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Effect of the wall roughness on slip and rheological properties of hexadecane in molecular
dynamics simulation of Couette shear flow between two sinusoidal walls

A. Jabbarzadeh, J. D. Atkinson, and R. I. Tanner
Department of Mechanical & Mechatronic Engineering, The University of Sydney, NSW 2006, Australia

~Received 24 May 1999!

Molecularly thin liquid films of alkanes in extreme conditions in a boundary lubrication regime have been
investigated. The wall is modeled as a rough atomic sinusoidal wall. The effect on the boundary condition of
the roughness characteristics, given by the period and amplitude of the sinusoidal wall, is studied here. The
effect of the molecular length of the lubricating fluid is also examined here. The results show that the relative
size of the fluid molecules and wall roughness determines the slip or nonslip boundary conditions. The effect
of wall roughness characteristics on the rheological properties of the lubrication film is also studied.

PACS number~s!: 83.20.Lr, 02.70.Ns, 83.50.Ax, 83.20.Jp
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I. INTRODUCTION

The boundary conditions relevant to flowing fluids a
very important in predicting fluid flows in many application
According to the findings of modern tribology, in the thin
film lubrication regime the thickness of the lubricating fil
reaches molecular dimensions and nanometer scales@1#. For
these ultrathin films it is very difficult to determine th
boundary conditions and fluid properties by experimen
measurement. In these thin films the expected shear rate
be very high and beyond the values that can be studie
laboratories. Molecular-dynamics~MD! simulations, how-
ever, have proved to be an efficient method in investigat
these complex systems at high shear rates and extreme
ditions.

The surfaces that are considered in most molecular si
lations and theoretical analyses are idealized smooth
faces. Slip on the wall has been studied by MD simulatio
by Thompson and Robbins@2# and Thomson, Grest, an
Robbins@3# for spherical and linear molecules. We have a
studied the slip for spherical Lennard-Jones particles@4# and
more complex molecules of hexadecane@5,6#. Similar to the
results obtained by Thompson and his colleagues, we h
observed significant slip that depended on many factors s
as wall energy and shear rate. In our works we have stu
the effect of wall properties such as wall energy and w
type on the slip and rheological properties of the lubric
film. Also detailed studies have been conducted on the fl
film structure and molecular orientation, where we have d
cussed in detail the results and their relevance to cur
experimental work. However, in all the mentioned MD sim
lations the characteristic length scale of the roughness for
solid surfaces was in the order of the atomic spacing of
solid lattice structure. These smooth surfaces do not occu
most practical applications and some kind of roughness w
longer scales should be considered. The current pape
cuses on the effect of physical roughness greater than
atomic spacing and seeks to experiment on the effect of
roughness and its characteristics and also of the molec
size of the lubricant film on the boundary conditions. T
roughness of a surface depends on the material and
method used for preparing the surface and ranges from m
microns to nanometers. However, in experiments@7# for
studying microscopic scale friction, surfaces with roughn
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ranging from 0.2 to 50 nm are used. In the current paper
will study surfaces with a roughness length scale in the or
of nanometers, which is feasible to simulate by MD.

It has been suggested@8# that in discussing a flow near
solid surface, three length scales should be considered:~a!
A length scale (Lm) depending on the microstructures ma
ing up the fluid;~b! a length scale (Lr) depending on the
roughness of the surface; and~c! a length scale (Lg) depend-
ing on the geometry of the flow such as film thickness
tube diameter. A discussion by Pearson and Petrie@9# had
previously suggested that the boundary condition of fl
near a solid surface depends on the relative size of the fl
particles, surface asperities, and characteristic dimensio
flow such as tube diameter or film thickness. Three disti
cases are possible considering the mentioned length sca

~i! Lg@Lr@Lm is a condition that happens for fluids wit
small molecules. In this case because of the small scal
the asperities, the Reynolds number is low and the visc
forces are dominant near the boundary. According to Ri
ardson@8#, regardless of the wall adhesion in large sca
(Lg) an apparent nonslip condition prevails even if slip ha
pens in theLr scale.

~ii ! Lg@Lm@Lr is a condition typical of coarse powder
with smooth surfaces. An example of this case is the mo
ment of sand in a tube. In this case slip is often seen on
wall.

