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Nanoscale fluid flow systems involve both microscopic and macroscopic parameters, which compete with
each another and lead to different flow regimes. In this work, we investigate the interactions of four funda-
mental parameters, including the fluid-fluid, fluid-wall binding energies, temperature of the system, and driving
force, and their effects on the flow motion in nanoscale Poiseuille flows. By illustrating the fluid flux as a
function of a dimensionless number, which represents the effective surface effect on the fluid, we show that the
fluid motion in nanochannels falls into different regimes, each of which is associated with a distinct mecha-
nism. The mechanisms in different situations reveal the effects of the parameters on the fluid dynamics.
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The potential applications of nanofluidics in science and
engineering have motivated intensive investigations of fluid
flow in nanochannels, where the classical Navier-Stokes
�NS� equations may not apply. Some microscopic parameters
that are not considered in the classical treatments play im-
portant roles in nanoscale fluid flows, such as the molecular
binding energies for the fluid-fluid and fluid-surface interac-
tions �1,2�. These microscopic parameters are directly related
to some macroscopic variables, including the temperature
and external driving force of the flow system. The tempera-
ture of the system measures the thermal vibration of the fluid
molecules, which can break the fluid-surface binding if the
temperature is high �1,3,4�. Similarly, a large driving force
can help fluid molecules overcome the attraction of the sur-
face �5–8�. On the other hand, the competition between
fluid-fluid and fluid-surface binding energies becomes criti-
cal when the temperature is low and the driving force is
small �2,7,9�. The coupling of these parameters at different
scales determines the flow regimes, where the mechanisms
of how the parameters affect the fluid motion are different.
For both theoretical analysis and practical applications, it is
essential to probe the flow regimes and the parameter depen-
dence in nanochannel flows.

Over the past two decades, many attempts have been
made to understand the behavior of confined fluids in the
nanoscale, including static and dynamic properties as well as
boundary conditions �10–21�. Many attentions were focused
on how surfaces affect the fluid motion through molecular
interactions �4–8,16–21�. It has been well known that strong
fluid-wall binding energy �fw favors fluid adsorption on the
wall surface and stick boundary condition tends to be valid
in this case �1,4,5,9,11,17�. The temperature of the system T
is another factor that affects fluid adsorption and the ratio
�fw /kT is usually used to predict the adsorption, where k is
the Boltzmann constant. However, �fw /kT may not be suffi-
cient to describe the behavior of fluids at the surface. Many
other parameters, such as the external driving force and fluid
density, also affect the fluid properties at the interface
�15,16,18,21,22�. Furthermore, the molecular binding energy
among fluid molecules �ff competes with the fluid-wall bind-
ing �fw and can be important in certain conditions. These
interacting parameters bring about different flow regimes and
cause the analysis of nanoscale fluid motion more compli-
cated than the classical treatments. How these parameters

affect the fluid motion becomes a critical issue in under-
standing the behavior of fluids in nanoconfinements. Among
these parameters, the fluid-fluid ��ff� and fluid-wall ��fw�
binding energies, temperature of the system T, and external
driving force Fe are the representative and key parameters.
Although the roles of some of the parameters have been
studied in literature, a clear picture about how they are
coupled and the consequent flow regimes requires further
explorations.

In this work, we investigate the interactions among the
aforementioned four parameters, �ff, �fw, T, and Fe and the
corresponding flow regimes. Nanoscale planar Poiseuille
flows are studied by using nonequilibrium molecular-
dynamics �NEMD� simulations. We show that the fluid mo-
tion can be classified into different regimes if it is properly
illustrated. The mechanisms that govern the fluid behavior in
the regimes offer a general picture of how these four param-
eters interact with each another and affect the dynamics of
fluids in nanochannels.

