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Orientational effects in the channel flow of flexible and rigid molecules

Y. Radzyner and D. C. Rapaport
Department of Physics, Bar-Ilan University, Ramat-Gan 52900, Israel

~Received 26 November 1997!

Short linear molecules exhibit rotational motion and orientational preferences under sheared flow. This paper
describes a series of molecular-dynamics simulations of fluids consisting of various kinds of short linear chain
molecules that are forced to flow through a channel bounded by rough, parallel walls~Poiseuille flow!. The
molecules are constructed of soft spheres; these are linked in different ways to produce either fully flexible
chains, stiff chains with restricted internal degrees of freedom, or rigid rodlike molecules. The channel walls
act as nonslip boundaries and also serve to absorb the thermal energy generated by the shear motion. For each
kind of molecule, the rotational motion and orientation distributions are explored as functions of the cross-
stream position. The variation in orientation shows that there is a competition between the Maxwell orienta-
tion, where the molecule is aligned at 45° to the flow, and a tendency for molecules close to the walls to align
parallel to the direction of flow. The orientational effects become more pronounced with increasing molecular
stiffness.@S1063-651X~98!00305-5#

PACS number~s!: 47.50.1d, 02.70.Ns, 36.20.Ey, 47.60.1i
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I. INTRODUCTION

The fact that continuum hydrodynamic theory does
deal with fluids at the discrete atomistic level complicates
inclusion of effects due to molecular conformation, entang
ment, orientation, and rotation into the fluid dynamical eq
tions. The exotic rheological properties exhibited by polym
liquids @1# are an example of the kind of behavior not read
addressed within a conventional continuum framework.
the length and time scales that can be covered using disc
particle molecular-dynamics~MD! simulation increase ther
is hope that MD will eventually be able to probe some of t
microscopic aspects of these phenomena, at least those
occur on sufficiently short time scales. The difficulty wi
MD simulation is that its rate of progress is governed by
fastest dynamical processes occurring in the system and
numerical integration of the equations of motion is forced
use a sufficiently small time step to faithfully represent t
rapid internal motions of the molecules; the large-scale re
rangements that are of rheological relevance occur over
intervals that are typically orders of magnitude larger an
is this disparity that has so far proved insurmountable. Ho
ever, the alternative seems even less promising: given
complexity of the behavior it appears unlikely that a co
tinuum approach~based on some appropriate extension
the Navier-Stokes formulation!, which even fails to acknowl-
edge the underlying molecular nature of the fluid, is capa
of offering a quantitative explanation for the underlyin
mechanisms.

In this paper we address a more limited problem, nam
the nature of the molecular behavior in a fluid of short line
molecules~oligomers! undergoing sheared flow. We con
sider three different types of molecule, ranging in natu
from the completely flexible, subject only to excluded vo
ume effects, to the completely rigid, and examine the ro
tional motion and orientational effects that appear as a c
sequence of the sheared motion. Short molecules clearly
important effects such as chain entanglement, so that w
related to the more complex long-term goal enuncia
571063-651X/98/57~5!/5687~7!/$15.00
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above, the present work does not demand the enormous c
putational resources that would otherwise be required, bu
the same time produces results that are relevant to the su
and interesting in their own right. An earlier study@2# dealt
with a portion of this problem; it was, however, based on
alternative form of MD methodology involving hard sphere
rather than the soft spheres of the present work, and
technique does not lend itself to dealing with more comp
models, including the rigid case described here.

Channel or Poiseuille flow is one of the few situations
fluid dynamics for which, under suitable assumptions, a
analytic solution is available: It is indeed a classic textbo
exercise@3#. The form of the hydrodynamic equations us
to describe the problem assumes a Newtonian~constant vis-
cosity! fluid at constant density. Such a problem might se
remote from the system studied here, but it turns out t
despite the far more complex behavior of the chain m
ecules~that is indicative of a position-dependent viscos
whose value depends on the strongly varying local flow c
ditions!, the analytic solution remains applicable.

