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Transitions in the style of mantle convection at high Rayleigh numbers
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Abstract

The pattern and style of mantle convection govern the thermal evolution, internal dynamics, and large-scale surface
deformation of the terrestrial planets. In order to characterize the nature of heat transport and convective behaviour
at Rayleigh numbers, Ra, appropriate for planetary mantles (between 104 and 108), we perform a set of laboratory
experiments. Convection is driven by a temperature gradient imposed between two rigid surfaces, and there is no
internal heating. As the Rayleigh number is increased, two transitions in convective behaviour occur. First we observe a
change from steady to time-dependent convection at Ra ³ 105. A second transition occurs at higher Rayleigh numbers,
Ra ³ 5ð106, with large-scale time-dependent flow being replaced by isolated rising and sinking plumes. Corresponding to
the latter transition, the exponent þ in the power law relating the Nusselt number Nu to the Rayleigh number .Nu ¾ Raþ/
is reduced. Both rising and sinking plumes always consist of plume heads followed by tails. There is no characteristic
frequency for the formation of plumes.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Both the vigour and pattern of mantle convection
change over time. In the Earth’s mantle, the time-
dependence of convective motions can be related
to the formation of mantle plumes and changes in
plate motion and geometry. Time-dependence is re-
flected in hotspot activity [1], continent aggregation
and breakup on the Earth, and the possible global
resurfacing on Venus [2]. On time scales of bil-
lions of years, changes in convective behaviour may
accompany the secular cooling of planets [3,4].

In order to study time-dependent convective be-
haviour and heat transport at Rayleigh numbers rel-
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evant for planetary mantles, we perform a set of
nineteen laboratory experiments. We adopt an ex-
perimental approach because it allows us to study
high Rayleigh number convection in three dimen-
sions with fluids that have a temperature-dependent
viscosity [5], though we are unable to simulate im-
portant aspects of convection in the Earth’s mantle
such as plates and internal heating.

2. Experimental approach

Our model mantle consists of a tank of Newtonian
corn syrup with glass side walls and an aluminum
top and bottom. The temperatures at the top and
bottom of the tank, T0 and T1, respectively, are
controlled by circulating water. The entire apparatus
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is insulated with 5-cm-thick polystyrene foam. Two
sets of experiments are performed. The first set uses
a tank with aspect ratio 3 : 1 (30ð30ð10 cm) and is
intended to reproduce previous low Rayleigh number
experimental results and test our methodology. The
second set uses a tank with aspect ratio 1 : 1 (33 ð
33ð 33 cm). The greater depth allows us to achieve
Rayleigh numbers two orders of magnitude higher
than previous equilibrium results [6–9], but at the
expense of a large aspect ratio. However, we find
that at such high Rayleigh numbers, heat transport is
dominated by plumes that are small compared to the
tank width so that the effect of the small aspect ratio
is reduced.

Temperatures T1, T0, and within the tank are mea-
sured by an array of 27 J-type thermocouples at time
intervals of 1 to 15 s. Six probes, hereafter referred to
as the ‘middle thermocouples’, are located halfway
between the top and bottom of the tank and at various
horizontal positions. Ten thermocouples are located
3.0 mm below the upper surface in order to measure
the surface heat flux, and are distributed over the sur-
face. Heat transport is characterized by the Nusselt
number, Nu, which is the ratio of the total surface
heat flux to that conducted in the absence of convec-
tion. Thermal equilibrium is determined by ensuring
that both the mean Nu and internal temperature are
constant [10]. All results are based on equilibrium
conditions, and we analyze time series with lengths
ranging from 2 days to 8 h for the lowest and high-
est Rayleigh numbers, respectively. The convective
behaviour of a fluid heated from below and cooled
from above is determined by the Rayleigh number

Ra1=2 D ²gÞ.T1 � T0/d3

¼1=2�
(1)

where the subscript 1=2 denotes material properties
evaluated at the median temperature, .T1 C T0/=2.
Previous experimental studies of convection between
rigid surfaces have shown that Nu depends only on
Ra1=2 and not on the magnitude of viscosity vari-
ations [6,7,9]. Here, ², g, Þ, � , ¼ and d are the
density, gravitational acceleration, thermal expan-
sivity, thermal diffusivity, viscosity and tank depth,
respectively. Values for these properties are listed in
Tables 1 and 2. We assume an uncertainty of 20%
for Ra1=2, due primarily to uncertainties of � and
Þ. At the highest Ra1=2 we achieve, 1:2 ð 108, the

