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Experimental study in gaseous helium at low temperature (4 K) of thermal convection up to a
Rayleigh number R=10'". Three regimes are observed, a chaotic state up to R=2.5x105, a
soft-turbulence state up to R=4x10"7, and then a hard-turbulence state. We associate those
three regimes to the boundary-layer formation and dynamics.

We present in this Rapid Communication preliminary
results on a Rayleigh-Bénard experiment in gaseous heli-
um at low temperature (4 K), and very high Rayleigh
numbers (R). As shown by Threlfall! it is possible to cov-
er 11 orders of magnitude in the Rayleigh number, with
very small changes in the Prandtl number, by changing
the pressure inside the cell.? Careful measurements of the
Nusselt number (relative effective conductivity of the gas)
led Threlfall to discover several transitions in the buoyan-
cy state, as previously reported for other fluids by Malkus
and others.? In the experiment presented here, our main
emphases are local measurements of the temperature at
two different points inside the cell in order to characterize
the various transitions. The main results are as follows.
At low Rayleigh number we observe the onset of the oscil-
latory instability* followed by the now well-known routes
to chaos. We label the chaotic state itself in terms of the
attractors correlation dimension. We then observe the
transition to a spatial disorder through the loss of coher-
ence between detectors for R =2.5%10°. At higher Ray-
leigh numbers two successive regimes with slightly
different power laws for the Nusselt number versus Ray-
leigh number are distinguished, the transition in our
geometry being at R=4x107. The time recordings,
power spectra, and histograms of the temperature fluctua-
tions are different for the two regimes. We associate the
two regimes to a laminar and a turbulent boundary layer.

A detailed description of the cell can be found and will
be published.> Let us give only its main spirit. The thin-
wall stainless-steel cell is thermally isolated from the main
liquid-helium bath by a vacuum jacket. It is a vertical
cylinder with equal diameter and height (8.7 cm). The
gas filling tube has a two-meter-long thermalization on
the upper plate before entering the cell and can be closed
near the cell in the helium bath. The upper plate is
thermally regulated by a linear research LR-130 regula-
tion system. The bottom plate is heated with a constant
dc power, using a four-wire method for the precise mea-
surement of power. Both plates are made out of thick
electronic copper with calibrated Ge thermometers in
each.® Two local arsenic-doped silicon far-infrared detec-
tors,” 200 um in size, are used to measure local tempera-
ture fluctuations. The “bottom” one is placed 200 um
above the bottom plate and inside the cell, and half a ra-
dius in distance from the cell axis. The “center’” bolome-
ter is placed right above the bottom one, at equal dis-
tances from both plates (see inset of Fig. 1).
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Figure 1 shows the Nusselt number versus Rayleigh
number dependence up to R =10'!. To span all this range
we have used five different helium densities, whose corre-
sponding pressures are 3, 8.5, 34, 138, and 625 Torr. This
allowed large overlap in the study. The calibration be-
tween upper and lower thermometers was checked for
each pressure, with corrections always inferior to 0.4 mK.
We could thus be confident in results from temperature
differences of AT = 3 mK to AT = 1 K, which represents
more than two decades in R for each pressure. Four
different domains in R number will be presented and are
delineated in Fig. 1: The low R number including the
chaotic state (R up to 2.5%10%); the transition region
where one loses coherence between bolometers (2.5%10°
up to 5%10°%); a first turbulent state, which could be
called ““soft” turbulence and has many of the characteris-
tics of large-aspect ratio-phase turbulence® for R up to
4x107; finally, above this value a transition to a state
showing large intermittency in the center bolometer, and
the beginning of a power law for its spectrum. It could be
associated with a turbulent boundary layer. We call it a
“hard”’-turbulence state.

In the first domain, the onset of convection (R
=5.8x10° for this aspect ratio), the onset of the oscillato-
ry instability (9x104), and the onset of a chaotic state
(1.5%10%) can be easily measured. Figure 2 shows typi-
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FIG. 1. Nusselt number vs Rayleigh number. The domains
for the various transitions are defined. The inset shows a sketch
of the experimental cell, whose height and diameter are 8.7 cm.
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FIG. 2. Time recordings for three different states for the
center bolometer. The time scales are different for each record-
ing. (a) Soft turbulence, (b) quasiperiodicity, (c) oscillatory in-
stability.

cal recordings of the local bolometers signal for the oscil-
latory region (c), and for a quasiperiodic state (b). In all
this region, even in the chaotic state, the coherence func-
tion® between the bottom and center bolometers is close to
one for all significant frequencies. The routes to chaos ob-
served included one through a period-doubling cascade,
but this is by now well documented ' and we shall not de-
tail it. Let us just remark that in this quite large cell, the
signal to noise is above 80 dB, and thus with good stability
and local bolometers, those routes to chaos can be studied
in detail. We have measured the correlation'! dimension
D of the chaotic state. At the onset of chaos D=2 =% 0.1.
It increases rapidly, reaching a value of D=4 at
R=2x105. As the number of points required to calculate
the dimension increases exponentially with the dimension,
the correlation dimension is a useful measure only for a
relatively restricted range of Rayleigh numbers.

