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Spatiotemporal Intermittency in Rayleigh-Benard Convection
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The transition to spatiotemporal intermittency has been experimentally studied in Rayleigh-Benard
convection in an annular cell. The dynamics of the system has been analyzed by computation of the sta-
tistical distribution of turbulent and laminar regions. The results, which display features typical of phase
transitions, are similar to those found in systems of coupled maps and in partial differential equations.

PACS numbers: 47.25.Qv, 05.70.Jk

The transition to spatiotemporal chaos is a problem of
great current interest that has been theoretically studied
in systems of coupled maps' and in partial difl'erential

equations (PDE). One of the typical chaotic regimes
presented by these two mathematical models is spa-
tiotemporal intermittency. It consists of a fluctuating
mixture of laminar and turbulent domains with well-

defined boundaries. Such a behavior appears also in

some cellular automata.
Qualitative experimental observations of this phe-

nomenon in Rayleigh-Benard convection and in

boundary-layer flows have been reported; however, to
the best of our knowledge, no quantitative characteriza-
tion is available. We report here a statistical analysis of
the onset of spatiotemporal intermittency done in an ex-
periment on Rayleigh-Benard convection. Our results,
which display features typical of phase transitions, are
similar to those recently obtained by Chate and Manne-
ville in numerical simulations of a PDE and by Kaneko
in systems of coupled maps. "

The system of interest is an annular fluid layer
confined between two horizontal plates and heated from
below. When the temperature difference AT exceeds the
threshold value ATc a steady convective flow consisting
of radial rolls (roll axes along radial directions) arises.
With the annular geometry the spatial pattern has
periodic boundary conditions. Furthermore, the sizes of
our cell constrain the convective structure to an almost
one-dimensional chain of rolls.

The inner and outer diameters of the annulus are 6
and 8 cm, respectively, and the depth of the layer is 1

cm. The lateral walls are made of Plexiglas, while the
bottom and top plates are respectively made of copper
and sapphire. The upper plate, which allows for optical
inspection, is cooled on its top by a circulation of water
whose temperature is stabilized by a thermal bath. The
copper plate, which has its upper surface polished and
covered by a nickel film, is heated by an electronic cir-
cuit that stabilizes AT. The cell is enclosed in a stabi-
lized temperature box. The stability of AT is about ~ 1

mdeg C. The working fluid is silicone oil with a Prandtl
number of about 30. The critical value of AT at the on-

set of convection is AT, =0.06 C.

For quantitative analysis, we use a technique based on
the measurement of the deflections of a laser beam that
sweeps the fluid layer. The principle of the method has
already been described elsewhere and applied to the
study of the convective motion. The actual setup pro-
vides the possibility of measuring, with a twelve-bit reso-
lution, the two components of the thermal gradient
[(I/r) [8T(r, 8,t)/88], 8T(r, 8, r)/Br] averaged along the
vertical direction, in the polar coordinate reference
frame r, 8. The accuracy of the measurement is about
7%, the sensitivity 0.01 C/cm, and the spatial resolution
about 1 mm.

The space-time evolution of the system has been
characterized by use of u(8, t) =(I/rp) [8T(r0,8, r)/a8],
that is the component of the temperature gradient per-
pendicular to the roll axis. The function u(x, t), where
x =8/2z, is sampled at 128 points in space on the circle
of radius ro =3.6 cm. When the regimes are time depen-
dent u(x, t) is recorded for at least 5000 times at inter-
vals of 1 sec, that is about ]'0 of the main oscillation
period of our system.

Analyzing the fluid behavior as a function of
rl =8 T/AT„we observe that, for q around 1, the spatial
structure has 24 rolls. This number increases with rl and
reaches 38 at ri around 200. The spatial structure
remains stationary for g & 183 where a subcritical bifur-
cation to the time-dependent regime takes place. For
ri~ 183, the time evolution is chaotic but, if we reduce

q, the system presents either periodic or quasiperiodic os-
cillations, and at ri =152 it is again stationary. In the
range 152& ri &200 the time dependence consists of
rather localized fluctuations that slightly modulate the
convective structure, which maintains its periodicity.
The detailed analysis of this behavior will be reported
elsewhere.

