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ABSTRACT: We use molecular dynamics simulations to show that the Venturi—Bernoulli
effect can pump liquids at the nanoscale. In particular, we found that water flowing in an open
reservoir close to a static substrate experiences a friction which converts its kinetic energy
into breaking of hydrogen bonds. This water flowing under friction acquires a lower density,
which can be used in pumping fluids positioned under a nanoporous substrate.
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anofluidic devices based on graphene nanopores and
| \ | related layered materials' could be used in desalina-
tion,” water filtration,”> and ion separation.l’4 Water
within molecular distances from surfaces flows differently than
predicted by classical fluidic models. This is best seen on its
flow through nanochannels,”® where a parabolic velocity (cross
section) profile of water passing through microchannels,
associated with a Poiseuille flow, is replaced by a flat velocity
profile,” due to water slipping on the walls. Therefore, water
transport through carbon nanotubes can be 4—5 orders of
magnitude faster than predicted by classical fluid flow models.®
The pressure of liquids passing through channels is
correlated with their velocity when the channel cross sections
are gradually changed (Venturi 1799). This is caused by the
conservation of the total (kinetic and potential) energy density
(Bernoulli 1738), where individual components are converted
into each other like in a spring:

pvz/z + P+ Pshaft + P]oss = const (1)

In this equation, p is a local mass density of the liquid, v is its
local velocity (giving a kinetic energy density, p v>/2), P is its
local pressure (potential energy density), Pg.q is a local
pressure resulting from external forces driving the liquid, and
Py, is the local pressure loss due to friction and other reasons.’
The Venturi—Bernoulli (VB) effect is used in medicine,
measurement of liquid flows, and aviation, but planes flying at
very high speeds are supported by a direct transfer of vertical
momentum to the air rather than the VB effect.
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At nanoscale, where low Reynolds numbers operate, liquids
can be pumped by hydrostatic pressures,”” temperature
gradients,10 electric fields,"* surface waves,'”> and other
means."> Here, we use molecular dynamics (MD) simulations
to investigate the VB effect at the nanoscale and its possible
use in liquid pumping. We simulate liquids passing through
open channels and study whether their passage around
nanoscale slits can pump liquids.

RESULTS AND DISCUSSION

Figure la,b shows the two simulated open reservoirs partly
filled with flowing (top) and static (bottom) water. The
reservoirs are separated by a stacked and fixed two-layer
graphene with an ultranarrow slit, aligned in a direction
orthogonal to the water flow in the upper chamber. There is
free space (filled with water vapor) above the water surfaces in
both containers, which is shared in a 3D periodic cell (gravity
forces are negligible). Graphene (not shown) is also located in
this vapor phase separating the liquid surfaces, so that water
can only be pumped through the slit, as a response to water
forced to laterally flow in the upper reservoir. Water is
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Figure 1. (a) Simulated system of two chambers partly filled with
water (blue) and separated by a stacked graphene bilayer with a
slit (periodic conditions). In the upper chamber, a force F is
applied to water oxygens in the yellow region, causing water to
flow with a gradient of velocties v,, due to friction with graphene.
The laterally flowing water in the upper chamber has a decreased
density, which pumps water from the bottom chamber with a net
flow J;. (b) Top view of the graphene slit. Scale bar is 1 nm.

described by the Newtonian mechanics to avoid its artificial
damping by the Langevin dynamics, which is only applied on
selected graphene atoms (Methods). This damping should be
sufficient to provide cooling of the forced water.

First, water was equilibrated (30 ns), while filling the slit by
diffusion,”**'> where it remained during the simulations
(Figure 2b (inset)). In equilibrium, both water flows through
the slit, Jp down Were about the same, giving a zero net flow, Jr
=Jup = Jaown ® O waters/ns. In order to maintain a steady-state
lateral flow of water in the upper chamber, a force F, oriented
along the graphene surface was applied on the oxygen atoms of
water molecules at z > 0, within 0.3 nm from the +x graphene
boundaries (yellow region in Figure 1a).'® The (time and y —
z-area) averaged induced velocity of molecules (v,) depends
on the total force, Fr, applied on all molecules, as shown in
Figure 2a (inset). Figure 2a shows the water fluxes through the
slit, Jr, induced by laterally flowing water with average
velocities of (v,). These results reveal that the simulations
are roughly done in a linear regime, despite relatively large
water velocities. Figure 2b also shows how water passes in time
through the slit for (v,) = 72.2 m/s.

