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A set of experiments is performed, in which a layer of fluid is heated from below and cooled from
above, in order to study convection at high Rayleigh numkes and Prandtl numberdr). The
working fluid, corn syrup, has a viscosity that depends strongly on temperature. Viscosity within the
fluid layer varies by a factor of 6 to 1:810° in the various experiments. A total of 28 experiments

are performed for 18<Ra<10® and Pr sufficiently large, £&<Pr<1(P, that the Reynolds number

(Re) is less than 1; here, values of Ra and Pr are based on material properties at the average of the
temperatures at the top and bottom of the fluid layer. As Ra increases alb®®, @ow changes

from steady to time-dependent. As Ra increases further, large scale flow is gradually replaced by
isolated rising and sinking plumes. At R®(10’), there is no evidence for any large scale
circulation, and flow consists only of plumes. Plumes have mushroom-shaped “heads” and
continuous “tails” attached to their respective thermal boundary layers. The characteristic
frequency for the formation of these plumes is consistent with?# Bealing. In the experiments at

the largest Ra, the Nusselt numitu) is lower than expected, based on an extrapolation of the
Nu—Ra relationship determined at lower Ra; at the highest RasIRand the lower-than-expected

Nu is attributed to inertial effects that reduce plume head speedsl99® American Institute of
Physics[S1070-663199)00710-3

I. INTRODUCTION Our goal here is to determine the nature of convective
structures and time-dependent motions at high Ra, and at Pr
sufficiently large that the Reynolds numb@Re) is small
(Re<1). In practice we are able to achieve Ra up t8 a6d
Pr>10°

In a plane layer of fluid heated from below and cooled
from above, natural convection, called Rayleighn&el
convection, can arise from thermally induced density varia
tions. If the Prandtl numbdiPr) is sufficiently large, viscous
forces will balance thermal buoyancy forces, and the influ-
ence of inertia can be neglected. This particular limit, very
large Pr(effectively infinite), is appropriate for convection || expERIMENTAL APPARATUS AND PROCEDURES
within the mantles of terrestrial planét€onvective motions
in the Earth are manifested in plate tectonics, hotspot volca-  In our experiments we heat a layer of corn syrup from
nism, and large scale continental deformation. below and cool it from above, in both cases using water

Previous experimental data for high Pr Rayleighr@@  baths to control temperatures. The layer, or tank, of corn
convection is limited to Rayleigh numbe(Ra) less than 19 syrup has a square base and a deptivater from the baths
(e.g., Refs. 2—p By contrast, in the Earth, Ral0® and Pr  circulates through hollow aluminum plates bounding the top
~107% within the terrestrial planetsRa is large as a result and bottom of the tank. Water flows in opposite directions in
of the large depth of the mantle-(L0* km), and Pr is large the two plates in order to diminish spatial variations in the
as a result of the large viscosities- {0'Pag. At Ra>10°  temperature difference across the fluid lafeiThe corn
and high Pr, two experimental studies have considered varisyrup is contained in the horizontal dimension by glass side-
ous aspects of transient convection during secular cadling walls. Temperatures within the fluid are measured with
and secular heatiri’d. Citing “the need for reliable data at 27-30 J-type thermocouples and are recorded by a data-
high Ra to determine the asymptotic Nusselt number Val’ial-ogger every 1-15 s, with the sampling period decreasing as
tion with Ra,” Goldsteinet al** performed an analog ex- Ra increases. The entire apparatus is insulated with 5 cm
perimental study using electrochemical mass transfer for 3hick polystyrene foam. Removable windows in the foam on
X 10°<Ra<5x 10" and Schmidt number@nalogous to Br  the sides of the tank allow us to observe flow structures
of ~2750. It is beyond the scope of this paper to provide ajisually. While we aim to maintain isothermal upper and
summary of related work at low Pr, and the reader is referregower boundaries, the finite conductivity of the thin alumi-
to the list of review papers provided by Goldsteinal’?and  num plates between the circulating water and convecting
a recent review paper by Siggia. fluid layer may produce horizontal temperature variations.
We do not, however, see any large scale circulatiar
9Corresponding author; electronic mail: manga@newberry.uoregon.ediSONVective patterns that might be attributed to such an “im-

phone: 541-346-5574; fax: 541-346-4692. perfect” boundary conditiorisee Fig. 1
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_pga(Ti=To)d?

