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Pressure-driven water flow through carbon nanotubes (CNTs) is examined using molecular dynamics
simulation. The results are compared to reported experimental flow rate measurements through simi-
larly sized CNTs and larger carbon nanopipes. By using molecular dynamics simulation to predict the
variation of water viscosity and slip length with CNT diameter, we find that flow through CNTs with
diameters as small as 1.66 nm can be fully understood using continuum fluid mechanics. Potential

mechanisms to explain the differences between the flow rates predicted from simulation and those
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measured in experiments are identified and discussed.
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1. Introduction and background

Reports of new techniques for growing straight and axially-
aligned carbon nanotubes (CNTs) and carbon nanopipes with
controllable lengths and diameters have generated interest in
nanofluidic devices [1-8]. Open-ended CNT membranes, which are
formed by filling the interstitial region between 1 and 10 nm
diameter CNTs with a non-porous matrix material, have been
proposed as next-generation desalination [9,10], gas separation
[11], and gas storage devices [12]. Carbon nanopipe bundles, which
are formed by depositing carbon on the pore walls of a removable
molding template, are currently being tested as hypodermic drug-
delivery needles [6] and cellular probes [13]. Despite these
advances in fabrication capabilities and new insight into the
mechanism of gas transport through CNTs [14], the nature of
pressure-driven liquid flow through CNTs and carbon nanopipes is
not clear [15].

The measured flow rates of glycerine and water through carbon
nanopipes with diameters larger than 200 nm are consistent with
predictions from the no-slip Poiseuille flow relation [7]. For 44 nm
diameter carbon nanopipes, 7 nm diameter CNTs, and 1.6 nm
diameter CNTs, the experimentally measured water flow rates
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exceed predictions from the no-slip Poiseuille flow relation by up to
several orders of magnitude [2-4]. Results from molecular
dynamics (MD) simulations suggest that flow enhancement in CNTs
is caused by liquid slip at the water/carbon boundary and
confinement-related changes in the liquid viscosity [16-19]. The
precise magnitude of this enhancement, however, is unknown and
the variations in viscosity and slip length with diameter are not
fully understood.

In a previous work, we used MD simulation to study water flow
in CNTs with diameters between 4.99 nm and 1.66 nm [19]. We
predicted the variation in flow enhancement with CNT diameter
and identified how it is related to the water viscosity and the water/
CNT slip length. We found that liquid flow through CNTs with
diameters as small as 1.66 nm can be described using the slip-
modified Poiseuille relation. In this report, we discuss in more
detail the available experimental data and present our findings in
the context of more recent flow measurements. We expand on our
previous work by providing additional insights into the structure
and thermophysical properties of water confined inside CNTs, and
propose additional mechanisms to account for the differences
between experimental flow measurements and those predicted
from simulations.

We begin in Sections 2 and 3 with a review of the Poiseuille flow
relation and a summary of the available experimental flow
enhancement data. Next, in Section 4, we introduce MD simulation,
discuss the structure of water inside CNTs, and describe how water
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molecules interact with the CNT surface. In Section 5, we review the
available simulation flow data and discuss how MD simulation can
be used to evaluate the water/carbon slip length and the viscosity of
water inside CNTs. In Section 6, we discuss the flow enhancements
predicted from MD simulation in the context of the experimental
measurements. We conclude in Section 7 with a discussion of the
future research needed in this area.

2. Pressure-driven liquid flow

When subjected to an axial pressure gradient, 0P/dz, the radial
velocity profile, u(r), of an incompressible liquid creeping (Reynolds
number much less than one) steadily through a tube of radius R is
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where u is the liquid viscosity and L; is the slip length at the liquid/
solid boundary. The slip length, which describes the velocity
discontinuity between the liquid and the solid, is typically defined
as [20,21].

u(r)
du/dr

Predictions from MD simulation indicate that Eq. (1) (the Pois-
euille parabola) is valid when the characteristic flow diameter is
5-10 times larger than the characteristic molecular diameter
(=017 nm for water) [22,23]. In smaller systems, where the
continuum approximation is invalid, molecular transportis governed
by the liquid structure and collective molecular motion [24-26].

