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We present experimental evidence that, in the hard turbulence regime of Rayleigh-Be´nard convection, the
temperature fluctuations are produced by buoyancy, despite the presence of a mean horizontal flow at the
plates. In a convection cell of aspect ratio 1, we measure the temperature time derivative for Ra from 23107

to 131011, which is skewed toward the negative in the region outside the cold thermal boundary layer. This
skewness of the derivative indicates the presence of thermal fronts, or plumes, which are detached from the
boundary layer by buoyancy. At higher Ra, the skewness of the derivative is reduced, which we relate to the
transition to a turbulent Reynolds number in the velocity boundary layer at Ra;109. We define a time scale
using the derivative to characterize these fronts, and find that its minimum value scales as Ra22/3 over the
entire range of Ra in our experiment.@S1063-651X~96!11405-7#

PACS number~s!: 47.27.Cn, 47.27.Te

In the study of Rayleigh-Be´nard convection at high Ray-
leigh number~Ra!, a turbulent state has been observed in
which the thermal boundary layer thickness scales as Ra22/7

~or, equivalently, the heat flux or Nusselt number Nu;Ra2/7!,
and a coherent large scale roll circulates in the cell@1,2#.
This state is known as hard turbulence. A proposed model
for the 2/7 scaling is based on the fact that the thermal
boundary layer is subjected to persistent shear by the large
scale circulation@3#; this model treats the temperature fluc-
tuations as passive. Further experiments in this direction
have artificially enhanced the shear at the boundaries@4#, or
measured the temperature and velocity length scales with
moveable probes near the boundary@5,6#. It remains an open
question whether temperature fluctuations in hard turbulence
are detached from the thermal layer by their own buoyancy
or by the large scale circulation: is the thermal boundary
layer thickness determined by buoyancy or by shear? By
examining the boundary layer region experimentally, we find
that the asymmetry or skewness of the temperature time de-
rivative is characteristic of buoyantly produced fluctuations,
which are thermal fronts or plumes.

In the study of turbulence, the time derivative is an ap-
propriate observable for capturing the dynamics of the flow.
It is the simplest way of introducing a timelike element into
the statistical approach to turbulent phenomena. The statis-
tics of the time derivative are a measure of the rapidity of
changes; thus the high frequency portions of the signal, the
part most directly related to the coherent structures in the
flow, are amplified. For temperature measurements in con-
vection, since the sharpest gradients are those most recently
shed from the thermal layer, it is the scales driving the con-
vective motion which are emphasized. In addition, the de-
rivative can be positive or negative, and thus provides a mea-

sure of the asymmetry of the signal. This asymmetry is
quantified by the skewness, the third moment around the
mean normalized by the cube of the rms. One of the most
interesting recent developments in the study of turbulence is
the measurement of nonzero skewness in the spatial or tem-
poral derivative of scalars@7–10#. This asymmetry is ob-
served far outside the boundary layers, at high enough Rey-
nolds numbers so that it seems to contradict the assumptions
of homogeneous and isotropic scalar distribution. In addi-
tion, this skewness of the derivative can be attributed to
length scales at which viscous effects are negligible@9,10#.
One hypothesis attributes the anomalous skewness to the in-
termittent occurrence of a coherent structure of the velocity
boundary layer, called a ramp@8#. The problem of passive
scalar mixing in such situations is also being investigated by
numerical simulations@11#.

