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A detailed study of the effects of hydrodynamic interaction (HI) and excluded volume (EV), on isolated bead-rod chains
in shear flows, where the “rods” are mimicked by stiff Fraenkel springs is presented. It is observed that the deformation
behavior at weak and intermediate shear rates is qualitatively similar to that observed for polymer chains in the
absence of EV and HI, while that at high-shear rates is sensitive to modeling details and chain resolution. Our simula-
tions with varying degrees of resolution reveal universality in chain behavior in the presence of EV (without HI), while
the onset of the transition to a compressed chain in the presence of HI (without EV) shifts to higher shear rates with
increasing chain resolution. The results also highlight the success of the bead-spring models in predicting the chain
behavior in shear flows in the presence of HI, when the HI parameter is appropriately chosen. VC 2014 American Insti-

tute of Chemical Engineers AIChE J, 60: 1400–1412, 2014
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Introduction

The deformation of polymer chains subjected to shear and
other flows has attracted increasing interest, especially since
Bird and coworkers published their textbook on molecular
modeling of polymer rheology.1 This textbook clearly
defined the bead-spring and bead-rod models for polymer
molecules and provided solutions for their responses in flow
fields for various cases, including the effects of hydrody-
namic interactions and excluded volume. The clear explana-
tions and thorough coverage has made this work a standard
reference source for all workers in the field, and has inspired
much of what has transpired in the field, including this
article.

In recent years, the tools of single-molecule imaging
experiments2–4 and Brownian dynamics simulations of bead-
spring and bead-rod chains5–8,11,12 have allowed the prob-
lems discussed in Bird et al. to be explored in much greater
detail. These recent studies show that the time-averaged
polymer stretch in the flow direction increases with shear
rate up to a high-shear-rate plateau that is about 40% of the
fully extended chain length.7 The plateau occurs at less than
full extension because the chain undergoes incessant end-

over-end tumbling, which varies the end-to-end distance
from zero to full extension, and produces an average of
around 40% of full extension on the plateau. This plateau
was believed to be the asymptotic response of the chain at
high shear rates, until some surprising results were observed
in a bead-rod simulation study by Sendner and Netz,9 who
observed that the chain size, measured by the radius of gyra-
tion, decreases at extremely high shear rates, above the rates
at which the plateau is observed. Results from the same
study also indicated that this chain shrinkage was hindered
by excluded volume interactions between beads, but was
amplified by hydrodynamic interactions (HI) between them.
Using BD simulations of long bead-spring and bead-rod
chains in the absence of HI and excluded volume (EV), in
Refs. 11 and 12, three distinct shear-rate regimes were
observed. Regime 1 spans weak to moderate shear rates
where the chain elongation increases with shear rate. Regime
2 covers intermediate rates where the chain stretch shows a
plateau. However, Regime 3 encompasses extremely high-
shear rates where a decrease in chain elongation is observed.
The behaviors in the first two regimes are insensitive to
refinement of the chain, but the third regime is suppressed in

the absence of HI and EV if rods with bending potential are

introduced to increase the refinement of the polymer model.

The anomalous chain shrinkage in Regime 3 with insuffi-

cient chain refinement occurs due to sequential flipping of

individual rods, which slows the process of chain stretching
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to the point that end-over-end tumbling events occur before

the chain becomes completely extended. If each rod is

replaced by multiple shorter rods with a bending potential to

produce a chain with the same overall chain length and coil

size, however, full extension is nearly attained before a tum-

bling event, and the decrease in elongation is avoided,

thereby extending Regime 2 and avoiding the onset of

Regime 3. However, HI and EV need to be included in these

simulations to fully resolve the deformation behavior of real-

istic chains in the presence of shear.
In this article, we therefore investigate chain deformation

in shear when EV interactions and HI are acting between the
beads, thus completing the study of chain deformation due
to shearing flows presented earlier.11,12 We add bead-bead
excluded volume interactions and HI separately and observe
the effects of each on chain elongation (in the flow direc-
tion), and chain thickness (in the shear-gradient direction),
relative to those obtained earlier without either of these addi-
tional mechanisms. Although some indications of the elonga-
tion behavior with HI and EV were given earlier in Ref. 9,
the details and the relevance of those observations to actual
systems are not fully clear, since only a single model (the
bead-rod model) was used for a single-chain length (100
rods). In this article, after explaining our methods in the sec-
tion “Simulation methods”, we present and discuss our
observations in the section “Results and discussion”. Our
results with HI and EV for the chain stretch and width can
again be categorized using three distinct regimes, but the
trends at high shear rates change depending on which mech-
anism is acting between the beads. In what follows, we show
that rather weak EV interactions suffice to suppress the chain
shrinkage in Regime 3, while increasing HI systematically
increases the chain shrinkage in Regime 3, producing a
highly coiled state at high-shear rates in the absence of any
excluded volume interactions. (Note that the high-shear rates
in Regime 3 are not necessarily experimentally accessible
unless the solvent is made very viscous, and/or the chain is
quite stiff, since for flexible chains the highest shear rate is
likely limited by experimental limits on shear rate, or by
chain scission, as are discussed in Ref. 11.) Additionally, our
results with chains at varying degrees of resolution indicate
universality in chain deformation behavior in the presence of

EV interactions. We will also show that the sharp decrease

in coil stretch in the presence of HI (without EV) shown in

Ref. 9 is pushed to arbitrarily high shear rates with increas-

ing levels of resolution, for semiflexible rodlike chains. The

simulations with the CG model highlight its ability to predict

the conformational properties of the chain, when the hydro-

dynamic interaction parameter is fixed appropriately.
A brief note needs to be added here regarding the termi-

nology for excluded volume interactions used in this article.

The designation “EV” will denote chains in which beads

interact only through short-range repulsive interactions. It

will be shown later in this article that this approach reprodu-

ces the well-known scaling laws for a chain in a good sol-

vent. However, in a real chain, the interaction between

atoms is repulsive at short range and can be attractive at

larger distances. In the finely resolved chains used in this

article (resolved to length scales of the Kuhn length or

shorter), we can also include relatively long-range attractive

interactions, in addition to the short-range repulsive interac-

tions. The case in which the short-range repulsion and long-

range attraction are tuned such that the chain size (measured

by the radius of gyration) matches that of a theta coil (i.e., a

random walk, without any excluded volume interactions)

will be referred to as “EV-theta”, where the long-range

attraction is just large enough to nullify the effect of repul-

sion at short-range. In this article, the repulsive and attrac-

tive interactions are modeled using the Lennard-Jones

potential, which is typically used between atoms in molecu-

lar dynamics simulations. Note that we only consider the

cases of “EV” and “EV-theta” in this article. Cases in which

stronger attractive interactions lead to coil collapse will be

considered in future work.