~iii ! Lg@Lr'Lm is typical of the flow for a large mol-
ecule fluid near surfaces with roughness comparable with
size of the molecules. In this case slip often depends on
chemical or mechanical adhesion.

In practice, a solid surface contains roughness elem
which are distributed randomly on the surface, but we ad
a simplified model in the form of transverse sinusoid
roughness with an average roughness length scale.

Experimental measurements by scanning tunneling
croscopy~STM! techniques for typical surfaces such as go
and mica give a roughness measured from peaks to va
of 3–4 and 0.2 nm, respectively@7#.

It is also of interest to tribologists and rheologists to me
sure the effect of the roughness characteristics on the lu
cant film when the average thickness of the lubricant fi
remains constant. The model studied here is not an e
replica of the roughness of real surfaces where roughne
690 ©2000 The American Physical Society
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TABLE I. Parameters for the intermolecular and intramolecular potentials.

Stretching potentialf(r )a k551 600es22 r 050.153 nm
Bond angle potentialf~u!b ku5868.6« u05109.53°a

Torsional
potentialf~a!c

C059.2789
~kj/mol!

C1512.1557 C2513.1201 C3523.0597 C4526.2403 C55231.4950

Lennard-Jones
potentialf l j

d
«/kB550.5 K s50.4045 nm «wkB5202 K

a,br 0 andu0 are taken from Ref.@11#.
cTaken from Ref.@12#.
d«/kB ands are taken from Ref.@11#.
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randomly distributed on the surface. However, it is constr
tive to quantify the ‘‘roughness’’ by few simple paramete
that can make the final analysis clearer.

We will investigate the boundary condition of the flow
molecularly thin films of alkanes with roughness modeled
a sinusoidal wall. In Sec. II we will explain the simulatio
details of our model. The results for boundary conditio
will be presented in Sec. III. In Sec. IV we will present th
effect of the wall roughness on the properties of the lubric
ing film.

II. SIMULATION DETAILS

A molecular-dynamics simulation is made for the study
thin liquid films confined between two sinusoidal atom
walls. The lubrication process is simulated as a Couette s
flow by moving the walls in opposite directions.

A. The walls

Each wall is comprised of three layers of atoms of a b
~body-centered-cubic! lattice. The position of the wall par
ticles in theZ direction is displaced byDz according to

Dz5A sin~2px/P!, ~1!

where A and P, which characterize the roughness, are,
spectively, the amplitude and period of the sinusoidal wa

Each atom on the wall is attached by a stiff spring to
lattice position. The wall springs have a potential of the fo

fs5
1
2 kwR2, ~2!

wherekw is the spring stiffness andR is the distance of the
wall atom from its lattice site. Here a stiff spring withkw
56000«s22 is used, wheres and« are the length and en
ergy parameters for alkanes given in Table I. Perio
boundary conditions are applied in thex and y directions
only. To keep consistent with the periodicity, the length
the simulation box in thex direction should be chosen i
such a way that it accommodates an integer number of
sinusoidal waves depending on the period~P!.

B. Model liquid

The simulated liquid is a model alkane. In most of t
simulations, the liquid is composed of model hexadec
(C16H34) molecules. However, in some cases shorter cha
of alkane molecules are used in the simulations. A uni
atom model is used to model the molecules, where CH2 and
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CH3 groups as interaction sites connected together makin
chain. Figure 1 shows a 3D picture of a hexadecane m
ecule. The Lennard-Jones~LJ! potential given by Eq.~3!
~below! governs the interactions of the atoms belonging
different molecules and also for the atoms on the same m
ecule separated by more than three atoms,

fLJ~r !54«F S s

r D 12

2S s

r D 6G2fshift ,

~3!

fshift54«F S s

r c
D 12

2S s

r c
D 6G .

The interaction between the wall atom and fluid molec
interaction sites is also governed by Eq.~3! with the wall
length parametersw5s but with « replaced by«w , which
governs the strength of interaction between the walls and
fluid. Here«w54« is used, which is close to a typical su
face energy of metals. For the gold surface,«w is about 220
K @10#, and for other metal surfaces typical values in t
same range can be used.

Intramolecular architecture including bond stretchin
angle bending, and torsional potentials are included in
model. These potentials are given, respectively, by the
lowing equation:

f~r !5 1
2 k~r i j 2r 0!2, ~4!

f~u!5 1
2 ku~cosu2cosu0!2, ~5!

f~a!5(
i

5

Ci~cosa! i . ~6!

