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Abstract

We consider a closed Rayleigh–Bénard cell containing a fluid near its gas–liquid criticalpoint (CP). Due to the divergenc
of several physical properties near the CP, large Rayleigh numbers can be obtained even for small temperature diffe
the convective regime, the heat flow which is obtained on long time scales exhibits some characteristics of that ob
turbulent convection in normally compressible fluids: it is composed of plumes in thermal boundary layers, jets on late
and a large-scale flow. Our results show that, as it is the case in turbulent convection, this large-scale flow can sudden
its orientation.To cite this article: I. Raspo et al., C. R. Mecanique 332 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Convection bidimensionnelle instationnaire dans un fluide supercritique chauffé par le bas.On considère un fluide
proche de son point critique liquide–gaz (PC) dans une cellule de Rayleigh–Bénard fermée. Du fait de la diverg
plusieurs propriétés physiques au voisinage du PC, des nombres de Rayleigh importants peuvent être obtenus pou
différences de températures. Dans le régime convectif, le champ thermique obtenu sur les longues échelles de tem
certaines caractéristiques de celui observéen convection turbulente dans un fluide normalement compressible : il est com
de panaches issus des couches limites thermiques, de jets le long des parois latérales et d’un écoulement à grande
résultats montrent que, comme en convection turbulente, cet écoulement peut soudain changer d’orientation.Pour citer cet
article : I. Raspo et al., C. R. Mecanique 332 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Au cours des dix dernières années, l’hydrodynamique des fluides supercritiques a fait l’objet d’un très gran
nombre d’études théoriques, expérimentales et numériques, en particulier concernant la convection en configura
de Rayleigh–Bénard [2–7]. Du fait de la divergence de la compressibilité isotherme et de l’expansion thermique
voisinage du PC, les fluides supercritiques présentent descomportements spécifiques, tels qu’une homogénéis
rapide de la température par des effets thermoacoustiques (souvent désignés par effet Piston) [8–10].
article, on s’intéresse à la convection instationnaire dans une cavité carrée de hauteurH = 10 mm contenant du
CO2 initialement au repos, à une température uniformeTi très légèrement supérieure à la température critiquTc

et stratifié à une densité moyenne égale à la densité critiqueρc. Le fluide est ensuite chauffé par le bas alors qu
paroi supérieure demeure à la température initiale et que les parois latérales sont adiabatiques. La dista
est évaluée par un petit paramètreτ = (Ti − Tc)/Tc � 1 qui est de l’ordre de 10−3 dans ce travail. Le problèm
est traité numériquement en résolvant les équations de Navier–Stokes instationnaires, compressibles, c
l’équation d’énergie et à l’équation de van der Waals pour décrire l’état du fluide. La méthode numérique e
sur une approximation de type volumes finis avec un schéma d’Euler au 1er ordre pour la discrétisation tempore
et l’algorithme SIMPLER pour traiter le couplage vitesse-pression. L’approximation à faible nombre de Ma
est utilisée.

