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Turbulent bursting and spatiotemporal intermittency
in the counterrotating Taylor-Couette system

Peter W. Colovdasand C. David Andereck
Department of Physics, The Ohio State University, 174 West 18th Avenue, Columbus, Ohio 43210
(Received 15 July 1996

Turbulent bursting that is intermittent in time and space occurs in the Taylor-Couette system when the
cylinders rotate in opposite directions. We show, through an analysis of the turbulent fraction and the size
distributions of turbulent and laminar domains, that the Taylor-Couette system behaves differently than pre-
viously explored systems exhibiting spatiotemporal intermittency. Finally, we consider the analogy linking
spatiotemporal intermittency with second order phase transiti@i€63-651X97)00803-9

PACS numbefs): 47.27.Cn, 47.20.Ky, 47.52]

[. INTRODUCTION Turbulent bursts occurring in Taylor-Couette flow, the
flow between two concentric rotating cylinders, were ob-
Spatiotemporal intermittenc{STI) is a state of extended served by Cole$15| and were further characterized by An-
pattern forming systems in which turbulent and laminardereck, Liu, and Swinnej16], who catalogued the various
patches coexist at a fixed value of the control parameter. Thigatterns in the Taylor-Couette system. A photograph of the
behavior has been observed in a variety of systems. Thedursts is shown in Fig. 1. Until recently, however, this flow
retical studies include systems of partial differential equaregime had been noted merely as an interesting precursor to
tions (PDE’s), such as the damped Kuramoto-Sivashinskyspiral turbulence, the barberpole pattern of intertwined heli-
equation[1], coupled map lattice§2—5], and cellular au- cal turbulent and laminar regions described by Feynman in
tomata [6]. Experimentally, STI has been observed inhis lectured17]. Numerical work by Coughlin and Marcus
Rayleigh-Baard convection, in both narrow channdld  [18] may provide a mechanism for the bursting behavior
and annuli[8]. It has also been observed in the horizontalobserved here, as well as other bursting phenomena observed
partially filled gap between eccentric cylinddthe printer's by Hamill et al.[19], in Taylor-Couette systems with lower
instability) [9], in the wetting of the internal surface of a radius ratios.
single rotating horizontal cylinder, in the Faraday experiment

[10-12, and most recently in the Taylor-Dean systgt8]. Il. EXPERIMENTAL APPARATUS AND PROCEDURES
These systems are all essentially one-dimensional extended ) ) )
systems(except for the Faraday experimgnivhich exhibit The experimental system is a concentric Taylor-Couette

complex spatiotemporal dynamics. Recent studies of ST@pparatus with the two cylinders driven independently. The
have concentrated on exploring the conjecture of Pomeatfdius of the outer cylinder,=5.96 cm, while that of the
[14], which suggests an analogy between STI and a secorifiner cylinder r;=5.26 cm. The width of the gap is
order phase transition in thermodynamic systems, similar t6=ro,—r;=0.70 cm, the radius ratiy=r;/r,=0.882, and
that occurring in directed percolation. the aspect ratid'=1/d=70, wherd is the axial length of the
The nature of the STI transition is that above a criticalSystem. The conditions at both ends of the apparatus are
value of the control parameter there appear in the systerfixed, with the end rings attached to the outer cylinder. We
turbulent patches in a “laminar” backgrourfdhat is meant used three fluids in the system over various runs, water,
by “laminar” will be described below: In the usual analogy,
these turbulent patches are assumed equivalent to the “ac-

S

tive” or “contaminating” state in directed percolation, & o O
while the laminar background is the “passive” or “absorb- = - -
ing” state. The population statistics of these states have been = &3

used to characterize the transition to turbulence via spa- | o —
tiotemporal intermittency and to show that the behavior ap-
proximates a second order phase transition. Previous experi-
ments have shown that the numbers resulting from such a
statistical analysis differ across the systems showing STI, so
that the transition may not exhibit universality. In this paper
we examine states of flow between concentric cylinders
which rotate in opposite directions, and show that they ex-
hibit the essential characteristics of STI.

