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Abstract

We report a constant-volume and constant-pressure molecular dynamics study of the ¯uid structure, ¯ow boundary condition, and shear

viscosity of n-decane con®ned between graphite surfaces under various shear rates at 480 K using an anisotropic united atom model. The

effect of surface corrugation, wall±¯uid interaction strength, and load on these properties is investigated in this work. Our results show that

the surface corrugation has a pronounced effect on rheological properties, but not on structural and orientational properties at the

temperature studied. The shear thinning behavior of the con®ned ¯uids is observed for all cases under the shear rates studied. Our results

also show that the velocity pro®le deviates more from the perfect linear pro®le with increasing surface corrugation, wall±¯uid interaction

strength, shear rate, and normal load. Slip occurs throughout the range of parameters studied. The ¯uid layers near the walls could be locked

to each other even though slip occurs at the solid±¯uid interface. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

An understanding of the atomic processes occurring at the

interface of two dry or wet materials when they are brought

together or moved with respect to one another is central to

many technological problems, including adhesion, lubrica-

tion, friction, wear, wetting, and spreading [1±6]. The

classical physics of the continuum has historically provided

most of the theoretical and computational tools for engineer-

ing applications. However, technology is now reaching

nano-scale dimensions where the approximations used in

the continuum modeling are no longer valid. One of the

fundamental assumptions in ¯uid mechanical formulations

of Newtonian ¯ow past solids is the continuity of the

tangential component of velocity across a boundary known

as the `̀ no-slip'' boundary condition (BC) [7]. However,

recent microscopic experiments [8] and molecular dynamics

(MD) simulations [9±11] indicate that the BC is different at

the molecular level. Modern microscopic experimental tech-

niques coupled with molecular simulation provide a unique

understanding of these problems at the atomic scale. Mea-

surements by the surface force apparatus (SFA) [8,12] and

the quartz crystal microbalance (QCM) [13] have revealed

much about boundary lubrication phenomena. Simulations

of con®ned ¯uids under shear [14±39] have enhanced our

understanding of these experiments.

It was shown in the SFA experiments [8,12] that the

behavior of con®ned ¯uids at small plate separations is very

different from that of bulk ¯uids. In the Newtonian regime,

the effective viscosity is orders of magnitude larger than the

shear viscosity of the bulk ¯uid. At higher shear rates, there

is a transition to a non-Newtonian regime where the effective

viscosity decreases with increasing shear rates for most

cases according to a power law, �eff�
a. The value of �
is found to be ÿ2/3 for a number of ¯uids such as octa-

methlycyclotetrasioxane (OMCTS) and dodecane under

high pressures [12,40] though the value of � may depend

on the load and vary for other systems such as hexadecane

[41]. Robbins and co-workers [16,17] carried out simula-

tions with a bead-spring model (coarse-grained model) for

linear-chain molecules of varying lengths to study the

response under steady shear. The shear thinning behavior

appears to follow a universal power law with ��ÿ2/3 near

the glassy state for chain lengths between 4 and 12 and for

various wall-strengths, loads, and numbers of ¯uid layers

studied. Manias et al. [33,34] used the same bead-spring

model in their simulations and analyzed viscosities inside

the solid±¯uid interface and the inner ¯uid ®lm. They found

that nearly all the shear thinning takes place inside the solid±

oligomer interface and the shear thinning inside the inter-
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facial area is determined by the wall af®nity. While the loads

