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Convective rolls and heat transfer in finite-length Rayleigh-Beard convection:
A two-dimensional numerical study
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A two-dimensional(2D) numerical study using a single-point algebrhigz-s-sg turbulence closure was
performed to detect the existence, origin, creation and behavior of convective rolls and associated wall Nusselt
(Nu) number variation in thermal convection in 2D horizontal slender enclosures heated from below. The study
covered the RayleigtRa) numbers from 19to 10 and aspect ratios from 4:1 to 32:1. The time evolution of
the convective rolls and the formation of the corner vortices were analyzed using numerical flow visualization,
and the correlation between roll structures and heat transfer established. A major consequence of the imposed
two dimensionality appeared in the persistence of regular roll structures at higher Ra numbers that approach a
steady state for all configurations considered. This finding contradicts the full three-dimensional direct numeri-
cal simulations(DNS), large eddy simulation$LES), and three-dimensional transient Reynolds-averaged
Navier-Stokes TRANS) computations, which all show continuously changing unsteady patterns. However, the
final-stage roll structures, long-term averaged mean temperature and turbulence moments, and the Nusselt
number(both local and integral are all reproduced in good agreement with the ensemble-averaged 3D DNS,
TRANS, and several recent experimental results. These findings justified the 2D approach as an acceptable
method for ensemble average analysis of fully 3D flows with at least one homogeneous direction. Based on our
2D computations and adopting the low and high Ra number asymptotic power laws of Grossmann and Lohse
[J. Fluid Mech.407, 27 (2000 ], new prefactors in the Nu-Ra correlation for=RP(1) were proposed that fit
better several sets of data over a wide range of Ra numbers and aspect ratids1Rg*+ 0.05R&". Even
better agreement of our computations was achieved with the new correlatie.24 R&3° proposed
recently by Niemelaet al. [Nature(London 404, 837 (2000] for 10°<Ra<107.

PACS numbes): 47.27—i, 05.60—k

[. INTRODUCTION temperature profile, recorded earlier experimentally. From
the interferograms, Chu and Goldstdih| also concluded
Buoyancy driven flows heated from below are characterthat the thermals were periodically released from relatively
ized by large cellular structurésonvection roll celly which  fixed locations. In addition, they noticed that these active
act as a major heat and momentum carrier and communicatgeriods at fixed sites become more regular as Ra increases
between the bottom heated and top cooled wall. The presand that “a persistent horizontal motion near the horizontal
ence of roll cell structure is confirmed in laminar and low- boundaries” exist. Although they did not so state explicitly,
turbulence intensity regimes, both experimentally and by diit seems obvious that the neighboring thermals, moving in
rect numerical simulation€DNS). On the other hand, very opposite directions entrain the surrounding fluid and generate
little is known about these structures at high Rayle(Ba) a circular motion in the space between. This movement leads
numbers. With an increase in Ra, the flow becomes moré fact to the creation of a pattern of roll cells. These struc-
turbulent in the complete domain and the arrays of roll cellgures, although highly unsteady, can give an ensemble aver-
become highly unsteady. Thermals released from the boun@ged structure pattern very similar to that found in the lami-
ary layers at the bottom hot and upper cold horizontal surnar regime. In contrast to the long-term mean properties
faces, penetrating upwards and downwards towards the opweraged over the homogeneous horizontal planes, which at
posite wall of lower or higher temperature, cause veryhigh Ra numbers vary only in the vertical direction, we pos-
intensive mixing in the central region, creating in long-termtulate that such roll cell patterns exist as long-term ensemble
average an almost isothermal core. Until very recently, theverages, with a corresponding strong variation of the wall
existence of organised convection roll cells had not beetneat transfer and flow properties in the horizontal direction.
detected by experiments at high Ra number. One of the firsthis pattern is particularly noticeable in enclosures of
indications about their existence in turbulent Rayleigh-smaller aspect ratios when the side walls tends to enhance
Benard convection can be found in the experimental work ofthe creation of roll cell like motion.
Chu and Goldsteifil]. In their experiment at low-Ra number Experimental evidence was recently significantly updated
with water they observed that many thermals retain theiin the range of moderate and high Ra numbers. In a series of
original identity even after arriving at the near wall region of experiments by the Chicago group, Hesoal.[2], Castaing
the opposite surface. These thermals coalesce and forst al.[3], where an enclosure with an aspect ratio of one was
stable patterns with a temperature different from the temeonsidered, the different states of turbulence were observed
perature of the surrounding fluid. These stable patterns prder low and high Ra numbers. However, unlike the previous
vided an explanation for the phenomenon of inversion of theheories, which led to the classical NRa' relationship,
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the new results for Ra10° seem to follow closer the 2/7 dimensional approach to provide ensemble-averaged solu-
power law over a wider range of Ra numbers, at least in s¢ions of an essentially three-dimensional problem: if one can

called hard regime for Ra4x 10°. An explanation was of- capture local variation of Nu numbers together with a long-

fered in the evidence of the existence of the horizontaf€'™M average quantities with a two-dimensional simulation,

boundary layers at much higher Ra numbers than hithert§1€ 2D approach will be a great advantage in terms of com-
acknowledged. Chavanret al. [4—6] repeated some of the putational cost§saving of at least?(10?), since this is a

experiments performed by the Chicago group and increasedfu@! number of grid points in the horizontal directjoof
Ra up to 5< 10 In addition to the previously mentioned course, the 2D approach cannot resolve the turbulence spec-

different states of turbulence, they observed a new wylti-tral dynar_nic; even if the Navier-Stokes e_quations are fully
mate” regime in which the exponent of the Ra number in-resolved in time, since one of the essential process, that of
creases at least to 0.4 vortex stretching, is missing. This is compensated by the
Despite simplification in geometry and boundary Condi_turbglencekmodel, t_>y which Ithe densrc]amgle—averageﬁ 2D
tions (constant temperature of horizontal thermally active’Navier-Stokes equations are closed. The 2D approach may

walls) experimental studies are always faced with di1‘ficulties:)(e even mcire cg)tlj_estl_onable |2Dd|r_ect Inu_men(;thSImullatlons.
in detecting the flow and turbulence details, particularly in et, severa Ipud |cat|0(rj15 on S'm? ation of therma Igﬁ'n-h
the near wall regions, and with uncontrolled heat losses. I§€CtoN In slender and square enclosures, e.g., Goldhirs
: £t al.[15], Ishieatariet al.[8], Paolucci[16] mimicked well
tailed insight in flow and heat transfer behavior at desired!® €xPerimental observations of the mechanism of roll for-

boundary conditions. However, direct numerical simulationg"ation and provided a physical insight into their dynamics

