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Abstract

The paper reports on application of different approaches to the simulations of thermal convection at high Rayleigh (Ra) numbers.
Based on new well-resolved LES in 107

6 Ra 6 109 range, the performance of a T-RANS (using a low-Re three-equation hki–hei–hh2i
ASM/AFM subscale model) and a hybrid approach (utilizing the concept of ‘‘seamless’’ RANS/LES merging) have been compared. Tar-
geting accurate predictions of heat transfer at very high Ra numbers, the near-wall behaviour of the subscale turbulence contributions is
analyzed in details. Whilst the application of the conventional LES on a coarse grid resulted in huge underprediction of the Nusselt num-
ber (50% at Ra = 109), thanks to a well-tuned subscale model, the T-RANS results showed excellent agreement for heat transfer with
both the fine-resolved LES (for Ra 6 109) and experimental data for over a ten-decades range of Ra (106

6 Ra 6 2 · 1016). The visible
absence of the fine-scale motion in the T-RANS, however, means that the T-RANS will perform poorly in flows where there are no
strong large-scale forcing, as, e.g., in a side-heated vertical channel. In order to sensitize the T-RANS approach to high-frequency insta-
bilities, different ways of hybrid RANS/LES merging based on ‘‘seamless’’ approach have been investigated. It is demonstrated that the
hybrid approach is capable of capturing a significantly larger portion of the fine-structure spectrum than is possible with T-RANS, whilst
also returning accurate predictions of heat transfer and turbulence statistics.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Most industrial and environmental flows driven by
buoyancy (crystal growth, reactor safety, indoor- and out-
door climate control, cooling of electronics) occur at very
high Rayleigh numbers (Ra > 1010). For such applications,
the direct and large-eddy simulation techniques, DNS and
LES, become prohibitively expensive (see, e.g., Hanjalić,
2005). The upper limit for DNS is at present Ra � 108

(van Reeuwijk et al., submitted for publication), but most
results available in the literature deal with one or two dec-
ades lower Ra’s (Grötzbach, 1983; Wörner, 1994; Kerr,
1996; Kerr and Herring, 2000; Hartlep et al., 2003). The
LES can reach somewhat higher Ra, though again the pub-
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lished results do not go beyond 109 (Eidson, 1985; Wong
and Lilly, 1994; Kimmel and Domaradzki, 2000). Complex
flow domains pose additional challenge for DNS and LES,
often requiring sophisticated grid design, clustering and
local refinement. But most of all, the orientation of the
imposed temperature gradient with respect to the gravita-
tional vector can have a dramatic influence on the charac-
ter of the underlying physics, posing different demands on
simulations. A case in focus is the thermal convection
between two parallel infinite plates heated differentially:
the horizontal orientation produces very different flow
and turbulent structure from the vertical one even at the
same Ra number. These two configurations have, there-
fore, been considered as ‘‘a must’’ for testing the generality
of any statistical turbulence models.

The horizontal fluid layers heated from bellow, corre-
sponding to the classic Rayleigh–Bénard (R–B) convection,
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Nomenclature

Ra ¼ bgiDTPr q
l

� �2
D3 Rayleigh number

Nu ¼ hD
k Nusselt number

Ret ¼ hki
2

mhei Reynolds turbulent number

Pr ¼ m
a Prandtl number

hUii velocity vector (m/s)
hTi temperature (K)
hki turbulent kinetic energy (m2/s2)
R time scale ratio (–)
DT wall temperature difference (K)
zW wall-distance (m)
gi gravitational vector (m/s2)
Ch, . . . ,Cl constants in turbulence model

Greek symbols

a model parameter

b thermal expansion coefficient (1/K)
b* model parameter
q fluid density (kg/m3)
m kinematic viscosity (m2/s)
mt turbulent viscosity (m2/s)
n,g constants in turbulence model
j von Karman constant
hh2i temperature variance (K2)
hei dissipation rate of turbulent kinetic energy

