PHYSICAL REVIEW E VOLUME 61, NUMBER 5 MAY 2000

Transition to turbulent thermal convection beyond Ra=10'° detected in numerical simulations
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We have conducted high-resolution two-dimensional calculations for a Boussinesq convection model with a
Prandtl number of unity in an aspect-ratio 3 box, going from Rayleigh numbers betw&en 1B*. A grid of
1024% 3076 grid points consisting of a cosine-sine basis set has been employed for free-slip boundary condi-
tions. We have found evidence for a transition involving the branching of plumes at a Rayleigh number of
10%. Inside the core of these “superplumes,” the structure is extremely complex. There may be another
transition at Ra of 1%, where a secondary instability may develop in regions of the local Rayleigh number
which becomes supercritical inside the core of the complex “superplumes.” For R& o6 10'°, Ra follows
a1 power law in the Nusselt-Rayleigh number relationship. From Ra ¥ftbaL0'2, Ra follows a3 power law.
Above this value the Nusselt number becomes insensitive to the variation in the global Rayleigh number and
this is due to the development of small-scale convection cells vertically aligned in the interior of the extremely
high Ra number flow. The global Reynolds number scales asfRE* up to Ra of 1&* Scaling relationships
based on global properties would not work in extremely high Ra situations beyond R&¥dfet@use of the
complex turbulent layered convection in the core of the flow and the severe degradation of the boundary layers.

PACS numbegps): 05.60-k, 47.27.Te

. INTRODUCTION is postulated to be at the heart of theAR&'" scaling law
[16]. The presence of a shear flow near the boundary layer
The idea that Rayleigh-Benard convection may becomeavould not change much of the heat fl[&7] but in the case
turbulent at a high enough Rayleigh number is very oldof a forced recirculating flow near the boundary, the heat flux
[1-3]. Discrete transitions of convection on its route to tur-was enhancefl8]. However, in numerical simulations with
bulence had been predicted by Malkdg long ago. Labora- periodic boundary conditions, no large-scale flow was ob-
tory experiments of helium gas under low temperature conserved[19,20.
ditions have revealed that a new fully turbulent regime, In the laboratory with no-slip boundary conditions, the
beyond that of the hard-turbulent regirfig], may begin at thickness of the viscous boundary layer is found to decrease
Ra~10'° [6] with a theoretical N(Ra) relationship of faster than the thickness of the thermal boundary layer with
Nu~Ra? [3]. This transition is found to occur in mercury increasing Ra. The crossover point is expected to occur at
for Ra=~10° [7]. The Reynolds number of the flow keeps on around Ra= 10" [15], giving rise to the “turbulent Kraich-
increasing with Rg8]. The local Reynolds number in the nan” regime, where a significant part of the heat flux inside
boundary layer reaches a value characteristic of turbulence ihe boundary layer is now transported mainly by turbulence
the sense of Kolmogoro{@] and the heat transport is no and only a small portion by conduction. In this regime, the
longer dominated by conduction alone in the boundary layepredicted laws are NuRa"? and Re=Ra2[3,7]. In order to
but also by turbulent advection. A theory for plume popula-shed more light on this expected transition, we report in this
tion based on kineticE10] for three-dimensional3D) con-  paper direct numerical simulations of 2D Rayleigh-Benard
vection predicts a balance between the creation of plumes bgonvection with free-slip boundary conditions for Rayleigh
boundary-layer instability and their disappearance by coarumbers ranging from £0to 10 We feel that only by
lescing with other plumes. Such kinds of plume-plume col-reducing this high Ra problem to 2D are we able to make a
lision at high Rayleigh number have been observed experbig leap in the Rayleigh number space to be able to observe
mentally [11]. At low Rayleigh number plume merging is novel physical changes occurring in the turbulent regime. To
also an important proce$$2]. In the atmosphere, where the make an equivalent leap in the direction of 3D high Rayleigh
Rayleigh number is extremely high, plumes appear as thaumber convection would surely mean a postponement well
vertical motion of a swarm of warm bubbles. In dry isentro-into the first decade of the new millennium.
pic vertically stratified media, such bubbles have been ob-
served to be highly unstable, giving rise to a batch of sec- Il. NUMERICAL MODEL AND ALGORITHM
ondary instabilities[13]. Another important distinction in
high Rayleigh number convection is the existence of '[hqqu
large-scale flow with its associated shear. This idea has be
postulated for high-Rayleigh-number convect{d4] and is
observed in most laboratory experimefgsg., Ref[15]). It V-Vv=0, (D)

