2 are obtained through data fitting. For all 

the examined cases in the current study, LK,r began to decrease sharply with increasing ωr and 

reached a minimum value within a very low ωr region. Afterward LK,r was continuing through 

a marginal upward phase to finally converge to a pulsating value within the parametric range 

in this study.  

 

Figure 2.8. “Master” curve describing the variation of the Kapitza length at the interface 

between fluid argon and monolayer-coated solid substrate as a function of oscillating 

frequency 

It is obvious that higher values of mM will eventually be in a lower−frequency region 

independent of εMM. In that case, LK,r is found to be very high for predominantly heavier 
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monolayer particles. Therefore, when the monolayer surface becomes heavier, there will be a 

significant variation in the thermal vibration of the substrate and fluid particles that further 

disturbs the heat transport across the interfacial region regardless of εMM. This observation 

further justifies the details obtained from Figure 2.7. In contrast, higher values of εMM will 

surely be in the higher−frequency region and lower values of εMM in the lower−frequency 

region, regardless of a small amount of mM. As a result, the interface experienced lower 

thermal resistance than the large amount of mM. Hence, lighter monolayer molecules for any 

kind of εMM tend to be consistent with the thermal vibration between substrate and fluid 

particles, which helps to minimize the deficit of heat transport across the interfacial region. 

Despite having a better vibrational coupling for lighter mM, after reaching a minimum value, 

LK,r increases gradually with increasing ωr as well as εMM. This indicates that the strong 

monolayer surface created more LK,r than a flexible monolayer surface for lighter monolayer 

particles. Hence, εMM act as a deciding factor for the interfacial thermal resistance when the 

mM is likely to have a low weight. In 2008, Kim et al. also suggest that Kapitza length 

increases with the increase of thermal oscillation frequency, which is in accordance with the 

lighter monolayer particles [16]. Therefore, a minimum is appeared in the master curve to 

signify the effect of mM and εMM as a function of thermal oscillation frequency. 

2.5 Conclusions 

The role of monolayer particles mass (mM) and interaction energy (εMM) on Kapitza 

length between the monolayer coated solid surface and fluid argon has been extensively 

analyzed through non-equilibrium molecular dynamics simulation. Within this monoatomic 

nano-composite structure, thermal conductivity of fluid showed a constant value at 100 K 

using Fourier’s law. The fluid density structure near the solid surface is also independent of 

any change in mM and εMM. This indicates that heat transport at the interfacial region solely 

depends on the monolayer properties. Considering the mutual combination of mM and εMM, 
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we also observed that the temperature jump increases with decreasing ωr, suggesting a greater 

interfacial mismatch between the particles with a lower oscillation frequency. 

Primarily, our results indicate that mM is the dominant factor for controlling the 

amount of heat transport at the interface as the Kapitza length monotonically increases with 

increasing mM, regardless of εMM. Because the vibrational mismatch of atoms continuously 

increases with the subsequent addition of mass, the measured LK,r was expectedly much 

higher for heavier monolayer particles than lighter monolayer particles for a given value of 

εMM. This is because the interaction energy between heavier monolayer particles has no 

control over the interfacial thermal resistance which results in a greater vibrational mismatch 

between the materials near the interface. On the other hand, for lighter monolayer particles, 

the interaction energy of monolayers is likely to maintain a better vibrational coupling with 

the solid substrate. Therefore, even if the vibrational mismatch marginally increases with the 

increase of mM, εMM minimizes that mismatch which eventually leads to a reduced Kapitza 

resistance at the interfacial region.  

Further improvement of interfacial thermal transport is possible when the nano-

composite materials remain mismatched in the lattice structure. Hence, further examinations 

of the lattice mismatch monolayer surface with the existing monatomic crystal structure will 

be a part of our future research. 
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CHAPTER 3 

Nanopore Flow Modeling for the Transportation of 

Argon through Nanoporous Graphene Membrane 

3.1. Abstract 

Pressure driven transport mechanism of liquid argon through nanoporous graphene 

membrane has been analyzed using non-equilibrium molecular dynamics simulation. In this 

study, we investigate liquid dynamics properties such as local density, pressure variation, and 

viscosity depending on the flow region. With the movement of specular reflection wall 

(SRW) at the end of front and back reservoir, pressure difference takes place mainly due to 

the change in relative distance between the argon molecules in the corresponding reservoir. 

The interfacial pressure difference strongly depends on the intermolecular force of graphene 

membrane governed by the layered structure of liquid and the applied flow velocity. The 

local viscosity was calculated from the nano-channel of argon sheared by graphene walls. 

The argon velocity adjacent to the pore edge was considered as slip velocity, which provides 

an update in the Sampson flow equation. We observed that the entrance interfacial pressure 

and higher local viscosity in the vicinity of graphene membrane associated with the 

optimized definition of wall/fluid boundary near the pore edge play a critical role for the 

permeation of argon through NPGM.  

