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ABSTRACT: Transport of star polymers under pressure-driven flow in a pipewith pipe radius being at least
twice the size of polymers has been examined with standard dissipative particle dynamics (DPD) simulations.
Equilibrium dynamics of star polymers in bulk solution were found to obey the Zimm model very well,
indicating that DPD simulation correctly incorporates the hydrodynamic interaction in the stars. Under
pressure-driven flow, star polymers with more arms were found to migrate toward the center of pipe more,
leading to a net faster velocity and hence a shorter retention time in the pipe. The stretching of star polymers
along the flow was found to follow similar scaling behavior as the linear polymer chains, except that the
Weissenberg numberWi for the stars should be reduced by arm number f. After rescaling of theWeissenberg
number, the stretch ratio Sx, defined as the ratio of square of radius gyration of the chains along the flow,
Rgx

2, over its corresponding value in dilute bulk solution, was found to scale withWi linearly whenWi. 1.
The compression of the chains in the dimension perpendicular to the flow Sywere found to scale withWi-0.5

when Wi . 1.0.

1. Introduction

Elucidating the equilibrium conformation, dynamic, and
transport properties of star branched polymers has been an
important subject in polymer physics very early on.1-12 Theore-
tical works like the early work by Zimm and Stockmayer1 and
scaling theory proposed byDaoud and Cotton2 have become the
reference point of discussions on properties of star polymers.
Several recent books in polymer physics13,14 have also provided
good summaries about known equilibrium and dynamic proper-
ties predicted by these theories and to some extent confirmed by
experiments. Computer simulations of star polymers have also
been numerous4,6-12,15-19 since simulations can provide missing
microscopic link between theories and experimental observation.
While equilibrium properties of star polymers could been exam-
ined byMonte Carlo ormolecular dynamics simulations,4,8-10,12

capturing dynamic and transport properties of star polymers in
dilute solution correctly in computer simulations was not
possible20 until in recent years when a number of mesoscopic
simulation techniques that can account for hydrodynamic inter-
action in solution have been developed.21-29An important requi-
site of such simulation methods is the momentum conservation.
The original Brownian dynamic simulations do not account for
hydrodynamic interaction correctly,20 although an approximate
method using Oseen tensor now becomes an acceptable appro-
ach. Other simulation methods that can account for hydro-
dynamic interaction, reviewed recently by Slater et al.,30 include
the lattice-Boltzmann method,27-29 multiparticle-collision dy-
namics (MPC),24-26 anddissipative particle dynamics (DPD).21-23

These methods, though generally are accepted as capable of
accounting for hydrodynamic interaction, are not without pro-
blems. For example, DPD has been criticized for having low

Schmidt number, and hence its capability to model real polymers
like polystyrene in solvents like water or toluene is questionable.
Alternative modified DPD methods that yield higher Schmidt
number31,32 have been proposed and have been used to simulate
polymer dynamics under flow. Several studies have shown that
the observed chain stretching and the migration pattern of the
chain in the channel are affected by simulation methods with
different Schmidt number.33,34 Earlier, we have carefully exam-
ined polymer dynamics simulated with standard DPD35 and
found that the dynamics of linear polymer chain follow the
knownZimmmodel well, which indicates that the hydrodynamic
interaction between polymer beads mediated by solvents is
reasonably captured in DPD simulation. Therefore, the claimed
critics against DPD having low Schmidt number and hence
unable to capture the hydrodynamic interactionbetweenpolymer
beads may not be true.

Although molecular dynamic simulations of star polymers
were performed extensively by Grest et al.,4,8 star polymers
simulated in their studies were not immersed in a solvent bath.
Dynamics revealed in these simulations obey the Rouse model as
opposed to the Zimm model. Simulations of transport of star
branched polymers in solution have not been extensively inves-
tigated so far. Ripoll et al.36,37 usedMPC to examine dynamics of
star polymers in simple shear flow. In their first paper, they
focused on conformational change of star polymers during the
shear flow. They found star polymers exhibit a crossover in their
properties from those of linear polymers to a novel behavior
which resembles the tank-treading motion of elastic capsules at
high number of arms. In their second paper, they characterized
the flow field near the star polymers and found that flow fields are
strongly perturbed around the stars. The more the number of
arms, the stronger the perturbation on the fluid velocity.36 More
recently, Nardai and Zifferer38 reported a DPD simulation of
dilute solutions of star-branched polymers. They focused on
analysis of equilibrium dynamics of star polymers as revealed
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in DPD simulations at both athermal and theta solvent. The
Zimm behavior of star polymers is again observed in their DPD
simulations.

