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ABSTRACT: Polymer solutions in nanoscale slit pores and undergoing uniform pressure gradient (Poiseuille)
flow are investigated via generalized dissipative particle dynamics simulations. In particular, the trend of cross-
stream migration of the polymer chains during flow is investigated as a function of Schmidt number through
varying the strength of the two-body dissipative and random forces in the dissipative particle dynamics formalism.
For a given polymer solution, a migration away from the walls is observed as Schmidt number is increased. For
a given Schmidt number, a migration away from the walls is also observed with increasing the driving force for
relatively short chains. However, for long chains, a migration toward the walls is observed with increasing the
driving force. We also analyzed the effects of channel thickness and temperature on the trend of the cross-stream
migration of the polymer chains.

1. Introduction

Fluids that are confined in microscale or nanoscale geometries
may exhibit structural and transport properties that are different
from those of nonconfined fluids.1 In particular, the structure
and transport properties of polymer solutions are altered when
the polymer radius of gyration is comparable to the characteristic
length scale of the confining geometry.2-6 The understanding
of transport properties and structure of confined fluid solutions
containing polymers, including biopolymers such as DNA and
proteins, in nanoscale or microscale channels, is crucial to a
variety of applications such as sequencing of DNA molecules,
electrophoresis, DNA translocation through transmembrane
protein pores, adhesion, lubrication, chromatography, polymer
processing, and oil recovery. Recent advances made in the field
of nanofluidics underlines the importance of studying the
transport properties of polymer solutions in nanoscale chan-
nels.7-10

A polymer solution undergoing steady state flow, such as
Couette or Poiseuille flow, or oscillatory shear flow, experiences
shear forces which lead to the elongation of the polymer chains
along the flow direction. Experiments reported a net cross-
stream migration of the polymer chains toward the channel’s
middle,7,11-13 leading to a concentration profile that is distorted
from that of the solution at equilibrium. Earlier thermodynamic
arguments suggest that the migration of the polymer chains, in
the case of Poiseuille flow, is due to the fact that shear-gradient
is lowest at the centerline, and therefore higher chain entropy
in the centerline region. Meanwhile, due to the stretching of
the polymer chains in shear flow, the entropic exclusion near
the wall is reduced, and therefore thermodynamic arguments
would also predict a decrease in the depletion layer near the
walls. The thermodynamic arguments predict that in the case
of uniform shear flow (Couette), the polymer mass distribution
away from the walls should be uniform. In contrast, a migration
away from the walls is also observed in Couette flow.
Consequently, polymer migration away from the walls is due

to the combined effects of hydrodynamics, finite shear rate, and
the presence of confining walls, and cannot simply be accounted
for by thermodynamic arguments.

An early kinetic theory of an elastic dumbbell near a wall,
by Jhon and Freed,14 with an approximate wall-dumbbell
hydrodynamic interaction, found a migration of the dumbbell
away from the wall. A recent and more refined kinetic theory
by Jendrejack et al.15 and Ma and Graham16 predicts that
the direction of migration, of an elastic dumbbell in vicinity
of a wall and undergoing Poiseuille flow, depends on whether
the wall-dumbbell hydrodynamic interaction is accounted for
or not. In particular, if bulk hydrodynamics are accounted
for while the wall-hydrodynamic interaction is ignored, a
migration toward the wall is observed.15 In contrast, if the
wall-dumbbell hydrodynamic interaction is accounted for in
addition to bulk hydrodynamics, a migration to the channel
centerline is observed. The migration of the polymer chains
toward the centerline is countered by the chains thermal
diffusion. In the case of Poiseuille flow, the polymer
conformations become anisotropic due to their stretching
along the channel. However, due to the gradient in shear rate,
the degree of conformational anisotropy is higher near the
walls than in the centerline region. As a result, the chains
diffusivity across the channel is nonuniform. This leads to
two off-center peaks in the cross-stream polymer distribution.
In contrast, the degree of anisotropy is uniform across the
channel in the case of Couette flow, leading to a polymer
distribution with a single peak at the centerline of the channel.

