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ABSTRACT: The relationship between enhancement flow and structure of
core-softened fluids confined inside nanotubes has been studied using
nonequilibrium molecular dynamics simulation. The fluid was modeled with
different types of attractive and purely repulsive two length scale potentials.
Such potentials reproduce in bulk the anomalous behavior observed for
liquid water. The dual control volume grand canonical molecular dynamics
method was employed to create a pressure gradient between two reservoirs
connected by a nanotube. We show how the nanotube radius affects the flow
enhancement factor for each one of the interaction potentials. The
connection between structural and dynamical properties of the confined
fluid is discussed, and we show how attractive and purely repulsive fluids
exhibit distinct behaviors. A continuum to subcontinuum flow transition was
found for small nanotube radius. The behavior obtained for the core-
softened fluids is similar to what was recently observed in all-atom molecular
dynamics simulations for classical models of water and also in experimental studies. Our results are explained in the framework of
the two length scale potentials.

I. INTRODUCTION

Transport of fluids in the nanometer scale, particularly the flow
of fluids through nanotubes (NTs), has received considerable
attention over the past decade.1 Nanotubes are nanostructures
with a cylindrical shape, made of different materials and with
extraordinary properties.2 For instance, in diffusive processes,
carbon and silicon-carbide nanotubes show a highly smooth
potential energy landscapes that lead to a fast gas and liquid
fluxes, higher than what was observed in other nanoporous
materials.3−9 This makes nanotubes a promising material for
the production of nanoporous membranes with several
technological applications, such as separation of fluid mixtures
and water desalination, and with the capacity to mimic
biological nanopores.7,10−14

The anomalous and fast flow in nanotubes and the possibility
of achieving experimental regions, which in general are
inaccessible in bulk experiments, make water one of the most
studied confined liquids. For instance, experiments of confined
water in nanotubes and nanopores are used to avoid the

spontaneous crystallization of water and to observe its
hypothetical second critical point.15−19 Despite these promising
scientific applications, our main interests in this paper are the
dynamical properties and their relation with the structure of the
fluid inside the nanotube. In this case, one of the most
interesting properties is the anomalous increase of the flow
enhancement factor, defined as the ratio between the hydraulic
conductivity, obtained from molecular simulations, and the
hydraulic conductivity predicted by the classical continuum
models, such as the Hagen−Poiseuille (HP) equation. Recent
experiments7,20,21 show that water has a flow enhancement
factor several orders of magnitude higher than what is generally
found from the classical flow theories. Also, they show a
transition from continuum to subcontinuum flow.21 Such
behavior was observed not only for hydrophobic carbon
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nanotubes, but also in hydrophilic alumina channels,22 which
seems that the flow enhancement is not an exclusive property
of water. Ethanol, methane and decane flow also exhibit a huge
enhancement in carbon nanotubes.20,23

Water, even in bulk, presents an anomalous behavior in many
of its properties, such as density, diffusion, heat capacity, and
others. Despite its molecular simplicity, the job to create a
proper classical model for water is a huge task, mainly due to
the temperature and pressure dependent hydrogen bonds,
polarizability and the nonsymmetrical charge distribution. As a
consequence, several classical models of water were already
proposed for classical all-atom molecular dynamics (MD)
simulations. There are more than 25 models of (bulk) water
using empirical potentials, each one of then giving different
values for the physical and chemical properties of water.24

Nevertheless, these models were extensively applied to study
the structural, dynamical and thermodynamic behavior of water
in nanoconfinement.25−38

Different models of water can lead to significantly distinct
results.39 For structural properties, simulations of water inside
(9,9) and (10,10) carbon nanotubes by Koles et al.40 show an
ordered water structure, while the simulations by Wang et al.41

indicate a disordered structure. The behavior of the water self-
diffusion D inside nanotubes is also still not clear. Some
simulational studies indicate that D has a minimum value and
an enhancement for small radius,42−45 while other studies show
a monotonically decreasing curve as we shrink the nanotube
radius.46−48