We are interested in the transport of star polymers in nanoscale
channels from two perspectives. First, similar to Ripoll et al., we
would like to understand the interplay between conformational
changeof star polymersunder flow, but not in shear flow, instead in
Poiseuille-like flow. Such investigations are relevant to the under-
standing of a number of processes like blood circulation in the
human body. Second, we are interested from the perspective of
separation of star polymers from linear polymers in hydrodynamic
chromatography (HDC).HDC is a terminology used in separation
science which refers to a simple process where solutes, typically
colloids or macromolecules, are transported through a conduit
with a Poiseuille-like flow. HDC is related to the family of field-
flow-fractionation (FFF) methods. The development of microflui-
dic devices has led to development of on-chip hydrodynamic
chromatography39-42where a single longmicrometer sized channel
is used as the separation medium. A basic question here is whether
star polymers, when transported through the channel under
pressure-driven flow, will move faster or slower than the linear
polymers with equivalent size. This question has not and could not
been easily answered with the current status of knowledge.

Earlier we reported DPD simulations of HDC separation of
linear polymers in a slit channel.43 Simulation reveals that chain
stretch can significantly distort retention behavior of linear poly-
mers and lead to reversal in elution order. In the current study, we
focus on the transportof star-branchedpolymer in cylindrical pipe
under pressure-driven flow, andwe compare the behavior between
star-branched polymers against linear polymer chains.

2. Simulation Method

We used the standard dissipative particle dynamics as imple-
mented in several of our earlier studies.35,43,44 Details of the
simulations follow closely to that reported in our most recent
paper.43 Briefly, solvent particles are coarse-grained into fluid
elements, called DPD particles, which interact with each other
through three pairwise interaction forces:

fi, j ¼ F
ðCÞ
ij þF

ðDÞ
ij þF

ðRÞ
ij

where Fij
(C) is the conservative force, Fij

(D) is the dissipative force,
and Fij

(R) is the random force acting on the ith particle from jth
particles. The forms of these interactions follow the standard
functions as used by Groot and Warren.21 We have chosen the
mass of the DPD particles m, the cutoff distance rc used in the
pairwise interactions, and the thermal energy kBT as the funda-
mental units in all reported quantities. The motions of particles
are numerically solved with the modified velocity-Verlet algo-
rithm. All our simulations are performed for DPD fluids with a
particle number density F=3.0rc

-3, kBT=1, conservative force
aij = 25kBT/rc, and friction coefficient σ = 3((kBT)

3m/rc
2)1/4.

The polymer chain is modeled by connecting fluid DPD
particles via an additional finite extensible potential between
consecutive beads belong to the same chain:
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We have set rmax = 2.0rc, req = 0.7rc, and KF = 40kBT/rc. Both
static and equilibrium dynamic properties of linear polymer

chainsmodeledwith the aboveDPDmodel have been thoroughly
characterized in our earlier study.35 In the current study, we
extend this model to star-branched polymers. The star polymers
are composed of f arms with equal length, connected to a center
DPDparticle. The total number ofDPDparticles in a starNtot=
fNaþ 1, whereNa is the number ofDPDparticles on each arm. In
all reported simulations, Na was varied from 5, 10, 15, 20 to as
high as 60, while the number of arms fwas varied from 2 (linear),
3, 4, 5 to as high as 10.

The fluid channel modeled in the current study is a cylindrical
pipewith a length ofL=60rc. The pipe radiusRp varied from 5rc
to 10rc. The total number of DPD particles in simulation is
typically around ∼10 000 to ∼55 000 depending on the pipe
radius. The pipe boundary was modeled by a combination of
using solid static wall particles and a simple bounce back
condition. Four layers of static DPD particles, packed in hex-
agonal lattice of unit length 0.25rc, were built at the outer surface
of the pipe. These static DPD wall particles interact in the usual
manner with fluid DPD particles, except the repulsive part of
interaction force a = 3kBT/rc. However, the presence of solid
walls cannot fully prevent DPD fluid particles getting out of the
pipe. Therefore, we applied an additional simple bounce-back
condition to all fluid DPD particles, including both solvent and
polymer particles. In simple bounce back, if the particle will go
out of the boundary during the integration step, the particle is put
back to its original position with a reversed velocity. This
boundary condition is enforced at every step. The pressure driven
flow is achieved by applying a body force fx in x direction to all
DPD particles. The force fx is varied from 0.0 to 0.05kBT/rc. The
average velocity Æuæ in Poiseuille flow within a pipe is given by

