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Abstract 

 

Effects of Solid/Fluid Boundary Definition  

on Estimating Nanoscale Phenomena:  

A Molecular Dynamics Study 

 

(June 2018) 

 

Yechan Aaron Noh 

 

 

In this work, we investigate the atomic-level wall/fluid boundary to properly 

analyze nanochannel heat transfer using molecular dynamics (MD) simulations. In the 

absence of an atomic-level boundary definition, the wall/fluid boundary has been 

differently defined within one atomic diameter. This amount of discrepancy of boundary 

definition can cause significant impacts on the computed observables in small scale. To 

clarify these impacts, we conducted heat transfer MD simulations of liquid argon confined 

between two silver walls. The fluid density, heat flux across the channel, and the fluid 

thermal conductivity were calculated with respect to the different definitions of wall/fluid 

boundary. Our results reveal that one atomic diameter boundary shift causes relatively 

large deviations between the computed and the preset values. In addition, these variations 

become more significant as the channel height decreases. It is shown that the uncertainty 

atomic-level boundary definition can create not only a quantitative but also qualitative 

discrepancy. We also specify wall/fluid boundary in atomic accuracy using microscopic 

heat flux equation. The location shows a good agreement with literature and zero-potential 
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location of wall molecule where is the wall boundary at absolute zero temperature. The 

findings in this work provide atomic-level insights into the wall/fluid boundary, as well as 

useful information on the design of nano-devices aimed at energy optimization. 
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1. Introduction 

The recent rapid development of nanotechnology has motivated the need for 

understanding of molecular-level physics to model various nano-devices such as energy 

storage [1], water purification [2, 3], Gas separation [4], Drug delivery [5], thermoelectric 

generators [6, 7], Nanopower generator [8] and biochip [9, 10]. In order to accurately 

model nanoscale physics, it is crucial to understand interfacial phenomena, as it plays a 

dominant role in small scale. However, the molecular level detail of interfacial phenomena 

is difficult to be accessed by experiment. Currently, nanoscale experiments are only 

possible to a limited extent and have limitations. For example, the current resolution of 

local temperature measurement is about 100nm scale, which is too rough to measure the 

local temperature in nanotubes currently investigated (~0.1nm). For the investigation of 

nanoscale physical phenomena including heat and mass transfer, Molecular Dynamics 

(MD) simulations have alternatively been used. The atomistic simulation provides all 

atomic trajectories by solving equations of motions of all atoms. The aggregation of the 

molecular movements, ensemble average, can be converted into the physical properties 

and it has shown good agreements with theoretical and experimental value [11-18]. Even 

though the MD simulation has limitations in quantitative predictions of interfacial 

phenomena because of its sensitivity to the interatomic parameter [19], the insights from 

MD simulation into the microscopic phenomena is valuable. Hence, MD simulation has 

been widely used to understand microscopic behavior including interfacial phenomena.  
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Figure 1 Graphical representation of wall/fluid boundary at two different scales 

Since computer simulations allow access to the scale that is smaller than an atomic 

diameter, a new question has been raised about the precise definition of wall/fluid 

interfaces. At the molecular scale, the wall/fluid interface exhibits an uncertain boundary 

due to thermal oscillation, discrete nature, and intermolecular force penetration. The 

thermal oscillation of atomic scale interface may create a temperature dependency of 

boundary definition, which does not be considered in the continuum description. The 

discrete nature is the marked difference of atomic-level interface from the continuum 

description of the interface. In nanoscale, the discrete nature is dominant and the criterion 

to define the boundary between two dissimilar materials become unclear in this scale. 
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Moreover, the intermolecular force penetration throughout the interface allows a wall 

molecule transfer the energy a fluid molecule beyond their interface and vice versa, so that 

the molecular level interface is possible to be a thin space rather than a plane. Thus, the 

atomic scale interface is a complicated problem. 

The uncertainty of the interface between the wall and fluid molecules is roughly an 

atomic diameter. This amount of uncertainty can be negligible in the continuum scale, and 

in that scale, the interface exhibits an apparent boundary (See Figure 1(a)). However, in a 

small system like the interior of Carbon Nanotubes (CNTs), one atomic diameter 

uncertainty may play a significant role in the accuracy of modeling because the boundary 

is coupled with the mathematical description of the physical property, dynamic property, 

and various issues in modeling. Moreover, as semiconductor production processes have 

been reduced to single-digit nanometer sizes [20, 21] and novel nanochannel fabrication 

techniques have emerged [22, 23], the molecular-level definition of wall/fluid interface has 

become a practical problem. Thus, an atomic-level definition of wall/fluid interface has to 

be fully clarified for accurate modeling of nanoscale physics. 
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Figure 2. Determination of slip phenomena (a) velocity slip and (b) thermal slip 

One of the problems induced by the atomic-level uncertainty of the current 

wall/fluid boundary definition occurs in the interfacial slip measurement process. It is well 

known that the velocity and thermal slip phenomena become non-negligible at about a 100 
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molecular diameter scale cause a significant deviation from the continuum mechanics. 

These slips are known to be originated from a non-perfect match between solid and fluid 

[24-26]. To understand these phenomena, intensive MD simulations were conducted 

during the past decades. Typically, the pressure driven flow creates a parabolic velocity 

distribution along the direction normal to the solid surface [27-31]. To measure the slip 

length, both linear and parabolic fitting have been used. Figure 2(a) shows the 

determination of velocity profiles in MD simulation using a parabolic fitting. It is evident 

that the solid/fluid boundary influences on this process. Similarly, during the thermal 

conduction through the solid-liquid entails the temperature discontinuity at the interface. It 

is verified that the temperature profiles of confined fluid during thermal conduction is 

linear for the channel is larger than ~ 10 molecular diameters [24, 32]. Hence, linear fitting 

is used to determine the thermal slip, which is also known as Kapitza length as shown in 

Figure 2(b). Obviously, based on the definition of boundary, the value of slip can be varied. 
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Figure 3. Determination of (a) the nano-contact angle and (b) diameter of nanotube at the 

molecular scale. 

Not only the slip phenomena but also other measurements, such as contact angle, 

the diameter of a nanotube can also be affected by the boundary definition. The nano-

contact angle measurement is one of a vital computer experiment to specify the solid/fluid 

interaction strength. Contact angle is related with the wetting behavior, and it also is 

known to be coupled with the interaction strength. As the interaction strength plays a 

crucial role in the interfacial phenomena [33-37], it is imperative matter in the MD 

simulation. As shown in Figure 3(a), the contact angle problem is related to two different 

interface (i.e. solid/liquid and liquid/gas). In addition to the contact angle measurement, 

determination of the diameter of a nanochannel is also essential step for analyzing the 

nanochannel. The diameter directly effects on the evaluation of the volume inside of the 

channel, especially in nanopore applications. Figure 3(b) represents the process for 
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determination of nanochannel diameter. As can be seen, the diameter of the nanochannel 

can be appreciably diverse depending on where the interface is set. The work done by 

Jiang et al. [4] utilized the electron density to determine the nanopore diameter. Similarity, 

a study done by Heiranian et al. [3] estimated the cross-section area of nanopore 

considering the diameter of individual atoms consisting of the pore.  

The main problem caused by the absence of an atomic-level definition of the 

dissimilar boundary is that it can cause misinterpretations of nanoscale phenomena and 

thus lead to misunderstanding of nanoscale mechanics. Therefore, in the present research 

paper, the demonstrations of these problems were presented mainly, regarding thermal 

transport phenomena.  

