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Spatiotemporal Pattern Modulations in the Taylor-Dean System
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Flow between two horizontal coaxial cylinders with a partially filled gap is investigated for the case
when the primary instability forms a pattern of traveling inclined rolls which is simply periodic in space
and time. Slightly above the onset, there is a second instability which results in a periodic modulation of
the rolls with an axial wavelength of -3 rolls and a lower frequency. Both the traveling inclined rolls
and the -3-ro11-modulation pattern exhibit long-wavelength, low-frequency phase modulations and as-
sociated defects.

PACS numbers: 47.20.—k

The transition to turbulence remains one of the major
problems of nonlinear physics which is still not well un-

derstood. In the last few years, considerable effort has
been devoted to the problem of the formation of cellular
patterns, and their subsequent evolution to disorder, in

fluid systems far from equilibrium such as Rayleigh-
Benard convection and Taylor-Couette flow, as well as
many other hydrodynamic, mechanical, and physico-
chemical systems. ' In such cases, the bifurcation from
the base state occurs via a stationary or an oscillatory in-

stability (Hopf bifurcation). Recently, attention has
been drawn to systems in which the transition from the
base state occurs via a Hopf bifurcation, in which case
the transition to spatial-temporal complexity may be
more accessible for experimental characterization and
theoretical treatment. Such systems include convection
in binary mixtures and in liquid crystals, the Taylor-
Couette system with counter-rotating cylinders, the
Taylor-Dean system, chemical reactions, and plastic
deformation with negative-strain-rate sensitivity.

We report the first observation of an unusual transi-
tion sequence in the behavior of a hydrodynamic system
with well controlled centrifugal instabilities, the Taylor-
Dean system. The system consists of flow between two
horizontal coaxial rotating cylinders with a partially
filled gap. The flow patterns observed depend on the
inner- and outer-cylinder rotation speeds, which we re-
scale as our dimensionless control parameters, the inner-
and outer-cylinder Reynolds numbers R; and R, . De-
pending on the value of R, selected, the flow evolves

upon increasing R; to either a stationary axisymmetric-
roll pattern or a traveling-inclined-roll pattern (Hopf bi-
furcation). We investigate here the behavior of the
traveling-roll pattern when the outer cylinder is at rest
and R; is slowly increased. Just above the onset, a phase
variation in the pattern produces a long-wavelength
modulation and time-dependent pattern defects are gen-

crated. At higher rotation speeds, the pattern undergoes
an unusual periodic short-wavelength amplitude modula-
tion with an envelope size of -3 rolls. While investiga-
tion of different extended one-dimensional systems with
a Hopf bifurcation as the first transition has led to in-
teresting results such as solitary-wave-like behavior'
or isolated patches of traveling rolls, '3 ' we know of no
other system with traveling patterns at onset which un-
dergoes such a short-wavelength modulation. The aim of
this Letter is to present the main characteristics of this
novel traveling pattern, and describe its evolution toward
spatial-temporal complexity.

The Taylor-Dean system may be understood (and dis-
tinguished from the Taylor-Couette system) by observ-
ing that the partial filling of the gap between the
cylinders produces two horizontal surfaces. When the
cylinders rotate they drive the fluid toward a free sur-
face. To reverse the direction of the flow the free surface
induces a pressure gradient along the azimuthal direction
(Fig. 1). As a result, the flow sufficiently far away from
the free surfaces can be regarded as a combination of
Couette flow, from the rotation of the cylinders, and
Poiseuille flow, due to the azimuthal pressure gradient.
The traveling-roll pattern may then arise as a result of
the competition between centrifugal instabilities of the
Couette and Poiseuille components of the flow. '