The parameters for the intramolecular and also intermole
lar potentials are given in Table I.

Figure 2 shows a snapshot taken from the simulation
for a typical simulation with hexadecane molecules. The
erage thickness of the film, which remains constant dur
the simulation, is measured from the average position of
first layer of the sinusoidal wall as shown in the figure. Ho
ever, the actual film thickness varies as the crests and va
pass each other as the walls are traveling in the oppo

FIG. 1. A 3D picture of a hexadecane molecule.
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692 PRE 61A. JABBARZADEH, J. D. ATKINSON, AND R. I. TANNER
direction. The thickness of the film varies between maxim
and minimum values shown byZmax andZmin , where

Zmax5Zavg12A,
~7!

Zmin5Zavg22A.

Several simulations have been conducted to obtain the a
aged velocity profiles for many different parameters inclu
ing the amplitude~A! and period~P! of the sinusoidal wall
and also the size of the fluid molecules. The volume of
fluid in the simulation box, however, remains constant an
calculated from the average thickness (Zavg). The simula-
tions are conducted at extreme pressures and high tem
tures typical of conditions one expects in some real lubri
tion problems.

The average density of the fluid is calculated from

rav5
mNf

Zavg3X3Y
, ~8!

wherem is the mass of each molecular segment, which
taken to be that of CH2 ~14.152 amu!, Nf is the number of
fluid molecule segments, andX andY are the dimensions o
the simulation box in thex and y directions. The average
density for the simulations here was 2.288s23 ~810 kg/m3!.

These simulations have been conducted in isother
conditions atT59.46«/kB ~478 K!. The thermal part of the
velocities of the wall and fluid particles is rescaled every f
time steps in all three directions@5#. The pressure dependin
on the thickness and other parameters ranges from 60
1000 MPa.

To calculate the local properties such as the stream
velocity profiles and local-density profiles, we have use
slicing technique method which is described in detail el
where@5,4#. Equations of motion were integrated by a lea
frog Verlet algorithm. The time step used in the simulati
was 0.002 in reduced units. An equilibrium run of 100 0
time steps was performed followed by another 200 000 t
steps to collect the results.

Simulations are performed by a domain decomposit
parallel algorithm@13# on a cluster of DEC Alpha 500/28

FIG. 2. A snapshot of the simulation box for the simulation
Couette shear flow by using a sinusoidal wall. The sheared liqui
this snapshot is hexadecane. The segments of the same molecu
shown by the same shade for clarification.
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workstations by using PVM~parallel virtual machine! mes-
sage passing software that provided good speedup and
ciency.

III. RESULTS

Our emphasis in this paper is to obtain some results to
how certain characteristics of surface topography and a
fluid particle size correlate with boundary conditions. He
with a sinusoidal wall two important geometric paramete
namely the amplitude~A! and period~P! of the sinusoidal
wall, will be examined to see what effects these two para
eters have on the boundary condition. These two parame
are an indication of size and frequency of roughness on
surface. We have calculated velocity profiles and den
profiles for many different cases and the results are used

in
areFIG. 3. Velocity profiles for an average film thickness of 7.8 n
~19.275s! for various film periods of a sinusoidal wall ranging from
9.75 to 1.3 nm. The dashed line and dash-dotted line show
average and minimum film thickness positions. For all the simu
tions A50.4045 nm~1s!.

FIG. 4. Velocity profiles for an average film thickness of 3.9 n
~9.637s! for various periods of a sinusoidal wall ranging from 7
to 1.3 nm. The dashed line and dash-dotted line show the ave
and minimum film thickness positions. For all the simulationsA
50.4045 nm~1s!.
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the discussions. The velocity profiles are shown as the r
of the flow velocity to the wall velocity, so that a value of
on the wall means there is no slip. A value less than 1 sh
there is some slip on the wall. For all the simulations he
we have used a shear rateġ50.245 («/ms2)1/2 (1011s21).

