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8.1 Introduction
Nanoscale fluid mechanics (NFM) is the study of fluid (gas, liquid) flow around and
inside nanoscale configurations. As we are increasingly enabled to study nanoscale
systems, through advanced computations and innovative experiments, it becomes
apparent that the ancient saying τ α π αντ α ρι (“everything flows”) remains valid
in the era of nanotechnology. Nanoscale flow phenomena are ubiquitous!
As a start, biology evolves in an environment that is mostly water. While the
percentage of water in human bodies is about 65%, it is generally higher in plants
(about 90%), and even more so in week-old human embryos (up to 97%)! Where
is the water? In human beings, 1/3 of it can be found in the extracellular medium,
while 2/3 of it lies within the intracellular medium, a confined environment that
is typically a few microns in diameter. From the words of Alberts et al., “Water
accounts for about 70% of a cell’s weight, and most intracellular reactions occur in
an aqueous environment. Life on Earth began in the ocean, and the conditions in
that primeval environment put a permanent stamp on the chemistry of living things.
Life therefore hinges on the properties of water.”1
As scientists and engineers develop nanoscale sensor and actuator devices for
the study of biomolecular systems, NFM will play an increasingly important role.
The study of fundamental nanoscale flow processes is a key aspect of our effort
to understand and interact with biological systems. Many biomolecular processes
such as the transport of DNA and proteins are carried out in aqueous environments,
and aerobic organisms depend on gas exchange for survival. The development of
envisioned nanoscale biomedical devices such as nanoexplorers and cell manipulators will require understanding of natural and forced transport processes of flows
in the nanoscale. In addition, it will be important to understand transport processes
around biomolecular sensing devices to increase the probability of finding target
molecules and identifying important biological processes in the cellular and subcellular level in isolated or high background noise environments.
While there can be a large variety of nanoscale systems (from the individual
molecules themselves to the assembly of those molecules into complex structures
such as cellular membranes), it would be a formidable task to try to understand
the essential physics of these systems by peering at every known device. For more
than a century, engineering fluid mechanics has taught us that simple, canonical
experiments, such as the flow around a circular cylinder, can provide us with all
of the fundamental physics needed to understand the flow dynamics of much more
complex systems, such as the aerodynamics of airplanes or the hydrodynamics of
ships. Following this conjecture, one may consider that the study of fundamental
nanoscale flow physics of prototypical configurations will enable further advances
in the development of complex scientific and engineering devices. At the same
time, we are reminded that thousands of airplanes had been flying without the
engineers having understood every minute detail about turbulent flow.
Nanoscale flow physics also affects flows at larger scales in an inherently
multiscaling way. For instance, phenomena such as wall turbulence and aircraft
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aerodynamics are dependent on the behavior of fluids in the near-wall region
of aero/hydrodynamic structures. This near-wall region, the so-called boundary
layer,2 has often been modeled using the highly debated “no-slip condition.” This
condition hinges on nanoscale fluid flow phenomena, which only now have become
amenable to experimental and theoretical investigations.
NFM is a complex and still pristine research subject, mainly because it cannot
be tackled with conventional experimental means and also because no universally
accepted model equation has ever been laid down for such flows. However, research on these frontiers is expected to bring advances that will largely enhance
our understanding and will enable us to develop better engineering devices.
Currently open research issues in computational and experimental NFM can be
categorized into four major tasks, namely,
1. In computational studies, it is important to develop suitable models and efficient computational tools for the systems that are being simulated. Key
aspects include the development of suitable interaction potentials for molecular dynamics simulations based on experiments and ab initio calculations,
the development of hybrid computational methods such as QM/MM methods, combining classical molecular mechanics with quantum mechanical
calculations, e.g., Car-Parrinello molecular dynamics,3 and the development
of efficient multiscaling techniques. Specific algorithmic developments involve the treatment of the long-range forces between molecules and the development of efficient computational techniques to extend the time-scale of
the simulation as well as to expand the range of solutes and solid substrates
that can be studied.
2. Experimental diagnostic techniques need to be developed to provide quantitative information for phenomena that take place in the nanoscale. Techniques and instruments that are able to explore atomistic structures are invaluable on this front. The adoption of innovative and interdisciplinary approaches is necessary to face the challenges of this task.
3. As the third task, we consider the study of prototypical flows to identify
key physical mechanisms such as the degrees of slip and sticking at the
solid-liquid interfaces or to determine the changes in liquid viscosity and
surface tension near the surfaces and inside small pores. Particular flows of
interest involve flows inside nanopores and nanoscale flows as influencing
the interface of nanoscale flows with larger-scale flow phenomena. A suitable synergy of experimental and computational techniques will benefit the
problems at hand and the techniques themselves.
4. The fourth task involves the continuous exploration of fundamental and
novel concepts for nanofluidic devices. Through an interdisciplinary approach and in a combined experimental and computational setting, we can
consider preliminary designs using molecular simulations that need to be
subsequently verified via appropriate experiments. In particular, the largescale manufacturing of nanoscale flow devices needs to be addressed as well
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as their interface with microscale devices. Included in these concepts are
biomolecular sieves, nanopores, nanocilia, and nanopumps. These studies
will provide the basis for a rational design of nanoscale biomolecular sensors and actuators.
Several comprehensive review articles have appeared in the area of nanoscale
fluid mechanics, a nonexhaustive list of which is given here. Koplik and Banavar4
presented one of the first reviews discussing the study of phenomena of macroscale
systems from atomistic simulations while Micci et al.5 have reviewed research
of nanoscale phenomena related to atomization and sprays. In recent articles,
Maruyama6 and Poulikakos et al.7 have reviewed molecular dynamics simulations
of micro- and nanoscale thermodynamic phenomena. Moving up to mesoscales,
Gad-el Hak8 and Ho and Tai9,10 presented reviews of the flow in microdevices and
microelectromechanical systems (MEMS) devices. Vinogradova11 and Churaev12
reviewed the slippage of water over hydrophobic surfaces, including general properties of thin liquid layers.
However, nanotechnology is a very dynamic field and new information is constantly becoming available from improved computational models and experimental diagnostics. For example, much has changed since the review of Koplik and
Banavar4 on slip boundary conditions: the presence of slip has been demonstrated
in experiments at hydrophobic13 and at hydrophilic surfaces,14 thus casting doubts
on the validity of the no-slip condition. These words of caution must be kept in
mind as well when assessing the works discussed in this review.
The chapter is structured as follows: Sec. 8.2 discusses computational aspects
of NFM. We emphasize that practitioners understand the ramifications of seemingly benign tasks such as the choice of the molecular interaction potentials and
simulation boundary conditions. The simulated physics critically depend on such
choices.
Section 8.3 discusses experimental diagnostics techniques for nanoscale flow
phenomena. The interdisciplinary and innovative approaches of scientists and engineers when probing flows at the nanoscale is exemplified in this topic. Section 8.4
discusses the flow phenomena at the interface of fluids and solids from the NFM
perspective, while in Sec. 8.5 the effects of confinement to fluid mechanics are discussed. Finally, Sec. 8.6 discusses a selective list of applications where nanoscale
flow phenomena play a critical role.

8.2 Computational nanoscale fluid mechanics
The difficulty of carrying out controlled experiments on nanoscale systems makes
computational studies potent alternatives for characterizing their properties. This
fact has led to several computational studies of nanoscale phenomena using molecular simulations, and many of the advances to date in nanotechnology have come
from theoretical or computational predictions that were later confirmed by experiment (e.g., the metallic and semiconducting nature of carbon nanotubes15).
The goal of computational studies in NFM is to characterize prototypical
nanofluidic systems as well as to explore specific nanoscale flow phenomena that
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may facilitate the development of nanoscale flow sensors and actuators, nanodevices capable of manipulating biomolecules in the form of molecular sieves, etc.
The development of efficient solvers for quantum mechanical (QM) and molecular mechanical (MM) simulations has enabled reliable simulation of phenomena involving up to a few thousand atoms. For larger systems, the method of
molecular dynamics (MD) is used to simulate systems that can be described
with up to a few million atoms. However, as nanoscale devices are often embedded in micro- and macroscale systems, the computation of such flows requires a
proper integration of atomistic simulations with computational methods suitable
for larger scales. One of the great challenges in computational NFM is the development of efficient computational methods to tackle the large number of time and
space scales associated with NFM. Multiscaling techniques bridging nano and micro/macroscale flow phenomena may well be very fruitful areas of research in the
near future.
8.2.1 Quantum mechanical calculations
Quantum mechanical phenomena are described by wavelike particles, which are
mathematically represented by a wave function . The differential equation that
describes their evolution in time was developed in 1925 by Schrödinger:
i h̄

∂
∂t

= Ê

= Ĥ

=−

h̄2 2
∇
2m

+ V (r, t) ,

(8.1)

where i is the imaginary unit, h̄ is Planck’s constant divided by 2π , the time is
represented by t, and the energy operator is Ê. The Hamiltonian operator Ĥ is the
sum of the potential energy operator V (r, t) and the kinetic energy operator, and m
denotes the mass of the particle. The Schrödinger Eq. (8.1), though mostly used in
its time-independent form, is the basis for the solution of atomistic systems that
• Involve the determining of structural problems, for example, questions regarding conformation and configuration of molecular systems as well as
geometry optimizations; and
• Require finding energies under given conditions, for example, heat of formation, conformational stability, chemical reactivity, and spectral properties.
Analytic solutions of the Schrödinger equations are known only for special cases,
where the potential energy contribution to the Hamilton operator is particularly
simple. For example, this is the case if there is no potential energy contribution
(free particle) or in the case of a single electron in the field of a nucleus (hydrogen
atom).
In more complex situations, the Schrödinger equation has to be solved approximately. The approximation methods can be categorized as either ab initio or semiempirical. While ab initio calculations tackle the full form of the equations, semiempirical methods replace some of the time-consuming expressions and terms by
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empirical approximations. The parameters for semiempirical methods are usually
either derived from experimental measurements or from ab initio calculations on
model systems. For a detailed introduction into different methods and the according approximations, the reader is referred to quantum chemistry text books (e.g.,
Ref. 16).
Note that ab initio methods also depend on appoximations such as the BornOppenheimer approximation17 or the choice of underlying basis sets16 to model
the wave function. While ab initio calculations are independent of fitted parameters and enable us to calculate properties of interest fully deterministically, the main
advantage of semiempirical methods lies in the reduced computational cost, which
enables the simulation of larger systems of one to two orders of magnitude. Therefore phenomena can be studied on different scales, and size restrictions of ab initio
methods can be overcome.
In the following two sections, we review second-order Møller–Plesset and density functional theory (DFT) calculations on water interacting with aromatic systems and we focus the extrapolation of these results to the water graphite interaction. The water graphite interaction is reviewed here as it is of particular interest
in the field of hydrophobic interactions. It provides a prototypical system to study
hydrophobic interactions, which are important in various areas of NFM such as
flow in nanopores and protein folding in aqueous environments.
8.2.2 Ab initio calculations of water aromatic interaction
Feller and Jordan18 used an approach based on second-order Møller–Plesset perturbation theory19 to calculate the interaction energy between a water molecule and
a sequence of centrosymmetric, aromatic systems, consisting of up to 37 aromatic
rings. An extrapolation of the results yields an estimated electronic binding energy of −24.3 kJ mol−1 for a single water molecule interacting with a monolayer
of graphite. In these calculations, the largest sources of uncertainty are the basis
set superposition error, the incompleteness of the basis set, and the assumptions
regarding the extrapolation from the clusters to the graphite sheet.18
The aforementioned estimate of the binding energy of a water molecule to a
graphite sheet is appreciably larger than an experimentally determined estimate18
of −15 kJ mol−1 . Nevertheless, this result, along with data presented in the next
section allows to parametrize classical force fields.
The estimate of the water-graphite binding energy from Feller and Jordan18 is
slightly larger than the interaction between two water molecules but still significantly lower than the average electronic binding energy of a fully solvated water
molecule, where hydrogen bonding provides a network leading to high binding
energies.
Feller and Jordan18 identified that the most important attractive interactions
are the dipole-quadrupole, dipole-induced dipole (induction), and dispersion contributions in their study of the water-benzene complex. From the underlying data,
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they concluded that the dispersion interaction is critical, contributing of the order of −25 kJ mol−1 to the binding energy. This issue is further discussed in the
following section.
8.2.2.1 Density functional theory calculations
High-order QM calculations, such as the second-order Møller–Plesset19 approach,
reproduce the interaction energy of weakly bound molecular systems reasonably.
However, the systems that can be investigated with these methods are limited in
size due to the high computational cost.
DFT provides an intermediate accuracy at lower computational cost by basing
the calculation of system properties on the electron density. For a detailed introduction to DFT the reader is referred to Ref. 20. For the calibration of interaction
potentials, a DFT study of larger weakly bound systems is of highest interest.
DFT describes hydrogen bonds with reasonable accuracy,21 whereas the description of weak interactions, generally denoted as dispersion interactions, is not
correctly reproduced. The dispersion energy results from correlated fluctuations
in the charge density, which contribute to the interaction energy even at distances
where electron density overlap is negligible. Since all current DFT energy functionals are approximations based on expressions for local electron density, its gradient, and the local kinetic-energy density,22 they fail to reproduce the dispersion
contribution to the interaction energy.
Anderson and Rydberg23 and Hult et al.24,25 presented an approach to extend
DFT calculations with local or semilocal approximations to include the dispersion
contribution, and Rydberg et al. applied it to graphite.26 Although their model depends on a cutoff to ensure finite polarizabilities at all electron densities,25,27 their
approach is promising with regard to a unified treatement within DFT.
Alternative approaches have been presented by Wu et al.28 and Elstner et al.29
Wu et al.28 concentrated on the interaction between small molecules and presented
a systematic search for a possible simplified representation of the weak interaction in DFT. In Ref. 30, this approach was extended to deal with the interaction
between a flat semiconductor surface and a small molecule. Two distinct models
are discussed that serve to calculate lower and upper bounds to the interaction energy. The model assumptions are then validated for a water benzene system and the
method is applied to the water graphite case to obtain the lower and upper bound
to the water graphite interaction.
In Wu et al.28 a correction term Edisp is proposed to account for the contribution of dispersion energy in the total interaction energy
Etot = EDFT + Edisp ,

(8.2)

where EDFT is the DFT interaction energy and Edisp is a damped correction
term based on the first term of the dispersion energy expansion.31 The dispersion
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energy expansion has the following form:
Edisp =

Cn
gn (r),
rn

(8.3)

where Cn denotes the dispersion coefficient, r is the distance between the two
centers of mass, and n is a geometry-specific integer resulting from theoretical
considerations.32,33 In the asymptotic limit, at long distances, it can be shown that
the coefficents for different geometries map onto each other.34 Additionally, the
dispersion energy correction has to be damped by a geometry-specific damping
function gn (r), which is necessary as the dispersion correction diverges at short
range instead of reaching saturation.31,35
The interaction energy between water and graphite can be bound (Fig. 8.1)
as described in Ref. 30. The minimum interaction energy can be computed when
considering graphite as a collection of isolated molecules,33 while an upper bound
can be computed when considering the graphite sheet as an ideal metal.36 To model
an ideal metal, the Jellium model was used, in which the electrons are free to move
while only subject to a homogeneous background charge.
Grujicic et al.39 carried out DFT calculations to analyze the effect on the ionization potential of carbon nanotubes due to the absorbtion of molecules with high
dipole moments as well as clusters of water molecules at the tip of capped (5,5)
metallic armchair nanotubes. The results obtained show that the adsorption energies of both single- and multimolecule clusters are quite low (typically less than

