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Abstract. Understanding liquid behavior in nanoscale channels is essential for designing advanced systems involving nanofluids. The objective
of this study was to evaluate the effect of external forcing applied to water molecules flowing through a copper nanochannel on the thermodynamic
stability of the system, using molecular dynamics (MD) simulations. The motivation stems from the lack of clear guidelines for selecting forcing
parameters that ensure physically consistent flow without introducing artificial phase transitions. Simulations were conducted for three molecular
water models (OPC, PPC, TIP4P) and three forcing magnitudes. The temperature evolution and molecular velocity distributions were analyzed.
The results demonstrate that excessive forcing leads to nonphysical behavior, such as overheating beyond the boiling point, whereas insufficient
forcing may cause cooling below the freezing point. Only intermediate forcing values allow for stable, realistic flow behavior within the liquid
phase. Additionally, the choice of molecular water model was shown to significantly affect flow dynamics, highlighting the importance of proper
parameter selection in MD studies. These findings provide practical guidelines for reliable nanoscale flow simulations and may support the design

of transport structures in nanoscale devices.
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1. INTRODUCTION

Recent years have seen a significant increase in the use of com-
puter simulations in nanotechnology research: genetics, bioin-
formatics, nanomechanics, materials engineering, etc. [ 1-3]. To-
day, computer simulations often replace laboratory experiments,
which are often unavailable in the case of nanotechnology. Fur-
thermore, thanks to computer simulations of nanophenomena,
it is possible to design the processes studied with much greater
accuracy and reproducibility than with experimental techniques
on such a small scale. These include research on nanomate-
rials, biomachines, nanoemulsions, nanogenetics, and nanoflu-
idics [2,4,5].

Conducting a computer simulation of a real process requires
building an appropriate mathematical model of that process.
A computational model, which is a discretized approximation
of the mathematical model, is then created to allow computer
implementation [6].

One method that enables nanoscale calculations is molecular
dynamics (MD), based on replacing real matter with molecular
models. To obtain accurate and reliable simulation results of
real processes, it is necessary to select the relevant algorithms,
key in MD, and the right parameters to ensure the thermody-
namic stability of the system. In addition, appropriate molecular
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models of the materials must be selected, as well as appropriate
methods for performing intermolecular interactions (interaction
potentials).

For computer simulations based on the molecular dynamics
method, reducing computational complexity (including simula-
tion time and memory reservation) is a critical issue. This is re-
lated to determining the instantaneous positions of the molecules
and calculating the interactions of each pair of molecules. If
computational simplification mechanisms are not applied, the
complexity is of the order of N> (where N is the number of
molecules in the simulated system), because the calculation of
the interactions between each pair of molecules must be per-
formed twice [7].

On the other hand, in the case of molecular dynamics simu-
lation of real processes, it is crucial to maintain the simulated
system in thermodynamic equilibrium. This is a key concern
in the case of dynamic processes, where forced movement of
molecules can lead to a change in the state of aggregation of the
simulated medium.

Computer simulations of real processes by MD require the
use of appropriate molecular models of substances. Different
molecular models can be applied to some real matter. An ex-
ample is water, whose molecular models can be found in pa-
pers [8,9]. The possibility of choosing these models in the
MD method can sometimes produce inappropriate simulation
results, such as a change in the state of aggregation of the sim-
ulated medium — water. This study aims to evaluate the impact
of the forcing strength used to drive water molecule flow in a
nanochannel on the reliability of replicating real flow phenom-
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ena at the nanometer scale. The analysis focuses on determining
the extent to which forcing mechanisms employed in numerical
models may distort the characteristics of actual liquid transport
in nanochannels. Although a similar issue was addressed in [10],
the influence of different forcing methods was not considered.
This article focuses on identifying the conditions under which
real flow behavior deviates from model predictions, especially
in the context of phase transitions of the liquid into solid or
gaseous states. Additionally, the use of three molecular mod-
els of water enables a comprehensive assessment of how the
adopted molecular representation affects flow dynamics at the
nanoscale.

