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Large-scale flow properties of turbulent thermal convection
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The influence of large-scale flow on heat transport in turbulent thermal convection is experimentally inves-
tigated. Large-scale flow couples the upper and lower thermal boundary layers. This coupling produces a slow
coherent oscillation of the temperature field and strongly influences the spatial distribution of temperature
fluctuations. Moreover, when the large-scale flow is either suppressed or strongly modified no significant
variation of the heat transport across the cell is obse\@H063-651X%96)51012-3

PACS numbes): 47.27.Te

Turbulent thermal convection in a fluid layer heated from  The experimental apparatus has been already described in
below, that is, Rayleigh-Benard convection, presents sever&ef.[9], thus we mention here only the main characteristics.
open problems which are not yet very well understppd  In Fig. 1 a schematic drawing of the cell is reported. The cell
One of these is the role played by the mean circulation flowhas horizontal sizet,=40 cm andL,=10 cm and three
on the heat transport properties. This mean circulation flowdifferent heightsd equal to 40, 10, and 6.5 cm. With these
consists of a large-scale convective roll which involves allthree cells filled with wateat an average temperature of
the cell containing the convective fluid, thus it behaves like a5 °C corresponding to a Prandtl number=Rfy of about
large coherent structure of the turbulent flow. Its presence i) we were able to cover the interval 0Ra< 10" (specifi-
turbulent Rayleigh-Benard convection was first noticed bycally for d=6.5 cm 16<Ra<10®, for d=10 cm
Howart and Krishnamurtj2] but its importance on the heat 10’<Ra<10°, for d=40 cm 13°<Ra<10'). The bottom
flow has been pointed out only more recey-5]. There is  plate of the cell was made of a very thick copper plate heated
now a general agreement that the large-scale flow stronglwith an electrical resistor. The top copper plate was cooled
perturbs the thermal boundary lay¢Ed. However, it is not by a water circulation and its temperature was stabilized by
yet clear how this perturbation actually occurs. For examplean electronic controller. The vertical walls were made of
one can ask whether the mean flow influences more eithgrlexiglass. All the apparatus was inside a temperature stabi-
the mean temperature profile or the temperature fluctuatiorized box. The temperature of the plates was measured in
close to the boundaries. Furthermore, it is unclear whetheseveral locations indicated by Figial—1(h). Local tempera-
the mean flow transports a relevant amount of heat antlre measurements of the turbulent flow were done with two
whether it couples the upper and lower thermal boundary
layers, as recently proposed by Villermal&]. Several of
these questions have been analyzed in a very smart experi-
ment[7] in which one of the two boundary layers was per-
turbed by a large-scale horizontal flow. In another recent
experiment[8] the boundary layers were instead perturbed
by increasing the roughness of the horizontal plates. How-
ever, in those experiments, the large-scale vertical flow was
always present; thus, a clear answer to the above mentioned
guestions could not be given. In this paper we report several
results of an experiment in which the large-scale flow is di-
rectly perturbed in order to study its influence on the thermal
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boundary layer and on the heat transport properties. We find WW//%W%

that the spatial distribution of the temperature fluctuations at 4

the boundaries is strongly modified when the large-scale

flow is suppressed near the boundaries and the two boundary

layers are decoupled. However, no significant difference in Copper

the heat flow is observed. These features have been studied
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as a fun_ctlon of the Raylelgh_number_Ragd AT/(VX)’ FIG. 1. Schematic drawing of the convective cell. The points

v_vherea is the t.hermal-expansmn coefficientthe gravita- ., (a, ... ,h) indicate the positions of the thermistors inside the cop-

tional accelerz_atlonAT the temperatqre drOP ac_:ross_the fluid per plates. The thermocouples that can be moved vertically are

layer,d the height of the layer; the kinematic viscosity, and  jngicated by(P1,P2). The vertical dashed lines indicate the position

x the thermal diffusivity. of the thin plexiglass screens. The arrows schematically indicate the
direction of the mean flow when the screens are not mounted. The
mean flow is limited in the central region when the screens are

