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ABSTRACT: We examine the roles of several types of intramolecular interactions in the behavior of the
steady elongational flow properties of infinitely dilute polymer solutions. In particular, bond stretching,
bond bending, bond torsion, and nonbonded intramolecular interactions are included. Geometric and
rheological properties are calculated using Monte Carlo integration. We observe that bond bending and
nonbonded interactions result in significant changes over the traditional bond stretching predictions,
but bond torsion plays only a minor role. Bond bending results in more abrupt chain expansion with
increasing elongation rate, and the corresponding increase in the elongational viscosity is also more steep.
Nonbonded interactions cause the chain to be more spheroidal at lower elongation rates, and they result
in a minimum in the elongational viscosity at an intermediate elongation rate—presumably as a result
of excluded-volume effects causing the chain to be slightly more expanded.

Introduction

Extensional flows of dilute polymer solutions have
been the subject of long-standing interest, because these
flows can distort the molecules substantially and allow
examination of conformational rearrangement. The
relevant literature indicates an alternating and conse-
quential series of theoretical and experimental ad-
vances. In early polymer Kinetic theories, extensional
flows were examined because their irrotational nature
simplified calculations. These calculations spurred much
experimental work, but realizing controlled extensional
flows for dilute solutions has always been very difficult.
A wide variety of ingenious devices were constructed
to approximate such flows. These included four-roll
mills,»~3 crossed-slot or converging channel devices,* 13
and opposing jet or nozzle devices.*~22 All of these
devices suffer from deficits in that the kinematics
imposed on a fluid element are not purely extensional
(they involve shearing components), and/or the flows are
inherently unsteady in a Lagrangian sense (a fluid
element experiences kinematics that vary with time).
They have, nonetheless, provided a great deal of insight
into the behavior of polymer solutions in stretching
flows. They have also spawned many theoretical at-
tempts to explain their results.23-3!

Interest in extensional flows of dilute polymer solu-
tions has been rekindled in recent years by the innova-
tive work by Sridhar and co-workers32-34 and Spiegel-
berg and McKinley3336 in measuring the properties of
these liquids in filament stretching devices. The success
of these devices has, in turn, spawned a new sequence
of theoretical studies.®”4! Nonetheless, there is still a
wide gap between the states-of-the-art of experimental
study of the properties of dilute solutions in these strong
flows and theoretical predictions of those properties.

All theoretical attempts to describe the behavior of
flowing polymeric liquids suffer from the inherent
need—imposed by the sheer size and complexity of the
molecules—to invoke some type of simplifying model for
the polymer molecules. Even under the simplifications
allowed by classical mechanics and pairwise additive
potentials, these systems are simply too large and

* To whom correspondence should be addressed.

10.1021/ma001357q CCC: $20.00

complicated to study their dynamics exactly when they
are undergoing flow. Therefore, we are always left in a
theoretical study with perplexing questions as to what
important molecular features may have been omitted
when a particular model was invoked. With the possible
exceptions of the simplest dumbbell models, most mo-
lecular models describe chain topology in what we hope
to be an adequate manner. The most drastic of the
assumptions imposed by the invocation of a model
regard the forces (or, equivalently, the potentials)
describing interactions between units on the same or
different molecules.

Our purpose with this paper is examination of the role
of several types of intramolecular interactions in deter-
mining the steady elongational flow properties of infi-
nitely dilute polymer solutions. The restriction to steady
flow is required in order to include detailed interactions,
and even under the restriction of steady flow, we must
resort to Monte Carlo simulations. The hope is that
elucidation of the types of interactions that are neces-
sary to describe steady flow will provide useful informa-
tion for the (admittedly more important) task of mod-
eling nonsteady elongational flows with perhaps more
simple models. We begin with a description of the
detailed model that we use and the simulation strategy
employed. Then we present the predictions of the
simulations for several conformational and rheological
properties of the solution, and we conclude with a
discussion of the roles of the different types of forces in
predicting macroscopic behavior.

