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on
entrates on 
onve
tion in 
ompressed gases andgas mixtures with Prandtl numbers near one and smaller. In addition to the 
lassi
al problemof a horizontal stationary 
uid layer heated from below, it also 
overs brie
y 
onve
tion in su
ha layer with rotation about a verti
al axis, with in
lination, and with modulation of the verti
ala

eleration.CONTENTSINTRODUCTION : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1The whole review (70 pages) 
an be obtained as apdf-�le upon request (werner.pes
h�uni-bayreuth.de)1 INTRODUCTIONFluid motion driven by thermal gradients (thermal 
onve
tion)is a 
ommon and important phenomenon in nature. Conve
-tion is a major feature of the dynami
s of the o
eans, the at-mosphere, and the interior of stars and planets (Busse, 1978,1989; Getling, 1998). It is also important in numerous indus-trial pro
esses. For many years, the quest for the understanding1



2of 
onve
tive 
ows has motivated numerous experimental andtheoreti
al studies.In spatially extended systems 
onve
tion usually o

urs whena suÆ
iently steep temperature gradient is applied a
ross a
uid layer. The spatial variation of a 
onve
tion stru
ture of-ten is referred to as a pattern. The nature of su
h 
onve
-tion patterns is at the 
enter of this review. Pattern forma-tion is determined by nonlinear aspe
ts of the system understudy. For this reason the elu
idation of pattern formation isa 
hallenging problem in 
ondensed-matter physi
s as well asin 
uid me
hani
s. Pattern formation is 
ommon also in manyother spatially-extended nonlinear nonequilibrium systems inphysi
s, 
hemistry, and biology (Manneville, 1990; Cross & Ho-henberg, 1993). Patterns observed in diverse systems are oftenstrikingly similar, and their understanding in terms of general,unifying 
on
epts has long been a main dire
tion of resear
h(Cross & Hohenberg, 1993; Newell et al, 1993).Many fundamental aspe
ts of patterns and their instabilitieshave been studied intensively over the past three de
ades in the
ontext of Rayleigh-B�enard 
onve
tion (RBC). In a traditionalRBC experiment a horizontal 
uid layer of height d is 
on�nedbetween two thermally well 
ondu
ting, parallel plates. Whenthe di�eren
e �T = Tb � Tt between the bottom-plate tem-perature Tb and the top-plate temperature Tt ex
eeds a 
riti
alvalue �T
, the 
ondu
tive motionless state is unstable and 
on-ve
tion sets in. The simplest pattern whi
h 
an o

ur is that ofstraight, parallel 
onve
tion rolls with a horizontal wavelength� � 2d (wave number q � �=d). Su
h rolls 
an be found nearonset; however, as the dimensionless distan
e � � �T=�T
� 1in
reases, the patterns often be
ome progressively more 
om-pli
ated, and thus also more interesting.Rayleigh-B�enard 
onve
tion is perhaps the most thoroughlyinvestigated and understood pattern-forming system. The ex-perimental setup is simple in prin
iple and the basi
 physi
alme
hanism (buoyan
y vs. dissipation) well understood. Forthe standard des
ription in terms of the Oberbe
k-Boussinesq



3equations, Eqs. ?? and ?? below, only two nondimensionalized
ontrol parameters are suÆ
ient (Busse, 1978, 1989). The �rstis the Rayleigh number R � �g�Td3=(��) with � the thermalexpansion 
oeÆ
ient, � the thermal di�usivity, � the kinemati
vis
osity, and g the a

eleration of gravity. Conve
tion starts(under ideal 
onditions) at the 
riti
al value R
 = 1708. These
ond parameter is the Prandtl number � � �=�, whi
h 
anbe viewed as the ratio of the verti
al thermal di�usion timetv = d2=� to the verti
al vis
ous relaxation time t� = d2=�. Itmeasures the relative importan
e of the nonlinear terms in theBoussinesq equations, namely those terms des
ribing tempera-ture and momentum adve
tion.There are several re
ent reviews of Rayleigh-B�enard 
onve
tion1.In the present one we will fo
us on new developments duringthe last de
ade or so. Let us, however, brie
y outline some ofthe seminal earlier results whi
h were of major importan
e tothe later work. Quite early it was established theoreti
ally thatthe stable pattern in an in�nitely extended layer of a Boussi-nesq 
uid 
lose to onset (see Se
t. ?? below) 
onsists of straight,parallel rolls of wavenumber q (S
hl�uter et al, 1965). Furtherabove onset, the stability regimes of these rolls in the R � qspa
e as fun
tions of � (the \Busse balloon") are well under-stood owing to the impressive work by Busse and 
oworkers(Busse, 1978, 1989). The value of � varies widely for di�erentexperimental 
uids, from O(10�2) for liquid metals to valuesnear one for gases and for liquid helium, to the range from 2 to12 for water, and into the 1000's for sili
one oil (see de Bruynet al, 1996, and referen
es therein). Although R
, the 
riti
alwaveve
tor q
 = 3:117, and the patterns in the 
lose vi
inity ofonset (R ' R
) are independent of �, this does not apply to thesubsequent bifur
ations whi
h o

ur with in
reasing R. For ex-ample one �nds an os
illatory se
ondary instability at mediumand small Prandtl numbers, in 
ontrast to a stationary bimodal(\knot") bifur
ation at large � (Busse, 1978, 1989). Not too far1Busse (1989), Croquette (1989a,b), Cross & Hohenberg (1993), de Bruyn et al (1996), andGetling (1991, 1998).



