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Abstract

A numerical study of natural convection with surface and air/H2O mixture radiation in a differ-
entially heated cubic square cavity is presented. The coupled flow and heat transfers in the cavity
are predicted by coupling a finite volume method with a spectral line weighted sum of gray gases
model (SLW) to describe gas radiative properties. The radiative transfer equation (RTE) is solved
by means of the discrete ordinates method (DOM). Simulations are performed at Ra = 106, con-
sidering different combinations of passive wall and/or gas radiation properties and different cavity
length. It was found that in presence of a participative medium representative of building, cavity
length has a strong influence on temperature and velocity fields which affect the global circulation
and the heat transfers in the cavity. For each steady state solution, the convective and radiative con-
tributions to the global heat transfer are discussed. More specifically, boundary layers thickness,
thermal stratification parameter and three-dimensional effects are compared to pure convective
case results. The results suggest that radiative effects, often considered as negligible in view of the
relatively low optical thickness, may not be neglected when trying to predict regime transitions.

Nomenclature

aj weighting coefficient associated with the jth fictitious gray gas
Cabs absorption cross section (m2/mol)
Cp heat capacity (J/kg.K)
F black body distribution function
~g gravitational field (m/s2)
Gλ spectral incident radiation (W/m2)
Iλ spectral intensity (W/m2.sr)
Ibλ spectral black body intensity (W/m2.sr)
L cubic cavity length (m)
Ng total number of fictitious gases
qincr incident radiative heat flux (W.m2)
R ideal gas constant, R = 8.3144621 (J/K.mol)

T0 mean temperature, T0 =
Tc+Th

2
(K)

Uref reference velocity, Uref = α
√
Ra
L
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xH2O molar fraction of water vapor
Dimensionless numbers

Nuc convective Nusselt number, Nuc = L
∆T

(∂T
∂x

)x∗=0,1

Nur radiative Nusselt number, Nur = Lqinc
r

λ∆T

Pr Prandtl number, Pr = µCp
λ

Ra Rayleigh number, Ra = gβ∆TLz

νa

S dimensionless stratification parameter, S = L
∆TLy

∫ 1

y∗=0
(∂T
∂z

)x∗=y∗=0.5dy
∗

T ∗ dimensionless temperature, T ∗ = T−T0

Th−Tc

u∗, v∗, w∗ dimensionless velocity components along x, y and z axis, e.g. u∗ = u
Uref

x∗, y∗, z∗ dimensionless coordinate, e.g. x∗ = x
L

Greek symbols

α thermal diffusivity (m2/s)

β thermal expansion coefficient, β = −1
ρ0

∂ρ
∂T

(1/K)

ε emissivity
µ, η, ξ direction cosines
κj absorption coefficient associated with the jth fictitious gray gas (1/m)
λ wavelength (µm)
ρ fluid density (kg/m3)
σ StefanBoltzmann constant, σ = 5.670367 × 10−8 (W/m2.K−4)
Ω propagation direction, Ω ∈ [0, 4π]
Subscript

b black body
m number of direction cosine under consideration, m ∈ [1,M ]
j number of gray gas under consideration, j ∈ [0, Ng]
w wall

1. Introduction

Natural convection in differentially heated cavities has been extensively investigated in the past
decades because of its academic nature, well adapted to a wide range of engineering applications,
and for understanding the transition phenomena leading to unsteady flows. Benchmark solutions
for square cavities were first obtained at low Rayleigh numbers [103 − 106] by De Vahl Davis and
Jones [1] and, later, at higher values [107 − 108] by Le Quéré [2]. The effects of wall radiation on
the flow structure, temperature field and heat transfer were first investigated in two dimensions
by Larson and Viskanta [3], and more recently by Nouanegue et al. [4], under the assumption of a
fully transparent fluid. A strong influence was found, especially near the top and bottom adiabatic
walls (considered as black surfaces) resulting in a decrease of the thermal stratification in the core
of the cavity. The same conclusion was drawn in three-dimensionnal configurations [5]. Another
specific case of coupling occurs when the fluid absorbs and emits infrared radiation, such as gas
mixtures involving water vapour or carbon dioxide, for instance. Significant effects on flow field and
heat transfer were observed, since, in this configurartion, radiative transfer directly affects the local
energy balance. The first evidences of this phenomenon were found in bidimensionnal simulations
and under the assumption of a gray medium by Lauriat [6] then by Yucel et al. [7]. They show
that the temperature distribution is strongly modified, which, in turn, enhances the global flow
motion. Later, and still using a gray gas model, the effect of optical thickness was studied by Lari
et al. [8] and extensions to the case of three-dimensional cavities were conducted by Colomer et al.
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[9], Borjini et al. [10] and Kumar and Eswaran [11]. Although some general trends could safely
be derived regarding the role of volume radiation, such as a thickening of boundary layers and an
increase of maximum velocities, the gray gas assumption fails to predict the actual behavior of real
gases. This issue was first stated by Borget et al. [12], who considered molecular gas radiation
to predict the onset of instability and transition to turbulence in a differentially heated cavity.
The most recent studies devoted to the interaction between gas radiation and natural convection,
whether in square [13, 14] or cubic cavities [9, 15, 16], resort to global models to precisely account
for the spectral properties of molecular gases.

A detailed review of the literature shows a lack of knowledge of the effect of the enclosure size on
flow structure and heat transfer when gas radiation occurs. The point is that, without gas radiation,
natural convection flows in air is fully characterized by the Rayleigh number, providing that the
unknown quantitites are set in a correct non-dimensional form (velocities, temperature, heat fluxes).
With gas radiation, and in the limit of the gray fluid assumption, additional parameters are needed,
such as (i) the ratio of the temperature difference between walls to the average fluid temperature,
(ii) a conduction-to-radiation parameter (often termed as the Stark number) and (iii) the overall
cavity opacity (the product of the cavity size by the absorption coefficient). This means that the
Rayleigh number – which includes size effects – is no longer sufficient to characterize the flow
and heat transfer fields, but the actual length of the enclosure has to be specified in addition. This
remains true if real (non-gray) gas radiation is considered, knowing that in that case it is impossible
to characterize the configuration by a finite set of non-dimensionnal parameters. The reason is that
the aborption spectrum itself involves about one million lines, whose variation cannot be described
in a general shape with a limited number of parameters only, even for compact models. Therefore,
when working with humid air, temperature, pressure and concentration have to be fixed, which in
turn prescribes the values of all the transport properties, and physical similarity non longer exists.
Nevertheless, the Rayleigh number remains a pertinent parameter, especially for comparison with
solutions where gas radiation is neglected. This is probably why some recent studies in humid air,
including gas radiation effects, have drawn conclusions (transition to unsteadyness and turbulence,
for instance) in terms of Ra values only. The purpose of this study is therefore to demonstrate that,
even at a given Ra, the flow may display different characteristics if the size of the cavity is varied.