We can check if the water flow (upper chamber) can be
described on average by the macroscopic relationship, (v,)/F,
= nH*/n, where F, is the driving force per molecule, 7 ~ 107>
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Figure 2. (a) Net water flow through the slit, J1, obtained for
different time-and-space-averaged velocities of water, (v,), laterally
flowing in the upper chamber. (Inset) The average velocity of
water (v,) in the upper chamber versus the total force, Fr, acting
on selected oxygen atoms. (b) The net number of water molecules,
Nr, passed up across the slit of w = 0.68 nm width at different
times for a water lateral net force of F = 2.87 kcal mol™ A™! (F, =
7.17 X 1073 keal mol™' A™" per molecule), inducing a velocity of
(v,) & 72.2 m/s in the upper chamber. (Inset) The slit remains
filled with water during the pumping. The scale bar is 1 nm.

Pa s is the viscosity, H = 7.2 nm is the length of the chamber,
and 7 is the numerical density of water molecules to which
force is applied (initially n ~ 2.96 molecules/nm> because the
force is applied within 6 A of the 7.2 nm long region). Upon
division by the number of dragged molecules, My the left side,
(v,)/nyp, F = (v,)/Fr ~ 0329 A> mol/(ps keal), can be
obtained from the linear fit in Figure 2a (inset). The right side,
H*/NV gramper = 0.381 A2 mol/ (ps keal) (Vpumper & 7:2 X 4.1 X
3.2 nm® = 94.5 nm?), is in good agreement with the left side,
showing that the macroscopic description is on average valid
here.

We can further analyze the water flow in the upper chamber
by calculating the space-localized and time-averaged velocity
components, v, .. Using a total driving force of Fy = 2.87 kcal/
mol A, we calculate the velocities at x = 0 nm (above the slit)
and x = = 1 nm (away from the slit) at different distances z
from the surface, as shown by the solid vertical arrows in
Figure 3c (inset). Figure 3a reveals that 7, ~ 85 m/s at z = 4
nm, but it drops to 7, & 40 m/s as z — 0, due to friction with
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Figure 3. (a) Time-averaged lateral velocities of water, 7, and ¥, (inset), calculated in the upper chamber as a function of distance from
graphene (z) and the slit (x) (inset of panel c). A lateral net force of Fy = 2.87 kcal mol™' A™! is generated by applying F, = 7.17 X 10~> kcal
mol ' A™! per water molecule (narrow region). (b) Translational kinetic energy density of water in the dynamic chamber, Py = (1/2)pym,,
(¥ + 72), where the number density is pyy ~ 36.1 molecules/nm?®, m,, is the molecular weight of water, and the velocities are in panel a.
(inset) Total kinetic energy density, Pgg = 2 +°™(1/2)pxm,(v2,; + v}z,’,. +v2;). (c) Mass densities of water calculated at different positions above
(solid) and below (dashed) (separate simulation with F, = 0) the graphene layers. (inset) Directions of calculations are shown with arrows
separated 1 nm from each other; scale bar is 1 nm. (d) Magnification of panel c. Distances in both chambers are measured from their own
graphene surfaces.

the surface, and 7, & 0 above the slit. At distances of z > 0.5 Figure 3c¢,d also reveals the local mass densities of water, p,,
nm, 7, is very similar at all three positions x. Figure 3a (inset) calculated as a function of distance from their own graphene
also shows that water partly moves away from graphene at x = surfaces. In both chambers, p,, ~ 1 g/cm’, except for the
—1 nm and returns back at x = 1 nm, signifying that the following: (1) close to graphene (z ~ 0.5 nm), where p,, is
flowing water passed around slow water pumped through the enhanced since water cannot form hydrogen bonds with it and
slit. resides in well-defined monolayers (p,, is slightly reduced in

From these velocity components, we can calculate the the slit area, where water bonds are more Preserved), and (2)
translational kinetic energy density of water, Py = (1/ close to the water surface (z & 4 nm, solid, top; z ~ 3 nm,

dashed, bottom), where p,, drops at the fluctuating water
surfaces. Upon magnification of these results, Figure 3d reveals
that p,, in the dynamic chamber is roughly constant and by
Ap,, = 0.0075 g/cm® lower than in the static chamber. The
reduced density of flowing water is caused by friction, which
breaks its hydrogen bonds and forms nanoscopic bubbles. It is
also responsible for the pumping of water from the static to the
dynamic chamber (see Supporting Information movie (20 ns)
for the system in Figure 2b).

