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Fluid transport in nanochannels induced by temperature gradients
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We investigate the mechanisms of fluid transport driven by temperature gradients in nanochannels
through molecular dynamics simulations. It is found that the fluid-wall interaction is critical in
determining the flow direction. In channels of very low surface energy, where the fluid-wall binding
energy &gy is small, the fluid moves from high to low temperature and the flow is induced by a
potential ratchet near the wall. In high surface energy channels, however, the fluid is pumped from
low to high temperature and the pressure drop caused by the temperature gradient is the major
driving force. In addition, as the fluid-wall interaction is strengthened, the flow flux assumes a
maximum, where &, is close to the lower temperature 71, of the channel and e4,/kT;, = 1 is roughly
satisfied. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3693334]

. INTRODUCTION

Fluid flows in micro- and nanochannels have tremendous
applications in both science and engineering.'” In small
confinements, fluid transport can be very complex because
it involves parameters at different scales, which are usually
coupled with each other.* In the nanoscale, solid surfaces
play important roles in understanding fluid motions due to the
high surface area to volume ratio. A solid surface may cause
fluctuations in fluid properties, such as density and viscosity.
It may also bring about fluid adsorption and lead to different
phenomena.*® Therefore, surface properties or fluid-surface
interactions impose major challenges to nanofluidics. In
nanoscale flow systems, surface effects can greatly affect
the transport of fluids, which is an important issue for the
miniaturization of fluidic systems.’"'?

In the past decade, different pumping methods have
been developed to drive fluids in nanochannels. In these ap-
proaches, an external force is generated using mechanical,
electrostatic or acoustic principles to pump the fluid.'*?3
These techniques may provide efficient ways to transport
fluids in nanochannels for various applications, such as
nanoparticle sorting, biomolecule separation, and chemical
analysis."»*?* Recently, we studied nanochannel flows and
found that the coupling of temperature and surface effects
could lead to different flow fashions.*?> We have numerically
demonstrated that a fluid can be continuously circulated by
a symmetric temperature gradient in nanochannels of hetero-
geneous surface energies. This fluid transport mechanism can
be employed for thermal management by using the waste heat
generated by chips/devices instead of external forces. How-
ever, the mechanism of fluid transport caused by temperature
gradients in single material nanochannels (uniform surface
energy) is not well understood and requires intensive inves-
tigations before it is used for practical applications.
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In this work, we study the fluid transport induced by
temperature gradients in nanochannels of uniform material
through molecular dynamics (MD) simulations. In low sur-
face energy channels (weak fluid-wall interaction), the fluid
moves from high to low temperature and the flow is induced
by a potential ratchet near the channel surface. In high sur-
face energy channels, however, the fluid transports from low
to high temperature and the flow is generated by the pressure
difference due to the reorganization of the fluid triggered by
the strong fluid-wall interaction. Furthermore, in high surface
energy channels, it is found that the flow flux assumes a maxi-
mum when the fluid-wall binding energy is comparable to the
lower temperature of the wall.

Il. MOLECULAR DYNAMICS SIMULATION

A typical MD simulation system is shown in Fig. 1. It
consists of two parallel solid walls with a fluid confined in
between. The fluid is in connection with two reservoirs at the
ends of the system. The walls are generated by cutting four
layers of atoms from a face-centered cubic structure with
lattice constant equal to 4.086 A. To make the simulation
system stable while considering the thermal motion of the
wall, the atoms in the outmost layers of the walls are secured
whereas the other wall atoms are free to vibrate under inter-
molecular interactions. The planner walls are perpendicular
to the y axis. The lengths of the simulation system are 16
and 5 nm in the x and z directions, respectively. The channel
width, D, distance between the innermost atomic layers of
the walls, is 2 nm and the length is 8 nm (for 2 nm channels,
simulations show that the length of the reservoirs should be
larger than 2 nm to reduce the size effect of the reservoirs).