Figure 8.1 Upper and lower bounds (solid line) to the interaction energy compared with two
force field expressions GROMOS (dotted)37 and Werder et al.38 (– –). The upper bound is
obtained through the assumption of a noninteracting plane of atoms or molecules, whereas
the lower bound is obtained through the assumption of an ideal metal.
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2.9 kJ mol−1 ). This suggests that the studied adsorbates are not stable and would
most likely desorb quickly. In the same work, in sharp contrast, under a typical
field-emission electric field the adsorbtion energy was found to be substantially
higher making the adsorbates stable.
8.2.3 Atomistic computations
The computational cost of quantum mechanical calculations does not permit simulations of systems containing more than a few hundred atoms. In this case, the
behavior of the system is modeled using MD simulations. MD involves computing
the trajectories of particles that model the atoms of the system, as they result from
relatively simplified interaction force fields.
MD has been used extensively in the past to model the structural and dynamic
properties of complex fluids. The first MD simulations date back to the mid-1950s
in works of Fermi et al.40 Then in 1957 in Alder and Wainwright,41 the phase diagram of a hard sphere system was investigated. A few years later, Aneesur Rahman
at Argonne National Laboratory published his seminal work on correlations in the
motion of atoms in liquid argon.42 In 1967 Loup Verlet calculated the phase diagram of argon using the Lennard–Jones potential and computed correlation functions to test theories of the liquid state,43,44 and two years later phase transitions in
the same system were investigated by Hansen and Verlet.45 In 1971 Rahman and
Stillinger reported the first simulations of liquid water.46 Since then, MD simulations have provided a key computational element in physical chemistry, material
science, and NFM for the study of pure bulk liquids,47 solutions, polymer melts,48
and multiphase and thermal transport.49–52 The motion of an ensemble of atoms
in MD simulations is governed by interatomic forces obtained from the gradient
of a potential energy function. This so-called force field is an approximation of
the true interatomic forces arising from the interaction of electrons and nuclei.
Thus, the qualitative and quantitative result of MD simulations is intimately related to the ability of the potential energy function to represent the underlying
system.
Several “generic” force fields have been developed, ranging from general purpose force fields capable of describing a wide range of molecules, such as the
universal force field,53 to specialized force fields designed for graphitic and diamond forms of carbon,54 for covalent systems,55 and models for liquid water.56–59
Several classes of force fields have been developed to account for specific types
of molecules or chemical systems, e.g., for zeolites,60 for biomolecules such
as AMBER61 and GROMOS,37 and CHARMM for proteins,62 or for organic
molecules.63
With an abundance of potentials and parameters to account for interatomic
forces, the user may wish to consider the following criteria for choosing a potential:
• Accuracy: the simulation should reproduce the properties of interest as
closely as possible.
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• Generalization/transferability: the force field expressions should be applicable to situations for which it was not explicitly fitted.
• Efficiency: force calculations are generally the most time-consuming part of
a simulation and they should be as efficient as possible
The proper balance between these criteria depends to a large extent on the system
to be investigated. Thus, for NFM studies that involve chemical reactions, the classical representation is usually not sufficient and a quantum or a hybrid quantumclassical technique is required64,65 to capture the breaking and formation of chemical bonds. On the other hand, in large-scale simulations of nonreactive systems,
computational efficiency is essential and simple expressions for the forces will suffice.
Force fields are generally empirical in the sense that a specific mathematical
form is chosen and parameters are adjusted to reproduce available experimental data such as bond lengths, energies, vibrational frequencies, and density.59,66
Generic force fields are developed to be suitable for a wide range of molecules.
One should be aware of this fact when considering these generic force fields for
the study of a specific system. In this case, it is not uncommon to conduct QM
calculations for a small system in order to calibrate MD potentials for the system
under consideration.
A complementary route to experimental results in developing interaction potentials involves their calibration using simulations from first principles. We exemplify this process by considering the problem of water-graphite interactions.18,38
This can be seen as a model problem for more complex water-carbon interactions such as those involved when considering carbon nanotubes as biosensors and
fullerenes as chemical reaction chambers or nanoreactors.67 An added complexity
to this problem is that the behavior of water in confined geometries is drastically
different than in bulk systems.68 Using MD simulations to reliably understand and
analyze such systems, it is important to develop suitable models for the simulation
of water in such environments.
While water-water potentials are well established in the literature,46,56–58 there
are no reliable water-nanotube potentials at the moment. In addition, one may
need to reconsider the water-water potentials when considering its drastic change
in behavior in confined geometries. The starting point for the development of
such potentials is the quantification of the interaction of a single water molecule with a single layer of graphite. The reliablity of existing estimates for the
interaction energy is questionable as they exhibit large variations ranging from
−5.07 kJ mol−1 (Ref. 69) to −24.3 kJ mol−1 (Ref. 18), leaving a great uncertainty about predicted behavior. Furthermore, there exists surprisingly little experimental data, with a reported experimentally determined interaction energy18 of
15 kJ mol−1 . Werder et al.38 presented a review of recently used interaction potentials for the water-graphite interaction and a linear relationship between the interaction energy and the contact angle of water on graphite could be determined. As
there are, however, contradictory measurements of water graphite contact angles,38
the actual interaction still remains an open question.
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8.2.3.1 Molecular dynamics: force fields and potentials
The potential energy function or force field provides a description of the relative
energy or forces of the ensemble for any geometric arrangement of its constituent
atoms. This description includes energy for bending, stretching, and vibrations
of the molecules and interaction energies between the molecules. Classical force
fields are usually built up as composite potentials, i.e., as sums over many rather
simple potential energy expressions. Mostly pair potentials V (rij ) are used, but in
the case of systems where bonds are determining the structure, multibody contributions V (rij , rik ) and V (rij , rik , ril ) can also enter the expression, thus
U=

!
i,j

V (rij ) +

!
i,j,k

V (rij , rik ) +

!

V (rij , rik , ril ),

(8.4)

i,j,k,l

where rij = |ri − rj | is the distance between ith and j th atoms. The contribution to the interaction potential can be ordered in two classes: intramolecular and
intermolecular contributions. While the former describe interactions that arise in
bonded systems, the latter are usually pair terms between distant atoms.
8.2.3.2 Intramolecular forces
Various intramolecular potentials are used to describe the dynamics of chemical
bonds. The potential
1
V (rij ) = Kh (rij − r0 )2
2

(8.5)

is developed from a consideration of simple harmonic oscillators,40 where rij and
r0 denote the bond length and the equilibrium bond distance, respectively. The
force constant of the bond is given by Kh . Alternatively, the Morse potential,70

2
V (rij ) = KM e−β(rij −r0 ) − 1 ,

(8.6)

is used, allowing for bond breaking. Here KM and β are the strength and distance
related parameters of the potential.
For coordination centers, i.e., atoms where several bonds come together, usually bond angle terms are applied including harmonic bending via
1
V (θij k ) = Kθ (θij k − θc )2 ,
2

(8.7)

or the harmonic cosine bending via
1
V (θij k ) = Kθ (cos θij k − cos θc )2 ,
2

Downloaded From: http://ebooks.spiedigitallibrary.org/ on 02/14/2013 Terms of Use: http://spiedl.org/terms

(8.8)

330

Petros Koumoutsakos et al.

where θij k is the angle formed by the bonds extending between the ith, j th, and
kth atoms, and θc is the equilibrium angle. Dihedral angle potentials are often employed for systems involving chains of bonded atoms to ensure a consistent representation over several centers71,72
n
1!
V (φij kl ) =
Km cos (mφij kl ),
2

(8.9)

m=0

where the sum can contain up to 12 terms.
As an example, a single-walled carbon nanotube immersed in water was recently described using the Morse, harmonic cosine, and torsion potentials by
Walther et al.73 The torsion potential was fitted to quantum chemistry calculations
of tetracene (C18 H12 ) using density functional theory.74
An alternative to the direct modeling of bonded interactions and intramolecular
forces is to constrain the bond length or bond angle.75 As an example, most water
models consider rigid molecules.76 The high-frequency oscillation of the O H
bonds in water formally requires a quantum mechanical description, and removing
these intramolecular degrees of freedom alleviates the problem. The computational
efficiency is furthermore significantly improved by allowing a 5 to 10 times larger
time step than the flexible models.56 The constraints are imposed using iterative
procedures such as SHAKE,77–79 SETTLE,80 or direct methods.81
8.2.3.3 Intermolecular forces
Commonly applied intermolecular force terms are van der Waals forces described
through a Lennard–Jones 12–6 potential82
" 
 6 #
σ
σ 12
,
(8.10)
V (rij ) = 4
−
rij
rij
where  is the depth of the potential well and σ is related to the equilibrium distance between the atoms. The parameters are usually obtained through fitting to
experimental data and/or theoretical considerations. For multiatomic fluids such as
gaseous fluids, the Lorentz-Berthelot mixing rules are often used,47 thus,
I J =

√

I J ,

1
σI J = (σI + σJ ),
2

(8.11)

where I and J denote the I th and J th atomic species. However, recent work83 has
shown this approach to be inadequate for accurate liquid simulations, as quantities
like liquid mass density are sensitive to the choice of parameters.
For large surfaces an average 10–4 Lennard–Jones potential may be obtained
by integrating the 12–6 Lennard–Jones over the surface as
"
10 
4 #
σ
π
σ
π
,
(8.12)
−
V (z) = 4σ 2
z
z
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where z is the wall normal distance (cf., e.g., Ref. 84). The fast decay of the
Lennard–Jones potential usually enables a spherical truncation of the potential at a
cutoff distance rc . Typical cutoff values are 1.5σ for purely repulsive interactions,
and 2.5σ and 10σ for homogeneous and inhomogeneous systems.
The long-range electrostatic interactions are described through the Coulomb
potential
V (rij ) =

qi qj
,
4π 0 rij

(8.13)

where qi and qj refer to the electric charges of the ith and j th atoms, and 0 is the
permittivity of vacuum. Fractional charges are used for polar molecules, and integral values are used for monatomic ions. The long-range interaction implied by the
electrostatics requires fast summation techniques, see Sec. 8.2.3.4. To accelerate
the algorithmic development and computational time for homogeneous systems,
the Coulomb potential can be truncated using a smooth tapering of the potential
energy function,85
V (rij ) ≈

qi qj
S(rij ),
4π 0 rij

(8.14)

where S(r) is a smoothing function, e.g.,
)
S(rij ) =

1 − (rij /rc )2
0

2

rij < rc ,
rij  rc .

(8.15)

Note, however, that the results obtained from MD simulations using a truncation
may be significantly different from results using Ewald summation, in particular
for systems with inhomogeneous charge distributions and for ionic solutions.86 On
the other hand, fast summation techniques may introduce artifically strong correlations in small systems,87 and when employed with potentials calibrated with
truncation, the results using Ewald summation techniques may be less accurate
than using truncation.59,88
8.2.3.4 Computational issues in MD
Molecular dynamics simulations of heterogeneous nanoscale flows may involve
the computation of the interaction of millions of atoms. For example, a cube of
water with an edge length of 20 nm contains approximately one million atoms.
The most time-consuming aspect of MD simulations of large systems is the accurate evaluation of the long-range interactions, which include electrostatic and
dispersion interactions. Without an explicit cutoff, the computational cost scales as
O(N 2 ) for N particles. Efficient algorithms have been devised to reduce the computational cost, ranging from simple sorting already provided by Verlet44 to accurate fast summation techniques such as Ewald summation,89–91 the Particle-Mesh
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Ewald (PME) method,92,93 and the particle-particle particle-mesh technique (P3 M)
by Hockney and Eastwood and their colleagues.94–97 While Ewald summation requires O(N 1.5 ) operations, the PME and P3 M techniques scale as O(N log N ).
To achieve this computational efficiency, the P3 M method utilizes a grid to
solve for the potential field (")
∇2" = −

ρ
,
0

(8.16)

where ρ is the charge density field reconstructed from the charges onto a regular
mesh (xm ) by a smooth projection
ρ(xm ) ≈

1 !
W (ri − xm )qi ,
h3

(8.17)

i

and h denotes the mesh spacing. The Poisson equation [Eq. (8.16)] is solved on
the mesh using fast Fourier transforms or efficient multigrid methods with an effective computational cost that scales as O(N log N ) or O(N ), depending on the
specific Poisson solver. The electrostatic field is computed from the potential on
the mesh (E = −∇") and interpolated onto the particles to allow the calculation
of the electrostatic interaction
!
W (rm − xi )Em .
(8.18)
fi ≈ qi
m