2) pat, (V2 + %) = 10—40 atm (py & 36.1 molecules/nm® and
m,, is the molecular weight of water), shown in Figure 3b (the
first term in eq 1). The kinetic energy density, Pyg, is relaxed
by friction into heat, P, (the second term in eq 1), which is
supposed to grow as z drops. When all kinetic energy
components (translation, rotation, vibration) are added, using
the actual velocities of all atoms in water, we obtain Pg; =
4525 and 4465 atm in the dynamic and static chambers,

respectively (Figure 3b (inset)). The difference of these values However, we cannot directly relate this reduced non-
(60 atm) is somewhat larger than the excess of Py (10—40 equilibrium density of water to its pressure (state variable),
atm) present in the dynamic chamber. This is caused by the since bubbles should be formed in equilibrium water at such a
excessive rotation and vibration of water flowing in the upper density (two-phase system). To gain a qualitative picture, we
chamber. can assign the effective pressure drop between the two

10344 https://doi.org/10.1021/acsnano.1c02557
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chambers to values obtained from a linear relationship between
density and pressure, dP/dp = 1.7 X 10* atm cm®/g, which is,
however, only valid for water compression.'” Using this
relationship also for water dilution (extrapolation) and
assuming that the static chamber has a zero water pressure
(py & 1.045 g/cm?), we can obtain in the dynamic chamber an
effective (negative) drop in pressure of AP &~ —120 atm, as
shown in Figure 3d (right axis).

CONCLUSIONS

In summary, our simulations show that the Venturi—Bernoulli
effect operates at nanoscale. In the dynamic chamber of the
present system, the density (effective pressure P) of flowing
water drops due to friction, which allows pumping of water
between the static and dynamic chambers. The VB effect could
be further explored in nanoscale channels with narrowed
regions, where a mutual conversion of kinetic and potential
energies can be studied. It could be used in pumping of liquids,
measuring of pressures, separations of molecules, and
propelling of nanosystems.

METHODS

MD simulations were done with NAMD,"® using a CHARMM force
field'” and the TIP3P water.”” The Langevin dynamics was used with
a damping constant of y = 1 ps™' on only graphene atoms that did not
border the periodic edges. The graphene atoms that bordered the
edges were held fixed. Water molecules were described through pure
Newtonian mechanics. The time step was set to 2 fs. The NVT
ensemble was used at a temperature of T = 298 K. The particle mesh
Ewald (PME) summation was used to describe long-range coulombic
interactions in the presence of periodic boundary conditions.”’ The
switching distance for nonbonded interactions was set to r,, = 8 A,
and the cutoff was set to ryz = 10 A. The positions and velocity
components were recorded every 10 ps for the entire trajectory.

In Figures 2 and 3,7, is the ith component of water oxygen velocity
averaged over all times (and a spacial element of Ax = 1 nm, Az = 1.0
nm, and whole y axis), while (v;) is 7; averaged also over the entire
chamber. The water densities (velocities) were determined at x = 0,
+1 nm, Ax = 1 nm, Az = 0.25 (0.1) nm, and averaged over the entire
y axis. The flow rates between different chambers were determined
from the positions of oxygen atoms in neighboring snapshots.
Velocities to determine kinetic energy within the same chamber were
determined directly from the NAMD trajectory.
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Movie showing MD simulation (20 ns) of the system in
Figure 1, where a net force of Fy = 2.87 kcal mol™" A™
induced a water velocity of (v,) & 72.2 m/s in the upper
chamber, with the transfer of water from the bottom
chamber to the upper chamber clearly seen (AVI)
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