2. MOLECULAR MODEL OF MATERIALS AND MODELS
OF INTERMOLECULAR INTERACTIONS

The structure of the water molecule (Fig. 1a) is relatively com-
plex and can only be accurately described in the framework

(b)

Fig. 1. Molecular models of materials: geometrical models of a water
molecule (a) [8]: 1] — distance of q; charges from oxygen atom, 1, —
distance of gy charges from oxygen atom, o — Lennard-Jones potential
constant, ¢ — angle between q, charges, 6 — angle between q; charges);
elementary copper crystal (14 copper atoms) (b)

of quantum mechanics. However, this kind of description does
not apply to molecular dynamics simulation; therefore, several
simplified models are proposed.

As mentioned above, simulating real processes at the molecu-
lar level requires the use of appropriate molecular models of real
substance. When molecular models are used, it is important to
bear in mind that their inaccurate description may result in some
deviations from the properties of the real substance. Further-
more, for some real matter, such as water, there are many differ-
ent molecular models (see Table 1) [8]. Individual models may
differ in charge distribution, mass, geometry of the molecule
structure, and Lennard-Jones potential parameters. Molecular
dynamics requires a description of the molecules and the forces
acting between them. The Lennard-Jones potential is one of the
most widely used models for describing forces [1, 11, 12] (see
Fig. 2). It assumes spherically symmetric molecules that repel
each other at short distances and attract each other at longer
distances.

Table 1
Models of molecular water parameters used in simulations [§]

Lennard-
] Lennard-
Geometrical mo?e%eslar Jones Iy, I,
Model | configuration analylslis potential | 1.10~10 1.10~10
(Fig. 12) | qiamoter o well depth ¢ m m
1.10-10 kJ/mol
OPC c 3.1666 0.8903 0.8724 | 0.1594
PPC b 3.23400 0.6000 0.9430 | 0.0600
TIP4P c 3.15365 0.6480 0.9572 | 0.1500
V(o(rgf)“
0 Tij
) ____V
Fig. 2. Lennard-Jones potential used in simulations
(rij — interatomic distance)
The most common form of this potential is as follows:
o \12 o\
Vi (r)=4e (—) —(—) , (1)
l’aﬁ I‘Qﬁ

where r,p — distance between atoms, & — the potential depth
[kJ/mol], § — the distance between the centers of mass of
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atoms at which the potential becomes zero, usually expressed in
angstroms [A].

A molecular dynamics simulation can be divided into several
key stages:

e Starting point — initial coordinates for the molecules based
on one of the crystal lattice models, initial velocities from
Maxwell-Boltzman distribution.

e Creating lists of neighboring molecules — selection of
molecules for intermolecular interactions.

e Calculation of forces — calculate the total force on each

particle:
Fi= Y Fij. )
J

e Solution of equations — Newton’s integral equations of mo-
tion for each molecule:
d*r;  F;
= 3)

dt? m;

e Motion of molecules — determination of new positions r; ()
and velocities v; (¢) for each molecule:
ri(t) - ri(t+At), @
vi(t) = vi(t+Ar).
In molecular dynamics, we follow the laws of classical mechan-
ics:
Fi=m;=a; )]

for each atom 7 in the system constituted by N atoms. Here m;
is the atom mass,
_ dzri

T (©)

a;
its acceleration, and F; the force acting upon it, due to the
interactions with other atoms.

The motion is governed by the Newton-Euler equations:

MiR,':Fi+Fx*, (7)

where M; is the total mass of molecule i, R; is the center of
mass of molecule i, F; is the total force acting on molecule i, F
is the mass force necessary to set water in motion.

