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Secondary instability mode of a roll pattern and transition to spatiotemporal chaos
in the Taylor-Dean system

Patrick Bot, Olivier Cadot, and Innocent Mutabazi
Laboratoire de Me´canique, Universite´ du Havre, 25, Rue Philippe Lebon, Boıˆte Postale 540, F-76058 Le Havre Cedex, France

~Received 22 September 1997; revised manuscript received 26 May 1998!

The secondary instability mode and transition to a weak chaotic regime in a one-dimensional roll pattern
have been investigated in the Taylor-Dean system. The spatiotemporal modulation of a roll pattern, called a
triplet state in Phys. Rev. Lett.64, 1729~1990!, is quantitatively characterized using the demodulation tech-
nique by the Hilbert transform. A triplet pattern arises from the primary structure by a periodic modulation of
the phase both in space and time. The amplitude of the modulation, chosen as an order parameter, has been
measured, and it grows as a square root of the reduced control parameter. The correlation length and time of
the triplet pattern are maximal near the threshold, and decrease to values comparable to the size and period of
a triplet in the chaotic regime. In the chaotic regime, regular oscillations of triplets are observed with a finite
frequency, suggesting a phase modulation of the triplet pattern itself.@S1063-651X~98!02209-0#

PACS number~s!: 47.20.Lz, 47.27.Cn
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I. INTRODUCTION

Pattern formation in nonlinear systems remains one of
challenging problems of contemporary physics@1,2#. Sys-
tems maintained far from thermodynamic equilibrium by e
ternal stresses show surprising organized structures, w
may undergo successive transitions leading to chaos or w
turbulence. Each transition may be associated with a bro
symmetry of the system@1,2#. The prototypes of such non
linear systems are Rayleigh-Be´nard convection and Taylor
Couette flow@3–6#, which have been largely investigated b
different experimental, numerical, and theoretical tools@1,2#.
While transition scenarios to weak chaos in small size s
tems have been well defined@1#, recent developments hav
been much concerned with spatially extended systems w
exhibit spatiotemporal chaos that does not possess univ
transition sequences. Depending on the control param
and on the base state, an extended system can unde
transition to either a stationary or an oscillatory pattern. E
tended systems with a first instability giving an oscillato
pattern are of particular interest, since the transition to spa
time chaos occurs not far from the onset of the primary
furcation @1,2#. They are then more accessible to an eas
modelization, which can allow a comparison between exp
mental and theoretical results. A transition to oscillatory p
tern has been observed in Rayleigh-Be´nard convection in
fluids with small Prandtl numbers Pr@7#, in convection with
binary mixture fluids @8#, in Taylor-Couette flow with
counter-rotating cylinders@9#, in a Taylor-Couette system
with an axial flow@10#, or in the Taylor-Dean system@11#.
These observations in one-dimensional systems have
explained using the framework of the complex Ginzbu
Landau equation@12# and the Kuramoto-Sivashinsky equ
tion @2#. Spatiotemporal patterns observed in different e
tended systems exhibit interesting features such as loca
defects, isolated patches of traveling waves, holes@13#, or
solitons@14#.

Recently, the Taylor-Dean system has been the subje
PRE 581063-651X/98/58~3!/3089~9!/$15.00
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intense investigations because it exhibits a large variety
patterns@4,11,15,16#. The base flow may undergo a trans
tion to either stationary Taylor-Couette and Dean modes
oscillatory modes of traveling rolls@17#. Under external forc-
ing, it can exhibit a standing roll pattern@18#. In contrast
with the Taylor-Couette system@5#, the system does not hav
rotational symmetry around the cylinder axis. In fact, a p
tial filling of the gap produces two horizontal free surfac
that induce a pressure gradient along the azimuthal direct
Far from the cylinder ends, the base laminar flow is stati
ary and contains two flow parts: a recirculation zone near
free surfaces where the velocity field has two compone
and a bulk flow in which the velocity field has only an az
muthal component@19#.

Previous experimental studies of the Taylor-Dean sys
@11,15# mainly characterized the primary pattern of traveli
inclined rolls; a qualitative description of the short wav
length modulation~called triplet! was given in Ref.@15#. In
this paper, we give quantitative results about this transiti
together with a qualitative description of higher instabili
modes. The secondary instability is confirmed to be a sup
critical transition with an order parameter that has been m
sured. For higher values of the control parameter, the mo
lated pattern exhibits spatiotemporal defects and oscillati
leading to a spatiotemporal chaos.