We consider a 3D adiabatic differentially heated cubic cavity filled with an air/H2O mixture,
representative of building applications. The numerical simulations are carried out considering either
wall, gas, or both wall and gas radiation, and are compared to solutions obtained without any
radiative coupling. When the gas is assumed to be a participating medium, a global model is used
for treating the infrared radiation of water vapour. In the present steady-state laminar flow study,
we will focus on a unique value of Rayleigh number, far below the transition to unsteadiness in an
adiabatic cubic cavity without radiation Rac = 3.2×107 [17] in order to emphasize radiation effects.
The paper is organized as follows. In a first section, after an overview of the physical problem under
consideration, the governing equations of the coupled problem are reminded, as well as the global
model we used for the gas radiative properties. Then, we present in detail the methods implemented
for numerical simulations, followed by validation of the coupling methodology by comparison with
benchmark solutions. Results of coupled simulations are then analyzed for Ra = 106 at different
heigths of the cavity (L = 1, 2, 3m). We especially focus on this size effect on the structure of the
thermal and dynamic fields, on heat transfer, and on 3D patterns for four different configurations.
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2. Mathematical model

2.1. Problem statement

A differentially heated cubic cavity of variable height is filled with a mixture of dry air and water
vapour (xH2O ≈ 10−2). This globally corresponds to ambient conditions at 50% of humidity. The
two facing vertical walls are considered as black isothermal surfaces, having different temperatures,
T (x = 0) = Th and T (x = L) = Tc. The other four walls are adiabatic (Fig. 1) and – depending
on the test case – either black or diffuse and purely reflecting. In order to separate the effects of
gas and wall radiation, and further study their combined effects, four distinct configurations are
investigated, as summarized in Table 1.

In case A, the adiabatic walls are purely reflecting and gas radiation is disregarded: in this
situation, radiative transfer and convection are uncoupled phenomena. In case B, gas radiation
is considered alone: it induces an additional source term in the energy budget of the fluid, due
to the local balance between volume absorption and emission. In case C, surface radiation from
the adiabatic walls is considered, without any radiative participation of the gas (transparent): the
zero-flux condition along passive walls prescribes that radiation gained by the solid surface must be
compensated by an equivalent convective loss. This creates a strong coupling with the thermal field
through the boundary conditions along these walls. Finally, in case D, both gas and wall radiation
effects are combined.

In this work, the buoyancy-driven flow is generated by imposing a temperature difference be-
tween the two isothermal walls. This difference is adapted to the cavity size so that the Rayleigh
number is kept at a same value, Ra = 106, whatever the size L. The relatively low temperature
difference encountered in the present work makes the Boussinesq approximation entirely legitimate.
Calculations are performed in transient regime but only steady-state solutions are presented in this
work.

2.2. Conservation of mass, momentum and energy

The governing equations, namely the conservation of mass, momentum and energy, may be
expressed, under the Boussinesq approximation, as

∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0 (1)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −1

ρ

∂pm
∂x

+ ν(
∂2u

∂x2
+

∂2u

∂y2
+

∂2u

∂z2
) (2)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
= −1

ρ

∂pm
∂y

+ ν(
∂2v

∂x2
+

∂2v

∂y2
+

∂2v

∂z2
) (3)

∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
+w

∂w

∂z
= −1

ρ

∂pm
∂z

+ ν(
∂2w

∂x2
+

∂2w

∂y2
+

∂2w

∂z2
) + gβ(T − T0) (4)

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
+ w

∂T

∂z
= α(

∂2T

∂x2
+

∂2T

∂y2
+

∂2T

∂z2
)− 1

ρcp
∇.qr (5)

The thermophysical properties of air, considered to be unaffected by the presence of a (very
small) amount of water vapour, are evaluated at the reference temperature T0 = 1

2
(Tc + Tf ) from

Ref. [18]. The radiative source term −∇.qr in equation 5 is calculated by

−∇.qr =

∫ ∞

0

κλ[Gλ − 4πIb,λ]dλ (6)
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where κλ is the spectral absorption coefficient of the gas, Ib,λ the spectral blackbody intensity and
Gλ the spectral incident radiation. This last quantity is evaluated by the integral Gλ =

∫
4π

IλdΩ,
once the intensity fields are known – as solutions of the radiative transfer equation (RTE) (see
equation 7 below) – in all directions and over the whole spectrum.

2.3. Radiative Transfer Equation

The RTE describes the propagation of spectral radiation across the gaseous domain in one given
direction s. Its expression, for a non-scattering medium (no solid particles within the gas), is

µ
∂Iλ
∂x

+ η
∂Iλ
∂y

+ ξ
∂Iλ
∂z

= −κλIλ + κλIb,λ (7)

In this equation, Iλ is the local value of the spectral intensity in direction s, (µ, η, ξ) are the
direction cosines of s, and κλ is the local spectral absorption coefficient. In our configuration, the
total pressure and the molar fraction of H2O are uniform over the domain. Therefore, the values
of κλ varies with temperature only. To determine the total (spectrally integrated) intensity field,
the RTE has to be solved, in theory, for every possible wavelength λ. The most accurate method
at our disposal is the line-by-line (LBL) calculation: it, however, necessitates up to 105 − 106

discrete value of λ to correctly represent the strong variations of κλ over the spectrum, and as
many solutions of the RTE (for each values of λ). This requires excessive computer resources for
practical applications and, especially, for coupled problems. On the other hand, compact methods
have been developed in the past 20 years (and continuously improved since then), such as the
SLW model by Denison and Webb [19]. This model is based on some statistical reordering of the
absorption spectrum, and only about 10 discrete values of the spectral variable (no longer exactly a
wavelength) are needed. For homogeneous gases (isothermal, uniform composition), the SLWmodel
displays almost the same level of accuracy as LBL, but errors may be larger in presence of strong
temperature gradients, like in combustion problems, for instance. However, since our configuration
involves only weak temperature variations, SLW has been chosen to model the spectral behaviour
of the air-H2O mixture in the cavity.

