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Abstract

We present nonequilibrium molecular dynamics simulations of the flow of liquid—vapour water mixtures
and mixtures of water and nitrogen inside carbon nanotubes. A new adaptive forcing scheme is proposed to
impose a mean flow through the system. The flow of liquid water is characterised by a distinct layering of
the water molecules in the vicinity of the boundary and a slip length that is found to increase with the radius
of the carbon nanotube. Increasing the temperature and pressure of the system furthermore results in a
decrease in the slip length. For the flow of mixtures of nitrogen and water we find that the slip length is
reduced as compared to the slip for the pure water. The shorter slip length is attributed to the fact that
nitrogen forms droplets at the carbon surface, thus partially shielding the bulk flow from the hydrophobic
carbon surface.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

An understanding of the interaction of water with carbon in confined geometries at the
nanoscale is very important for exploring the potential of devices such as carbon nanotubes
(CNT) in nanofluidic chips and capsules for drug delivery. The nanotube cavities are weakly
reacting with a large number of substances and may serve as nanosize test tubes. The prospect of
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controlled transport of picoliter volumes of fluid and single molecules requires addressing phe-
nomena such as local density increase of several orders of magnitude and layering of transported
elements in confined nanoscale geometries (Israclachvili et al., 1988). In addition 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.

Experiments have demonstrated that fluid properties become drastically altered when the
separation between solid surfaces approaches the atomic scale (Chan and Horn, 1985; Gee
et al., 1990). In the case of water, so-called drying transitions occure 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 (Granick,
1991).

Computational studies have played an important role in understanding the behaviour of fluids
in the nanometer scale, complementing experimental works. A detailed study regarding the
behaviour of a fluid in confinement was reported in Thompson and Robbins (1990) with
molecular dynamics simulations of Lennard-Jones liquids sheared between two solid walls.
Confinement of water in nanoscales (Koga et al., 2002) can induce properties that correspond to
water properties in supercritical conditions. At room temperature, water is forming tetrahedral
units of five molecules linked by hydrogen bonds but when the 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 hydrogen bonded water
molecules which can be regarded as parts of broken tetrahedrals. The destruction of the hydrogen
bonds affects the water such so that its compressibility and transport properties are intermediate
between those of liquid and gas.

Meso and macroscopic modeling of problems in nanoscale fluid mechanics may prove a
computationally cost effective alternative to molecular dynamics simulations (Koplik and
Banavar, 1995) usually employed at these length scales. However as the surface to volume ratio in
these flows is large the development of appropriate boundary conditions is of paramount
importance and it is necessary that the complex fluid—solid interactions can be described by a
suitable macroscopic model. At hydrophobic interfaces these interactions typically result in a
finite fluid slip velocity (AU) (Helmholtz and von Piotrowski, 1860; Schnell, 1956; Churaev et al.,
1984; Baudry et al., 2001). At moderate shear rates (0u/0y) the slip velocity may be described by
the linear relation (Loose and Hess, 1989):

Ou
AU_LS@, (1)

where L; is the slip length. Experimental evidence of slip has been demonstrated in studies of water
in hydrophobized quartz capillaries (Churaev et al., 1984) and in drainage experiments (Baudry
et al., 2001) with slip lengths of 30 + 10 and 38 £ 2 nm, respectively. While most experiments have
focused on the presence of slip at hydrophobic surfaces and on the possible validity of the no-slip
condition at hydrophilic surfaces, recent colloid probe experiments of water on mica and glass
have indicated a persistent slip of 89 nm at these hydrophilic surfaces (Bonaccurso et al., 2002).
Molecular dynamics simulations of Poiseuille flow (Barrat and Bocquet, 1999; Travis et al., 1997;
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Travis and Gubbins, 2000) and planar Couette flow (Thompson and Robbins, 1990; Thompson
and Troian, 1997; Cieplak et al., 2001) of simple Lennard—Jones fluids confined between Len-
nard—Jones solids have demonstrated the presence of both slip, no-slip and locking (negative slip
length) depending on the corrugation of the surface. Slip of simple fluids such as methane inside
CNT’s was recently studied by Sokhan et al. (2002). They found that the flow is characterised by a
significant slip of 6.9-7.3 nm for (10, 10) to (20,20) tubes and an approximately 1 nm smaller slip
if the tubes were treated as rigid structures.