The paper is organized as follows: the experimental s
tem with data acquisition and analysis tools is described
Sec. II. Section III addresses the description of results
are discussed in Sec. IV and Sec. V contains the conclus

II. EXPERIMENTAL SYSTEM

A. Description of the system and data acquisition

The considered Taylor-Dean system is similar to that u
by Mutabaziet al. @15#. Briefly, it consists of two horizonta
coaxial cylinders partially filled with water. The inner cylin
der is made of black anodized aluminum~for a better visu-
alization contrast! with a radiusa54.46 cm. The outer cyl-
3089 © 1998 The American Physical Society
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3090 PRE 58PATRICK BOT, OLIVIER CADOT, AND INNOCENT MUTABAZI
inder is made of glass with a radiusb55.08 cm~Fig. 1!. The
gap between the cylinders isd5b2a50.62 cm over a
length L555 cm. Hence the system has a radius ratioh
5a/b50.878, and an aspect ratioG5L/d590. The filling
level angleu f is chosen asu f /2p50.7.

The inner cylinder is rotated by a dc servomotor which
driven by a PC, while the outer cylinder remains fixed in t
laboratory frame. Thus the only control parameter is
Reynolds number relative to the inner rotating cylinder d
fined as Re5Vad/n, where V is the cylinder angular fre-
quency andn the kinematic viscosity of the fluid.

The precision on the geometric dimensions and on
rotation frequency is better than 0.5%. Therefore, the m
error on the control parameter Re comes from the visco
fluctuations with temperature. During experiments, the te
perature has been measured, and we estimated the u
tainty on the control parameter to beD Re/Re;1%.

Teflon rings are attached at the ends of the inner sur
of the fixed outer cylinder in order to reduce the effects
Ekman recirculation. The aspect ratioG590 is large enough
to consider the experimental system as an extended sy
@2#; actually more than 70 rolls are observed in the syste
Moreover, the roll intensity vanishes slightly before the en
suggesting that the roll pattern has soft boundaries.

For the experiments, we used distilled water with 1% K
liroscope AQ1000 for the visualization. With a light from
fluorescent tube, the flow was visualized on the front s
~Fig. 1!. To obtain spatial information about the roll dynam
ics, a linear 1024-pixel charge coupled device~CCD! array
records the reflected light intensity distributionI (x) from a
line along the axis of the cylinders, 1 cm below the fr
surface. The recorded length is 30 cm in the central par
the system corresponding to a spatial resolution of 34 pix
cm. The intensity is sampled in 256 values, displayed in g
levels at regular time intervals along time axis to produ
space-time diagramsI (x,t) of the pattern. For a good reso
lution of frequency spectra, acquisitions of 8192 time ste
of 0.2 s were used. Wave-number spectra have been a
aged in time in order to improve their resolution. The da
are processed on a UNIX workstation.

Times, lengths, and velocities are scaled, respectively
the radial diffusion timed2/n;40 s, the gap sized, and the
radial diffusion velocity n/d;0.016 cm/s. All quantities
used in this paper are dimensionless, unless stated di
ently. In experiments, in order to avoid spurious transi
states, we waited 15 min between each variation of the c
trol parameter from 260 up to 340 by a stepD Re52, while
30 min were required before each data acquisition.

FIG. 1. Cross section of the partially filled cylindrical annulus
a horizontal position:a54.46 cm,b55.08 cm. The working length
of the systemL555 cm.
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B. Demodulation and statistical analysis

In order to quantify spatial and temporal variations
wave numbers and frequencies, we performed the demo
lation technique by Hilbert transform@13# of the signal with
respect to time. The real signalI (x,t) is transformed in its
complex equivalent expression as follows:

I ~x,t !5Re@ Ĩ ~x,t !#,

where ~1!

Ĩ ~x,t !5uA~x,t !ueif~x,t !.

In practice, the original signalI (x,t) is first bandpass filtered
in space with a relatively large band~elimination of large-
scale lighting inhomogeneities and small-scale noise!. Then
a temporal fast Fourier transform is computed, and com
nents of negative frequencies are set to zero with a smo
filter. The latter consists of a bandpass filter with a ba
carefully adapted to each pattern, centered on the roll
quency. Afterwards, the inverse Fourier transform of t
truncated signal in the spectral space gives the amplit
uA(x,t)u and the total phasef(x,t). The wave numbers and
frequencies are measured as the spatial and temporal p
gradients:q(x,t)5]f/]x and f (x,t)5(1/2p)(]f/]t).