Despite this, several simulational studies were performed to
understand the flow enhancement factor of water in nanotubes.
According to these simulations,49−51 the flow has two distinct
regimes: a continuum regime, described by the classical fluid
dynamics, such as HP equation, and a subcontinuum regime,
where the HP formulation fails because a discrete description of
the system is necessary. Although Noy et al.52 have suggested
that this continuum to subcontinuum transition occurs when
the fluid assumes a single file formation inside the nanotube,
the explanation for this effect remains unclear.
One alternative to the classical models of water is the so-

called two length scale potential fluids. Such water-like fluids
are characterized by a simple potential model with two
characteristic length scales and, despite the simplicity of the
model, exhibits in bulk the thermodynamic, dynamic, and
structural anomalies of water.53−57 They also predict the
existence of a second critical point hypothesized by Poole and
collaborators for the ST2 water model.58 This suggests that
some of the unusual properties observed in water can be quite
universal and possibly present in other systems.
These simple models offer some advantages when compared

with all-atom models. For instance, using core-softened (CS)
fluids modeled by two length scale potentials, it is possible to
simulate large systems during long times at low computational
costs. Therefore, it is possible to investigate a large region in the
pressure versus temperature phase diagram. In addition, these
effective potentials allow for studying universal properties that
are not only present in water, but are also common to other
systems, such as the thermodynamic anomalies also present in
liquid metals, silica, silicon, graphite, Te, Ga, Bi, S, and BeF2
and the diffusion anomaly also found in silica and silicon.
This is a indicative that some of the water properties

attributed to its directionality can be found even in spherically
symmetric systems. The drawback of the effective potentials is

that they lead to a qualitative comparison with experimental
results, unlike all-atom models.
Recently these simple water-like models have been used to

analyzed confined systems. Krott and Barbosa have shown that
water-like anomalies remain present even when the fluid is
confined between parallel plates.59 Also, Bordin et al.60 have
performed equilibrium NpT MD simulations of CS fluids
confined in nanotubes, showing that this fluid exhibits a
minimum in the self-diffusion D, at a specific critical value for
the nanotube radius, as we decrease the radius, an an
anomalous increase for D below this critical value, when the
fluid assumes a single file structure. This behavior is the same
obtained in all-atom MD simulations of classical models of
water.42−45 Now it is our interest to verify whether these water-
like fluids exhibit the continuum to subcontinuum flow
transition observed for water in experiments and all-atom
MD simulations.
In order to test this assumption, we have performed

nonequilibrium MD simulations to study the enhancement
factor of CS fluids. We modeled two kinds of water-like fluids:
one purely repulsive56,57 and another attractive, with three
different depths for the attractive well.61 First, we verify
whether these fluid models are capable of capturing the
continuum to subcontinuum transition observed for water, as
well as the flow enhancement factor. Next, we analyze how the
layering and structuring of the fluid inside the nanotube affect
the flow. Also, the distinct flow and structural behavior due to
the existence of the attractive tail in the potential are discussed.
The paper is organized as follow. The water-like fluid,

nanotube model and the details of the simulational methods
used in our calculations are presented in section II. Next, we
discuss our results in section III, and the conclusions are
summarized in section IV.