The effect of shear on molecular orientation in fluids h
a lengthy history, extending back at least as far as Maxwe
description of the optical birefringence that occurs in flowi
Canada balsam@4#. There have been a number of MD studi
of uniformly sheared~Couette! flow of short model alkane
chains @5–7#. It has also proved possible to eliminate a
extraneous influence of the channel walls by the use of s
ing periodic boundaries@7# ~in some cases also imposing
constant sprain rate!; given the very small systems studied
some of the earlier work, the ability to eliminate walls and
achieve a homogeneous Couette system free of wall sur
artifacts~although still subject to finite-size effects in oth
respects! proved particularly advantageous. In the case
dimer fluids, both Couette@8# and Poiseuille@9# flows have
been simulated. Sheared polymer flows, both uniform a
oscillatory, are potentially important as industrial metho
for creating aligned polymeric nanostructures@10#; the ab-
sence of a theoretical description of the behavior at the
mistic level is a strong motivating factor for treating pro
5687 © 1998 The American Physical Society
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5688 57Y. RADZYNER AND D. C. RAPAPORT
lems of this kind by means of numerical simulation.

II. COMPUTATIONAL METHODOLOGY

The simulations involve highly simplified models that a
tempt to represent the principal features of short linear m
ecules. The most important of these properties is the
cluded volume effect; each molecule is constructed from
permanently linked sequence of spherical monomers
overlap between these monomers, irrespective of whe
they belong to the same molecule or different molecules
prevented by means of a strong but short-ranged repul
interaction~the details appear later!. Maintaining the connec-
tivity in flexible chains is achieved by introducing narro
potential wells between pairs of bonded neighbors@11,12#;
the parameters of this interaction are adjusted to limit
allowed variation in monomer separation to a small fract
of the nominal bond length. The maximum separation
bonded monomers is chosen to be sufficiently small so
chains are unable to penetrate one another.

The chain model just described is completely flexib
subject only to the limitations imposed by the excluded v
ume. This represents the first kind of model studied in
present work. In the second model a certain amount of s
ness is introduced by limiting the range of variation of t
angles between adjacent bonds~two bonds sharing a com
mon monomer!; to achieve this goal a steep potential w
between next-nearest-neighbor monomers is imposed to
the minimum and maximum separations, thereby confin
the bond angle to a narrow range around the desired va
There is a limit to the degree of rigidity that can be produc
by this mechanism since the frequency of the oscillation
sociated with the additional potential well increases as
well is made narrower and so the completely rigid chain,
third kind of system studied here, is modeled in a differe
manner. A massless linear rigid body is introduced and
monomers are positioned at fixed, equally spaced sites a
its axis ~the spacing is equal to the mean bond length of
flexible chains!; each monomer contributes its own mass
the molecule and acts as an interaction site for determin
the forces between molecules.

The overlap repulsion between soft-sphere monomers
cated atr i and r j is described by means of a truncat
Lennard-Jones potential

Vss~r i j !54eF S s

r i j
D 12

2S s

r i j
D 6

1
1

4G , ~1!

wherer i j 5r i2r j , andr i j 5ur i j u, and with a cutoff imposed a
a ranger i j 5r c521/6s; note that the potential tends smooth
to zero at the cutoff, i.e.,Vss(r c)5dVss(r c)/dr50. The in-
teraction used to preserve the bonds between nearest n
bors is based on a potential well that is the sum of t
functions; close approach is prevented by the usualVss(r ),
while bond extension is governed by a potential with t
same functional form but acting in the reverse direction w
a suitably shifted origin,

Vnn~r !5Vss~r !1Vss~r b2r !. ~2!

The lengthr b is an adjustable parameter that can be se
limit the maximum bond extension; measurements show
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if r b52r c , the bond length fluctuations are limited to a
proximately 10% of the mean for a system in equilibrium
Additional discussion of this model appears elsewhere@13#.