Various numerical approaches were recently employed to
investigate dilute polymer solutions in Poiseuille flow or Couette
flow. These include (i) Brownian dynamics woth fluctuating
hydrodynamic interactions (BDHI) approach where the solvent
is treated implicitly as a continuum medium while the polymer
chains are represented by linear sequences of beads, and the
interbead hydrodynamic interactions are treated using the
Stokeslet formalism,15,17-23 (ii) lattice Boltzmann dynamics
(LBD),24-27 (iii) molecular dynamics (MD),29 and (iv) dissipa-
tive particle dynamics (DPD).30-32 Both BDHI and LBD
simulations have extensively been used particularly in studying
the transport of DNA molecules in nanoscale or micronscale
slit pores and undergoing Poiseuille or Couette flow. A detailed
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comparison between BDHI and LBD was recently performed.28

Although a cross-stream migration away from the walls was
predicted by both approaches, the details of the polymer density
profiles were different in the two approaches. These differences
were attributed to artifacts in both methods, namely the use of
a discrete lattice in LBD and lack of inertial effects in BDHI.
While BDHI, LBD and MD simulations seem to predict a
migration of the polymer chains toward the centerline of the
channel, in agreement with the kinetic theory, results of the DPD
simulations have been rather inconclusive. In particular, in our
recent DPD simulations of a dilute and semidilute polymer
solution,31 a migration toward the walls was observed for long
polymer chains. However, a migration weaker than that observed
previously with LBD and BD was observed for relatively short
polymer chains. In the more recent DPD simulations of Fedosov
et al., a migration toward the walls was observed.32

Fluids, modeled via conventional DPD33 exhibit very low
viscosity, and are thus characterized by a Schmidt number
(defined as the ratio between the speed of momentum transfer
and that of mass transfer) which is much smaller than that of a
regular fluid such as water. In a fluid with low Schmidt number,
the velocity field may not be fully developed during the kinetics
of polymer chains, leading to a suppression of the hydrodynamic
interaction between the polymeric monomers and the wall,
which is believed to be responsible for driving the polymer
chains away from the walls. We are therefore faced with the
problem that while BDHI, LBD and MD are able to correctly
predict a polymer migration away from the walls in Poiseuille
or Couette flow, the DPD approach, which has been shown
through a large number of studies to faithfully describe the
kinetics in various complex fluids, is not in full agreement with
experiments and the kinetic theory. In order to elucidate this
apparent discrepancy, we carried out a systematic set of
simulations using a generalized DPD approach with modified
random and dissipative forces, recently developed by Fan et
al.,34 that allows for varying the Schmidt number by a factor
more than 10 for a given set of conservative interactions.

2. Model and Method

As mentioned above, the transport of polymer solutions in
planar slits and in the presence of uniform pressure gradient is
investigated using the dissipative particle dynamics (DPD)
approach.35-37 Although DPD is reminiscent of molecular
dynamics, it uses soft repulsive interactions, thereby allowing
for larger integration time increments than in a typical molecular
dynamics using Lennard-Jones interactions. In the present study,
solvent particles and polymer chains are confined between two
planar plates along the xy-plane. Solvent (s), polymer (p), and
wall (w) particles are all soft DPD-particles. The wall particles
are considered to be static, arranged in a face-centered-cubic
lattice, with a number density higher than that of the fluid in
order to ensure the impermeability of the wall. DPD also uses
pairwise random and dissipative forces between neighboring
particles, which are interrelated through the fluctuation-
dissipation theorem. The pairwise nature of these forces ensures
that momentum is locally conserved, a necessary condition for
correct long-range hydrodynamics.38,39 The equations of motion
of a particle i are given by

d
dt

ri(t))Vi(t) (1)

d
dt
Vi(t))