cold water bath =7 |\ Ra= Py ) (2)

the Prandtl number,

Pr=puo-os/px, 3

re?novable
R and the viscosity contrast between fluid at the top and bottom

of the tank,
hot water bath  |«— N=pg=olpo=1; 4

herep, «, x, and u are the fluid density, coefficient of ther-
FIG. 1. Experimental apparatus. mal expansion, thermal diffusivity, and viscosity, respec-

tively. In the definition of Ra and Pr, the viscosity used is the

value at6=0.5, i.e., its value at the temperature halfway

between the top and bottom temperatures. Previous experi-

The viscosity of corn syrup is approximately an Arrhe- 7 . . _
nian function of temperature, and it is necessary to use fairl;r/’nentaI resulf8” have shown that with this definition of Ra,

large temperature differenceB, — Ty, to obtain large Ra. In mealsulr\led \s\lues of :chegussle(l)IS nﬂmm? coIIapsg”to a
Fig. 2 we show viscosity as a function of temperature for the¥'ngle Nu—Ra curve for LA <10". Hereafter, we will as-

four corn syrup solutions used here. Viscosities were meaz"Mme th_at this empm_cal definition of Ra is appropriate for
nterpreting the experimental results.

sured using a rotational viscometer. In the experiments rel val ‘ At ken f Gi
ported here, the viscosity at the top of the tank is between Yalues fora and for corn syrup are taken from Gian-

1 —4o0m~—1
about 6.4 and 1.8 10° times greater than the viscosity at the nandj7ea Zand Chnste_n@eand are 4.&107"°C" and 1.1
bottom of the tank, and thus the flows are non-Boussinesq.X_lr? rr?/ ?I _r('jelspectlverlly, and ar%Tassumed to dbe constant
Hereafter, we will refer to dimensionless temperatuges WIthin the fluid layer. The ranges df, = To, p, anduy-os

normalized with respect to the temperature at the ) ( in our experiments are 9.'2768'500’ 1.390k_dl.43r} @/(*?md
and bottom T,) of the fluid layer, so that the dimensionless 0.76-181Pas, respectively. We use tank depths of 10, 17,

temperature has values between 0 and 1, i.e., and 33 cm, and the corresponding aspect ratioisith to
depth of the fluid layers are 3, 2 and 1, respectively. We

T-T, performed 28 experiments, using the largest aspect ratio of 3

- T,-To (@) for our smallest Ra, and the aspect ratio 1 for the largest Ra.
) . ) ) In general, it is desirable to use the largest aspect ratio pos-

Our problem is characterized by three dimensionless paramspie so that the effects of the horizontal boundaries are
eters, the Rayleigh number, small; here, our aspect ratio is limited by both the weight of
corn syrup we could manage, as well as the heating and
cooling power of our water baths. We do not, however, ex-
pect our flows to be significantly affected by the limited
aspect ratios, especially at the highest Ra, because the hori-
zontal dimensions of the convective features are small rela-
tive the the tank depttf Finally, in the first set of experi-
ments we performedaspect ratio 3; lowest Rathe corn
syrup was held in a container that had a glass bottom, so that
the fluid layer was separated from the aluminum plate
Fig. 1) by a sheet of glass. In our experiments with aspect
ratio 2 and 1(at higher Ra the fluid layer was in direct
contact with the aluminum plates in order to reduce the mag-
nitude of horizontal temperature variations. These never ex-
ceeded 1.5°C.

All the results presented here are based on measurements
at equilibrium conditions. We identify equilibrium by requir-
ing that both the Nusselt numb@Xu) and the temperature in
the middle of the fluid layer {,,) are constant when aver-

1 aged over sufficiently long periods of timéEach experi-
ment runs between 1 and 12 days, with longer times being
> 4 required for low Ra experiments. A summary of results is
20 40 60 80 presented in Table I.
i Heat transport is characterized in the standard way by
T Celcius determining Nu. In our experiments we chose to fix bound-

FIG. 2. Viscosity of the four solutions used in the experimefsand T, ary temperature$ rather than_to specify the heat input to the
are the temperatures at the top and bottom of the fluid layer, respectivelySystem. Our estimate of Nu is thus based on the measured

0

10°

16
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10
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TABLE I. Summary of experiments.