The dimensionless equations describing finite Prandtl
mber convection with constant physical properties in the
ussinesq approximation are
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bits long, is needed for these high Rayleigh number simula-

TURBULENT tions, where the time steps must be very small.
IIl. RESULTS
..S.}{uhirrubslﬁﬁt Plumes, which are hot upwellings developed in thermal
e " convection, change their style and morphology with increas-
= T ing Rayleigh number. We summarize the various stages of
plume development with Ra by a schematic sketch, depicting
Chaotic the different transitions of plume structures from steady-state
A features at low Ra of around 3@ the P, andP, transitions
e —— T [23], the chaotic regimd24], the soft and hard turbulent
regime, which is marked by shear flow in the boundary layer
P1,Pp Oscillations and disconnected plumé¢g5,5,26 and finally to the turbu-
A lent regime and the phenomenon of plume branching, which
i T lies at the heart of this papéFig. 1). Rayleigh-Benard con-
vection in air up to R& 10’ has been studied in many nu-
Steady State merical experiments[19,20,27. Laboratory experiments
3[ have also been conducted at these Rayleigh nunjFes

We [22] have investigated numerically the development of

waves in thermal convection at R40®. A snapshot of the
FIG. 1. Schematic drawing showing the development in theplume at this Ra is shown in Fig. 2. In Fig. 3 we show the

style of plumes ranging from steady-state plumes for low Rayleigtflow at Ra= 10'°. We have used as the initial condition the

numberO(10°) to the turbulent regime where branching of plumes

take place at global Ra greater thart®0

oV
HJFV-(VV)ZPrAV—VPJrPrGeZ 2

99 _ (a)
ST TV (Vo) =A0+Ra/e, 3

wheret is the dimensionless time based on thermal diffusion,
0 is the deviation of the temperatufiefrom the linear con-
ductive profile T=T..nqt ),V is the velocity, and, is the
vertical unit vector directed from the top to the bottom of the
fluid layer. Ra is the thermal Rayleigh number for a base-
heated configuration. A Prandtl number Pr of unity, charac-
teristic of air, has been assumed. We have used the following
scaling scheme in presenting the results: the layer thickness,
the thermal diffusive time and for the temperature difference
across the layer divided by the Rayleigh number. At very
high Rayleigh numbers above 0 non-Boussinesq effects

in thermal convection in air may be possiliéeg., Ref[21]).

The numerical method employed has already been de-
scribed in a previous worlR?2]. Basically this consists of a
series of cosine and sine expansion, which Sat,is_ﬁes na;urally FIG. 3. Transition to turbulent convection. Sizes of the box are
the top and bottom _free—shp boun_dary conditions. Tlme—l_x:3 L,=1. The global Rayleigh number is R40Y and the
marching is accomplished by a mixed leap frog—Cranckprangti number is Pr1. The numerical resolution isl,= 1536,
Nicholson two-step pressure correction scheme. A highy =512 grid points(a) Convective temperature field. Two super-
precision accuracy in the computer word length, at least 64jumes or “turbulent plumes” are governing the flow. One ascend-
ing (left) and one descendingight). (b) Zoom of the center region
of the ascending “turbulent plume.” Small plumes appear near the
core of the flow as a result of a complex mechanism including the
severing of a plume by a vortex collision and the further lift of the
remaining plume patches by buoyancy and turbulent advection. At
Ra=10%, there is a balance between turbulence and buoyangy.
Local Rayleigh number distribution Raz). Plume creation inside
the convective core is possible at two plagese arrows ir{b) and