1
mi

∑
j

[Fij
(C) +Fij

(D) +Fij
(R)] (2)

(3)

where Fij
(C) is the two-body conservative force between

particles i and j and as usual is soft, modeled by a linear
form,

Fij
(C) ) { aij(1- rij ⁄ rc)r̂ij for rije rc

0 for rij > rc
(4)

where rij ) rj-ri and rij ) rij/rij. aij is the amplitude of the repulsive
interaction between i and j and depends on their species. The values
of the parameter aij are specifically chosen as

aij )
ε
rc( w s p

w - 3 10
s 3 25 25
p 10 25 50 ) (5)

where ε is the energy scale in the present simulation. Note that
the interaction parameter aww is irrelevant since the wall particles
are not allowed to move in the simulation. The importance of
aws to the velocity field boundary condition will be discussed
later. Note, as well, that in order to avoid adsorption of the
polymer chains onto the wall, the interaction strength between
the wall and the polymer particles is chosen to be more repulsive
than that between the wall and solvent particles. The integrity
of the polymer chains is ensured via an additional harmonic
interaction between consecutive monomers,

Fi,i+1
(S) )-C(1- ri,i+1/b)r̂i,i+1 (6)

where we set C ) 100ε and b ) 0.45rc.
The specific value of the wall-solvent interaction, aws,

combined with the wall number density, is important to the
velocity field boundary condition.31 Indeed for the used wall
particles density, we found a slip boundary condition if aws >
10ε/rc, with a slip length that increases with increasing aws. The
present simulations are performed with aws ) 3.0ε/rc for which
a no-slip boundary condition in observed. As discussed in our
previous article,31 the velocity field of a simple DPD fluid is
found to follow the quadratic Poiseuille-Hagen law when
driven by a uniform pressure gradient, implying that the present
DPD model is able to adequately model hydrodynamic flow.

The dissipative and random forces are given by

Fij
(D) ) γωD(rij)(r̂ij · Vij)r̂ij (7)

Fij
(R) ) σ(∆t)1⁄2ωR(rij)θijr̂ij (8)

where θij is a symmetric random variable satisfying

〈θij(t) 〉 ) 0 (9)

〈θij(t)θkl(t′) 〉 ) (δikδjl + δilδjk)δ(t- t′), (10)

and ∆t is the time step in the simulation. The system is in a
heat bath at some temperature T. The parameters γ and σ and
weight functions, ωD and ωR, are therefore related to each other
by the fluctuation-dissipation theorem

γ) σ2/2kBT, (11)

ωD(r)) [ωR(r)]2 (12)

For the weight function ωD appearing in eqs 7 and 12, we
use a generalized form recently proposed by Fan et al.,34

ωD(r)) { (1- r ⁄ rc
(D))q for re rc

(D)

0 for r > rc
(D) (13)

where rc
(D) is a cutoff distance for the dissipative and random

forces, not necessarily equal to rc. We note that in conventional
DPD simulations, an exponent q ) 2 is used.

Fan et al.34 showed that this model leads to larger values of
the viscosity of the fluid and smaller values of the self-diffusion
coefficient, as the exponent q is decreased and/or the cutoff rc

(D)
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is increased. This leads to larger values of Schmidt number,
which is a parameter that describes the ability of a fluid to
transport momentum. In order to validate this model, we
numerically calculated both the self-diffusion and the viscosity
coefficients of a simple solution. The self-diffusion coefficient
is calculated as

D0 )
1

6Nt〈∑
i-1

N

|ri(to + t)- ri(to)|
2〉 (14)

where N is the total number of particles and the brackets indicate
an average over initial times, t0. In Figure 1, the self-diffusion
coefficient is shown as a function of the exponent q. This figure
shows that the self-diffusion coefficient is reduced by a factor
of 3.4, when the exponent q is decreased from 2 to 0.25.