Molecular Model and Simulation Method

We model an infinitely dilute polymer solution with
a united atom representation,*? and we use the notation
of Bird et al.*® The model consists of a chain of N
interaction sites connected linearly by N — 1 bonds. The
chain configuration is described by a set of bond vectors
QN1 = (Qq, Q2 ..., Qn-1) Where Q; is the vector from
site i to site i + 1. The chain is described by a
configuration distribution function »(QN-1,t), defined
such that »(QN-1,t) dQN-1 (where dQN~1 denotes dQ;
dQ>...dQn-1) is the probability that bond 1 is within dQ;
of Q1, bond 2 is within dQ; of Q,, and so on, at time t.
This distribution function is governed by the diffusion
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equation (cf. eq 15.1-7 of Bird et al.*3)

ap i) 1 o
—=- 1 Qup — =Y A kT — + FY
at JZaQ,- [K o @Z M e kw) "

k

where the Aj are the elements of the Rouse matrix
(defined with diagonal elements equal to 2, immediate
off-diagonal elements equal to —1, and other elements
equal to zero), kT is the Boltzmann constant multiplied
by the absolute temperature, ¢ is a friction (hydrody-
namic drag) coefficient describing interactions between
a site on the chain with the solvent, and F{® represents
all the intramolecular forces associated with connector
Q.

The united atom model that we examine incorporates
potentials for bond stretching:
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i
bond bending:
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bond angle torsion:
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and nonbonded interactions:

o 12 o 6
(Qj) (Qj)
These potentials are the same as those used in the
united-atom representation of Khare et al.*2 The stretch-
ing potential is similar to the finitely extensible nonlin-
ear elastic (FENE) potential of Warner** (where H is
the spring constant and Qg is the maximum length), but
it also has the additional parameter, req, that allows for
stretching about a nonzero equilibrium bond length.
Consequently, Qo + req becomes the maximum bond
length. The angle between bond vectors Q; and Qi is
denoted by 0;, and the bending potential is in the form
of the so-called “6 expansion”,*®> where 6¢q is the equi-
librium bending angle and ky a bending constant. The
expression for the torsion potential is a Fourier expan-
sion of the potential in the torsion angle ®; with the
Fourier coefficients V; reflecting the barrier heights for
rotation. The nonbonded potential uses the common
Lennard-Jones 12—6 function where the first term,
involving the distance to the inverse 12th power,
represents the repulsive interactions and the second
term, involving the inverse sixth power of the distance,
represents the attractive van der Waals interaction. The
repulsive term incorporates the important excluded-
volume feature in the united-atom representation. We
use the same parameter values in the potentials as
Khare et al.*? However, we set the Lennard-Jones
parameters as e/k = 47 Kand o = 0.75(Qq + reg). These
are chosen to ensure that eq 5 incorporates excluded
volume; that is, that it prevents the chain from passing
through itself. Specific values for the parameters used
are given in Table 1.

¢ = 4e (5)
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Table 1. Parameter Values Used in the United Atom

Model?

bond stretching H = 96500 K/A2

Qu=1.572A

0 =<req=Qo
bond bending Ocq = 114°

ks = 62500 K/rad?
bond angle torsion Vo=0K

V1 = 355.03 K

V, = —68.19 K

V3 =701.32 K
nonbonded e=47K

0= 0.75 (req + Qo)

a8 The equilibrium length of a bond, req, is varied through the
dimensionless parameter s.

We now restrict our attention to steady homogeneous
potential flows wherein the transpose of the velocity
gradient k is symmetric and constant. For these flows,
it can be shown*? that the solution of eq 1 is

) &
(E %K- ZcijQin)] (6)

where ¢ is the total potential energy of the molecule, ¢
is a hydrodynamic drag (friction) coefficient describing
the interactions between the solvent and a site on the
polymer molecule, the Cj; are the elements of the
Kramers matrix (the inverse of the Rouse matrix), J is
a constant chosen so that y is normalized to unity, and
the summations extend over all of the bonds in a
polymer molecule. The particular homogeneous poten-
tial flow that we consider is steady uniaxial elongational
flow. For this flow k is given by

1

= —ex
Y 3P
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where ¢ is the constant elongation rate.