Our system consists of two horizontal coaxial cyl-
inders, the inner cylinder made of black Delrin plastic
with an outer radius r, =4.486 cm and the outer cylinder
made of Duran glass with an inner radius r; =5.080 cm.
The gap between the cylinders is d=r, —r;=0.594 cm
and the cylinders are independently driven as described
elsewhere. The radius ratio @=0.883 is large enough
for the small-gap approximation to be reasonable.
Teflon rings are attached to the inner surface of the
outer cylinder a distance L =53.40 cm apart, giving an
aspect ratio I =L/d =90. The fluid is water with I k

1990 The American Physical Society 1729



VOLUME 64, NUMBER 15 PHYSICAL REVIEW LETTERS 9 APRIL 1990

FIG. 1. Sketch of the experimental geometry: Corotating
cylinders with a partially filled gap. The front face is defined
to be the one in which the inner cylinder is rotating upward.

Kalliroscope AQ1000 for visualization. We have fixed
the filling-level fraction n ef/2n at 0.75. (The instabil-
ity threshold depends only weakly on n For . n E [0.5,
0.8] the variation of R;, is within the experimental pre-
cision (=1%).)

We define inner- and outer-cylinder Reynolds numbers
as follows: R, =2nf;r;d/v and R, 2', r, d/v, respec-
tively, where f; and f, are the inner- and outer-cylinder
rotation frequencies. The dimensionless control parame-
ter is e=(R; —R;, )/R;„where R;, is the inner-cylinder
Reynolds number at onset of the traveling inclined rolls
for a given R, . The flow-pattern frequencies are scaled
with the inverse of the radial difl'usion time r„=d/v
= 36 s, the wavelengths are scaled by the gap size d, and
the velocities are scaled by the radial diffusion velocity
v/d.

Frequency measurements at a single position in the
flow have been made by the light-reflectance technique
described elsewhere. Spatial information is obtained
using a 28-35-mm variable-focal-length lens to image
the flow pattern onto a 1024-pixel charge-coupled-device
(CCD) linear array. The array is controlled by a
CAMAC module, which also serves as the data gateway
to our PDP-11 computer. This system is able to continu-
ously process up to one frame every 0.07 s. The output
of the CCD camera gives the instantaneous reflected
light intensity along the axis of the cylinders, the maxi-
ma corresponding to roll centers and the minima corre-
sponding to inflow and outflow boundaries. Space-time
diagrams are then produced by displaying intensity
versus axial position plots at regular intervals along a
time axis. We have also used a high-intensity white-light
source to illuminate a thin cross section of the flow to
visualize the internal processes in the structures.

The initial instability to traveling rolls is, within our
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experimental limits, a supercritical Hopf bifurcation.
The intensity of the rolls decreases along the azimuth
such that they are weaker in the rear face than in the
front face. This may be connected to the presence of a
horizontal recirculation roll at the front free surface.
The rolls are inclined -20 from the vertical (Fig. 2).
The wavelength of the rolls along the cylinders' axis is
A. =1.416. At onset the rolls have no preferred direction
and may move either left or right. The direction of prop-
agation is the same as the roll inclination direction.
Light sheet visualization through the gap shows that the
rolls exist near the outer cylinder. Above threshold both
right- and left-traveling rolls may exist separated by a
vertical (noninclined) defect line. The defect line is not
necessarily in the middle of the cylinder axis; in fact, it
moves in an erratic fashion with a velocity of about 50
times less than that of the rolls. Such defect lines are in-

herent to traveling-wave patterns. '

We have measured the frequencies of the traveling
rolls (from power spectra) as a function of R;, as shown

in Fig. 3. Near the onset, for a fixed R„the fundamen-
tal frequency f of the traveling rolls increases almost
linearly with R, . Measurements of the frequency at
diff'erent points along the axis show that for t. =0.013,
and above, there is a local frequency of the pattern. This
can also be seen in Fig. 2 where the phase lines of the
rolls are curved. Close to onset, after either a left- or
right-traveling roll pattern has grown to a length of -30
rolls, a long-wavelength modulation appears which gen-
erates this phase variation. The wavelength of this
modulation decreases from -30 to —10 rolls as R; in-

creases. For e 6 [0.02,0.1] the frequency and roll-
velocity variation becomes strong. High-velocity rolls
occasionally collide with low-velocity rolls, resulting in

the loss of a roll. The collision gives rise to a damped
modulation moving in a direction opposite to the travel-
ing rolls. Roll creation events have also been observed
[as can be deduced from Fig. 2(a)]. Similar roll creation
and destruction events have been observed in binary-fluid
convection' and in electrohydrodynamic systems. '9