In order to calculate the viscosity, the fluid is driven externally
toward the positive direction of the x-axis via an applied uniform
pressure gradient, dP/dx. As a result, a particle i experiences
an external force

fi ) fxx)- 1
F

dP
dx

x (15)

where F is the fluid number density. In Figure 2, the velocity
profile is shown for q ) 0.25, 0.5, 1 and 2 for a fluid driven by
a force fx ) 0.2ε/rc. This figure clearly demonstrates that the
velocity field obeys the Poiseuille-Hagen law,40

υI(z))- 1
2η0

|dp
dx |(z2 - H2

4 ) (16)

Figure 2 also shows the interesting result that the effective
position of the wall, ( H/2, determined from the intercept of
the graph of Vx

2(z) with the horizontal axis, increases with
decreasing the exponent q (see inset of Figure 2). In Figure 3,

the fluid viscosity as extracted using eq 16 is shown. This figure
indicates that the fluid viscosity is increased as the exponent q
is decreased. These results are in accord with those obtained
by Fan et al.34

The ability of a fluid to transport momentum is believed to
be best described by Schmidt number, Sc, which is defined as
the ratio between the speed of momentum diffusion and that of
mass (particles) diffusion, i.e.,

Sc) η0/mFD0. (17)

In a conventional DPD model, with q ) 2, the Schmidt number
Sc ≈ 1, which is at least 2 orders of magnitude smaller than
that of a typical fluid (e.g., the Schmidt number of water is
about 500). In Table 1, the diffusivity, viscosity and Schmidt
number of a simple DPD fluid are shown as a function of q.
This table indicates that Schmidt number is increased by a factor
of about 11 as q is decreased from 2 to 0.25. We verified that
Sc is proportional to the square of the viscosity. This is expected
since the diffusion coefficient D0 ∼ 1/η0 and Sc ∼ η0. We note
that a further increase in Sc for a given q can be achieved
through increasing the cutoff of the dissipative force, rc

(D).34

However, increasing rc
(D) is computationally very costly, since

the number of interacting pairs is proportional to the cube of
the cutoff distance. Therefore, in the present study, the effect
of Schmidt number on the transport and migration properties
of polymer solutions, is investigated through systematically
varying the exponent q while keeping rc

(D) ) rc.
41

The simulations of Poiseuille flow were performed on boxes
of dimensions Lx × Ly × Lz, with Lx ) Ly ) 20rc, and Lz ) 2H
+ Wwall is the wall thickness, and 2H is the thickness of the
slit. Lz is varied between 8rc and 20rc. Due to the use of periodic
boundary conditions along the three axes, the simulation box
contains one wall only, parallel to the xy-plane. The fluid
therefore interacts with both top and bottom sides of the wall.
The fluid number density F ) 4rc

-3 and the temperature kBT )
ε in most simulations, unless indicated. The polymer volume
fraction is 	 ) 0.06. The random force parameter σ ) 3.0(ε3m/
rc

2)1/3. The wall is constructed from DPD particles which are
arranged in a face-centered cubic lattice with a number density
61.35rc

-3. The high number density of the wall particles ensures
that the solvent and polymer particles do not penetrate the wall.
A time step ∆t ) 0.005τ where τ ) (mrc

2/ε)1/2 is used.

Figure 1. Self-diffusion coefficient vs the exponent, q, for a pure
solvent. The solid line is only a guide for the eye.

Figure 2. Solvent velocity profile in Poiseuille flow with fx ) 0.2ε/rc.
Data sets from top to bottom, at z ) 0, correspond to q ) 2, 1, 0.5,
and 0.25, respectively. The solid lines are straight lines. The inset shows
the effective slit thickness versus the exponent q. Note that as s f 0,
the slit thickness converges to H ) 8.1rc, which is less than 1% lower
than that for q ) 0.25.

