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IntroductionIntroduction

The atmospheric turbulent convection:The atmospheric turbulent convection:
the  fully organized largethe  fully organized large--scale flow (the mean flow or mean wind)scale flow (the mean flow or mean wind)
the smallthe small--scale turbulent fluctuations, scale turbulent fluctuations, 
longlong--lived largelived large--scale scale coherent structurescoherent structures..

Two types of the Two types of the coherent coherent structuresstructures::
cloud cloud ““streetsstreets””
cloud cellscloud cells

The lifeThe life--times and spatial scales of the times and spatial scales of the coherent coherent 
structuresstructures are much larger than the turbulent scales. are much larger than the turbulent scales. 

EtlingEtling, D. and , D. and BrownBrown, R. A., 1993. , R. A., 1993. BoundaryBoundary--Layer Layer MeteorolMeteorol.,  .,  6565,  215,  215——248.248.

AtkinsonAtkinson, B. W. and , B. W. and Wu ZhangWu Zhang, J., 1996.  , J., 1996.  Reviews of GeophysicsReviews of Geophysics,  ,  3434, 403, 403——431.431.



Closed cloud cells over the Atlantic OceanClosed cloud cells over the Atlantic Ocean



Open cloud cells over the Pacific OceanOpen cloud cells over the Pacific Ocean



Example of Close Convective Cell



Unforced Convection: A=2Unforced Convection: A=2
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Large Eddie Simulation (LES) for convective Close Cell

VITAMARE Ltd.



Cloud “streets” over the Amazon River



Cloud “streets” over Indian ocean



Equations for Atmospheric FlowsEquations for Atmospheric Flows
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BoussinesqBoussinesq ApproximationApproximation
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Laminar and Turbulent FlowsLaminar and Turbulent Flows

Laminar 
Boundary 
Layer
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Why Turbulence?Why Turbulence?

87 1010Rev
forceviscous
forceinertial

÷≈=∝
ν
l

87 1010Pev
termdiffusive
termadvective

÷≈=∝
κ
l

Number degrees of freedom 18159/4 1010Re ÷≈∝

Why Not DNS?Why Not DNS?



RANS EquationsRANS Equations
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Experimental setExperimental set--upup



Laboratory Turbulent ConvectionLaboratory Turbulent Convection

Before averagingAfter averaging



Turbulent EddiesTurbulent Eddies
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Budget Equation for TKEBudget Equation for TKE
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BoussinesqBoussinesq--Prandtl ModelPrandtl Model
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Heat fluxHeat flux
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ReyleighReyleigh Instability,Instability,
Critical Critical ReyleighReyleigh numbernumber
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Temperature profilesTemperature profiles

y = -0.1092x + 51.268y = -0.0033x + 36.76
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Experimental ParametersExperimental Parameters

The The r.m.sr.m.s. vertical velocity . vertical velocity 

The integral scaleThe integral scale

The mean velocity of SO structureThe mean velocity of SO structure

Rayleigh number Rayleigh number 
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The effective Rayleigh numberThe effective Rayleigh number
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The Rayleigh numbers based on the The Rayleigh numbers based on the molecular transportmolecular transport
coefficientscoefficients are very large:are very large:

This corresponds to This corresponds to fully developed turbulent convectionfully developed turbulent convection inin
atmospheric and laboratory flows. atmospheric and laboratory flows. 

The effective Rayleigh numbers based on the The effective Rayleigh numbers based on the turbulent transportturbulent transport
coefficientscoefficients (the turbulent viscosity and turbulent diffusivity) are not (the turbulent viscosity and turbulent diffusivity) are not 
high.high.

They are They are less than the critical Rayleigh numbersless than the critical Rayleigh numbers required for the required for the 
excitation of largeexcitation of large--scale convection. scale convection. 

Hence Hence the emergence of largethe emergence of large--scale convective flowsscale convective flows (which are(which are
observed in the atmospheric and laboratory flows) seems observed in the atmospheric and laboratory flows) seems puzzlingpuzzling..