3.2. Introduction 

Nanoporous membranes (NPM) can be made from a wide range of materials 

including novel polymers [65], zeolites [66], metal-organic framework [67], carbon 

nanostructures[68], etc. The pore size in these NPM structures can be varied from 
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subnanometer to a few nanometers. Therefore, owing to their small length scales and large 

surface-to-volume ratio, the liquid molecules exhibit inhomogeneous configurations, 

properties, and energetics near the solid/liquid interface from those of their bulk counterparts, 

while transporting through the NPMs. These unique interfacial characteristics play a key role 

in understanding the mass and energy transport in confining nanoenvironments. Recent 

experimental and simulation studies have shown fast transport of water through carbon 

nanotubes (CNT) membranes. For example, Holt et al.[69] and Majumder et al.[70] 

experimentally found that the permeation rate of water in CNT, with pore diameter 2 to 7 nm, 

can be more than 3 to 5 orders of magnitude faster than the continuum prediction. Using 

molecular dynamics (MD) simulations, Hummer et al.[71] and Skoulidas et al.[72] also 

shown that the water or gas molecules inside CNT permeate much faster than the prediction 

of continuum hydrodynamics. This enhanced transport rate inside CNT suggests the effects of 

nanochannel size on intrinsic liquid properties, such as density, shear stress, viscosity, etc, 

which is yet to be fully characterized at nanoscale. 

The main advantages of NPMs are low energy consumption, allow flow of desired 

molecules and reject undesired molecules, and exhibit robustness during operation. In this 

regard, graphene is definitely a noble material considering its remarkable mechanical 

strength, electrical, thermal and optical properties [73–76]. This single atom thick 2D 

material has sp2-hybridized carbon atoms positioned in a honeycomb-like (hexagonal) lattice 

structure[77]. The van der Waals (vdW) thickness of graphene layer is ~0.34 nm making it 

the thinnest known material. It also offers partially transparent to vdW’s and electrostatic 

interactions which further improve the wettability between two different materials placed on 

either side of graphene [78,48,79]. Besides sub-nanometer pore in graphene can be generated 

by ion bombardment followed by chemical etching[80] etc. This single layer or a few-layer 

porous graphene membrane can be tailored to sieve ions efficiently from seawater for 
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desalination[81], differentiate between polar and nonpolar liquids for flow sensors[82], and 

enhance proton transport in fuel cell applications[83–85].   

Numerous theoretical studies using molecular dynamics (MD) simulation have been 

focused on the transport of water and ions through nanoporous graphene membrane (NPGM) 

driven by pressure [86–90] and electric fields [91–93]. Based on these researches, high 

permeance and high selectivity of certain groups of molecules greatly influenced by the pore 

size, pore functionalization and applied external force. For instance, Suk et al. reported that 

for smaller pore diameters, where single-file water structure is observed, water flux is lower 

in NPGM than CNT mainly due to the interruption in hydrogen bonding and structuring of 

water molecules in graphene nanopores [89]. However, pore diameter larger than 0.8 nm, 

water flux was found to be higher in NPGM than CNT indicating reduced energy barrier at 

the pore entrance. It was also reported that, by bonding hydroxyl or carboxylic groups (─OH 

or ─COOH) to the edges of graphene pore, the water flux further increases while rejecting 

salt ions [86,88]. Since the effective diameter of salt ions (Na+ and Cl─) increases as a result 

of the hydration effect, the ions encounter large energy barriers in the pore diameter smaller 

than ~0.7 nm. This type of ion blocking, where the pore diameter is smaller than the hydrated 

diameter of the ions, is often termed as steric exclusion. Moreover, charged or partially 

charged functional groups along the pore edge can lower the energy barrier for ions of 

opposite charge leading to the cation/anion selectivity. For example, Sint et al. demonstrated 

that nanopore of 0.5 nm in diameter could be made cation-selective by decorating the pore 

with electronegative fluorine or nitrogen atoms [91]. Zhao et al. also observed that the 

presence of negative charge at the edge of graphene pore with 0.4 nm and 0.8 nm diameter 

can remarkably impede the passage of Cl
−
 while enhancing the transport of K

+
 [93]. Similar 

observation about ionic selectivity also been found experimentally in monolayer graphene 

membranes demonstrated by O’Hern et al [80]. In addition, about 93% rejection of salt ions 
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with much less application of pressure is possible in negatively charged graphene pore (with 

0.99 nm diameter) than that in pristine graphene membrane case, reported by Nguyen et al. 

[94,95]. Therefore, the ion selectivity greatly dependent on the pore size and the charges on 

the pore edge.   

The liquid dynamics properties predominantly control the mechanism of mass 

transport and ionic selectivity in NPMs. At the macroscale, numerous studies on the topic of 

permeation through porous structure have been performed [96–99]. In these researches, 

incompressibility of the flow and no-slip boundary condition was assumed in the continuum 

model. However, at nanoscale, the intermolecular force of the nanostructure becomes 

dominant mainly due to the size of the wall molecules, which is very close to the 

characteristics physical scaling length of the nanoconfined liquid molecules, and the 

interaction between wall−fluid molecules at the solid/fluid interface. Consequently, this 

creates slip effect [34,100,101] and Kapitza length [1,3,102] at the solid/ fluid interface. 