FIG. 2. Snapshot of the temperature deviation taken from théc)] where Ra is supercriticald) Transverse vorticityw corre-
Ra=10% simulation of Vincent and Yuef1999. sponding to Fig. (a).
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a) ' FIG. 5. (a) Turbulent Reynolds number versus global Rayleigh

number. The scaling law is approximately R@a"*. (b) Nusselt

FIG. 4. Turbulent convection. Prandtl regime. RB0'* The number versus global Rayleigh number. The transition is detected at
numerical resolution idN,=3072 N,=1024 grid points(a) Con-  Ra=10'" Below this value, we have NueRa’>. Above Ra=10"is
vective temperature field. Two superplumes or “turbulent plumes”the turbulent regime. In free-slip convection, there are no viscous
are still governing the flow. At Ra10', buoyancy in the turbulent boundary layers but the whole layer including the core of the flow
interior dominates agair(b) Zoom of the center region of the as- may become turbulent. A part of the heat flux is now transported by
cending “Turbulent plume.’{c) The spatial distribution of the local turbulent diffusion. The scaling law is now MRa"2 Above Ra
Rayleigh number corresponding to Figb? Local Rayleigh num-  ~10'?, the Nusselt number does not change too much. Due to the
ber is calculated on the basis of the local temperature gradient suvery high Rayleigh number, the plumes reach a critical local Ray-
rounding a given grid point. Due to the very high Rayleigh number,leigh and smaller plumes are generated inside the [digg 2(c)].
the plumes reaches a critical local Rayleigh and smaller plumes ar€his results in a temporary break of the vertical heat flux. The
generated inside the core of the global flgsee arrows ir(b) and Nusselt number remains almost constant, while the Rayleigh num-
(0)]. (d) Transverse vorticityw distribution corresponding to Fig. ber is increased. This transition is equivalent to an endothermic
2(a). phase transition, occuring in the turbulent interior of the flow.

solution taken at the well-developed convective regime forconvection. The plumes are broken and collide under the
Ra=10® [22] in order to save computer time. The numerical inertial forces(see the vorticés The corresponding vorticity
solution is obtained by 512 points in the vertical and 1536field is displayed in Fig. @). Thermal plumes are strongly
grid points along the horizontal direction in an aspect-ratiorelated to the concentration of vorticifg0].
three box. Next we increase the Rayleigh number up td*1y way
The temperature fluctuation is plotted in Figa8 Two  of an intermediate stop at Ral0'% The numerical resolu-
packs of plumes are present in this flow. Hot material istion becomes now,=1024x N,=3076 grid points. Such a
ascending on the left of the box, while the right part of thehigh resolution will soon become common within the capac-
box is filled with descending patches of cold fluid. Similar ity of powerful personal computers where a shared memory
“superplumes” have been postulated by theorists in the conef a few gigabytes is the standard. The results are shown in
vective envelopes inside staf28]. Swarms of plumes Fig. 4. Displaying such a high resolution overwhelms the
branching from a single plume have been observed in normpresent-day monitor, but will not be the case soon when
Newtonian mantle convectiof29]. We have observed that affordable high-resolution, high-content scre€rgy., IBM
they are not always present but appear intermittently. FoRoentgenwith 5 million pixels will soon appear in the mar-
instance, the superplume we are discussing has survivedkat. In Fig. 4a), are shown the temperature fluctuations and
few overturn times and only after about 60 overturn-times isfor comparison with the Ra10' case, the vorticity field is
it destroyed. A zoom near the center of the ascending supeshown at the bottom in Fig.(d). As in the previous case, the
plume is shown in Fig. @) and reveals the complicated two superplumes are still governing the flow. A zoom of the
nature of the core. The Reynolds number is here above Reuperplume thermal field is displayed in Fighy We can
=1000 and the flow is now turbulent. The correspondingobserve the riverlike branching. Although the Reynolds
local Rayleigh number distribution Rafz) is shown in Fig. number increases to a few thousands, buoyancy strongly
3(c). The stripes associated with the plumehead are vergominates the flow. The local Rayleigh number may become
close to sites with the highest local Ra and, in fact, are theupercritical for the instability to occur in some very re-
new internal thermal boundary layers developed in high Ratricted areagsee arrows in Fig. @)] where the local tem-
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FIG. 6. Normalized temperature and velocity profiles inside the layer. Absolute value of temperature fluctuatioq @)y ¢fifgen circled
and velocity profileg|V,|) (short dashed (|V,|) (long dashefare plotted simultaneously. The Rayleigh number is increased from Ra
=10° to Ra=10". Transition occurs at Ra10'% (a) Ra=10%. {|V,|) and(|d)) have minima in the turbulent core and maxima in the
boundary layers. It is the reverse fdV,|). (b) Ra=10'. (|6]) is reversing and start to align withV,|). (c) Ra=10"2 (d) Ra=10'" Now
{ 6]y has exactly the same profile §¥,|). (|6) and{|V,|) have now maxima inside the turbulent core and minima near the boundary layers.
The buoyancy in the core of the turbulent flow dominates the fl@ivNormalized temperature and velocity profiles inside the Igyr
(V). {|V,]) are plotted simultaneously showing the thermal boundary layers. The Rayleigh numberi§'Raf) Measured thicknessT
of the thermal boundary layer versus the Rayleigh number. AbovelR¥, ST does not change.