The Poiseuille flow system considered in this work, simi-
lar to that in Ref. �3�, consists of two parallel planar Ag walls
with a liquid in between. The tight-binding potential function
is used to consider the thermal vibrations of the wall atoms
�3�, which affect the energy accommodation of the wall and
the dynamics of fluid molecules at the wall surface �1,9�. The
fluid is modeled by the Lennard-Jones �LJ� potential, U�r�
=4���� /r�12− �� /r�6�, where r is the separation between a
pair of molecules, � is the collision diameter, and � is the
binding energy. Since the self-binding energy for many
popular fluids �ff is less than or of the order of room tem-
perature, we shall use liquid Ar ��ff=114 K� as a represen-
tative fluid. Liquid He ��ff=10 K� is employed to represent
light species �23�. The LJ potential is also used to calculate
the interactions between the fluid molecules and wall atoms.
The basic units, the length, mass, and energy, in the NEMD
simulations are set to be Angstrom, the mass of one Ag atom,
and eV, respectively. To examine the role of fluid-wall inter-
action, we artificially change the fluid-wall binding energy
�fw in a wide range. The temperature of the system is main-
tained at a certain value by applying the Berendsen thermo-
stat to the walls �24�. The potential is truncated at 10.21 Å
and Newton’s equations are integrated with Beeman’s leap-
frog algorithm, with time step equal to 1 fs �1,3�. Different
channel sizes, from about 2 to 4 nm between the two walls �y
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direction�, are used and the dimensions in the x and z direc-
tions are 19.8 and 4.9 nm. Periodic boundary conditions are
employed in the x and z directions only. An external force is
applied to each fluid molecule in the x direction, which is
increased linearly with time until the desired value is
reached. All the actions and measurements are made after
equilibration and the details can be found in Ref. �3�.

There is no doubt that the boundary condition, say, slip
length, at the fluid-wall interface is an important issue in
understanding the fluid-wall interaction. However, to under-
stand the flow regimes and the relations of many parameters
at different scales, the slip length may not be a suitable quan-
tity. In this work, we shall examine the flow flux. As will be
shown later, there are several clear regimes for the fluid mo-
tion when the fluid flux is plotted as a function of a dimen-
sionless number, which represents the effective surface ef-
fect.

To understand how the parameters interact, one approach
is to observe certain quantities �e.g., flow rate� by varying
only one of the variables at a time. This is tedious and some-
times practically impossible. Well-designed dimensionless

numbers, which contain information about the competition
of some parameters, can greatly simplify the analysis. It is
known that strong fluid-wall binding energy �fw and low
temperature kT favor the fluid adsorption on the wall surface.
Therefore, �fw /kT is an appropriate dimensionless number
for understanding the surface effect on the fluid. In Poiseuille
flows, the fluid-wall binding force, Ffw=−�U /�r, and the ex-
ternal driving force Fe form another competition. If the av-

erage binding force F̄fw is approximated as the force evalu-
ated at the separation r=�fw, where the potential vanishes,

F̄fw��fw /�fw. Therefore, the dimensionless number
�fw / �Fe�fw� bears similar physical meaning to �fw /kT and
can be equally important. Since both �fw /kT and �fw / �Fe�fw�
indicate the relative binding strength between the fluid and
wall, their product �fw

2 / �kTFe�fw� can be a sensitive indicator
for the effective surface effect on the fluid. We shall use this
dimensionless number to study the fluid flux.

We first measure the mass flux Q of liquid Ar in channels
of 3.7 nm between the walls under different temperatures and
external forces. The LJ parameters for Ar are taken as �ff
=114 K and �ff=3.47 Å �3,23�. The fluid-wall binding en-
ergy �fw is varied to cover a wide range, while �fw is kept
constant. Figure 1 shows the reduced mass flux Q /QNS as a
function of �fw

2 / �kTFe�fw�, where QNS is the prediction of the
NS equations at the boiling point at 1 atm. The correspond-
ing pressure drops over the channel for the external forces,
5�10−5, 1�10−4, and 2�10−4 in Figs. 1�a�–1�c� are 33, 66,
and 132 MPa. For each external force, the flux is measured at
three different temperatures, 100, 200, and 300 K. It is seen
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FIG. 1. �Color online� The reduced mass flux of liquid Ar as
a function of �fw

2 / �kTFe�fw� in a channel of 3.7 nm for different
temperatures and external forces. The external forces Fe �corre-
sponding pressure drops along the channel� on each fluid molecule
are �a� 5�10−5 �33 MPa�, �b� 1�10−4 �66 MPa�, and �c� 2
�10−4 �132 MPa�.
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FIG. 2. �Color online� �a� Velocity and �b� density distributions
of liquid Ar in the channel at different values of �fw