(DNS) are faced with different limitations. For example, that is of relevance also_ to real 3D _situations.
Kerr [7] addresses many numerical problems in DNS, even The paper presents first the applied turbulence model and

for the classical case of Rayleigh4B&rd convectiorinfinite humerical method: we demonstrate the inadequacy of isotro-
enclosures He demonstrated that numerical solvers wereP'C eddy diffusivity appro'a.ch and |Ilgstrate the importance of
not sufficiently efficient to represent the rigid walls in more app_lylng at_lea_st a smphﬂedlgebrglcmodel to captur_e the
than one direction. The numerical simulation based on th&2SIC Physics in an enclosure with 1:8 aspect ratio at Ra

vorticity-stream function approach was used in the work of ~ 10". Next we present a compilation of a number of experi-

Ishiwatari et al. [8]. They investigated effects of various Mental DNS, LES, and TRANS results for mean temperature
combinations of thermal boundary conditions on the patteri@d Nusselt numbers from the literature and compare our
of two-dimensional convection. The adopted thermal boundSOmpPutations. Local Nusselt number variation along the
ary conditions included different combinations of fixed tem-WallS is discussed for various aspect ratios. A new Nu-Ra
perature and/or fixed heat flux with or without internal cool- "UMber correlation for long-term averaged heat transfer is
ing. The first target of their investigation was the pattern and?ToPOSed that seem to fit well data from various sources and

horizontal scales of the convective rolls. They comparedUl computations over a wide range of Rayleigh numbers.
their results with earlier ones from the literature and found™nally, we discuss the time evolution and formation of rolls,

controversial results regarding the size and ratio between tHdd the ultimate rolls pattern.

vertical and horizontal scales of convective rolls. Rothermel

and Agee[9] found at Ra=600Ra convective rolls with a Il. MODEL AND NUMERICAL METHOD
horizontal scale about ten times larger than the layer depth in

. X : . . The mathematical model of turbulence and the numerical
their two-dimensional calculations. Contrary to their work

) X "method used have been published earlier and here we give
Sykes and Henii10] did not detect such large horizontal only a brief summary. More details can be found in Hanjalic

scales. The results of Ishiwatat al.[8] confirmed that con- [17], Kenjerésand Hanjalic[18], Hanjalic Kenjerés and
vective rolls with larger horizontal size tend to form in situ-dDur’St[lg] and Kenjere$20] '

ations where the heat flux was applied as the thermal boun
ary condition at the wall. Chapmaet al.[11] and Chapman ; ;
and Proctor{12] reported similar findings, concluding that g;)g/ernmg the turbulent flow subjected to thermal buoyancy
with an increase in Ra number, the roll cells became more
elongated. They compared their numerical results with the DU, 1P 9 [ U,
weak nonlinear description of the formation of horizontally i Fi—— K‘F W(
elongated rolls and found that this approach is applicable p % !
only when Ra=Ra.. The results of Hewittet al. [13] DT P JT
showed that the horizontal scale of convective rolls grows B i+ _(1 __E)
gradually as the Ra increases. A similar conclusion was Dt pc, 9xj\ o7 X g
reached by Trompert and Hansgi]. . . I .
The above brief overview of selected literature indicates 8'N€reD/Dt=d/dt+U,d/9x, is the material derivatives; is
number of interesting but controversial findings concerning!€ body force acting on the fluithere thermal buoyangy
flow pattern and size of convective rolls. It is important to @1dd is the internal energy sources. .
note that all numerical studies mentioned were performed in The turbulent flux of heafu; is provided by the algebraic
the range of low and moderate Ra numbers. Our goal was tBx model(denoted in figures as AFMobtained by trunca-
extend this range to high Ra numbers and to analyze effecton of the parent model differential transport equations for
of the aspect ratio and the side walls on roll/cell structuresfu;. The so callededucedmodel was used which follows
Another goal was to check the applicability of a two- from a full neglect of the transport terms fatu;, i.e.,

The Reynolds-averaged momentum and energy equations

V&_)(j_uiul'), 1

@
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(D/Dt—D)6u; =0, whereD stands for diffusion. This es- Netic energy serving as the velocity scale seems adequate for
sentially means that the production and dissipation of koth the slender hon;ontal enclosures. However, fqr more genergl
and @ are locally in balance. The final expression for the CaSes, we certainly recommend the fully consistent algebraic

turbulent heat flux is approach. . . . .
The closure of the algebraic expression, irrespective of