used in the Manias' simulations are much smaller than the

ones used in experiments [33,34], the loads used in the

Robbins' simulations are quite high so that ¯uids are near

the glassy state [16,17]. Thus, the difference between these

two simulations could be due to different loads used in the

simulations. In the recent simulations of con®ned ¯uids by

Stevens et al. [37] using a realistic model (atomic-scale

model), it was found that the value of � depends on the wall

strength. The same conclusion was reached in the simula-

tions by Khare et al. [35]. A direct comparison between

simulations with an atomic-scale model and experiments is

dif®cult due to the fact that the shear velocity in these

simulations differs by orders of magnitude from that in

experiments. It should be pointed out that the simulations

with an atomic-scale model [37] and with a bead-spring

model [16,17] are also different. In the simulations by

Robbins and co-workers [16,17], the temperature T is

1.1"/k, and the Lennard-Jones (LJ) coupling strength is

"�0.91kT. These simulations were carried out near the

glassy state where shear viscosity changes several orders

of magnitude with small increases in shear rates. However,

for hexadecane simulations by Stevens et al. [37], the LJ

parameters, "CH2
� 0:15kT and "CH3

� 0:35kT (in units of

temperature T�323 K), are much smaller. To simulate

hexadecane at a temperature equivalent to the bead-spring

system, one needs to go to the 50±100 K range where

hexadecane crystallizes. It is well known that the viscosity

increases as the temperature decreases. The bead-spring

system is thus at a more viscous point. Lowering the

temperature is equivalent to decreasing the critical shear

rate. The temperature shift is equivalent to a shift of the time

scale [37]. This explains why the bead-spring simulations

can reproduce the SFA experiments in spite of the difference

in shear velocity between simulations and experiments.

In this paper, we present the results of MD simulations of

n-decane con®ned between graphite surfaces at 480 K using

an anisotropic united atom model (AUA). The effect of

wall±¯uid strength, shear rate, and pore size on the ¯ow

boundary condition has been studied previously in details

for spherical LJ systems con®ned between LJ walls

[14,15,38]. Very few results are available on the velocity

pro®le of con®ned chain molecules [25]. Furthermore,

additional work is needed to resolve the discrepancies

concerning the existence of a universal power law for

describing the shear thinning behavior of con®ned ¯uids.

For these reasons, the effect of surface corrugation and

wall±¯uid strength on the ¯ow boundary condition and the

shear thinning behavior of con®ned n-decane is investigated

in this work. We chose n-decane because its chain length

falls between 4 and 12 for which a universal power law with

��ÿ2/3 from constant-pressure simulation and ÿ1/2 from

constant-volume simulations was found in the bead-spring

simulations by Robbins and co-workers [16,17]. For the

system of hexadecane studied by Stevens et al. [37], experi-

ments found that � is somewhat less than 1/2 and depends

on the load [41]. Simulations were carried out at 480 K,

corresponding to the conditions to which organic ¯uids are

typically exposed during engine lubrication. Since the

temperature is well above its melting point of 243 K, this

allows one to examine a wide range of loads while remain-

ing in the stable region of the liquid phase. Graphite surface

was used because it has been extensively studied [42].

2. Potential models and simulation methods

In applying a valence force ®eld to long chain hydro-

carbon molecules, there are essentially two models ± the all

atom and the united atom (UA) models [43]. While the all

atom model is more accurate in principle, it is more

computationally expensive. The UA model treats the hydro-

gen±carbon groups as pseudo-atoms and is about three times

faster than the all atom model. Recently, an improvement

over the UA model, the AUA model, has been proposed by

Toxvaerd [44]. As in the UA model, the hydrogen±carbon

group is also represented by a single interaction site. The

interaction site is placed in the geometrical center of the

group by displacing from the center of the carbon atom

along the bisector of the HCH bond angle in the CCC plane

while the mass of the group is placed on the carbon nucleus

which is the moving center. The energy difference in the

interaction between a pair of methylene-units in different

relative orientations is accounted for in the AUA model.

This energy difference is important, especially in dense

systems. The AUA model does not extend the computer time

signi®cantly and requires only minor changes in a tradi-

tional MD program for the UA model. A more detailed

description of the AUA model can be found in [44]. The

bond stretching vibrational frequency is usually much

higher than other intra-molecular vibrational modes and

hence does not couple strongly with other modes. For these

molecules, the constraint of constant bond length does not

signi®cantly affect the overall motion and results in a

computational saving of a factor of three. Elimination of

the bond length motion is accomplished by inserting a

constraint force into the simulation. In this work, the

AUA model with bond constraints is adopted. The bond

angle potential is described by a cosine harmonic potential:

Eangle � 1=2 k��cos�i ÿ cos�0�2: (1)

The torsional potential [45] is described by

Etorsion �
X5

m�0

Vm�cos��m: (2)

The valence parameters of the force ®eld used are given in

Table 1. The intra- and inter-molecular non-bonded inter-

actions are described by the shifted-force potential [46]

truncated at rc�2.5�ij. They are calculated in the AUA

fashion. The shifted-force potential is used to remove the

discontinuities in the potential and force. The intra-mole-

cular non-bonded interactions are not used between nearest
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neighbors (1±2 interactions) and next nearest neighbors (1±

3 interactions). The values of masses and LJ interaction

parameters for different groups are given in Table 1. The

parameters for the interactions between different groups are

calculated with the Lorentz±Berthelot combination rule.