The channel wall is described by the tight-binding po-
tential and the parameters for Ag are used.* The tight-binding
potential is quite different from the simple spring-mass
model. It has been widely used for transition metals and
is good for considering the thermal motion of atoms and
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FIG. 1. Schematic of the simulation system. The green and red particles are
the fluid molecules and wall atoms, respectively. The fluid in the channel is
connected to two reservoirs at the ends of the system. A temperature gradient
is applied along the wall by maintaining the temperature at the right end
higher than that at the left end.

energy accommodation of solids. The interaction of the fluid
molecules is modeled by the Lennard-Jones (LJ) 12-6 poten-
tial, U(r) = 4eg[(o5/r)'? — (o/r)°], where r is the distance
between a pair of interacting molecules, &g is the fluid-fluid
binding energy, and o is the collision diameter of the fluid
molecules. The interaction parameters, e = 9.8 x 1073 eV
and o = 3.47 A, for liquid Ar are used. The number density
of the fluid is p = 15.38 nm—>. The interaction between
fluid molecules and wall atoms is also calculated by the LJ
potential and the fluid-wall binding energy e, and collision
diameter o, are obtained by using the Lorentz—Berthelot
mixing rule based on the LJ potential parameters given in
Refs. 26 and 27. To understand the surface effect on the flow,
the fluid-wall binding energy ey, is arbitrarily varied. The po-
tentials are truncated at 10.21 A and Newton’s equations are
integrated with Beeman’s leapfrog algorithm,’ with time step
equal to 1 fs. For the channel, periodic boundary conditions
(PBCs) are employed in the x and z directions only. For the
reservoirs, PBCs are used in all the directions and that in the
x direction makes the pressure in the two reservoirs the same.
A temperature gradient is applied to the wall by maintaining
constant temperatures at the ends of the wall. The temperature
at the right end Ty is higher than that at the left end 71, of the
channel. Ty and 71 are maintained at desired values by con-
trolling the kinetic energy of the wall atoms in a slit of
5 A near the ends of the wall through Berendsen
thermostats,”® which are also used to keep the tempera-
ture of the fluid in the reservoirs at 300 K. The simulation
systems are relaxed for 2 ns before the flow properties are
calculated.

lll. RESULTS AND DISCUSSION

By fixing the low temperature 71, at 300 K and varying
the high temperature Ty from 400 to 600 K, we compute
the volumetric flux Q of the fluid under different surface
conditions. Figure 2 plots the flux as a function of the
fluid-wall binding energy &gy It is seen that Q changes from
negative to positive as egy is increased. In low surface energy
channels, the fluid moves from high to low temperature. If
the surface energy of the channel is relatively high, however,
the fluid is driven from low to high temperature. Figure 3
depicts the velocity profiles for a strong (&g, = 300 K) and
a weak (efy, = 10 K) fluid-wall interaction case with Ty
=500 K. In Fig. 3(a), it is seen that the velocity distribution is
quite uniform across the channel for the strong eg, case. For
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FIG. 2. The volumetric flux Q of the fluid as a function of fluid-wall binding
energy &y under different temperature gradients.

the weak e, case [Fig. 3(b)], however, the velocity profile
seems to be parabolic and the flow near the wall moves
faster than in the center region. The slip length in Fig. 3(b) is
roughly 0.84 nm if it is calculated as the ratio of the velocity
to velocity gradient at the wall,>® which is smaller than that
in shear flows.>® Due to the fact that the temperature variation
along the channel affects the velocity profile (see Ref. 4), the
velocity profiles in Fig. 3 are the average along the channel.
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FIG. 3. The velocity profiles of the fluid with 71, = 300 and 7y = 500 K. (a)
efw = 300 K and (b) ey = 10 K.
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FIG. 4. Two-dimensional contour plots of density (a), temperature (b), and
pressure (c) of the fluid in the channel for the case in Fig. 3(a) (T = 300, Ty
= 500K, and &g, = 300 K).

The distinct velocity distributions in the two cases indicate
that the surface properties are coupled with temperature
gradients and the flow mechanisms might be different.