Figure 3. Solvent viscosity is shown vs the exponent q. The solid circles
represent the full viscosity, η0, and the open circles represent the
contribution to the viscosity due to the dissipative forces, ηD. The solid
line corresponds to the approximation given by eq 9 in ref 34.

Table 1. Values of the Diffusion Coefficient, Viscosity, and
Schmidt Number, of a Simple DPD Fluid, as a Function of the

Exponent q in Equation 13

q D0[rc
2/τ] η0[ετ/rc

3] Sc

0.25 0.0780 3.90 12.5
0.5 0.111 2.67 6.02
1 0.177 1.61 2.28
2 0.268 1.25 1.16
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3. Results

To qualitatively demonstrate the effect of the exponent q on
the distribution of the polymer chains in Poiseuille flow, steady-
state snapshots of the polymers, with chain length N ) 20 and
driving force fx ) 0.4ε/rc, are shown in Figure 4 for two different
exponents corresponding to q ) 2 and q ) 0.25. This figure
clearly demonstrates that the polymer chains are more depleted
from the walls and more stretched along the flow direction for
the case of q ) 0.25 than for the case of q ) 2.

In Figure 5, snapshots of the polymers with length N ) 20
and exponent q ) 0.25 are shown for the cases of fx ) 0
(equilibrium), fx ) 0.2ε/rx and fx ) 0.4ε/rc. These snapshots
show that the polymer chains become more stretched along the
flow direction as the flow rate is increased. This is due to the
increase in shear stresses as fx is increased. Interestingly, these
snapshots also show qualitatively that in this case, the polymers
become more depleted from the walls vicinity as the flow rate
is increased.

The flow strength is effectively described by a dimensionless
number known as the Peclet number which is defined as the
ratio between the rate of polymers advection and the rate of
their diffusion, i.e.

Pe)
Γ̇Rg

2

DCM
, (18)

where Γ̇ is the mean shear rate, and in Poiseuille flow Γ̇ ≈
2Vmax/H, Rg is the polymer chains radius of gyration at
equilibrium, and DCM is the diffusion coefficient of the polymers
center-of-mass. In our simulations we found that in the dilute
regime, the Peclet number is practically independent of the
exponent q, and is proportional to the external force fx. This is
expected since both mean shear rate, Γ̇ and DCM are inversely

Figure 4. Snapshots of systems with N ) 20 and fx ) 0.4ε/rc. Top and
bottom snapshots correspond to q ) 2 and q ) 0.25, respectively.

Figure 5. Snapshots of systems with N ) 20 and q ) 0.25. Snapshots
from top to bottom correspond to fx ) 0 (equilibrium), fx ) 0.2ε/rc,
and fx ) 0.4ε/rc, respectively.
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proportional to the solvent viscosity, and the shear rate is
proportional to the external force.

In Figure 6, the polymer mass distribution is shown for the
case of N ) 20, fx ) 0.4ε/rc, and different values of the exponent
corresponding to q ) 0.25, 0.50, 1.0, 1.5, and 2.0. These systems
are characterized by same Peclet number, Pe ≈ 120 and a
Wiessenberg number, Wi ) Γ̇η0Rg