In Fig. 1, we show how liquid slip at the solid/liquid boundary
affects the velocity profile inside the tube. When Ls = 0, the liquid
velocity at the wall is zero and the maximum velocity (at the tube
centerline) is twice the mean flow velocity. With increasing slip
length, the mean flow velocity increases, the relative difference
between the maximum and minimum velocities decreases, and the
velocity profile becomes more plug-like [27]. The velocity of the
liquid at the solid surface can also be quantified using the slip
coefficient, L.. As shown in Fig. 1, the slip coefficient is the difference
between the radial position at which the velocity profile would
become zero and the radial position of the solid surface [28]. For
linear velocity profiles, (e.g. boundary-driven Couette flow), the slip
length and slip coefficient are equal. These values are different for
Poiseuille flow.
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Fig. 1. No-slip Poiseuille flow (Ls=0) and slip Poiseuille flow with L;=2R through
a tube with radius R. The thick vertical lines indicate the location of the tube wall. The
slip coefficient for the slip system, L., is v/R2 +2RLs = v/5R. The flow velocity is
normalized by the mean velocity corresponding to no-slip flow.

The volumetric flow rate with slip, Qs, is found by integrating the
velocity profile over the tube cross-section [29]:
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where d(= 2R) is the tube diameter. Equation (3) is the slip-
modified Poiseuille flow rate; the no-slip Poiseuille flow rate, Qy, is
found by setting L equal to zero.

The flow rate enhancement, ¢, is defined as the ratio of the actual
flow rate, Qju, to Qn:
% (@)

="

Qn

If the actual flow is modeled using Eq. (3), such that Q4 = Qs, the
enhancement factor is:

e = {1 +8%d)}, (5)

where Ly(d) is the diameter-dependent slip length. In addition to
liquid slip, however, diameter-related changes in the fluid viscosity
may affect the flow [30,31]. If Qy is calculated using the bulk liquid
viscosity, i, then the diameter-specific fluid viscosity, u(d), can be
incorporated into Eq. (5) such that

¢ - [1 +8LS(§">M‘(—3). (6)

3. Experimental measurements
3.1. Water flow through carbon nanopipes

Measurements of liquid flow through single carbon nanopipes
were first reported by Sinha et al., who fabricated 200-300 nm
diameter carbon nanopipes in a porous alumina template using
chemical vapor deposition [7]. The walls of the carbon nanopipes,
although initially amorphous, were “graphitized” into structures
that resembled multi-walled CNTs using a high-temperature
annealing procedure. The average diameter of each carbon nano-
pipe, which varies from 10 to 20 percent along its axis, was
measured using an environmental scanning electron microscope.
Liquid flow through a carbon nanopipe was established by placing
two liquid droplets with different diameters at opposite ends of it.
The pressure gradient was calculated from the difference in the
droplet diameters and the flow rate was evaluated by measuring
the variation of the droplet diameters with time. The flow rates of
glycerine through both amorphous and graphitized carbon nano-
pipes were consistent with predictions from the no-slip Poiseuille
relation (i.e., ¢ = 1). Subsequent measurements by Ray et al., who
used a syringe pump to drive water through 300-500 nm diameter
carbon nanopipes fabricated using a similar procedure, are also
consistent with the no-slip Poiseuille relation [1].

Whitby et al. measured water flow rates through an array of
aligned carbon nanopipes with an average diameter of 44 nm [2].
The carbon nanopipe array was formed by coating the porous
surface of an aluminium oxide template with layers of carbon via
chemical vapor deposition. Unlike the carbon nanopipes of Sinha
et al,, the carbon nanopipes fabricated by Whitby et al. were not
annealed and the carbon surface remained amorphous. The average
inner diameter of the carbon nanopipes, which is controlled by the
template pore size, was measured using transmission electron
microscopy (TEM). A hydrostatic pressure difference was applied
using a syringe pump and the flow rate was determined by
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periodically weighing the water that exited the array. The water
flow rate exceeded predictions from the no-slip Poiseuille relation
with an enhancement factor of 22 and 34. From this enhancement
data, as summarized in Table 1, Whitby et al. used Eq. (5) to
calculate a slip length from 113 nm to 177 nm.

3.2. Water flow through carbon nanotubes

Experimental measurements of water flow through CNTs were
first reported by Majumder et al., who examined pressure-driven
flow through a membrane of open-ended and axially-aligned CNTs
in a non-porous polymer matrix [3]. The CNT membrane was
fabricated by spin-coating an aligned array of CNTs with a solution
of polystyrene and toluene, followed by drying in a controlled
environment to form a CNT/polystyrene composite system. Next,
an H,O plasma-enhanced oxidation process was used to remove
a thin layer of polystyrene from the membrane, opening the closed
tips of the CNTs. The CNT density, based on analysis of scanning
electron microscopy images, was estimated to be 6 x 10'° tubes/
cm? and the mean flow diameter of the CNTs was estimated to be
7 nm by measuring the ion permeability of the membrane [3,32].
The reported flow enhancement factor for the membrane, as
summarized in Table 1, is between 10% and 10°. The apparent slip
length, calculated by solving Eq. (5) for Ls using the measured
enhancement factor, is between 3900 nm and 6800 nm. This slip
length is much larger than the 10-100 nm slip length typically
measured for hydrophobic surfaces and the 14-63 nm water/gra-
phene slip length predicted from MD simulations [33].