The boundary problem is also related to multi-scale analysis/simulation. The multi-

scale theory uses implicit approach, which does not take into account the strict definition 

of dissimilar boundary. Nonetheless, if we specify and designate a proper boundary 

definition on the multi-scale method, it will greatly improve the current understanding of 

nanoscale physics and designing of various nano-devices. For multi-scale theory, there 

have been efforts to model nanoscale dynamics with classical continuum theory. In 

general, the classical continuum mechanics is partially applicable in nano-confined 

environment because of interfacial phenomena including structural inhomogeneity near the 

interface. For instance, Fourier's law is applicable to the channel larger than 3nm except at 

interface [12, 24, 32] and Navier-Stokes equation is valid in bulk region of nanochannel 

[19, 38, 39]. Based on those foundations, researchers have developed the modified 

continuum theories through boundary treatment for nano-confined liquid flow [39], 

viscous heating in nanoscale shear driven flow [40, 41], and the capillary rise of water in 
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nanotubes [36]. There is another stream called empirical potential-based quasi-continuum 

theories (EQT), which facilitates fast computations while keeping atomistic detail. This 

approach successfully predicted density variation near interface [42], fluid flow of 

Lennard-Jones fluid [31], its mixture [43], water [30] and even thermodynamic properties 

[44], for the confined environment.  

The problems originated from the absence of a molecular-level definition of 

interface have been reported in the several pieces of literature. Nagayama et al. [27] 

documented that definition of wall/fluid interface affects the determination of slip length. 

In order to measure the slip length, they assumed that wall/fluid interface is located at first 

peak density, but the validity of the definition was not discussed. Similarly, Han et al. [45] 

noted that the definition of the interface at innermost solid layer induces a higher Kapitza 

resistance value than that at first peak density. Also, Kim et al. [41] demonstrated that the 

definition of wall/fluid boundary affects local property calculation near the wall and 

pointed out that the center of the innermost solid layer is not the exact boundary between 

solid and liquid, but the area occupied by the solid molecules. Their finding has supported 

this idea that the local viscosity adjacent to the wall can be calculated more accurately 

when the volume occupied by solid molecules is excluded. In addition, it has been reported 

by Ramos-Alvarado et al. [13] that the definition of wall/fluid and liquid/gas interface 

should be clarified for precise measurement of the contact angle of nano-droplet. To solve 

the problem, they defined the boundary at locations corresponding to the half bulk density 

of droplet. However, the physical meaning or validity of the definition was not 

documented. As several studies have reported, a proper definition of the atomic-scale 

interface is necessary for the better understanding of nanoscale physics and thus for 

accurate modeling of nano-devices. Despite many studies, the definition of wall/fluid 
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interface varies from researcher to researcher. According to our literature study, the 

definitions of interface used by researchers are mainly classified into four categories: I) 

innermost wall layer [14, 46-49], II) midpoint between the innermost solid layer and the 

first peak density [45, 50], III) First zero density of liquid layering (~ an end of tail of 

adsorption layer) [30, 51], IV) First peak density (~ one molecular diameter spacing from 

innermost wall layer) [39, 52-55]. These different definitions of wall/fluid boundary have 

created quantitative and even qualitative discrepancies, which hinder understanding of 

nanoscale physics. However, little attention has been paid to the atomic-scale definition of 

wall/fluid interface.  

The present study was designed to demonstrate errors due to the various definitions 

of an atomic-level interface, and discuss its seriousness. The rest of the article is organized 

as follows: In section 2, we provide the simulation details. The later section discusses local 

thermodynamic equilibrium near the interface, thermodynamic property, material property, 

and scale effect of boundary effects. Finally, a summary of results and future research are 

presented. This work would be a cornerstone of a molecular-level definition of the 

interface. 

  



10 

 

2. Theoretical Background 

2.1.  Introduction of theoretical background 

The innovative idea came up by Ludwig Boltzmann that macroscopic phenomena 

must be reproduced from one fundamental principle is the cornerstone of statistical 

mechanics and thus Atomic simulation including MD simulation. The classical statistical 

mechanics is one of the essential theory to bridge the gap between motional information 

obtained from MD simulation and macroscopic properties, which is empirically defined by 

earlier scientists. The classic statistical mechanics describe the microscopic features with 

the complicated mathematical descriptions, which is nearly impossible to be solved 

analytically. This was a major limitation of statistical mechanics until the computer was 

developed. The computer can numerically solve Newton’s equation of motion of the 

molecules and thus to get all atomic trajectories. Even though the atomic trajectories 

obtained from MD simulation normally deviate from actual trajectories soon after 

simulation starts, the aggregations of motional information, which is called ensemble 

average, can be converted into empirically defined properties via statistical mechanics, 

linear response theory. Investigation of thermodynamic properties using molecular 

dynamics simulation was initiated by the pioneering works by Verlet [11] around 1967. It 

has been verified in various literature for many years. Furthermore, this computer 

experiment has been successfully extended to investigate dynamic properties, material 

properties. More recently, intensive studies have been conducted on the interfacial 

phenomena such as momentum slip, interfacial thermal resistance, electric double layers, 
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and structural inhomogeneity near the interface. In the following text, several theoretical 

foundations to evaluate thermodynamic properties near the wall/fluid interface used in 

Molecular Dynamics simulation are presented. 

2.2.  Ergodic hypothesis 

Because MD simulation is computationally demanding, it is typically performed in 

the limited scale of time (~100 ns) and space (~100 nm). Due to these technical 

limitations, MD simulation typically handles a continuum scale system. Under the limited 

number of atoms, there is a question about the statistical significance of MD simulation 

[56]. The statistical significance must be maintained to use statistical mechanics for data 

processing of molecular trajectories. In addition to the limit of MD simulation, to 

investigate microscopic phenomena, we need to investigate very small areas. For example, 

one important step to study thermal transport phenomena along the nanoscale liquid film is 

determining the temperature gradients of the liquid film. The process to measure the 

temperature gradient in MD simulation necessarily entails defining the local temperatures 

in a very small area (~Å ) or even smaller areas where the statistical significance may not 

be guaranteed [24]. Likewise, investigating the nanoscale phenomena using MD 

simulation need to show the statistical significance. For these reasons, it is important for 

MD simulation to employ Ergodic hypothesis. According to the Ergodic hypothesis, for 

the random process, ensemble average can be replaced by the time average. Generally, 

MD simulation is a highly random process. Accordingly, the MD simulation is usually 

permitted to use data collected along the time axis as well as space axis. By using two 

directional data (i.e. time and space), we can get as much available data as the product of 
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data correcting time and local space for data processing. In that case, by increasing the data 

collection time, we can increase the likelihood of ensuring statistical significance in MD 

simulation. Based on our investigation of the statistical significance and data collection 

time, 2ns data collection time in a small segment where averagely ten atoms exist during 

equilibrium state is enough to maintain the statistical significance. 

2.3.  Local Thermodynamic Equilibrium (LTE) 

Even if data are collected over a long time, the statistical significance might not be 

ensured in extreme conditions such as adsorption layers and superfast transport in None-

equilibrium Molecular Dynamics (NEMD) simulation. If the statistical significance of a 

local system is not ensured, the property evaluation with statistical mechanics is 

meaningless. Therefore, it is desirable to show the statistical significance of data obtained 

at the local segment when NEMD simulation is performed.  