Statistical analysis of the pattern signal has been p
formed for each value of Re: the probability density fun
tions of local frequencies and wave numbers have been b
over 43105 values of phase gradients. Autocorrelation fun
tions of the space-time signals have been calculated in o
to obtain the correlation length and time of pattern.

III. RESULTS

A. Different states of the pattern

The sequence of states observed in this experimen
shown in Fig. 2. The space-time diagrams and correspon
frequency spectra of patterns observed are exhibited in F
3–7 for different values of the control parameter from t
primary state to chaotic regime. In addition to the roll fr
quency peaks, spectra contain the cylinder frequencyf i be-
cause a few Kalliroscope particles stick to the inner cylind
surface and periodically reflect the light to the CCD array

The primary instability of the base flow occurs at Rc
526062, and gives rise to a pattern of traveling incline
rolls with a definite wave numberq154.860.1 and fre-
quency f 1518.9060.05 corresponding to a drift velocity
vd524.7 at the threshold. As reported in Ref.@11#, the tran-

FIG. 2. Sequence of observed states~Rec526062, Rem5292
62, Re*530763, Re0531563!.
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PRE 58 3091SECONDARY INSTABILITY MODE OF A ROLL PATTERN . . .
sition is supercritical; no hysteresis in the threshold w
found, within our experimental precision, when ramping
and down in the neighborhood of the onset. Localized s
tiotemporal defects~mostly collisions between rolls! have
been observed. A typical space-time diagram of the pat
in the primary state and corresponding frequency spect
are shown in Figs. 3~a! and 3~b!. As the system is extended
a source separating left and right traveling rolls may occu
the pattern just above the threshold of the primary instabil
The appearance of sources and spatiotemporal defects
their density depend strongly on the ramping rate.

At Rem529262, the traveling roll pattern undergoes
secondary supercritical instability@15#. A spatiotemporal
modulation occurs: the roll pattern becomes biperiodic
space and time@Figs. 4~a! and 4~b!#. In the space-time dia
gram, the wavelength modulation is characterized by obli
stripes due to periodic variation of the roll size. This mod
lation drifts with a velocity much smaller than that of ind

FIG. 3. ~a! Space-time diagram of a primary roll pattern (R
5272). ~b! Spatially averaged power spectral density (P): roll fre-
quency f 1519.31, f i represents the inner cylinder rotation fr
quency, and the defect induced frequencyf d50.43. The pattern
contains two spatiotemporal defects atx58, t50.5 andx529, t
52.7.
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vidual rolls @Fig. 4~a!#. Visualizations of modulated patter
show that drift velocity and size of rolls change along t
pattern. This modulation is characterized by a wave num
q251.760.1 and a frequencyf 251.1060.05 at threshold.
Figure 4~b! shows peaksf 1 and f 2 and coupling peaks be
tween f 1 and f 2 . The ratioq1 /q252.8 is close to 3, that is
why the pattern was calledtriplet pattern previously@15#.
For higher values of Re, the dynamics of the pattern is g
erned mainly by the triplets, which behave themselves
coherent objects.

For Re.Re*530763 ~Fig. 2!, triplet patterns undergo
long wavelength perturbations resulting in collisions b
tween two triplets@Fig. 5~a!# similar to collisions between
rolls. The frequency spectrum of the pattern with collision
triplets @Fig. 5~b!# contains more noise than the former spe
trum of the periodic triplet regime@Fig. 4~b!#. For Re.Reo
531563, the spatiotemporal diagram contains domains
regular oscillations of the triplets separated by disorde
domains~with defects and sources!. Figure 6~a! shows one of
such regular domains with a third definite frequencyf 3 @Fig.

FIG. 4. ~a! Space-time diagram of a modulated pattern (
5303). ~b! Spatially averaged power spectral density (P): modu-
lation frequencyf 251.06, and its coupling peaks with the roll fre
quencyf 1520.72.
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3092 PRE 58PATRICK BOT, OLIVIER CADOT, AND INNOCENT MUTABAZI
6~b!#. When Re increases, sources, sinks, triplets collisi
and creation events occur frequently in the pattern@Fig.
7~a!#, and the measurement off 3 becomes difficult as the
pattern frequency spectrum contains a large backgrou
noise@Fig. 7~b!#.

