NUMERICAL ANALYSIS OF TURBULENT RAYLEIGH-BÉNARD CONVECTION
ON THE BASE OF THE LARGE EDDY SIMULATION TECHNIQUE
A.G. Abramov, N.G. Ivanov and E.M. Smirnov
Saint-Petersburg State Polytechnic University, Saint-Petersburg, Russia
e-mail: aerofmf@citadel.stu.neva.ru

Introduction
Nowadays there are wide possibilities to perform numerical studies of turbulent natural
convection flows on the base of 3D unsteady formulations [1]. Direct Numerical Simulation
(DNS) is the most attractive and reliable approach for getting a detailed knowledge on
convection [2, 3]. However, DNS applications are practically limited by the case of simplified
geometry and/or the Rayleigh numbers not exceeding 108. Results of unsteady computations
based on the Reynolds-Averaged Navier-Stokes (RANS) equations are very sensitive to the
turbulence model choice. Expectations for covering the range of high Rayleigh numbers are
traditionally concerned with Large Eddy Simulation (LES). However, in case of LES
applications to wall-bounded flows the major difficulties are associated with the treatment of the
near-wall layers [4, 5]. Typically approximate wall boundary conditions (wall functions) are
used to keep reasonable computational grids. But wall functions introduce further empiricism in
calculations and may lead to uncertain results. In order to overcome these drawbacks recent
works proposed hybrid techniques combining RANS and LES approaches [5].
The present work is aimed at numerical simulation of strongly turbulent Rayleigh-Bénard
(RB) convection in confined enclosures of aspect ratio 1. Mercury and water, characterized by
essentially different Prandtl numbers, have been chosen as test fluids. Turbulence modelling is
performed with a RANS/LES hybridization involving the equation of the kinetic energy of
unresolved motion. Results of computations are presented in comparison with experimental data.
Problem formulation
The problem under consideration is thermal convection in confined cubic and cylindrical
cells of aspect ratio 1 heated from below. The cell height H is taken as a length scale. The cold
top and hot bottom plates are maintained at constant temperature (Tc and Th respectively), the
gravity vector, gv , points downwards. The temperature difference ∆T = Th -Tc is used to
introduce a normalized temperature. The lateral walls of the cells are adiabatic. No-slip velocity
boundary conditions are imposed on all the walls. The buoyancy velocity, Vb = (gβ∆TH)1/2, is
taken as a velocity scale, and the ratio H/Vb serves as a time scale. With given geometry, the
flow dynamics in the cells is fully determined by values of the Prandtl number, Pr = ν/a, and the
Rayleigh number, Ra = gβ∆TH 3/(νa). Below turbulent regimes of RB mercury convection
(Pr = 0.025) are considered for the cylindrical cell, and turbulent water convection at Pr = 7 is
studied for the cubic cell.
Mathematical model and computational aspects
Resolved scales of turbulent flow under consideration are described by the
averaged/filtered Navier-Stokes equations with the Boussinesq approximation for incorporation
of buoyancy effects. The unresolved scales activity is taken into account using a recently
developed hybrid RANS/LES technique based on the one-equation model for the kinetic energy
of unresolved motion [1, 6]. In this technique, RANS/LES region switching is controlled via a

comparison of dissipation rates given by a RANS model and a subgrid-scale model of LES. Note
that this technique ought to be classified as a non-standard Detached Eddy Simulation (DES) [7],
since the RANS zone, unlike to the standard DES [5], covers only the near-wall part of a highshear boundary layer. In other words, it can be treated as an alternative to the use of wall
functions [8].
Computations have been carried out using a well-validated in-house code (named SINF),
which is under long-time development at the Department of Hydro- and Aerodynamics of the
St.-Petersburg State Polytechnic University. This advanced 3D Navier-Stokes solver is based on
the second-order finite-volume spatial discretization using the cell-centred variable arrangement
and body-fitted block-structured grids. The discretization of time derivatives is done with a
three-time-level, second-order implicit scheme. The artificial-compressibility method is applied
at each time step. The code is in wide use for solving both fundamental and industrial problems.
Additional details of the solver can be found elsewhere [9].
In the present computations, the cylindrical cell was covered by a two-block grid and the
cubic cell was covered by a single-block grid. Both the grids, consisting of about 160,000 cells,
were clustered to the walls so that the normalized time-averaged near-wall coordinate for the
first computational point, y+, was less than unity. As a result of preliminary study, the nondimensional time step was set to 0.1. For both the configurations, the computations for the first
run were started from zero velocity and T = 0.5 temperature fields. After a transient period of
100 time units, a statistically developed regime was obtained. For the other runs, the
computations were started from an instantaneous field saved for the first case and transient
periods of about 50 time units were passed. Samples computed after the transient periods were
200 to 300 time units.
Results and discussion
The mercury convection was studied for the Rayleigh number ranging from 108 to 5×109,
and the water convection was simulated at Ra = 5×108 and 5×109. The computations reproduced
clearly prominent features of turbulent RB convection in confined enclosures. First feature,
typical for low aspect ratio tanks, consists in formation of a stable large-scale circulation that
spans the whole height of the cell.
The presence of the global circulation in the cubic enclosure is illustrated in Fig. 1a
(Ra = 5×109). It can be seen that two isosurfaces of vertical velocity corresponding to the
absolute value of 0.05 are mostly located on different sides with respect to a cubic diagonal
plane. This result is in accordance with experimental observations [10, 11]. On the other hand, in
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Fig. 1. Water convection at Ra = 5×109: (a) isosurfaces of vertical velocity w = 0.05 (black) and
w = -0.05 (gray), and (b) temperature isosurfaces T = 0.45 (black) and T = 0.55 (gray)

