PHYSICAL REVIEW E

VOLUME 47, NUMBER 4

RAPID COMMUNICATIONS

APRIL 1993

Temperature and velocity profiles of turbulent convection in water
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Measurements of temperature and velocity profiles in a convection cell of aspect ratio 1 at a Rayleigh
number of 1.1X10° and a Prandtl number (Pr) of 6.6 are presented. A large-scale flow persists in the
cell. The temperature boundary layer is entirely contained in the viscous boundary layer and the veloci-
ty field is smooth on the characteristic length scale of temperature variations. The core of the cell is
stably stratified. Most of the heat transported between the plates is carried by the general circulation
and does not traverse the core of the cell. Comparison is made with observations at Pr=0.7.

PACS number(s): 47.27.Te, 47.27.Nz

Convection experiments spanning several decades of
Rayleigh number (Ra) at a Prandtl number (Pr) of 0.7 in
a cell of aspect ratio 1 have revealed a turbulent regime
(commonly called “hard turbulence”) in which measured
quantities scale with Ra above Ra=4X 107 [1]. For ex-
ample, the Nusselt number (Nu) is found to vary as
Ra?/7. This contradicts an earlier theory which assumes
that the thermal boundary layer is marginally stable [2].
Consequently, a model [3] was proposed in which the cell
is divided into a thermal boundary layer and a central re-
gion, separated by a mixing zone. Dimensional argu-
ments then accounted for the measured Nu-Ra depen-
dence. Later experimentation revealed a large-scale flow
persistent up to the highest Rayleigh numbers investigat-
ed [4]. This large-scale flow was explicitly taken into ac-
count by a recent theory [5] which reproduces all experi-
mental observations. The picture emerging from these
theories is that there are two distinct boundary layers for
the temperature and velocity fields, and that the entire
temperature drop occurs within the viscous sublayer.
Reference [5] requires in addition that the velocity
boundary layer obeys empirically verified scaling laws for
shear flows. This theoretical work prompted us to inves-
tigate the temperature and velocity fields as a function of
height in a convection cell using moveable temperature
and velocity probes. The present contribution is aimed at
deciding whether two separate boundary layers exist in
convection, whereas an ongoing experiment on convec-
tion in gas at different pressures will reveal their scaling
behaviors.

Our experiments were performed on a cubic cell 18 cm
high filled with water [6,7]. The top plate was held at
constant temperature by a water cooling system, whereas
the bottom plate was electrically heated with constant
power. Standard temperatures for the top and bottom
plates were 17 and 27 °C, respectively, corresponding to
Ra=1.1X10° and Pr=6.6 based on material properties
at the center of the cell. The sidewalls of the cell were
made of glass plates surrounded by a shell of styrofoam.

Temperatures inside the fluid were measured with
epoxy coated thermistors [8] 500 um in size which could
be moved vertically under the center of the top plate.
The thermistor resistance was recorded by a computer
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every 50 or 100 ms during measurements which lasted
from 15 min to 4 h.

We chose to determine velocity by measuring the dis-
tance that electrochemically labeled parcels of fluid travel
in a given time [9]. This method is particularly suited to
a fluid moving at less than 1 cm/s with inhomogeneous
temperature. A pH indicator, thymol blue sodium salt,
was dissolved at a concentration of 2 X 10™* per weight in
the water. The solution was titrated with 1N HCI and
NaOH slightly to the acid side of the indicator end point
(pH 8). The solution is then orange yellow; for a higher
pH, the solution is dark blue with an absorption max-
imum at 590 nm. If an electric current passes through
two electrodes in the cell, the H" ions will be drawn to-
wards the cathode and react to form H,. The pH in-
creases in the neighborhood of the cathode and causes
the indicator to change color.

For the velocity measurements, the cathode was the
cut end of an insulated 150 um manganin wire; either
plate served as anode. Square pulses of 5 V amplitude
and 7/60 s duration were sent through the wire which
marked the fluid in the vicinity of the wire tip with blue
color. The motion of the marked fluid was almost always
uniform for at least 1 s. Note that this labeling method
does not introduce any change of density. Furthermore,
labeled pieces of fluid lose their color through diffusion
after traveling some distance, and the cell does not con-
tinuously fill with dye.

The evolution of the labeled fluid was filmed with a
CCD camera aimed at the cell perpendicularly to one of
the sidewalls. Contrast was enhanced by observing the
cell against a diffuser illuminated with a sodium vapor
lamp. The video output of the camera was digitized and
displayed on a computer screen. One second after a pulse
had been sent through the wire, the capture of the video
signal was stopped and a human operator recorded the
position of the labeled parcel in the frozen image using a
mouse. This position could be defined to within 100-200
pm, leading to an uncertainty of 0.1-0.2 mm/s on veloci-
ties ranging up to 1 cm/s. Dyed parcels were released
every 3 s and a typical time series consisted of 256 or 512
points. From these time series, the vertical velocity com-
ponent and the horizontal component perpendicular to
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FIG. 1. The horizontal component u of the velocity as a
function of distance z from the top plate. The inset is a
magnification of the boundary layer region (same data). The
center of the cell is at z=90 mm. The error on u is +0.15
mm/s.

the direction of view of the camera were determined.

