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ABSTRACT

Nanofluidics has shown promising potential for applications that could significantly

impact our daily life, such as energy harvest, lab on a chip, desalination, etc. Current

techniques to realize nanofluidic ideas are still very limited due to manufacturing

technology. Although sub-micron fabrication techniques are undergoing rapid devel-

opment recently, scientists and engineers are still not able to access actual nanomet-

ric systems. This reason prompts the development of computational tools to reveal

physical principles underlying nanofluidic phenomena. Among various numerical

approaches ranging from macroscopic to microscopic, molecular dynamics stands

out because of its ability to faithfully model both equilibrium and non-equilibrium

nanosystems by involving an appropriate amount of molecular details. The results

from molecular dynamics simulations could elucidate essential physics and benefit

designs of practical nanofluidic systems.

This thesis attempts to provide the theoretical foundation for modeling nanoflu-

idic systems, by investigating nanoscale fluid behaviors and nanoscale fluid-solid in-

terfacial physics and transport for simple fluids via molecular dynamics simulations.

Boundary-driven-shear, homogeneous-shear and reverse non-equilibrium molecular

dynamics methods are implemented to generate non-equilibrium systems. The fun-

damental fluid behaviors such as velocity profile, temperature distribution and rhe-

ological material functions under steady planar shear are explored comprehensively

by each method corresponding to different perspectives. The influences of nanoscale

confinement are analyzed from the comparison among these methods. The advan-

tages and disadvantages of each method are clarified, which provide guidance to con-

duct appropriate molecular dynamics simulations for nanofluidics. Further studies

on the intrinsic slip of smooth solid surfaces is realized by the boundary-driven-shear

method. Inspired by previous hypothesis of momentum transfer, two mechanisms of

fluid-solid interfacial friction are studied extensively. The study reveals the physics

behind the transition from “defect slip” to “collective slip” when the shear rate is

increasing. The thesis ends with the study of effective slip on nanoengineered su-

xiii



perhydrophobic surfaces. The observation indicates that even for superhydrophobic

surfaces with the same gas fraction, the resulting slip length may vary by orders of

magnitude depending on the detailed topography generating either continuous or

isolated liquid-vapor interface. The fine variation of the slip length attracts more at-

tention, which is induced by the meniscus curvature effect of the entrapped bubble.

The combination of the meniscus curvature effect and the gas fraction dependence

provides the possibility to tailor the slip properties on superhydrophobic surfaces

and to prompt macroscale drag reduction applications.
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

Fluid dynamics has been an active field of research for hundreds of years. It

involves many interesting unsolved problems encountered in not only advanced sci-

entific research but also our daily life. The classical route of studying fluid stems

from continuum mechanics, adopting the assumption that models matter from a

macroscopic perspective ignoring the discrete nature of matter made of atoms or

molecules. Based on this macroscopic framework and conservation of mass, momen-

tum and energy, the Navier-Stokes (NS) equations were established to describe fluid

motion. These partial differential equations are indeed very successful in modeling

some characteristic flows with analytic solutions and solving other problems with the

assistance of numerical methods such as finite difference and finite element methods.

However, during recent decades, the explosive prosperity of fluidic applications at

small scale ushers serious challenges to the continuum framework of fluid dynam-

ics. The revolutionary developments in electronics and manufacturing technology

make it possible to miniaturize fluidic devices down to micron or even nanometer

scale, which brings out the question of the validity of continuum assumption at

micro- and nanoscales. These challenges stimulate the establishment of a new field,

microfluidics.

1.1.1 Micro- and Nanofluidic Applications

Microfluidics emerged in the 1980s as a multidisciplinary field intersecting en-

gineering, physics, chemistry and biology, which focuses on exploring, manipulating

and utilizing fluid behaviors in or around micron structure (with micron to sub-

millimeter size). The behaviors of fluids at microscale can deviate from those at

macroscale. Because of the small scale, the Reynolds number becomes very low for

microfluidic problems, representing that the fluid motion is generally dominated by

viscous dissipation and surface tension instead of inertial effects. Quelling instabil-

1
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ities associated with inertial nonlinearity brings in rich physical phenomena which

cannot normally be observed at macroscale, e.g. electrokinetic instabilities [1, 2].

In general, microfluidic devices can be separated into two categories, continuous-

flow and droplet-based. Continuous-flow microfluidic devices have already been

widely incorporated into chemical and biological applications, such as DNA elec-

trophoresis, polymerase chain reaction (PCR) and single-molecule analysis, and also

exhibit promising potential for energy applications in physical science relating to mi-

crocooling, desalination and fuel cells. Novel energy conversion devices with high

efficiency can be realized by taking benefit from the surface induced transports and

the slip at small scale [3] if we overcome some critical challenges, such as the ro-

bustness to withstand natural environment outside laboratory as well as costly and

time-consuming fabrication and packaging process.

Droplet-based microfluidics can be analogous to its microelectronic counter-

parts, by manipulating discrete small volume droplets to represent basic operations

[4]. They offer reliable, reconfigurable and scalable systems having potential to im-

pact our life like microfabricated integrated circuits. The common actuation meth-

ods to manipulate droplet include electrowetting [5, 4], optoelectrowetting [6, 7],

mechanical actuation [8], etc. By combining with microelectromechanical systems

(MEMS), microfluidics not only prompts observations of new physical phenomena

and development of exotic devices within laboratories, but also has shown enor-

mous industrial impact. Inkjet printhead is an example of ubiquitous commercial

applications having microfluidic implications [9].

Following the footsteps of microfluidics, nanofluidics inherents the spirit of

scale reduction of microfludics, by pushing the geometrical confinement over fluids

down to nanometric characteristic dimensions (nanometer to sub-micron). Over the

past decade, significant theoretical and experimental advances have been achieved in

nanofluidic studies. The major motivation is that through downsizing to nanoscale,

the dimensions of nanostructure itself become comparable to the characteristic phys-

ical length scales of fluids, e.g. Debye length and hydrodynamic radius [10]. The

constrained fluid demonstrates new physical properties and behaviors significantly

different from those in micron and larger structures [11, 12, 13, 14], which may
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lead to the development of possible solutions of some old problems. Moreover, ex-

tremely large surface-to-volume ratio of nanoscale geometries leads to predominant

surface effects, e.g. electrical double layer overlap, and further results in rich flow

phenomena and applications, such as slip boundary condition effect [15, 16], “pre-

concentration” phenomenon [17] and nanofluidic diodes [18]. Pushing the limits

of fluidic downsizing also considerably increases the sensitivity of analysis and ob-

servation techniques, which is essential for single-molecule analysis [19]. Although

integrating nanofluidics into microfluidic systems to construct hierarchical fluidic de-

vices is still in its infancy, it has been in the limelight as a more promising solution

for DNA stretching [20], selective separation and transfer [21, 22, 23]. In all, the fate

of this “gold rush” of microfluidics and nanofluidics relies on not only designs and

the realization of novel devices by experimentalists, but also a comprehensive under-

standing of underlying physics behind unique phenomena from numerical modeling

and theories.

1.1.2 Computational Techniques of Micro- and Nanofluidics

As a result of serious promise, micro- and nanofluidics are highly competitive

fields and therefore fast and cheap development and testing of successive prototypes

are crucial. Computational and analytical simulations of micro- and nanofluidic

devices are motivated by a twofold goal. First, simulations serve as time- and cost-

efficient pathways to convert concept to device, which can significantly reduce the

prototyping iterations to design devices and evaluate performance comparing to ex-

periments. Simulations can initiate and guide the realization of potential devices

too, which benefits experimentalists from the beginning. On the other hand, in

conjunction with experiments, numerical modeling serves as a powerful tool to un-

scramble complex multiphysics problems and elucidates key mechanisms associated

with micro- and nanofluidics, which could then prompt optimization of devices.

Major challenges of computational simulations of micro- and nanofluidics are

multiscale and multiphysics nature of these phenomena. The range of relevant length

scales spans several orders of magnitude from the double layer thickness (nanome-

ter) to the channel or chamber dimensions (micro or even millimeter). Multiphysics
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involves coupling among fluidic, thermal and ionic transports, optics with chemical

and biological thermodynamics and reaction kinetics. All these relevant phenomena

have to be considered in the simulation to provide a comprehensive picture for engi-

neering a real device. In order to tackle these complications and achieve the twofold

goal of computational simulations, various numerical methods have been proposed,

which are crudely categorized by their governing equations into macroscopic, meso-

scopic and microscopic approaches for downsizing scales.

Taking fluid dynamics as an example, macroscopic approaches solve the Navier-

Stokes (NS) equations:

∂ρ

∂t
+∇ · (ρv) = 0, (1.1)

ρ

[
∂v

∂t
+ (v · ∇) v

]
= −∇p+∇ · τ + ρFb + Fs, (1.2)

where Fb and Fs represent body forces and interface or surface forces, respectively.

Macroscopic parameters and states are directly applied in the governing equations.

The volume occupied by fluid is divided into discrete cells, usually referred as mesh.

The mesh may be uniform or non-uniform. Particular methods such as finite differ-

ence, finite volume and finite element methods are applied to discretize the governing

equations based on the mesh. The advantages and disadvantages of these macro-

scopic methods are well documented in classic textbooks of computational fluid

dynamics [24, 25, 26].

The finite difference method (FDM) utilizes Taylor series expansion to approx-

imate the partial derivatives in the governing equations. This discretization leads to

a system of algebraic equations relating to the values of unknowns defined on each

nodal point, which can be solved directly or iteratively. The FDM is the easiest to

implement and very efficient. However, it suffers from various disadvantages includ-

ing the restriction to well-structured meshes and therefore lacks the ability to handle

complex geometries, as well as the difficulties in the implementation of derivative

boundary conditions on arbitrary boundaries. Unlike the FDM working directly on

divided differences of differential operators, both the finite volume method (FVM)

and the finite element method (FEM) rely on the integral form of governing equa-
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tions. In the FVM, the simulation domain is divided into a series of control volumes

surrounding nodal points on the mesh. By taking the volume integral of the govern-

ing equations, the divergence terms are converted into surface integrals, which can

be interpreted as fluxes at the control volume surfaces. The FVM essentially ap-

proximates the governing equations with a local conservation law over each control

volume, in which the approximated terms have physical meanings. The FVM is able

to accommodate unstructured grid and is thus suitable for complex geometries. The

major disadvantage of the FVM appears when high-order methods are implemented

for 3D simulations [26]. Finally, the FEM shares many similarities with the FVM,

where the low-order FEM can be seen as a “generalized” FVM [25]. The FEM is

a weighted residual method applied on the weak (or variational) formulation of the

governing equations. The inherent geometric flexibility via the isoparametric map-

pings of the FEM offers the ability to handle irregular geometries. Also, the weak

formulation allows for easy and accurate applications of boundary conditions. But,

the FEM for microfluidics faces the numerical difficulties associated with handling

highly irregularly shaped elements and the computational cost for dense meshes.

Different auxiliary algorithms to manipulate the interfaces are developed for

multiphase complex fluids problems commonly embedded in microfluidics, e.g. the

volume of fluid (VOF) method, the level set method and the phase field method

[27], but polymer solutions and colloidal suspensions are still difficult to model by

the macroscopic approaches. Another potentially important component missing in

macroscopic approaches is thermal fluctuations, whose influence is significant at mi-

croscale and becomes dominant at nanscale. Therefore, the macroscopic approaches

are not suitable for nanofluidics, in which the basic continuum assumption could

break down due to predominant thermal fluctuations. In general, with appropriate

treatments, the macroscopic approaches have been successfully applied to microflu-

idic simulation [28].

Mesoscopic approaches were proposed to bridge the gap of length scales, and

simulate the same physical scale as microfluidics (from nanometer to micro). The

two popular mesoscopic methods are the lattice Boltzmann method (LBM) and dis-

sipative particle dynamics (DPD). They provides efficiency comparing to later intro-
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duced microscopic approaches by only keeping essential information from molecular

scale and ignoring redundant information in a coarse-grained manner. But they

are able to incorporate important thermal fluctuations in dominant forces, which

distinguishes them from the macroscopic approaches. In spite of solving different

governing equations, both the LBM and DPD show excellent flexibility dealing with

complex geometries and multiphase complex fluids systems.

The origin of the LBM is the continuous Boltzmann transport equation

∂f

∂t
+
∂f

∂r
· p

m
+
∂f

∂p
· F =

∂f

∂t

∣∣∣∣
coll

, (1.3)

in which a volume of fluid is treated as a fictitious particle and macroscopic fluid

dynamics emerges from the underlying dynamics of the ensemble of particles. The

equation evolves the density distribution function of the fictitious particle f (r,p, t)

(the probability of finding a particle at a given position with a given velocity at

a given time) instead of every real atom or molecule. Although this mesoscopic

description is more economic than complete atomistic description, it contains more

information than continuum description because of the six-dimensional phase space

spanning particle position r and momentum p. When the motion and interaction

of this ensemble of fictitious particles are confined to a regular space-time lattice,

the resulting discretized equation is the lattice Boltzmann equation

fi (r + ci∆t, t+ ∆t)− fi (r, t) = −fi (r, t)− f
eq
i (r, t)

τ
− Fi∆t. (1.4)

The above particle velocities are restricted to several discrete values v = ci, i =

0, 1 . . . , b, i.e. each particle can only move along b finite directions. The collision

is usually modeled by the Bhatnagar-Gross-Krook (BGK) operator [27], where τ is

the relaxation time related to macroscopic viscosity and f eqi is the local equilibrium

distribution function that has an appropriately prescribed functional dependence on

local hydrodynamic properties. The simple bounce-back algorithm for the boundary

condition can be easily implemented on complex geometries. The efficient model-

ing of polymer and colloids solutions has been developed. Even though the LBM

is currently widely used as an efficient mesoscopic approach, it still faces several
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intrinsic limitations due to truncation errors and numerical artifacts from lattice

discretization, e.g. hyperviscosity and anisotropy.

From a different perspective, DPD was developed as an off-lattice particle-

based mesoscopic approach extending from original molecular dynamics (MD). Sim-

ilar to the LBM, the particles in DPD represent whole molecules (e.g. colloidal par-

ticles and macromolecules) or fluid regions rather than single atoms. The coarse-

grained idea allows DPD to access orders of magnitude larger temporal and spatial

scales beyond MD. The governing equation in DPD is simply Newton’s second law

for particle i as

mi
d2ri
dt2

=
∑
j 6=i

(
FC
ij + FD

ij + FR
ij

)
, (1.5)

where mi is the mass of particle and ri is the position of particle. FC
ij, FD

ij and

FR
ij is the conservative, dissipative and random forces, respectively. The detailed

description of each force term will be introduced in the next chapter. An impor-

tant advantage of DPD is that the pairwise dissipative and random forces impose

strict Galilean invariance and ensure correct hydrodynamic behaviors. Its off-lattice

particle-based properties also enable easier modeling of polymer and colloids than

LBM. The difficulties of DPD include no direct implementation of macroscopic pa-

rameters and states and unphysical phenomena associated with the soft sphere inter-

particle conservative forces.

At the end of this downsizing trend, the microscopic approaches preserve the

atomistic description of fluids and the macroscopic hydrodynamics is represented by

the motion and interaction of component molecules and atoms. Correctly modeling

of nanofluidics requires the atomistic information of fluids, because the assumption

of continuum medium is no longer valid where the molecular or atom mean free

path is comparable to the characteristic scale of confined geometries. As the basis

of DPD, MD traces each particle motion by computing the interactions of atoms

and molecules over period of time based on the Newton’s second law

mi
d2ri
dt2

=
∑
j 6=i

Fij + Fext
i . (1.6)
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In the above equation, Fij = −∂V (rij)

∂rij
r̂ij with V (rij) as the interaction potential

which represents the material properties of fluids. r̂ij is the unit vector pointing

from particle j towards particle i. The evolution equation of MD is deterministic

in particle movements and collisions opposite to DPD, and it conserves mass, mo-

mentum and energy. By applying appropriate integral methods, such as Verlet’s

and Gear’s Predictor-Corrector algorithms [29], the particle position, velocity and

interaction force can be determined. The macroscopic thermodynamic parameters

and states can be obtained from integration and ensemble average via statistical

mechanics. Although MD is capable of simulating almost all complex fluids and

very complex geometries, the computational cost of MD is inefficient, which scales

with N2, where N is the number of particles. Limited by current supercomputing

capability, the maximum length scale accessible for MD is of nanometer scale, which

is not suitable for modeling microfluidics. However, because of its excellent ability to

impose complex phenomena and to reveal underlying physics, MD is an appropriate

approach for nanofludic simulations, whose scales are reachable within reasonable

computational time.

1.2 Objectives

The fluid properties and its dynamics in nano-environments are complex, yet

fascinating. To utilize and benefit from new properties and new phenomena emerg-

ing at small scales, understanding the underlying mechanisms is essential and re-

mains a great challenge in both theoretical and experimental aspects. This doctoral

dissertation research focuses on providing a sound basis for modeling nanofluidic

systems by investigating nanoscale fluid behaviors, interfacial physics and transport

phenonena, and modeling nanofluidic systems using MD. We hope this systematic

research could elucidate some fundamental questions for modeling bulk fluids at

nanoscale or fluids confined in nanoscale geometries.

In this dissertation, we limit the discussion within the scope of simple flu-

ids. The concept of simple fluids usually emerges as contrary to complex fluids in

which certain mesoscopic length scales are involved [30], such as polymer solutions,

microemulsions, colloidal suspensions, etc. Simple fluids refer to the fluids com-
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posed of either a single element, such as nitrogen, argon, and other noble gases, or

molecules involving no more than two types of atoms (e.g. NaCl, H2O). Since the

microscopic structure and dynamics of simple fluids are fairly simple to study and

understand comparing to complex fluids, the behaviors of nanofluidic systems could

be easily characterized without complications from the fluids themselves. From nu-

merical perspective, simple fluids also significantly reduce computational cost due

to simple structures and interaction models.

By clarifying basic physical principles in nanofluidics, this work will not only

benefit future computational simulations of nanofludics, but also shed light on real-

ization of devices for experimentalists. The research builds a contiguous route from

fundamental fluid behaviors at nanoscale to the designs of real nanofluidic devices,

as reflected in these objectives:

• Implementing different non-equilibrium molecular dynamics (NEMD) methods

to simulate nanoscale simple fluids undergoing steady planar shear

• Comparing implementations of thermostat on three NEMD methods and clari-

fying the effects of different thermostat algorithms, which provides suggestions

for appropriate thermostat for specific research foci.

• Understanding the rheology and flow properties of simple fluids with planar

shear, especially non-Newtonian phenomena at high shear rates.

• Discussing the pros and cons of each NEMD method and elucidating the in-

fluences of nanoscale confinement.

• Investigating the intrinsic slip on smooth solid surfaces and relating interfacial

friction mechanisms, proving bottom-up treatment of hydrodynamic boundary

conditions at nanoscale.

• Simulating shear flow on nanoengineered superhydrophobic surfaces and study-

ing the effective slip generated on superhydrophobic surfaces to guide macro-

scopic drag reduction applications.

The thesis is arranged into six chapters, initiating with this chapter as the

introduction. The detailed descriptions of each NEMD method and thermostat
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algorithm are introduced in Chapter 2. The implementation of each NEMD for

nanofluidic simulations and the fundamental study of nanoscale behaviors of simple

fluids are demonstrated in Chapter 3. Then, Chapter 4 attempts to answer the ques-

tions regarding the intrinsic slip for simple fluids flowing along smooth solid surface

and relating interfacial friction mechanisms. Chapter 5 takes a step future towards

real systems by investigating the effective slip on nanoengineered superhydrophobic

surfaces. Finally, the conclusions and a preview of potential future work are given

in Chapter 6.



CHAPTER 2

METHODOLOGY

2.1 Non-equilibrium Molecular Dynamics

Molecular dynamics was developed first to simulate systems at equilibrium.

For the bare MD equations including only internal forces from inter-molecular po-

tentials, the system conserves the number of particles, the system volume and energy,

resulting a microcanonical “NVE” ensemble from the statistical mechanics point of

view. To better mimic actual experimental conditions, the temperature or the pres-

sure of the system requires constraints. There are methods of introducing extra

terms in MD equations to generate the canonical “NVT” and isothermal-isobaric

“NPT” ensembles as commonly applied in experiments [31]. But even including the

coupling to external systems such as constant temperature reservoir and constant

pressure pistons, the system still preserves equilibrium because the coupling does not

induce any net thermodynamic flux averaging over time. The Green-Kubo formula

provides a route to study non-equilibrium response of MD systems, e.g. transport

coefficients, through analyzing the naturally occurring equilibrium fluctuations in

the flux associated with a particular transport coefficient [32, 29], as

Ji = Lij
(
F e
j = 0

)
F e
j , (2.1)

Lij
(
F e
j = 0

)
=

V

kBT

∫ ∞
0

dt 〈Ji (0) Jj (t)〉F e
j =0 . (2.2)

J is a thermodynamic flux and Fe is its conjugate thermodynamic force. L (0) is the

linear transport coefficient, generally a second rank tensor. If the system is isotropic,

then the equation can be reduced to a scalar form and the transport coefficient is

a scalar. kB is the Boltzmann constant and 〈· · · 〉 represents the autocorrelation.

This principle based on the linear response theory and time correlation functions

is subject to significant statistical error, which requires long simulations to achieve

desirable accuracy.

The idea behind non-equilibrium molecular dynamics (NEMD) is to artificially

11
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introduce much larger perturbation to drive the system far from its equilibrium

outside the regime of linear response theory. Because the perturbation prevents

the system from relaxing to equilibrium, the NEMD produces the similar mass,

momentum and energy transport processes as experimental procedures in the real

world. For physical quantities which have no dependency on the corresponding

thermodynamic driven forces (e.g. shear rate or temperature gradient), the NEMD

can dramatically improve the signal-to-noise ratios of the measured responses and

results in more accurate measurements with less computational cost. For physical

quantities which have thermodynamic force dependency, the NEMD method is able

to provide the material functions and associated microstructure information for

systems with a wide range of thermodynamic force strength, such as achieving non-

Newtonian regime at high shear rates for simple and complex fluids. The linear

transport coefficients are still capable to be obtained by extrapolation. In this

thesis, the discussion of non-equilibrium system is restricted to the planar shear flow

generated by external force. According to different ways of introducing perturbation,

the NEMD methods involved can be classified into three categories: boundary-

driven-shear methods, homogeneous-shear methods and reversed non-equilibrium

molecular dynamics (RNEMD) method [33].

2.1.1 Boundary-driven-shear Methods

The idea of boundary-driven-shear methods can be traced back to the 1970s.

Hoover and Ashurst reviewed some pioneer work about NEMD simulations, in which

boundaries or boundary regions are introduced to induce planar shear in the fluid

[34], as illustrated in Figure 2.1. The simplest method is to impose a non-periodic

reflecting boundary condition as a plane wall which forces particles reaching the

boundaries to rebound with the shearing velocity of the wall as shown in Figure 2.1

(a). Another similar method is replacing the reflecting boundaries with solid-like

lattice layers translating at the desired velocity. Both methods introduce surface

effects into simulations. Significant inhomogeneities appears in the thermodynam-

ics properties of the fluid near boundaries. Ashurst and Hoover developed fluid-like

walls to reduce the excess boundary density gradient generated in previous meth-
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ods. Fluid particles in the boundary regions interact with external momentum or

energy reservoirs, which provides realistic extensions of the bulk fluid with prop-

erties and gradients smoothly continuing into the boundary regions. Nevertheless,

these fluid-like walls can only reduce but not eliminate the inhomogeneities. At

that time, most research using NEMD was focused on studying the non-equilibrium

responses, especially transport coefficients, of certain bulk fluids. For this purpose,

surface effects and inhomogeneities only complicate the analysis, and the minimiza-

tion of them involves large system size increasing the computational demand, which

is not desirable [32]. Therefore, the boundary-driven-shear methods was not in the

mainstream of NEMD simulations until 1990s.

(a) Reflecting boundaries (b) Momentum reservoirs

Figure 2.1: Schematics of two types of boundary-driven-shear methods: (a) reflect-
ing boundaries and (b) momentum reservoirs for fluid-like walls.

The prosperity of microfluidic research revived boundary-driven-shear meth-

ods, because understanding microscopic fluid phenomena in very small and confined

systems, such as the study of thin films and surface forces and flow in microporous
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media, requires proper modeling of surface effects and fluid-solid interactions. The

boundary-driven-shear methods mimic much more close actual experimental setups

by explicitly simulating solid walls, and has been used extensively in the channel

flow and confined films studies, especially those focusing on the flow boundary con-

ditions at fluid-solid interfaces [35, 36, 37, 38, 39, 40, 41, 42]. The interfacial fluid

structure and flow boundary conditions have been successfully investigated using

boundary-driven-shear methods. Due to rapid development of high-performance-

computing, even current studies of transport coefficient of bulk fluids increasingly

exploit boundary-driven-shear methods because the extra computational cost in-

duced by the boundary regions is no longer a major issue. However, the boundary-

driven-shear methods still suffer from several difficulties in the thermostats and wall

models [43], which will be discussed later in this thesis.

The boundary-driven-shear method is implemented in this thesis by simulating

a planar Couette flow of simple fluids within nano-channels. The nano-channel is

constructed by a fluid-wall sandwich system as Figure 2.2, in which a fluid slab is

confined between two solid walls. Only short-range pairwise interactions between

Figure 2.2: Schematic of the steady-state flow profile of a planar Couette flow gen-
erated by wall boundaries. The upper wall moves at U0 while the lower
wall is stationary.

particles are considered. Both fluid and wall particles interact with each other by
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the truncated Lennard-Jones (LJ) potential as

Vij =


4εab

[(
σab
rij

)12

−
(
σab
rij

)6
]
, rij < rc

0, rij ≥ rc

, (2.3)

where rij = |ri − rj| is the distance between particle i and particle j. εab and σab are

the characteristic energy and length scale of the potential, respectively. Subscripts

a and b are indices representing the species of particles: f for fluid and w for wall.

If the parameters for cross interaction between different species are not specified,

they are calculated using the Lorentz-Berthelot mixing rules,

εab =
√
εaaεbb, σab =

√
σaaσbb. (2.4)

The strength of the wall affinity to the fluid can be set by the relative energy εr,

εr =
εwf
εff

=

√
εww
εff

. (2.5)

A cutoff radius rc for the LJ potential is applied to all interactions to reduce com-

putational time. The self interaction between wall particles is excluded to save

considerable amount of computational time.

The fluids are modeled as dense fluids with density ρf . Each wall consists of

particles forming several layers of a specific lattice structure with a lattice constant,

having density as ρw. The ratio between ρw and ρf is usually large, indicating the

wall and fluid densities are highly incommensurable. The channel spans h along the

z axis with lateral dimensions Lx and Ly. Periodic boundary conditions are imposed

in the flow direction x and neutral direction y, whereas the gradient direction z is

bounded with non-periodic boundary condition.