We use the distribution function given by eq 6 to
calculate average properties of the solution beginning
with the elongational viscosity. The polymer contribu-
tion to the stress tensor is*

N
r,= (N - )nkTs + ny R FVO (8)

V=

where n is the number density of polymer chains, o is
the second-order unit tensor, F*) is the total force on
site v from the potentials given by eqs 2—5, and R, is
the location of site v relative to the center of mass of
the molecule. The dimensionless elongational viscosity
is computed from this using the definition

7 — 31 _ Toxx — Tpzz 9)
nkTA nkTAe

where 75 is the solvent viscosity. For a time constant
we somewhat arbitrarily choose 1 = £Q%/12KT. It is not
possible to determine the appropriate time constant for
these chains without performing some type of transient
simulation. The harmonic oscillator time constant, Ay
based on the spring coefficient, H, is not appropriate,
because the springs here represent very stiff bonds. We
simply adopt the fundamental time constant for a rigid
rotator of length Qo, which is several orders of magni-
tude larger than Ay.
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In addition, we calculate conformational properties
for the chain including the mean-square end-to-end
distance for the chain:

0= (Y Q0 (10)
]

The average moment of inertia of the chain about the
principal flow axis?® (the z-axis) defined by

a,l= mzcij[Qiijx + Q;Q;U (11)
]

(where m is the mass associated with a site on the chain)
is of interest, because it indicates how well the chains
are aligned in the flow direction. We normalize the
values computed from eq 11 by 0,0, the average
moment of inertia at equilibrium (no flow), so that [,,[1
,,0dq is equal to unity when the chains are, on average,
spherically symmetric (in the no-flow, equilibrium state).
This ratio is equal to zero when the chains are perfectly
aligned with the flow axis.

The averages in eqs 9—11 can be calculated directly
from eq 6 in principle, but the integrals are extremely
difficult to evaluate analytically. In addition, standard
numerical integration methods are not suitable, because
of the large dimensionality of the integrals. However,
the averages are amenable to Monte Carlo integration—
a method that randomly samples an integrand and uses
the values to form an accumulator. As the number of
samples approaches infinity, the average of the ac-
cumulator tends to the value of the integral.

The Metropolis algorithm“® provides an efficient way
to sample the configuration space for carrying out Monte
Carlo integration. In a typical Metropolis scheme, one
of the sites in the chain is randomly displaced. This
changes the potential energy of the configuration. If the
energy change is negative, the move is accepted. If the
energy change is positive, then the move is accepted
depending on the magnitude of the change relative to a
suitably chosen random number. Large energy configu-
rations are improbable and do not contribute signifi-
cantly to the averages, and the Metropolis algorithm is
efficient because it favors those configurations that
contribute significantly to the averages. The sampling
process is repeated many times for all the beads in the
chain to obtain good approximations for the averages.

In this work, we implement the continuum configu-
rational bias approach used by de Pablo et al.#’—a
modified Metropolis technique. A site along the chain
is selected at random, but rather than moving just that
site, the part of the chain from that site to one of the
ends is moved. This can be visualized as regrowing the
chain segment by segment from a randomly chosen site.
The motivation for using this approach is twofold. First,
moving a larger part of the chain at each step enables
the moves to be made over a bigger region of the chain
configuration space. Second, the chain can easily come
out of any “excluded-volume knots” caused by the
nonbonded potential. This is essential when the aver-
ages are being computed for very low elongation rates.
An added advantage of the technique is that reliable
averages are obtained in a smaller number of simulation
steps when compared to the regular Metropolis method.
The computational disadvantage of a configurational
bias approach arises from the need to remove the effect
of the bias on the averages that are computed; we use
the method described by de Pablo et al.*” for removing
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Figure 1. Mean-squared end-to-end distance for chains that
incorporate only bond stretching potentials. The curves are
for different values of the equilibrium bond length, and the
dashed lines are included just to aid the eye.

this bias. For our simulations, the number of samplings
was of the order of 107. The initial chain configurations
were chosen randomly, and the system was allowed to
“equilibrate” for a long period (about 108 steps) before
we start calculating averages.

Results

We present results in terms of two dimensionless
parameters s and b. The parameter s is the ratio of the
equilibrium to maximum bond length (req/Qo). It is a
measure of how much the bond length is allowed to
fluctuate about the equilibrium value. When s is zero,
the stretching potential reduces to the Warner FENE
potential.** The parameter b is equal to HQy¥kT and
reflects the finite extensibility of the bonds. In the limit
of infinite b we recover the Rouse chain when the other
potentials are absent. Errors are estimated using stan-
dard methods,*® and error bars are shown on the figures.
It must be noted that the error bars for the elongational
viscosity plots are relatively larger at low elongation
rates when compared to those for the mean-squared
end-to-end distance and z moment of inertia. This is
partly because the elongation viscosity expression in-
cludes the elongation rate in the denominator. When
error bars are not shown, the errors are smaller than
the symbols marking the data points. It is also impor-
tant to note that the simulation results presented here
are for relatively short chains. It is not our intent to
elucidate the scaling behavior with molecular weight of
the properties calculated.

