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Summary A numerical study of Rayleigh-Benard convection in an infinite fluid layar0.71) is performed using large eddy sim-
ulation (LES) of the Navier-Stokes equations with the Boussinesq appativim We present results in the 'hard turbulence’ regime
(2.10° < Ra < 2.10%). The LES modelling uses the mixed scale diffusivity model, that we hegially developed in the case of
the differentially heated cavity. The main observation is the ability of the ctaipas to reproduce the 2/7 scaling behavior over a
large Ra range2(10° < Ra < 2.10%). Moreover the regime transition towards the 'ultra-hard regime’ ismeskatRa = 2.10°.

INTRODUCTION

Much controversy surrounds the physics of turbulent Rghtdénard convection, especially at high Rayleigh numbers
with recent experiments [1] [2] [3] or computations [4] []he focus is on the Nusselt number correlatiaNs:(x Ra™)

and the successive transitions towards a steeper power laws

As a transition of the mean flow is considered to be probatdpaasible of the turbulent regime transition between the
2/7 and steeper power law regime[1][4], numerical studees lze seen as an interesting complement to experiments in
order to provide a physical picture of the large scale flonmwEher, because of the need to resolve accurately the thin wal
boundary layer and the wall heat transfer, the direct nwwaksimulations (DNS) are limited to relatively low Raylkig
number Ra o 107 for the most recent computations in a fluid layer[6]). An aitgive way is to resolve in time and
space the large coherent eddy structures while the unexsslvales are modelled. In this way, a transient (T-) RANS
approach[5] or large eddy simulations (LES)[7] [8] [9] wexgplied to predict the Rayleigh-Bénard flow or to validate
subgrid models. These two turbulence modelling approaahesery appealed insofar as they are potentially able to
reach the highest Rayleigh numbers of experimentati®as~ 10'°).

The present work investigates the Rayleigh-Bénard coirefiow in a fluid layer in the hard turbulent regime using
large eddy simulation. The main purpose concerns theabilithe LES modelling to provide the 2/7 scaling law in order
to explore eventually higher regime.

NUMERICAL SET-UP

We consider the air-flowHr = 0.71) developing in a large aspect ratio cell (larger than 4) wihodic lateral boundary
conditions. The fluid is heated from below and cooled fromvabloy two isothermal no-slip walls. The large aspect
ratio cells present several advantages: a lower Rayleighbeurange for hard turbulence regime and an improvement
in the convergence of statistical properties[10]. The flewgalved by integrating the three-dimensional filtered Miavi
Stokes equations with the Boussinesq approximation. Theawn subgrid-scale (SGS) stresses and heat fluxes, which
represent the effect of the subgrid scales on the large gddare to be modelled. However, using apriori test,

it has been shown[11] that the numerical dissipation fromativective term discretization scheme (QUICK) is able to
reproduce correctly the energy transfer between resolv@diaresolved kinetic scales of the flow, which can be quaditifi

by the time-averaged production of subgrid kinetic enefiderefore, we chose not to model the SGS stresses, but only
the SGS heat fluxes. We used the mixed scale diffusivity maldat we have developed and applied with success in the
differentially heated cavity[11]. This original model iased on its own time-scale, so that the Reynolds analogghwhi
connects the SGS diffusivity with the kinetic scales thtoagSGS Prandtl number, is not assumed. The equations are
discretized on a staggered mesh by second-order accuiitderfilume approximations. The resulting system is solyed b

a splitting procedure with a direct solver in each directimeompressibility is imposed by a projection method. Thée

has been validated by comparison with the DNS data[6] availat Ra = 2.107. Due to the need to resolve accurately
the thin wall boundary layer, we used a non-uniform meshisitiee vertical direction with grids ranging frog6 x 982

up to82 x 2162, respectively in the vertical and horizontal directiondl tAe simulations have been run for a time long
enough to compute reliable statistics for the heat trareidrthe second order moments, that require an averaging time
from 300 to 10077, (T.: large eddy turnover time) for the Rayleigh numBeli0® < Ra < 2.10°.
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Figure 1. Comparison of the computelN«(Ra) results Figure 2. Viscous (A\) and thermal €) boundary layer
with several experimental and DNS correlations. thicknesses v&a. Line is power laws ~ Ra %291,

RESULTS

In figure 1 we report the non-dimensional heat transfer asetiion of Rayleigh number with some experimental results
[3][1][2] for comparison, and DNS data[6] for validationjttvwhich a good agreement is obtained. Fr&m = 2.10° up

to Ra = 2.108 the points seem to fit narrowly the 2/7 power law, with a besofiur data given byWu = 0.149Nu"-29,
Previous studies[1] have proposed different characiesigt describe the hard turbulent regime: (i) th&/7 power law

Ra dependance for different variables, (ii) a mean largedtaw, (iii) an exponential-shaped curve for the histogram
of the temperature fluctuations in the center. Now, assuriaglistance from wall of the peak of the r.m.s. vertical
profile as the boundary layer thickness, we observe efidgtihe Ra scaling law of the thermal boundary layer (Fig. 2).
Moreover the histograms of the temperature fluctuationspfesented here) exhibits the exponential shaped curve for
Ra > 2.10° instead of a Gaussian one Bt = 2.10%. Consequently, we presume to observe the hard turbuleimeeg
for 2.10° < Ra < 2.108.

Above Ra = 10°, Nu ~ Ra?/" trend does not stand anymore, and a steeper curve seemsetar.appis transition was
also observed experimentally [1] or numerically [4] butédrigher Rayleigh number, due to their smaller aspect ratio ¢
However our data present a good agreement with experinnemfagrformed in an horizontal enclosure[3]. Besides it can
be noted that a small bump is present in the decrease of theaheoundary layer arounla = 2.107, while the viscous
boundary layer gets thicker far10” < Ra < 2.10° instead of decreasing with a constant slope. This behahiasibeen
also showed by previous studies and interpreted as an effenninar-turbulent transition of the viscous boundameia
induced by the large scale flow near the walls[1]. Furthermatations are needed to describe this new regime.

CONCLUSIONS

A numerical study of Rayleigh-Benard convection in an inéirfluid layer (Pr=0.71) is performed using large eddy
simulation (LES) of the Navier-Stokes equations with theig8nesq approximation. The main observation is the gbilit
of the computations to reproduce the 2/7 scaling behavier adarge Ra range(10° < Ra < 2.10%). Moreover the
regime transition towards the 'ultra-hard regime’ is obsératRa = 2.10°.
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