There are two models of solid wall (Figure 2.3) for implementing the boundry-

driven-shear method: the frozen (or rigid) wall, in which the wall particles are fixed

at their equilibrium lattice sites without peculiar velocity, i.e. no thermal motion;

and the thermal (or vibarating) wall, in which each wall particle is tethered to its
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(a) Frozen wall (b) Thermal wall

Figure 2.3: Snapshots of two models of wall: (a) frozen wall and (b) thermal wall.

equilibrium lattice site via a harmonic potential:

VH (|r− rL|) =
1

2
kw |r− rL|2 . (2.6)

For the frozen wall, all wall particles are subjected to a constraint that zeros out

all the forces applied to them in order to maintain the well-defined lattice structure

during simulations. In the thermal wall, the wall particles are free to vibrate around

their equilibrium positions, providing the ability to conduct heat. The spring con-

stant kw represents the rigidity of the wall. The range of kw in this study follows two

rules. It has to be large enough to satisfy the Lindemann criterion for melting [44],

and small enough so that the dynamics of the wall particles can be accurately solved

with the MD integration time step [45]. The mass of wall particles is commonly as-

signed as several times of the mass of fluid particles to optimize the heat conduction

between the fluid and walls. Couette flow is induced in the fluidic system by trans-

lating the position of the wall particles or their equilibrium lattice sites along the

x direction with uniform shearing velocity U0. In this work, only the upper wall is

imposed with non-zero U0 and the lower wall is kept as stationary.

Fluid particles are initially assigned with random velocities according to a

Gaussian distribution that is scaled to produce a desired temperature with a mean

of 0.0. For the frozen wall, initial velocities of wall particles are zero. For the

thermal wall, their initial velocities are assigned in the same way with a Gaussian

distribution as fluid particles. The equations of motions are integrated using the

velocity-Verlet algorithm by LAMMPS Molecular Dynamics Simulator[46].
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2.1.2 Homogeneous-shear Methods

Along with the development of boundary-driven-shear methods in 1970s, the

homogeneous-shear methods were proposed by the motivation of avoiding surface

effects and inhomogeneities, and has grown in popularity in a few years. It only

simulates a fluid ensemble, modifies usual periodic boundary conditions in a ho-

mogeneous way, and reflects more of the ”bulk” properties by eliminating surface

effects, and soon became the dominant NEMD method. Generally speaking, the

homogeneous-shear methods always involve a perturbation in the usual equations

of motion in some way. Early attempt by Gosling et al. [47] added a sinusoidal

transverse force to the equations of motion while maintaining the conventional cu-

bic periodic boundary conditions. The viscosity can be calculated by monitoring the

force-induced oscillatory velocity profile. The measured responses will be propor-

tional to the real and imaginary parts of the Fourier-Laplace transformed correlation

functions at the applied frequency. Extrapolating the results of several simulations

at different frequencies to zero wavevector and zero frequency could yield trans-

port coefficients. However, this extrapolation faces an inherent difficulty in order to

obtain the zero-wavevector transport coefficient [31]. The zero-wavevector method

circumvents this pitfall involving the modification of the periodic boundary condi-

tions, which is so-called Lees-Edwards periodic boundary conditions [48].

2.1.2.1 Lees-Edwards periodic boundary conditions

When the planar Couette flow is described in a periodic system, there are

two formally different but essentially equivalent representations depending on how

the simulation cell is constructed (see Figure 2.4). The sliding-brick representation

works on the simulation cell with orthogonal coordinate, in which there are relative

movements between the primary cell and image cells. The motions of the image cells

are defined by the shear rate, e.g. γ̇ ≡ ∂ux/∂z of the flow, such that the individual

origin of image cell moves with an x velocity which is proportional to the z position

of the origin as

u (r, t) = γ̇zî. (2.7)
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î denotes the unit vector in the x direction. Therefore, the motions of image particles

above and below the primary cell induce a linear shear flow on each particle within

the primary cell. According to this construction of image cells, the replacing image

particle of a particle crossing a z face of the cell will not preserve the same laboratory

velocity and the x coordinate of it is also not necessarily the same as the original

particle.

Figure 2.4: Equivalence between the sliding-brick and deforming-cube representa-
tions of the Lees-Edwards periodic boundary conditions.

The deforming-cube representation involves a constantly deforming non-orthogonal

coordinate system, where the images of particles are taken with respect to a skew

coordinate system in which the z-axis forms an angle of Θ = cot−1 (γ̇t) from the

x-axis. Note that the particle will not sense the existence of the boundaries even

with the discontinuities imposed by the Lees-Edwards periodic boundary conditions

[32]. The system is still spatially homogeneous and periodic in the z direction in a

different manner. No matter which representation is applied, the detailed equations
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of the Lees-Edwards periodic boundary conditions are the same. The position of

the image particle is

rnewi =
(
ri + γ̇Lz t̂i

)
mod Lz

, (2.8)

when ri (t) moves out of the bottom of the simulation cell. When ri (t) moves out

of the top of the simulation cell, it is replaced by the image particle at

rnewi =
(
ri − γ̇Lz t̂i

)
mod Lz

. (2.9)

Lz is the dimension of the simulation cell in the gradient direction z. The change in

the laboratory velocity of the particle is given by taking the time derivative of the

above two equations respectively,

vnewi = vi + γ̇Lz î, (2.10)

vnewi = vi − γ̇Lz î. (2.11)

Applying the Lees-Edwards periodic boundary conditions alone is sufficient to pro-

duce the shear flow. However, the shear motion induced purely by the boundary

conditions takes time to propagate into the interior of the system, typically with

the speed of sound. Thus, It cannot be used to drive most general time-dependent

perturbations. Although the Lees-Edwards periodic boundary conditions overcome

the inhomogeneities encountered in the boundary-drive-shear methods, it shares one

same feature as the boundary-driven-shear methods, which is the lack of connection

with response theory from the theoretical basis.

2.1.2.2 SLLOD algorithm

In order to simulate any general form of flow with possible time-dependence

and establish a formal connection with response theory, synthetic field algorithms

are invented, in which a fictitious external field is couple to the equations of motion

to generate thermal or mechanical perturbation. These NEMD methods are called

synthetic because the invented perturbations do not exist in nature. Among them,

the SLLOD algorithm is probably the most popular one [49], which is based on a

slight modification of the DOLLS tensor method [50]. The DOLLS tensor method
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can be derived from a perturbed Hamiltonian, but the SLLOD equations of motion

cannot as

ṙi =
pi
mi

+ ri · ∇u, (2.12)

ṗi = Fi − pi · ∇u, (2.13)

where∇u is the rate of strain tensor. The equations must be implemented with com-

patible periodic boundary conditions, which are the Lees-Edwards periodic bound-

ary conditions. In the first equation, the particle momenta pi is not laboratory mo-

menta, but peculiar momenta with respect to the streaming velocity u (r) = r · ∇u

defined by∇u. Note that pi are peculiar if and only if the streaming velocity has the

form u (r) = r · ∇u. This condition may be only satisfied at low Reynolds number.

The defined momenta will not be peculiar with respect to any possible turbulent

velocity profile.

Taking shear viscosity as an example, the linear response of the SLLOD algo-

rithm can be related to equilibrium fluctuations via the Green-Kubo formula as

〈P (t)〉 = − V

kBT

∫ t

0

ds 〈P (t− s) P (0)〉 : ∇u (s) . (2.14)

If ∇u = ∂ux
∂z

k̂î = γ̇k̂î, by taking the limit ∇u → 0, followed by the limit t → ∞,

the linear shear viscosity can be calculated as

η = lim
t→∞

lim
γ̇→0

−〈Pxz (t)〉
γ̇

. (2.15)

The SLLOD algorithm is also able to be applied on systems with time-dependent

perturbations. Through driving the system with the shear rate that is a sinusoidal

function of time, the viscoelasticity of fluids can be measured from the complex,

frequency-dependent shear viscosity after the Fourier transform.

For inducing a planar Couette flow u (r, t) = γ̇zî, applying SLLOD equations

of motion on the canonical ensemble is equivalent to applying original Newton’s
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equations to the local particle distribution for Couette flow

fC (r,q) =

exp

[
−
(
mi(vi+γ̇zi î)

2

2
+ Φ

)]
∫
drdq exp

[
−
(
mi(vi+γ̇zi î)

2

2
+ Φ

)] . (2.16)

This fact can be seen from the evolution of the SLLOD equations of motion. Com-

bining the two equations of motion, the momentum equation can be reshaped as

mi
d2ri
dt2

= Fi − γ̇pzîi +

(
γ̇pzi +mi

dγ̇

dt
zi

)
î = Fi +mi

dγ̇

dt
zîi. (2.17)

The shear rate γ̇ is switched on at time zero as

γ̇ (t) = γ̇H (t) , (2.18)

in which H (t) is the Heaviside step function. Therefore, dγ̇/dt = γ̇δ (t) is the delta

function at t = 0. After integrating Equation (2.17) over an infinitesimal time

interval beginning at t = 0, we get

∆vi|0
+

0 =

∫ 0+

0

dsv̇ (s) = γ̇zîi, (2.19)

that at time 0+, only the x component of each particle velocity obtains an incre-

ment proportional to the z position as a linear planar shear. At any time t > 0,

the equations of motion recover to the original Newton’s equations since the delta

function has no contribution except when t = 0.

2.1.2.3 Implementation of the homogeneous-shear method

To simulate a steady planar shear u (r, t) = γ̇zî, we apply an initial pertur-

bation corresponding to Couette flow instead of following the SLLOD algorithm by

adding the fictitious force term in the equations of motion. We first let the system

reach the equilibrium state and record the momentum of each particle p0
i . At the

beginning of the non-equilibrium simulation, a linear velocity profile is superimposed
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onto the particles at equilibrium by applying

pi (t = 0) = p0
i +miγ̇zi (t = 0) î. (2.20)

pi is the new momentum of the particle. Then, the system evolves obeying the

conventional Newton’s dynamic

ṙi =
pi
mi

, (2.21)

ṗi = Fi. (2.22)

Superimposing the profile immediately generates the shear flow, and the flow is

preserved by the Lees-Edwards periodic boundary conditions, which are applied by

continuously deforming the non-orthogonal simulation cell in LAMMPS [46]. This

implementation is sketched in Figure 2.5. For the steady planar shear induced in

our simulation, the implementation is exactly the same as the SLLOD algorithm

as derived in Section 2.1.2.2. Of course, if the shear is time-dependent, this imple-

mentation will not be valid. Being the same as the boundary-driven-shear method,

the homogeneous-shear simulation involves only LJ fluids and the simulation is con-

ducted by LAMMPS with velocity-Verlet integrator.

2.1.3 Reverse-NEMD Method

Both of the boundary-driven-shear and homogeneous-shear methods discussed

above compute a thermodynamic flux in response to a thermodynamic driving force.

As for the shear viscosity, the flux is the momentum flux (measured by the off-

diagonal components of the pressure tensor) and the driving force is the imposed

shear characterized by the shear rate. Because pressure varies significantly in MD

simulations, the convergence of the viscosity calculation can be slow. The reverse-

NEMD (RNEMD) method reverses the cause-and-effect picture by imposing the

momentum flux and measuring the inducing velocity gradient whose calculation

is straightforward and accurate. The RNEMD method was originally proposed

by Müller-Plathe [51] and recently discussed again by Tenney and Maginn [52].

They have shown a robust and rapidly converging property for calculating the shear
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Figure 2.5: Schematic of the implementation of homogeneous-shear method with
initial perturbation and Lees-Edwards periodic boundary conditions.

viscosity using the RNEMD method, but also pointed out some limitations.

In the implementation of RNEMD, the periodic simulation box is subdivided

into slabs in the z direction. The momentum flux is imposed on the system in an

unphysical way by exchanging the px between the particle with the most positive

px inside the slab at z = 0 and the particle with the most negative px in the slab at

z = Lz/2, as shown in Figure 2.6. If both atoms have the same mass, the unphysical

momentum interchange conserves both the linear momentum and total energy of the

system. This manipulation propels the particles inside the slab at z = 0 to the −x
direction and those in the slab z = Lz/2 to the +x direction. The criterion of

selecting swapping particles is slightly modified later as searching for particles with

px values nearest to the target momentum (+/−) ptx, instead of searching for the

“slowest” particles in each bin. This implementation helps controlling the amount

of momentum interchange, and thus induces the momentum flux more precisely.

Each swap generates a momentum interchange ∆px, which is precisely known.

By repeating the swap, the total momentum transferred in a simulation ptotal is
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Figure 2.6: Schematic of the implementation of reverse-NEMD method in the peri-
odic simulation cell.

the sum of ∆px. The system responds to the non-equilibrium situation by letting

momentum flow in the opposite direction via a physical mechanism. In the steady

state, the rate of momentum transferred physically is equal to that transferred

unphysically. Hence, after a certain time t, the momentum flux is

jxz =
ptotal

2tLxLy
. (2.23)

The factor of two arises because of the system symmetry in the z direction with

respect to the mid-plane at z = Lz/2. The physical momentum flux induces velocity

profiles in the upper and lower halves of the simulation cell. From the slopes of

the velocity profiles and the imposed momentum flux, the shear viscosity can be

determined.

Note that the slab size has to be chosen cautiously. Too small a slab can

induce a large perturbation on the system and it may not generate the desired

velocity profiles. The reason is that the momentum exchange significantly perturbs

the streaming velocity of the two exchanging slabs when there are few atoms in the
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slabs. On the other hand, if the slab size is chosen to be large, the effective shearing

zone is small which is not computationally efficient. Exchange interval W (one

exchange per W time steps) also needs careful selection: very infrequent momentum

exchange can result in unsteady velocity profiles, and too frequent exchange will

drive the system to the nonlinear regime as discussed later.

2.1.4 Units

There are two common sets of units involved in MD simulations of nanoflu-

idics. The first set, the real units are based on physical quantities, in which the

units of mass, distance, time, energy and temperature are gram/mole, Angstrom,

femtosecond, Kcal/mole and degree Kelvin. This set of units can be converted to

SI units, the purpose of using them for MD simulations of fluids is to match the

material properties of common fluids. The second set is called LJ reduced units

(in fact they represent dimensionless quantities) which are based on the LJ poten-

tial. All physical units are non-dimensionalized by the fundamental quantities mass,

characteristic length and energy of certain material, as mass m, distance x∗ = x/σ,

time t∗ = t/τ where τ =
√
mσ2/ε is the characteristic time of the LJ potential,

energy E∗ = E/ε and temperature T ∗ = kBT/ε. The reduced units can be easily

converted back to real or SI units by assigning the m, σ and ε for a specific ma-

terial. If argon is represented, the LJ units can be converted to SI units applying

m = 6.63× 10−26 kg, σ = 3.405× 10−10 m, and ε = 1.6539× 10−21 J.

The reason behind using reduced units is that infinitely many combinations of

density, temperature, particle diameter, mass, energy, etc., could all correspond to

the same state in reduced units. For example, a simulation using the LJ Potential

with reduced units of number density ρ = 0.8 σ−3 and T = 1.0 ε/kB corresponds to

both argon at a state point characterized by ρ = 2.02× 10−2 Å
−3

and T = 119.8 K

and krypton at a state point characterized by ρ = 1.64×10−2 Å
−3

and T = 178.9 K.

Without the use of reduced units, certain universal features of fluids, such as the

equivalence of these different systems at these two state points, would be missed.
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2.2 Thermostat Strategies in NEMD

No matter which non-equilibrium method is applied, the work is done contin-

uously on the system to keep the system away from equilibrium. Viscous heating is

inevitable due to the irreversible conversion from work into heat. For the system to

reach a steady state, the heat has to be extracted by certain thermostat device. It

has been pointed out that the thermostat can have significant influences on the re-

sults of non-equilibrium fluid simulations, and may cause interpretive difficulties and

generate artifacts in the results [53, 54, 55]. Therefore, successful NEMD simula-

tions require correct implementations of pertinent thermostats. Several discussions

on this subject will be involved later in the results part. Before that, by associ-

ating with different NEMD methods, we provide a brief overview of some popular

thermostat algorithms and their implementation strategies.

2.2.1 Temperature in MD Simulations

The prerequisite to discuss thermostat is defining temperature. The thermo-

dynamic route of defining temperature depends on the definition of the entropy of

a system S,

Tth =
∂E

∂S

∣∣∣∣
V

, (2.24)

which is not straightforward for non-equilibrium systems. A practical expression in

NEMD is the kinetic temperature, which is developed from the kinetic theory as

Tk (t) =

∑
imi [vi (t)− us (ri, t)]

2

dNkB
, (2.25)

where N is the number of particles, and d the Cartesian dimension. mi is the

mass of particle, ri and vi is the particle position and velocity. us (ri, t) is the

instantaneous streaming velocity varying with position and time. Based on the

introduction of us (ri, t), vpi (t) = vi (t) − us (ri, t) yields so-called peculiar velocity

representing pure thermal motion of particles. The kinetic temperature is equivalent

to the thermodynamic temperature only if the postulate of local thermodynamic

equilibrium (LTE) is exact [32]. This assumption requires the intensive parameters

of the system, such as temperature or pressure, are homogeneous in space and time at
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least locally. Even for systems in which the kinetic and thermodynamic temperatures

are in fact different [32], the kinetic temperature is a convenient operational state

variable as opposed to the thermodynamic temperature. Note that in Equation

(2.25), the evaluation of the streaming velocity is not trivial and requires careful

treatment. Otherwise, incorrect streaming velocity can bias the dynamics of the

system, leading to unphysical artifacts in the simulation, e.g. the debate over the

existence of the string phase [53, 56, 54].

2.2.2 Thermostat Algorithms

Common thermostat algorithms can be separated into two categories in na-

ture. Global thermostats include simple velocity rescaling, Berendson thermostat

[29], more elaborate Gaussian isokinetic [32] and Nosé-Hoover/Nosé-Hoover chains

(NHC) thermostat [57, 58]. These thermostats control the system temperature

based on a global feedback, because the rescaling factor depends on the temper-

ature defined globally, e.g. by the velocities of all particles in the system. For a

general introduction of different thermostats, we refer to two excellent books about

MD simulations by Evans and Morriss [32] and Allen and Tildesley [31]. Only

thermostats applied in this dissertation are introduced below in detail.
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2.2.2.1 Nosé-Hoover chains thermostat

Nosé-Hoover chains (NHC) thermostat [58] is coupled to the system equations

to generate a well-defined canonical ensemble as follows:

ṙi =
pi
mi

, (2.26)

ṗi = Fi − [pi −mius (ri)]
pη1
Q1

, (2.27)

η̇i =
pηi
Qi

, (2.28)

ṗη1 =
N∑
i

[pi −mius (ri)]
2

mi

− dNkBT − pη1
pη2
Q2

, (2.29)

ṗηj =

(
p2
ηj−1

Qj−1

− kBT
)
− pηj

pηj+1

Qj+1

, 1 < j < M (2.30)

ṗηM =

(
p2
ηM−1

QM−1

− kBT
)
. (2.31)

Here, pi is the particle momentum in the laboratory frame of reference, Fi is the

total conservative force on particle i, M is the length of the thermostat chains and

Qj are thermostat coupling coefficients. Unless otherwise specified, the relaxation

time of the NHC thermostat applied every time step is 0.05 τ . The actual equations

of motion reveal the main advantage of the NHC thermostat which is deterministic

and time-reversible.

As mentioned before, the key procedure of implementing the NHC thermostat

is the evaluation of the streaming velocity us. The thermostat can be classified into

profile biased-thermostat (PBT) and profile-unbiased thermostat (PUT) based on

the specific definition of us. For planar shear flow, if we assign us (r) = (γ̇ × z, 0, 0),

the corresponding thermostat is referred to as PBT. The PBT artificially maintains

the linear velocity profile, and any deviation from the linear profile is interpreted as

thermal fluctuations and is inhibited by the thermostat. As pointed out by Evans

and Morriss [53], the PBT could be a reasonable assumption for low shear rates.

However, as shear rate increases, the Reynolds number increases and it is possible

that a secondary flow due to perturbations may develop. The attempt to restore

the linear profile at high shear rates is considerably dubious, and the PBT might
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distort the dynamics of the system and cause artificial shear thinning.

On the other hand, if the streaming velocity profile is not assigned a prior but

computed locally via simulations, the thermostat is categorized as PUT. In the past

decades, the discussions of the PUT have prompted different ways to compute the

instantaneous local streaming velocity. Two notable ways are: 1) representing the

streaming velocity by a finite Fourier series expansion and computing the Fourier

coefficient [59, 60, 61], and 2) computing spatially averaged particle velocity within

sub-domains of the simulation cell [53, 62, 63, 64, 56]. In this thesis, we choose

to calculate the streaming velocity using the latter for its robustness and ease of

implementation. The us of each sub-domain is evaluated by averaging the velocity

of the particles within every time step.

Similar to the notation introduced by Evans et al. [59], the simulation cell is

divided into sub-domains: slabs for 1D coordinate dependences, bins for 2D coor-

dinate dependences and bricks for 3D coordinate dependences. If (x × z) PUT is

assumed, the simulation cell is divided into slabs with thickness Dz in the z direc-

tion. If (xyz×yz) PUT is assumed, slabs are further subdivided into bins along the y

direction, which means that the streaming velocity has three (xyz) components and

are functions of yz. A (xyz × xyz) PUT means three Cartesian components of the

instantaneous local streaming velocity are allowed to be functions of the coordinates

(x, y and z), us (r) = usx (x, y, z) î + usy (x, y, z) ĵ + usz (x, y, z) k̂.

Although the PUT prevents the overestimate of temperature caused by the

PBT, it also needs caution to implement. Opposite to the PBT, the PUT tends to

underestimate the temperature because the thermal velocity could be mis-identified

as the local streaming velocity while the particles remain un-thermostated. To

correctly distinguish the thermal and streaming parts of the total velocity, the sub-

domain dimensions, especially that of the directions with the largest velocity gradi-

ent, e.g. the shear is imposed in the z-direction in this case, have to be chosen with

caution by the following criterion [63]:

γ̇Dz

vth
� 1� ρVsd. (2.32)

ρ is the prescribed average particle density. Vsd = Dx ×Dy ×Dz denotes the sub-



30

domain volume. vth =
√
kBT/min (mi) is the highest characteristic thermal velocity

among particle species. This requirement means that the choices of Dx, Dy and Dz

should be large enough to provide a reliable statistic in each sub-domain and small

enough to ensure an accurate local description of streaming velocity even at high

shear rates. In our simulations, it usually results in hundreds of slabs in the z

direction.

As an example of the PUT (xyz × z), the simulation cell is divided into Nslab

slabs aligned with the flow direction satisfying above criterion. The local streaming

velocity of each slab is then defined as uj = (1/N j)
∑Nj

i ṙi and the kinetic definition

yields the local temperature as a function of z as

kBT
(
zj
)

=
mi

3N j − 3

Nj∑
i=1

[
ṙi − uj

]2
, (2.33)

where the zj and N j are the center coordinate of the jth slab in the z direction and

the number of fluid atoms in the jth slab, respectively. Three degrees of freedom

should be cautiously excluded when we evaluate the local temperature because they

have already been involved in the computing of the local streaming velocity [63].

The system temperature is then defined as

T ≡ 1

3Nf

Nslab∑
j=1

(
3N j − 3

)
T
(
zj
)
. (2.34)

2.2.2.2 Langevin thermostat

The global thermostats as the NHC thermostat are powerful and can be easily

implemented, but they face inherent disadvantages when the system has potential

inhomogeneities. The global thermostats are proposed for systems with the global

thermostat equilibrium (GTE), but inhomogeneous systems may only fulfill the

LTE. It is possible to handle the inhomogeneities within the framework of the NHC

thermostat, but implies a rather awkward procedure[63, 55]. The idea is to make a

global thermostat work locally in order to satisfy the LTE. Individual rescaling factor

is assigned for each slab, which physically represents a coupling between multiple

heat reservoirs and the fluid domain.
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A more natural way to thermostat systems with potential inhomogeneity is

switching to local thermostats, which in principle are based on local feedbacks. Ex-

amples of local thermostats are Andersen [65], Langevin (LGV) [66] and dissipative

particle dynamics (DPD) thermostat [67], and they are applied on a local scale.

Particles which are “cold” are given more energy, whereas “hot” particles are cooled

down, based on a truly local representation of the temperature where the LTE is

valid.

The LGV thermostat has been a quite popular thermostat since its emergence

in the 1980s [66]. Its original application is to describe the Brownian motion of

colloidal suspensions where colloidal particles are immersed in a background solvent

as a heat bath. The representation of the heat bath involves a viscous damping

term and a stochastic noise term

ṗi = Fi − Γ
pi
mi

+ fi, (2.35)

where the friction coefficient Γ regulates the heat flux from the system and Gaussian

random force fi has zero mean and satisfies the fluctuation-dissipation theorem

〈
fiα (t) fjβ (t′)

〉
= 2kBTΓδijδαβδ (t− t′) . (2.36)

i and j represent different particles, < · · · > represents self correlation, α and β

denote the Cartesian indices, δij and δαβis the Kronecker delta and δ (t− t′) is the

Dirac delta function. The LGV thermostat is computationally very efficient since

it works on a single particle avoiding global communication. However, one of the

biggest disadvantages of the algorithm is that it violates Galilean invariance which

induces hydrodynamic screening effect [68, 67, 69]. A typical modification to cir-

cumvent this issue and also satisfies profile-unbiased requirement is to switch off the

thermostat in the direction in which non-conservative external forces are applied to

or shearing happens to recover Galilean invariance [38, 68, 70, 69, 71]. This scheme

should pose no problem for fluid in the Newtonian regime. But it is dubious for non-

linear regime because it still assumes certain symmetry in thermostated directions

[67, 69]. But for the shear rates studied in this work, it is safe to use this modifica-
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tion. Therefore in this work, for fluid particles, the LGV thermostat is applied only

along the y direction; whereas for wall particles it is applied to all three components

of the equations of motion after considering a bias from shearing velocity U0.

2.2.2.3 Dissipative particle dynamics thermostat

The DPD thermostat is based on the LGV thermostat, but improved by con-

serving the momentum and thus fulfilling Galilean invariance. The simple remedy

introduced by the DPD thermostat to overcome the disadvantage of the LGV ther-

mostat is replacing the friction and noise terms depending on single particle velocity

with similar terms depending on relative velocity vij = vi−vj between short-range

particle pairs.

