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Counter propagating waves observed in the Couette-Taylor flow
with flexible polymer solution.
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Abstract

We report the behavior of polyethyleneoxide/water solutions in the Couette-Taylor system when the outer cylinder
is fixed. For low concentrations, Taylor Vortex Flow (TVF) followed by Wavy Vortex Flow (WVF) are observed, as
for Newtonian fluids. For more concentrated solutions the flow undergoes a transition from the base azmuthal Couette
Flow to coupled counterpropagating waves. Above onset, the flow undergoes a transiti on to a chaotic state.

Introduction

A Newtonian liquid can gain viscoelastic
properties by addition of long linear flexible polymer
such as polyethyleneoxide. Polymer solutions are
convenient for experimental studies of viscoelastic
flows as the viscoelastic properties can be tuned hy
varying polymer concentration and solvant properties.

The striking behavior of viscoelastic flows,
compared to Newtonian flows, and their pradicd
importance in industrial processng, where production
rate is often limited by flow instabiliti es, motivated a
large number of studies. The Couette-Taylor flow is
often chose because of its geometrica simplicity and its
diversity of instability modes and turbulent states.

With viscoelastic fluids, various effed are
observed depending o the fluid rheologicd properties.
In particular elastic enough fluids can exhibit "purely"
elastic instahiliti es, which are triggered by elastic efeds
only [1]. More recently Groisman and Steinberg [2,3]
studied the transition from inertial to elastic instability
modes with fixed ouer cylinder by varying the solvent
viscosity (10 to 30 times water viscosity), as elasticity
increases with the solvent viscosity. However in the low
elasticity range they observed that the WVF is replacal
by Rotating Standing Waves (i.e. superposed
counterpropagating spirals). Thisis coined as an inertio-
dagtic dfeds snce spirals are not observed in the
Newtonian case with outer cylinder fixed.

In the present work we report experimental results
obtained by varying the concentration of poly-
ethyleneoxide (8x10° g/mol) in water with fixed outer
cylinder. For low concentrations, the dasdc picture is
observed: TVF followed by WVF. For high enough
concentrations the first instability mode is coupled

counterpropagating waves, which becomes chaotic as
the rotation rate isincreased just above onset.

Experimental setup

The Couette cdl consists of two coaxia horizontal
cylinders. The inner cylinder is made of black Delrin
with aradius a = 4.46 cm. The outer cylinder is made of
Plexiglas, with aradius b = 5.05 cm. The gap widthisd
=b-a=0.59 cmand has alength L = 27.5 cm. Hence
the radius ratio is a/b = 0.883 and the asped ratio is L/d
= 46.6. The inner cylinder is driven by a servomotor
whil e the outer cylinder is kept at rest. Experiments are
conducted at room temperature. For flow visualization,
2% of Kalliroscope AQ 1000 are added. A linea 1024-
pixels CCD camera recrds the refleded light intensity
along the axia diredion. Remrds at regular time
intervals (5 o 10 Hz) compose spatio-temporal
diagrams of flow pattern. The total record time culd be
aslong as 27 min for good resolution of time spedrum.

The polymer solutions are prepared by dispersing
the powder of polyethyleneoxide (PEO, from Aldrich,
M, 0 8x10° g/mol) at the large surfaceof 800 ml of
deionized water in a flat and low height vessl. Three
days at rest are dlowed for dissolution, and a fina
homogenizaion stage with a magnetic shaker is
conducted before the solution is used. Concentrations
from 50 ppm up to 700 ppm were prepared. Viscosities
of the solutions under imposed shea-rate were
measured with a Contraves Low Shea 30 and a
Reologica StressTedh, and range from 1.1 mPas to 12.4
mPas. The overlap concentration is estimated to ¢ [
370 ppm. The first normal stress difference was too
wek to be accurately measured (¥; < 1.1x10° Pas?).



The flow system can be described by two control
parameters. the Taylor number

1/2
Tay = pQad <£l>

o a
where Q isthe rotation speed of the inner cylinder, p the
fluid density and o the dynamic viscosity for vanishing
shea-rates, and the solution concentration c.

