
Thermal Convection
= flow driven by a thermal gradient



Rayleigh - Bénard Convection
horizontal fluid layer heated from below and cooled from above

Henri Bénard

"The shape of the currents I was able to observe in liquids offering
no other heterogeneity than temperature differences are, if I am
not mistaken, especially interesting and novel in that they are examples
of remarkably simple physical phenomena able to create from scratch 
a cellular structure that seemed, up until now, to be particular to living 
beings and characteristic of the  organic world."

from:  Aubin, Stud. Hist. Phil. Sci. 29, 359 (2008)



Rayleigh - Bénard Convection
horizontal fluid layer heated from below and cooled from above

John William Strutt
(Lord Rayleigh)
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Rolls  periodicity of λ≈ 2L

≈2L



Busse Balllon

steady rolls

Stability region for stationary rolls @ Pr=1.27 (compressed gas)

(PhD	Thesis,	B.	Plapp)

Skewed	varicose	instability

(PhD	Thesis,	B.	Plapp)

(calculated using code by W. Pesch)



Busse Balllon

 From: M. C. Cross and P. C. Hohenberg, Rev. of Mod. Phys. 65, 851 (1993).



A model system for pattern formation

from: Bodenschatz et al, Annu. Rev. Fluid Mech., 32, 709 (2000)



Ra=6000
(time	averaged)

from:	Bailon-Cuba	et	al.,	JFM,	(2010)

Transition to turbulence

Ra=107 Ra=10
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(Numerics)



Transition to turbulence
(Numerics)



from:	Krishnamurti,	JFM	(1970)



Heat Transport

Nusselt Number:

Ra
1708 from:	Hebert	et	al.,	PRE	2010



Heat Transport

Nusselt	Number:

from:	Niemela	et	al.,	2001



1) Boundary layer at the top and bottom of size δ
2) Heat transported in BL by conduction
3) δ such that BL are marginally stable

Malkus (1954)
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from	Grossmann	&	Lohse,	JFM	(2000)



Pr	=	600	Ra=7x108

Courtesy:	Shang	et	al,	PRL	2003	

Shadowgraphy	from	the	side	

Aspect	ratio	=	1

Large	Scale	
Circulation	(LSC)

Plumes U



z/H

temperature profile (at distance from the top plate) 

from: duPuits et all, JFM 2007

Ra=8x10 Pr=0.7
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from: duPuits et al, PRE, 2009

Ra= 1x10  -> 1x10 Pr = 0.7
11 12





The Grossmann - Lohse model

momentum

energy

Governing equations

Kinetic and thermal dissipation

Heights of kinetic and 
thermal boundary layers

Volumen averaged kinetic and thermal dissipation

Decompose dissipation in bulk and boundary layer contributions



This suggests 4 different regimes

1) small Ra (thick BL)

2) small Pr -> 

3) large Pr -> 

4) 
large Ra (thin BL)







from	Grossmann	&	Lohse,	JFM	(2000)



In GL-theory: laminar viscose boundary layers

Kraichnan 1962:

What happens if viscose BL become turbulent?

for turbulent BL:  

The ultimate regime
Heat transport is bulk limited

Most relevant for geo/astro-physical applications



using a gas near its critical point

Problem:

Pr varies

Non-Oberbeck- Boussinesq effects

How to reach large Ra in the experiment?



Chavanne, et al, Phys. Fluids 13, 1300 (2001)

Niemela, et al, Nature 404, 837 (2000) 

Similar experiments using Helium close to its critical point

found a transition at Ra~1011-1012

found no transition



Fluid: Sulfur hexafluoride (SF
6)

- non-toxic (but strong greenhouse gas)
- density: 6.63 kg/m3 @ 1atm (6x air)
→ small kinematic viscosity ν
   → large Rayleigh numbers 

Pressure: 1x10-3 bar  → 20 bar
    → variable density and kinematic viscosity 



𝝘 = 0.5

He et al., PRL, 108, 024502, 2012



Ra

Ra*2Ra*1

He et al., PRL, 108, 024502, 2012