Simulations were performed using the Moldy program [13],
suitably modified to force water molecules to flow in the
nanochannel. Moldy is a computer program for performing
molecular dynamics simulations of condensed matter. It is free
software, which may be redistributed and/or modified under the
terms of the GNU.

To set water in motion, a mass force F (see Fig. 3 and
equation (7)), directed along the X-axis, in the positive direction,
was applied to every water molecule.

Simulations were conducted for three molecular models of
water and three values of driving force for water molecules in
a copper nanochannel. The width of the nanochannel was equal
to about 5 water molecule diameters (see Fig. 3).

The molecular parameters of the materials were taken from
the literature (see Table 1) [8]. The geometry of the molecular
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Fig. 3. View of the water/copper elementary cell used for the simulation
— picture made with the Moldy program [13]

models of water and copper is shown in Fig. 1. According to
the assumed molecular models, the interactions between water
molecules, as well as water and wall molecules, were described
with the Lennard-Jones potential [8, 14, 15].

In the simulations performed, the elementary cell was in the
form of a cuboid and contained water molecules surrounded
by a wall of copper atoms (see Fig. 3). Each wall consisted of
10 % 10 % 3 copper atoms. Simulations were conducted for 60
and 280 water molecules. For greater transparency, not all the
walls of the channel are included in Fig. 3. In reality, the water
molecules were surrounded by four walls using a symmetric
reflection of the copper wall. Only in the direction of flow (X-
axis) was space left for water molecules.

In these studies, a Gaussian thermostat was used for the initial
10000 time steps. Due to the interference of thermostats in the
dynamics of the system, their use is recommended only in the
initial phase, until thermodynamic equilibrium is achieved [11].
After this phase, any temperature fluctuations, also resulting
from numerical errors, can be controlled by selected algorithms,
although their overuse should be avoided due to the risk of
introducing nonphysical effects into molecular dynamics [13].

In MD simulations, physical quantities are usually given in
rescaled units [7, 11] (Table 2), i.e., related to m, where m is
the molecular weight of the molecule, ¢ and ¢ are the charac-
teristic parameters of the Lennard-Jones potential (see Fig. 2,
equation (1) and Table 1).

Their values are marked with an asterisk [16]. Dimensionless
units provide several computational benefits, such as numerical
values close to unity and simplifying the equations of motion.
However, the most useful benefit of using dimensionless units
is that a single model represented in dimensionless units can be
scaled for different problems [10].
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Table 2
Reduced units of characteristic quantities using the Lennard-Jones
potential in MD simulations

Time t* Numerical | Temperature | Velocity | Force
°T density n* T* % F}
6 Vm/e)~12t | (N&3) /v kpleT | Vi(e/m)V/2 | Fo/s

where k g — Boltzmann constant, N — number of molecules, v — the cell
volume, m — molecular mass of the molecule

3. RESULTS

The results relate to the temperature of the medium (water)
and the velocity distribution in a nanochannel (made of copper
atoms) for three molecular models of water: OPC, PPC, TIP4P,
with the corresponding parameters (Table 1). The molecular
parameters of copper were taken from [17]. In addition, the
actual density and molecular weight of water and copper were
taken into account when building the elementary calculation
cell. The width of the copper channel, in which the dynamic
flow of the water molecules was forced, was 5 water molecule
diameters. 300 K was taken as the temperature of the medium.
To set water in motion, a mass force F; was applied to every
water molecule. Three force values were selected: 0.5, 2.5, and
5.0. These F; values are rescaled values as described in Table 2.

Temperature graphs were made from data stored in temporary
collections during simulation. Graphs of hydrodynamic flow
quantities (velocity distribution V} — see Table 2) in the channel
were also prepared based on data collected in the instantaneous
sets that were recorded there during the simulation run (100 000
time steps of Ar = 0.5 fs). These data were averaged using a
histogram-based layered method, which was used to calculate
macroscopic flow quantities in the paper [18].