*Also at Department of Physics, University of Florence, Florence mounted and it cannot extend till the two thermal boundary layers
Italy. close to the horizontal plates.
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FIG. 3. Spectraa),(c) and coherence function®),(d) of the
temperature signals recorded at=R@4x 10'° (d=40 cm) by the
probesP1 andP2. P1 was located ad/9=45 mm from the bottom
plate, wherea®2 was 45 mm from the top. Only the low frequency
] part of the spectra is shown. The whole spectrum extends to roughly
+ ©) 10 Hz.(a) and(b) correspond to measurements done when the mean
flow was present, whereds) and(d) correspond to measurements
done when the mean flow was suppressed by the screens.
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FIG. 2. (8) Dependence of the nondimensional heat flow NuRaleigh, 1.5 10%<Ra< 1.1x101 (d=40 cm), where the in-
as function of Ra in the range (38.0°<Ra<1.1x10): (x) data  fluence of the mean flow has been studied. A direct measure-
from Chilla et al. [9], (*) data from Cioniet al. [11]. Data of the  ment of the mean flow velocity, shows thav/,=2 cm/s, at
present experimerib) with screens(+) without screengsee text Ra=5x10'° and atd/8=5 cm from the bottom plate. We
The fit represented in the figure corresponds to the ensemble of tHeave studied in detail the influence of the mean flow on the
data. The slope of the best fit line is 1:28.01. The two horizontal thermal properties mainly in the highest cédispect ratio
dashed lines indicate the region where the properties of the mean, =L, /d=1, d=40 cm), but we have seen that the charac-
flow have been studied. An expanded view of this region is showneristics of the mean flow are similar also at larger aspect
in (b). (c) Ratio Ra,/Ra as a function of NuRa. Here Raindi-  ratio (I',=6, d=6.5 cm [9] and in different geometries
cates the value of Ra measured with the screens. [11].

One of the main features, which is usually associated with
small thermocouple€P1, P2) of 0.04 cm in diameter with a the mean flow, is the presence of a coherent oscillation of the
response time of 5 ms. The position of the temperaturéemperature field inside the cd#]. The frequency of this
probes is indicated in Fig. 1. The probdxl and P2 oscillation can be measured using the power spectra of the
were located atl(,/4,L,/2) and at [,/2,L,/2), respectively. ~local temperature signals detected by the prabe$2. As
Both probes could be moved alomgwith micrometric de- ~an example we show in Fig(& one of the spectra recorded
vices in order to measure, as a function of Ra, the profile ofit Ra=6.4x 10'° and z=d/9=45 mm. We clearly see the
the mean temperature and of the temperature fluctuationgresence of a very well defined peakfgt=15 mHz. At a
We have studied the influence of the large-scale flow on th@iven Ra, the frequencf, is related to the mean recircula-
following features of the turbulent thermal convection: thetion time, roughlyf,=V,/d (see also Ref4]), and, it does
vertical mean temperature profile(z), the profile of the not depend on the position inside the cell. We have also
temperature fluctuation rmé(z), and the nondimensional computed the coherence functions between the temperature
heat flow NuRa, where Nu is the Nusselt numkiez., the  Signals measured by the probe$ andP2 at two very dis-
total heat flux divided by the conductive gne tant points of the cel[12]. We find that atf , the coherence