Holt et al. report on measurements of water flow through a CNT
membrane with a mean CNT diameter of 1.6 nm [4]. The membrane
was formed by encapsulating an array of aligned CNTs in a hard
silicon nitride matrix using low-pressure chemical vapor deposi-
tion. Excess silicon nitride was then removed from the membrane
surface by ion milling and the ends of the CNTs were opened using
reactive ion etching. The average CNT diameter was estimated
using size-exclusion measurements and TEM image inspection. The
pore density, also calculated from the TEM images, was 2.5 x 10!
tubes/cm?. As shown in Table 1, the calculated flow enhancement
factor for water is between 560 and 9600 and the apparent slip
length, calculated using Eq. (5), is from 140 nm to 1400 nm.

3.3. Discussion

Although the data from the experimental investigations suggest
that liquid flow through sub-100 nm diameter carbon nanopipes
and CNTs is enhanced, the magnitude of the enhancement and its
variation with diameter—especially in CNTs with diameters smaller
than 10 nm—is not clear. Surprisingly, the results of Majumder et al.
compared to those of Holt et al. suggest that the flow enhancement
increases by a factor of 10-100 as the mean CNT diameter is
increased from 1.6 nm to 7 nm. The opposite trend is observed in
larger carbon nanopipes, where the enhancement decreases with
increasing diameter. Curvature-induced changes to the slip length,
differences in CNT and carbon nanopipe internal surface structures,
and changes in the liquid viscosity with CNT diameter have been

Table 1

suggested as mechanisms to explain the differences between the
experimental reports [15]. Using MD simulation, we can examine
the variation in flow enhancement with diameter systematically
and investigate each of these mechanisms independently.

4. Molecular dynamics simulation of water inside CNTs
4.1. Introduction to MD simulation

The small length and time scales associated with molecular-
level dynamics limit the ability of current laboratory experiments
to resolve nanoscale transport phenomena. Molecular dynamics
simulation, used in tandem with laboratory experiments, has
become an effective tool for investigating molecular transport
[34,35]. Molecular dynamics is a simulation technique that uses
Newton’s laws of motion to predict the position and momentum
space trajectories of a system of classical particles. The only
required inputs are intermolecular potential functions, which are
used to calculate potential energies and forces, and an initial
molecular configuration. The thermophysical properties of mate-
rials in the system and system-level transport properties can be
found from the resulting kinematic trajectories and intermolecular
forces.

Water-water, water—carbon, and carbon-carbon intermolecular
potential functions must be specified in an MD simulation of
a water/CNT system. In a typical water intermolecular potential
function, the relative positions of the oxygen and hydrogen atoms
correspond to known molecular structure data. Charged interaction
sites are then placed around the atoms to reproduce the electro-
static multipoles of the molecule. The positions of the charged
interactions sites and the form of the potential functions are tuned
to reproduce experimentally-observed properties of bulk water
and/or data from electronic structure calculations [36,37]. In
simpler water models, such as TIP3P [38], TIP4P [39], TIP5P [36],
and SPC [40], the positions of the atoms and the charge sites are
fixed and the molecules interact as rigid objects. More sophisti-
cated water models, such as Dang-Chang [41] and DPP [25],
account for intra-molecular polarization. In these polarizable
models, a computationally-intensive and iterative self-consistent
field procedure must be used to evaluate the time dependence of
the induced dipoles for each molecular configuration [41]. Since
a typical MD simulation of water flow inside a CNT involves 10 to
10° water molecules and integrates the kinematic trajectories from
1 to 10 ns using a time step on the order of 1 fs (e.g. 105-107 time-
steps), only flow simulations involving rigid, non-polarizable water
models are currently computationally tractable.

The interactions between the water molecules and the carbon
surface are typically modeled using a Lennard-Jones (LJ) potential
function between the carbon atoms and the oxygen atom of the
water molecule. The L] potential models short-range electron
repulsion and long-range attractive dispersion interactions
between atoms. Currently available LJ potential functions have
been tuned to reproduce the experimentally-observed water/gra-
phene contact angle [42] or data from electronic structure calcu-
lations [43]. More sophisticated potential functions that account for

Experimentally measured flow enhancements and apparent water/carbon slip lengths [1-4]. The flow enhancement factor is calculated using Eq. (4) and the apparent slip

length is calculated using Eq. (5).