Simulation Methods

The model of the polymer chain, symbols for variables,
and the governing equations used in this article are the same
as discussed in Ref. 11, unless otherwise mentioned. Briefly,
using a characteristic length scale of one rod in a polymer
chain model (lrod), consisting of beads connected by stiff
springs that mimic inextensible rods, and a time scale of
fl2rod=kBT, where n is the bead drag coefficient, we arrive at
the following equation of motion without HI and EV

d~r�i
dt�
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where all the variables have the same significance as
described in Ref. 11 and the corresponding dimensionless
variables are denoted by a “*” in the superscript. For this
study, we use three different types of chain models to under-
stand the numerical artifacts related to the level of resolu-
tion: (1) the coarse-grained bead-spring model where each
spring represents a total of m Kuhn steps (denoted by the
“CG” model). For this study, the Cohen-Pad�e approximation
is used as the spring force law (details provided in Ref. 11),
(2) the “bead-rod” (or BR) model used earlier in Refs. 11
and 12 where each “rod” is mimicked by a stiff Fraenkel
spring and represents one Kuhn length of the polymer chain
bK; thus, for the BR model lrod 5 bK where lrod is the rod
length, and (3) the “fine-grained” (FG) model which also
consists of beads connected by “rods” (again mimicked by
stiff Fraenkel springs), where a harmonic bending potential
acts between consecutive rods in the chain (details given in
Ref. 12). The bending stiffness parameter can be tuned to
obtain a desired level of resolution, i.e. a desired number of
rods per Kuhn step. Thus, for the FG model, lrod< bK. Fur-
ther details and values of the bending stiffness required to
obtain different levels of discretization are provided in Ref.
12. Most of the results in this study use the BR model, and
FG models are used to highlight the importance of the inclu-
sion of finer details in the results. Simulations with the CG
model, in the presence of HI, will also be carried out to test
their ability to capture the behavior of finer-grained models
in the predictions of chain stretch at different shear rates. In
both the BR and FG models, we mimic inextensible “rods”
with Fraenkel springs with a force law given as

~F5Kðj~Qj21Þ
~Q

j~Qj
(2)

where K and ~Q are the stiffness constant of the Fraenkel
spring and the spring end-to-end vector, respectively. With
this spring force expression, Eq. 1 becomes
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where the value of the parameter K�5
Kl2rod

kBT can be tuned to
adjust the stiffness of the Fraenkel springs in the polymer
chain. Following the approach in Ref. 11, a value of
K* 5 104 is used for _c< 1 and K* 5 10,000 _c for _c �1 to
prevent overstretching of the springs, unless otherwise men-
tioned. For the FG model, an additional force due to the
bending potential between consecutive rods will also be
present.

To investigate the effects of excluded volume interactions
in either the BR or the FG models, the following Lennard-
Jones potential (LJ) is introduced for the nonbonded interac-
tions between beads (similar to the approach in Ref. 9)

Uij54e
r
j~rijj
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2
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(4)

where j~rijj5j~ri2~rjj represents the inter-bead distance, r rep-
resents the “diameter” of the beads and e is the interaction
strength. For the BR model, the excluded volume interac-
tions are only computed between beads that are separated by
2 or more rods, i.e., beads that are not consecutive to each
other in the chain. In the FG model, the LJ interactions are
excluded for all bonded neighbors within a Kuhn step (i.e.,
for an FG chain where four rods constitute one Kuhn step,
the LJ interactions are excluded between beads that are sepa-
rated by four rods or less), so that the scheme is consistent
with that used for the BR model, where the excluded volume
interactions are excluded between bonded neighbors (i.e.,
within one Kuhn step, since every rod in the BR model rep-
resents a Kuhn step). If the force due to the excluded volume
interactions is included, the equation for the evolution of
bead trajectories for the BR model is given as
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where the dimensionless parameters e�5 e
kBT and r�5 r

bK
are

used to adjust the interaction strength and the bead diameter
for the Lennard-Jones interactions, respectively (Note that,
for the BR model, we have lrod 5 bK). Also, for the FG
model, there will be an additional force due to the harmonic
bending potential between consecutive rods and the excluded
volume interactions will only be computed between beads
that are separated by a distance larger than one Kuhn step
along the chain contour, as mentioned earlier. Also as men-
tioned earlier, in the BR model, the excluded volume inter-
actions between beads are modeled in two ways (1) only the
repulsive part of the LJ potential is retained (thus dropping
the attractive part of the interaction involving the ð r

jrijjÞ
6

term), and (2) the full LJ potential is used with the value of
e* tuned such that the radius of gyration of the chain at equi-
librium is the same as that of a theta coil (where both HI
and bead-bead excluded volume interactions are absent). The

first represents a traditional way of including the excluded

volume interactions, which leads to coil expansion, while the

second method includes both short-range repulsion and

longer-range attraction, such that their effects on equilibrium

coil size cancel out. As discussed earlier, the first type of

interaction will be denoted “EV”, whereas “EV-theta” repre-

sents the second type that produces a theta coil at equilib-

rium (For a chain with 100 rods studied in this article, a

value of e* 5 0.44 is needed to produce a theta coil, when

r* 5 1.0). Interaction cut-off radii of 2.5r* and 2r* are used

for EV-theta and EV chains, respectively. For the integra-

tions involving excluded volume interactions, unless other-

wise mentioned, a timestep size Dt*� (1/K*) is used.

However, for cases with relatively smaller bead “diameter”,

i.e. r*< 0.5, a smaller timestep of Dt*� (1/10K*) is needed

to ensure good convergence. The implicit numerical algo-

rithm discussed in Ref. 11 is used for simulations using EV

and EV-theta interactions in this study. As described in Ref.

11, for low shear rates ( _c < 1), the total run time with EV

depends on the number of rods in the chain N (with N 5 NK

for the BR model) and is usually chosen to be about 100

times the longest relaxation time for chains with N� 200

and 50 times the longest relaxation time for N> 200, for the

BR model. Since the computational time per time step scales

as N2 with either EV or EV-theta for computing the pairwise

LJ interactions, chains longer than N 5 300 are not consid-

ered either with the BR or the FG model. For the BR model,

at higher shear rates ( _c � 1), simulations are run for a total

strain _ct, where t is the simulation time, of at least 105 for

N� 200 and 5 3 104 for longer chains. Unless otherwise

mentioned, the initial 20% of the simulation is used for

attaining a steady state, and the final 80% of the run is used

to calculate the average of each quantity.
The hydrodynamic interactions between the beads are

modeled by the Rotne-Prager-Yamakawa (RPY) tensor as in
earlier studies8,9 using the semi-implicit numerical scheme
described in Ref. 8, for all the three chain models used in
this study. The selection procedure mentioned earlier for the
values of the dimensionless spring stiffness parameter and
the time-step size for integration works well even when HI
is applied. We observed that, to get accurate results for our
case of a BR or a FG chain, where beads are connected by
stiff springs that mimic rods, the diffusion tensor (Dij defined
in Ref. 8) has to be updated after every time step, which
was not necessary in Ref. 8, where the beads were connected
by coarse-grained springs. The hydrodynamic radius of the
beads is controlled by the parameter h* (defined in Ref. 8),
for which a maximum value of 0.5 is used in most of our
simulations, representing a hydrodynamic bead diameter
equal to the length of one rod, where one rod represents
either a Kuhn step or a fraction of a Kuhn step in the BR
and FG chains, respectively. With the introduction of HI, the
computational time per time step scales roughly as N3,
which limits the maximum chain lengths for simulations to
N �150 for any chain model. With the BR model with HI,
for low-shear rates ( _c �1), the total run time is usually cho-
sen to be more than 100 times the longest relaxation time
for chains with N �100 and about 50 times the longest
relaxation time for larger chains. At higher shear rates
( _c> 1), simulations are run for a total strain of at least 5000
for N �100 and 1,000 for larger chains. As in the case with
excluded volume interactions, the average of any quantity is
calculated using the final 80% of the simulation trajectory.
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The same is done for cases where both HI and EV (or EV-
theta) are present. However, when both HI and EV are pres-
ent, the equilibrium coil size is larger than that of the theta
coil and, consequently, the end-to-end relaxation time is also
larger. Hence, for most cases considered here, the total run
time at lower shear rates for chains with both HI and EV is
much lower than 100 times the longest relaxation time, lead-
ing to relatively poorer statistics for smaller shear rates.

