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Abstract — The low Reynolds number flow of a polymer solution around a cylinder engenders a
nonlinear drag force vs. the flow velocity. A velocity quench of such a flow gives rise to a long time
relaxation and hysteresis of the stress due to history-dependent elastic effects. Our results suggest
that such hysteretic behavior has its origin in the long time relaxation dynamics and hysteresis of

the polymer conformations.

The conformational state of a polymer in a flow field
may undergo a first- or second-order transition from a
coiled to a stretched state when the deformation rate
exceeds a threshold value dependent on the polymer relax-
ation time [1,2]. This was successfully confirmed by single
molecule experiments and numerical simulations [3-6].
Recently, a remarkable slowdown of the relaxation of a
polymer in extensional flows and in some random flows,
in the vicinity of the coil-stretch transition has been found
theoretically and numerically [7]. This has been attributed
to hysteresis in polymer conformations as well as to the
large variety in polymer conformations as observed in
experiments [3,8]. This transition and the slowdown in
relaxation have important consequences on the flow prop-
erties of polymer solutions such as the recently observed
glassy-like dynamics [9] in filament stretching experi-
ments [10]. However, few experiments have examined the
link between the macroscopic phenomena and the micro-
scopic details [11]. In this letter we aim to bridge this gap
further and present both a macroscopic and a microscopic
view of the transient dynamics when a polymeric solution
relaxes toward a static or a dynamic stationary state by
studying the interaction of a polymer-laden nonstation-
ary flow with a cylinder embedded in it. In the station-
ary case, we had shown that the drag exerted on a small
cylinder by a flowing polymer solution can be enhanced
and is nonlinear vs. the flow velocity [12] even though the
solution used has a constant shear viscosity. The nonlin-
earity of the stress sets in for shear rates greater than
a critical shear 4. given by the inverse of the relaxation

time 7 of the solution. This is characteristic of the coil-
stretch transition and is related to the formation of a
microscopic shear band, exhibiting large molecular elon-
gation and strong velocity fluctuations, in the immediate
vicinity of the cylinder. The presence of the cylinder wall
and its curvature turned out to be crucial for such large
flow modifications. Here, we study a similar configura-
tion but in the nonstationary case. The results suggest a
connection between the dynamic slowdown of the macro-
scopic stress exerted on the obstacle and the signifi-
cant hysteretic effects and slow relaxation of the polymer
conformations.

We measure the stress variation upon a change of the
flow velocity using our previously described optical fiber
sensor and study the polymer conformations by seeding
the solution with a minute amount of fluorescently labeled
DNA probes [12]. The stress is measured through the
deflection d of the bright end of the optical fiber cantilever
(radius R=30pm), used as a cylinder immersed in the
flow, with a CCD camera working at 1000 frames per
second. The force resolution of this system is 0.1 uN.
The flow was produced in square channels of H =6 mm
in side and a length of 20cm. Using an electro-valve,
we were able to create a variety of nonstationary flows
with variations occurring with a characteristic time T,
as small as 20ms or as large as 1s. The dynamics of
the deflection d(t) is recorded along with the velocity
variations U(t) in the center of the channel where the
velocity profile, in the cross section of the channel, goes
through a maximum. The average velocity in the square