ṗi = Fi +
∑
j 6=i

FD
ij +

∑
j 6=i

FR
ij. (2.37)

The pairwise friction and random forces are given by

FD
ij = −γωD (rij) (r̂ij · vij) r̂ij (2.38)

and

FR
ij = σωR (rij) θij r̂ij. (2.39)

Here, r̂ij = (ri − rj) /rij is the unit vector from particle j to particle i. γ is the

friction coefficient and σ is the noise strength. θij is the pairwise form of the Gaussian

white noise [67] with stochastic properties

θij = θji, (2.40)

〈θij (t)〉 = 0, (2.41)

〈θij (t) θkl (t
′)〉 = (δikδjl + δilδjk) δ (t− t′) . (2.42)

Because all forces are pairwise, Newton’s third law is strictly fulfilled, which leads

to the conservation of momentum. The DPD thermostat could reproduce the cor-

rect hydrodynamic behaviors [72, 73, 67] and it is inherently profile-unbiased by

construction.

ωD and ωR are weight functions providing the range of DPD interaction and
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vanishes for r ≥ r′c. The cutoff radius r′c for thermostat is not necessary to be

the same as the cutoff radius of pairwise conservative forces rc. To satisfy the

fluctuation-dissipation theorem, the following relations must be fulfilled [73]:

[
ωR
]2

= ωD (2.43)

and

σ2 = 2kBTγ, (2.44)

which provides an explicit expression relating the temperature of the system and

the model parameters. Theoretically, the actual form of the weight functions is

arbitrary as long as it fulfills Equation (2.43). However, recalling the original idea

of imposing DPD to relax the constraint on time step, the thermostat forces need to

be smoothly varying similar to the “soft” conservative forces. Another concern is the

efficiency of the thermostat corresponding to certain form of the weight functions.

Following the idea by Pastorino et al. [69], the number of thermostated particles

NTP is defined as

NTP = ρ

∫ r′c

0

ωR (r) g (r) 4πr2dr, (2.45)

where g (r) is the pair correlation function for fluid particles. NTP partly quantifies

the strength of thermostat, where a large NTP means a more efficient thermostat.

The two concerns guide the choice of the weight function. Among vast choices of

weight functions, the most widely used ones are

[
ωR
]2

= ωD =

(1− r/r′c)2 , r < r′c

0, r ≥ r′c

. (2.46)

Generally, the form of weight functions, the thermostat cutoff radius r′c and the

friction coefficient γ together determine the efficiency of the DPD thermostat [69],

as well as its perturbation on the natural dynamics of the system.

Both LGV and DPD thermostats have a unique feature that the two ther-

mostats enhance fluid viscosity [74, 75, 67]. As intuitively expected, the damping

force adds additionally dissipation into the system, which leads both to a slowed
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diffusion and to an increased viscosity. We will provide more details about this

feature in the results section. The default thermostat parameter values of the LGV

and DPD thermostat are set according to previous studies [76, 67, 77, 71] to control

the temperature efficiently without strongly disturbing the dynamics of the fluid

system.



CHAPTER 3

FUNDAMENTAL NANOSCALE SIMPLE FLUID

BEHAVIORS UNDER STEADY PLANAR SHEAR

There are very few studies reported in the literature that provide a comprehen-

sive understanding of various NEMD methods and their applications on simulat-

ing nanoscale behaviors of simple fluids under steady planar shear. Liem et al.

[43] used both boundary-driven-shear method and the SLLOD algorithm for the

homogeneous-shear simulation to compute fluid shear viscosity. Their results show

that the boundary-driven-shear inevitably generates characteristic gradients in the

temperature, density and local fluid shear rate at high imposed shear rates when

thermostating only walls. However, when the homogeneous-shear method simu-

lates a system using the fluid thermodynamic state parameters extracted from a

specific region within the boundary-driven-shear system, the quantities of interest

such as the viscosity are very similar to the measured values in that region of the

boundary-driven-shear system.

The focus of this chapter is twofold: 1) to explore the feasibilities and limita-

tions of simulating simple fluids under strong shear at nanoscale using three different

NEMD methods. The fluid properties including rheological material functions and

microstructures under shear are measured and observed. A comprehensive com-

parison among methods is made, revealing effects of nanoscale confinement on the

validity of bulk hydrodynamics; 2) to obtain the rheological quantities and examine

corresponding non-Newtonian behaviors at high shear rates and correlate them with

microstructural changes in the fluid. Before proceeding to the results, an introduc-

tion of several concepts is required for a better understanding of the results to be

presented.

∗Portions of this chapter previously appeared as: X. Yong and L. T. Zhang, Phys. Rev. E 82,

056313 (2010) and

X. Yong and L. T. Zhang, Proc. IMechE Part N: J. Nanoengineering and Nanosystems 224, 19

(2011).
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3.1 Newtonian and Non-Newtonian fluids

Newtonian fluids are the fluids which obey the Newtonian constitutive equa-

tion of stress-deformation relationship, and are the only fluids considered in most

introductory fluid-mechanics courses. But they are not alone in nature, there is

another category of fluids such as polymers, pastes, suspensions, etc., which fol-

low neither Newton’s law of viscosity nor Hooke’s law of elasticity (the constitutive

equation describing metals and other elastic materials). These are commonly called

non-Newtonian fluids. The study of the deformation and flows of these fluids is

called rheology.

When people deal with the rheological properties of Newtonian and non-

Newtonian fluids, a framework for the discussion is necessary, and rheological mate-

rial functions form this framework. They are functions characterizing the rheological

behaviors of a fluid. They depend on the stress responses τ of a material when under-

going shear and elongational flows. The material functions, in general, are functions

of time and kinematic parameters, e.g. strain or strain rate, that correspond to the

type of flow imposed on the material.

Shear viscosity, η, is a material function that is most commonly sought after

as a rheological quantity in a steady shear flow. It is the primary material property

that distinguishes a non-Newtonian fluid from a Newtonian fluid. For a Newtonian

fluid, the shear viscosity η is a constant that is independent of the shear rate γ̇,

whereas for a non-Newtonian fluid η could be a function of the shear rate, η = η (γ̇).

Shear thinning (or shear thickening) is the most common phenomenon that is asso-

ciated with varying viscosity in a non-Newtonian fluid, in which viscosity decreases

(or increases) as shear rate increases, for shear thinning and shear thickening, re-

spectively. For steady planar shear flows, η is typically defined as the ratio of the

steady-state shear stress to the shear rate γ̇:

η(γ̇) = lim
t→∞

τxz (t)

γ̇
= − lim

t→∞

Pxz (t)

γ̇
. (3.1)

As shown in the equation, the shear stress can also be related to the pressure tensor,

P, in the fluid. The shear rate γ̇ is a gradient of one component of the fluid velocity,
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say the x direction (flow direction), with respect to another direction, say the z

direction (gradient direction), ∂vx
∂z

. The corresponding shear stress τxz represents the

collinear momentum flux jxz of the x component of the momentum px transported

in the z direction per given time and per unit area.

Another two important rheological material functions are the normal pressure

differences. They are defined as,

p− =
1

2
(Pxx − Pzz) ; p0 =

1

2

[
Pyy −

1

2
(Pxx + Pzz)

]
. (3.2)

p− is associated with rotation of the distorted microstructure and p0 reflects the

nonlinear bulk deformation [78, 79]. For a Newtonian fluid, both p− and p0 are

expected to be zero. In macroscopic non-Newtonian fluids, these normal pressure

differences are responsible for a wide variety of interesting phenomena such as the

Weissenberg effect [80]. The non-zero values of these two normal pressure differences

are the key quantities associated with a non-Newtonian fluid.

3.2 Pressure Tensor

As we have shown, these three rheological material functions all involve the

computing of the pressure tensor, P. Also, the pressure tensor distribution is an

important mechanical property of the hydrodynamic system. More specifically, for

planar Couette flow with flow direction along the x axis and velocity gradient along

the z axis, the off-diagonal component of pressure tensor Pxz (shear stress) is the

major quantity of interest. Several different techniques have been developed to

calculate the pressure tensor from a microscopic point of view in MD simulations.

The Irving-Kirkwood (IK) expression [81] of local pressure tensor defined in a small

cuboid is

P (r, t) =
1

∆V

{∑
i∈∆V

miv
p
i (t) vpi (t) +

1

2

∑
i∈∆V

N∑
j 6=i

rij (t)Oij (t) Fij (t)|ri(t)=r

}
,

(3.3)
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∆V is the volume of the cube, Oij is a differential operator,

Oij = 1− 1

2!
rij ·

∂

∂r
+ · · ·+ 1

n!

(
−rij ·

∂

∂r

)n−1

+ · · · . (3.4)

Note that the summation over j in the potential contribution term in Equation (3.3)

includes all possible atoms within or outside ∆V . The IK expression is theoretically

accurate even for inhomogeneous systems. But the derivation and practical calcula-

tion of the Oij expansion is not trivial for non-equilibrium inhomogeneous systems,

e.g. nano-channel confined Couette flow. In the literature, there is another formula

for the pressure tensor, the zeroth-order approximation of the IK expression (IK1)

by truncating Oij as Oij = 1,

P (r, t) =
1

∆V

{∑
i∈∆V

miv
p
i (t) vpi (t) +

1

2

∑
i∈∆V

N∑
j 6=i

rij (t) Fij (t)|ri(t)=r

}
. (3.5)

This expression is exact for bulk fluids with uniform density, but is expected to yield

inaccurate pressure tensor distribution whenever the fluid density is not uniform

[82]. The IK1 expression was shown to lead to spurious unphysical oscillations of

the pressure tensor in inhomogeneous regions close to walls [83].

Todd et al. have developed a simple and efficient expression to circumvent the

difficulties lying in the IK expression. The method of planes (MOP) expression [83]

computes average cross-sectional pressure on a defined cross section of the simulation

cell as

Pβα (α) =
1

2Aα∆α

∑
αi∈[α−∆α,α+∆α]

miv
p
i βv

p
i α +

1

2Aα

N∑
i

Fiβsgn (αi − α) . (3.6)

In Equation (3.6), vpi β and vpi α are components of peculiar velocity (velocity describ-

ing pure thermal motion) of particle i. The area Aα is a cross section of the entire

cell and perpendicular to axis α. The MOP expression includes an exact summation

of the Oij operator, obtaining accurate potential component of the pressure tensor

even for inhomogeneous systems. According to the simulation system in this study,

the MOP expression is the ideal technique to compute the shear stress distribution.
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The only demand of the MOP expression is no net force on the system
∑N

i Fi = 0.

As a result, the possible contribution from the thermostat is not included in the

local pressure tensor distribution. Practically, the IK1 and MOP pressure tensor,

as a function of z, are measured for each slabs of simulation cell.

Although the IK1 expression leads to inaccurate local pressure tensor distri-

bution for inhomogeneous systems, the average pressure of the whole fluid system is

the same for the IK1 and MOP expressions [82, 84]. The results of both are equal to

that from the virial theorem expression. For average pressure over the entire volume

of the fluid system V , the pressure tensor is

Pβα =
1

V

[
N∑
i

miv
p
i βv

p
i α +

1

2

N∑
i

N∑
j 6=i

rijβFijα

]
. (3.7)

This expression contains the contribution from the thermostat, and therefore yields

accurate viscosity of the fluid system. When the discussion involves the shear vis-

cosity of the whole fluid as an average, the virial theorem expression has been used.

In the boundary-driven-shear simulations, the existence of the real solid walls

provides an alternative way to compute the average Pxz of the whole fluid system

directly from the shear forces of the fluid atoms exerted on the wall atoms, F:

Pxz =

Nwall∑
i

Nfluid∑
j

F x
ij/Az, (3.8)

where F x
ij is the x component of force exerted on atom i due to atom j. Az = Lx×Ly

is the area of the wall normal to the z direction. We will employ the results of both

methods in calculating the viscosity in the boundary-driven-shear simulations. Both

methods are expected to yield the same statistical results at the steady state, when

the shear stress at the interface is the same as the internal fluid stress. Because

the diagonal components of the pressure tensor in Equation (3.2) refer to the fluid-

fluid interactions, the forces on the wall atoms cannot be connected to the diagonal

components of the pressure tensor. Thus, for the normal pressure differences, only

Equation (3.7) is used.
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3.3 Boundary-driven-shear Simulations

3.3.1 Simulations of Argon-Copper System

We first simulate simple fluid argon between two copper walls. Because specific

materials are modeled, the real units are used in this simulation. The interaction

parameters for argon are εff = 0.2379 Kcal/mole and σff = 3.405 Å. The copper

characteristic length is set as σww = 2.338 Å. The characteristic energy for copper

εww is set according to chosen relative energy εr, ranging from 0.1 to 0.9 to represent

hydrophobic to hydrophilic walls, similar to the simulations performed by Voronov

et al. [85]. A cutoff radius rc = 11.92 Å is assigned.

Each wall consists of 5600 copper atoms that form seven layers. The atomic

sites are on the [001] plane of a fcc lattice with a lattice constant of 3.615 Å. The

thickness of each wall is δ = 10.85 Å. The fluid is confined in a channel with

height h = 50.60 Å. The length of the channel is Lx = 144.60 Å and the depth is

Ly = 36.15 Å. The entire simulation cell (xyz) measures 144.60× 36.15× 72.30 Å
3
.

The fluid slab contains 4816 argon atoms and has a number density of ρf =

2.05 × 10−2 Å
−3

, such that the wall and fluid densities are highly incommensu-

rable with ρw/ρf = 4.82. The copper walls are modeled as frozen. The frozen

wall has been questioned by researchers because it lacks the ability to conduct heat

[86, 87]. Alternatively, a thermal vibrating wall with a thermostat on the wall

atoms is suggested, which mimics the natural approach of the temperature control

in the experiments. However, this wall model faces an inevitable decoupling behav-

ior under strong shear, as pointed out by Liem et al. [43], which could make the

simulation very complicated due to the thermal effects generated from viscous heat-

ing within the fluid and the heat conduction at the fluid-wall contact. Therefore,

we believe that simulating an isothermal liquid ensemble with frozen walls simplifies

the problem and is more suitable for the purpose of this study.

Since the walls are frozen, an NVE ensemble is used to update the wall atom

positions while the NVT is used for the fluid to update atom positions and velocities

at each time step. The time step of integrator is set as 5 fs. The temperature

of the fluid is fixed using the NHC thermostat, which is applied every time step

with a coupling parameter as 50 fs. As introduced previously in Section 2.2.2.1,
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applying the NHC thermostat on the fluid needs an auxiliary choice of computing

the streaming velocity with PBT or PUT. As a result of the possible slip appearing

at the fluid-wall interface, it is impractical to apply PBT because there is no way to

know the a priori linear velocity profiles. Therefore, the PUT is always the better

choice for the boundary-driven-shear method with the NHC thermostat as long as

the slab thickness is chosen carefully subject to the criterion inequality (2.32). A

typical run requires 500 000 time steps (or 2.5 ns) to reach the steady state, followed

by a production time interval that is up to 500 000 steps to obtain fluid velocity and

density profiles from the statistical averages. The entire simulation cell is divided

into 1000 horizontal bins in the z direction and the particle velocities and positions

are averaged for each bin over 2.5 ns during the entire production process.

3.3.1.1 Fluid ordering in the confined channel

Before studying the Couette flow at nanoscale with an imposed velocity on

the upper wall, we first examine the system at its equilibrium state when no wall

velocity is imposed. Figure 3.1(a) shows a typical equilibrated configuration of

a fluid slab confined between two stationary solid walls in the normal plane (x-z

plane). This configuration is obtained at T = 131.8 K with relative energy εr = 0.9

(hydrophilic) and a stationary upper wall, i.e. U0 = 0 Å/fs. It is noticeable

that the well-defined lattice structure of the solid walls induces normal (x-z) layers

forming in the fluid adjacent to both walls, as depicted in Figure 3.1(a). This

phenomenon was also observed by other researchers [38, 88, 89, 45], which represents

a wetting phase between the solid wall and the fluid. However, our high fluid-wall

density incommensurability makes the in-plane (x-y) ordering relatively weak and

no crystallization is formed in the fluid layers (Figure 3.1(b)).

Here, we can quantify the ordering of the fluid using fluid density profile and

two-dimensional structure factor. A typical time-averaged density profile observed

for the static fluid slab is shown in Figure 3.2(a), obtained at T = 131.8 K with

εr = 0.9. The fluid density oscillates along the height of the channel (z direction).

The density peaks near the solid wall, which corresponds to the well-ordered fluid

layer structure formed in the z direction. The value of the first peak is named the
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(a) x-z plane view (normal direction).

(b) x-y plane view (in-plane direction) of the first fluid layer and its
adjacent solid layer.

Figure 3.1: Atomic configuration of the system at the equilibrium state when T =
131.8 K and εr = 0.9 with both walls set as stationary (U0 = 0 Å/fs).
(a) x-z plane view; (b) x-y plane (in-plane) configuration of the first
fluid layer and its adjacent solid layer at the lower interface. (The dots
are to represent the positions of the atoms, not the sizes of fluid and wall
atoms. Red (dark grey) is argon atom and green (light gray) is copper.)

contact density, referring to the fluid density at the fluid-wall contacting interface

[45]. The oscillations gradually decay to a uniform bulk fluid density towards the

center of the channel and away from the walls. A quantitative measure of the in-

plane ordering is achieved by computing the two-dimensional static structure factor

S(~k) in the fluid layers. S(~k) is evaluated as

S(~k) =

〈
1

Nl

∣∣∣∣∣∑
j

ei
~k·~rj

∣∣∣∣∣
2〉

t

, (3.9)
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where Nf is the number of fluid atoms within the layer and < · · · >t stands for the

time average. The smallest possible wave vector ~k is determined by the size of the

system in the x-y plane. The sharp peak in Figure 3.2(b) shows that there is a weak

in-plane ordering but the fluid atoms are not crystallized yet.

This fluid ordering is dependent on the temperature of the system. We examine

a series of fluid density profiles corresponding to temperatures ranging from 131.8 K

to 479.2 K, shown in Figure 3.3(a). At a higher temperature, the amplitude of

the density oscillations damps out much faster towards the center of the channel.

The number of fluid layers formed due to the well-ordered wall structure is thus

decreased. To indicate the nature of the phase of the system, the radial distribution

function g(r) serves as a powerful tool, which is defined as

ρg (r) =
1

N

〈
N∑
i

N∑
j 6=i

δ (r − rij)
〉
. (3.10)

Figure 3.3(b) shows a set of radial distribution functions with varying temperatures.

Higher and sharper peaks in g(r) correspond to larger amplitude in density oscilla-

tions. Increasing the temperature of the fluid gradually smoothes out the peaks in

g(r) by enhancing the fluid atom diffusion, thus reduces the amplitude.

The fluid ordering is also influenced by the fluid-wall interaction strength.

The ordered interaction potential from the first layer dominates the ordering of

the second fluid layer, which then further influences the third layer and so on. In

general, the strength of the fluid-wall interaction determines how far the oscillations

can propagate. The density profile along the channel height (z direction) with

varying εr at a fixed temperature is shown in Figure 3.4(a). εr is varied from

0.1 (hydrophobic) to 0.9 (hydrophilic). In our systems, as εr increases, i.e. more

hydrophilic, the density of the first layer increases and it is more strongly pinned to

the wall. The results clearly show that as the relative energy increases, i.e. stronger

interactions between the wall and fluid atoms, the density profile oscillates with a

larger amplitude and more ordered fluid layers are formed. Meanwhile, Figure 3.4(b)

shows that varying the fluid-wall interaction strength, i.e. the relative energy εr, the

height of the peak in the S(~k) also changes. A large εr relates to a higher and sharper
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Figure 3.2: (a) Fluid density profile and (b) static structure factor at T = 131.8 K,
εr = 0.9 and U0 = 0 Å/fs.
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Figure 3.3: (a) Static fluid density profiles near the lower wall as a function of z and
(b) fluid radial distribution g(r) for five different temperatures from
131.8 K to 479.2 K at εr = 0.9.
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peak, which depicts that the in-plane ordering is more pronounced. In summary,

the density oscillations and the fluid ordering near the interfaces exhibited in the

nanochannel is mainly affected by the temperature and the fluid-wall interaction

strength.

3.3.1.2 Fluid regimes in Couette flow

To simulate Couette flow, we apply a uniform velocity on the upper wall. The

simulation is now a dynamic system. In this study, we will examine systems at their

steady states in a wide range of applied wall velocities U0. The U0 we are interested

in ranges from 0.0001 to 0.052 Å/fs, which corresponds to 10 to 5200 m/s. Although

the highest velocity appears large, more interesting behaviors can be observed. This

velocity range was also used in previous studies on fluids under strong shear in

References [43, 86]. Comparing to the static system, the fluid structures could be

ordered differently depending on the wall velocity. Based on the velocity profiles, we

are able to identify three regimes that the fluid may reach at the steady state. These

fluid structures may result in different density profiles and influences or determines

interfacial boundary conditions. The effects of system temperature T and relative

energy εr on the velocity profile are also discussed.

We first examine the velocity profiles for a large range of moving wall velocity

U0, shown in Figure 3.5. When U0 is relatively low, the velocity profile along the

channel height is a straight line. This linear velocity profile is typically seen in a

Newtonian fluid undergoing Couette flow at continuum scale. As the applied wall

velocity increases, the velocity profile becomes nonlinear. Finally, at high U0, the

velocity profile approaches a horizontal line with Vx(z)/U0 = 0 along the entire

channel height.

Depending on the “shape” of the velocity profiles, the fluid atomic configura-

tion when a system reaches the steady state is also different. Here, we identified

three fluid atomic configurations. The snapshots of these configurations in the nor-

mal plane (x-z plane) are shown in Figure 3.6.

First, when the velocity is low, e.g. at U0 = 0.007 Å/fs, the fluid forms up to

two layers in the immediate vicinities of both upper and lower solid walls as shown
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Figure 3.4: (a) Static fluid density profiles near the lower wall as a function of z
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relative energies εr = 0.1 to 0.9 at T = 131.8 K.
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from 0.003 to 0.035 Å/fs) obtained at T = 131.8 K and εr = 0.9.
Three fluid regimes are labeled corresponding to their ranges of velocity
profiles.

in Figure 3.6(a). This observation is similar to the static system where the fluid

layer has both normal and weak in-plane ordering but no crystallization. In this

regime, the linear velocity profile is consistent with the expectation of a Newtonian

fluid under shear. Thus we name it the Newtonian regime.

As U0 increases, the fluid layers adjacent to the lower wall become fully crystal-

lized within each layer and are also extremely well-ordered along the direction of the

channel height (z direction) (see Figure 3.6(b)), we thus name it the layer regime.

In this range of U0, there are more than two shear-induced fluid layers formed on

the bottom interface, which is more than what is observed in the Newtonian regime.

We then repeated the simulations with multiple channel heights while maintaining

all the other parameters the same. The results show that the appearance of the

fluid crystallization depends on the moving wall velocity U0 rather than the shear

rate.

Thompson and Robbins [38] discussed the dependence of the wetting phase
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(a) Newtonian regime

(b) Layer regime

(c) Oversheared regime

Figure 3.6: x-z plane views of the atomic configuration in the three regimes at T =
131.8 K and εr = 0.9. (a) Newtonian regime with wall velocity U0 =
0.007 Å/fs; (b) layer regime with U0 = 0.015 Å/fs and (c) oversheared
regime with U0 = 0.035 Å/fs.
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on the fluid-wall interaction and the fluid-wall commensurability with a small U0 ≈
0.0032 Å/fs. They found that even with their strongest interaction (εr = 100) and

perfect commensurability (ρw/ρf = 1.0), the number of crystallized layers of the

wetting phase at lower shear rate is two, which is consistent with our observation

in the Newtonian regime. Therefore, these multiple crystallized layers appearing

in the layer regime are essentially different from the wetting phase formed in the

Newtonian regime, and they are induced by the large U0 imposed on the wall. This

peculiar shear-induced fluid crystallization is presumed to be a representation of

the instability of our closed system. A hydrodynamic instability of simple fluid

under high shear rate has been shown using NEMD [62], where the fluid atoms

order into a hexagonal pattern in the plane orthogonal to the shearing direction

and arrange like strings along the shearing direction. This hydrodynamic instability

will be discussed later in the homogeneous-shear section. But the shear rate in our

system is far less than their proposed value that could cause such an instability,

thus the hydrodynamic instability analysis is not valid in this case. Further detailed

investigation will be conducted in the next two sections to better understand the

formation mechanism of this layer structure.

At last, when U0 is very high, the drag between the upper solid wall and

the fluid slab is very weak. Thus, the fluid slab cannot move along with the wall,

instead, it stays at its original position without any translational velocity in the x

direction, which is analogous to the static system we discussed earlier. We name it

the oversheared regime. A snapshot of the system is shown in Figure 3.6(c).

The density profiles of the three regimes, namely Newtonian, layer and overs-

heared regime are shown in Figure 3.7. In the Newtonian regime, the density profile

has the same oscillatory feature as seen in the static system discussed in the previ-

ous section. The density oscillations correspond to the fluid layers at the interfaces.

The entire profile is symmetric about the center line at z = h/2. As the velocity

increases, the system reaches the layer regime. The density distribution becomes

asymmetric along the z direction. The asymmetric density distribution is associated

with the nonlinearity in the velocity profile. Near the lower wall, the contact density

near the stationary wall increases. These sharp peaks in the density profile clearly
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indicate the existence of extremely well-ordered fluid layers. On the other hand,

the fluid layers adjacent to the upper wall gradually transit into a density depletion

which leads to the disappearance of fluid layers. The density profile becomes quite

asymmetric as a result. Finally, in the oversheared regime, the asymmetry of den-

sity along the z direction gradually vanishes as U0 increases. Eventually, the density

profile returns back to what it looks like in the static system and overlaps with the

one in the Newtonian regime.
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!
(Å
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Figure 3.7: Fluid density profiles of the Newtonian, layered and oversheared regimes
obtained at T = 131.8 K and εr = 0.9.

The relative energy εr and temperature T can also affect the velocity profile

in each regime. We select a representative moving wall velocities U0 that belong to

each of the three regimes, and compare the velocity profiles at these particular U0

but with different εr and T .

The effect of εr on velocity profiles is shown in Figure 3.8. In the Newtonian

regime, e.g. U0 = 0.007 Å/fs, a weak interaction (low εr) between the fluid and the

wall induces a large slip velocity (defined as the difference between the fluid velocity

near the wall and wall velocity) at both upper and bottom fluid-wall interfaces

and a smaller velocity gradient along the channel height. In the layer regime, as εr
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decreases, the slip velocity increases at the upper interface while the constant portion

of the velocity profile near the stationary wall is not affected. These behaviors can

be easily understood by the drag force and momentum transfer efficiency at the

fluid-wall interface. A strong interaction generates a large drag force and enhances

the momentum transfer, thus, leads to a small slip velocity and a large velocity

gradient. The change of εr has no effect on its velocity profile in the oversheared

regime because the interactions between the wall and the fluid are not sufficient to

overcome the fast moving wall velocity. The fluid in the oversheared regime does

not move.
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Figure 3.8: Velocity profiles of the three regimes with different relative energy εr at
T = 131.8 K.