4from threshold the Busse balloon was found to agree well withthe experiments for large � (water) (Busse & Whitehead, 1971)and reasonably well for gases with � ' 1 (Croquette, 1989a).Although ideal periodi
 patterns 
an be 
reated in experi-ments, \natural" 
onve
tive patterns, parti
ularly when theyform in the presen
e of lateral walls, typi
ally are disorderedand develop persistent spatio-temporal dynami
s as � in
reases.Snapshots of su
h patterns are 
hara
terized by lo
al roll pat
heswith grain boundaries and point defe
ts (dislo
ations) 2. Thesespatio-temporal 
haoti
 patterns are irregular in time and inthe horizontal plane; but they maintain a relatively simplestru
ture in the verti
al dire
tion. They should be 
ontrastedwith fully developed turbulen
e (Fris
h, 1995), at very largeR, whi
h is disordered in three spatial dimensions and not thetopi
 of this review.For the des
ription of nonuniform patterns not too far fromthreshold various redu
tions of the original hydrodynami
alequations have proven to be useful (Manneville, 1990; Cross& Hohenberg, 1993; Newell et al, 1993). One parti
ularly im-portant theoreti
al result, whi
h motivated mu
h of the workduring the last de
ade, was that for a 
uid of � ' 1 roll
urvature indu
es slowly-varying long-range pressure gradients(Siggia & Zippelius, 1981) that drive a so 
alled \mean 
ow"whi
h in turn 
ouples ba
k to the roll 
urvature. In subse-quent experimental work 3 these ideas have found their 
on-vin
ing 
on�rmation. Model equations whi
h generalize theso 
alled Swift-Hohenberg equations (SH{equations) (Swift &Hohenberg, 1977) were developed. They allow the isotropi
des
ription of the pattern-formation pro
esses in the presen
eof mean 
ow (Manneville, 1983; Greenside & Coughran, 1984).Although the SH{equations 
an not be derived systemati
allyfrom the Boussinesq equations, they 
apture mu
h of the ob-served physi
al behavior and have now be
ome a general tool2see Croquette (1989b), Manneville (1990), Busse et al (1992), Newell et al (1993), Cross &Hohenberg (1994), Xi et al (1997), and Busse & Clever (1998).3See, for instan
e, Croquette et al (1986b); Croquette (1989a); Daviaud & Po
heau (1989);Hu et al (1995a); and Po
heau & Daviaud (1997)



5to investigate not only RBC, but also other pattern-formingsystems (Cross & Hohenberg, 1993).Referen
esAhlers G. 1998. Experiments on spatio-temporal 
haos. Physi
aA 249(1-4): 18{26Ahlers G, Cannell DS, Steinberg V. 1985a. Time dependen
eof 
ow patterns near the 
onve
tive threshold in a 
ylindri
al
ontainer. Phys. Rev. Lett. 54(13): 1373{1376Ahlers G, Cross MC, Hohenberg PC, Safran S. 1981. The am-plitude equation near the 
onve
tive threshold: appli
ationto time-dependent heating experiments. J. Fluid Me
h. 110:297Ahlers G, Hohenberg PC, L�u
ke M. 1984. Externally modu-lated Rayleigh-B�enard 
onve
tion: experiment and theory.Phys. Rev. Lett 53(1): 48{51Ahlers G, Hohenberg PC, L�u
ke M. 1985b. Thermal 
onve
tionunder external modulation of the driving for
e. I. the Lorenzmodel. Phys. Rev. A 32(6): 3493{3518Aranson I, Assenheimer M, Steinberg V, Tsimring LS. 1997.Large-s
ale 
ow and spiral 
ore instability in Rayleigh-B�enard
onve
tion. Phys. Rev. E 55(5): R4877{4880Ashwin P. 1998. Chaoti
 intermitten
y of patterns in symmet-ri
 systems. Te
h. Rep. 98/29, University of Surrey, Centrefor Interdis
iplianry Nonlinear Mathemati
s, Guildford GU25XHAssenheimer M. 1994. Rayleigh-B�enard 
onve
tion in the vi
in-ity of the thermodynami
al 
riti
al point . Ph.D. thesis, Weiz-mann Institute of S
ien
e, Rehovot, IsraelAssenheimer M, Steinberg V. 1993. Rayleigh-B�enard 
onve
-tion near the gas-liquid 
riti
al point. Phys. Rev. Lett 70(25):3888{3891
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