For all cases, the rotational relaxation time (s) of the poly-
mer chain is calculated by fitting the last 70% of the autocorre-
lation function of the chain end-to-end vector in the absence of
shear. The Weissenberg number (Wi) is defined as the product
of the shear rate and the chain rotational relaxation time
(Wi 5s _c). The formulas for the radii of gyration Rgx and Rgy

along the flow and flow-gradient directions, respectively, are
given in Ref. 11. In this article, the terms “coil elongation”
and “coil thickness” will denote Rgx and Rgy, respectively.
Note that, for this article, the terms “rotational relaxation
time”, “longest relaxation time” and “end-to-end relaxation
time” have the same meaning, unless otherwise stated.

In the investigations in Ref. 11 with the BR model with-
out HI and EV, the rod Peclet number (Pe), based on the
relaxation time of one single rod, was defined as
Pe5Wi =NK

2. Here NK is the number of Kuhn steps in the
chain. Thus, for the BR model NK 5 N and lrod 5 bK. This
definition of Pe is reasonable if the rod reorientation relaxa-
tion time is sr5s=NK

2, which is only true when EV and HI
are absent. As shown in Ref. 11, this value of sr is related to
the characteristic time scale of the simulation s05fbK

2=kBT
by a prefactor of 0.0338 (equal to 1/3p2) that is obtained
from the Rouse model. Since the same characteristic time
scale of s05fbK

2=kBT is used for the simulations in this
study using the BR model, we can define Pe50:0338 _c, thus,
using the same definition of the Peclet number as in Ref. 11
throughout for presenting our results from the BR model.
The advantage of this definition is that even when HI and
EV are present, the Peclet number will still be roughly equal
to the shear rate times the relaxation time of a single Kuhn
segment.

In this article, we use the same definition of Regimes 1
and 2 as described in Ref. 11. Regime 1 represents the range
of relatively weak shear rates (or Peclet numbers) where the
coil thickness stays constant at its equilibrium value, whereas
Regime 2 denotes the intermediate shear rates where the coil
elongation approximately reaches a saturation value (ca. 0.2
L in the absence of HI and EV, where L is the contour
length of the chain). As we will note later in this article, the
variation of coil elongation and thickness at ultra-high shear
rates (constituting Regime 3 in Ref. 11) is highly sensitive to
the details of the chain model. For the BR model in this
study, shear rates with Pe� 1 are considered to be in Regime
3 for all cases, unless otherwise specified. As we note later
in this article, the chain deformation behavior, as a function
of the Weissenberg number, is roughly similar for all models
in Regime 1 and in the transition to Regime 2. Hence, the
values of Wi for the end of Regime 1 and the onset of
Regime 2, given in Ref. 11, also apply to the results pre-
sented here.

Results and Discussion

Scaling of relaxation times

To investigate the scaling of the relaxation times, we use
the BR model throughout this section. As mentioned earlier,

the rotational relaxation time for long chains scales as NK
2

in the absence of HI and EV and as NK
1.5 in the presence of

HI without excluded volume interactions, according to the
Rouse and Zimm models, respectively. Earlier studies have
shown that the relaxation time scales as NK

2.2 for swollen
coils when EV is included, in the absence of HI.10 However,
the BR model used here differs from the Rouse and Zimm
models in two significant ways (1) we consider a bead-rod
polymer chain, where each “rod” in our chain is actually a
stiff Fraenkel spring, mimicking a Kuhn step, which resolves
the polymer more finely than does a chain of Hookean
springs, where each spring represents several Kuhn steps,
and (2) we account for the effects of fluctuations of HI in
our BD simulations, whereas preaveraged HI was used in the
Zimm theory. Hence, it is worthwhile to compare the scaling
of the rotational relaxation times of our chains with those of
the Rouse and Zimm analytical theories, as well as to check
whether we can reproduce the scaling laws for a polymer in
good solvent by adding EV interactions. To the best of our
knowledge, no other study has computed the rotational relax-
ation times from the bead-rod model when HI or EV is
present.

Figure 1 shows the variation of the relaxation times of
chains of different lengths in the presence of only EV (in the
absence of HI) and only HI (in the absence of EV), using
the BR model. For all cases with EV, the dimensionless
energy scale e* in the LJ potential (where we are here
including only the repulsive part) and the dimensionless
excluded volume diameter of the beads r* (in Eq. 5) are
both taken to be unity. For the results with HI, the bead
hydrodynamic diameter is taken to be equal to the length of

Figure 1. Dependence of rotational relaxation time for
the BR model on the number of Kuhn steps,
when only excluded volume (EV) or only
hydrodynamic interactions (HI) are included.

The “1” sign and “no” indicate the mechanism that is

present and not present, respectively. For results with

EV, only the repulsive part of the LJ potential with

r* 5 1 is used. The solid lines indicate power laws with

exponents of approximately 2.3 and 1.5 for cases with

EV and HI, respectively. The inset shows the variation

of the coil radius of gyration at equilibrium with chain

length when EV is active, showing a power law with an

exponent of about 0.6. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]
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one Kuhn step. We observe that, in the presence of EV and
without HI, the exponent for the dependence of relaxation
time on chain length is approximately 2.3 (see Figure 1),
which is similar to the value of 2.2 reported earlier for poly-
mer chains with EV.10 In the presence of HI (without EV),
the exponent is approximately 1.5, which is consistent with
the predictions of the Zimm model. The inset shows the var-
iation of the chain radius of gyration with chain length (in
terms of number of Kuhn steps) in the presence of EV (with-
out HI). The exponent of about 0.6 for the power law
obtained from our results agrees well with that expected for
polymer chains of different lengths in good solvents. Thus,
our model used in this article predicts the well-known scal-
ing laws for chains in a good solvent and highlight the gen-
erality of the Zimm theory as well.