K aT U, the modeling level, requires that the basic scalar varidbles

_ - — U, _ mnen n '

ou;= —ng UilljZ + §0uj——+ nBYi0°+e4|. (3 6% =, ands, be provided from separate modeled transport

y ! equations. Because no universal wall functions have ever be
proposed for buoyancy driven flows, the integration of all

ngquations need to be performed up to the wall and the model

basic physics, since it retains all three production terms fro . .
the differential transport equation fou. representing physi- equations must account for mole(_:ular effects that preva|! in
] the near-wall viscous or conductive regions. The resulting

cal mechanisms which generate the turbulent heat flux: due , — )
to the nonuniformity of the mean thermal fie¥dr, mechani-  four-equationk—e —6°—s, model (for details, see, e.g.,
cal deformationmean rate of straiivU;) and amplification/ Hanjalic[17]) consists of the following equation set:
attenuation of turbulence fluctuations due to the effect of

buoyancygg; 6%, respectively. The last term in the E@),
€4 , representing the molecular dissipationéof, is omitted
as negligible at high Ra numbe(ross correlation of deriva-
tives of fluctuating temperature and velogjtas compared
with the major sink due to pressure scrambling. Dt
It is noted that neglecting the last two production terms
leads to thenonisotropiceddy-diffusivity mode[known also D(pe) % 52
as the generalized gradient diffusion hypothe$&GDH)] Di —Dszgp(CﬂPnL C€3G)—C82f8p? +E+S,
which can be regarded as a further step in the hierarchy of &
truncation of the differential transport equation féw;. Fi-
nally, replacing the turbulent stresgu; by its traceu;u; D(pz,)
=2k leads to the standaidotropic eddy-diffusivity model, Peo
known also as the simple gradient diffusion hypothesis Dt
(SGDH):

Although substantially simplified, Eq.3) still reflects the

—Dy=pP+pG—pe, 5

—D,=2pP,—2ps,, (6)

-~ -~ ~2

—ct €0, ~0 80 o %0
~Dyp= CelpP0?+Cs3pP?_Ce4p?

—Clpt,, S L E ®)
5P Tep k 0

6_ 4 (9T (4)
Ui=—— 5
X
gT o where

Although SGDH is used in most CFD computations, it U, o "
should be noted that E¢4) assumes that the vertical turbu- P= —Uilj—— G=—-pg;0u;, Py,=-— 0u,—5,
lent heat flux is proportional to the mean temperature gradi- ] I
ent in the vertical direction, which in most part of enclosures )
heated from below is zer¢or even slightly negative, i.e., f“t< I°Vi

X[ X

; . . : E=2u—
with temperature inversignHence, in order to reproduce the H p

mean temperature and the ensemble averaged roll pattern, it

is of crucial importance to use an algebraic expression for gk/2\ 2 g2 12\ ?

0u;, which includes all production terms, as shown by Ken- 8:8—27/( X ) o €T 89T a( X ) ,

jeres[20]. This is not possible with any type of eddy diffu- K K

sivity models, be they isotropicSGDH) or the nonisotropic £2[ K32 K32\ 2

(GGDH). S=m 0.83—( )( ) , }
For the momentum flux, we used the standard eddy- k

viscosity  model uju;j= 5k — v (U, /dx;+aU;/ax;),

where v, is the eddy viscosity, defined a[stMkzlz. The D=2

use of an eddy-viscosity model for turbulent stresses and an ¢ IX;

algebraic model for the turbulent heat flux may sound incon-

sistent. Indeed, we switched later to the consistent approach _34

using also the reduced algebraic stress model and repeated f =ex —2' , f,=1-0.3exg—Ré¢),

the computations of some cases. The difference was only . 1+ E " e[2)

marginal. An explanation can be found in the fact that the

T )2

2
., E,=2paa
) 67 “PEG IX; IX

C|8Xn C|8Xn

P hCy e =2
M(?XJ qﬁ,ups &Xl

I k2 &gb)

50
two horizontal stress components in the horizontal homoge- (9)
neous planes are equal and significantly smaller than the ver- fao=1

tical component, which contributes most to the kinetic en-

ergy and is also most responsible for the vertical heat transfeand index¢ in equation forD,, Eq. (9), stands for any of
on both walls. Hence, the eddy viscosity approach with ki-the variables for which the transport equations are solved.
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TABLE I. Specification of coefficients. VELOCITY VECTORS
= 0.0583 M/S

c’ Cp C, Cl Cl Cl Cl C ¢ Ui

02 009 009 13 072 22 08 25 06 0.6

T t
In addition to standard coefficients in theand e equa- S ,, =
tions (C,=0.09, C,=0.07, C,;=C,s=1.44, and C,, l'
=1.92), the remaining coefficients used are specified N s =¥ 2N

Table I.
A further simplification can be achieved by expressing

in terms ofe, k, and 62 from the assumed ratio of the ther-
mal to mechanical turbulence time scald®=r7,/7,

=§28/(2k80) with eitherR=const, or prescribed by an al- 60— T —— L —T T

gebraic function in terms of available variables. This reducesZ -- ﬁ‘v"e‘i;;ﬁ value Ra=10'; SGDH -
the model to ahree-equatiorone, k— & — #% which hasfive 40
coefficients less. It is worth mentioning that the three equa-

tion modelk—e— 6* with R=0.5 gives very similar results 207
as the four-equation model. However, for completeness, we N
present here the results with the four-equation model. O 5503 T od o5 o8 o7 o 09 -1
The simulations were performed by a version of finite
volume Navier-Stokes solver for two-dimensional flows in g, 1. SGDH solutions for 1:8 enclosure heated from bottom
Cartesian coordinates. A staggered grid was used, clusterggt Ra= 10, laminarised solution.
in the vicinity of the vertical and horizontal wall. The num-
ber of grid cells was between 80 and 260 in the verticalhorizontal walls with sharp maximum values in the stagna-
direction and between 220 and 820 in the horizontal direction points where the plume impinges on the opposite wall,
tion. Larger values correspond to higher Ra number angbenetrating the wall boundary layer. In contrast, the mini-
larger aspect ratios. More details on the grid are given irmum values of Nu number correspond to the positions where
descriptions of various cases considered. the plume release occurs, where the fluid, moving horizon-
The convection terms were computed by the second orddally in the wall boundary layers, accumulates and where the
linear-upwind (LUDS) scheme, and the diffusion terms by boundary layer is thickest.
the central-difference schemé&sSDS). The time integration Figures 1 and 2 show the computed results for the same
was performed by the implicit three-level second orderRayleigh number Ra10’, but obtained with two turbulence
marching time difference scheme with the nondimensionaimodels SGDH and AFM. It is important to note that the
time step of 1/50—-1/106& , wheret = 7BgATH/H isthe  SGDH results gave a laminarised solution, i.e., the isotropic
characteristic convective time of the rolls. eddy diffusivity employed by the SGDH model cannot main-
tain turbulence irrespective of the initial turbulence field. In
contrast, the results for the same configuration computed by
the AFM shown in Fig. 2 yielded the turbulent solution. No
A. Flow pattern, mean, and turbulence variables detailed experimental nor DNS data are available but the

