
LPSC XXIII 1039 

THREE DIMENSIONAL THERMAL CONVECTION AT HIGH RAYLEIGH 
NUMBER; IMPLICATIONS FOR THE STRUCTURE AND EVOLUTION OF 
PLANETARY INTERIORS. E.M. Parmentier, Department of Geological Sciences, Brown 
University, Providence, RI, 02906 and C.J. Sotin, Laboratoire de Physique de la Terre et des 
Planktes, Bit. 509, Universite de Paris-Sud, 91405, Orsay Cedex, FRANCE. 

Models of the thermal structure of convecting planets are based on laboratory and numerical 
experiments. Numerical experiments, particularly at high Rayleigh number, have been limited to 
two dimensions. This study develops new numerical methodologies that permit well resolved 
three-dimensional numerical experiments on thermal convection in an infinite Prandtl number fluid 
at high Rayleigh number. We describe here some initial results of these studies and briefly discuss 
vossible imvlications for the thermal structure and evolution of vlanets. 

Our cokeptual understanding of time-dependent (turbulen6 temperature and velocity fields in 
thermal convection at high Rayleigh number is based primarily on the ideas of Howard (1) who 
proposed that heat transfer occurs by the instability of thermal boundary layers. An area of the 
thermal boundary thickens sufficiently by conduction to become unstable forming a cold (hot) 
thermal that sinks (rises) into the adiabatic interior of the convecting fluid and mixes with it. The 
interior of a vigorously convecting planet is thus thought to be nearly adiabatic except in thermal 
boundary layers which form adjacent to boundaries where the vertical, advective velocity vanishes. 
For convection in a layer heated from below, rate of heat transfer, or Nusselt number, is predicted 
to be proportional to the Rayleigh number Rab where b=1/3. However, the b-values measured 
from laboratory experiments are generally less than this value. 

We are examining thermal convection in an infiite Prandtl number, volumetrically heated fluid 
layer with an adiabatic bottom boundary. The basic formulation and nondimensionalizations are 
described in earlier two dimensional studies (2). We have thus far considered Rayleigh numbers in 
the range 106-107. The numerical method consists of explicit time stepping of the conservation 
equation for thermal energy with central differencing of the conduction terms and weighted 
upwinding of the advection terms. The prinicipal innovation is the use of a multigrid iterative 
solver (3) for the Poisson equations resulting from a streamfunction-vorticity formulation of the 
equations of motion. Starting from arbitrary initial conditions, multigrid is faster than the FFT 
methods (4) normally applied to this problem, if the number of grid points is large (>215). In a 
time-stepping problem where good initial conditions for the streamfunction and vorticity are 
available from the previous time step, the iterative method is much more efficient. A typical time 
step requries a cpu time of 8 pec/gridpoint on one processor of a CRAY-YMP. In the numerical 
experiments described below, top and bottom boundaries are shear stress-free, and the vertical 
sides of the box are symmetry planes. The horizontal dimensions are twice the box depth with 65 
grid points vertically and 129 grid points in each horizontal direction, all uniformly spaced. 

Our experiments attain a time-dependent steady state. The heatflux at the top boundary as a 
function of time for Ra=107 is shown in Figure 1. The fluctuation is aperiodic: no dominant or 
characteristic frequencies appear to present in this time series. Over the Ra range considered, 
convection takes the form of nearly axisymmetric plumes and thermals that develop in the cold 
boundary layer at the top of the convecting fluid. This structure differs from the episodic 
formation of thermals envisioned by Howard (1). Plumes that exist for relatively long times and 
that migrate horizontally sweep off the cold thermal boundary layer and mix it into the deeper 
interior. The mean spacing between the plumes is comparable to the layer depth. Plumes are 
annihilated by collision with other plumes; and new plumes are created by boundary layer 
instability. 

The horizontally averaged temperature as a function of depth at a number of different times is 
shown in Figure 2. For comparison, a similar result is shown for a two dimensional numerical 
experiment at exactly the same conditions. This is a useful comparison because many of our ideas 
about convection are based on two dimensional numerical experiments. The temperature 
fluctuations in the three-dimensional experiment are much larger. But the large difference in 
thermal structure is even more striking. The two dimensional thermal structure is nearly adiabatic 
(isothermal) beneath the thermal boundary layer. The three dimensional structure shows a large 
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sub-adiabatic thermal gradient: the temperature difference between the bottom of the thermal 
boundary layer and the bottom of the layer is about one-fourth the temperame difference across the 
thermal boundary layer. The nearly axisymmetric plumes in the three-dimensional experiment 
appear to sink through surrounding fluid without exchanging as  much heat as the sheet-like plumes 
in the two-dimensional experiment. These results suggest that vigorously convecting planetary 
interiors may not be as adiabatic as is commonly assumed. The average temperature varies as Rac 
with ~ 4 . 3 0 9 .  The scaling predicted by Howard (I), applied to volumetric heating, yields c=0.25. 
This difference may have important implications for models of the thermal evolution of planets. 
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Figure 1. Heat flux as a 
function of time at ~a=107 .  
Heat flux is normalized by the 
time-averaged heat flux (Hd, 
where H is the heating rate); 
time is normalized by d 2 / ~  
(where d is layer depth and K is 
the thermal diffbsivity). 

Figure 2. Horizontally averaged 0.2 
temperatures (normalized by 
~ d ~ / k  where k is thermal 
conductivity) as a function of 0.4 

depth at a number of different 8 times in a two-dimensional (2D) a -6 
and a three-dimensional (3D) 
numerical experiment. 
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