Æuæ ¼ 1

2
umax ¼ 1

8η

ΔP

L
Rp

2 ð2Þ

where the η is viscosity andΔP is the pressure drop in pipe which
is related to fx through Ffx=ΔP/L. As the pipe lengthLwas kept
constant, the average velocity<u>is only dependent onRp and
fx. The volume fraction of star polymers is kept below 0.02.
Equilibrium dynamics properties of star branched polymers were
examined with the same DPD model but in a cubic box of
30rcx30rcx30rc with periodic boundary conditions applied in all
three directions.

3. Results and Discussion

3.1. Equilibrium Static and Dynamic Properties. We first
present our results on equilibrium static and dynamic prop-
erties of star polymers. The theoretical studies on the subject
can be broadly divided to two main categories: the earlier
work by Zimm and Stockmayer,1 who used Gaussian chain
models, and the scaling theory proposed by Daoud and
Cotton2 and later by Birshtein and Zulina.3 Zimm and
Stockmayer defined g factors to quantify the difference of
star polymers from that of linear polymers with the same
total molecular weight. The static g factor is defined as the
ratio of mean-square radius of gyration of stars and linear
chains with equal number of segments

gðf Þ ¼ ÆRg
2æf =ÆRg

2æf ¼ 2 ð3Þ

where f is the number of arms in the star. Using Gaussian
chainmodel, Zimmand Stockmayer showed that g(f)∼ (3f-
2)/f2 when the chain lengthNtot . 1. Because this prediction
is based on Gaussian chain model, it is believed to be only
applicable in θ solvents. The scaling theory proposed by
Daoud and Cotton, on the other hand, attempts to address
the excluded volume interaction within the stars. The main
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theoretical results have been summarized by Grest.8 The
scaling theories predict that mean-square radius of gyration
ÆRg

2æ and center-to-end distance ÆR2æ are given by

ÆR2æ ∼ ÆRg
2æ �Na

2υf 1- υ ¼ Ntot
2υf 1- 3υ ð4Þ

We found that the g factor proposed by Zimm and Stock-
mayer works very well for stars with excluded volume
interaction. Several earlier studies have also found this to
be true.9 Figure 1 presents the plot of ÆRg

2æ/g( f ) as a function
ofNtot for several sets of stars with different number of arms,
where ÆRg

2æ is the radius gyration of the star determined
directly in the simulations. Data from different sets form one
single master curve with a power dependence on Ntot

1.18, an
exponent we got for linear polymers with excluded volume
interaction.35 Small deviations from the master plot can be
seen for high number of arms. Taking this g( f ) to be appli-
cable here, then we would predict that ÆRg

2æ for the stars
would depend on f as ÆRg

2æ∼ (Na f )
2ν(3f- 2)/f 2 where ν is the

Flory’s exponent. Taking f . 1, this can be simplified as
ÆRg

2æ∼Na
2νf 2ν-1.The scaling theoryhoweverpredictsNa

2νf1-ν.
With simulation data obtained for f limited below 10, it is
difficult to differentiate which dependence is more correct.
We note our simulation data would also form amaster plot if
one plots ÆRg

2æ/f 1-3ν againstNtot by taking ν=0.59, and the
quality of master plot is comparable with that in Figure 1.
We believe the scaling theory is applicable only at high
number of f, much higher than the range of f examined here.
Also, this g( f ) works well for stars with no excluded volume
interaction such as stars generated with random walks. The
corresponding master plot for the stars generated with
random walks exhibits Ntot

1.0 dependence. On the other
hand, using ÆRg

2æ/f 1-3ν will no longer produce master plot
whether ν=0.59 or ν=0.50 are used for the stars generated
with random walks.