Effects of EV (without HI)

The values of the LJ parameters used here are r* 5 1.0 (i.e.,
one Kuhn length for the BR model) and e* 5 1.0 (i.e., 1 kBT),
while accounting for only the repulsive part of the potential.
Figure 2 and its inset show the dependence on Peclet number
of the average coil elongation and the coil thickness, respec-
tively, for the BR model in shear. The trends obtained for the
variation of both Rgx and Rgy at low to intermediate shear rates,
encompassing Regimes 1 and 2, are quite similar to those in
the absence of excluded volume interactions (see Refs. 11 and
12), with the “plateau” in Rgx that characterizes Regime 2
becoming increasingly evident for longer chains. Also, the
value of Rgx/L along the plateau is similar to that in the
absence of EV. However, interestingly, a true plateau is not

obtained, as the coil elongation increases gradually with shear
rate instead of reaching a saturation value, as observed earlier
for chains without EV and HI. Also note that the decrease in
Rgx at high-shear rates, observed earlier in Ref. 9 for a chain of
100 rods without EV, is absent for all chain lengths consid-
ered. Instead, Regime 3 is characterized by frequent
“orientational locking”, where occasionally all rods orient in
the flow direction, producing a completely stretched chain,
which persists for some time, but eventually collapses, only to
occur again later aperiodically in time. Similar locked states
are observed in bead-rod chains without excluded volume
interactions or HI, but only at much higher Peclet numbers,
beyond the onset of Regime 3, as noted in Ref. 11. (As dis-
cussed in Ref. 11, the locking behavior persists even when the
time step is made much smaller, and, thus, does not appear to
be an artifact of the numerical scheme used to solve the equa-
tions, but represents the behavior of the model at high-shear
rates.) Similar to the case of noninteracting beads presented in
Ref. 11, Rgy remains constant at the equilibrium value in
Regime 1, and in Regime 2 decreases with a power law expo-
nent of about 21/4 and is independent of the chain length
(inset of Figure 2). In Regime 3, increasing orientational
“locking” in the fully extended state causes the average chain
dimension in the shear-gradient direction to continue to
decrease with shear rate, albeit with a slightly smaller slope
than in Regime 2.

This “locking” behavior is shown more clearly in the inset
of Figure 3, where the temporal variation of the chain end-

Figure 2. Dependence of the chain elongation normal-
ized by chain contour length L on shear rate
for chains of different length, when only EV
(and not HI) is present.

For all results shown here, EV is modeled by the repul-

sive part of the LJ potential with r* 5 1. The inset shows

the dependence of the coil thickness Rgy on shear rate

for chains of different length. The solid line marks the

region of shear rates where Rgy roughly follows a power

law with an exponent of about 21/4, which is the expo-

nent found in Regime 2 in the absence of HI and

EV.11,12 The arrows indicate the approximate range of

shear rates for Regimes 2 and 3. [Color figure can be

viewed in the online issue, which is available at wileyon-

linelibrary.com.]

Figure 3. Dependence of chain elongation on Peclet
number for varying strength of EV, modeled
by different values of r*, where EV is mod-
eled by the repulsive part of the LJ potential;
the inset shows the time variation (measured
in units of strain) of the end-to-end distance
of a chain of 100 rods at high shear rates,
with r* 5 1 for various Pe.

The strain is the dimensionless time _ct. The inset shows

increasing levels of orientational locking as the shear

rate increases for _c 5 103, 104 and 105, corresponding to

Pe 5 33.8, 338 and 3380, respectively. Note that Rend-end

is the end-to-end distance of the polymer chain. Hence,

for a fully extended chain, Rend-end equals L, whereas

Rgx is about L/�12. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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to-end distance (for a chain of BR 100 rods with r* 5 1.0) is
presented at different Peclet numbers. A systematic increase
in the duration of orientational locking in the fully stretched
state is clearly observed with increasing shear rate, which
accounts for the slow increase in Rgx at high shear rates, in
place of a long plateau or decrease in Rgx at high-shear rates
in Figure 2. As noted earlier in Ref. 11, Regime 3 is charac-
terized by the presence of back-folds where beads come very
close to one another, even in the most stretched states that
the chain can attain before tumbling. In the presence of
excluded volume interactions, back-folds are likely to be hin-
dered by repulsive forces between beads, and so the chain
remains locked in the extended state for a considerable dura-
tion before tumbling can start.

The mean coil elongation is presented in the main body of
Figure 3, for different values of r* with e* fixed at 1.0, indi-
cating that the chain behavior for the BR model in strong
shear flows is significantly affected by the bead “diameter”
(r*). A regime in which Rgx decreases with increasing shear
rate, reminiscent of Regime 3 for ideal bead-rod chains (see
Ref. 11), only reappears when r* is reduced to about 10% of
the Kuhn length. Even when r* is reduced to this value, the
power-law exponent for the dependence of Rgx on shear rate
is only around 20.058 (60.008), instead of the value of
20.15 obtained when bead interactions are neglected entirely
(shown in Ref. 11). Thus, the coil elongation at high-shear
rates for the BR model is extremely sensitive to the strength
of excluded volume interactions, even when such interac-
tions are very weak.

A more detailed analysis of the properties of the orienta-
tional “locking” behavior is presented in Figure 4. The prob-
ability distributions of the end-to-end distance for a BR
chain of 100 rods at different Peclet numbers are shown in
Figure 4a. A bin size of 5 is used to calculate the distribu-
tions, whereas the inset shows the same calculated with a
bin size of 0.5. It is observed that at Pe 5 0.00338 ( _c50:1),
the distribution is peaked at a low value of coil stretch,
which is expected since the polymer chain does not signifi-
cantly extend at relatively weaker shear rates. The roughly
uniform distribution at Pe 5 0.0338 is reminiscent of those
obtained in Ref. 11, for chains without EV at shear rates in
Regime 2. However, at higher shear rates, the probability of
the fully extended state rises above zero, which indicates a
significant proportion of highly stretched states at these shear
rates. The probability distributions for a BR chain of 100
rods with no EV, over the same range of shear rates, never
shows a such a large proportion of highly stretched states (as
shown in Ref. 11).

The probability distributions in the inset of Figure 4a are
calculated from the same trajectories, but for a more refined
bin size that is 10 times smaller. These resolve the peak in
the distribution in the region of highly stretched states and
show the presence of orientational locking as well. Clearly,
the locked states occur only at Pe 5 1.69 or above (i.e.,
Pe> 1), where there is a significant probability for the fully
extended state. At lower values of Pe, the peak occurs at a
highly stretched state, but not a fully stretched one.

Figure 4b shows the dependence of the average residence
strain (_ctres ) in the “locked” state, normalized by the chain
length, on shear rate, where tres denotes the residence time in
the “locked” state. Note that here time is made dimension-
less with strain rate so that it is consistent with that used in
the inset of Figure 3. The residence time is calculated by the
duration over which the chain end-to-end distance remains

greater than 99.7% of the chain contour length. Although not
shown, the trends are similar if we use 99.9% of the contour
length instead of 99.7%. It is clearly observed that the aver-
age residence strain scales linearly with chain length (num-
ber of Kuhn steps) at high-shear rates, thereby producing
almost universal results for the normalized residence times.
The inset shows the dependence on Peclet number of the
fraction of the total trajectory over which the chain is
“orientationally locked” in the fully stretched state (Flock).
Note that, for Pe� 104, this fraction is quite close to 1,
which shows the existence of a significant proportion of
locked states in the trajectory. Similar to results for _ctres/NK,
Flock is almost independent of chain length at high-shear

Figure 4. (a) Probability distributions of the chain end-
to-end distance for a BR chain of 100 rods at
different shear rates, expressed as Peclet
numbers, calculated using a bin size of 5; the
inset shows the same for highly stretched
states, using a bin size of 0.5, and (b) the
dependence on Peclet number of the average
residence time for a chain in an
“orientationally locked” state, normalized by
the chain length.

