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Introduction

When polymer chains are subject to strong flow, their
shape changes from a random coil to rather extended
conformations, and when the flow rate reaches a suffi-
ciently large value, chain fracture can be observed. Ex-
tension and fracture in steady elongational flow with a
stagnation point has been the subject of a number of
experimental [1-4] and theoretical or numerical simula-
tion studies [5-9]. However, in a variety of situations of
great practical importance, the chain molecule is exposed
to flow for a limited time, during which it experiences
a varying extensional rate as it moves down the flow. This
type of transient extensional flow occurs when a polymer
solution passes through a sudden constriction or a small
orifice. Nguyen and Kaush [10, 11] and Reese and Zimm
[12] have studied experimentally this situation with dilute
solutions of polystyrene and DNA, respectively. With the
purpose of comparison with these experiments, and also to
confirm some theoretical predictions by Rabin [13, 14] we
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proposed the simulation of chain extension and fracture in
transient flows using the Brownian dynamics simulation
technique [15, 16]. In the present work we extend and
improve our earlier simulations, employing a more realis-
tic chain model with finitely extensible springs that also
allows for spring breakage. We characterize in detail how
the flow-rate threshold depends on molecular weight,
showing the important influence of hydrodynamic interac-
tions on this dependence. We also visualize, using com-
puter graphics, the three-dimensional shape of the polymer
chains, and this is in turn useful to explain the distribution
of fracture sites or fragment sizes.

Model and simulation method
Transient flow

In our simulation program (Fig. 1), the polymer chains are
submitted to a transient extensional flow developed in
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ve, and can be expressed in terms of the flow rate as
v, = 20/nR 2.

The extensional rate is given by the expression
|[do(p)/dp| and equals, in the region of convergent flow,
& = 2v,p2/p> This parameter is related to the volumetric
flow rate as ¢ = (4/n)(R?/p2)Q/p>. At a distance from the
apex of the conical convergent-flow region, approximately
equal to the orifice radius R, the extensional flows ends
and the flow velocity is constant. In a previous paper [16]
we studied a device with a long, thin capillary tube follow-
ing the orifice. In the present work, we suppose that the
constriction is very short, and the device has some outlet
or expansion region in which the flow velocity decreases
very quickly. This is indeed the case in the Nguyen—Kaush
device. We expect that fracture will be negligible beyond
the orifice, and thus the simulation can be stopped there.

The numerical values used in our simulations are: tube
radius, R, = 1.0cm; distance at which convergent flow
develops is p, = 1.064 cm (this flow takes place in a cone of
with a semiangle of 70°); orifice radius R, = 0.025 cm. The
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Fig. 1 Outline of the simulated device. The polymer solution first
enters a tube with radius R, on the left-hand side (volumetric flow
rate @), passes through a region with convergent extensional flow,
and then enters an orifice with radius R,

a polymer solution when it passes through a sudden Q, and
the velocity along the centerline, v., is given by the expres-
sion: Q = (nRZ/2)v.. When the fluid approaches the orifice,
the streamlines start to converge. We assume to have
convergent flow beginning at a distance from the orifice
equal to p, = R,/sin 8,, where R, is the diameter of the tube
as mentioned before and 6, is the half-angle from the
symmetry axis up to which volumetric flow is considered
significant [11].

Near the orifice, the velocity along a streamline de-
pends on the distance to the orifice, p, being inversely
proportional to the square of that distance, as it is com-
monly assumed for convergent, sink flow:

v = 0,05 /p7 . (1)

Here p, equals the length of the convergent flow region
and v, 1s the velocity in the streamline at the end of the
Poiseuille region determined by the instrumental dimen-
sions and the flow rate. We usually restrict our simulations
to the particular situation of molecules traveling through
the centerline of the device, since this is sufficient for
purposes such as the characterization of qualitative as-
pects, or the determination of power-law exponents for
molecular-weight dependences. Thus, v, is identified with

maximum value of ¢ (at the boundary where convergent
flow ends; see above), for a flow rate of @ = 0.1 cm?3/s will
be approx. 1.9 x 10° s~?. Changing the value of Q will
change the maximum ¢-value accordingly.