A solid±¯uid model with laterally varying periodicity

based on the usual Fourier expansion truncated after ®rst

order has been used [47,48]:

Esf�x; y; z� � E
�0�
sf �z� � E

�1�
sf �z�f �x; y�; (3)

where E
�0�
sf �z� is the 10±4±3 solid±¯uid potential as given by

E
�0�
sf �z� � A

2

5

�sf

z

� �10

ÿ �sf

z

� �4

ÿ �4
sf

3��0:61�� z�3
 !" #

;

(4)

where A � 2��s"sf�
2
sf�, z is the distance between a ¯uid

particle and the substrate surface, and �s is the solid density.

The graphite parameters are �ss�0.340 nm, "ss/k�28.0 K,

��0.335 nm, and �ss�114 nmÿ3 [47,48]. The structureless

10±4±3 potential is often used in adsorption studies, but is of

limited use for the study of ¯uid ¯ow since it cannot transfer

tangential momentum and thus prevents the possibility of

inducing a ¯ow by moving the walls. The E
�1�
sf �z� is given by

E
�1�
sf �z� � B C

a1

z

� �5

K5
4�z���
3
p

a1

� �
ÿ D

a1

z

� �2

K2
4�z���
3
p

a1

� �" #
;

(5)

with B � 4�"sf�
6
sf=

���
3
p

a6
1; C � �6

sf=30a6
1�2�=

���
3
p �5; D �

2�2�= ���
3
p �2, and a1�0.246 nm. K2 and K5 are modi®ed

Bessel function of the second kind. For the graphite basal

plane, the laterally periodic function f(x,y) is

f �x; y� � ÿ2 cos2�
x

a1

� y���
3
p

a1

� �
� cos2�

x

a1

ÿ y���
3
p

a1

� ��
�cos

4�y���
3
p

a1

�
: (6)

The above potential neglects a number of effects, such as

anisotropic polarizability of the surface atoms, three body

terms, substrate mediated dispersion energy, and so forth.

For this reason we have considered a modi®ed form of the

truncated Fourier expansion [42], namely,

Esf�x; y; z� � E
�0�
sf �z� � �E

�1�
sf �z�f �x; y�; (7)

where � is a parameter that enables the corrugation of the

wall potential to be varied. The site-solid potential energies

for an interaction site at different positions over the graphite

basal plane are given in Fig. 1(a) for different values of �.

The effect of � on the ¯ow boundary condition and shear

viscosity is studied in this work. In our simulations, the

surface was built from a unit cell, which contains six

hexagon sites as shown in Fig. 1(b) in such a way as to

meet the requirement that the periodic boundary conditions

must match the symmetry of the external ®eld. A similar

surface was used in the studies of the commensurate±

incommensurate transition of methane adsorbed on graphite

at low temperatures [42] and the melting of nitrogen on

graphite [49]. The simulation surface was constructed from

a 8�4 array of unit cells, giving it a dimension of

3.408�2.951 nm. The system consists of 64 n-decane mole-

cules.