channel is noted Uppeqn (t), which is given by an average of
the velocity profile in a cross section of the channel and is
deduced from the maximum value of the velocity profile
U(t). In the stationary case Upmean(t) is independent
of time and is given by Q/H?, where Q is the flux
through the channel. The semidilute polymer solutions
use linear polyethyleneoxide (PEO, M, = 4 - 10° amu) that
was dissolved, at a concentration of 3000 parts per million
by weight (ppm) in deionized water with 50% sugar
by weight. The relaxation time 7 of this solution was
found to be 8 ms. Another linear polymer (polyacrylamide
(PAam)), with M, =18-10%amu and in the presence
of small amounts of salt, 0 and 0.17M, with 7=1.1
and 0.06s, respectively), and other PEO concentrations
(1500 ppm with 7 =5ms) were also used for certain runs.
The relaxation times were estimated as 7 ~ %,
where 7 is the zero shear viscosity of the solution, ng
is the viscosity of the solvent, R is the gas constant,
T is the temperature, p is the density, and ¢ is the
polymer concentration in ppm [13]. This time is the
longest relaxation time in the system and was found
comparable to relaxation times obtained from normal
stress measurements, from the relaxation of the stress, and
from the frequency dependence of the viscoelastic moduli
of the solution. A second setup is used to infer the polymer
conformations in the immediate vicinity of the cylinder
in a band of about 10 um from the cylinder wall. We
had previously shown that polymer elongation occurs only
near the cylinder [12]. We produced 20mm long, 1mm
wide, and 160 ym high PDMS (polydimethylsiloxane)
microchannels with isolated 40 ym diameter and 160 yum
high cylindrical obstacles embedded in it. A 3000 ppm
PEO solution, in a buffer of pH 7 and 65% by weight of
added sucrose, seeded with a small amount of fluorescently
labeled DNA molecules (T4-DNA of contour length 68 ym
and a relaxation time of 80s) was studied in this part.
The relaxation time of this solution is 7=0.3s. Since
the PEO molecules cannot be visualized, the best that
can be done at present is to use the DNA molecules as
probes of the PEO conformations even though labeled
DNA can be stiffer than the nonlabeled polymers. We had
previously argued that visualization of the DNA probes
gives information about the conformations of the PEO
molecules [12]'. We observed the stained molecules using
an inverted fluorescence microscope (x60, 1.45 NA) and a

IThe PEO solutions showed drag enhancement above a critical
Wie =41 close to 1 indicating, according to theory and experiment,
that these molecules are elongated. Visualization of two different
DNA molecules (A and T4-DNA whose relaxation times are differ-
ent from each other and much larger than that of the PEO solution)
embedded in the PEO solutions showed that they are highly elon-
gated only at or above Wi., determined in the drag enhancement
measurements, independently of the DNA used. Since the character-
istic time for the transition to highly elongated DNA molecules is
that of the PEO solution, which is much smaller than that of the
DNA molecules, we have deduced that they are probes of the PEO
conformations and that when they are elongated so are the PEO
molecules and vice versa.

highly sensitive camera. Measurements were made at the
center of depth of the channel, where the channel-induced
shear rate is negligible. Inversion of the flow was performed
with a system of shunting pipes and two syringe pumps. In
both setups the high sucrose concentration of the solutions
allows to neglect shear thinning effects.

Our optical fiber sensor, in a Newtonian fluid, is the
analog of an overdamped oscillator. Its associated restor-
ing force can be written as F' = 3”5; Ed, where E is the
Young modulus and [ is the length of the fiber. In a station-
ary flow, the deflection of the fiber is linear vs. Upean [12].
This remains true for the nonstationary flows used here.
The deflection d(t) and the velocity Ueqn(t) measured
during a stop flow from a constant velocity to zero follow
the same dependence ws. time. When this variation is

represented in terms of stress o= %Rl and shear rate

_ 2Umean(t)
7T RIn(f 1)
shown in the inset of fig. 1(a) giving a constant viscosity
1~ 0.05Pas which compares very well with rheological
measurements. This linearity confirms that fiber inertia
(the fiber’s characteristic time is 1ms which is far below
T,) and transient effects inherent for a Newtonian fluid
(added mass and the viscous history force) are negligi-
ble [15]. Thus, our cantilever is a viscometer that works
both in the stationary and nonstationary cases.