A very similar approach is used to restrict the variation
bond angle around a chosen value, thereby producing a c
with reduced flexibility~the so-called stiff chain!. The addi-
tional potential has the form

Vnnn~r !5Vss~r 2r a1r b /2!1Vss~r 2r a2r b /2! ~3!

and this is applied to next-nearest-neighbor monomers.
the system considered here, a mean bond angle of 15
achieved by setting

r a52 cos~p/24!r c . ~4!

From the MD point of view, both of these systems a
essentially fluids of spherically symmetric particles~the
monomers! moving under the forces acting between th
centers. After evaluating the forces on the monomers, all
is required for the MD computation is the integration of t
translational equations of motion. Rigid molecules, on
other hand, require both translational and rotational mot
to be taken into account. The only forces involved in th
case are those acting between monomers on different m
ecules. Once these forces have been determined, the to
acting about the center of mass of each molecule and
total force on the molecule are readily evaluated. The tra
lational equations of motion for the centers of mass are
usual ones, but the rotational equations require special c
sideration @13# because a linear molecule~in which the
monomers themselves have no inherent rotational mot!
has only two rotational degrees of freedom, rather than
three normally associated with rigid body motion. Ifsi de-
notes the unit vector along the axis of a molecule, then
rotation equation of motion is

s̈i5I 21ti3si2 ṡi
2si , ~5!

whereti is the torque andI the moment of inertia. The actua
angular velocity is not required for integrating the equatio
of motion, but when needed its value can be obtained fro

vi5si3 ṡi . ~6!

The interaction computations dominate the computatio
effort. In order to make them more efficient the neighbor l
method ~details of this and other technical aspects of M
simulation appear in@13#! is used to reduce the number o
potentially interacting monomer pairs to a small multiple
the total number of monomers. The neighbor list identifi
pairs of monomers that are either within interaction range
just a little outside and it is rebuilt automatically whenev
the cumulative monomer motion is sufficient for new inte
acting pairs to appear that are not present in the list. Inte
tion of the equations of motion for the system of rigid mo
ecules uses a predictor-corrector method with a time s
Dt50.001, in reduced MD units wheree51, s51, and the
monomer mass is unity. In the case of flexible and s
chains the simpler leapfrog integration method is used
the time step increased toDt50.0025.
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57 5689ORIENTATIONAL EFFECTS IN THE CHANNEL FLOW . . .
The MD approach described here is entirely differe
from the one used in an earlier series of simulations@2#. The
technique used there involved event-driven MD, where
monomers themselves are represented by elastically co
ing hard spheres and instead of requiring the solution of
equations of motion over a series of equally-sized time ste
the evolution of the hard-sphere fluid proceeds via a
quence of impulsive collisions. A chain molecule can
constructed in a manner that resembles a ‘‘bead neckla
in which spherical monomers are linked by bonds who
length can vary freely, but only over a very limited rang
Such bonds are readily incorporated into the event-dri
MD framework by introducing collisions of a special typ
that serve to prevent bond breakage. In order to provid
certain amount of molecular rigidity, bonds of a similar kin
are also introduced between next-neighbor monomers in
der to limit the range of allowed distances between them
well and thereby, indirectly, the range of allowed bo
angles. This kind of approach is less convenient than
based on continuous potentials since the models canno
extended to include, for example, torsional interactions; th
is also the problem that as the range of allowed~nearest or
next-nearest! bond variation is reduced, the amount of com
putation associated with the bond collisions tends to gr
rapidly. The approach is also not readily modified to acco
modate rigid molecules. Overall, because of its greater
pacity for generalization, the soft-sphere approach is
method of choice for problems of this kind.

The opposing effects of an applied driving field and no
slip channel walls produce the sheared flow. A unifo
‘‘gravitational’’ accelerationg drives the flow in they direc-
tion; in principle, this is equivalent to a pressure head. T
two channel walls parallel to theyz plane are constructed o
planar arrays of fixed spherical particles identical to tho
used for the monomers, which are arranged on a square
tice with a lattice spacingr c . The interaction of the chain
monomers with the wall particles corresponds to an eff
tively corrugated wall and it is this roughness alone t
produces the essentially zero flow rate in a thin fluid la
adjacent to each wall. The other two pairs of region bou
aries are periodic.