We begin by presenting results for the model without
bending, torsion, or nonbonded potentials, that is, for a
freely rotating, phantom chain with bond stretching
governed by eq 2. When s is equal to zero, these results
reduce to those of Kobe and Wiest®! for FENE chains.
Figure 1 shows the predictions for the mean-squared
end-to-end distance for different values of s, and Figure
2 shows the corresponding values for 0,,[4;,0dy. Inclu-
sion of nonzero bond length decreases the elongation
rate at which the chains adopt stretched, linear confor-
mations. This results in a decrease in the elongation
rate at which the elongational viscosity increases dra-
matically to its infinite elongation rate asymptote as
seen in Figure 3. Figures 4—6 are the analogues of
Figures 1—3 but for variation in the length (number of
sites) of the chain. Variation in N for the model with
nonzero s has nearly the same effect as it does for the
model with s = 0.31
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Figure 2. Normalized average moment of inertia about the
principal flow axis for chains that incorporate only bond
stretching potentials. The curves are for different values of
the equilibrium bond length, and the ratio approaches zero
when the chains are (on average) perfectly aligned in the flow
direction.
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Figure 3. Dimensionless polymer contribution to the elon-
gational viscosity predictions for chains that incorporate only
bond stretching potentials. The curves are for different values
of the equilibrium bond length.
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Figure 4. Mean-squared end-to-end distance for chains that

incorporate only bond stretching potentials. The curves are
for different chain lengths (number of sites).

Now we turn our attention to the model including all
of the potentials in eqs 2—5. Figure 7 shows the mean-
squared end-to-end distance for chains of varying num-
ber of sites. The large elongation rate behavior of these
predictions is similar to that shown in Figure 1, but
there are qualitative differences at low to intermediate
elongation rates. Figure 8 gives the predictions for the
normalized average moment of inertia about the prin-
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Figure 5. Normalized average moment of inertia about the
principal flow axis for chains that incorporate only bond
stretching potentials. The curves are for different chain lengths
(number of sites).

6

5
By e LR S S
4 ,—"‘:__..l—-—--lI--i---—-l-ll---
o .—" .l'. PO G at e autiL S
o= ‘.' - .__,-
TE A §=0.25
=2 o b=1000
= ; P
<, % 5
{ e--N=16
- N=22
! ---A---N=28
0
0.01 0.1 1 10 100 1000 10000

A&

Figure 6. Dimensionless polymer contribution to the elon-
gational viscosity for chains that incorporate only bond
stretching potentials. The curves are for different chain lengths
(number of sites), and the curves just connect the points.

o e
- -{:"::_‘. L
v
. r
= b=1000
F 5=0.25
3
In
3 06
D
z
= 04
- e N=16
- N=22
02 ~A-N=28
--e---N=50
0.0
0.01 0.1 1 10 100 1000 10000

AE

Figure 7. Mean-squared end-to-end distance predictions for
the full united atom model. The curves are for different chain
lengths (number of sites).

cipal flow axis for chains with varying number of sites,
and Figure 9 gives the predictions of the elongational
viscosity. Again, the behavior at large elongation rates
is qualitatively similar to that shown in Figures 2 and
3, but there are significant differences at low to inter-
mediate elongation rates.

To explore the differences between the results shown
in Figures 1—3 and those shown in Figures 7—9, we
examine models that include various combinations of
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Figure 8. Normalized average moment of inertia about the
principal flow axis for the full united atom model. The curves
are for different chain lengths (number of sites).
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Figure 9. Dimensionless polymer contribution to the elon-
gational viscosity predictions for the full united atom model.
The curves are for different chain lengths (number of
sites).
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Figure 10. Mean-squared end-to-end distance predictions for

models incorporating the indicated bond potentials and no
nonbonded interactions.

the potentials in eqs 2—5. Figures 10, 11, and 12 give
the mean-squared end-to-end distance, average moment
of inertia about the principal flow axis, and polymer
contribution to the elongational viscosity, respectively,
for models that incorporate various contributions to the
potential from eqs 2—4 but do not include nonbonded
interactions. For the geometric properties (0F2Cand 05,0,
bond bending makes a significant contribution over bond
stretching, but the torsional potential does not. Torsion
does play a slightly larger role in the elongational
viscosity at low to moderate elongation rates. In Figures
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Figure 11. Normalized average moment of inertia about the
principal flow axis for models incorporating the indicated
bonded interactions and no nonbonded interactions.
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Figure 12. Dimensionless polymer contribution to the elon-
gational viscosity for chains that incorporate the indicated
bond interactions and no nonbonded interactions.