Aspect Period
Experiment R& PR N ratio Om t* Nu Regime

1 9.1x10° 8.9x10° 26 3 N.A. - 2.4 steady

2 1.1x10* 1.1x10¢° 57 3 0.695 - 2.5 steady

3 2510 6.1x10° 21 2 0.615 - 3.3 steady

4 59<10° 1.5x10° 21 3 0.694 - 4.3 steady

5 7.8x10" 9.1x10° 70 2 0.689 N.A 4.1 unsteady

6 1.1X10° 2.2x10° 15 2 0.587 N.A 4.5 unsteady

7 1.2x10° 9.8x10* 46 3 0.760 - 5.1 steady

8 1.9x10° 7.1x10" 68 3 0.741 N.A 5.7 unsteady

9 2.1X10°  2.2x10° 1.7X10? 2 0.684 N.A° 5.3 unsteady
10 2.9<10° 3.3x10° 20 3 0.682 N.A 6.3 unsteady
11 3.4x10° 1.3x10° 36 2 0.655 1.4%10°2 5.7 unsteady
12 7.2<10°  8.1x10* 85 2 0.670 7.1%10° 7.0 transitional
13 1.0<10°F  8.4x10*  8.8x1C? 2 0.721 8.3%10°% 7.4 transitional
14 1.8x10°  3.2x10* 44 2 0.644 5.0810° 85 transitional
15 1.8<10f  5.4x10*  1.8x10° 2 0.740 N.A? 8.8 transitional
16 3.3x10°  2.1x10* 89 2 0.679 3.9%10° 9.7 transitional
17 47x10°  7.3x10° 25 1 0.643 N.A 11.9 transitional
18 51x10° 4.4x10* 6.4 1 0.559 2.0310 % 12.1 transitional
19 9.8x10° 4.6x10* 40 1 0.686 1.9810 ° 14.4 transitional
20 1.2x10° 2.9x10* 15 1 0.636 1.8%10°° 15.1 transitional
21 1.9<10° 2.9x10" 95 1 0.704 N.A 16.9 plume-dominated
22 2.4x10° 1.8x10* 30 1 0.656 5.9810°* 17.0 plume-dominated
23 3.4x10"  1.9x10" 1.7x10° 1 0.713 7.5%10* 17.8 plume-dominated
24 43x<10° 1.3x10" 66 1 0.678 5.9810* 18.3 plume-dominated
25 5.5<10° 7.8x10° 24 1 0.643 7.3210* 19.1 plume-dominated
26 7.0<10°  1.1x10*  4.0x10 1 0.716 4.2%10* 20.0 plume-dominated
27 9.8<10° 6.7x10° 99 1 0.677 5.28010°* 21.2 plume-dominated
28 1.2x10°  4.9x10° 44 1 0.682 4.6610 * 21.5 plume-dominated

¥Ra and Pr are based on the viscosity at the average temperature of the top and bottom of the €aBk. (
PN.A. indicates that the measurement or result could not be determined.

near-surface temperature gradient obtained from a set dfi. RESULTS AND DISCUSSION

10-12 thermocouples located at a depth of 3 mm or 5 mm _ )

below the upper surface. Although Giannandrea and Here we summarize our expe_nmental measurements and
Christensef observed that “wires could trigger down- attempt to provide an interpretation of the rgl_atlonsh|p be-
streams in their surroundifg),” in our case, the probes are tWeen parameters and measurements. Specifically, we con-
located in the quiescent and most viscous region of the tanRider the distribution of temperature variations in spesec.

and are isolated from the actively convecting region. To test
our procedures and the reliability of Nu obtained this way, in
Fig. 3 we compare our measured Nu with previous experi-

) . 7
mental measurements of Giannandrea and Christ@regen .
. A Giannandrea and
low Ra. We find excellent agreement, though we note that 6 Christensen (1993)
the literature contains variations of about 5%—10% for Nu
which are usually attributed to uncertainties in the thermal 51 e thisstudy

conductivity and other properti€s:® We estimate that the
uncertainty in our values of Ra is about 15%, reflecting the
~5% variation of thermal diffusivity and thermal expansiv-
ity reported for corn syrup solutioh$'°and the uncertainty

in our measured viscosity of 5%. Also, the data shown in 3
Fig. 3 involve viscosity ratios covering more than four orders

of magnitude and demonstrate that the single curve relating

Nu and Ra based on the viscosityéat 0.5 works very well.