As a representative of slender geometries, we conside\ﬁallldatlon of the computations can be .made by comparing
first an enclosure of 1:8 aspect ratio at-RE0’ and 2 e long-term averaged Nu numbers with experimental cor-
X 10°. Figures 1, 2, and 3 show the computed mean velocity€/ations. The SGDH gavelu=12 which is in agreement

vectors, mean temperature, and several turbulence paraith correlation for laminar regime, whereas AFM gave 50%

eters: temperature variangg, horizontal and vertical com- Nigher value,Nu=18 in accord with the correlation for a

— .. turbulent regime. It is interesting to see that in the laminar
ponents of the turbulent heat flugu;, turbulence kinetic solution obtained by SGDH, the local Nu number distribu-

energyk, and turbulence Reynolds numb_erthlevs. Itis tions show sharper peaks than in the case of the turbulent
recalled that Reis proportional to the ratio of the turbulent Apm solution. The amplitude of the local Nu numbers at
to molecular viscosity: ifthC#kZ/E, with Cu=0.09 as in  impingement locations are 20% higher than in the AFM
the standard high-Reynolds-numbek-e model Re case. It means that at particular locations, the temperature
~10v/v. gradients are higher than in the AFM case, indicating weak
The roll patterns are visible in all three figures, thoughmixing. In the case of the AFM results, the turbulent solution
with different modes. One can also identify the ensembleprovides a better mixing which decreases the temperature
averaged formations of thermals as well as horizontal modlifferences in the enclosure producing milder local peaks,
tions along the thermally active lower and upper walls, re-but significantly higher averaged value of the Nu number.
sembling the interferograms of Chu and Goldsteify and With an increase in the Ra number, Fig. 3, the variation in
the visualization photographs of Theerthan and Arak&ti  the local Nusselt numbers becomes milder with the wave-
and Theertharj22]. The organised roll structure causes alength increasing. Also, the wall thermal boundary layers
strong periodic variation of the local Nu numbers along thebecome much thinner and the maximum values of the tem-

Ill. RESULTS AND DISCUSSION
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VELOCITY VECTORS VELOCITY VECTORS
= 0.0489 M/S = 0.0991 M/S
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-—- Averaged %\
7\

Nu

FIG. 2. AFM solutions for 1:8 enclosure heated from bottom for

Ra=10" FIG. 3. AFM solutions for 1:8 enclosure heated from bottom for

Ra=2.2x 10°.

perature fluctuations are concentrated in relatively smalplume jets flowing downwards and upwards between the
near-wall regions as compared with the case at lower valuthermally active walls.
of the Ra number, Fig. 2. The distributions of the turbulent
Reynolds numbers show different behavior for different val- B. Integral Nusselt numbers
ues of the Ra number. For the low Ra number, the maximum The first step in the validation of the proposed turbulent
values are concentrated in the impingement regionS, Where%at flux model is to make a Comparison of the averaged
in the high Ra case in the middle of the enclosure indicating/alue of the Nu number with several experimental, DNS and
higher intensity of mixing. LES studies for different values of the Ra number. The re-
Figure 4 shows the ultimate ensemble averaged patterrsilts are divided in two groups: simulations obtained in a
in two-dimensional 1:4 aspect ratio enclosure for two valuesange of low and moderate Ra numbers, Fig. 5, and in a
of the Ra number, Ra10’ and Ra=2x10°. For lower Ra range of high Ra numbers, Fig. 6. The SGDH results, com-
number, the flow pattern consists of four large and two smalpared with experimental correlations and DNS results, show
corner rolls. For the higher Ra number, Rax 10°, the  a serious underprediction of Nu numbers. For example, at
flow pattern consists of two large and two small corner rolls.Ra= 10°, the obtained SGDH Nu number is by 30% lower as
The final state is symmetric with respect to the cavity cen-compared to DNS results and represents essentially the lami-
treline for both values of the Ra number. As in the case ohar flow regime. The performance of the SGDH is even
the higher aspect ratio 1:8 the near-wall boundary layersvorse for the higher Ra number, such as, for example, in the
along the horizontal walls are visible and determined by thecase of Ra10°. The simulations show a difference of about
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FIG. 4. AFM solutions for 1:4
enclosure heated from bottom for
Ra=10" (left) and Ra=2.2x10°
(right).
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90%. Again the simple isotropic expression failed to repro-in the range of low Ra numbers, up tx20’. Generally, the
duce the turbulent heat flux and to maintain a turbulent redifferences between various experimental correlations are
gime. The SGDH model proved to be inadequate in the rangkarger than the difference between the AFM and the DNS
of low and moderate Ra numbers, where even a small turbuesults. In comparison with correlations of Goldstein and
lence level can cause a drastic change in the local and, coGhu [23], Nu=0.123R4%°* and Wu and Libchabef24],
sequently, in the total heat transfer. For all cases, the AFMNu=0.146R42%% the AFM computations at Ra10° show
model was compared with several experimental correlationan overprediction of 10 and 5 %, respectively. It is important
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3 R B B BN AL B B desired DNS for the hard turbulence regime remains to be
Wik o o LES: Edson by -]  performed. The differences between the AFM and the Casta-
E v ;f(ig:;g:g‘;;‘g}g}l PO ing et al.[3] correlation were-7, — 1, and 2 % for Ra num-