1.0 — e
:..-
) |
Vv
0.8 1
b=1000 i
5=0.25 i
N=22

0.6

-~ O---stretching+bending

-- @---strerching +bending+non-bonded

() lv-fe,+wg)f

- -A---stretching+bending +torsion

o2+ iR A strefc bendi bonded
--0-~-stretching
--@-~-stretching + non-bonded
0.0
0.01 10 100 1000 10000
Aé

Figure 13. Mean-squared end-to-end distance predictions for
models incorporating the indicated bonded and nonbonded
interactions. Solid symbols are for models that include non-
bonded interactions, and open symbols are for those that do
not.

13, 14, and 15 we show the effects on the mean-squared
end-to-end distance, average moment of inertia about
the principal flow axis, and polymer contribution to the
elongational viscosity of nonbonded interactions (eq 5)
between the chain sites. The nonbonded interactions
have very little effect on any of the predictions at large
elongation rates, but they have significant effects at low
to moderate elongation rates.
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Figure 14. Normalized average moment of inertia about the
principal flow axis for models incorporating the indicated
bonded and nonbonded interactions. Solid symbols are for
models that include nonbonded interactions, and open symbols
are for those that do not.
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Figure 15. Dimensionless polymer contribution to the elon-
gational viscosity for models incorporating the indicated
bonded and nonbonded interactions. Solid symbols are for

models that include nonbonded interactions, and open symbols
are for those that do not.

Discussion

It is clear from the results presented above that some
intramolecular potentials play a much more important
role than others in steady uniaxial elongational flow.
Figures 1—3 demonstrate that, other than in determin-
ing the elongation rate at which the chains change from
a primarily coiled to a primarily stretched configuration
in the flow, the detailed shape of the bond potential
(within the general framework of a finitely extensible
potential) has only a quantitative effect. Nonzero values
of the parameter s add a compressive component to the
bond stretching potential and result in the bonds being,
on average, longer (even at equilibrium). This results
in the subunits of the molecule being more exposed to
the flow, so that weaker elongational flows can deform
the chains more substantially. The same effect is
observed in Figures 4—6 for increasing the length of the
chain. Weaker elongational flows can more easily de-
form long chains that have more interaction sites.
However, Figure 5 demonstrates that the average shape
of the chain does not change much for chains of 22 or
more sites.

Figures 4, 5, and 6 should be compared with Figures
7,8, and 9, respectively, to examine the combined effect
of the potentials for bond torsion, bond bending, and
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nonbonded interactions on the predicted behavior.
Comparison of Figures 5 and 8 shows that the additional
potentials result in 0, Capproaching zero more abruptly
and at a lower elongation rate (A¢ ~ 0.2). This can be
interpreted as the potentials causing the chains to be
aligned in the principal flow direction, on average, at a
lower elongation rate. Furthermore, the deformation of
the chains away from their spherically symmetric,
equilibrium configurations to aligned configurations is
more sensitive to elongation rate when the additional
forces are included. However, comparison of Figures 4
and 7 shows that this picture is overly simplistic.
Inclusion of the additional potentials results in a
relatively low “plateau” in [#2Cat elongation rates where
,.0is nearly zero (i.e., in the region 0.2 < ¢ < 2 in
Figure 7). This indicates that, whereas the mass of the
molecule is primarily along the principal flow axis
(Figure 8), the chains are not stretched appreciably. This
is consistent with the chains being in folded-but-aligned
conformations at these elongation rates.?> Possible
reasons for this are considered below.