The P3 M algorithm furthermore involves a particle-particle correction term for
particles in close proximity (in terms of the grid spacing) to resolve subgrid scales.
Computations of potential forces employing a grid often involve simulations of
periodic systems in order to take advantage of fast potential calculation algorithms
such as fast Fourier transforms and multigrid methods. In addition, special care
needs to be exercised in grid-particle interpolations so as not to induce spurious
dissipation.
In the last 25 years, a number of mesh-free techniques based on the concept of
multipole expansions have been developed that circumvent the need for simulating
periodic systems and have minimal numerical dissipation. Examples of such methods involve the Barnes-Hut algorithm,98 the fast multipole method (FMM),99,100
and the Poisson integral method (PIM).101,102 The methods employ clustering of
particles and use expansions of the potentials around the cluster centers with a limited number of terms to calculate their far-field influence onto other particles. The
savings are proportional to the ratio of the number of terms used in the expansions
versus the number of particles in the cluster and scale nominally as O(N log N ). By
allowing groups of particles to interact with each other by translating the multipole
expansion into a local Taylor expansion, the algorithm achieves an O(N ) scaling.
It has been argued that the 3D version of the Greengard-Rokhlin algorithm is not
efficient, as it adds nominally a computational cost of O(N × P 4 ), where P is the
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number of terms retained in the truncated multipole expansion representation of
the potential field. However, this issue has been resolved by suitable implementation of fast Fourier transforms.103 Summarizing, these techniques rely on tree-data
structures to achieve computational efficiency. The tree enables a spatial grouping of the particles, and the interactions of well-separated particles is computed
using their center of mass or multipole expansions for the Barnes Hut and FMM
algorithm, respectively.
Another advantage in tree-data structures is that they enable us to incorporate variable time steps and techniques. For example, in hierarchical internal
coordinates,104 some regions may be treated as rigid while only a subset or all
degrees of freedom are considered for others. The Newton–Euler inverse mass operator method was developed for fast internal coordinate dynamics on a million
atoms.104,105 For a recent review of the treatment of long-range electrostatics in
molecular dynamics simulations we refer the reader to Ref. 106.
8.2.3.5 Boundary conditions for MD
For situations involving the simulation of a solvent, the small volume of the computational box in which solvent and other molecules of interest are contained can
introduce undesirable boundary effects if the boundaries are modeled as simple
walls. To circumvent this problem, either the system can be placed in vacuum47 or
a periodic system can be assumed. In this approach, the original computational box
containing the molecular system subject to investigation is surrounded with identical images of itself. Commonly, a cubic or rectangular parallelepiped box is used,
but generally all space-filling shapes (e.g., truncated octahedron) are possible.47
However, periodic boundary conditions imposed on small systems may introduce
artifacts in systems that are not inherently periodic.87
Stochastic boundary conditions enable us to reduce the size of the system by
partitioning the system into two zones with different functionality: a reaction zone
and a reservoir zone. The reaction zone is the zone intended to be investigated,
while the reservoir zone contains the portion that is of minor interest to the current study. The reservoir zone is excluded from MD calculations and is replaced by
random forces whose mean corresponds to the temperature and pressure in the system. The reaction zone is further subdivided into a reaction zone and a buffer zone.
The stochastic forces are only applied to atoms of the buffer zone. In Ref. 107, the
application of stochastic boundary conditions to a water model is described and in
Ref. 108, the method is derived.
8.2.3.6 Nonequilibrium molecular dynamics
To study nonequilibrium processes or dynamic problems, such as flows in capillaries and confined geometries, nonequilibrium MD (NEMD) is found to be a very
efficient tool. It is based on the introduction of a flux in thermodynamic properties
of the system.47,109 In Ref. 110, NEMD is reviewed with regard to the computation
of transport coefficients of fluids from the knowledge of pair interactions between
molecules. In Ref. 111, rheological issues are addressed focusing on shear thinning
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and the ordering transition. Ryckaert et al.112 compare the performance of NEMD
with Green–Kubo approaches to evaluate the shear viscosity of simple fluids. In
Ref. 113, a modified NEMD approach is presented to ensure energy conservation,
and an elongated flow is studied in Ref. 114 with both spatial and temporal periodic boundary conditions. For detailed background about the underlying statistical
mechanics of nonequilibrium systems, the reader is referred to Ref. 115.
Another form of NEMD is steered molecular dynamics (SMD), applied by
Grubmüller et al.116 to determine the rupture force of proteins. The principle of
SMD is to superimpose a time-dependent force on selected atoms or molecules
such that the molecules or the system are driven along certain degrees of freedom
in order to investigate rare events. A short review is provided by Isralewitz et al.117
8.2.4 Multiscaling: linking macroscopic to atomistic scales
Nanoscale flows are often part of larger scale systems (as, for example, when
nanofluidic channels are interfacing microfluidic domains) and in simulations we
are confronted with an inherently multiscale problem when the nanoscale directly
influences larger scales. The simulation of such flows is challenging, as one must
suitably couple the nanoscale systems with larger spatial and time scales. The macroscale flows determine the external conditions that influence the nanoscale system,
which in turn influences the larger scales by modifying its boundary conditions.
In the macroscale the state of a compressible, viscous, isothermal fluid can be
described by its velocity field u and by its pressure P , temperature T , and density
field ρ. The conservation of the system’s mass, momentum and energy together
with the continuum assumption lead to the compressible Navier–Stokes equations.
The last 50 years have seen extensive research on the numerical simulation of these
flows and a review is beyond the scope of this chapter. These equations inherently involve the computation of averaged quantities of the flow field. Hence, as
in micro- and nanoscale flows, the continuum assumption and/or the associated
constitutive relations eventually break down. Along with them the validity of the
Navier–Stokes equations breaks down. To model a fluid at these scales, a computationally expensive atomistic description is required, such as direct simulation
Monte Carlo (DSMC) for dilute gases or MD for liquids. Both methods are however subject to enormous CPU time requirements. An example of a recent MD
study involving long simulation times (400 ns, 512 water molecules) is the one by
Matsumoto et al.,118 where they study the formation of ice.
To illustrate these limitations at the example of MD, consider that the time
step δt in a molecular dynamics simulation is dictated by the fastest frequency one
must resolve. For a simulation of pure water, δt = 2 fs when models with fixed
O H bonds and H O H angles are used; in other words, 500 million time steps
are required for 1 µs of simulation time. With the optimistic assumption that the
execution of single time step takes 0.1 s, a total of some 19 months of CPU time is
required.
In this section, we review computational techniques that attempt to overcome
these limitations either by combining the continuum and atomistic descriptions
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or through a mesoscopic model. First, we present the Navier–Stokes equations in
conservation form, since in this form they are amenable to multiscale simulations.
Then, hybrid algorithms are discussed that combine the continuum with atomistic
descriptions. Finally, we discuss a mesoscopic model called dissipative particle
dynamics (DPD).
8.2.4.1 Breakdown of the Navier–Stokes equation at small scales
The conservative form of the Navier–Stokes equations for a control volume V
bounded by a surface S reads2,119

d
dt

d
dt





ρ dV +
V

ρu · n dA = 0,



ρu dV +
V

S



ρuu · n dA =
S

(8.19)
σ · n dA,

(8.20)

S

with the stress tensor σ for a Newtonian fluid


1
σik = −P δik + 2µ Dik − Dmm δik + λDmm δik .
3

(8.21)

The rate-of-deformation tensor D is given by


1 ∂ui
∂uk
+
.
Dik =
2 ∂xk
∂xi

(8.22)

The parameters µ and λ are the shear and bulk viscosities. To solve Eqs. (8.19)
and (8.20) for a specific domain , appropriate boundary conditions must be specified for ∂ with normal vector (n). The equations must be complemented by
boundary conditions such as solid, far-field, and porous boundary conditions. Here,
we consider only the velocity boundary condition for solid surfaces. For macroscopic systems, it is a classical and widely used assumption that there is no relative
motion between a flowing fluid and a solid boundary, i.e., u = 0 at ∂ . This postulate is called the no-slip boundary condition.
One of the fundamental questions in the context of micro- and nanofluidics
is the range of validity of the Navier–Stokes equations and of the associated noslip boundary condition. This range can be parametrized by the Knudsen number
Kn, which is defined as the ratio between the mean free path and a characteristic length L of the system under consideration. The value of the Knudsen number
determines the degree of rarefaction of the fluid and therefore the validity of the
continuum flow assumption. Note that a local Knudsen number can be defined
when L is taken to be the scale L of the macroscopic gradients120 L = ρ/(dρ/dx).
Until recently, noncontinuum (rarefied) gas flows were only encountered in lowdensity applications such as in the simulation of space shuttle reentries. However,
in micro- and even more in nanofluidic applications, such as flows in nanopores or
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around nanoparticles, rarefaction effects are important at much higher pressures,
due to the small characteristic length scales and the large gradients.121 An empirical classification of gas flows is the following.120 For Kn < 0.01, the flow is in
the continuum regime and can be well described by the Navier–Stokes with no-slip
boundary conditions. For 0.01 < Kn < 0.1, the Navier–Stokes equations can still
be used to describe the flow, provided that tangential slip-velocity boundary conditions are implemented along the walls of the flow domain. This is usually referred
to as the slip-flow regime. In the transition regime, for 0.1 < Kn < 10, the constitutive equation for the stress tensor of Eq. (8.21) starts to loose its validity. In this
case, higher-order corrections to the constitutive equations are needed such as the
Burnett or Woods equations, along with higher-order slip models at the boundary.
At even larger Knudsen numbers (Kn > 10), the continuum assumption fails completely and atomistic descriptions of the gas flow are needed.120 In Sec. 8.4.2, the
slip-flow boundary conditions are discussed in more detail.
8.2.4.2 Hybrid atomistic-continuum computations
To maximize the effectivity of any hybrid scheme, the interface location must be
chosen such that both schemes are valid around it, and such that the extent of the
more expensive scheme is minimized. To locate this interface automatically, a variety of Navier–Stokes breakdown parameters have appeared in the literature.122–125
These parameters are based on the coefficients of the higher-order terms of the
Chapman–Enskog expansion of the solution of the Boltzmann equation. However,
the validity and the cutoff value of these parameters are not yet very well understood.
An early attempt to extend the length scales accessible in MD simulations of
fluids was undertaken by O’Connell and Thompson.126 In their simulations, the
particle (P ) and continuum (C) regions were connected through an overlap region (X). The overlap region was used to ensure continuity of the momentum
flux—or equivalently of the stress—across the interface between the P and the
C regions. The average momentum of the overlap particles was adjusted through
the application of constrained dynamics. The continuum boundary conditions at
C were taken to be the spatially and temporally averaged particle velocities.
O’Connell and Thompson126 applied this algorithm to an impulsively started Couette flow where the P –C interface was chosen to be parallel to the walls. This
ensured that there was no net mass flux across the MD-continuum interface.
As pointed out by Hadjiconstantinou and Patera,127 the scheme proposed by
O’Connell and Thompson decouples length scales, but not time scales. Hadjiconstantinou and Patera127 and Hadjiconstantinou128 therefore suggested to use the
Schwarz alternating method for hybrid atomistic-continuum models. The continuum solution in C provides boundary conditions for a subsequent atomistic solution in P , which in turn results in boundary conditions for the continuum solution.
The iteration is terminated when the solution in the overlap region X is identical
for both the particle and the continuum descriptions. The usage of the Schwarz
method avoids the imposition of fluxes in the overlap region, since flux continuity
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is automatically ensured if the transport coefficients in the two regions are consistent. The Schwarz method is inherently bound to steady-state problems. However,
for cases in which the hydrodynamic time scale is much larger than the molecular
time scale, a series of quasi-steady Schwarz iterations can be used to treat transient
problems.127
Flekkøy et al.129 presented a hybrid model that, in contrast to earlier hybrid
schemes,126,128 is explicitly based on direct flux exchange between the particle region and the continuum region. This scheme is robust in the sense that it does not
rely on the use of the exact constitutive relations and equations of state to maintain
mass, momentum, and energy conservation laws. The main difficulty in the approach of Flekkøy et al.129 arises in the imposition of the flux boundary condition
from the continuum region on the particle region. The scheme was tested for a 2D
Lennard–Jones fluid coupled to a continuum region described by the compressible
Navier–Stokes (NS) equations. To ensure consistency and to complement the NS
equations, the viscosity ν and the equation of state p = p(ρ, T ) were measured
in separate particle simulations. The first test was a Couette shear flow parallel to
the P –C interface, and the second test involved a Poiseuille flow where the flow
direction was perpendicular to the P –C interface. In both cases, good agreement
between the observed and the expected velocity profiles was achieved. Wagner
et al.130 extended this work to include the energy equation and applied the technique to flow in a channel.
Flekkøy et al.131 and Alexander et al.132 studied how the continuum description plays the role of a statistical mechanical reservoir for the particle region
in a hybrid computation. Both studies employed the example of a 1D diffusion
process. Flekkøy et al.131 used a finite difference (FD) discretization of the 1D
(deterministic) diffusion equation coupled to a system of random walkers moving
on a lattice. They found that the size of the particle fluctuations interpolates between those of an open system and those of a closed system depending on the
ratio between the grid spacing of the FD discretization and the particle lattice
constant. Alexander et al.132 showed that a coupling of the deterministic diffusion equation to a system of random walkers does capture the mean of the density fluctuations across the particle-continuum interface, but that it fails in capturing the correct variance close to the interface. With a stochastic hybrid algorithm, where the fluctuating diffusion equation is solved in the continuum region, both the expected mean and variance of the density fluctuations are recovered.
Finally, Garcia et al.125 have proposed a coupling of a DSMC solver embedded within an adaptive compressible Navier–Stokes solver. They have successfully
tested their scheme on systems such as an impulsively started piston and flow past
a sphere. The DSMC method is, however, restricted to dilute particle systems.
8.2.4.3 Mesoscopic models: dissipative particle dynamics
Coarse-grained models attempt to find a mesoscale description that enables the
simulation of complex fluids such as colloidal suspensions, emulsions, polymers,
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and multiphase flows. The initial formulation of the DPD model was given by
Hoogerbrugge and Koelman.133 It is based on the notion of fluid particles representing a collection of atoms or molecules that constitute the fluid. These fluid
particles interact pairwise through three types of forces, i.e., the force on particle i
is given by
fi =

!


FC (rij ) + FD (rij , uij ) + FR (rij ) ,

(8.23)

j =i

where
• FC represents a conservative force that is derived from a soft repulsive potential, allowing for large time steps.
• The dissipative force FD depends on the relative velocity uij of the particles
to model friction
D
FD
ij = −γ ω (rij )(uij · r̂ij )r̂ij ,

(8.24)

where r̂ij is a unit vector and γ is a scalar.
• Finally, a stochastic force FR
ij models the effect of the suppressed degrees of
freedom in the form of thermal fluctuations of amplitude σ
R
FR
ij = σ ω (rij )ξij r̂ij ,

(8.25)

where ξij is a random variable.
R
D
R
Both FD
ij and Fij include r-dependent weight functions ω and ω , respectively.
These weight functions and amplitudes σ and γ must satisfy the relations


2
w D (r) = w R (r) ,

σ 2 = 2γ kB T

(8.26)

to simulate a canonical ensemble.134 A review of DPD applied to complex fluids
was given by Warren.135 Although DPD has had considerable success in simulations of flows with polymers, its formulation has a conceptual difficulty.136,137
First of all, its thermodynamic behavior is determined by the conservative forces
and is therefore an output of the model and not (as desirable) an input. In addition,
the physical scales that are simulated are not clearly defined. Recent reviews on
mesoscale simulations of polymer materials can be found in articles by Glotzer
and Paul138 and Kremer and Müller–Plathe.139
Espanõl and Revenga137 have recently introduced the smoothed dissipative particle dynamics method (SDPD), which combines elements of smoothed particle
hydrodynamics (SPH) with DPD. SDPD emerges from a top-down approach, i.e.,
from a particle discretization of the Navier–Stokes equations in Lagrangian form
similar to the SPH formulation. Every particle has an associated position, velocity, constant mass, and entropy. Two additional extensive variables, a volume and
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an internal energy, are associated with every particle. The particle volume enables
us to give the conservative forces of the original DPD model in terms of pressure
forces. Most importantly, the interpolant used in the SDPD formulation fulfills the
second law of thermodynamics explicitly and thus enables the consistent introduction of thermal fluctuations through the use of the dissipation-fluctuation theorem.
This will, for example, enable us to study the influence of thermal effects in the
formation of bubbles.