Diameter (nm)

Enhancement, ¢

Apparent slip length, Ls (nm)

Carbon nanopipes 300-500 =1
44 22-34
Carbon nanotubes 7 10%-10°

1.6 560-9600

0 [Ref. 1]
113-177 [Ref. 2]
3900-6800 [Ref. 3]
140-1400 [Ref. 4]
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the polarization of the carbon atoms and electrostatic interactions
between the water molecule dipole moment and the carbon atom
quadrupole moment are under development [44].

The interactions between the carbon atoms can be modeled
using a Tersoff [45] or Brenner potential function [46]. The potential
parameters are tuned to reproduce the bond energies, bond
lengths, and force constants of carbon-based molecules as
measured from experiment or predicted from electronic structure
calculations. To reduce the computational costs of the simulations,
the carbon atoms in the majority of MD simulations of water flow
through CNTs are fixed in space and a potential function is not
implemented. This approximation is justified due to the high
vibrational frequencies of carbon atoms in a CNT compared to those
in liquid water [17]. When investigating thermal transport in water/
CNT composite systems, however, the dynamics of the carbon
atoms will be important [47,48].

Unless otherwise noted, the data in this report correspond to
MD simulations performed in the NVT ensemble (constant mass,
volume, and temperature) with a temperature maintained at 298 K
using a Berendsen thermostat [49]. Water interactions are modeled
using the non-polarizable TIP5P water model [36], water-carbon
interactions are modeled using the L] potential parameterized by
Werder et al. [42], and the carbon atoms are fixed in space. The
rotational dynamics of the water molecules are modeled using the
quaternion method [50] and the translational dynamics are inte-
grated using the Verlet leapfrog scheme with a 0.5 fs timestep [34].

4.2. Water structure near carbon surfaces

An important first step in predicting the mechanism of water
flow through a CNT is to understand the intermolecular structure of
the water molecules inside the tube. Surface force balance
measurements of water squeezed between two mica sheets suggest
that a transition from a disordered (bulk-like) liquid to an ordered
(layer-like) liquid begins within 1 nm of a solid [51]. Consistent with
this finding, data from neutron scattering experiments suggest that
water inside a CNT forms an ordered molecular shell immediately
adjacent to the CNT wall [52]. Experimental measurements of the
water/carbon nanopipe contact angle, which is related to the
wetting characteristics of the carbon surface and may be used to
quantify the water/carbon potential energy [42], are available for
tubes larger than 10 nm [53,54]. The variation in contact angle with
diameter for smaller CNTs, where the effects of surface curvature on
water/carbon interactions become relevant, is not yet available.

Molecular dynamics simulation has provided additional insight
into the interaction between water molecules and carbon surfaces.
Previous investigators, as summarized in the review article by
Alexiadis and Kassinos [55], have used MD simulation to understand
the interaction of water with a CNT surface and to explore how the
density [56], structure [57], hydrogen-bonding characteristics [58],
and free energy [59] vary with CNT diameter. In Fig. 2 we present
a snapshot from one of our MD simulations of liquid water inside
and outside a single-walled 10 nm diameter CNT. We superimpose
on this snapshot the spatial variation in water density and
hydrogen-bonding coordination number, as predicted from our
simulations. Both inside and outside the CNT, water molecules far
from the carbon surface do not interact directly with the solid, the
water density is 1000 kg/m?, and the water exhibits bulk-like
hydrogen-bonding characteristics. Within 0.8 nm of the carbon
surface, however, interactions with the solid influence the dynamics
of the water molecules. The water density and coordination number
within this interfacial region are spatially varying [16,56] and
predictions from MD simulation indicate that transport properties
in this region deviate from those of bulk water [60,61].

Interface
Region

Coordination
Number

—_
[=3
(=3
(=)

500

Water Density
(kg/m?)

5 6 7 8
Radial Position, r (nm)

Fig. 2. Spatial variation in water density and hydrogen-bonding coordination number
for water inside and outside a 10 nm diameter CNT. The highlighted interface region
extends 0.8 nm from the carbon surface. For this CNT, the water recovers bulk-like
properties beyond the interface region both inside and outside the CNT. Bulk-like
properties are not recovered inside smaller diameter CNTs [57].