Moreover, the liquid molecules form a solid-like layering structure over several atomic 

distances from the solid wall which is observed by both experimentally [14,15] and 

numerically [37,61,62]. The dynamics of this liquid layered structure also produce a different 

shear rate and viscosity at the wall/fluid boundary than the bulk flow region [17,18,34]. In 

addition, the effective viscosity of nanoconfined liquids also shows strong dependency on 

flow velocity[103]. These decisive effects of the molecular structure of the solid wall and 

liquid molecules, as well as their interactions, play a critical role in nanoscale fluid dynamics. 

As a consequence, the traditional continuum models fail to provide accurate predictions of 

flow behaviors along the nano-channels [10,19,90]. Therefore it is necessary to investigate 

the validity and limitations of the continuum assumptions for nanoscale liquid transport.  
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In addition to that, the accurate prediction of flow measurement also depends on the 

definition of the location of wall/fluid boundary. Previously, the location of wall/liquid 

boundary in nanochannel was considered at the atomic-center to center distance between the 

innermost solid layers[3,11,37,50], and the first peak density position of the layered structure 

of liquids adjacent to the solid surface[104,105,41]. At nanoscale interface, the wall/fluid 

boundary largely depends on the interatomic force penetration depth and the discrete nature 

of liquid molecules. Therefore, small changes in the wall/fluid boundary definition may cause 

significant deviation in the calculation of flow enhancement [106]. Thus, in molecular level 

fluidic transport, proper definition of the pore diameter is also necessary. 

In this paper, a pressure-driven flow of simple liquid through nanoporous graphene 

membrane has been studied using non-equilibrium molecular dynamics (NEMD) simulations. 

First, two impermeable flat walls were placed at the end of front and back side of the 

simulation domain. Then the two walls were moved at a constant velocity in the same 

directions to create pressure effect. Thus a pressure difference was developed between the 

front and back side that pushed the argon molecules through the pore of graphene 

membranes. In general, simple liquid can be best described with Lennard−Jones (LJ) models 

that have strong correlation between virial and potential energy in their constant-volume 

thermal-equilibrium fluctuations (NVT ensemble) [107]. Even a complex liquid like water, in 

which the coulombic term is added with the LJ potential, is expected to approach simple 

behavior under sufficiently high pressure [108]. Therefore, in this study, the structure and 

dynamics of molecular model of LJ type liquid have been analyzed to reduce the 

computational cost. To check the limitations of the continuum assumptions, first, we 

characterize the liquid argon properties with respect to their interfacial and bulk flow region. 

Then the Sampson flow equation, proposed by Jensen and Stone et al. [109], was modified 

based on the slip velocity adjacent to the edge of graphene nanopore. We also calculate local 
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viscosity of argon based on the shear driven flow simulations. Finally, the effect of pressure, 

viscosity and pore boundary was investigated based on the characterized fluid dynamics 

properties by utilizing the slip modified continuum flow equation. We observed that 

interfacial pressure near pore entrance, flow velocity, and local viscosity near the solid 

surface strongly connected with the optimized definition of wall/fluid boundary play a critical 

role for the accurate flow prediction inside graphene nanopore. 

3.3. Theoretical background: 

In this present study, the Reynolds number of liquid argon is in the range of 

(0.01~0.1).  For such low Reynolds number flow behavior, Sampson solved the Stokes flow 

through a circular pore in an infinitely thin wall in the creeping flow regime for a Newtonian 

liquid [96]. The boundary conditions are that (i) incompressibility of the flow throughout the 

system, (ii) the velocity decays uniformly, (iii) the no-slip condition everywhere in the thin 

wall, and (iv) the pressure reaches two different constants at   and at  . Due to the 

symmetry of the geometry, the pressure difference ( )P P P    from an infinitely thin 

wall is therefore given by, 

3

3P

q a


      (1) 

where, q is the volumetric flow rate,  is the viscosity of the liquid, and a is the pore radius. 

In order to find an approximation for the velocity profile in pore, Sampson introduced a 

stream function   in spheroidal coordinate  , ,   . These coordinates are obtained from 

the cylindrical coordinates  , ,r z   by the transformation, 

 sinhz ir a i          (2) 
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with 0,0 ,0a         and 0 2   . Then Sampson showed that   for flow 

through a circular pore in a plane wall is given by, 

 31 cos
2

q
 


         (3) 

Then, the flow profile inside pore can be computed directly from Sampson’s stream function 

in cylindrical coordinates as: 
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      (4) 

 At the nanometer scale, it has been noted that the interactions between wall−liquid 

molecules are substantially different from classical liquid transport. This is due to the 

intermolecular forces of wall molecules, thermal/velocity slip, the discreteness of liquid 

molecules adjacent to the solid surface, and the local viscosity at the solid/liquid 

interface[19]. Thus, in case of the mobility of argon molecules through NPGM, it is expected 

that the flow exhibits a slip tendency inside graphene nanopore which further modify the 

Sampson equation given by, 
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Therefore, it is necessary to investigate the effect of interfacial entrance and exit pressure, 

and local viscosity in the vicinity of graphene membrane correlated with optimized definition 

of wall/liquid boundary near the pore edge for the prediction of argon velocity profile. 