In this paper we present measurements of the temperature
time derivative made at various distances from the cold up-
per plate of a gas filled convection cell, for Rayleigh num-
bers from 23107 to 131011, with a Prandtl number of 0.7
@12#. We find that the derivative is not symmetrical: in the
region outside the cold boundary layer, the temperature often
drops below the mean more rapidly than it returns, skewing
the time derivative toward the negative. This represents the
passing of a cold thermal front, a buoyant structure originat-
ing from the thermal boundary layer. A negative skewness of
the derivative is measured out to many timeslth beyond the
thermal layer. We also observe changes in the skewness of
the derivative for Ra.1010, which when compared with the
previously observed transition to high Reynolds number flow
in the large scale circulation@6# can be understood as the
progressive effects of mixing. Thus our measurements point
to another state of turbulent convection beyond hard turbu-
lence, in which the thermal fluctuations are determined by
the turbulent velocity boundary layer. This transition would
change the stability mechanism of the thermal boundary
layer itself, from buoyancy to passive advection, and would
probably also change the scaling of the heat flux with Ra.
One would also then expect to measure a positive skewness
of the derivative outside the cold boundary layer, similar to
that observed in passive scalar experiments.
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The temperature time series were taken at various dis-
tances from the center of the top plate in a cubic convection
cell filled with room temperature gas; the experimental setup
is described in detail elsewhere@6,12#. The cell has a height
L of 15 cm, and is contained within a larger pressure vessel.
The control parameter of this experiment, the Rayleigh num-
ber Ra@13#, is varied over almost six decades by changing
the pressure, and by using three different gases~helium, ni-
trogen, or sulfur hexafluoride!. The local temperature in the
flow is measured using metal oxide thermistors 200mm in
diameter.

In order to calculate the time derivative]T/]t from the
digitized temperature fluctuations$Ti%, we compute the av-
erage temperature difference

dTi5
~Ti112Ti21!

2
,

and divide by the sampling time stepDt, which ranges from
1 to 30 ms. The results are the same if the second nearest
neighbors are used instead. This subject was extensively
studied for the Chicago helium experiments@14#. We calcu-
late the profiles of the mean, rms, and skewness from the
derivative signal at each Ra. The mean is approximately zero
in all cases.

In Fig. 1~a! we show temperature fluctuations at
Ra58.93108, taken at a distance of five thermal boundary
layer thicknesses~lth! from the top cold plate. Figure 1~b! is
its computed derivative. An asymmetry is visible in the
shapes of several of the fluctuations: a rapid initial decrease
in temperature, followed by a more gradual increase. The
average asymmetry of the derivative is measured by its
skewnessS8, defined as

S8[
K S ]T

]t D
3L

K S ]T

]t D
2L 3/2.

In Fig. 2 we sketch four possible fluctuations away from the
mean, the sign of their contribution to the skewness
S[Š(T2^T&)3‹/Š(T2^T&)2‹3/2, and to the skewness of the
derivativeS8. Figure 3 shows the measured profilesS8(z)
from our experiment. We find a common shape ofS8(z) at
each Ra: a broad curve which begins positive inside the cold
thermal boundary layer, passes through zero around the edge
of the boundary layer, and attains a negative extremum in the
region outside. We are unable to find any normalization of
thez axis which would collapse the curves of Fig. 3 onto one
another, for example by plotting againstz/lth . The region

FIG. 1. A temperature time series~a!, and its
time derivative ~b!, just outside the thermal
boundary layer ~z/lth55.0, at lm! for
Ra58.93108. Ttop is the temperature of the top
plate, andD the temperature difference between
the top and bottom plates.
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inside the thermal layer, in whichS8(z).0, is due to warmer
fluid pulled in from the bulk as colder fluid leaves@6#. Our
focus is on this production of cold fluctuations, and on the
region outside the thermal layer whereS8(z),0.

In turbulent boundary layer flow experiments where tem-
perature is a passive scalar, thermal fluctuations are produced

by instabilities of the velocity layer. In such experiments,
S8.0 is measured near a cooled boundary, where most of the
fluctuations are toward the cold~S,0!; S8,0 is measured
near a heated boundary~S.0! @7,9#. The results for a passive
scalar are summarized by the relationSS8,0. Our measure-
ments are made near but outside the cold boundary layer,
whereS,0 @6#; since we measureS8,0, we conclude that
the temperature fluctuations are not passively advected. The
skewness of the derivative is due to a sharp temperature de-
crease away from the mean~cooling!, followed by a less
rapid return~warming!: a thermal front. Thus the skewness
of the temperature derivative in our experiment is a signature
of fluctuations from the boundary layer, which have a form
similar to the shape in Fig. 2~c!. This temperature profile is
characteristic of a plume, thermal, or other object detached
from the thermal layer by buoyancy, for whichSS8.0 ~see
Fig. 2!. Such objects are clearly observable in visualization
studies done in gas@12# and in water@15#.