A. Effect of the period „P… on the slip

To study the effect of the period of the roughness,
used hexadecane molecules for the simulation. The lengt
the hexadecane molecule is about 1.8 nm~4.32s!. We have
performed simulations for different values of the periodP
ranging from many times the length of the hexadecane m
ecule to values about equal to the hexadecane mole
length. For this series of simulations, the amplitude of rou
ness~A! is kept constant atA50.4045 nm~1s!. The simula-
tions are conducted for two films with average thickness
Zavg57.8 nm~19.275s! andZavg53.9 nm~9.637s!. The ve-
locity profiles obtained for these two films are displayed
Figs. 3 and 4.

The effect of the period of roughness can be seen from
results. In both film thicknesses simulated here it can be s
that slip on the wall increases as we increase the rough
period. However, it can also be seen that the slip at

FIG. 5. Density profiles for the same simulations described
Fig. 3. Dashed line and dash-dotted line show the average and m
mum film thickness.
io

s
,

e
of

l-
le
-

f

e
en
ss
e

boundary only starts to appear when we increaseP to greater
than a certain limit. For a film thickness of 3.9 nm~9.637s!,
it seems that the onset of slip is at values aroundP
53.6– 4 nm~9–10s!. This is about twice the length of th
hexadecane molecule. From Fig. 4 it can be seen that the
no slip for P>5.85 nm~14.456s!. For a thicker film of 7.8
nm ~19.275s! in Fig. 3 we can see that the onset of slip is
lower values ofP around 4.87 nm~12s!. It can be seen tha
for the same value ofP55.85 nm ~14.456s! for the film
thickness of 3.9 nm, the amount of slip on the wall is abo
0.4 times the wall velocity. It is about only 0.15 for the sam
value of P for a thicker film of 7.8 nm. It is already estab
lished that for these ultrathin films, the amount of slip
increased as we decrease the film thickness@5,14#. This ef-
fect seems to be independent of the wall structure as w
soft walls @5# and hydrocarbon tethered walls@14# and here
with sinusoidal rough walls one gets the same result.

The dependence of slip on the period of roughness is
plainable by the way the fluid molecules interact with t
wall. We have obtained the local-density profiles for t
same thicknesses and they are displayed in Figs. 5 and

It can be seen from those figures that the density profi
are similar to those typical of inhomogeneous films. Betwe
two dashed-dotted lines, which represent the minimum thi

n
ni-

FIG. 6. Density profiles for the same simulations described
Fig. 4. Dashed line and dash-dotted line show the average and m
mum film thickness.
FIG. 7. Snapshots in thexz plane for three
different values of ~a! P55.85 nm, ~b! P
53.41 nm, and~c! P51.95 nm. For all the simu-
lationsA50.4045 nm.
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694 PRE 61A. JABBARZADEH, J. D. ATKINSON, AND R. I. TANNER
ness area, there is a peak immediately next to the walls
then a few other smaller peaks that damp down toward
center of the film. The density profiles in the central part
the film are almost the same for all the values ofP. However,
it seems that asP is decreased, the peaks close to the wall
slightly higher. It also seems that the molecular concen
tion in the area between the minimum thickness line and
average thickness line is also important in determining
degree of slip. It can be seen that for lower values ofP, the
peaks are stronger in this area. It is in this area where m
ecules trap between crests and valleys of the sinusoidal w
Figure 7 shows three snapshots in thexz plane for a film
thickness of 7.8 nm with different periods for roughness. I
more likely for a fluid molecule to become trapped betwe
the valley and crest of the wall for lower values of the p
riod. Close investigation of the snapshots in other planes
shown that these trapped molecules tend to lie down nor
to the direction of flow with their backbone parallel to they
axis, which is geometrically the natural position at whi
they can relax.

However the slip is dependent on the film thickness,
dependence of the slip onP seems to be correlated with th
length of the fluid molecule. To establish a correlation b
tween the onset of slip and a relevant ratio of the molec
length andP on a certain film thickness, we have also co
ducted a series of simulations for a shorter molecule, nam
octane C8H18, that has only eight segments on the chain. T
length of this molecule is 0.75 nm. The simulations are p
formed for the same average film thickness of 3.9 nm, o
various values ofP. The results are shown in Fig. 8.

If we compare the velocity profiles in this figure wit
those in Fig. 4 for hexadecane, we can see that the ons
slip is at higher values ofP. For hexadecane forP
57.9 nm, the slip on the wall is about 60% of the wall v
locity while for a similar value ofP for C8H18 slip is only
30% of the wall velocity. It seems that the onset of slip f
C8H18 is at values between 4.6 and 5 nm~11.3s!, which is
larger than what was observed for hexadecane. This is a
six times the length of the C8H18 molecule.