Uncertainties in our reported Nu are based on the stan- 2010 Lo |
dard deviations of the temperature measurements used to ob- 10" 10°
tain Nu and are thus not “real” errors. For example, in Ra

steady flows, the local heat flux varies over the surface of th . , , ,

. FIG. 3. Comparison of our measured Iat low Rg with previous experi-
t_ank, and in unsteady f!OWS, the Nusselt number Ch"f‘nges Hental data of Giannandrea and Christen@eef. 9. See text for a discus-
time as well. Here, Nu is averaged over space and time. sion of our error bars.
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studies’® the temperature in the middle of the tank is not 1/2
as symmetry would require it to be for Boussinesq convec-
3 tion.

" 4cm T L The middle temperaturedy,) is related to the relative
e thicknesses of the top and bottom thermal boundary layers
because the heat conducted into the tank through the lower

"head"?m;.% ‘ % 4 thermal boundary layer must equal the heat conducted
: \ “plum through the top thermal boundary layer, i.e.,
e ; 0n 1—0,
[P g ¥ o y (5)
tail" — 2% - : 8o 1
or
FIG. 4. Shadowgraph of rising and sinking plumes at=f&x 10" (Pr
=7.8x10°, A=24, aspect ratio)l Tank depth is 33 cm. 0~ 50 (6)
M S+,
0 1

We expect that the relative thickness of the boundary layers

[l (A)) and time(Secs. lIB and ¢, and the relationship (5, at the top, ands; at the bottomto be given by

between Nu and RéSec. Il D). Results and parameters for

the 28 experiments are listed in Table I. 8o (u(go) -1
First, however, we describe qualitative observations. 5~

Figure 4, is a shadowgraph showing mushroom-shaped

plumes, with “tails” that are connected to thermal boundarywhereu 5 andus are representative velocities and viscosi-

layers at the top or bottom of the tank. Following previousties in boundary layer. In order to simplify the scaling, we

terminology;® we refer to the mushroom-shaped regions asyll approximate the Arrhenian temperature-dependence of

gesting that any large scale flow is weak or nonexistent. We

never observe plume heads forming discrete, detached ther- m=pmoe P’ ()

19
mals as suggested by Hanseral.™ More recently, Tromp- 5 form that is in reasonable agreement with the viscosity data
ert and Hanséft found that the formation of detached ther- iy Fig. 2. Assuming that the temperature difference across
mals is a consequence of the two-dimensional geometry usgfle gctive convecting region
in the earlier calculation®, and that detached thermals did

1/3

M5y
, (7)

Ms,

U51

not form at similar Ra in three-dimensional calculations. 05— 05,~1/2, 9

A. Vertical temperature distribution we obtain a relationship between the middle temperafyre
In Fig. 5 we show one example of a vertical temperature"’lnd the viscosity ratia,,

profile obtained from a thermocouple that could be moved in 1

the vertical direction. The filled symbols show the long term  Om™ 77 =T- (10

mean temperatures at their respective depths based on the

array of stationary thermocouples. As noted in previous Solomato?* derived scaling relationships for the bound-
ary layer thicknesse$, and &; in temperature-dependent

viscosity convection with free-slip boundaries. In the limit of

0 very large viscosity contrasts,>O(10%) (Refs. 21, 22 an
effectively stagnant lid develops even for the case of a free-
0 02 04 06 M08 10 slip upper surface. In this so-called “stagnant lid” regime,
of- ' ' — ' advective heat transport by the cold boundary layer is negli-
§ I do gible compared to the transport by the more vigorous con-
o2t Ly X vection beneath the boundary layer. Solom&tdinds that
j for a temperature-dependence of viscosity described by Eq.
04} (8
z / d o one vertical profile In\
06} =TT (13)
e mean temperatures
ok Two-dimension&??and three-dimensiorfinumerical cal-
___________ culations for convection with a free-slip surface and suffi-
) t ciently large\ agree with Eq.(11). Solomato¢* also pro-
10 posed a transitional regime for smallem which dissipation

FIG. 5. Vertical temperature profile at R2.1xX10° (Pr=2.2x10°, A in the cold boundary layer becomes comparable to dissipa-

