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Wall slip in the molecular dynamics simulation of thin films of hexadecane
A. Jabbarzadeh,a) J. D. Atkinson, and R. I. Tanner
Department of Mechanical & Mechatronic Engineering, The University of Sydney,
New South Wales 2006, Australia

~Received 24 February 1998; accepted 28 October 1998!

A molecular dynamics simulation of a thin liquid film as it is sheared between two planar walls is
reported. The model liquid is composed of linear chain molecules of hexadecane~C16H34! with
intramolecular architecture such as bond stretching, angle bending and dihedral potentials included
in the model. Designing a model that can mimic the planar shear flow enables us to study important
questions on the effects of the wall properties on the slip between the liquid film and the wall.
Different properties of the wall such as wall density, wall stiffness and wall–fluid interaction
strength have been studied to determine the slip between the wall and fluid. The slip has been
investigated for strong and weak adsorbing surfaces at various shear rates. The results emphasize the
importance of adsorption on the degree of slip. The dependence of slip on the film thickness is also
demonstrated. ©1999 American Institute of Physics.@S0021-9606~99!51105-7#
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I. INTRODUCTION

In fluid mechanics the idea of nonslip boundaries
small molecule fluids is generally accepted and is suppo
by experimental observations; the velocity of the fluid a
proaches the wall velocity close to the wall. However f
polymers or short chain molecules this may not always
true especially at high shear stress.

The idea of a nonslip condition, at least for gases, la
backing from kinetic theory.1 Three models of the walls use
by Maxwell that employ either random or elastic interacti
between fluid and the wall, or a combination of both,
predict wall slip1. There are also experimental measureme
by optical techniques that predict slip for polymers whi
intensifies with increased shear rate.2 Theoretical work by de
Gennes3 suggests that polymer melts should slip on a non
sorbing solid surface. Pearson and Petrie4 suggested that the
boundary condition of flow near a solid surface depends
the relative size of the fluid particles, surface asperities
characteristic dimension of flow such as tube diameter or
film thickness. In other words the size of the fluid particl
compared to the roughness of the wall plays a crucial rol
determining the appropriate boundary condition.

In modern tribology it is believed that the thickness
lubrication film can be as thin as 1029 m.5 So for high speed
engine parts or micromachinery devices shear rates as
as 1010s21 or higher can be expected. At these high sh
rates molecular dynamics~MD! simulation can be used as
powerful tool to explore the properties of the fluid. Som
researchers have tried to understand the crucial issue of
by conducting MD simulations. Some of these simulatio
conducted for compressible fluids and gases with low den
predict a slip velocity at the wall.6,7 However these simula
tions employ the ‘‘random thermal wall’’ because of its sim
plicity. There are other simulations that use structured ato
walls8,9 that also predict slip on the wall. A two-dimension

a!Electronic mail: ahmadj@mech.eng.usyd.edu.au
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MD simulation by Sun and Ebner1 has shown that by using
structured atomic wall with long range interaction para
eters combined with an inert wall one can avoid velocity sl
Their work also shows that a repulsive wall with frozen pa
ticles would give slip. Structured atomic walls are also us
for the shear flow simulation of model Lennard-Jones~LJ!
liquids.10 This simulation has also demonstrated the prese
of slip that increases with shear rate. For more complex
ids such as polymers or shorter alkane molecules the
would be larger and to induce high shear rates a more in
cate wall may be used. Shear simulations of short chain
kane molecules such as hexadecane11 confined between rigid
atomic walls have shown that there is a substantial amoun
slip between the wall and fluid. The slip is greatly depend
on the wall–fluid interaction and with low energetic walls
‘‘plug flow’’ characterized by almost complete slip can b
observed. In simulations of linear molecules of tetracos
and branched molecules of squalane by hydrocarbon wa12