Thin ®lms under shear are studied with MD methods by

modeling two surfaces with small separation and a con®ned

®lm within. Periodic boundary conditions are used within

the plane of the ®lm. Shear is imposed by sliding the two

walls relative to each other at velocities U and ÿU for the

top and bottom plates, respectively, while controlling the

system temperature and wall separation (or load). When a

¯uid is under an applied shear, work done on the system is

converted into heat. Appropriate coupling to a thermal

reservoir (thermostat) is needed to remove the heat. Pre-

caution must be taken to avoid biasing the ¯ow and altering

simulated properties. It was previously shown that an inap-

propriate thermostat can bias the ¯ow [10,51]. Two

Table 1

Valence and van der Waals parameters of the force field used

Bond R0 (nm)a

C±C 0.1545

Angle (Eq. (1)) K�
b �0 (deg)

C±C±C 520 114.6

Torsionc (Eq. (2)) V0 V1 V2 V3 V4 V5

C±C±C±C 8.6279 20.1703 0.6788 ÿ26.0183 ÿ1.3575 ÿ2.1012

VDW � (nm) "/k (K) Mass (a.m.u.) d (nm)d

CH3 0.3527 120.0 15.0 0.032

CH2 0.3527 80.0 14.0 0.032

a Bond length is fixed at 0.1545 nm.
b Unit in (kJ/mol)/radian2.
c Units in kJ/mol.
d d is the distance between the position of the interaction site and the carbon nucleus.
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approaches for shear ¯ow simulations could be used: in one

case, the sheared ¯uid is not thermostated and only the

con®ning walls are maintained at a constant temperature,

while in the other, a thermostat is employed to keep the

entire mass of the sheared ¯uid at a constant temperature.

Khare et al. [36] recently showed that in the ®rst case the

sheared ¯uid undergoes signi®cant viscous heating at the

shear rates studied, consistent with experimental observa-

tions. It was shown [36] that the results for transport

coef®cients are signi®cantly affected by the thermostat.

The viscous heat produced in our simulations is not as

signi®cant as that in the work by Khare et al. [36] where

the temperature in the middle of the pore could be 6±7 times

higher than that of the walls. Our results show that tem-

perature pro®les are constant across the gap for all the cases

studied except for the case where the wall energy parameter

was changed to "ff/k�1000 K. In this case, the temperature

in the middle of the pore reaches 4.85 as compared to the

target temperature of T*�4.0. This is mainly due to the

small pore size (H*�8.0) studied here as compared to

H*�18.0 used in the work by Khare et al. [36]. Furthermore,

our results show that when the viscous heat produced is not

very large, velocity pro®les and shear viscosities obtained

with the two thermostating methods are basically the same.

Similar behavior was found previously [26]. Nevertheless, it

is advantageous to thermostat the walls, which is particu-

larly important for large pore sizes, high shear rates, and

strong ¯uid±wall interactions.

In this work, the thin ¯uid layers (less than 0.5�ff) near the

surfaces are thermostated. This is equivalent to thermostat-

ing the walls. The NoseÂ-Hoover thermostat is used to

maintain the temperature of the thin ¯uid layers near the

walls at the target value. The equations of motion in the

NoseÂ-Hoover forms are

dv

dt
� ÿ 1

m
rE ÿ �v; (8)

with

d�

dt
� 1

�2

T0

T
ÿ 1

� �
;

where � is the relaxation time of the thermostat. In a ¯uid

under shear ¯ow the velocity of the particles can be divided

into two contributions: the contribution due to local stream

velocity and the contribution due to thermal motion. A

thermostat should act only on the thermal part of the particle

velocity. It is dif®cult to implement the thermostat on the

velocity component in the direction of the ¯ow since this is

unknown a priori. There are several ways of addressing this

problem, for example, by applying the thermostat only on

the y and/or z velocity components (we assume that the

induced ¯ow moves in the x direction). In this work, the

thermostat is applied only on the y and z velocity compo-

nents. Thus, T0 in Eq. (8) is calculated from

1=g
P�mv2

yi � mv2
zi�, where g is the number of degrees of

freedom. The equation of motion with a constraint force for

®xed bond length coupled with the NoseÂ-Hoover thermostat

is integrated using the velocity version of the Verlet algo-

rithm (RATTLE). In this scheme [50], positions and velo-

cities at time t��t are given as

ri�t ��t� � ri�t� ��tvi�t�

��t2

2m
�Fi�t� � Gi�t� ÿ m��t�vi�t��; (9)

vi�t ��t� � vi�t� � �t

2m
�Fi�t� � Gi�t� ÿ m��t�vi�t��

� �t

2m
�Fi�t ��t� � Gi�t ��t�

ÿ m��t ��t�vi�t ��t��;
where Gi is the constraint force on the particles i. An

iterative procedure is required to solve the equations

[50]. For constant-pressure simulations, an additional damp-

ing term is added to the equation of motion [26,52,53]. Most

Fig. 1. (a) The site-solid potential curves for a CH2 interaction site at the adsorption site and saddle point over the graphite basal plane, and (b) the graphite

surface. The unit cell of the graphite lattice is indicated by the bold line and the solid points denote the carbon atoms.
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simulations were performed for a total simulation time of

1 ns with a timestep of 4 fs.