Polymer model

The polymer/solvent system studied in the present work
was a very dilute ®-solution, for which we choose the
specific case of monodisperse polystyrene in cyclohexane
at 35°C, the same as one of the systems used by Nguyen
and Kausch [117 in their laboratory experiment. The
polymer molecule was in the present study modeled as
a bead-spring chain, the springs representing the entropic
force of the subchains, and the beads representing
the friction between the polymer chain and the surround-
ing fluid. In order to avoid the unphysical model con-
nected with the linear force law and infinite extensibility
of a Gaussian spring, we applied nonlinear (FENE)
springs in our bead-spring model of the polystyrene chain.
The springs are then governed by the Warner force
law [17]

—H
L
1 —(q/q,)

where H is the force constant, equal to 3kT/b?. Here k is
the Boltzmann constant, T the absolute temperature and
the parameter b is the root-mean-square spring length
(equilibrium spring length). The instantaneous spring
length is denoted ¢. Thus, in the FENE spring the Gaus-
sian force (— Hg) is modified by a term that makes the
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extension progressively more difficult as the spring length
q approaches the maximum allowable length g,.
However, in our study we want to allow for fracture of
the polystyrene chain, and this is, in principle, not possible
with the force law in Eq. (1) since F is infinitely high when
q equals go. To allow for fracture we have, therefore,

introduced a modification in the original FENE model, as
described in the following.
From Eq. (1) the potential energy of the FENE spring
is found to be
Hg;
V= — = In[1-(g/q,1] . 3

Since fracture of a polystyrene chain is likely to signify
breakage of a C—C bond, we decided to consider the spring
as fractured when V' reaches the dissociation energy of
a C-C bond in the polymer chain, taken as 144 kcal/mol
[18]. This value of V then corresponds to a critical value ¢,
of the spring extension and ¥V is considered constant
(F = 0) for g > ¢q.. It was then important to make sure that
this modification does not perturb the main characteristics
of the FENE model as represented by the force law in
Eq. (1). This was done by forcing the critical spring exten-
sion ¢, be close to the maximum extension ¢, in the FENE
model, thus maintaining the nonlinear force law over
nearly the whole range of spring extension. Equation (2)
can be written as

2V
a5 = —Fln[l—(Q/qo)ZJ : (4)

Now, by deciding upon the value of the ratio g/g, at the
moment of fracture (when g = q.), and inserting the cor-
responding value of V as mentioned above, together with
the value of H, we can thus find from Eq. (14) the corre-
sponding value of g, and then also the value of g at the
moment of fracture (g.). We have in our model allowed for
spring fracture when the spring reaches 93% of the max-
imum extension g, in the FENE model (gq./q, = 0.93),
which by means of Eq. (3) leads to g* = 8.8 and gq¥ = 8.2
(the asterix signifies dimensionless parameters, obtained
by dividing lengths by b, the root-mean-square spring
length).

Figure 2 illustrates the above-mentioned discusssion
by showing the force curve for the spring in our bead-
spring model of the polystyrene chain. Since Fggng/
Fgaussian = 1/[1-(q/4,)*] (see Eq. (1)), the spring force
in our model at the moment of breakage will be
1/[1—0.932] ~ 8 times higher than in the simple Gaussian
spring model, showing that our model represents an im-
provement with respect to the latter with respect to re-
duced extensibility of the spring.
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Fig. 2 Relationship between spring force in the applied modified
FENE-model and a standard Gaussian spring. The parameter g, is
the maximum extension in the original FENE-model, and g, is the
critical extension at which the spring is considered to brake in our
model. The ratio between g, and ¢, 1s 0.93

We have now discussed the considerations necessary to
implement a fracturable FENE-type spring in our model
of the polystyrene molecule. To parameterize the polysty-
rene model, that is, to give the parameters in our model
values that are realistic when compared with a real poly-
styrene molecule, we have started by choosing the molecu-
lar weight per bead, M;, to be 1x10°. The number of
beads, N = M/M,, required for a polymer of about one
million in molecular weight is then not too high for the
computer simulation. A polymer with molecular weight
2 x 105, will with this assumption be modeled as a 20-bead
chain. Tt can be shown, however, that the final results will
not depend on the choice of M, provided that N is large
enough. Although this number of beads may seem too
small, we recall that it yields the correct Gaussian statistics
of the end-to-end distance, and it is adequate for describ-
ing simple, overall properties such as diffusion coeflicients
and intrinsic viscosities, and even the behavior in simple
flows. For the complex problem studied here, the shortness
of the chains may have an unknown effect on the final
result. This may be checked in the future, when increased
computational power will allow simulation of longer chains.