To understand the flow phenomena, we investigate the
flow properties in the channel. In nanochannels, the density
distribution of fluids is usually non-uniform due to the
wall effects,*’~!> which will lead to pressure variation. In
addition, the temperature gradient in the wall will also affect
the pressure. The pressure P of the fluid can be calculated
using the virial equation of state?®

J. Chem. Phys. 136, 114506 (2012)

where p is the fluid number density, k is the Boltzmann con-
stant, F is the force between a pair of interacting molecules,
and V is the volume. The two terms in Eq. (1) represent the
kinetic and potential components of the pressure, respec-
tively. Given the molecular interaction, the kinetic component
depends on both density and temperature, while the potential
part is only determined by the density. The contributions
of the two components to the pressure can be different,
depending on the coupling of temperature and surface effects.
Figure 4 shows the two-dimensional contour plots of fluid
density, temperature, and pressure for the case of Fig. 3(a).
In Fig. 4(a), it is seen that the density fluctuates greatly in
the direction perpendicular to the wall plane and several
molecular layers are observed near the walls. There are low
density regions between two adjacent molecular layers, where
the potential is less favorable for fluid molecules to stay. The
formation of the clear molecular layers is caused by the strong
fluid-wall interaction.*>7-12 Furthermore, the temperature
gradient in the channel [Fig. 4(b)] also generates density vari-
ation in the x direction. Because fluid adsorption is favored
at low temperature, the highest density takes place at the low
temperature end near the wall. The pressure distribution in
Fig. 4(c) also fluctuates, especially in the y direction.

To show the pressure change in the flow direction, the
fluid domain is partitioned into several bins parallel to the
walls, as shown in Fig. 4(c). The pressure variations in the x
direction in these bins are shown in Fig. 5(a). It is seen that
the pressure decreases with increasing x or temperature 7
in bins 1, 3, and 5, which is similar to the density variation
in these bins [Fig. 5(b)]. This indicates, based on Eq. (1),
that the contribution of the potential component to the

P = pkT + Z Z rijFij/3V, (D pressure dominates over the kinetic component in these
i j=i bins. In bins 2 and 4, where the fluid density is low and the
s0p % bin 1 —o—bin2 (@) —=—bin1 —o—bin2 (c) |
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FIG. 5. The pressure and density distributions in the bins given in Fig. 4(c) for 71, = 300 and Ty = 500 K. ey = 300 K in (a) and (b); &r = 10 K in

(c) and (d).
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kinetic component becomes important, the pressure increases
slightly as x increases. The density in bin 5 represents that
in the center of the channel, which changes from 15.6 to
12.9 nm~? with the average equal to 14.14 nm~3. However,
the pressure changes in high density bins are the major reason
for generating the flow. Therefore, the flow transport from low
to high temperature in high surface energy channels is caused
by the pressure drop along the channel due to the density
variation.

By following the same approach, the density and pres-
sure distributions are also examined in low surface energy
channels. Figures 5(c) and 5(d) show the pressure and density
variations for the case of Fig. 3(b) (¢ = 10 K). It is observed
that the density in all the bins decreases with increasing tem-
perature. In low surface energy channels, the fluid-wall
interaction is weak and the surface effect is insignificant. In
this case, the temperature becomes a dominant factor. At high
temperatures, the fluid molecules have strong thermal motion
and therefore each molecule, on the average, takes more space
due to the intermolecular interaction. This is why the density
at high temperature end is lower than that at low temperature.
For the pressure change, the kinetic component in Eq. (1) is
supposed to dominate over the potential part considering that
the density fluctuation in this case is smaller than the case of
large sy However, the density change counteracts with the
temperature gradient and the pressure variation due to the
kinetic contribution is small. This explains why the pressure
variation is unobservable along the channel, as shown in
Fig. 5(c). Therefore, the pressure drop is not the driving force
for the flow in low surface energy channels.