Temperature also has an influence on the velocity profiles. The magnitude of

the influence is dependent on the regime. Figure 3.9(a) shows that, in the Newtonian

regime, increasing T from 95.8 to 131.8 K reduces the fluid layer ordering at the

fluid-wall interface, thus causes the slip velocity to increase slightly and results in

a small decrease in the velocity gradient. On the other hand, in the layer regime

(Figure 3.9(b)), increasing the temperature from 95.8 to 131.8 K does not influence

the constant portion of the profile. But at the upper interface, the density depletion
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makes increasing T to reinforce the fluid atom diffusion and raise the momentum

transfer efficiency both at the interface and within the fluid. As a result, the slip

velocity decreases as the temperature increases when the temperature gets high

enough. At 239.6 K, the fluid shifts from the layer to the Newtonian regime.

3.3.2 Mechanism of Layer Structure Formation

In the previous section, we focused on the fluid structures formed near fluid-

wall interfaces in the nanoscale Couette flow for the argon-copper system. We

observed and defined three different regimes of fluid and the structures it forms:

Newtonian regime, layer regime and oversheared regime. While the Newtonian

regime and oversheared regime are well understood, a clear physical picture about

the formation of the exotic crystallized multiple layer structures in the layer regime

is still lacking. To elucidate the formation mechanism of these layers, we conduct

a more general boundary-driven-shear LJ reduced simulation without specifying

materials.

Similar to Section 3.3.1, a fluid-solid sandwich system is built upon LJ fluid

and wall particles. In this system, the LJ reduced units are used. All physical units

are non-dimensionalized by the intrinsic properties of the fluid particle: mf , εff and

σff . Therefore, all subscripts of m, ε and σ are dropped when expressed as units.

The cutoff radius of LJ potential is set as rc = 3.0 σ. In this generic simulation, the

fluid and the wall particle are modelled by the same LJ potential, which leads to a

strong fluid-wall interaction εr = 1.0 that makes the walls very hydrophilic [85, 90].

It is expected to yield the no-slip condition at low wall shearing velocities.

The simulation is designed to maintain a similar system as the argon-copper

system in Section 3.3.1. The two walls are still frozen without thermal motion, and

constructed on the [001] plane of a fcc lattice with a lattice constant of 1.01 σ.

Each wall consists of 1800 atoms that form four layers. The wall has a thickness

of δ = 1.51 σ and the fluid is confined in a channel with height h ≈ 40 σ. The

fluid slab contains 7614 fluid atoms and has density of ρf ≈ 0.844 σ−3. The density

ratio between the wall and the fluid is ρw/ρf = 4.62, which produces a highly

incommensurable interface. The entire simulation cell Lx×Ly×Lz is about 15.13×
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Figure 3.9: Velocity profiles for different temperatures T and εr = 0.9 at two U0:
(a) U0 = 0.004 Å/fs; (b) U0 = 0.013 Å/fs, where increasing T changes
the fluid from layer regime to Newtonian regime. T = 95.8 K is the
solid blue line, T = 131.8 K is the dashed green line and T = 239.6 K
is the dash-dot red line.
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15.13× 44.88 σ3.

The equations of motion are integrated with a time step of 0.005 τ . The system

runs 1× 105 time steps to first reach equilibrium. After equilibrium, the simulation

typically requires another 106 steps to reach steady state once the shearing starts.

The production period is at least another 5×105 steps to obtain statistical averages

for stress, fluid velocity and density profiles. It may extend to 3× 106 steps for low

wall shearing velocity simulations to achieve better statistics. The fluid temperature

is controlled at T = 1.1 ε/kB using the PUT by applying the NHC thermostat every

time step with a relaxation time of 0.05 τ .

3.3.2.1 Nonlinear velocity profiles and layer structure

Moving the upper wall shears the fluid slab and creates steady planar shear flow

(or planar Couette flow), which ideally should demonstrate a linear velocity profile.

The time-averaged fluid velocity profiles for shearing velocities from U0 = 1.0 σ/τ

to U0 = 9.0 σ/τ are plotted in Figure 3.10(a). When the shearing velocity is low,

e.g. U0 = 1.0 σ/τ , the velocity profiles are perfectly linear in the bulk fluid region

away from the walls. The velocity profiles have small nonlinearities adjacent to the

walls, which correspond to the large wall-induced fluid density oscillations. This

linear trend is consistent with the expectation for a Newtonian fluid under steady

planar shear. When the applied shearing velocity is higher, i.e. U0 = 3.0, 5.0

and 7.0 σ/τ , their velocity profiles are no longer linear even in the bulk region.

This nonlinearity is also observed in the previous MD studies on simple fluids [71].

Figure 3.10(b) shows the deviations of these velocity profiles from a linear profile.

In this shearing velocity range, the fluid still remains amorphous and approximately

homogeneous except within the wetting phase near the interface, which corresponds

to the Newtonian regime.

The reason for this nonlinearity in the velocity profile is the temperature vari-

ations in the system. Even though we intend to isolate the dynamic and structural

behaviors of the fluid from the thermal effects by enforcing a uniform fluid tem-

perature, the fluid temperature inside the system starts to deviate from the set

temperature of T = 1.1 ε/kB as the shearing velocity gets higher. This trend has
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also been observed in other studies [91, 71]. To examine how the fluid temperature

alters as a result of the shear, local fluid temperatures (kinetic temperature) as a

function of z for each slab of the simulation cell are computed according to Equation

(2.33). Figure 3.11 shows the time-averaged temperature profiles of the bulk fluid for

different wall shearing velocity U0. It is evident that the fluid starts to heat up near

the walls when U0 exceeds 3.0 σ/τ . The increases of the fluid temperature at both

lower and upper interfaces have the same magnitude. The core reason of the heating

up is that the rate of local viscous heating becomes significant when large slip ve-

locity emerges. Simultaneously, the temperature around the center plane along the

channel height exhibits a significant drop. This drop is to “maintain” the averaged

temperature as the set temperature because the global feedback mechanism of the

NHC thermostat is based on the average temperature of the entire fluid.

As the shearing velocity reaches U0 = 9.0 σ/τ , the system enters the layer

regime and the fluid forms the layer structure. Unlike the velocity profiles shown in

Section 3.3.1, in which the velocity of the layers is zero, the velocity profile observed

in this system has a segment with approximately constant velocity, representing the

collective translational movement of the layers against the wall. In the region where

the fluid remains amorphous, the velocity still increases monotonically to match up

with the upper wall shearing velocity. With the appearance of these ordered layers,

the temperature becomes totally nonuniform and asymmetric (see Figure 3.11). The

layer region has a temperature lower than the melting point corresponding to the

solid-like structure. The emergence of the layer structures can be explained based on

a thermal instability associated with the global nature of the NHC thermostat. At

the start of the non-equilibrium process, the top wall starts moving from stationary.

This large shearing force between the interacting fluid and the wall generates a large

friction that results in substantial heating up at the upper interface, which causes

spontaneous symmetry breaking in the fluid system. The thermostat responses to

that by significantly increasing the damping term which reduces the thermal motion

of every fluid atom besides those in the vicinity of the upper interface. Once the

local temperature of certain part of the fluid drops below the melting point, the fluid

is going to nucleate and the spacial-modulated fluid atoms in the first fluid layer
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serve as nuclei. This mechanism explains why the formation of the layers always

starts within the first fluid layer adjacent to the bottom wall and then propagates

to the bulk.

3.3.2.2 Material functions vs. shear rate

Besides the velocity profiles examined above, the material functions can also

provide a clear and quantitative representation of the nature of simple LJ fluids.

Even though we have already shown that the slight inhomogeneity induced by the

temperature variations appears in the system in the Newtonian regime, the averaged

material functions over the entire fluid domain are still reasonable measurements.

The shear viscosities for different fluid shear rates (up to the onset of the layer

regime) are calculated from both the Irving-Kirkwood (Equation (3.5)) and the shear

force (Equation (3.8)) approaches, shown in Figure 3.12(a). When the layer appears,

there is no physical definition of global shear viscosity in an entirely inhomogeneous

system. The fluid shear rate γ̇ here is not directly proportional to the applied wall

shearing velocity U0 due to the slip at the interface. A high fluid shear rate cannot

be produced due to the onset of the oversheared regime when a large wall shearing

velocity is applied, which means that the fluid stays stagnant when the wall velocity

is too high. For a range of U0 = 0 to 7.0 σ/τ , a range of fluid shear rates from 0

to 0.12 τ−1 is produced. The approaches of calculating pressure tensor yield very

close viscosity results. Therefore, the fluid viscosity hereafter is expressed using

the average of the two results. Consistent with the previous MD results [39, 71],

the shear viscosity is found to be nearly constant at η = 2.35 ± 0.02 ετσ−3, and

remains independent of the shear rate. This value is slightly lower than the value

obtained later by our homogeneous-shear simulations and the previous report [92].

We believe that the small deviation is caused by the surface and scaling effects of the

nanoscale confinement. We conduct another set of simulations with the exact same

system configuration but having a much larger channel height. The channel height

is h = 118.50 σ about three times of the original height, to minimize the surface

and scaling effects. The entire simulation cell is 15.13 × 15.13 × 123.54 σ3. The

result is shown in Figure 3.13, and it exhibits that the shear viscosity in the large
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system is approximately the same as the value from homogeneous-shear simulations

in Reference [92]. We tested several systems with other heights, and the results

show that the shear viscosities of the confined systems converge slowly to the one

of the homogeneous shear system when the height is increasing.

Two normal pressure differences p− and p0 are also measured, shown in Figure

3.12(b). Both are approximately zero at shear rates up to γ̇ = 0.1 τ−1, but become

slightly non-zero at higher shear rates γ̇ > 0.1 τ−1. This is a clear indication of

the fluid transferring from Newtonian to non-Newtonian. However, if we trace back

to the velocity profiles in Figure 3.10, the nonlinearity starts to be significant at

U0 = 3.0 σ/τ , corresponding to a fluid shear rate of γ̇ = 0.06 τ−1. At this shear

rate, the fluid still has a constant viscosity and zero normal pressure differences.

Therefore, based on the quantitative study of the material functions, it is clear that

the nonlinearity in the velocity profile appears before the fluid transfers to non-

Newtonian. This indicates that the nonlinearity is primarily induced by the viscous

heating (from the temperature variations), rather than the fluid transferring from

Newtonian to non-Newtonian.
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Figure 3.10: Time-averaged (a) velocity profiles and (b) deviations of the velocity
profiles from their corresponding linear forms along the z direction.
Vertical axes indicate the location of the innermost fcc lattice planes.
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Figure 3.12: (a) Shear viscosity of the fluid in the channel using the Irving-Kirkwood
expression (open circles) and the shear force expression (stares), (b)
normal pressure difference p− (crosses) and p0 (open prisms) at various
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3.3.3 Thermostat Strategies

We have mentioned that how various thermostats and models of solid walls

affect behaviors of confined fluids within nano-channels in the NEMD starts to re-

ceive additional attention, especially when recent studies of nanofluidic systems are

interpreted, such as flows inside carbon nanotubes. In the previous two sections

of the boundary-driven-shear simulations, we brought out the reasonable questions

about the choice of frozen walls and the adequacy of the global NHC thermostat

applied on the fluid. We proposed an explanation of the onset of the layer regime

and the formation of the peculiar layer structure, which shows that our NHC ther-

mostat algorithm in the previous sections is somewhat dubious for highly confined

boundary-driven-shear system under strong shear.

In this section, we dig deep into the implementations of walls and thermostats

in the boundary-driven-shear simulations. Different thermostat strategies and ac-

companying thermostat algorithms are examined in order to depict how they work

for nanoscale confined fluid simulations, the origin of their distinct influences and

their outcomes on the system, and possible appropriate corresponding applications.

We are going to argue specifically on the suitability of the isothermal strategy applied

so far. This section will be important guidance for later applications on nanofluidic

systems using the boundary-driven-shear method.

According to the implementation of walls, the thermostat is usually applied

either on wall particles or fluid particles exclusively, or fluid and wall particles to-

gether. Depending on the purpose of simulation, the influences of different models

of walls and thermostats may not be a primary concern and are negligible. How-

ever, in other situations in which precise analysis is attempted or the description of

fluid-wall interaction is crucial, the implementation of thermostats may have pro-

found effects. The usage of thermostats and their biases on the system have been

under fierce debate in past decades. Liem et al. [43] have thermostated only two

walls with the simple velocity rescaling [31]. This thermostat strategy inevitably

generates characteristic gradients in the temperature, density and local fluid shear

rate at high imposed shear rates. Additional complexity induced by this thermo-

stat strategy was pointed out by Kim et al. [93, 94] that is the interfacial thermal
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resistance causing a temperature jump between fluid and wall. Khare et al. [95]

compared the differences between thermostating wall particles only and themostat-

ing both fluid and walls. The transport properties of the fluid determined using the

two thermostat strategies showed a qualitatively different dependence on the shear

rate. Recently, Bernardi et al. [55] attempted to provide a comprehensive picture

of thermostating highly confined fluids. They mainly focused on the dynamics of

systems with thermostats on the fluid with either frozen rigid walls or vibrating ther-

mal walls, and compared with a system only thermostated by conduction through

thermal wall only. The profiles of shear stress, streaming velocity, density and tem-

perature and the Lyapunov spectra of the fluid phase space all showed considerable

differences. They suggested caution in interpreting recent transport phenomena of

fluids in highly confined geometries by NEMD simulations at nanoscale.

When walls are modeled as frozen or rigid, because the walls are not capable

to conduct heat, the fluid itself has to be thermostated by applying a thermostat

device directly on the fluid domain. When thermal walls are applied, the whole

system can be thermostated either through a wall exclusive thermostat, in which

the heat generated within fluid can conduct physically to the walls and be removed

by the thermostat; or, by two thermostat devices applied on both wall and fluid

particles simultaneously. The system including fluid thermostat is an isothermal

system, because it is designed to maintain a homogeneous temperature. Combin-

ing different thermostat algorithms we have introduced, the boundary-driven-shear

method involves following thermostat strategies:

• Thermostating the thermal walls exclusively (TW system)

– Langevin thermostat on the walls

• Thermostating the fluid confined by the frozen walls (TF system)

– Nosé-Hoover chains thermostat on the fluid

– Langevin thermostat on the fluid

– Dissipative particle dynamic thermostat on the fluid

• Thermostating the thermal walls and the confined fluid (TWTF system)
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– Langevin thermostat on the fluid and the walls

– Dissipative particle dynamic thermostat on the fluid and Langevin ther-

mostat on the walls

The thermostats are coupled to the equations of motion of the system. The target

temperatures of the thermostats on either the fluid or the wall are set to Tfs =

Tws = 1.1 ε/kB. The LGV and DPD thermostats can be applied easily without

any problems. The NHC thermostat is applied as before with the PUT streaming

velocity.

The system is the same as in the last section, except that the wall only contains

two layers with 900 particles. The spring constant kw for the thermal wall is chosen

to be 1200 ε/σ2 to model a relative stiff wall (e.g., see Reference [45]) with mw =

10 m to make the oscillation time of wall particles comparable to that of fluid

particles. A time step of dt = 0.002 τ is used for all simulations. After an equilibrium

period of 500 000 time steps, a typical run requires at least 500 000 time steps to

reach the steady state. The measured quantities of interest are averaged for at least

another 500 000 time steps.

Because we are interested in the fluid dynamics of the system, the mechanical

properties such as shear stress distribution (off-diagonal components of the pressure

tensor) across the channel is of great importance. This measurement of Pxz relates

to the issue of appropriate computing formula mentioned in Section 3.2, which will

be thoroughly discussed in this section. The flow velocity profiles and fluid density

are also studied. Besides the mechanical properties of the system, another important

task is to check the validity of the thermostat strategies from the thermodynamic

perspective in which the LTE needs verification. The LTE requires that the velocity

and speed distributions of fluid particles in each small locality follow the Maxwell-

Boltzmann statistics. Based on the nature of our system, the distribution of the

x (flow direction) component of particle peculiar velocity is the most important to

consider. But when the equipartition theorem is possibly violated, the distributions

of all three components will be considered. The Maxwell-Boltzmann statistics pro-

vides the distribution for particle peculiar velocity component in α direction for the
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The goal is to check whether the velocity and speed of particles of each slab obtained

from the simulations follow the corresponding distributions.

We first study the TW systems, followed by the TF and TWTF systems for

comparison. We are not only interested in the weakly sheared systems not far from

equilibrium, but also focus on the cases under strong shear. Three shearing velocities

U0 as 1, 5 and 10 σ/τ are imposed to simulate weakly sheared, moderately sheared

and strongly sheared systems, respectively. Though the true shear rate generated

in the fluid system γ̇ may be different from the shear rate imposed because of

possible slip at the interfaces, an imposed shear rate is defined as a control variable

simply defined by the shearing velocity and channel height, as γ̇i = U0/h. Three U0

correspond to γ̇i = 0.024, 0.124 and 0.245 τ−1. Even at the largest shear rate, the

Reynolds number estimated from the shearing velocity, the shear viscosity and the

channel height corresponds to laminar flow. Also, although the shear rates extend

to the shear-thinning region of typical simple fluids [53, 62, 52], the slight change of

viscosity will not have an essential impact on the following discussion.

3.3.3.1 Thermostating the thermal walls exclusively

Figure 3.14(a) clearly demonstrates the differences in the cross-channel velocity

profiles of the Couette flow at three shearing velocities U0. The velocity profile is

linear at small U0 consistent with the continuum theory, and shows pronounced

nonlinearity at intermediate and large U0. The nonlinearity in the velocity profiles

is associated with the nonuniform density profile of the fluid with a concave shape,

as seen in Figure 3.14(b). Figure 3.15 reveals the origin of the nonlinear velocity

and inhomogeneous density. At small shearing velocity U0, the temperature of the

fluid is homogeneous and is maintained effectively at the target temperature of the
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Figure 3.14: Cross-channel profiles of (a) velocity component in flow direction x
and (b) density of TW systems with tabulated shearing velocity U0. A
detailed magnification of the density gradient in the center region of
the channel is shown in the inset in (b).

thermostat on the walls. However when U0 is large, substantial viscous heating

causes the average temperature of the fluid to rise dramatically and the shape of

the cross-channel profile of local temperature is close to a convex parabola. A

quadratic temperature profile is derived based on a simple analysis of the energy

balance equation. For the fluid system at steady state, the energy balance equation
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for the flow geometry reduces to

κ
d2T

dz2
+ η

(
∂vx (z)

∂z

)2

= 0, (3.13)

with the thermal conductivity κ and the shear viscosity η of the fluid. To obtain

this equation, we neglect the temperature and density dependence of κ and η and

utilize the periodicity of the system in the x and y directions. From Equation (3.13),

the temperature profile is obtained as a function of z as

T (z) = −ηγ̇
2

2κ
z2 + Az +B, (3.14)

where A and B are two constants of integration. Strictly speaking, the parabola is

just a crude estimation, because it is known that κ and η do change with respect

to temperature and density. Nevertheless, the quadratic fittings in Figure 3.15(a)

agree with the MD simulation results quite well.

The shear stress profiles computed by the IK1 and MOP expressions are plot-

ted in Figure 3.15(b). The IK1 shear stress shows significantly inaccurate results

in two situations, both of which are associated with nonuniform density. The fluid

density depicts strong oscillations in the regions adjacent to both walls, and conse-

quently the IK1 shear stress shows similar unphysical oscillations. At U0 = 10 σ/τ ,

the low density at the center across the channel is pronounced and the associated

IK1 shear stress profile also has a similar concave shape. In contrast to the IK1

shear stress distributions, the MOP shear stress is constant along the z axis at all

three U0 no matter whether the system is homogeneous. We again show that the

IK1 expression fails to handle the inhomogeneous fluid system. In later simulations,

only the MOP shear stress is measured.

To check the validity of the LTE in the TW systems, the local probability den-

sity functions of the x component of particle peculiar velocity and particle peculiar

speed are exhibited in Figure 3.16. For U0 = 1 σ/τ system, the global thermody-

namic equilibrium (GTE) is actually verified by sampling all fluid particles because

the fluid system has a uniform temperature. For the other two systems, we obtain

the distributions locally at two places with different temperatures: the center plane
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across the channel height with coordinate in the z direction as z = h/2 and the fluid-

wall interfaces. To improve statistics, the symmetry of the system is utilized and

fluid particles are sampled in several slabs with similar temperatures at the center

region. Similarly, the distribution at the interfaces is sampled in both first fluid lay-

ers adjacent to the lower and upper wall. In all TW systems, f (vpx) and f (vp) agree

very well with the predictions by the Maxwell-Boltzmann statistics. Validated from

the hydrodynamic and thermodynamic aspects, the TW system faithfully represents

a physical system of planar Couette flow within nano-channel.
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Figure 3.15: Cross-channel profiles of (a) temperature and (b) shear stress (xz com-
ponent of the pressure tensor Pxz in TW systems with tabulated shear-
ing velocity U0. Dashed lines in (a) are quadratic fittings to the data.
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calculated by the MOP and the IK1 methods, respectively.
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Figure 3.16: Local probability density functions of (a) the x component of the pe-
culiar velocity and (b) peculiar speed for fluid particles in TW systems
with tabulated shearing velocity U0. For U0 = 5 σ/τ and U0 = 10 σ/τ ,
“C” represents sampling at the center across the channel and “I” repre-
sents sampling at the lower and upper interfaces. Dashed lines are the
predictions of the Maxwell-Boltzmann distribution according to local
temperatures.
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3.3.3.2 Thermostating the fluid confined by frozen walls

The TW system has been verified as a physical thermostat strategy for our

nanoscale MD simulations. Although it does not guarantee the GTE except at

small shearing velocity U0, the LTE is maintained everywhere within fluid system

even at fluid-wall interfaces. By switching to the TF system, the mechanism of

thermostat changes from dissipating heat through conduction to disposing directly

via the thermostat on fluid particles. We applied the NHC, the LGV and DPD

thermostats for the TF system to study the additional influences of thermostat

algorithms on the fluid.

At small shear velocity U0, the flow profile, the thermal and mechanical prop-

erties of the fluid are as expected: linear velocity profile, homogeneous temperature

profile and uniform shear stress across the channel. The differences between us-

ing different thermostat algorithms are negligible. Of course, the dynamics of fluid

particles would be distinct especially for particles in proximity to the solid walls

as pointed out in Reference [55]. The dynamics of the systems is not the major

concern of this work and, therefore, it is not studied in detail. Nevertheless, when

U0 is 10 σ/τ , the TF system with the NHC thermostat enters the layer regime,

exhibiting long-range order in the fluid domain. The fluid temperature exhibits

significant inhomogeneity where the temperature of layered region is actually below

the melting point of the fluid. The NHC thermostat under this condition does not

reproduce a physical non-equilibrium system because the local temperature is im-

possible to be smaller than the temperature of an un-sheared equilibrium system,

which is T = 1.1 ε/kB.

On the other hand, Figure 3.17 manifests the disappearance of extremely or-

dered fluid layers in the systems with two local thermostats, the LGV and DPD

thermostats. Instead, both local thermostats result in approximately linear velocity

profiles consistently with homogeneous and amorphous fluid particle distribution

except within the interfacial layers. The temperature of the fluid is uniform and ef-

ficiently controlled around the target temperature of the DPD thermostat, whereas

there is a net increase of the average temperature and notable interfacial heat up

when the LGV thermostat is exploited. The interfacial heat up leads to slight non-
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Figure 3.17: Comparison between (a)velocity profiles and (b) temperature profiles
of TF systems apply the LGV, DPD and NHC thermostats with U0 =
10.0 σ/τ at Tfs = 1.1 ε/kB. The inset in (b) shows difference of
temperatures at lower fluid-wall interface in detail.

linearity near walls in the velocity profiles.

Our results agree well with the results of Nirvarani and Priezjev [91]. The

LGV thermostat cannot thermostat the fluid effectively at such large U0 with Γf =

1 mτ−1. The dissipation by the thermostat cannot compensate the total amount

of viscous heating, and the consequence is reflected in the temperature rise. We

also observe a slightly smaller temperature in the y direction than in the x and z
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directions at the interfaces, which implies a faster rate of heat dissipation by the

thermostat comparing to the rate of energy transfer among the three directions.

Although the issue of temperature rise can be successfully inhibited by assigning

a larger friction coefficient Γf = 100.0 mτ−1, the large Γf may severely bias the

dynamics of the system, e.g. suppressing natural temperature fluctuations and self-

diffusion of fluid particles. Furthermore, the equi-partition of temperature does not

recover and becomes even pronounced for large Γf .

Though the modification of the LGV thermostat to satisfy the profile-unbiased

requirement is appropriate for our boundary-driven-shear simulations within New-

tonian regime without recognizable bias on the system, the major part of the ther-

mostat ability is sacrificed because only one direction is thermostated. With the

damping force of the same magnitude, the DPD thermostat shows a better thermo-

stat ability than the LGV thermostat and, therefore, the DPD thermostat is more

suitable for the strongly sheared systems. The above comparison lucidly reveals the

different nature of the global and local thermostats and their remarkably distinct

effects on the non-equilibrium system.

Even at U0 = 10 σ/τ , the shear stress distributions remain uniform for all

the three thermostat algorithms including the NHC thermostat which induces the

layer structure. The differences in the magnitude of the shear stress are mainly

induced by different shear rates in the systems with different thermostats, which

can be seen from the velocity profiles in Figure 3.17(a). Fluid viscosity changes in-

duced by the thermostats also contribute in the magnitude differences of the shear

stress. In contrast to Reference [55], the shear stress distributions of the TF systems

do not distinguish from those of the TW systems. The TF system also generates

correct mechanical property of the Couette flow. When checking the LTE of dif-

ferent systems, we also demonstrate the violation of the equipartition from local

probability density functions of particle peculiar velocity components, when using

the LGV thermostat with large friction coefficient. Figure 3.18(b) clearly shows the

distributions for the three directions did not overlap with each other. Except the

TF system using the LGV thermostat with Γf = 100.0 mτ−1, other TF systems

with the NHC, LGV and DPD thermostats all fulfill the LTE, even in the layered
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Figure 3.18: (a) Cross-channel profiles of shear stress in TF systems with different
thermostats; (b) local probability density functions of the three com-
ponents of the particle peculiar velocity of TF system under the LGV
thermostat with Γf = 100.0 mτ−1. The results were sampled at the
lower and upper interfaces. All systems are sheared with U0 = 10.0 σ/τ
at Tfs = 1.1 ε/kB.
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region in the system with the NHC thermostat.