= 1.7 10, aspect ratio 2 The open circles show one vertical temperature O ir? _ the aCtiV_eW convecting region. In this so-called
profile; the filled disks show the mean temperature at their respective depth§transitional” regime
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1.0 a) O.70F
© steady - Ra =98 x 10°
0.9 & unsteady, Ra < 10° equation (11) 0.66[-
o wsteady, Re> 100 e B
-= 0.62|
08} 0
O i Ra =3.4 x 107
0.58
0.7 |
0.54} ! ] ! I I ] ! I I I
0.6 0 0.04 0.08 0.12 0.16
< dimensionless time tr /42
O‘SIII 1 | 1 | 1 | - 1 b)
1 10 100 1000 1.0 characteristic period
A £ o8}
= T
FIG. 6. Mean middle temperatui, as a function of the viscosity rati. < 06 1 95% contidence interval
Curve are predictions of Eq§10)—(12). g 04|
8 0.
s Ll
g 02 Ra=9.8x 10°
0. = 1 ( 1 2) or I 95% confidence interval

| | |
0 0.01 0.02 0.03

In Fig. 6 we show the relationship betweép and \. dimensionless time lag

0., is based on the average temperature recorded by six ther-

mocouples in the middle of the tank. The approximate scalFIG. 7. (a) Time series of temperature measurements for experiments at
ings given by Eqs(10)—(12) are also shown. The valuespof Ra=3.4x10° (Pr=1.3x10°, =36, aspect ratio Rand 9.8<1C° (Pr

in the lab experiments fall in the “transitional” regime, and =4.6x10% A =40, aspect ratio)1 Time 0 is arbitrary(b) Autocorrelation

. . ! as a function of time lag; characteristic periods are the first peaks.

in general, the experimental data follow Eg2), though the

scatter in the experimental data is large. Equatit®), de-

spite the simple approximations it involves, also captures the

general trend in the data, and suggests that(&gmnight be t* o Ra 23, (14)
a reasonable approximation for the temperature difference
across the actively convecting region. andt* should be independent of Pe.g., Ref. 25

In Fig. 8 we plot our measured against Ra, along with
a slope of —2/3 for 3.4<10°<Ra<1.2x10°. A least
squares fit to all the data gives a slope-00.61. Previous

We now examine the temporal variability of temperaturehigh Pr studies found slopes similar t62/3 for Ra<O(10°)
for characteristic periods and frequencies. In Fitp) ive  (e.g., Refs. 2, 4, 25 We are able to identify characteristic
show two examples of temperature records in the middle operiods from only some of the thermocouples in the tank;
the tank for experiments with low and high Ra. We will
identify the characteristic period by computing the autocor-
relation function of temperatures recorded in the middle of
the tank[e.g., Eq.(1.2.5 in Ref. 23.

The autocorrelation, as a function of the dimensionless 10°F
time lag is shown in Fig. (b). Time is normalized by the
thermal diffusion time scald?/ . The first peak in the au- -
tocorrelation corresponds to the characteristic period, and, of |
course, peaks are repeated at time lags that are integer mul-
tiples of the characteristic period. The bars in Figh) Bhow
the 95% confidence limits.

Howard™ suggested that the plumes or thermals we ob-
serve(Fig. 4) form through the breakup of thermal boundary
layers. The boundary layer thickness* (= &/d) increases
because of thermal diffusion and thus growst#4 The I
thermal boundary layer becomes unstable when the local B —
Rayleigh number (Ra exceeds the critical value (Rai.e., 10 10 10

Ra=Ras*>>Ra~10". (13
. . . . FIG. 8. Characteristic period¥) as a function of Ra. The slope 6f2/3 is
We thus obtain a relationship between the peritt) (@nd  the prediction of HowardRef. 24, Eq.(14). The least-squares best fit slope
Ra, is —0.61.