FIG. 8. Velocity profiles for various values ofP for a film con-
sisting of C8H18 molecules. Average film thickness is 3.9 nm a
amplitude of roughnessA50.4045 nm.
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This means that the length of the molecules is an imp
tant factor in determining the boundary condition. In order
study this, we have conducted further simulations that w
be presented in the upcoming sections.

B. The effect of roughness amplitude on slip

Another important factor of the surface topology is t
amplitude of the asperities. In our sinusoidal wall model it
given by the amplitude~A!. We have chosen a film thicknes
of 3.9 nm ~9.637s! and a period of roughness of 3.9 n
~9.637s!. The simulated fluid is hexadecane. The veloc
profiles for different values ofA are depicted in Fig. 9.
Dashed lines here show the position of the average
thickness, which was the same for all the simulations. T
position of the minimum film thickness, however, was d
ferent because different amplitudes were used in the sim
tions so that we have not displayed the minimum film thic
ness position here. From the results it is obvious that
amplitude of the roughness has a profound effect on the
gree of the slip on the wall. It can be seen that the slip
substantial atA50.1 nm ~0.25s!, amounting to about 0.7
times the wall velocity on the wall. This, however, is reduc
as A is increased further and a nonslip condition is est
lished at about 0.51 nm~1.25s!. Studying the density pro-
files also reveals some information about the effect of
roughness amplitude. For the same systems as describ
Fig. 9, density profiles are displayed in Fig. 10.

It can be seen that as we increase the amplitude, the
sity in the middle region is increased. The peak density n
the walls is also moved inward. These are, however,
direct results of having an effectively thinner minimu
thickness (Zmin) film as the amplitude is increased and t
average film thickness is kept constant.

Three snapshots taken from the simulation box for vario
values ofA are shown in Fig. 11. It can be seen that with t
smallest value ofA50.1 nm, the wall is effectively like a fla
wall and the observed slip is the largest. At higher values
amplitude, fluid chains are trapped in the valleys and eff

FIG. 9. Velocity profiles for an average film thickness of 3.9 n
~9.637s! for various amplitudes of a sinusoidal wall ranging fro
0.1 to 0.61 nm. The dashed line shows the average film thickn
position. For all the simulationsP53.9 nm~9.637s!.
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tively transfer the wall momentum to the rest of the fluid
the middle part.

C. The effect of the length of the fluid molecules

We already observed in Sec. III A that the size of the flu
molecules is important in determining the boundary con
tion. To further study this effect, we conducted many oth
simulations with molecules with different sizes. All the
molecules have the same structure characteristics as he
cane as described in Table I. However, the number of s
ments on the chain is different. Here we have examined m
ecules with 4, 5, 6, 8, and 16 segments. The density of
fluid is the same, 2.288s23 ~810 kg/m3!, making the results
comparable. Also, we have the same temperature as
used for hexadecane. For all the simulations here, the am
tude of roughnessA50.2 nm~0.5s!. Although the thickness
and period of roughness used are slightly different for th
molecules, the difference is negligible considering the effe
of those parameters on the slip. These values are include
Table II. This difference is due to the technical difficulty
obtaining the same density with a different number of m
ecules.

It can be seen from the velocity profiles in Fig. 12 that t
slip is clearly getting larger as the length of the molecu

FIG. 10. Velocity profiles for an average film thickness of 3
nm ~9.637s! for various amplitudes of a sinusoidal wall rangin
from 0.1 to 0.61 nm. For all the simulationsP53.9 nm~9.637s!.
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increases. The least slip happens for C4H10, where only
about 10% slip is observed on the wall, and as the length
the fluid molecules is increased, the amount of slip increa
and for hexadecane it can be seen that the slip on the wa
as much as 50–60% of the wall velocity.

This effect can be explained by the fact that as the m
lecular length is increased while the size of the roughnes
terms of the amplitude and periodicity remains constant
gets more difficult for the molecules to accommodate the
selves between the crests and valleys on the wall. This s
ation causes an increased slip at the wall that was seen
However, in examining the density profiles for differe
length molecules, not much difference is found. Figure
shows the density profiles for C8H18 and C16H34, for which
the simulations are conducted at almost the same thick
and roughness period. It can be seen that the density pro
are almost identical.