ProblemsProblems
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Interaction between meanInteraction between mean--flow and flow and 
turbulent objectsturbulent objects
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Tangling turbulence in sheared mean flowTangling turbulence in sheared mean flow
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Heat fluxHeat flux
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Modification of the heat flux by tangling turbulence
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Heat fluxHeat flux
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Counter wind fluxCounter wind flux
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Redistribution of a homogeneous vertical Redistribution of a homogeneous vertical 
turbulent heat flux by a converging horizontal turbulent heat flux by a converging horizontal 

mean flowmean flow
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The growth rate of convective wind instabilityThe growth rate of convective wind instability
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Convective-wind instability

The range of parameters for which the convective-wind instability
occurs for different anisotropy of turbulence.



Critical Critical ReyleighReyleigh numbernumber
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Critical Critical RayleighRayleigh NumberNumber
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Cloud cellsCloud cells

Several hoursSeveral hours

TheoryTheoryObservationsObservations
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Mechanism of Mechanism of convective-shear instability
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ConvectiveConvective--shear instabilityshear instability

The range of parameters for which the convective-shear instability 
occurs for different values of shear and anisotropy.



ConvectiveConvective--shear wavesshear waves
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Cloud Cloud ““streetsstreets””

TheoryTheoryObservationsObservations
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Experimental Experimental 
set set –– upup



Experimental setExperimental set--upup



Laboratory Turbulent ConvectionLaboratory Turbulent Convection

Before averagingAfter averaging



Experimental ParametersExperimental Parameters

The The r.m.sr.m.s. vertical velocity . vertical velocity 

The integral scaleThe integral scale

The mean velocity of SO structureThe mean velocity of SO structure

Rayleigh number Rayleigh number 

(                                 )(                                 )

The effective Rayleigh numberThe effective Rayleigh number

(                                   )(                                   )

The critical Rayleigh numberThe critical Rayleigh number

The counterThe counter--wind fluxwind flux

s
cm1062 ÷=zu

cm42÷=zl

s
cm2015÷=zU

8
3

10)6.11.0( ×−≈
∆

=
κν

β LTgRa

cmLKT 30,80 ==∆ o

625100
3

÷≈
∆

=
TT

Teff LTgRa
κν

β

2250cr ≈Ra

( )67.05.0 ÷−=Φ
Φ

z

c

cm20,K53 =÷=∆ TLT



Unforced Convection: A = 1Unforced Convection: A = 1
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Experimental setExperimental set––up for temperature measurementsup for temperature measurements



Temperature profilesTemperature profiles
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Unforced Convection: A=2Unforced Convection: A=2
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ConclusionsConclusions

A A theorytheory of formation of of formation of largelarge--scale coherent structuresscale coherent structures in a in a 
turbulent convectionturbulent convection is developed. is developed. 

In a In a shearshear--free turbulent convectionfree turbulent convection this study predicts an this study predicts an 
instabilityinstability which causes formation of which causes formation of largelarge--scale coherent scale coherent 
fluid motionsfluid motions in the form of in the form of cellscells (cloud cells). (cloud cells). 

The theory predicts also the The theory predicts also the convectiveconvective--shear instabilityshear instability in a in a 
sheared turbulent convectionsheared turbulent convection which results in appearance of which results in appearance of 
largelarge--scale scale coherent convective rollscoherent convective rolls (cloud "streets").(cloud "streets").

This instability can cause also a generation of This instability can cause also a generation of convectiveconvective--shear shear 
waveswaves which have a nonzero hydrodynamic which have a nonzero hydrodynamic helicityhelicity..
The increase of The increase of shear promotesshear promotes excitation of the excitation of the convectiveconvective--shear shear 
instabilityinstability. . 