B. Description of the spatiotemporal modulated pattern

Figures 8~a! and 8~b! show the wave-number variations in
space and in time, respectively. The wave number oscilla
with a well defined wavelengthL52p/q2 and periodT
51/f 2 . The amplitude of these oscillations is constant
time and almost constant in space. In the latter case,
fluctuations are due to weak long scale inhomogeneities
the pattern. We have analyzed the histograms of local wa
numbers and frequencies, in order to measure the aver
amplitude of the wave-number oscillations in the who
modulated pattern. This has been determined by the diff
enceDq separating the two peaks:Dq5qmax2qmin ~Fig. 9!.
The peaks aroundqmin andqmax correspond, respectively, to
small and large rolls in the pattern. Similarly, the histogram

FIG. 5. ~a! Space-time diagram of a modulated pattern wit
defects on triplets (Re5312). ~b! Spatially averaged power spectra
density (P) with background noise~f 1521.01, f 250.80!.
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of frequencies exhibit two peaks at frequenciesf min and f max

and yield the amplitude of the frequency variationD f
5 f max2fmin . The peaks’ disymmetry is related to higher ha
monics of the wave-number oscillations, and their width
previously mentioned inhomogeneities@Fig. 8~a!#.

The spatial or temporal variation of frequency and wa
number indicates that the triplet pattern may be considere
a wave envelope with a group velocityvg defined as

vg52p
d f

dq
52p

d f

dxY dq

dx
.

From the data for the wave numberq(x) and the frequency
f (x) just above the onset of the phase modulation, we h
obtained the group velocityvg54.260.4. This value is the
same as that measured directly from the space-time diag
of triplets @Fig. 4~a!#.

FIG. 6. ~a! Space-time diagram of modulated pattern with osc
lations on triplets (Re5326). ~b! Power spectral density (P) with a
background noise shows a peakf 351.93 of the triplet oscillations
~f 1520.80, f 250.83!.
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PRE 58 3093SECONDARY INSTABILITY MODE OF A ROLL PATTERN . . .
C. Variation of frequency and wave number with Re

Figure 10 shows all the measured frequencies~a! and
wave numbers~b! for ReP@260,340#. The frequencyf 1 in-
creases monotonously with Re@Fig. 10~a!#, while the wave
numberq1 is constant within long wavelength perturbatio
@Fig. 10~b!#. Above the onset of modulation (Re.Rem), the
modulation frequencyf 2 and wave numberq2 vary weakly
with the control parameter.

For Re.Rem, we have plotted on the same diagrams e
tremal values of frequency and wave number of the mo
lated pattern. The mean roll frequency isf 1'( f max
1fmin)/2, and f 2 is the modulation frequency that remain
almost constant, whileD f 5 f max2fmin is the amplitude of
frequency modulation and increases with the control par
eter @Fig. 10~a!#. The same observation holds for the wa
numbers.

The oscillations of the triplets have a frequencyf 3 , which
appears to be almost constant with respect to Re in the ra
@315,340#. The frequencyf 3 is not a harmonic off 2 . The

FIG. 7. ~a! Space-time diagram of triplet pattern with defec
and oscillations (Re5343). ~b! Power spectral density (P) shows a
large background noise, in which are immersed peaks of frequ
cies f 1 , f 2 , and f 3 .
-
-

-

ge

wave number associated with these oscillations is not ac
sible from the spectra; it has been estimated from the sp
time diagram. We have found thatq3'0.18 corresponding to
a spatial period of 35 that is close to the visualization leng

D. Pattern correlation length and time

We have measured the correlation lengthj and timet
from the autocorrelation function of the pattern signal. F

n-

FIG. 8. Periodic variation of the roll wave number of the mod
lated pattern at Re5303: ~a! in space with a wavelengthL
52p/q2 , and~b! in time with a periodT51/f 2 . The spatial profile
of the wave number has large-scale inhomogeneities.

