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Summary We report experimental studies on the properties of theetaggle circulation (LSC) for Rayleigh-Bénard conveciiothe
present of rotation in a cylindrical sample with aspectorat. At modest rotating speeds with the inverse Rossby rudR0<0.33
rotation enhances the strength of the LSC, as reflected bintheasing of the azimuthal temperature amplitude of th€ L'Bhe
Coriolis force gives rise to the retrograde rotation of ti&CLcirculation plané in the rotating sample frame. The retrogradation speed
0 is an order of magnitude smaller than the rotating sgfeed/e attribute the slow retrogradation speed to the viscoag generated
from the boundary layers that is further influenced by tughtiviscosity in the interior fluid.

Introduction

In rotating turbulent Rayleigh-Bénard convection (RB@} hature of the main flow structure, the large-scale citmra
(LSC) is determined by the Rayleigh numbes = agATL?/kv, the Prandtl numbePr = v/k, the Rossby number
Ro = /agAT/L/2), and the aspect ratio of the sample cell. Harés the thermal expansion coefficiemt,is the
gravitational acceleration; andv the thermal diffusivity and kinematic viscosity, respeety, AT is the temperature
difference between the top and the bottom of the saniple the rotating velocity, and is the height of the sample.
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Figure 1. (a) Sketch of the main flow structure in rotating turbulent@&iBat depicts the LSC orientation (b) The LSC orientatiof?
as a function of time. The numbers in the figure indicate theegof1/Ro. Results are foRa = 1.8x10'° and Pr = 4.38.

Retrograde rotation of the large-scale circulation

Figure 1a depicts the LSC flow structure in a cylindrical sknepll with an aspect ratio 1.0. Experimentally, we deteeni
the orientation of the LSC plarteby fitting the azimuthal temperature profile (i = 0, ..., 7), which is measured at eight
points on the sidewall at the mid-height level of the cellthra sinusoidal function:

Tf:TO+5COS(%_9),(¢:o,...,7) 1)

The LSC temperature amplitudeand the mean fluid temperatufg are both given by the fitin Eq. 1. Some measure-
ments off as a function of time are shown in Fig. 1b. Rotation of the L3 is in theopposite direction of( in the
rotating frame. The retrograde rotation velodtyemains constant at eadtv.

Retrograde rotation velocityas a function ofl /Ro is depicted in Fig. 2a for two differeita. Mathematical models [1]
predict linear dependence éfon 1/Ro as shown by the dashed lines. These models consider thaady sttrograde
rotation state is achieved when the Coriolis force, whidkedrthe LSC retrograde rotation, is balanced by the viscous
drag generated from the boundary layers. The viscous doaggVer, is based on the ordinary molecular viscosity of the
fluid, and these models give valueséathat are in average one order in magnitude larger than theriexental data.

The unexpected large viscous friction found from the experit may be in concern with tharbulent viscosity of the
fluid. We estimate the magnitude of the turbulent stressfaaditdinary velocity stress to find the ratidu’) / (vOU /0x) >

5, given by the LSC mean flow speéd = 1.0cm/s (atRa = 9.0x10°, Pr = 4.38), the velocity fluctuation,’ =
Re~Y4U [2], anddU /dx < U/ where) is the thickness of the boundary layer= 0.5LRe™ /2,

Although introduction of the turbulent viscosity provideeseasonable constrain for the magnitudé/dt, the dependence
of /9 as a function ofl/Ro exhibits sophisticated behavior as shown in Fig. 2b. We idenghat the LSC flow

is influenced by rotation under different length scales: ftbew velocity divided by the Coriolis parametéf/2(2, the
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boundary layer thickness, and the span width of the LSC away from the walls. Increasjfigo gives rise to the LSC
retrograde rotations in several regimes in which fluid momerinteractions are characterized by different lengttesca
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Figure 2. (a) Retrograde rotation velocity6 as function ofl/Ro. (b) The ratio—é/Q as function ofl/Ro. For both panels red
circles are data foRa = 1.8x10'°, Pr = 4.38, blue squares are data fRu = 9.0x 10°, Pr = 4.38. The red and blue dashed lines
in (a) are the predictions 6£6(1/Ro) by the models in [1], foiRa = 1.8x10'° and9.0x 10° respectively.

Strength of the large-scale circulation under modest rotabns

The strength of the LSC can be measured by the amplifu@@e dependence of the normalized amplitigl¢ AT as a
function of1/Ro is shown in Fig. 3a. At modest rotating rate§Ro < 1/Ro* = 0.33, results from measurements at two
different Ra numbers elucidate thatincreases when the rotating speed is increased: the dtrehtfte LSC isenhanced

by modest rotations. Enhancement of the normalized andgliisilarger at the smalldta. As 1/ Ro increases) reaches
the maximum at &Ra-independent valugé/ Ro*, and then starts to decreases.

The time-average fluctuation from the sidewall-tempegsfitof Eq.1,(07") = ((3°1_,(T;—T7)?/8)"/?), is also depicted

in Fig. 3a. Belowl/Ro*, the deviation of the sidewall-temperature from a harmemasoidal distribution decreases
whenl/Ro increases, indicating the LSC becomes more robust and @mitriima single-roll structure. This implies that
other secondary flows, such as the corner-flow rolls in theparell may become suppressed under modest rotations.
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Figure 3. (a) The time-average LSC amplitude (open symbols) and the-tiverage rms fluctuation about the fit Eq.1 (solid sym-
bols) as functions of /Ro. (b) The normalized time-averaged energy contéiit) /(E..:). In both panels the dashed line indicates
1/Ro*=0.33, whers is maximum. Red circles: data féta = 1.8x10'°, Pr = 4.38. Blue squaresRa = 9.0x10°, Pr = 4.38.

To further illustrate that the LSC becomes more favorable smgle-roll mode under modest rotations, we calculate the
Fourier transform of the azimuthal sidewall-temperatu@ife and determine the average energy contents in the four
lowest modes:E;(t) = A%(t) + B} (t),(j = 1,...4), andEqy = 2?21 E;. (A; and B, are the Fourier coefficients.)
The normalized time-average energy of the first moHe) /(E,;) is depicted in Fig. 3(b). Remarkably results from
two different Ra overlap into a single curve and the energy ratio reaches anmax at1/Ro*. When1/Ro > 0.8,
contribution to the total energy content from the first Feurnode becomes insignificant. We suggest that the LSC lose
the dominance as a single-roll structure in this rotatigime.
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