(m2/s3)
hehi dissipation rate of temperature variance (K2/s)
hehii molecular dissipation rate of heat flux (m K/s2)
T mechanical time scale (s)
Th thermal time scale (s)
sij subscale/subgrid stress (m2/s2)
shi subscale/subgrid turbulent heat flux (m K/s)
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are especially challenging for simulation because of high
demand for numerical resolution of the wall boundary lay-
ers, which becomes progressively thinner with an increase
in the Ra number. The application of the standard wall-
functions with RANS or LES is known to produce very
erroneous heat transfer coefficient (Nusselt numbers), leav-
ing the integration up to the wall as the only choice for
accurate predictions of wall phenomena. In addition to
accurate predictions, industrial applications require a fast
and numerically robust approach which will make param-
eterization studies possible. On the other hand, the R–B
convection is dominated by large-scale convective roll-cell
structures, which provide very strong forcing, thus making
this flow tractable by different types of very large-eddy sim-
ulation (VLES) techniques, such as transient-RANS (T-
RANS) and others. These methods usually do not work
in flows with a broader turbulence spectrum, such as found
in the same channel configuration, but oriented vertically.
This is the main motivation for exploring some novel
hybrid RANS/LES approaches, which should capture at
least the (very) large-scale turbulence fluctuations and pro-
vide some spectral information.

In this paper we compare the fine-resolved LES, T-
RANS and hybrid approaches to the simulation of R–B
convection. Because of grid resolution problem with con-
ventional LES for high Ra and Re numbers and still large
uncertainties in RANS for thermal convection, we focus on
combining the best features of RANS (satisfactory near-
wall predictions using a RANS-type grid) and LES (proper
spatial and time resolution of turbulence structures away
from a solid wall). Because the well-resolved reliable
DNS or LES results for thermal convection are scarce in
the literature and limited (at present) to low values of Ra

(6108), we first performed a series of well-resolved LES
in 107

6 Ra 6 109 range. After that we investigated possi-
bilities for merging RANS and LES methods by employing
hybrid ‘‘seamless’’ approach. Comparative assessment of
LES (both well resolved and coarse), T-RANS and hybrid
method is performed focusing on the wall-heat transfer and
different subscale/subgrid contributions to second-
moments.
2. Equations and subscale/subgrid turbulence models

The conservation equations for momentum and energy
for buoyancy driven incompressible fluid flow (with Bous-
sinesq approximation) can be written as

DhU ii
Dt

¼ o

oxj
m
ohUii
oxj
� sij

� �
� 1

q
oðhPi� P REFÞ

oxi
�bgiðhT i� T REFÞ

ð1Þ
DhT i

Dt
¼ o

oxj

m
Pr

ohT i
oxj
� shj

� �
ð2Þ

where h i stands for Reynolds (time or ensemble) averaged
quantities in RANS and spatially filtered quantities in LES.
The turbulent stress (sij) and heat flux (shi) represent the
unresolved turbulence contributions – on subgrid or sub-
scale levels for LES and T-RANS approach, respectively.
In order to close the system of equations, these contribu-
tions must be modelled. In the present work, we adopted
the well tested and tuned three-equations hki–hei–hh2i
ASM/AFM model for the T-RANS approach, Kenjereš
and Hanjalić (1999, 2002). For the subgrid contributions
for LES we adopted the buoyancy extended Smagorinsky
(1983) model of Eidson (1985). The hybrid approach is
based on the ‘‘seamless’’ coupling between the T-RANS
(in the near-wall region) and LES (in the rest of the flow)
by applying an approach based on the proposal of Dejoan
and Schiestel (2001). A short overview of all models used is
given next.



Table 1
Subscale T-RANS model coefficients

Ch Ce1 Ce2 Cl Cehi n g R

0.2 1.44 1.92 0.09 7 · 10�4 0.6 0.6 0.5
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2.1. Subscale model for T-RANS

In order to properly capture the near-wall behaviour of
turbulence quantities, the low-Reynolds (integration up to
the wall) three-equation model is used, Kenjereš and Hanj-
alić (1999, 2002). The turbulent stress and heat flux are
expressed via a ‘‘reduced-algebraic’’ truncation of their
parent differential equations, while retaining all source
terms:
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The system is fully closed with three-additional equations
for remaining turbulence quantities:

Dhki
Dt
¼ Dk � sij

ohU ii
oxj

� bgishi � hei ð5Þ
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where T ¼ hki=hei is the characteristic time scale while
fl = exp[�3.4/(1 + Ret/50)2] and fe ¼ 1� 0:3 expð�Re2

t Þ
are low-Re damping functions. These damping functions
are based on the local turbulence parameters instead of
the local wall-distances which makes them more appropri-
ate for complex geometries, and Ret is turbulent Reynolds
number defined as Ret = hki2/mhei. Instead of solving an
additional equation for the dissipation of the temperature
variance hehi, the constant thermal-to-mechanical turbu-
lence time scale ratio is assumed, i.e., R ¼T=Th ¼
hh2ihei=hkihehi ¼ const. The molecular heat flux dissipation
term is represented in following form:

hehii ¼ fehi
1þ Pr

2
ffiffiffiffiffiffiffiffi
PrR
p hei

hki shi ð9Þ
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Fig. 2. Above: ratio between turbulent and molecular viscosity for
different values of Ra (107,109) – the well-resolved 2562 · 128 LES. Below:
time evolution of overall Nusselt number at horizontal walls – comparison
between experimental, well resolved and coarse LES, T-RANS and
HYBRID approach (with different values of b* and n as well as with the a
parameter).
with fehi = exp[�CehiRet(1 + Pr)], as proposed in Wörner
and Grötzbach (1995). The Sl term in hei equation is
length-scale correction term expressed as

Sl ¼ max 0:83
hei2

hki
hki3=2

2:5heixn
� 1

 !
hki3=2

2:5heixn

 !2

; 0

24 35 ð10Þ

All coefficients of the subscale T-RANS model are given in
Table 1.

2.2. Subgrid model for LES

The LES subgrid model is based on the simple eddy-vis-
cosity Smagorinsky formulation with an extension that
includes buoyancy production effects – as proposed by Eid-
son (1985):

mSGS
t ¼ CD2 jSj2 þ bgi

Prt

ohT i
oxi

� �1=2

; ð11Þ

aSGS
t ¼ C

Prt

D2 jSj2 þ bgi

Prt

ohT i
oxi

� �1=2

ð12Þ
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where C = 0.01 and Prt = 0.4 are the subgrid model coeffi-
cients, jSj = (2SijSij)

1/2 is the modulus of the strain rate
(Sij = 1/2(ohUii/oxj + ohUji/oxi)), and D = (DxDyDz)1/3 =
(DVol)1/3 is characteristic filter length. It is noted that this
formulation implies the representation of the subgrid heat
flux via the simple-gradient-diffusion-hypothesis (SGDH),
i.e., shi ¼ �mSGS

t =PrtohT i=oxi.

2.3. Hybrid RANS/LES: ‘‘seamless’’ approach

In the present work we adopted the ‘‘seamless’’ hybrid
approach based on the work of Dejoan and Schiestel
(2001) and Schiestel and Dejoan (2005). This method uses
a single RANS model to provide the eddy viscosity for the
unresolved/subscale turbulence in the complete flow
domain. Here the RANS model is the above defined
three-equations model and the only difference is in the
redefinition of the coefficient Ce2 in the equation for the dis-
sipation of turbulence kinetic energy hei. Two variants are
considered:
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• Dejoan and Schiestel (2001):

Ce2 ¼ Ce1 þ
0:48

1þ b� LRANS

LLES

� �n ð13Þ

• the new model:

Ce2 ¼ Ce1 þ
0:48

a
ð14Þ

where LRANS = jzW and LLES = (DVol)1/3 are the RANS
and LES length scales – respectively, and b* and n are
empirical constants that need to be determined, Dejoan
and Schiestel (2001). In order to further reduce the empir-
ical input into the ‘‘seamless’’ approach and to make the
method more suitable for the complex geometries, we
introduced the parameter a = max(1,LRANS/LLES) with
LRANS = flhk i3/2/hei, Eq. (14).
3. Numerical method