The water molecules immediately adjacent to the CNT surface
form a high-density monolayer that interacts directly with the CNT
surface. Using MD simulation, we previously examined how the
structure of this monolayer varies with CNT diameter [57]. In
Fig. 3(a)-(c) we present the position probability distributions, P4,
z), of molecules in the monolayer near 6.93 nm, 2.76 nm, and
110 nm diameter CNTs. We find that in the monolayer inside
a 10.4 nm CNT (not shown), molecules near the interior interface
assume a distribution indistinguishable from that outside the CNTs.
This behavior suggests that the effects of carbon surface curvature
on the behavior of water molecules near the CNT surface are
negligible in tubes with diameters larger than 10 nm. The mass
distribution inside the 6.93 nm diameter CNT is also correlated to
the CNT surface structure, although the patterning is less prevalent
than that outside the CNT. Inside the 2.76 nm CNT, density
enhancements are present within some of the potential wells
formed by the carbon honeycombs, while other potential wells
remain statistically unfilled. Finally, inside the 1.10 nm CNT, the
molecular positions are completely uncorrelated to the carbon
structure. As we will discuss below, this decoupling between the
water structure and the CNT surface structure leads to changes in
the water/CNT slip length with decreasing CNT diameter.

5. MD simulation of water flow through CNTs
5.1. Flow simulations
In addition to examining the structure of water molecules near

carbon surfaces, MD simulation can be used to explore the variation
in flow enhancement with CNT diameter. Results from previous MD
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a Inside and Outside 6.93 nm CNT B 2.76 nm CNT

Fig. 3. Molecular distribution in the outside and inside monolayers for (a) 6.93 nm, (b)
2.76 nm, and (c) 1.10 nm diameter CNTs. All dimensions are given in nanometers. The
distribution in the outside monolayer is unaffected by surface curvature. The distri-
bution in the inside monolayer becomes more uniform with decreasing CNT diameter,
which indicates a decoupling between the liquid structure and the solid surface. The
distribution in the inside monolayer for CNTs larger than approximately 7 nm is
unaffected by surface curvature [57].

simulations of water [56], simple liquids [18], and two-phase
water/gas flows [28] through CNTs indicate that the flow is gov-
erned by slip at the solid boundary. In these previous investiga-
tions, flow was established by either applying an external force field
(e.g., gravity-driven flow [62]) or pushing water molecules inside
the tube using a piston-like mechanism [56]. To calculate the flow
enhancement, however, the axial pressure gradient must be spec-
ified. This information is absent from many previous reports and, as
a result, the flow enhancement factor cannot be calculated.

In Fig. 4, we present the relationship between volumetric flow
rate and pressure gradient for CNTs with diameters between
1.66 nm and 6.93 nm, as calculated in our previous report [19] and
obtained from more recent simulations. Each CNT contains
between 3100 and 12,220 water molecules, corresponding to tube
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Fig. 4. Volumetric flow rate in CNTs versus pressure gradient. Over the pressure range
investigated, Q is proportional to dP/dz. Consistent with Poiseuille flow, the volumetric
flow rate increases monotonically with CNT diameter for a fixed pressure gradient.
Error bars, as shown for the 4.44 nm diameter CNT, are similar for all points.

lengths that vary from 80 nm (for the 1.66 nm diameter CNT) to
11 nm (for the 6.93 nm diameter CNT). Periodic boundary condi-
tions are applied in the flow direction and a pressure gradient is
induced (i.e. flow) using a reflecting particle membrane [23]. We
calculate 8P/oz by evaluating the pressure within several sub-
volumes along the tube axis and performing a linear regression
analysis. Since we know the position and momentum of each
particle in the simulation, the radial velocity profile can be calcu-
lated directly. The volumetric flow rate through the CNT is then
obtained by integrating the radial velocity profile [19,23].

In Fig. 5 we present the flow enhancement factor (measured
flow rate divided by that predicted from the no-slip Poiseuille
relation) versus tube diameter for CNTs with diameters ranging
from 1.66 nm to 6.93 nm. Consistent with previous experimental
reports, the cross-sectional flow area is evaluating using the full
CNT diameter [19]. The magnitude of the flow enhancement pre-
dicted from MD simulation decreases monotonically with
increasing CNT diameter. This finding is opposite to the experi-
mental results of Majumder et al. compared with those of Holt et al.,
which suggest that the flow enhancement increases by a factor of
10-100 as the mean CNT diameter is increased from 1.6 nm to 7 nm.

Simulating pressure-driven water flow through CNTs with
diameters larger than 6.93 nm is computationally expensive and
was not done. Molecular dynamics simulation can, however, be
used to predict the variation of water viscosity and slip length with
CNT diameter. The results will allow us to calculate, using Eq. (6),
the variation in flow enhancement with diameter for larger CNTs.
We will use the results to (i) determine if water flow through the
CNTs is consistent with predictions from the slip-modified Pois-
euille flow, and (ii) explore the asymptotic transition from
enhanced flow to no-slip Poiseuille flow with increasing diameter.