FIG. 9. Probability density functions~PDF! of the local wave
number in a modulated pattern at Re5303.



e
te

rc
on
tio

d
o
e
ul
iz
lo
o
h

o
th

,
ift
ol

be
n-

lor-

he

tio-
s

ing

is is

n is
ion
ap-
es

a-
er-

nsi-
the
ber
e
and
pat-

the
e of

3094 PRE 58PATRICK BOT, OLIVIER CADOT, AND INNOCENT MUTABAZI
Re,Rem the correlation corresponds to rolls, while for R
.Rem it is associated with the triplets. In the primary sta
the correlation lengthj'8 ~six rolls!, these data~Fig. 11!
are scattered because of spatiotemporal defects and sou
the pattern@15#. Just before the spatiotemporal modulati
sets in, the pattern has no more defect and its correla
length increases up toj519 ~15 rolls!. The correlation
length and time reach maximal values near the threshol
the modulation. Just above the onset of the spatiotemp
modulation (Re.Rem), the correlation length covers fiv
triplet wavelengths. Before and above the pattern mod
tion, the correlation length remains lower than the total s
of the pattern because of the presence of a source and
scale inhomogeneities. Actually, the size of the pattern
the right side of the source is about 20 triplet wavelengt
The correlation time near Re5Rem is about 13 triplet peri-
ods. Away from the onset, the correlation length and time
the triplet pattern decrease to values comparable with
size or the period of a triplet.

FIG. 10. Variation with the control parameter Re of~a! the
frequency and~b! the wave number.
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IV. DISCUSSION

A. Primary state pattern

The first instability gives rise to traveling inclined rolls
showing the parity breaking of the roll pattern. The dr
velocity of rolls increases almost linearly with the contr
parameter. Both facts suggest that this first transition can
interpreted as a drift instability due to a coupling of the fu
damental mode with its harmonics@20,21#. Similar mecha-
nisms of parity breaking have been observed in the Tay
Dean system with a rotating outer cylinder@22#, and in other
experimental systems such as printer instability@23#.

The frequency of the roll pattern is constant along t
system axis, while the wave number fluctuates aroundq1
54.8 because of pattern inhomogeneities that induce spa
temporal defects@Fig. 3~a!#. In fact, the wave number varie
along the system axis withindq50.25, corresponding to
long scale perturbations of lengthLr52p/dq525, which is
comparable with the size of the subsystem of right travel
rolls. In the spectrum of Fig. 3~b!, we can see a low fre-
quency f d , and related satellite peaks aroundf 1 . These
peaks are due to the presence of defects in the pattern. Th
a typical characteristic of a Benjamin-Feir instability@1#. The
presence of spatiotemporal defects in the primary patter
responsible for the strong fluctuations of the correlat
length and time. No defect has been observed when
proaching the modulation threshold, the pattern becom
phase stable relative to long-scale perturbations@24,25#.

B. Phase modulation

Within our experimental precision, the transition to sp
tiotemporal modulation is supercritical; no significant hyst
esis was found ramping up and down around Re5Rem, in
agreement with previous study@15#. We have quantitatively
confirmed the supercritical nature of the secondary tra
tion. In fact, since this modulation affects the phase of
pattern, we have chosen the amplitude of wave-num
modulationDq5qmax2qmin as the order parameter for th
transition. It measures the wave-number spreading,
therefore the phase perturbation strength to the primary

FIG. 11. Correlation length, as a function of Re: the onset of
spatiotemporal modulation is characterized by a sharp increas
the correlation length of the pattern.
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PRE 58 3095SECONDARY INSTABILITY MODE OF A ROLL PATTERN . . .
tern. For small values of the reduced control paramete«
5(Re2Rem)/Rem, the dependence ofDq with « was fitted
by a power law@Fig. 12~a!#:

Dq52.4q1«0.5060.02.

FIG. 12. Variation with the control parameter Re of the mod
lation amplitude~order parameter!: ~a! wave number,~b! frequency.
Similarly, the amplitude of the frequency modulationD f
5 f max2fmin has a power law behavior@Fig. 12~b!#:

D f 50.3f 1m«0.5060.15,

where f 1m is the roll frequency measured at the modulati
threshold.

As the modulation sets in, the size and the drift velocity
individual rolls change periodically in space and time with
finite wave numberq2 and a finite frequencyf 2 . The fact
that q2 and f 2 do not vary significantly with the contro
parameter Re is a signature that they are inherent to a
ondary instability mode of the pattern. A similar behavi
was observed by Flesselles, Croquette, and Jucquois@13# in a
study of the transition to chaos in a chain of nonline
coupled oscillators.

Close to the onset Rem, the total phase of the periodi
modulated pattern in space and time, traveling to the rig
can be described by the following expression

F~x,t !5v1t2q1x1w~x,t !, ~2!

where

w~x,t !5a cos~v2t2q2x!,

where v j52p f j ( j 51,2) is the angular frequency. Thi
function represents a sinusoidal modulated phase in time
space. The particular casea50 represents the primary stat
Therefore,a is related to the order parameterDq or D f as
follows: a5Dq/2q25D f /2 f 2 . Spatiotemporal plots of the
phase from expression~2! with experimental valuesv1 , q1 ,
v2 , andq2 reproduce patterns very similar to those observ
in experiment@Figs. 13~a! and 13~b!#. The higher harmonics
observed in the phase modulation are not taken into acc
in relation ~2!.