3.4. Molecular dynamics simulations: 

Figure 3.1 shows the simulation domain consisting of liquid argon transporting from 

front reservoir to back reservoir through a pore of graphene membrane. The model of NPGM  
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Figure 3.1. (a) Schematics of the flow of liquid argon through nanoporous graphene 

membrane, (b) Physical description of specular reflection wall, and (c) Insight of graphene 

pore with three probable pore boundary 

(3.69 nm × 3.6927 nm) was placed at the center (z = 0) of the simulation box parallel to the 

xy-plane. A circular pore was generated by removing the carbon atoms at the center of 

graphene membrane. Initially, the pore radius was approximated as acc = 1.10925 nm 

corresponds to the pore center to atomic center of carbon atoms in the pore edge. Periodic 

boundary conditions were applied in both x-axis and y-axis direction of the simulation 

domain. Two specular reflection walls (SPW) was placed at the end of front and back 

reservoir along the xy-plane. When the liquid argon attempts to move through the wall, this 

flat wall acts as a specular mirror to reflect the particles by reversing the corresponding 
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component of argon velocity. In that case, the angle of incident and the angle of reflected 

argon atom remain same as shown in figure 1b. Therefore, the liquid dynamics properties of 

argon molecules in the bulk flow region become independent after colliding with the specular 

wall. The distance between each SRW and graphene membrane was initially set at 6 nm in 

the direction of z axis. 

Interatomic interactions between the argon molecules were calculated using truncated 

Lennard-Jones (LJ) (12−6) potentials given by: 

 
12 6 12 6

4truncated ij

ij ij c c

V r
r r r r

   

           
                                

  (6) 

where,    is the depth of potential well, ijr  is the intermolecular distance,   is the finite 

molecular distance at which the interatomic potential is zero, and cr  is the cutoff distance. In 

this study, we truncated intermolecular forces at a distance of cr = 1.0 nm, which is 

approximately equal to 3 . The adaptive intermolecular reactive empirical bond order 

(AIREBO) potential was employed to model the interatomic interactions between carbon 

atoms in the graphene membrane. Meanwhile, the interaction parameters between carbon and 

argon molecules are estimated from the Lorentz-Brethelot (L-B) mixing rules[55]. The 

interaction parameters used in this study are shown in Table 3.1. 

Interaction  (eV) σ (nm) 

Ar−Ar 0.0103 0.3405 

C−Ar 0.005 0.303 

Table 3.1. Details of the interaction parameters utilized in this study 
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In each reservoir, a total of 1740 argon molecules were placed. Maxwell-Boltzmann 

velocity distribution at 100 K was used for assigning the initial condition of all argon 

molecules. Then the Noose-Hoover thermostat maintained the system temperature at 100 K 

with two subsequent NVT ensembles (constant number of molecules, volume, and 

temperature). In first NVT ensemble, the initial state was equilibrated for 10 ns with timestep 

of 1 femtosecond (fs) to establish the equilibrium MD simulations. Finally, in second NVT 

ensemble, the flow was induced across the simulation domain by moving both the SRW at 

constant velocity (UW) along the zaxis, while the carbon atoms of graphene membrane were 

vibrating about a fixed lattice point. Besides, the location of NPGM was remained static (at z 

= 0) throughout the entire simulation by fixing the 4 corner carbon atoms at their initial 

position. The simulation was conducted for 1 to 5 ns depending on the velocity of SRW.  All 

the simulations were performed in LAMMPS[20]. 

 The pressure of the liquid argon was calculated by computing the three orthogonal 

stresses to the x, y and z directions across the simulation domain ( ,xx yyS S and )zzS from 

the Irving-Kirkwood expression [59,60]. In our simulations, the instantaneous pressure tensor 

for an N particle system is calculated by the following formula: 

         ,

,

1 1

2

N
i i i j i i j

i j

S m v u v u r r f
Vol

                       (7) 

where the first term on the right-hand side is the kinetic component and the second term is the 

virial component. In the kinetic part, m  is the mass of atom ,i v
 
is the velocity of atom i  and 

u  is the streaming velocity in the   and   directions of the cartesian coordinate system. In 

the virial part,  j ir r   is the relative distance vector between the atoms i  and j , and 
,i jf  

is the intermolecular force acting on atom i  by atom j .  
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3.5. Results & Discussion 

3.5.1 Characterization of fluid dynamics properties based on respective flow region 

3.5.1.1 Density distributions of liquid argon in the vicinity of porous membrane 

 

Figure 3.2. Density distribution of argon along with the axial direction of flow within acc = 

1.10925 nm pore radius  

In molecular-fluidic transport, the properties of liquid are strongly related to the 

molecular structure and intermolecular force of liquid near the solid/liquid interface. Hence, 

the density distribution of liquid argon along the axial direction in a graphene nanopore was 

observed as shown in figure 3.2. The simulation domain was divided into several slab bins 

with bin thickness z  = 0.25 nm along the axial direction of flow to calculate the number 

density 
3N

V


   of liquid argon. The obtained values were averaged for 1 nanosecond (ns) 

during the equilibrium condition. Liquid argon forms oscillations with enhanced density near 

the NPGM and gradually converges to the constant value of approximately 0.8 in the bulk 

flow region of both the reservoirs. This oscillation is observed mainly due to the interaction 
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between carbon-argon molecules in the vicinity of graphene membrane. Although the 

interaction strength of CAr is very weak, the intermolecular force of carbon molecules is 

strong enough to create layered density structure of liquid at a distance 3  from the NPGM. 

