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Nonequilibrium molecular dynamics simulation is applied to investigate the effect of periodic wall rough-
ness on the flow of liquid argon through krypton nanochannels. The effect of the length of a rectangular
protrusion on the flow is investigated and compared to the case of nanochannels with flat walls. The results
show a clear trapping of fluid atoms inside the rectangular cavities that are formed between successive
protrusions. The size of the cavities affects the potential energy map and, consequently, fluid atom localization.
This localization results in a reduction of velocity values inside the cavities, as well as a reduction of the slip
length near the rough wall.
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I. INTRODUCTION

The assumption that a flowing fluid is immobilized near
solid walls �the “no-slip condition” assumed at the wall in
ordinary fluid dynamics� has to be revised when dealing with
flows in nanochannels. The width of the nanochannel, the
structure of the solid boundary, and the type of fluid-solid
interaction near a solid wall are expected to play a significant
role in the flow properties at the nanoscale. It has been
shown in great detail �1–8� that the channel width is of par-
ticular importance. In small channel widths, the fluid is in-
homogeneous near the solid boundary and the Navier-Stokes
hydrodynamic prediction for the velocity profile and the no-
slip condition break down.

Another critical aspect that affects fluid behavior at the
boundary is the wall-fluid interaction, which characterizes a
wetting �small wall-fluid interaction� or a nonwetting �large
wall-fluid interaction� surface. In �9,10� it was found that, as
the wall-fluid interaction increases, larger peak maxima and
more oscillations are generated in the density profile close to
the solid walls. In �11�, useful results on density, velocity,
and temperature profiles and the slip length in a channel of
width h=16� with different wettability conditions on the
solid interface are reported.

The effect of wall structure is also of particular impor-
tance in nanoflows, since wall roughness becomes significant
compared to the channel dimensions. There are various clas-
sifications of wall roughness in the literature. Nevertheless,
at the atomic scale, the definition of a smooth wall is some-
what imprecise since the walls are formed by individual par-
ticles with finite roughness �12�. Priezjev in �13� also defines
thermal wall roughness to depend on the kind of forces of the
wall atoms. He represented it with the spring constant and
found that thermally smooth walls are achieved by increas-
ing the wall atom spring constant. Galea and Attard �14�
study the effect of wall roughness by varying the size and
spacing between solid atoms and keeping the interaction
with the fluid atoms constant. They examine the effect of
wall roughness on slip length and find that the slip length

presents a nonmonotonic behavior as the wall varies from
smooth to rough.

Work has been reported on rough walls with various geo-
metrical patterns. In a triangular-shaped wall �15� it was
found that fluid velocity values decrease near the walls as the
roughness amplitude increases. Ziarani and Mohamad �16�
consider a channel with random roughness patterns at the
walls and report on velocity fluctuations as the roughness
amplitude increases. Jabbarzadeh et al. �17� studied the flow
of liquid hexadecane in sinusoidal-wall channels and con-
cluded that slip at the wall increases as the roughness period
increases, for the specific length of hexadecane molecules.
Kim and Darve �18� studied electro-osmotic flow of water
molecules through channels with rectangular roughness and
present density profiles that show “layering” near the walls.
The layering follows the shape of the wall surface. Velocity
values are smaller inside roughness steps and the diffusion
coefficient tends to be smaller near the rough wall. Priezjev
�13� studied random and periodic rough walls by varying the
roughness amplitude of the wall surface and presented results
on the variation of slip length as a function of the local shear
rate.

Apart from molecular dynamics, surface slippage has
been examined with mesoscopic lattice Boltzmann ap-
proaches in �19,20�, where it was suggested that it is possible
to design smart surfaces with controlled slippage. Slip length
was also estimated by hydrodynamic calculations for rough
boundaries in �21� and for rough boundaries with controlled
hydrophobicity �superhydrophobic surfaces� in �22�. Experi-
mental results for flows past superhydrophobic surfaces are
reported in �23,24�, where it is concluded that fluid atoms do
not enter roughness cavities due to the existence of an air/
water interface.