Results

- For concentrations between 0 and 400 ppm we
have observed the wusual bifurcaions squence
azmuthal Couette Flow (CF) -> TVF -> WVF. No
spiral flow are observed above. The wavenumber at
onset of the TVF or WVF does not deviate from the
Newtonian case.

- For 450 ppm the Taylor Vortices oscill ate very
wely. No significant amplit ude increase of those weak
oscill ations is observed even far from the onset.

- For 500 ppm up to 700 ppm the flow undergoes a
transition from the CF to a flow with a particular
standing waves pattern (Fig. 2). This flow occurs at
lower onset than TVF (Fig. 1). The wavenumber at
onset is Smilar to the TVF case.
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Figure 1: Diagram of lower instability modes observed
for diff erent concentrations.

Signal analysis of the standing waves patterns
showed that two counterpropagating waves are present,
with equal frequency f but opposite wave number +q,
together with a spatial but time invariant 2q mode, and a
tempora but space invariant 2f mode. At onset those
harmonics modes dominate the fundamental ones (Fig.
3-a). The situation is reversed above onset. Less than
10% above onset, some defeds appear (Fig. 2-c) and
make spedrum peeks broader (Fig. 3-b). When the
rotation speed is further increesed defeds are more
numerous and dive the flow to disorder (Fig. 2-d).
Relatively turbulent flow state @an be reached (Fig. 2-€),
for which no peak is observable in the frequency power
spedrum. We noted that fundamental frequency
deaeases above onset (Fig. 4) in contrast with the

frequency of WVF.
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Figure 3: Frequency power spectrum for the standing
waves patterns at onset and for Tag above onset (¢ = 700

ppm).
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Figure 4. Variation o the fundamental frequency for
WVF and standing waves above onset.
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Figure 2: Spacetime diagrams for diff erent patterns observed in a solution with ¢ = 700 gom.



Discussion

The small stabili zation visible for 150 ppm or less
on Fig. 1 is too weak compared to experimental
uncertainty to be considered as significdive. For higher
concentration, part of the destabili zation is medhanicaly
due to shear-thinning behavior of PEO/water solutions
which lowers the viscosity. This is particularly sensible
for concentrations greaer or equal to 500 ppm (Fig. 5).
If we compute an effedive Taylor number with the
shea-viscosity at the experimental onset, the Taylor
number for 500, 600 and 700 ppm is 48, 44 and 40
respedively. Thus only a limited destabili zation is
observed.

The standing waves pattern at onset are dominated
by harmonics. This leads to the grid asped of the
pattern (Fig. 2-a). Such a phenomenon was not observed
in previous works [2,4] where the waves at onset are
superposed counterpropagating spirals. Hence the
patterns flow at onset are remarkably different.

Another remarkable charaderistic is the deaease
of the fundamental frequency f above onset. We did not
observed any evidence of a change of the aimuthal
wave number. Furthermore such change would lead to a
jump in Fig. 4. This suggests that the wave azmuthal
phase speed decreases above onset while the inner
cylinder speed increases, unlike what is observed for
WVF. It is dso nded that the transition to the
counterpropagating waves mode is observed for
concentrations higher than the overlap concentration ¢,
i.e. for semi-dil ute solutions.

Figure 5: Dynamic shea viscosity for 500 to 700 ppm
PEO/water solutions.

Conclusion

The Couette-Taylor flow with outer cylinder at rest
can exhibit a different instability mode for semi-dilute
solutions of polyoxyethylene (8x10° g/mol) in water
compared to Newtonian fluids. The flow undergoes a
dired transition from the base azmuthal Couette Flow
to coupled counterpropagating waves. Comparable flow
patterns were dready reported for inertio-elastic
Couette-Taylor flow, but previously unreported
charaderistics were observed in the present work: the
coupling of the counterpropagating waves dominates the
flow at onset but not above, the fundamental frequency
deaeases above onset.
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