The oscillation near the interface region is commonly known as fluid 

layering[14,15,37,61,62]. However, still a portion of fluid layering is observed beyond 3  

mainly due to the smaller bin thickness of 0.25 nm, which is less than one molecular 

diameter. To distinctly enable the molecular distribution along the channel, the bin thickness 

must be ten times smaller than the molecular diameter. This bin is not appropriate for 

continuum analysis but provides insight into the molecular structure in a similar manner to 

the radial distribution function. In case of the continuum transport theories, this layered 

structure of fluid near the solid surface is not considered; however, their effect in nanoscale 

fluidic transport is significant. Because of the size effects, the liquid molecules can be 

absorbed by the wall molecules causing a higher density, pressure, and viscosity near the 

interface than other flow regions. Therefore, an investigation of the variations of argon 

properties over the different liquid regions (interface, boundary and flow regions) is essential 

for understanding nano-scale fluid flow behavior. 

3.5.1.2 Pressure distributions of liquid argon in the vicinity of porous membrane 

With the movement of SRW, a pressure difference between front and back reservoir 

started to develop in the system which mainly contributes to the mobility of argon molecules 

through nanopore as shown in figure 3.3a. The average of the three orthogonal normal stress 

components from the IK expression was utilized to calculate pressure as, 
   

3

xx yy zzS S S
P

 
 . 

To measure the local normal stress tensor distribution the simulation domain was divided into  
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Figure 3.3.  Pressure distribution of argon along the axial direction of flow within acc = 

1.10925 nm pore radius at Uw = 1.5m/sec 

several slab bin along the axial direction, each of which has a volume   bin x yV L L z  , where 

z = 0.25 nm is the width of each bin. The data were averaged for every 0.4 ns when the 

movement of SRW is in the range of 0.5 to 3.5 nm from its initial position because the 

variation of pressure is small in this regime. After this range, rapid changes in the averaged 

data were observed and there was lack of enough volume to predict the bulk pressure of 

liquid argon in the FR. When the SRW move at constant velocity, in the bulk region of the 

simulation domain, the number of molecules in each slab bin of the FR increases about 2.6% 

and same amount of molecules decreases in each slab bin of the BR. Therefore, the local bulk 

density slightly increases and decreases in the front and back reservoir respectively. 

Meanwhile, the number of molecules in the interfacial region remains unchanged from their 

initial equilibrium configuration. However, the pressure difference between the 

corresponding liquid flow region is significant. To analyze the pressure difference, we  
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Figure 3.4. Pressure distribution with, (a) kinetic term and (b) virial term, along z axis within 

acc = 1.10925 nm pore radius at Uw = 1.5m/sec 

separately calculate the normal stress components for kinetic and virial term from the IK 

equation as shown in figure 3.4. From the kinetic term, the pressure in the bulk region was 

27.41 MPa (FR) and 26.49 MPa (BR) respectively, and in the interface region was 38.08 

MPa (FR) and 37.63 MPa (BR) respectively in case of UW = 1.5 m/sec. This further justifies 

that the molecular distribution of liquid argon in the corresponding liquid flow region does 

not change with the established pressure difference. In contrary, from the virial term, a 

pressure difference was observed for 7.74 bulkP MPa   and 9.6  .peakP MPa   It is important 

to emphasize that the virial term is the result of internal contribution from intermolecular 
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forces between atoms across the surface. In this case, with the movement of SRW, the 

relative distance vector between the argon molecules across the surface decreases in the FR 

and increases in the BR, while the intermolecular force between the argon molecules remains 

unchanged from their initial equilibrium configuration. Consequently, this has a major impact 

on the pressure difference across the simulation domain even if the movement of SRW is 

very small. Therefore, pressure difference takes place mainly due to the change in relative 

distance between the argon molecules in the corresponding reservoir. 

 

Figure 3.5.  Variation of pressure difference between front and back reservoirs in the bulk 

and interface region respectively with the increase of Uw 

It is apparent from figure 3.3 that argon pressure near the solid/liquid interface differs 

significantly from the bulk value. This is because of the layered structure of liquid argon due 

to the interaction between carbon-argon molecules in the interfacial region. Moreover, argon 

molecules need to overcome higher free energy-barrier during the entry into the graphene 

nanopore, since the peak pressure in the FR (Pfront,peak)  is maximum. In contrary, during exit, 

the peak pressure in the BR (Pback,peak) gets lower than the Pfront,peak, indicating the dissipation 
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of energy which facilitates the motion of confined argon in the nanopore. The pressure 

difference between both the reservoirs at the bulk and interfacial region was considered as 

bulk pressure difference
, , )( bulk front bulk back bulkP P P    and interface pressure difference 

 , ,peak front peak back peakP P P     respectively. The pressure difference linearly increases with 

the increase of Uw as shown in figure-3.5, while the slope of bulkP  is much higher than 

  peakP . This is because the Pfront,peak (entrance interfacial pressure) increases with the increase 

of Uw meaning that the entry of argon into the nanopore is becoming energetically 

unfavorable. Therefore, the shear stress between argon and carbon molecules at the front 

interface region further increases for increased flow velocity, which plays a critical role for 

the permeation rate of argon through NPGM. However, the Pback,peak (exit interfacial pressure) 

remains unchanged regardless of any flow velocity, which suggests that the Pback,peak only 

marginally contribute to the free energy barrier. On the other hand, the pressure in the bulk 

flow region significantly affected both the reservoir with the increase of flow velocity. Based 

on the results,   peakP  strongly depends on the intermolecular force of membrane governed by 

the layered structure of liquid and the applied flow velocity. It is also apparent that the linear 

fit of bulk and peak pressure difference intersect when the Uw at approximately 0.5 m/sec. 