Equilibrium dynamic properties of dilute polymer solu-
tion can be studied by either studying its center of mass of
diffusion or the relaxation time. Earlier we found that in
DPD simulations the center-of-mass diffusion has a strong
dependence on box size because of the presence of hydro-
dynamic interaction. Therefore, in the current study we did
not examine the center-of-mass diffusion but onlymonitored
the relaxation time. The relaxation time for the star was
determined based on the decay of autocorrelation function
of center-to-end vector, CR(t):

CRðtÞ ¼ ðÆRðtÞRð0Þæ- ÆRæ2Þ=ðÆR2æ- ÆRæ2Þ ð5Þ

where the R is the center-to-end vector for a single arm. The
autocorrelation function is fitted to an exponential form,
CR(t) = C0 exp(-t/τ) over the time domain when CR(t)
decays from 1.0 to about 0.1; C0 and τ are both adjustable
fitting parameters (C0 typically is around 0.9-1.0). Figure 2
presents the obtained τ plotted against ÆRgæ for the star in a
log-log plot. The inset in Figure 2 shows an example of
determined autocorrelation function. Stars with different
number of arms and lengths again collapsed into a single
master curvewith a dependence of τ∼Rg

3.0. This dependence
is expected when star polymers appear as nondraining to the
solvent (i.e., the Zimm model as opposed to the Rouse
model). From these, one can infer that hydrodynamic inter-
actions are fully developed within the stars in DPD simula-
tions. Additionally, bymaking use of theRg dependence on f
discussion in the previous paragraph, we would predict that
τ ∼ Na

3νf3ν-3(3f - 2)3/2; at high f, τ ∼ Na
3νf3(ν-1/2). Taking

ν = 0.59 for our polymer model, we would predict τ ∼
Na

3νf 0.27 for f. 1. Therefore, an increase in fwould increase
the relaxation time of each individual arm. This trend can be
seen fromdata shown in Figure 2.However, we are unable to
determine the exact scaling dependence on f due to limited
range of f investigated. Several earlier studies investigated
dynamics of stars with different simulation methods.4,8,45

Rey et al. simulated star polymers with Gaussian chain
statistics using Brownian dynamics with fluctuating hydro-
dynamic interaction. Their data could be replotted in the
same form, τ vs Rg, and yields an exponent τ∼ Rg

3.4(0.1, but
their data covered a very small range of τ; therefore, the
reliability of the exponent is limited. In addition, their raw
data showed almost no dependence on the number of arm f.
This is consistent with our predicted dependence on f since in
their model chains follow Gaussian statistics and hence ν=
0.5, which will lead τ to be independent of f. On the other
hand, Grest also reported relaxation times independent of
arm number f, which however was not consistent with our
results. In Grest’s paper, stars have excluded volume inter-
action but no hydrodynamic interaction between polymer
beads. Our polymer chain model has the excluded volume
interaction, as evident from the exponent in Rg

2 ∼ Ntot
1.18

dependence. Our model, however, also has hydrodynamic
interaction. As a result, we observed an increase in τ as the
arm number f increases. The dependence of τ on arm length,
Na, simply reflects the usual Zimmmodel’s prediction, τ∼Rg

3.
3.2. Retention Time in Hydrodynamic Chromatography.

The concept of hydrodynamic chromatography (HDC) was

Figure 1. Plot of mean-square radius of gyration of star over g(f)=
((3f- 2)/f2 as a function of total polymerization Ntot in the stars. Data
sets for a given arm number f are stars with arm length Na varied from
Na=10 to 100. The solid line is the power-law fitwith exponentNtot

1.18.

Figure 2. The log-log plot of the relaxation time τ computed from end-
to-center autocorrelation, as a function radius of gyration ÆRgæ for stars
with number of arms f indicated and arm length Na varied from 10 to
100. Solid line is the power-law fit with exponent τ ∼ Rg

3.0. The inset
shows an example of decay of the center-to-end vector correlation
function, CR(t), for a star with arm number f = 4 and arm length
Na = 30.
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first proposed by Dimarzio and Guttman (DG theory),46

and it refers to separation of colloidal/macromolecules
according to the size achieved by transporting the solution
through a channel under pressure-driven flow. The relative
retention time tr of solute is determined according to tr =
ÆVsæ/ÆVpæ, where ÆVsæ and ÆVpæ are the average solvent (or
marker) and polymer velocities, respectively. We are inter-
ested in comparing the relative retention behavior of linear
chain and star polymerwithnearly the sameRg value. Table 1
compares the average velocity of star polymers with same
arm length but different arm numbers at otherwise the same
given conditions. The difference in velocities is small, but one
can notice that as the number of arms increases, ÆVpæ
increases and ÆVsæ decreases slightly. As a result, the reten-
tion time tr decreaseswith the increase in the number of arms.
A better way to view how star architecture affect the reten-
tion behavior is by plotting, in a way familiar to experimen-
talists working with polymer separation, λ=Rg0/Rp against
retention time, tr, as presented in Figure 3, where Rg0 is the
radius of gyration of the polymer chain estimated in the bulk
solution andRp is the pipe radius. The solid line in the figure
is the prediction of retention time according to DG theory,
(tr)

-1 = (1þ 2λ-Cλ2), whereC=1.0, a number suggested
by DG theory when polymer is viewed as impenetrable to
solvent. This theory itself does not differentiate linear poly-
mers from star polymers. Hence, we will not compare our
simulation results with theoretical predictions here.