In the present paper, we study the flow of water inside CNTs of different diameters at a variety
of temperatures and pressures. The amount of slip expected at the surface is largely determined by
the ability of water to wet carbon nanotubes. While early experiments (Dujardin et al., 1998)
indicated that liquids such as water with a surface tension below 130-170 mN/m would wet
bundles of single-wall carbon nanotubes, and wetting was observed in multiwall CNT by aqueous
inclusions composed of 85.2% water, 7.4% CO, and 7.4% CH, (Gogotsi et al., 2001), molecular
dynamics simulations (Werder et al., 2001) predicted that pristine carbon nanotubes would be
hydrophobic. The latter finding is in agreement with the low solubility of CNTs in water (Bahr
et al., 2001). The paper is organised as follows: in Section 2 we outline the physical problem and
describe the nonequilibrium molecular dynamics (NEMD) employed in the present study. In
Section 3 we discuss the results of the simulations and the paper concludes with a summary of the
results presented herein.

2. Multiphase flow in carbon nanotubes

We consider steady-state Poiseuille-like flow through a single-wall CNT of liquid and vapour
water mixtures and flow of a water—nitrogen mixture. A constant flow rate is achieved through the
use of a new adaptive forcing scheme that imposes a mean center-of-mass velocity. This scheme is
found to compare favorably with the nonadaptive gravity-like force scheme (Sokhan et al., 2001).
A mean flow speed of 100 ms~! is used throughout to secure low Mach numbers, while sufficiently
above the thermal noise to allow efficient sampling.

2.1. Nonequilibrium molecular dynamics

The present study employs nonequilibrium molecular dynamics (NEMD) simulations of iso-
thermal Poiseuille flow. The fluid molecules are initially placed on a regular lattice and the tube is
filled using a trial-and-error procedure until the desired pressure level is achieved. The pressure is
measured as the radial component of the forces acting on carbon atoms of the nanotube per unit
area. During the initial equilibration the flow is at rest and the system is coupled to a Berendsen
thermostat (Berendsen et al., 1984) to achieve the desired temperature. After the equilibration, the
fluid is set into motion, and in order to avoid viscous heating, the system is then coupled to a two-
dimensional thermostat. Thus, the temperature is given by

2 Ndof )
T = E. 2
ndokaB ; kin ( )
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Fig. 1. Schematic of the system. R and z denote the radius of and the axis of the carbon nanotube. The size of the
computational box along z is L.

where ngor is the number of degrees of freedom (here ngor = 2), N the number of water mole-
cules, kg the Boltzmann constant and E|. , EZ, are the kinetic energies of the water molecules in
the x and y-direction (cf. Fig. 1). The Berendsen thermostat involves a scaling of the velocities,
thus

Uy = Avy, Oy = Ay, (3)

where

)= [1-%(2‘?—1)}1/2, (4)

and o¢ is the time step, Ti,: the target temperature, and t is the time constant of the thermostat.
The carbon nanotube is modeled atomistically, but treated as a rigid structure to allow the
maximum time step of 2 fs imposed by the water model and to simplify the sampling. The
influence of modeling the carbon nanotube as a rigid structure was recently found to be negligible
for the static properties of water at carbon surfaces (Werder et al., 2001, 2003) and to be of
secondary importance for dynamic properties such as the amount of slip (Sokhan et al., 2002).