Increasing R;, the flow undergoes a second instability
which results in a short-wavelength modulation of the
traveling waves [Fig. 2(b)]. The onset is nonhysteretic,
within our experimental precision of =1%. It manifests
itself as a roll-intensity modulation with a nonsymmetric
envelope of wavelength A=4. 11 and lower frequency f2
of about 0.7 for R, =0. The size of an individual roll
changes as it travels through the modulation envelope.
This -3-roll (short-wavelength) modulation appears for
—45 & R, & 45 with a threshold varying as shown in

Fig. 4. The modulation envelope moves with a velocity
depending on the value of R .

The short-wavelength modulations produce distortions
of each roll along its axis [Fig. 2(b)l. This suggests that
the short-wavelength modulation may be analogous to
the wavy spirals in the counter-rotating Taylor-Couette
system. Given the axial velocities in the data of Fig.
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FIG. 2. Photographs of the traveling-roll patterns viewed from the front face (the top of each view being a free horizontal sur-
face) and their space-time diagrams: (a) traveling-inclined-roll pattern near threshold at R, =263 and R, =0. (b) Short-
wavelength (-3-roll) -modulation pattern at R, 303 and R =0.

2(b), and the 20' inclination angle, there should be =2.9 azimuthal waves. We observe =2 waves in the front face
while the third may remain unseen because of the decreasing intensity of the rolls along the azimuth.

We measured the time-averaged spatial intensity-intensity correlation function of the rolls along the axis for R, 0.
Time averaging of individual spatial autocorrelations was done over a time of =40r, and had the effect of removing the
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FIG. 3. Fundamental and secondary frequencies as func-
tions of R, : fundamental frequency for R, =0 (x ), for R =39
(s ), and the secondary frequency for R =0 (+).
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FIG. 4. Phase diagram (R„R,) for the threshold of the
inclined-traveling-roll pattern, and the short-wavelength-
modulation pattern. The solid lines are guides to the eye.
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FIG. 5. The -3-roll pattern at R, =308, R„=O.The trav-
eling rolls are separated by propagating envelopes which exhib-
it phase modulations and defects.

long-range correlation. Before the onset of the short-
wavelength modulation, the envelope of this correlation
function decreases smoothly within an exponential en-

velope with a characteristic length of about 2.6. After
the short-wavelength modulation appears, the correlation
remains strong only at distances of 3 rolls. This reflects
the varying roll size and apparent strength within a
modulation wavelength. This phenomenon can be con-
sidered as the generation of traveling patches (triplets)
periodic in space and in time separated by periodic lami-

narlike zones. As in the case of the initial traveling-roll
pattern, the roll-modulated pattern may exhibit spa-
tiotemporal defects (Fig. 5). At these and higher R,
values the correlation function drops rapidly to zero
beyond one roll wavelength.

To summarize, for a large-aspect-ratio Taylor-Dean
system, the traveling inclined rolls observed at the onset
of instability, undergo, after the onset of a long-wave-
length modulation associated with defects, a novel short-
wavelength modulation with an axial wavelength of —3
rolls. This modulation may be generated either by com-
peting instabilities in diA'erent layers or by a wavy insta-
bility of the rolls. This short-wavelength-modulation
pattern strongly distorts individual rolls and exhibits a
long-wavelength modulation associated with defects.
This transition to the -3-roll-modulation pattern is not
far from the onset of the primary instability, making this
system a good candidate for investigating the transition
to weakly turbulent states.
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