[12,14], a linear relation is obtained as

For the polymer solutions the variation d(t) and
Umean(t) are shown in fig. 1(a) for a similar stop-flow
variation as the Newtonian case discussed above. Note
that, contrary to the Newtonian solution, the deflection
d(t) lags behind Ueqn(t). What is more striking is
that even when the velocity changes sign and becomes
negative, the deflection remains nonzero and positive
showing a clear anti-correlation characteristic of an elastic
response. A long time relaxation is also observed after
the flow has been turned off. The dynamic stress exerted
on the fiber turns out to be different from the stationary
one, as shown in the inset. This complex response,
resembling that of a yield stress fluid, exhibits both drag
reduction at high shear rates and drag enhancement
at lower shears with respect to the stationary case.
This dynamic response actually depends on the shape
of the velocity variation. For a step flow-like variation
a difference between the stationary and nonstationary
cases is seen only above 7.. If the velocity is varied in
a range where the shear rate stays below 4., d(t) and
Unean(t) follow each other giving a linear stress shear
rate relation. However, when the velocity is in the range
where the shear rate is higher than ., d(t) and Uppean(t)
do not follow each other as shown in fig. 1(b). The full
behavior of the stress strain curve from different step
flows is shown in the inset of fig. 1(b) showing no effect
below 7. and strong hysteresis above it. This response is
different from the one of fig. 1(a) which shows that for a
stop flow, the difference with the stationary case persists
even for shear rates below 7., suggesting that history or
memory effects are also important. The characteristic
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Fig. 1: (Colour on-line) Fiber deflection and velocity vs. time: (a) Polymer solution and a stop flow. (b) Polymer solution and
a step flow for 4 > 4.. Insets: o vs. ¥ (open symbols) and osta: vs. ¥ (solid symbols and solid lines) as well as the extent of the
linear regime below 4.. The Newtonian (sucrose solution) case is shown in the inset of panel (a). The solid lines in (a) and (b)
are fits using our history-dependent elastic force with A =60ms and C' = 0.6 in (a) and 0.78 in (b). (¢) A/7 vs. Wig for different
polymers and different flow variations, the arrows indicate the variation of 4 and the dashed line is a guide to the eye.

closing time T, is much greater than 7 suggesting an
adiabatic change. Nonetheless, a very large difference
between the dynamic stress and the stationary stress is
observed. These observations are compelling evidence
for the existence of an elastic history-dependent force
F,(t) acting on the fiber. We propose a new elastic
stress o (t) = % =— fot C - exp(— (t;T))%—g%dT,
where 04:4¢ is the stress measured in the stationary case,
C' is a constant, and the memory function is exponential
with a characteristic time A. In fig. 1 we plot the result
of the total nonstationary drag force o = cstar + 0ei(t),
which gives an accurate description for both step and
stop-flow force measurements despite the large differences
between them. This additional elastic force accounts
for the hysteretic effects, the anti-correlation as well as
the strong dependence on the flow history. Note that
the clear slowdown in the dynamics introduces a long
relaxation time A~ 60ms for the examples of fig. 1, a
value 8 times greater than the relaxation time 7. The
value of A\ depends on the initial Weisenberg number
Wio =407, (Jo is the initial shear rate given by the initial
plateau value of the velocity) and while it is small below
Wi, ="4,7, it increases as Wi, increases, goes through a
maximum near Wiy ~ 3, and decreases to values close
to the relaxation time of the solution for large Wi, as
shown in fig. 1(c) where different values of 4o, 7, and T,
have been used. Note here that we have used data from
different polymer solutions and that A depends on how
the velocity changes in the sense that even for an initial
Wio below threshold, if the transient shear exceeds A,
a long time relaxation is observed. While the variation
of A mimics the slowdown of the polymer relaxation time
near the transition [7], the times measured here seem to
be large for large Wi. Collective behavior is probably
important in our case considering the high concentrations
used. Also, the presence of the cylinder wall and the
fact that a shear band, with a large number of stretched

molecules, nucleates in its vicinity [12] is another possible
reason for such differences.

What is the link between such complex dynamics
and the dynamics of polymer conformations? We probe
the microscopic details of the polymer solution through
visualizations of the polymers near the cylinder. We use
the second setup to image the conformations of DNA
molecules, considered as probes of the PEO confor-
mations [12], within the PEO solution during a flow
inversion. As in our previous work, we note U, the critical
velocity to trigger the coil-stretch transition in our setup.
The variation of the velocity, measured at 30 pm from the
cylinder (a location where the polymers are coiled), wvs.
time is shown in fig. 2(A). It starts out at a constant value
above U, and goes from a positive to a negative value in a
time interval of about 10s. The snapshots in fig. 2 display
the conformations of a molecule at different positions
around the cylinder taken at different times during the
flow inversion. This molecule starts out as a small dot far
from the cylinder (coil), starts to stretch abruptly near the
upper stagnation point whose importance for the unwind-
ing of the molecules had been stressed before [12] (images
a and b), and gets further stretched as it travels farther
downstream (image c). Image d is taken at the moment
of inversion showing that the molecule stays stretched
and remains so as it travels backward due to the flow
inversion (image e). This remarkable feature was observed
for a large number of molecules we have analyzed and is
in agreement with previous observations [8]. The polymer
conformation has not relaxed to a coil despite the long
duration of the velocity inversion; the velocity stays below
U. for roughly 2 s which is much longer than the relaxation
time of the polymer solution. Figure 2(B) depicts the
extension of a typical molecule during this flow inversion
showing that it remains elongated for the full time spent
at velocities below U,; this extension is also asymmet-
ric around the point of inversion indicating a hysteretic