3. Results and discussion

In this section, we present constant-volume and constant-

pressure MD simulation results for the structure, orienta-

tion, velocity pro®le, and shear viscosity of n-decane con-

®ned between graphite surfaces at T*�4.0 (480 K) at several

shear velocities. The effect of surface corrugation, wall±

¯uid strength, and load is investigated. For simulations of

con®ned ¯uids under shear it usually takes much longer to

obtain clean ¯ow ®elds than density pro®les. Thus, one of

the best ways to determine if a system has reached steady-

state is to monitor the velocity ®eld. Another way is to

monitor the values of the shear stress h� zxi calculated from

the friction forces and from the average heat dissipated per

unit of time at steady-state. A good test of the accuracy of

the simulation is an agreement in the two values of h� zxi.

3.1. n-decane confined between graphite surfaces under

shear

For hydrocarbon chain molecules, the density and velo-

city pro®les can be obtained based on the center of mass of

the molecules or the methylene subunits. The density dis-

tribution of the methylene subunits shows more structure

than that of the center of mass of the molecules as a whole.

The methylene subunits prefer being placed in the proximity

of the solid surface. Fig. 2(a) displays the methylene density

pro®le at H*�8 (2.822 nm), U*�3.5 (902.5 m/s) and ��1 in

Eq. (7). The density pro®le was computed by dividing the

region between the walls into a number of thin slices with a

bin size of 0.035 nm. The time averaged density for each

slice is calculated during a simulation by assuming the

symmetry of the density pro®le. Sharp peaks near the

surfaces are clearly shown in Fig. 2(a), indicating that the

chains tend to wet the surfaces. In the peaks near the

surfaces, a maximum and a shoulder appear. This phenom-

enon has been observed by other workers [25]. The positions

of the minimum energy in the site-wall function are different

along the direction normal to the wall for an interaction site

at different lateral positions over the graphite basal plane as

shown in Fig. 1(a). The competition between intra- and

inter-molecular spacings leads to different locations of the

sites over the unit lattice cell, resulting in a peak and a

shoulder in the contact layer. Examination of the density

pro®les under different shear rates indicates that the density

pro®le is insensitive to the shear velocity. The orientation

order parameter of the chains in the pore is given in Fig. 2(b)

by assuming the symmetry of the orientation pro®le across

the pore. The order parameter is de®ned as

S � 3hcos2�i ÿ 1

2
; (10)

where h. . .i indicates the ensemble average and � is the

angle between the chain-end-to-end vector and the z-axis

perpendicular to the wall. By de®nition, S�ÿ0.5 if mole-

cules lie parallel to the surface and S�0 if molecules are

randomly oriented. As shown in Fig. 2(b), the chain mole-

cules in the contact layer lie parallel to the surface while the

orientation of the chain molecules is on average random in

the interlayer. The center-of-mass velocity pro®les for

H*�8 are given in Fig. 3. While the density distribution

of the methylene subunits shows more structure than their

center-of-mass counterparts, velocity pro®les for both the

methylene subunits and the center of mass of the molecules

are fairly equal. In our simulations, the x components of the

velocities for all particles were averaged within bins (1.0�ff

for contact layer, 1.0�ff for second layer and 2.0�ff for inner

layer) corresponding to ¯uid layers determined from density

pro®les. The hydrodynamics theory predicts a perfect linear

velocity pro®le (u�x=U� versus Z*) running from ÿ1 to 1. As

Fig. 2. (a) Methylene density profile of n-decane confined between graphite surfaces with ��1 at T*�4.0 (480 K), H*�8 (2.822 nm) and U*�3.5 (902.5 m/s)