Figure 4 presents a graph of water temperature during simu-
lation for the OPC molecular model of water. It compares three
temperature plots for different values of the force that drives
water molecules in the nanochannel. The diagram also shows
two planes that define the change in the state of aggregation of
water (gas and ice).

MODEL OPC

500

TEMPERATURE [K]

25 30 35 40 45 50

0o 5 10 15 20
SIMULATION TIME [ps]

Fig. 4. Temperature of the water (60 molecules of water — model OPC)
— various forces driving the flow

In the diagram presented, it can be seen that a higher force
(Fy =5.0) driving the flow of water molecules causes the temper-

ature to rise above 373 K at the end of the simulation. The water,
therefore, changes to a gaseous state. In contrast, in the case of
a smaller force (F; = 0.5), the water temperature drops below
273 K. In this case, water changes its state of aggregation to
solid.

An explanation for the above temperature plots can be pro-
vided by the velocity distribution of water molecules in the
nanochannel at the beginning and final stages of the simulation,
shown in Figs. 5 and 6. Comparing the velocity distribution in
the initial (Fig. 5) and final (Fig. 6) phases of the simulation, one
can notice an increase in the velocity of water molecules during
the simulation, which may cause its temperature to increase.
Only in the case of a small force (F; =0.5), does the velocity of
the molecules in the nanochannel not increase.

MODEL OPC

25

VELOCITY Vx*
& - & ow

o

-0.5

050 051 15 2 25
CHANNEL WIDTH z*

25 -2 -15 -1

Fig. 5. Velocity distribution in a copper nanochannel in the direction
of flow (60 molecules of water — model OPC, time interval 5-30 ps)

MODEL OPC

VELOCITY Vx*

05 1 15 2 25
CHANNEL WIDTH z*

25 -2 -15 -1 -05 0
Fig. 6. Velocity distribution in a copper nanochannel in the direction
of flow (60 molecules of water — model OPC, time interval 30-50 ps)

Figure 7 presents a graph of water temperature during simu-
lation for the PPC molecular model of water. It compares three
temperature plots for different values of the force that drives the
flow of water molecules in the nanochannel.

Using this molecular model of water (PPC), it was observed
that a higher force (F; = 5.0) driving water molecules to flow in
the nanochannel causes a rapid increase in temperature during
simulation. In this case, the water changes to a gaseous state.
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800 MODEL PPC

700

o
t=3
S

TEMERATURE [K]
B
o
o

00 5 10 35 40 45 50

15 20 25 30

SIMULATION TIME [ps]

Fig. 7. Temperature of the water (60 molecules of water — model PPC)
— various forces driving the flow

When a smaller force (Fy =2.5 and F}; = 0.5) is applied, the
temperature of the medium (water) is stable and does not change
its aggregation state.

Confirmation of the temperature results obtained can be pro-
vided by graphs of the velocity distribution in the nanochan-
nel (Figs. 8 and 9). With the applying of force (F; =5.0 and
F}; =2.5), the velocity of the water molecules increases twice
at the end of the simulation (30-50 ps, see Fig. 9) compared

MODEL PPC

VELOCITY Vx*
I v [N
SN S I S

o

15 -1 050 05 1 15 2 25
CHANNEL WIDTH z*

-25 -2

Fig. 8. Velocity distribution in a copper nanochannel in the direction
of flow (60 molecules of water — model PPC, time interval 5-30 ps)

MODEL PPC

~

o

o

IS

3

VELOCITY Vx*

- N

o

050 05 1 15 2 25
CHANNEL WIDTH z*

25 -2 -15 -1

Fig. 9. Velocity distribution in a copper nanochannel in the direction
of flow (60 molecules of water — model PPC, time interval 30-50 ps)
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to the velocity of the water molecules during the first phase of
the simulation (5-30 ps, see Fig. 8). When force (F; =0.5) is
applied, the velocity of the water molecules remains stable.