Du fait de la très forte compressibilité et de la très faible diffusivité thermique du fluide supercritiq
chauffage de la paroi inférieure génère l’apparition de trois zones distinctes dans le fluide : deux fines
limites de diffusion thermique au voisinage des parois chaude et froide et le cœur de la cavité dont la tem
est augmentée de façon adiabatique par l’effet Piston (Fig. 1,t = 6,9 s). Lorsque l’épaisseur de la couche lim
chaudehhot dépasse une certaine valeur critique, de sorte que le nombre de Rayleigh localRa défini par (1) devien
supérieur àRac (∼=1100), une instabilité convective, se manifestant sous la forme de panaches thermiq
déclenche dans la couche limite chaude [6]. De même, uneinstabilité gravitationnelle se développe dans la cou
limite froide. L’évolution du système dans le régime convectif qui suit le déclenchement de l’instabilité
en deux étapes. Dans un premier temps, la solution des équations est symétrique par rapport à la ligne
x = H/2 de la cavité (Fig. 1,t � 34 s). Les panaches apparaissant au voisinage de cette ligne médiane gra
et sont éjectés dans le cœur de la cavité, alors que les panaches générés près des coins sont advectés vers les p
latérales le long desquelles ils remontent (ou descendent pour les panaches issus de la couche limite froide
compétition entre degrands panaches chauds et froids finit par aboutir à une brisure de la symétrie de la solutio
Du fait de la divergence du rapportβpCp/λ près du PC, de grandes valeurs du nombre de Rayleigh globa
sur H et δT (de l’ordre de 107–108), dans la gamme de celles relevées en convection turbulente, peuve
obtenues pour des différences de températuresδT de quelques mK. L’écoulement qui se développe dans
seconde période (Fig. 1,t � 75,5 s) présente d’ailleurs plusieurs caractéristiques de celui observé en con
turbulente dans les fluides normalement compressibles [1]. Il est composé de panaches issus de fines cou
limites de diffusion thermique, de jets sur les parois latérales et d’un écoulement à grande échelle. Cependan
cet écoulement à grande échelle est constitué de plusieurs cellules de convection (Fig. 3) et non d’un
grande recirculation comme celà est observé dans les fluides normalement compressibles [1,14]. Au cours
temps, l’écoulement à grande échelle peut subir un rapide et brutal changement d’orientation, comme le mo
le changement de signe de la circulationΓ (t) définie par (2) dans [5] (Fig. 4). Ce phénomène a été égale
observé dans des expériences sur la convection turbulente dans un fluide normalement compressible [14] et d
des simulations numériques concernant du3He supercritique en configuration de Rayleigh–Bénard mais dan
cavité plus petite(H ≈ 1 mm) et dans le cas d’un chauffage par un flux constant [5]. Le changement d’orien
de l’écoulement à grande échelle semble être provoqué par l’arrivée successive sur la paroi supérieure froide
plusieurs grands panaches chauds. Ces panaches accélèrent fortement l’écoulement dans la couche limite fro
vers la paroi latérale gauche (Fig. 5(a),t � 105 s) et finissent par provoquer l’apparition d’un grand panache
qui descend le long de cette paroi latérale avec une vitesse supérieure à celle du fluide sur la paroi latér
(Fig. 5(b),t � 122 s), engendrant un changement global d’orientation de l’écoulement.
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1. Introduction

Hydrodynamics of supercritical fluids motivated a significant number of theoretical, experimental and numerica
studies during the past ten years, especially concerning the Rayleigh–Bénard problem [2–7]. The diver
isothermal compressibility and thermal expansion near the CP leads to specific behaviours of supercritic
such as a fast heat equilibration inducedby thermoacoustic effects (the so-called Piston Effect) [8–10]. In the s
way, large Rayleigh numbers, in the range of turbulent convection, can be obtained even for small tem
differences between the bottom and top walls and for small cavities. The major part of the previous stud
performed in very small cavities (height of about one millimeter) and mainly for supercritical Helium. In this pap
we present some numerical results about the heat flow of supercritical CO2 in a square Rayleigh–Bénard cell. W
discuss in particular its characteristics on long time scales and its similarities with heat flow observed in tu
convection for normally compressible fluids.

2. Physical model and numerical approach

We consider a 2D square cavity of heightH = 10 mm which is filled with CO2 set above its critical point
The fluid is initially at rest, in thermodynamic equilibrium at a uniform temperatureTi which is slightly larger
than the critical temperatureTc = 304.13 K, and stratified with a mean density equal to the critical den
ρc = 467.8 kg m−3. Then, the temperature of the bottom wall is raised during 1 s up to the desired temp
Thot = Ti + δT , whereas the top wall is kept at the initial temperature and the lateral walls are adiabat
distance to the CP is therefore measured by the small parameterτ = (Ti − Tc)/Tc � 1.