As mentioned before, we do expect some changes in the shear viscosity, specif-

ically an increase of the magnitude when applying the LGV and DPD thermostats.

Therefore, utilizing the result of the system with the NHC thermostat as the bench-

mark, we compare the shear viscosity η and first normal pressure difference p−

[96, 80] of various systems with the LGV and DPD thermostats having different

thermostat parameters. Figure 3.19 demonstrates a comprehensive comparison of η

and p− among the two systems with the LGV thermostat, the four systems of the

DPD thermostat and one reference system under the NHC thermostat. Both η and

p− confirm that the fluid only shows very weak shear thinning for the range of shear

rate in this work. As expected, the viscosity of the NHC system is the lowest and

the LGV and DPD thermostats enhance viscosity. The viscosity of the NHC system

only represents the contribution from the LJ fluid itself, where the fluid friction is

purely based on the interatomic LJ potential.

Moreover, the extra increments of the viscosity of the LGV and DPD ther-

mostats comparing to that of the NHC thermostat depict the unique feature that

the thermostat itself has viscosity. In Figure 3.19(a), the system applying the LGV

thermostat with default Γf = 1.0 mτ−1 has the closest viscosity comparing to the

NHC system, but the average temperature of the fluid rises about 0.1 ε/kB at the

highest shear rate as we showed in Figure 3.17(b). Even at the highest shear rate,

increasing Γf to 10 mτ−1 fixes T = 1.1 ε/kB approximately, but the magnitude

of viscosity is increased. Thus, there is a tradeoff between controlling temperature

and controlling viscosity increment. The tradeoff still exists for the systems with

the DPD thermostat, but fortunately there are two thermostat parameters can be

tuned. The system using the DPD thermostat with default setting r′c = 3.0 σ and

γ = 1.0 mτ−1 exhibits the largest viscosity about 40 percent larger than that of the

system with the NHC thermostat. To effectively control the temperature even for

the highest shear rate herein, the constraint of magnitude of the friction coefficient

can only be released to γ = 0.8 mτ−1. The adjustment consequently cuts down the

viscosity. Further bringing down γ would successively reduce the viscosity, but the

fluid temperature T = 1.1 ε/kB can not be guaranteed at high shear rates. Besides
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Figure 3.19: Comparison between (a) viscosities and (b) normal pressure difference
p− = (Pxx − Pzz) of different TF systems with NHC, Langevin and
DPD thermostat as a function of the shear rate at Tfs = 1.1 ε/kB. The
error bars of material functions have no substantial difference between
systems. Three representative error bars are plotted for three data
points of one DPD system to give an impression of error for all systems.
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the friction coefficient, the cutoff radius of the DPD interaction is capable to affect

viscosity. A direct correlation is that a large r′c corresponding to a large number of

thermostated particles [69] (Equation (2.45)) induces larger viscosity. The viscos-

ity changed by r′c is much more significant than that adjusted by γ. A simplified

argument by Groot and Warren [74] revealed a quantitative expression of the extra

contribution to the fluid viscosity from the dissipative forces as ∆η ≈ 2πρ2

1575
γr′c

5.
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3.3.3.3 Thermostating the thermal walls and the confined fluid

The last thermostat strategy to study is the TWTF system. The TWTF

system can be considered as a combination of the previously studied TW and TF

systems. The mechanisms of thermostat include dissipation by both conduction

through the thermal walls and directly via the thermostat on fluid particles. Essen-

tially, the TWTF system is very similar to the TF system except the implemented

model of walls, because both of them are isothermal systems. We introduce the

TWTF system by comparing with the TF system to elucidate effects of thermal

walls. Because we have already unveiled the limitation of the NHC thermostat,

the NHC thermostat is not applied on the TWTF system. The comparisons are

conducted only between the systems with the LGV and DPD thermostats having

default thermostat parameters. Figure 3.20 shows that, for the quantities of interest

focused in this work, no fundamental differences are observed between the TWTF

and TF systems. The biggest discrepancy is manifested in the local temperature

profiles. Because the thermal walls are able to conduct heat, the interfacial heat

up in the TWTF systems is significantly reduced comparing to the TW systems.

Besides the interfacial heat up, another notable distinction is actually related to the

dynamics of fluid particles. For the density ratio between fluid and wall simulated

in this work, the fluid slip against the frozen walls is much more pronounced than

against the thermal walls, as stressed in References [45, 55]. As a result of small slip

in the TWTF systems, the true shear rates of the fluid of the TWTF systems are

slightly larger than those of the TF system. Consequentially, the fluid temperature

in the bulk region of the channel is larger in the TWTF system with the LGV sys-

tem than in the corresponding TF system. The measurements of the shear stress

agree well with the expectation as in Figure 3.21. The shear stress distribution be-

haves well as a constant, consistent with hydrodynamic expectation for the TWTF

system. Once again, the differences between the magnitude of the shear stresses are

attributed to the differences of shear rates and the different fluid viscosities. The

local probability density functions of the peculiar velocity and speed of fluid par-

ticles are in good agreement with the Maxwell-Boltzamann distributions, verifying

the LTE in the TWTF systems.
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In this section, we analyze the three thermostating strategies: namely the

TW, TF, and TWTF for nanoscale confined fluid flow simulations. The TW system

inevitably generates a non-uniform cross-channel temperature distribution at large

shearing velocities or high shear rates. The non-uniform temperature further induces

spatial gradients in cross-channel profiles of the density, viscosity and shear rate.

On the other hand, the drastic temperature gradient is eliminated in the TF and

TWTF systems because of the thermostat on the fluid itself. For the two isothermal

strategies, the three thermostat algorithms, the NHC, LGV and DPD thermostats

show discrepant behaviors at large shearing velocities or high shear rates. The global

thermostat NHC can not handle the inhomogeneity of temperature and result in the

unphysical temperature distribution or even the artificial layer structure as in the

layer regime. For highly confined and strongly sheared fluid, the local thermostats

are preferred. The LGV and DPD thermostats demonstrate the ability to enhance

fluid viscosity, whereas the NHC maintains the authentic viscosity.

From the analysis of these systems, although for high-shear-rate situation, the

flow properties in the TF and TWTF systems are never comparable to those of

the TW systems, two key properties of thermostat are not violated. From thermal

aspect, the LTE is fulfilled. From hydrodynamic aspect, the important mechanical

property, shear stress, is constant across the channel, which is consistent with hy-

drodynamic prediction. At this point, the TF and TWTF systems with the local

thermostats have been proven as valid ways to thermostat nano-channel flow sys-

tems. Nevertheless, the dynamics of the three systems are all different from each

other even at low shear rates, and may have pronounced influences at fluid-wall in-

terfaces, e.g., fluid slip against walls. For studies on nanoscale transport phenomena

within confined systems, such as nanoscale slip boundary condition or flow inside

carbon nanotubes, the thermostat strategy has to be treated with caution. When

simulating the TW systems, the temperature rise shifts the thermodynamic state

point of the system, having significant impacts on the dynamics of system. When

simulating the TF or TWTF systems, a hidden assumption needs attention, which

is an infinite thermal conductivity of the fluid. This assumption may be good only

for fluids with large thermal conductivity. But the isothermal system could pro-
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vide a practical and convenient route for some applications such as measurements

of self-diffusion coefficient or shear viscosity of fluids. It may be also suitable for

asymptotic analysis of nanofluidic systems eliminating viscous heating effects.
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Figure 3.20: Comparison between (a)velocity profiles and (b) temperature profiles
between TF and TWTF systems with Langevin and DPD thermostats.
U0 = 10.0 σ/τ , Tws = 1.1 ε/kB and Tfs = 1.1 ε/kB. The velocity
profiles of TF DPD and TWTF DPD in (a) are shifted downward for
a better visualization.
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3.4 Homogeneous-shear Simulations

The first part of this chapter not only thoroughly investigates the nanoscale

fluid behavior with confined geometries via the boundary-driven-shear method, but

also involves the deep discussion of the thermostat for the boundary-driven-shear

simulations. As introduced in Chapter 2, the homogeneous-shear method is able

to address the fundamental questions about understanding fluid at nanoscale from

a different perspective, in which no surface and scaling effects are involved. Theo-

retically, the homogeneous-shear method has a sound relation with response theory

comparing to the boundary-driven-shear method. As mentioned in the boundary-

driven-shear simulations, the range of resulting shear rate achievable is limited.

Although some complexities may be involved, the homogeneous-shear method is

inherently capable to impose high shear rates. Also, because the systems to be con-

sidered are at nanometer scales, the Reynolds number defined as Re = ρmγ̇L2
z/ (4η)

is maintained at low values even at extremely high shear rates. The homogeneous-

shear method provides a unique approach to study non-Newtonian behaviors at high

shear rates without turbulence complicating the analysis. Therefore, we are inter-

ested in obtaining the rheological quantities of the simple fluid at high shear rates

and correlate them with microstructural changes in the fluid via the homogeneous-

shear method.

To facilitate the understanding of shear rheology, numerous theoretical, ex-

perimental and computational studies are focused on constructing the correlations

between the rheology and microstructures for various fluids. In complex fluids such

as colloidal suspensions and polymer solutions under a steady shear flow, both shear

thinning and shear thickening were observed, along with different microstructures

formed in the fluid [97, 98, 99, 100, 101]. These non-Newtonian behaviors, e.g. shear

thinning, not only exist in complex fluids, but also observed in simple fluids under

certain conditions [96]. More than one hundred years ago, Maxwell believed that all

fluids have non-Newtonian properties. The reason for simple fluids behaving New-

tonian is that their characteristic times corresponding to non-Newtonian features

(i.e., Maxwell relaxation time) are too short to be observed by the available analysis

techniques. However, numerical simulations provide an effective way to investigate
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these non-Newtonian phenomena in simple fluids. One of the pioneers of this work is

Erpenbeck [102], who observed shear thinning in the hard-sphere fluid at moderate

shear rates (∼ order of 0.1 reduced unit τ−1) and an exotic “string phase” at high

shear rates (∼ order of 1), where particles arranged into strings in the flow direction

with hexagonal symmetry in the plane normal to the flow direction. Most studies

using NEMD or non-equilibrium Brownian dynamics reported systematic and strong

ordering in simple fluids undergoing either steady [103, 104, 62, 105] or oscillatory

shear flows [106, 107] when shear rates are high. On the other hand, several groups

have argued that the ordering of simple fluids in steady shear is caused artificially by

the thermostat algorithms [53, 60, 61, 54]. Instead, they showed amorphous particle

distributions and observed shear thickening.

We construct homogeneous-shear simulations to investigate the non-Newtonian

phenomena of the simple fluid. The homogeneous-shear method is implemented as

described in Section 2.1.2.3, with an initial perturbation representing a planar shear

and the Lees-Edwards periodic boundary conditions to preserve the shear flow. The

number of fluid atoms ranges from 1729 to 62 208, corresponding to the size of the

simulation cell ranging from 20.16 × 20.16 × 5.04 σ3 to 120.94 × 120.94 × 5.04 σ3.

The different simulation sizes are necessary to obtain enough statistics for the NHC

thermostat with different PUT computing (see Section 2.2.2.1 for details). The time

step may be reduced to 0.0003 τ for the homogeneous-shear simulations with very

high shear rates. it takes 1×105 time steps for the system to first reach equilibrium,

followed by at least 5 × 105 steps to reach steady state after shearing. The final

production steps vary from 5× 105 to 56.

The LGV and DPD thermostats have also been tested for homogeneous-shear

simulations, but the system cannot be thermostated except at quite low shear rates.

These two thermostats do not have satisfactory thermostat ability for high shear

rate simulations comparing to the NHC thermostat. The relaxation time of the NHC

thermostat applied in the homogeneous-shear simulations is usually much smaller

than in the boundary-driven-shear simulations due to enormous viscous heating

generated at high shear rates. Similar to the boundary-driven-shear simulations,

we will first examine non-Newtonian behaviors of the simple fluid and thermostat
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influences by studying the velocity profiles of the system. Then non-Newtonian

behaviors will be examined quantitatively from the rheological material functions.

The origin of these non-Newtonian phenomena will be revealed by investigating the

microstructure formed in the fluid.

3.4.1 Velocity Profiles vs. Shear Rate

A range of shear rates γ̇ from 0.001 to 10.0 τ−1 is imposed on the fluid. These

shear rates are far beyond what the boundary-driven-shear method can produce,

but still have their corresponding Reynolds numbers to remain within the laminar

condition. Here, we examine two representative shear rates, γ̇ = 1.0 τ−1 and γ̇ =

5.0 τ−1. The velocity profile along the channel height direction z for these two shear

rates are shown in Figure 3.22(a). Three thermostats: PBT, 2D (xz× z) PUT, and

3D (xyz×yz) PUT are used and their results are compared. At relatively lower shear

rate, e.g. γ̇ = 1.0 τ−1, the Vx velocity profiles using the three different thermostats

all show linear trend and yield nearly identical results. Linear profiles indicate that

there is no significant secondary flow. The fluid is amorphous at this shear rate. At

high shear rate, e.g. γ̇ = 5.0 τ−1, the velocity profiles in Figure 3.22(a) show that

the (xyz × yz) PUT yields substantially larger fluctuations of instantaneous profile

in the y-z plane where the disturbances in y and z directions are not prohibited

by the thermostat. A secondary flow in the y-z plane is observed. Figure 3.22(b)

shows the magnitude of the disturbance in the y-z plane, which is computed as

|Vyz| (z) =
√
Vy(z)2 + Vz(z)2. Meanwhile, the PBT prevents these behaviors and

maintains a linear profile with no disturbance.

At the high shear rate of γ̇ = 5.0 τ−1, a string phase appears for all the three

thermostats. In the string phase, fluid atoms form hexagonal pattern in the y-z

plane (i.e. vorticity-velocity gradient plane) as shown in Figure 3.23. It is usually

associated with significant instantaneous fluctuations and shear localization. They

appear in the form of discontinuities in the velocity profile [108], as we also see in

Figure 3.22(a). Unlike the layered structure we found in the boundary-driven-shear

simulations, which is the artifact of the NHC thermostat, the string phase appears

most likely because of the non-Newtonian nature of the fluid. Unfortunately, this
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conjecture cannot be verified by experiments with the current available techniques.

However, it is able to draw similarity from the observation of colloidal suspensions

[109, 99]. The following section on material functions analysis will discuss further

on the possible microstructures appearing in simple fluids.

3.4.2 Material Functions vs. Shear Rate

The shear viscosity of the shear rates from 0.001 to 10.0 τ−1 is first studied,

shown in Figure 3.24(a). The results from the three thermostats yield nearly the

same result and show consistent shear rate dependency. Note that the quality of

the data obtained at very low shear rates is quite poor, especially for the shear vis-

cosity. It appears that fluctuations at low shear rates make a large noise-to-signal

ratio, which makes accurate measurement difficult. The shear viscosity can be sep-

arated into three regions by the two characteristic shear rates, the non-Newtonian

transition shear rate γ̇nt and the critical shear rate γ̇cr. The non-Newtonian tran-

sition shear rate γ̇nt locates at γ̇nt ≈ 0.1 τ−1, which separates the viscosity from

constant (Newtonian) to shear-thinning region (non-Newtonian). This transition

shear rate has a magnitude that is consistent with the result we obtained in the

boundary-driven-shear simulations.

The critical shear rate γ̇cr defines the transition from the shear-thinning region

to a third region which is separated by a sudden drop in the viscosity at γ̇cr ≈ 3.0 τ−1.

The third region is normally named as the second shear-thinning region because of

the rapid decrease in viscosity. The fluid remains amorphous until the shear rate

reaches γ̇cr, and the string phase emerges along with the second shear thinning

above γ̇cr. The viscosity drop associated with the string phase was analyzed by the

previous studies [104, 110]. When the strings appear, the fluid particles are more

widely spaced within a string than between the strings, which leads to a higher

self-diffusion coefficient component in the x direction. Consequently, the viscosity

decreases.

The two normal pressure differences as functions of the shear rates are shown

in Figure 3.24(b). At low shear rates, p− and p0 are approximately zero, which

are associated with the constant viscosity confirming the simple fluid is Newtonian
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at low shear rates. In the shear thinning region, both normal pressure differences

decrease monotonically until reaching γ̇cr. For γ̇ > γ̇cr, p− and p0 scatter without

any obvious trend, which is related to the emergence of the string phase. In this

range of shear rates, the string phase contains large fluctuations of flow properties

and shear localization, therefore the material functions resulted from the different

thermostats in the second shear thinning region are shown to be more sporadic.

The stability analysis and direct numerical simulations [111, 112] found that

the linear velocity profile for planar shear flow is stable upon arbitrary infinitesimal

perturbations for Re < 125. For the systems in this work, the critical shear rate

γ̇cr ≈ 3.0 τ−1 corresponds to Re ≈ 9.8. Therefore, the rheological behaviors, such as

the viscosity and the pressure differences observed above are truly due to the non-

Newtonian nature of the simple fluid preventing the possible onset of turbulence.

The consistent non-Newtonian behaviors and the appearance of the string

phase we observe from all the three thermostats contradict with other studies [53,

113], where McWhirter showed that a (xyz × xyz) PUT prevents the onset of the

string phase because of large vortices exist in the y-z plane [113]. On the contrary,

the PUT thermostats we have implemented still sustain the string phase as long as

the spatial average of particle velocity is statistically reliable.

A possible physical interpretation of the string phase is proposed by the follow-

ing analogy to colloidal suspensions. In the comprehensive discussion on colloidal

suspensions [114, 101], Foss et al. stated that the string phase forms in colloidal

suspensions when there are repulsive forces among colloidal particles. The repulsive

forces prevent particles from getting close enough for the build-up of short-range

lubrication forces which disrupt any order that may form. For simple fluids, the

absence of solvent means there is no lubrication force to prevent the onset of the

string phase and the shear thinning continues. Thus, based on the similarity in

the formation of string phase, we believe that the string phase we observe is likely

not an artifact and it is possible to have the second shear thinning and the string

phase to occur in simple fluids. To investigate whether the string phase is possibly

a physical behavior induced by high shear rates, we further look into the pattern of

the fluid structural change due to different shear rates.
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3.4.3 Shear-induced Microstructures

The shear-induced distortion of fluid particle distribution is believed to be

responsible for the non-Newtonian phenomenon in simple fluids [96]. The behavior

is similar to colloidal suspensions [115]. To qualitatively investigate the structural

change, the projections of pair distribution function g (r) on different planes are

measured. The pair distribution function describes the distribution of distances

between pairs of particles contained within the simulation cell. The projection of it

on the x-y plane is defined as

g (x, y) =
N (x, y,∆x,∆y)

NtρxyA (x, y,∆x,∆y)
, (3.15)

whereN (x, y,∆x,∆y) is the number of particles found in the square areaA (x, y,∆x,∆y)

located at (x, y) with respect to the sampled center particle, Nt is the total number

of particles within the simulation cell and ρxy is the planar number density in the

x-y plane. Other projections can be obtained in the same manner.

Figure 3.25 shows g (r) being projected onto three different planes (x-z, y-

z and x-y) when the fluid is sheared at shear rates γ̇ = 0.0, 0.5, 2.0, 5.0 τ−1.

Column “eqm” is a reference and depicts the equilibrium particle distribution for

the fluid at rest, i.e. γ̇ = 0.0 τ−1. The intensity of the distribution corresponds

to the probability of finding a particle in a given region and is measured by the

darkness of shading: the lighter the color is, the larger the probability of finding

a particle is. Since the fluid is isotropic at equilibrium, g (r) has no directional

dependence. The intensity patterns are radially symmetric in all the three planes

as expected. For the Newtonian flow regime when “γ̇ = 0.5”, the microstructure

distortion is mainly limited in the x-z plane, i.e. velocity-velocity gradient plane,

where the shape of the projection of g (r) becomes a biaxial ellipsoid with the long

principal axis aligning with the extensional axes at π/4 and the short principal axis

aligning with the compressive axes at 3π/4. The intensity becomes higher along the

compressive axes in the second and fourth quadrants. The projection of g (r) on

the y-z plane still preserves to be radially symmetric. When shear thinning occurs,

e.g. “γ̇ = 2.0”, the deformation of g (r) is so large that the long axis rotates away
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from the extensional axes in the x-z plane and distortion is introduced even in the

y-z plane. These microstructure distortions in the fluid closely relate to the shear

thinning with negative p− and p0. Based on these observations, the shear thinning

can be explained such that as shear rate rises, shear stress rises correspondingly, the

particles diffuse against the flow trying to recover to their un-stressed equilibrium

distribution. But, the particle diffusion eventually can no longer keep up with the

flow and the microstructure distortion saturates, and the shear thinning starts. As

the shear rate further increases, e.g. γ̇ = 5.0, the ordered structures representing the

string phase appears. The hexagonal pattern of fluid particle distribution is clearly

found in the y-z plane.

The PUT thermostat is used in this simulation. The system with the PBT

yields very similar pair distribution function as the one in the system with the PUT,

which confirms that different thermostats do not influence the essential behaviors

of the systems. This study shows that it is possible that the formation of the string

phase is due to the high shear rate, not the choices of thermostats.

3.5 Comparison among Boundary-driven-shear, Homogeneous-

shear and Reverse-NEMD Methods

We have explored the fundamental nanoscale behaviors of simple fluids un-

der steady planar shear by both the boundary-driven-shear and homogeneous-shear

methods. The results are comprehensive and fruitful, although they are achieved

from individual perspectives via the different methods. As the closure of this chap-

ter, we intend to combine the independent results from Section 3.3 and 3.4, and

new results from the reverse-NEMD simulations together to establish correlations

and distinctions among the different NEMD methods. A comprehensive summary

on the feasibilities and limitations of the three methods is provided, which hopefully

could benefit future MD simulations on nanofluidic systems.

We retrieve the results of the boundary-driven-shear method with the large

simulation cell having dimensions 15.13×15.13×123.54 σ3 exhibited in Section 3.3.

The homogeneous-shear and RNEMD simulations have the same size consisted of

2916 atoms. The simulation cell is cubic and measures 15.13× 15.13× 15.12 σ3. In
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the RNEMD simulation, the mechanism of imposing shear flow is described in Sec-

tion 2.1.3, and the cell is divided into 14 slabs along the z direction for momentum

exchange. The momentum exchange is performed between atoms in the first and

middle slabs as described for various exchange intervals W . Instead of exchanging

the momentum of the atom with the most positive px and the most negative px as

originally suggested [51], the exchange is conducted between atoms with vx nearest

to the target velocity ±vt. This modified implementation allows momenta to be ex-

changed more smoothly. In the simulation, the combination of W and vt is tuned to

generate smoothly changing shear rates. Because the swap conserves both the linear

momentum and the total energy of the system, thermostat is not strictly required.

Consequently, the NHC thermostat is applied only when RNEMD simulation is

equilibrating, followed by the non-equilibrium period without any thermostat.

The time step of the homogeneous-shear simulations ranges from 0.002 τ to

1 × 10−5 τ based on the imposed shear rate. The RNEMD requires a time step of

1× 10−4 τ to prevent total energy drift with large momentum fluxes. 1× 105 steps

are required to reach equilibrium. The boundary-driven-shear simulations typically

require at least another 1 × 106 steps to reach steady state and 5 × 105 steps to

obtain the quantities of interest. The production period could extend to 1.5 × 106

steps to achieve better statistics at low shearing velocity. After imposing shear,

both the homogeneous-shear and RNEMD simulations require at least 2× 106 steps

before any data could be collected, followed by 1 × 106 to 1 × 107 steps depending

on the shear rate and time step magnitude. The typical computational time for the

boundary-driven-shear simulations with 1.5× 106 steps is 6.5 hours with 1024 cores

on an IBM Blue Gene/L. The computational cost for the homogeneous shear and

RNEMD simulations are 3 hours and 2 hours with 5× 106 steps, respectively. The

entire simulation cell is divided into 100 and 50 horizontal slabs in the z direction

for the homogeneous-shear and RNEMD simulations. Quantities of interest are

averaged for each slab during the entire production process. All data analysis of the

simulations is performed using block averaging by dividing the production run into

1000 blocks.

We first compare the shear viscosities obtained with the three NEMD methods,
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which are plotted in Figure 3.26. As before, the data for the boundary-driven-shear

simulation is strictly limited to the Newtonian (or linear) regime. Note that the error

bars of the data points at low shear rates indicate large uncertainties even when con-

siderably long production periods are used. The Brownian noise at low shear rates

creates a small signal-to-noise ratio in the measurement. We have known that the

viscosity remains constant in the boundary-driven-shear simulation, which prelimi-

narily indicates that the fluid is Newtonian within this shear rate range. However, by

comparing to the other two methods, we notice that this range is very limited. The

shear rate coverage of the homogeneous-shear method can be four orders of mag-

nitude larger than that of the boundary-driven-shear method, which supports the

appearance of non-Newtonian behaviors. The viscosity of the homogeneous-shear

simulations agrees very well with those obtained in this large boundary-driven-shear

simulation. As mentioned in Section 3.3, this indicates that the large height indeed

greatly reduces the surface and scaling effects. The RNEMD method provides con-

sistent viscosity comparing to the two other methods but with much smaller error

bars, especially when the shear rate is low, even with the simulation cell the same

as the homogeneous-shear simulations and smaller than the boundary-driven-shear

simulations and in a shorter production period. However, at high shear rates for the

RNEMD method, the uncertainties of the calculated viscosity significantly increase.

There are several data points that overlap each other at the upper limit shear rate

of the RNEMD result. The large error bars at high shear rates are attributed to the

fact that faster momentum exchanges perturb the system more frequently, which

induces larger fluctuations in the resulting pressure tensor.

Using the non-linear least-squares method, the viscosity data from the homogeneous-

shear simulations up to the γ̇cr is fitted to the Carreau model [80] of the form

η(γ̇) = η0[1 + (λγ̇)a]
n−1
a , (3.16)

where η0 is the zero-shear-rate (i.e. Newtonian) viscosity. λ basically determines

the shear rate at which the transition from the Newtonian region to the first shear

thinning region occurs, which also reveals the material relaxation time. The result

shows that the shear rate dependence of the fluid viscosity agrees very well with the
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theoretical prediction by the Carreau model with η0 = 2.551, λ = 0.295, a = 1.013

and n = 0.300. However, like the popular power-law model for viscosity, the Carreau

model does not give atomistic or molecular insight into non-Newtonian behaviors.

