
Surface effects on friction-induced fluid heating in nanochannel flows

Zhigang Li
Department of Mechanical Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong

�Received 17 November 2008; published 25 February 2009�

We investigate the mechanism of friction-induced fluid heating under the influence of surfaces. The tem-
perature distributions of liquid argon and helium in nanoscale Poiseuille flows are studied through molecular
dynamics simulations. It is found that the fluid heating is mainly caused by the viscous friction in the fluid
when the external force is small and there is no slip at the fluid-solid interface. When the external force is
larger than the fluid-surface binding force, the friction at the fluid-solid interface dominates over the internal
friction of the fluid and is the major contribution to fluid heating. An asymmetric temperature gradient in the
fluid is developed in the case of nonidentical walls and the general temperature gradient may change sign as the
dominant heating factor changes from internal to interfacial friction with increasing external force. The effect
of temperature on the fluid heating is also discussed.
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Fluid motion in nanoconfinements has attracted great in-
terest due to its potential applications in many areas of sci-
ence and engineering. In nanofluidics, the surface area to
volume ratio is high and the surface plays an important role
because it affects the physical and dynamic properties of the
fluid in complicated ways �1–6�. The velocity profile in
nanoscale Poiseuille flows qualitatively follows parabolic
distribution, as predicted by the Navier-Stokes �NS� equa-
tions. However, the magnitude of the velocity can be consid-
erably different from the estimation of NS equations �7,8�
given the pressure drop. In many cases, the flow rate is or-
ders of magnitude smaller than predicted by the continuum
theory. This is caused by the strong fluid-surface friction,
which also converts external work to internal heat and there-
fore heats up the fluid. Furthermore, the internal viscous fric-
tion due to fluid-fluid molecular collisions can be viewed as
another heat source. This heat source is nonuniform because
the density of the fluid is inhomogeneous under the influence
of the surface. The heat generated by the fluid-fluid and
fluid-surface frictions is eventually dissipated through the
channel wall and the heat transfer depends on the thermal
resistance at the fluid-wall interface, which is related to many
factors, such as fluid-surface interaction, the structure of the
surface, and boundary conditions �9–12�. These three factors,
internal viscous friction, fluid-surface friction, and interfacial
thermal resistance, are usually coupled and make the surface
effect on the fluid heating a very complex issue.

The sources of friction could cause nonuniform tempera-
ture distribution in the fluid, depending on the surface effect.
This is true especially for the cases in which the surfaces
involve different materials. A temperature gradient in fluids
is associated with the phenomena of thermophoresis or ther-
modiffusion �13,14�, in which suspensions tend to concen-
trate on either the high- or low-temperature side depending
on the sign of their thermodiffusivity �15,16�. This could
promote the possible applications of friction-induced fluid
heating for particle and biomolecule separation through
micro- or nanochannels �17,18�. Attempts have been made to
understand the heat transfer in nanochannel fluid flow by
using Monte Carlo and molecular dynamics �MD� simula-
tions �9,11,19,20�, but little work has been done to under-
stand the heating of confined fluids induced by the sources of

friction. Although it is well known that the viscous effect can
cause the temperature of confined fluids to increase, the ef-
fect of surfaces is not fully understood and the mechanism of
friction-induced fluid heating in nanochannel flow is still un-
clear.

In this work, we use nonequilibrium molecular dynamics
�NEMD� simulation to investigate the temperature change in
nanoscale planar Poiseuille flows. Temperature variations in
liquid Ar and He between identical and nonidentical parallel
walls are examined. Our attention is focused on the qualita-
tive mechanisms of the surface effect on the fluid heating. It
is found that the fluid heating is governed by internal viscous
friction of the fluid, at small pressure drop. For large pressure
difference, the fluid-surface friction dominates over the inter-
nal friction. The thermal resistance at the fluid-wall interface
is another critical factor, which restrains the heat dissipation
through the wall.

The Poiseuille flow system considered in this work con-
sists of two parallel planar solid walls, which could be of
different materials. A liquid, Ar or He, is confined between
the walls and an external force is applied to each fluid mol-
ecule in the direction parallel to the walls. The material of
the wall is Ag and/or Al. The thermal vibration of the atoms
in the wall is considered by using the tight-binding potential
function, which has been tested and widely used for transi-
tion metals �21,22�. The fluid is described by the Lennard-
Jones �LJ� potential, U�r�=4�������� /r�12− ���� /r�6�,
where r is the separation between two interacting atoms of
species � and �, respectively, ��� is the collision diameter,
and ��� is the binding energy. The interaction between the
fluid molecules and atoms in the wall is also calculated by
the LJ potential and the interaction parameters follow the

TABLE I. Lennard-Jones parameters.