By combining the experimentally obtained expression
(in @-solution and at equilibrium) for the relation between
the radius of gyration of a flexible polymer and its molecu-
lar weight, {(§?> = C;M, with the theoretical expression
for (S2?> for a Rouse bead-spring chain [17], (S?) =
b*(N? —1)/6N ~ b>N/6, we obtain an expression for the
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root-mean-square spring length, 5 = 6C,M,. Employing
now the experimentally found value {19, 20] for polysty-
rene in cyclohexane at 35°C, C, = 7.9 x 107 '¥ cm? mol/g,
we finally end up with a value of 21.7 nm for the equilib-
rium spring length b.

Brownian dynamics algorithm and simulation procedure

The methodology employed in the present work is essen-
tially the same as in our previous studies [15, 16]. The
Brownian Dynamics simulation algorithm is based on that
of Ermak and McCammon [21] with a second-order
modification [22], which has been shown to give improved
calculation efficiency. The displacement of a bead includes
the contribution due to solvent flow. When hydrodynamic
interaction (HI) between the chain units is taken into
account (nonfree draining situation), the Rotne—Prager—
Yamakawa interaction tensor [23] is used. For the bead
radius ¢ we used the value o = 0.256b, which corresponds
to a commonly used value for the hydrodynamic inter-
action parameter [17], h*=0.25. For the obtention of
quantitative results of real, practical significance, hy-
drodynamic interaction must be included in theoretical or
simulation studies. Anyhow, we have also carried out
simulations without HI (free-draining), which are much
less expensive in CPU time, and that are still valid for
testing the programs and for characterization of quali-
tative aspects, such as the shape of the fragment size
distributions.

The maximum spring force in the FENE springs of our
model is considerably higher than that of a simple Gaus-
sian spring (about 8 times, see model section). Therefore,
we had to reduce the time step accordingly, at the cost of
an increase in computer time. It was necessary to employ
a value of At as low as 1.5ns in order to get stable,
time-step-independent results.

In the simulations, the polymer chain was initially
placed in a random conformation at a distance from the
orifice equal to the distance traveled by the chain during
a period equal to three times the first Rouse-relaxation
time of the molecule. The initial distance from the orifice
can then be shown to be calculated from the formula

RZ 1/3
Rini = (18 W TQ> . (5)

For a 20-bead model of polystyrene, which has 7 = 73 s,
we have R;,; = 0.076Q'® (R;; in cm and @ in cm?/s).

In the simulations Brownian trajectories were then
simulated for ensembles containing on the order of thou-
sand molecules. While following the trajectory of one
molecule, we monitored every spring for fracture (¢ > q.)

at each step in the simulation, registering the molecular
weight of the resulting two molecular fragments. Carrying
out this for all the chains in the sample, the molecular
weight distribution could be evaluated. The initial molecu-
lar weight of the polymer was 2 x 10° in most of the work,
except for the studies we made about the dependence of
critical flow rate upon molecular weight, were we em-
ployed molecular weights between 5 x 10° and 2 x 10°,

Results and discussion

In Fig. 3 is shown how the fracture yield for chains with
different molecular weights was found to depend on the
volumetric flow rate (Q). Initially, we ignore hydrodynamic
interaction (HI) effects in the simulation. As commented
above, thanks to this, the computer time per molecule is
much smaller, and this allows for larger samples in the
simulation, so that the statistical quality of the results is
better. It is seen from the figure that there is a critical flow
rate (Q.), depending on the molecular weight, below
which fracture does not occur. The value of Q,,;, is lowered
with increasing molecular weight. This can also be ex-
pressed in other words: For a given flow rate Q, chain
fracture will occur only for polystyrene chains of suffi-
ciently high molecular weight.

The fracture curves are similar in shape to those ob-
tained by Nguyen and Kausch [11] in their experimental
work in polystyrene. However, when we calculate the
maximum elongational rate corresponding to each Q-
value, we find that in our study the ¢,,, value for a certain
fracture yield is higher than those in the work of the
above-mentioned authors. It therefore seems that the real
polystyrene chains can break more easily than what is
presented by our FENE-model of the molecules.