case of the cylindrical cell the global structure changed slowly its orientation in time that could
be quite expected due to the axial symmetry of the cell. The intensive large-scale motion induced
a stable flow that can be treated as a “wind” sweeping along the horizontal walls of the cell. Thus
the global circulation strongly affects viscous boundary layers forming near the isothermal walls.
Quantitatively, the global circulation can be characterized by the maximum horizontal
temperature difference, ∆Th, and by the maximum vertical velocity difference, ∆wh, both
evaluated at the mid-plane. The present computations showed that for mercury ∆Th and ∆wh are
about three times larger than for water, as listed in Table 1. For both the fluids, ∆Th and ∆wh
decrease with increasing the Rayleigh number if Ra ≥ 108. Note that DNS data reported in [12]
indicated that ∆Th and ∆wh are almost independent of Ra for the range Ra ≤ 106. This result was
reproduced in our test computations of mercury convection [8, 13] as well (see Table 1).
Following [12], we introduced a scale velocity of the global circulation, Vg, determined as a half
of ∆wh, the latter is extracted from the computed data. Results of evaluation of the Reynolds
number, Reg = Vg⋅H /ν, given in Table 1, agree well with scaling laws obtained in experiments
[14, 15].
Table 1
Characteristics of turbulent R-B convection
Reg
∆wh
∆Th
Approach
Ra
Pr
δT
δV
DNS
DNS
RANS/LES
same
same
same
same
same

105
106
108
5×108
8.7×108
5×109
5×108
5×109

0.025
0.025
0.025
0.025
0.025
0.025
7
7

0.560
0.556
0.458
0.430
0.405
0.358
0.177
0.133

1.57
1.53
1.09
1.05
0.99
0.96
0.42
0.38

1560
4807
34785
74953
93274
214663
1787
5078

0.170
0.090
0.024
0.018
0.014
0.009
0.014
0.008

0.0240
0.0120
0.0035
0.0023
0.0020
0.0014
0.0170
0.0120

Another remarkable feature of the turbulent RB convection is associated with vertical
movement of fluid portions (thermal plumes). As shown in Fig. 1b, these coherent mushroomhead structures arise from the top and bottom temperature boundary layers and move in the
opposite wall direction. Strong turbulent mixing in the flow core prevents thermals to move
through the central part of the cell. As a result, most of thermals are localized near the lateral
walls including regions of rising and descending large-scale motion. In mercury, due to a larger
thermal diffusivity, activity of plumes is noticeably weaker, and they were registered in our
computations only for Ra ≥ 108 [6, 8].
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Fig. 2. Effect of the Rayleigh number Fig. 3. Thermal boundary layer thickness versus Rayleigh
on temperature profiles in mercury
number. Comparison with extrapolations of known
experimental and DNS data for mercury to higher Ra