Further insight into the effects of wall roughness on fluid
flows in conduits is warranted. For example, fluid atoms
could possibly be trapped inside the cavities of a rough wall
or, on the contrary, they could be forced away because of the
increased interaction with wall atoms. The present work in-
vestigates fluid atom behavior in channel layers adjacent to a
rough wall formed by periodically spaced rectangular protru-
sions. Potential energy plots are presented in order to reveal
probable positions of fluid atoms close to and inside the rect-
angular grooves. We also present detailed density and veloc-*thkarak@uth.gr
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ity profiles calculated over a dense computational grid inside
the nanochannel. Moreover, we investigate fluid atom trap-
ping inside roughness cavities by analyzing their trajectories.
Finally, slip length at the boundary is estimated as the rough-
ness period varies.

The present paper is set up as follows. In Sec. II simula-
tion details are presented. Results are presented and dis-
cussed in Sec. III, and Sec. IV contains concluding remarks.

II. SIMULATION DETAILS

A. Molecular system model

Nonequilibrium molecular dynamics simulations were
performed to simulate the flow of liquid argon in a channel

with krypton walls. The lower wall of the channel is smooth.
The rough upper wall is constructed by “adding” extra wall
atoms to form periodically spaced rectangular protrusions
�see Fig. 1�. We considered five different cases for the peri-
odic roughness of the upper wall �p=0, 1, 2, 3, and 6, as
shown schematically in Fig. 1�, where p represents the num-
ber of rectangular grooves in the computational domain, i.e.,
p=0 is the smooth channel, p=1 signifies one rectangular
groove, p=2 two rectangular grooves, p=3 three rectangular
grooves, and p=6 six rectangular grooves. The dimensions
of the computational domain in the x, y, and z directions are
Lx�Ly �Lz=10.6�10.6�23 �in units of ��, while the
smooth channel is of width h=19�. The roughness amplitude
is about 10% of the channel width ��2�� and the protrusion
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FIG. 2. Potential energy contour plots for p= �a� 1, �b� 2, �c� 3, and �d� 6. Light gray regions are the solid walls.

FIG. 1. Schematic of channels modeled.
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length �and, equivalently, the cavity length� lg equals Lx /2p
�i.e., lg=5.3�, 2.65�, 1.77�, and 0.88� for p=1, 2, 3, and 6
respectively�. We also performed simulations for a computa-
tional domain with dimensions Lx�Ly �Lz=21.2�10.6
�23 �in units of ��, i.e., we doubled the x dimension so as to
investigate the possible existence of size effects, and we ob-
tained the same results for the calculated quantities �within
statistical error�.

The particle interactions are described by the Lennard-
Jones �LJ� 12-6 potential

uLJ�rij� = 4����/rij�12 − ��/rij�6� , �1�

where the parameters of the Lennard-Jones potential are
�Ar-Ar=0.3405 nm �from now on �Ar-Ar will be referred to as
��, �Kr-Kr=0.3633 nm, �Ar-Kr=0.3519 nm, �Ar-Ar /kB
=119.8 K �from now on this will be referred to as ��,
�Kr-Kr /kB=167.0 K, �Ar-Kr /kB=141.4 K, the atomic mass for
argon is mAr=39.95 a.u. �from now on this will be referred to
as m�, the atomic mass for krypton is mKr=83.8 a.u., and the
cutoff radius is rc=2.5�.

Periodic boundary conditions are considered in the x and
y directions. The smooth channel consists of 432 wall atoms
and 1440 fluid atoms, while each rough wall channel consists
of 504 wall atoms and 1368 fluid atoms. Wall atoms are
bound on fcc sites and remain in their original positions due
to the effect of an elastic spring force F=−K�r�t�−req�,
where r�t� is the vector position of a wall atom at time t, req
is its initial lattice position vector, and K
=57.15��Kr-Kr /�Kr-Kr

2 � is the wall spring constant. The tem-
perature is kept constant at T*=1 �� /kB, kB is Boltzmann’s
constant� with the application of Nosé-Hoover thermostats.
An external driving force Fext=0.013 44�� /�� is applied
along the x direction to drive the flow.

The simulation step for the system is �t=0.005� �� is in
units of �m�2 /��. In the beginning, fluid atoms are given
appropriate initial velocities in order to reach the desired
temperature �T*=1�. The system reaches the equilibrium
state after a run of 2�106 time steps. Then, a number of
nonequilibrium molecular dynamics NEMD simulations are
performed, each with duration of 5�105 time steps.