II. THE MODEL AND THE SIMULATION DETAILS
A. The Model. Four different potentials for the water-like

fluid were used in our simulations: one purely repulsive, and
three with an attractive well. In all cases, the fluid was modeled
as a collection of spherical particles with diameter σ and mass
m, interacting through the interaction potential described by
the equation bellow:61
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where rij = |ri⃗ − rj⃗| is the distance between two fluid particles i
and j. This equation has three terms: the first one is the
standard 12−6 Lennard-Jones (LJ) potential,62 the second one
is a Gaussian centered at r0/σ, with depth u0ε and width c0σ,
and the last term is also a Gaussian, but centered at r1/σ, with
depth u1ε and width c1σ, responsible for the attractive tail of the
potential. Using only the first Gaussian with u0 = 5.0, c0 = 1.0,
and r0 = 0.7, eq 1 represents a purely repulsive two length scale
potential, as indicated in Figure 1 by the solid line for u1 = 0.
Adding the second Gaussian with different values for u1 the
potential shows an attractive well, which changes the pressure
phase diagram for this fluid.56,57,61 Also, it is known from
previous works that these CS fluids exhibit thermodynamic,
dynamic, and structural anomalies similar to the anomalies
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present in water63,64 and an anomalous increase in diffusion
when confined in a nanotube.60 In our simulations we have
used the parameters u0 = 5.0, c0 = 1.0, r0 = 0.7, c1 = 0.5, r1 = 3.0
and u1 = 0, 0.25, 0.5, and 0.75. The resulting shape for the
interaction potential is shown in Figure 1.
We investigate the dynamical behavior of this fluid flowing

from one reservoir, named control volume 1 (CV1) on the left,
to another reservoir, the control volume 2 (CV2) on the right,
through a nanotube. The simulation box, a parallelepiped with
dimensions Lx × L × L in the x, y, and z directions, respectively,
containing the reservoirs-nanotube setup, is illustrated in Figure
2. The box size in the x-direction was fixed in Lx = 50σ, while L

= 10σ for the y and z directions for nanotubes with radius a <
4σ and L = 2a+2σ, otherwise. The tube structure was
constructed as a wrapped sheet of LJ particles with diameter
σNT = σ. Nanotube atoms and water-like particles interact
through a purely repulsive Weeks−Chandler−Andersen
(WCA) potential62
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Here, ULJ is the standard 12−6 LJ potential, included in the first
term of eq 1, and rc = 21/6σ is the usual cutoff for the WCA
potential. Also, the term rij measures the distance between a
fluid particle i and a fixed nanotube atom j. Surrounding the
nanotube entrances, two repulsive walls are placed, as shown by
the two gray planes in Figure 2. In order to represent the
interaction between a fluid particle and these flat repulsive
walls, we can use the same WCA eq 2. To this end, we have to
consider rij in that equation as the distance between the wall

position and the x-coordinate of the fluid particle. In this case,
the cutoff rc assumes the same value as before.

B. The Simulation Details. We employ the dual control
volume grand canonical molecular dynamics (DCV-GCMD)
method14,65,66 to generate a steady state flow of particles from
the CV1, with higher fluid density, to the CV2, with a lower
density. The DCV-GCMD technique allows us to fix the
density inside the control volumes using a hybrid MD and
grand canonical Monte Carlo (GCMC) method. The initial
density in both two control volumes are fixed at the desired
value using the GCMC simulation, and then evolved in time
using standard NVT MD simulations. To restore the densities
in both reservoirs to their initial values, we alternate the MD
steps with GCMC steps, realized only inside the two control
volumes shown in Figure 2. In our simulations we performed
150 GCMC steps at each 500 MD steps. This ratio between
MD and GCMC steps ensures that the densities inside the
control volumes fluctuate less than 1% before being restored by
GCMC.
The system temperature was fixed at kBT/ε = 1.0, using a

Nose−Hoover heat-bath with a coupling parameter Q = 2. At
this temperature the bulk system is far away from the anomaly
region for all fluids we are simulating. Periodic boundary
conditions were applied in all directions. For simplicity, we
assume that the nanotube atoms are fixed (i.e., not time
integrated) during the simulation. A time step of δt = 0.005, in
LJ time units,62 was used.
The fluid−fluid interaction, eq 1, has a cutoff radius rcut/σ =

4.5 for all cases. The nanotube radius was varied from a/σ = 1.4
to a/σ = 7.0, and in all simulations the tube length was fixed in
LNT/σ = 15. The initial densities in the left and rigth reservoirs
were fixed at ρ1σ