The electrode was moved vertically under the center of
the top plate in the upper half of the cell. The average
horizontal component of the velocity is shown in Fig. 1.
The thickness of the viscous layer (defined as the distance
at which the extrapolation of the linear part of the profile
equals the maximum velocity) is 3.8+0.4 mm. The hor-
izontal velocity reaches a maximum between z =7 and 11
mm. The Reynolds number of the shear flow based on
this length scale is about 50, whereas the Reynolds num-
ber of the large-scale flow is approximately 10°. The de-
cay of the velocity towards the center is faster than
linear, i.e., the core of the cell does not rotate as a solid
body. The average vertical component is less than 10%
of the horizontal component at all z.

The root-mean-square values of the velocity fluctua-
tions are shown in Fig. 2. For z > 50 mm, the fluctua-
tions of both components are nearly equal, and larger
than the averages.

The temperature profile exhibits a thermal boundary
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FIG. 2. Root mean square of the velocity fluctuations in the
horizontal (dots) and vertical (circles) direction as a function of
distance z from the top plate. The error bars are +0.15 mm/s.

FIG. 3. The mean temperature T as a function of distance z
from the top plate. The inset shows the temperature profile in
the boundary layer of the top plate. Note that the scale of the
ordinate of the main figure is expanded in order to reveal the
variation of T in the central region, so that the temperatures of
the top and bottom plates (at z=0 and 180 mm, respectively)
are off scale. The error on T'is 0.02°C.

layer of 1.9%0.3-mm thickness (Fig. 3), defined accord-
ing to the same procedure used for the viscous boundary
layer. The mean temperature reaches a local extremum
somewhere between z =10 and 30 mm. A weakly stabil-
izing stratification exists beyond that height (with a mean
gradient of 1.1+0.4 mK/mm) throughout the core of the
cell. The total temperature drop within this region corre-
sponds to five times the root mean square of the tempera-
ture fluctuations at the center of the cell. The root mean
square of the temperature fluctuations is maximum at a
distance of 1.5+0.3 mm from the plate (Fig. 4).
Simultaneous measurements of velocity and tempera-
ture were performed at distances of 3, 25, 70, and 90 mm
from the top plate. The thermistor was placed 2 mm
away from the electrode such that the line joining the two
was perpendicular to the large-scale flow. The velocity at
the electrode and the thermistor during the simultaneous
measurements can be considered equal because the corre-
lation length of the velocity field exceeds 1 cm [10]. The
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FIG. 4. Root mean square T, of the temperature fluctua-
tions as a function of distance z from the top plate on logarith-
mic scales. The error on T, is +15%.
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correlation between temperature and vertical velocity
then allows one to calculate the turbulent heat transport
and to compare it to the diffusive heat transport through
the thermal boundary layer deduced from its temperature
profile. We find that the local heat flux at z=3 mm ap-
proximately equals the heat flux through the boundary
layer, whereas at distances of 25 mm or greater, the tur-
bulent heat flux is certainly less than 5% of the heat flux
injected by the plate. The actual value is too small to be
distinguished from zero within experimental accuracy.
The overwhelming part of the heat must therefore be
transported close to the cell boundaries by the large-scale
flow, whereas the core of the cell contributes negligibly.

We now begin the discussion by summarizing the spa-
tial structure of the velocity field, which we separate into
a boundary-layer region and a central region. The latter
extends from z~50 mm to the center and is character-
ized by average velocities smaller than the velocity fluc-
tuations, whereas average velocities in the former are
larger. Velocity fluctuations vary by a factor of 3 in go-
ing from the boundary layer to the center of the cell, and
are anisotropic in the boundary-layer region. Visualiza-
tion is a useful supplement to the quantitative measure-
ments and gives a vivid impression of two distinct regions
in the velocity field (Fig. 5). In the central 20% of the
cell, the fluctuations of both measured velocity com-
ponents are equal, vary little in space, and exceed the
average speeds by at least an order of magnitude, suggest-
ing that a homogeneous and isotropic velocity field is a
suitable approximation for this part of the cell.