2.1.1. Interaction potentials

The water is modeled using the rigid SPC/E water model by Berendsen et al. (1987), with an O—
H bond length of 1 A and a H-O-H angle of 109.47° constrained using the SHAKE algorithm
(van Gunsteren and Berendsen, 1977). The SPC/E model involves a Lennard-Jones potential
between the oxygen atoms

G B 12 p B 6
Usp(737) —46043[( :, ) - <%)
ij ij

where r, is the radius of truncation (Us,s(r;;) = 0 for r;; > r), and o and P refers to the atomic
species (here oxygen—oxygen: eoo = 0.6501 kJmol~! and 600 = 0.3166 nm). The model further-
more involves a Coulomb potential acting between all atom pairs from different water molecules

for r; <, (5)
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where ¢, is the permittivity in vacuum, and g; is the partial charge, go = —0.8476 and gy = 0.4238,
respectively. These partial charges describe the fixed, static dipole moment of the water molecule
(Berendsen et al., 1987). The present study uses a smooth truncation at 1.0 nm of the Coulomb
interaction as described in Walther et al. (2001).

For simplicity, the nitrogen (N,) molecules are treated as single Lennard—Jones sites with the
parameters obtained from Bojan and Steele (1987), thus en,n, = 0.2776 kJmol™' and
on,N, = 0.3360 nm, respectively. Given these interaction potentials for the fluids, the wetting
properties of the fluid—solid interface, and the ability of the interface to resist shear leading to a
slip or no-slip condition, is determined by the potential function governing the fluid—solid
interaction. For the water—carbon interaction we use a Lennard-Jones potential between the
carbon and oxygen atoms of the water, with values from Werder et al. (2003) of eco = 0.392
kJmol™! and 6co = 0.3190 nm. These values reproduce the experimental contact angle of water
droplets in contact with a graphite surface (Werder et al., 2003; Fowkes and Harkins, 1940).

The Lennard—Jones parameters for N, are obtained by applying the Berthelot-Lorentz mixing
rules

ENLB = VENIN,EBB,  ON,Bp = %(O-NzNz + Uﬁﬁ)v B =0,C (7)

thus the N, parameters are ex,c = 0.2540 kJmol™!, on,c = 0.3380 nm, en,0 = 0.4248 kI mol ',
and on,0 = 0.3263 nm.

The governing Newton’s equations are integrated in time using the leapfrog scheme subject to
quasi-periodic boundary conditions in the direction along the axis of the carbon nanotube (z-axis)
as shown in Fig. 1.

2.1.2. Time integration and forcing

The forcing of a mean flow in molecular dynamics simulations is usually achieved by imposing
an acceleration (“‘gravity”’) on each fluid atom in the system. Typical values for the acceleration is
10"-10'> ms~2 (Sokhan et al., 2001) depending on the amount friction exerted by the solid walls
and the desired mean velocity. Thus, for the flow of methane in a carbon nanotube Sokhan et al.
(2002) used an acceleration of 0.5 x 10'> m s~ to attain a mean velocity of 57 ms~!. However, this
procedure may result in low frequency oscillations of the mean flow as observed by Sokhan et al.
(2001) for two-dimensional Poiseuille flow of methane between graphite surfaces. These oscilla-
tions with wave lengths of 10 ps, 0.2 ns, and 2.0 ns extend the requirement for simulation time in
order to sufficiently sample these slow modes. To improve the sampling rate, we propose an
alternative adaptive scheme in which the imposed acceleration is computed dynamically to secure
the desired (fixed) mean flow. Thus in a leapfrog approximation, the velocity of the molecules is
updated according to

71 n— SZ T 71
o= (), 8)

where 8¢ is the time step, v; and m! the velocity and mass of the ith molecule, and f and 4" denote
the force and body force on the molecule, respectively. The center-of-mass velocity of the fluid
molecules is updated accordingly
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where f7, is the total force acting on the center of mass of the molecules, and b, is the total body

force. In Eq. (9), b}, is adjusted to yield the desired center-of-mass velocity (v/'11/2 = U), thus

com
n

b Moy (U _ ,Unfl/Z) _f:ot‘ (10>

tot — 5[ com

We have performed an extensive validation of the present scheme Kassinos et al. (in press) and
compared the results from simulations of methane flowing in a carbon nanotube using a constant
and the adaptive acceleration scheme.

