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ABSTRACT

A new “nanopumping” effect consisting of the activation of an axial gas flow inside a carbon nanotube by producing Rayleigh traveling waves

on the nanotube surface is predicted. The driving force for the new effect is the friction between the gas particles and the nanotube walls. A
molecular dynamics simulation of the new effect was carried out showing macroscopic flows of atomic and molecular hydrogen and helium
gases in a carbon nanotube.

Actuation of a fluid flow in microcapillaries has fundamental Contrary to the dense fluid flows in micrometer- and
interest in the areas of nanorobotics, fine-printing at the nanometer-sized channels, rarefied gas flows are of interest
nanoscale level, atom optics, quantum computing, hydrogenfor future gas pumping. Microelectromechanical systems and
energetics, chemical process control, cell biology, medical microscale vacuum technology devices are yet another area
drug delivery, and molecular medicihédicroflow control of applications-’~2° Molecular dynamics (MD) and Monte
is also important for commercial applications: DNA analysis, Carlo (MC) methods were applied for studying micro-
drug screening, optical display technologies, and tunable fiber fluids 3#7-10.13.14 Atomistic simulations of microfluid flows
optic waveguides, thermal management of semiconductorin nanochannels are rather limited.
devices and lasers, clinical and forensic analysis, and Propagation of surface acoustic waves on metal cylinders
environmental monitoring.Study of fluid flows in narrow with finite lengths and through the carbon nanotubes were
channels has become a hot area of research since theliscussed in refs 2424. There are a few ways to activate
discovery of nanotubes by ljima in 1991. The microflow surface-traveling waves on the nanotube surface. One way
systems include liquid flows in narrow slit-porgsery thin is to use short laser pulses to generate thermoacoustic waves
liquid films on solid surface$, flows in micropumps, on a tube®® Another way is to send ultrasound waves through
microarrays, and membrane%.Fluid-flow dynamics in the liquid or dense gaseous media to the nancttiRayleigh
carbon nanotubes has been studied in ref 7. Interaction ofsurface waves are activated when a longitudinal wave
fluids with microscopic pores by filling (imbibition) of  traveling in a liquid/gas impinges on a solid surface at an
nanotubes with gases or liquids is of great technological incidence angle equal to the Rayleigh angléwvhere =
interest’ various methods for atomic pumping through arcsin Cy/Cs), C, is the velocity of the incident wave and
carbon nanotubes were proposed in refs 11 and 12. In refC; is the velocity of the surface wave in the mateffal.
11, a laser-driven pump for atomic transport through a carbon  Propagation of the specific traveling waves on the dolphin
nanotube (CNT) was proposed based on the generation ofskin surface is discussed in refs 27 and 28.
electric current through the tube, which in turn would move  The goal of this paper is to prove the nanopumping concept
ions in it by drag forces. A nanopipet concept for dragging by MD simulation of a carbon nanotube device that will
metal ions through a multiwalled CNT was confirmed enable pumping gases and/or liquids at the nanoscale level,
experimentally:> Hydrogen storage and a feasible isotope through the nanometer channels. A simple MD simulation
separation method by a carbon nanotube is discussed in refgnodel of the gasnanotube interaction was developed when
13 and 14. Liberation of the atomic form of hydrogen the nanotube walls were moving in accordance with the
chemisorbed on carbon materials is discussed in refs 15 andRayleigh surface-traveling wave. This model is used to
16. This process is very important for future hydrogen simulate the macroscopic flow of a few gases lighter than
application in the car industry. Even if the Department of carbon (hydrogen, helium) inside the carbon nanotubes
Energy target of 6.5 wt % of hydrogen storage is reachable, activated with the surface waves. The atomic flow rate and
for example, by a chemisorption mechanism, then the average velocity of the gas flow through the nanotube was
subsequent liberation of hydrogen by heating will need very calculated to verify the overall concept and the efficiency
high temperatures, which makes this application unrealistic. of the nanopumping.