-

FIG. 13. Space-time diagram of a pattern phase:~a! experimental pattern at Re5303; ~b! pattern given by function~2!, for a50.8.
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3096 PRE 58PATRICK BOT, OLIVIER CADOT, AND INNOCENT MUTABAZI
C. Chaotic regime

As the control parameter is increased away from Rem, the
triplet pattern becomes unstable to long wavelength per
bations that lead to spatiotemporal defects on triplets.
have observed that triplet patterns are very sensitive to
turbations from the system boundaries.

The oscillations of triplets may be interpreted as a ph
modulation of the triplet pattern. Figure 6~a! shows that the
oscillations travel to the left when the triplets drift to th
right. Naively, the phase of the pattern could be represen
as follows:

w~x,t !5a cos@v2t2q2x1b cos~v3t1q3x!#, ~3!

whereb is an amplitude of the triplet oscillation. Althoug
the amplitudeb grows with the control parameter, we hav
not obtained satisfactory measurements of this growth
cause the oscillations are observed inside a chaotic regi

The chaotic pattern is characterized by small values of
correlation length and time@1# compared to those of th
whole system, and by a high level of the background nois
the spectra ~Figs. 5–7!. Figures 3–7 show qualitative
changes from discrete to continuous spectra. In orde
quantify this spectra evolution with the control paramet
we define a measure of noise. Since relevant informatio

FIG. 14. Power spectral density (P) of the phase gradient signa
q(t): ~a! in the regular triplet state at Re5303; ~b! in the chaotic
regime at Re5326.
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contained in the phase, we quantify the noise from the sp
tra of phase gradient signal@such as Figs. 14~a! and 14~b!# as
follows:

B5E
0

f N
log10H S~ f !

S0~ f !J d f ,

where f N is the Nyquist frequency,S( f ) is the power spec-
tral density of the phase gradient signalq(t), andS0( f ) is
that of the signal with the lowest noise~in our case at Re
5288!. The background noiseB shows qualitative change
of the pattern dynamics~Fig. 15!: it increases with the con
trol parameter~except in the region where there are no d
fects!. In particular, it grows drastically near Re5Re* be-
cause of the occurrence of defects on triplets. The value*
~;307! corresponds to the transition to a continuous sp
trum, characteristic of a chaotic regime.

The thresholds of successive transitions are close to
threshold Rec of the primary instability; this is a typical prop
erty of patterns in extended systems@1,2#. In fact, the spa-
tiotemporal chaotic regime occurs nearm5(Re2Rec)/Rec
50.2. A further investigation of the chaotic regime by d
ferent tools is underway, especially in the neighborhood
the triplets defects.

V. CONCLUSION

A transition scenario to spatiotemporal chaos in t
Taylor-Dean system with a fixed outer cylinder has be
investigated. The secondary instability of traveling inclin
rolls gives rise to a triplet pattern with finite wave numb
and frequency that vary weakly with the control paramet
This supercritical transition is a spatiotemporal modulat
with an order parameter chosen as the amplitude of the w
number or frequency variation. In modulated patterns, tr
lets are the appropriate basic structures; they undergo in
bilities similar to those of rolls. Spatiotemporal defects a
domains of regular oscillations of triplets have been o
served in the chaotic regime. The correlation length and t
of the pattern become smaller than those of a single trip
The variation of the phase noise with the control parame
indicates qualitative changes of the pattern, and allows
to determine approximately the onset of the spatiotemp

FIG. 15. Variation of the background noise with the contr
parameter: the value Re* separates domains of low and large pha
noises.
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PRE 58 3097SECONDARY INSTABILITY MODE OF A ROLL PATTERN . . .
chaos in the system. For higher values of the control par
eter, the triplet pattern exhibits a large number of defects,
dynamics of which necessitates a detailed investigation.
study leaves open the question of the origin of the spatiot
poral modulation in the Taylor-Dean system. It calls for
theoretical analysis in the phase dynamics framework. Mo
over, the recirculation zone of the base flow may play so
role in the selection of the wave numberq2 .
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