8.3 Experiments in nanoscale fluid mechanics
The need for quantitative assessment of NFM has prompted the development of
several novel experimental techniques and the adaptation of existing methodologies to the study of such phenomena in an interdisciplinary fashion.
As the noncontinuum, molecular structure of the fluids dominates the behavior
of these systems, probing them requires diagnostics that can distinguish temporal and spatial scales at the atomistic level. Experimental techniques from diverse
scientific fields are finding a “new life” in the area of nanoscale flow diagnostics. Techniques such as nuclear magnetic resonance (NMR) and devices such as
the surface force apparatus (SFA) and the atomic force microscope (AFM) are invaluable tools in providing quantitative information that, along with computational
results, probe the physics of NFM. At the same time, techniques such as molecular tagging that have been successfully implemented in biology are currently being
adapted to monitor flow phenomena in the nanoscale.
8.3.1 Diagnostic techniques for the nanoscale
Nuclear magnetic resonance spectroscopy is increasingly being used to characterize microliter and smaller-volume samples. Substances at picomole levels have
been identified using NMR spectrometers equipped with microcoil-based probes.
These NMR probes that incorporate multiple sample chambers and the hyphenation of capillary-scale separations and microcoil NMR enable high-throughput
experiments. The diagnostic capabilities of NMR spectroscopy have enabled the
physico-chemical aspects of a capillary separation process to be characterized
online.140 Because of such advances, the application of NMR to smaller samples
continues to grow. In particular, NMR techniques have been used extensively in the
examination of diffusion, hydrodynamic dispersion, flow, and thermal convection
under the influence of geometrical confinements and surface interactions in porous
media.141,142 The anomalous character of these phenomena is mostly characterized
by the single-file diffusion behavior expected for atoms and molecules in 1D gas
phases of nanochannels with transverse dimensions that do not allow for the particles to bypass each other. Although single-file diffusion may play an important
role in a wide range of industrial catalytic, geologic, and biological processes, experimental evidence is scarce despite the fact that the dynamics differ substantially
from ordinary diffusion.
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Gas-phase NMR has great potential as a probe for a variety of interesting physical and biomedical problems that are not amenable to study by water or similar liquids. However, NMR of gases was largely neglected due to the low signal obtained
from the thermally polarized gases with very low sample density. The advent of
optical pumping techniques for enhancing the polarization of the noble gases He-3
and Xe-129 has bought new life to this field, especially in medical imaging where
He-3 lung inhalation imaging is approaching a clinical application.143 Meersmann
et al.144 and Ueda et al.145 demonstrate the application of continuous-flow laserpolarized Xe-129 NMR spectroscopy for the study of gas transport into the effectively 1D channels of a microporous material. The novel methodology makes it
possible to monitor diffusion over a time scale of tens of seconds, often inaccessible in conventional NMR experiments. The experimental observations indicate
that single-file behavior for xenon in an organic nanochannel is persistent even at
long diffusion times of over tens of seconds. In Kneller et al.,146 the properties
of the purified multiwalled carbon nanotubes are probed using C-13 and Xe-129
NMR spectroscopy under continuous-flow optical-pumping conditions. Xenon is
shown to penetrate the interior of the nanotubes. A distribution of inner tube diameters gives rise to chemical shift dispersion. When the temperature is lowered,
an increasing fraction of xenon resides inside the nanotubes and is not capable of
exchanging with xenon in the interparticle space.
On a related front, recent years have seen an increase in the number of devices
available to measure interaction forces between two surfaces separated by a thin
film. One such device, the surface forces apparatus, measures static and dynamic
forces (both normal and lateral) between optically transparent surfaces in a controlled environment, and is useful for studying interfacial and thin film phenomena
at a molecular level. The SFA developed by the group of Israelachvilli at the University of California, Santa Barbara, in the late 1970s, is capable of measuring
the forces between two molecularly smooth surfaces made of mica in vapors or
liquids with a sensitivity of a few millidynes (10 nN) and a distance resolution of
about 0.1 nm. The flat, smooth surfaces of mica can be covered to obtain the force
between different materials. The basic instrument has a simple single-cantilever
spring to which the lower silica disk is attached. The lower mica is brought near
the upper mica by a piezoelectric device. If there is some interaction, the distance
between the micas will not be the same as that given by the piezoelectric device.
Therefore, the force is measured indirectly by the difference in the gap distance
given, on one hand, by the piezoelectric device and, on the other hand, by that
measured directly by interferometry (attractive forces make the micas closer and
repulsive forces try to repell the micas). Interferometry is used in the SFA to measure the distance between the two surfaces of interest with high accuracy down to
1/1000 of a wavelength.147
Multiple-beam interferometry148 uses intense white light, which is sent normally through the surfaces in the SFA. Each surface has a highly reflecting silver
coating on one side, therefore, both surfaces form an optical cavity. The white
light is reflected many times from these mirrors before it leaves the interferometer,
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each time interfering with the previously reflected beams. Some particular wavelengths fit an exact integral number of times inside the interferometer and lead to
constructive interference. The light emerging from the interferometer is sent to a
spectrograph, and it consists of well-defined wavelengths that fit an exact number
of times into the optical resonator in the form of curved fringes.
The SFA has been used in many NFM studies.149 The instrument relies on having a very low surface roughness over a very large interaction area. As the liquid is
confined in spaces of 4 to 8 molecular diameters, between two macroscopic, molecularly smooth surfaces, it is forced into a discrete number of layers. SFA is the only
apparatus thus far to demonstrate the continuous measurement of solvation forces
in water as a function of surface-surface separation. However, most measurements
have been limited to mica, a hydrophilic and chemically unreactive surface with no
lateral characterization of the two surfaces possible or relevant.
The SFA is often used to investigate both short-range and long-range forces related to colloidal systems, adhesive interactions, and specific binding interactions.
In addition, the SFA can be used to measure the refractive index of the medium
between surfaces, adsorption isotherms, capillary condensation, surface deformations (due to surface forces), and dynamic interactions such as viscoelastic and frictional forces and the rheological properties of confined liquid films. Most notable
studies involve the study of the no-slip boundary condition.150,151 In these studies Newtonian alkane fluids (octane, dodecane, tetradecane) were placed between
molecularly smooth surfaces that were either wetting (muscovite mica) or rendered
partially wetted by adsorption of surfactants. The measured hydrodynamic forces
agreed with predictions from the no-slip boundary condition when the flow rate
was low but implied partial slip when it exceeded a critical level. A possible mechanism by which “friction modifiers” operate in oil and gasoline was identified. In
a related study using the SFA, water confined between adjoining hydrophobic and
hydrophilic surfaces (a Janus interface) is found to form stable films of nanometer thickness that have extraordinarily noisy responses to shear deformations.152
From these studies the physical picture emerges whereas surface energetics encourage water to dewet the hydrophobic side of the interface, and the hydrophilic
side constrains water to be present, resulting in a flickering, fluctuating complex.
Difficulties with SFA measurements in thin films due to nanoparticles has been
highlighted in Ref. 153. The authors propose that density anomalies in the thin
liquid films are ultimately coupled to the presence of local-surface nonparalellism
and the nanoparticles that are produced during the widely used mica-cutting procedure.
An optical technique for visualization in the nanoscale involves the measurement of the index of refraction. Kameoka and Craighead154 reported fabrication
and testing of a refractive index sensor based on photon tunneling in a nanofluidic
system. The device comprises an extremely thin fluid chamber formed between two
optically transparent layers. It can be used to detect changes in refractive index due
to chemical composition changes of a fluid in the small test volume. Because the
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physical property measured is a refractive index change, no staining or labeling
is required. The authors have tested the device with five samples, water and water with 1% ethanol, 2% ethanol, 5% ethanol, and 10% ethanol. The sensing was
done by measuring the intensity of a reflected laser beam incident on the sensing
element at around the critical angle.
Shadowgraphing techniques have been used to investigate the nonlinear optical
properties of carbon nanotube suspensions in water and in chloroform for optical
limiting.155,156 Carbon nanotube suspensions are known to display interesting optical limiting properties as a result of the formation of solvent or carbon-vapor
bubbles that scatter the laser beam. The main effect is nonlinear scattering, which
is due to heat transfer from particles to solvent, leading to solvent bubble formation
and to sublimation of carbon nanotubes. A clear correlation between the radius of
the scattering centers and the evolution in transmittance of the sample has been
observed. Also, the presence of compression waves that propagate parallel to the
laser beam and can produce secondary cavitation phenomena after reflection on the
cell walls has been observed.
Near-field scanning optical microscopy157 helps extending measurements to
the nanoscale for the optical characterization of thin films and surfaces. In this
technique a light source or detector with dimensions less than the wavelength (λ)
is placed in close proximity (<λ/50) to a sample to generate images with resolution better than the diffraction limit. Betzig et al.158 developed a near-field probe
that yields a resolution of approximately 12 nm (λ/43) and signals approximately
104 - to 106 -fold larger than those reported previously. In addition, image contrast
is demonstrated to be highly polarization dependent. With these probes, near-field
microscopy appears poised to fulfill its promise by combining the power of optical
characterization methods with nanometric spatial resolution. In Reitz et al.,159 a
near-field scanning optical microscope system was implemented and adapted for
nanoscale steady-state fluorescence anisotropy measurements. The system as implemented can resolve about 0.1-cP microviscosity variations with a resolution of
250 nm laterally in the near field, or approximately 10 µm when employed in a
vertical scanning mode. The system was initially used to investigate the extent of
microviscous vicinal water over surfaces of varying hydrophilicity.
Closed carbon nanotubes provide a unique opportunity for in situ transmission
electron microscope (TEM) study of the chemical interactions between aqueous
fluids and carbon. High-resolution in situ studies of an interface between fluid and
carbon in TEM have been reported by Gogotsi et al.160–162 and Megaridis et al.163
(Fig. 8.2). Both groups reported that using hydrothermal synthesis produced closed
hydrophilic multiwall carbon nanotubes filled with aqueous fluid. Strong interaction between the liquid and walls, intercalation of nanotubes with O H species,
and dissolution of walls on heating have been demonstrated.
After considerable success in biological systems, molecular tagging is being
investigated as a means to probe flow phenomena in the nanoscale. In Gendrich
et al.,164 the development and applications of a new class of water-soluble compounds suitable for molecular tagging diagnostics are described. These molecular
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Figure 8.2 TEM microgrpahis showing an aqueous solution trapped in a closed multiwalled
carbon nanotube. (From Gogotsi et al.162 )

complexes are formed by mixing a lumophore, an appropriate alcohol, and cyclodextrin. Using 1-BrNp as the lumophore, cyclohexanol is determined to be the
most effective overall among the alcohols for which data are currently available.
Information is provided for the design of experiments based on these complexes
along with a less complex method for generating the grid patterns typically used
for velocimetry. Implementation of a two-detector system is described that, in combination with a spatial correlation technique for determining velocities, relaxes the
requirement that the initial tagging pattern be known a priori, eliminates errors
in velocity estimates caused by variations in the grid pattern during an experiment, and makes it possible to study flows with nonuniform mixtures. Fluorescent
tagging165 has been used to track carbon nanotubes.166 Modification of the surface of single-walled carbon nanotubes by using polymers enables the nanotubes
to be distinctly visualized in solvents by fluorescence microscopy. Electrophoresis
of the polymer-modified nanotubes under an alternating electric field was observed
in real time, and a scanning electron microscopy image of the resultant nanotubes
trapped on the electrodes revealed the consistency of the modification. This modification method will facilitate fabricating nanotube-based devices that can be detected with high sensitivity using simple light microscopes. A similar technique
has been applied to fluorescent nanoparticles, enabling subnanometer precision by
use of off-focus imaging.167
Information on the properties of liquids at surfaces at the nanoscale is also
required to elucidate the mechanisms behind macroscopic observations. For example, there are few techniques for the study of contact angles at nanoscale resolution. The minimum drop size that can be accurately measured using a standard
low-magnification goniometer is 1 mm. Confocal laser scanning fluorescence microscopy (CLSM) has recently been used to study the contact angles of thin oil
films doped with a fluorescent dye.168 Apart from an improvement in resolution
over standard optical microscopy, CLSM has the ability to measure depth pro-
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files and therefore can obtain accurate contact angles over the full range of angles.
However, the liquid drops must be transparent and able to solvate the fluorescent
dye.
8.3.2 Atomic force microscopy for fluids at the nanoscale
Oscillatory forces between two approaching surfaces in a solvent have long been
the subject of study due to their possible influence on any surface-surface interactions mediated through a liquid or in the presence of a fluid film. Of particular
interest is water, due to its omnipresence in all but the most stringently controlled
environments and its role as the primary medium for biological interactions. The
AFM was pioneered169 to image the topography of surfaces, but is now becoming
an important tool for investigating water-surface interactions.
As described in Ref. 170, both for the original (static) version of the SFA and
for the AFM, the force is obtained from the deflection of a measuring spring or
cantilever. However, in contrast to the SFA, wherein the cantilever deflection is
detected interferometrically, the AFM uses electronic or digitally analyzed optical
methods to sense deflections. Another difference is that various electronic techniques are used to control the motion of the surface. Moreover, in the case of the
AFM the deflection versus the position of the piezo curves are much more sensitive at high speed than the SFA separation versus time curves. Hence, the AFM is
much more convenient than the SFA for studying the highly dynamic phenomena
in a thin gap.
The AFM has been developed and modified over recent years, utilizing different operating principles to explore a wide range of surface properties. Techniques
such as tapping mode AFM (TMAFM), noncontact scanning force microscopy
(NSFM) and scanning polarized force microscopy (SPFM), which were developed
to image soft samples and weakly absorbed species are finding applications for
the study of fluids in the nanoscale. Luna et al.171 reported on a study of water
droplets and films on graphite by NSFM. In a high-relative-humidity atmosphere
(>90%), water adsorbs on the surface to form flat rounded islands of 5 nm in
height that transform to 2-nm-high islands when the relative humidity stabilizes to
90%. This process is induced by the presence of the scanning tip. Desorption of
the water present on the surface is achieved after the exposure of the sample to
a dry atmosphere for several hours. The adsorption-desorption cycle is reversible.
In addition to topography, TMAFM can probe the micromechanical behavior of a
solid surface by analyzing the vibrational phase shift and amplitude of the probe
as it interacts with the surface, providing information on viscoelastic and adhesive properties. In Attard et al.,172 nanobubbles, whose existence on hydrophobic
surfaces immersed in water has previously been inferred from measurements of
long-ranged attractions between such surfaces, were directly imaged by TMAFM.
Imaging of hydrophobic surfaces in water with TMAFM reveals173 them to be
covered with soft domains, apparently nanobubbles, that are close-packed and irregular in cross section, have a radius of curvature of the order of 100 nm, and
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have a height above the substrate of 20 to 30 nm. Complementary force measurements show features seen in previous measurements of the long-range hydrophobic
attraction, including a jump into a soft contact and a prejump repulsion. The distance of the jump is correlated with the height of the images. The morphology of
the nanobubbles and the time scale for their formation suggest the origin of their
stability. TMAFM has also recently been employed to measure the contact angle
of dewetted liquid bilayer thin films of two immiscible polymers, polystyrene and
polybromostyrene.174
Ishida et al.175 inserted an immersed silicon wafer hydrophobized with OTS
into water to observe the surface in situ using a tapping-mode AFM. A large number of nanosize-domain images were found on the surface. Their shapes were
characterized by the height image procedure of AFM, and the differences of the
properties compared to those of the bare surface were analyzed using the phase
image procedure and the interaction force curves. All of the results consistently
implied that the domains represent the nanoscopic bubbles attached to the surface.
The apparent contact angle of the bubbles was much smaller than that expected
macroscopically, and this was postulated to be the reason bubbles were able to sit
stably on the surface. Further studies of nanobubbles produced at liquid-solid interfaces using the AFM have been reported.176,177 The atomic force microscope
used to detect these nanobubbles showed that they can be seen on liquid-graphite
and liquid-mica interfaces. The conformation of the bubbles was influenced by the
atomic steps of the graphite substrate.
The AFM was employed in various complementary modes of operation to investigate the properties of nanometer-scale oil droplets existing on a polystyrene
surface. Force curve mapping was used to gently probe the surface of the fluid
droplets, and through automated analysis of the force curves the true topography
and microscopic contact angle of the droplets were extracted. The interfacial tension of this oil-water junction was then measured using the AFM and again was
found to be in close agreement with theory and macroscopic measurement. Using this information, the force exerted on the sample by a scanning tapping tip
in fluid was derived and compared with forces experienced during tapping mode
imaging in air. These results highlight the ability of AFM to both measure interfacial properties and investigate the topography of the underlying substrate at the
nanometer scale.174 Mugele et al.178 used an AFM to image liquid droplets on
solid substrates and to determine the contact line tension. Compared to conventional optical contact angle measurements, the AFM extends the range of accessible drop sizes by three orders of magnitude. By analyzing the global shape of the
droplets and the local profiles in the vicinity of the contact line, it was shown that
the optical measurement overestimates the line tension by approximately four orders of magnitude. Zitzler et al.179 investigated the influence of the relative humidity on amplitude and phase of the cantilever oscillation while operating an AFM
in the tapping mode. If the free-oscillation amplitude exceeds a certain critical amplitude A(c), the amplitude- and phase-distance curves show a transition from a
regime with a net attractive force between tip and sample to a net repulsive regime.
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For hydrophilic tip and sample, A(c) is found to increase with increasing relative
humidity. In contrast, no such dependence was found for hydrophobic samples.
Numerical simulations show that this behavior can be explained by assuming the
intermittent formation and rupture of a capillary neck in each oscillation cycle of
the AFM cantilever.
The use of the AFM is limited by the formation of nanomenisci and nanobridges. Colchero et al.180 described a technique to measure the tip-sample interaction in a scanning force microscope setup with high precision. Essentially, the
force exerted on the cantilever is acquired simultaneously with a spectrum of the
cantilever. This technique is applied to study the behavior of the microscope setup
as the tip approaches a sample surface in ambient conditions. The measured interaction can only be understood assuming the formation of a liquid neck and the
presence of a thin liquid film on the tip as well as on the sample. Piner et al.181
developed a direct-write “dip-pen” nanolithography (DPN) to deliver collections
of molecules in a positive printing mode. An AFM tip is used to write alkanethiols with 30-nm-linewidth resolution on a gold thin film in a manner analogous to
that of a dip pen. Molecules are delivered from the AFM tip to a solid substrate of
interest via capillary transport, making DPN a potentially useful tool for creating
and functionalizing nanoscale devices.
Calleja et al.182 studied the dimensions of water capillaries formed by an applied electrical field between an atomic force microscope tip and a flat silicon surface. The lateral and vertical dimensions of the liquid meniscus are in the 5 to
30-nm range. The size depends on the duration and strength of the voltage pulse.
It increases by increasing the voltage strength or the pulse duration. The meniscus
size is deduced from the experimental measurement of the snap-off separation. In
AFM studies of molecular thin films, a defined jump of the tip through the film is
often observed once a certain threshold force has been exceeded. Butt and Franz183
presented a theory to describe this film rupture and to relate microscopic parameters to measurable quantities. These models were later verified in Ref. 184.
Ahmed et al.185 reported on studies aimed at employing AFM to measure the
viscosity of aqueous solutions. At ambient temperature, the AFM cantilever undergoes thermal fluctuations that are highly sensitive to the local environment. The
measurements revealed that variations in the resonant frequency of the cantilever
in the different solutions are largely dependent on the viscosity of the medium. An
application of this technique is to monitor the progression of a chemical reaction
where a change in viscosity is expected to occur.
With magnetically activated AFM it has been possible to resolve molecular
layers of large molecules such as octamethylcyclotetrasiloxane and n-dodecanol.
With this method, magnetic material is deposited directly behind an AFM tip on
the backside of the cantilever so that the tip position can be controlled by the addition of a magnetic field. The lever can be vibrated in an oscillating magnetic field
in order to make dynamic measurements. One expected consequence of the success of this technique was a rapid exploitation of the experimental advantages over
SFA such as various surface materials that can be studied and simultaneous lateral
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characterization. However, the current literature is restricted to measurements as a
function of separation between a silicon tip and a mica or graphite surface. Further,
using magnetically activated AFM it has not yet been possible to reproduce the solvation shell measurements in water measured by SFA. Jarvis et al.186 attribute this
to the long averaging times necessary to obtain a sufficiently sensitive signal-tonoise ratio using a lock-in amplifier and also because of the low aspect ratio tips
commonly used.
One report of water layer and/or hydrated ion measurements using static AFM
is that of Cleveland et al.187 They show that with sufficiently long measurement
times and sufficient stability it is possible even with static measurements to pinpoint different energy minima close to ionic crystals in water by using the thermal
noise of the cantilever. Unfortunately, due to the long averaging times needed for
this technique it is not readily applicable to location sensitive investigations. When
the AFM is used for force measurements, the driving speed typically does not exceed a few microns per second. However, it is possible to perform the AFM force
experiment at a much higher speed. In Ref. 149, theoretical calculations and experimental measurements are used to show that in such a dynamic regime the AFM
cantilever can be significantly deflected due to viscous drag force. This suggests
that in general the force balance used in a surface force apparatus does not apply
to the dynamic force measurements with an AFM. Vinogradova et al.149 also developed a number of models that can be used to estimate the deflection caused by
viscous drag on a cantilever in various experimental situations. As a result, the conditions when this effect can be minimized or even suppressed are specified. This
opens up a number of new possibilities to apply the standard AFM technique for
studying dynamic phenomena in a thin gap.

