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We report experimental measurements of turbulent heat transport in rotating Rayleigh-B
convection. The fluid was water with Prandtl number3 , s , 7. Heat transport and local temperatur
measurements were made for Rayleigh numbers2 3 105 , Ra , 5 3 108 and Taylor numbers
0 # Ta # 5 3 109. For fixed convective Rossby numbers Ro between 0.1 and 1.5, the Nusselt nu
N scaled closely as the 2y7 power of Ra but had very little variation with the Prandtl numbers and
only a moderate increase with increasing rotation rate. Substantial disagreement is found with e
scaling theories. [S0031-9007(97)04102-1]

PACS numbers: 47.27.Te, 47.32.–y
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During the past decade, turbulence in Rayleigh-Bén
(RB) convection has become one of the premier test
grounds for concepts of turbulent boundary-layer scal
[1–4]. Adding rotation to turbulent convection address
a variety of other issues of fundamental importance
many geophysical and astrophysical flows, from oce
deep convection to the convective motions in the sun a
in planetary atmospheres. Rotation has many influen
on convection including Ekman pumping and Ekman la
ers associated with differential rotation between boun
aries and the interior flow, modification of thermal plum
into thermal vortex structures and the resulting vorte
vortex interactions, and reduction of horizontal leng
scales [5,6]. Thus, the introduction of rotation could p
tentially change the picture of turbulent RB convectio
developed for the nonrotating case. For example,
Coriolis force is often believed, on the basis of the Taylo
Proudman theorem, to produce a more two-dimensio
flow for rapidly rotating systems. Recent numerical sim
lations, however, have shown that for turbulent flows su
intuition is not always justified [7]. In addition, rotation
provides a number of convenient ways to test some
the concepts of boundary-layer theory in the laborato
which are not easily accessible without rotation. For e
ample, it is difficult to vary the ratio of horizontal to ver
tical scales without perturbing background heat transp
contributions. For nonrotating convection, this ratio is s
by the geometric diameter-to-height ratioG  Dyh. In
rotating convection, however, the horizontal length sc
decreases with rotation rate [8,9], so one can effectiv
scan G without changing the cell conditions. Overal
laboratory investigations of turbulent rotating convecti
provide an excellent testing ground for boundary-lay
concepts and is a fascinating and important system in
own right.

Turbulent RB convection in the presence of rotati
is characterized by four dimensionless parameters:
Rayleigh number Ra proportional to the temperature d
ference across the fluid layer of heighth, the Taylor
0031-9007y97y79(12)y2257(4)$10.00
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number Ta s4pfh2ynd2 where f is the rotation fre-
quency andn is the kinematic viscosity, the Prandtl num
ber s  nyk wherek is the thermal diffusivity, and the
aspect ratioG. The onset of convection varies with ro
tation and for high dimensionless rotation rates the bu
critical Rayleigh number Rac scales as Ta2y3. The heat
transport is measured by the Nusselt numberN which is
the total heat transport normalized by the thermally diffu
sive component. Previously, there have been several
perimental measurements ofN [10–12] with rotation, but
none have determined scaling relations forN as a function
of rotation. The main reason for this is that measureme
at fixed rotation rate, i.e., constant Ta, appear to asym
tote to the nonrotating value ofN [12] at high Ra. The
probable cause of this behavior is that at fixed Ta larg
Ra makes buoyancy relatively more important so that
high enough Ra rotation becomes irrelevant. To addre
this issue, it is useful to define another parameter for r
tating convection which is a combination of the contro
parameters Ra, Ta, ands. The convectiveRossby num-
ber Ro

p
RayssTad is a ratio of the rotation period to

the buoyancy free-fall time, and it was shown numerical
that N scales with Ra as a 2y7 power law for Ro 0.75
and for a fluid withs  1 [5]. This result indicates that
at fixed Ro the effects of rotation relative to buoyanc
are approximately constant and that maintaining Ro fix
would be a good method to test experimentally for he
transport scaling in rotating convection.

We have made precise measurements ofN as a function
of Ra,s, and Ta numbers to obtain

N  Ass, RodRaass,Rod. (1)

Our measurements of heat transport were improved by
ability to rotate the system. Rotation was used to su
press convection, thereby enabling an accurate meas
ment of the background thermal conductivity. Withou
rotation, we finda  0.286 6 0.004, consistent with the
2y7 power law obtained in other experiments using wat
[13–15], andAss  6.7d  0.164 6 0.006. Despite the
© 1997 The American Physical Society 2257
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fundamental changes in flow structure resulting from ro
tion, the scaling exponent hardly changed,0.268 , a ,

0.287, over a range of0 # Ta , 1010. Over that same
range,A increased with rotation, corresponding to an e
hancement inN at equal Ra of about 20%. If interprete
purely on the basis of the increase in the effectiveG with
rotation, a factor of between 3 and 5, the increase inN is
opposite to the significant decrease predicted by the s
ing theory of Shraiman and Siggia [3]; theirG23y7 scaling
yields a decrease inN by about a factor of 2. If, on the
other hand, the important quantity for the heat transp
scaling is the geometric aspect ratio rather than the ratio
horizontal to vertical scales, then important discrepanc
with Shraiman and Siggia remain as we find no eviden
for large scale circulation spanning the container [16].
addition, we have measured the dependence ofA on s

over a narrow range3 , s , 7 and found it to be a much
weaker function ofs than predicted by scaling theorie
[2–4] which show a 2y7 power-law scaling ofN with Ra.