In Fig. 4, we have made a double-logarithmic plot of
the relation between the critical flow rate for fracture,
extracted from the data in Fig. 3, and the molecular weight
of the polymer. We defined the critical flow rate to be the
value of Q where the fracture was reduced to a value
slightly above zero (operational fracture yield) in order to
avoid the problem of finding the zero-crossing in a zone
where the data were relatively more noisy than in the rest
of the fracture curve. This operational critical yield was set
to 8%. The final result is a scaling law of the form,
Qu ~ M~ 1#° The value of the exponent is significantly
lower than that known to exist for fracture in stagnant
flow {exponent = —2.0), showing clearly the distinct na-
ture of the transient type of extensional flow. However, it is
also significantly different from the exponent close to
—1.0 that has been proposed theoretically [13, 14] and
observed in some experiments [10] with transient flow.
This discrepancy will be discussed in more detail later.
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Fig. 3 Simulation results for fracture yield vs. volumetric flow rate
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Fig. 4 Critical flow rate for fracture, obtained from the data shown
in Fig. 3, plotted double-logarithmically vs. molecular weight M

In Fig. 5A is shown the molecular weight distribution
of fragments after fracture for polystyrene chains of initial
molecular weight equal to 2.0 x 10%, The volumetric flow
rate was Q = 2.0 cm?/s, and the study was performed with
free-draining chains. The center of the distribution is situ-
ated at a molecular weight of 1.0 x 10%, the half of the
molecular weight of the intact polystyrene chains. How-
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Fig. SA Molecular weight distribution of polymer fragments after
fracture. The molecular weight of the intact chain was 2.0 x 10°. The
volumetric flow rate used was Q = 2.0 cm®/s. Hydrodynamic inter-
action was not included (free-draining case). The sample consisted of
1000 chains. B Distribution of fracture position (x-coordinate) in
front of orifice. Orifice has x-coordinate equal to 0. The molecular
weight of the intact chain was 2.0 x 10%. Volumetric flow rate used
was Q = 2.0cm?®/s. Hydrodynamic interaction was not included
(free-draining case). The sample consisted of 1000 chains

ever, the distribution shows the peculiarity of having two
peaks around the central molecular weight, suggesting
that chain fracture is more likely to occur midway between
the chain center and the ends of the chain than in the very
center of the chain. An explanation for such a behavior
could be that the chain may fold around its center while it
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moves towards the orifice, resulting in two “subchains”
that each gets accumulated maximum stress in its central
region. This kind of distribution has not been observed in
laboratory experiments in transient extensional flow, al-
though the computer simulation by Reese and Zimm [12]
of DNA fracture in their own instrument at high strains,
gives a broad or bimodal distribution similar to ours.

Figure 5B is a histogram showing the distribution of
fracture positions in front of the orifice for the same flow
rate as used for the results in Fig. SA. We can see that, for
the flow rate in question, the majority of the chains are
fractured at a distance of around 0.015 cm from the orifice,
which is a distance on the order of the orifice radius (at this
distance the elongational rate is about 5 x 10° s~ ! for the
value of QO =2cm?/s used in Fig. 5). The fracture thus
takes place very close to the orifice in comparison with the
length of the convergent flow region.

In Figs. 6A and B are shown the distribution of mo-
lecular weight fragments and fracture positions for a flow
rate of Q = 10 cm?/s, five times higher than that used for
the data shown in Figs. SA and B. We see from Fig. 6A that
the two peaks in the distribution of fragments get more
pronounced, suggesting that after a mid-chain folding, the
two subchains, due to more complete alignment with the
flow lines, accumulate higher stresses in its centers than
what was the case with the lower flow rate. As seen from
Fig. 6B, with this higher flow rate, as expected, the fracture
now takes place earlier, i.¢., at a greater distance from the
orifice. Most of the chains fracture at a distance of about
0.03 cm from the orifice with this flow rate.

The previous figures showed data obtained for the
free-draining (no-HI) case. However, we also studied the
fragment distribution and the critical flow rate for fracture
taking into account the hydrodynamic interaction be-
tween the beads in the chain, having to face the fact that
these simulations were considerably more time consuming.
We recall the well-known fact in Polymer Physics that the
scaling laws for molecular-weight dependence of dynamic
properties in solution are correctly obtained only when the
HI effect is properly considered. In Fig. 7 is shown a
double-logarithmic plot of how the critical flow rate for
fracture depends on the molecular weight of the polymer,
now for the nonfree draining case (HI). Here we obtain
a scaling law of the form Q. ~M ~'%3. The exponent
obtained here is much lower than that obtained in the
free-draining (no-HI) case, —1.49. Although the no-HI
case is not of practical relevance, the comparison between
the HI and no-HI cases has still a theoretical interest. The
less negative scaling exponent obtained with HI implies
that it is more difficult to break a polymer chain due to
hydrodynamic interactions. This finding is quite reason-
able, since this type of interaction has a shielding effect for
concerted motions of the chain, as is the case for the
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Fig. 6A Molecular weight distribution of polymer fragments after
fracture. The molecular weight of the intact chain was 2.0 x 105, The
volumetric flow rate used was @ = 10.0 cm®/s. Hydrodynamic inter-
action was not included (free-draining case). The sample consisted of
1000 chains. B Distribution of fracture position (x-coordinate) in
front of orifice. Orifice has x-coordinate equal to 0. The molecular
weight of the intact chain was 2.0 x 10°. Volumetric flow rate used
was Q = 10.0 cm®/s. Hydrodynamic interaction was not included
(free-draining case). The sample consisted of 1000 chains