5.2. Water viscosity
We predict the water viscosity inside each CNT from the axial

self-diffusion coefficient, D,;, which is related to the viscosity via
the Einstein relation [63]:
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Fig. 5. Variation in flow enhancement factor with CNT diameter, as predicted from MD
simulation. We estimate the uncertainty in the enhancement predicted directly from
the flow simulations (solid squares), which arises primarily from specifying the
pressure gradient, to be £20%. The uncertainty in the enhancement calculated using
Eq. (6) (solid line), which arises from predicting the water viscosity, is +15%. For
comparison purposes, we also plot the enhancement corresponding to a bulk viscosity
and our predicted slip length for water over a flat graphene sheet (L;=30 nm; see
Section 5.3).
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In Eq. (7), kg is the Boltzmann constant and a is an effective
molecular diameter taken to be 0.17 nm [64]. The axial self-diffu-
sion coefficient can be predicted from MD simulation using
a Green-Kubo linear response relation or by tracking the mean-
squared displacement of the water molecules in an equilibrium (no
net flow) simulation [34]. For the data presented here, we calcu-
lated D, by tracking the mean-squared axial displacement of the
water molecules.

The water viscosity, as presented in Fig. 6(a), increases mono-
tonically with increasing CNT diameter. As the CNT diameter
increases beyond the sizes that we examined, we expect that the
water viscosity inside the tube will converge to the value we predict
for bulk water (u. =1.03 x 1073 Pas). Inside smaller CNTs, the
effective water viscosity is smaller due to the increased ratio of
interface to bulk-like area [65]. This behavior led us to define
a weighted-average expression for the effective water viscosity
[19]:

_ A A
u(d) = Hig:+ e (1 E) (8)

where y; is the viscosity of the interface region, u. is the viscosity
of bulk water, A; is the interface area (see Fig. 2), and A is the total
cross-sectional flow area.

We define the interface area to be the annular region within
0.8 nm of the CNT surface and set y; equal to the viscosity inside the
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Fig. 6. (a) Variation of water viscosity with CNT diameter. The MD viscosity was
predicted from equilibrium simulation using Eq. (7). (b) Variation of water/CNT slip
length with CNT diameter. The MD slip length was evaluated from the velocity profile
inside each CNT and Eq. (2). The variation in slip length with CNT diameter is fit using
Eq. (9) and the dashed horizontal line identifies L; (=30 nm). The uncertainty in the
slip length is x1 nm, making the error bars smaller than the data points.

1.66 nm diameter CNT, where the interface region covers 97% of the
cross-sectional area. Equation (8), which is superimposed on the
datain Fig. 6(a), predicts that the effective water viscosity inside the
CNT will be within 10% of the bulk value when the tube diameter is
larger than 10 nm. Equation (8) will not accurately predict the
water viscosity in CNTs with diameters smaller than 1.6 nm, where
momentum transport will be related to the intermolecular struc-
ture [9,24,26].

5.3. Water/CNT slip length

The apparent water/CNT slip lengths calculated from the
experimental flow data, as presented in Table 1, are found by
solving Eq. (5) for Ls using the measured flow enhancement. This
procedure miscalculates the actual slip length because the
confinement-induced changes to the liquid viscosity discussed in
Section 5.2 are neglected. Miscalculated slip lengths will also occur
if the available membrane flow area (used to calculate Qy) is
incorrectly measured.

In an MD simulation, where we know the positions and veloc-
ities of every molecule, we can predict the radial velocity profile
and calculate the slip length directly using Eq. (2). In Fig. 6(b), we
present the variation in the water/CNT slip length with CNT
diameter directly, as predicted from MD simulation. The water/
carbon slip length decreases monotonically with increasing CNT
diameter and converges to a value of 30+ 1 nm for CNTs with
diameters larger than 5 nm. As discussed in Section 4.2, the effect of
surface curvature on the potential energy landscape becomes
negligible as the CNT diameter is increased beyond 7 nm [57]. This
trend explains why the slip length converges to 30 nm—the same
slip length we predict for water near a flat graphene sheet
[19]—with increasing CNT diameter. We find that the variation in
slip length with CNT diameter, as shown in Fig. 6(b), can be
described by the empirical relation

Lid) = Lom + 35 9)
where Ls (= 30 nm) is the slip length over a flat graphene sheet
and C(= 352 nm?) is a fitting parameter.

Liquid slip at a solid/liquid boundary is a rate process limited by
the ability of molecules to hop between open surface lattice sites
[66]. The slip length is therefore large when the solid/liquid binding
energy is weak and the solid/liquid potential energy landscape near
the solid surface is smooth. As discussed in Section 4.2, decreasing
the CNT diameter weakens the coupling between the water
monolayer and the carbon surface. At a given time, fewer of the
low-energy potential wells formed by the carbon surface will be
filled compared to a lager diameter CNT [57]. We attribute the
increase in slip length with decreasing CNT diameter to this
behavior.