The Maxwell-Boltzmann distribution is derived on the assumptions of ideal gas 

and thermal equilibrium. This distribution is mathematically described as follows: 

 
      (

 

     
)

 
 
    { 

 

    
(   

     
     

 )} (1) 

The shape of the Maxwell-Boltzmann distribution depends on the temperature and 

atomic mass (material) as depicted in Figure 4. When the temperature increases while 

atomic mass is fixed, the speed distribution becomes a flat shape as well as the average 

speed increase. On the other hand, when the atomic mass increases with constant 
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temperature, the form of distributions become sharp. A system that satisfies the Maxwell-

Boltzmann distribution also satisfies that each component of velocity follows a normal 

distribution and thus has zero mean velocity (i.e. ∑   
 
     ). In addition, the important 

point of Maxwell-Boltzmann distribution is that the fluids in equilibrium state follow this 

distribution. Based on this fact, it is possible to confirm whether the local equilibrium is 

satisfied by comparing the velocity distribution with the normal distribution or speed 

distribution with the Maxwell-Boltzmann distribution. Also, it is possible to quantify this 

by calculating the correlation factor between the obtained velocity distribution from MD 

simulation and theoretically driven Maxwell-Boltzmann distribution.  
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Figure 4 Maxwell Boltzmann distribution with respect to (a) temperature and (b) Atomic 

mass. 

2.4.  Microscopic description of Temperature 

Temperature has several definitions with respect to the point of views. The 

macroscopic view of temperature is a potential to transport thermal energy. According to 
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this description, thermal energy flows from high temperature (i.e., high potential) to low 

temperature (i.e., low temperature). This description gives valuable insights into the 

concepts of temperature. The continuum thermodynamic describes temperature as the rate 

of increase of entropy with energy for a pure substance, 
 

 
 (

  

  
)
  

. Where s is entropy 

and E is energy. The MD simulation typically adopts the microscopic description of 

temperature to evaluate temperature. As is well known, the average kinetic energy is 

proportional to the absolute temperature. According to the kinetic theory, the temperature 

is mathematically described as follows:  

 
  

 

    

〈  〉 (2) 

Where N is number of atoms in the corresponding region,    is Boltzmann 

constant, and    is kinetic energy in the corresponding region. This mathematical 

description is derived from the assumption of ideal gas and may not be applicable to 

liquids or solids, which totally violate idea gas assumption. Despite of the disagreement in 

the assumption, the fundamental description of temperature for a pure substance, 

 

 
 (

  

  
)
  

, yields the identical mathematical expression for liquid and solid [57] in the 

microcanonical ensemble. Therefore, it is possible to estimate temperature using the Eq (2) 

regardless of the phase of material in the MD simulation with the microcanonical 

ensemble. 
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2.5.  Microscopic description of Pressure 

Physically, pressure can be explained by the momentum flux carried by atomic 

mass (kinetic contribution) and transferred by interatomic force (configurational 

contribution) [57]. Also, thermodynamic definition of pressure is described as a normal 

force per unit area to maintain a certain volume in a constant mass and temperature 

system, which mathematically described as:    (
  

  
)
   

. These two different 

explanations of pressure can be used in MD simulation to compute pressure and it yields 

nearly identical consequence [58]. In the present study, the physical route is utilized to 

estimate pressure. The microscopic expression of pressure tensor is described as follows: 

 

  
 

  
   〈  〉  〈 〉  (3) 

Where N is the total number of atoms, 〈  〉 is an ensemble average of the kinetic energy, 

〈 〉 is an ensemble average of the virial. The kinetic contribution to pressure is identically 

described regardless of material or state, as in the case of temperature. On the other hand, 

the virial contribution is expanded to the complicated expression in case of the complex 

materials, surface geometry [57], and periodic boundary condition [59]. In this study, as the 

Lennard-Jones monoatomic fluid is employed the virial contribution is expressed in a 

relatively simple form as follows: 

 

  
 

  
(  〈  〉  ∑ ∑        

                

) (4) 
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Where     is an interatomic force vector between i and j atoms and     is a relative 

positional vector from i to j atom. 

2.6.  Interatomic potentials in MD simulation 

An important first step to perform MD simulation is to specify a proper interatomic 

potential. The Lennard-Jones (LJ) potential is popular and intensively studied during the 

past few decades. This potential mathematically represented as follow:  

 

12 6

ij ij

( ) 4
    
             

U r
r r

 
  

(5) 

Where ε is the depth of the potential well, σ is the molecular diameter, and rij is the 

intermolecular distance. This potential is simple but powerful to represent the molecular 

behavior of fluid flow and heat transfer. When two atoms are at a distance closer than the 

atomic diameter, 𝜎, this potential acts like a soft ball and pushes them apart. This term is 

represented as the 12 power in the Eq. 5. However, when the molecules are at a distance 

far from the molecular distance, the molecules pull together with weak force, which 

mimics the Coulomb interaction. This potential approximation is not perfect, but it can 

reproduce the bulk behavior of the molecules by adjusting the parameters appropriately. 

For this reason, LJ parameters have been studied for argon, which is a singlet inert gas. 

The results of the LJ argon have shown good agreements in both theoretical prediction and 

experimental measurements [24, 26, 47, 60-64]. For actual MD simulations, Truncated LJ 
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potential is usually used to reduce the computational costs. The truncated LJ potential 

mathematically describes as: 

12 6 12 6

truncated

ij ij c c

( ) 4

           
                                

U r
r r r r

   


 

(6) 

Where rc = 1 nm is the cut-off distance. It is known that the cut-off distance is 

known to be closely related to the mean free path of the system. The cut-off distance 

should be at least longer than the average free path, and three times or more is 

recommended. The cut-off distance has a negligible effect on the ensemble average of the 

system when three or more molecular diameters of the cut-off distance is determined.  

To model metallic systems in MD simulation, Embedded Atom Model (EAM) 

potential is widely used. The EAM potential can reproduce experimental and first-

principles data such as lattice constant, elastic modulus, cohesive energy, phonon 

frequencies, thermal expansion coefficient, melting temperature, and lattice-defect 

energies [65-67]. This potential well reproduces the metallic parameters; however, the 

combined use of EAM with LJ potential for solid and fluid respectively yields an 

unrealistic mismatch. Vo et al. reported during the study of silver melting interface that the 

EAM/LJ interface have an inherent mismatch [25]. EAM potential and LJ potential are not 

perfectly compatible with each other, but due to their merits, solid/fluid systems using 

these two have been actively studied [60, 68-72].  
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2.7.  Ensemble averages for MD simulation  

The molecular ensemble is a key concept in statistical mechanics, which is one of 

the cornerstones of MD simulation. Unlike the classical thermodynamics, the statistical 

mechanics uses microscopic states of the system to reproduce its properties. The 

microscopic states widely used in the MD simulation are Microcanonical Ensemble (NVE), 

Canonical Ensemble (NVT), and Isothermal-isobaric ensemble (NPT).  

The NVE ensemble constrains the number of particles in the system, the system 

volume, energy, which mimics an isolated system. Although isolated systems are hardly 

implemented experimentally, NVE ensemble is considered the most realistic microscopic 

state. In MD simulation, NVE ensemble is achieved by solving equations of motions of all 

particles by maintaining constant internal energy, which is determined by initial velocity 

distributions, configurations of atoms. As a result, the NVE ensemble allows the 

temperature to slightly fluctuate during an equilibrium state. NVE ensemble can be utilized 

to investigate a coupled mechanism between fluid flow and heat transfer because it does 

not artificially control the temperature. Also, The NVE ensemble is recommendable to be 

utilized for static properties as well as dynamic properties. However, it is difficult to fix 

the system in a specific state during the NVE integrations. 

The NVT ensemble fixes the number of atoms, the system volume, and the 

temperature of the total system. Unlike NVE ensemble, it does not allow the temperature 

to fluctuate. To maintain system temperature constant, it utilizes a thermostat, which 

manipulates the velocity of atoms (i.e., kinetic energy). Thus, this ensemble describes an 

isothermal condition and is considered similar to the general laboratory setting. This 
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enables us to easily investigate static properties at a thermodynamics state while this 

ensemble is not recommended to investigate dynamic properties. In addition, this method 

is very suitable for adjusting a system temperature, so it is usually used to reach a specific 

state at the beginning of the MD simulation and is commonly used in combination with the 

NVE ensemble.  