where butane chains are tethered to structureless walls
slip is also observed. In the case of tetracosane at low s
rates and temperatures plug flow was observed. This v
high degree of slip is attributed to the fully extended a
layered structure of the fluid molecules. In experiments w
thin film liquids the shear viscosity is usually calculated fro
the measured shear stress and apparent shear rate wh
calculated from the plate separation and velocity. This r
resentation of the data apparently assumes a nonslip bo
ary condition that makes the average shear rate inside
fluid the same as the apparent shear rate. This assum
may be correct at the low shear rates~up to 104 s21) used in
the experiments. In the simulation of chain molecules su
as hexadecane we will observe that the amount of slip co
be very significant. To present the results in a way com
rable to the experiments one has the option to show th
with respect to the actual11,12 shear rate which is obtaine
from the calculated streaming velocity profile. In th
method, especially at lower shear rates, the calculated ve
ity profiles are prone to statistical errors and the calcula
2 © 1999 American Institute of Physics
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shear rate will not be reliable. So the calculated proper
such as viscosity tend to have larger statistical uncertain
Although it might be true that the slip is large at higher sh
rates for smooth surfaces, with surfaces that more efficie
transfer the momentum from the walls to the confined fl
the slip can be smaller and even a completely nonslip bou
ary condition may hold. So developing a model that c
economically produce results with nonslip boundary con
tions is beneficial if one intends to apply a required hi
shear rate to the fluid by a boundary-driven method. This
be used for a comparison between the homogenous non
librium molecular dynamics~NEMD! results and boundary
driven methods or for other purposes. It is also beneficia
a sense if one assumes that the results for thin film exp
ments are conducted under nonslip conditions. The degre
slip for short chain molecules will depend on the wall pro
erties. So in order to design a model that gives less slip
investigate here the effect of wall properties on the wall s
Note that we are not attempting here to accurately model
individual atoms of any particular real wall material. Rath
we seek a simple model for the wall which, upon varying t
wall parameters, will provide a range of slip or nonslip co
ditions so as to economically investigate the effect of deg
of slip on the flow.

We have already reported rheological and structu
properties of thin hexadecane films obtained from these
ries of simulations.13 The current paper intends to establi
the reasons in more details for choosing the wall model u
here and also to analyze the slip phenomenon in partic
and in more detail.

II. SIMULATION DETAILS

In this simulation the fluid is confined between two so
walls. These walls are parallel to theXY plane and Couette
flow is generated by moving the walls in opposite dire
tions along theX axis with the same speed so that shea
applied in theXZ plane. The fluid is a model polymer con
sisting of chain molecules. Each molecule has sev
interaction sites. These interaction sites, which we will re
to as ‘‘atoms,’’ are actually CH3 or CH2 groups connected
together thus making a chain. This kind of polymer mod
known as united atoms~UAs!, is widely used by research
ers for simulation of alkanes,14 hexadecane,15,16 octane,17,18

and polyethylene.19 The model used for the polymer chain
an extension of the Ryckart and Bellemans20 model. The
model includes angle bending, bond stretching and dihe
angle potentials. We have used chain molecules with 16
teraction sites as a model of hexadecane in our simulat
Hexadecane with a reduced density of 2.288s23 is sheared
s
s.
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under an isothermal condition at a reduced temperature
T59.46 e/kB , wheres and e are the usual Lennard-Jone
length and energy parameters. Simulations are conducte
very high pressures so that the density of sheared hexade
is slightly higher than what was used in some oth
simulations.11 In the initial set of simulations each wall com
prises three layers of atoms of a body centred cubic~bcc!
lattice. Each atom on the wall is attached by a stiff spring
its lattice position. The wall springs have a potential in t
form

fs5
1
2 kwR2, ~1!

wherekw is the stiffness of the spring andR is the distance of
the wall atoms from their lattice sites. The density of the w
atoms can be adjusted by packing them at different distan
from each other. All the interactions between the atoms
different molecules and also the interactions between the
oms which belong to the same molecule and are separ
with more than three atoms are governed by a 6–
Lennard-Jones potential described by:

fLJ~r !54«F S s

r D 12

2 S s

r D 6G2fshift ,

~2!

fshift54«F S s

r c
D 12

2S s

r c
D 6G ,

where r is the distance between two particles. For hexa
cane the values ofe/kB550.5 K ands50.4045 nm as rec-
ommended by Chynoweth and Michopoulos15 are used. The
interaction between the wall particles and fluid particles
also governed by these equations with the wall length par
etersw5s but with e replaced byew which depends on the
strength of interaction between the walls and fluid.