- =+ EXP: Wa & Libchaber [27] et ] bers 16, 5x 10¢, and 10, respectively. In order to compare
" +.-- EXP: Fitzjarrald [28] . ‘ﬁ,)‘. . h | . h f | d d R b h
127 EXP: Throlall 29 s ; the results in the range of low and moderate Ra numbers that
F o oo paf B y have been obtained by the AFM with other numerical tech-
| o aeaspe -‘,/‘;' nigues, the DNS results of Kef7] and two different sets of

or the LES results, Eidsof27], Wong and Lilly[28], are plot-
ted in addition to the abovementioned experimental correla-
tions, Fig. 5. The Eidsof27] LES results show that the LES
seriously overpredicts the DNS as well as the experimental
correlation by 30—40 % for the Ra numbers up to>21%8F.
10" bl el il In addition to the Eidsofi27] LES in which the Smagorinsky
10 10 10 10" Ra subgrid model is applied, more recent LES simulations of
) . Wong and Lilly [28] were equipped with a dynamical sub-
FIG. 5. Comparison of tr_]e computed ﬂRa) results with sev- grid model. Unfortunately, Wong and Lillj28] have pre-
eral DNS, LES and experimental correlations for an enclosurgqniad simulations for only one value of Rax 10° and the
heated from belowiH:L=1:4, P=0.71, for low and moderate val- qualitative comparison of the predicted Nu number in a
ues of Ra numbers. wider range of Ra numbers can not be performed. In com-
. . arison with Eidson’s result, the results of Wong and Lilly
to note that those experiments were performed in enclosur 98] show very similar quality, with small differences be-

of smaller aspect ratio=1:1.5 andA_= 1:1, and, conse- veen two dynamical subgrid approaches. As shown, in
guently, the total heat transfer correlations showed lower Nléomparison with the Kerf7] DNS data, as well as with
numbers. In  comparison with = Fitzjarrald25], Nu  oynerimental correlations of Fitzjarra[@5], Threlfall [26]

=0.145R&*as well as Threlfall27], Nu=0.173R8%, and 54 Wy and Libchabei24], the Wong and Lilly[28] LES
the DNS results of Ker7], the AFM shows excellent agree- (aqits seriously overpredict Nu numbers.

ment, about 1% difference, for the same value of Ra number. g second group of results corresponds to large values of
Similar quallty of agreement for the same set of ex7per|mentaha numbers, Fig. 6. To our knowledge, there are no numeri-
correlations and DNS data was obtained for-R&". The ¢4 studies reported in the literature which cover such high
highest difference was about 3%. . values of Ra numbers. The performed AFM calculations
In the range of moderate Ra numbers 20'<Ra<10°,  gnow very good agreement with the Castagtgl. [3] ex-
at first sight it seems that the calculated values of the NLberimentaI correlation. Na1+0.23R&82%2 For Ra=10°
number begin to deviate more from the experimental correz g Ra=2x 10° the obt:ained Nu values of 80.6 and 95 show
lations of Threlfall[26] and Fitzjarrald[26], Fig. 5. The g gifference of 1% and 2% respectively. With increasing Ra

AFM overpredicts the Nu number by 10% at R&0® in  umper, the AFM results start to deviate more from experi-
comparison with Fitzjarral@i26] correlation. On other hand, mental correlations. It is important to note that with the Ra

the AFM simulation results converge towards the egsge'rimenhumber increasing, the grid was more clustered in the verti-
tal correlations of Castaingt al.[3], Nu=1+0.23R&*%2 in 5| direction in order to resolve properly the near-wall re-

the ;o-called “hard turbulence regime.” Unfortunately_, the gion, so that for the highest simulated-R&0'2 the 260 grid
maximal Ra number for which the DNS data are availableygints in the vertical direction were used. This means that

Kerr [7], is Ra=2x 107 and, according to Castam%j al.[3],  any deviation from the experimental correlation cannot be

the “hard turbulence regime” starts at R&#X10. Much  (egarded as a simple consequence of an insufficient grid
resolution.

=2 R More recently, the Grenoble group, Chavaetel. [4—6]

3 Scaling theory: repeated some of the experiments performed by the Chicago

T Groseman & Lohse [1] group, Castainget al. [3], Wu and Libchabef24], and in-

322‘: gir)ret[?gach 52 creased Ra up t0610' in their experiment. These authors
RANS-2D: AEM observed a new “ultimate” regime characterized by an in-
TRANS-3D: AFM crease in the heat transfer, and consequently, with an in-

] crease in the slope of the KRig) curve in the range of very
Experiments: 1 large Ra numbers. For 1& Ra=<3x 10 the identical expo-

™
Q00D

10'F =~ Niemela et al. [2] e nent of 2/7 was observed as in the Chicago experiment, but
- Sjj‘;j‘ﬁ;z;;b[j[m above the upper limit of this range the they found a continu-
----- Chavanne et al. [6] 1 ous rise in the exponent at least up to 0.4 at the highest Ra
Joo Chavanpe et ol [Bpaftimare] - =5x10' The very recent experiments reported by7 Niemela
T 107, 10° et al.[29] covered even higher Ra numbers, up td’1@®ut