NPT ensemble maintains the number of molecules, pressure, and temperature 

constant. To achieve it, this ensemble uses barostat and thermostat. The barostat works by 

adjusting the system volume. Manipulating pressure with this mechanism entails reaction 

time. This volume manipulation mechanism is suitable for fluidic systems that have 

homogeneous distribution. However, use in solid-fluid systems or solid systems may not 

be appropriate, and appropriate precautions are required before using it. In fact, the 

barostat mechanism does not work correctly in heterogeneous systems. Nevertheless, this 

mechanism is useful when used with caution, since it can easily manipulate 

thermodynamic states. 
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3. Methodology 

3.1.  Methodology Introduction 

To elucidate wall/fluid boundary, three distinctive set up of MD simulations were 

considered: A) Equilibrium Molecular Dynamics (EMD) simulation for homogeneous 

liquid argon system B) EMD simulation for silver-argon nanoconfinement (constant 

T,P,v). C) Heat transfer MD simulation for nano-confinement. For all these simulations, 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [73] was utilized 

and Open Visualization Tool (OVITO) [74] is used for the visualization. All simulations 

adopted the following atomic parameters. Lennard-Jones(LJ) potential was used for argon-

argon interaction and silver-argon interaction with 10Å  truncated distance, which is large 

enough not to disturb the systematic condition. The specific argon-argon and argon-silver 

inter-atomic potential were parameterized by Shi et al. [60]. The atomic mass of silver was 

set 107.8682 g/mol, and that of argon is 39.948 g/mol. For the modeling of solid silver, the 

Embedded Atom Model (EAM) potential is utilized. 

3.2.  EMD simulation for homogeneous system 

A simulation was performed on a system consisting of homogeneous LJ argon to 

obtain a bulk property. The system is designed on a cubic box with         length each 

direction, which is ~20 times larger than the mean free path of the liquid argon. The 

periodic boundary condition is applied to all directions to remove the finite-size effect.  
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The cube contains 12,195 Argon atoms as depicted in Figure 5, which number corresponds 

to the normalized density,   , of 0.800 in the cubic volume. The temperature controled by 

Nose-Hoover thermostat to maintain a target temperature of 100K, which thermodynamic 

state is liquid according to the LJ argon phase diagram [54, 75]. To calculate thermal 

conductivity, we use Green-Kubo relation [76, 77], which has been validated by several 

studies [12, 78]. NVT (Canonical) ensemble is performed during 4ns with 1fs time step for 

equilibrum at 100K temperature. After that, NVE (Microcanocical) ensemble was 

conducted for a total of 12ns. Among 12ns, 2ns is used for equilibration and 10ns is for 

data collection. The 10ns data collection is relatively long time given the typical data 

collection time is 2ns. The long data collection time alleviate statistical uncertainty of 

property calculation. The data obtained in this simulation used as the actual property of LJ 

argon utilized in the present work and compared with the confined property. 

 

Figure 5 Simulation domain of the homogeneous argon cubic system. 
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3.3.  Equilibrium MD simulation for nanoconfinement. 

 

Figure 6. Graphical representation of the simulation domain for the nanoconfinement: (a) 

lateral view of the simulation domain, (b, c) initial Ag crystal setting for periodic 

boundary condition and different orientations. 

 

MD simulations were conducted at an approximately identical thermodynamic state 

in order to study the local variation of property of the different sizes of nanochannel. The 
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size of the simulation box is presented in Figure 6(a). The sizes of the channel,    , is 

ranging from 1.02nm to 34.7nm, which is correspond to the lenth scale of 3𝜎  ~100𝜎  . 

Two different crystalline orientations of (001) and (111) were considered as the contact 

surface of silver to the liquid argon in order to investigate the effects of crystal orientations 

on boundary definition. The periodic boundary condition is applied to x and y-direction 

and fixed boundary condition on z-direction for the constant channel heights during the 

equilibrium state. It is noted that the system domain must be carefully designed for 

periodic boundary condition. To properly design the periodic nanoconfinement, the system 

domain should be periodic patterns as dipicted in Figure 6(b), (c). The molecules at the 

outmost layers were not thermostated but fixed and the rest of molecules was thermostated 

to maintain 100K. For a proper comparison of different sizes of channel, it is essential to 

maintain a same thermodynamic state of the channel. However, due to the high 

inhomogeneous nature of the confined fluid, it is challenging to ensure an identical 

thermodynamic state, especially for the nanochannel that has no bulk region. To ensure the 

approximately identical thermodynamic state for the differences sizes of channels, the bulk 

density was adjusted to be 0.8 at the large channels, and the first peak location, which is 

affected by the temperature and pressure in nanoconfinement, was adjusted to be about 

2.83 for (001) and 2.89 for (111) for all channels including the small channels where no 

bulk region exist. These processes were done through trial and error to change the number 

of fluid molecules. The first 2ns is integrated by NVT ensemble for the equilibration at 

100K and NVE ensemble was performed for 3ns. The first 1ns is used for equilibration 

and rest 2ns is for data collection. In fact, the NVT ensemble can be used to estimate a 

thermodynamic property at the confined environment, we use NVE ensemble for the 

thermodynamic property for more physically reliable data. 
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3.4.  Heat transfer MD simulation 

 

Figure 7. Pictorial representaion of simulation detail for the heat transfer MD simulation. 

Non-Equilibrium Molecular Dynamics (NEMD) simulations were conducted to 

elucidate wall/fluid interface through the perspective of heat flux and thermal conductivity 

as shown in Figure 7(a). The simulation domain were                  except 

fixed layer and thermostated layers. Three different sizes of channels,    = 

                       and two different contact orientations, (001) and (111) of 

FCC silver, were considered. There are 15 silver layers between the thermostated layer and 

liquid region, which is substantially alleviate the effects of a number of solid layers on 

Thermal Boundary Resistance (TBR) [79]. The periodic boundary conditions were applied 

to the x and y directions and the outmost Ag layers were fixed to maintain a specific 

channel height and thus a constant volume during the equlibrim state. To appropriately 

apply the periodic boundary condition to these directions, the system domain of x and y 
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coordinates should be enough to reduce the finite size effects along the direction. Typically, 

it is recommended to utilize the length scale that is larger than the phonon mean free path 

of the material. Nonetheless, we use 9 lattice constants for the computational efficiency, 

which is smaller than the phonon mean fress path of the silver because our purpose on this 

simulation is mainly focused on the heat transfer at solid/fluid interface. The outermost 

second to fourth layers were thermostated, which manipulate the velocity magnitude into 

conserving aggregate momentum. 0.01ev/ps heat is produced in the left thermostat and this 

amount of heat is removed from the right thermostated layer. Thus, averagely 0.01ev/ps 

heat is transferred through the z-direction of the channels during the steady state. The MD 

simulation was performed under NVT ensemble during 2ns to equilibrate the system at 

100K. After NVT ensemble, NVE ensemble was activated during 24ns with two local 

thermostats. The first 14ns is for equilibration to reach steady state heat transfer and 10ns 

is for data collection, which is sufficient to obtain reliable statics. 

We noted that the NPT ensemble (Isothermal - Isobaric) was not utilized in the 

present work although some works on wall/fluid nano-confinement were conducted in the 

NPT ensemble [79-81]. The sole use of NPT ensemble can obscure the close investigation 

of boundary because its barostat algorithm cannot fully reproduce the nature of 

heterogeneous systems [55]. Also, NPT-NVE has a mismatch at the ensemble transition. 

This mismatch between NPT and NVE ensemble induces an uncertain volume in the NVE 

ensemble, which depends on the last time step of NPT integration. Since the pressure in 

the incompressible system is very sensitive to the volume, a combination of NPT and NVE 

is inadequate for the nanoconfinement. Therefore, we use NVT-NVE sequence, which 

shows a good ensemble transition.  
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Figure 8. Density distributions of two different bin size: (a) simplified system domain (b) 

bin size of 1/4 atomic constant and (c) fine bins. 