The sheared motion is a source of viscous heating and
excess heat must be extracted from the system through
walls to avoid a gradual overall temperature rise. The sche
chosen for heat removal depends on whether or not the m
ecules are rigid. In the case of the flexible and stiff m
ecules, each individual monomer within interaction range
any of the wall spheres has its velocity rescaled so that
average kinetic energy of all monomers close to the w
equals the specified wall temperature~in this case unity!.
Rigid molecules are treated somewhat differently. In t
case, if any interaction site belonging to a molecule l
within range of a wall particle, both the translational a
rotational velocities of the molecule are rescaled to the c
rect wall temperature; while such a scheme might be qu
tionable for long, rodlike molecules, here the rods are su
ciently short not to cause concern. In both instances
velocity rescaling is only applied if the velocity compone
normal to the wall~the x direction! is directed towards the
channel interior; this is to avoid the risk, however unlike
of a molecule making use of this mechanism to tun
t
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through the wall. All schemes of this kind are somewh
arbitrary and reflect the difficulty of incorporating realisti
thermally conducting walls into MD simulations without in
troducing excessive complexity; one such example invol
walls in which the constituent particles are allowed a limit
degree of motion@14#, but are also coupled to a fictitiou
heat bath. The measured results indicate that this simple
wall models performs adequately, in that it not only ensu
a practically flow-free zone close to each wall, but also s
cessfully prevents any temperature buildup after the sys
has reached the steady flow state.

The initial state of the system is tailored to avoid possi
overlap of the molecules. The molecular centers of mass
located at the sites of a cubic lattice and the chains are
ented normal to the walls~the z direction! and assigned ran
dom velocities. The initial molecular array consists of
molecules in both thex and y directions; in thez direction
the array is three deep. All chains consist of four monom
~the rigid molecule has four interaction sites! and the initial
conformation of the flexible and stiff chains are chosen
that all bonds are at their equilibrium lengths. The over
size of the system is 50.5351.5313.5, corresponding to a
total monomer density close to 0.7.

The only spatial variation in behavior occurs in thex
direction; because of the periodic boundaries in they andz
directions the properties are translationally invariant in a
plane parallel to the walls~theyz plane!. In order to analyze
the behavior of the system, the simulation region is divid
into slices parallel to this plane, with each slice covering
narrow range ofx values, and the average molecular prop
ties are evaluated for each slice. There is a certain degre
arbitrariness in assigning spatially extended molecules t
particular slice whose thickness is less than the molec
length; the simple scheme used here is to attribute prope
associated with the molecule as a whole~e.g., angular mo-
mentum and end-to-end distance! to the slice containing the
center of mass of the molecule, but for properties m
closely associated with individual monomers~e.g., velocity
of flexible chains! to assign the measurement to the sli
containing the actual monomer. The presence of secon
flows ~periodic or other deviations from a flow that otherwi
depends only on thex coordinate! would require a more
detailed analysis, but this problem does not arise at the fl
speeds~and corresponding Reynolds numbers! considered
here.

III. RESULTS

Each simulation run begins with no overall flow, but u
der the influence of the driving force there is a gradual
locity buildup. The heat-absorbing, nonslip boundaries
sure that a time-invariant flow pattern eventually emerg
~assuming the driving force is not excessively strong!, al-
though the number of integration steps required to reach
state, as well as the maximum flow speed at the stream m
point, depends on the various parameters of the system
cluding the channel width. The run is allowed to reach
steady flow state before starting to make flow measureme
typically, for the systems described here, approximately 4
~reduced! time units are required to reach the limiting sta
There is a tendency for the flow speed to overshoot its l
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5690 57Y. RADZYNER AND D. C. RAPAPORT
iting value, as has also been observed in studies of s
sphere flow@13#, and allowance has to be made for th
aspect of the behavior in determining whether the limiti
flow state had been attained.

