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Summary

Measurements of turbulent heat transport at very high Rgtyland Taylor numbers are reported, with both steady and-tianying
rotation. The highest Rayleigh (Taylor) number attainedsteady rotation wag.3 x 10' (3 x 10'%). The Rossby number varied
from 0.4 to 1.6. For these largest valuesitaf andT'a the Prandtl numbePr was 5.9, similar to that of water; however, in contrast to
the strong enhancement of heat transport for simlarand Ro previously reported at loweRa andTa, a slight suppression of the
heat transport is observed here. With a periodic, timetagryotation rate we find either suppressed or enhanced taesport—with

a sharp transition between them—depending on the valuedfithensionless amplitude of the oscillation. The traositilso roughly
coincides with an order unity and increasing ratio of the Bhrto thermal boundary layer thicknesses.

INTRODUCTION

A model system for many buoyancy-driven flows in nature argirexering is Rayleigh-Bénard convection (RBC) where
a fluid confined in a horizontal, thim.€., incompressible) layer, is heated from below and cooleahfabove. The vertical
temperature difference, causing buoyancy force, is medsaiterms of the Rayleigh numbBr = a AT gH? /vk, where

« is the isobaric thermal expansion coefficient of the fluidha tontainerAT the temperature difference between the
bottom and top wallsy the acceleration due to gravity aifithe vertical dimension of the convection cell. The kinemati
viscosity and the thermal diffusivity of the fluid are derthteespectively, by andx. The ratiov/x is the fluid Prandtl
number,Pr. The macroscopic flow becomes turbulent for laiye

One particular feature of large scale geophysical and gisyical flows is that convection is always accompanied by
rotation, which introduces the Coriolis force. The relatstrength of the dimensioned rotati®ty, (in rads~1!) is given

by its non-dimensional fornf) = (2 H?/v), which is a measure of the ratio of Coriolis to viscous foraed is the
inverse of the Ekman numbéZk. Itis customary to also consider the Taylor number= Q2. A measure of the relative
importance of Coriolis and buoyancy forces is given by thevestive Rossby numbéto = [Ra/(PrTa)]'/? which can
also be interpreted as the ratio of the rotation period tdthmyancy time scale.

It was observed by Rossby[1], and in more recent studieg[#18t rotation enhances heat transport for modefate
This enhancement was attributed to the extra vertical iticun resulting from Ekman suction at the boundariespalth
Kunnenet al. [5] argued that large rotation rates would weaken and evegrse this tendency. Furthermore, Zhag
al.[9] observed that the enhancement of heat transport dihesisvith increasing?a and decreasing’r. The present
results at considerably high&a andT'a, and at moderately largeér, show that the change in heat transfer under steady
rotation in fact becomes vanishingly small but is of the agpfmosign; i.e. there is a slight suppression.

APPARATUS

The apparatus is essentially the same as that describedlier @eorks[10]. Briefly, a thin-wall (0.267 cm) stainless
steel cylinder of diameter 50 cm confines the fluid laterallilevtwo 3.8 cm thick plates made of oxygen-free high-
conductivity annealed copper, having a thermal condugtdfithe order 1 kW m'K—! at the measurement temperature,
provide top and bottom thermal boundaries with a separalistance of 10@m between them. The diameter to height
aspect ratiol’, is thus 1/2. Rotation was provided by placing the entireaagfus on a thick steel plate attached to a large
slewing ring. Platform speed was measured and held consyamteans of an optical encoder on the motor shaft and
associated PID control. All measuring and data storageumsnts are located on the rotating platform with the main
power transferred via a heavy-duty rotating contact shig.riFor these data relatively modest rotation rates up tora@

s~ ! were used, to avoid vibrations and large centrifugal farlzege magnitudes df a were obtained mainly by working
under conditions of small kinematic viscosity.

RESULTS

Steady rotation

At the highestRa andT'a studied,Pr = 5.9 similar to that of water. Specifically, fdRa (T'a) = 4.3 x 10° (3 x 10'%),
Pr = 5.9, and over a range 0.4 Ro < 1.6 the Nusselt number (Nu) variation wittu and Ro is summarized by the
following relations:

Nu = 0.982NugRo°04%0-001, (1)
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Nu = 1.48NugTq 00120001 )

whereNuy is the value of Nu for the samiéa without rotation. These relations indicate a weagpression of heat trans-
port with increasing rotation, in contrast with the results for the safeand Ro at lowerRa andT'a (i.e. corresponding
to previous experiments using water).

Time-varying rotation

The effects of a periodic modulation of the rotation ratesuténg in sequential cycles of spin-up and spin-down, were
also investigated. While such processes have been examé&aedhe convective onset[11, 12], relatively little is \mo

in strongly turbulent convective systems where relativathall diffusive boundary layers interface with a well-ndxe
interior[13]. For a series of measurements the rotaticewats varied sinusoidally in time[14] as:

Qp(t) = Qpcos(wt). 3

The rate at which the rotational speed is varied is setpwhose inverse was chosen to be on the order of the large
scale circulation time in the cell—this being one plausitiiee scale for turbulent convection. Very large or small
would be characterized, respectively, by dominant Stolgsrldevelopment and associated viscous waves, or quasi-
steady conditions. An important parameter for the presgoe@ments i€2%,, which is the peak (dimensioned) rotation
rate experienced by the flow during a cycle. A dimensionletgion amplitudé€2* serves as a new dynamical parameter,
defined as S
—L—] )

v
For increasing2*, a weak suppression 6fu was observed, consistent with results from steady rotgtiowever, above
a critical value of roughlyf2’ ~ 107, a sharp transition to enhanced heat transport was obsemnede the effect on
the heat transfer was positive and strongly increasing initheasing2*. The transition is coincident with the ratio of
the Ekman to thermal boundary layer thickness approachiitg, @ dynamical parameter recently suggested by King, et
al.[15] for characterizing steady rotating turbulent cection. Here it should be noted that the same conditions akis
high Ra in the case of fixed rotation rate without any enhancemem{of Finally, neither the Ekman layer thickness
nor the thermal boundary layer thickness has been directsored, nor do their estimated values take into account the
time-varying emission of plumes and the existence of stftuaguations.
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CONCLUSIONS

In conclusion, a weak suppression of heat transport has dleserved with steady rotation at high valuesiaf and

Ta but moderatePr and Ro (of order unity) which is in contrast with previous obsefgat at similarPr and Ro at
lower Ra andTa. It is, however, broadly consistent with the trend noted bpixg, et al[9]. With periodic modulation
of the rotation rate a sharp transition is observed betweemeak suppression of heat transport at low values of the
dimensionless modulation amplitu€ and an increasingly large enhancement of heat transport agceeds a critical
value of approximatelf; ~ 107.
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