To investigate the confined system, it is necessary to obtain the local variation of 

properties. This process is done by binning the system into several part and converting the 

data into the macroscopic property such as temperature, pressure and heat flux. There is no 

rigorous way to define the bin size for it, mainly two methods are recommendable. The 

first way is to divide the bin considering the solid lattice constant as shown in Figure 8(b) 

[82]. This method is useful to determine the system structure with reliable statistics in a 

short running time. Therefore, it is recommendable to use this method for the solid system 
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or large system. Another way is to divide the bin finely to display a full resolution of the 

system. This method is computationally expensive though it has some advantages. Firstly, 

it well distinguishes the differences between solid and adsorbed fluidic structure. Also, it 

contains the information of thermal vibration at both in the solid and confined fluid. 

Especially for the solid, it appears to determine the temperature only from the density 

distribution. Figure 9 shows a clear relation between the temperature and density 

distribution. It is obvious that the probability distribution of an atom in absolute zero 

temperature follows delta function when we assume the atomic mass is concentrated at the 

center of the atom. However, as the temperature increase, the thermal vibration of an solid 

atom displays a bell shape distribution, which depicted in the subfigure of Figure 9. This 

process only possible when we observe the full resolution of density distribution using fine 

binning.  
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Figure 9. Relations between temperature and probability density distribution of solid 

obtained by MD simulation.  
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Figure 10. The fluctuations of heat flux calculation at (a) the high-temperature silver 

region, (b) confined argon and (c) low-temperature silver region 

It is apparently important to ensure the reliable statistics for all property calculation. 

The heat flux calculation entails the complicated calculation. For this reason, the heat flux 

calculation takes a relatively long time to ensure the statistical significance. Figure 10 

shows the fluctuations of heat flux data collected from the MD data. Even though we 

utilize long data collection time (40ns), the heat flux data still fluctuate. In this case, the 

mean filter is used to estimate a reliable heat flux data. The solid green line in Figure 10(a-

c) is the filtered data using a mean filter. As can be seen, after 5ns, the fluctuations of the 

heat flux are alleviated within the reliable errors. Thus, we use the mean filter for the heat 

flux calculation. 
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4. Results and Discussion 

4.1.  Defining terminologies 

Before getting into the details of the results, we clarify some terms. Figure 11 

illustrates the terminologies used in this work with typical stress and density profile in a 

confined environment. For the density and stress profile, we assumed that an atomic mass 

is concentrated at the center of an atom, which is referred to as a center point mass 

concept. The bin size is selected to be fine enough to observe the smooth resolution and to 

maintain statistical significance. The term ‘Innermost solid layer’ was defined as the most 

probable location of the innermost solid layers, and this location is aligned at     in 

this study.  

 

Figure 11. Pictorial explanations of terms used in the present study 
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The term ‘first adsorbed layer’ was defined as the location corresponding to the 

first peak of liquid layering. The wall/fluid boundary is the provisional definition of 

wall/fluid interface. The variable,   , indicates a distance between the innermost solid 

layer and the wall/fluid boundary. We examined several properties by shifting the 

boundary definition from the innermost solid layer to the first adsorbed layer. The wall to 

wall width,    , was defined as the distance between two innermost solid layers. The 

effective channel height was defined as      =         by considering the atomic-

level boundary definitions. Gap distance,      , was defined as a distance between the 

innermost solid layer and First peak density. The gap distance is known to be closely 

related to the interface phenomena [14, 52, 83, 84].  

4.2.  Investigation of local thermodynamic equilibrium 

Before close investigation of molecular-scale wall/fluid interface, the local 

thermodynamic equilibrium was investigated to confirm the validity of local properties 

near interface by comparing the speed distributions obtained from MD simulation with the 

Maxwell-Boltzmann distribution. The local equilibrium was checked at the slab bin with a 

width of 0.05  (See Figure 12), which is small enough to capture the full resolution of the 

structural inhomogeneity. Each corresponding velocity data inside of bin were collected 

during 200ns, which is relatively long time considering that typical data acquisition time is 

2ns. In Figure 12(a), it is shown that the region,           , can be occupied by the 

center of silver molecules due to its thermal motion. At the approximately end of the 

thermal oscillations of solid layer (i.e. (b) and (c) in Figure 12), the statistical significance 

is drastically broken. The correlation coefficient, R, indicates how well the simulation data 
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are matched with Maxwell-Boltzmann distribution; the value     indicates perfect 

match and     imply no correlation. Figure 12(b) represents velocity distribution 

obtained by MD simulation at the segment and the corresponding Maxwell-Boltzmann 

distribution. The two distributions are matched almost perfectly indicating 99.99% 

correlation. On the other hand, the Figure 12(c) has 98.53% correlation, which location is 

just 0.1Å  from the location of (b). Also, the local thermodynamic equilibrium at the 

adsorbed argon layer is examined. Figure 12(d) shows a very good agreement with the 

ideal speed distribution while Figure 12(e) shows a relatively pool agreement. Comparing 

the velocity distributions at solid sliver and fluid argon, the silver region shows a sharper 

speed distribution than those of argon. When we assume that the statistical significance is 

broken on the basis of 99% correlation, the local thermodynamic equilibrium was broken 

at approximately       𝜎   and        𝜎  . Hence, in this case, it is impossible to 

define local property between    𝜎   and     𝜎   from a statistical point of view with 

the center point mass concept. We name this area as a statistical depletion region. The 

center of both silver and argon atom cannot reach to the region (i.e.    𝜎      

    𝜎  ). However, it may not mean a totally empty region, but the zero density area is 

occupied by electrons in reality. The statistical depletion region can vary with the 

thermodynamic states and molecular characteristics because this region is closely related 

with the density distribution. A further investigation into the statistical depletion area 

would be necessary to bridge the gap between the continuum theory and the discrete-scale 

dynamics. To deal with this matter, quantum based simulation would be necessary.  
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Figure 12. Statistical validity near wall/fluid interface. (a) Density and correlation 

coefficient along z-direction. (b-e) Normalized speed distribution obtained by MD 

simulation and the Maxwell-Boltzmann distribution at corresponding temperature. The 

interval of MD simulation is      . The superscript,  , denotes the Lennard Jones 

dimensionless number. 
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4.3.  Thermodynamic state of nanochannels 

After check the statistical significance of the local properties, we compare the 

thermodynamic properties obtained from different methods. In Table 1, we summarized 

the thermodynamic properties of argon. The homogeneous LJ Argon system shows a good 

agreement with the the bulk region confined LJ Argon. Also, the thermodynamic 

proeprties of argon via experiment conducted by Tegelar et al [85]. is in agreement with 

those obtained from MD simulation. Therefore, the argon potential we utilize is considered 

reliable. 

Table 1. Thermodynamic properties of argon obtained from different means. 