The discretized equation set is solved using a structured
finite-volume Navier–Stokes solver for three-dimensional
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flows, applicable to general non-orthogonal geometries. The
Cartesian vectors and tensors components in the collocated
grid arrangements are applied for all variables. The SIMPLE
algorithm is used for coupling between the velocity and pres-
sure fields. The second-order central difference scheme
(CDS) is applied for the discretization of the diffusive terms
in all equations and of convective terms in hU,V,W,Ti
equations (T-RANS, LES and HYBRID approach). The
second-order linear upwind scheme (LUDS) is applied for
convective terms in subscale turbulence equations, i.e.,
hk, e,h2i. The time integration is performed by fully implicit
second-order three-time-levels method which allows larger
time steps to be used as compared to explicit time marching
integration. The solver can be run in serial (single processor)
or parallel mode utilizing the domain decomposition MPI
directives. For the latter, the number of CPUs varied from
8 (for T-RANS, HYBRID and coarse-LES studies) to 64
(for fine-LES simulations) always resulting in an ideal
speed-up on the SGI Origin 3800 platform.1
1 SARA Computing and Networking Services, Amsterdam, The Neth-
erlands; www.sara.nl.
4. Results

As mentioned in the introduction, we performed first a
series of well-resolved LES of thermal convection between
two flat horizontal walls with aspect ratio (4:4:1) heated
from below and cooled from above in the range of high
Ra numbers (up to Ra = 109) – all for Pr = 0.71 – an exten-
sion by one order of magnitude in Ra compared with (at
the present) the highest Ra reached by the DNS of van
Reeuwijk et al. (submitted for publication) and almost
two order of magnitude higher than the DNS of Kerr
(1996) and Kerr and Herring (2000). The side boundaries
are treated as free-slip in order to have identical specifica-
tion of boundary conditions as in DNS of Kerr and Her-
ring (2000). The buoyancy extended version of the
Smagorinsky formulation is used as the SGS model, Eid-
son (1985). The grid resolution was 2562 · 128 control vol-
umes – with the thickness of the first control volume next
to the wall of DzW = 2.5 · 10�4 and 10�4, which should
ensure proper resolving of the wall thermal boundary lay-
ers. The typical values of the non-dimensional time step
was Dt ¼ t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bgDT=H

p
¼ 5� 10�3 and 10�3 for Ra = 107

and 109, respectively. The simulations produced good
agreement with the available experimental (Castaing
et al., 1989; Wu and Libchaber, 1992; Chavanne et al.,
1997; Niemela et al., 2000; Fleischer and Goldstein,
2002), DNS (for Ra = 107) (Grötzbach, 1983; Wörner,
1994; Kerr, 1996; Kerr and Herring, 2000) and T-RANS
results (Kenjereš and Hanjalić, 1999, 2000, 2002) – in terms
of the integral heat transfer (Nusselt number),
Fig. 1(above). This is not surprising since the numerical
grid was fine enough to fully resolve all scales (both spa-
tially and in time) at Ra = 107 – producing practically a
DNS. For Ra = 109 we made additional grid refinement
with denser clustering towards the wall and we claim that
we have a well-resolved LES up to the wall. The sufficiency
of the spatial and temporal numerical resolution is illus-
trated in Fig. 2(above) showing the time evolution of the
maximum value of the ratio between the turbulent and
molecular viscosity.

Application of a conventional LES to higher values of
Ra is seriously questioned. A simple analysis based on
the ratio between the dissipation length scale and the dis-
tance between the walls shows that an immense grid reso-
lution is needed for fully resolved simulations, e.g., for
Ra = 1014 and 1017 – DNS will require 3.5 · 104 and
2.5 · 105 grid points in the vertical direction, Kerr (1996).
Adding to this the limits associated with the time step
and the need to perform the time integration over at least
a few convective time scales – one can conclude that at
present (even when using massively parallel systems and
optimistic prognosis) the upper affordable limit of DNS
is Ra � 1010. With the same massive computer resources,
LES can possibly reach one more decade in Ra number.
In order to overcome this problem, a possibility of merging
RANS and LES approaches is investigated next. The goal
of this merging is to find a proper method which will make

http://www.sara.nl
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possible to provide accurate heat transfer prediction in
complex geometries while employing affordable – moder-
ately dense (RANS-type) – numerical grids.