2.4. Spectral Model

In the SLW model (Spectral Line Weighted sum of gray gases), developed by Denison and
Webb [20, 19, 21], the non-gray gas mixture is replaced by a set of Ng fictitious gray gases, plus
one clear (transparent) gas. The characteristics of these gases are obtained by evenly dividing on a
logarithmic scale the range of absorption cross-section values [C̃abs,min; C̃abs,max] for the radiating
species under consideration (H2O). Then, the jth gray gas is given a Cabs - value, which is the

geometric mean of two adjacent discrete values : Cabs,j =
√
C̃abs,j−1C̃abs,j. The relevant absorption

coefficient is further obtained by multiplying the cross-section by the gas molar density. For water
vapor, considered as a perfect gas, this amount correspond to κj = Cabs,j × xH2OP/RT , where P
is the total pressure and R the universal gas constant (R = 8.314510 J mol−1K−1). Each gray gas
is also attributed the weighting factor

aj = F (C̃abs,j)− F (C̃abs,j−1) (8)

where F is defined as the fraction of the blackbody emission – at local temperature T – over
wavelengths where the absorption cross-section – at the reference state T0, P, xH2O – is less than a
certain value Cabs

F (Cabs) =
1

σT 4

∫

Cabs,λ<Cabs

Ib,λ(T )dλ (9)
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In the present work, the correlation proposed by Denison and Webb [19] was used to evaluate
this F -function for water vapour and, in turn, calculate the weights aj for all but the transparent
component (j = 0). For the latter, we simply set κ0 = 0 and, due to the natural normalisation

constraint, a0 = 1−∑Ng

j=1 aj.
Finally, the RTE to be solved for each gray gas takes the form

µ
∂Ij
∂x

+ η
∂Ij
∂y

+ ξ
∂Ij
∂z

= −κjIj + ajκj
σT 4

π
, j = 0, · · · , Ng (10)

and the total intensity can further be found by adding the contribution of each solution Ij over all

gray gases: I =
∑Ng

j=0 Ij .

3. Numerical method

In this section, the solution method for the radiation problem, as well as its coupling with the
general purpose CFD software Code Saturne [22] computing the flow motion and the temperature
field (Eqs. 1-5) are described.

3.1. RTE Solution

In the present work, the Discrete Ordinate Method (DOM) [23] have been used to solve the RTE
for each gray gas of the SLW model. This method consists in solving the transport equation over a
discrete set of directions (µm, ηm, ξm) and then calculate by quadrature formulae the integrals over
directions involved in the definition of the radiative flux and source terms. This method, coupled
with the SLW approach, yields the following expression of the radiative source

−∇.qr =

Ng∑

j=0

[
κj

M∑

m=1

wmIj,m − 4ajσT
4

]
(11)

where wm is the weight attributed to the m-th direction and M the total number of discrete
directions.

Similarly, the radiative incident flux at the wall can be expressed as

qincr,j =

[
κj

M∑

m=1&n.sm<0

wmsmIj,m

]
, contribution of the jth gray gas, (12)

qincr =

Ng∑

j=0

qincr,j , total (spectrally integrated) value. (13)

3.2. Boundary conditions

A no-slip condition is imposed on each wall (Fig. 1). Both active walls are assumed to be black
and isothermal surfaces, whose temperature is prescribed at Th (x = 0) and Tc < Th (x = L). The
remaining (passive) four walls are adiabatic and considered either as blackbodies (εw = 1) or
perfectly diffuse reflecting (εw = 0). Boundary conditions for temperature on passive wall may be
globally expressed as

εw(σT
4
w − qincr )± λ

(
∂T

∂n

)

w

= 0 (14)
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where n denotes the unit vector normal to the surface and pointing inward the medium. When
εw = 0, this condition simply reduces to ∂T

∂n
= 0. Otherwise, it expresses a transfer of energy

between convection and radiation at the wall, so that to preserve the zero net flux condition.
Whatever the wall (active or passive), the boundary condition for intensity related to the jth

gray gas of the SLW model is

Iwj = εwaj
σT 4

w

π
+

1− εw
π

qincrj (15)

3.3. Coupling and numerical solution procedure

All the CFD computations have been carried out using the Code Saturne software [22], in
which are implemented our own radiation modules (discrete ordinate method and SLW model).
A Second Order Linear Upwind Scheme (namely SOLU) was used for the momentum equations
and a centred and conservative second order scheme in space was applied to the energy equation.
Finally, the temporal discretisation was based on an implicit first-order Euler method. The pressure-
velocity coupling was treated by the SIMPLEC algorithm and a gradient reconstruction method was
introduced to properly predict the heat transfer between the walls and the fluid. The intensity field
was calculated by solving the radiative transfer equation (10), for each gray gas, with temperature
values taken at the previous time step. An inner iteration loop is used to meet the boundary
condition on intensity (15) when walls are reflecting.

The overall procedure may be summarized as follow:

1. Initialization of the velocity, temperature and radiation intensity fields,

2. Solution of the RTE for a given temperature field, for each gray-gas coming from the SLW
model,

3. Evaluation of the radiative volumetric source (−∇.qr), further introduced as a source term
in the energy equation (5),

4. Calculation of the velocity fields by solving the coupled set of equations (1-4), with temper-
ature values coming form the previous time step.

5. Update of the temperature field, by solving the energy equation (5)

6. Repeat steps 2 to ?? until steady-state is reached, according to the criterion
max

∣∣(Φn
P − Φn−1

P )/(Φref )
∣∣ ≤ 10−4, where Φ stands for u, v, w or T and Φref is either α

√
Ra/Lz

for velocity components or (Th + Tc)/2 for temperature.

4. Code validation

The accuracy of the whole simulation code was checked with respect to:

1. the direction quadrature used with the DOM to solve the radiative transfer equation;

2. the number of fictitious gray gases involved in the SLW model;

3. the spatial grid size and distribution.