from constant-volume MD simulations, and (b) corresponding orientation order parameter profile across the pore.
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shown in Fig. 3, slip always occurs for all cases and the ¯ow

is plug-like. In fact, only less than 15% of the shear occurs

within the ®lm. As the shear rate increases, the velocity

pro®le deviates more from the perfect linear velocity and the

slope decreases. The slopes are 0.043, 0.013, 0.005, and

0.004 for U*�0.25, 1.0, 2.0, and 3.5, respectively. At the

largest shear rate studied, the slope of the pro®le decreases

almost to the point where it is almost ¯at everywhere in the

¯uid, indicating a complete decoupling of the ¯uid and wall

motion. The effect of wall±¯uid interaction, shear rate, and

wall separation on density and velocity pro®les has been

studied previously in detail for spherical molecules

[14,15,38]. It was found that the velocity pro®le deviates

more from the continuum linear form for smaller pore

separations (or higher pressures), lower temperatures, and

increasing shear rates. The general conclusions for spherical

molecules could be applied to chain molecules even though

they differ in several ways. For example, the competition

between intra- and inter-molecular spacings leads to less

pronounced layering with chain molecules. In the SFA

experiments [12,40], the effective viscosity (�eff) is calcu-

lated from experimental measurements of the shear stress

(� zx) and the applied shear rate (
), which is determined

using the measured plate separation (H) and assuming a

linear pro®le between plates,

�eff � �zx



� �zxH

U
: (11)

The universal power law observed by Robbins et al. [16,17]

is based on the effective viscosity versus shear rate curves.

Thus, the effective viscosity is calculated in this work. From

the effective viscosity versus shear rate curve shown in

Fig. 4, we observe a plateau at low shear rates and shear

thinning behavior at high shear rates. If the data in the shear

Fig. 3. Velocity profiles of n-decane confined between graphite surfaces

with ��1 at T*�4.0 and H*�8 from constant-volume MD simulations for

various shear velocities ± 0.25 (*), 1.0 (&), 2.0 (}), and 3.5 (~).

Fig. 4. Effective viscosity versus shear rate curves for (a) n-decane

confined between graphite surfaces with ��1 at T*�4.0 and H*�8 from

constant-volume simulations (*), (b) the same as (a), but with ��2 (&),

(c) the same as (a), but with the graphite energy parameter ("/k�28) being

changed to 1000 K (}), and (d) the same as (c), but from constant-

pressure simulations with P*�5 (188 MPa) (~).

Fig. 5. The same as Fig. 2, but with ��2.
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thinning regime are ®tted to the power law, we obtain

��0.56. In a recent work by Wang et al. [39], it was shown

that the effective viscosity versus shear rate curve exhibits a

shear thinning behavior while the actual viscosity versus

shear rate curve shows a basically constant viscosity over

the same range of shear rates. As pointed out by these

authors [39], the shear thinning reported by some workers

may be related to the slip phenomena due to the assumption

of the no-slip boundary condition. An increase in surface

corrugation, wall±¯uid interaction strength and load causes

an increase in the effective viscosities as discussed in the

next section.