 
MD for 

Homogeneous cubic 

MD for 

Nanoconfinement 

(at Bulk region) 

Experiment 

[85] 

  (𝜎  
    0.800 0.800 0.01 0.8 

            100.0 0.8 109.44 

        246.4 
250.2 2.5 for (001) 

260.5 2.0 for (111) 
246.0 

 

It is challenge to achieve an identical thermodynamic property for the various sizes 

of channels, especially a small channel that has no bulk region. This is because the 

inhomogeneous nature of fluid arrangement near interface due to the interplay between the 

solid and fluid atoms. As is well known, the interplay between wall and fluid molecules 

induce a dynamic fluid structure near the walls. This fluidic structure resembles the solid 

structure very adjacent to the wall. This structural similarity gradually diminishes and 

eventually exhibits general fluidic structure at distance of about 6~7 molecular distances 
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from the wall. Accordingly, the channel smaller than 12~14 molecular diameters do not 

exhibit bulk region making it difficult to determine the similar thermodynamic state. To 

deal with the problem, the first adsorbed layers were matched to have a certain value 

within an acceptable error. Prior to that, the bulk density of the large nanoconfinements 

(i.e.     6.946nm) were adjusted to 0.8 as shown in Table 2. These adjusting processes 

were done by trial and error to add and remove the atoms inside of the channel. The bulk 

region of the channels approximately is in the same thermodynamic state,          , 

      ,           for (001),           for (001). It is noted that, our EMD 

simulation results shows that when the different sizes of channels are in a thermodynamic 

state, both the peak density and pressure are also almost identical. Based on this finding we 

adjust the peak density for the thin channels that have no bulk region to ensure an identical 

thermodynamic state. However, this method cannot perfectly ensure an identical 

thermodynamics state. When we check the peak pressure in Table 2, it starts to deviate at 

the channels that smaller than 2nm. In addition, the NPT ensemble cannot be an alternative 

for this problem. The NPT ensemble does not exactly consider the atomic-level wall/fluid 

interface. Although many studies have been performed using NPT ensembles, the use of 

NPT ensembles in nanochannels does not yield accurate results until the boundary problem 

will be solved.  
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Table 2. Equilibrium MD simulation results of confined argon in various sizes of 

channels and silver lattice orientations (001) and (111). 

Silver 

Lattice 

orientation 

    

     
 

    
 

      

    
 

      

   

 

(%) 
 

      

    
    

 

      

    
    

 

      

 atm  
 

      

 atm  
 

     

 K  
 

 

 

 

(001) 
           

           

           

1.026 198 2.857 55.9  2.266  1824 100.05 

1.434 298 2.836 39.7  2.528  1560   99.53 

1.842 414 2.856 31.1  2.719  1465   99.75 

2.250 534 2.846 25.3  2.754  1601   99.78 

2.659 646 2.854 21.5  2.723  1652 100.06 

3.068 758 2.842 18.5  2.722  1667 100.06 

3.477 870 2.832 16.3  2.714  1624   99.66 

6.946 1822 2.850 8.2 0.8008 2.722 251.5 1600   99.46 

10.419 2774 2.838 5.4 0.8006 2.733 252.7 1614   99.75 

17.366 4677 2.834 3.3 0.7999 2.725 247.1 1624   99.73 

34.732 9436 2.838 1.6 0.8002 2.719 249.5 1629   99.70 

 

 

(111) 
           

           

           

1.026 182 2.891 57.2  2.719  2599 100.13 

1.434 267 2.874 40.2  2.904  1967 100.17 

1.842 379 2.890 31.4  3.266  1962   99.21 

2.250 480 2.890 25.7  3.178  1930   99.44 

2.659 580 2.891 21.8  3.125  1961   99.64 

3.068 682 2.899 18.9  3.144  1985 100.20 

3.477 780 2.888 16.6  3.124  1977   99.95 

6.946 1636 2.893 8.3 0.8009 3.146 260.1 1950   99.62 

10.419 2491 2.889 5.5 0.7995 3.102 262.3 1916   99.66 

17.366 4201 2.892 3.3 0.8006 3.133 262.5 1951   99.90 

34.732 8475 2.893 1.7 0.8008 3.096 257.2 1913   99.57 
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4.4.  Two-dimensional density distribution and surface corrugation 

The inhomogeneous structure of fluid near the interface, which is also referred to 

as liquid layering, adsorption layers, or dynamic structuring of fluid is well-known 

phenomena that observed at the nanoscale. This distinctive phenomenon has been 

intensively studied in both experiments and computer simulation [27, 32, 34, 86-89]. 

However, the most of the studies were conducted via one-dimensional analysis, which 

ignores the molecular-level corrugation at solid/fluid interface. The corrugations may play 

an important role to understand the interfacial phenomena. Thus, we plotted two-

dimensional density distribution in Figure 13. The atomic-level corrugation is clearly 

shown in Figure 13(a). It is noted that there are more concentrated fluid atoms adjacent to 

the solid atoms whereas few concentrations of fluids between solid atoms. This creates 

atomic level corrugations at the first fluidic adsorption layer as shown in Figure 13(a). And 

one notable thing is that this corrugation also exists at the second adsorption layer even 

though its variations were considerably lessened. This corrugation almost diminished at 

the third adsorbed fluid layer as can be seen in Figure 13(c). However, the layering along 

the direction perpendicular to the solid surface still exists after the third layer. Also, the 

atomic-level corrugation at the interface may be the evidence of the idea that the atomic-

level solid/fluid boundary is not a plane but a wave-like surface. In the gap between the 

solid and fluid, electrons and fields exist, and these might be needed to be addressed to 

directly observe the atomic-level boundary. Thus, further studies on the boundary 

definition using a first-principle simulation that considers the electrons and its fields 

explicitly. 
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Figure 13. Density distributions in the silver argon nanoconfinement on (001) silver 

surface of (a) 2D view, (b) one-dimensional view at the peak and valley of atomic scale 

corrugation, (c) 2D contour of the atomic-level corrugation in the adsorbed fluid. 

A zero density region was also found between the solid atoms and between solid 

and fluid in the 2D density plot (See Figure 13). This zero density region is the distinct 

difference between the continuum description of solid/liquid interface and molecular-based 

solid/liquid interface. Unfortunately, there is no theoretical tool to analyze the discrete 

system as its nature so far. Currently, we rely on the continuum based theories such as 

continuum mechanics and statistical mechanics. Thus, it is one of the challenges in the 

field of nano-engineering to develop an analytical model not based on the continuum 

description but the model that explicitly describes the atomistic system. The zero density 
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regions, which are also discussed in the previous section of local thermal equilibrium, 

depend on the thermal motion of fluid and solid atoms. However, the density calculation is 

shown in the present work, obtained by assuming that the all atomic mass concentrated on 

the center point of an atom. The zero density regions do not represent the totally empty 

region but it occupied by electrons and their potential field. It is noted that the distance 

between the first adsorbed layer and the innermost solid layer and the magnitude of the 

peak density is closely related with the interfacial thermal resistance [14, 47, 79, 83, 90, 

91]. The studies reported that the large peak value results in a small interfacial thermal 

resistance and the short gap distance causes a small thermal boundary resistance. These 

tendencies explain that the origins of the thermal resistance at solid/fluid interface are an 

inefficient thermal transport between the discrete structure of solid and continuous 

structure of fluid as shown in Figure 13(a). This point of view on interfacial thermal 

resistance can explain why the surface orientation effects on the solid/fluid interfacial 

thermal resistance. In addition, several studies have shown that the one-dimensional gap 

distance is the general factor for the solid/fluid interfacial thermal resistance; however, the 

one-dimensional analysis of gap distance appears to be imperfect. In Figure 13(b), the gap 

distance varies depending on the cutting planes. Therefore, it is necessary to study gap 

distance which is two-dimensional or three-dimensional as in this study rather than gap 

distance defined in one-dimensional analysis.  
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4.5.  Effects of boundary definition on determining average density in 

nanochannel 

To demonstrate the effects of definition of solid/fluid boundary on thermodynamic 

property, we conducted equilibrium MD simulation at a thermodynamic state for various 

channels and two lattice orientations. First, we investigated the variations of average 

density according to the position where the boundary is defined. It is obvious that the 

average density can be estimated differently depending on the definition even in the 

identical system because the solid/fluid boundary definition is coupled with the fluid 

volume and the volume is related with the average density determination. To demonstrate 

the variation, the average density was examined by changing the definition of wall/fluid 

interface between      and    𝜎   via the following equation: 

 
         

 

       
∫         

      

  

 
(7) 

 

Where     is wall to wall height,    indicates the distance from the wall to the 

location of the interface, and the       represents the local number density. In Figure 4, 

the calculation of the average density varies depending on where the boundary is defined. 