5.4. Flow enhancement

Substituting the expressions for u(d) [Eq. (8)] and Ls(d) [Eq. (9)]
into Eq. (6) gives a model, based on the Poiseuille flow relation, that
can be used to predict the variation in flow enhancement with CNT
diameter. The predictions from this model are superimposed on the
flow enhancements calculated from the pressure-driven flow
simulations in Fig. 5. The good agreement between the enhance-
ment model and the enhancements we calculated directly from MD
simulation indicates that a Poiseuille description of flow is valid in
CNTs with diameters as small as 1.66 nm.

As summarized in Table 2, the results from our MD simulations
suggest four regimes of water flow inside CNTs. In CNTs with
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Table 2
Regimes of water flow through CNTs, as predicted from MD simulation.

Diameter, d (nm) Enhancement, ¢ Enhancement magnitude

<1.6 Subcontinuum flow Varies with liquid structure
1.6-5 (14 8Ls/d)p, /u(d) ~500
5-10 (1 + 8Ls,o0 /d) oy /11(d) ~100
>10 (14 8L, /d) 1-10

diameters smaller than about 1.6 nm, the interface region spans the
entire cross-sectional flow area and a continuum description of the
fluid is invalid. As reported by us and others [9,26,67], the flow
characteristics are related to the liquid’s intermolecular structure.
The movement of individual molecules must be considered when
modeling transport through the tube. In CNTs with diameters
between 1.6 nm and 5 nm, a continuum description of the fluid is
valid but diameter-related changes to the slip length and the
viscosity must be considered when predicting the flow enhance-
ment. When the CNT diameter is between 5nm and 10 nm,
confinement-related changes to the water viscosity must be
considered and the slip length will be close to the flat sheet limit.
Finally, in CNTs with diameter larger than 10 nm, diameter-related
changes in the water viscosity are negligible and the slip length will
be equal to the flat sheet limit. The flow enhancement will then
decrease with increasing CNT diameter until Ly < D, when the flow
rate becomes consistent with predictions from the no-slip Pois-
euille relation.

In addition to the results presented here, Joseph and Aluru used
MD simulation to investigate gravity-driven water flow through
a 2.22 nm diameter CNT [17]. Using a cross-sectional flow area
definition consistent with that used here, we calculate a flow
enhancement factor of 459 from their data. We believe that the
difference between this value and our result (184) for the same tube
is due to differences in the potential functions used to model the
molecular interactions. The water-carbon L] potential function
used by Joseph and Aluru predicts a weaker water/carbon inter-
action energy than the potential used here. This difference will
increase the slip length in their flow simulations, leading to a larger
flow enhancement. Additionally, Joseph and Aluru used the SPC/E
rigid water potential function, which will lead to a different water
viscosity.

The comparison between our simulation data and that reported
by Joseph and Aluru illustrates the sensitivity of MD predictions to
the chosen intermolecular potential functions. As discussed by
Koumoutsakos et al., increasing the magnitude of the water/carbon
L] interaction energy by 50 and 100 percent decreases the water/
carbon slip length by factors of two and four [33]. Likewise,
depending on the choice of water model, the bulk water viscosity
predicted from MD at a temperature of 298 K varies from 0.6 to
1.0 mPas [64]. These differences impede a direct comparison
between MD simulations performed using different interatomic
potentials and make quantitative comparisons to experimental
data difficult. When using the same set of parameters to system-
atically investigate a range of systems, however, MD simulation can
effectively elucidate changes in system-level transport and devia-
tions from continuum mechanics [68]. Improvements to intermo-
lecular potential functions, especially the water/carbon potential
function, will enable a more quantitative comparison between
simulation and experiment.

6. Comparison between experiment and simulation
Our MD-predicted enhancement for the 1.66 nm diameter CNT

is near the lower end of the 560-9600 enhancement range
measured by Holt et al. for a membrane of CNTs with a mean

diameter of 1.6 nm. Since the water intermolecular orientations in
a 1.6 nm diameter CNTs are uncorrelated [26], the net electric field
in each region of space is close to zero and the effects of molecular
polarizability on flow should be negligible. We therefore do not
expect that simulations using more sophisticated water models will
predict significantly different flow enhancements. However,
possible variations in the water-CNT interaction with tube diame-
ter—not described accurately using currently available L] potential
parameterizations—may account for some of the discrepancy. We
also note that the calculated flow enhancement is sensitive to the
CNT diameter. For example, a 0.1 nm mismeasurement of the mean
CNT radius (used to calculate Qy in Eq. (4)) will alter the experi-
mentally measured enhancement range for the membrane of Holt
et al. by 30%.