8.4 Fluid-solid interfaces at the nanoscale
Hydrophobic effects and wetting phenomena have a long-standing history and open
questions remain for both areas. The emphasis in this section is on the computational efforts to understand the molecular nature of wetting and hydrophobicity. For
recent reviews on the general molecular theory of hydrophobic effects, the reader
is directed to the works by Pratt188 and Pratt and Pohorille.189
8.4.1 Hydrophobicity and wetting
The attribute hydrophobic (water-fearing) is commonly used to characterize substances like oil that do not mix with water. The classical interpretation of this phenomenon is that the interaction between the water molecules is so strong that it
results in an effective oil-oil attraction. Interestingly, oil and water do in fact attract
each other, but not nearly as much as water attracts itself. Lazaridis190 performed a
series of MD simulations with hypothetical solvents to identify the solvent characteristics that are necessary conditions for general solvophobic behavior. His findings support the classical view that solvophobicity is observed when the solventsolvent interaction strength clearly exceeds the solvent-solute interaction. In the
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case of water, the large cohesive energy is mainly due to the strong hydrogen bond
network. The importance of the hydrophobic effect as a source of protein stability
was first identified by Kauzmann191 and a review on dominant forces in protein
folding is given by Dill.192 At a certain solute size (around 1 nm), it becomes energetically more favorable to assemble hydrophobic units than to keep them apart
by thermal agitation.193,194
The spreading and wetting of water on hydrophobic/hydrophilic surfaces is a
related subject of great practical interest where substantial insight has been gained
through the help of computation. The wetting behavior of a surface could be characterized through the contact angle that a liquid forms on it. One can distinguish at
least two different states, namely, the wetting state, where a liquid spreads over the
substrate to form a uniform film, and the partial wetting state, where the contact
angle lies in between 0 and 90 deg. The microscopic contact angle θ for a droplet
with base radius r is given by the modified Young’s equation195
τ
γSV = γSL + γLV cos θ + ,
r

(8.27)

where the γ ’s denote the surface tensions between the solid (S), liquid (L), and
vapor (V) phases, respectively, and τ is the tension associated with the three-phase
contact line. In the limit of macroscopic droplets, the effect of the line tension τ becomes insignificant, i.e., for r → ∞, Eq. (8.27) reduces to the well-known Young’s
equation.38 In the following, we review computational studies that aim at studying
the validity of macroscopic concepts such as Young’s or Laplace’s equations at
the nanoscale and at a molecular characterization (ordering, orientation, etc.) of a
liquid at a hydrophobic or hydrophilic interface.
The wetting and drying of a liquid and a vapor phase enclosed between parallel
walls was studied by Saville,196 Sikkenk et al.,197 and Nijmeijer et al.198,199 The
main difference in their simulations was the representation of the confining wall.
The introduction of an “inert” wall199 leads to good agreement between visually
observed contact angles and the ones deduced from the surface tensions through
Young’s equation.
Hautman and Klein200 have performed one of the first MD studies to investigate a liquid droplet on different solid substrates. They observed the equilibrium
contact angle of water droplets containing merely 90 molecules on hydrophobic
and hydrophilic surfaces that were formed by monolayers of long-chain molecules
with terminal CH3 and OH groups, respectively.
Thompson et al.201 tested and confirmed the validity of Young’s and of
Laplace’s equation at microscopic scales for a fluid-fluid interface in a channel.
The wetting properties of the fluids were controlled by setting different interaction strengths between the fluids and the wall; all interactions were modeled using
the Lennard–Jones potential. Fan and Cağin202 simulated the wetting of crystalline
polymer surfaces by water droplets containing 216 water molecules. Furthermore,
they introduced a different way to measure the contact angle between a liquid and a
solid surface using the volume and contact area of the droplet instead of the droplet
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center-of-mass height above the surface. The dynamics of spreading at the molecular level were first studied by de Ruijter and De Coninck203 and de Ruijter et al.204
They monitored the relaxation of the contact angle for a fluid modeled by linear
chain molecules and obtained good agreement with a molecular kinetic theory of
wetting. MD studies of heat transfer at solid liquid interfaces has been reported.51
Reviews of the dynamics of wetting are given in Refs. 205 and 206.
Bresme and Quirke207,208 investigated by means of MD simulations the wetting and drying transitions of spherical particulates at a liquid-vapor interface as
a function of the fluid-particulate interaction strengths and of the particulate size.
They showed that the wetting transition for a small particulate occurs at a weaker
interaction strength than for a large one. This suggests that a change in geometry of
the particulate enhances its solubility. In a subsequent study, Bresme and Quirke209
analyzed the dependence of the spreading of a lens in a liquid-liquid interface in
terms of the liquid-lens surface tension. It was found that this dependence is well
described by Neumann’s construction, which is the analog to Young’s equation
when the three phases in contact are deformable. Werder et al.69 studied the behavior of water droplets confined in pristine carbon nanotubes using molecular dynamics simulations (cf. Fig. 8.3). They found contact angles of 110 deg indicating
a nonwetting behavior. Lundgren et al.210 studied the wetting of water and waterethanol droplets on graphite. For pure water droplets, they found contact angles
that were in good agreement with the experimentally observed ones. On addition
of ethanol, the contact angle decreased as expected and the ethanol molecules were
concentrated close to the hydrophobic surface and at the water-vapor interface.
Werder et al.38 used the known wetting behavior of water on graphite to calibrate
the water-graphite interaction in MD simulations (cf. Fig. 8.4). They found that
water monomer binding energies of −6.33 and −9.37 kJ mol−1 are required to
recover, in the macroscopic limit, contact angles of 86 deg (Ref. 211) and 42 deg
(Ref. 212), respectively. Figure 8.5 shows micro-sized water droplets on a graphite

Figure 8.3 Molecular dynamics simulation of the contact angle of water droplets in single-walled carbon nanotubes.69 The molecular structure (left) and the time-averaged isochor profiles (right) indicate a nonwetting behavior of the 5-nm-diameter water droplet.
(Reprinted with permission from Ref. 69, © 2001 American Chemical Society.)
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surface. These binding energies include a correction to account for the line tension
that, through MD simulations of droplets of different sizes, is estimated to be positive and of the order of 2 × 10−10 J/m. For a simple Lennard–Jones interaction
potential acting between the oxygen atoms of the water and the carbon atom sites,
the corresponding interaction parameters to obtain the desired binding energies are
σCO = 3.19 Å, CO = 0.392 kJ mol−1 , and CO = 0.5643 kJ mol−1 , respectively.
8.4.2 Slip flow boundary conditions
The conditions at the fluid-solid interface are of paramount interest to develop suitable computational models and to understand the governing physical mechanisms

(a)

(b)

Figure 8.4 Side view of a 5-nm large water droplet on graphite (a). From molecular dynamics simulations by Werder et al.69 The contact angle is extracted from the time-averaged water isochore profile (b). The isochore levels are 0.2, 0.4, 0.6, 0.8, and 1.0 g cm−3 . (Reprinted
with permission from Ref. 69, © 2001 American Chemical Society.)

Figure 8.5 ESEM experiments of micron-sized water droplets condensed on a graphite
surface showing contact angles of approximately 30 deg. (From Noca and Sansom.213 )
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to design effective nanodevices. In the nanoscale the fluid-solid interfaces assume
greater importance because the surface-to-volume ratio is larger than in macroscale
flows and the flow length scale approaches the fluid molecule size. When solids are
immersed in fluids, the boundary condition usually adopted in the modeling equations of the macroscale systems is a vanishing relative velocity between the fluid
and the solid surface—the no-slip condition.214,215 The validity of this condition is
an active area of computational and experimental research.
8.4.2.1 Experimental evidence of no slip
Experimental evidence of the no-slip condition at wetting surfaces was provided
by Whetham216 and Bulkley.217 On the other hand, slip is found to exist in narrow,
hydrophobic capillaries, as demonstrated by Helmholtz and von Piotrowski,218 and
later confirmed by Schnell,219 Churaev et al.,220 and Baudry et al.13 A thorough review of earlier works concerning the manifestation of slip can be found in Ref. 11.
The existence of no-slip conditions for liquid flows in confined spaces is furthermore complicated by the unusual behavior of the fluid properties associated with
phase changes of the fluid. For water, strong density fluctuations are furthermore
observed within 1 nm of the solid surface,221 and the water orientation and hydrogen bonding are perturbed.222 Garnick223 found that the viscosity attains a significantly higher value when the fluid is confined leading to a stick-slip behavior,224,225
or solidification when the film thickness becomes sufficiently small.226
One important yet unresolved question in NFM is the amount of slip occurring
at hydrophilic surfaces. Bonaccurso et al.14 observed a persistent slip in measurements of water on mica and glass, whereas Vinogradova and Yakubov170 recently
found a no-slip condition in drainage experiments of thin films between silica surfaces.
The question remains if the transition from no-slip to slip follows the limit of
zero to nonzero contact angle of the fluid solid interface, or if (weakly) hydrophobic surfaces can support a no-slip. The experimental evidence is strongly affected
by uncertainties such as surface roughness, entrapped gas or vapor bubbles,173,227
chemical impurities,11 and the purity of the fluid.228 Alternatively, molecular dynamics simulations free of such impurities may provide valuable insight into the
nature of the no-slip condition. At the same time such conjectures rely on the existence of accurate interaction potentials that describe the fluid-solid interface.
To extend continuum fluid dynamics modeling to nanoscale flow systems, the
liquid-solid boundary conditions must be determined and parameterized,229 and
the length scale where molecular-size effects become important should be known.
Contrary to traditional continuum modeling, taking into account nanoscale flow
phenomena implies that the conditions will depend on the specific molecular nature
of the fluid and the surface.
The slip velocity u at a surface may be modeled according to Maxwell,230 as
u = b

∂u
,
∂y
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where b is the slip length, α = 1/b is the slip coefficient, and ∂u/∂y denotes the
shear stress at the interface as shown in Fig. 8.6. The slip length is a function of the
properties of the fluid-solid interface. At hydrophobic surfaces, Churaev et al.220
and Baudry et al.13 found slip lengths of the order of 30 to 40 nm. The slip observed
by Bonaccurso et al.14 at hydrophilic surfaces amounts to 8 to 9 nm.
A closed formula for the slip length was derived for dilute systems by
Bocquet,231 and an approximate formula for dense Lennard–Jones fluids was given
by Barrat and Bocquet.232 However, Richardson233 showed that the dissipation of
energy caused by the surface roughness (), and irrespective of the boundary condition imposed at the microscale (a no-slip or a zero shear boundary condition)
results in an effective no-slip condition b = O(). Recent measurements by Zhu
et al.150 confirmed that the effect of surface roughness dominates the local intermolecular interaction. The analysis of Richardson233 is based on the separation of
length scales; thus l    L, where l denotes the size of the molecules, and L
is the bulk fluid length scales. This separation is not present in many nanoscale
flows, such as the flow of waters (l ≈ 0.4 nm) passing a single-walled carbon nanotubes (L ≈ 1 nm and  ≈ 0 nm). As a consequence, the amount of slip found
in nanoscale flows is expected to depend not only of the wetting properties of the
fluid-solid interface, but also on the particular geometry.
8.4.2.2 MD simulations of slip
Molecular dynamics simulations provide a controlled environment for the study
of slip in nanoscale systems free from impurities and surface roughness, but limited to studies of small systems, currently of the order of tens of nanometers and
tens of nanoseconds. Also, most studies have been conducted for idealized systems
such as Lennard–Jones fluids in simple geometries, often confined between smooth
(Lennard–Jones type) solids. However, these studies have provided valuable insight into the fundamental mechanisms of slip. The following sections contain a
short review of recent MD simulations of the internal flows such as the planar