4.1. DOM validation and convergence with respect to the quadrature set

Validation of the radiative part of the code is carried out against data provided by Soucasse
et al. [24]. The 3D test case consists of a cubic cavity of length L = 1m containing a gray medium,
whose absorption coefficient is set to κ = 1 m−1. All the walls are isothermal (T0 = 300K), gray
and diffuse with an emissivity of εw = 0.5. The temperature distribution within the medium is

prescribed as T (x, y, z) = exp

[
−(x−x0)

2−(y−y0)
2−(z−z0)

2

]
∆T+T0, with x0 = y0 = z0 = 0.25
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and ∆T = 10 K. The radiative equilibrium in this configuration was calculated by Soucasse et al.
[25] by using a Monte Carlo Method on a uniform grid of 423 cells. Here, the DOM is used
with the S6, S8 and S10 quadratures, involving 48, 80 and 120 discrete directions, respectively.
The comparison is made in terms of radiative flux qw and radiative volumetric power ∇.qr along
different x−lines inside the cavity. As illustrated in Fig. 2, a very good agreement is obtained (Fig.
2a and Fig. 2b) and the S8 quadrature was found sufficient to keep relative errors below 1%.

4.2. Validation of the SLW approach and convergence with respect to the number of gray gases

Only few benchmarks exist for the validation of 3D radiative transfer codes that take into
account the spectral properties of the medium. We have considered the configuration proposed as
reference by Liu [26], which consists of a rectangular cavity of 2 m × 2 m × 4 m containing pure
water vapor at uniform temperature of 1000K surrounded by black walls at 300K.

The solution was obtained using a ray tracing method and a statistical narrowband model
(SNB). Our calculation were performed using the DOM with a S8 quadrature and using the SLW
model with a varying number of gray gases: Ng = 8 and 20. The gas absorption cross-sections were
taken in the range [3 × 10−5; 120]m2.mol−1, which is further divided into Ng + 1 discrete values,

C̃abs,j, evenly spaced over a logarithmic scale. Then, the cross-section attributed to the jth gray

gas is evaluated as Cabs,j =
√

C̃abs,j−1C̃abs,j . Calculations were performed using the same uniform

grid as in Ref. Liu [26], i.e. 11 × 11 × 16. Comparisons are presented in Fig. 3(a-d) in terms of
radiative heat source and incident fluxes.

With Ng = 8 gray gases, radiative sources (−∇.qr) are slightly overpredicted (3%) in most of
the domain (Fig. 3a and 3b). The largest differences (6%) are observed close to the side walls
; they are mainly induced by the temperature drop prescribed between the medium (1000 K)
and the bounding surfaces (500 K). Such discontinuities do not occur in more realistic situations,
especially when coupled heat transfer prevails. On the other hand, incident heat fluxes (qw) are
well predicted as the relative error does not exceed 2%, whatever the position (Fig. 3b and 3d).
Moving to Ng = 20 does not significantly improve the computational accuracy.

Finally, we have used in this study the discrete ordinates method with the S8 quadrature and
radiative properties of humid air are taken into account by the SLW model considering 8 fictitious
gray gases (+1 clear).

In addition, it is worth pointing out that we use the SLW data taken from Ref. [20], even for
applications at temperature below the range where the correlations for function F were derived
[400 − 2500K]. However, we ensured these correlations still return accurate result at T = 300K,
which is not the case with new correlations proposed by Pearson et al. [27], the latter being on the
other hand more precise at high temperature.

4.3. Final code validation

In this last validation test, a 1m3 cubic cavity filled with non gray air-H2O homogeneous mixture
is investigated under atmospheric pressure and at an initial mean temperature T0 = 300 K. The
molar fraction of water vapor is xH2O = 0.115 and we consider that such a small amount does not
affect the thermal properties of air : λ = 0.0263W.m−1 .K−1, α = 2.25× 10m2.s−1 and Pr = 0.707.
The temperatures of the two active walls are set to Th = T0 + ∆T/2 and Tc = T0 − ∆T/2,
respectively, and the value of ∆T is selected as ∆T = 0.011K in order to prescribe, according the
cavity size, the Rayleigh number at Ra = 106. Four different configurations are investigated, whose
characteristics are summarized in Table 1.

In case A and case C, a fictitious fluid is considered, having the same properties as the air-H2O
mixture, but remaining totally transparent to infrared radiation. Gas radiation is cancelled out
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and the radiative source term in the energy equation disappears. Moreover, in case A, the passive
walls are purely reflecting (εw = 0), meaning that there is no coupling with radiation through
the adiabatic conditions (15). Therefore, in case A, the radiative transfer exists – between the
two active walls – but is totally uncoupled from the flow motion and convective heat transfer in
the cavity. In case C the radiative coupling exists, but only with surface radiation, through the
boundary conditions. In case B and D, the gas radiation is considered. The source term -∇.qr in
the energy equation is calculated as a balance between the incoming (molecular absorption) and
outgoing (molecular emission) radiant energies. In case B, only the gas radiation is considered (no
surface radiation effects). In case D, both gas and wall radiation couplings are considered.

In order to validate our code, the results from the four test cases were compared against data
taken from Ref. [24]. In this reference, a ray tracing method was used to solve the RTE, along
with the ADF model for gas radiation (quite similar to SLW) and a spectral Chebyshev collocation
method [28] for the resolution of the flow equations; calculations were performed over a 813 point
mesh within the flow and 403 points for the radiation field. In our simulations, the mesh is the
same for both the flow and radiative transfer, namely 913 points with a non uniform distribution
along the three axes whose density is given by d = cosh(6t − 3) with t ∈ [0; 1]. In this validation
case study, the cell size ranges between 1.85mm, close to the walls, and 36.20mm, in the middle of
the cavity. Comparison between our calculations and the reference is made in terms of temperature
profiles along the x-axis on the top wall (Fig. 4a) and along the z-axis in the middle of the cavity
(Fig. 4b). As in Ref. [24], the profiles are averaged over y∗.

The agreement between the reference and our model predictions, both for temperature profile
along the center line or at the top wall, is excellent. The validation is completed by a comparison
in terms of velocity profiles along x at three different heights (Fig. 5), z∗ = [0.25; 0.5; 0.75].

The plots on Fig. 5 show that the vertical velocities are nearly the same for both calculations,
even if the solution is obtained about 10 times faster in the present work.

Although not presented here, a sensitivity study was performed to analyse the influence of the
mesh spacing on the convective and radiative Nusselts and on the stratification parameter. It was
observed that increasing the size of the mesh (i.e. 1113) does not affect significantly the results
(< 1%), whatever the configuration. These results motivate the selection of the 913 mesh as fine
enough to perform the following numerical studies.