B. Computational details

The potential energy, number density, and streaming ve-
locity profiles are evaluated as local values at various xz
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FIG. 3. �Color online� Total average number density profiles.
Solid lines are a guide for the eye. Dashed lines denote the protru-
sion limits and dotted lines the cavities and lower wall limits.
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FIG. 4. Two-dimensional number density plots for p= �a� 1, �b� 2, �c� 3, and �d� 6. Lighter colors denote increased fluid atom localization
and black regions are the solid walls.

EFFECTS OF WALL ROUGHNESS ON FLOW IN NANOCHANNELS PHYSICAL REVIEW E 79, 026305 �2009�

026305-3



positions of the channels. To achieve this, the channel is
divided into m�n bins in the xz plane, each one of volume
Vbin= �Lx /m��Ly� �h /n�, where m=48, n=48. The rectan-
gular wall consists of protrusions, cavities, and “discontinu-
ity” regions. As shown in Fig. 1, for a discontinuity formed
from a protrusion to a cavity we use the term “out-to-in”
region and from a cavity to a protrusion we use the term
“in-to-out” region. For example, for p=1 �see Fig. 1� there is
one cavity, one protrusion, and two in-to-out and two out-
to-in regions. The potential energy, number density, and
streaming velocity are estimated in each one of these regions
as local quantities.

The potential energy as a local quantity, ubin, is calculated
in each bin as

ubin�rij
bin� = 4����/rij

bin�12 − ��/rij
bin�6� , �2�

where rij
bin is the distance between the ith atom �located in the

bin� and the jth atom. Note that the jth atom is located inside

the region of the ith atom interaction, but it may be outside
the bin.

The slip length at the solid boundary, Ls, is calculated
from the linear Navier boundary condition �25� as Ls
= �uw / �duw,z /dz��w, where uw is the fluid velocity at the wall,
as in �15,16,26�.

III. RESULTS AND DISCUSSION

A. Potential energy distributions

Contour plots of the potential energy obtained as values
averaged in time inside the nanochannels are presented in
Figs. 2�a�–2�d�. In all cases, the potential energy distribution
does not change adjacent to the smooth wall �within statisti-
cal errors�. The potential contour shape follows the wall
atom placement in the fcc lattice and is not influenced by the
morphology of the opposite wall. Moreover, the potential
energy is uniform in the interior of the nanochannels, but
presents different behavior near the rough walls.

When p=1 �Fig. 2�a��, on the upper rough wall, the po-
tential energy contours follow the wall atom placement in
protrusions and cavities and do not seem to affect fluid atom
localization significantly in these regions. However, in the
two in-to-out regions, the potential energy attains small val-
ues, and this fact is an indication that it is more probable for
fluid atoms to be localized there, as the potential there is
minimal. For p=2 �Fig. 2�b��, we observe that inside every
cavity there exist two regions of high potential energy �the
lighter regions� flanked by three regions of low potential
energy �the darker regions�. As fluid atoms tend to be local-
ized in low potential energy regions, it is possible that fluid
atoms could be trapped inside the cavities. For p=3 �Fig.
2�c�� we observe that inside every cavity there exists a region
of high potential energy flanked by two regions of low po-
tential energy. For p=6 there is only one region of low po-
tential energy inside a cavity and it is possible for fluid atoms
to be trapped there.
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FIG. 5. �Color online� �a� Estimation of average trapping time
inside cavities of a rough wall as a function of p values and �b� an
example of a trapped and a nontrapped fluid atom trajectory in the
xz plane �x* and z* are in reduced units�. The points � denote the
solid walls.
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FIG. 6. �Color online� Total average streaming velocity profiles
plotted over the whole channel region. Solid lines are a guide to the
eye. Dashed lines denote the protrusion limits and dotted lines the
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The potential energy map for all channels studied reveals
that the existence of rectangular anomalies at a channel wall
results in the formation of low and high potential energy
regions inside the rectangular grooves. This fact is expected
to affect the localization of fluid atoms near a rough wall and
is a possible indication of trapping of fluid atoms inside a
cavity.