ConclusionsConclusions
It is demonstrated that the It is demonstrated that the heat fluxheat flux (which is modified by (which is modified by 
gradients of largegradients of large--scale motions) scale motions) plays a crucial roleplays a crucial role in in 
these phenomena. these phenomena. 

Predictions of this theoryPredictions of this theory are in a good agreement with the are in a good agreement with the 
observed coherent structuresobserved coherent structures. . 

Experimental studyExperimental study of the of the largelarge--scale circulationsscale circulations by by 
Particles Image Particles Image VelocimetryVelocimetry in a closed box with an in a closed box with an 
imposed mean temperature gradient is performed.imposed mean temperature gradient is performed.

A A hysteresishysteresis phenomenonphenomenon in turbulent convection was in turbulent convection was 
found experimentallyfound experimentally by changing of the by changing of the temperature temperature 
differencedifference in the box. The developed in the box. The developed theorytheory explains the explains the 
observed phenomenonobserved phenomenon..



THE ENDTHE END



Formation of a horizontal component of Formation of a horizontal component of 
a mean heat fluxa mean heat flux
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HysteresisHysteresis in Turbulent Convectionin Turbulent Convection
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HysteresisHysteresis in Turbulent Convectionin Turbulent Convection
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Growth rate of largeGrowth rate of large--scale instability scale instability 
versus the degree of anisotropy for oneversus the degree of anisotropy for one--

cell (red) and twocell (red) and two--cell (blue) flow patternscell (blue) flow patterns



Mean field equationsMean field equations
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The Rayleigh numbers based on the The Rayleigh numbers based on the molecular transportmolecular transport
coefficientscoefficients are very large:are very large:

This corresponds to This corresponds to fully developed turbulent convectionfully developed turbulent convection inin
atmospheric and laboratory flows. atmospheric and laboratory flows. 

The effective Rayleigh numbers based on the The effective Rayleigh numbers based on the turbulent transportturbulent transport
coefficientscoefficients (the turbulent viscosity and turbulent diffusivity) are not (the turbulent viscosity and turbulent diffusivity) are not 
high.high.

They are They are less than the critical Rayleigh numbersless than the critical Rayleigh numbers required for the required for the 
excitation of largeexcitation of large--scale convection. scale convection. 

Hence Hence the emergence of largethe emergence of large--scale convective flowsscale convective flows (which are(which are
observed in the atmospheric and laboratory flows) seems observed in the atmospheric and laboratory flows) seems puzzlingpuzzling..

ProblemsProblems
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AnisotropyAnisotropy of of velocity fieldvelocity field
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Thermal anisotropyThermal anisotropy
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Laboratory Turbulent ConvectionLaboratory Turbulent Convection

In laboratory turbulent convection several organized In laboratory turbulent convection several organized 
features of motion, such as plumes, jets, and features of motion, such as plumes, jets, and largelarge--
scale circulationscale circulation patterns are observed.patterns are observed.

The The largelarge--scale circulationscale circulation in a closed box with the in a closed box with the 
heated bottom (in the heated bottom (in the RayleighRayleigh--BenardBenard apparatus) apparatus) 
is often called the "is often called the "mean windmean wind". ". 

There are several unsolved theoretical questions There are several unsolved theoretical questions 
concerning these flowsconcerning these flows::

••How do they arise ?How do they arise ?
••What are their characteristics and dynamics?What are their characteristics and dynamics?



HysteresisHysteresis in Laminar Convectionin Laminar Convection
F. H. F. H. BusseBusse, J. Fluid Mech. , J. Fluid Mech. 3030, 625, 625--649 (1967).649 (1967).
F. H. BusseF. H. Busse,  Rep. Prog. ,  Rep. Prog. Phys.  Phys.  4141, 1929, 1929--1967 (1978).1967 (1978).
G. E. Willis, J. W. G. E. Willis, J. W. DeardorffDeardorff, R. C. J. Somerville, R. C. J. Somerville, , 
J. Fluid Mech. J. Fluid Mech. 5454, 351, 351--367 (1972).367 (1972).