Inset shows the shear rate dependence of the fraction of

time that the chain spends in a locked state over the

whole trajectory. For more details and the definitions of

the quantities, see text. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]
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rates. Thus, the results in Figure 4(b) explain the chain
length independence of coil elongation values (normalized
by chain length) at high-shear rates.

Effect of HI (without EV)

For most simulations of the BR model with HI discussed
in what follows, a bead hydrodynamic diameter equal to one
Kuhn length is used (corresponding to h* 5 0.5). Figure 5
and inset (i) show the variation of Rgx and Rgy, respectively,
with shear rate for this case. The coil elongation (Figure 5)
shows an initial increase with shear rate and then a decrease
at high-shear rates. Although these trends in both the coil
elongation and thickness are qualitatively similar to those
obtained without HI and EV,11 the plateau in Rgx that consti-
tutes Regime 2 in the earlier studies11,12 without HI is
reduced to nothing more than a local maximum in Rgx when
HI is present for the chain lengths of up to 150 rods consid-
ered in this study. The coil elongation shows a slow decrease
after the maximum followed by an abrupt transition to very
low values at the highest shear rates. Also, the decrease in
Rgx depends on chain length and is much steeper (power law
exponent about 20.75 for 60 rods and 20.93 for 125 rods)
than without HI or EV (power-law exponent of 20.15 for all
chains in Ref. 11). Additionally, the maximum occurs at an
Rgx/L value of about 0.1, which is lower than the corre-
sponding value of 0.2 obtained for the plateau without HI in
earlier simulations11,12 as well as for the results for EV with-
out HI presented earlier in this article (Figure. 2). These
trends are consistent with the simulation results for a chain

of 100 rods with HI in the earlier study of Sendner and
Netz.9

In addition to the lower maximum value of Rgx/L, another
significant difference from chains without HI is that the
value of Rgx at high-shear rates in Regime 3, shown in the
inset (ii) to Figure 5, is very small, only around one Kuhn
length (which is the length of one rod for the BR model).
Hence the ratio Rgx/L monotonically decreases with chain
length at high-shear rates in Figure 5. The variation of the
coil thickness with shear rate (inset (i)) is similar to those
observed earlier,11,12 including the appearance of all three
regimes. In Regime 1, Rgy remains close to the equilibrium
(no-flow) value; in Regime 2, where Rgx goes through a
maximum, Rgy decreases with a power law exponent of

Figure 5. Shear rate dependence of the chain elonga-
tion Rgx normalized by chain contour length
L for BR chains of different length, with
hydrodynamic interaction (HI) and no
excluded volume (EV).

For all results, the hydrodynamic diameter of the beads

is equal to one Kuhn length (represented by one rod in

the BR model). Inset (i) shows the shear rate depend-

ence of the coil thickness, represented by Rgy, for chains

of different lengths, when only HI is present. The solid

line marks the region of shear rates where Rgy follows a

power law with an exponent of approximately 21/4, and

inset (ii) shows that the chain forms a coil with Rgx of

roughly one Kuhn length at high shear rates, for all

chain lengths considered. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]

Figure 6. (a) The probability distribution of chain end-
to-end distance at different shear rates for a
BR chain of 100 rods, when only HI is present
between beads with a hydrodynamic diame-
ter of one Kuhn length (h* 5 0.5), and (b) the
time variation of the end-to-end distance of a
BR chain of 100 rods from a stretched state,
with only HI present, at a shear rate with
Pe 5 3.38 ( _c 5 100).

Inset shows the corresponding sequence of chain config-

urations to form a coiled state starting from a stretched

state, where time increases from top to bottom. Note

that the chain shows negligible stretching once a coiled

state is attained. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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about 21/4; and in Regime 3, Rgy saturates at very high-
shear rates. Furthermore, the values of Rgy become independ-
ent of chain length for longer chains at high shear rates,
which is consistent with the earlier observations.11,12

The absence of a plateau in chain stretch and the greater
tendency of the BR chain to form a coil are also highlighted
in Figure 6a. This shows the probability distribution of the
chain end-to-end distance for a BR chain of 100 Kuhn steps
at different shear rates. Note that at all shear rates the proba-
bility distribution shows a maximum at a low value of end-
to-end distance, with the highly stretched states being signifi-
cantly less probable. Also, the probability distribution shows
a sudden transition between the shear rates of _c 5 10
(Pe 5 0.338) to _c 5 100 (Pe 5 3.38), corresponding to the
abrupt transition to very low values of Rgx already shown in
Figure 5. The absence of the largely uniform probability dis-
tribution of coil elongation observed for the shear rates in
Regime 2 in the absence of EV and HI7,11 further confirms
that HI promotes the clustering of beads and thus signifi-
cantly reduces the probability of stretched states.

This clustering due to HI at high-shear rates with the BR
model in Regime 3 is highlighted further in the inset of Fig-
ure 6b, which shows the coiling of a BR chain of 100 rods,
starting from an initial fully stretched state, at a shear rate of
_c 5 100 (Pe 5 3.38). This inset presents the sequence of
chain configurations leading to a coiled state, where time
increases from top to bottom and the snapshots are zoomed
in at higher times to show the clustering of beads more
clearly. Figure 6b shows the corresponding temporal varia-
tion of the end-to-end distance, which shows a sharp
decrease to a coiled state with no further stretching. This
behavior of tumbling in the coiled state with HI contrasts
with the behavior in Regime 3 in earlier simulations that

omitted HI (discussed in Ref. 11), in which the chain tum-
bles by a sequence of stretched and coiled states, with the
maximum stretch decreasing with increasing shear rate, but
not to the extent seen when HI is present. We will show
later that this extreme clustering and overlapping of beads is
physically unrealistic, and disappears once bead-bead
excluded volume interactions are introduced or the chain
model is discretized further.

Figure 7 and its inset show the effect of bead hydrody-
namic diameter on the variation of the coil elongation and
thickness with shear rate, respectively, for a chain of 100
rods in the absence of any excluded volume interactions. As
discussed earlier, the hydrodynamic diameter is controlled
by the parameter h*, where h* 5 0.5 represents a hydrody-
namic diameter of one rod length (or one Kuhn step for the
BR model). The trends in Figure 7 are presented as functions
of Weissenberg number Wi, rather than Peclet number to
indicate the similarity of the results (especially for the coil
thickness) at low and intermediate shear rates. Results in
Figure 7 show that, at any Wi, Rgx decreases with increasing
bead hydrodynamic diameter, especially at high Wi, indicat-
ing an increased clustering of beads at higher HI. As
expected, for low bead hydrodynamic diameter, h* 5 0.05,
the elongation approaches that for a 100-rod chain without
HI over a wide range of shear rates, although the transition
to Regime 3 occurs at a somewhat lower value of Wi for
h* 5 0.05 than it does for h* 5 0. As h* increases, this transi-
tion becomes more abrupt and occurs at ever lower values of
Wi. Also, the value of the maximum coil elongation
decreases with increasing h*, and the range of shear rates
over which there is a plateau in elongation also decreases
systematically. Interestingly, even in Regime 1 the chain
deformation eventually decreases when h* approaches 0.5.
The inset presents the dependence of Rgy on Wi for different
values of h*, which shows systematic deviations from the
results with no HI only at high-shear rates. Similar to the
results for Rgx, the saturation in Rgy at high flow rates occurs
at lower Wi, and hence at higher values of Rgy, when h*

increases, highlighting an early transition to Regime 3. At
lower shear rates, all the results are almost identical with
each other.