(@) (b)
*Present address: Anderson Consulting LLP, 3773 Willow Road, FIG. 1. Photograph of turbulent bursts in laminar background,
Northbrook, IL 60062. for R,= —1650,R;=556.
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FIG. 2. Reduction of space-time data for the state pictured in Fi@ Raw data as recorded by 1024 pixel CCD caméspbinarized

plot showing turbulenfdark and laminar(white) domains.
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FIG. 3. Turbulent fraction f; plotted against e for 0 | 1 2 3 4 5 6 7
R,=—-1150(+), -—1450(dJ), -16500), -—1850Q), and In(/)
—1950(X). ey=0.052 for allR,, and the increase df; is initially
linear with e.

FIG. 5. Histogram showing the distributid#(l) of laminar do-
mains of lengthl. This example is folR,= — 1450 ande=0.079.

which has kinematic viscosity=0.98x 1072 cn/sec, and  The fit is between the points marked with arrows, and covers a
two glycerol-water mixtures, 28% glycerol by weight, and range inl of two decades.
45% glycerol by weight, which have=2.14x10"? and
3.14x 10 2 cn¥/sec, respectively. Visualization of the pat- frame is taken every 0.14 sec for pure water in the system,
tern in all three fluid mixtures was accomplished by the ad-and every 0.07 sec for the glycerol-water mixtures. A typical
dition of 1% by volume of Kalliroscope AQ 1000 polymeric data file consists of 5000 frames, which is approximately 12
flakes. The inner and outer cylinders are independentlynin of data for the water system, and 6 min for the glycerol-
driven by Compumotor stepper motors, giving two controlwater system. A representative space-time plot of the raw
parametersR,=Q.r,d/v and R=Q;r;d/v, which nondi- data is shown in Fig. @).
mensionalize the outer and inner cylinder speeds, respec- To do the statistical analysis, it is first necessary to distin-
tively. guish between the laminar and turbulent domains in a con-

The (R, ,€) plane is investigated in the following manner: sistent manner. While other groups have used simple
The outer cylinder speed is fixed at the desiRed and then  amplitude-[8] or wavelength{7] based cutoffs to differen-
the inner cylinder speed is increased quasistatically, so thdtate between types of domains, we have chosen another
the system will pass slowly through each flow state of inter-method, one that takes advantage of the abruptly different
est. For eacls where data are to be taken, the system is leficharacter of the laminar and turbulent states of flow. To this
for 15 min to allow transients to die out. After equilibration, end, we have used a frequency-based differentiation scheme
data are taken with a 1024 pixel linear array charge coupletb distinguish turbulence from laminar flow.
device(CCD) camera, which records the intensity profile of  The procedure is to slide a 16 point window along the
the light reflected by the Kalliroscope flakes, and images a
vertical (axial) line along the middle 21 cm of the system. A
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FIG. 4. Turbulent fractionf; as a function of e for FIG. 6. Variation of laminar decay powegr with €. The R,

R,=—1650. The line is given by~ 640.5¢€. values are as in Fig. 3.
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25 - time-dependent state. For a Couette system with our value
for n, there is a range dR,, —1000<R,=< —2000, where

the interpenetrating spirals become unstable to a state in
which turbulent spots appear in the spiral background, for
e>er. As € is increased, the background spirals become
more faint, until the spots appear to coexist with a featureless
background. Ase increases further, the spots begin to ar-
range themselves into a spiral structure, until at the point
€= egt the turbulence becomes arranged into spiral turbu-
lence, which has been well described elsewhere
[15,16,20,2] The state of turbulent bursting bears a remark-
+ able resemblance to the spatiotemporally intermittent states
described above, and its further statistical analysis is the
main subject of this paper.