In our previous works, Kenjereš and Hanjalić (1999,
2000, 2002) and Hanjalić and Kenjereš (2001a,b,
2002a,b), reported on the potential of the transient-RANS
(T-RANS) approach to satisfactorily predict heat transfer
in similar configurations by resolving in time and space
the large convective structures and using the single-point
RANS three-equation hki–hei–hh2i model for the parame-
terization of the unresolved (subscale) turbulence. Excel-
lent agreement with experimental and DNS simulations
of other authors have been obtained (Grötzbach, 1983;
Wörner, 1994; Wörner and Grötzbach, 1995; Kerr, 1996;
Kerr and Herring, 2000). In addition to accurate predic-
tions of the integral and local heat transfer, the first and
second-moments of turbulence quantities, very realistic
representations of the unsteady behaviour of large convec-
tive structures have been obtained. In the present study, we
extended the upper limit of Ra even further – up to 2 · 1016

observing clearly a tendency towards the Kraichnan (1962)
ultimate regime for Ra > 1013, Fig. 1(below). This regime is
characterized by a change in slope of the integral heat
transfer towards Nu / Ra1/2 as also experimentally
Fig. 7. Trajectories of massless particles of an instantaneous velocity field portr
resolved LES. Middle: HYBRID. Below: T-RANS approach; Ra = 109; please
8:8:1 aspect ratio geometry.
observed by Chavanne et al. (2001). It should be mentioned
that even for the largest simulated values of Ra, a relatively
modest grid was used with 1283 CVs, though with a strong
clustering in the near-wall region. For these high values of
Ra, larger geometrical domains (8:8:1) are simulated. This
is done in order to properly accommodate the elongated
large-scale convective structures, which seem to acquire lar-
ger wavelengths with an increase in Ra, as shown in Ken-
jereš and Hanjalić (2000, 2002) and Hartlep et al. (2003).
Again – as for smaller aspect ratios (4:4:1) – the free-slip
boundary conditions are applied for all side boundaries.
The key of success of T-RANS approach for accurate pre-
dictions lies in the anisotropic subscale representation of
the second-moments which are dominant contributions in
the near-wall region.

An important conclusion from this analysis emerged
that the T-RANS with a subscale RANS-type model was
fully adequate for this flow configuration without any need
to change or to redefine the empirical coefficients evaluated
in an extensive validation in a range of generic situations.
The explanation for this success can be provided from
the very nature of the problem. First, the natural forcing
generated by the unsteadiness of the large convective struc-
tures that characterize thermal convection in configura-
aying the resolved flow structures in the central vertical plane. Above: well-
note that the T-RANS and HYBRID results are shown as a zoom-in of the
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tions heated from below (unstable thermal stratification), is
so strong that the unsteadiness can be captured by simply
applying unsteady computations, using any conventional
RANS model for the subscale motion. The small-scale tur-
bulence, produced in the near-wall region and in shear lay-
ers in rising plumes and convective rolls can be regarded
almost as a passive scalar, with little or no effect on the
large convective structures. On the other hand, close to
the solid wall the fluid moves in a well established, though
unsteady boundary layer, which is driven and perturbed by
the unsteady large-scale convective roll/cell structures.
Hence, despite interactions with the convective structures
and eruption of plumes rising vertically and breaking the
boundary layer, a near-wall RANS model tuned even in
steady boundary layers in similar (buoyancy driven) flows
seems sufficient to reproduce the averaged near-wall flow
and turbulence statistics, including heat transfer.

The physical picture is quite different in the side-heated
buoyancy driven flows. Here the turbulence is primarily
located in the thin boundary layers and only weak interac-
tion between the near-wall and central (weakly rotating or
even stagnant) regions. In this case, the natural forcing is
much weaker and it unlikely to expect that the transient-
RANS approach will capture any natural unsteadiness.
Our motivation is now to explore possibilities of sensitising
the model to even weak natural unsteadiness, thus provid-
ing time resolution of at least very large coherent structures
(very large-eddy simulations, VLES) in both vertical and
horizontal generic configurations, thus being applicable
Fig. 8. Trajectories of massless particles of an instantaneous velocity field p
H = 0.5: above) and inside thermal boundary layer (z/H = 10�3: below). Left: w
to buoyancy driven flows irrespective of the heating orien-
tation with respect to the gravitational vector.