From Figure 3, one may observe that the more number of
arms in the star, the smaller the retention time, which implies
that stars with more arms are eluted earlier. There are two
reasons causing the decrease in retention time as number of
arms f increase. First, ÆVsæ decreases slightly as f increases,
since stars with more arms exert stronger drag on fluid
velocity. As a result, the average fluid velocity at the same
pressure drop decreases, reflecting an increased viscosity of
branched polymer solutions. This factor is small, and it

should become even smaller when the volume fraction of
the polymer solution is kept very low. The second factor is
due to the increased ÆVpæ as f increase. This increase in ÆVpæ
can be traced to how star polymers are distributed in the
pipe, which will be discussed in the next section.

3.3. Center-of-Mass Density and Velocity Profiles. The
distribution of polymers in the channel during flow has been
a subject of several recent studies.32,34,47-54Discussion has
been centered on the migration patterns of polymers during
the flow. It has been argued that properly accounting for
polymer/wall hydrodynamic interactions should lead to a
migration of polymers away from the wall in the presence of
flow. Failing to account for this wall hydrodynamic interac-
tion would lead to amigration toward the wall.49,52-55 In the
case of very narrow channel, however, migration toward the
wall may occur.49 Earlier numerical simulations of pressure-
driven flow of linear polymer solutions byDPD32,50 have led
to some controversies about the capability to properly
account for hydrodynamic interaction with the wall. The
generalizedDPDmodel34 has thus been proposed that seems
to predict the migration pattern more consistent with other
numerical simulations such as lattice-Boltzmann or Brow-
nian dynamic simulations with hydrodynamic interaction.
Specifically, Millan ad Laradji34 showed that the standard
DPD failed to show migration toward the channel center
especially when chain length was long. However, by using a
generalizedDPD that has a Schmidt number around 12, they
observed a clear migration toward the channel center under
flow, in agreement with numerical results reported by other
simulation methods. In the current study, we have used the
standard DPD model and the revealed migration pattern
may suffer from the low Schmidt effect. Figure 4 compares
the center-of-mass density profiles of 4-arm star polymers
under quiescent conditions and under flow with fx =
0.03kBT/rc. There is a significant migration away from the
wall along with a development of off-center peak during the
flow. The development of the off-center peak is attributed to
the gradient in the shear rate across the channel, which leads
to a gradient in chain diffusivity. The migration away from
the pipe wall is attributed to hydrodynamic interaction with
the wall. This observed migration pattern in Figure 4 is what

Table 1. Average Velocities of Polymer Vp and Solvent Vs and Relative Retention Time tr for Stars in a Pipe
a

linear (f = 2) f = 3 f = 4 f = 5 f = 8

fx ÆVpæ ÆVsæ tr ÆVpæ ÆVsæ tr ÆVpæ ÆVsæ tr ÆVpæ ÆVsæ tr ÆVpæ ÆVsæ tr

0.005 0.311 0.2526 0.812 0.317 0.2520 0.794 0.317 0.2518 0.794 0.3304 0.2512 0.7605 0.3368 0.2495 0.7407
0.008 0.480 0.4046 0.843 0.511 0.4037 0.790 0.522 0.4026 0.770 0.5346 0.4016 0.7513 0.5546 0.4002 0.7215
0.01 0.610 0.5056 0.829 0.648 0.5044 0.779 0.653 0.5033 0.770 0.6618 0.5025 0.7593 0.7048 0.4999 0.7092
0.03 1.886 1.513 0.8025 2.007 1.511 0.7524 2.091 1.509 0.7215 2.188 1.507 0.6887 2.284 1.502 0.6579
0.05 3.305 2.514 0.7605 3.516 2.510 0.7143 3.707 2.508 0.6766 3.813 2.505 0.6570 3.969 2.499 0.6297

aAll data are obtained for stars with Na = 10 in a pipe with radius Rp = 10.0rc. All errors are on the last digit of the numbers.