The parabolic velocity distribution with high speed near
the wall in Fig. 3(b) indicates that the flow in low surface
energy channels might be surface driven. If so, the fluid-
wall intermolecular potential should play important roles.
Figure 6(a) shows the potential distribution in the x-z plane
2.2 A from the wall and Fig. 6(b) plots the cross-sectional
view of the potential at z = O plane. It is clear that there
exists a potential ratchet, which has a gradient in the energy
barriers in the flow direction. The ratchet is generated by the
atomic structure of the wall. The increasing magnitude of
the ratchet in the positive x direction is the consequence of
the thermal motion of the wall atoms due to the temperature
gradient in the wall. When fluid molecules are close to the
wall, they prefer to stay in the potential wells. After obtaining
sufficient energy during the interactions with wall atoms, they
prefer to move to the left because the energy barrier at low
temperature is lower than that at high temperature. Therefore,
the potential ratchet drives the fluid near the wall from high
to low temperature.

Alternatively, the pumping effect in low surface energy
channels can be explained by the interactions between the
moving fluid molecules and vibrating wall atoms. For a fluid
molecule moving toward the wall, it will “feel” the wall atoms
at high temperature first because the thermal motion of these
wall atoms is strong and their vibrational amplitude is large.
Figure 6(c) shows the vibrational amplitude A of the atoms in
the innermost layer of the wall. A, and A, are obtained by av-
eraging the maximum displacement from the equilibrium po-
sition in the x and y directions, as illustrated in the upper inset

J. Chem. Phys. 136, 114506 (2012)
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FIG. 6. (a) Two-dimensional contour plot of the potential in the x-z plane
2.2 A to the wall with 7y, = 300 and Ty = 500 K. (b) The cross-sectional
view of the potential in z = 0 plane. (c) Average vibrational amplitude of
wall atoms in the innermost layers. The definitions of A, and A, are depicted
in the upper inset.

of Fig. 6(c). It is seen that A, and A, increase with increasing
temperature. The gradient of A causes force imbalance when
the fluid molecule interacts with the wall atoms. As the fluid
molecules approaches the wall, the repulsive force from the
wall atoms at high temperature will push the molecule to the
left [lower inset of Fig. 6(c)].

In Fig. 2, as the fluid-wall binding energy &y, is further
increased, the flux assumes a maximum at &g, ~ 300 K, which
is close to the low temperature 7. Before the peak, as &y,
increases, the wall effect becomes important and the density
fluctuation in the fluid leads to large pressure drop, which en-
hances the flux, as discussed previously. When &g, > 300 K,
etw/kTy, > 1 and fluid adsorption tends to take place, start-
ing from the low temperature end. Fluid adsorption will re-
duce the effective channel size and hinder the fluid motion. To
confirm this, we conducted simulations by lowering the tem-
peratures at the ends of the channel while keeping the same
temperature gradient. Figure 7(a) shows the flux as a func-
tion of gg, for T, = 100 and Ty = 300 K. It is seen that as
Ty is reduced from 300 to 100 K, the binding energy for the
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maximum flux shifts to a lower value and ef/kT1, ~ 1 is
roughly satisfied. In addition, Fig. 7(a) also shows that a low
temperature can enhance the pumping effect in the negative
direction when &g, is small. This is because the gradient in
the vibrational amplitude A of the wall atoms in this case is
larger than that in Fig. 6, as depicted in Fig. 7(b).

IV. SUMMARY

In summary, we have investigated the fluid transport in
nanochannels induced by temperature gradients. As the fluid-
wall binding energy is increased, the flow direction switches.

J. Chem. Phys. 136, 114506 (2012)

In channels of very low surface energy, the fluid moves from
high to low temperature and the flow is driven by the potential
ratchet near the wall. However, the fluid transports from low
to high temperature in relatively high surface energy chan-
nels, where the flow is caused by the pressure drop along the
channel due to the coupling of surface effect and temperature
gradient. When the surface energy is increased further, the
flux reaches the maximum, after which the fluid adsorption
takes place and reduces the flow rate. The fluid-wall binding
energy at the maximum flux roughly satisfies e, /kTy. ~ 1.
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