3/kBT ≈ 32. Figure 6 shows
that the presence of externally driven flow modifies the polymers
mass distribution across the channel, when compared to their
distribution at equilibrium which is uniform (shown by the
dotted line). Figure 6 also shows that the polymers mass
distribution in Poiseuille flow is affected by the exponent q,
even though the Peclet number is practically unaffected by the
value of q. For qg 1.5 and in the presence of flow, the depletion
layer in vicinity of the wall is narrower than that at equilibrium.
In contrast, for q e 1, the depletion layer in the presence of
flow is larger than that at equilibrium, and is enhanced as q is
further decreased. In the central region of the channel, there is
a marked polymer depletion for the case of q ) 2 when
compared to the distribution at equilibrium. In contrast, when
q e 1.5, the polymers volume fraction is enhanced in the central
region of the channel. As reported in earlier studies.15,25,29 We
note that the DPD model accounts for the hydrodynamic
interaction between polymer beads, as shown recently by us
and others,42,43 even in the case of q ) 2. Therefore, the
observed migration toward the channel walls in the case of q
) 2 should be attributed to a suppression of the wall-polymer
hydrodynamic interaction in the case of q ) 2. The suppression
of wall-polymer hydrodynamic interaction is due to the fact that
wall-induced hydrodynamics is not developed enough during
the flow time scale of the polymer chains in the case of low
Schmidt number (e.g., for q ) 2). The polymer distribution for
q ) 2 is similar to that observed in recent BDHI simulations
by Jendrejack et al.,15 when the wall-polymer hydrodynamic
interaction is intentionally not accounted for. It is noted that
although the overall shape of the polymers mass distributions
obtained from the generalized DPD model in this work is in
agreement with other models, the mass distribution exhibit
interesting shoulders away from the centerline, which are
particularly pronounced for q ) 1.5 and q ) 1. These shoulder
mostly disappear, however, as q is further decreased. The
physical origin of these shoulders is not understood at the
moment, and require further investigation.

In the case of q e 1.5, the migration of the polymer chains
toward the central region of the channel is in accord with
experiments and with recent LBD, BDHI and MD simulations.
We note that for q e 1.5, the polymer distributions are
characterized by two off-center peaks separated by a shallow
minimum. This feature was also observed in previous simula-

tions. This nonmonotonic feature of the profile is attributed to
the competition between the wall-polymer hydrodynamic in-
teraction, which tends to drift the polymer chains away from
the walls, and the cross-stream diffusion of the polymer chains,
which is characterized by a nonuniform diffusivity due to their
nonuniform conformational distribution across the channel.31

The cross-stream migration of the polymer chains is further
examined through the second moment of the polymers mass
distribution, normalized by its corresponding value at equilib-
rium,

W2 ) [ ∫-H⁄2

H⁄2
dz z2Fp(z)

∫-H⁄2

H⁄2
dz z2Fp

(0)(z)]1⁄2

(19)

where Fp
(0) is the polymer distribution at equilibrium. In Figure

7, the normalized second moment is shown vs q for systems
with N ) 20 and fx ) 0.4ε/rc. A value W2 > 1 implies a
broadening of the polymers distribution as compared to that at
equilibrium, and is therefore an indication of a cross-stream
migration of the polymers toward the wall. Figure 6 shows that
the depletion layer of the externally driven system with q ) 2
is narrower than that at equilibrium, while the density is reduced
in the middle of the channel. Although the case of q ) 1.5
corresponds to W2 ≈ 1, the polymer distribution across the
channel is nonuniform with a slight increase in polymer density
close to the walls and a slight increase in the channel’s centerline
region. For q < 1.5, a clear cross-stream migration toward the
channel’s centerline is observed.

We now turn our attention to the effect of driving force on
the cross-stream migration of the chains. In Figure 8 and Figure
9, the polymer density profiles for solutions containing polymers
with N ) 100 are shown for varying driving forces at q ) 2

Figure 6. Polymer density profile for the case of N ) 20 and fx )
0.4ε/rc. Data with solid lines from bottom to top at values of z close to
the walls (z ) ( 7rc) correspond to q ) 0.25, 0.5, 1.0, 1.5 and 2.0,
respectively. The dotted line corresponds to the system with N ) 20 at
equilibrium.

Figure 7. Second moment of the density profile, normalized by that at
equilibrium, is shown as a function of the exponent q for the case of
N ) 20 and fx ) 0.4ε/rc. The solid line is only a guide for the eye.