Effects of HI, EV and bead-bead attraction (EV-theta)

Figure 8 and its inset present the chain deformations along
the flow and shear-gradient directions when both hydrody-
namic interaction (HI) and bead-bead excluded volume inter-
actions are included in the BR model. For all these
simulations, the bead hydrodynamic diameter is taken as one
Kuhn length, and so h* 5 0.5. Figure 8 presents the Peclet
number variation of Rgx/L for chains of different lengths
using EV and EV-theta interactions. Similar to the case of a
chain with HI, chains longer than 150 rods are not consid-
ered owing to high-computational cost. It is clear from Fig-
ure 8 that in the moderate and high-shear regions the results
for EV and EV-theta chains are qualitatively similar. The
overall trends agree well with those obtained for chains
where only EV acts between beads (Figure 2), with an
increase in coil elongation followed by a plateau-like region
(Regime 2) and a slow increase at extremely high shear rates
(Regime 3). However, the value of Rgx/L at the plateau is
about 0.2 for EV, which is close to that obtained for chains
where neither HI nor any bead-bead LJ interactions are pres-
ent, compared to a value of roughly 0.1 for EV-theta chains,

Figure 7. Weissenberg number dependence of the
chain elongation for varying levels of HI,
modeled by different values of the bead
hydrodynamic diameter (controlled by the
parameter h* in the simulations) for a BR
chain of 100 rods.

The inset shows the Weissenberg number dependence

of the coil thickness (Rgy) for varying levels of HI. The

solid line marks the region of shear rates where Rgy fol-

lows a power law with an exponent of approximately

21/4. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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which is similar to the corresponding value for chains where
only HI acts between beads, as discussed earlier. The short-
range repulsive interaction between beads presumably
reduces the clustering of beads mentioned earlier and
increases the coil elongation at intermediate shear rates
where the plateau occurs. For EV-theta chains, additional
long range attractive interactions between beads counter-
balances the effect of short range repulsion and reduces the
elongation to a value similar to that of a chain without EV
in Regimes 1 and 2. However, in Regime 3, the values of
Rgx/L show a slow increase at large shear rates, similar to
the case of chains with only EV discussed earlier in this arti-
cle, and in contrast to the results obtained with HI only. As
mentioned earlier for chains with only EV, this increase is
caused by increased locking in the fully stretched state, simi-
lar to what is shown in the inset of Figure 3. In accordance
with the results for coil elongation, the results for Rgy for
EV and EV-theta shown in the inset of Figure 8 are quite
similar to those observed in the earlier case with only EV.
Again, there is a low shear rate region of nearly constant Rgy

(Regime 1), followed by a power-law decrease (exponent
around 21/4 for the chains considered) at intermediate shear
rates (Regime 2). At extremely high shear rates in Regime 3,
increasing orientational locking causes a further decrease of
Rgy, but with a reduced slope compared to Regime 2.

Comparison of effects of different mechanisms

Figures 9a and b compare the coil elongation and tumbling
behaviors for a chain of 100 rods (using the BR model) with
increasing shear rates, for different combinations of mecha-

nisms. The results are plotted against Weissenberg number,
instead of the Peclet number, to highlight the similarity in the
results at low shear rates. In all cases, the bead-bead excluded
volume interaction is modeled by the EV-theta potential with
r* 5 1, whereas the bead hydrodynamic diameter is equal to
the length of a single rod (which represents one Kuhn step in
the BR model). Figure 9a shows that Rgx/L with only EV-theta
and no HI (green symbols) approximately agrees with results
in the absence of both EV and HI, (yellow symbols) except at
extremely high shear rates of Regime 3, where the LJ potential
between the beads hinders the bead overlap that causes chain
shrinkage. However, at intermediate shear rates (in Regime 2),
Rgx/L shows a gradual increase with shear rate even with the

Figure 8. Shear rate dependence of the coil elongation
normalized by chain length for chains of dif-
ferent length, when both EV and HI are pres-
ent.

EV is modeled in two ways—by the repulsive part of the

LJ potential with r* 5 1 (denoted by “EV-theta”), and

by the full LJ potential with the value of e* tuned such

that the size of the chain at equilibrium is similar to

that of a theta coil (denoted by “EV-theta”). The bead

hydrodynamic diameter is taken as one Kuhn length for

all cases. The inset shows the dependence on Peclet num-

ber of the coil thickness Rgy for chains of different

length, when both EV and HI are active between beads.

The solid line marks the region of Peclet numbers where

Rgy shows a power law with an exponent of approxi-

mately 21/4. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. Shear rate dependence of (a) the chain elon-
gation, and (b) the tumbling time (normalized
by the end-to-end relaxation time of the
chain) for a BR chain of 100 rods, when EV-
theta and HI are present or absent.

The “1 ” sign and “no” indicate the mechanism that is

present and not present, respectively. For all results

shown here, “EV-theta“ means that the full LJ potential

is used for bead-bead interactions with r* 5 1 and the

value of e* tuned such that the coil size at zero shear

rate is same as that of a theta coil without excluded vol-

ume interactions (for this case, e* 5 0.44). The bead

hydrodynamic diameter is taken as one Kuhn length for

all cases here. The solid lines indicate the different

power laws shown in the different cases. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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EV-theta potential, instead of the flat plateau obtained for
chains in the absence of HI and EV. The presence of HI
(h* 5 0.5 in this case), with or without EV-theta, reduces the
chain deformation in Regime 1 and lowers the maximum Rgx/
L to about 0.1 (compared to 0.2 without EV-theta or HI). With-
out bead-bead interactions (blue symbols), the coil elongation
shows a very short plateau followed by a sharp transition to
chain shrinkage, because HI without excluded volume interac-
tions promotes bead clustering, as discussed earlier. With EV-
theta and HI (red symbols), the elongation decreases below the
maximum and then increases again and eventually merges
with the results obtained with EV-theta only at extremely high
shear rates, instead of showing chain shrinkage in Regime 3,
presumably due to orientational locking in the extended state
at high shear rates, as discussed earlier. Thus, the “theta” con-
dition obtained by dropping the bead-bead interaction potential
gives similar results to that obtained by balancing a long-range
attraction with a short-range repulsion except at high shear
rates where the presence of the short-range repulsion prevents
coil collapse.