One of the other important structural properties is the o
entation of the chains with respect to the walls. To inves
gate this, the square of the direction cosine (cosuz) of the
bond vectors with respect to theZ axis ~normal to the wall!
was measured and its MD average was calculated over al
molecules and their bonds and over time. For brevity, we
(cosuz)

2 the orientation factor. A value close to zero fo
(cosuz)

2 is an indication that bonds are oriented close
parallel with respect to the walls, and a value close to
shows that the bonds are mostly normal to the walls. T
results for (cosuz)

2 are shown in Fig. 14 for various molecu
lar lengths.

It can be seen that as the length of the molecule increa
the orientation of the bond becomes more parallel with thX
axis. Of course one might argue that the decrease in
orientation factor is partly due to the different actual she
rates that the fluid experiences with different degrees of s

TABLE II. Average film thickness and period of roughness us
for various length molecules.

Molecule C4H10 C5H12 C6H14 C8H18 C16H36

Zavg ~s! 10.62 9.81 10.62 9.56 9.64
P ~s! 10.62 9.81 10.62 9.56 9.64
Molecular
Length ~nm!

0.375 0.5 0.62 0.87 1.75
FIG. 11. Snapshots from the simulation box in thexz plane for three different values of roughness amplitude~a! A50.1 nm, ~b! A
50.30 nm, and~c! A50.51 nm. Average film thickness for all the cases isZavg53.9 nm and period of roughness isP53.9 nm.
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696 PRE 61A. JABBARZADEH, J. D. ATKINSON, AND R. I. TANNER
In the MD simulations with flat soft atomic walls@5#, it is
been shown that the orientation factor actually decrease
the shear rate is increased. Having a higher degree of slip
longer chains means that they experience lower actual s
rates. This means that at actual shear rates similar to wh
experienced by a shorter chain, they would give even lo
values for (cosuz)

2. This is an indication that the bond or
entation for shorter molecules is more strongly normal to
walls.

IV. RHEOLOGICAL PROPERTIES OF THE LUBRICANT
FILM

From the engineering point of view, one of the importa
characteristics to be measured is the rheological propertie
the lubricant film. For the simulations conducted here,
have measured many important properties of the film incl
ing viscosity, normal stress differences, and normal pres
for various surfaces with different roughness characterist
We will investigate the effect of the amplitude and period

FIG. 12. Velocity profiles for various length alkane molecule
The amplitude of roughness for all the cases was 0.2 nm~0.5 s!.

FIG. 13. Density profiles for two different length alkanes.A
50.2 nm~0.5s! for both cases.
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roughness with the particular model that we have used h
on these properties. For the simulations conducted h
n-hexadecane is used as the lubricant.

A. Stress tensor

Stress tensor components were found for a microsco
system of particles by the Irving-Kirkwood~1950! method.
According to this method, the contribution of each particle
the stress tensor is in two parts, a configuration part an
kinetic part. This can be written as

sab52
1

V K (
i

N

miuiauib1(
i

N

(
j . i

N

r i j aFi j bL . ~9!

The first sum on the right-hand side of Eq.~9! denotes the
kinetic contribution wheremi is the atomic mass anda andb
are coordination system axes which for a Cartesian sys
can be simply substituted byX, Y, or Z, anduia anduib are
the peculiar velocity components of particlei in thea andb
directions. The second sum represents the configuratio
potential contribution, wherer i j a is thea component of the
distance vector between particlesi and j and Fi j b is the b
component of the force exerted on particlei by particlej. We
have to exclude the mean flow velocity when we consi
the laboratory velocity component of a particle in the flo
direction. Then for shear stress we can rewrite Eq.~9! as

sxz52
1

V K (
i

N

miuiz@uix2Ux,i #1(
i

N

(
j . i

N

r i jzFi jx L ,

~10!

where Ux,i is the average flow velocity at the position o
particle i. The angular brackets denote the time average.

Shear stress can also be computed from the time ave
of the force in theX direction applied to the wall particles b
a fluid particles during the simulation. Then we calculat
the shear stress by dividing this force by the projected are
the walls. This shear stress is given by Eq.~11!,

. FIG. 14. Average orientation factor of the bonds with respec
the Z axis for various molecular lengths given by the number
segments in each molecule.
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sxz,w5(
i

Nw

(
j

NF

Fx,i j /A. ~11!