The solutions obtained with this mesh are then compared with the reference solutions [24] in
Table 2 in terms of average convective and radiative Nusselt numbers on the hot wall, stratifica-
tion parameter S (vertical temperature gradient at x∗ = z∗ = 0.5, averaged over y) and average
temperature at the top wall θtop for Ra = 106, for the four cases under investigation.

In case A, the flow and the convective heat transfer are well predicted: the relative error is less
than 1% for each parameters, except the radiative Nusselt number (10%). A Monte Carlo method
is then used to separately evaluate the radiant exchanges between the isothermal vertical walls.
The radiative Nusselt number was found to converge to 125.4, a value close to 125.6 as found by
the present model. Note that the value provided by Soucasse et al. [24] (139.7) is based on a global
radiosity calculation (one single node per wall), which is not accurate enough in this configuration.

In case B, all quantities compare well with Ref. [24] and the relative error does not exceed 2%.
The small discrepancies may result from the fact that CO2 is not taken into account in the present
study.

In case C, the adiabatic walls absorb the incident radiation, whose magnitude is stronger close
to the hot surface. A refined mesh in this zone allows a more accurate prediction of the wall
temperature, which has a predominant effect on the flow structure. The same observation holds
near the cold wall. The use of a refined radiative mesh may explain the discrepancy of about 4%
with Ref. [24] on the convective Nusselt number. The discrepancy concerning the stratification
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parameter (4%) is due to the relatively coarse mesh in the cavity core (Fig.1).
In case D, where the effects described for cases B and C are cumulated, the maximum difference

with respect to reference data is 5% for the convective Nusselt number and 8% for the stratification
parameter (with still the central mesh in question). On the other hand, the average top wall
temperature θtop is always well predicted as the relative difference is lower than 1% whatever the
case.

5. Results and discussion

In this study, the four specific cases presented previously (Table 1) are considered. The effect
of the cavity size is investigated while keeping the Rayleigh number at a same value, Ra = 106,
and with data representative of building applications. The mean temperature is chosen as T0 =
293.15 K. The density, viscosity, heat capacity and thermal conductivity are set, respectively,
to 1.205 kg.m−3, 1.82329 × 10−5 Pa.s, 1005 J.kg−1.K−1 and 0.0257 W.m−1.K−1. The relative
humidity is 50%, which, under the prescribed conditions and at atmospheric pressure, yields a
water vapor molar fraction of xH2O = 0.0115. The domain is meshed using 913 points, both for the
flow and radiation fields. This mesh, as well as the DOM quadrature set (S8) and the number of
gray gases in the SLW model (Ng = 8), were previously shown to be sufficient for predicting the
global flow features and heat transfer results in this configuration. The time step has to be set in
order to take into account all the time scales associated with conduction

(
τc = ρcpL

2/λ
)
, buoyancy(

τb =
√
L/gβ∆T

)
and viscosity momentum transfer

(
τv = L2/ν

)
. All of them depend on the size

of the domain L. However, whatever the length used in this study, the shortest time scale remains
the convective (buoyancy) one. Therefore, our computational time step was set to ∆t = 1s, which is
two order of magnitude smaller than the minimum convective time scale encountered (for L = 1m).
Moreover, since the time scale associated to radiation equilibrium

(
τr = ρcpL∆T/σT 4

0

)
is extremely

short compared to the convective one, it was found sufficient to update the radiative source terms
every 10 time steps only.

As a first step, the flow structure and thermal field in the mid-plane z = L/2 are observed.
For comparison purpose, the dimensionless coordinates x∗, y∗, z∗ related to the cavity length L
are introduced, as well as dimensionless velocities (u∗, v∗, w∗ related to Uref = α

√
Ra/L) and

temperature (T ∗ = (T − T0)/∆T ). In addition, the global heat transfer (convective and radiative),
as well as the stratification parameter or maximum velocities, are examined and the 3D effects are
discussed. In this study, the cavity height ranges from 1 m to 3 m.

5.1. Airflow structure and velocity profiles

As a first approach, we focus on the mid-depth (y∗ = 0.5) plane solutions, where velocity vectors
are plotted for each case under consideration (see Fig. 6).

In case A (no radiative coupling), the velocity field displays typical patterns, i.e. a centro-
symmetric flow with separate boundary layers and relatively low velocities, especially in the upper
hot lower cold side corners of the cavity. A hydraulic jump is observed relatively close to the
adiabatic walls. Along the cavity roof, the separation point, located at x∗ ≈ 1/3, is mainly due to
the impact of the thin ascending boundary layer on the top wall combined with a strong vertical
thermal stratification. As expected, when radiation is disregarded, the change in cavity size does
not affect the flow topology. But when gas radiation is accounted for (case B), the viscous boundary
layers get thicker, mainly in the upper half of the hot wall (and in the lower half of the cold wall)
and the fluid is accelerated in the whole cavity (Table 3). Then, increasing the cavity size mitigates
the hydraulic jump, moves it toward the opposite vertical wall and enhances the horizontal wall jets.
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Note that the flow topology also changes from a separate boundary-layer structure to a rotating
core flow when L is increased.

When the fluid is considered as transparent and all the walls behave as black radiating surfaces
(case C), the flow structure is mainly affected along the top and bottom boundaries. As observed in
Fig. 4, the upper wall temperature is decreased, which in turn lowers the near-wall fluid temperature
and limits the appearance of a hydraulic jump. Unlike case B, increasing the cavity length does not
affect the flow since radiation view factors between all walls remain the same (the aspect ratio is
preserved), and therefore the temperature distribution along the adiabatic wall temperature does
not change.

The combination of wall and gas radiation (case D) cumulates the effects previously described
in case B and C. As already observed [24], wall radiation magnifies the effect of gas radiation on
the flow structure. These mechanisms result in the formation of a large cell driving the fluid in the
core of the cavity. Case D also leads to the higher velocities (Table 3), and, for the largest cavity
under consideration, L = 3 m, to a rotating flow.

For cases B and D, the larger the cavity, the more intense the flow is. This observation proves
that a criterium only based on the Rayleigh number may not be sufficient to predict the transition
between laminar, transitional and turbulent flows.