00 o1 02 03 04 05 06 07 08 Closer observation of the system in the turbulent bursting
regime reveals two distinct processes occurring. In the first,
appearing just above the onset of S&4;,, turbulent spots

FIG. 7. Correlation length as calculated from the binary data?'® generated _spontaneously from perturbations in t.h? IPS
representation foR,= — 1650. The lines indicate the divergence of SFate, as descrlbe_d_ by_Co_IE]SS]. These spots are of f_|n|te
the correlation length and the increase in coherence due to spirgiZ2€ @nd have a finite lifetime, and there may be periods of

turbulence. The vertical line marks the approximate onset of spirafime during which no turbulence is seen in the system. At
turbulence. higher values ofe turbulent domains are always present in

the system, and they spread and move around the system in a

time direction, checking the spectrum at each point againstay that is reminiscent of directed percolatid], although
three Fourier frequencies; if all three are above an arbitrarjere is some question as to whether STl falls into the same
cutoff, then the first point is marked turbulent. The threeuniversality clas$22,23.

frequencies used to discriminate are chosen by comparing 16 Using the binary representation of the data, we first cal-
point power spectra from laminar domains against thos€ulate a time averaged spatial turbulent fractisimply re-
from turbulent domains and using the three peaks which aréerred to as the turbulent fractiofy), which serves as the
most prominent in the turbulent domain. The results of theorder parameter in the phase transition analdgys plotted
data reduction are shown in Fig(k?, where the turbulent across the range @&, where STI occurs in Fig. 3. The plot
regions are dark, and the laminar regions are white. The redf fr shows that bursting in the system begins near
sults of this procedure are verified by eye, to be certain tha¢r=0.04, independent oR,. The turbulent fraction rises

all significant features have been accounted for. linearly with increasinge for each value oR, until crossing
into spiral turbulence, indicated in Fig. 3 by a flattening of

the turbulent fraction curves. The linear nature of the in-
crease is shown fdR,= — 1650 in Fig. 4. The value ofg7is

The base flow in the counter-rotating Taylor-Couette systoughly given byegr=0.41- 0.000 16R,|. The increasing
tem is a featureless state known as Couette flow, a twoslope off; with increasingR, is consistent with the narrow-
dimensional purely azimuthal flow caused by the cylindersing of the range o& where bursts occur, as illustrated in Ref.
pulling the fluid around the annulus. The flow is divided by a[16].

20

IIl. OBSERVATIONS AND ANALYSIS

nodal surface at r,, which is defined by Following the analysis of Chatand Manneville[1], we
vg(r=rn,¢,21)=0. Flow within this surfacer(<r,) is lin-  have also calculated from the binary data representation the
early and centrifugally unstable to the formation of interpen-distribution of laminar lengthN(l) of length | (Fig. 5.
etrating spiral vortice$lPS) above a certain valuB;=R;., Starting just above the transition poiat, this distribution is

which differs for different values oft=R,/R;. Outside the characterized by an algebraic dechif))~1~#, for all val-
nodal surface the flow is stable. We express our results imes of R, and € where turbulent bursts are observed. The
terms of a reduced inner cylinder Reynolds numbemagnitude ofu increases with increasing and increasing
e=(R—Ri.)/Ri., so thate=0 at the transition to the first |R,/, as shown in Fig. 6, with dependence

TABLE I. Summary of exponents characterizing STl in various experimental systems.

Experimental system B s ag v v'
Convection in annulug8] 1.9+0.1 0.5

Convection in channdl25] 0.3+0.05 1.6-0.2 0.50+0.05

Convection in annuluf25] 1.7+0.1 ~0.50

Roll coating systeni9] 0.45+0.05 0.63-0.02 0.50

Taylor-Dean systerfil 3] 1.33+0.26 1.670.14 =0.64 =0.53 =1.20

Taylor-Couette system 1 125 =0.3 =0.4
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u~0.000 73R,|+3.45(— €7). correlation length above=0.3, which coincides with the
A second order phase transition is characterized by aemergence of spiral turbulence in the system.
increase in the order parameter of the fofm-(e— €)', Similar analysis of the lifetimes of the spots shows no

while the order parameter for these states in the Taylordivergence of either the lifetimes of the turbulent spots or the