Figure 8.6 Slip at a fluid-solid interface is characterized by a finite velocity (U ) at the
interface. This slip velocity is related to the slip length (b) through the shear rate at the
interface: U = b∂u/∂y.
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Poiseuille and Couette flows, and external flows, including flows past cylinders.
Koplik et al.234 performed MD simulations of Poiseuille flow and moving contact lines. The no-slip condition was found to be satisfied for Lennard–Jones fluids confined between Lennard–Jones solids, and slip at the contact line. Bitsanis
et al.235 found velocity profiles with slip, but also a flatness of the velocity profile
close to the reservoir walls used in their study.
In MD simulations of Poiseuille and Couette flows, Barrat and Bocquet232
found the no-slip boundary condition to depend on the wetting properties of the
fluid-solid interface. Both the fluid and solids were modeled as Lennard–Jones
molecules using a modified Lennard–Jones potential
" 
 6 #
σ
σ 12
Vij (r) = 4
,
− cij
r
r

(8.29)

where the parameter cij was used to adjust the relative strength of the interactions.
Thus, the cohesion of the fluid was increased from the usual Lennard–Jones fluid
using a value of cFF = 1.2, and the fluid-solid interaction was varied between 0.5
and 1.0, corresponding to contact angles of 140 and 90 deg, respectively. The
Poiseuille flow was driven by imposing an external (gravity) force, and the slip
length was found to vary between 40σ and O(σ ) for for contact angles of 90 and
140 deg, respectively. The slip length was found to decrease as a function of the
pressure in the channel.
In a series of simulations of flows in narrow pores, Todd et al.236 and Travis
et al.237,238 found the velocity profile to deviate significantly from the quadratic
form predicted by the Navier–Stokes formalism. Both the solid and fluid atoms
were modeled using a purely repulsive Lennard–Jones type (Weeks–Chander–
Andersen) potential, or the full 12–6 Lennard–Jones potential. The density of the
solid surface was approximately 80% of the fluid density, resulting in a high surface
corrugation and a no-slip condition at the fluid-solid interface.
Mo and Rosenberger239 modeled the surface corrugation explicitly in 2D simulations of a Lennard–Jones system. Both sinoidally and randomly roughened walls
were considered with various amplitudes. The no-slip condition was found to hold
when the molecular mean free path is comparable to the surface roughness. In
the planar Couette flow, the fluid is confined between two solid planar walls. The
flow is generated by moving one or both walls with constant (opposite) velocity
and the imposed shear diffuses into the flow developing a linear velocity profile.
Thompson and Robins240 studied a Lennard–Jones fluid in a planar Couette flow
and found slip, no-slip and locking depending on the amount of structure (corrugation) induced by the solid walls. Highly corrugated walls would result in a no-slip
condition, whereas weak fluid-wall interaction would result in slip. At strong interactions, a epitaxial ordering was induced in the first fluid layers, effectively locking these to the wall. Thus the slip would occur within the fluid. For Couette flows
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driven by a constant force, this locking results in a stick-slip motion involving a
periodic shear-melting transition and recrystallization of the film.241,242
The importance of the surface corrugation was later emphasized by Thompson
and Troian,243 who found that the slip length diverges at a critical shear rate (γ̇c )
as
b0
b= √
,
1 − γ̇ /γ̇c

(8.30)

where b0 is the slip length in the limit of low-shear rate. The critical shear rate
is reached while the fluid is still Newtonian, and depends on the corrugation of
the surface energy. The importance of the corrugation of the surface was later
confirmed by Cieplak et al.244 for simple and chain-molecule fluids, and by Jabbarzadeh et al.245 for alkenes confined between rough atomic sinusoidal walls.
They found that the amount of slip is governed by the relative size of the molecular
length to the wall roughness.
Sokhan et al.246 considered methane modeled as spherical Lennard–Jones
molecules confined between (high-density) graphite surfaces. They found a significant slip even in the strongly wetting case, and recovered the no-slip condition
by artificially reducing the density of the wall. The constant gravity force imposed
to drive the flow resulted in low-frequency oscillations of the mean flow with a
time scale ranging from 10 ps to 2 ns. Both flexible or rigid walls were considered
but the dynamics of the wall was found to have little influence of the slip length.
For water confined between hydrophobic graphite surfaces, Walther et al.247
found slip lengths in the range of 31 to 63 nm for pressures between 1 and 1000 bar.
Changing the wetting properties of the interface to hydrophilic reduced the slip
length to 14 nm. Other confined flows include the Hagen–Poiseuille (pipe) flow as
considered in Heinbuch and Fischer,248 who found that two layers of molecules
would stick to the wall for sufficiently strong fluid-wall interaction. Similar studies
involve the flows of monoatomic fluids,249 and methane250 through single-walled
carbon nanotubes. Similar to their study of methane flowing in a slit carbon nanotube pore, Sokhan et al.250 found a large slip in the range of 5.4 to 7.8 nm, which
is significantly less than the values found for the planar graphite surface, due to the
high curvature and increased friction in the carbon nanotube.
Hirshfeld and Rapaport251 conducted MD simulations of the Taylor–Couette
flow. Using a purely repulsive Lennard–Jones potential and hard walls, they found
good agreement with experiments and theory. In a recent study, Walther et al.247
performed nonequilibrium molecular dynamics simulations of water flowing past
an array of single-walled carbon nanotubes. For diameters of the carbon nanotube
of 1.25 and 2.50 nm and onset flow speeds in the range of 50 to 200 m s−1 , they
found the no-slip condition to hold as demonstrated in Fig. 8.7. Application of the
same model to the Couette flow resulted in significant slip, indicating an influence
of the geometry on the slip.
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Figure 8.7 NEMD simulation for the study of hydrodynamic properties of carbon
nanotubes.252 The simulations involve water flowing past an array of 1.25- and 2.50-nm-diameter carbon nanotubes. A closeup of the systems is shown in (a), and the time-averaged
tangential component of the velocity is shown in (b). The profiles are obtained for a 1.25-nm
tube: —; measured; – –; fit, and 2.50-nm tube: - -; measured; · · ·; fit, and compared with the
Stokes–Oseen solution. The slip length extracted from these simulations indicates that the
continuum no-slip condition is valid.

8.5 Fluids in confined geometries
An understanding of the interaction of water-based liquids with carbon in confined
nanoscale geometries at the nanoscale is very important for exploring the potential of devices such as carbon nanotubes (CNTs) in nanofluidic chips, probes, and
capsules for drug delivery. The hollow interior of carbon nanotubes can serve as a
nanometer-sized capillary. The nanotube cavities are weakly reacting with a large
number of substances and, hence, may serve as nanosize test tubes. The small diameter of CNTs points to using their filled cavities as a mold or a template in
material fabrication. Ugarte et al.253 filled open carbon nanotubes with molten silver nitrate by capillary forces producing chains of silver nanobeads separated by
high-pressure gas pockets.
Finally, the ability to encapsulate a material in a nanotube also offers new possibilities for investigating dimensionally confined phase transitions. In particular,
water molecules in confinement exhibit several phase transitions as their network
of hydrogen bonds is disrupted.
The prospect of controlled transport of picoliter volumes of fluid and single molecules requires addressing phenomena such as a local density increase
of several orders of magnitude and layering of transported elements in confined
nanoscale geometries.254 This presents a unique set of concerns for transport and
lubrication of films in the nanometer scale.
8.5.1 Flow motion in nanoscale channels
Nanoscale channels such as ion channels are one of the most important natural
devices for the transport of molecules into and out of biological cells. The behavior
of confined fluids in nanoscale geometries is an area that has been under study for
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some time in zeolites and ideal nanoporous systems. The understanding of such
processes is of great interest for nanotechnology applications in biotechnology.
Experiments have demonstrated that fluid properties become drastically altered
when the separation between solid surfaces approaches the atomic scale.224,255 In
the case of water, so-called drying transitions occur on this scale as a result of
strong hydrogen bonding between water molecules, which can cause the liquid to
recede from nonpolar surfaces and form distinct layers separating the bulk phase
from the surface. In addition, changes such as increased effective shear viscosity
as compared to the bulk, prolonged relaxation times and nonlinear responses set
in at lower shear rates.223 Computational studies of the behavior of molecules in
nanoporous structures have played an important role in understanding the behavior of fluids in the nanometer scale, complementing experimental works. A detailed
study regarding the behavior of a fluid in close confinment was reported by Thompson and Robbins,240 who used molecular-dynamics simulations of Lennard–Jones
liquids sheared between two solid walls. A broad spectrum of boundary conditions
was observed including slip, no-slip, and locking. It was shown that the degree of
slip is directly related to the amount of structure induced in the fluid by wall-fluid
interaction potential. For weak wall-fluid interactions, there is little ordering and
slip was observed. At large interactions, substantial epitaxial ordering was induced
and the first one or two fluid layers became locked to the wall. The liquid density
oscillations also induced oscillations in other microscopic quantities normal to the
wall, such as the fluid velocity in the flow direction and the in-plane microscopic
stress tensor, that are contrary to the predictions of the continuum Navier–Stokes
equations. However, averaging the quantities over length scales that are larger than
the molecular lengths produced smooth quantities that satisfied the Navier–Stokes
equations.
Molecular dynamics and Monte Carlo simulations have been used to simulate systems that include films of spherical molecules, straight chain alkanes, and
branched alkanes.235,256–258 Bitsanis and his coworkers235 have reported on the
flow of fluids confined in molecularly narrow pores. They observed departure
from the continuum as strong density variations across the pore rendered the usual
dependence of the local viscosity on local density inappropriate. At separations
greater than four molecular diameters flow can be described by a simple redefinition of local viscosity. In narrower pores, a dramatic increase of effective viscosities is observed and is due to the inability of fluid layers to undergo the gliding
motion of planar flow. This effect is partially responsible for the strong viscosity increases observed experimentally in thin films that still maintain their fluidity.
The simulations for Couette and Poiseulle types of flow yielded wall parallel velocity profiles that deviate from the shape predicted by continuous assumptions.
Confinement also affects the electronic properties of the enclosed substances. Intermolecular dipole-dipole interactions were once thought to average to zero in
gases and liquids as a result of rapid molecular motion that leads to sharp nuclear
magnetic resonance lines. In Ref. 259, it is shown that a much larger, qualitatively
different intermolecular dipolar interaction remains in nanogases and nanoliquids.
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The dipolar coupling that characterizes such interactions is identical for all spin
pairs and depends on the shape, orientation (with respect to the external magnetic
field), and volume of the gas/liquid container. This nanoscale effect is useful in the
determination of nanostructures.
Flows of argon, helium, and a buckyball and helium fluid inside carbon nanotubes have been reported using molecular dynamics simulations.249,260 The fluid
was started at some initial velocity; fluid particles were allowed to recycle axially
through the tube via minimum image boundary conditions. Argon slowed down
more quickly than helium. In addition, the behavior of the fluid strongly depended
on the rigidity of the tube; a dynamic tube slowed down the fluid far more quickly
than one in which the tube was held frozen. Another study261 reports a molecular
dynamics simulation to investigate the properties and design space of molecular
gears fashioned from carbon nanotubes with teeth added via a benzyne reaction.
A number of gear and gear-shaft configurations are simulated on parallel computers. One gear is powered by forcing the atoms near the end of the nanotube to
rotate, and a second gear is allowed to rotate by keeping the atoms near the end
of its nanotube constrained to a cylinder. The meshing aromatic gear teeth transfer
angular momentum from the powered gear to the driven gear. Results suggest that
these gears can operate at up to 50 to 100 GHz in a vacuum at room temperature.
The failure mode involves tooth slip, not bond breaking, so failed gears can be
returned to operation by lowering the temperature and/or rotation rate.
Manipulation of the geometry at the nanoscale may be readily utilized for controlled fluid transport. This was demonstrated262 by fluidic control in lipid nanotubes 50 to 150 nm in radius, conjugated with surface-immobilized unilamellar
lipid bilayer vesicles. Transport in nanotubes was induced by continuously increasing the surface tension of one of the conjugated vesicles, for example, by ellipsoidal
shape deformation using a pair of carbon microfibers controlled by micromanipulators as tweezers. The shape deformation resulted in a flow of membrane lipids
toward the vesicle with the higher membrane tension; this lipid flow in turn moved
the liquid column inside the nanotube through viscous coupling. By control of the
membrane tension difference between interconnected vesicle containers, fast and
reversible membrane flow (moving walls) with coupled liquid flow in the connecting lipid nanotubes was achieved.
8.5.1.1 Biological nanochannels
Ion channels consist of a particular natural form of nanochannels with particular
importance to biological systems. They belong to a class of proteins that forms
nanoscopic aqueous tunnels acting as a route of communication between intra and
extracellular compartments. Each ion channel consists of a chain of aminoacids
carrying a strong and rapidly varying electric charge. Ion channels regulate cell
internal ion composition, control electrical signaling in the nervous system and
in muscle contraction, and are important for the delivery of many clinical drugs.
Channels are usually “gated,” i.e., they contain a region that can interrupt the flow
of molecules (water, ions) that is often coupled to a sensor that controls the gate
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allosterically.263 They exhibit selectivity on the types of ions that get transmitted
and may exhibit switching properties similar to other electronic devices. At the
same time, channels or pores for uncharged molecules mediate transport through
the membrane by diffusion driven by the gradient of this substance. Pores or channels are known to exist for water and small molecules like urea, glycerol, and
others. One particular nongated channel of interest is a water channel called an
aquaporin. In aquaporins, the general belief was that water diffuses through the
lipids of biological membranes. On the other hand, it has been known for many
years that a large portion of water transport is protein-mediated. The question of
how gating works at an atomic level is one of considerable complexity. A pattern
is emerging for some channels in which the most constricted region of the pore
(which is usually identified with the gate) is ringed by hydrophobic amino acid
side chains, e.g., leucine or valine. So, is an effect other than steric occlusion able
to close a channel, i.e., hydrophobic gating? Experimental evidence in favor of
such a mechanism comes from studies of pores in modified Vycor glass, which
showed that water failed to penetrate these pores once a threshold hydrophobicity
of the pore walls was exceeded.263
Molecular dynamics simulations through atomistic models of nanopores embedded within a membrane mimetic have been used to identify whether a hydrophobic pore can act as a gate of the passage of water. Both the geometry of a
nanopore and the hydrophilicity vs. hydrophobicity of its lining determine whether
water enters the channel. For purely hydrophobic pores, there is an abrupt transition from a closed state (no water in the pore cavity) to an open state (cavity water
at approximately bulk density) once a critical pore radius is exceeded. This critical
radius depends on the length of the pore and the radius of the mouth region. Furthermore, a closed hydrophobic nanopore can be opened by adding dipoles to its
lining.
The prospect of employing structures such as pure and doped carbon nanotubes
for molecular transport has not been unnoticed. As a step in understanding the
governing physical phenomena, in long (>50 ns) simulations of a carbon nanotube
submerged in water, Hummer et al.68 (Fig. 8.8) observed water flux through a pore
occuring in a pulsatory fashion, with fluctuations in flux on a time scale of 4 ns.
Waghe et al.264 have studied the kinetics of water filling and emptying the interior channel of carbon nanotubes using molecular dynamics simulations. Filling
and emptying occur predominantly by sequential addition and/or removal of water
to or from a single-file chain inside the nanotube. Advancing and receding water
chains are orientationally ordered. This precludes simultaneous filling from both
tube ends, and forces chain rupturing to occur at the tube end where a water molecule donates a hydrogen bond to the bulk fluid. They used transition path concepts
and a Bayesian approach to identify a transition state ensemble that was characterized by its commitment probability distribution. At the transition state, the tube is
filled with all but one water molecule. One important observation is that filling thermodynamics and kinetics depend on the strength of the attractive nanotube-water
interactions that increases with the length of the tubes.
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Figure 8.8 Pseudo-1D ordering of water molecules in a 8.5-Å-diameter carbon nanotube.
(From unpublished simulations performed in our group based on work by Hummer et al.68 )