The flexibility of the chains is restricted by a bon
stretching potentialf(r ), a bond angle potentialf(u) and a
torsional potentialf(a).22 The parameters for these pote
tials are given in Table I. The mass of the interaction sites
fluid molecules and the wall atoms is equal to the mass
CH2 which is 14.125 amu. The equations of motion for t
fluid and wall particles are:

ṙ i5
pi

m
,

~3!
ṗi5Fi .

The isothermal condition is achieved by rescaling the th
mal component of the atomic velocities in all three directio
according to the following equation:
TABLE I. Parameters of intramolecular potentials.

Stretching potentialf(r )a k551600es22 r 050.153 nm
Bond angle potentialf(u)b ku5868.6e u05109.53°a

Torsional potential C059.2789 C1512.1557 C25213.1201 C3523.0597 C4526.2403 C55231.4950
f(a) ~kj/mol!

aTaken from Ref. 15.
bTaken from Ref. 21.
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b25~3NkBT0!Y (
i 51

N

mi~vi2Ui !
2, ~4!

whereb is the rescaling factor by which all the thermal com
ponents of the velocities are rescaled.U i is the flow velocity
andvi is the laboratory velocity of the particle that is me
sured with respect to a fixed set of the coordinate systemkB

is the Boltzmann constant andT0 is the set temperature. I
our problem we have only flow or streaming velocity in t
X direction. Some of the generated heat in the fluid is
sorbed by the wall particles, although rescaling the ther
components of the velocities every few time steps ensu
that the fluid temperature remains constant. The wall p
ticles are also thermostatted in the same way. The stream
velocity is evaluated by a slicing technique which is d
scribed elsewhere.10,22 Other local quantities such as dens
and temperature can be calculated in a similar way. The
sults of the streaming velocity profile then are fitted to a fi
order polynomial given by

Ux~z!5 (
k51

5

Ckz
k. ~5!

The streaming velocity of particles then can be calcula
from their Z coordinate.

The equations of motion are integrated by a leapf
Verlet algorithm with a time step of 0.001 in reduced uni
The simulations are performed by a parallel algorithm22 on a
cluster of DEC Alpha 500/286 workstations by using t
parallel virtual machine~PVM! message passing softwa
that provided good speedup~up to 113! and efficiency.

III. DEVELOPING A WALL WITH LOWER SLIP

In order to study the effect of various wall properties
slip we start with the wall that was described in Sec.
There are several parameters that affect the slip. We h
carried out several simulations with different parameters
quantify their effect on the wall slip. These parameters
mostly related to the wall properties, namely wall dens
(rw), wall–fluid interaction strength (ew) and the wall stiff-
ness (kw). For all the simulations in this section the distan
between two walls was 9.637s and the applied shear rat
was 2.346(e/ms2)1/2. The results were collected afte
400 000 time steps.

A. The effect of the wall density on the wall slip

The density of the wall can be changed by adjusting
distances of the atoms from each other inX, Y andZ direc-
tions. For our simulation the size of each wall w
(9.63737.22833.253)s3. We examined the wall slip
through the velocity profile for different wall densities ran
ing from 1.5 to 3.0s23. For all the simulations the wal
stiffness was 1000(e/s2). The velocity profiles in Fig. 1
show not much change in the wall slip with increasing w
density. The profiles are almost identical and there is
significant change in the wall slip for the range of wall de
sities examined here. This seems somehow contradictor
the results of Ref. 11; however, in that work it seems that
two densities examined for the wall are less than 1.0s23.
-
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Below this value a decrease in the wall density contribute
the wall roughness.11 However, as we will see with a sof
wall we will need to have a dense enough wall to avo
penetration of the fluid molecules at high pressures. To be
the safe side we chose to use a wall with a density of 2.5s23

for the rest of the simulations.