Figure 3. Computational determined relative retention time tr = ÆVpæ/
ÆVsæ against λ = Rg0/Rp for stars with different number of arms f and
arm lengthNa=5, 10, 15 and 20, fx=0.03kBT/rc,Rp=10.0rc, and λ=
Rg0/Rp where Rg0 is the radius of gyration of stars determined in dilute
bulk solution and Rp is the radius of the pipe. The solid line is the
prediction according to Dimarzi-Guttman’s theory.

Figure 4. Center-of-mass density distribution of star polymers at fx =
0.0kBT/rc (blue circle) and fx = 0.03kBT/rc (red square) in a pipe of
radius Rp = 10.0rc, number of arms f = 4, and arm length Na = 15.
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to be expected if wall/polymer hydrodynamic interaction has
been accounted for. We noticed that the corresponding
migration pattern for the linear chains (f = 2, data shown
in Figure 5), however, did not clearly produce this migration
away from the wall, reflecting some inadequacy of standard
DPD to simulate transport of polymers. As the arm number
increases, the observedmigration away from the wall is more
pronounced and enhanced. We attribute this to a stronger
hydrodynamic interaction between star polymers with the
wall. As a result, standard DPD is able to capture this
hydrodynamic interaction and produce the correct migra-
tion pattern.However, a further studywith generalizedDPD
to examine the migration pattern of star polymers relative to
linear polymers probably is needed.

Figure 5 presents the center-of-mass distribution of star
polymer with varying number of arms f under quiescent
conditions (fx = 0.0) and under flow (fx = 0.03). At
quiescent conditions (fx = 0.0; Figure 5a), the depletion
layer near the wall gets thicker when f increases. The increase
in the depletion layer is more than the amount accounted by
simple exclusion due to an increase in Rg0, which can be
verified by plotting density profiles against reduced radius
such as r/Rg0. This increased depletion layer at quiescent
conditions can be traced to the way how the wall boundary is
constructed. In our model, the fluid particles including
polymer particles interact with frozen wall particles through
regular DPD forces. These forces are long-range interaction,
and hence the polymer/wall interaction is long-ranged in
nature. Depletion layer formed near the wall is therefore not
simply due to entropic exclusion. This effect could already
give rise a faster transport and hence shorter retention time
of stars relative to linear chains.

Comparing parts a and b of Figure 5 reveals that when the
flow is added, the density profiles shifted toward the channel
center and the amount of shift is more significant as f
increases. Within DPD model, stars with nearly the same
size as the linear chains will have more beads and hence stars
will have stronger hydrodynamic interaction with the wall.
As a result of this stronger hydrodynamic interaction, the
migration toward the channel center becomes more pro-
nounced, giving rise to an even faster transport of stars in the
pipe. On the other hand, the polymer velocity profiles remain
very similar as f increases. We saw very small decrease in
polymer velocity profile in the center of pipe and very small
increase near the wall as f increases. The extent of change in
velocity profiles as f increases is small. The typical velocity
profiles for the solvents and polymers at fx=0.03kBT/rc are
presented inFigure 6. Polymer velocity in the center of pipe is
slightly retarded than the solvent, whereas near the wall it is
slightly enhanced. The extent of difference between these two
profiles increase with increased driving force. These data
combined together indicate that the faster transport of star
polymers observed in DPD simulations is mostly due to
enhanced migration of star polymers toward the pipe center
as the number of arms increases. This conclusion however is
drawn based on results obtained from standard DPD simu-
lation algorithm. In view of issues like Schmidt number on
the observed migration pattern, a further study using other
simulation methods or modified DPD methods with higher
Schmidt number is needed.

3.4. Chain Stretching. Chain stretching during shear flow
is another subject that has been under intensive investigation
both experimentally and computationally.56-61 Here we
monitored the extent of chain stretching (and compression)
during flow by defining three ratios Sx = 3ÆRgx

2æ/ÆRg0
2æ,

Sy = 3ÆRgy
2æ/ÆRg0

2æ, and Sz = 3ÆRgz
2æ/ÆRg0

2æ where Rgx
2,

Rgy
2, and Rgz

2 are the mean-square radius gyration of the
chains during the flow along the x, y, and z components,
respectively, and Rg0

2 is the mean-square radius of gyration
of chains in dilute bulk solution at quiescent conditions. The
conformational statistics of the chain under shear flow
depends strongly on the Weissenberg number Wi = _γτ,
where _γ is the shear rate, calculated in the generated Poi-
seuille flow according to _γ = 2.0Æuæ/Rp, Æuæ is the average
fluid velocity, and τ is the characteristic relaxation time
defined as end-to-center vector relaxation time of the chain
in the bulk solution, which is determined in section 3.1.