3.2. The effect of surface corrugation

The � in Eq. (7) is a parameter that enables the corruga-

tion of the wall potential to be varied. The advantage of

using the value of � is that the effect of surface corrugation

can be studied without changing the average wall±¯uid

interaction strength. The methylene density pro®le at

H*�8 and U*�3.5 with ��2 is shown in Fig. 5(a). The

density pro®les are almost identical for both ��1 and 2,

indicating that an enhancement in surface corrugation does

not change the density distribution at the temperature

studied. This is consistent with what we found before

[54]. Fluid density pro®les are insensitive to the detailed

structures of the surfaces at high temperatures. The orienta-

tion order parameter pro®le of the chain molecules in the

pore is shown in Fig. 5(b). As in Fig. 2(b), the chain

molecules in the contact layer lie parallel to the surface

while the orientation of the chain molecules is on average

random in the interlayer. The velocity pro®les for H*�8

with ��2 at various shear velocities are given in Fig. 6. As

in Fig. 3, the system exhibits plug-like ¯ow and the velocity

pro®les deviate more from the perfect linear velocity as the

shear rate increases, but with slopes larger than their coun-

terparts in the case of ��1. With the enhancement of surface

corrugation which is equivalent to an increase in wall±¯uid

interaction strength, the coupling between ¯uid and surface

increases. The slopes of the velocity pro®les are 0.084,

0.033, 0.023, and 0.015 for U*�0.25, 1.0, 2.0, and 3.5,

respectively. As shown in Fig. 4, the effective viscosity

increases by ®ve times as the value of � increases from 1

to 2. Furthermore, the drop in the viscosity is 0.72 in the case

of ��2, larger than the drop of 0.16 in the case of ��1 as the

shear velocity increases from 0.25 to 3.5. If the data in the

shear thinning region are ®t to a power law, the exponent �
obtained is 0.68. It is interesting to observe that the surface

corrugation has a pronounced effect on rheological proper-

ties, but not on structural properties.

3.3. The effect of wall±fluid strength

Stevens et al. [37] simulated con®ned hexadecane ¯uids

using a realistic model and found that the value of � depends

on the wall±¯uid interaction strength. For weak wall±¯uid

coupling ("w�0.1 kcal/mol), the value of � was found to be

0.05±0.17. They also found increasing viscosity with

Fig. 6. The same as Fig. 3, but with ��2.

Fig. 7. The same as Fig. 2, but with the graphite energy parameter ("ss/k�28 K) being changed to 1000 K.
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increasing plate separation, in contrast to the experiments

[40,41]. As "w increases to 0.7 kcal/mol, the value of � was

found to be 0.39±0.42. The dependence of � on the wall±

¯uid interaction strength was also found in other recent

simulations [35]. In order to study the effect of wall±¯uid

interaction strength on the ¯ow BC and shear viscosity, the

wall energy parameter "ss/k is increased from 28 (graphite)

to 1000 K. The methylene density pro®le for H*�8 and

U*�3.5 is given in Fig. 7(a). There are two distinct layers

near the surfaces with density depletion in the center of the

pore due to strong wall±¯uid interactions. The peak near the

surface is signi®cantly higher than with "ss/k�28 K as

shown in Fig. 2(a) and Fig. 5(a). A maximum and a

shoulder are observed at the contact layer for the same

reason as discussed in Section 3.1. Fig. 7(b) displays the

orientation order parameter across the pore. The results are

similar to those with "ss/k�28 K, shown in Fig. 2(b) and

Fig. 4(b) except that the second layers also lie parallel to the

Fig. 8. The same as Fig. 3, but with the graphite energy parameter ("ss/

k�28 K) being changed to 1000 K.

Fig. 9. The same as Fig. 7, but from constant-pressure MD simulations with P*�5.

124 R. Balasundaram et al. / Chemical Engineering Journal 74 (1999) 117±127



surfaces. The velocity pro®les are shown in Fig. 8. It is

interesting to observe that the ¯uid layers near the walls are

locked to each other while slip occurs at the solid±¯uid

interface for con®ned decane. To the best of our knowledge,

this is the ®rst observation of this phenomenon. For sphe-

rical molecules, locking is always observed when there is

no-slip [14,15,38]. This is due to the fact that spherical

molecules can easily form commensurate structures on the

surface when wall±¯uid interactions are strong. For chain

molecules, the competition between intra- and inter-mole-

cular spacings makes it dif®cult for chain molecules to form

such commensurate structures on the surface. Thus, slip can

still occur even under relatively high wall±¯uid interaction

strength while commensurate structures are formed between

¯uid layers. In this case, the contact and the second layers

both lie parallel to the surfaces (Fig. 7(b)) and move in a

same velocity (Fig. 8). The shear viscosity versus shear rate

curve in Fig. 4 exhibits the shear thinning behavior with the

exponent ��0.70.