3 = 0.1 and ρ2σ
3 = 0.01, respectively, using a

standard GCMC simulation in each reservoir, during 5 × 105

steps, with the initial velocity for each particle obtained from a
Maxwell−Boltzmann distribution at the desired temperature.
After that, we performed 5 × 105 DCV-GCMD steps in order
to obtain a steady state flux of particles between the two
reservoirs. This steady state is the initial time for the production
of our results, during 5 × 107 DCV-GCMD steps, where 10
independent runs were averaged to evaluate the properties of
the fluid inside the nanotube at the same initial conditions.
Recent computational9,50,51 and experimental21 studies

suggest that if the flow enhancement factor does not have a
monotonic behavior as we vary the nanotube radius, and if
there is a discontinuous region, the system exhibits a transition
from continuum to subcontinuum transport. Also, this
information allows us to say when the flow of this CS fluid is
described by the HP equation, and when the flow is enhanced.
According to the HP equation, the flow rate of a Newtonian
fluid inside a cylinder of radius a is given by
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where rρ = (y2 + z2)1/2 is the Euclidian distance from the x-axis
in cylindrical coordinates, and ⟨vx⟩ is the average velocity,
described by

γ⟨ ⟩ =
Δ

v
p

Lx HP
NT (4)

where Δp is the pressure gradient and γHP is the hydraulic
conductivity,9 defined by

Figure 1. Interaction potential between two fluid particles as a
function of their separation for several values of attractive depth u1.

Figure 2. Schematic depiction of the simulation cell with the nanotube
and reservoirs. The cylindrical nanotube in the center has radius a and
length LNT.
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for a given viscosity η. We can express the results from the
DCV-GCMD simulations in a similar form of eq 5 using

γ⟨ ⟩ =
Δ

v
p

Lx MD
NT (6)

where γMD is the hydraulic conductivity obtained from the MD
results. The flow enhancement factor is then defined as

ε
γ
γ

= MD

HP (7)

To evaluate γHP, we have performed NpT simulations defined
in our previous work,60 and obtained the diffusion coefficient
Dx from the Green−Kubo relation,
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where N is the total number of particles and vx,i(t) is the axial
velocity of particle i at time t. The bracketed quantity represents
the autocorrelation function. The viscosity was then estimated
using the Einstein equation,

η
πσ

=
k T

D3 x

B

(9)

where kB is the Boltzmann constant.

III. RESULTS AND DISCUSSION
A. Case A: CS Fluid with Attractive Tail. In Figure 3 we

illustrate the flow enhancement factor as a function of the

nanotube radius for u1 = 0.25, 0.5, and 0.75. For a nanotube
radius larger than a/σ = 4.5, the flow enhancement factor
increases monotonically when the radius is decreased, for all
attractive well depths shown in Figure 3. This indicates that in
this region, a continuum description of the system is still
valid.51 At the limit of very large radius, the enhancement factor
saturates (not shown in Figure 3). For a nanotube with a radius
in the region 2.5 ≤ a/σ ≤ 4.0, the curves feature small
oscillations, specially when u1 = 0.25 and u1 = 0.5. This
behavior is not observed for the standard 12−6 LJ fluids. For a
nanotube with a radius smaller than a/σ = 2.5, the curves show
large oscillations, followed by a sharp increase. Such
fluctuations are related to the structural changes of the fluid,

from a disordered bulk-like to an ordered solid-like structure
and then to a single file, as we will show hereafter.
Our results show oscillations similar to the oscillations

observed for the TIP5P model of water confined in carbon
nanotubes,51 SPC/E water confined in silicon-carbide nano-
tubes,9 and experiments.21 However, while for these
simulations and experiments only one minimum at small radius
was observed, for our water-like model we found two well-
defined minima, at a/σ = 1.75 and a/σ = 2.25. Also, the values
of the enhancement factor ε for our CS model are smaller than
the obtained for water inside carbon and silicon-carbide
nanotubes.9,21,50,51