B. The effect of the wall stiffness on the wall slip

The springs which attach the wall atoms to their latti
sites keep the walls in the solid state. In order to examine
effect of the wall stiffness we conducted a few simulatio
for various values ofkw which quantify the stiffness of the
walls. The wall density for all the simulations was 2.5s23.
These profiles are shown in Fig. 2. As it can be seen from
profiles there is a great reduction in the wall slip as we
crease the wall stiffness. It seems that stiff walls give a gr
amount of wall slip. This can be explained by the fact th
the wall atoms form a lattice structure. So using a very s
spring makes them very restricted in their movement. T

FIG. 1. Velocity profiles for different values of wall density. Shear rate
2.346(e/ms2)1/2 and wall stiffness is 1000 (e/s2).

FIG. 2. Velocity profiles for various wall stiffness values. The wall dens
is was 2.5s23 and shear rate was 2.346(e/ms2)1/2. Wall–fluid interaction
strength was keptew51.0 e for all the simulations.



I
th
o
ly
l

he
rp
a
n
ea

w
m
y
t i

-

ll
-

n

s
-

it

n
la

a
a

em-

e
-
the

asier
ugh

ed
ttle

lls.

in

id
a

er.
a
be

e
s
ely
ys

ion

id
not
e
4
po-

uid
for

il-
is

n

he
he

2615J. Chem. Phys., Vol. 110, No. 5, 1 February 1999 Jabbarzadeh, Atkinson, and Tanner
lack of movement makes the walls effectively smoother.
contrast, softening the springs relaxes the restriction on
movement of the wall atoms and makes them interact m
efficiently with the fluid particles. This softening actual
contributes to the roughness of the walls which is essentia
achieving a nonslip flow. Although a slight penetration of t
fluid atoms to the surface of the walls in the form of adso
tion might be realistic, excessive penetration of the fluid p
ticles causes breakdown of the simulation. The penetratio
the fluid particles into the walls is strong at the high sh
rates and pressures that we used in the simulation. As
decrease the stiffness of the walls the fluid particles co
closer to the average position of the walls and eventuall
the wall is too soft penetrate into them. For this reason i
not possible to soften the springs further than 750 (e/s2).

C. The effect of the wall–fluid interaction strength on
the wall slip

Another important wall property is wall–fluid interac
tion strength (ew). To study its effect on the wall slip we
conducted simulations for different values ofew ranging
from 1.0 to 5.0e. The stiffness of the wall was 750 (e/s2)
and the wall density was 2.5s23. The velocity profiles are
shown in Fig. 3 and it can be seen that slip on the wa
reduces as we increaseew . However we could not com
pletely eliminate slip by this means.

The dependence of slip on wall–fluid interactio
strength has been previously shown for LJ fluid10 and also
bead-spring models of oligomers.23 For bead-spring model
it is observed that forew51 slip happens on the wall, how
ever for higher values ofew52 – 3, interlayer slip can be
observed. From the velocity profiles with our simulation
can be seen that even at higher values ofew slip only hap-
pens on the wall. This can be attributed to the differe
model of molecules used in our simulations. As with simi
alkane simulations12 with similar wall–fluid interaction
strength it is seen that the slip mostly happens on the w
Another important difference in our simulations and th

FIG. 3. Velocity profiles for different values of wall–fluid interactio
strength ew . The wall density was 2.5s23 and shear rate was
2.346(e/ms2)1/2.
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used with bead-spring models is the temperature. The t
perature used with a bead-spring model in Ref 23 isT51
e/kB . If we use the value ofe corresponding to hexadecan
it will be T550.5 K, which is very low temperature com
pared to what we have used here. We will also see that
adsorption of the molecules onto the surface becomes e
with a rougher surface. In that case with an energetic eno
surface slip can happen between the fluid layers.

IV. DEVISING A NEW MODEL FOR THE WALL

From the results obtained in Sec. III it can be conclud
that the wall density in the range examined here has li
effect on the slip. Both wall stiffnesskw and wall–fluid in-
teraction strengthew significantly affect wall slip. But with
the current model there is a limit to the softness of the wa
At the same time increasingew to much higher values
changes the configuration of the fluid and might result
solidification of fluid particles near the walls,10 although we
are often more interested in simulating the film in its liqu
state. So we decided to modify our model for the wall in
way that makes it possible for us to soften the wall furth
This softer wall would not represent a stiff wall like mic
where the mean displacement of the wall atoms must
within the Lindeman criterion. Rather, it will provide th
possibility of economically simulating shear flow with les
slip when this is desired. The results can then be qualitativ
compared with experiments with mica. It is in some wa
similar to using a hydrocarbon12 wall which is not actually a
solid physical wall, but occurs in practice due to adsorpt
of short chain molecules onto a solid surface.