It is to be expected that the three fluids will have differe
intrinsic properties, particularly the viscosity~see below!.
Meaningful comparison between flow properties of the d
ferent fluid models requires the simulations to be conduc
under similar conditions, the most prominent of which is t
maximum flow speed that occurs in the middle of the ch
nel. A series of exploratory calculations provided estima
of the magnitude ofg required to produce similar midstrea
flow speeds; the results described here usedg50.025, 0.035,
and 0.05~in reduced MD units! for the flexible, stiff, and
rigid chains, respectively.

The measurements of the flow properties described be
extend over a total interval of 250 time units~excluding the
‘‘equilibration’’ period!. This overall time interval is subdi
vided into ten subintervals and the spread of the avera
over the individual measurements is used to provide error
estimates.

The most familiar feature of Poiseuille flow is the cros
stream velocity profile, which, for a Newtonian fluid, is par
bolic in form. Figure 1 shows the measured profile~in re-
duced units! for the flexible, stiff, and rigid molecule fluids
based on a subdivision into 20 slices perpendicular to thx
direction. The effectiveness of the nonslip boundaries is
vious; it is actually even better than is apparent from
figure, where each point represents an average over a
whose thickness exceeds two monomer diameters.
curves represent the results of quadratic fits to the data
motivation for which is the analytic solution for the Newto
ian fluid. The fact that the profiles appear so close to pa
bolic is surprising in view of the complexx dependence o
other aspects of the behavior, as described below; on
other hand, the fact that the parabolic profile also emer
from MD studies of monomer fluids flowing through cha
nels whose width is a mere ten diameters@15# suggests tha
this kind of profile is particularly robust. Hard-sphere cha
@2# were observed to produce similar results. From the fi
the theoretical velocity profile@3#

FIG. 1. Cross-stream velocity profiles for the flexible, stiff, a
rigid molecules (x is the normalized cross-stream coordinate!; the
curves show the results of quadratic fits and typical~very small!
error bars are also shown.
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2h F1

4
2S x2

1

2D 2G , ~7!

where r is the density,h the shear viscosity, andDx the
channel width, the viscosity values follow immediately:h
52.4, 3.2 and 4.6 for the flexible, stiff, and rigid molecule
respectively. The trend is the expected one, with the visc
ity increasing as reduced flexibility makes it harder for m
ecules to move relative to one another; rotation is an es
tial part of the shear motion and, because of its increa
ability to deform, it is clearly easier for a short flexible cha
to rotate in response to shear than a stiff one.

The cross-stream angular-momentum profiles for the th
kinds of molecule are shown in Fig. 2; in this case the li
segments joining the data points are included as vis
guides only. The angular-momentum component measure
Lz ; this is the only component with a nonzero average~since
the x and y components should average to zero in the
sence of any secondary flow pattern capable of breaking
underlying symmetry of the system!. The magnitude ofLz
reflects the local gradient of the velocity profile~the local
shear rate!; rotation is faster where shear rate is higher, e
cept close to the channel walls where steric effects imp
rotation. The rigid molecules have a larger maximu
angular-momentum value than the others and the stiff ch
tend to have a slightly larger angular momentum than
flexible chains~intuitively, for chains with variable confor-
mation, the angular momentum depends both on the ove
spatial extent of the chain and on the rate at which it rota
about some axis, although there is no obvious way to iso
these contributory factors!.