2 / �kTFe�fw� for
the case of T=100 K and Fe=1�10−4. Solid lines in �a� are the
parabolic fits shifted by the slip velocities.
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that there is a critical value at �fw
2 / �kTFe�fw��7, which di-

vides the flow into two regimes. The mechanism of how the
temperature affects the flux is completely different in these
two regimes. Before the critical value, let us call it regime I,
the flux decreases as the temperature increases for a given
value of �fw

2 / �kTFe�fw�. However, the flux increases with
increasing temperature when �fw

2 / �kTFe�fw� is larger than the
critical value �regime II�. The critical value is a division
point of strong and weak fluid-wall interactions. In regime I,
the surface effect is relatively weak and no fluid adsorption is

observed, as indicated by the velocity and density profiles in
Fig. 2. In this case, when the temperature is raised, the ther-
mal motions of the fluid molecules are enhanced, which in-
crease the collision frequency between the fluid and wall and
consequently the friction at the interface. Therefore, the flux,
in this regime, is dominated by the temperature-induced fric-
tion between the fluid and wall. In regime II, however, as
�fw

2 / �kTFe�fw� is increased, the surface effect on the fluid
grows strong and fluid adsorption tends to take place. This
can be confirmed by the decreasing fluid slip and increasing
fluid density close to the wall surface, as shown in Fig. 2
�25�. In this regime, a high temperature helps the fluid mol-
ecules free themselves from the adsorbed layers and join the
main flow stream of the fluid. This explains why the flux
increases when the temperature is increased. It is noted that
the relation of these parameters is not clear if the boundary
condition �e.g., slip length� is illustrated �not reported here�.
It is also noted that the velocity profiles can be well repre-
sented by the classical parabolic profiles corrected by the slip
velocities if the fluid-wall interaction is not very strong �Fig.
2�a��. However, this does not mean that the slip-corrected
classical approach can predict the flux of nanochannel flows
because the density and viscosity of the confined fluid are
nonuniform �3,20�. For instance, the volumetric flux of the
flow with �fw

2 / �kTFe�fw�=28.5 in Fig. 2 is equal to 11.7 m/s
if the slip-corrected parabolic velocity profile is used, while
the flux given by the MD simulation is equal to 9.7 m/s. The
discrepancy is due to the fact that the fluid density close to
the wall is much larger than that in the center area, as shown
in Fig. 2�b�.

In Fig. 1, it is also seen that the flux generally decreases

fw

kT
ε

FIG. 3. The schematic of equipotential surfaces, which represent
the real wall surface. The strength of the fluid-wall interaction de-
creases from the top to bottom panel.
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FIG. 4. �Color online� The reduced mass flux of liquid He as a
function of �fw

2 / �kTFe�fw� for different temperatures and external
forces. The channel size is 3.7 nm and the external forces Fe �cor-
responding pressure drops along the channel� on each fluid mol-
ecule are �a� 5�10−5 �30 MPa�, �b� 1�10−4 �59 MPa�, and �c�
2�10−4 �120 MPa�.
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FIG. 5. �Color online� The reduced mass flux of liquid Ar in
channels of �a� 1.8 nm and �b� 2.8 nm.
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as �fw
2 / �kTFe�fw� increases in regime II. This is due to the

fact that the number of fluid molecules in the main stream
drops when the molecules tend to be adsorbed by the wall
with increasing fluid-wall interaction. In regime I, there is a
maximum in the flux as �fw

2 / �kTFe�fw� changes. To explain
the maximum, it is necessary to look into the “real” wall
surface, with which the fluid molecules interact. For the
fluid-wall interaction, a large binding energy corresponds to
a strong repulsive force at small separations, which prevents
the fluid molecule from getting close to the wall. The real
wall surface for the fluid molecules can be represented by an
equipotential surface, beyond which no fluid molecules can
pass. Figure 3 sketches such equipotential surfaces at differ-
ent binding energies �fw. In Fig. 3, the dots are the centers of
wall atoms and the solid curves and circles denote the equi-
potential surfaces. For very small �fw /kT, it is seen that fluid
molecules can be very close to and even penetrate into the
wall. In this case, the surface of the wall is rough and the
friction at the interface is large. If �fw /kT is relatively large,
the atomic wall surface becomes smooth and the friction de-
creases. Hence, in regime I, when �fw

2 / �kTFe�fw� is very
small, the friction caused by the rough atomic surface domi-
nates over the fluid-wall attraction. As �fw