Normal stress in thez direction can also be calculated fro
the force on the wall particles,

szz,w5(
i

Nw

(
j

NF

Fz,i j /A. ~12!

In Eqs. ~11! and ~12!, Fx,i j and Fz,i j are the forces in thex
andz directions on a wall particle from the fluid particles.
the results presented here Eqs.~11! and~12! are used for the
calculation of shear stress (sxz) and normal stress in thez
direction (szz). For other components of the stress tensor
have used Eq.~9!. Total pressure is calculated as the avera
of three normal pressure components.

B. Viscosity and material functions

The shear rate is slightly different at different distanc
from the wall because the gradient of the velocity is n
constant along thez axis, therefore the local viscosity will b
slightly different. More useful is the average over the who
width of the slit. Thus we use the following constitutiv
equation to find the viscosity:

h5
sxz

ġ
. ~13!

The first and second normal stress differences are

N15sxx2szz,
~14!

N25szz2syy .

C. The effect of the roughness amplitude„A…

For a tribologist or rheologist, the observable effects
the roughness on the lubricant properties have signific
importance. As we saw in Sec. III B, the amplitude of t
roughness has a direct effect on the slip and hence on
actual shear rate experienced by the lubricant film. In or
to make the results comparable for the various values oA,
we have used only values forA that result in nonslip bound
ary conditions. Here the results will be presented forA rang-
ing from 0.4642 to 0.809 nm. The average film thickne
used here is 3.898 nm and the applied shear rate is 1011s21.

The results for the viscosity are shown in Fig. 15. It c
be seen that the viscosity is an increasing function of
amplitude of roughness. The reason can be explained by
variation in the film thickness. For these series of simu
tions, the average film thickness is 3.98 nm. However,
maximum and minimum film thickness varies with the p
riod of roughness according to Eqs.~7!. Here with the aver-
age film thickness, the maximum and minimum film thic
ness ranges are Zmax54.828– 5.516 nm and Zmin
52.968– 2.280 nm. We have investigated the effect of
film thickness for hexadecane film in our previous work@5#.
The results show an enhanced viscosity in the very thin fi
The onset of this enhancement is at a film thickness abo
nm. However, in those simulations the density of the fil
remains constant. In the current simulation, as we saw
e
e
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e
-

e

.
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s
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Sec. III B, there is an increased density in the middle of
film as we increase the amplitude of roughness. These
suspect contribute to the increase of viscosity. Should
viscosity be a linearly decreasing function of thickness, sin
the film thickness varies periodically, the time average v
cosity would be equal to the viscosity of a film with avera
thickness. However, since the viscosity enhances dram
cally only for films thinner than 3.898 nm and remains a
most the same for thicker films~i.e., the relationship is non
linear!, the viscosity of the minimum film thickness i
determining in the time-average viscosity of the whole fil
This results is an overall enhancement of the viscosity w
increasing amplitude and it is more dramatic at larger val
of A. We have also measured the first normal stress dif
enceN1 for the same simulations that are shown in Fig. 1

It can be seen thatN1 increases first and then drops as w
increase the amplitude. Figure 17 shows the normal pres
as a function of the amplitude. It shows thatPzz is an in-
creasing function ofA. The results shows that the trend is th
same for two other normal stresses. That means the
pressure increases withA. So a decrease inN1 for the larger
values of amplitude shown in this regionsxx does not in-
crease at the same rate asszz does. This can be because
the orientation of the molecules and their tendency to ori
themselves normal to the flow in the direction of they axis in
between the peaks and valleys of the walls.

D. The effect of the roughness period„P…

We also investigated the effect of the period of roughn
on the properties of the film. Again we have used the sa
shear rate of 1011s21 and an average film thickness of 3.89
nm. The amplitude of roughness for all cases is 0.4045
Only cases with the nonslip boundary condition are used
comparison so that the lubricant film experiences the sa
actual shear rate. The results for viscosity are shown in
18.