Atom �molecule� � �Å� � �K� Reference

He-He 2.550 10 �23�
Ar-Ar 3.470 114 �23�
Ag-Ag 2.574 4075 �24�
Al-Al 2.551 4736 �24�
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Lorentz-Berthelot mixing rule, in which the collision diam-
eter ��� is given by the arithmetic mean of the self-
interaction parameters of the two species, ���= ����

+���� /2, and the binding energy is approximated by the
geometric mean, ���=�������. In order to implement this
mixing rule for interactions, we use the LJ parameters given
in Refs. �23,24� for the fluid and wall. The values of � and �
are summarized in Table I.

The structure of a typical NEMD system is shown in Fig.
1. The walls are parallel to the x axis and each wall consists
of four layers of atoms. The distance between the two inner-
most layers, in the y direction, is 3.7 nm, and the lengths of
the system in the x and z directions are 9.8 and 4.9 nm.
Periodic boundary conditions are employed in the x and z
directions only. The potential is truncated at 10.21 Å and
Newton’s equations are integrated with Beeman’s leapfrog
algorithm �1,22,25�, with time step equal to 1 fs. Initially, the
wall atoms and fluid molecules are on fcc lattice sites and
then the system is relaxed for 100 ps to reach equilibrium.
After the equilibration, a force is applied to each fluid mol-
ecule in the positive x direction. This external force is lin-
early increased with time until it reaches the desired value in
50 ps. Afterward, the system is allowed to equilibrate for
another 100 ps before the temperature distribution and the
other properties of the fluid are measured. Due to the inter-
action between the fluid and surface, the external force on
the fluid is eventually transmitted to the walls. Therefore, to
prevent the walls from moving, we fix the atoms in the out-
ermost layer of the walls and allow the atoms in the other
three inner layers free to vibrate, which are sufficient to ac-
count for the effect of surface flexibility on the fluid motion.
The Berendsen thermostat is used to maintain the tempera-
ture of the wall �26�. In this sense, the wall behaves like a
heat sink, which dissipates the energy transferred to the sys-
tem in the form of work done by the external force. The fluid

is divided into 20 bins in the y direction and the positions
and velocities of fluid molecules are recorded every ten steps
such that a large amount of molecules are available for cal-
culating the temperature. The temperature in the ith bin, Ti, is
calculated based on the peculiar velocity of each molecule
relative to the streaming velocity of the molecules in the bin,

Ti = �
j=1

Ni

m�vi − v̄�2��3Ni − ��k , �1�

where m and vi are the mass and laboratory velocity of each
molecule in the bin, Ni and v̄ are the total number and mean
velocity of the molecules in the bin, k is the Boltzmann con-
stant, and � is the number of degrees of freedom used up in
determining the mean velocity, which is small compared
with Ni.

We first investigate the temperature variation of liquid Ar
and He between two Ag walls. The temperature of the wall is
maintained at T=100 K. Three different external forces F1,
F2, and F3, which cover a wide range, are used to observe
the temperature distribution at different situations. The forces
and the corresponding pressure drops along the channel are
given in Table II. The temperature variation in the fluids is
shown in Fig. 2. It is seen that the temperature profile, for all
the external forces, generally follows the same fashion that it
is uniform around the center area and drops toward the walls.
This is expected since all the friction-generated heat has to
be dissipated through the two identical walls. Although the
temperature distribution looks similar, the mechanism for the
fluid heating is different. When the external force is smaller
than the fluid-surface binding force, the stick boundary con-
dition applies and there is no relative motion between the
fluid and wall at the interfaces, as illustrated by the velocity
profile in Fig. 3�a�. Hence, the temperature increase in Fig.
2�a� is mainly caused by the viscous friction in the fluid. It is
noted that the viscous friction in the fluid is nonuniform
because the density of the fluid is inhomogeneous due to
surface effects, as shown in Fig. 3�b�. This nonuniform vis-
cous friction can be reflected in the temperature profile if the
walls are nonidentical, as discussed later.

As the external force is increased �Fig. 2�b��, the friction
in the fluid becomes relatively strong and heats up the fluid
further. In Fig. 2�b�, it is also seen that the temperature gap
between the fluids and wall is larger than the case of small
external force. To explain the gap, it is necessary to measure
the thermal resistance Rth between the fluid and surface.
There are several ways to obtain the thermal resistance �27�.
In this work, Rth is determined as the ratio of the temperature
gap �T at the interface to the heat flow q through the wall. In
the simulations, the total kinetic energy E of the vibrating
atoms in the wall and the difference between this total energy

F

y

x

FIG. 1. �Color online� Structure of a typical planar Poiseuille
flow system. Outer �green� particles are wall atoms and inner �red�
particles are fluid molecules. External force is applied in the x
direction.