3. Results

The simulations of fluids under confinement require a trial-and-error procedure in order to
identify the number of molecules of the liquid to achieve the desired system pressure or equiva-
lently the chemical potential (Sokhan et al., 2002). This procedure is complicated by the large
fluctuations in the pressure and the sensitivity of the pressure to the number of molecules. As an
example, by removing five water molecules from the system considered (cf. Table 1) the pressure
decreases 160 bar. During the equilibration, the pressure is measured as the radial component of
the force acting on the carbon atoms per unit area, and the number of molecules is adjusted to
obtain the desired pressure.

The ability of the fluid-solid interface to resist shear and the resulting macroscopic boundary
condition is measured from the time average streaming velocity

1y
s (1)
where m; and v; are the mass and velocity of the ith atom, and »; denotes the number of atoms in
the kth bin. The statistics are sampled in polar bins of constant volume. The slip length (L) is
extracted from the time average velocity profiles (11) using a least square fit to the parabola

w(r) = 4> + Br + C. (12)

Assuming Ow/0r|,_, = 0 gives B =0 and thus a slip length of L, = /—C/4 — R. The fitting is
performed on the data in the interval » € [0 : R — d], where ¢ is adjusted to obtain a standard
deviation of the slip length based on the number of bins considered less than 1 nm. We used values
of § 0f 0.22, 0.23, 0.24, and 0.25 nm. For all the simulations summarized in Table 1 the presented
mean of the slip lengths is obtained from these four least square fits. For the calculation of the
slip length all the simulations have been conducted up to 10 ns collecting statistics from 1 to 10 ns
with a total of 45000 snapshots. One simulation (case 8) was continued until 19 ns and the
resulting slip length was found to be the same independent of the sampling interval (1-10 or 10—
19 ns).
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Table 1

Overview of the simulation cases
Cases Ch Nh,0 Nn, T (K) p (bar) L (nm)
1 (20,20) 736 0 300 811554 11
2 (20,20) 736 0 500 4644 + 887 7
3 (20,20) 416 0 300 -419 %+ 366 14
4 (20,20) 416 0 500 —289+431 8
5 (20,20) 416 0 700 8811643 5
6 (20,20) 208 0 500 -133+314 7
7 (20,20) 208 0 1000 922 £ 615 5
8 (20,20) 208 0 1500 1975£903 4
9 (20,20) 644 50 300 948 + 542 9
10 (30, 30) 904 0 300 605+ 640 13
11 (40,40) 1694 0 300 706 £ 573 15

Ch denotes the chirality of the carbon nanotube, Ny,o the number of water molecules, Ny, the number of nitrogen
molecules, L the slip length, and p the pressure with fluctuations given by the standard deviation of the instantaneous
pressure.

3.1. Flow of liquid—vapour mixtures of water in carbon nanotubes

First we study the flow of water through carbon nanotubes of different diameters at a tem-
perature of 300 K. The carbon nanotubes considered are armchair tubes with chirality vectors of
(20,20), (30,30), and (40,40), corresponding to tube diameters of 2.712, 4.068, and 5.424 nm,
respectively. The mean flow speed is 100 ms~! and the pressure in the system is in the range 600—
800 bar sufficiently high to secure a complete filling of the tube. This pressure is achieved at a total
number of water molecules of 736, 904, and 1694, respectively. Note that the pressure calculation
exhibit large fluctuations (=£600 bar) due to the small size of the system.