Couette system increases linearly. Additionally, the statistilaminar spots in the system.

cal analysis done by Chatend Manneville[1] shows a

crossover in the behavior of the distributiblfl) at the criti- IV. CONCLUSIONS

cal pointe., from algebraic decay to exponential decay, i.e., , )

N(I)~e~"m. The lack of a region of exponential decay of Our study of turbulent _burstmg phenomena in a Taylor-

N(1), coupled with the linear growth df;, would seem to Cou_ette apparatus of radius ratip= 0.88 ha§ revealed be-

indicate that the turbulent bursting present in the Taylor-navior that resembles the spatiotemporal intermittency ob-

Couette system is not evidence of a transition via spatiotens€rved in other quasi-one-dimensional systems, namely, the

poral intermittency. However, Grassberger and SchreibefiStribution of laminar domainsi(l) just aboveer, and the

[23] have shown that the nature of the transition may beeXistence of an order parametir which shows an abrupt

changed by the emergence of other coherent structures in tifgnsition ater=0.052. A divergence of the correlation

system. In this case, the barberpole structure of spiral turbdength may also be present, and provides some evidence that

lence may be involved. thg transition is d|sturpeq by _the large scale coherencg of
An explanation of the finite width of the spirals in spiral spiral turbulence. A similar divergence of the corre_lat|on

turbulence has been given by Hegsetral. [20] and Hayot length has also been reported by Degeral. [13]. We list

and Pomea{i24]. They describe the behavior as an effect ofthe exponents characterizing various intermittent systems in

the pressure induced backflow due to the azimuthal and axidi@ble I, and note that all of these systems exhibit character-

confinement of the system. It is believed that the saméStics of STI, although the exponents differ from system to

mechanism is responsible for limiting the size of the spots irfyStem. This seems to support the arguni@6t13 that the

the bursting staté25]. properties 'of the “laminar” state play a nontrivial role in the
To explore the existence of a hidden phase transition wéhanifestation of STI. o

examined the behavior of the spatial correlation length as While our study has concentrated on the statistical aspects

calculated from the binary data representation. The correldf the turbulent burst state, other recent woti8] has de-

tion function is of the form scribed a possible mechanism for the generation of the tur-
_ _ bulent bursts themselves. These may be produced by an azi-
([I(z+x,0)][1(z,1)]) muthally traveling modulation near the nodal surfacer
Cp(X)= > : which extends into the region>r, as the amplitude of the
(H(z,H)%)

spiral instability grows larger. This triggers a burst through a
shear instability, which then draws energy from the laminar
outer region. When the burst depletes the energy of the outer
region, it collapses, and the process begins again. This insta-
bility may be responsible for creating a “pre-STI” region,
which has also been observed in studies of spatiotemporal
intermittency in Rayleigh-Beard flow in an annulu$26].

This “pre-STI"” region results in a turbulent fraction which
also appears to grow linearly.

wherel is zero for a laminar point, and 1 for a turbulent
point. Figure 7 shows the correlation length for
R,= —1650. Although the scatter in the data increases sig
nificantly abovee=0.3, behavior suggesting a divergence of
the correlation length is visible, centeredeat 0.22, which is
near the onset point for spiral turbulence. Thdependence

of the correlation length is given b)§~(ec—e)V' for
e<e., and &~(e—e.) ” for e>e;.. In our system,
v'=0.3 andv=0.4. This is evidence that a phase transition
may be present in the system, but is modified by the appear-

ance of the large scale organization of spiral turbulence in We would like to acknowledge |. Mutabazi, P. Marcus,
the system. Figure 7 also shows a steady increase in thHd. Degen, and Y. Pomeau for their thoughts and discussion.
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