The predictions from our MD simulations do not support the
10*-10° enhancement measurements of Majumder et al. for
a membrane of 7nm diameter CNTs. Our results suggest an
enhancement factor of only 32 for such CNTs. Some discrepancy
may arise from differences in CNT surface chemistry/structure or
limitations in the MD potential functions. The exceptionally large
flow enhancement reported by Majumder et al., however, suggest
to us a miscalculation of either the mean CNT diameter or the
density of open-ended CNTs in their membrane. As discussed in
Section 3, Majumder et al. estimate the diameter of the CNT pores
by measuring the diffusion rate of ions through the membrane. The
non-uniform electric field near the open end of a CNT, however, will
limit the ability for ions to enter the tube while allowing water
molecules to pass freely [69]. If this restriction on ion entrance is
not considered, the apparent diameter calculated from the ion
diffusion rates will be smaller than the flow diameter available for
water molecules. This diameter discrepancy would cause the
calculated water flow enhancement to exceed the actual flow
enhancement.

The apparent slip length calculated by Whitby et al. for 44 nm
diameter carbon nanopipes is from 110 nm to 220 nm, which is
larger than the value of 30 nm we have predicted directly from MD
simulation. Unlike like the graphitic CNTs investigated in our MD
simulation, however, the walls of the 44 nm diameter carbon
nanopipes are multi-layered and amorphous. Since the structure of
the carbon surface has a pronounced effect on the water/carbon
contact angle [53], changes in the water/carbon slip length with
surface structure are also expected. Additionally, the L] water-
carbon potential function used in our MD simulation was param-
eterized to reproduce the wetting characteristics of water on a flat
graphitic surface. Variations in the carbon atom electrostatic
multipoles (caused by the non-uniform distribution of carbon
atoms) will not be captured using current potential functions and
may affect transport through the nanopipe.

An additional factor that may influence water transport through
44 nm diameter carbon nanopipes is the Fakier effect, where water
only interacts with the asperities along the carbon surface and does
not fully penetrate through the surface roughness [70]. The Fakier
effect reduces the liquid-solid contact area, causing a decrease in
the flow friction (relative to Poiseuille flow), and an increase in the
apparent liquid slippage. For water flow over rough surfaces,
the Fakier effect has been experimentally shown to increase the
apparent slip length by one order of magnitude [70]. Flow
enhancement may also be caused by air entrainment, where a low-
viscosity gaseous layer near the solid surface entrains the liquid and
increases the mean flow velocity. For example, the apparent slip
length in water-filled 300-500 nm diameter carbon nanopipes is
approximately zero [1]. Entrainment, however, can increase the
apparent water/carbon slip length to the order of 100 nm [1].

For CNTs with diameter larger than 200 nm, predictions from
MD simulation suggest that the effects of liquid slip are negligible
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and the viscosity of the liquid will be equal to that of the bulk liquid.
This conclusion is consistent with measurements of water and
glycerine flow through similarly sized carbon nanopipes, which are
inline with predictions from the no-slip Poiseuille relation [1,7].
Depending on the scale of the carbon nanopipe surface roughness,
however, the Fakier effect and air entrainment are possible mech-
anisms by which the flow rate through these larger carbon nano-
pipes could be enhanced.

7. Conclusion and outlook

In parallel with experimental investigations, MD simulation can
be an effective tool for investigating the behavior of water near
carbon surfaces and exploring the nature of water flow through
CNTs and carbon nanopipes. Predictions from MD simulation
indicate that (i) a continuum description of water flow is appro-
priate inside CNTs larger than 1.66 nm, (ii) diameter-related
changes to the viscosity and slip length must be considered when
modeling liquid flow, and (iii) the flow enhancement factor
decreases monotonically with increasing diameter for smooth
walled tubes. The variation in flow enhancement predicted using
MD is qualitatively consistent with the majority of the experi-
mental data. Since the MD simulations considered flow though
atomically smooth and defect-free CNTs, discrepancies between
simulation and experiment are likely caused by differences in the
structure and/or chemistry of the carbon surface.

Additional measurements of water flow through CNTs and
carbon nanopipes are required to further understand the magni-
tude of the flow enhancement and its variation with CNT diameter.
Better characterization of CNT and carbon nanopipe surfaces will
also help to elucidate the effects of surface structure and surface
chemistry on flow. Physically accurate potential functions and
simulations utilizing more sophisticated water models are also
needed to more fully understand the mechanisms of water flow
through smaller CNTs. These additional insights into the physics of
nanoscale flows, coupled with new device fabrication processes,
will be central to the design and optimization of next-generation
nanofluidic devices.
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