To measure the heat flow we first estimated the heagan be larger than 0.8, even in the ciSig. 3b)] when the
losses of the cell9]. These heat losses were then subtractegprobeP1 is close to the upper boundary layer @@ is near
from the heating power to evaluate the fraction of héat  the bottom one. This indicates that this oscillation is related
effectively transported by the convective water. The nondito a large-scale coherent motion involving all the cell. The
mensional heat flow NuRa is given b$.agd*(Avy), nondimensional frequencg/p=fpd2/)( is a function of Ra,
where\ is the thermal conductivity of wat¢d0]. The values  specifically fF’,zBRaP49 [13], which agrees to the depen-
of NuRa, measured in different cells and geometries, arelence reported in Reff4]. We will see in the next part of the
plotted versus Ra in Fig.(8). All the data are well fitted by paper that this coherent oscillation is an important signature
a single power law, N& (0.19+0.04)R42%9%% showing a  of the coupling between the two boundary layers produced
negligible dependence on the aspect ratio. In Figp),2ve by the mean flow.
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correspondingsT(z) is plotted in Fig. %b) as a function of
z close to the wall for/d<<0.002,T(z) does not change as a
function of y. This is consistent with the fact that, in spite of
the important changes of the large-scale flow structure, the
measured values of heat transport did not change by tilting
the cell. Also the value of , was not influenced by the tilt of
the cell. In contrasiT(z) and 6T(z) change by about 40%
as a function ofy for 0.002<z/d<0.008, as can be observed
in Fig. 5. Thus, one concludes that the perturbation of the
local properties of the mean flow have the only effect of
FIG. 4. (a) Shadowgraph of the plumes detaching from the changing the local temperature fluctuations qutside the ther-
lower thermal boundary layer in the cell witi=40 cm. The ~Mal boundary layer. These results agree with those found
plumes start inclined because they are pushed by the mean(fiow. for ¥y=90° (horizontal heating[15], where it is observed
The same ag) but when the screen are mounted. Now the plumeghat Nu is still proportional to R4. Here we are showing

start vertically as the mean flow is confined in the central region othat not only the dependence is the same but also that the
the cell. proportionality constant does not depend gnfor y<<10°.

This is rather surprising, because on the basis of the Siggia

The large-scale flow also has an important effect on thénd Shraiman mode]1,5], which correctly predicts the
transport of thermal fluctuations. For example, the plumedoundary layer shap®,14], one would expect to observe a
detaching from the lower boundary layer are inclined be-variation ofT(z), even for very smalz, when the mean flow
cause they are pushed by the large-scale flow. This effect cdf modified.
be seen in Fig. @) where the shadograph image of the ther- Starting from these observations we checked if the whole
mal plumes is shown. The horizontal direction of the mearheat flow could be affected when the mean flow is sup-
velocity is always parallel to the longest side of the cellPressed close to the boundary. In order to get this result we
(AB in F|g 1) Keeping RaNu constant, we perturbed them0d|f|ed the cell as fO”OWS Close to the pottom and tOp
large-scale flow by tilting the cell of an angle of +10°  plates we put four thin vertical screefsee Fig. 1, 1 mm
with respect to the horizontal. This tilt was obtained by thick, d/4 high, and as long as the cell width. The distance
lifting the cell either at sideA (y=—10° or at sideB between two consecutive screens wH4=10 cm. Notice
(y=+10°. The tilt of the cell imposed the direction of the that the heat transported by these screens is less theh 10
|arge-sca|e ﬂOW, which was moving from the lowest side ofthe total heat transported by turbulent thermal convection,
the bottom plate toward the highest one; that is, frBm €ven if these vertical screens would be highThus, the
(A) to A (B) for y=—10° (y=10°. Furthermore, when the Vertical screens have just a very robust mechanical effect on
cell is tilted the large-scale flow remains close to the plateshe mean flow, which is completely suppressed close to the
for a much shorter distance than when the cell is horizontalpoundaries. The effect of this perturbation can be seen in
This is schematically indicated in Fig. 1. Fig. 4(b), where the plumes detaching from the boundary

In Fig. 5@ we compareT(z), measured by the probe layer are now vertical. Furthermore, the frequerigyis not