3.4. The effect of normal load

Constant-pressure MD simulations were carried out to

study the effect of normal load and pore size. The methylene

density pro®le is shown in Fig. 9(a) at P*�5 (188 MPa),

T*�4 and U*�3.5 with the wall energy parameter being

changed to "/k�1000 K. Compared with Fig. 7(a), where

H*�8 and P*�1, the ¯uid is con®ned to a smaller pore size

of H*�6.6. The orientation order parameter is given in

Fig. 9(b). Similar to what is observed for other systems

discussed in the previous sections, the chain molecules at

the contact layer lie parallel to the surfaces. The viscosity

versus shear rate curve in Fig. 4 shows the shear thinning

behavior with ��0.64. Previous con®ned simulations of

bead-spring chains found ��2/3 at constant-pressure and

1/2 at constant-volume. In fact, the exponent � is strongly

dependent on the viscosities at the lower shear rates in the

shear thinning regime. Due to the large uncertainty in the

viscosities at the low shear rates and relatively narrow shear

rates studied, more work is needed to determine the uni-

versality of the power law.

4. Conclusions

Constant-volume and constant-pressure molecular

dynamics simulations have been carried out to study the

structure, orientation, ¯ow boundary condition, and shear

viscosity of n-decane con®ned between graphite surfaces at

480 K under various shear rates using an anisotropic united

atom model. The effect of surface corrugation, wall±¯uid

strength, and load on these properties is also studied. Our

results show that the distribution of methylene subunits and

the orientation of chain molecules are insensitive to shear

velocities at the shear rates studied. The chain molecules

near the surfaces form peaks and lie parallel to the surfaces.

It is interesting to observe that the surface corrugation has a

pronounced effect on rheological properties, but not on

structural and orientational properties at the temperature

studied. The absolute effective viscosity and the drop in the

viscosity increase as the value of � is increased from 1 to 2.

Same phenomena are observed as the wall±¯uid interaction

strength and load are increased. The shear thinning behavior

of con®ned ¯uids is observed for all cases at high shear rates

studied with the exponent of the power law varying from

0.56 to 0.70 in the case of constant-volume simulations and

0.64 in the case of constant-pressure simulations. Our

results also show that the velocity pro®le deviates more

from the perfect linear pro®le with increasing surface

corrugation, wall±¯uid interaction strength, shear rate,

and normal load. Slip occurs throughout the range of

parameters studied. It is also interesting to observe that

the ¯uid layers near the walls could be locked to each other

even though slip still occurs at the solid±¯uid interface. To

the best of our knowledge, this is the ®rst observation of this

phenomenon from molecular dynamics simulations.

5. Nomenclature

a1 graphite lattice parameter (nm)

d distance between the position of the interaction

site and the carbon nucleus (nm)

E potential energy (kJ/mol)

F force (N)

f laterally periodic function

G bond constraint force (N)

g degree of freedom

H pore separation (nm)

kq bond-angle bending force constant (kJ/mol/

radian2)

k Boltzmann constant (kJ/K)

m atomic mass (a.m.u)

N number of molecules

P pressure (MPa)

R0 equilibrium bond length (nm)

r particle position (nm)

rc cut-off distance (nm)

S orientation order parameter

T temperature (K)

U wall velocity (m/s)

u layer flow velocity (m/s)

Vm torsional potential energy parameter (kJ/mol)

v particle velocity (m/s)

x,y,z cartesian coordinates

Greek letters

� exponent in the power law


 shear rate (sÿ1)

� separation between graphite lattice planes

�t time step (fs)
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" Lennard-Jones energy parameter (kJ/mol)

�eff shear viscosity (Pa s)

� angle between the chain-end-to-end vector and the

z-axis perpendicular to the wall (rad)

�0 equilibrium bond angle (rad)

� the additional degree of freedom associated with

the NoseÂ-Hoover thermostat (sÿ1)

� density (g/cm3)

� Lennard-Jones size parameter (nm)

� zx shear stress (MPa)

� relaxation time of the NoseÂ-Hoover thermostat (s)

� torsion angle (rad)

Operator

r gradient

Reduced units

H* H/�
T* T/("/k)

t* ("/m�2)1/2t

U* (m/")1/2U

u* (m/")1/2u

Z* z/�

* (m�2/")1/2

�* (�4/m")1/2�
�* ��3

�* (�3/")�
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