. — As an input structure for the MD simulations, coordinates
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Table 1. Parameters of Lennard-Jones Interaction Potentials
for Various Gases and Carbon

LdJ radius, LJ depth,

gases o (&) e (K) reference
Hy—Hoy interaction via 3.41 34.3 14
Solvera—Goldman potential
Hy—H, 2.97 33.3 31
H,—C 3.19 30.5
Hy—H, 2.958 36.7 32
H,—C 3.179 32.05
Hy—H, 2.958 36.7 33
H,—C 3.179 32.17
He—He 2.74 16.24 13
He—He 2.633 10.87 7
He—-C 3.191 19.3 Figure 1. Various instants (from left to right) are shown from an
initial 44 fs (a) to final at 17.6 ps (d).
to describe the carbercarbon interactions. Various gases s 50
interacting via Lennard-Jones potentials with the parametersg  |® X Lawni 2 = wenin b)
given in Table 1 were placed inside the nanotube. The systemg [N || 5| 2 |
was brought into equilibrium at room temperature and the g s N e -
Rayleigh transverse surface waves, with a phase velocity ofZ / 2 " T s i
about 22 km/s, were generated by sending the travelingz / ni A :"" ool | @ a{rw“" /|
waves withf = 10°~10" Hz along the nanotube. The carbon & * S erbedh, | 5 1° V4 =
displacements were perpendicular to 'Fhe §X|al direction qf < 9 g < 0 ésﬂgw
wave propagation (so the nanotube vibrations occurred in 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
radial directions). The radial amplitudes of the waves were time, ps time, ps

chosen to be in the interval of-5% of the nanotube radii. Figure 2. (a) Dependence of flow rate through the activated
We have placed 128 or 256 gas atoms with four different nanotubes on the simulation time for various wave frequencies:
masses (lighter than carbon) inside the nanotube and byl0"'-10" Hz. (b) The average flow velocity vs time for various
applying a traveling wave along the nanotube surface. Our Wave frequencies (1 atom/ps 2.4 x 10°* sccm).
MD simulation explicitly incorporates the interaction between
the gas atoms and the nanotube and its effect on the gadnformation: movies S1 and S2 for this simulation and
flow. The interactions between the gas atoms and the movies S3 and S4 for the simulation of 128 He atoms in a
nanotube carbon atoms and the gas atomic masses have be&@anotube.)
chosen such that the gas did not penetrate through the Atomic fluxes generated due to the nanopumping effect
nanotube walls, even at high velocities. The following for various frequencies of the surface waves for the gas
chirality numbers of the nanotubes have been testedx (5 initially at rest (<> = 0) are shown in Figure 2a. The total
0), (15x 0), (10 x 0), and (15x 15). The total length of  flux increases up to a few picoseconds and then decreases
the nanotubes was equal to 100 A, and their diameters werepecause of the depletion of the gas inside the tube. The
10-20 A. Depending on the total number of gas atoms inside average axial velocities of helium atoms are given in Figure
the nanotube, the real simulation time was about 35 ps.  2b for different wave frequencies. The velocity is rather small
According to our simulation results shown in Figure 1, below~1 THz. At 6 THz the velocity reaches a hyperthermal
the gas atoms inside the nanotube move almost freely, alongvalue of ~30 km/s, as the kinetic energy of the atoms
the ballistic trajectories, and they are easily accelerated to abecomes larger than thermal enelgy.
very high axial velocity, along the direction of the traveling The frequency dependence of the flow rate though the
wave as a result of multiple synchronous collisions with the nanopump is given in Figure 3a, and it will depend on the

moving (traveling) nanotube walls. total nanotube length. Because the nanotube length was
Figure 1 demonstrates the nanopumping effect for 256 He chosen to be 100 A, the characteristic frequency is rather
atoms (shown by red color) that were placed inside =& high. The maximum effect is seen at approximately 38 THz.
100 A long carbon nanotube (carbon atoms are shown in Figure 3b shows the dependence of the nanopumping effect
gray color), with a diameter of 12 A. on the ratioL/A wherel the wavelength of the surface wave.
The nanotube has a chirality of (250) and was built of There is at least one physical effect that closely resembles

1410 carbon atoms. After activating the surface-traveling the nanopumping effect. The well-known Fermi acceleration
wave, with a frequency of 10 THz and a phase velocity of of cosmic rays occurs when an energetic ion passes through
22 km/s, the helium atoms started to move in the direction areas with periodic magnetic fields. The Fermi acceleration
of the wave propagation (in Figure 1, from left to right). is zero if the initial ion velocity is zero. Contrary to the Fermi
Various instants are shown from an initial 44 fs (Figure 1a) acceleration, the nanopumping occurs in a gas at rest, with
to final at 18 ps (Figure le). (See also the Supporting zero average velocity, for which the Fermi effect is zero.
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