The experimental apparatus is similar to one us
previously for studies of rotating convection [12]. Th
convection cell consisted of anodized-aluminum top a
bottom plates and Plexiglas sidewalls with a square cr
section to facilitate visualization from the side. A sma
hole in the center of the top plate allowed a thermist
attached to a rigid rod to be positioned vertically using
stepping-motor-driven translation stage. The cell heig
was h  9.4 cm and the interior lateral dimensions o
one of the sides wasl  7.3 cm giving an aspect ratio
of G  lyh  0.78. Each plate’s average temperatur
was measured with a set of four thermistors embedd
in the top or bottom plate. Heat was supplied to the c
using a film heater on the bottom plate, and the top-pla
temperature was regulated at 21.5±C with rms fluctuations
of 0.01±C. The Prandtl number for water at the cell mea
temperature used for most of the measurements was
More details of the apparatus will be presented elsewhe

The parameter space for rotating convection is shown
Fig. 1 which illustrates some of the complications involve
in interpreting heat transport results in that space. Previo
measurements ofN as a function of Ra [12] for Ra,
2 3 107 at fixed rotation rate showed thatN was enhanced
by rotation for some intermediate values of Ra but th
N approached its nonrotating value at higher Ra.
fixed Ta, however, the influences of rotation and buoyan
change with Ra so that at high enough Ra buoyancy w
dominate over rotation. This idea is consistent with th
reported measurements. Numerical simulations of rotat
convection [5,17] have demonstrated that if the convect
Rossby number Ro is fixed, the relative strength of rotati
is kept constant and scaling ofN with Ra is observed with
the same exponent 2y7 as for nonrotating convection. In
Fig. 1, we show lines of constant Ro in the space of Ra a
Ta. Also shown for comparison is the linear stability lin
for the onset of bulk convection [18] and a line indicatin
the onset of turbulent scaling. Within this regime, we ke
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FIG. 1. Parameter space diagram Ra vs Ta. Measureme
at fixed Ro were in the shaded area in which the five so
lines correspond to different values of Ro (from right to lef
0.30, 0.52, 0.75, 1.15, and 1.49). Symbols (±) set the lower
bound above whichN exhibited approximate scaling with
Ra. Theoretical prediction for onset of bulk convection und
rotation is also shown [18].

Ro constant and are able to adjust its value through 1 wh
we find marks reasonably well the crossover from rotatio
free to rotation-dominated behavior.

Over two decades of power-law scaling ofN with Ra
were observed when Ro was fixed. In Fig. 2,N is plot-
ted versus Ra showing the scaling of the heat transport
several different values of Ro including the nonrotatin
case (Ro `) in the range5 3 106 , Ra , 5 3 108.
The curves for different Ro are quite parallel and clos
to a 2y7 power law. For the nonrotating case,a 
0.286 6 0.004 andA  0.164 6 0.006 from a fit over the
range4 3 107 , Ra , 5 3 108. The lower end of this
range was dictated by the “soft-to-hard” turbulence tran
tion indicated by the change from Gaussian to exponen
probability distribution functions (PDF). This transition
was first observed in helium-gas convection and later
water [2,14]. From these and similar data, the scaling e
ponenta and the coefficientA as a function of Ro were ob-
tained. First, however, becauses varies with temperature

FIG. 2. N vs Ra at fixed Ro: 0.30 (≤), 0.75 (¶), and ` (p).
The short dashed line and the long dashed line represent
1y3 and 2y7 power laws, respectively.
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and consequently with Ra because the top plate was ma
tained at fixed temperature, it was necessary to meas
the variation ofN with the mean-cell temperature. This
also allowed us to test, in a narrow range but with high a
curacy, the dependence ofN on s. Recently comparisons
between results using very different fluids (mercury wit
s  0.025 and water withs ø 6) in the same convection
cell show an increasingN with s [15] between low and
intermediates. To augment these results closely spac
measurements in a single cell are necessary for a qua
tative test of the predicted scaling ofN with s. Because
A is very sensitive to changes ina, we computed it as-
suminga  2y7  0.286. In Fig. 3, the dependence o
A on s is shown with and without a small correction fo
the temperature dependence of the background conduc
ity. Both data sets show very little dependence ofA on s.
The a  2y7 scaling theories of Castainget al. [2] and
of Shraiman and Siggia [3] both predict as21y7 scaling
[4]. Such a dependence is shown in the plot and clea
disagrees with the experimental data. As-independentA
was predicted fors . 0.1 but with a scaling exponent of
1y3 [19]. Thus, thes dependence ofN in combination
with the2y7 power law that we measure is unexplained b
present scaling theories.