B. Fluid atom localization

The effect of wall roughness on fluid number density pro-
files as a total average value for all channel cases is pre-
sented in Fig. 3. In general, at the lower smooth wall, all
channels present the same fluid atom localization with a peak
in the profile occurring at a distance of about 1.5� from the
lower wall limit. At the upper rough wall, we observe a peak
in the profile at 1.5� from the rectangular cavity limit and
another peak at 1.5� from the rectangular protrusion limit.
Both these two peaks are of smaller amplitude compared to
the peak resulting from a smooth channel. As for the interior
of the channel, it presents homogeneity in the range −5�

�h�5� for the smooth channel, while for all rough chan-
nels the homogeneity region extends over a smaller region
�−5��h�3.5��. The rough wall also induced additional os-
cillations in the density profile in a layer of thickness 1.5�
compared to a smooth channel. The density distribution, in
general, follows the shape of the rectangular walls.

In order to establish the correspondence between the po-
tential energy maps showed in Figs. 2�a�–2�d� with fluid
atom localization, we present two-dimensional number den-
sity plots in Figs. 4�a�–4�d�. For p=1 in Fig. 4�a�, we ob-
serve that the number density is significantly increased in the
two in-to-out regions �more atoms localized in these re-
gions�, and this is consistent with results taken from the po-
tential energy map �Fig. 2�a��. For p=2 �Fig. 4�b��, we ob-
serve increased number density values inside the rough wall
cavities. It seems that fluid atoms are trapped between the
cavities since there are three subregions inside the cavities
where fluid atoms are localized, as was also indicated by the
potential energy map �Fig. 2�b��. For p=3 and 6 �Figs. 4�c�
and 4�d�� we obtain number density contours similar to those
for p=1 and 2 at the protrusions. However, as the protrusion
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FIG. 7. �Color online� Local streaming velocity profiles at the midpoint of the protrusion, the midpoint of the cavity, and the points of
discontinuity for p= �a� 1, �b� 2, �c� 3, and �d� 6. Solid lines are fits applied to calculated data. Dotted lines denote the cavity wall limits and
dashed lines the protrusion wall limits.
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length decreases, fluid atom localization inside the cavities
increases.

In order to provide further evidence of fluid atom trapping
inside rough wall cavities, we estimate the average time that
fluid atoms remain inside cavity boundaries for every chan-
nel studied. At the beginning of the simulation, we detect and
count all fluid atoms that are localized inside all cavity
boundaries. All trapped fluid atom trajectories are saved till
the end of the simulation and the average time for which
fluid atoms remain inside a cavity is extracted. Results are
depicted in Fig. 5�a�, where we observe that, as the length of
the protrusions decreases �p increases�, fluid atoms previ-
ously located inside a cavity tend to remain trapped there for
a longer time. Characteristic trajectories of a trapped and a
free-running fluid atom in the xz level for p=3 are shown in
Fig. 5�b�. The trapped atom circulates inside the cavity for a
considerable time interval and does not escape during this
period into the interior of the channel.

In conclusion, from the detailed investigation of two-
dimensional density profiles presented here, in connection
with the potential energy map �Figs. 2�a�–2�d��, most impor-
tantly, from the timing analysis of fluid atom trajectories,
there is conclusive evidence that fluid atoms are trapped in-
side wall cavities and this effect becomes more pronounced
as the groove characteristic length decreases.

C. Streaming velocity profiles and slip length

Figure 6 shows streaming velocity profiles averaged in
time and space �i.e., �x�z�� in all rough channels considered.
We observe that, although maximum velocity values are not
significantly affected by the presence of roughness �at least
for the cases studied here where the roughness amplitude is
about 10% of the channel width�, the shape of the velocity
profile is significantly affected in the upper half of the chan-
nel �i.e., −2��h�8.5�� by the presence of the rough wall.