The regime to be described in this Letter begins at

g =200. A typical example of the space-time evolution
of u(x, r ) in this regime at ri =248 is reported in Fig. 1.
It presents at the same time several domains where the
spatial periodicity is completely lost (we will refer to
them as turbulent) and other regions (that we call lami-
nar) where the spatial coherence is still maintained. In
the turbulent domains the time evolution is characterized
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with I), =247 ~ 1 and rn I =117~ 2. This equation
shows the existence of a well-defined threshold r), for the
appearance of an exponential decay in P(x). Besides,
we see that the characteristic length 1/mp diverges at
Ii rb. However, for I) ~ 247, we find that the minimum
of mp is of the order 1 as it should be expected because
1/mp cannot be bigger than the size of the system. '

Indeed the curvature for lnx & —1, in Fig. 3(a), is relat-
ed to this finite-size effect.
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FIG. 4. (a) Dependence of rn on a at r) =263 (crosses) and
rl =310 (triangles); solid lines are obtained by a best fit with
Eq. (1). (b) Dependence of m) on rI; the different symbols
pertain to different sets of measurements done with either in-
creasing or decreasing n. The solid line is obtained from Eq.
(2).

with ap=(0.87+ 0.06)'C/cm, independent of ri. The
values of m versus a at @=310and @=262 are report-
ed in Fig. 4(a) on a semilogarithmic scale. For a
& 0.4'C/cm there are no experimental points because at

very small a the following problems arise: (i) The am-
plitudes of weak laminar oscillations are above the
cutoff, and therefore our method is not able to discrim-
inate between turbulent and laminar domains; (ii) very
long time series are needed to have reliable statistics be-
cause the probability of finding laminar regions de-
creases on reduction of the cutoff; (iii) the measurements
are affected by the experimental noise. By doing a linear
best fit of the experimental points for a & 0.4'C/cm we
can extrapolate the measurement to a 0 thus obtaining
rnp(rl). The dependence of mp(ri) as a function of rl is
reported in Fig. 4(b). The linear best fit for ri & 246 of
the points of Fig. 4(b) gives the following result:

Then, in the range 200 & ri &400, P(x) is very well
approximated by

P(x) =(Ax "+8)exp[—m(a, g)xl, (3)

where m (a, Il ) is given by (1) and (2) and p has the pre-
viously determined value. A and 8 are instead free pa-
rameters that can be very easily determined. It is possi-
ble to fit our experimental P(x), in the range 0.4'C/cm
& a & 3 'C/cm, with A = 10,8=4 Ir 10 for ri & rl„and
8 0 for ri & rb. The solid curves in Figs. 3(a) and 3(b)
are obtained from Eq. (3).

The feature of P(x) displayed by Eqs. (2) and (3) are
typical of phase transitions. ' ' Therefore, since the
transition point rb is very close to the point where spa-
tiotemporal intermittency sets in, we may conclude that
the transition to this behavior is a phase transition.

The main features of P(x) for ri~ rl, qualitatively
agree with those obtained in coupled maps" and PDE
in spatiotemporal intermittent regimes. Of course these
models do not reproduce the values of the nonuniversal
exponents in Eqs. (2) and (3)."

The observation of a power-law decay of P(x) in the
range 200& ri & rl, may give useful information for the
construction of a phase-transition model' for spatiotem-
poral intermittency. However, below rl„no detailed
theoretical analysis of P(x) performed in coupled maps
and PDE's seems to be presently available. Thus to
strengthen the reliability of the measured features of
P(x) we have also computed the distribution P(r) of the
laminar regions that last a time r. We observe that P(r)
has a functional dependence on r formally equivalent to
Eq. (3). More specifically, below threshold we find in

the same range of n an algebraic decay with the same ex-
ponent. Furthermore, to verify the influence on the final
results of the criteria chosen to distinguish between lami-
nar and turbulent regions, we have performed again the
calculation of P(x) using the peak-to-peak amplitude
measured on the mean spatial period instead of the tem-
poral one. No appreciable change in the behavior of
P (x ) has been noticed.

Summarizing, the onset of spatiotemporal intermit-
tency, in Rayleigh-Benard convection of a medium-
Prandtl-number fluid in an annular cell, displays features
of a phase transition. Although many aspects of this
phenomenon are still to be investigated, the analogy of
the behavior of our system with that observed in coupled
maps, PDE, and some cellular automata suggests that
these models may be very useful to understand the gen-
eral features of spatiotemporal intermittency.
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