Fig. 7 shows the profiles of vertical and horizontal velocity, both averaged over y∗, at z∗ = 0.5
and x∗ = 0.5. Once again, the effects of both gas (case B) and wall radiation (case C) on the global
flow are noticeable, yielding an overshoot of the vertical and, to a greater extent, of the horizontal
components. When gas radiation is considered alone (case B), increasing the cavity size produces
an increase of the maximum velocity, a thickening of the boundary layers and an acceleration of the
flow in the core of the cavity. These phenomena are all the more important when gas radiation and
wall radiation are simultaneously considered (case D). One should notice that, even in the cases
with gas radiation, yet known to break symmetries, the centrosymmetry of the thermal and flow
fields is essentially preserved, because of the small temperature difference involved in this problem
(and radiation effect may somehow be linearized). This observation holds regardless the cavity size,
at least within the range of dimension and temperature considered here.

5.2. Temperature field

Iso-values of the temperature in the plane y∗ = 0.5 (Fig. 8) and temperature profiles, averaged
over y at z∗ = 0.5 and x∗ = 0.5 (Fig. 9), confirms the observations previously drawn regarding
cavity size dependency, whatever the case.

When the gas is transparent (case A), the flow structure previously encountered (large single
cell) can again be well identified (Fig. 8). The thermal boundary layers (defined as the distance
to the wall where the temperature reaches almost the core temperature) are about 0.2 thick at
mid-height of the isothermal walls (Fig. 9a). A slight cooling is observed at x∗ = 0.1 due to the
transport of cold fluid by the external part of the boundary layer. For symmetrical reasons, a
slight heating up is observed at x∗ = 0.9. A vertically stratified distribution of temperatures is
established in the core, which explains the presence of motionless fluid in the cavity core.

In case B, the temperature field is affected by radiation because the optical thickness changes.
In Fig. 8, isotherms 0.2 and 0.4 are mingled whatever the value of L, but the slight cooling described
previously in case A disappears and the thermal boundary layer thickens with cavity length (Fig.
9b). The most significant variations occur near the adiabatic walls, where the fluid is precooled
by emission along the top wall and preheated by absorption along the bottom one (see Fig. 13).
Therefore, increasing the cavity length enhances the effects of radiation which, in turn, tend to
homogenize temperature in the cavity. This results in a decrease of the stratification parameter as
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a function of L (Table 4). This trend is confirmed by observation of the thermal vertical distribution
at mid-width (Fig. 9).

As previously mentioned, wall radiation (case C) significantly changes the temperature distri-
bution along the adiabatic walls and, consequently, all the thermal field in the flow (when compared
to case A). It more specifically decreases the thermal stratification in the cavity centre (Table 4
and Fig. 9). But, unlike the case of gas radiation, changing the cavity length has no effect on
temperature distribution.

The cumulative effects of gas and wall radiation (case D) lead however to fewer modifications of
the thermal field when the cavity length is varied. Indeed, the temperature of the upper adiabatic
wall temperatures is lower when surface radiation is present (case A and B) but this temperature
is hardly affected by the size of the cavity (see θtop, Table 4). For this reason, the upper wall jet is
only weakly sensitive to cavity dimension.

5.3. Heat transfer

Heat transfer is investigated by using the global convective and radiative Nusselt numbers at
the hot wall respectively. These parameters are defined as Nuc = L

∆T

∫ 1

0

∫ 1

0

∣∣∂T
∂x

∣∣
x∗=0

dy∗dz∗ and

Nur = L
λ∆T

∫ 1

0

∫ 1

0

∣∣qnetr

∣∣
x∗=0

dy∗dz∗, respectively, with qnetr = εw(σT
4
w−qincr ). Their values are listed

in Table 5.
Gas radiation (case B) affects the amount of heat transported by convection and leads to a

decrease of Nuc of about 13% for L = 1 m. This decrease is due to two distinct effects. First, the
homogenization of temperature by radiation in the boundary layers decreases the thermal gradient
at the wall and thus the local convective Nusselt number. But the main effect seems to be attributed
to the horizontal jets along the upper and lower boundaries that significantly affect the convective
impact on vertical walls (case A in Fig. 10 and Fig. 11). Cavity length strongly affects the jet
structure and, to a lesser extend, temperature which tends to decrease (Fig. 9). As the cavity
length increases, the jet become thicker and its trajectory is moving away from the wall. This
explains that the maximum value of convective Nusselt number is moving upward to reach the
elevation z∗ ≈ 0.25. Radiation also modifies the shape of the jet that splits up from L ≥ 2 m in
case B (Fig. 11). 3D effects are discussed in subsection 5.4.

When the adiabatic walls are black (cases C and D), gas radiation does not modify significantly
the heat brought by convection (<1% for L = 1 m) since the horizontal circulation is already
established. However, regarding the effect of cavity length, the same behavior is observed than in
case B and leads to an increase in convective Nusselt number. It should be noticed that in case C,
Nuc should not be modified with cavity length as the geometrical configuration remains the same.
The variation of this parameter (≈ 1.5% between L = 1 m and L = 3 m) is attributed to the
difficulties for increasing dimensions with constant number of cell to capture the high temperature
gradient in the vicinity of the adiabatic black walls (Fig. 10). This may explain the underestimation
of Nuc in the validation case (Table 2).

The amount of convected heat is also conditioned by the fluid circulation in the upper part of
the hot wall (and in the lower part of the cold wall). Observation of the dimensionless vertical
velocities w∗ in Fig. 11 shows a thickening of the boundary layer with cavity length, which induces
a larger horizontal jet when gas radiation is only considered (case B). As a result, the increase in
cavity length leads to an earlier change in direction of the boundary-layer flow and therefore to an
extension of the low-velocity region close to the corners that explains the relatively low value of
Nuc in the top (or bottom) part of the hot (or cold) wall. The same observation can be drawn in
a participating medium when wall radiation is taken into account (case D, Fig. 12).

The average temperature along the top wall θtop is constant with length, except in case B,
where it decreases. This is due to the increase in horizontal velocity u∗max and the mitigation of
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radiative exchanges with isothermal walls due to increasing optical thickness. Probably the same
effects would be observed in case D, but θtop is already close to 0 due to wall radiation.