The scaling of heat transport with rotation shows an i
crease inN with decreasing Ro (higher rotation) and
power-law scaling close to 2y7. In Fig. 4, we show the
dependence ofa, Aa, andA2y7 on Ro whereAa is calcu-
lated for the corresponding value ofa andA2y7 assumes
a  2y7. There is a small decrease ina with decreas-
ing Ro but the magnitude of the variation, about 10%
is difficult to distinguish from possible systematic error
inherent in fitting power laws over only two decades i
Ra. Analogous measurements, i.e., with rotation, in h
lium gas would be necessary to quantitatively evalua
the significance of this small change in scaling expone
with rotation. On the other hand, the increase in the c
efficient A with decreasing Ro shows the enhancement

FIG. 3. Scaling coefficientA vs s without correction (≤) and
with temperature correction (±). Solid line is power-law fit
to the data and the dot-dashed line is the predicteds21y7

dependence.
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heat transport by rotation. The change inA2y7 of about
25% is a better representation of the total absolute cha
in N becauseAa is affected by the magnitude ofa. For
all three data sets, Roø 1 seems to separate scaling co
sistent with the nonrotating case from rotation-dominat
scaling at small Ro. One plausible explanation for t
increase inN with increasing rotation is that the vorte
structures in rotating convection which are formed out
the boundary layer are more effective in extracting he
from the boundary layer than thermal plumes owing
Ekman suction [5,12]. This runs somewhat counter to
intuition based on the Taylor-Proudman theorem that ro
tion should suppress convection. Although this intuitio
applies to the increase in theonsetof convection where
the flow is approximately steady, our results clearly sho
that care needs to be taken in applying intuition develop
for nonturbulent flows to states in the turbulent regime [7

Another interesting feature of rotating convection is th
the effective size of the container, i.e., its effective asp
ratio, varies with rotation rate. Previous measurements
helium-gas convection without rotation showed a decre
in N by a factor of about 1.5 for a 6.7-fold increase
G [20]. Rotation provides another means for testing t
lateral-size dependence ofN without physically changing
the container. For example, based on the linear criti
wave number [18], the effective aspect ratio increases

FIG. 4. (a) Scaling exponenta, (b) scaling coefficientAa ,
and (c) scaling coefficientA2y7 vs Ro. Statistical error bars
in (a) and (b) are smaller than the data points but estima
systematic uncertainties are (a)60.005 and (b)60.05.
2259
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about 20 times from zero rotation up to Ta 5 3 109.
This overestimates the horizontal scale reduction in t
weakly turbulent and turbulent regimes which has be
estimated at about 5 by measurements of average vo
density as a function of Ra and Ta [8,9]. Ignoring othe
influences of rotation, this feature allows for a test of th
lateral-size dependence of heat transport scaling, predic
by Shraiman and Siggia to vary asG23y7 power and inde-
pendent of lateral size for the theory of Castainget al.
The former result would predict adecreasein N by a factor
of about 2 between nonrotating convection and the larg
Ta. Further, it would completely disrupt the scaling a
fixed Ro becauseG increases by a factor of about 3 fo
Ro  0.3. InsteadN increaseswith increasing rotation
and 2y7 scaling is observed for constant Ro. Althoug
it is possible that the large decrease inN predicted by
Shraiman and Siggia in combination with the decrea
in horizontal scale caused by rotation could be balanc
by an equally large increase in Ekman suction or oth
enhancements resulting from rotation, this coinciden
seems unlikely especially with the observed2y7 scaling
of N at fixed Ro. Supporting evidence for an increas
in effective lateral size comes from temperature PD
measured in the center of the convection cell. Witho
rotation, there is a transition from Gaussian to exponent
PDFs consistent with previous work using water [14] a
illustrated in Figs. 5(a) and 5(b). In sharp contrast, f
any value of rotation we used, the PDFs had exponen
tails for all accessible Ra. Some examples are sho
in Figs. 5(c) and 5(d). Such behavior was also seen
helium-gas convection [20] and in numerical simulation
[21] when the aspect ratio was increased. Our observati
of exponential PDFs are in contradiction with prediction

FIG. 5. Temperature PDFs at cell center without rotatio
(Ta  0) for (a) Ra 1.1 3 107 and Ra 4.0 3 108. With
rotation for (c) Ra 1.2 3 107 and Ta 1.35 3 106 and
(d) Ra 4.0 3 108 and Ta 5.04 3 109. Notice the tran-
sition from Gaussian (a) to exponential (b) PDFs withou
rotation. Gaussian PDFs were not observed with rotatio
Normalization factors2 is the standard deviation of the dis-
tribution andkT l is the mean temperature.
2260
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from numerical simulations [5] that temperature PDFs fo
rotating convection would have Gaussian tails at all R
and experimental measurements at much higher Raø 1011

that show Gaussian PDFs [22]. These differences ha
not been resolved. As our results confirm, the proble
of turbulent convection continues to be a great source
interest and of new insights which challenge both theor
and experiment.

We acknowledge numerous discussions with K. Julie
D. Ohlsen, and J. Werne. The notion that rotatio
provided a good tool to vary the effective aspect ratio wa
suggested to us by E. Speigel. This work was funded b
the U.S. Department of Energy.
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