A. Barrier wall

In Sec. III B we saw that the penetration of the flu
particles into the wall was the reason that we could
soften the wall further. In order to solve this problem w
introduce a new wall which we call a barrier wall. Figure
shows a snapshot from the simulation box and proposed
sition of the barrier wall, the chains of hexadecane as fl
particles and also the wall particles. The snapshot is taken
a wall stiffness valuekw5750 (e/s2). As it can be seen
from the snapshot there is a depletion zone which is a fam
iar phenomenon with frozen atomic walls. We believe th

FIG. 4. Simulation box in XZ plane Two walls are separated by z. T
position of the barrier wall is indicated by a thick line. The atoms with t
same shade belong to the same molecule.
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depletion zone contributes to the slip by decreasing the
parent wall roughness and the cohesion between the wall
the fluid. We implemented the barrier wall into the model
the following way. Two structured walls of the type prev
ously described are separated by a distance of z and
origin is in the center of the simulation box. One barrier w
is located at each side in theZ direction in locations6(z/2
1d). d is the offset of the barrier wall. This offset makes
possible for the fluid particles to engage with the wall p
ticles and penetrate just slightly in the wall. Barrier wa
have a potential of the form

f50.0002peF2

5S s

z D 10

2S s

z D 4G . ~6!

This potential originally is the integration result of a 6–1
Lennard-Jones potential on aXZ plane of a fcc lattice,24 and
is additional to the potential of the atoms of the structu
wall. We have modified the original potential by removin
the long range attractive part of the potential and making
potential much weaker. The potential and the force exe
on the fluid particles depend only on the normal distance
the fluid particles from the barrier wall~z!. The barrier wall’s
potential is cut off at a distance of 0.2s so that it exerts a
normal force only on the particles which are about to p
etrate into the structured walls. This strategy makes it p
sible to solve the penetration problem. The barrier wall
tually acts as a layer of atoms arranged in a fcc lattice
frozen in their lattice sites.

B. The velocity profiles with the new wall model

To test the effectiveness of the newly devised wall
repeated the simulation for a system with walls separated
9.637s. The same high shear rate as in Sec. III
2.346(e/ms2)1/2 was also applied. The wall stiffness use
this time waskw575 (e/s2). This is ten times softer than th
softest walls we were able to use without the barrier wal
Sec. III B. The wall–fluid interaction strength wasew51.0e.
To demonstrate the effect of softening the walls with t
implementation of the barrier wall we took another snaps
with the same shear rate and wall fluid interaction strength
in Fig. 4. This is shown in Fig. 5. It can be seen that letti

FIG. 5. A snapshot from the simulation box in the XZ plane with barr
walls implemented into the model. The wall stiffness is reduced to
(e/s2).
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the wall stiffness relax makes the fluid particles come clo
to the average position of the walls. In a physical sense
increases the roughness of the wall and contributes to
gagement between the fluid and wall particles. We obser
no difficulty in the simulation and the results proved that t
method used resulted in a decrease in the wall slip. Altho
the reduction in the wall slip was significant it did not cau
the wall slip to disappear completely. In simulations wi
tetracosane and squalane12 it is also observed that letting th
fluid particles penetrate into the tethered chains on the w
by reducing surface coverage of tethered chains is effec
in reducing the slip. To see if we could reduce the slip fu
ther, we decided to increase the value ofew . We did several
simulations with various values forew ranging from 1.0 to
5.0 e. The velocity profiles are presented in Fig. 6. For th
particular shear rate it seems that withew54e we obtain a
velocity profile very close to linear and with only a ver
small amount of slip~of about 5%! of the wall velocity. The
density profiles for this simulation are shown in Fig. 7 whe
it can be seen that up toew54e the density profiles remain

5

FIG. 6. Velocity profiles for a system of walls separated by 9.637s after
implementing the barrier wall and softening the wall stiffness to 75 (e/s2).
The solid line is the ideal linear velocity profile.