movement in shink flow. Thus, frictional drag at the beads
and, therefore, stress accumulation is smaller when HI is
considered, and chain fracture requires higher rates.

Our essential result, Qi ~M ~ 193, corresponds well
with the exponent found experimentally by Nguyen and
Kausch [10], who obtained an exponent equal to —0.95



K.D. Knudsen et al.

1007

Polymer chain fracture in dilute solution under transient extensional flow

exponent = -1.03

Critical flow rate (cm/s)

1 s IO S Y SR S |

3 4 5 6 7 8 910 20 30

Molecular weight (x 105)

Fig. 7 Critical flow rate for fracture for the nonfree draining case
(hydrodynamic interaction included), plotted double-logarithmically
vs. molecular weight M

in their studies on polystyrene fracture. It is also in accord-
ance well with the theoretical study by Rabin [13, 14]. This
author argued that the exponent should be in the range
—1.0 to —1.2, depending on the goodness of the solvent.
In our case, we simulate a system in 6-solution (poly-
styrene in cyclohexane at 35°C), which according to the
theory then should give an exponent of —1.0, in very good
accordance with what we have obtained in this study.

In Fig. 8 is shown the molecular weight distribution of
polymer fragments in the nonfree draining case (with HI).
Although the statistics is poorer than that in Figs. 5 and
6 due to a reduced number of chains (the computer simula-
tion was very time consuming), it is seen that in this case
the distribution is more centered around the half of the
initial molecular weight, and that the two peaks observed
in Figs. 5A and 6A are reduced in size. This observation,
together with the result for the scaling exponent, show that
the hydrodynamic interaction is important to take into
account in theoretical and numerical studies about frac-
ture in transient flow.

The distribution in Fig. 8 is broader than what one
would expect to observe in stagnant, persistently exten-
sional flow [16]. This illustrates that in transient flow the
chains do not, on average, obtain the same fully stretched-
out conformation before fracture as in stagnant flow.

Figures 9A and B shows pictures of a chain at different
stages in the trajectory through the device. In Fig. 9A the
flow rate was set low enough (Q = 0.2 cm?/s) that fracture
did not occur. The chain starts in a random conformation,
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Fig. 8 Molecular weight distribution of polymer fragments after
fracture. The molecular weight of the intact chain was 2.0 x 10%. The
volumetric flow rate used was Q = 2.0 cm?/s. Hydrodynamic interac-
tion was included (non-free draining case). The sample consisted of
200 chains

unperturbed by the flow (Fig. 9A.1). In the picture the
beads have different sizes to illustrate that they do not all
lie in the same plane, i.e., the molecule has a finite exten-
sion also in the yz-plane (normal to the direction of flow).
When the forces induced by the flow field overcome those
due to the Brownian motions, the chain starts to stretch
out and close to the orifice it has obtained a rather ex-
tended conformation (Fig. 9A.2, this picture has been con-
siderably reduced in size for the chain to fit on the page).
Having passed the orifice, the chain experiences a reduc-
tion in its overall extension (Fig. 9A.3), and as it tumbles
down the capillary behind the orifice (Fig. 9A.4), where we
have assumed to have a Poiseuille-type of flow pattern, it
continuously changes its conformation, having general
dimensions considerably smaller than those at the en-
trance of the orifice.