Figure 10 presents a graph of water temperature during simu-
lation for the TIP4P molecular model of water. It compares three
temperature plots for different values of the force that drives the
flow of water molecules in the nanochannel. Using this molec-
ular model of water (TIP4P), remarkably similar results can be
observed for the temperature of the medium (water) during sim-
ulation, as well as results for the velocity distribution of water
molecules in a nanochannel made of copper atoms.

MODEL TIP4P

TEMPERATURE [K]
w A O O N ©
S & © © o ©
S &8 & &6 & ©

[N
o
S

0 5 10 15 20 25 30 35 40 45 50
SIMULATION TIME [ps]

Fig. 10. Temperature of the water (60 molecules of water — model

TIP4P) — various forces driving the flow

Q

The use of a larger force (Fy = 5.0) driving the water
molecules to flow, also in this case, causes the temperature of
the medium (water) to rise above 373 K, resulting in a transition
to a gaseous state of aggregation. The use of force (Fy =2.5)
allows for a stable temperature, but at the very end of the sim-
ulation, water also changes to a gaseous state. Only by using
a smaller force (F; =0.5) can a stable water temperature be
achieved during the entire simulation.

Figures of the water velocity distributions in the nanochan-
nel for the TIP4P model (Figs. 11 and 12) for the initial and
final phases of the simulation show a significant increase in the
velocity of water molecules during the entire simulation with
force (F; =5.0 and F; =2.5). With force (F; = 0.5), the veloc-
ity distribution of water molecules in the nanochannel remains
stable.

MODEL TIP4P

VELOCITY Vx*
- N w S

o

-05 0 05 1 15 2 25
CHANNEL WIDTH Z*

25 2 -15 -1

Fig. 11. Velocity distribution in a copper nanochannel in the direction
of flow (60 molecules of water — model TIP4P, time interval 5-30 ps)
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MODEL TIP4P

VELOCITY Vx*
N - o © 8

o

-15 -1 -05 0 05 1 15 2 25
CHANNEL WIDTH zZ*

25 -2

Fig. 12. Velocity distribution in a copper nanochannel in the direction
of flow (60 molecules of water — model TIP4P, time interval 30-50 ps)

The simulation results were compared with the experimen-
tal results available on water flow in nanochannels. Particular
attention was given to studies in which mass or volume flux
was measured directly in channels of comparable geometrical
dimensions (~ 1-10 nm), for example, using techniques such as:

e Nano-PIV (particle image velocimetry)

e NMR microfluidic flow measurements

e Mass flowmetry at nanoscales
These experiments (e.g., Whitby & Quirke, Nature Nanotech-
nology, 2007 [19]; Majumder et al., Nature, 2005 [20]) showed
that the water flow in nanochannels significantly deviates from
the predictions of the classical Poiseuille law due to the slipping
effect and low flow resistance, among others.

The mass flux of water obtained under these conditions corre-
sponds to values on the order of 10~ to 10~!? kg/s, depending
on the length of the channel, pressure, and wall material. Com-
paring these data with the results obtained in the simulations
(after rescaling the results expressed in reduced units), it was
observed that the order of magnitude of the flux is consistent
when medium driving forces are used (Fy = 0.5-2.5), while
higher forces (F; = 5.0) lead to a significant increase in ve-
locity and temperature, which in practice would correspond to

nonphysical experimental conditions (e.g., local evaporation or

superheating) (Table 3).
Notes and interpretation:

e Values estimated from V§ data and temperature distribu-
tions, are within the typical range of simulation and experi-
mental results on < 10 nm channels.

o High driving forces (F; = 5.0) result in flux values that are
outside the experimental values and may correspond to local
superheating or evaporation conditions.