The variation of the chain tumbling times (normalized by
the end-to-end relaxation time s) with Wi in Regimes 1 and 2
is shown in Figure 9b. The tumbling time is the average time
needed for an extended chain to rotate through the flow direc-
tion, coil-up, and then re-extend, as discussed elsewhere7 and
calculated using the algorithm explained in Ref. 12. At high-
shear rates, the coiling-up process occurs by means of growth
of chain loops formed at chain ends, also discussed in Ref. 12.
Average chain loop sizes (which set the value of Rgy) in this
range of shear rates are similar to those reported earlier (see
Ref. 12 for a comparison of the values of Rgy). The trends for
the tumbling time are consistent with those expected based on
the observations for the coil elongation in Figure 9a. The
results for cases without HI, with or without EV-theta, agree
with one another and show a power law regime with an expo-
nent of about 23/4 in the range of shear rates where the pla-
teau is observed in Rgx (Regime 2), which is explained in Ref.
12. When both HI and EV-theta are present, the tumbling
times are reduced below those in the absence of HI, but a simi-
lar scaling law is observed, consistent with the fact that the
coil elongation roughly follows a plateau in Regime 2. The
lower values of the observed tumbling time are expected due
to reduced maximum elongation in this case. When only HI is
present, and no EV-theta, the tumbling time decreases with a
steeper exponent of about 21.1. The steep decrease of the
tumbling time with shear rate for chains with HI, but no inter-
action between the beads is consistent with the tendency of the
beads to cluster and overlap with each other. The fast tumbling
gives the chains little time to stretch in the flow direction
before they are rotated into an orientation that causes compres-
sion. At the same time, the condensed state of the coil gives it
a small aspect ratio, like a sphere, which tends to rotate at a
rate proportional to the imposed shear rate. In fact, it is well-
known that a liquid droplet that is more viscous than the sur-
rounding fluid tumbles, but stretches very little in a shear flow,
no matter how high the shear rate.13 Thus, the increased rate
of tumbling and the decreased stretch reinforce each other,
leading toward coil collapse, unless there is bead-bead repul-
sion to keep the beads from clustering densely.

Effects of chain resolution

The results in Ref. 12, in the absence of HI and any excluded
volume interactions, have shown that the chain response at

ultra-high shear rates in Regime 3 is highly sensitive to the
chain resolution, with the onset of the decrease in the coil elon-
gation being pushed to higher shear rates with increasing levels
of discretization made possible by use of a fine-grained (FG)
model that resolved the chain below the level of a Kuhn step.
Here, we use the FG model in the presence of EV and HI to
study the response of the chain over a wide range of shear rates,
when the chain resolution is increased systematically. The stud-
ies presented here with EV (and without HI) and with HI (in the
absence of EV) are performed on chains consisting of 25 and
12 Kuhn steps, respectively, at varying degrees of resolution.
The values of the bending stiffness needed to attain a certain
number of rods per Kuhn step in the FG chain (i.e., the chain
resolution) are provided in Ref. 12.

Figure 10 shows the variation of the coil elongation (nor-
malized by L) with the Weissenberg number, for BR and FG
chains of different resolutions, all consisting of a total of 25
Kuhn steps with no HI but with EV. For all resolutions, we
used e* 5 1.0, while tuning the values of r* at each level of
resolution such that the coil sizes are similar in the absence
of shear flow (Note that r* 5 0.6 for the BR model for these
simulations. Since there are more beads, and hence more
pairwise interactions, in chains with higher levels of resolu-
tion, the same values of e* and r* will give a larger coil size
at equilibrium with increasing resolution.). Interestingly,
although minor differences exist between the results at rela-
tively low shear rates, the behavior at high-shear rates is
independent of the level of chain discretization, in sharp con-
trast to the results in Ref. 12 for cases without HI and

Figure 10. Variation of the coil elongation (normalized
by the contour length L) with shear rate
(represented by Weissenberg number) for a
chain that consists of 25 Kuhn steps, at dif-
ferent levels of resolution, using the BR and
FG models, including EV (no HI).

Inset shows the dependence of the coil thickness, nor-

malized by the Kuhn length, on shear rates for the

same cases. The solid line indicates the region of shear

rates where Rgy approximately follows a power law

with an exponent of 21/4. The legend indicates the

type of model used (BR or FG) followed by the num-

ber of Kuhn steps (25), and then the number of rods

that constitute one Kuhn step. For all models used, e*

is 1.0 and r* is varied so that the coil sizes are similar

in the absence of shear flow (r* 5 0.6 for the BR

chain). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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excluded volume interactions. The variation of the coil thick-
ness with Weissenberg number (shown in the inset) is also
similarly consistent over varying degrees of chain resolution.
These results indicate that our observations presented earlier
for BR chains with EV (and similar ones shown for a chain
of 100 rods in Ref. 9) will remain valid over the entire range
of shear rates considered in this study.

Figure 11 presents a similar study in the presence of HI
(without excluded volume interactions), for chains of varying
resolutions that consist of 12 Kuhn steps. For all levels of reso-
lution used in this case, we use h* 5 0.5. The behavior of Rgx/L
for different model discretizations is similar to those presented
in Ref. 12, with the plateau in coil elongation becoming more
prominent with increasing chain resolution, consequently
pushing the onset for the decrease in chain stretch to higher
Wi. A similar behavior is observed for the coil thickness as
well (given in the inset), with the onset of saturation in Rgy

occurring at larger Weissenberg numbers with increasing
chain resolution. These results imply that our observations
regarding the clustering of beads in the presence of HI, leading
to highly compact configurations, is most likely an artifact due
to insufficient chain resolution. In the continuous bending limit
(i.e., when there are an infinite number of rods to model one
Kuhn step), when only HI is acting (without any excluded vol-
ume interactions), the onset of the decrease might be pushed to
Wi!1 and only Regimes 1 and 2 will be present, similar to
the observations in Ref. 12.

Performance of the CG model

Since most of the earlier studies have used bead-spring
chains (i.e., CG chains) for prediction of polymer chain

dynamics in flow, it becomes important to know if the pre-
dictions of the CG and the BR models agree well in the
presence of HI (note that a comparison of the predictions of
the CG and BR models in the absence of HI is provided in
Ref. 11). Figures 12 and 13 compares the predictions of the
BR and CG model in the presence of HI. For this study, the
BR model for a chain of 60 Kuhn steps with h* 5 0.15 is
used. Two different resolutions are used for the CG —one
with m 5 10 (used in the results of Figure 12) and another
with m 5 6 (used in the results of Figure 13). Note that m
denotes the number of Kuhn steps mimicked by each spring,
as mentioned earlier. For the CG model with m 5 10 (6
springs), the equilibrium separation between drag centers isffiffiffiffiffi

10
p

� 3:16 (where the unit of length is one Kuhn step).
Thus, to mimic the BR chain with h* 5 0.15, using a chain
with 6 springs, the “equivalent” value of h* should be
h* 5 3.16*0.15 5 0.47, so that as the number of drag centers
is reduced, the strength of HI per drag center is correspond-
ingly increased (an alternative interpretation of the same is
obtained by equating the strength of hydrodynamic coupling,
Nbeads

1/2h*, across models of different resolutions,8 where
Nbeads is the total number of beads in the chain). Similarly,
for the CG model with m 5 6 (10 springs), a similar calcula-
tion gives an equivalent value of h* 5 0.37. However, note
that this calculation is based on the equilibrium spring
length. Unlike the BR model where the distance between
drag centers is fixed, the separation between beads undergoes
significant fluctuations in a CG model.

Figures 12 and 13 compare the coil stretch predicted by
the BR model and the CG model with m 5 10 and m 5 6,
respectively, with the corresponding values of the coil thick-
ness shown in the insets. All CG calculations are done with
different levels of HI to show its effect on the predictions,
although only one value of h* (the one highlighted by a
green box) mimics the level of HI in the BR model. Note

Figure 11. Variation of the coil elongation (normalized
by the contour length L) with shear rate
(represented by Weissenberg number) for a
chain of 12 Kuhn steps, at different levels of
resolution, using the BR and FG models,
including HI (without any bead-bead
excluded volume interactions).