Table 1
Material properties

Property Symbol Value or range

Density a ² 1.390 to 1.431 g=cm3

Thermal expansivity b Þ 4.0 ð 10�4ºC�1

Thermal diffusivity b � 1.1 ð 10�7 m2=s
Viscosity c ¼1=2 0.76 to 181 Pa s
Temperature difference T1�T0 19.5 to 68.5ºC
Tank depth d 10 or 33 cm

a Measured with a glass hydrometer. b From Giannandrea and
Christensen [9]. c Measured with rotational viscometer; ¼1=2 D
¼.T1=2/, where T1=2 D .T1 C T0/=2. See Refs. [5,7–9] for the
form of the temperature-dependence.

Table 2
Dimensionless parameters

Parameter Definition Range

Rayleigh number Ra1=2 D ²gÞ.T1�T0/d
3

¼1=2�
8.6 ð 103 to 1.2 ð 108

Prandtl number Pr D ¼1=2=²� 4.9 ð 103 to 1.1 ð 106

Viscosity ratio ¼.T0/=¼.T1/ 6.39 to 397
Reynolds number a Re D ²uL=¼ <0.5

aHere u and L are the velocity and length scale characteristic
of fluid motions; the upper bound is for the experiment at the
highest Ra1=2.

Reynolds number Re D ²uL=¼ is less than 0.5; this
upper bound is based on ¼(T1), and the measured
plume head radius and rise speed of L D 2 cm and
u D 3 mm=s, respectively. Inertial effects can thus
be neglected for all our experiments because even
for Re ¾ 1 the velocity of buoyant regions is largely
unaffected by inertia [11].

3. Results and discussion

We determine time-dependent convective style
from temperatures recorded by the middle ther-
mocouples. At Ra1=2 less than about 105, flow is
steady and temperatures remain constant. As Ra1=2

is increased, e.g. Fig. 1a for Ra1=2 D 2:7 ð 105,
flow becomes unsteady and temperature fluctua-
tions have a large amplitude and a long period.
As Ra1=2 is increased still further, e.g. Fig. 1b for
Ra1=2 D 4:7ð106, the amplitude of long-period tem-
perature fluctuations decreases. At still higher Ra1=2,
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Fig. 1. Temperature fluctuations at three or four middle thermo-
couples under conditions of thermal equilibrium. (a) Unsteady
convection dominated by large scale flow .Ra1=2 D 2:7 ð 105/.
(b) Increased plume activity along with large-scale flow
.Ra1=2 D 4:7 ð 106/. (c) Plume-dominated convection with
short period fluctuations and a constant average temperature
.Ra1=2 D 5:5 ð 107/. Dimensionless temperature, OT , is defined
as .T � T0/=.T1 � T0/. Time is normalized by the diffusive time
d2=�. (d) Summary of experimental results. The viscosity ra-
tio is ¼.T0/=¼.T1/. Shaded area shows the estimated transitions
between the three styles of convection: steady, unsteady, and
plume-dominated flow. The transition to plume-dominated flow
is gradual. The letters a–c indicate the experiments shown in
(a)–(c).

the middle thermocouples have a constant average
temperature and show no evidence for large-scale
flow, e.g. Fig. 1c for Ra1=2 D 5:5ð 107. We attribute

the short-period temperature fluctuations in Fig. 1 to
rising and sinking thermal plumes. We refer to flows
in which we only observed short-period tempera-
ture fluctuations, e.g. Fig. 1c, as ‘plume-dominated’
convection. Indeed, in this limit we observe rising
and sinking mushroom-shaped plumes, as shown in
Fig. 2. These plumes always appear to consist of
a plume head and tail. The detached plume heads
observed by Yuen et al. [12] in 2D numerical calcu-
lations with free-slip boundaries may be due to the
presence of a large-scale flow [13] and do not occur
in 3D calculations [14]. In Fig. 1d, we summarize
the conditions at which we observe each of the three
convective styles: steady, unsteady, and plume-dom-
inated.