P1 at three different angles of til;=0°, 10°, and-10°. The  detected in any part of the cell, as can be observed in Fig.
3(c), where we report the temperature spectrum, measured

between two screens atd/9=45 mm. By comparing this

40 mm

spectrum with that of Fig. (&), measured at the sarmavith-
0.6}% (a) A out screens, we clearly see that the frequeficydoes not
: 0.4k ’%& | exist anymore and the spectrum does not present any other
= ool ¥ well defined lines. Furthermore, the coherence function be-
g ol L%ty oty ey e . tween the two probeB1 andP2, reported in Fig. &), is 0.
o This means that the screens not only have the effect of sup-
-02; 05 1 15 pressing the mean flow close to the thermal boundary layer
but they also destroy the coherence of this large-scale flow.
0.06 These results show that the coupling between the two bound-
%+++++ ary layers, produced by the mean flow, is an essential ingre-
(. 0.04 %ﬁ&i dient in order to generate the coherent oscillation. These ex-
<k g%[) x T, perimental observations agree with the main hypothesis of a
=0.02F ¥ o O R, simple model 6], which explains these oscillations in terms
w0 < x %o o3 2 2 oos 3 of the coupling between the upper and lower boundary layers
05 : : : a : by means of the mean flow. _ _
100 z/d The dependence anof the temperature fluctuation rms is

perturbed by the presence of the screens, as can be seen in

FIG. 5. Vertical profiles of the mean temperatGagand of the ~ Fig. 5(b). The mean temperature profil§z), plotted in Fig.
rms of the temperature fluctuatiot. +, X, * correspond to mea- 5(@, is influenced by the screens for 0.602d<0.008,
surements done without the screen witrequal to 0°-10°, and  Whereas foz/d<0.002,T(z) is equal to that measured with-
+10°, respectivelyO correspond instead to measurements doneout screens. This is confirmed by the fact that no significant
with the screens at Ra5x 10 andd=40 cm. variation of the heat transport is produced by the screens.
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The heat flow measurements, done with the screens, amence the Nu values are not affected. Finally the experi-
compared with those done without screens in Figa) @ahd ment clearly indicates that, when the thermal boundary
2(b). It is important to notice that the heat flow did not layers are decoupled, the old models which predict Nu
change by putting the small screens. A more sensible way of Ra'® are not jet correct.
showing this is to measure at constant NuRe, at constant On the basis of these experimental results one can con-
heating powey the ratio Rg /Ra, between the Rayleigh clude that changes in the heat transport produced by the
number Rg, measured with screens, and Ra measureghean flow are compensated by changes in turbulent trans-
without screens. The ratio R@/Ra is plotted as a function ot This means that the coupling of the thermal fluctuations
of the applied heat flow NuRa, in Fig(@. We clearly see jth the mean flows cannot be neglected in order to con-
that the ratio is close to one within 0.02, showing that the = stryct a reliable theory of the heat transport. For example the
heat transport is not affepted, within experimental errors, byngdel of Ref[5] considers that inside the boundary only the
the mean flow suppression. _ horizontal component of the velocity field is important
In conclusion, we have demonstrated that in turbulentyhereas our measurements clearly indicate that also the tem-
thermal convection the mean flow plays a very importantserature fluctuations and their coupling with the vertical ve-
role in coupling the two horizontal boundary layers. When tlocity play an important role. This feature, which has been
is suppressed, the two boundary layers are decoupled and tFt?centIy taken into accouffiLl6], can explain the discrepan-
coherent oscillation of the temperature field disappears. Thigjes of the model predictions with the experimental results
result is in agreement with the recent model of R&fl. 17 11). However other models] do not need to invoke the
Furthermore, we have shown that the large-scale flowyresence of a mean flow in order to explain the observed
strongly influences the thermal fluctuations and the tempergyependence of Nu versus Ra. We believe that these models

ture profile close the thermal boundary layers. In spite of thigyre more appropriate to describe the present observation.
important changes produced by the perturbation of the mean

flow, the mean temperature profile, close to the walls, re- This work has been partially supported by the EEC Con-
mains equal with and without the mean flow. As a consetract No. ERBCHRXCT940546.
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