Though incidental to the main theme of this paper, it
interesting to compare the angular-momentum profile for
rigid molecules with a theoretical result valid at low Re
nolds numbers. In terms ofx852x21, thez component of
the angular velocity can be shown to have the form

vz~x!5
2vm

Dx
Fx82

sinh~bDxx8!

sinh~bDx!
G , ~8!

where vm5vy(0.5) is the midstream flow speed andb a
constant that depends on various properties of the fluid@9#. If

FIG. 2. Cross-stream angular-momentum profiles for the th
types of molecule; the lines between the points are merely vis
guides and some of the error bars have been omitted for clarit
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57 5691ORIENTATIONAL EFFECTS IN THE CHANNEL FLOW . . .
we assume~falsely, as subsequent results show! that the mol-
ecules align in thexy plane, thenLz5Ivz , and if we define
l 052Ivm /Dx and note thatI 56.3 for the molecules treate
here, thenl 050.60. The fit to the theoretical expression~not
shown! is, with the exception of the one data point closest
each wall, essentially perfect; the fit yieldsbDx54.7, but
also producesl 050.37. However, given that the molecule
are not required to lie in thexy plane, the effective value o
I is reduced and this is likely to be the source of much of
discrepancy; a more detailed analysis of this behavior
mains to be carried out. The corresponding result for dim
appears in@9#.

In order to study orientational effects it is necessary
define order parameters suitable for providing quantita
estimates of the mean molecular alignment. For rigid m
ecules the solution is obvious, but for molecules with cha
ing conformation there is no inherent unambiguous meas
of orientational order. The technique used here follows
hard sphere studies@2#, namely it focuses only on the imag
nary line joining the monomers at the two ends of the ch
and ignores other aspects of the internal arrangement.
orientation of chains that are in a relatively extended stat
adequately described, even with this simplification, but i
chain is sufficiently contorted so that the ends approach
another~this is not the typical case for the short chains a

FIG. 3. Cross-stream values of the parallel order parameter

FIG. 4. Cross-stream values of the perpendicular order par
eter.
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relatively high shear rates employed here! the significance of
such an order parameter is greatly diminished.

The parallel order parameter provides an estimate of
degree of alignment in the plane normal to the channel w
that contains the parabolic velocity profile~i.e., the xy
plane!. We define

Spar5 K Dy22Dx2

Dx21Dy21Dz2L ; ~9!

Dx, etc., are the component magnitudes of the vector join
the terminal monomers in the case of chains with inter
degrees of freedom or the molecular axis vector in the ri
case.Spar51 signifies complete alignment in the direction
flow. In order to establish whether there is any tendency
orient into, or away from, thexy plane, we also introduce a
perpendicular order parameter

Sperp5 K Dz2

Dx21Dy21Dz2 2
1

3L . ~10!

-

FIG. 5. Distribution of the chain orientation angleP(u) for
flexible molecules~the angleu is defined in the text! measured over
a series of slices parallel to the walls beginning at midstream
ending at the wall; typical error bars are shown.

FIG. 6. Distribution of chain orientation angle for stiff mo
ecules.
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5692 57Y. RADZYNER AND D. C. RAPAPORT
A value ofSperp.0 indicates a certain tendency for the mo
ecule to orient out of thexy plane, whereas a negative valu
corresponds to a preferred alignment within the plane.

Figures 3 and 4 show the cross-stream values of the
order parametersSpar andSperp. Both are zero at midstream
there is no cause to align in this region since there is
shear. Away from the center there is an increasingly str
tendency for molecules to align both in the direction of flo
and in the plane normal to the walls. Very close to the wa
~in the first and last slices! the trend in behavior changes an
for flexible and stiff chains the value ofSperp is seen to ap-
proach zero. The rigid molecules show much stronger w
proximity effects:Sperp is positive and comparatively large
which suggests that the preferred alignment very close to
walls is one that attempts to allow the rigid molecules
avoid the need to rotate at all; such behavior is consis
with the small drop inSpar near the walls.

A more detailed picture of molecular orientation can
obtained from the distribution of the orientation angleu, de-
fined asu5arctan(Dy/Dx), in each slice; once again, onl
terminal monomers are used to determine orientation in
case of nonrigid molecules. Due to mirror symmetry ab
the midstreamyz plane, the results from the two halves
the system can be combined~after reversing theDx values
for one of the halves! and since the chain ends are equiv
lent, the actual range ofu ~measured in degrees! is reduced
to 690°.