Computational requirements for the simulation of transport across nanoscale
channels has been identified as a challenging multiscale problem due to the disparate scales that are present. In their review article, Aluru et al.265 proposed the
use of continuum simulation techniques for handling the complex geometries to
resolve the drift-diffusion equation for charge flow. At the same time, ion travesal can be a rather rare event. Continuum models can then be parametrized to
match current-voltage characteristics by specifying a suitable space and/or energydependent diffusion coefficient, which accounts for the ions’ interactions with the
local environment.
Particle methods can be implemented for the solution of such flows. A Brownian dynamics approach can be used for the description of the ion flow, in which
ion trajectories evolve according to the Langevin equation. An N -body solver can
be used to account for all of the pairwise ion interactions, while external forces
induced by the potential can be computed from solving the potential equation for
the externally computed potential fields. A frictional term is included to account
for ion-water scattering, while a short-range repulsion term is used to account for
ionic core repulsion. MD and Monte Carlo methods can be used to model water-ion
interactions, while Monte Carlo methods offer an interesting alternative as water
and protein are treated as background dielectric media and only the individual ion
trajectories are resolved.266
Beckstein et al.263 present simulations of a model comprised of a membranespanning channel of finite length allowing water molecules within the pore to equilibrate with those in the bulk phase, thus avoiding any prior assumptions about water density. Effectively, the interior of the pore is simulated in a grand canonical
ensemble and entry or exit of water to or from an atomistic model of a nanopore
is probed, while retaining control over its geometry and the charge pattern of its
pore lining. In summary, hydrophobicity per se can close a sterically open channel
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to penetration by water and hence, by simple extension, to ions and small polar
solutes. Such a channel can be opened by adding a relatively small number of
dipoles to the lining of the pore or by a modest increase in radius. The critical
gating radius depends on the geometry of the mouth region of the pore. Simulation
studies of gramicidin suggested that 87% of overall channel resistance to water permeation comes from the energetic cost for a bulk water to enter the mouth. Thus,
both overall dimensions and the extents of hydrophobic and hydrophilic regions in
the lining provide a key to gating of nanopores.
8.5.2 Phase transitions of water in confined geometries
Encapsulation of a second phase inside carbon nanotubes offers a new avenue to
investigate dimensionally confined phase transitions. When pure liquid water is encapsulated inside narrow carbon nanotubes, water molecules would be expected to
line up into some quasi-1D structures, and on freezing, may exhibit quite different
crystalline structures from bulk ice. Confinement may change not only resulting
crystalline structures but also the way liquids freeze.267
Supercooled water and amorphous ice have a rich metastable phase behavior.
In addition to transitions between high- and low-density amorphous solids and
between high- and low-density liquids, a fragile-to-strong liquid transition has recently been proposed and supported by evidence from the behavior of deeply supercooled bilayer water confined in hydrophilic slit pores.268 Evidence from molecular dynamics simulations suggests another type of first-order phase transition—
a liquid-to-bilayer amorphous transition—above the freezing temperature of bulk
water at atmospheric pressure as reported in Koga et al.269 This transition occurs
only when water is confined in a hydrophobic slit pore270 with a width of less than
1 nm. On cooling, the confined water, which has an imperfect random hydrogenbonded network, transforms into a bilayer amorphous phase with a perfect network
(owing to the formation of various hydrogen-bonded polygons) but no long-range
order.
Molecular dynamics simulations were performed in Noon et al.271 at physiological conditions (300 K and 1 atm) using nanotube segments of various diameters
submerged in water. The results show that water molecules can exist inside the nanotube segments and that the water molecules inside the tubes tend to organize themselves into a highly hydrogen-bonded network, i.e., solid-like wrapped-around ice
sheets. The disorder-to-order transition of these ice sheets can be achieved purely
by tuning the size of the tubes.
Particularly intriguing is the conjecture272–274 that matter within the narrow
confines of a carbon nanotube might exhibit a solid-liquid critical point beyond
which the distinction between solid and liquid phases disappears. This unusual
feature, which cannot occur in bulk material, would allow for the direct and continuous transformation of liquid matter into a solid. In Koga et al.272 simulations
of the behavior of water encapsulated in carbon nanotubes suggest the existence
of a variety of new ice phases not seen in bulk ice, and of a solid-liquid critical point. Using carbon nanotubes with diameters ranging from 1.1 to 1.4 nm
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and applied axial pressures of 50 to 500 MPa, they found that water can exhibit
a first-order freezing transition to hexagonal and heptagonal ice nanotubes, and a
continuous phase transformation into solid-like square or pentagonal ice nanotubes
(Fig. 8.9).
Slovak et al.275 performed a series of MD simulations to examine in more detail
the results of a water simulation, which shows that a thin film of water, when
confined in a hydrophobic nanopore, freezes into a bilayer ice crystal composed of
two layers of hexagonal rings. They found that only in one case the confined water
completely freezes into perfect bilayer ice, whereas in two other cases, an imperfect
crystalline structure consisting of hexagons of slightly different shapes is observed.
a
a
Permission for electronic reproduction
of this figure has not been granted.

Figure 8.9 Snapshots of quenched molecular coordinates: (a) square; (b) pentagonal; and
(c) hexagonal ice nanotubes in (14,14), (15,15), and (16,16) SWCNs; and (d) to (f), the
corresponding liquid phases. The ice nanotubes were formed on cooling under an axial
pressure of 50 MPa in molecular dynamics simulations. The nearest-neighbor distances in
both ice nanotube and encapsulated liquid water are fairly constant, about 2.7 to 2.8 Å, and
this is in part responsible for the novel phase behavior. (Reprinted with permission from
Ref. 272, © 2001 The Nature Publishing Group.)
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This imperfection apparently hinders the growth of a perfect bilayer crystal. After
adjusting the area density to match spatial arrangements of molecules, the latter
two systems are able to crystallize completely. As a result, we obtain three forms
of bilayer crystals differing in the area density and hexagonal rings alignment.
The same group in a later study267 considered simulations of phase behavior
of quasi-1D water confined inside a carbon nanotube, in the thermodynamic space
of temperature, pressure, and diameter of the cylindrical container. Four kinds of
solid-like ordered structures—ice nanotubes—form spontaneously from liquid-like
disordered phases at low temperatures. In the model system, the phase change occurs either discontinuously or continuously, depending on the path in the thermodynamic space.
Confinement of liquids such as water in nanoscales can also induce properties
that correspond to water properties in supercritical conditions. While at room temperature, water is forming tetrahedral units of five molecules linked by hydrogen
bonds. When temperature is raised and/or density is reduced, some of the hydrogen
bonds are broken. Most of the dominant order is then lost and the remaining structures are linear and bifurcated chains of H-bonded water molecules, which can be
regarded as parts of broken tetrahedrals. The destruction of the hydrogen bonds affects the water so that its compressibility and transport properties are intermediate
between those of liquid and gas. However, increasing temperature and/or decreasing density are not the only means to achieve this effect. Recent MD simulations
indicate that when water is introduced inside carbon nanotubes, its hydrogen bonding structure is also compromised84,276 with an important decrease in the average
number of hydrogen bonds with respect to bulk supercritical water. This reduction is greater than for water in standard conditions. The atomic density profiles
are slightly smoother, but with the same general features than for water at lower
temperatures.

8.6 Nanofluidic devices
The previous sections have discussed some of the fundamental issues of nanoscale
fluid mechanics. Understanding the governing principles of these flows through
novel computational and experimental techniques will lead to the development of
devices that are able to exploit the unique characteristics of these flows. In parallel, engineers are developing nanofluidic devices by ingeniously adopting concepts
from areas such as biology and chemistry. Several key issues remain unresolved
such as the manufacturing of nanoscale devices either by self-assembly or by controlled interaction with microscale devices. The stage is set for new and inventive
engineering concepts to continue to feed fundamental research in NFM, while the
envelope of what can be accomplished by exploiting nanoscale fluid mechanics
is pushed. In the following sections, we review a partial list of nanofluidic concepts and devices as they are linked to the flow physics addressed in the previous
sections.
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8.6.1 Solubilization
Most applications employing the unique electronic, thermal, optical, and mechanical properties of individual single-wall carbon nanotubes will require the largescale manipulation of stable suspensions at a high weight fraction. Tube solubilization provides access to solution-phase separation methodologies277 and facilitates chemical derivatization, controlled dispersion and deposition,278 microfluidics, fabrication of nanotube-based fibers and composites,279 and optical diagnostics. Unfortunately, nanotubes aggregate easily and are difficult to suspend as a
result of substantial van der Waals attractions between tubes.280
Thus far, some progress has been made toward the solubilization of singlewalled carbon nanotubes (SWNTs) in both organic and aqueous media. Dissolution
in organic solvents has been reported with bare SWNT fragments (100 to 300 nm
in length) and with chemically modified SWNTs.281 Dissolution in water, which
is important because of potential biomedical applications and biophysical processing schemes, has been facilitated by surfactants and polymers,282,283 by polymer
wrapping,284 and by attaching glucosamine, which has both an amine group that
can easily form an amide bond with the SWNT and high water solubility.285 In the
method reported by O’Connell et al.286 the formation of any chemical bond was
avoided by wrapping the SWNT in macromolecules such as poly(vinylpyrrolidone)
PVP and polystyrene sulfonate PSS. Sano et al.287 functionalized the SWNTs with
monoamine-terminated poly(ethylene oxide) PEO using a preparation method via
acyl chloride. High-weight-fraction suspensions of surfactant-stabilized SWNTs in
water are reported in Islam et al.,288 with a large fraction of single tubes. A singlestep solubilization scheme was developed by the nonspecific physical adsorption
of sodium dodecylbenzene sulfonate. The diameter distribution of nanotubes in the
dispersion, measured by atomic force microscopy, showed that even at 20 mg/mL,
about 65% of single-wall carbon nanotube bundles exfoliated into single tubes. In
Riggs et al.,283 solubilization of the shortened carbon nanotubes was achieved by
attaching the nanotubes to highly soluble polyethylenimine or by functionalizing
the nanotubes with octadecylamine. The soluble carbon nanotube samples formed
homogeneous solutions in room-temperature chloroform. Optical limiting properties of these solutions were also determined for 532-nm pulsed-laser irradiation,
and the results indicate that the carbon nanotubes exhibit significantly weaker optical limiting responses in homogeneous solutions than in suspensions.
8.6.2 Nanofluids
Common fluids with particles of the order of nanometers in size are termed
nanofluids. These nanofluids have created considerable recent interest for their improved heat transfer capabilities. With a very small volume fraction of such particles, the thermal conductivity and convective heat transfer capability of these suspensions are significantly enhanced without the problems encountered in common
slurries such as clogging, erosion, sedimentation, and increase in pressure drop.
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Heating or cooling fluids is important for many industrial sectors, including energy supply and production, transportation, and electronics. The thermal conductivity of these fluids plays a vital role in the development of energy-efficient heat
transfer equipment. However, conventional heat transfer fluids have poor thermal
transfer properties compared to most solids. To improve the thermal conductivity of
these fluids numerous theoretical and experimental studies of the effective thermal
conductivity of liquids containing suspended milli- or microsized solid particles
have been conducted. A number of procedures have been proposed for the development of nanofluids. In Xuan and Li,289 a procedure is presented for preparing a
nanofluid by a suspension of copper nanophase powder and a base liquid. Wilson
et al.290 used colloidal metal particles as probes of nanoscale thermal transport in
fluids. They investigated suspensions of 3- to 10-nm-diameter Au, Pt, and AuPd
nanoparticles as probes of thermal transport in fluids and determined approximate
values for the thermal conductance G of the particle/fluid interfaces. The measured
G are within a factor of 2 of theoretical estimates based on the diffuse-mismatch
model. Thermal transport in nanofluids has also been considered through experimental study of pool boiling in water-Al2 O3 nanofluids.291 The results indicate that
the nanoparticles have pronounced and significant influence on the boiling process
deteriorating the boiling characteristics of the fluid. This effect is attributed to the
change of surface characteristics during boiling by particles trapped on the surface.
Nanofluids consisting of CuO or Al2 O3 nanoparticles in water or ethylene glycol exhibit enhanced thermal conductivity. A maximum increase in thermal conductivity of approximately 20% was observed in Lee et al.292 for 4 vol% CuO
nanoparticles with an average diameter of 35 nm dispersed in ethylene glycol.
A similar behavior has been observed in a Al2 O3 /ethylene glycol nanofluid.293
Furthermore, the effective thermal conductivity has shown to be increased by up
to 40%̇ for the nanofluid consisting of ethylene glycol containing approximately
0.3 vol% Cu nanoparticles of mean diameter <10 nm, and the effective thermal
conductivity of a nanofluid consisting of carbon nanotubes (1 vol%) in oil exhibits
160% enhancement.294
8.6.3 CNT as sensors and AFM tips
The low bending force constants of carbon nanotubes make them ideal candidates
for gentle imaging of soft samples. Moreover, due to their small (5- to 20-nm)
diameter and cylindrical shape, they provide excellent lateral resolution and are
ideal for scanning high-aspect-ratio objects.
Dai et al.295 first suggested mounting a CNT on silicon as a probe for tappingmode AFM to image the structure of nanoscale liquid samples. They attached individual nanotubes several microns in length to the Si cantilevers of conventional
atomic force microscopes. Because of their flexibility, the tips are resistant to damage from tip crashes, while their slenderness enables imaging of sharp recesses in
surface topology. The authors were also able to exploit the electric conductivity
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of nanotubes by using them for scanning tunneling microscopy. These developments open up the possibility of investigating water layers under a variety of experimental conditions and as a function of precise lateral position on any surface
including biological membranes and macromolecules. Among the many and varied
roles of water layers are effects on biomolecular adhesion, colloid dispersion, and
tribology, which can now be investigated with nanometer lateral resolution and
with a wider range of materials than that previously provided by a surface force
apparatus.
Building on this work, Moloni et al.296 proposed an improved technique for
obtaining tapping mode scanning force microscopy (TMSFM) images of soft samples submerged in water. This technique makes use of a carbon nanotube several
microns in length mounted on a conventional silicon cantilever as the TMSFM
probe. The sample is covered by a shallow water layer and only a portion of the
nanotube is submerged during imaging. This mode of operation largely eliminates
the undesirable effects of hydrodynamic damping and acoustic excitation that are
present during conventional tapping mode operation in liquids and leads to highquality TMSFM images. A limitation of probes based on open-ended MWNT
is due to their limited lateral resolution as the tips of these probes have a flat
cylindrical endform of 5 nm or more in diameter. Implementation of a SWNT
with tips of about 1 nm may be the next step in perfecting scanning force microscopy.
The combination of a carbon nanotube probe and a highly sensitive dynamic
measurement scheme enabled the use of an AFM to measure oscillatory forces in
water approaching a surface that has been laterally characterized on a nanometer
scale. One important aspect of these results, in particular for colloidal systems, is
that forces appear to scale with the surface dimensions from the mesoscopic, as
measured by the surface forces apparatus, to the nanoscale.186 Also of importance
is the observation of solvation shells on a nonrigid surface. Application of these
techniques may help elucidate phenomena associated with the detailed mechanism
of hydrophobic drying of surfaces in aqueous environments (Fig. 8.10).
8.6.4 Carbon nanotubes as storage devices—adsorption
Carbon nanotubes have been envisioned as suitable storage devices for hydrogen and hydrogen-based fuels. Hydrogen-based fuels are considered a promising
prospect for the ever-growing demand for energy. Hydrogen’s byproduct is water,
and it can be easily regenerated, thus meeting the rising concern of environmental
pollution and the call for new and clean fuels. Unfortunately, owing to the lack of a
suitable storage system satisfying a combination of both volume and weight limitations, the use of hydrogen energy technology has been restricted from automobile
application. Therefore, to implement hydrogen energy for electrical vehicles, the
first step is to look for an economical and safe hydrogen-storage medium. Recent reports on very high and reversible adsorption of hydrogen in nanostructured
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Figure 8.10 Drying of carbon nanotubes immersed in water. The range of the drying behavior is strongly dependent on the wetting properties of the interface. A hydrophobic, but partially wetting surface (a) displays a persistent wetting behavior for tube spacing exceeding
two layers of water molecules, whereas a purely repulsive interface (b) shows an extended
drying behavior. (From molecular dynamics simulations by Walther et al.297 )