In order to identify what in our potential can be modified to
achieve a larger enhancement factor, we analyze the attractive
well depth u1. As we can see in Figure 3, as the depth of the
attractive well is decreased, the enhancement factor is increased.
It is easier for the particles to jump from one length scale to
another one when u1 is not too deep, leading to an
enhancement of the flow for small radius. As we will show in
section IIIB, in the limit of u1 = 0, these oscillations will vanish.
For the larger depth, u1 = 0.75, although no oscillations were
found in region 2.5 ≤ a/σ ≤ 4.0, as illustrated in Figure 3, the
fluctuations in region 1.75 ≤ a/σ ≤ 2.25 are much stronger
than the other values of u1.
In order to understand the origin of the oscillations observed

in the enhancement flow as illustrated in Figure 3, the structure
of particles inside the nanotube was analyzed. In bulk solution
this CS fluid exhibits a high ordering, with a huge impact on the
dynamical properties,61 while for LJ fluids this layering is not
observed. Under strong confinement, like inside nanotubes, this
ordering and consequential changes in the structure of the fluid,
induced by the interaction with the nanotube walls, leads to
fluctuations in the flow. To understand the relation between the
structure and the flow in our confined water-like fluid, we
analyze in Figure 4 the different structures formed for several
values of radius, and in Figure 5 the radial fluid density
distribution for the respective values of a/σ. For wide radius, a/
σ = 7.0, the fluid exhibits a shell of particles around the
nanotube walls, and at the nanotube center it behaves has a
disordered bulk-like fluid, as shown in Figures 4A and 5A.
Hence, we have two regimes: one structured and well-defined
near the walls, and another diffuse in the nanotube center.
When we shrink the nanotube, the walls compress the fluid,
and, as a result, it becomes more structured. When the radius is
decreased to a/σ = 4.5 the fluid presents a well-defined
structure, with two concentric cylindrical layers: one near the
wall, and another around the x-axis, as shown in Figures 4B and
5B. This layering leads to small oscillations in the flow
enhancement factor curve, which become stronger as we
decrease the value of u1. Also, when this layering occurs
continuum theories fail to describe properly the system, since
the properties of the nanotube walls and the structure of the
fluid play a major role.
As we continue to decrease the radius, new structures are

formed. For a/σ = 3.5, as shown in Figures 4C and 5C, the
cylindrical central layer becomes a line, while for a/σ = 2.5 the
central layer vanishes, and only one layer is observed, as shown
in Figures 4D and 5D. When we decrease the radius even more,
there is no space for the particles to stand at an energetically
favorable distance. In other words, they cannot stay near at one
of the characteristic length scale of our potential. Hence, the
well structured layer becomes a disordered layer when a/σ =
2.25, as shown in Figures 4E and 5E, which leads the flow

Figure 3. The flow enhancement factor as function of the nanotube
radius, for CS fluids with an attractive tail depth u1.
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enhancement factor to the first minimal value. Reducing the
nanotube radius to smaller values makes the fluid modify its
structure to a single file, as shown in Figures 4F and 5F. This
transition leads to a new minimal value and then to an increase
in ε for small radius.
The layering formation is a result of the competition between

the fluid−fluid interaction, eq 1, and the fluid−nanotube
interaction, eq 2. For radius a/σ > 2.25, the system minimizes
the energy forming layers. Also, for large radius, the entropic
contribution for the free energy is dominated by enthalpic
effects.60 For a/σ < 1.75, there is only one layer of particles,

and, due to the repulsive fluid-wall interaction, the particles can
move faster and “free” in the flow direction. This raises the
entropy, which becomes dominant. The attractive interaction
between the fluid particles leads to a region where the
competition between enthalpy and entropy is stronger, 1.75 ≤
a/σ ≤ 2.25. This becomes clear if we consider that in this
region the effective available diameter for the fluid, deff = 2a −
σNT, is 2.5 ≤ deff/σ ≤ 3.5. Therefore, the fluctuations occur in a
region where the repulsive walls obligate the fluid to stay in a
distance where the attractive well is deeper, and we have a
competition for the particles whether to stay ordered, with a