perature gradients are strong enough. Experiments are undgrerimental 31,32 and theoretical33] works on air and wa-
way to verify that in such a case, smaller plumes are locallyter have suggested the N&®Ra!® in the turbulent regime be-
generated. Such a physical phenomenon has been alreaggnd Ra=10°. From Ra=10'° to Ra=10? we find the
observed in the atmosphef&3]. In this event, most of the “turbulent” regime Nu~Ra'? [3]. Above this value, the
heat flux would be temporarily broken up in the core of theNusselt number does not change much with Ra for the rea-
cell and the global Nusselt number would become stationargons already discussed in Fig. 4. This asymptotic relationship
with increasing Ra. for Ra>10% is displayed in Fig. &). This hydrodynamic

In Fig. 5@ we plot the turbulent Reynolds number as transition is analogous to an endothermic phase change tak-
monotically increasing with Ra from fQupwards. We find  ing place globally in a turbulent interior.
Ra to be proportional to R4 The characteristic velocity for In Fig. 6 we focus on another aspect of the=RiD°
single plumes in the convective interior is still the free-fall transition mechanism by looking at the horizontally averaged
velocity but the rms velocity behaves similar to the squaretemperature and velocity profiles. At R4(?, in Fig. 6a)
root of the free-fall velocity. Turbulence moves plumes ran-are plotted together the absolute values of normalized tem-
domly as in a Levy flightrandom wallk. The trend of the perature fluctuations profilg9(z)| and the two horizontally
Nusselt(Nu) versus the Rayleigh number holds much inter-averaged horizontal | V,(z)| and vertical|V,(z)|] velocity
est for the characterization of hard-turbulent convecteng.,  profiles (absolute values|6(z)| is hot in the vicinity of the
Ref. [16]), where the Nu, is found to be Kafor Ra up to  top and bottom boundaries and rather cold in the center of
1¢%. We have found that from Ral0® to Ra=10'", the the box. The horizontal velocity has the same behavior. On
Priestley “¢” scaling law [2] of Nu~Ra"® holds. Both ex- the average, the velocity is strong near the boundaries and
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netic energy(-—) at Ra=10"* The slope isk™3, thus reflecting 1

two-dimensional turbulence and the tracerlike behavior of the tem-

perature fluctuations. 0 .2 z‘;iz -6 .8 1
. Zmax (D)

weak in the core of the flow. With the free-slip boundary 1 Rak-1 12
conditions, there are no viscous sublayer but with the two - ]
superplumes configuration, we have a large-scale flow in half .5 ]
of the box. TheV,(z)| profile shows that the vertical veloc- P 0r
ity is maximal near the turbulent core. At R40' [Fig. 9 L :
6(b)], the situation is the same except that the temperature