Before this intersecting point, the argon velocity profile was found in disarray due to the lack 

of enough pressure in the system. Therefore, velocity profile started to develop inside 

graphene nanopore until the bulk and peak pressure difference reaches an equivalent value. 

3.5.1.3 Effect of  nanoconfinement on local viscosity 

To calculate the local viscosity, we conducted shear driven flow simulation on liquid 

argon confined by graphene walls as shown in figure 3.6a. In that case, 1200 argon molecules  
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Figure 3.6. (a) Schematics of MD simulation of liquid argon sheared by graphene 

walls, (b) Velocity distribution of liquid argon along the z- direction of the channel, and (c) 

Shear stress component (Sxz) of liquid argon compared with density distribution from 

nanopore flow simulation  

were simulated in a three dimensional channel with 4.218  22.4 x yL L nm nm    and 

6.0 zL nm from innermost to innermost distance between the graphene walls. The wall 

velocity was set to Vx = 100 m/sec. The system configuration was maintained similar to the 

(a) 
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nanopore flow simulation. Figure 3.6b shows the velocity distribution of liquid argon using 

several slab bins with thickness of 1 nm across the channel. Argon molecules velocity in the 

vicinity of moving graphene walls slightly deviated from the linear fitting of the mid-flow 

region. This suggests that the intermolecular force of the graphene walls still resist the flows 

even if for very weak interactions between carbon-argon molecules. Then using the equ1, the 

stress tensor  xzS  of liquid argon parallel to the graphene wall was computed by dividing the 

channel into several slab bins with thickness of 0.25z   nm as, 
 

,
xz binbin

xz

x y

S N
S

L L z


 
where,  

binN  is the total number of argon molecules in each slab bin. Similar tendency was observed 

between the density distribution of argon near NPGM and stress tensor  xzS  distribution of 

shear driven flow as shown in figure 3.6c. The shear stress component was found to be higher 

near the interface region referring to the dynamic structure of liquid argon. 

The shear rate was obtained from the slope of two successive velocity data as shown 

in figure 3.7a. It is evident that the shear rate exhibits a non-uniform tendency at the 

solid/fluid interface than the bulk flow region. Then the local viscosity was calculated as, 

xzS



  , where xzS is the averaged shear component of the stress tensor within each slab 

bin thickness of 1 nm and   is the applied shear rate in the same slab bin as shown in figure 

3.7b. This method is proposed by Kim et al [52]. The bulk viscosity of about 1.7810
─4

 

Pa.sec also shows good consistency with the experimental results [110] under exact 

thermodynamic conditions. However, higher viscosity of 3.2110
─4

 Pa.sec was found at the 

solid/fluid interface as compared to the bulk flow region. This indicates that the dynamic 

structuring of liquid argon and the interactions between carbon-argon molecules induce that 
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higher local viscosity in the interfacial region. In this capacity, these liquid layers act as an 

extended wall  

 

 

Figure 3.7. Distribution of (a) the shear rate (�̇� =
𝑑𝑣𝑥

𝑑𝑧
) and (b) Local viscosity of liquid argon 

as a result of the sheared driven flow by the graphene walls 

layer, which induces increased shearing in the middle of the fluid by reducing the width of 

the flow region. In nanoscale fluidic transport, such small variations at the interface have a 

significant effect on the flow characteristics. We also measure the xzS  and   at the different 

wall/fluid boundary defined in figure 5c and observed an equivalent ratio for all of the cases. 
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3.5.1.4 Slip velocity inside graphene nanopore 

 

Figure 3.8. 3D averaged argon velocity profile in the radial direction (xy- plane) within acc = 

1.10925 nm pore radius at Uw = 3.5 m/sec  

In figure-3.8, the 3-dimensional averaged velocity profile resembles a hyperbolae 

shape of the Sampson flow through NPGM. In this case, spatial bin thickness of 0.25 nm in 

x and y directions, and 0.34 nm in z direction was utilized only in the portion of graphene 

pore. Overall, velocity data of 21 argon molecules were averaged for 1 ns during an 

instantaneous course of simulation time at Uw = 3.5 m/sec. It was observed that the velocity 

of liquid argon molecules near the edge of pore was relatively slower than pore center 

suggesting the fluid layering effect inside graphene nanopore. Therefore, the first averaged 

velocity adjacent to the pore edge was considered as slip velocity  su . For better statistical 

accuracy and axisymmetric geometry of the nanopore, the velocity profile of liquid argon was 

computed utilizing cylindrical bin whose radius corresponds to the pore radius (acc = 1.196 