Inset shows the dependence of the coil thickness, nor-

malized by the Kuhn length, on shear rate for the

same cases. The solid line indicates the region of shear

rates where Rgy approximately follows a power law

with an exponent of 21/4. The meaning of the legend

is the same as in Figure 10. For all models used, h* is

fixed at 0.5. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 12. Variation of the coil stretch (normalized with
the chain contour length) with shear rate
(represented by Wi) for BR and CG models
for a chain of 60 Kuhn steps, in the pres-
ence of HI.

Note that most simulations are performed with the CG

model with m 5 10 (6 springs) for different values of h*,

while only one simulation uses the BR model with

h* 5 0.15. The estimated “equivalent” h* for the CG

model with m 5 10 is highlighted by a box (details given

in text). The inset shows the results for the coil thick-

ness. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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that, similar to the BR model with different levels of HI, Rgx

in the CG model is insensitive to HI at low and intermediate
shear rates, but the plateau value in Regime 2 decreases
slightly with increasing h*. Interestingly, the decrease in Rgx

in Regime 3 is delayed in the CG model, relative to the BR
model (However, it was shown earlier that the onset of chain
compression in Regime 3 for the BR model in the presence
of HI (and absence of EV) is pushed to arbitrarily high shear
rates with increasing chain resolution, beyond one Kuhn
step, for the FG model). Note in Figure 12 that for a bead-
spring chain with six springs, the value of h* that yields a
plateau value of Rgx matching the value for the bead-rod
model is about 0.47, which agrees with the estimated
“equivalent” value calculated earlier. However, for the 10-
spring CG model, the value of h* that yields the best match
to the plateau in Rgx for the bead-rod model appears to be
about 0.25, instead of the estimated equivalent value of 0.37,
although the results are pretty close (see Figure 13). This
can be attributed to the loss in accuracy of the spring law
when the number of Kuhn steps per spring is small (6 in this
case). Note that, for the Cohen-Pad�e approximation, the coil
size at equilibrium is slightly underpredicted for m 5 6 (For
this case of a chain of 60 Kuhn steps, Rg is roughly 3.0
instead of 3.16 for a Gaussian coil. Also, in the absence of
HI, we showed in our earlier work11 that for a CG model of
83 springs with m 5 6, the mean end-to-end distance is
approximately 19.6 instead of the theoretical value of 22.3,
thus, again indicating that the CG model is not entirely accu-
rate when m 5 6.). The largest value of h* that can reasonably
be used in bead-spring simulations is around 0.5, since larger
values than this imply frequent overlap in hydrodynamic vol-
ume, and the RPY tensor becomes grossly inaccurate. Thus,
unless the HI parameter h* appropriate for the BR model is
much smaller than 0.5, there will be a serious limit to the
degree of coarse graining that is realistically possible with
the bead-spring model, while still capturing the hydrody-
namic interactions realistically.

Summary

We have presented a detailed study of the effects of hydro-
dynamic interaction (HI) and excluded volume (EV) on the
deformation of polymer chains subjected to a wide range of
shear rates. For most investigations presented, we have
adopted a bead-rod (BR) chain, where each rod is modeled by
a stiff, nearly inflexible Fraenkel spring, which mimics a sin-
gle Kuhn step in the chain. The EV and HI between beads are
computed using the Lennard-Jones (LJ) potential and Rotne-
Prager-Yamakawa (RPY) tensor, respectively. Our results
show three distinct regimes in most cases, just as the results
without HI and excluded volume interactions given in the ear-
lier studies.11,12 These regimes can be identified by plots of
polymer deformation as a function of the shear rate made
dimensionless with either the relaxation time of the whole
chain, which gives the Weissenberg number Wi, or with the
relaxation time of a single rod, which gives the rod Peclet
number Pe. With increasing shear rate, these regimes are as
follows. Regime 1: a low shear-rate regime with Wi less than
around 100 or so (depending on chain length) in which the coil
elongation in the flow direction Rgx increases with shear rate
while the coil thickness in the gradient direction Rgy remains
nearly constant. Regime 2: a modest shear rate regime with
Wi >100 or so and Pe< 1, having a plateau in Rgx and a 21/4
power-law decrease in Rgy with Rgy independent of chain
length. Regime 3: an ultra-high shear rate regime with Pe> 1,
where the shear is strong enough to highly orient individual
rods and the results are sensitive to the modeling details.

While excluded volume expands the coil size in Regime
1, it has little effect on coil dimensions in Regime 2. How-
ever, in the presence of excluded volume, the plateau
observed in earlier results11,12 is replaced by a weakly
increasing coil elongation with shear rate. An increase in HI
(increase in the bead hydrodynamic diameter) systematically
reduces the chain elongation in Regimes 1 and 2, to such an
extent that the maximum elongation in Regime 2 is lowered
by a factor of roughly two when the bead hydrodynamic
diameter equals the length of each rod (or Kuhn step), rela-
tive to chains without HI and EV.

In Regime 3, if there is no bead-bead repulsion, the BR
chain eventually suffers a decrease in elongation with increas-
ing shear rate even with no HI or excluded volume interac-
tions, and HI strongly exaggerates this tendency, so that the
coil elongation Rgx even drops below the value it has in the
absence of flow, down to a length of roughly a single rod
length. This coiled-up state in the presence of HI is permitted
by the overlap of beads, and even small levels of short-range
bead-bead repulsion suppress this coil collapse. This collapse
is removed even if the short-range bead repulsion is accompa-
nied by longer-range attraction, such that the coil achieves a
theta condition at equilibrium. In the presence of bead-bead
excluded volume interactions, Regime 3 is characterized by
increasing levels of orientational “locking” in the fully
extended state. Here “locking” refers to periods in which the
chain remains completely extended with all rods aligned in the
flow direction. Our simulations with a fine-grained FG model,
which is resolved to length scales lower than one Kuhn step,
highlights the universality of the chain deformation behavior
at high shear rates in the presence of excluded volume interac-
tions. Similar simulations in the presence of HI (without any
excluded volume interactions) show that the chain compres-
sion at high shear rates obtained with the BR model is most
likely a simulation artifact, (or at least is very sensitive to sim-
ulation details) and the onset of such a decrease in chain

Figure 13. The same as Figure 12, except that the CG
model used for most of the simulations
uses m 5 6 (10 springs) for different values of
h*, while only one simulation uses the BR
model with h* 5 0.15.

The estimated “equivalent” h* for the CG model with

m 5 6 is highlighted by a box (details given in text). The

inset shows the results for the coil thickness. [Color fig-

ure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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stretch will be pushed to arbitrarily high shear rates with either
inclusion of short-range bead-bead repulsion or with increas-
ing model resolution attained by inclusion of a bending poten-
tial. Simulations with the coarse-grained (CG) bead-spring
model with HI give results similar to those of the BR model,
when the value of the HI parameter is selected appropriately to
give a similar overall strength of HI in both CG and BR
models.
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