Figure 7 presents plots of stretch ratio versus theWeissen-
berg number for linear polymer chains. The chain is stretched
along the flow direction (x component) but compressed in

Figure 5. Center-of-mass density distribution of star polymers (Na =
15) with f varied form 2 to 8. (a) fx = 0.0; (b) fx = 0.03 in a pipe of
radius Rp = 10.0rc. The radius of gyration of star polymers in bulk
solutionRg0=2.31, 2.56, 2.73, 2.82, and3.05 respectively for f=2, 3, 4,
5, and 8.

Figure 6. Comparison of velocity profiles for polymer segments and
solvent particles in the pipe Rp = 10.0rc under pressure-driven flow,
fx = 0.03kBT/rc. Polymers are 4-arm branched stars with Na = 15.
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the y and z directions. The plots also contain the data
obtained earlier for transport of linear chains in a slit
channel43 formed by two parallel walls separated in the z
direction. Whether in a pipe channel or slit channel, the
stretching in x direction is independent of channel type and is
determined primarily by the Weissenberg number with a
power-law dependence Sx ∼ Wi1.0 when Wi . 1. In other
studies, a slightly different quantity has been used to quantity
the stretching of the chain during flow. Ripoll et al.37 and
Hernandez Cifre et al.62 monitored how δ2 = ÆRgx

2æ/
ÆRgx(0)

2æ - 1, which is equivalent to our Sx - 1, changes
with the shear rate. Ripoll et al. showed a 2.0 power-law
dependence at lowWeissenberg number (less than 10.0), but
crossover to 1.0 power-law dependence at high Weissenberg
number. This is in agreement with what we have observed
here since from Figure 7 one can clearly see that there is a
crossover region from nonstretched state to highly stretched
scaling region of 1.0 power law. The compressions in the
y and z components are influenced by the channel type. In a
slit channel, compression in the z component where the walls
are present is stronger than the compression in the y compo-
nent. In the pipe channel, the y and z components are compressed
to the same extent. One may observe that data for the pipe in
Figure 7b donot overlapwell with that in the slit channel, but
the two are very close. The exponent in the power-law
dependence for Sy on Wi at large Wi is less certain because
of limited range of data available, and we estimated to be
around-0.5 using data at highWi number. In addition, the
scaling plots presented in Figure 7 are not perfect. Data sets
obtained in pipes with different radii do not overlap per-
fectly, especially when Rp becomes comparable with sizes of
polymers. In fact, we have limited data sets to thosewhenRp/
Rg0> 2 in Figure 7. The imperfection in the scaling plot may
be attributed to nonuniform shear in Poiseuille flow. Also,

the stretching of chainmay have distinctly different behavior
when pipe radius becomes comparable to or smaller than the
polymer size, as investigated recently by Cannavacciuolo
et al.63

Data in Figure 7 could be compared with experimental
results by Teixeira et al.,58 whomonitored the stretching and
compression of DNA chains under simple shear flow experi-
mentally. Their compression factor, defined as Æδ2æ/Æδ2,0æ, is
equivalent to our (Sy)

1/2. They reported that the compression
factor depends on Weissenberg number with a power of
-0.26, which compares well with our data. For the stretching
in the flow direction, these authors also obtained a master
plot for the fractional of extension, Æxæ/L, as a function of
Weissenberg number, but they did not discuss the power-law
dependence. Ripoll et al.,37 however, reported a linear
dependence of Sx ∼ Wi1.0 when Wi > 1 for star polymers,
but the same power-lawdependence is likely to be true for the
linear polymers (as will be shown later). Most of earlier
studies of chain stretching in shear flow has focused on
fractional extension Æxæ/L since one might expect the chain
stretch will be limited by the contour length of the chain. In
elongational flow, fractional extension reaches a plateau
value as high as 0.9 when Wi > 1, but in shear flow, the
fractional extension never exceeds 0.5 in experiments. If the
power-law dependence is valid at highWi, it is not clear to us
how the chain stretch may be limited by the contour length.
Currently, we are not certain of the theoretical justification
of this power law dependence.