The flow is governed by the unsteady 2D Navier–Stokesequations coupled with the energy equation and wri
for a Newtonian, viscous, compressible and heat conducting fluid. The state of the fluid is supposed to be d
by the van der Waals equation that takes into account implicitly the divergence of the isothermal compressibilityχT ,
of the thermal expansion coefficientβp and of the heat capacity at constant pressureCp near the CP. The model
completed by assuming that the dynamic viscosity and the heat capacity at constant volume are constant
to their values far from the CP and by introducing the lawλ = λ0(1+ Λ(T/Tc − 1)−0.5) (with Λ = 0.75 andλ0
the value far from the CP) in order to represent the divergence of the thermal conductivity near the CP. Mor
about the model can be found in [6].

The governing equations are solved by a finite volume method using a power-law scheme and a first ord
scheme for time discretization. The coupling between the velocity field and the pressure in the Navier
equations is solved through the SIMPLER algorithm. A non-uniform 121× 121 staggered mesh which is refin
near the boundaries is used in order to accurately describethe boundary layers developing in the vicinity to the t
and bottom walls. Finally, a low Mach number approximation [11] is used since the acoustic wave descri
not needed.

3. Results

The results presented below were obtained for distances to the CPTi − Tc = 1 K (τ = 3.3 × 10−3) and
Ti − Tc = 0.5 K (τ = 1.6 × 10−3) and temperature differencesδT = 0.3 mK andδT = 2.5 mK. Although the
purpose of the present paper is the study of the characteristics of the heat flow on long time scales, w
describe the system evolution just after the beginning of bottom wall heating and after the convection
A detailed description can be found in [6]. Due to the highcompressibility and the very small thermal diffusivity
the supercritical fluid, the heating of the bottom wall induces the appearance of three distinct zones in the flu
two very thin thermal boundary layers near the bottom and top walls, in which diffusion realizes heat trans
the bulk of the cavity which temperature is homogeneously increased by thermoacoustic effects (Fig. 1,t = 6.9 s).
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Fig. 1. Instantaneous temperature fields forτ = 3.3× 10−3 andδT = 2.5 mK.

Fig. 1. Champs de température instantanés pourτ = 3,3× 10−3 et δT = 2,5 mK.

When the thicknesshhot of the hot boundary layer exceeds some criticalvalue, so that the local Rayleigh numb
Ra based on this characteristic length exceeds the critical RayleighRac (∼=1100), a convective instability occur
in the hot boundary layer. It must be outlined that, as it wasshowed by Gitterman and Steinberg [12] and Ca
and Ugurtas [4], the Rayleigh number must be defined using the temperature gradient corrected by the
gradient, which gives:

Ra = Racl(1− aghhot/δThot) (1)

whereRacl is the classical Rayleigh number,ag is the adiabatic gradient andδThot is the temperature differenc
inside the hot boundary layer. Due to the very large values ofβp andCp near the CP, large values of this Raylei
number (ranging from 4300 to 12 102 with increasingδT , when instability is triggered) are obtained, even for
small temperature differences considered in the present work. The convective instability appears in the
plume structures, the number of which depends on the temperature difference. In the same time, a gra
instability, appearing also in the form of plumes, occurs in the cold boundary layer. As the CP is approach
the convective instability appears sooner. As time increases, the plumes grow, expand upwards (or downwards
those originating in the cold boundary layer), are expelled from the boundary layers and are replaced by new o
Then the heat flow evolution can be divided into two stages.

In the first stage, the solution of the governing equations is symmetric with respect to the vertical cen
of the cavity (fort � 34 s in Fig. 1). Plumes generated near the centre line grow and are ejected in the
bulk. Some large hot plumes can move upwards and hit the top wall (t = 34 s in Fig. 1), triggering a Cold Pisto
Effect [13]. On the other hand, plumes appearing near the corners are advected along towards the side
move upwards (or downwards for cold plumes) along these walls. However, these hot and cold lateral plum
reach the opposite wall and interact at about the mid-heightof the sidewalls. At a given time, competition betwee
large hot and cold plumes inside the cavity bulk leads to a break of the solution symmetry. This symmetry l
observed for all the values ofδT andτ that we considered, provided that the simulation time was sufficiently l
However, for a fixed value ofτ , it occurs much later asδT decreases (for example, forτ = 3.3× 10−3, it occurs at
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Fig. 2. Evolution of temperature inside the cavity bulk (atx/H = 0.5, y/H = 0.5) for τ = 3.3× 10−3 andδT = 2.5 mK.