Figure 8. The polymer density profile for the case of N ) 100 and
exponent q ) 2. Data lines from bottom to top at values of z close to
the walls (z ) (7rc) correspond to fx ) 0.0 (Pe ) 0), 0.2ε/rc (Pe ≈
430), and 0.4ε/rc (Pe ≈ 860), respectively.
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and q ) 0.25, respectively. These figures show that the direction
of migration, as a function of external driving, is strongly
affected by the value of the exponent q, and equivalently
Schmidt number. In particular, for the case of high Schmidt
number (q ) 0.25), an increased polymer migration toward the
centerline is observed with increasing the driving force (or
equivalently Peclet number). In contrast, for the case of low
Schmidt number (q ) 2), an increased migration of the polymers
toward the walls is observed with increasing Peclet number. In
Figure 10, the corresponding normalized second moment, W2,
defined in eq 19 is shown for systems with N ) 100, q ) 2 and
q ) 0.25. This figure confirms the effect of the exponent q on
the direction of migration. These results are in agreement with
the proposal that the cross-stream migration of polymers is the
result of interplay between the wall-polymer hydrodynamic
interaction which tends to migrate the polymers away from the
walls, and the Brownian motion of the polymers which tends
to migrate the polymer chains toward the walls.

We now turn to the effect of chain length on the cross-stream
migration of the polymer chains. In particular, we will focus
on the case of high Schmidt number. In Figure 11, the polymer
chains mass distribution for the case of fx ) 0.2ε/rc and q )
0.25 is shown for values of N ) 5, 10, 15, 20, 50, and 100.
This figure shows that for very short chains (N ) 5 and N )
10), the polymer mass profile exhibits a single broad peak at
the centerline. The double peak structure in the polymer mass
distribution appears when N g 15. We attribute the lack of a
double peak structure to the fact that the conformational
anisotropy due to chain stretching is weak for short chains, thus
leading to a practically uniform diffusion coefficient of the
chains across the channel when N is low. Therefore, the driving
force toward the walls, which is proportional to the gradient of

the diffusivity, is weak for short chains, thus leading the wall-
polymer hydrodynamic interaction to be the dominant driving
force resulting in a single peak at the centerline. In contrast,
the diffusivity of the chains becomes increasingly nonuniform,
along the z-axis, as N is increased.

The normalized second moment is shown as a function of
chain length in Figure 12 for the case of fx ) 0.2ε/rc and q )
0.25, corresponding to Figure 11. Figure 12 shows that for short
chains, the extent of polymer migration toward the centerline
is amplified as N is increased. The second moment then reaches
a minimum at about N ) 30, and then decreases with further
increase of chain length. This is due to the increase in
hydrodynamic screening with the increase in chain length. We
note that the minimum of the reduced second moment occurs
at H/Rg ≈ 6.5, which is in fairly good agreement with the recent
Lattice Boltzmann study of Usta et al.,25 where it was found
that the direction of migration is reversed toward the channel
walls when H/Rg > 5.

We note that since the driving force is kept constant for the
different values of chain length, the Peclet number increases
with increasing N, since DCM ∼ Rg

-1, according to the Zimm
model,42 and Rg ∼ N0.59 in the dilute regime. The results in
Figure 11 and Figure 12 are in agreement with those obtained
by Usta et al.25 from Lattice Boltzmann simulations, where it
is observed that the rate of increase of the degree of migration
with increasing Peclet number is reduced with increasing chain
length.

We also investigated the effect of slit thickness on the
polymer density profile across the channel. We found that for
high Schmidt number, q ) 0.25, and chain length N ) 50, the
degree of migration away from the wall is accentuated as the
thickness of the wall is increased. These results are again in
good agreement with those obtained by Usta et al.25 The

Figure 9. Polymer density profile for the case of N ) 100 and exponent
q ) 0.25. Data lines from top to bottom at values of z close to the wall
(z ) ( 7rc) correspond to fx ) 0.0 (Pe ) 0), 0.2ε/rc (Pe ≈ 540), and
0.4ε/rc (Pe ≈ 1080), respectively.