these authors did not confirm the increase in the Ra number
FIG. 6. Comparison of the computed (Ra) results with sev-  €xponent reported by the Grenoble group. Instead, they
eral experimental, theoretical and DNS correlations for an enclosuréound that _thelr measurements are correlated remarkably
heated from belowH:L=1:4, Pe=0.71, over a range of Ra num- Well by a single power law N&0.124R&3% over eleven
bers. decades of Ra number, from ®%Qo 10'. Our two-
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dimensional simulations with AFM show very good agree-
ment with most recent experiments, especially with the new
experimental correlation of Niemeét al.[29], Fig. 6, with a
maximum discrepancies of about 10% at the highest Ra }
number of 182 _
Finally we considered the recent proposal by Grossmann
and Lohs€[30], who derived a unifying scaling theory that
combines the 1/4 and 1/3 power laws for low and very high
Ra numbers, respectively. Based on selection of experimen
tal data, Grossmann and Lohse proposed the correlation Nu
=0.27R&*+0.038R&>. This correlation greatly overesti-  [$
mates the Nusselt number obtained by DNS and more recent
experiments in the low Ra number range. Adopting the same
exponents for the low and high Ra number asymptotes, we
recalibrated the prefactors using the best fit through the
available DNS results and experiments of Wu and Libchaber
[24] for lower Ra numbers<2x10’), and experiments of
Castainget al.[3], Chavanneet al. [4—6] and Niemelaet al.
[29] for the high and very high Ra numbers. The resulting
correlation Nu=0.1R&"*+0.055R&", shown in Fig. 5thick
line), fits better the selected recent DNS, TRANS, and ex-
perimental results than the original expression of Grossmann
and Lohsg30]. It also agrees well with the new correlation |
of Niemelaet al.[29], Nu=0.124R&3%° Maximum discrep-
ancy between these two correlations is about 8% at medium

U VEL. COMP. PROFILES
Ra numbers. -
of the local Nu number along horizontal walls for different

values of the Ra number and aspect ratios. At the lower Ra \

number, Ra 10, the Nusselt number exhibits the secondary v VEL, W TLES
inverse peaks for all aspect ratios considefed, 1:8 and > >
1:16), Figs. 2 and 4, which are absent at higher Ra number.
In both cases the locations of these “secondary peaks” cor-
respond to those of plume initiation. However, some quali-
tative difference in the variation of the local Nusselt numbers
is observed for different Ra numbers. As mentioned earlier, _ _
the wave length of the rolls increases with the Ra number. FIG. 7. The superimposed stream lines and temperature con-
Our calculations at Ra10” and 16 show an increase in fours and the velocity components contours and profiles at charac-
wave length by factor of two indicating that this switch from teristic chations foral:4 7aspect ratio cavity of air for two values
one to another fundamental mode occurred in between, moSf Rayleigh number, Ra10” and Ra=2x 10"
probably at a distinct Ra number, which remains still to be
determined.

In order to explain the possible origin of secondary in-

U VEL. COMP. PROFILES

C. Local Nusselt numbers

We consider now in more detail the specific distribution

both heat flux component@ and fv. Contrary to this sce-
nario, at the higher Ra the rolls have much higher velocities,

verse peaks, we plot the superimposed temperature a ich do not allow the formation of the recirculation bubble.
stream lines, as well as the distribution of velocity compo-!N€ Mixing is more intensive and all turbulence and mean
nents and profiles at characteristic locatiéasthe roll edge ~Properties show higher values and much milder gradients,
and roll center, Fig. 7. The main difference between the except in the very thin conductive layer close to the walls.
solutions for the two different Ra numbers is in the distriby-AS @ consequence, the phenomenon of the “reverse second-
tion of the vertical and horizontal velocities at locations 7Y Peaks” is not observed. Both velocity components have
where the plumes are released: for the lower Ra case, r& single sign across the entire height of the enclosure.

=10’, both components change their sign in the region very _
close to the wall, indicating the existence of a small separa- D. Mean temperature profiles

tion bubble. At the higher Ra number, R&X 10, this is Figure 8 shows the distribution of the long-term averaged
not the case. This small recirculation at the lower Ra nUmbefnean temperatur@e” average)jfor arange of Ra numbers.

at the site of plume release entrains some SUrrOUnding ﬂUIﬂ can be concluded that very good agreement between the
of lower temperature and promotes locally some extra turbumean temperature computed by AFM and DNS profiles was
lence production, which, in turn, enhances local heat flux, agbtained for all Ra values calculated. This is not surprising
illustrated by higher local concentration kf Re, #? and because the calculations already showed good agreement
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T - T - duced. The influence of different aspect ratios for the same

s ol O DNS:Groetzbach [32], Ra=6.5x10° values of Ra numbers is presented too. As seen, the different
sk o DNS=Ke"[9LRa=2:107 | aspect ratios change the mean temperature profiles in the
q — RANS-AFM: Ra=10 near-wall region only slightly. As the Ra number increases,
H — RANS-AFM: Ra=1°: 1 the regions where the mean temperature gradients are signifi-
0.6 ™" RANS-AFM: Ra=10. . cant, reduce to a very small near-wall region that occupies
" RANS-AFM: Ra=10 only up to 2% of the total cavity heighifor Ra=10%). But
Aspect ratios [1:4] and [1:5] this small thermal boun.dary layer plays a crucial role in the
04 heat transport mechanism and must be well resolved by a
| 2D-Cell averaged numerical mesh in order to obtain correct integral values of
ozl the heat transfer coefficient.
E. Effects of aspect ratio and side boundary conditions
L R F E—Y 08 T The wavelength of the local Nu number distribution re-

flecting the flow pattern organization increases with increas-
FIG. 8. Comparison of calculated mean temperature profiledng Ra number. For the lower Ra (R40’), the number of

with several DNS for different values of Ra numbers and differentcreated rolls was 8 and in the case of the high Ra number,
aspect ratios. Ra=2x 10’ it was 4. The obvious conclusion is that the rolls
become more elongated in the horizontal direction as the Ra

hnumber increases. A similar conclusion was drawn by Ishi-
atari et al. [8], Trompert and Hansefl4], Hewitt et al.