The surface-averaged radiative Nusselt number Nur is used for comparing radiation heat ex-
change to the reference heat conduction in the cavity but is not appropriate to study the effect
of cavity length. The reason is that, the net radiative flux transfered from the hot wall (1) to
the cold wall (2) may be expressed as (q

′′net
r )12 = B12σ(T

4
h − T 4

c ) where B12 is the Gebhart factor
which solely depends on (i) the radiative properties of the wall and (ii) the view factors with any
surface element involved in the cavity. These view factors remain constants when L varies because
all the aspect ratios between geometric elements are preserved. And so is the B12 factor. Moreover,
the temperature between the two active walls being weak, the (T 4

h − T 4
c ) term may be linearized

around the central temperature T0 (which is kept constant whatever L). As a result, the flux may
be expressed as (q

′′net
r )12 = hr(Th − Tc), where the hr coefficient is expected to be independent of

the cavity size. This is what is actually observed in table 5, as well as a linear increase of Nur

with L (since Nur ∝ hrL). Small variations of hr with length in case A may be explained by the
choice of using the same radiative mesh whatever the cavity length. However, this choice seems
reasonable as the difference does not exceed 0.2% between L = 1 m and L = 3 m, which will ensure
to study the effect of gas and/or wall radiation. In case C, the maximum error is less than 0.1%.
In case B, hr decreases slightly (≈1.5%) due to absorption by the gas that increase with optical
path. The decrease is enhanced (≈2.7%) by wall radiation (case D).

Modification of passive walls temperature distribution also affects radiative exchange with gas
and so the radiative source term distribution defined as S∗

r = −∇.qrL
2/(λ∆T

√
Ra). To explain

the differences in the internal structures of flows in case B and D, it is convenient to compare the
spatial distributions of the non-dimensional radiative source term in the midplane y∗ = 0.5 (Fig.
13). In both cases, the cavity length tends to decrease the horizontal gradient of the radiative
source in the core region. In other words, the effects of passive walls decrease with length as iso-S∗

r

are straightened vertically.
Fig. 14 compares the evolution of the radiative source term along the lines (x∗, 0.9, 0.9) and

(1− x∗, 0.1, 0.1) in order to check for centrosymmetry. In both cases (B and D), the superposition
of radiative heat source profiles indicates that the centrosymmetry of the problem is conserved
even though radiation is known to be strongly non-linear. It is worth pointing out that in this
configuration, radiation is intense enough to alter the flow pattern but not enough to introduce
significant non-linear effects. This observation is only valid for the temperature differences and
cavity dimensions considered in the present study. Each of the source terms in the system of
equations (1-5) (e.g. radiative source term, Boussinesq buoyancy term) being centrosymmetric, so
is the fluid flow structure.

5.4. 3D effects

3D effects are fairly well exhibited by plotting two opposed isosurfaces of the y-component of
the velocity v∗ for cases B and D, for the three cavity lengths studied and at Ra = 106 (Fig. 15).
As shown in Table 3, the cavity length tends to increase the lateral velocity v∗, especially in case
B. For L = 1m, relatively moderate transverse velocities are observed in the lower part of the hot
wall and in the upper part of the cold wall (centrosymmetry). When increasing L, the transverse
flow involves nearly the whole height of the wall. Two important cells appear, for L = 2m on top
and bottom walls. Then for L = 3m, each of these cells is divided into two (in case B) and three (in
case D) cells whose directions alternate. In both cases, the lateral velocity remains important close
to vertical lateral walls. While considering the number and shape of the cells, the flow becomes
more complex when both gas and wall radiation are involved (case D). As the cavity size increases,
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the flow increases in the center of the cavity which results in an intensification of the rotating core
flow as revealed by the path-lines in Fig. 15.

6. Conclusions

Three-dimensional coupled simulations of a natural convection flow combined to surface and
molecular gas radiation have been performed in a cubical differentially heated cavity filled with
an air/H2O mixture at Ra = 106. The radiative source terms have been calculated using a 3D
Discrete Ordinate Method and coupled to a finite volume scheme to solve the mass, momentum,
and energy equations within the flow. The spectral dependency of the gas absorption has been
taken into account using the SLW model through the calculation of the absorption coefficient of a
certain number of fictitious gray gases. The model was first validated against benchmark solutions.
Then, three radiative configurations are considered plus a pure convective reference case in order
to study the effect of the cavity size on the flow and heat transfer characteristics. Three cavity
lengths of 1, 2 and 3m were used along with a particular gas mixture with small amounts of H2O at
room temperature and atmospheric pressure in order to mimic situations that may be encountered
in housing.

For the participating medium cases, the results show a strong dependency of temperature and
velocity fields to cavity length, whatever the radiative properties of the adiabatic wall. We observe
an increase of the global circulation in the cavity and the disappearance of the stagnant core region,
resulting mostly from gas radiation effects. These effects are amplified when both insulated wall
and gas radiation exist.

In participating medium with reflecting insulated walls, we underline a decrease of the strat-
ification parameter with cavity length, whereas no significant effect is observed in the radiating
insulated walls case. In this case, the change of scale does not modify the adiabatic wall tempera-
ture distribution, especially the top and bottom ones.

Whatever the nature of the adiabatic walls, the radiative exchanges between the two isothermal
walls decrease slightly with cavity length as the fraction of radiation absorbed by the medium
increases with optical length. On the other hand, the convective heat transfer tends to increase
although the intensity of the transfer is strongly dependent of the flow pattern, especially the shape
of the horizontal jets. While the jets are relatively flat for low values of the cavity length, they tend
to thicken and split up making the convective exchange mapping more complex. Wall radiation
accentuates these effects.

The cavity length was shown to magnify the 3D effects, observed here by means of the velocity
in the transverse direction (y). Wall radiation enhances the radiative effects due to gas and a more
complex flow appears. It is worth pointing out that centosymmetry of the dynamic and thermal
fields are preserved since only weak temperature differences are prescribed in this study.

The present work is an attempt to understand the effect of real-gas radiation for the prediction
of heat transfer coupled with fluid dynamic. Observation made may also be useful for the under-
standing of the influence of radiation, through radiative properties of the medium and the length
of the container, in turbulent flows which remains a challenging issue.
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Figures