In Fig. 3a, we show histograms of the tempera-
ture fluctuations corresponding to Fig. 1a–c. For the
flows that we call ‘unsteady’, see Fig. 1d, we ob-
serve a broad distribution with a superimposed peak
at OT ³ 0:7 that is due to coexisting plumes. Here,
OT D .T � T0/=.T1 � T0/ is a normalized tempera-
ture. For plume-dominated flows, we observe a nar-
row distribution that is approximately exponential.
Experimental studies with low Prandtl number fluids
(very high Reynolds numbers), find an abrupt change
in the distribution of temperature fluctuations, from a
Gaussian to an exponential distribution, that defines
the transition to ‘hard thermal turbulence’ [15,16].
Our distributions change gradually with increasing

Fig. 2. Shadowgraph showing rising and sinking mushroom-
shaped plumes with tails for Ra1=2 D 5:5 ð 107. The shadows
cast by three thermocouples are visible in the upper left of the
figure. Shadowgraphs are made by temporarily removing pieces
of insulation from the sides of the tank.
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Fig. 3. (a) Distribution of temperature fluctuations at all of the middle thermocouples for the experiments shown in Fig. 1a–c.
Temperature is normalized as in Fig. 1. (b) Power spectrum of temperature fluctuations for Ra1=2 D 9:9ð 107; frequency is normalized
by the diffusive time scale.

Ra, reflecting a gradual change in the relative impor-
tance of large-scale flows and plumes.

Previous studies have used power spectra to clar-
ify transitions in time-dependent convection [17].
Similar to the gradual changes in the histograms in
Fig. 3a, the slope of the power spectra at low fre-
quencies also increases gradually as Ra is increased.
In Fig. 3b we show the power spectrum of temper-
ature fluctuations at the middle thermocouples for
Ra1=2 D 9:9 ð 107. The higher Ra is chosen for
comparison with numerical calculations: we find a

slope of �1.7 similar to the slope obtained by Yuen
et al. [12] for the Nu power spectrum. For all ex-
periments, we observe no dominant frequency at the
middle thermocouples, in contrast to the experiments
performed at low Prandtl numbers [15,16].

In Fig. 4 we plot Nu against Ra1=2. Our mea-
surements for Ra1=2 up to ³106 are consistent with
previous results [6,7,9] which find a slope of ³0.28.
For Ra1=2 greater than 5 ð 106 we observe a distinct
(and continual) decrease in slope corresponding to
the transition to plume-dominated convection, with
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Fig. 4. Nusselt number as a function of Ra1=2. Results for
Ra1=2 less than 106 agree with previous studies [9]. Uncertainty
in Ra1=2 is based on an estimated uncertainty in � and Þ.
Uncertainties for Nu at Ra1=2 > 106 are standard deviations of
temporal fluctuations of Nu; uncertainties at lower Ra1=2 are
based on the measurement accuracy of the thermocouples of 0.1
degrees.

Nu ¾ Ra0:17
1=2 . This exponent is about half the classi-

cal value of 1=3 [18,19] employed in parametrized
thermal evolution models [20–22]. Interestingly, this
exponent is nearly identical to that found in secu-
lar heating experiments at similar Ra by Lithgow-
Bertelloni et al. [23]. Three-dimensional numerical
calculations, however, do not find a similar break in
slope ([14], P. Tackley, pers. commun.). It is possi-
ble that our thermocouple probes (diameter of the
glass thermocouple casing is 1.3 mm) influence the
flow and Nu. In particular, if the probes establish
preferred sites of downwelling, then Nu will be un-
derestimated. We also note that, due to the finite
thickness (6.5 mm) and thermal conductivity of the
aluminum plates on the top and bottom of the tank,
our boundary conditions are not isothermal, and will
be affected by the flow.

Although our experimental model does not ac-
count for all important features of the Earth’s man-
tle, in particular internal heating and mobile surface
plates, our results illustrate fundamental convective

processes that occur at Earth-like Rayleigh numbers.
Specifically, we find a large reduction in the rate of
convective heat transport at very high Ra which im-
plies significantly less secular cooling over Earth’s
history [24].

Finally, our no-slip boundary may be appropriate
for one-plate planets such as Venus. Analyses of the
geoid and surface deformation suggest that large-
scale convection occurs within the Venusian mantle
[25]. In order for such large-scale convection to exist
beneath a rigid surface, our experimental results in-
dicate that Ra1=2 must be less than about 5ð106, that
is, convection is unsteady and not plume-dominated.
However, at such low Ra, thermal plumes will be too
large and will form too infrequently to create coro-
nae. Coronae are surface features observed on Venus
that are thought to be formed by diapirs or plume
heads with diameters of ¾100 km [26,27]. Coronae
forming diapirs must thus form by some mechanism
other than thermal boundary layer instabilities.
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