nm) and bin length 0.34 z nm   as shown in figure 3.9. The cylindrical bin axis was 
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oriented along the z-direction of the pore center. To get the velocity data in the radial 

direction of the pore, the cylindrical bin also divided into 5, 8 and 10 concentric circle bin 

from the cylinder axis. Then the NEMD data from these three concentric circle bins, during 

different instantaneous simulation time, was averaged to finalize the argon velocity profile 

inside graphene nanopore. Primarily, the wall/liquid boundary inside nanopore was 

considered at three probable positions, (1) pore center to atomic center of carbon atoms at the 

pore edge  L , (2) pore center to density peak position of argon inside the pore region  L , 

and (3) mean position of L  and L , where 
2

L L
L


  . The peak density position of argon 

inside the nanopore was considered where highest number of argon molecules was found in 

concentric circle bin. Thus, the boundary position for L  was located at 0.797 ± 0.0364 nm. 

In addition, the slip velocity was calculated 4.326 ± 0.378 m/sec at L  and L , however, this 

value slightly increases about 5.55 ± 0.214 m/sec at L  boundary position in case of Uw = 1.5 

m/sec. 

 

Figure 3.9. Argon velocity profile in the nanopore within acc = 1.10925 nm pore radius at Uw 

= 1.5m/sec 
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We also observe that the slip velocity linearly increases with the increase of flow velocity 

depending on the location of wall/liquid boundary. 

3.5.2 Comparison of continuum and molecular−level transport properties correlated with 

the definition of wall/liquid boundary near the pore edge  

Figure 3.10 represents the comparison between the prediction of argon velocity from 

NEMD simulation and slip modified Sampson flow equation at Uw = 1.5 and 3.5 m/sec. 

Firstly, the pore radius acc = 1.10925 nm and bulk viscosity of argon were remained constant, 

while the pressure difference in the bulk and interface region was employed in eq5 as shown 

in figure 3.10(a−b). It is evident that the NEMD velocity profile is slower than the prediction 

of slip modified continuum velocity profile. This indicates that when argon molecules enter 

into the interfacial region from bulk flow region, the interaction strength between carbon-

argon molecules reduces the argon velocity. In addition to that, with the increase of flow 

velocity, interface pressure difference provides a better flow prediction. Since, Pback,peak 

remains unchanged, Pfront,peak should be increased by increasing the flow velocity for higher 

permeation rate of liquid through nanoporous membrane. Secondly, from figure 3.10(c−d) it 

is evident that the prediction from eq5 with int  provides better agreement to the MD liquid 

flow than bulk  irrespective of either pressure difference. This signifies that the increased 

viscosity near the interfacial region, due to the dynamic liquid structuring at the solid/liquid 

interface, created another energy barrier that needs to overcome by argon molecules for the 

permeation through graphene nanopore. Therefore, it is now clear that the continuum 

assumptions of Sampson flow equation completely break down at the molecular level fluidic 

transport for the inhomogeneous characteristics of fluid near the solid/liquid interface. 
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Figure 3.10. Comparison of velocity profile from NEMD simulations and modified Sampson 

flow equation within acc = 1.10925 nm pore radius by the varying pressure difference in bulk 

and interface region (a-b) with bulk viscosity, and (c-d) with interface viscosity at Uw = 1.5 

and 3.5 m/sec 

Finally, the location of wall/fluid boundary at the pore edge was analyzed with respect 

to int  and   peakP  in case of pore radius acc = 1.10925 nm, as shown in figure 3.11. Clearly, 

eq5 with the pore boundary position L  provides a poor prediction of velocity profile as 

compared to the NEMD simulation. This is because the repulsive forces between particles 

near the wall/liquid boundary create a depletion space immediately adjacent to the solid wall. 

Hence, the exact volume occupied by argon molecules in confined channel slightly decreases 

which have a significant effect in the calculation velocity profile in nanometer range scale. 



47 
 

Although the pore boundary with L  provides better prediction, the relative deviation 

between eq5 and NEMD data near the pore edge is large. This implies that the exact pore 

boundary should be in between L  and L . In that case, the mean of that two boundary 

position provides an excellent consistency in the prediction of velocity profile inside 

graphene nanopore.  

 

Figure 3.11. Comparison of velocity profile from NEMD simulations and modified Sampson 

flow equation for three probable pore boundary with 
peakP  and int  at Uw = 1.5 m/sec. Data 

is obtained for acc = 1.10925 nm pore radius 

Figure 3.12 represents the comparison between the prediction of argon velocity from 

NEMD simulation and slip modified Sampson flow equation with interfacial liquid dynamics 

properties at Uw = 1.0 to 2.5 m/sec. It is evident that eq5 with int  and   peakP at pore boundary 

L  exhibits excellent agreement with the NEMD data for low flow velocity. However, the 
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deviation in the velocity prediction started to increase for higher flow velocity. This is 

because the entrance interfacial pressure adjacent to the membrane increases with the 

increase of flow velocity. As a consequence, the shear stress between the argon and carbon 

molecules increases in that region, which further resists the argon molecules to overcome the 

increased free energy- barrier. Therefore, due the effect of nanoscale confinement, the local 

viscosity further needs to be correlated with the entrance interfacial pressure for increased 

flow velocity to more accurately predict the velocity profile inside graphene nanopore.  