Fig. 2: (Colour on-line) T4-DNA molecules near the cylinder at different moments as shown in the schematic and indicated by
letters in A which shows U(t) during the flow inversion. The solid line is a guide to the eye. (B) The extension of the molecule
vs. time. The photographs in d+ and e+ show other conformations seen at positions d and e.

behavior. A variety of molecular conformations is observed
during the flow inversion as shown in fig. 2 (images d+
and e+): simple dumbbell, “squeezed spring”, folded
dumbbell, stem and flower configuration, etc. showing the
complexity of molecular shape relaxation [3]. Such a vari-
ety of conformations as well as the hysteresis observed are
the key features of the slowdown discussed previously [7].

In the stationary flow, the extension of the molecules
depends on the location 6 around the cylinder and the
mean velocity of the flow. In order to take such vari-
ation into account and separate the effects due to the
nonstationary part of the flow from the effects observed
in the stationary case, we use the ratio R defined as:
R= L(6.t) , where L(6,t) is the time

(Lstat(0)—2-Req) g=+2-Req

variation of the molecular extension, R.; ~ 0.8 ym is the
measured equilibrium radius, and L. (0) is the mean
local extension, measured separately from experiments in
the stationary case when U = Ugq¢. This expression takes
two facts into account, first that the extension depends on
the angular position 6 through Lg.+(0) and second that
this length depends on the velocity of the flow which we
assume to be linear for simplicity. We plot the ratio R in

fig. 3(a) using data from 20 molecules reversing at differ-
ent locations around the cylinder. Notice the large varia-
tion, from molecule to molecule, in the temporal dynamics
of the extension. Despite this variety, a trend is obtained
by computing the mean value of ® which is small at the
high velocity end showing that the extension is similar to
the stationary case far from the imposed flow variation,
but increases during the flow inversion and reaches values
as high as 3 or 4 showing that the molecules are much
more stretched than for the stationary case. Histograms
of this ratio for low velocity and high velocity values are
also reported in the inset showing that a high fluctuation
level exists near the flow inversion [5,6] while far from
it, the molecular extensions are close to their station-
ary state. The ratio R is asymmetric around the flow
inversion point and shows a hysteretic-like behavior. To
make a link with the stress measurements, we plot in
fig. 3(b) the dynamic stress of fig. 1(a) to which we
subtracted the stationary stress. This curve presents a
clear elastic storage at 4 =0s"! and shows a hysteretic
effect during the flow inversion. Figure 3 shows that the
nonstationary part of the stress and of the molecular
extension display very similar features: an asymmetry
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Fig. 3: (Colour on-line) (a) Nonstationary molecular extension: thin lines are for individual molecules and thick lines are for
average values. (b) Excess stress vs. shear extracted from the deflection and velocity vs. time shown in the inset. The data are
taken between points A and B where the velocity changes sign as is shown in the inset. The arrows indicate the direction of

the velocity change.

around the flow inversion point and a persistent nonzero
response as the flow vanishes. Since the additional stresses
related to the presence of polymers are directly related to
the molecular extension, we propose that the slow dynam-
ics of the stress relaxation is related to the slow relaxation
dynamics of the molecular conformations.

In conclusion, the behavior of a polymer solution in a
nonstationary flow around a cylinder is dominated by a
long time relaxation both for the stress and the molecular
conformations. The time scale of this relaxation is much
longer than the longest relaxation time of the molecules
or of the solution. While slow dynamics is expected on
theoretical grounds in the vicinity of the coil stretch
transition, our results show that this slowdown occurs
even for high deformation rates and suggest a direct link
between the macroscopic response of a flowing polymer
solution and the behavior of individual molecules.
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