The slip lengths extracted from the streaming velocity profiles shown in Fig. 2 are 11, 13, and
15 nm, for the 2.712, 4.068, and 5.424 nm diameter tubes, respectively. The flow in the carbon

104
102

b X3
100 %+ %~

98

w (ms™)

96
94 r

92

90 . . . . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0

r (nm)

Fig. 2. Time average streaming velocity profiles of water in a carbon nanotubes of different diameter: 2.712 nm: (+, —-);
4.068 nm: (X, - - -); 5.424 nm: (*, —- ). The points indicate the values extracted from the NEMD simulations and the lines
a least squared fit to Eq. (12). The vertical lines mark the position of the surface of the carbon nanotubes.
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nanotube with the smallest radius displays the smallest slip length, consistent with increasing
surface friction due to curvature as the radius is reduced. The trends of the computed values
indicate an agreement with the experimental value of 30 nm measured by Churaev et al. (1984) for
water flowing over an extended hydrophobic surface.

A series of simulations (cases 1-9) have been conducted for the (20,20) carbon nanotube to
investigate the effect of the liquid density and temperature on the characteristics of the flow. In
case 1 we consider liquid flow inside a carbon nanotube at 300 K using 736 molecules. This serves
as the reference case for the rest of the simulations. A remarkable feature of this flow is the
layering of water molecules as it is indicated in the density profiles, p(r), shown in Fig. 3. The
profiles are presented separately for the oxygen and hydrogen atoms and nondimensionalized
through p*(r) = p(r)/p(0). In this figure we observe a well correlated peak in the density of
oxygen and hydrogen atoms at » = 1.04 nm in the vicinity of the wall of the carbon nanotube. The
coinciding peaks of the two profiles indicate that the plane of the water molecules is tangential to
the surface of the carbon nanotube. The result is consistent with prior equilibrium studies of water
in external to a carbon nanotube (Walther et al., 2004) and implies an ubiquitous property of
water—carbon nanotube interactions independent of the curvature of the wall. Further away from
the wall this peak is followed by a low density area around 0.87 nm. Finally, a new layering of
water with a relatively higher density exists at 0.75 nm. Note however that the peaks of oxygen
and hydrogen atoms are not so well correlated as the water density achieves the bulk values as we
approach the center of the carbon nanotube. This feature of the water flow inside the carbon
nanotube is further demonstrated in snapshots of the flow at the time intervals of 1, 2, and 3 ns. In
Fig. 4 we show a cross-section of the water molecules located in the region » € [0.95, R] nm,
corresponding to the first layer close to the wall of the nanotube. One can observe a high density
water layer as it is indicated by the cross-sectional view of the water inside the carbon nanotube.

p* ()

0.0

Fig. 3. Radial density profiles of oxygen (—+-) and hydrogen (—x-) atoms for case 1 averaged in the time interval [1-2]
ns. The tube of a diameter of 2.712 nm is 100% filled with water molecules at a temperature of 300 K. The bulk density
p(0) is 1000 kg m~3. The arrows denote the location of distinguishable layers of the water molecules and the vertical line
the position of the CNT wall.
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Fig. 4. Case 1: Snapshots of water molecules at 1, 2, and 3 ns (left to right) in the region [0.95, R] nm indicating a high
density layer near the wall of the carbon nanotube. Top figures correspond to cross-sections at the middle of the
nanotube, while the bottom figures are showing radial cross-sections of this region.
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Fig. 5. Case 1: Snapshots of water molecules at 1, 2, and 3 ns (left to right) in the region [0.79,0.95] nm indicating a low
density region away from the wall of the carbon nanotube. Top figures correspond to cross-sections at the middle of the
nanotube, while the bottom figures are showing radial cross-sections of this region.

The axis parallel sections show an intricate network of water molecules, supported by a reduced
number of hydrogen bonds that persists throughout the course of the simulations. Fig. 5 shows
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the water molecules at the density minimum (r € [0.79-0.95] nm). This low density region is
separating the high density layer of wall parallel water molecules from a layer with a less cor-
related configuration of oxygen and hydrogen atoms with relatively high density as shown in
Fig. 6.