2 / �kTFe�fw� in-
creases, the increasing smoothness of the surface reduces the
friction and the flux goes up. At relatively large
�fw

2 / �kTFe�fw�, the fluid-wall interaction starts to be a major
factor, which increases the friction and reduces the flux by

strong attractive force between the fluid and wall.
For Ar, the fluid-fluid self-binding energy �ff /kT�1. For

some light species, �ff is small and �ff /kT�1. To explore the
flow regimes and the interactions of the parameters at weak
�ff, we replace Ar by liquid He, for which �ff=10 K and
�ff /kT�0.1 �23�. The reduced flux for He in the same chan-
nel is plotted in Fig. 4. For He, it is seen that there does not
exist a critical value for �fw

2 / �kTFe�fw�. In contrast, there are
three different regimes. When �fw

2 / �kTFe�fw� is very small,
the flux decreases as increasing temperature. This is the same
as that for Ar. Furthermore, the flux is generally independent
of �fw, which indicates that the temperature, in this regime,
dominates over �fw. However, for large �fw

2 / �kTFe�fw�, all
the curves for different temperatures collapse and the flux
becomes independent of kT for a given value of
�fw

2 / �kTFe�fw�. In this regime, �fw is more important than kT.
Between the two regimes is the transition regime, where the
flux changes from �fw independent to kT independent. It has
to be pointed out that the three regimes are undetectable if
the flux is plotted versus �fw /kT.

The comparison between the behaviors of the flux for Ar
and He indicates the role of the fluid-fluid self-binding en-
ergy �ff that lies in the regime of strong surface effect, where
�fw

2 / �kTFe�fw� is large and fluid adsorption occurs. If �ff is
comparable to the temperature, �ff can enhance the effect of
temperature, as indicated by the temperature dependent flux
for Ar �Fig. 1�. If �ff is much smaller than the temperature,
the fluid-fluid interaction has little contribution in freeing the
fluid molecules from the adsorbed layers and the temperature
effect seems to be less important compared to the strong
surface effect.

Since the channel size is not involved in the dimension-
less number �fw

2 / �kTFe�fw�, it is necessary to examine the
effect of channel size on the flow regimes observed in Figs.
1 and 4. Figures 5 and 6 depict the fluxes of liquid Ar and He
in 1.8 and 2.8 nm channels. It is seen that the flow regimes
observed in Figs. 1 and 4 remain unchanged. The effect of

10-3 10-2 10-1 100 101 102 103

0.1

1
Q
/Q

N
S

εεεεfw2/(kTFeσσσσfw)

Fe=0.0001
300K
200K
100K

(a)

10-3 10-2 10-1 100 101 102 103
0.01

0.1

Q
/Q

N
S

εεεεfw2/(kTFeσσσσfw)

Fe=0.0001
300K
200K
100K

(b)

FIG. 6. �Color online� The reduced mass flux of liquid He in
channels of �a� 1.8 nm and �b� 2.8 nm �b�.
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channel size lies in the sensitivity of the flow to the tempera-
ture. It is easy to find that the flow is more sensitive to the
temperature in small channels than large channels. For in-
stance, the ratio of the reduced flux at 300 K to that at 100 K
for �fw

2 / �kTFe�fw��100 in Fig. 1�c� is 2.1, while this ratio is
4.1 in Fig. 5�a�. This indicates that the flow behavior may
become temperature independent and the flow regimes dis-
appear when the channel size is larger than a critical value,
where the classical theory may apply. This requires further
explorations and is beyond the scope of current work.

We have summarized the flow regimes in Fig. 7. For
small �ff /kT, there are three flow regimes. As �fw

2 / �kTFe�fw�
increases, the flux undergoes a transition from �fw indepen-
dent �kT dominates� to kT independent ��fw dominates�. If
�ff /kT�1, the critical value of �fw

2 / �kTFe�fw� divides the

flow into weak and strong fluid-wall interaction regimes. In
the weak-interaction regime, the fluid flux decreases as the
temperature increases, while the fluid flux is enhanced when
the temperature is raised in the strong-interaction regime, as
illustrated in Fig. 7. Finally, it is worth mentioning that the
external forces, in the current work, are relatively small. If
the external force is large, the fluid heating due to different
sources of friction can be important �3�. In this case, whether
the heating effect can be incorporated into the temperature
requires further investigation.
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