Figure 8a compares the stretching of star polymers with
linear polymers, monitored in the same way as in Figure 7a.

Figure 7. Plots of chain stretch ratio, Sx = 3ÆRgx
2æ/ÆRg0

2æ, and com-
pression factor, Sy = 3ÆRgy

2æ/ÆRg0
2æ, vs Weissenberg number, Wi, for

linear polymer chains. Colored data sets are obtained in pipe channel
with radiusRp indicated in the legend. Black cross symbols are data sets
obtained from transport in a slit channel.

Figure 8. (a) Plot of stretch ratio Sx versus Weissenberg number for
stars with arms f = 2, 3, 5, and 8. (b) Same data as in (a) but plotted
against Weissenberg number reduced by arm number f. All data are
obtained in a pipe of radius 10rc, which is greater than polymer size.
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Stars with the same arm number f but different arm length
form a single curve, but each curve is shifted toward right as f
increases. We note the Weissenberg number Wi used in
Figure 8a adsorbs some effect of stars architecture since τ
used here is the relaxation time of the center-to-end vector
for the stars, which increases as f increases. However withWi
thus defined, the stretch of stars is delayed as f increases.
These curves however can be collapsed when theWi number
is reduced by f, as shown inFigure 8b.As far aswe know, this
is the first report of such dynamic rescaling for stars poly-
mers. Ripoll et al. have shown that stretching Sx is delayed as
f increases, but they did not show whether such rescaling
would work for stretching ratio Sx. They however have
shown that rotational frequency of the star polymers in shear
flow, which depends onWi as well, can be collapsed together
by using a rescaled Weissenberg number, φ(f)Wi, where the
parameter φ(f) varied from 2 to 1 for arm numbers f varied
from 5 to 50. Our simulation data presented in Figure 7b
contain only data sets with f varied from 2 to 8, a relatively
small range.Whether the same reducedWeissenberg number
would work at high f is unknown and will be examined in the
future simulations. The compression factor Sy follows the
same scaling plots when plotted againstWi/f (data not shown).

In the case of linear polymers, the chain dimension along
the flow direction fluctuates significantly. The chain shrinks
and tumbles in the shear flow. For star polymers, the overall
chain dimension along the flow direction fluctuates less
although individual arm undergoes similar shrink and ex-
tension. As suggested by Ripoll et al., the stars undergo
tanklike threading motion in the flow. Analysis of the
rotational frequency of stars will be presented in the future.

4. Conclusions

Wehave examined the transport of star polymers in a pipewith
radius at least twice the size of star polymers using standard
dissipative particle dynamics simulations.We are interested in the
transport of star polymers from two perspectives. First we want
to compare the relative retention time of stars with respect to
linear polymers during the pressure-driven flow (i.e., the so-called
on-chip hydrodynamic chromatography separation). Our simu-
lations reveal that stars travel faster than the linear polymers with
approximately the same size, leading to retention time of stars
being smaller than that of linear chains in HDC. The smaller
retention time is traced to the fact that stars are migrated further
away from the walls during the flow. Hence, stars sample a
narrower region of velocity profile in the center of pipewith faster
velocity, which leads to a net higher average velocity of the stars.
In our current study, we have used the standardDPDwhich has a
Schmidt number on the order of one. Although the absolute
migration patterns of linear polymer chains were shown to
depend on the Schmidt number, we note that we focus on the
comparison of relative migration pattern of stars against the
linear chains. The trend we observed here is likely to hold even if
we usemodified DPDwith a higher Schmidt number; however, a
further study with modified DPD probably is needed to clarify
this point.

We further investigated the stretching behavior of the chains
during the pressure-driven flow by examining stretching factor,
Sx = ÆRgx

2æ/ÆRgx0
2æ, and compression factor perpendicular to

the flow, Sy = ÆRgy
2æ/ÆRgy0

2æ. Both Sx and Sy depend on
Weissenberg number Wi, Sx∼ Wi1.0, whereas Sy∼ Wi-0.5 when
Wi . 1. For the star polymers, the stretch is delayed as the
number of arms f increases. However, by using a modified
Weissenberg number, Wi/f, the stretching and compression
behavior of stars can be collapsed with the data for the linear
chains. The reported data cover only stars with number of arms

no greater than 10. Whether the same type of dynamic rescaling
would apply for stars with high number of arms needs to be
further investigated.
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