For the (20,20) carbon nanotube, an additional simulation was performed for the flow of
liquid water at a temperature of 500 K corresponding to a pressure of 4644 bar (case 2). The
velocity profile is compared with the results obtained at 300 K in Fig. 7a, and indicates a
decrease in the slip length from 11 to 7 nm. The larger scatter observed at 500 K is attributed to
the higher kinetic energy of the fluid. The radial density profiles for this flow are shown in Fig.
8a. A similar layering of the water molecules in three distinct regions is observed with a lesser
correlated density of the oxygen and hydrogen atoms indicating a reduced wall parallel flow for
the water molecules.

A series of simulations (cases 3-5) was performed in order to investigate the flow of liquid-
vapour mixtures inside a (20,20) carbon nanotube. The carbon nanotube was partially filled
(60%) with 416 water molecules and the simulations were performed at temperatures of 300, 500,
and 700 K. For the case of 300 K the radial density profiles (Fig. 8b) indicate again a layering of
the water molecules. However the flow behaviour is different as the flow corresponds to transport
of alternating liquid and vapour clusters. With increasing temperature and pressure, the slip
length decreases to 14, 8, and 5 nm respectively (cf. Table 1). The velocity profile of case 5 is
compared to the reference case 1 in Fig. 7b.

At higher temperatures of 500 and 700 K the correlation of the radial density profile of the
oxygen and the hydrogen atoms breaks down as it is indicated in Fig. 8c. These profiles and

Fig. 6. Case 1: Snapshots of water molecules at 1, 2, and 3 ns (left to right) in the region [0.63,0.79] nm indicating a
relatively high density liquid layer before the water exhibits bulk behaviour at the center of the carbon nanotube. Top
figures correspond to cross-sections at the middle of the nanotube, while the bottom figures are showing radial cross-
sections of this region.
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Fig. 7. Comparison of the velocity profiles for case 1 (liquid water at 300 K) (+, ——) and (a) case 2 (100% filled tube at
500 K), (b) case 5 (60% filled tube at 700 K) and (c) case 7 (30% filled tube at 1000 K) (X, - --) averaged over the time
interval of [1-10] ns. The points indicate the values extracted from the NEMD simulations and the lines a least squared
fit to Eq. (12) for 6 = 0.22 nm. The dashed vertical lines denote the minimum and maximum value of ¢ used for the fits.
The thick vertical line marks the position of the CNT wall.

snapshots of the simulations (not shown here) indicate the consistent presence of a liquid water
layer near the wall of the carbon nanotube while towards the center of the nanotube vapour bulk
behaviour is observed. The distinct behaviour of the water layering in the case of liquid water
versus liquid—vapour mixtures flowing inside the carbon nanotubes is shown in Fig. 9. In
this figure one clearly observes the distinct layering in the case of liquid water inside the car-
bon nanotube (top) while the simulation of the liquid—vapour mixture only displays a weak
structure.

By further decreasing the water density and for higher temperatures (500, 1000, and 1500 K) we
achieve a flow of water vapour inside the carbon nanotubes (cases 6-8). The layered structure of
the water molecules is strongly diminished and a rather uniform low vapour density is observed
inside the carbon nanotube (Fig. 8d). For these cases, the increase in temperature and pressure
again result in a reduction in the slip length to a value of 7, 5, and 4 nm respectively. The velocity
profile of case 7 compared to the reference case 1 is shown in Fig. 7c.