TABLE II. External force and the corresponding pressure drop along the channel.

Fluid

Force in MD simulation �pressure drop �MPa��
F1 F2 F3

Argon 2.5�10−4 �70.9� 1.0�10−3 �284� 3.0�10−3 �851�
Helium 5.0�10−5 �12.7� 2.0�10−4 �50.8� 6.0�10−4 �152�
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and the desired wall temperature, �E=E−3NkT /2, are cal-
culated at each step before the thermostat is applied, where
N is the number of vibrating atoms. The heat flow through
the wall is estimated as the average of the energy difference,
q= ��E	. The interfacial thermal resistance in the cases
of Figs. 2�a� and 2�b� are equal to Rth=1.18	0.06�10–9

and Rth=1.10	0.04�10–9 m2·K /W for Ar and Rth
=1.60	0.01�10–9 and Rth=2.30	0.04�10–9 m2·K /W
for He, which are of the same order. However, the heat gen-
eration q in the case of Fig. 2�b� is more than that of Fig.
2�a�. Based on Fourier’s law of conduction, q=�T /Rth, the

temperature gap for the case of Fig. 2�b� has to be large to
conduct away enough heat.

If the external force is increased further, the temperature
of the fluid increases greatly but the shape remains almost
the same. In addition, a big jump is found in the temperature
at the interface, as shown in Fig. 2�c�. In this case, the ex-
ternal force becomes larger than the fluid-wall binding force
and there is a slip at the fluid-wall interface, as indicated by
the velocity profiles in Fig. 3�a�. The friction at the interface
due to the slip is the major contribution to the heat genera-
tion because the fluid-wall interaction is much stronger than
the fluid-fluid interaction. For relatively small external
forces, the interfacial thermal resistance for Ar is smaller
than that for He because Ar-Ag interaction is stronger than
He-Ag interaction. With the slips, it is obtained that Rth for
Ar does not change too much �Rth=0.71	0.01
�10–9 m2·K /W�; however, Rth increases considerably at the
He-Ag interface �Rth=6.69	0.01�10–9 m2·K /W�. There-
fore, the large temperature gap at the interfaces is caused by
the heat generation for Ar, while both heat generation and Rth
are important to the temperature jump for He. But for both
fluids, the heat induced by fluid-wall friction dominates over
fluid-fluid friction. This can also be confirmed by the flows
between nonidentical walls, as will be discussed later. In Fig.
2, it is also found that the surface effect reaches further in the
fluid for Ar than He. This is because the Ar-Ag binding is
stronger than the He-Ag interaction. It is noted that the tem-
perature profiles of fluids between two identical walls have
been investigated through MD simulations �28,29�. It was
shown that the temperature distribution carries both qua-
dratic and quartic characters if the spatial variations of the
fluid properties are considered �28�. For the temperature pro-
files in Fig. 2, it is found that the pure quartic term can fit the
data very well and the quadratic contribution is not evident.
This might be the consequence of small channel size and
different molecular interactions in the wall �29�.

In Fig. 2, the two walls are made of same material and the
temperature profile is symmetric. If the materials of the walls
are different, the interactions between the fluid and two walls
may compete with each other, redistribute the fluid mol-
ecules, and bring about different temperature profiles. Figure
4 shows the temperature variation under the same external
forces but the upper wall is changed to Al, which has stron-
ger binding force with the fluids than Ag, based on the values
of the binding energy in Table I. The difference in the surface
wettability causes asymmetric fluid density distribution.
Close to the upper wall �Al�, the fluid density is higher and
the viscous effect is stronger relative to the fluid around the
lower wall. This is consistent with the temperature distribu-
tion at small external force shown in Fig. 4�a�, in which an
asymmetric temperature gradient is developed and it is gen-
erally positive in the y direction. It is also seen, in Fig. 4�a�,
that the temperature for He is higher than the case of identi-
cal walls �Fig. 2�a��. This is because the thermal resistance
Rth at the He-Al interface is larger than that at the He-Ag
interface in Fig. 2�a�. Furthermore, in this case, Rth at the
lower interface �He-Ag� is also larger than the case of iden-
tical Ag walls because the fluid density close to the Ag wall
decreases due to the strong He-Al interaction at the upper
wall. Actually, the same situation happens with Ar. However,
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FIG. 2. �Color online� Temperature distributions in liquid Ar and
He between two Ag walls of 100 K under different external force,
�a� F1, �b� F2, and �c� F3. Error bars in �b� and �c� are well below
0.5%.
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the intermolecular interaction among Ar molecules is much
stronger than for He; therefore, He is more sensitive than Ar
to the changes in the surface.