13], Chapman and Proctdi2].

with the experimental and DNS integral Nu numbers, whic
are actually expressed via the temperature gradient in t
near-wall region. The mean temperature profile exhibits th ) . .
characteristic behavior with very steep gradients in the con- In order tott?t thg S'dtiwa" effects, c(jj|_1;f_erent .""Sp?ﬁt ratios

ductive near-wall region, and an almost isothermal core th f/ere computed under the same conditions, 1.€. e same

occupies most of the space. As the Ra value increases, t é)undary and initial conditions and the same level of turbu-

boundary layers along the horizontal thermally active Wa“SIence model. The aspect ratios considered were varied in the

become thinner. This behavior of the mean temperature prcf—"’r‘]nge Off 114 up tOfJ:(ZﬁZ. In F'gt' to' the I(t)cai_Nu;lt:uﬂrgné).er 1S
file explains why a very fine grid resolution is needed jn Sown for some ot thé computed aspect ratios T
order to perform DNS simulation at very high Ra numbersa” cases yleIQed |dent|§:al row_patterns with a charact_enstlc
[31]. The vertical temperature gradient is equal to zero in thdO! organization anq with the size of the roII. in the horizon-
central part of the cavity and, consequently, the vertica al ghrectlon, which is equal to the vertical distance between
SGDH component of the turbulent heat flux is equal to zer or!zontal walls. Naturally, _the I_ocal Nu number along the
too. This illustrates the obvious deficiency of the simple iso- orlzontal_ wa_lls follows th_e |de_nt|cal wavelengths. The same
tropic eddy diffusivity model for thermal convection heated roll organization and the |Qent|ca| wavelengths arg_observed
from below also in the case where side wall boundary conditions were
Figure 9 shows a blowup of the near-wall temperaturerepl"ched by symmetry b.our'u'jary COﬂdItIOhS', Fig. 10. It is
distributions. The agreement between the computed AFMmPOrtant to note that S|gn|f|ca_nt compu_tatlonal resources
and DNSS profiles for the correspondifur similan Ra num- were engaged in the abovementioned series of computations,
bers is very good, and some small differences are the consS—Spec""lIIy for_the h'|ghe'r aspect rapos, I-€. 1.:16 and 1:33' The
quence of slightly differently simulated AFM and DNS Ra number of grid points in the vertical direction for R40

numbers. The overall effect of Ra number is also well repro-Was 8_2' Sor_ne_of fthe computations were repeated_ W'th. an
even finer distribution of 120 grid points in the vertical di-

rection but without any significant influence on the final re-
sults. The number of grid points in the horizontal direction

0.025 r T . ,

O DNS: Groetzbach [32], Ra=6.5x10° | . . .
S 1 S, K::;]a;a[_zjwf i varied from 220 for aspect ratio 1:4 up to 820 for aspect ratio
002 — RANSAFM: Racto® 1:32. The final values of the averaged Nu were almost iden-

= RANS-AFM: Ra=10"-A=4

[ —— RANS-AFM: Ra=10-A=8
0015 * " RANS-AFM: Ra=102-A=4
— = RANS-AFM: Ra=10"-A=8
="' RANS-AFM: Ra=10"-A=4
— = RANS-AFM: Ra=10"-A=8

tical. The difference between the results for the aspect ratios
1:8 and 1:32 were less than 0.25%.

F. Convective rolls creation, corner structures

We discuss now the nature and origin of small rolls lo-
cated in the corner regions, following some arguments out-
lined by the Princeton group, Goldhirsadt al. [15]. The
main difference between these two studies is in the range of
Ra numbers and applied simulation methods. The Princeton
group performed two-dimensional direct numerical simula-
tions covering Rayleigh numbers up toR&®, whereas the
present study uses a turbulence model, which enables to cov-

FIG. 9. The near-wall distributions of mean temperature pro-€rs values up to Ra10'™. Very similar structure evolution
files; influence of Ra number and aspect ratios. and final flow patterns were obtained for comparable Ray-

0.01-

Aspect ratios [1:4] and [1:8]
2D-Cell averaged

0.005

L | L 1
00 0.2 0.4
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FIG. 10. Distributions of the local Nusselt numbers along the =
horizontal walls for AFM solutions of an enclosure heated from
bottom at Ra 10’ for different aspect ratios and different side
walls conditions.

FIG. 11. Time evolution of stream line$eft) and turbulence
kinetic energy(right) distributions in aA=1:4 aspect ratio cavity,
Ra=10", Pr=0.71,7* = 7BgATH/H.
leigh numbers. In order to investigate the process of the roll
formation and to analyze the influence of roll structure onplete symmetry of the flow pattern was present with respect
mechanical and thermal turbulence parameters, the closed the horizontal cavity centerline. Then, the rolls from the
system of equations was calculated in a transient mode fagpper corner regions start to penetrate towards the bottom
the A=1:4 two-dimensional enclosure. The computationswall creating large rolls in the middle of the cavity. Actually,
were started from uniform initial fields: all velocity compo- at this time the flow pattern reaches a bifurcation point. The
nents were assumed zero, turbulent quantities had very logrobability is absolutely equal that the rolls from the upper
uniform values, and the mean temperature was uniform angkgions will penetrate down, or that the rolls from the lower
equal to the reference temperatufe=0.5(T,+T;), with corners will penetrate towards the top wall. For example, the
uniform nondimensional temperature of the bottom hot wallcircumstance where the second situation occurs, is presented
Tp=1 and top cold wallT.=0. in Fig. 4. The secondary rolls become stronger and they cap-