It can be seen that the viscosity is largest for the low
value of the period of roughness. For the rest of them
remains pretty flat with only a jump forP51.949 nm. Al-

FIG. 15. Viscosity against the amplitude for a film of hexad
cane. The film thickness is 3.898 nm and the shear rate is 1011 s21.
For all the simulated points the period of roughnessP53.898 nm.
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though the effect of the period of roughness is not very
vious on the viscosity, it has a clear effect on the first norm
stress difference. It can be seen from Fig. 19 thatN1 in-
creases and then remains constant as we increase the p
This trend can also be seen for the other properties tha
have calculated here.

For the normal component of pressurePzz that is plotted
against the period of roughness in Fig. 20, the trend is sim
to that of viscosity. There is a peak in the lowest value oP
followed by a drop inPzz and a pretty flat region at large
values ofP. Total pressure is shown in Fig. 21 and it can
seen that it decreases asP is increased and then remain
constant. From all these results it can be seen that foP
.2.437 nm the properties of the film remain largely u

FIG. 16. First normal stress difference against the amplitude
a film of hexadecane. The film thickness is 3.898 nm and the s
rate is 1011 s21. For all the simulated points the period of roughne
P53.898 nm.

FIG. 17. Normal pressure (Pzz) perpendicular to the wal
against the amplitude for a film of hexadecane. The film thicknes
3.898 nm and the shear rate is 1011 s21. For all the simulated points
the period of roughnessP53.898 nm.
-
l

iod.
e

r
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changed. This implies thatP is important only when it is
comparable with the size of the molecules~in this case 1.8
nm for hexadecane!. Beyond that, it seemsP has little or no
effect on the film properties.

V. CONCLUSIONS

Here we examined the effect of the wall roughness on
boundary condition and rheological properties of the lub
cant. A sinusoidal wall model was used to study the effec
the size of asperities and their frequency on the wall slip
was shown that as the period of roughness is increased
degree of slip on the wall also increases. Also, we obser

r
ar

is

FIG. 18. Viscosity against the period of roughness for a film
hexadecane. The film thickness is 3.898 nm and the shear ra
1011 s21. For all the simulated points the amplitude of roughne
A50.4045 nm.

FIG. 19. First normal stress difference against the period
roughness for a film of hexadecane. The film thickness is 3.898
and the shear rate is 1011 s21. For all the simulated points the am
plitude of roughnessA50.4045 nm.
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that with the larger roughness amplitudes it is possible
decrease the slip. It was also shown that with shorter m
ecules the amount of the slip would be dramatically lowe

These findings here confirm the theoretical prediction
Pearson and Petrie@9# at molecular dimensions. Our finding
here give detailed insight into what happens at the molec
level in these ultrathin films. The effect of the geometric
characteristics of the surface are highlighted here and
have important implications in real engineering applicatio
and in the design of surface characteristics for certain ap
cations.

The experimental measurements for roughness of g
and mica surfaces in Ref.@7# correspond toA51.5– 2 and
0.1 nm in our simulations. Considering the results we
tained in Sec. III B with our simulation it seems that for
gold surface or other metallic surfaces which have e
rougher surfaces~12–50 nm for heat treated steel@7#!, a
nonslip condition holds even at the high shear rates ex
ined in our simulations. This conclusion is valid at least w

FIG. 20. Normal pressure in the direction normal to the wallPzz

against the period of roughness for a film of hexadecane. The
thickness is 3.898 nm and the shear rate is 1011 s21. For all the
simulated points the amplitude of roughnessA50.4045 nm.
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relatively short alkane chains that we modeled here.
mica with a smooth surface the results suggest a slip bou
ary condition. However, since it has slightly higher surfa
energy than that examined here, the slip may be less. H
ever, it seems that this matter should be considered m
carefully in experiments with mica. The results here can
used in experiments in nanotribology and nanorheology
use proper materials for desired boundary conditions depe
ing on the liquid film.

The investigation on the effect of these asperities on
rheological properties of these thin films also showed t
there is a dramatic effect on the fluid viscosity and obser
normal stress differences on the fluid properties. These
fects are more dramatic with roughness amplitude dem
strated by enhancement in the film viscosity and obser
normal stress differences and pressure. Also, for a perio
roughness when it is comparable with the size of molecu
the effect is more obvious. However, at higher periods
seems the effect is minimal and small.

m
FIG. 21. Total pressurePt against the period of roughness for

film of hexadecane. The film thickness is 3.898 nm and the sh
rate is 1011 s21. For all the simulated points the amplitude of roug
nessA50.4045 nm.
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