As the boundary location,   , move from the innermost solid layer to the liquid region, 

the average density increase with decreasing volume in the zero density region. But, this 

increasing tendency is dwindling after the density depletion area and begins to decrease 

when the liquid molecular exclusion rate surpasses the rate of decreasing volume. 



42 

 

 

Figure 14. Average fluid density as a function of the location of the wall/fluid interface 

for the fcc (a)       and (b)       plane and three different sizes of the channel. The 

subfigure illustrates two LJ atoms and Lorentz-Berthelot mixing rule. The superscript,  , 

denotes the Lennard Jones dimensionless number. The dashed line describes ρ*
avg=0.8. 

Our results indicated that for the 3.47-nm channel, the average density varies from 0.73 to 

0.84 depending on where the boundary is defined. Considering the fact that liquid is 

almost incompressible, this deviation can induce significant effects on interpreting the 
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thermodynamic state in nanochannels. It is important to note that, smaller channels are 

more sensitive to the definition of the interface because the small channel has the large 

ratio of the uncertainty. Interestingly, the average densities with the boundary definition of 

       𝜎   for the (001) crystal orientation and        𝜎   for the (111) crystal 

orientation are agree well with its bulk density (i.e          ) regardless of the channel 

sizes. According to this result, the average of the variation of density distribution is 

approximately the bulk density. Further research is needed to determine whether this 

phenomenon is confined to argon alone or to the thermodynamic state used in this study. 

Our results suggested that there was no noticeable difference in the result of the average 

density between the (001) and (111) planes. It is important to note that this problem can be 

avoided by using a local density distribution with fine bins. This effect of the boundary 

definitions is due to the ambiguity of the volume at the solid/fluid interface. Therefore, the 

fine bins that can display a full resolution of atomic concentration in the channel are barely 

affected by the definition of solid/fluid boundary. However, interpreting a channel using a 

density distribution instead of an average density is much more complicated than the 

conventional method and is poorly compatible with classical hydrodynamic theories. Thus, 

a novel theory that can explicitly analyze the inhomogeneous and discrete nature of nano-

system is needed for a proper understanding of nano-channel transport phenomena.  
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4.6.  Effects of boundary definition on estimating average pressure in nanochannel 

After the average density investigation, we studied the effects of the boundary on 

pressure estimation. Similar with the density case, the average pressure estimation can be 

affected by the boundary definition. The microscopic description of pressure inherently 

contains the volume term as shown in the Eq (4). Hence, it is deduced that pressure 

calculation can be vary depending on where the wall/fluid boundary was defined. The 

average pressure exerted by the fluid was calculated by the following formula: 

 
         

 

       
∫         

      

  

 
(8) 

 

Where     represents wall to wall height,    is the distance from the wall to the 

location of the interface, and the      denotes the local number density. As shown in Fig. 

5, the pressure calculation shows an increasing and decreasing tendency as the definition 

of the interface moves from the solid side to the liquid side. This is due to the 

inhomogeneous pressure distribution near solid surface due to the high variation of atomic 

concetration and the forces induced by solid atoms. The average pressure shows the scale 

effect that the small channel more sensitive to the definition of the wall/fluid interface. For 

a 3.47 nm channel, a calculation error of up to about 30 atmospheres can occur. This 

variation of pressure calculation may create disagreements among researchers. For 

example, the wall/fluid interface at the center of the innermost solid later,      is 

defined, the computed pressure decreases as the channel size decreases. On the other hand, 

for the wall/fluid interface at the       𝜎  , the calculated pressures are almost 

constant regardless of the channel sizes. It clearly shows the how discrepancies in 
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conclusion can be created from the different definitions of boundary. Therefore, the 

absence of interfical definition is not only the problem of quantitive predictions but it also 

of understanding nanoscale phenomena.  

 

Figure 15. Average fluid pressure as a function of the location of the wall/fluid interface 

for the fcc (a)       and (b)       plane and three different sizes of the channel. The 

subfigure illustrates two LJ atoms and Lorentz-Berthelot mixing rule. 
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4.7.  Atomic-level definition of solid/fluid boundary in heat transfer point of view 

After the examination of the thermodynamic properties in the equilibrium system, 

heat transfer MD simulations were conducted in the confined environment. As mentioned 

in the methodology, the system has an averagely            heat flux in steady state. The 

Irving-Kirkwood equation is commonly used to calculate the heat flux in an atomic 

simulation.  

 

  
 

 
 ∑ *∑    

   

 
 

 
∑                
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(9) 

Where   is the volume of the system, N is the number of fluid atoms    is total 

energy of the atom i,     is interatomic force acting on atom i by atom j,    and    are 

the velocity vecter of atom i and j respectively, and     is the position vector between 

atom i and j. To calculate the heat flux across the fluid using Eq. 9, the fluid volume must 

be specified. Since we already know the heat flux of the system, we can determine the 

fluid volume satisfying the equation. From this fact, we have devised the following 

equation to elucidate the exact definition (location) of the liquid / solid interface by 

assuming that the definition of wall/fluid interface is plane and independent of 

temperatrue. 

       
 

            
 ∑ *∑    

   

 
 

 
∑                

   

+

 

   

 (10) 



47 

 

Where     is wall to wall height,    represents the location of the interface, 

and    is the cross sectional area of the system. Generally, the heat flux calculation 

shows large fluctuations as discussed in the previous section, and thus the heat flux was 

computed during 20ns ~ 80ns, which is considerably longer than usual data collection 

time, 2ns.  

 

Figure 16. Estimations of the heat flux according to the definitions of the wall/fluid 

interface for three channels and (a) (001) and (b) (111) orientations. The given heat flux 
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was estimated by the system condition. The dashed line denotes the preset heat flux (i.e. 

0.01 eV/ps) 

Fig. 6 shows computed heat flux with respect to the defined location of wall/fluid 

interface proving improper definition of the wall/fluid interface causes errors in heat flux 

calculation. Heat flux computation are underestimated for the wall/fluid interface 

definition, Innermost solid layer (i.e.      , whereas heat flux values are overestimated 

for the definition, first density peak (i.e.    𝜎  ). This deviation is greater in the 

smaller channel. Thus, it is expected that property assessment for an extremely thin 

channel like Carbon Nano Tube (CNT) will be highly dependent on the definition of the 

wall/fluid interface. The all lines cross at one point (i.e.        𝜎                

regardless of channel sizes and crystal orientation. This location reasonably agrees with the 

location that recovers local viscosity in the study done by Kim et al. [41], ‘40% void 

volume of the first bins neighboring the walls’ (i.e        𝜎  ). Also, interestingly, this 

position is well agrees with the location where the wall / fluid LJ potential represents zero 

            𝜎    where is expected to be a solid/fluid interface at absolute zero 

temperature. Thus, we speculate that this region is approximate location of wall/fluid 

interface.  

Thermal conductivity can be calculated theoretically by Green-Kubo method for 

equilibrium system [12, 78, 92], and Fourier’s law for non-equilibrium systems [12, 24]. In 

case of Fourier’s law, heat flux is necessary to estimate thermal conductivity. 