 

Figure 3.12. Comparison of velocity profile from NEMD simulations and modified Sampson 

flow equation for the pore boundary at L  with 
peakP  and int . Each line and circle symbol 

profile with same color (from bottom) represents the data for Uw = 1.0, 1.5, 2.0 and 2.5 m/sec 

respectively. Data is obtained for acc = 1.10925 nm pore radius 
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3.6 Conclusion 

In this study, we investigate the pressure-driven transport behavior of liquid argon 

through nanoporous graphene membrane using non-equilibrium molecular dynamics 

simulation. We observed layered density structure of liquid argon near the graphene 

membrane, which violates the incompressibility assumption of continuum description. The 

pressure difference was developed across the system by moving the specular reflection wall 

at constant velocity. Since the applied flow velocity doesn’t change the molecular distribution 

in the respective flow region from their initial equilibrium configurations, the pressure 

difference is developed mainly due to the change in relative distance vector between the 

argon molecules from the SRW in the corresponding reservoir. Pressure at the interface 

region differs significantly from the bulk region because of fluid layering effect of argon 

molecules in the vicinity of graphene membrane. Based on the results, the interfacial pressure 

difference strongly depends on the intermolecular force of membrane governed by the 

layered structure of liquid and the applied flow velocity. In addition, argon velocity profile 

started to develop inside graphene nanopore until the bulk and peak pressure difference 

reaches to an equivalent value. From the shear driven flow simulation, we also observed 

higher local viscosity in the interfacial region than in the middle of the liquid flow. Argon 

velocity adjacent to the wall/fluid boundary near the pore edge was considered as slip 

velocity, and then, the Sampson flow equation was modified by adding the slip velocity into 

the continuum equation. By employing the characterized fluid dynamics properties on the slip 

modified continuum equation, we observed that the entrance interfacial pressure and higher 

local viscosity in the vicinity of graphene membrane associated with the optimized definition 

of wall/fluid boundary near the pore edge play a critical role for the permeation of argon 

through NPGM. Based on the results, the entry of argon into the nanopore is becoming 

energetically unfavorable, since the entrance interfacial pressure increases for increased flow 
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velocity. In contrary, the exit interfacial pressure remains unchanged indicating the marginal 

contribution to the free energy-barrier. Besides, the increased viscosity near the interfacial 

region created another energy barrier that needs to overcome by argon molecules for the 

permeation through graphene nanopore. For increased flow velocity, this local viscosity near 

the interfacial region should be further correlated with the entrance interfacial pressure for 

better flow prediction. In addition to that, the pressure on the interface could be affected 

depending on the ratio of pore area and total membrane area. This might also affect the 

stability of the membrane and velocity of simple liquid inside the nanopore for certain flow 

velocity. Hence, further examination of interfacial pressure based on the variation of total 

membrane area corresponding with certain pore area will be a part of our future research. 

Therefore, the effect of interfacial pressure near pore entrance, interface viscosity, slip 

velocity and the optimized definition of wall/fluid boundary should be carefully considered 

for the accurate prediction of fluid velocity inside graphene nanopore. 
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CHAPTER 4 

Conclusions 

 In this thesis, I aim to understand the thermal and fluid transport mechanism at the 

molecular length scale by utilizing the equilibrium and non-equilibrium molecular dynamics 

simulations. From the obtained results, I explicitly analyze the structural and dynamic 

properties of fluid molecules at the solid/fluid interface. I also identify the limitations of the 

assumptions of continuum description and what factors mainly cause the deviation to the 

continuum transport theories in predicting fluid behaviors across nanoporous media. 

 The results presented in Chapter 2 demonstrate that the molecular weight of 

monolayer particles paly a dominant factor in controlling the heat transport at the 

substrate/fluid interface. In case of heavier monolayer particles, the Kapitza resistance 

monotonically increases with increasing mM, regardless of εMM. Because the vibrational 

mismatch between the particles at the interfacial region continuously increases with the 

subsequent addition of mass. On the other hand, for lighter monolayer particles, the 

interaction energy of monolayers is likely to maintain a better vibrational coupling with the 

solid substrate. Therefore, even if the vibrational mismatch marginally increases with the 

increase of mM, εMM minimizes that mismatch which eventually leads to a reduced Kapitza 

resistance at the interfacial region. 

 In Chapter 3, I particularly characterize the local variations in fluid density, pressure, 

and viscosity across the simulation domain. I also calculate the three-dimensional velocity 

profile of argon inside graphene nanopore, while transporting through the membrane. The 

results reveal that the continuum flow equation associated with the interfacial fluid dynamics 

properties and proper wall/fluid boundary treatment inside graphene nanopore accurately 
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predicts the nanoscale fluid transport phenomena. Overall, the main reason of the deviation of 

fluid behavior from the continuum transport theories are are mainly due to (i) the interaction 

between wall and fluid molecules, (ii) the fluid layering effect at the interface region, (iii) slip 

velocity, (iv) entrance interfacial pressure, (v) local viscosity, and (vi) optimized wall/fluid 

boundary treatment at the interface. 
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