The log-log type figure (Fig. 13) shows a summary of the ranges
of water mass flux in nanochannels, obtained from our own com-
puter simulations and from experimental and computational data
available in the literature. The ordinate axis shows the mass flux
values in log-log terms. The range of values obtained from our
own computer simulations and from experimental and compu-
tational data available in the literature is indicated by vertical
error bars, representing the span from the minimum to the max-
imum reported mass flux. The results obtained in this work (for
F} =0.5-2.5) are in the same order of magnitude as experimen-
tal and computational data from the literature, confirming their
physical plausibility.

1012} ® Mass flux
range
o
®
b4
o 1013 .
S
0y
=l
= qo-14 +
x
=
»
»
<
= 1015
ot “5\ 31\ ‘\0\‘ Q\\ QG\

wiga® (@8 0V W& @

x20 A2 \)\‘\“ © &2

&F 8¢t o BB o oo

W ‘\(@! “\'«\ (I-Q «
N\ o <0 o

Fig. 13. Comparison of water mass flux in nanoflows (simulation results
vs Experiment [19-23]

Table 3
Comparison of water mass flux in nanoflows: this study vs. experimental data [19-23]

Source / Conditions Method / Configuration

Average mass flux (kg/s)

Notes

~ 10714210713 (estimated | Values obtained from the average Vi
. . MD, 60 water molecules, . . .
This work (Fy =0.5-2.5) from the velocity distributions and the approximate
copper nanochannel s o
distribution) water density in the nanochannel
Majumder et al. (Nature, CNT (nanotubes), ~ 7 nm 10-14_10-12 Very high slippage observed, even
2005) diameter, different AP 104 times greater than the classic one
Whitby & Quirke (Nat. Graphene and oxide _13 . .
Nano. 2007) channels, nano-PIV 10 Higher flow for hydrophobic walls
Thomas & McGaughey MD, nanochannel SiO, and 10-15_10-13 Simulation data scaled to
(Nano Letters, 2008) Cu, ~ 5 nm, TIP4P experimental values
Hummer et al. (Nature, MD, water flow through 1014 Flow induced by chemical potential
2001) CNT (0.8 nm) difference
Joly et al. (Phys. Rev. Lett., | Micro-PIV, Si nanochannels, 13 1n-12 Measured volumetric and mass flow
~107-10
2006) 10-50 nm rates
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4. CONCLUSIONS

This work investigated the influence of externally applied forc-
ing on water flow in a copper nanochannel using molecular dy-
namics and three molecular water models (OPC, PPC, TIP4P).
The results demonstrate that the magnitude of the applied force
critically determines the thermodynamic stability of the system.
Only intermediate forcing values preserve the liquid phase and
produce stable velocity distributions. Excessive forcing results
in a rapid temperature increase leading to vaporization, while
insufficient forcing promotes cooling that may induce solidi-
fication. The variation in response observed among the water
models confirms that molecular model selection significantly
affects nanoscale flow characteristics and cannot be disregarded
when defining simulation parameters.

The simulations were performed for relatively small systems
(60 and 280 molecules), which may limit the possibility of direct
generalization of the results to real technical systems. Although
the obtained trends were consistent for both sizes of systems,
full scaling of the effects requires further studies. Popular water
models (OPC, PPC, TIP4P) were used, which, despite their wide
use in the literature, do not consider all the physicochemical
properties of real water, such as quantum effects or polariza-
tion. In addition, the channel walls were modeled as perfectly
ordered copper structures, free of defects and chemical interac-
tions, which constitutes a simplification relative to real techno-
logical conditions, but it enables a clearer understanding of the
fundamental transport mechanisms under idealized conditions
and allows for an unambiguous interpretation of the effects of
external forces and channel geometry without interference from
uncontrollable material heterogeneities.

The study thus identifies a limited and well-defined forc-
ing interval that enables physically consistent water flow at the
nanoscale. The presented findings provide a basis for selecting
appropriate simulation conditions and may facilitate the design
of nanoscale systems in which stable liquid transport is required.
Examples of applications include nanoporous materials, biosen-
sors, and cooling systems in nanoscale devices.
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