Consequently, when using the heat flux calculated by Eq. 6, the computed thermal 

conductivity displays the variations depending on the defined location of the wall/fluid 
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interface as shown in the Fig. 7. The thermal conductivity in the small channel shows high 

uncertainty making it difficult to pinpoint the thermal conductivity. The black dash line 

represents the thermal conductivity calculated by Green-Kubo Method with homogeneous 

LJ argon system, which contains 12,195 argon atoms with the approximately same 

thermodynamic state with the bulk region of nanoconfinement (See Table 1). It is noted 

that this system has no finite-size effects of thermal conductivity as it adopts the periodic 

boundary conditions to all directions. When comparing the homogeneous system with the 

nano-confinement system, thermal conductivity of confined liquid shows insignificant 

finite-size effects until 3.24nm channel, which can be explained by the short phonon mean 

free path of the liquid argon (one molecular diameter). The thermal conductivity from 

Green-Kubo method is within the variation of the thermal conductivity from Fourier’s law 

near    𝜎  . This agreement of two thermal conductivity obtained by the systems with 

and without walls suggested that confined environment has no significant effects on liquid 

thermal conductivity, which idea is consistent with Xue et al. [32]. 
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Figure 17. Estimated thermal conductivity based on the Fourier’s law of conduction as a 

function of defined location of wall/fluid boundary for (a) (001) and (b) (111) 

orientations and three sizes of channels. The error bars were estimated as a standard 

deviation of linear regression of temperature gradient. 
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4.8.  Scale effects of boundary definition 

Our density, pressure, heat flux, and thermal conductivity investigations show scale 

effects due to the ambiguity of wall/fluid interface. Scale effect occurs because the ratio of 

the uncertainty is larger in small channel than large channel. The scale effect can be simply 

represented by the dimensionless parameter as the ratio of interfacial uncertainty to the 

channel size: 
      

   
⁄   (Refer Table 2). In fluid mechanics, a dimensionless 

parameter is important to generalize the fluidic flow. For the nanochannel gas flow, 

Knudsen number is an important parameter to estimate how molecular-level behaviour 

dominant in the system. Likewise, the dimensionless parameter presented in the work, can 

roughly judge how the uncertainty of wall/fluid boundary acts significantly in the system 

according to channel size.  

 

Figure 18. Quantification of the ambiguity rate of wall/fluid boundary. Both x and y axis 

represented as a log scale. 
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The ambiguity of wall/fluid interface is inversely proportional to the channel size 

as it is well linearized (See Figure 18). This quantification is analogous to but distinct from 

the dimensionless number suggested by Barisik et al. [59] in that the numerator is almost 

constant and the denominator is the channel size. They defined the ratio of wall force 

penetration depth (typically   ) to the channel widths and showed that wall force field 

plays a significant role in gas nano flows. This dimensionless parameter is useful to 

estimate the effects of boundary on the system scale. 

4.9.  Thermodynamic properties non-identical thermodynamic states. 

After the investigation of nanochannel at a thermodynamic state, we investigate the 

effects of boundary definition on bulk density and peak density. In this additional study, 

five definitions of boundaries are considered from      to    𝜎   with      𝜎   

interval. As we already mentioned, ensuring a certain thermodynamic property for various 

sizes of channel is challenging and this step is important for comparing the results. Unlike 

to the previous studies, series of MD simulations were carried out with the average density 

fixed at 0.8 instead of setting the bulk and peak density. In these cases, the number of 

atoms inside of the channel varies with the definitions of solid/liquid boundary. These 

systematic discrepancies also have made in the nanoscale simulation field due to the 

absence of the rigorous definition of boundary. Therefore, this study can demonstrate what 

results are generated when researchers use different definitions of interface. Firstly, we 

investigate the density deviations according to the definition of boundary with channel 

sizes ranging from 1.02 nm to 34.7 nm.  
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Figure 19. Density analysis in the various sizes of channels and various definitions of 

boundary: (a) full resolution of one dimensional density profiles, (b) bulk density with 

respect to the chanel size and (c) peak density with respect to the channel height 
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As shown in Figure 19(a), the bulk density was computed at the middle of the 

channels for the channel larger than 20 molecular diameters. The results of this 

demonstration show clearly how disagreements are created while analyzing the 

nanosystems. In Figure 19(b), on the basis of     𝜎  , the tendency of the bulk density 

with respect to the channel sizes are reversed. In other words, when we set the solid/fluid 

boundary at the innermost solid layer, then the numbers of atoms inside of the channel are 

overestimated while when we set the solid/fluid boundary at the first adsorbed layer, the 

numbers of atoms inside of the channel are underestimated. As the channel size increases, 

it converges to the asymptote value of 0.8. This result indicates that this effect is negligible 

at the large scale, which agrees well with the previous discussion. The peak density shows 

a similar tendency with the bulk density; however, the sensitiveness of the peak density on 

the boundary definition is greater due to the relatively smaller number of data for 

averaging than bulk density. None the less it clearly shows that the atomic-level boundary 

definition is imperative matter in the scale smaller than one digit nanometer. Thus, we 

must admit the importance of the boundary definition with atomic-level accuracy, and 

carefully deal with the nanoscale system as it is extremely sensitive to the boundary 

definition.  

 

The local pressure near the interface exhibits high variations and it alleviates after 

several peaks in as shown in Figure 20 because of the surface forces and the interaction 

among solid and liquid molecules. We measured the bulk pressure in the mid-channel after 

7 molecular diameters from the wall. A distinct peak and valley in a first adsorbed layer 

are observed. The bulk pressure is presented in Figure 20. Similar to the density study, the 

behavior of the bulk pressure is reversed on the basis of        𝜎  . In addition, the 
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bulk pressure that was computed on the boundary definition,        𝜎  , shows a good 

agreement with the bulk pressure estimated from the homogeneous MD simulation. This 

position would be not exactly the interface between liquid and solid, but it is inferred that 

there would be solid/fluid boundary in the vicinity of        𝜎  . 

 

Figure 20. pressure analysis in the various sizes of channels and various definitions of 

boundary: (a) full resolution of one dimensional pressure profiles, (b) bulk pressure with 

respect to the chanel size and (c) peak pressure with respect to the channel height 
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5. Conclusion 

In this work, we investigate the effects of the defined wall/fluid boundary on 

studying heat transfer in nanochannels using MD simulations. In the absence of an atomic-

level boundary definition, the wall/fluid boundary has been defined between the innermost 

wall layer and the first adsorbed fluid layer creating one atomic diameter of the 

discrepancy. The challenges to defining wall/fluid boundary with atomic-level accuracy 

are related with the thermal motion of individual atoms, the discrete nature of small scale, 

the interatomic force penetration at interface, etc. We showed that the different definitions 

of boundaries could create severe impacts on understanding nanoscale physics as the 

surface-to-volume ratio becomes very large in nanosystems. To clarify the effects, non-

equilibrium MD heat transfer simulations of liquid argon confined between two silver 

walls are conducted. Then, various channel heights were applied to observe the impact of 

the boundary definition with respect to the scale. Fluid density, heat flux across the 

channel, and the fluid thermal conductivity were calculated with respect to different 

wall/fluid boundary definitions. The results show that even though the approximate shift in 

the boundary was only one molecular diameter, the shift caused a relatively large deviation 

between the computed and the preset values. In addition, the deviation becomes more 

substantial with decreasing channel height. In case of 3nm channel, one atomic misplace of 

the boundary can significantly influence on average density and pressure inside of the 

channel. It is also revealed that depending on the boundary definition two contrast 

conclusions can be made on the tendency of thermal conductivity with respect to the 
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channel sizes. A precise definition of boundary is suggested where satisfying the 

microscopic heat flux expression. This definition is consistent with the previous report 

made by Kim et al [41] and also the zero-potential location of wall molecules, where is 

wall boundary in the absolute zero temperature. This result suggested that the temperature 

may have a little impact on the boundary location between wall and fluid. The findings in 

this work provide atomic-level insights into wall/fluid boundary, as well as valuable 

information on understanding nanoscale physics as well as the design of nanodevices. 
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