FIG. 7. Density profiles for the simulated system described in Fig. 6
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almost the same. The density profile changes drasticall
ew55e and it shows an enhanced layering effect in the fl
structure. This layering effect is the characteristic of confin
films. At this point we can see that the first layer is stuck
the wall and the slip plane is moved inside the film.

V. THE EFFECT OF SHEAR RATE ON THE SLIP

A. The effect of the shear rate with a strongly
adsorbing wall

In experiments with mica and other surfaces which
considered as strong adsorbing surfaces, many layers o
confined fluid can be immobilized by adsorption onto t
solid surfaces.ew /kB for mica is approximately 360–600 K
which is 7–10 times larger thane/kB .25 Another approxima-
tion in the literature for theew of mica is 3 – 5e, which is
considered to be conservative.26 The surface energy of gold
is approximately 3e.27 Other metal surfaces are also less
tractive than mica.28 The exact definition of a strongly ad
sorbing surface in terms ofew is rather arbitrary. Howeve
some researchers23 considerew<1.0 e as weakly adsorbing
andew52 – 3 e as a strongly adsorbing surface; the simu
tions in Ref. 23, as mentioned above, are conducted at
low temperatures not applicable to real lubrication problem
Considering the values ofew for mica, gold and other metal
we choseew54e to simulate a strongly adsorbing surfa
close to typical surfaces used in real applications. The
sponse of such systems to wall slip in shear flow is import
in determining the effective shear rate and the position of
shear plane.

We have carried out the simulations at different sh
rates of 0.0234–7.418 (e/ms2)1/2 (1010– 1012.5s21). From
the results shown in Fig. 8 it can be seen that at lower sh
rates up to 1011.5s21 many layers of the hexadecane mo
ecules are stuck to the solid surface. Increasing shear
however causes slip between the solid and fluid layers. T
slip increases with the shear rate. This may be better
plained by looking to the density profiles in Fig. 9 for the
shear rates. The large peaks in the density profiles clos

FIG. 8. Velocity profiles for a strong adsorbing surface whereew54e.
Various shear rates ranging from 1010 to 1012.5 s21 are covered in these
simulations. The film thickness is 9.637s.
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the walls indicate strong adsorption on the walls. Dens
profiles remain almost unchanged up to a shear rate of 111.5

s21. However increasing the shear rate further lowers
peak density in the adsorbed layers. This change is m
more dramatic for the highest shear rate where most of
adsorbed layers are washed away to the center. This re
in a sudden increase in the slip which is observed in
velocity profiles.

B. The effect of the shear rate with a weak adsorbing
wall

In the experiments conducted with surface force appa
tus ~SFA! a thin film of liquid lubricant or polymeric solu-
tion or melt is usually confined between two crossed cyl
ders of muscovite mica. Mica itself is a strongly adhes
material.26 However, in experiments conducted for low a
sorbing surfaces the mica surface is coated with a laye
octadecyltriethoxysilane~OTE!.26 The result was a surfac
many times less adsorbing than the mica itself . Although
model wall here does not represent the mica atom by at
the surface energy of the model wall can be adjusted t
level similar to that of a coated surface in the experiments
order to have slip results for this weakly adsorbing surfa
we conducted simulations for different shear rates rang
from 109.75 to 1012.5s21.

The effective shear rate (ġeff) can be calculated inside
the film from the velocity profiles. The ratio ofġeff/ġ is an
indicator of degree of slip. We define the degree of slip~S! as
the ratio of the slip velocity to apparent velocity and this

S5
Vs

Vapp
5

Vapp2Veff

Vapp
512

ġeff

ġ
. ~7!