Figures 5–7 show the normalized orientation angle dis
butions for the three kinds of molecules, for a series of sli
spanning the interval between the center of the channel
the wall. The flexible and stiff chains exhibit qualitative
similar behavior, although the peaks are stronger in the la
case~note that the vertical scales of the graphs differ!; both
kinds of chain show a pair of peaks in the curve correspo
ing to the slice closest to the wall.~The results are similar to
those obtained for the hard-sphere chain models@2#.! The
peaks are even more pronounced for the rigid molecules,
in this case only a single strong peak is apparent for the s
adjacent to the wall. In this slice the peak occurs nearu50,
corresponding to a unimodal alignment distribution who
peak is in the direction of flow. The other peak occurs at
angle that increases as the molecules are located de

FIG. 7. Distribution of chain orientation angle for rigid mo
ecules.
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within the bulk fluid. The preferred angle is clearly a
proaching, although perhaps never quite reaching, the M
well 45° value.

The molecular conformation itself also depends on pr
imity to the wall. Once again there is a certain degree
arbitrariness in quantifying this behavior so that, as befo
the analysis will focus on the chain termini. One property
the chain that is expected to be particularly sensitive to
local shear rate is the mean-square end-to-end distance^R2&;
this quantity provides a measure of the degree to wh
chains exist in a contracted or extended state. Figures 8
9 show^R2& as a function of the orientation angleu, for both
flexible and stiff chains. Close to midstream there is nou
dependence, but as the wall is approached it is apparent
chains whose orientation to the flow is close to 45° are m
stretched than average, while those perpendicular to
angle are more compact. In the slice closest to the wall,
stiff chains exhibit a significant peak in the flow directio
and there is a weaker indication of similar behavior for t
flexible chains as well.

A comparison of the flexible and stiff chains shows th
the latter are more extended, as expected, but the rang
variation of ^R2& turns out to be much smaller for the sti

FIG. 8. Mean-square end-to-end distance distribution as a fu
tion of orientation angle for flexible molecules;^R2& is expressed in
terms of the nominal bond length.

FIG. 9. Mean-square end-to-end distance distribution for s
molecules.
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chains; this is a consequence of the next-nearest-neig
bonds that restrict the allowed conformations~there are only
two such bonds in a chain of four monomers, so that th
effect is more pronounced than it would be in longer chain!.
For flexible chainŝ R2&53.53(bond length)2 at midstream
~where there are essentially no shear effects!; for completely
random three-step walks the value of the prefactor is 3@16#
and the reason that the prefactor is larger than this is pri
rily due to the excluded-volume effect. The stiff chain pre
actor 7.4 is greater still, as a consequence of the next-nea
neighbor bonds, but this lies below the value of 9 for a fu
rigid molecule consisting of four monomers.

IV. CONCLUSION

In this paper we have described MD simulations of t
shear flow of short linear molecules in a channel bounded
two parallel, rough walls. In order to examine the effect
the flow of chain flexibility, completely flexible and partiall
stiffened chains have been considered and by way of con
l.
or

ir

a-

st-

y

st

the limiting case of completely rigid molecules of simila
length has also been studied.

The results clearly reveal the complex behavior that
present in even this very limited model of an oligomer flu
Strong rotational and orientational effects are seen to oc
throughout the flow. Near the walls, competition appears
tween two opposing trends: on the one hand, the desir
rotate to reduce the shear resistance and also to attain m
mum elongation when aligned at 45° to the flow, but, on
other hand, a tendency to orient parallel to the wall, with
hint ~for rigid molecules! of some alignment normal to th
flow direction to reduce the need for the molecules to rota
One surprising outcome is that, despite these complex tre
the overall velocity profile remains parabolic, exactly as o
served both in the flow of simple monatomic fluids and in t
analytic solution of the continuum equations for a Newton
fluid; in some sense the parabolic profile is sufficiently r
bust not to be affected by issues of molecular rotation a
orientation.
n
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