B. Characteristic period

® aspect ratio 2
o aspectratio 1

period

10°

best slope -0.61
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Y 07 10°E
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0.5 107! L Ra=2.7x10
Ra=27x10° F
0.3 L I I L L L I I L 1()-2 :
0 004 o008 o012 ow o2 TDFTE
10°E
F Ra=55x10
10 E 1 1 1 1 1 1
0.2 04 0.6 0.8
Orm
FIG. 11. Probability distribution functiofPDF) for temperature in the
middle of the tank §,,,) for the three experiments shown in Fig. 9.
shows the parameter space covered by previous studies and

! ! characteristic of commonly studied fluidae ignoreX in
0 0.01 0.02 0.03 Fig. 10
dimensionless time 15/<c/(1l2 Another way of characterizing the data shown in Fig. 9

FIG. 9. Time series of temperature measurements at thermocouples in th& t0 determine the probability distribution functid®DF)

middle of the fluid layer foa) Ra=2.9x 10° (Pr=3.3x 10%, A=20, aspect  for temperaturgsee Fig. 1L PDFs have been used, for ex-

ratio 3, (b) Ra=4.7x10° (Pr=7.3x10%, \=25, aspect ratio)L and(c)  ample, to identify the transition to hard turbulence in Helium

Ra=5.5x 10" (Pr=7.8x 10°, A =24, aspect ratio )1 Time 0 is arbitrary. experiment€82” The transition corresponds to a change
from a Gaussian to exponential distribution. At the highest
Ra shown in Fig. 11, the PDF only appears triangular due to
scale compression. The PDF for plume-dominated flows

this suggests that there are prefertieel, not randornspatial ~ consists of a peakat ¢,;) with a superimposed curvesee

locations for the formation of plumes. The preferred loca-nset of Fig. 11. The suggestion by Hanset al™ that at
tions in each experiment are not the same. Ra>0(10") the mode of heat transfer in infinite Pr fluids is

C. Distribution of temperature variations

In Fig. 9 we show time series of temperature measure- 10’ or
ments of three or four thermocouples located in the middle s
of the tank for three experiments. Time is again normalized 8 He plume-
. . . 2 . B ominate
10 % dominated
by the diffusive time scala“/x. At the lowest Ra[Fig. He i
9(a)], temperature varies “slowly” in time, the amplitude of "_:':
temperature variations is large, and flow is obviously un- 10’1l -<|>-<>
steady. By contrast, at the highest Rag. 9c)], the tem- o6
peratures at all four thermocouples fluctuate about a constar Qootransitional
mean temperature. In the low Ra experiment we attribute the 10°} g
observed temperature variations to the unsteady nature wacbalont o 7 oS e unsteady
. . . . urouient riow -, . B NS
large scale convective patterns; in the high Ra experiment we s 1/ time-dependent " vo
attribute the short period fluctuations to rising and falling 107 gree-dimensiona{:"\ A'.
plumes, and the absence of long period temperature varia > R steady » 4
tions indicates the absence of a large scale flow. At interme- n| Py seady flow | ; ,9.
diate Ra[Fig. Ab)], we observe both long and short period 10 Lo Y / ;
temperature variations. For the purposes of classifying the { Krishnamurti (1973) % .- previous high ;
. . . £l I 2»¢__ Prexperiments,’
observed convective behavior, we will refer to flows such as 10 R === === pooe-e R TN s
that in Fig. 9¢) as “plume-dominated.” Flows that have 102 10° 10° 10* 10°
only long period temperature variations will be called simply Pr

“unsteady,” and flows that appear to have both long periodrig. 1o0. Regime diagram showing our experime(ggmbolg, and the

and short period variations will be called “transitionalre- ranges of parameter space covered by other studies and fluids. Ra and Pr for
ferring to transitional between unsteady and the p|urma.9ur experimental results are based @©f¥=0.5). The styles of convection

. . . (steady, unsteady, transitional, and plume-dominated described in the
dominated. The style of convection we observe is SUMMa-iext and are based on time series of temperature measurements such as those
rized in the regime diagram shown in Fig. 10, which alsoshown in Fig. 9.
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301