From the streamline distribution at the initial stage of ture primarily created corner rolls in the lower corner where
heating it is obvious that the process of roll creation beginghey remain until the steady regime is reached. The form of
in the corner regions, Fig. 11. The four small rolls created inthe flow pattern which appears#t=90 corresponds well to
corners, are visible already at =10 (7* the final flow pattern, but it will take additional 90 nondi-
=7JBgATH/H). After creation, the roll structures continu- mensional time units, until the final steady state is reached.
ously grow in size and begin to interact with each other asThe dynamic behavior of the temperature fields is character-
well as with the initially stagnant surrounding. As the time ized actually by two distinctive regimes. The first one is a
progresses, the roll structures move towards the interior ofonductive regime present in the initial stage of the onset of
the enclosure causing changes in the temperature gradienttine heating, and characterized by an almost linear distribu-
the horizontal direction and, consequently, cause an increasin of the temperature in the vertical directiei<40, Fig.
in the horizontal turbulent heat flux, Fig. 13. A&t =75, an  12. The second one is a highly turbulent convective regime
interesting phenomenon occurs. Until this moment, the comeharacterized by the presence of roll structures in the entire



PRE 62 CONVECTIVE ROLLS AND HEAT TRANSFER IN ... 7997

= &
s
R S o

=15

Sl —
S
© @
o @

T
L

=3

@

\j
SRNSRNS

(—/

ﬁ

F/
-

FIG. 12. Time evolution of temperatuféeft) and temperature __ FIG. 13. Time evolution of the horizontau (left) and vertical
variance(right) distributions in aA=1:4 aspect ratio cavity, Ra 6v (right) component of turbulent heat flux distributions inAa
=10", Pr=0.71, 7* = r/BgATH/H. =1:4 aspect ratio cavity, Ral0’, Pr=0.71, 7* = r/BgATH/H.

domain of the enclosure and corresponding plume structures siaple pattern consisting of four large rolls and two small

in between,r*=75. , ~ rolls in the lower enclosure corners.
In the initial stage of heatings* <15, the turbulence ki-

netic energy is concentrated near the horizontal walls region,
Fig. 11. As the convective roll structure grows in size and
moves towards the enclosure interior, the turbulence kinetic The turbulent thermal convection, confined in two-
energy spreads and eventually occupies the entire enclosumdimensional horizontal slender enclosures heated from be-
With the formation of large secondary rolls, the centres oflow, was simulated numerically by means of a single-point
the maximum turbulence kinetic energy move towards theurbulence closure model using a two-dimensional approach.
impingement regions* =90. Contrary to the situations with  The computations were performed using an algebraic model
heating from the side, the central part of the enclosure isor the turbulent heat flukAFM) closed by a set of transport
highly turbulent too, i.e. the turbulence is not located only indifferential equations governing the turbulence kinetic en-
the near-wall boundary layers, but also in the enclosure coreergy, temperature variance and their dissipation rates. The
The vertical turbulent heat flux component and the tem-importance of the presence of all production mechanism in
perature variance show a different kind of behavior, Figs. 12he turbulent heat flux expression was demonstrated by com-
and 13. They are concentrated in relatively thin boundaryparison with the standard isotropic eddy-diffusivity model
layers along the horizontal walls. This distribution is deter-(simple gradient diffusion hypothegjsvhich shows serious
mined by a dominant vertical temperature gradient in thedeficiencies.
near-wall region. It is interesting to note a close dynamic The computations for all Ra numbers and aspect ratios
coherence in behavior of the turbulence kinetic energy, temeonsidered led to steady organized roll pattern in the final
perature variance, and the vertical component of the turbustage. These can be interpreted as the ensemble-averaged
lent heat flux. Finally, the steady state is reached by creatinpgattern of the essentially unsteady three-dimensional process.

IV. CONCLUSIONS
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The model was tested against available DNS, LES, andneasurements and long-term-averaged integral Nu numbers.
experimental data in a range of low, moderate, and high Rélence, the obtained set of computational results was used to
numbers. The computed long-term averaged mean and tucomplement the experimental data and to extend the basis for
bulence properties, roll structure morphology, local and intedetailed analysis of the flow and heat transfer characteristics.
gral wall heat transfer show all very good agreement. ThisTogether with the available DNS data for low Ra numbers
agreement confirmed our conjuncture that the two-and the very recent experimental results at very high Ra
dimensional approach can yield essential information aboutumbers, the computational results were used to established
the long-term averaged flow properties and the local and ina new Nu-Ra number correlation using the asymptotic low-
tegral Nusselt numbers at the bounding walls. The two-and high-Ra numbers power laws proposed by Grossman
dimensional approach reproduced also the ensemblend Lohse[31]. This correlation agrees well with the re-
averaged roll structure in accord with the full three- cently proposed correlation of Niemeta al. [30].
dimensional DNS and can be viewed as an ensemble- The numerical visualization of the ensemble-averaged roll
averaged approximation of the fully three-dimensionalstructure and contour plots of mean and turbulence proper-
situation. However, a further simplification, i.e., the one-ties were used to explain the effects of the aspect ratios,
dimensional approach, will completely fail in such situations,types of side boundaries, and Ra humbers on the creation and
since all periodiclike roll motion will be smeared out, to- evolution of the convective roll cells. Some peculiarities in
gether with their contribution to the dynamics of turbulencethe variation of the local heat transfer along the walls, such
and wall heat transfer. The equality of the obtained long-as the secondary peaks observed at plume release sites at
term averaged Nu numbers with DNS and experimental datbbw-Ra numbers, are correlated with the spatial distribution
revealed that the key to the success was the combination ofa turbulence properties and the the organization of the roll
good near-wall modelling and resolving of roll/cell transport structures.
(“pseudomean motion}.

One of the advantages of the approach followed is the
ability to predict the flow and heat transfer and to capture the
ensemble-averaged roll structure at high and very high Ra The computations here reported were performed on the
numbers, which are still inaccessible to direct simulationDelft University of Technology Cray J90SE computer and
techniques DNS and LES. At such high Ra numbers th&€ray C916 at the National Supercomputing Center, SARA,
experiments are at present also limited to pointwise timeAmsterdam.
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