A value ofS.0 indicates slip boundary condition holds an
for S50 a nonslip condition prevails. Table II showsS51
2(ġeff /ġ) for various shear rates for this film thickness.
can be seen that increasing the shear rate leads to an
esting phenomenon different from that with strongly adso
ing surfaces. In this case the largest degree of slip was s

FIG. 9. Density profiles for various shear rates ranging from 1010 to 1012.5

s21 for a strong adsorbing surface whereew54e.
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TABLE II. Degree of slip~S! for various applied shear rates. The film thickness for all the simulations is 3
nm and wall–fluid interaction strength isew5e.

log(ġ) 9.75 10 10.5 11 11.5 12 12.25 12.5

S 0.674 0.654 0.647 0.610 0.443 0.322 0.336 0.565
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at the lowest shear rate of 109.75s21. It can be seen that th
slip is large at low shear rates with values closer to 1 forS.
As the shear rate is increasedS is decreased as an indicatio
of decrease in the slip. HoweverS never reaches zero~non-
slip condition! and there is a turning point at shear rates
around 1012s21. At this point the slip intensifies again andS
increases as we increase the shear rate further.

Again, to demonstrate the effect of the adsorption in
observed phenomenon let us look at the density profile
Fig. 10 for the simulated shear rates at this weakly adsorb
surface. From Fig. 10 it can be clearly seen that increas
the shear rate up to 1012s21 pushes the adsorbed layers t
ward the walls. This can be better observed in the ce
where the average density of the fluid is decreased as
increase the shear rate, which is the main reason why sl
decreased in this range of shear rate. After this point as
increase the shear rate further the high velocity of the w
washes the adsorbed layers away from the walls toward
center. This results in an increase in the density profiles
the central region and reduces the adsorption level on
surfaces which is the main cause of enhanced slip.

Theoretical works by Subbotinet al.29 on the shear re-
sponse of polymer melts confined between weakly adsorb
surfaces support our findings. We must emphasize the
that although the length of polymer melt molecules can
much longer than the shorter chains of alkanes and the s
rates used in the theory seem to be lower, existing simil
ties and the lack of any other theoretical analysis for sho
chains make the mentioned theoretical work currently
best possible explanation for the observed phenomenon

In this theoretical work29 two characteristic shear rat
are defined, namelyġ1 and ġ2 . The amount of slip is large

FIG. 10. Density profiles for various shear rates ranging from 1010.5 to 1012.5

s21 for a weak adsorbing surface whereew5e.
f

e
in
g
g

er
e
is
e

ls
he
in
e

g
ct
e
ar

i-
r

e

when ġ,ġ1 and whenġ1,ġ,ġ2 slip decreases and fo
shear ratesġ.ġ2 the slip becomes negligible. Our finding
fit in well with this theoretical prediction except at high she
rates. Considering our results and their analogy it seems
the first characteristic shear rate is atġ1'109.75s21 or some-
what lower. However, we do not reach the second charac
istic shear rateġ2 and increasing the shear rate beyond 112

s21 results in further increase in the slip. The reason for t
difference is not clear. However it might be due to the sp
cific model we have used here with relatively short chains~in
comparison to long polymer melt chains! combined with
high shear rates used in the simulation. Or there might
some fault in the theoretical prediction. It seems more inv
tigations at high shear rates, maybe through experiment
more simulations with longer chains, should be done
clarify this matter. We think however that at shear ra
lower than 1012s21 the simulation and theoretical resul
agree well. For polymer melts in Ref. 29 the slip is larger
small shear rates where the chains are still close to Gaus
The elongation of the chains at higher shear rates lead
compression of the polymer melt and a decrease in the sl29

In our case the chains are shorter but we observe the s
phenomenon. At much higher shear rates since the chain
already fully stretched the chain elongation factor will not
as strong as before and hence the slip will be intensifi
This could be considered as a possible explanation for
ferent behavior from the theory at higher shear rates.

Our results are somewhat in contradiction with the
sults obtained for bead-spring models with 6–10 segme
per chain23 confined between two rigid atomic walls. In th
work23 with a similar value forew an increase in the shea
rate leads to a further increase in the slip on the wall wh
inside the film the induced shear rate remains the same.
discrepancy can only be explained by very low temperatu
used in bead-spring simulations. Also the chains in our sim
lations are longer and are modeled more realistically. A
other explanation for this difference lies in the fact that t
walls in our simulations are effectively rougher and an
crease in the shear rate leads to larger normal st
differences13 that compress the fluid against the walls. Wi
effectively a rough wall this leads to a better engagem
between the wall and the fluid and results in a decrease in
slip.