The The hysteresishysteresis phenomenonphenomenon in laminar convectionin laminar convection was was 
found by found by BusseBusse (1967) who defined it as follows: "The fact (1967) who defined it as follows: "The fact 
that the convection at a certain Rayleigh number depends on that the convection at a certain Rayleigh number depends on 
the way in which the Rayleigh number has been reached is the way in which the Rayleigh number has been reached is 
called the called the hysteresishysteresis effect". effect". 

In the laminar convection In the laminar convection the hexagon flow structuresthe hexagon flow structures transform into transform into 
roll structuresroll structures by increasing the Rayleigh number.by increasing the Rayleigh number. Decreasing the Decreasing the 
Rayleigh number causes the transition from Rayleigh number causes the transition from the roll structurethe roll structure to the to the 
hexagonshexagons. Similar phenomena were observed in a number of numerical . Similar phenomena were observed in a number of numerical 
simulations and laboratory experiments.simulations and laboratory experiments.



The typical size of structures versus RaThe typical size of structures versus Ra

Experiments by Experiments by Willis, Deardorff, Somerville (1972):(1972):

In the experiments performed in air, water and a silicon oil, itIn the experiments performed in air, water and a silicon oil, it was was 
demonstrated that in convection demonstrated that in convection the average dimensionless roll the average dimensionless roll 
diameter, Ldiameter, L, increases as , increases as RaRa is increased. is increased. 
The The hysteresishysteresis phenomenonphenomenon was found in dependence of was found in dependence of the roll the roll 
diameter L versus Ra diameter L versus Ra only for large Pr (for water and silicon oil).only for large Pr (for water and silicon oil).

DNS of convection by DNS of convection by HartlepHartlep, , TilgnerTilgner, , BusseBusse (2003):(2003):

The typical size of the largeThe typical size of the large--scale structures broadly increases with scale structures broadly increases with 
increasing Ra, but the increasing Ra, but the hysteresishysteresis phenomenon was not observed in phenomenon was not observed in 
DNS.DNS.

410  3) - (0.2Ra ×= 5.31=A

63 1010 Ra −= 10=A



Experimental  setExperimental  set––upup



Raw image of the incense 
smoke tracer particles in 
oscillating grids turbulence

Particle Image Velocimetry System

Particle Image

Velocimetry Data

Processing



Velocity FieldsVelocity Fields

1== ⊥
B
z

B

L
LA



Temperature Field in Forced and Unforced Temperature Field in Forced and Unforced 
Turbulent ConvectionTurbulent Convection

Forced turbulent convection
(two oscillating grids)

Unforced convection



HysteresisHysteresis in Turbulent Convectionin Turbulent Convection
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Method of DerivationMethod of Derivation

The spectral τ-approximation (the third-order closure procedure)
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Equations for the correlation functions for:

The velocity fluctuations

The temperature fluctuations

The heat flux
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The difference in the growth rate for twoThe difference in the growth rate for two--cell cell 
and oneand one--cell flow patterns versus the degree cell flow patterns versus the degree 

of thermal anisotropyof thermal anisotropy



Bifurcation point versus the degree Bifurcation point versus the degree 
of thermal anisotropyof thermal anisotropy



Turbulent Energy FluxTurbulent Energy Flux



is the turbulent heat conductivity and      is the ratio of specific heats,

LinearizedLinearized equationsequations
Linearized equations for the small perturbations from the equilibrium
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ConvectiveConvective--shear instabilityshear instability
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Conditions for the instabilityConditions for the instability

Instability

The range of parameters                 and                    
for which the convective shear instability occurs
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Maximum growth rateMaximum growth rate
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The growth rate of the convective shear instability 
for different thermal anisotropy
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Mean Velocity and Temperature FieldsMean Velocity and Temperature Fields
(One Grid Forcing)(One Grid Forcing)
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