The most striking differences that are induced by
inclusion of the additional potentials occur in the
predictions of the elongational viscosity (Figure 9).
Whereas the model with only bond stretching potentials
predicts that the elongational viscosity always increases
with increasing elongation rate until the infinite elonga-
tion rate asymptote is reached, the additional potentials
result in much more interesting predictions. Consider-
ing the behavior as A¢ decreases from high elongation
rates (where the infinite elongation rate asymptote is a
function of only N and b),2% we see that the elongational
viscosity first decreases more steeply as a result of the
additional potentials, but it then reaches a plateau and
begins to increase for even smaller elongation rates.
This results in a minimum value in 7 at a moderate
elongation rate. Similar behavior has been predicted by
Fetsko and Cummings.*8

To understand the effects of the intramolecular
potentials on the geometric predictions, as well as the
unusual predictions for 7, we now consider the predic-
tions of models containing only subsets of the potentials
given in eqgs 2—5. First we consider the effects of the
bonded potentials, that is, omitting the nonbonded
potential of eq 5. These results are in Figures 10—12.
In Figure 10, we see that, in the absence of nonbonded
interactions, addition of a bending potential to the
stretching potential has a small effect on the mean-
square end-to-end distance for the chains, but addition
of the torsional potential has practically no effect on this
geometric quantity. For the average moment of inertia
in Figure 11 we see that, again, the torsional potential
has only a minimal effect, but the bending potential has
a somewhat larger effect with the chains remaining
more spheroidal until larger elongation rates. The flow
has to be stronger in order to overcome the resistance
to alignment caused by the bending potentials. In
addition, we see that the bending potentials give rise
to the small, nonzero plateau in [ This plateau occurs
just below the elongation rate at which the mean-square
end-to-end distance shows its abrupt increase, so we can
surmise that it is a consequence of the bending poten-
tials causing the flow to have to be stronger in order to
deform the chains out of their folded-but-aligned con-
formations into stretched conformations. That is, the
bending potentials cause the chains to be harder to
deform out of their folded-but-aligned conformations.
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We see in Figure 12 that part of the unusual behavior
of 7 that we observe in Figure 9 is a consequence of the
bending potentials. Namely, the plateau in 7 and the
abrupt increase appear to be a consequence of these
potentials (and to be effected only minimally by the
torsional potentials). Furthermore, this increase occurs
at the end of the plateau discussed in the previous
paragraph. The elongational viscosity is low for the
folded conformations but is higher for the stretched
conformations. As with O’ and 0,0 the torsional
potentials have only a small effect on 7.

We now turn our attention to the roles played by
nonbonded interactions (Figures 13—15). In each of
these figures, closed symbols are used for results that
include nonbonded interactions and open symbols are
used for results that exclude nonbonded interactions.
In Figure 13 we see that nonbonded interactions have
no effect on (2Cat large elongation rates; the chains are
stretched. However, at low elongation rates the non-
bonded interactions cause [#2Jto be larger as a result
of excluded-volume effects. In Figure 14 we note that
the nonbonded interactions result in the chain being
deformed away from its spherical equilibrium conforma-
tion at somewhat lower elongation rates. The folded-
but-aligned plateau?® in s still present at interme-
diate elongation rates, but it is suppressed. As a result
of the excluded volume, the chains are more extended
coming into the plateau region, and the chains are
somewhat more aligned and stretched than folded.
Again, at high elongation rates the nonbonded interac-
tions have little effect; the chains are stretched and
aligned.

Figure 15 indicates that the existence of a minimum
value in 77 at moderate elongation rates is a consequence
of nonbonded interactions, presumably excluded volume.
Fetsko and Cummings?*® observed a similar effect, but
they incorporated excluded volume by way of modifica-
tions to the stretching potential and associated the
increased elongational viscosity at low elongation rates
with a reduction in the maximum possible bond exten-
sion. However, Figure 15 demonstrates that there must
be some additional effect. It seems plausible that the
increase is due in part to the larger chain size (i.e.,
larger r2[) at low elongation rates. Figure 14 indicates
that the chains are less spherical at low elongation rates
when the nonbonded interactions are included, and this
will cause an increase in 7. Furthermore, the nonbonded
interactions should hamper chain rearrangements in
the coiled and nearly coiled states. This would result in
increased dissipation of energy and, hence, a larger
elongational viscosity. The chains are less exposed to
the flow in the folded-but-aligned conformations at
intermediate elongation rates, so the dissipation and
elongational viscosity are lower. In the fully stretched
conformations at large elongation rates, the dissipation
and elongational viscosity are again large.

In summary, we can conclude that bending and
nonbonded interactions play important roles in the
behavior of dilute polymer solutions undergoing steady
uniaxial elongational flow. On the other hand, torsional
potentials are less important, having only smaller,
quantitative effects. Of course, these conclusions are
limited by the chain lengths we considered (up to 50
sites).
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