3.2. Flow of water—nitrogen mixtures in carbon nanotubes

The effect of gas bubbles in hydrophobic systems is believed to influence the static properties of
the system e.g., hydration (Attard et al., 2002), but also dynamic properties such as the amount of
slip experienced at the fluid—solid interface (Vinogradova, 1999; Lauga and Stone, 2003). Thus,
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Fig. 8. Radial density profiles of oxygen and hydrogen atoms for cases 2, 3, 4, and 6 averaged in the time interval [1-2]
ns. (a) The tube of diameter 2.712 nm, is 100% filled (p(0) = 1000 kg m~3) with water molecules at a temperature of 500
K and the layering in three distinct layers is observed. The tube of diameter 2.712 nm, is 60% filled (p(0) = 605, 700
kgm™3, respectively) with water molecules at a temperature of (b) 300 and (c) 500 K, respectively. The distinct layering
disappears by increasing the temperature. (d) The tube of diameter 2.712 nm is 30% filled (p(0) = 305 kgm~3) with
water molecules at a temperature of 500 K.

Lauga and Stone (2003) reported a series of experiments where the formation of nanobubbles on a
hydrophobic surface would result in a zero-stress region leading to a relatively large slip length.
However, the size of the bubbles reported in the experiments range from 35 to 600 nm exceeding
the size of the present system by one or two orders of magnitude. Thus, to study these effects
at the nanoscale, we consider a mixture of water and gas flowing inside a (20,20) carbon
nanotube. The gas here is represented by nitrogen molecules dissolved in the water. At 300 K and
950 bar the employed molar concentration of N, of 0.078 M is supersaturated and corresponds to
50 nitrogen and 644 water molecules.

The forcing of the mean flow and the thermostat is only applied to the water molecules, which
drives the system hydrodynamically and thermally. The nitrogen is initially placed randomly
within the water as shown in Fig. 10a. During the equilibration of the system the nitrogen
molecules desorp from the water phase forming high density, supercritical droplets at the carbon
surface (see Fig. 10b).

The time average streaming velocity extracted from the trajectory in the time interval 1-10 ns is
compared with the result from the pure water simulation (see Fig. 11). The extracted slip length is
9 nm approximately 2 nm less than slip experienced for pure water. The observed decrease in slip
length is attributed to the fact that nitrogen forms supercritical droplets at the carbon surface,
thus partially shielding the bulk flow from the hydrophobic carbon surface.
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Fig. 9. Snapshots of the water molecules for the flow of liquid water flowing through a carbon nanotube at 300 K (top,
case 1) and 500 K (bottom, case 4). The density variations and layering of the molecules observed at 300 K layers has
virtually disappeared at 500 K.
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Fig. 10. Snapshots of the initial molecular configuration (a) and the equilibrated system (b) of a water—nitrogen mixture
flowing inside a carbon nanotube.
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Fig. 11. Time average streaming velocity profiles of a water—nitrogen mixture (X, ---) in a carbon nanotube. The slip
length is approximately 9 nm, and 2 nm, smaller than the corresponding results for pure water (+, ——). The points
indicate the values extracted from the NEMD simulations and the lines a least squared fit to Eq. (12) for 6 = 0.22 nm.
The dashed vertical lines denote the minimum and maximum value of § used. The thick vertical line marks the position
of the wall of the tube.

4. Summary

We have presented nonequilibrium molecular dynamics simulations of the multiphase flow of
water and a water—nitrogen mixture inside carbon nanotubes. In these simulations we imple-
mented a new adaptive scheme for imposing a mean fluid velocity through the system.

We found that flow in the confined geometries induces a layering of liquid water close to the
walls of the carbon nanotube. The slip length of the flow is found to increase with increasing
diameters of the carbon nanotube and followed by a decrease in the wall shear stress. For the case
of a liquid—vapour mixture this layering is reduced and it is nonexistent for flow of vapour inside
the nanotube. In the latter case the flow proceeds by transporting clusters of water molecules in
liquid and vapour states without any particular layering near the nanotube walls.

We also considered the influence of nanobubbles on the slip length by performing simulations
of mixtures of water and nitrogen. For this case we find a reduction of the slip length to 9 nm
compared to the 11 nm of the pure system. We suspect that the shorter slip length in the case is
due to the formation of supercritical nitrogen droplets at the carbon surface that partially shields
the bulk flow from the hydrophobic carbon surface.
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