The broadness of the profilesS8(z), which reach an ex-
tremum outside the thermal layer~see Fig. 3!, imply that the
thermal fronts maintain their characteristic shape in this re-
gion. This is reminiscent of the mixing zone described in a
model for the scaling of hard turbulence@16#. The rms of the
temperature derivative,u8(z), follows the same shape as the
rms of the fluctuations,u(z), with a maximum value at the

FIG. 2. A sketch of four basic temperature asymmetries relative
to the mean̂ T&, with the sign of their skewnessS, and the skew-
ness of their time derivativeS8. Both ~a! and ~c! correspond to
thermal fronts, or plumes, for whichSS8.0.

FIG. 3. The skewness of the temperature de-
rivative vs distance from the top platez for ~a!
Ra52.03107 ~black circles!, 2.73108 ~white
squares!, and 8.83108 ~crossed squares!. ~b!
Ra56.33109 ~crosses!, 2.131010 ~crossed
squares!, 4.331010 ~white circles!, and 1.031011

~black circles!.
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edge of the thermal boundary layer@6#; an example is shown
in Fig. 4. This similarity is discussed below. Thus the stron-
gest derivatives are located at the thermal layer, indicating
that it is still the dominant dynamical structure@17#.

We turn next to the changes in the skewness of the de-
rivative as Ra is increased. From 107 to about 109, the asym-
metry represented byS8(z) becomes more pronounced with
increasing Ra@Fig. 3~a!#. At higher Ra@Fig. 3~b!#, the pro-
files do not change much within the first few mm of the
plate, but the outer part ofS8(z) begins to decrease at
Ra;1010. At Ra5131011, the overall magnitude ofS8 is
markedly reduced, and its extremum is much closer to the
plate. The extremum of the skewness of the derivative,
SEXTR8 , is shown as a function of Ra in Fig. 5. Its magnitude
is of order 1, the same size as found in experiments and
simulations on passive scalars@7,9–11#. The position of
SEXTR8 occurs somewhere above 15 mm for Ra,231010,
though this is not well resolved by our experiment. We plot
its approximate location as a function of Ra in Fig. 6, along
with the thermal boundary layer thicknesslth .

In a previous paper@6#, we measured the cutoff frequency
of the temperature power spectrum, which had a maximum
value at some distancelm from the plate; the dependence of
this distance on Ra is also shown in Fig. 6. We claimed that

this is the position of the maximum mean velocity in the
large scale circulation. At the onset of hard turbulence, the
Reynolds number of the flow along the plate Rem[Ulm/n is
about 50, whereU is the velocity of the large scale circula-
tion @1,2#. As Ra increases,lm remains constant. For
Ra.23109, lm begins to decrease with Ra, such that Rem
has a constant value of about 600, a typical size for a turbu-
lent boundary layer. Thus there is a turbulent transition in the
large scale circulation at Ra;109. The thickness of the ther-
mal layerlth is far fromlm at the onset of this transition, so
the 2/7 scaling oflth is unaffected. However, an extrapola-
tion of the two trends in Fig. 6 shows thatlm will cross lth
for Ra*1014, which could give rise to a new scaling regime
@6#. In the present experiment, aslm approacheslth , the
reduction observed inSEXTR8 for Ra.1010 ~Fig. 5! could be
due to an enhanced mixing of the plumes. Ultimately, as Ra
increases and the flow along the plate becomes the dominant
mechanism for creating temperature fluctuations, we expect
SEXTR8 to become positive.

Thinking along these lines we are led to reconsider the
transition to hard turbulence at Ra5107. At this stage the
Reynolds number of thewhole cell, ReL[UL/n, is at a tran-
sitional value of about 1000@1,2#. The onset of hard turbu-
lence could therefore be caused by a sufficient mixing in the

FIG. 4. Profiles of the temperature rms~u!,
and the rms of the derivative~u8! for Ra523107.

FIG. 5. The extremum of the skewness of the
derivativeSEXTR8 vs Ra.
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cell such that the effective eddy viscosity restabilizes a co-
herent large scale circulation, similar to that observed just
beyond the onset of convection@18#. The interplay between
the large Reynolds number turbulence of the large scale cir-
culation and the turbulence due to buoyant plumes seems an
essential aspect of hard turbulence.