The most obvious choice is to try to combine RANS and
LES in a manner similar to the approaches used in the pres-
sure driven flows, Dejoan and Schiestel (2001) and Hanjalić
et al. (2004). For our applications, the hybrid ‘‘seamless’’
approach of Dejoan and Schiestel (2001) and Schiestel and
Dejoan (2005) seems attractive since the above presented
three-equations hki–hei–hh2iASM/AFM model can be used
to provide the eddy-viscosity for subscale turbulence over
the complete flow domain. The major advantage of this
method in comparison with the ‘‘zonal’’ hybrid strategy lies
in its simplicity – it requires redefinition of only one empiri-
cal coefficient (Ce2). This coefficient is now expressed as a
function of the ratio of the characteristic RANS and LES
length scales. For LRANS/LLES 6 1 range the RANS sub-
scale model dominates and conventional T-RANS numeri-
cal method is active. For LRANS/LLES > 1, a reduction in
Ce2 (towards Ce1) causes an increase in hei which in turn
reduces the turbulent viscosity. Finally, for Ce2 = Ce1, the
DNS limit is reached. Additional appealing features are that
this method does not require ‘a priori’ specification of the
interface location and it does not exhibit discontinuities, as
reported in hybrid methods with a demarcation (interface)
between the RANS and LES regions.

In order to perform comparative assessment between
different simulation approaches, the Ra = 109 case is
selected. This value of Ra is large enough to be repre-
sentative of highly turbulent thermal convection. The
ortraying the resolved flow structures in the central horizontal plane (z/
ell-resolved LES. Middle: HYBRID. Right: T-RANS approach; Ra = 109.
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well-resolved LES results (on 2562 · 128 grid) are used as a
reference for comparison. Simulations employing
T-RANS, Hybrid and coarse-LES approach are run in par-
allel – but on a significantly coarser mesh with 822 · 72 CV,
which represents just 5% of the total grid cells employed for
fine LES. As a starting point in our analysis we recall that
LES on this coarse mesh resulted in an underprediction of
the integral heat transfer of 50%, Fig. 2(below). Our first
goal is to reduce this enormous discrepancy to levels
acceptable by industrial standards. The T-RANS approach
resulted in excellent agreement with both experimental data
of Niemela et al. (2000) and the fine-LES results. The long-
term averaged vertical temperature profiles are shown in
Fig. 3(above). It can be seen that the coarse LES shows
huge discrepancy in the slope compared to fine-LES and
T-RANS profiles. Different sets of parameters b* and n

for HYBRID approach have been tested in order to bring
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Fig. 9. Top: Vertical profiles of 1/a at different locations along thermally activ
zoom in the near-wall region (0 6 z 6 0.1). Below: contours in the central ver
heat transfer prediction in good agreement with the fine-
LES, Fig. 3(below). The strong damping of Ce2 coefficient
in the RANS (LRANS/LLES 6 1 � b* = 4, n = 2/3) or buffer
region (1 6 LRANS/LLES 6 3 � b* = 1, n = 8) resulted in
overall full suppression of the subscale turbulence quanti-
ties leading to quasi-DNS simulations. Proper behaviour
of Ce2 should provide a two-way interactions between the
near-wall and outer regions and this can be achieved by
its gradual decrease. In the present study, the best results
are obtained with b* = 1 and n = 2, Figs. 2 and 3(below).
The application of the wall-distance free variant of the
model based on the a parameter resulted in very good
agreement with the previous simulations but with signifi-
cantly reduced empirical input and with encouraging
potentials for applications in the complex geometries.

We focus our analysis now on the near-wall behaviour of
the turbulence quantities – which are of primary importance
5 0.6 0.7 0.8 0.9 1z