Fig. 2. Evolution de la température dans la cœur de la cavité (enx/H = 0,5, y/H = 0,5) pourτ = 3,3× 10−3 et δT = 2,5 mK.

t = 59.8 s forδT = 2.5 mK and att = 197.1 s forδT = 0.3 mK), and for a givenδT , it occurs sooner as the CP
approached.

In a second stage, the solution of the governing equations is therefore asymmetric (fort � 75.5 s in Fig. 1).
The evolution of temperature at the centre of the cavity reveals that the symmetry loss goes with an inc
the characteristic frequency of the solution and of its amplitude (Fig. 2). Due to the divergence ofβpCp/λ near
the CP, large values of the Rayleigh number for the whole cavity (i.e., based on the heightH and on the difference
δT ), in the range of turbulent convection, are obtained in spite of the small values of the temperature diff
that we considered. For example, forδT = 2.5 mK, the Rayleigh number for the whole cavity is about 5.1 × 107

for τ = 3.3 × 10−3 and about 1.4 × 108 for τ = 1.6 × 10−3. Furthermore, in this second stage, the heat fl
exhibits several characteristics of that observed in experiments of turbulent convection for normally compressi
fluids [1,14]. In particular, it is composed by thermal plumes in the two thin diffusive boundary layers, jets
sidewalls that are formed by the plumes moving upwards (or downwards) along these walls, and a large-sc
However, in experiments for normally compressible fluids, plumes are advected along in opposite direc
the hot and cold boundary layers, form jets on the sidewalls and hit the opposite wall producing a wave th
Therefore, the two diffusive layers are coupled by a large-scale recirculation, which is called the wind [14]
present case, the heat flow is somewhat different since thelarge-scale flow is formed by several convection c
(Fig. 3). As a consequence, plumes are advected along in the same direction in the hot and cold bounda
Hence, hot plumes moving upwards along the sidewall never reach the top boundary since they are interc
by cold plumes moving downwards. The experimental observations for Rayleigh numbers in the range
allow us to think that the loss of the solution symmetry is not due to the 2D configuration. Moreover, recent
simulations for supercritical CO2 in a closed Rayleigh–Bénard cell revealed that the solution of the gove
equations becomes asymmetric after a transient stage [15].

As time goes by, the large-scale flow can undergo a rapid change in orientation. The same phenome
was observed in experiments on turbulent convection for normally compressible fluids [14]. On the other ha
Furukawa and Onuki [5] also obtained several successive reversals of the large-scale flow in numerical simulatio
of the Rayleigh–Bénard problem for supercritical3He. However, in their case, the cavity was much sma
(H ≈ 1 mm) and the bottom wall was heated by a constant flux and not by a constant temperature a
work. Furthermore, their simulations were based on the solution of the Navier–Stokes equations in the Bo



358 I. Raspo et al. / C. R. Mecanique 332 (2004) 353–360

seen in

se
at

city
e
rge-
fter the
Fig. 3. Instantaneous velocity fields forτ = 3.3× 10−3 andδT = 2.5 mK.

Fig. 3. Champs de vitesse instantanés pourτ = 3,3× 10−3 et δT = 2,5 mK.

Fig. 4. Evolution of the circulationΓ (t) for τ = 3.3× 10−3 andδT = 2.5 mK.