Further increase in the external force enhances the friction
in the fluids, and slip may occur depending on the fluid-
surface interaction and the structure of the surface �11,12�.
As the force is increased, the velocity slip takes place first at
the lower surface �Ag� for He and the fluid-surface friction
grows to be a dominant factor for heat generation, as illus-
trated by the negative temperature gradient for He in Fig.
4�c�. For Ar, a slight slip is also observed in Figs. 4�b� and
4�c�, but the friction in the fluid seems to be still significant
since the temperature in the region close to the upper wall
�Al� is higher than that close the lower Ag surface. The ve-
locity distributions corresponding to Fig. 4 are shown in Fig.
5, where the fluid slips are illustrated. The sign change of the
temperature gradient in He confirms that the friction at the
fluid-wall interface dominates the heat generation if a slip
takes place.

We have also studied the temperature fluctuation in Ar
and He in the same channels at wall temperature T=300 K.
The temperature effect lies in the competition between the
kinetic energy of the fluid molecules and the fluid-wall bind-
ing energy. If the temperature of the system, kT, is smaller
than fluid-wall binding energy �, adsorption of fluid mol-

ecules on the solid surface is favored; otherwise, the fluid
molecules have relatively large kinetic energy to overcome
the attraction of the walls and adsorption may not occur �22�.
Figure 6 illustrates the temperature variation in the fluids for
the cases shown in Figs. 2 and 4 except that the wall tem-
perature is 300 K. Generally, the temperature profiles of the
fluids are quite similar to those shown in Figs. 2 and 4. The
only difference is that the slip tends to occur at intermediate
external force for He. This is because the He-Ag and He-Al
binding energy �
200 K, which is smaller than the surface
temperature of 300 K, as is seen in Fig. 6�b2�, where the
external force is medium but the slip at the He-Ag surface
causes the temperature of He to increase in the area close to
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FIG. 3. �Color online� �a� Velocity and �b� density distributions
for liquid Ar and He between two Ag walls of 100 K under external
forces F1, F2, and F3.
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FIG. 4. �Color online� Temperature distributions in liquid Ar and
He between two nonidentical walls of 100 K under different exter-
nal forces �a� F1, �b� F2, and �c� F3. The lower and upper walls are
Ag and Al, respectively.
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the lower surface. Fluid slip at solid surfaces depends on the
ratio of kT /�. Although the effect of temperature on the slip
is not significant, the enhanced thermal vibration of wall at-
oms at relatively high temperature can reduce the ordering of
fluid layers near the surface and increases the slip length
�30,31�. For liquid Ar, the temperature profile remains almost
the same because the Ar-Ag and Ar-Al binding energy �

700 K is much larger than 300 K. Therefore, the increase
in the temperature from 100 to 300 K does not change the
fundamental Ar-surface interaction.

In summary, we have investigated the fluid heating in
nanoscale Poiseuille flow between two identical and non-
identical planar surfaces. It has been found that the tempera-
ture increase in the fluid is determined by the frictions in the
fluid and at the fluid-wall interface. For small external force,
at which the stick boundary applies, the heating of fluid is
mainly caused by the internal friction of the fluid. However,
the friction at the fluid-surface interface is the major contri-
bution to heat generation at large external force, which
brings about velocity slip at the boundary. Furthermore, the
thermal resistance at the interface determines the temperature
gap between the fluid and surface as well as the temperature
in the fluid. In the channel of identical surfaces, the tempera-
ture profile is symmetric. However, the temperature gradient
across the channel width becomes asymmetric when the ma-
terials of the walls are different. This is because the internal
friction is nonuniform and the frictions due to slip at the
interfaces are different. The effect of temperature has also
been studied and it has been found that the temperature of

the surface affects the slip at the interface. If the fluid-wall
binding energy is smaller than the surface temperature, slip
tends to occur at relatively small external force and the fric-
tion at the interface becomes important. However, the tem-
perature of the surface has little effect on the temperature
profile of the fluid when the fluid-wall binding energy is
larger than the surface temperature. Finally, it is noted that
the numerical analyses in this work are by no means com-
plete. Some issues, such as how the channel size and geo-
metric and mechanical properties of the surface affect the
temperature distribution of the fluid, are still unclear, and the
potential application of fluid heating for particle separation is
also worthy of investigation.
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