Figure 2 shows temperature profiles in mercury obtained for three Ra values with the timeand space-averaging of instantaneous fields. Note that the space-averaging was carried out only
over an internal block of the grid that occupies a quarter of the cell diameter. Thus effects of the
lateral wall were excluded. It is clearly seen formation of thin temperature boundary layers near
the isothermal walls. Away from the walls a week inverse temperature gradient is registered. The
thermal boundary layer thickness, δT, and the viscous boundary layer thickness, δV, were
estimated taking the position at which the extrapolation of the linear part of the temperature
(horizontal velocity) profile achieves the mean temperature at the mid-plane (the maximum
horizontal velocity). Data on δT and δV obtained from the profiles taken at the central axis of the
cell are listed in Table 1. The Prandtl number effect appears in the δT to δV ratio. For the mercury
case, the viscous layer is nested within the thermal boundary layer. Results for water point to a
reverse relation between δT and δV, i.e., the thermal boundary layer is considerably thinner than
the viscous one. As shown in Figure 3 for mercury, the computed values of δT agree well with
the power law fits, which are extrapolations of the experimental [15] and DNS [12] data.
Computed and measured [16] temperature fluctuations spectra in mercury for a point
located away from the walls (z = 0.25) at the cell axis look similar (see Fig. 4). In particular one
can observe a decay range with nearly the same power, f -1.55, that is close to the Kolmogorov
law. This result indicates that in low-Pr convection temperature behaves as a passive scalar in the
flow core. The spectrum computed for water has an extended range of decreasing with the “7/5”
law corresponding to buoyancy controlled turbulence in the regions away from the walls.
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Fig. 4. Power spectral density of temperature fluctuations in mercury (z = 0.25). Comparison of (a)
present RANS/LES results with (b) experiment [16]: Ra = 5×108

The above discussed features of the turbulent RB convection determine the heat transport
across the cell. It should be emphasized also that contributions of the global circulation and
thermal plumes to heat transfer change with varying the Prandtl number. For mercury, at
moderate Ra the heat is mostly transported by the global circulation along the cell boundaries
[12]. However, in strong turbulent regimes, Ra ≥ 108, an increase in the Rayleigh number is
accompanied by a decrease in the global circulation intensity. Consequently, the thermal plumes
start to be formed in the convective flow and to take the role of an additional heat carrier. In the
water convection, the heat is mainly transported by the thermal plumes, and the role of the global
circulation is less significant [11].
Intensive 3D fluctuations exert influence on time evolution of integral heat flux through
the horizontal walls of the cell (see Fig. 5). Against a background of predominant high
frequencies one can see a presence of a low-frequency component of heat rate fluctuations that
can be bound with the time scale of the global circulation.
Figure 6 shows that for both the fluids the Nusselt numbers computed are in a quantitative
agreement with known experimental laws [16-18]. The present RANS/LES results obtained for
mercury are very close to a fit from [18] that gives Nu ∝ Ra0.285 over a wide range of Ra, up to
8×1010.
It is of interest to compare the RANS/LES results with computational data obtained on the
base of other approaches to turbulence modeling. Considering the case of mercury convection at

Ra = 5×108, we performed also computations with the pure RANS approach using the wellknown low-Re k – ε model of Launder & Sharma (LS), and without any turbulence model
(under-resolved DNS). One more run was carried out with artificial limitation of the turbulent
viscosity, produced by the LS model, taking νtlim = min{νt, 25ν}.
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Fig. 5. Time evolution of heat rate through the Fig. 6. Nusselt versus Rayleigh number in
horizontal walls. Mercury, Ra = 5×108
comparison with experimental data

Effect of turbulence modeling on the Nusselt number is illustrated by Table 2. The
RANS/LES approach shows the best quantitative agreement with experiment [18]. Underresolved DNS gives a value Nu that is about 15 percents smaller. A steady-state solution given
by the pure RANS model predicts too high Nusselt numbers. The RANS with the limited
turbulent viscosity allows a development of large-scale eddies, and leads to some improvement,
as compared with the pure RANS model. Accounting for this fact, one could expect that RANS
computations with various limit values of νt /ν are able to get Nu values that are close to
experimental data. Obviously, that such an empiric method can not be considered as universal
and reliable.
Table 2
Turbulence modelling effect on predicted Nusselt number in mercury convection, Ra = 5×108
Approach

Turbulence model

Nu

Experiment [18]
Under-resolved DNS
RANS/LES
RANS
RANS

no
one equation k-model
k-ε (without limitation of νt)
k-ε (with limitation of νt)

33.2
27.8
33.3
44.2
36.6

Conclusions
A numerical analysis of turbulent Rayleigh-Bénard convection in cells of aspect ratio 1
filled with mercury (cylindrical cell) or water (cubic cell) on the base of a hybrid RANS/LES
technique was performed. The Rayleigh number was ranged from 108 to 5×109.
The development of a large-scale circulation and thermal plumes was observed in
numerical solutions, in accordance with experimental findings. In mercury the global circulation
is considerably more intensive than in water. On the contrary thermal plumes activity in mercury
is noticeably weaker. The viscous and temperature boundary layer thicknesses estimated from
time-averaged profiles of velocity and temperature agree well with experimental data.
A comparison of computed Nusselt numbers with measured data showed a good agreement
with experimental laws for both the fluids.
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