Fig. 4. Evolution de la circulationΓ (t) pourτ = 3,3× 10−3 et δT = 2,5 mK.

approximation coupled with the linearized energy equation. The change of the flow orientation is clearly
the evolution of the quantityΓ (t) defined in [5] by:

Γ (t) =
H−d∫

d

[
u(x,H − d, t) − u(x, d, t)

]
dx/H +

H−d∫

d

[
v(H − d, y, t) − v(d, y, t)

]
dy/H (2)

with d = 0.05H . This quantity is negative for a clockwise circulation and positive for a counter-clockwi
circulation. Fig. 4 shows that, forτ = 3.3× 10−3 andδT = 2.5 mK, the large-scale flow changes its orientation
t ≈ 127 s sinceΓ (t) changes sign at this time. The reversal of thelarge-scale flow can also be seen in the velo
patterns shown in Fig. 3 which is very similar to Fig. 13 of [5]: fort = 96.9 s, the larger vortex is clockwis
whereas it is counter-clockwise fort = 131.2 s. We must specify that, for the case shown in Fig. 4, the la
scale flow following the symmetry loss is clockwise, but counter-clockwise flows were also observed just a
symmetry loss for other values ofτ andδT (for example forτ = 1.6× 10−3 andδT = 2.5 mK). In [5], Furukawa
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Fig. 5. Evolution of velocity components forτ = 3.3× 10−3 andδT = 2.5 mK: (a) horizontal componentu on the centre line(x/H = 0.5) at
y/H = 0.03 (inside the hot boundary layer, solid line) and aty/H = 0.91 (inside the cold boundary layer, dotted line); (b) vertical compon
v at the cavity mid-height(y/H = 0.5) at x/H = 0.05 (solid line) and atx/H = 0.95 (dotted line).

Fig. 5. Evolution des composantes de la vitesse pourτ = 3,3× 10−3 et δT = 2,5 mK. (a) composante horizontaleu sur la ligne centrale de la
cavité (x/H = 0,5) eny/H = 0,03 (dans la couche limite chaude, trait plain) et eny/H = 0,91 (dans la couche limite froide, trait pointillé
(b) composante verticalev à mi-hauteur de la cavité (y/H = 0,5) enx/H = 0,05 (trait plain) et enx/H = 0,95 (trait pointillé).

and Onuki explain the reversal of the large-scale flow by the occurrence of a large plume moving thro
cavity and suppressing the preexisting primary convection cell, which induces a global orientation chang
present study, the process leading to the reversal of the large-scale flow can be described as follows. At
t ≈ 105 s, several successive large hot plumes move upwards along the left sidewall and, after being de
downward cold plumes, hit the top wall near the middlex/H = 0.5, driving out cold fluid towards the left sidewa
These successive hot plumes gradually accelerate the fluidinside the cold boundary layer, which is revealed by
strong increase of the horizontal velocity in Fig. 5(a). Then, at timet = 122 s, a very large hot plume rapidly grow
inside the cavity bulk, hits once again the top wall and accelerates even more the fluid inside the cold boun
layer, inducing the occurrence of a large downward cold plume along the left sidewall. At this time, the velo
the downward fluid becomes larger near the left sidewall than near the right one (Fig. 5(b)) and induces a glo
counter-clockwise motion. The evolution of temperature at the centre of the cavity reveals that this revers
large-scale flow goes again with a change in the amplitude of the solution (Fig. 2).

4. Conclusion

We presented numerical results concerning unsteady two-dimensional convection in a supercritical flu
Rayleigh–Bénard configuration. Due to the divergence of the ratioβpCp/λ near the CP, large values of the Raylei
number based on the cavity height, in the range of turbulent convection, are obtained in spite of the small v
the temperature differences that we considered. We showed that the heat flow for long time scales exhibits se
characteristics of those obtained in the turbulent regime.However, in the present case, the large-scale flow con
of several convection cells and not of a large unique recirculation. Our results showed also that the lar
flow can undergo a rapid change in orientation, as it is the case in turbulent convection. This phenomeno
to be provoked by the occurrence of successive very large hot plumes which create disequilibrium betwe
velocities inside the cold and hot boundary layers. Computations are performed now in order to check if the rever
of the large-scale flow is generated by the same process for other values ofτ andδT . In addition, three-dimensiona
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simulations are also carried out as a continuation of the preliminary results reported in [15] in order to ch
influence of the 2D configuration.
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