Most remarkably, the fluid in the core of the cell is
stably stratified. We attribute this inversion to the pres-
ence of a large-scale flow. The time necessary to move
fluid from the center of one plate to the center of the oth-
er plate is twice the size of the cell divided by the speed of
the large-scale flow, i.e., 60 s. This time should be com-
pared to the characteristic time for thermalization of the
fluid carried by the large-scale flow. Assuming that the
heat injected by a plate is transported in a layer of a

FIG. 5. Streak image obtained by seeding the water with
tracer particles and illuminating the cell with a 2-mm-thick
sheet of laser light at right angles to the direction of view. Ex-
posure time was 2 s. The bright scattering along the top and
sides of the picture comes from the cell boundaries. The bottom
plate is outside the field of view.
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thickness of about 1 cm (as suggested by the heat flux
measurement), and that the heat exchange between this
layer and the rest of the cell occurs through diffusion, we
obtain a thermalization time of 600 s. According to this
estimate, fluid arrives in the vicinity of the opposite plate
without being thermalized by the core fluid and may
cause a temperature inversion [11]. Efficient heat ex-
change then occurs at the downstream edges of the
plates, where buoyancy dominates, and most plumes are
emitted and mix with the fluid carried in the general cir-
culation.

Let us next consider the boundary-layer region. Two
distinct boundary layers exist for the temperature and ve-
locity fields. The assumption of a thermal boundary layer
entirely contained in a viscous sublayer is justified.
Within the thermal boundary layer, the rms of the tem-
perature fluctuations increases with the distance from the
plate because velocity fluctuations also increase and more
effectively stir the fluid. The maximum of the tempera-
ture fluctuations is expected at the distance at which the
velocity fluctuations are largest within the region of larg-
est mean temperature gradient, i.e., at the edge of the
thermal boundary layer. This distance is therefore an al-
ternative measure for the thickness of the thermal bound-
ary layer. Beyond this distance, plumes ejected from the
boundary layer into the bulk lose through diffusion their
temperature contrast with the core fluid as they move
through the cell, thus leading to a decrease of the rms of
temperature fluctuations with distance.

Turbulent shear flows near a wall are expected to ex-
hibit a viscous sublayer and a region in which the mean
velocity varies as the logarithm of the distance to the
wall. Observations of velocity boundary layers at high
Reynolds number could be fitted by a succession of a
linear and logarithmic part [12]. In the present flow, the
distance between the edge of the viscous sublayer and the
point of maximum velocity is too small for us to decide
whether an intrinsically logarithmic profile follows the
linear region. The fact that the Reynolds number is only
50 in the shear layer of this convection cell is surprising.
It indicates that the main source of turbulence is the in-
stabilities associated with the thermal boundary layer
(plumes) or the instabilities of the large-scale flow. The
dynamics of this boundary layer can therefore be expect-
ed to be different from a pure shear flow near a wall.
Thus the logarithmic law, at least with the constants used
in Ref. [5], is inappropriate.

We now turn to a comparison with results obtained at
lower Pr. Preliminary results from a gas convection cell
at room temperature (Pr=0.7 and Ra=10°) show that
the Reynolds number of the velocity boundary layer is
500, with typical velocities for the large-scale flow of
5-10 cm/s, corresponding to a Reynolds number (Re)
based on the size of the cell of about 10*. Also, no gra-
dient of the mean temperature was discernible in the core
of this cell, i.e., the total variation of temperature outside
the thermal boundary layers is certainly less than the rms
of the fluctuations at the center. Concerning the heat
transport, it has been estimated for a helium cell at low
temperatures that the amount of heat carried by the
large-scale flow is of the same order as the heat going
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through the center.

We will discuss in turn the two major trends that are
observed when Pr is lowered at constant Ra: The heat
transport through the center increases and the Reynolds
numbers rise. We can rationalize the first observation by
noting that at lower Pr, the heat diffusion from a plate
into the turbulent region outside the viscous layer is more
important. Therefore, more heat escapes the large-scale
flow at lower Pr and a larger fraction of the heat ex-
change goes through the central region. Likewise, the
portion of the large-scale flow moving along the sidewalls
thermalizes more quickly and will possibly not cause a
temperature inversion.

Second, a lower Pr leads to a larger Re. The convec-
tive motion at low Pr is dominated by inertia; the fluid is
more effective in converting the applied temperature
difference into kinetic energy and the flow is more tur-
bulent. A higher Re also means a larger inertial range,
since the Kolmogorov length decreases. In this water ex-
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periment, we never observed a clearly developed power
law in the temperature power spectrum as was seen in a
helium cell at the same Ra [1,4].

The Re for the large-scale flow in the water experiment
is of the order of 103. This is the Re at which the onset of
hard turbulence was observed at Pr=0.7 [4]. It is gen-
erally believed that the presence of the large-scale flow is
responsible for the various signatures of the hard tur-
bulence regime. A change of convective behavior may be
expected at a Re at which the dynamics of the large-scale
flow becomes turbulent and dominated by inertia, which
may well happen at Re~10°. We therefore feel that at
Ra=10°, we observe just the onset of the hard turbulence
region for Pr=6.6 [13].
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FIG. 5. Streak image obtained by seeding the water with
tracer particles and illuminating the cell with a 2-mm-thick
sheet of laser light at right angles to the direction of view. Ex-
posure time was 2 s. The bright scattering along the top and
sides of the picture comes from the cell boundaries. The bottom
plate is outside the field of view.