There have been experimental slip measurements
polymers by Migler and his co-workers.2 However their
measurements are done at considerably smaller shear
(231022– 40 s21) and with much thicker films. They mea
sured the slip velocity within the first 100 nm from th
solid–liquid interface and found that the slip will increa
with increasing shear rate. This however can be explained
the fact that their system can be considered as one of
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TABLE III. Degree of slip~S! for various film thicknesses. The shear rate (ġ) for all the data here is 1011.5s21

and wall–fluid interaction strength isew5e.

Z ~nm! 0.975 1.949 2.924 3.898 4.873 5.848 6.822 19.490

S 0.844 0.718 0.553 0.443 0.385 0.325 0.287 0.136
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thick films close to the bulk state of the fluid. To demonstr
the effect of the thickness of the film on the slip we co
ducted a few simulations which are explained in Sec. V B

1. The effect of the film thickness on the slip

Several simulations were performed with various fi
thicknesses ranging from 2.409s to 48.186s ~0.9745–
19.4915 nm!. The shear rate was kept constant at 0.74
(e/ms2)1/2 for all the simulations. We calculated the degr
of slip given by Eq.~7! for those thicknesses. The results a
shown in Table III.

At the thickest film of 19.490 nm~48.187s! the slip
velocity is only 14% of the wall velocity. For thinner film
the slip is larger and for a film with a thickness of 3.898 n
~9.637s! the slip velocity amounts to about 44% of the wa
velocity. This is a significant increase in the slip. From t
results it can be inferred thatS approaches zero at thic
enough films. This suggests that with a very thick film
nonslip boundary condition holds. The point that the slip
thickness dependant is very significant and should be con
ered in experiments. These results are similar to the res
for longer molecules of squalane and tetracosane12 and we
speculate that this phenomenon is independent of the
lecular architecture, since that squalane is a branched
ecule. It seems it is also independent of the type of the mo
wall as in a constant load simulation of hexadecane11 with
rigid walls it was inferred that the slip is decreased at thic
films.

In our discussion on the experimental findings of Mig
and his co-workers,2 it was demonstrated that the slip d
creases at thicker films for the same shear rate. Their m
surement cannot be directly compared with a thin film wh
is only about 10 segment diameters thick. However fut
research agenda can accommodate the examination o
shear dependence of slip in the weak adsorption limit
much thicker films through molecular simulation. But sin
such a simulation requires much longer times to yield
results it was not conducted in this work. The physical e
planation for observing this phenomenon is still open
discussion.

VI. CONCLUSIONS

Here we examined the shear flow of hexadecane
tween two solid walls. We demonstrated the effect of
detailed properties of a model wall on the slip between he
decane and a solid surface. It was found that the slip betw
fluid and the wall depends on both the wall–fluid interacti
strength and surface roughness which in our model was
trolled by the wall stiffness. A model was devised based
our findings. The slip was examined at various shear ra
and for films of different thicknesses. The results are a
e
-
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lyzed at different values for the wall–fluid interactio
strengthew which determines the level of adsorption of th
fluid molecules onto the solid surface. It was demonstra
that the slip depended on shear rate and film thickness. H
ever different behavior was observed depending on the le
of adsorption which was dictated by the wall-fluid intera
tion strength. The degree of slip is found to be smaller
thicker films. The choice ofew has a great effect on both th
wall slip velocity and fluid density distribution in the direc
tion normal to the wall. Usingew54e can be considered a
reasonable value forew if a comparison with strongly ad
sorbing surfaces is to be made. The simulation was also u
to yield some results for comparison with what has be
obtained by experiments for low adsorbing surfaces, sim
to those used with OTE coated mica surfaces. In this ca
lower value forew would be more appropriate and should
chosen depending on the surface energy of the materia
was demonstrated that the level of adsorption of the m
ecules onto the surface is a determining factor for slip. T
was true for both strong and weak adsorbing surfaces
was discussed in detail from the density profiles. Althou
the simulated hexadecane molecules are much shorter
typical polymer melt molecules close similarities in behav
can be seen. The effect of the surface interaction energyew

on the rheological properties of the confined films
n-hexadecane has also been investigated for a better un
standing of the problem.13
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