Because the velocity, density and temperature profiles of the boundary-driven-

shear and homogeneous-shear simulations have been thoroughly demonstrated and

analyzed in the previous sections. We only focus on elucidating the flow properties

of the RNEMD simulations here. Different from the previous two methods, the

RNEMD totally reverses the way to study the dynamic system. The momentum ex-

change algorithm holds total energy as a constant, by transforming random thermal

kinetic energy. This unphysical swap induces entropy reduction, which decreases

the temperature in two swapping slabs. At the same time, the resulting shear ve-

locity profile leads to viscous heating within the simulation cell. Therefore, the two

slabs are two heat sinks where the viscous heat is disposed of, and a inhomogeneous

temperature profile across the cell is expected. The local temperature is computed

in a PUT style by excluding the streaming velocity. Figure 3.27 shows the velocity,

density and local temperature profiles along the z direction at different amounts of

momentum flux, ranging from moderate to high. The swapping slabs are located

at approximately z/Lz = 0, 0.5 and 1 with two shear zones in between. For sim-

ulations with modest fluxes, the density and local temperature variations with z

are negligible, the profiles are uniform everywhere and the velocity profiles are lin-

ear. Increasing the momentum flux induces dramatic density and local temperature

variations, while the average system temperature calculated from the total velocity,

i.e. including the streaming velocity is kept as the set temperature T = 1.1 ε/kB.

The nonlinear behavior can be understood as a competition between the rate of

unphysical heat dissipation by exchanging momenta and the rate of natural thermal

diffusion. When the momentum flux is large, the diffusion is not able to dissipate

the temperature gradient generated by the momentum exchange. Besides local tem-

perature variations, an additional disadvantage lies in the RNEMD method is the

capability to reach very high shear rates regardless of whether it is physical. As

increasing the momentum exchange rate by adjusting W and vt, the shear rates

are observed to saturate corresponding to the overlap data points in Figure 3.26.



94

The shear rate shown in Figure 3.27 obtained with W = 1 and vt = 0.2 is the

largest for RNEMD. This shear rate is very limited comparing to the homogeneous

shear. Further study also shows that the upper bounded shear rate is proportional

to the temperature. The deviation between the target and actual momentum ex-

change rate was confirmed as pointed out in the previous study [52], which brings

difficulties in controlling the shear rate.

This entire chapter dedicates to provide a comprehensive picture of the fun-

damental nanoscale behaviors of simple fluids under steady planar shear from the

NEMD simulations. The three NEMD methods: boundary-driven-shear, homogeneous-

shear and reverse-NEMD are implemented to realize nanofluidic simulations. The

boundary-driven-shear simulations with frozen walls and thermostating fluid yield

different regimes of fluid and the structures fluid forms, which are defined as the

Newtonian, layer and oversheared regimes. Increasing the wall shearing velocity

could change the fluid behaving from Newtonian to forming extremely well-ordered

fluid layer structure near the lower wall and to non-moving fluid. The velocity and

density profiles of the three regimes are also compared accordingly. The velocity

profiles vary from linear to nonlinear to a horizontal line, while the density profiles

change from symmetric to asymmetric and back to symmetric. We particularly

investigate the effects of the system temperature T and the interaction parameter

εr on the fluid structure and the velocity and density profiles. We find that they

may shift or change the ranges of the applied shearing velocity that are associated

with each regime. To better understand the formation of the shear-induced layer

structure in the layer regime, the spatial variations of inhomogeneous temperature

distribution along the channel are observed. The material functions including the

shear viscosity and the two normal pressure differences are measured. The result in-

dicates that the crystallized layers are triggered by the thermal instability stemming

from the global feedback nature of the applied NHC thermostat. Further exhaus-

tive study on the thermostat strategies and the thermostat algorithms verifies this

mechanism and shows that the layer regime can be prevented by switching to local

thermostats, such as the Langevin and dissipative particle dynamics thermostats.

Different thermostat strategies associated with frozen or thermal walls are validated
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from both the mechanical and thermodynamic aspects. Either of the three strate-

gies: the TW, TF and TWTF can be the valid thermostat strategy depending on

the purpose of nanofluidic simulations.

The homogeneous-shear method obtains the result of material functions con-

sistent with the boundary-driven-shear method at low shear rates, in which the

Newtonian plateau is clearly observed. At high shear rates, the non-Newtonian

behaviors of simple fluid start to manifest via the homogeneous-shear simulation,

which consists of the shear-thinning region after γ̇nt and the second shear-thinning

region after γ̇cr. The PBT and PUT essentially yield identical non-Newtonian phe-

nomena for simple fluids when applying the NHC thermostat. The minor differences

between the PBT and PUT are only revealed in the velocity profiles and the small

discrepancies in the material function after the onset of the string phase. By relating

the first shear thinning to the shear-induced fluid microstructure distortion and the

particle pair distribution function, we discuss a rational hypothesis on the formation

of string phase. Our results suggest that the second shear thinning and the string

phase are possibly physical behaviors due to the high shear rates rather than the

purely thermostat artifact for dense simple fluids. Taking into account the global

and local natures of different thermostat algorithms may also be necessary for a bet-

ter understanding of non-Newtonian behaviors of simple fluids at high shear rates.

The RNEMD simulation also yields consistent shear viscosity when the results of

all the three methods are placed together.

All in all, the comparison among the three methods establish a comprehensive

computational framework for MD nanofluidic simulations. The boundary-driven-

shear method mimics the experimental setup widely used in rheological studies,

which reflects a confined system explicitly including realistic surface effects. Consis-

tent material functions and flow profiles agreeing with continuum hydrodynamic ex-

pectations verify that the continuum assumption of fluid is valid down to nanometer

scale and the breakdown requires molecular confinements below nanometer. How-

ever, the slip at the fluid-solid interface starts to become obvious when the shearing

velocity increases. The shear rate range accessible by the boundary-driven-shear

method is quite restricted. On the other hand, the homogeneous-shear method im-
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poses a shear field (velocity gradient) on the fluid ensemble in an artificial way, which

eliminates the surface and scaling effects and focuses more on the bulk properties

of the fluid. The major advantage of the homogeneous-shear method is that the

shear rate is directly controlled as a simulation variable, which is contrary to the

boundary-driven-shear method in which the shear rate is a dependent outcome of

the shear velocity U0. As a result, the non-Newtonian phenomena of simple fluids

can be easily captured by imposing substantial shear rates. Despite the fact that

an extremely high shear rate induces the string phase, which is still a controversial

concept, the homogeneous-shear method is reliable for shear rates γ̇ < γ̇cr and is ca-

pable of providing comprehensive structural information about the non-Newtonian

response. The RNEMD method has one same feature as the homogeneous-shear

method that it eliminates explicit boundaries. It provides the best statistical re-

sults on the viscosity measurement in terms of error magnitude among all the three

methods. But its reverse shear generation mechanism impedes the consequent shear

rate to exceed the Newtonian regime. The difficulty of controlling the shear rate

also requires cautious treatments. Therefore, the choice of the NEMD method for

nanofluidic simulations has to be compatible for the desired system and also be

dependent on the purpose of study and the quantities of interest.
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Figure 3.22: (a) Time-averaged fluid velocity profiles along the z direction and (b)
magnitude of the disturbance in the y−z plane in systems with different
thermostats at γ̇ = 1.0 τ−1 and γ̇ = 5.0 τ−1.
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(a) x-z plane view

(b) y-z plane view

Figure 3.23: Snapshots of the string phase on x − z and y − z plane view when
γ̇ = 5.0 τ−1.
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Figure 3.24: (a) Fluid viscosity and (b) normal pressure differences as functions of
shear rate with different thermostats.
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Figure 3.25: Projections of the pair distribution function in all the three planes at
γ̇ = 0, 0.5, 2.0 and 5.0 τ−1.
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Figure 3.26: Shear viscosities calculated via three different methods at various shear
rates at T = 1.1ε/kB. The simulation result of homogeneous shear for
γ̇ < γ̇cr is fitted by the Carreau model.
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Figure 3.27: Profiles of x direction velocity Vx, density ρ and local temperature T
along the z direction in RNEMD simulations for different combinations
of W and vt at T = 1.1ε/kB.



CHAPTER 4

INTRINSIC SLIP ON SMOOTH SOLID SURFACES

In the previous chapter, we have obtained a comprehensive understanding of nanoscale

fluid behaviors by using different NEMD methods. A discussion of the interfacial

fluid structures induced by the fluid-wall contact is involved in the boundary-driven-

shear simulations, nevertheless, the most important interfacial phenomenon has not

received enough attention yet, which is the hydrodynamic flow boundary condi-

tion, especially the velocity boundary condition. Because the continuum governing

equations for fluid motion, Navier-Stokes equations (Equation (1.2)), are partial dif-

ferential equations, the boundary conditions are required to obtain solutions which

describe the fluid motion and other system information. The flow boundary condi-

tion at fluid-solid interfaces has been a specific subject haunting the fluid dynamics

community for hundreds of years. Until recent decades, the boundary condition

has merely been an assumption based on our experience at macroscale, due to the

lacking of precise measuring techniques at the interface.

The most common assumption of the hydrodynamic velocity boundary condi-

tion made at continuum scale is the no-slip condition, i.e. that all three components

of the fluid velocity at the immediate vicinity of the solid surface are equal to the

respective velocity components of the surface. But recent controlled experiments

have demonstrated apparent violations of the no-slip condition and no slip is just

one of several possible flow boundary conditions ranging from pure slip to multilayer

locking as shown in Figure 4.1.

The phenomenon of slip has already been readily observed consistently in

the following different situations. The first is the rarefied gas flow, which is usually

encountered in problems like high-altitude hypersonic flow fields, upper-atmospheric

dynamics and micro- and nanofluidics. In general, the Knudsen number defined as

the ratio between the mean free path of the gas molecules λ and the characteristic

length of the system L

Kn =
λ

L
(4.1)

102
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Figure 4.1: Definition of slip length Ls in a planar Couette flow and schematic ve-
locity profiles for perfect slip, partial slip, no-slip and multi-layer locking
boundary conditions.

is used to characterize the rarefied regime which shows significant slip [116]. λ can be

estimated by the kinetic theory for ideal gas with diameter d as λ ≈ kBT/
√

2πd2P ,

which is about tens of nanometer for air under standard conditions of temperature

and pressure. Maxwell proposed the velocity slip boundary condition for rarefied gas

flow [117]. The second context in which slip exists is the non-Newtonian fluids flow

such as polymer melts and solutions, which has appeared to be of great industrial

importance. We refer to an exhaustive review by Denn [118] and references therein

about the slip in polymers and the relation between slip and extrusion instability. In

the context of Newtonian fluids, the slip was brought up as a mathematic treatment

to remove singularities embedded in the moving contact line problems [119], in which

solving the NS equations with no-slip boundary condition leads to singularities in

viscous stresses and the rate of energy dissipation in the vicinity of the moving

contact line [120]. This molecular slip near contact line was confirmed by early MD

simulations [121].

The inquiry of slip between simple fluids and solids has been under meticulous

investigation for decades [15, 122, 16]. Intense research of slip was fostered by the

prosperous applications in microfluidics and nanofluidics, and enormous practical

applications rely on understanding the nature of slip. For example, the permeabil-
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ity of channels and porous materials is tremendously reduced as the channel size

decreases to micrometer or nanometer scale under no-slip condition. To bypass the

stringent tradeoff between flow rate and channel size, and achieve good permeability

for nanochannels, allowing the fluid to slip against the solid is crucial. Revealing the

slip mechanism and further manipulating slip at nanoscale can profoundly impact

the future of single molecule analysis, nano-tribology, energy conversion and desali-

nation. Therefore, understanding nanoscale slip is one of the major goals of this

dissertation research involving two chapters. This chapter is focused on the basis

physics of intrinsic slip on smooth solid surface of simple fluids, while the next chap-

ter aims to study the effective slip on the superhydrophobic surfaces which is closely

relevant to realistic nanofluidic systems and has tremendous practical impact.

For flow past an ideal smooth solid surface, the Navier or slip boundary con-

dition has been proposed in the early days to describe the slip behavior as: the slip

velocity Vs is proportional to the rate of strain of fluid (or shear rate) at the surface,

βVs = ηn ·
[
∇V + (∇V)T

]
· (1− nn) , (4.2)

where n denotes the normal to the surface directing into the fluid. The Vs =

Vw
t −U0 is the defined as the difference between the tangential component of the fluid

velocity at the wall Vw
t and the solid surface velocity U0. The velocity component

of the fluid normal to the surface is naturally zero as mass cannot penetrate an

impermeable solid surface, V · n = 0. η is the fluid shear viscosity and β represents

a phenomenological friction coefficient has a unit of N · s/m3 for SI unit and ετσ−4

for LJ reduced unit. The quotient η/β has the unit of a length, which is also

commonly known as the slip length Ls. For a planar shear flow, Ls can be interpreted

as a depth below the surface where the no-slip boundary condition is recovered.

The slip boundary condition originally assumes that the slip length is constant and

independent of local shear rate. This linear assumption was verified for simple fluids

within experimentally accessible shear rates [123], but Thompson and Troian [39]

reported the limitation of this linear relation in numerical simulations at shear rates

of order 10−1 τ−1, i.e. ≈ 1010 s−1 for Argon.

Experimental studies of slip at nanoscale face a few significant challenges as-
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sociated with the manufacture of controlled nanoscale roughness and the accurate

measurement techniques in the vicinity of fluid-solid interface. Therefore, molecular

dynamics simulations have been widely performed to shed light on underlying phys-

ical principles of slip and to advance our understanding of it. Fruitful studies focus

on three major questions of slip. The first question is the shear-rate dependence of

slip. Several groups consistently observed that the slip length diverges unboundedly

at higher shear rates [39, 124, 89], while contradictory results of bounded behavior

of slip at high shear rates were also reported [86, 87, 125]. Recent work by Martini

et al. [86, 87] was the harbinger of solving the contradiction between bounded and

unbounded slip. They obtained bounded slip at high shear rates by the variable-

density Frenkel-Kontorova (VDFK) model and a Navier-Stokes based continuum

calculation. However, because of the complex bulk thermal effects still remain in

their MD results, their conclusion in attributing the unbounded slip to the rigid

wall model is dubious. A simple but straightforward work by Alizadeh Pahlavan

and Freund verified that the thermal or rigid wall, or more specifically the oscilla-

tion frequency of solid atoms is not responsible for the unbounded slip. Instead, it

is the thermostatting mechanism which dominates the slip behaviors at high shear

rates. As reported previously for systems at high shear rates, the generated viscous

heating can cause drastic temperature changes comparing to low-shear-rate systems

both at interfaces and within bulk fluid [95, 55]. The bounded and unbounded be-

havior is attributed to the temperature difference stemming from the thermostatting

mechanism.

Besides the pursuit of qualitative observation of slip, a number of researches

contribute to the quantitative relation between slip and temperature, pressure, wall

stiffness, wall hydrophobic [40, 85, 89, 45, 126]. The indirect dependences of slip on

these parameters are further boil down to direct influences of fluid-solid interfacial

properties. A detailed analysis based on a Kubo-like formula of a phenomenological

interfacial friction coefficient provided a microscopic estimate of the slip length for

weakly sheared systems not far from equilibrium. It showed a slip length dependence

on the contact density, temperature, and the structure factor of the first fluid layer

adjacent to the surface at equilibrium [40, 127]. The Priezjev group has validated
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similar non-linear scaling relations for not only simple fluids but also polymer melts

in moderated sheared systems [128, 91, 129, 130].

The third fundamental question of slip is related to physical mechanisms of

atomistic fluid-solid interfacial friction. As pointed out in References [40, 87], the

substrate potential induces forces to resist the relative motion between the adsorbed

fluid layers and the substrate, which is dependent on the effective roughness of the

potential surface undulations. This mechanism was also readily interpreted from

another perspective as the energy dissipation arising from anharmonic coupling be-

tween phonon modes and substrate-induced modulations in the adsorbed layers

[131]. On the other hand, another source of interfacial friction attracts more atten-

tion recently, which is the momentum transfer between fluid and solid atoms due to

collision [86, 125, 126]. Although the collision contribution of friction can be easily

understood conceptually, its quantitative relation on slip is complex and not yet

well established.

Therefore, the primary mission of this chapter is to provide a deeper under-

standing of the questions associated with the mechanisms of interfacial friction. Our

simulations are designed to address the interplay between the two mechanisms and

slip at different shear rates. Our simulations attempt to isolate the dynamics from

the viscous heating by utilizing isothermal systems [39, 128]. Although application

of a thermostat to the fluid is not realistic at high shear rates [95, 55, 125], it helps

elucidate the interfacial friction mechanisms because the drastic temperature change

due to bulk viscous heating could bring complexities and difficulties in interpreting

the results. Our results identify that different interfacial friction mechanisms domi-

nate at different levels of shear rates and the detailed contribution to slip is revealed.

The transition between regimes is correlated to the mechanisms. Finally, we con-

firms that the thermostat strategy leads to the contradictory results of bounded and

unbounded slip in the MD simulations. The slip length approaching a constant at

high shear rates is observed in the system with a realistic thermostat by removing

the heat through the walls.

To fulfill our purpose, we construct a nano-channel by a fluid-wall sandwich

system, in which a fluid slab is confined by two smooth solid walls. The fluid
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is sheared in the Couette flow by moving the upper wall with prescribed shearing

velocities U0 in the x direction and keeping the lower wall stationary. Both fluid and

wall atoms are modeled by Lennard-Jones potentials parameterized by characteristic

energy ε and length σ. The fluid atoms self-interaction is described by εff = 1.0 ε

and σff = 1.0 σ. The effects of wall hydrophobicity are explored by tuning εwf .

Unless otherwise specified, the affinity of walls is considered as hydrophilic [128, 42],

with εwf = 1.0 ε and σwf = 1.0 σ. Each wall consists of atoms forming two layers of

[001] fcc lattice with 1.01 σ as the lattice constant. The wall and the fluid density are

ρw = 3.90 σ−3 and ρf ≈ 0.844 σ−3, respectively. This density ratio represents a high

incommensurability in size between fluid atom and wall structure [38]. The channel

spans h ≈ 40 σ along the z axis with lateral dimensions Lx = Ly = 15.13 σ. Periodic

boundary conditions are applied in the flow direction x and neutral direction y.For

a frozen wall, the wall atoms are fixed at their equilibrium lattice. When the wall

is treated as a thermal wall, the atoms are tethered to their equilibrium lattice site

by a linear spring, with spring constant kw representing the rigidity.

For thermal walls, a Langevin (LGV) thermostat is applied on wall atoms to

dissipate heat [132, 39, 45]. The temperature is controlled at Tws = 1.1 ε/kBT

with large friction coefficients Γ = 20 and 100 τ−1. To decouple the bulk thermal

effects, the dissipative particle dynamics (DPD) thermostat is applied onto the fluid

to create an isothermal system because of its proven adequacy for non-equilibrium

systems [73, 67, 69]. The fluid temperature is maintained at a specific set temper-

ature Tfs with thermostat parameter γ = 1.0 mτ−1. Unless otherwise specified,

the fluid temperature is maintained at Tfs = 1.1 ε/kBT with thermostat parameter

γ = 1.0 mτ−1 and thermostat cutoff radius r′c = 2.5 σ. The equations of motions

are integrated using the velocity-Verlet algorithm by LAMMPS [46]. A time step

of dt = 0.002 τ has been used for all simulation. After an equilibrium period of

500 000 time steps, a typical run requires at least 2 000 000 time steps to reach the

steady state. The measured quantities of interest are averaged for at least another

1 000 000 time steps.
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4.1 Slip Length vs. Shear Rate

We introduce the imposed shear rate as a controllable variable in this study,

which is defined by the wall shearing velocity U0 and the channel height h as γ̇i =

U0/h. Note that γ̇i only indicates the strength of the imposed shear. The real fluid

shear rate γ̇ could be different from γ̇i. A mean γ̇ is determined by fitting a straight

line to the average velocity profile excluding the portions near both walls. The slip

velocity Vs is measured as the difference between U0 and the velocity at the wall

extrapolated from γ̇. The slip length Ls is further obtained by Ls = Vs/γ̇. This slip

length is still considered as an apparent slip length Lapps because we do not focus on

the intrinsic slip existing in the molecular scale adjacent to the walls [15].

Figure 4.2: Apparent slip length as a function of the imposed shear rate for the
tabulated models of wall with various rigidity (ε/σ2). The solid lines
are just a guide to the eye.

The imposed shear rate in this study covers a large range (corresponding to

108 ∼ 1011 s−1 for Argon), but the system still remains in the laminar condition.

We initiate the discussion by assigning the hydrophilic walls and varying wall rigid-

ity. Figure 4.2 shows the relation between Lapps and γ̇i for a range of wall rigidity

from kw = 400 ε/σ2 to completely rigid or frozen. Two regimes appear, which

are separated by a jump in the slip length. They are the low-shear-rate regime
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and the high-shear-rate regime. The slip length in the low-shear-rate regime shows

monotonic increase as γ̇i increases, as shown in Figure 4.3(a), which is consistent

for frozen wall and thermal walls with different rigidity. The softer wall yields a

smaller slip at the same γ̇i because of additional roughness induced by the thermal

motions of the wall atoms. When γ̇i reaches a critical value, the slip length exhibits

a drastic increase. The critical value of γ̇i corresponding to the jump is higher for

softer wall. In the high-shear-rate regime (Figure 4.3(b)), Lapps continues to increase

sharply and proportionally to γ̇i, resulting in unbounded slip. The slope of the linear

Lapps -γ̇i relation rises as the wall becomes stiffer. For the frozen wall, the slip length

diverges vertically at the critical value and the fluid slab becomes close to stagnant,

which is reminiscent of the oversheared regime introduced in Chapter 3.

So far, we have only used the imposed shear rate to characterize the non-

equilibrium state because it is a more practical choice. However, it is the real fluid

shear rate appearing in the boundary condition Equation (4.2), which characterizes

the flow. As mentioned, these two shear rates may have quite distinct magnitudes

depending on situations associated with the amount of slip emerging at the interface.

In Figure 4.4(a), we plot the trend between the fluid shear rate and the shearing

velocity U0. Unlike the imposed shear rate γ̇i which is positive proportional to U0

by definition, the fluid shear rate γ̇ does not show a monotonic trend as increasing

shearing velocity U0. The fluid shear rate increases in the low-shear-rate regime and

reaches a maximum before the transition to the high-shear-rate regime. Following

a dramatic drop associated with the jump in the slip length, it actually decreases

with increasing U0 in the high-shear-rate regime. This behavior is correspondingly

reflected in the slip length in Figure 4.4(b). The slip length vs. fluid shear rate

curve separates into two branches. For one fluid shear rate, there exits two possible

slip lengths located on each branch representing different states in two regimes.

Slip has been observed to be dependent on the wall affinity in numerous studies

[132, 39, 40, 128]. We thus intend to reveal the effects of the hydrophobicity of

thermal walls on the slip length at the low-shear-rate and high-shear-rate regimes

by adjusting the fluid-wall interaction parameter εwf from 1.0 to 0.2 while fixing

the wall rigidity as kw = 1200 ε/σ2. Figure 4.5 exhibits several apparent trends.
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(a) Low-shear-rate regime

(b) High-shear-rate regime

Figure 4.3: Apparent slip length as a function of the imposed shear rate for the
tabulated wall rigidity (ε/σ2) in the (a) low-shear-rate regime and (b)
high-shear-rate regime. The dashed lines are linear fitting to the data
points, with corresponding numbers representing slopes.

The slip length decreases monotonically with increasing affinity, which reflects the

fact that the fluid experiences large friction on sticky hydrophilic surfaces. This

feature is valid at both low and high shear rates. In the high-shear-rate regime,

the slip length diverges faster for hydrophobic walls than hydrophilic walls. A more

informative feature is associated with the critical shear rate corresponding to the

transition between regimes. The hydrophilic walls yield significantly higher critical
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(a)

(b)

Figure 4.4: (a) The relation between the real fluid shear rate and the shear velocity.
(b) Apparent slip length as a function of the fluid shear rate for the
tabulated models of wall with various rigidity (ε/σ2).

shear rates. By combining the wall rigidity and affinity together, we are able to

draw a simple phenomenological conclusion that the walls with less rigidity and

more affinity induce large interfacial friction against the relative motion between

the adjacent fluid and wall.

We have demonstrated the transition between regimes characterized by the

imposed shear rate. Using imposed shear rate is a practical choice, but includes

little information of the transition itself because it does not represent the real state
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Figure 4.5: Apparent slip length as a function of the imposed shear rate for the
tabulated wall affinity.

of the fluid under shear as elucidated in the difference between the imposed shear

rate and the real fluid shear rate. Therefore, we turn to the fluid shear rate hoping

it could provide an insight into the underlying physics of the transition between

regimes. We expect that the transition is actually characterized by the fluid shear

rate. We conduct multiple sets of simulations with different channel heights in order

to check whether the fluid shear rate determines the transition. The largest height

available in the simulation is 76.14σ, which is restricted by maintaining laminar

condition for all accessible shear rates. Figure 4.6(a) shows that the transition

happens at different fluid shear rates in systems with different heights. The first

impression of the trend shown in our four systems is that the larger the height is,

the smaller critical fluid shear rate is. This trend is somewhat problematic. Because

if this trend maintains, in continuum limit, the system with macroscopic channel

height will exhibit transition in zero-shear limit, which is apparently opposite to

the reality in which the transition has not been observed at macroscale yet. The

slip velocity also does not determine the transition as shown in Figure 4.6(b), and

the slip velocity corresponding to the transition has similar trend as the fluid shear

rate, which decreases as height increases. We believe this discrepancy among the
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(a)

(b)

Figure 4.6: Comparisons of the apparent slip length as a function of (a) the fluid
shear rate and (b) the slip velocity among four systems with different
channel heights. The insets show the detail of the low-shear-rate regime.
The solid lines are just a guide to the eye.

systems with different heights is attributed to the scaling effect. Therefore, we plot

out the shear viscosity curves for different systems in Figure 4.7. Although the shear

rate applied in these simulations extends to the shear-thinning region, the results

show that the viscosity in confined channel increases with increasing height. It also

shows the tendency to converge to the bulk shear viscosity. We believe that this

viscosity difference is the essential reason for inconsistent critical fluid shear rate
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and slip velocity. Both of them also show the trend of convergence by increasing

height. Therefore, we expect that for large systems in which the scaling effect can be

negligible, the fluid shear rate and slip velocity could both be able to characterize

the transition to the high-shear-rate regime. Of course, this assumption requires

confirmation from future research.