. . -1} M.
profile starts to reverse. Somewhere, slightly below Ra 0 2 i 3 g8 1
=10' the cell would be almost entirely isothermal. In Fig. T oayz. : (c)
6(c) we observe the transition continuing for Ra0*2. The 1F™ 14 max — :
transition is finally achieved at Ra10'* where the tempera- Ra=10
ture profile matches almost exactly the vertical velocity pro- N I | i
file [Fig. 4(c)]. Over the entire domain and on the average, E 0t .
the buoyancy in this regime governs the flow. The above %
results are not obvious when the absolute value is not taken. i i
Typical velocity and temperature fluctuation profiles are -1 . . . . i
shown in Fig. ). The (6) (20 profile shows very thin 0 .2 .4 .6 .8 1
boundary layers but also internal sublayers and(¥ig (z) Z/Zpax (4a)

profile, as expected, does not show viscous boundary layer. ) _ ) _
As the Rayleigh number is increased, the thickness of the FIG. 8. The vertical profile of the horizontally averaged vertical

thermal boundary layer stays almost cons{aig. 6(f)]. temperature gradient with varying Rayleigh numbefa)l Ra
The high ngnglds nﬁmber flow irgfr]pgses ]a two- =10 (b) Ra=10%°. (¢) Ra=10"% (d) Ra=10"". For Ra of 18 to

4 : . .
dimensional turbulence and henceka® scaling law(e.g., 10*, we can see signs of layered convection by the series of steps

Ref. [34] for both the kinetic energy and the temperatureIn the profile.
fluctuations over about a decade in wave numbéfe dis-
play thisk 2 dependence in Fig. 7 for Ral0*%. Most of the ~ cause we have enough resolution from DNS solutions. Re-
numerical resolution at this high Ra is used apparently foicent work on finite Prandtl number convection by LB} is
delineating the dissipative range. encouraging for Ra up to ® Extending such a study to Ra
In Fig. 8 we show, the horizontally averaged vertical tem-of 10 still requires a nontrivial amount of effort in terms of
perature gradientdT/dz), where the brackets indicate an computational work and would be even more difficult in
horizontal average, for Ra ranging from®® 10 As in  three dimensions.
Fig. 6, we observe a transition in the pattern of (0d/dz) As with the free-slip boundary conditions, we have found
profile at Ra of 180. At Ra=10" there are many steps in that there exist no viscous sublayers for these high Rayleigh
(dT/d2) indicative of the prevalence of turbulent small-scalenumbers. Therefore, the mechanism leading to the scaling
layered convection, which can be observed in the thermdhws in the turbulent regime remains still an open issue.
contours of the superplumes shown in Figs. 3 and 4. We have observed that a transition occurs at-R@&"“
where the(inertial) two-dimensional turbulence governs the
flow and that another transition occurs apparently at Ra
~10". At these Rayleigh numbers the buoyancy is again the
In this paper we have shown for the first time, a picture ofdominating driving force and the vertical velocity is aligned
a “superplume” which may contribute a significant part of with the temperature fluctuations. The local Rayleigh num-
the heat flux in convective envelopes inside sf&&. This  ber, which can be measured by the local temperature gradi-
shows that it is now possible and necessary to test and usmt, becomes supercritical in some areas and it is now an
the large-eddy simulation techniq@i®5] in convection be- open question to determine whether such a condition would

IV. CONCLUSION AND OPEN QUESTIONS
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give rise to secondary convective instabilities in the interior. ACKNOWLEDGMENTS
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