In Fig. 7, we present local streaming velocity profiles of
the rough wall for p=1, 2, 3, and 6, and we compare them to
the velocity profile of a smooth channel. For p=1 �Fig. 7�a��
all velocity profiles near the rough wall are suppressed to the
left and cannot be parabolically fitted �fits shown here are
smoothing splines�. We observe that for −9��h�0 �the
lower half of the channel� velocity profiles for p=0 �the
smooth channel� and all regions of p=1 are quite similar.
The rough wall has induced suppression in the velocity pro-
files at protrusions and out-to-in regions for 0�h�9�, as
expected, since wall protrusions enter the fluid area and the
available channel width is decreased. However, we also ob-
serve suppression to the left on velocity profiles at the cavi-
ties and the in-to-out regions for 0�h�9�, where the avail-
able channel width is similar to that of a smooth channel.
This means that fluid atoms inside a cavity for p=1 have
clearly smaller velocity values compared to a smooth chan-
nel. Having in mind that fluid atoms are localized inside the
cavities �as shown in the previous section� we come to the
conclusion that fluid atoms tend to be immobilized inside the
wall cavities.

For p=2 �Fig. 7�b�� we observe that all local velocity
profiles in protrusions, cavities, and the transitional regions

have similar shape and smaller maximum values compared
to a smooth channel. We also obtain smaller velocity values
inside the cavities compared to a smooth channel and even
smaller than for p=1 �Fig. 7�a��. It seems that, as the cavities
become narrower from p=1 to p=2, the velocity at the rough
wall decreases. This is the trend that we also observe for p
=3 and 6 �Figs. 7�c� and 7�d�, respectively�, where we obtain
velocity values close to zero near the rough wall. We also
note that we do not have a monotonic behavior for the maxi-
mum velocity values as p increases from p=0 to 6, but we
can conclude that all maximum velocity values are smaller in
the rough channel cases compared to a smooth one.

Estimates of the slip length on the rough wall as a func-
tion of p are plotted in Fig. 8. We observe that slip length
presents a clear decaying behavior from p=0 to 2 and ap-
proaches zero for p=3 and 6. We attribute this behavior to
the fact that fluid atom velocity values near a rough wall
decrease, as shown in Figs. 7�a�–7�d�, as a result, slip on the
rough boundary diminishes.

This is consistent with slip length behavior observed in
sinusoidally rough nanochannels �17�. In �27�, a comparison
of slip length as a function of the “slope parameter k	” of the
rough wall between MD simulations and analytical predic-
tions from �28� is made. Our results are consistent with the
numerical values reported in �27�. No comparison can be
made with the analytical solution because our system’s pa-
rameters are beyond the range of applicability of the
asymptotic theory.

IV. CONCLUSIONS

We have presented nonequilibrium molecular dynamics
simulations of nanoflow of liquid argon between krypton
walls with five different lengths of periodic rectangular
roughness. The effect of wall roughness on potential energy
distribution, fluid atom localization, streaming velocity pro-
files, and slip length at the boundary is significant and should
be taken into account in most nanofluidic systems, since it
seems rare for a surface to be characterized as smooth at the
nanoscale.
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The potential energy map for all rough channels studied
shows that there exist low and high potential energy regions
inside the rectangular cavities that have different behavior as
the length of the groove decreases �as p increases�. This fact
affects fluid atom localization near a rough wall and is an
indication of trapping of fluid atoms inside a cavity.

Two-dimensional density plots reveal inhomogeneity near
the solid boundary, especially near the rough walls. We pre-
sented number density contour plots that show that fluid at-
oms tend to be localized inside rough wall cavities. As the
cavities become narrower, this localization increases.

As far as velocity profiles are concerned, we showed that
the maximum value of streaming velocity in the center of the
channel is not significantly affected by the presence of
roughness. In general, velocity profiles are suppressed in the
upper half of the channel where the rough wall is present,
while they are similar to those of a smooth channel in the
lower half of the channel. From the velocity profiles pre-

sented in this paper, we showed that as the rectangular wall
cavities become narrower �as the p value increases� velocity
values inside the cavities decrease and fluid atoms tend to be
trapped inside them. As a result, slip on the boundary dimin-
ishes as fluid atoms are trapped inside the cavities.

The existence of wall roughness is a significant feature
that has to be borne in mind when it comes to designing flow
systems at the nanoscale. One has to take seriously into con-
sideration the effect of fluid atoms that are being trapped
inside the wall anomalies. Depending on the application, dif-
ferent combinations of materials and wall shapes could be
used to influence flow properties.
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