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Fig. 1 Simulation system. (a) The left and right reservoirs are connected by a slit channel composed
of two graphene sheets (upper and lower), with the channel extending along the x-axis. A carbon
atom (marked by a green sphere) at the channel entrance is selected as the driving atom of the
valveless nano pump, which performs simple harmonic oscillation along the z-axis perpendicular to
the graphene plane. A graphene baffle (marked in red) is modified at a position 3.57 nm away from
the left entrance (along the x-axis) and in the middle of the y-direction inside the channel, with a
size of 2 nm x 0.3 nm (length x height). The baffle is parallel to the y-z plane and perpendicular to
the x-y plane. The edge carbon atoms of the upper graphene sheet, the lower graphene sheet (dark
blue), and the graphene sheets (green) on both sides used to separate the reservoirs are all frozen.
The translucent area represents water molecules. (b) Schematic diagram of the graphene sheet after
modifying the rectangle graphene baffle. (c) Schematic diagram of the graphene sheet after

modifying the cylindrical graphene baffle.
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Fig. 2 Comparison of water flow rates in smooth channel without baffles (Smooth, blue bars),
nanochannel with embedded rectangular baffles (Rect-Baffled, red bars) and nanochannel with
embedded cylindrical spoilers (Cyl-Baffled, green bars) under different excitation vibration
frequencies.
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Fig. 3 Velocity vector distributions in two-dimensional nanochannels with Rect-Baffled and Smooth
structures at different frequencies. The left panels show the velocity vector distributions of the Rect-
Baffled channel, where the bold red line indicates the position of the baffle; the right panels show
the velocity vector distributions of the Smooth channel without a baffle.
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Fig. 4 Velocity vector distribution in the two-dimensional nanochannel with Cyl-Baffled structure
at different frequencies. The bold red lines indicate the positions of hollow cylindrical spoilers.
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Fig. 5 Variations of mean absolute vorticity with excitation frequency in the upstream
(corresponding) and downstream (corresponding) regions of the spoiler for Rect-Baffled channel
and Smooth channel. The left plot shows the upstream region, and the right plot shows the

downstream region. The red curves represent the Rect-Baffled channel, and the blue curves

represent the Smooth channel.
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Fig. 6 Average kinetic energy of water molecules in regions at a distance r from the vibrating atoms
in the Rect-Baffled channel. The inset shows six regions with varying distances from the vibration
position (Ar = 1.43 nm).
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Fig. 7 Number density distributions of water molecules in the Rect-Baffled and Smooth channels at
different frequencies.
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Vortex regulation and anomalous enhancement mechanism of

transport efficiency in two-dimensional valveless nanopumps?

Wu Zengyang Chen Yuan Zhou Xiaovan™~ Lu Hangjun''

(College of Physics and Electronic Information Engineering, Zhejiang Normal University, Jinhua 321004, China)

Abstract

Vortices are essential dynamic characteristics of fluid flow and play a dominant role in energy

transfer, material mixing and flow regulation. When fluids are confined to the nanoscale, the

generation and regulation of vortices exhibit distinctly different behaviors compared with

macroscopic fluid flows.

In this work, all-atom molecular dynamics simulations are adopted to systematically investigate

the water transport in two-dimensional valveless nanopumps driven by mechanical vibration, with

a focus on the regulation mechanism of vortices on water transport efficiency. The simulation

results show that introducing appropriately sized flow-disturbing structures into the nanochannels

reduces the effective transport cross-sectional area, yet leads to an unexpected improvement in the

water transport efficiency of valveless nanopumps. The water flow is approximately 4-10 times

higher than that in smooth nanochannels without flow-disturbing structures. Combined with

microscopic characteristics including velocity field, mean absolute vorticity, average kinetic

energy distribution and number density distribution of water molecules, the inherent correlation

between the evolution of vortex structures and fluid transport efficiency is elucidated.

This study not only enriches the fundamental theories of nanoscale vortex regulation and fluid

transport, but also provides important theoretical basis and technical reference for the design,

fabrication and performance optimization of high-performance two-dimensional nanofluidic

devices.

Keywords: molecular dynamics; vortex; two-dimensional nanochannel; nanoconfined water;

graphene
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