x/L=0.125
x/L=0.25
x/L=0.375
x/L=0.5
x/L=0.625
x/L=0.75
x/L=0.875

0.06 0.08 0.1z

x/L=0.125
x/L=0.25
x/L=0.375
x/L=0.5
x/L=0.625
x/L=0.75
x/L=0.875

e walls, x/L = 0.0125, . . . , 0.875 for an arbitrary time realization. Middle:
tical plane.
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for accurate predictions of the wall friction and heat trans-
fer, Figs. 4–6. The total contributions to heat flux, temper-
ature variance and turbulence kinetic energy (divided in
modelled and deterministic contributions) obtained by T-
RANS and HYBRID approaches are compared with the
fine-LES. The modelled contributions are obtained directly
from their equations. The deterministic contributions are
obtained from the triple-decomposition which assumes that
an instantaneous property can be decomposed into time-
mean, deterministic and random contributions, i.e.,
Ûðxi; tÞ ¼ UðxiÞ þ eUðxi; tÞ þ /ðxi; tÞ ¼ hUiðxi; tÞ þ /ðxi; tÞ.
The long-term averaged deterministic contributions to the,
e.g., heat flux can be expressed as eW eT ¼ hW ihT i�
hW i hT i and eT eT ¼ hT ihT i � hT i hT i. Generally, very good
agreement between T-RANS, seamless hybrid and well-
resolved LES is obtained for all considered variables. It is
interesting to observe that the ‘‘seamless’’ approach shows
an improvement in comparison with the T-RANS approach
in the buffer region for all quantities. In addition, the hybrid
approach reduced the modelled and increased the determin-
istic contribution. This change in redistribution is the con-
sequence of significantly reduced turbulent viscosity in the
outer region. Such reduced turbulent viscosity enables
higher frequencies of the large-scale instabilities to be cap-
tured (as compared to the T-RANS approach). This is fur-
ther illustrated by comparing the trajectories of massless
particles in the central vertical and horizontal planes for
the fine-LES, seamless hybrid and T-RANS, Figs. 7 and
8. It can be seen that the seamless hybrid approach captures
a large portion of the smaller structures compared to T-
RANS, as noted for the central vertical plane, Fig. 7(mid-
dle). Similarly, in the central horizontal plane, the vortical
structures obtained by the hybrid approach show more
intermittent behaviour compared with more regular T-
RANS eddy structures, Fig. 8. This significantly enhances
the model sensitivity to instabilities at higher frequency
range, making the hybrid approach probably more suitable
for the side-heated configurations compared to the T-
RANS approach.

In order to illustrate which parts of flow domain are
mainly affected by changing Ce2 – compared to standard
T-RANS approach – profiles and contours of the 1/a
parameter are shown in Fig. 9. It can be seen that the pro-
posed form of the hybrid RANS/LES approach allows
dynamical adjustment (spatial and temporal dependence)
of the parameter a – removing additional need to define
a priori the interface region – as it is usually done in zonal
hybrid RANS/LES approach. The full-RANS regions can
be easily identified by clipping the areas where 1/a is equal
to one. These regions are located in proximity of the hori-
zontal walls and represent approximately just 1% of the
total distance between thermally active walls. In addition,
it is important to note inhomogenities of these regions
along the walls, Fig. 9(below). Different thickness can be
observed indicating the self-adjusting features of the a
parameter. All vertical profiles of the first- and second-
moments (Figs. 3–6) exhibit a smooth transition between
RANS and LES/DNS region proving ‘‘seamless’’ behav-
iour of the proposed approach.

5. Conclusions

A comparative assessment of different approaches to sim-
ulations of thermal convection over horizontal surfaces in
turbulent regime is presented. In order to improve the poten-
tial of the conventional LES for accurate predictions of the
near-wall heat transfer on moderately dense (RANS-type)
grids, different variants of hybrid RANS/LES merging have
been tested. It is demonstrated that the application of the
T-RANS approach resulted in good agreement with the
available DNS and fine-LES (for low Ra’s) and experimental
results over a range of Ra. The key of success lies in model-
ling of the subscale turbulence contributions by the low-Re

three-equation hki–hei–hh2i model which provides correct
behaviour of turbulence variables in the near-wall region.
In order to make the T-RANS approach capable of captur-
ing the low-intensity flow instabilities and to capture
unsteadiness also in flows with relatively weak forcing and
broad turbulence spectrum – such as found in side-heated
configurations – a simple redefinition of the modelled coeffi-
cient Ce2 (as a function of the RANS and LES turbulence
length-scales ratio) is proposed. This ‘‘seamless’’ hybrid
approach was then successfully applied to simulations of
thermal convection at Ra = 109. Results show significant
improvements in capturing of the smaller flow structures
and slight improvements regarding the subscale turbulence
variables in the buffer region. Especially encouraging are
the results obtained with the wall-distance-free variant of
the model based on the a parameter which has a potential
especially for simulating flows in complex geometries.
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