At R=2.5x10° the coherence function between our
two bolometers starts to decrease and at R =5x 107 it has
a negligible value. This defines our second domain. The
evolution is quite odd. First the amplitude of the coher-
ence function decreases at low frequency but spreads to a
higher frequency range before disappearing slowly. This
transition region where the coherence between bolometers
disappears, shows that the cell is now stratified with a
different dynamical behavior near the center and close to
the walls. We thus associate this transition with the for-
mation of a boundary layer. Our main evidence for this is
the Nusselt-number (V) evolution in the next domain, the
third one, which goes up to R =4x10".

The Nusselt-number evolution with R is well character-
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ized there by the following curve-fitting formula

N =1+0.096 x R 0-333£0.005 (1)

The linear relation between N and R !/3 is characteristic

of a boundary-layer control flow,'? indicating that the
vertical length scale of the cell is no more relevant.

The power spectra of the two bolometers in this soft-
turbulence regime are similar, with no power law. There
are close to already published data® on large aspect ratio
cells, for low Rayleigh numbers. This suggests that we
have a regime of detached boundary layers at the corners
of the cell.!®> Thus convective rolls germinate near the
corners where an adverse pressure gradient is present, and
this regime is similar to large-aspect ratio phase tur-
bulence.®'* A typical recording is shown in Fig. 2(a).

For R=4x10" a transition to a new state, the fourth
one in our nomenclature, occurs. Let us call it a hard-
turbulence state. It is visible in the slope of the Nusselt
number, which extends on four decades of Rayleigh num-
bers:

N =1+0.2xR0#82£0006 @

Also, the shape of the temperature fluctuations in the
center bolometer, its power spectrum, and histogram are
different in this hard-turbulence state from the soft-
turbulence one. The temperature recordings as a function
of time for the two bolometers are shown in Fig. 3.

The histogram!® for the center probe, the probability
density for the temperature fluctuations, is shown in Fig.
4. Its change of shape clearly reveals the transition. It is
Gaussian-like for the soft-turbulence case [Fig. 4(a)] and
exponential for the hard-turbulence one [Fig. 4(b)]. Also,
the width of the distribution is smaller in the hard tur-
bulence regime. This width decreases, as R increases, fol-
lowing a power law, but the shape remains the same for
the highest R number studied.

We postulate that this is a regime of a turbulent bound-
ary layer oscillating and with abrupt detachment of
thermal plumes, '? which leads to sharp temperature peaks
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FIG. 3. Time recordings for the hard-turbulence state for
R =4x10° (a) Bottom bolometer, (b) center bolometer.
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FIG. 4. Histogram of the time recordings: (a) soft-turbulence regime, (b) hard-turbulence regime. T, — T represents the temper-

ature difference across the cell.

in the center of the cell. Those plumes are localized ob-
jects, while in the soft turbulence, we have extended ob-
jects, the boundary between convective rolls.

The temperature recordings for the two bolometers is
shown in Fig. 3. The center bolometer signal is character-
ized by a distribution of sharp peaks of variable heights.
The bottom signal contains higher frequencies and also a
well-defined oscillation at a frequency 1/¢q, seen all over
the cell, as can be measured from the coherence function
shown in Fig. 5(c). This reemergence of coherence is one
of the striking characteristics of the new state. Figures
5(a) and 5(b) show the Fourier spectra. One sees clearly
that, above the frequency 1/ty, a power law develops for
the center bolometer with a slope —1.4+0.1, and the
power law tends to spread to a larger band of frequencies
as the R number increases. Below 1/fo the spectrum is
flat.
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FIG. S. Power spectra and coherence function for the center
and bottom bolometer in the hard-turbulence state.

Looking at the distribution of the peaks in the center
bolometer signal, we analyzed the time intervals between
peaks, and found two groups in the density of time inter-
vals. In the long-time group a well-developed peak also
shows clearly the time #o. The short-time one could be
characteristic of plumes, whereas ¢y seems to be the
characteristic time of the convective circulation. We have
measured the evolution of 7o with R number and it fol-
lows:

1/10=5.10 "2R /2 in units of /L2 . (3)

To sum up, the model proposed is that the distribution
of peaks seen in the center bolometer, Fig. 3(b), is caused
by thermal plumes emitted from the boundary layer.
Through the stretching and folding of those detached
plumes, by flow advection, the beginning of a developed
turbulent state sets in.

In this experimental study of the transition from chaos
to turbulence, we have in some ways brought together the
two approaches of turbulence. The dynamical system ap-
proach'® is a very good analysis of the onset of disorder, as
one slowly increases the R number starting from the onset
of convection. It is followed by a state where space disor-
der sets in. In this regime, the development of a boundary
layer,'® laminar first and later turbulent,'’ leads to two
distinct turbulent states, in agreement with a wealth of
observations in fluid mechanics,'® and the description be-
comes more statistical in nature.'® One may suppose, but
the experiments have to be performed, that at higher R
numbers a fully developed turbulent state is present, but
at what R number? By working near the critical point of
helium we should be able to increase the control parame-
ter by four orders of magnitude. The hard-turbulence
state may be amenable to a statistical description. The
soft-turbulence state might be more difficult to under-
stand. We have thus outlined our program.

We would like to thank S. Thomae and L Kadanoff for
illuminating discussions. This work was supported by the
National Science Foundation under Grant No. DMR-
8316204.
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