In Fig. 9B the flow rate was set high enough
(Q = 10 cm?/s) that all chains fractured in front of the
orifice. From these pictures one can see the reasons for the
two fracture peaks observed in the histograms of Figs. 5SA
and 6A. It seems that the chain possesses the possibility of
folding around its center, with the result that it divides
itself into two subchains, both of which may be aligned
with the flow field. The maximum stress will then be
accumulated in the center of each of these subchains, or
midway between the center and the extremes of the whole
polymer chain. Fracture will in this case occur preferen-
tially here, resulting in the two peaks shown in Figs. SA
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Fig. 9A Pictures of a polystyrene chain model at various stages in its
trajectory through the simulated device. Volumetric flow rate used
was Q = 0.2 cm?/s. The chain did not fracture with this flow rate. The
molecular weight of the chain was 2.0 x 10%. Hydrodynamic inter-
action was included (nonfree draining case). 1: At the start of the
simulation. 2: Just in front of orifice (x = — 0.01 cm). Chain exten-
sion reduced to fit on page 3: Just inside the orifice (x = 0.01 cm).
4: Inside the capillary (x = 0.05 cm)

Fig. 9B Pictures of a polystyrene chain model at various stages in its
trajectory through the simulated device. Volumetric flow rate used
was Q = 10.0 cm?3/s. The chain fractured with this flow rate. The
molecular weight of the intact chain was 2.0 x 108

and 6A. However, as was shown by the fragment distribu-
tion in the non-free draining case (Fig. 8), this propensity
for mid-chain folding is less when hydrodynamic interac-
tion between the beads in the chain is taken into account (a
situation that should correspond more to the laboratory
experiment), resulting in a molecular weight distribution
centered more around half of the initial molecular weight.

In the Method section, we describe the applied FENE
model of polystyrene, having a maximum extension ¢,
around 10 (relative to the spring equilibrium length), ob-
tained by forcing the ratio between critical extension for
fracture g. close to g, (¢./q, = 0.93). We will now use
a different approach, looking at the dimensions of the
building blocks of polystyrene, to see if this value of g,
is reasonable. The chemical formula of the polystyrene



K.D. Knudsen et al.

1009

Polymer chain fracture in dilute solution under transient extensional flow

molecule can be written in shortform [-CH-CH,]n
(the R-group of the first carbon atom is not shown here).
Assuming standard C—C bond length equal to 1.54 A, and
tetrahedron angle of 109.4°, each monomer will present an
axial length of 2.50 A. Since the molecular weight of the
polystyrene monomer equals 104.16 D, the length per Dal-
ton will be 0.024 A, from which we can finally find the
maximum axial length in the stretched-out state (L)
of polystyrene with molecular weight 2 x 10°, giving
L, = 4.81 um. Since, while using the bead-spring model
for the polystyrene molecule, this length also must be
equal to (N — 1)gq,, N being the number of beads and ¢, the
maximum extension of each spring, we then find for
the case that N =20 (corresponds to M = 2 x 10°), that
g, = 2530 A. Now, since we found while parameterizing
our model (see Method sectign) that the equilibrium
length, b, of a spring equals 217 A, the relation between the
maximum and equilibrium spring extension can finally be
calculated as g,/b = 11.6. This is not far from the value
that was applied in the method section for the FENE-
spring model of the polystyrene (g,/b = 8.8), showing that
the model that we used, where the intention was to pre-
serve the FENE characteristics, was reasonable.

The use of FENE springs to represent subchains,
rather than Gaussian springs employed in previous works
[15, 16] is one of the main features of this study. We note
that the critical scaling exponent found for the two models
are quite similar. However, the two models store energy in
quite different ways and amounts, and the elongational or
flow rate required to break a chain may also be quite
different. Therefore, for a quantitative prediction of the
outcome of real experiments the more realistic FENE
chain should be the choice.

With regard to the dissociation energy of the C-C
bond, the value used (144 kcal/mol) may be questionable.

In a polystyrene chain it is possible that the energy is
somewhat lower [24]. However, the scaling laws and the
qualitative aspects of the fracture process, which were the
main aims of the present study, will probably not be
affected by this difference.

Concluding remarks

In this study our aim has been to simulate the behavior of
polystyrene molecules while subjected to an extensional
flow of transient character, simulating a polymer/solvent
system and an experimental device that has been employed
in the laboratory of other authors, and trying to get more
information about the differences that have been found to
exist between stagnant and transient flow with respect to
fracture of flexible polymer chains.

We observed fracture that depended strongly on flow
rate and on molecular weight, with a critical flow rate for
chain scission that was related to the molecular weight as
Q..ie ~ M~ 193 This scaling law is very different from that
known to exist in stagnant extensional flow (exponent
equal to —2.0), but corresponds well with theoretical
predictions about the relation between molecular weight
and critical flow rate in franmsient extensional flow (expo-
nent equal to —1.0). We also observed that the scaling law
was very different in the free-draining and the nonfree
draining cases, illustrating the importance of taking into
account hydrodynamic interaction in studies with transi-
ent extensional flow.
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