Figure 4. Snapshots of the system show the change of the fluid structure as we decrease the nanotube radius: a/σ = 7.0 (A), 4.5 (B), 3.5 (C), 2.5
(D), 2.25 (E) and 1.5 (F). For better visualization, only fluid particles (red) inside the nanotube and half of the nanotube (gray) are shown. Only the
results for the u1 = 0.5 are shown, since the behavior for the other attractive cases is similar. The snapshots were taken with the Jmol package.67

Figure 5. Normalized density of fluid particles inside the nanotube for several values of nanotube radius: a/σ = 7.0 (A), 4.5 (B), 3.5 (C), 2.5 (D),
2.25 (E), and 1.5 (F). Only the results for the u1 = 0.5 are shown, since the behavior for the other attractive cases is similar.
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lower mobility in an energetically favorable distance, or to stay
in an energetically unfavorable distance, but with a higher
mobility. These results indicate a transition from continuum to
subcontinuum transport for attractive CS particles inside
nanotubes. In order to understand the collective movement
of the fluid particles, we evaluate the distribution P(t) of the
mean first passage time (MFPT) of particles through the
nanotube. The MFPT distribution P(t) measures the
probability that a fluid particle crosses the nanotube in a time
t. Analysis of the MFPT distribution P(t) shows that all layers
move at the same velocity. In Figure 6 we can see that the P(t)
distribution has a Gaussian-like shape, indicating that even
when the system exhibits two layers, both move at the same
mean velocity. This collective motion occurs due to the
attractive tail of the potential, as we will show in the next
section.
B. Case B: Purely Repulsive CS Fluid. Now we address

the question of what is the effect of the presence of an attractive
term in the fluid potential on the flow enhancement factor. Let
us first analyze the flow enhancement factor, shown in Figure 7,
for the purely repulsive potential case, u1 = 0 in eq 1. Unlike the
previous case, we do not observe minimum values in the
enhancement factor for nanotubes with small radius, a/σ <
2.25, only oscillations in region 3.0 ≤ a/σ ≤ 4.5 that are larger
than the fluctuations present for the attractive potentials. This
indicates that this fluid also exhibits a transition from
continuum to subcontinuum transport. Therefore, these
fluctuations and changes in the shape of the enhancement
factor curve are also connected to the structural properties of
the confined fluid.
Analyzing the different fluid structures inside the nanotube

shown in Figures 8 and 9, we can see that this system exhibits a

well-defined layering even for a wide radius. While in the
attractive case the fluid inside the nanotube with a/σ = 7.0
shows a disordered bulk-like structure, the same kind of
behavior for nonattractive fluids was observed only for larger
values of radius, a/σ = 10.0, as the snapshot of Figure 8A and
the density profile of Figure 9A show. For a/σ = 7.0, the
snapshot and density distribution analysis (Figures 8B and 9B),
indicate the existence of three concentric layers. The main
reason for this is the absence of an attractive well in the
potential model. Now, the fluid assumes a layered structure at a
well-defined distance even for spacious channels. When a/σ =
7.0, the distance between the layers is approximately 2σ, which
is one of the characteristic lengths of our potential. Since there
is no attractive part, the particles will remain in the layers to
stay in the minimum of energy. In other words, the attractive
tail increases the entropy for nanotubes with wide radius,

Figure 6. Mean first passage time P(t) distribution for attractive CS fluid as function of the nanotube radius: a/σ = 7.0 (A), a/σ = 4.5 (B) and a/σ =
2.5 (C). A Gaussian-like distribution was observed in all three cases. Only the results for the u1 = 0.5 are shown, since the behavior for the other
attractive cases is similar.