We can define a thermal time scaletu using the time
derivative by taking the ratio of the rms of the fluctuations to
the rms of the derivative:

tu[
Š~T2^T&!2‹1/2

K S ]T

]t D
2L 1/2 ;

this is a sort of thermal Taylor microtime@19#, characterizing
the dynamics of the temperature fluctuations. An example of
the dependence oftu on height is shown in Fig. 7; the fact
thattu(z) is not strongly dependent onz is a reflection of the
similarity of u(z) andu8(z), shown in Fig. 4. The time scale
has a minimum valuetu MIN;0.21 s, in a rather broad region

in the vicinity of the thermal boundary layer, due to the sharp
gradients~i.e., the coherent structures! in this region. In Fig.
8 we plottu MIN at each Ra, made dimensionless by the ther-
mal diffusion time for the cellL2/k, wherek is the thermal
diffusivity, andL the cell height; the brackets in Fig. 8 show
the full extent of the variation oftu for z from 0 to 25 mm.
This dimensionless time is in fact the inverse of a quantity
defined by Procacciaet al. @20#, which they called the dissi-
pative power:

Q5
L2

k

1

tu
.

From Fig. 8 we find thattu MIN scales with Ra as

tu MINk

L2
;Ra20.6860.03.

This is in excellent agreement with the scaling
Q;Ra0.6760.04 measured in low temperature helium gas for
Ra,1011 @2,20#. We observe no change in the scaling of
tu MIN at Ra;1010, where the skewness of the derivative de-
creases. Thus for 107,Ra,1011, tu MIN;Ra22/3.

FIG. 6. The positions of the extremum of the skewness of the
derivative~black circles! vs Ra. Included in the plot are the thermal
boundary layer thicknesslth ~white squares!, and the position of the
maximum cutoff frequencylm ~black squares! from Ref. @6#. The
lines drawn forlth and lm corresponds to Ra22/7 and Ra21/2, re-
spectively.

FIG. 7. Profile of the thermal timescaletu ~defined in the text!
vs heightz for Ra523107.

FIG. 8. The minimum thermal time scale
tu MIN , normalized by the diffusion timeL

2/k, vs
Ra. The line corresponds to the fitted scaling
Ra20.68. The brackets indicate the entire variation
of tu(z) in the range 0,z,25 mm.
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In conclusion, we have studied the coherent structures of
thermal fluctuations in hard turbulence through the skewness
of the time derivative. A typical such structure is the thermal
plume, a buoyant mushroom of hot or cold fluid which erupts
from the thermal boundary layer, carrying heat; thus they
contribute to the total heat flux through the cell. In hard
turbulence the plumes depart under conditions of shear, and
begin their vertical climb or descent in the horizontal wind of
the large scale circulation. It could very well be that the
entire character of hard turbulence is determined by this in-
teraction of buoyant plume and mean flow. In this paper we
have only begun to study the signature of these plumes. The
problem deserves further study.

Although we have not addressed the question of intermit-
tency in this paper, a similar approach could be taken, using
the fourth moment of the fluctuations. As two, three, and
higher point correlations become increasingly important in
the study of turbulence, it would be particularly interesting to
compare such measurements for the case of a buoyant~ac-
tive! scalar, as discussed here, with results from passive sca-
lar experiments and numerical simulations.

The asymptotic state of turbulent Rayleigh-Be´nard con-
vection ~Ra→`! has often been a subject of theoretical

speculation@21#. Experimentally, hard turbulence is an orga-
nized state of convection which begins at Ra;107, and ex-
tends at least seven orders of magnitude in Ra@1,2#, up to the
present experimental limit. Is hard turbulence asymptotic?
From our point of view, there is a progressive series of
changes beginning at Ra;109, which are connected to the
Rem;1000 transition in the large scale circulation. It is
worth recalling that none of these changes affected the 2/7
scaling of the heat flux or the other gross characteristics of
hard turbulence. They may, however, be the precursors of a
new state, which will appear beyond hard turbulence. What
these experiments show is that the temperature fluctuations
outside the boundary layer are affected by the large scale
circulation as it becomes more turbulent, and it is reasonable
to expect the thermal boundary layer itself to be affected
eventually. The next state of turbulent convection remains to
be discovered.
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