Figure 1: On left, three-dimensional differential heated cavity scheme and boundary conditions. On right, computa-
tional mesh in the y-plane. The node distribution follows a hyperbolic cosine law.
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∇
Figure 2: (a) Incoming radiative flux profile along the lines A(x,0.25m,1m) and B(x,0.25m,0m). (b) Radiative vol-
umetric power along C(x,0.25m,0.25m) and D(x,0.25m,0.75m). Comparisons between DOM predictions for different
angular quadrature sets and MMC predictions [24]
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Figure 3: Distributions of radiative heat source (a) and (c) and incident heat flux (b) and (d). Comparison of
DOM results when coupled with the SLW model using 8 (×) and 20 (�) cross sections against calculations based on
ray-tracing and the SNB model (•) [26].
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Figure 4: Left, temperature profile at the top wall (x∗, y∗, 1). Right, vertical temperature profile (0.5, y∗, z∗). Results
are averaged over y and Ra = 106. Solid lines correspond to present work, symbols to references by Soucasse et al.
[24]. Case A (◦), B (×) C (�) and D (•).
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Figure 5: Vertical velocity profile at three different heights. Left: (x∗, y∗, 0.25). Center: (x∗, y∗, 0.5). Right:
(x∗, y∗, 0.75). Results are averaged over y and Ra = 106. Solid lines correspond to present work, symbols to
references by Soucasse et al. [24]. Case A (◦), B (×) C (�) and D (•).
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Figure 6: Flow structure description in the vertical mid-plane y∗ = 0.5 for Ra = 106. Velocity vectors are colored by
intensity
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Figure 7: Vertical and horizontal velocity at x∗ = z∗ = 0.5 (data are averaged over y) for Ra = 106 and different
cavity lengths: L = 1 m (◦), L = 2 m (�) and L = 3 m (∆).
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Figure 9: Temperature profiles at x∗ = z∗ = 0.5 (data are averaged over y∗) for Ra = 106 and different cavity lengths:
L = 1 m (◦), L = 2 m (�) and L = 3 m (∆).
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Figure 10: Effect of wall radiation by comparison between the transparent cases (A and C) at Ra = 106. On the left,
vertical velocity w∗ = 0.1 (light-grey) and w∗ = −0.1 (dark-grey). In the center, 2D convective Nusselt on the hot
wall (x∗ = 0). On the right, horizontal velocity u∗ = 0.1 (light-grey) and u∗ = −0.1.(dark-grey).
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Figure 11: Effect of cavity length with purely reflective adiabatic walls (case B) at Ra = 106. On the left, vertical
velocity w∗ = 0.1 (light-grey) and w∗ = −0.1 (dark-grey). In the center, 2D convective Nusselt on the hot wall
(x∗ = 0). On the right, horizontal velocity u∗ = 0.1 (light-grey) and u∗ = −0.1.(dark-grey).
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Figure 12: Effect of cavity length with purely absorbing adiabatic walls (case D) at Ra = 106. On the left, vertical
velocity w∗ = 0.1 (light-grey) and w∗ = −0.1 (dark-grey). In the center, 2D convective Nusselt on the hot wall
(x∗ = 0). On the right, horizontal velocity u∗ = 0.1 (light-grey) and u∗ = −0.1(dark-grey).
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Figure 13: Dimensionless divergence of the radiative flux −∇.q∗

r
in the plane y∗ = 0.5 for case B and D at Ra = 106

and L = 1 m (dashed line), L = 2 m (dash-dot line) and L = 3 m (solid line)
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Figure 14: −∇.q∗

r
= f(x∗) at y∗ = z∗ = 0.9 (symbols) compared to −∇.q∗

r
= −f(1− x∗) at y∗ = z∗ = 0.1 (lines) in

case B (left) and D (right) : L=1m (◦), L=2m (�) and L=3m (△).
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Figure 15: Isosurfaces of the dimensionless transverse component of the velocity v∗ at Ra = 106: v∗ = −0.02 (dark
grey) and v∗ = 0.02 (clear grey).
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Tables

Case A B C D

Isothermal walls ε = 1 ε = 1 ε = 1 ε = 1
Adiabatic walls ε = 0 ε = 0 ε = 1 ε = 1
Gas nature transparent participating transparent participating

Table 1: Radiative boundary conditions and radiative properties of the medium corresponding to the four cases.
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A B
ref.* p.w.** %E ref.* p.w.** %E

Nuc 8.64 8.65 <1% 7.55 7.42 2%
Nur 139.7 125.6 10% 120.6 121.3 <1%
S 0.91 0.92 <1% 0.35 0.36 2%
θtop 0.323 0.324 <1% 0.207 0.206 <1%
tcpu 20 h 30 h - 170 h 25 h -
Nproc 4 1 - 94 1 -

C D
ref.* p.w.** %E ref.* p.w.** %E

Nuc 8.47 8.10 4% 8.48 8.01 5%
Nur 124.5 124.8 <1% 119.6 119.9 <1%
S 0.42 0.41 4% 0.26 0.24 8%
θtop 0.012 0.012 <1% 0.016 0.016 <1%
tcpu 20 h 35 h - 100 h 50 h -
Nproc 8 1 - 94 1 -

ref.*: [24], p.w.**: present work

Table 2: Convective and radiative Nusselt numbers, Stratification parameter and average temperature at the top wall
for Ra = 106. Relative differences with values proposed by Soucasse et al. [24] and CPU time.
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A B

L(m) 1 2 3 1 2 3
u∗max 0.127 0.127 0.127 0.215 0.290 0.371
v∗max 0.026 0.026 0.026 0.051 0.079 0.090
w∗
max 0.237 0.237 0.237 0.285 0.329 0.399

C D

L(m) 1 2 3 1 2 3
u∗max 0.217 0.218 0.219 0.251 0.329 0.406
v∗max 0.050 0.051 0.052 0.091 0.074 0.085
w∗
max 0.279 0.280 0.280 0.323 0.353 0.420

Table 3: Maximum velocities along x, y and z components for Ra = 106
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A B

L(m) 1 2 3 1 2 3
S 0.91 0.91 0.91 0.41 0.31 0.32
θtop 0.32 0.32 0.32 0.22 0.17 0.14

C D

L(m) 1 2 3 1 2 3
S 0.40 0.39 0.39 0.22 0.22 0.25
θtop 0.01 0.01 0.01 0.02 0.01 0.01

Table 4: Stratification parameter and average temperature at the top wall for Ra = 106.
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A B

L(m) 1 2 3 1 2 3
Nuc 8.65 8.65 8.64 7.54 7.31 7.43
Nur 119.9 239.5 359.2 117.1 230.2 340.8
hr 3.09 3.09 3.08 3.01 2.96 2.93

C D

L(m) 1 2 3 1 2 3
Nuc 8.08 8.38 8.54 8.02 8.28 8.68
Nur 119.2 238.5 358.1 115.9 228.6 338.9
hr 3.07 3.07 3.07 2.99 2.94 2.91

Table 5: Convective and radiative Nusselt numbers on hot wall (x∗ = 0), and radiative heat transfer coefficient for
Ra = 106
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