Figure 7. The flow enhancement factor as a function of the nanotube
radius, for a purely repulsive CS fluid, u1 = 0.
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leading the fluid to assume a bulk-like structure in the center.
Meanwhile, when the attractive tail is not present, the fluid
assumes a solid-like ordering. For smaller radius, the structure
inside the nanotube changes from a triple to a double
cylindrical layer, according to Figures 8C and 9C, then a
central line of particles surrounded by a cylindrical layer
(Figures 8D and 9D, and finally one single cylindrical layer, as
shown in Figures 8E and 9E. This is the same structural
behavior observed in the attractive case, and all changes in the
fluid conformation occur when the flow enhancement factor
exhibits a fluctuation. When a/σ < 2.0, a single file of particles is

observed, as shown in Figures 8F and 9F. Unlike the previous
case, the purely repulsive water-like fluid does not have a
disordered structure in region 1.75 ≤ a/σ ≤ 2.25, as shown in
Figures 8E and 9E, and, consequentially, the flow enhancement
factor curve does not exhibits any discontinuity in this region.
Once the system is purely repulsive, the particles change their
distances from one characteristic length to another more easily,
leading to a smoother curve. This confirms our assumption for
the attractive case, namely, the fluctuations for small radius are
due to the attractive tail in the potential and will be stronger for
deeper attractive wells.

Figure 8. Snapshots of the system composed by a purely repulsive CS fluid shows the variation of the structure as we shrink the nanotube radius: a/σ
= 10 (A), 7 (B), 4.5 (C), 3.5 (D), 2.25 (E), and 1.75 (F). For better visualization, only the fluid particles (red) inside the nanotube and half of the
nanotube (gray) are shown. Snapshots taken with the package Jmol.67.

Figure 9. Normalized density fluid particles inside the nanotube for several values of nanotube radii: a/σ = 10.0 (A), 7.0 (B), 4.5 (C), 3.5 (D), 2.25
(E), and 1.75 (F).
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Finally, the investigation of the MFPT P(t) distribution for
the nonattractive system indicates that the fluid layers move at
different velocities. As we show in Figure 10A for a/σ = 7.0, or
three layers inside the nanotube in Figure 8B, the distribution
has a Poisson-like shape. This is a consequence of the friction
between the external layer and the nanotube walls, which leads
the particles of this layer to move slower than the particles in
the central layer. For the double layer case, the difference
between the velocity of the central and the external layer is even
clearer. In Figure 10B we show the case a/σ = 4.5, with two
distinct peaks, one due to the faster inner layer and another due
to the slower external layer. For smaller radius, when the
system has only one layer, the distribution assumes a Gaussian-
like shape, as shown in Figure 10C.

IV. CONCLUSION

The connection between flow enhancement, structure, and
potential model for CS fluids confined inside nanotubes was
studied in this paper. We have performed DCV-GCMD
simulations of a water-like fluid flowing through a nanotube.
The fluid was modeled using four kinds of spherically
symmetric two length potential, and the nanotube was modeled
as fixed hard spheres. Our systems exhibit a transition from
continuum to subcontinuum flow, featured by fluctuations and
a large growth in the enhancement factor curve for small
nanotube radius, similar to the enhancement observed for
water. This effect arises from changes in the structural
properties of the fluid, produced by the competition between
the fluid-nanotube interaction and the fluid−fluid interaction.
This competition generates correlated layers, and different
structures were observed. For wide nanotubes we observe a
bulk-like structure for attractive potentials and a solid-like
structure with three layers for the purely repulsive case. For

narrow channels, other structures were observed: double
cylindrical layers, a central line surrounded by a cylindrical
layer, one single cylindrical layer and, for narrow channels, a
single file. The transition from single cylindrical layer to a single
file depends on the shape of the potential. For the potential
with an attractive tail, the system exhibits a disordered structure
between these ordered structures. On the other hand, for the
purely repulsive case, this transition is from a cylindrical layer to
a single file.
In addition, we have found that the layers move all together

for attractive systems, while for repulsive fluids the layers
exhibit different flow velocities. Our results indicate that the
presence of a transition from continuum to subcontinuum
transport, strongly connected to the structural properties of the
fluid when confined, is also a property of spherically symmetric
systems. For these systems we do not expect any directionality.
Therefore, our results indicate that this is not only a property of
directional systems, like water.
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