Figure 10. Second moment of the density profile as a function of the
applied force fx for the case of N ) 100. Solid diamonds and solid
bullets correspond to q ) 2 and q ) 0.25, respectively. The solid lines
are guides for the eye.

Figure 11. Polymer density profile for the case of fx ) 0.2ε/rc and q )
0.25. Chain length shown correspond to N ) 5, 10, 15, 20, 50, and
100. The different chain lengths correspond to Pe ≈ 14, 29, 47, 60,
147, and 280, for N ) 5, 10, 15, 20, 50, and 100, respectively.

Figure 12. Second moment of the density profile, normalized by that
at equilibrium, as a function of chain length for the case fx ) 0.2ε/rc

and q ) 0.25. The solid line is just a guide for the eye.
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decrease in the degree of migration from the walls is due to the
fact that the wall-induced hydrodynamic forces become increas-
ingly screened by the closely separated walls. We also inves-
tigated the effect of temperature on the cross-stream migration.
In Figure 13, the polymer density profiles is shown for systems
with N ) 20, q ) 0.25, fx ) 0.2ε/rc, and reduced temperature
values corresponding to kBT/ε ) 0.5, 1.0, 1.5, and 2.0. This
figure shows clearly that for a given driving force, the extent
of the cross-stream migration of the polymers toward te central
region of the channel is reduced with increasing temperature.
We note that the Peclet number is almost constant for these
systems. The reduction in the extent of migration toward the
channel centerline, with increasing temperature, is attributed to
the increase in Brownian diffusion of the polymer chains which
tend to migrate the polymers toward the walls.

4. Summary and Conclusions

In this paper, we presented results of a computational study
of dilute polymer solutions in nanoscale channels undergoing
Poiseuille flow. The simulations use a generalized dissipative
particle dynamics (DPD) approach, recently proposed by Fan
et al.34 Through varying the functional form of the weight
function in the dissipative and random forces, this model allows
for increasing Schmidt number, and therefore to better describe
the transport properties of fluids. We investigated the effect of
increasing Schmidt number on the trend of cross-stream
migration of the polymer chains. Our central result is that when
the Schmidt number is relatively low (∼1), as is the case in
conventional DPD, a migration of the polymer chains toward
the walls is observed. The degree of migration toward the walls
is amplified as the external driving force is increased. In contrast,
when the Schmidt number is increased (up to about 11), a net
polymer cross-stream migration toward the channel centerline
is observed. The degree of polymer migration away from the
walls is amplified as the external driving force is increased.
Although conventional DPD is able to well describe bulk
hydrodynamic interactions in a polymer solution,42 conventional
DPD does not fully account for the wall-polymer hydrodynamic
interaction believed to be the driving force of cross-stream
migration away from the wall. In contrast generalized DPD with
high Schmidt number does account for the wall-polymer
hydrodynamic interaction leading to a cross-stream migration
toward the channel centerline.

We also investigated the effects of chain length, channel width
and temperature on the cross stream migration. We found that
for short polymer chains and high Schmidt number, the extent
of polymer cross-stream migration away from the wall is

amplified as chain length is increased. This is due to the increase
in wall-polymer hydrodynamic interaction with increasing
chain length. However, as the chain length is further increased,
the extent of polymer migration is reduced. This is due to an
increase in screening of the hydrodynamic interaction resulting
as the chain length is increased. For a given chain length and
high Schmidt number, we found that the extent of cross-stream
polymer migration away from the walls is decreased as the slit
thickness is decreased. This is due to the increased closeness
of the two walls, leading to screening of the wall-polymer
hydrodynamic interaction. Finally, we found that the degree of
migration away from the walls is reduced as temperature is
increased, presumably due to the increase in cross-stream
Brownian motion of the polymer chains. Although the results
presented in this paper compare well with those obtained using
BDHI and LBD, a quantitative comparison with these methods
and experiments will be very useful, and is currently underway.
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