Figure 4.7: Comparison of the relation between the shear viscosity and fluid shear
rate within the low-shear-rate regime among four systems with different
channel heights.
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4.2 Interfacial Friction Mechanisms

4.2.1 Low-shear-rate Regime

The discontinuity in the slip length corresponds to the transition of slip mech-

anisms from low to high shear rates. At low shear rates, the mechanism of interfacial

friction is well introduced by Martini et al. [87] as the “defect slip”. The fluid atoms

experience the strong interaction potential from the adjacent solid wall, which can

be decomposed into a Fourier series [133] as functions of position. The corrugated

potential surface of [001] fcc lattice can be represented by a simplified form that

includes many local minima by only considering dominant contribution from the

top layer of wall atoms at the shortest reciprocal lattice vector q‖ [40] as

Vsf (x, y, z) = V0 (z) + V1 (z)
[
cos
(
q‖x
)

+ cos
(
q‖y
)]
. (4.3)

z and x = (x, y) represents the vertical distance of the fluid particles above the

wall and the position within the x-y plane. V0 (z) denotes the q = 0 term in the

Fourier series and V1 (z) corresponds to the additional contribution from the lateral

arrangement of wall atoms. At low shear rates, part of the first-fluid-layer atoms

are trapped in the lower level of the surface potential. They can overcome energy

barriers and hop between potential minima, as shown in Figure 4.8. This transport

behavior of fluid atoms against solid wall is analogous to the dislocation movement

in crystalline solids.

For the no-slip condition, the hops are two-dimensionally isotropic with respect

to the wall plane. Collectively, there is no net relative motion between the interfacial

fluid and the wall. Slip happens when a portion of hops becomes directional (along

or against the shearing direction). The overall hops create collective diffusion (i.e.

anisotropic diffusion of a group of atoms) and cause net relative motion with respect

to the wall. The magnitude of slip depends on the average number, frequency of the

hops and the average length covered by each hop in the shearing direction, which

is dependent on the topology of the potential-energy corrugations. For the hops,

the constraint from surface potential due to the wall contributes to the interfacial

friction, therefore affects slip.
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Figure 4.8: Schematics of the first-fluid-layer atoms interacting with the solid wall:
the hops of trapped atoms and the collisions between the impinging
fluid atoms and wall atoms. Note that the presenting corrugated po-
tential surface corresponds to the frozen wall. For the thermal wall, the
undulation is irregular due to the thermal motion of wall atoms.

The atoms in the first fluid layer generate in-plane ordering induced by the

surface potential with the form Equation (4.3). In order to quantify the in-plane

ordering, the peak value of the fluid structure factor was utilized to build a corre-

lation with the slip length at low shear rates in some early studies [38, 40, 128]. In

the zero-shear limit, a more rigorous analysis has been derived based on a Green-

Kubo like expression [134, 40] relating a phenomenological friction coefficient to the

equilibrium properties as

β =
1

AkBT

∫ ∞
0

ds 〈Fsf (s)Fsf (0)〉equ , (4.4)

where A is the lateral surface area and Fsf is the total (microscopic) lateral force

acting on the fluid due to the wall at equilibrium. By combining with the surface

potential Equation (4.3), the slip length is meticulously shown to be dependent on

the contact density and temperature of fluid as well as the structure factor of the

first fluid layer [40, 127] as

Ls ∼ T 2
c

[
S
(
q‖
)
ρc
]−1

. (4.5)

The contact density and temperature are defined as the density and temperature

at the first layer. Not only valid for zero-shear limit, similar correlation was proven
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to be valid extending to the shear-rate-dependent regime γ̇ ∼ 0.1τ−1 where the slip

length starts to exhibit shear rate dependence[128]. Of course, the Green-Kubo

like formula is proposed in the framework of linear response theory, therefore, the

breakdown is expected at even higher shear rates where the nonlinear response

dominates.

Figure 4.9(a) shows the behavior of the slip length in the low-shear-rate regime

as a function of the combined ratio of the contact temperature squared to the product

of the structure factor and the contact density evaluated in the first fluid layer.

Except when the shear rate is close to the transition, the microscopic estimate for the

slip length demonstrates qualitative agreement with our MD results for different wall

rigidity. Although the slope is apparently varying with respect to kw, the correlation

between the slip length and the combined function of interfacial quantities remain

good linearity that the slip length decreases with increasing contact density and

surface-induced ordering and decreasing contact temperature in the adjacent fluid

layer.

Nevertheless, the microscopic scaling estimate is not capable to explain two

anomalous behaviors: the separations of linear segments for different rigidity kw and

the deviation when the shear rate is close to the critical shear rate of transition. The

wall rigidity is expected to influence the slip length through these interfacial quan-

tities in a complex and convoluted way. But, according to this scaling correlation,

if the constraint from surface potential is the only mechanism contributing to the

interfacial friction, the dependence on the wall rigidity should be reflected in and

could be decomposed into the dependence of the contact density, temperature and

the structure factor. Therefore, as long as the combined ratio T 2
c

[
S
(
q‖
)
ρc
]−1

is

the same, the slip length should be the same, which predicts that at least the linear

segments for different kw would collapse onto a single curve. In fact, our results

show that linear segments not only separate but with different slopes. The doubt

was also mentioned in Reference [45] about the validity of the scaling relation in the

presence of the thermal roughness.

However, the behavior of the slip length for different wall affinity εwf shown in

Figure 4.9(b) agrees well with our expectation solely based on the scaling relation.
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The data for the slip length for different εwf and shear rates within linear segments

can be collapsed onto a single master curve. Once again, the individual curve

for each εwf demonstrates consistent deviation away from the linear master curve

approaching the transition. By combining the behaviors of the slip length obtained

at different wall rigidity and affinity, we verifies that the constraint from surface

potential is not the only contribution to the interfacial friction.

We stress that besides the transport of the trapped atoms, other fluid atoms

in the first layer can also interact with the wall through collision (Figure 4.8) as

described in the Maxwell interpretation of slip [117]. Generally, when a fluid atom

collides with the wall, it can be reflected diffusely or specularly. Note that the

collision we are discussing here represents more an in-plane feature, where the ve-

locity change happening in the direction normal to the plane (z direction) is taken

into account. The fluid atoms undergoing diffuse reflection with wall atoms reduce

slip, whereas the ones undergoing specular reflection enhance slip. Therefore, the

interfacial friction in the low-shear-rate regime comprises contributions from both

the bound of wall potential and the collision between fluid and wall atoms. In the

zero-shear limit, the the friction induced by the wall potential is predominant be-

cause the in-plane collisions are rare if the relative motion between the fluid fluid

layer and the wall is approximately zero. This explains the collapse for different wall

affinity εwf , because the dependence on εwf is all represented by the dependence on

ρc, Tc and S
(
q‖
)
. On the other hand, the wall rigidity kw has greater influenceS on

the friction induced by collision, whose contribution is not involved in the scaling

relation Equation (4.5), and this part of the contribution is represented by the sep-

arations among linear segments. Including collision contribution can also explain

the deviations approaching the transition to the high-shear-rate regime. When close

to the transition, slip becomes significant and the collision contribution to the in-

terfacial friction is comparable to the wall potential contribution which causes the

deviations from the prediction with pure wall potential contribution.
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4.2.2 High-shear-rate Regime

When shear rate increases, the percentage of fluid atoms participating in the

collective diffusion increases. In extreme situations, the isotropic diffusion is com-

pletely replaced by the anisotropic collective diffusion. All fluid atoms consistently

move parallel to the shearing direction with a uniform slip velocity. When this

“collective slip” appears, the first-fluid-layer atoms do not intrude into and get

trapped in the potential minima. Instead, they skim over the corrugated poten-

tial surface with large slip velocity, and the experienced effective roughness almost

disappears. Therefore, the interfacial friction from the wall potential vanishes and

the only mechanism contributing to the interfacial friction is the collision between

fluid and wall atoms, resulting in the drastic jump in the slip length and the tran-

sition to the high-shear-rate regime. In the high-shear-rate regime, the total slip

is dependent on the probability of specular reflection. The stiffer the wall is, the

smoother the surface effectively becomes, leading to a larger amount of fluid atoms

being reflected specularly, and the friction is reduced. For the frozen wall where

wall atoms are all fixed, the high surface density results in a “quasi-smooth” plane

[55], on which most of fluid atoms experience specular reflection. This explains why

the frozen wall yields approximately perfect slip in the high-shear-rate regime. Re-

member that we observe the increasing slip with the increasing shear rate in this

regime. This means that the phenomenological friction coefficient at the fluid-wall

interface β = η/Ls decreases as γ̇i increase (as shown in Figure 4.10(a)), where η

is the fluid viscosity. This trend can be presented with a better physical insight as

the relationship between β and the slip velocity Vs. Figure 4.10(b) shows that the

friction becomes weak as the slip velocity increases. This behavior can be explained

such that large slip velocity leads to a small chance for the fluid atoms to be reflected

diffusely, because larger slip velocity corresponds to smoother substrate which the

first-fluid-layer-atoms experience.
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(a)

(b)

Figure 4.9: Scaling relation of the slip length as a function of the combined ratio of
temperature square to the product of structure factor and density for
(a) the tabulated models of wall with various rigidity (ε/σ2) and (b)
different wall affinity. The lines are just a guide to the eye to exhibit
the linearity.
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(a)

(b)

Figure 4.10: Phenomenological friction coefficient at fluid-wall interface as a func-
tion of the (a) imposed shear rate and (b) slip velocity for the tabulated
wall rigidity (ε/σ2).
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4.3 Viscous heating effect

Our MD results have elucidated the two mechanisms of fluid-solid interfacial

friction and how they are associated with the measured slip. But the analysis

is conducted under the stringent or somewhat unphysical condition that the bulk

temperature of the fluid is uniform and fixed with a thermostat. Although this

condition successfully simplifies the system and leads to lucid results above, the

important viscous heating effect is excluded. In reality, the only way to dissipate

the heat in the fluid is though natural conduction between the fluid and the walls.

The same thermostat strategy in MD simulations was proven to generate dramatic

fluid temperature rise with a approximately parabola profile due to viscous heating

[43, 95, 125], even though such high shear rates and temperatures might not be

realistic. The temperature has been shown as a dominant physical parameter for

slip [125], especially at high shear rates. So, we intend to elucidate this viscous

heating effect.

We design a comparison of slip behaviors among three thermally controlled

systems: (1) the no fluid thermostat (NOF) system in which only walls are ther-

mostated. The NOF system attempts to reproduce similar systems implemented in

the previous studies with bulk thermal effects; (2) the DPD with varying temper-

ature (DPDVT) system in which there is a DPD thermostat on the fluid set with

varying thermostated temperature Tfs corresponding to the average temperature of

the NOF system at the same prescribed imposed shear rate. The system is designed

to artificially impose partial bulk thermal effects (i.e. the bulk temperature rise)

on the original DPD system the same as those in the NOF system; (3) the original

DPD system with Tfs always equals 1.1 ε/kB. All the three systems have thermal

walls with the same rigidity and the same assigned thermostat parameters. Figure

4.11(a) provides a lucid impression on the differences in the temperature profiles

among the three systems. Because of drastic viscous heating, the NOF system has

an approximately parabolic shape with much higher average temperature comparing

to the original DPD system. The DPDVT system reproduces the same average tem-

perature as the NOF system, but with entirely different temperature profile. The

DPDVT system has much lower center temperature and higher contact temperature
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than the NOF system, because the thermostat on the fluid attempts to maintain the

isothermal condition. From the temperature profiles, we stress that the unphysical

DPDVT system is merely constructed to provide an intermediate thermodynamic

state for analyze the effect of thermostat.

The different temperature profiles lead to corresponding results of the slip

length, which is exhibited in Figure 4.11(b). The NOF system produces bounded slip

that the slip length approaches a constant as the shear rate increases, which is the

same as previous studies [95, 86]. We observe the decreasing slip length at relatively

low shear rates, which is consistent with Reference [125]. But the slip length then

increases with the increasing shear rate. Because of the high bulk temperature

imposed artificially in the DPDVT system, the slip length of the DPDVT system

has a trend very similar to the NOF system, reproducing bounded slip. There is no

sign of transition to the high-shear-rate regime in the DPDVT system within the

range of shear rate simulated. The high bulk temperature is associated with high

pressure in this fix volume simulation, which yields high contact density and the

shift of density peak towards the walls similar to the previous study [125]. The high

contact density indicates that the high temperature eventually forces the fluid atoms

to remain deeply in the corrugate potential minima even at high shear rates, which

prevents the transition and results in bounded slip. The difference in the slip length

between the NOF and DPDVT systems is likely caused by the difference in shapes

of the temperature profiles. Conversely, the DPD system shows the transition and

unbounded slip is observed as expected. The comparison proves that the bulk fluid

temperature, both the average temperature and the distribution play an important

role in the slip behavior. We confirms that the high bulk fluid temperature is the

essential reason of the bounded slip at high shear rates and the diverging slip is

attributed to the unphysical fluid thermostat.

Our results in this chapter provides a deeper understanding of the atomistic

interfacial friction and its relation to slip in nanoscale Couette flow. By excluding

viscous heating effect, our MD simulations successfully verify the discontinuity in

the slip length associated with the transition from the defect slip to the collective

slip, which is predicted by the previous studies using dynamic models and continuum
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(a)

(b)

Figure 4.11: (a) Comparison of the fluid temperature profiles at γ̇i = 0.41 τ−1 among
three thermally different systems. Data points are shown as blue circles,
green squares, and red prisms for the NOF, DPDVT and DPD systems,
respectively. (b) Apparent slip length as a function of the imposed
shear rate of the three systems.
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models. The thermal walls with increasing rigidity exhibit slip behaviors asymptot-

ically approaching the one of a frozen wall that produces unbounded slip. The wall

affinity also has not substantial influence on the main feature of the slip length vs.

shear rates curve. The factors characterizing the transition between the regimes are

explored by the comparison among the systems with various heights, in which the

scaling effect from the confined channel show significant influences.

The two mechanisms of fluid-solid interfacial friction, the substrate potential

contribution and the collision contribution, are thoroughly investigated. Their in-

terplay with the measure slip is elucidated. We confirms that both mechanisms

contribute at the low-shear-rate regime with the defect slip and the collision be-

tween the fluid and wall atoms dominates the interfacial friction for the collective

slip at high-shear-rate regime. Finally, the comparison among the three thermally

controlled systems verifies that the bulk viscous heating is ultimately responsible

for the bounded slip at high shear rates. We hope this study of interfacial friction

mechanism will not only benefits future MD simulations of nanoscale slip, but also

cast light on the optimal designs and practical applications of nanofluidics.



CHAPTER 5

EFFECTIVE SLIP ON NANOENGINEERED

SUPERHYDROPHOBIC SURFACES

The previous chapter has demonstrated the fact that the intrinsic slip of Newtonian

fluids even on atomistically smooth solid surfaces is only tens of nanometers under

normal conditions such as experimentally accessible shear rate. Such small amount

of slip may be able to influence the nanofluidic behaviors where the system size

is comparable to the slip magnitude. Or, it has been shown that the nanometric

slip can induce substantial effects on surface-force driven flow originated from the

nanometric electrostatic diffuse layer [3, 16, 10]. But it is very difficult to utilize such

small amount in microfluidic devices, in which the system scale is approximately two

to three orders of magnitude larger than the nanometric slip. Thus, the intrinsic

slip is negligible in scale-up systems, which proves from a different perspective that

the assumption of the no-slip condition at continuum scale is reasonable.

As scientist and engineers try to miniaturize conventional fluidic devices down

to micron or sub-micron scale, the throughput of microsystems has already suffered

a tremendous loss. For instance, the flow rate through a circular pipe is proportional

to the fourth power of the pipe radius as described by the Hagen-Poiseuille law

Q =
πr4∆P

8ηL
. (5.1)

where L and r are the length and radius of the pipe, and ∆P is the pressure drop.

The slip at the wall with a slip length Ls could generate a relative increase of the

throughput scaling as 1 + 4Ls/r [135]. According to this formula, in order to en-

hance the efficiency of fluid transport in micropipes and improve the performance

of microsystems, slip with micron size is desired. In the recent years, the superhy-

drophobic surfaces are focused as an ideal candidate to achieve large slip because

of their excellent liquid repellency, reflected in the large contact angle and small

contact angle hysteresis. The superhydrophobic effects are essential for reducing

126
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the contact area between fluid and solid, and future gaining a substantial reduction

of the fluid-solid interfacial friction.

Since the pioneers of superhydrophobic research, e.g. Wenzel, Cassie and

Baxter addressed the issue of the large contact angle of droplets on plant leaves and

animal surfaces, numerous research has been conducted and significant advanced

our understanding of the superhydrophobic phenomenon since the 1930s. However,

most of progress is limited in the context of wetting, in which the designs of robust

superhydrophobic materials and characterizing their wetting properties are the two

major tasks [136, 137, 138]. The gifts from our nature such as the lotus leaves [139]

and the legs of water striders [140] with strong water repellency indicate that cer-

tain topographical structures of micron or nanometer size with usually a hydrophobic

coating are necessary to generate superhydrophobicity. Exhaustive experiments ded-

icate to design and manufacture synthetic superhydrophobic surfaces following the

bio-inspiration and they lead to surfaces with either random or controlled geomet-

rical features. Typical examples of random topography are the surfaces decorated

with nanofibers [141], the surfaces with nanoturf [142] and the surfaces planted with

carbon nanotubes [143, 144]. The first type of controlled patterns is one-dimensional

such as regular nano- and micro-grates [145, 146, 147, 148, 149, 150]. The second

type of surface is associated with two-dimensional features such as micro-pillars,

micro-posts or micro-holes distributed on a regular lattice [151, 152, 148] and the

re-entrant mushroom pattern [153].

All these surface designs are able to generate superhydrophobic for static wet-

ting, but the implications of them for transport phenomena beyond wetting still re-

quire explorations. The enhancement of slip has been reported by experiments rang-

ing from hundreds of nanometers to tens of microns until recently [145, 142, 147, 144].

The mechanism of slip enhancement has also been studied by numerical modeling

[135, 154, 155, 156, 157, 158, 159]. It is well-known that there are two possible

states for a droplet wetting a structured surface [160]. In the Wenzel state [161],

the droplet impregnates into the structure and leads to complete wetting of the

surface. While in the Cassie state [162], the droplet is sustained by the gas bubbles

entrapped in the structure and results in a composite interface between the droplet



128

and substrate. A fraction of liquid-solid contact is replaced by a highly energetic

liquid-vapor interface. The Cassie state induced on superhydrophobic surfaces is the

reason of large slip because the stress-free liquid-vapor interface significantly reduce

friction comparing to the Wenzel state.

But the biggest obstacle lying on the path of pursuing giant slip is the fragility

of the Cassie state. The Cassie state is essentially metastable [90], and plenty of

factors like increasing pressure, the existence of surface defects, evaporation and

external forces can easily trigger the Cassie to Wenzel transition. The situation

becomes even worse when maximizing slip because generally a large gas fraction

is desired for large slip while it contrarily weakens the stability of the Cassie state

[156]. This issue of robustness seriously hinders the applications of superhydropho-

bic surfaces for transport phenomena, in which surfaces are usually immersed in the

liquid environment and experience hydrostatic pressure and external driving forces.

Extensive studies propose various ideas to stabilize the Cassie state or to induce

a reverse transition from the Wenzel to Cassie state. Successful work in recent

years by Lee and Kim [163] fabricated a dual-scale hierarchical structure including

micro-posts and micro-grates with nanostructures on side wall to delay the wetting

transition. They achieved the maximum slip length about 400 microns, whose mag-

nitude is large enough to influence the macroscopic hydrodynamics. Nevertheless,

another work by Steinberger et al. [152] showed a counter-intuitive result that a su-

perhydrophobic surface with microholes only generates 20 nm slip, which is about 4

orders of magnitude smaller than that in the previous experiment, even with similar

gas fractions.

This discrepancy could be analyzed from two perspectives. The continuity of

liquid-vapor interface has been pointed out as an important factor in slip enhance-

ment. For superhydrophobic surfaces with the same gas fraction, the surface yielding

a composite interface with contiguous liquid-vapor contact exhibits orders of magni-

tude larger slip than the one in which the solid is the continuous phase as shown in

Figure 5.1. The more rigorous investigation obtained different scaling estimates for

these two types of surfaces when considering asymptotic behaviors [156, 164, 158].

A conceptual explanation is that the fluid along isolated liquid-vapor interface is
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not able to achieve a large slip velocity even the interface can be considered as

stress-free, because the amount of slip velocity the fluid gained is bounded by the

peripheral liquid-solid contact which only yields nanometric intrinsic slip.

(a)

(b)

Figure 5.1: Topic views of superhydrophobic surfaces fabricated with (a) pillars for
continuous liquid-vapor contact and (b) holes for isolated liquid-vapor
contact. The colored portion represents the liquid-solid contact, whereas
the white portion represents the liquid-vapor contact.

Besides the continuity of liquid-vapor interface, the subtle pressure-induced

meniscus curvature of the underlying gas bubbles could impact the dynamic re-

sponses of the interface, and further influence the slip [165, 166]. A simplified FEM

simulation by the commercial software in Reference [152] indicates that for super-

hydrophobic surfaces with isolated liquid-vapor contact and entrapped gas bubbles,

the slip depends dramatically on the shape of meniscus. Contrary to the com-

mon belief that the composite contact reduces friction comparing to a fully wetting

Wenzel state, surfaces with largely protruded bubbles in fact could induce higher
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friction than the fully wetting state. Similar dependence of the slip length on the

protrusion angle of the bubble was verified in a similar microsystem by two-phase

lattice-Boltzmann simulations [167]. In the lattice-Boltzmann simulation, the defor-

mation of bubbles due to viscous stress can be faithfully modeled. They observed

the appearance of negative slip due to increased roughness from the bubbles. The

analytical model of flow over bubble mattress by Davis and Lauga [166] using asymp-

totic analysis provides quantitative modeling of the interplay between friction and

bubble geometry.

Figure 5.2: Schematic of the Couette flow with shear rate γ̇ flowing over a superhy-
drophobic surface with entrapped bubbles with radius a and protrusion
angle θ. The pitch or the period of the square lattice is L.

The attempts to understand of the slip on superhydrophobic surfaces are quite

fruitful by both experiments and numerical simulations, but the correlations and

analysis are established for microstructures. Even though random nanostructures

are achievable like carbon-nanotube carpet, controlled fabrication of regular nano-

engineered superhydrophobic surfaces has not been realized yet due to the restric-

tion of current fabrication techniques. Whether the slip on nanoengineered sur-

faces behaves similar to that on microengineered surfaces is still remaining largely
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unexplored. In this chapter, we attempt to provide some building blocks for a

comprehensive understanding of this question. The MD simulations of nanoengi-

neered superhydrophobic surfaces are focused on two specific topics at nanoscale:

the relation between slip and geometric properties of entrapped nanobubbles and

the effect of the continuous liquid-vapor interface. Our results show a meniscus

curvature effect consistent with both previous simulations and analytical modeling,

which indicates the validity of macroscopic analysis for nanoscale structures in this

study. The MD results of the slip length in systems with varying gas fraction agree

quantitatively with the scaling laws for surfaces with both continuous and isolated

liquid-vapor interface. However, the anomalous shear rate dependence of slip length

suggests that the detailed motion of contact line and weak compressibility of the

bubble starts to impact the bubble dynamic at nanoscale.

The Couette flow of the simple fluid over topographical patterned superhy-

drophobic surfaces is constructed similarly to our study of intrinsic slip. A fluid-wall

sandwich system is modeled using LJ particles, in which the upper wall is translat-

ing with shearing velocity U0 to generate the Couette flow. The lower wall is static

and fabricated with patterns of nanometer size laid on a square lattice as shown in

Figure 5.2. There are two patterns involved in this study: cylindrical nanoholes and

cylindrical nanopillars. The gas fraction φ is defined as the ratio of the area of liquid-

vapor interface to the area of the square lattice, e.g. φ = πa2/L2 for surfaces with

nanoholes and φ = 1−πa2/L2 for surfaces with nanopillars. The gas fraction for the

surface with nanoholes φg is 0.61 unless stated otherwise. The system boundaries

are periodic in the lateral directions (x and y), and only one unit cell of the pattern

is included in the simulation. According to the pitch of the pattern L = 40.72 σ and

φ = 0.61, the radius of nanoholes is a = 17.6 σ, which represents approximate 6 nm

radius if the LJ reduced unit is non-dimensionalized with respect to argon. Both

the upper wall and lower wall with structures are formed on two layers of [001] fcc

lattice with the lattice constant 1.36 σ, leading to wall density ρw = 1.6 σ−3. The

walls are modeled as the thermal walls with rigidity kw = 1600 ε/σ2. Imposing the

no-slip condition at the upper wall provides convenience in controlling the Couette

flow, which is realized by assigning εwf = 1.0 ε for the interaction between fluid
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and upper wall particles. The particles of lower wall are assigned εwf = 0.3 ε rep-

resenting a superhydrophobic surface. The temperatures of the thermal walls and

the fluid are controlled at T = 0.7 ε/kBT by the Langevin and dissipative particle

dynamics thermostat, respectively. The equations of motions are integrated using

the velocity-Verlet algorithm by LAMMPS [46] with the time step as 0.002 τ .

Figure 5.3: Snapshot of the MD system with the lower wall having nanoholes. To
provide a transparent view through the fluid domain, the spheres of fluid
atoms do not represent the real size of the atoms, but only represent the
positions of mass center. The atoms of the lower wall with purple color
are the ones manipulated to be hydrophilic.

The ability of modeling the motion of the three-phase contact line is one of the

unique features of MD simulations [168]. Even the sharp edge of the hole induces

a contact pinning effect [90], the movement of contact line could be dramatic in

nanoscale systems, especially under shear. Thus, we adopt the idea in the previous

lattice-Boltzmann simulations [167] to fix the contact line in order to trap bubbles

to holes. Heterogeneity at the hole edge is introduced in our MD simulation by
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tuning a ring of wall atoms at the edge to be hydrophilic with εwf = 1.0 ε as

illustrated in Figure 5.3. The bubble can be also generated without heterogeneity,

but later result shows this treatment is able to achieve larger protrusion angles θ

comparing to a homogeneous lower wall. The protrusion angle is varied by changing

the bulk pressure of the liquid, which is implemented practically in the simulation by

adjusting the channel height h, which is defined as the distance between the upper

wall and the top of the structured lower wall. A positive angle θ > 0 represents a

convex meniscus, while a negative one θ < 0 represents a concave meniscus. The

effective slip length on superhydrophobic surfaces is defined referring to the top

of the structured surface and measured by the linear fitting of the time-averaged

velocity profile. Statistical quantities are computed in an array of blocks with size

1 σ in the x, y and z directions. Mean values of flow quantities for each block are

obtained from the average of discrete atoms at each time step. The instantaneous

quantities are accumulated for time averaging. The density contours of the x-z and

y-z plane located at the center of the bubble are obtained to compute the protrusion

angle. The contour line with density ρ = 0.5 (ρl + ρv) is plotted out to represent the

liquid-vapor interface. The protrusion angle is estimated by the linear fitting of the

contour in the vicinity of the contact line. The angles obtained on both x-z and y-z

plane are averaged to improve accuracy, because the bubble has axial symmetry at

equilibrium state.