-1
ﬂz(HERe)

o aspect ratio 1
e aspect ratio 2
& aspectratio 3

o 3D calculations - e aspect ratio 1 +
by P. Tackley
2 (infinite Pr) 07| o aspect ratio 2
I e Y N A R A AT L1l I Lo I L
1° 10" 16 10° 10* 10° 102 10" 1
Ra/Ra, Re = pUa/n
FIG. 12. Nusselt numbgiNu) as a function of the Rayleigh numbéRa) FIG. 13. The ratio of measured to expected Nu against an estimate of the

divided by the critical value for the onset of convection {(Rarhe open  Reynolds number RepUa/u based on measured plume head siaemnd
squares are calculated Nu for four of our experiments assuming Pr is infinitgelocitiesU. The dashed curve shows the decrease in Nu that would occur
(Ref. 30. The solid line is described by E(L6), and is a best fit to previous if all heat is carried by rising spheres and that the velocity of these spheres
experimental datéRefs. 7, 28 at low Ra. is reduced due to inertial corrections to their rise spldsgl (17)].

similar to that in the hard turbulence regime, is not supported@t high Ra, provided Pr is sufficiently large. In addition, our
by the PDFs in Fig. 11and is not surprising because Re definition of Ra in Eq.(2) appears to continue to be appro-
<1). priate for temperature-dependent convection at high Ra.

Before attempting to provide an explanation for the
lower-than-expected Nusselt numbers, we note that existing

D. Nu—Ra relationship boundary layer theorieg.g., Refs. 32—34suggest powers
Finally, we consider the relationship between the Nusself 1/5 for convection between rigid boundaries, and 1/3 for
and Rayleigh numbers, assumed to be of the form stress-free %ggndanéé.By contrast, the power found in
experiment§®? is close to 0.28, and is thus significantly
Nuo-Re’. (19  different. Two different scaling analyses obtas=2/7 for

. . y 26,35 -
The scaling law relating these two quantities has been thﬂm?mem convectioR** however, the mechanlisms through

focus of many theoretical, experimental, and numerical studwhich heat and momentum are transported in our low Re
ies, because it relates heat transport to physical properties 8kPeriments are probably very different. Given that bound-

the convecting system. In high Pr convectitow Re), 3 ary layer analyses are nontrivial and do not explain the ex-
~0.28(e.g., Refs. 5, 7,9 perimental data, we will therefore focus on trying to account

Previous studi€s® have found that Nu is more closely for the general form of the discrepancies between measured
related to Ra/Rawhere Rais the critical value for the onset and expected Nu.
of convectior?® In Fig. 12 we plot Nu against Ra/Ralong At high Ra, our shadowgraplts.qg., Fig. 4 and tempera-
with the best-fit relationship of Richtet al:’ ture measuremente.qg., Fig. 9c)] indicate that flow consists

B 0.281 of rising and sinking plumes, and these presumably carry

NUeyo=1.46Ra/Rg)™ " (16) most of the heat. Consider an analog system that consists of
where the subscript exp indicates thatg\iis the “expected rising and sinking spheres. The first order correction to the
value” of Nu. We find systematic deviations of our mea- speedU of these spheres, the Oseen correction, reflects the
sured Nu from Ny, at high Ra. For comparison, in Fig. 12 increased drag due to inertia.g., Ref. 3. We thus expect
we also show calculated Nu by Tackley in which he simu-Nu to be reduced by an amount proportional to the reduction
lated our experimental geometry and viscosities for four spein plume head speed, i.e.,
cific experiments(experiments 19, 23, 25 and 27 listed in Nu U 3
Table |). The numerical calculations of Tackl?é?yassume an 1+ -Re
infinite Pr, suggesting that the discrepancies between our NUexp  Ustokes 8
measurements and the calculations reflect our finite Pr. We- In Fig. 13 we show the ratio of measured and expected
eraratne and Mangdh previously attributed the change in Nu, as a function of an estimated Reynolds numiee)
slope of the Nu—Ra relationship shown in Fig. 12 to thebased on measured velocitidg)(and plume head radiia().
change in convective style associated with the transition t& anda are measured from shadowgraphs and could only be
plume-dominated flows. However, the numerical calcula-obtained for a subset of our experiments, those at the highest
tions of Tackley indicate that our measured Nu is indeedRa and lowest Pr. The experiments for which we could not
lower than the expected valueRfr—c. Moreover, the nu- measureU and a have Nu/Ny,;~1 and Re<10 2. Error
merical calculations suggest that despite changes in convebars for Re, when shown, reflect the variability of measured
tive style from steady to unsteady to plume-dominatasl U anda; the absence of error bars on Re indicates that only
illustrated in Fig. 19, 8~ 0.28 continues to relate Nu and Ra single measurements & and a are available. We see a

-1
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