carbon materials such as carbon nanotubes,298 graphite nanofibers,299 and alkalidoped nanotubes,300 have stimulated many experimental works301 and computational studies.302–304 Experimental results demonstrate that nanostructured carbon
materials have relatively high gravimetric hydrogen storage capacity. This capacity is dependent on the purity of the carbon nanotubes with increased capacity
observed of the purified carbon nanotubes compared with that of the as-prepared
counterparts.305 This improvement is attributed to the removal of the impurities,
oxygen-containing functionalities, and adsorbed species in the MWNTs.
To investigate the capabilities and the specific mechanisms of gas adsorption by
CNTs, a number of computational studies have been performed. Such simulations
have examined gas molecules (NO2 , O2 , NH3 , N2 , CO2 , CH4 , H2 O, H2 , Ar) on
SWNTs and bundles using molecular dynamics303 and first principles methods.306
The adsorption and desorption energy of hydrogen atoms depend on the hydrogen coverage and the diameter of the SWNTs. The adsorption energy decreases
with the increasing diameter of the armchair tubes. Most molecules adsorb weakly
on SWNTs and can be either charge donors or acceptors to the nanotubes. Zhao
et al.303 found that the gas adsorption on the bundle interstitial and groove sites is
stronger than that on individual nanotubes. The electronic properties of SWNTs are
sensitive to the adsorption of certain gases such as NO2 and O2 . Charge transfer and
gas-induced charge fluctuation might significantly affect the transport properties307
of SWNTs.
8.6.5 Nanofluidics for microscale technologies
Almost a decade after the first miniaturized gas chromatography system was successfully fabricated on a silicon wafer,308 the first liquid-phase separation was
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demonstrated, thereby catalyzing the development of micrototal analysis systems.
Since that time there has been an enormous amount of research devoted to developing miniaturized systems for separations, chemical and biological sensing.309
Simultaneously, a number of technological factors have driven the development of
fluidic architectures toward the nanometer length scale. However, nanostructures
proposed to date for chemical and biological applications rely on self-assembling
and self-organizational processes.310 A technical challenge is to construct such
units into integrated 3D systems. The ultimate nanofluidic device is one that can
handle single molecules and colloid particles. Such devices require unprecedented
control over transport and mixing behaviors, and to advance current fluidics into
the single-molecule regime, we must develop systems having physical dimensions
in the nanometer scale. To create such devices, we can draw much knowledge from
biological systems. For example, the Golgi-endoplasmic reticulum network in eukaryotic cells has many attractive features for sorting and routing of single molecules, such as transport control and the capability to recognize different molecular
species, and for performing chemical transformations in nanometer-sized compartments with minimal dilution. It is, however, extremely difficult to mimic these biological systems by using traditional microfabrication technologies and materials
because of their small scale, complex geometries, and advanced topologies. Advanced nanofabrication techniques are necessary to construct such devices, and a
number of devices, such as nanochannels and nanomembranes are currently being
implemented.
The key characteristic feature of nanofluidic channels is that fluid flow occurs
in structures of the same size as the physical parameters that govern the flow.
Another factor that favors the development of nanoscale interconnects is the enhanced surface area-to-volume ratio characteristic of the nanochannels in these
membranes. The ability to interface nanochannels with conventional microfluidics
alleviates the need for nanofabrication techniques, and yet still enables a number
of important applications that use the unique characteristics of the nanopores. For
instance, the small pore size system can be used to concentrate dilute analytes,
or clean up analyte solutions. This latter point is especially important for biological separations where often the major components (whether salts or proteins) in a
mixture obscure the ability to separate and collect the desired trace level components. While a simple transfer of a band is demonstrated here from one microfluidic channel to the other, this concept can be extended to chemical manipulation
in the receiving channel with derivatizing reagents. Besides the chemical manipulations possible between isolated microchannels, the high surface-to-volume ratio of the nanochannels offers additional opportunities. For example, by including
molecular recognition elements on the interior of the nanopores, it should be possible to effect intelligent fluidic switching in which certain elements of the fluidic
stream being transported through the nanopores are retained, reacted, degraded or
otherwise chemically processed before being released into the next microfluidic
channel.
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8.6.5.1 Nanofluidic networks, sieves, and arrays
Networks of nanofluidic tubes have been manufactured by using a heat-depolymerizable polycarbonate (HDP) as a sacrificial layer.311 A patterned HDP film is
used as a temporary support for another film that is stable at the depolymerization
temperature. Heating the structure removes the HDP, leaving a network of nanofluidic tubes without the use of solvents or other chemicals as required in most other
sacrificial layer processes. Tube dimensions of 140-nm height, 1-µm width, and
1-mm length are reported, and fabrication of other structures is discussed. Nanoimprint lithography has been used312 to manufacture channels with a cross section as
small as 10 by 50 nm, which can be of great importance for confining biological
molecules into ultrasmall spaces. To avoid entropic traps in introducing biological
molecules such as DNA in fluidic channels directly from the macroscale, diffraction gradient lithography techniques have been used to fabricate continuous spatial
gradient structures that smoothly narrow the cross section of a volume from the
micron to the nanometer length scale.313
Nanofluidic devices are gaining popularity as DNA separation devices thus
replace the standard electrophoresis techniques. When passing through such
nanoscale sieves, ordinarily a long chain DNA molecule in liquid will clump into
a roughly spherical shape, and to move through a sieve it must uncoil and slide
in lengthwise. This movement involves an entropic force that causes DNA molecules only partially within a sieve to withdraw when the force pulling them in is
removed. The effect results from the motion of segments in the chain molecule
as they interact with the beginning of the barrier. The force is called “entropic”
because the molecule moves out of the restricted space of the sieve into an open
area where it can be more disordered. A nanofluidic channel device,309 consisting
of many entropic traps, was designed and fabricated for the separation of long
DNA molecules. The channel comprises narrow constrictions and wider regions
that cause size-dependent trapping of DNA at the onset of a constriction. This
process creates electrophoretic mobility differences, thus enabling efficient separation without the use of a gel matrix or pulsed electric fields. Samples of long
DNA molecules (5000 to similar to 160,000 base pairs) were efficiently separated
into bands in 15-mm-long channels. Multiple-channel devices operating in parallel were demonstrated. The efficiency, compactness, and ease of fabrication of the
device suggest the possibility of more practical integrated DNA analysis systems.
An alternative device involves nanosphere arrays314 prepared by colloidal templating, which traps the macromolecules within a 2D array of spherical cavities
interconnected by circular holes. Across a broad DNA size range, diffusion does
not proceed by the familiar mechanisms of reptation or sieving. Rather, because
of their inherent flexibility, DNA molecules strongly localize in cavities and only
sporadically jump through holes. By reducing DNA’s configurational freedom, the
holes act as molecular weight-dependent entropic barriers.
Fluidic control in nanometer-size channels using a moving wall provides pluglike liquid flows, offers a means for efficient routing and trapping of small molecules, polymers, and colloids, and offers new opportunities to study chemistry in
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confined spaces. Networks of nanotubes and vesicles might serve as a platform to
build nanofluidic devices operating with single molecules and nanoparticles. Soft
microfabrication technologies for processing of fluid-state liquid crystalline bilayer
membranes have been presented in Karlsson et al.262 They have developed a microelectrofusion method for construction of fluid-state lipid bilayer networks of high
geometrical complexity up to fully connected networks with genus = 3 topology.
Within networks, self-organizing branching nanotube architectures could be produced where intersections spontaneously arrange themselves into three-way junctions. It is also demonstrated that materials can be injected into specific containers
within a network by nanotube-mediated transport of satellite vesicles having defined contents. Using a combination of microelectrofusion, spontaneous nanotube
pattern formation, and satellite-vesicle injection, complex networks of containers
and nanotubes can be produced for a range of applications in, for example, nanofluidics and artificial cell design. In addition, this electrofusion method enables integration of biological cells into lipid nanotube-vesicle networks.
8.6.5.2 Nanoporous membranes
Nanoporous membranes containing monodisperse distributions of nanometer diameter channels have been proposed as an effective medium for controlled molecular transport.315 The facility with which molecular manipulations may be accomplished at the nanometer scale suggests their use for integrating multilevel
microfluidic systems. The use of commercially available nanoporous membranes
enables quick and economical fabrication of nanochannel architectures to provide fluidic communication between microfluidic layers. By incorporating these
nanoporous membranes into microfluidic systems, a variety of novel flow control concepts can be implemented. The cylindrical nanochannels (10 nm < d <
200 nm) of the membranes can be used as nanofluidic interconnects to establish
controllable fluidic communication between micron-scale channels operating in
different planes. Kuo et al. initially investigated the ability to manipulate macroscopic transport using these nanochannels,316 and recently reported on interfacing the nanoporous membranes with microfluidic channels.317 More importantly,
these nanoporous membranes add functionality to the system as gateable interconnects. These nanofluidic interconnects enable control of net fluid flow based on a
number of different physical characteristics of the sample stream, the microfluidic
channels and the nanochannels, leading to hybrid fluidic architectures of considerable versatility. Because the nanofluidic membrane can have surfaces with excess
charge of either polarity, the net flow direction inside the microdevices is principally controlled by two factors: the magnitude of the electrical and physical flow
impedance of the nanoporous membrane relative to that of the microchannels and
the surface chemical functionalities, which determine the polarity of the excess
charge in the nanochannels. The nanochannel impedance can be manipulated by
varying membrane pore size. Flow control is investigated by monitoring electrokinetic transport of both neutral and negatively charged fluorescent probes, by means
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of laser-induced fluorescence and fluorescence microscopy, while varying solution
and nanochannel properties.
Sun and Crooks319 used multiwall carbon nanotubes as templates to fabricate
single-pore membranes. These membranes are better experimental models for testing specific predictions of mass transport theories than arrays of nanopores because they require fewer adjustable parameters and they have well-defined geometry and chemical structures. Using polystyrene particles as probes, they demonstrated that quantitative information about fundamental modes of transport, such
as hydrodynamic and electrophoretic flow, can be obtained using these single-pore
membranes.
Miller et al.320 and Miller and Martin321 prepared carbon nanotube membranes
(CNMs) using chemical vapor deposition of graphitic carbon into the pores of microporous alumina template membranes. This approach yields a freestanding membrane containing a parallel array of carbon nanotubes (with the outside diameter
similar to 200 nm, and a wall thickness similar to 40 nm) that spans the complete
thickness of the membrane (60 µm). The electro-osmotic flow (EOF) can be driven
across these CNMs by allowing the membrane to separate two electrolyte solutions
and using an electrode in each solution to pass a constant ionic current through the
nanotubes. The as-synthesized CNM has anionic surface charge and as a result, the
EOF is in the direction of cation migration across the membrane. In Lee et al.322
synthetic bionanotube membranes were developed and used to separate two enantiomers of a chiral drug. These membranes are based on alumina films that have
cylindrical pores with monodisperse nanoscopic diameters (for example, 20 nm).
Silica nanotubes were chemically synthesized within the pores of these films, and
an antibody that selectively binds one of the enantiomers of the drug was attached
to the inner walls of the silica nanotubes. These membranes selectively transport
the enantiomer that specifically binds to the antibody, relative to the enantiomer
that has lower affinity for the antibody. The solvent dimethyl sulfoxide was used
to tune the antibody binding affinity. The enantiomeric selectivity coefficient increases as the inside diameter of the silica nanotubes decreases.
Melechko et al.323 report a method to fabricate nanoscale pipes (“nanopipes”)
suitable for fluidic transport. Vertically aligned carbon nanofibers grown by
plasma-enhanced chemical vapor deposition are used as sacrificial templates for
nanopipes with internal diameters as small as 30 nm and lengths up to several micrometers that are oriented perpendicular to the substrate. This method provides
a high level of control over the nanopipe location, number, length, and diameter,
permitting them to be deterministically positioned on a substrate and arranged into
arrays.

8.7 Outlook—go with the flow
As the promise of nanotechnology is beginning to be realized, the new scientific
frontiers for this field are outlined. In particular, the interface of nanotechnology
with biology seems to emerge as a rich ground for fundamental scientific research
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and engineering applications. The close link between life and aqueous environments will continue to be explored. While visions of nanomedicine may continue
to be controversial, understanding of nanoscale fluid mechanics will continue to offer tools for the exploration of molecular-level drug delivery and on-site interfacing
with biological cells.
Fluid mechanics at the nanoscale is an emerging field in need of powerful computational tools and innovative experimental diagnostic techniques aimed at better
understanding these phenomena. In computation there is much need for the development of multiscale computational techniques linking the atomistic to the nano,
meso, and continuum scales. In parallel, the development of new techniques for
experimental diagnosis and manipulation of fluids at the nanoscale will have a significant impact in the coming decades. These experiments and simulations will certainly enable new understandings and findings for the underlying flow physics. The
exploitation of these findings to areas ranging from new computer architectures to
disease fighting methods will be a breeding ground for further fluid mechanics
research at the nanoscale in the near future.
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dispersion coefficient of order n
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force constant for a harmonic oscillator
force constant for the Morse bond potential
force constant for a bond angle potential
internal energy
potential function
slip length
slip length in the low shear rate limit
adjustment parameter for Lennard–Jones potential
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charge associated to atom i
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equilibrium distance between two centers
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dihedral bond angle over four centers i, j , k, and l
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equilibrium bond angle
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