5.1 Generating Entrapped Bubbles

The entrapped bubbles with concave menisci, in which the liquid intrudes into

the structure, have been observed in some previous MD simulations [154, 155]. This

state can be easily achieved by increasing the pressure of the liquid, e.g. squeezing

the liquid slab. To obtain bubbles with different protrusion angle θ, we do not impose

the upper wall velocity in order to gain an equilibrium system first. A partial-wetting

equilibrium state where the liquid intrudes the hole is obtained as the initial state of

our following dynamic simulation, with liquid and vapor density as ρl = 0.787 σ−3

and ρv = 5.59 × 10−3 σ−3, respectively. Since the intrinsic static contact angle is

calibrated as 111.1◦ for liquid-solid contact with εwf = 0.3 ε at T = 0.7 ε/kBT , the
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Figure 5.4: Density contours of fluid within the x-z midplane with varying channel
height, representing the generation of convex entrapped bubble. The
arrows pointed out the sequence of the changing.

contact angle formed by the concave meniscus on the sidewall of the hole is similar

to the intrinsic static contact angle. The dynamic simulation is implemented by

assigning a z velocity on the upper wall pointing to the +z direction to expand the

channel volume. The z velocity is chosen to be small to maintain a quasi-static

process. When the volume expands, the liquid pressure decreases, which leads to

the receding of liquid from the hole. When the contact line recedes to the edge of the

hole, the initial protrusion angle can be defined and it is negative. Further decreasing

pressure does not induce movement of the contact line but increases the protrusion

angle as shown in Figure 5.4. This process continuously increases the protrusion

angle and the bubble meniscus changes from concave to convex. The maximum

protrusion angle θmax achievable with heterogeneity is 59.4◦. Without heterogeneity,

the positive θ is also achievable but limited at a much smaller maximum 26.4◦.
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Larger angle exceeding θmax cannot be generated, because the contact line can no

longer be pinned. The contact line shifts outward away from the edge, and results in

the breaking of bubble into gas mattress when the contact line reaches the periodic

boundaries.

5.2 Meniscus Curvature Effect

In order to study the effect of varying protrusion angles on the effective slip

length of the structured lower wall, a shearing velocity U0 = 0.1 σ/τ is set on the

upper wall to induce the Couette flow. We utilize the intermediate states in the

previous bubble generation process as the initial states of the non-equilibrium sim-

ulation. An extra equilibrium period is necessary to make sure the bubble meniscus

is stable before adding shear. The shear rate in this study is small enough satisfy-

ing Newtonian and laminar condition for simple fluids. Under the presence of the

Couette flow, the bubble deforms under viscous stress as shown in Figure 5.5.

Figure 5.5: Comparison of the density contours of the x-z midplane between equi-
librium state and steady state under shear.

The effective slip lengths are obtained from the average velocity profiles, and

the reference plane defining the slip is chosen at the top of the structure. Figure

5.6 shows the normalized effective slip length Leffs /L as a function of the protrusion
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angle θ of the equilibrium state for both surfaces with the heterogeneous edge and

the homogeneous edge. The observed behavior shows qualitative agreement with

that reported previously [152, 167, 166], where continuum modeling and mesoscopic

method are used. Our result captures the similar trend that the slip length first

increases and then decreases with monotonically increasing protrusion angle. The

asymmetric in the curve between concave θ < 0 and convex θ > 0 is also reproduced

in the nanoscale simulation. The maximum slip length is observed at a small pos-

itive θ, instead of locating at zero protrusion angle for a flat meniscus predicted in

the continuum simulation with rigid bubble assumption [152]. Being restricted by

the maximum protrusion angle, we are not able to observe the expected negative

slip length at very large θ even for the surface with heterogeneity. Within the range

available in our simulations, the slip length on the surface with heterogeneous edge

at θmax is about the same as the slip length at θ ≈ −20◦. Note that at zero protru-

Figure 5.6: Normalized slip length with respect to the pitch Leffs /L as a function
of protrusion angle θ on surfaces with heterogeneous edge and with
homogeneous edge. The red dash line represents a reference value as
Lis/L ≈ 0.194 for the intrinsic slip on a flat surface with εwf = 0.3 ε.

sion angle, the effective slip length on the surface with heterogeneity is even smaller

than the intrinsic slip length on the flat surface made from the same atom. This is

a natural consequence of introducing the hydrophilic ring at the hole edge, which
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significantly increases the friction. The same analysis is conducted for the homo-

geneous structured surface with the exact same geometry. The result demonstrates

that the effective slip lengths are smaller than the intrinsic slip length with large

concave meniscus curvature and rise above the intrinsic slip as increasing protrusion

angle. Both surfaces exhibit consistent behaviors with two notable distinctions. As

a result of removing the hydrophilic ring, besides the difference between achievable

maximum protrusion angles, the yielding maximum slip length is much larger for

the surface with homogeneous edge. Another feature worthy to point out is the

shift of the θ value corresponding to the maximum slip, in which the surface with

heterogeneity reaches maximum at a larger θ. The reason of it can be elucidated

from a close observation of the contact line position. Since the entrapped bubble

is generated from the state in which the liquid impregnates the hole, the contact

line is actually pinned on the side wall a little lower than the real hole edge as a

consequence of the hydrophilic ring when the protrusion angle is changing as shown

in Figure 5.7. This behavior indicates that at the same protrusion angle for the

surface with heterogeneity, the bubble protrudes a shorter distance into channel,

which yields smaller effective roughness than for the surface with homogeneous edge

in which the contact line is pinned at the edge. The smaller effective roughness in-

duces smaller friction and requires a larger protrusion angle to reach the maximum

slip length.

5.3 Gas Fraction Dependence

The meniscus curvature effect has demonstrated a consistent trend between

nanoscale and macroscale. Another intriguing question is the asymptotic behaviors

of the slip length with varying gas fraction φg at nanoscale. Providing a deep un-

derstanding of this question could guide the future designs of drag reduction using

nanostructure surfaces. In order to simplify the picture and obtain convenient com-

parison with previous macroscale analysis, the meniscus curvature effect is excluded

in these simulations by fixing a flat liquid-vapor interface with 0◦ protrusion an-

gle. Two surface patterns are investigated, cylindrical nanoholes and nanopillars, in

order to elucidate the effect introduced by the continuity of liquid-vapor interface.
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Figure 5.7: Density contours of the x-z plane (a) on the surface with heterogeneity
at θ = 10.8◦ and (b) on the surface with homogeneous edge at θ = 10.0◦.
(c) Detailed comparison of the liquid-vapor interface between two cases.

In all simulations, the edge of hole or pillar is treated as homogenous to minimize

artificially imposed influences. Ybert et al. [156] has proposed a scaling law for

surfaces with holes from a macroscopic perspective. For the surface with the hole

pattern in the φg → 0 limit, the asymptotic behavior of the effective slip length is

predicted by

Leffs ∼ Lφ3/2
g . (5.2)

Generally, the hole behaves as a stripe-like geometry and leads to a scaling behavior

[135] as

Leffs ∼ −L ln(1− φg). (5.3)

Figure 5.8(a) exhibits our MD results of the slip length as a function of gas fraction

on the surfaces with nanoholes. The gas fraction of the surface with nanoholes is

restricted theoretically by 0.785, as the circular holes become connected with each

other when the hole radius is larger than half of the pitch. Also since our intrinsic

slip length is comparable to the scale of nanostructure, the extra contribution of

the intrinsic slip of the liquid-solid contact on the effective slip length has to be
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considered. It has been suggested that the extra slip induced by the intrinsic slip

scales as

∆Leffs ∼ Lis
1− φg

, (5.4)

where Lis = 7.9 σ is measured to be the intrinsic slip length on the solid with

εwf = 0.3 ε. In the range of φg > 0.10, the data points are very closely described

by the fitting Leffs = −L(0.140 ln(1 − φg) − 0.017) + 0.716Lis/(1 − φg), having the

slope agreeing with Leffs = −L(0.134 ln(1 − φg) + 0.023) obtained by the semi-

analytical solution [158]. For the range of small φg < 0.16, the fitting yields Leffs =

L(0.087φ
3/2
g +0.078)+0.484Lis/(1−φg), in which the prefactor 0.087 shows reasonable

qualitative agreement with 0.17 for the square hole in Reference [156].

According to the scaling law, the effective slip length on the surface with

isolated liquid-vapor interface is bounded by the pitch of the structure L even in the

limit of unity gas fraction φg → 1. This behavior indicates the dependence of the

induced slip on the structure size, i.e. microscale structure produces slip of micron

scale and nanoscale structure only yields nanometric slip. This is not a satisfactory

trend for drag reduction applications. Oppositely, the two-dimensional geometry

with continuous liquid-vapor interface behaves quite different in the considered limit

of gas fraction. In the experimentally interesting limit φg → 1, the effective slip

length behaves inversely proportional to
√

1− φg [156, 158] as

Leffs ∼ L√
1− φg

. (5.5)

Later theoretical solution of the Stokes flow on cylindrical pillars [157] obtained the

exact prefactor and correction as

Leffs ∼ L

(
3

16

√
π

1− φg
− 3

2π
ln
(

1 +
√

2
))

, (5.6)

which shows excellent quantitative agreement with the previous fittings in Ref-

erences [156, 158]. Again after adding the extra slip generated from the intrin-

sic slip, our results in Figure 5.8(b) show consistent agreement between the slip

length of the MD results and the fitting based on the above scaling law for the
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gas fraction range 0.24 < φg < 0.9. The fitting yields a relation as Leffs =

L(0.359/
√

1− φg − 0.363) + 0.606Lis/(1− φg), and the coefficients are also in good

agreement with the theoretical prediction Equation (5.6). Over this range of φg, the

MD results demonstrate considerable deviations from the prediction of the scaling

law. The possible reason lies on the discrepancy appearing in the construction of

the cylindrical pillar when φg is approaching 1, with the lattice constant of the fcc

lattice comparable to the radius of the pillar. In this limit, the shape of the pillar

generated is more close to a rectangular cuboid instead of a cylinder because of the

lattice structure of the solid. This induces a discrepancy when we compute the gas

fraction using the circular area as the solid fraction. The actually solid fraction is

slightly larger than the estimated one. A larger solid fraction corresponds to a large

friction and induces the underestimate slip lengths in the limit φg → 1.
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(a) Surface with nanoholes

(b) Surface with nanopillars

Figure 5.8: Normalized effective slip length Leffs /L on nanoengineered superhy-
drophobic surfaces (a) with nanoholes and (b) with nanopillars as a
function of varying gas fraction φg. Discrete data points are numerical
results from MD simulation and the lines are fittings according to the
scaling laws.
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5.4 Shear-rate Dependence

Finally, the shear-rate dependence of the slip length is investigated by adjust-

ing the shear velocity U0 at the upper wall. We expect that the magnitude of the

shear rate affects the bubble deformation and consequently changes the flow field.

For the intruded bubble, substantial shear rates can be imposed, while there is a

maximum shear rate for the protruded bubble. Too strong shear could overcome the

pinning effect at the edge and drive the contact line to move outward, which would

eventually cause the break of bubble. We have selected three protrusion angles to

conduct this shear-rate dependence simulation. In Figure 5.9(a), there is no specific

trend for bubbles with all the three protrusion angles. Even at relatively high shear

rates, where the deformation is considerably large, the change of the slip length is

not appreciable. Figure 5.9(b) shows the detailed deformation of the liquid-vapor

interface for the bubble with protrusion angle 26◦ at different U0 or fluid shear rates.

Except at large shear rates with U0 = 0.20, 0.30 and 0.50 σ/τ , the deformation is

subtle and lacks of noticeable pattern. Careful observation demonstrates that the

bubble volume is not a constant including slight compressibility and the location of

the contact line is moving. These observations at nanoscale are quite different from

the behavior reported by the lattice-Boltzmann simulation of microbubble [167],

where they observed a consistent decrease of the slip length caused by increasing

shear rates. By comparing with this microscale simulation with incompressible bub-

ble and non-moving contact line, our result indicates that at nanoscale, the subtle

compressibility and the movement of contact line play roles in impacting the effec-

tive slip length when their scales are not negligible comparing to the scale of the

system.

In this chapter, we have studied the slip behavior of the simple fluid on na-

noengineered superhydrophobic surfaces using MD simulations. The surfaces with

cylindrical nanoholes and nanopillars are investigated to represent the difference in

the continuity of liquid-vapor interface. By successfully generating entrapped bub-

ble on the surface with nanoholes, we obtain the effect of the meniscus curvature

quantified by the protrusion angle on the effective slip length. Our slip behaviors at

nanoscale are in good agreement with the previous macro- or microscale numerical



143

(a)

(b)

Figure 5.9: (a) Normalized effective slip length Leffs /L as a function of fluid shear
rate γ̇ on the surface with nanoholes for the bubble with three protrusion
angles, θ = −13◦, 26◦ and 54◦. (b) Detailed change of the liquid-vapor
interface at different shearing velocity U0 for the bubble with 26◦.

simulations, which verifies the possibility of fine tuning the boundary condition on

nanoengineered surfaces by controlling the shape of the meniscus. By eliminating

the meniscus effect, the limiting behaviors of the effective slip length when the gas

fraction changes are studied on the surfaces with nanoholes and nanopillars with flat

liquid-vapor interface. The asymptotic behaviors show quantitative agreement with

the macroscopic scaling laws, which demonstrates the feasibility to characterize the

behaviors of nanosystems with some well-established continuum concepts. More-

over, we elucidate that for nanobubble, the effective slip has no apparent shear-rate

dependence contrast to the microscopic behavior, because the subtle change in the
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bubble volume and small motion of contact line has to be considered when their

scales are comparable to the scale of the system. We hope that this work could pro-

vide guidance of designing low friction nanoengineered surfaces and tailoring their

slip properties, and further benefit the macroscale drag reduction.



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this dissertation research, we have successfully implemented three NEMD simula-

tion methods including the boundary-driven-shear, homogeneous-shear and revere-

NEMD methods within the framework of LAMMPS. Several nanofluidic systems

have been realized computationally via the corresponding NEMD methods. The

behaviors of simple fluids in confined nanochannels are simulated first using the

boundary-driven-shear method. The wetting phase at the fluid-solid interface is

studied in the static situation thoroughly, which reproduces consistent features as

in previous literature. The velocity profiles undergoing planar shear flow with dif-

ferent imposing wall shearing velocity attract most of attention in this part. They

show significant deviation under strong shear from the continuum expectation which

is a linear profile. Three regimes of fluid are defined by us according to the velocity

profiles and the structures the fluid forms, namely Newtonian regime, layer regime

and oversheared regime. The dependences of velocity on the fluid temperature and

the parameter relative energy representing the strength of the fluid-solid interaction

are also elucidated. Among the three regimes, the layer regime is especially in-

triguing, where the fluid arranges into exotic crystallized multiple layer structures.

Relevant investigation is conducted through measuring the spatial dependent fluid

temperature profiles, which show dramatic variations through the channel height

direction induced by the global nature of the applied NHC thermostat. These un-

physical variations indicate that the layer structure could be a thermostat artifact.

To confirm this preliminary conclusion, we comprehensively implement several dif-

ferent thermostat strategies associated with how the walls are modeled with various

thermostat algorithms (both global and local) on the similar nanoconfined simple

fluid system under planar Couette flow. The result verifies that the layer structure

is induced by the inappropriate thermostat, because the applied NHC thermostat

is not capable to handle possible temperature inhomogeneity. Contrarily, the local

thermostats, LGV and DPD, prevent the emergence of the layer structure. The LGV

145
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and DPD thermostats also exhibit the feature that they enhance the fluid viscosity.

By comparing the three strategies, TW, TF and TWTF, we have learned that even

though the flow properties in the TF and TWTF systems are never comparable

to those of the TW systems at high shear rates, the TF and TWTF systems with

local thermostats have been proven as valid ways to thermostat nano-channel flow

systems from the thermal and hydrodynamic aspects. Thus, the isothermal system

generated by the TF and TWTF systems with cautious treatments could provide a

practical and convenient implementation for certain applications.

After successfully modeling the confined nanofluidic systems and deeply under-

standing the fluid behaviors within, we attempt to investigate the fluid at nanoscale

from an entirely different perspective, in which no surface and scaling effects are

involved. This goal is realized via the homogeneous-shear method, where arbitrary

shear rate can be imposed by superimposing the shear flow instantaneously at the

start of non-equilibrium simulation, and preserving the shear flow using the Lees-

Edwards periodic boundary conditions. The non-Newtonian responses of simple

fluids at high shear rates are focused, based on the observations of the velocity

profiles and the rheological material functions, shear viscosity and two normal pres-

sure differences, and the shear-induced microstructure change. The non-Newtonian

response manifests in the relation between the shear viscosity and the shear rate,

which consists a Newtonian plateau with constant viscosity, followed by a shear-

thinning region after γ̇nt and then the second shear-thinning region after γ̇cr. The

two normal pressure differences show consistent non-Newtonian behaviors. A spe-

cial discussion about the string phase appearing in the second shear-thinning region

is given, and possible rationalization of the existence of the string phase is pro-

vided from the perspective of shear-induced microstructure change with comparison

among the different thermostats.

Finally, the RNEMD simulation is exploited to complete this realization of

nanofluidic MD simulations of simple fluids under steady planar shear. The shear

viscosity obtained by the RNEMD method is consistent with those given by the

other two methods, but provides better statistics with the simulation cell that is

the same as that in the homogeneous-shear simulations and smaller than that in the
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boundary-driven-shear simulations, in a shorter production period. At large momen-

tum flux, the RNEMD simulation induces dramatic density and local temperature

variations and further yields nonlinearity in the velocity profiles. Eventually, the

comparison among the three methods establishs comprehensive guidance to conduct

nanofluidic simulations via the MD method. The boundary-driven-shear method

explicitly models realistic surface effects from the wall, which reproduces similar

situations as in experiments. The continuum assumption of fluid is valid down to

nanometers confinement by comparing the results from the boundary-driven-shear

and homogeneous-shear simulations. However, the shear rate range accessible by the

boundary-driven-shear method is restricted due to the slip at the fluid-solid interface.

On the other hand, the homogeneous-shear method eliminates surface and scaling

effects and focuses more on the bulk properties of the fluid. The homogeneous-shear

method could directly impose shear rate which provides capability to investigate the

non-Newtonian phenomena of simple fluids. The string phase emerges at extremely

high shear rates, which appears to be still controversial. The homogeneous-shear

method is also able to provide comprehensive structural information about the non-

Newtonian response. The RNEMD method eliminates explicit boundaries, which is

the same as the homogeneous-shear method, with the best statistical results on the

viscosity measurement in terms of error magnitude among all the three methods.

But it also suffers from accessible shear rate range due to its reverse shear generation

mechanism. All in all, the choice of NEMD methods for nanofluidic simulations has

to be compatible for the particular system and also be dependent on the purpose of

study and the quantities of interest.

After equipping with the comprehensive knowledge about the fundamental

nanoscale fluid behaviors gained, we proceed to a more detailed exploration of the

hydrodynamic flow boundary condition on smooth solid surfaces. The isothermal

boundary-driven-shear system is utilized to isolate the dynamics of the fluid from

the bulk temperature effects. We observe unbounded slip at high shear rates re-

gardless of frozen or thermal walls in the isothermal system eliminating the bulk

temperature rise. Our MD simulations successfully verify the discontinuity in the

slip length associated with the transition from the defect slip to the collective slip,
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which is predicted by the previous studies using dynamic models and continuum

models. There are two different mechanisms relating to the atomistic interfacial

friction. Both the bound from the surface potential and the collision between the

fluid and wall atoms contribute in the defect slip, while the collision dominates

the interfacial friction for the collective slip. This statement is elucidated by com-

paring our MD results with the proposed microscopic scaling estimate of the slip

length. This study will not only benefit the computational community by providing

a comprehensive understanding of atomistic interfacial friction, but also cast light

on the optimal designs and practical applications of nanofluidics, which is valuable

for experimentalists.

Our final study takes a step further towards practical nanofluid applications

based on the result of intrinsic slip. Instead of smooth solid surfaces, the slip behav-

ior of simple fluid on nanoengineered superhydrophobic surfaces with topographical

patterns is investigated. The simulations involve two types of superhydrophobic sur-

faces with cylindrical nanohole and nanopillar, to elucidate the important role of the

continuity of liquid-vapor interface. The meniscus curvature effect on the effective

slip length is observed at different protrusion angles of the entrapped bubble. The

nanoscale slip behaviors agree well with the previous macro- or microscale numer-

ical simulations, which provide possibilities to manipulate the boundary condition

on nanoengineered surfaces by controlling the shape of the meniscus. The limiting

behaviors of the effective slip length with varying gas fraction are studied on surfaces

with nanohole and nanopillar with flat liquid-vapor interface. The macroscopic scal-

ing laws are validated by comparing with our MD results. However, the effective

slip has no apparent shear-rate dependence at nanoscale contrast to the obvious

trend at microscale, due to the considerable compressibility issue and the contact

line movement at nanoscale. We hope that this work could guide the designs of

low friction nanoengineered surfaces and the tailoring of the slip properties, which

would eventually promote the development of macroscale drag reduction.

Following this route towards actual nanofluidic applications provided in this

thesis, several interesting studies could be done in the future based on the knowledge

gained so far. Besides the exploration of pure nanofluidic phenomena, a connection
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between nanoscale and microscale could be built through a comparison between the

microscopic MD method and the macroscopic multiphase immersed finite element

method (IFEM). For instance, we are able to model the slip on superhydrophobic

surfaces with the same geometry but for system scale as large as micron. The results

could be compared with the MD results to analyze scaling effects and validity of

the continuum assumption. By establishing a relation between nanoscale and mi-

croscale system and elucidating scaling effects, some observations or conclusions can

successfully extend and scale up to the scale which is able to be realized by current

fabrication and manufacturing techniques, and will really help experimentalists.

Other possible directions for future research preserve the focus on unique

nanofluidic phenomena. Believing the fact that nanoengineered superhydrophobic

surfaces have a promising future to be integrated in nanofludics and microfluidics,

its implications for the ionic transport also require comprehensive explorations. This

subject involves two possible topics. The first topic is the electro-osmosis flow and its

reverse phenomena streaming current. As one example of the surface-force-driven

flow, the efficiency of electro-osmosis could benefit a lot from the boundary slip.

However, whether such amplification appears for large boundary slip generated by

topological superhydrophobic surfaces still requires thorough explorations. Improve-

ments of the efficiency of electro-osmosis and streaming current could help create

practical microscale energy-conversion devices. The molecular simulations on mod-

eling electro-osmotic flow in superhydrophobic channels with topological patterns

could be established in a similar fashion as we have done for the mass transport. Sim-

ilar to electro-osmosis, analogous simulations can be expanded to diffusio-osmosis

and thermo-osmosis, motions of fluid induced by solute and temperature gradients,

respectively.

The second topic is associated with electrical double layer overlapping. When

electrical double layer overlaps in nanopores, the ion transport through channel in-

duces the emergence of even more interesting phenomena and applications such as

permselectivity, preconcentration and nanofluidic diodes. Note that the ion trans-

port in nanofluidics is often associated with the presence of hydrodynamic flow as

in the electro-osmosis flow, and that the coupling between the fluid convection and
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the ion transport produces even richer phenomena. MD is the suitable tool for

realizing such complex physics and elucidating the underlying mechanisms. These

simulations would steer the designs of biomimetic membranes for filtering on size or

charge.
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[107] H. Komatsugawa and S. Nosé, J. Chem. Phys. 112, 11058 (2000).

[108] R. Gray, S. Chynoweth, Y. Michopoulos, and G. Pawley, Europhys. Lett. 43,
491 (1998).

[109] B. Ackerson and P. Pusey, Phys. Rev. Lett. 61, 1033 (1988).



156

[110] J. McWhirter and G. Patey, J. Chem. Phys. 117, 2747 (2002).

[111] M. Nagata, J. Fluid Mech. 217, 519 (1990).

[112] A. Lundbladh and A. V. Johansson, J. Fluid Mech. 229, 499 (1991).

[113] J. McWhirter, J. Chem. Phys. 118, 2824 (2003).

[114] D. R. Foss and J. F. Brady, J. Fluid Mech. 407, 167 (2000).

[115] J. Vermant and M. Solomon, J. Phys.: Condens. Matter 17, 187 (2005).

[116] E. Muntz, Annu. Rev. Fluid Mech. 21, 387 (1989).

[117] J. C. Maxwell, Philos. Trans. R. Soc. London 170, 231 (1879).

[118] M. M. Denn, Annu. Rev. Fluid Mech. 33, 265 (2001).

[119] L. Hocking, J. Fluid Mech. 76, 801 (1976).

[120] E. Dussan, Annu. Rev. Fluid Mech. 11, 371 (1979).

[121] J. Koplik, J. R. Banavar, and J. Willemsen, Phys. Rev. Lett. 60, 1282
(1988).

[122] C. Neto, D. R. Evans, E. Bonaccurso, H. Butt, and V. S. Craig, Rep. Prog.
Phys. 68, 2859 (2005).

[123] C. Cottin-Bizonne, B. Cross, A. Steinberger, and E. Charlaix, Phys. Rev.
Lett. 94, 056102 (2005).

[124] N. V. Priezjev and S. M. Troian, Phys. Rev. Lett. 92, 018302 (2004).

[125] A. Alizadeh Pahlavan and J. B. Freund, Phys. Rev. E 83, 021602 (2011).

[126] N. Asproulis, Phys. Rev. E 84, 031504 (2011).

[127] C. Sendner, D. Horinek, L. Bocquet, and R. R. Netz, Langmuir 25, 10768
(2009).

[128] N. V. Priezjev, Phys. Rev. E 75, 051605 (2007).

[129] N. V. Priezjev, Phys. Rev. E 80, 031608 (2009).

[130] N. V. Priezjev, Phys. Rev. E 82, 051603 (2010).

[131] E. D. Smith and M. O. Robbins, Phys. Rev. B 54, 8252 (1996).

[132] P. A. Thompson and M. O. Robbins, Science 250, 792 (1990).

[133] W. A. Steele, Surf. Sci. 36, 317 (1973).



157

[134] L. Bocquet and J.-L. Barrat, Phys. Rev. E 49, 3079 (1994).

[135] E. Lauga and H. A. Stone, J. Fluid Mech. 489, 55 (2003).

[136] P. de Gennes, Rev. Mod. Phys. 57, 827 (1985).
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[167] J. Hyväluoma and J. Harting, Phys. Rev. Lett. 100, 246001 (2008).

[168] J. B. Freund, Phys. Fluids 15, L33 (2003).


