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Introduction

> The atmospheric turbulent convection:

» the fully organized large-scale flow (the mean flow or mean wind)

o the small-scale turbulent fluctuations,
o long-lived large-scale coherent structures.

> Two types of the coherent structures:

o cloud “streets”
o cloud cells

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

Etling, D. and Brown, R. A., 1993. Boundary-Layer Meteorol., 65, 215—248.

Atkinson, B. W. and Wu Zhang, Ji, 1996} Reviews of Geophysics, 34, 403—431.



Closed cloud cells over the Atlantic Ocean




Open cloud cells over the Pacific Ocean
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Example of Close Convective Cell
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Unforced Convection: A=2

Mean temperature field
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Cloud “streets” over the Amazon River




Cloud “streets” over Indian ocean




Equations for Atmospheric Flows
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Boussinesq Approximation



Laminar and Turbulent Flows

Laminar
Boundary
Layer

Turbulent
Boundary
Layer




Why Turbulence?

inertial force v/
: o« — =Re~10" +10°
viscous force v

ac.ivect.lve term vI _ Pe~107 =108
diffusive term  «

Why Not DNS?

Number degrees of freedom oc Re”* = 10" +10"



RANS Equations

Reynolds decomposition
v=U+u, 0=0+40, <u> =0, <9'> =0
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Experimental set-up
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Laboratory Turbulent Convection
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Turbulent Eddies




Budget Equation for TKE

DE u?
Dl‘K :Htot_T_D D=V<(I'Otll)2>=<z_0>
| = —
Htot:H—Fg.F?; H:KMS2; S:\/(VZU])(VZU])
Balance in R-space Balance in K-space

Hlot ~D : T(k)z()
I'=div(®))




Boussinesqg-Prandtl Model
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Heat flux

<u 6’> =k, VT
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Reyleigh Instability,
Critical Reyleigh number
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Temperature profiles

y=-0.0033x + 36.76 y=-0.1092x + 51.268

Pure convection

Convection-and oscillating grids forcing




Experimental Parameters

~ The r.m.s. vertical velocity J(u) =610y
> The integral scale [[=2+4cm

> The mean velocity of SO structure U, =15+20%

_gBATL
V K

> Rayleigh number Ra ~(0.1-1.6)x10°

(AT=80°K, L=30cm)
g BATL,

Vr Ky

> The effective Rayleigh number  Ra? = ~100+625

(AT =3+5K, L,=20cm)



Problems

> The Rayleigh numbers based on the molecular transport
coefficients are very large:

g BAT I?
V K

Ra = ~10M' =101

This corresponds to fully developed turbulent convection: in
atmospheric and laboratory flows.

> The effective Rayleigh numbers based on the turbulent transport
coeflicients (the turbulent viscosity and turbulent diffusivity) are not

high. N
Ra? = ﬁ AJOP'*f// ~ 145

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

Hence the emergence ofi large-scale convective flows (which are
observed in the atmospheric andilaboratory flows) seems, puzzling.



Turbulent objects

Interaction between mean-flow and
turbulent objects

A
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Tangling
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Turbulence
(Kolmogorov cascade)

“Tangling”
Turbulence
(no cascade)

Regular
flow

Semi-organized
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through
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Tangling turbulence in sheared mean flow

Sheared mean Kolmogorov "Tangling”
flow turbulence turbulence
vU©® 20 i Su o @V)U”

—

k7 Lumley (1967) k7



Heat flux

Traditional parameterization

<¢9 u> =—x,VO

Modification of the heat flux by tangling turbulence

(on)=F | 5(70. ) o[+ S W) (W <R

F'=—x,VO-1, (F“* -V) U7(z)

W=VxU
.




Heat flux

<u 6’> =k, VT

Uy L

e
112

T,>T,



Counter wind flux

Tangling fluctuations

ou —ro(u-ﬁ) U

<95u>oc—TO(F“*-V) U (z)




Redistribution of a homogeneous vertical
turbulent heat flux by a converging horizontal
mean flow

o is the degree of
thermal anisotropy,




The growth rate of convective wind instability
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Convective-wind instability

Instability

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



Critical Reyleigh number
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Critical Rayleigh Number
(free-free boundaries)

Ra® =657.5

Ra® =2722

Ra™ =1076

Ra” =98

L \2/3
1, “oj




Critical Rayleigh Number
(rigid-rigid boundaries)

Ra” =1708
u=0 Ra® =5547
u=0.7 Ra® =4218
u=>5 Ra® =549

5 \2/3
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Cloud cells

Observations Theory
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Mechanism of convective-shear instability




Convective-shear instability

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



Convective-shear waves

W. oc cos (wt — K x)

Uzoccos(a)t—Kx—g @occos(a)t—Ker%j
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Cloud “streets”

Observations | Theory
LZ . =2
% 10 = 100 10 = 100

lifetime

=1+3Ah
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Experimental set-up
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Laboratory Turbulent Convection
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Experimental Parameters

The r.m.s. vertical velocity J(u) =610y
The integral scale [,=2+4cm

The mean velocity of SO structure U, =15+20°%

Rayleigh number Ra = g,BVAZE ~(0.1-1.6)x10°
(AT =80°K, L=30cm )

The effective Rayleigh number  Ra® = g'fAZL}T ~100+625
(AT =3+5K, L,=20cm) -

The critical Rayleigh number Ra“™ ~2250

The counter-wind! flux (D%)Z =—(0.5+0.67)



Unforced Convection: A =1

Mean temperature field

U((y,z) T(y,z)



Experimental set—up for temperature measurements




Temperature profiles

y=-0.0033x + 36.76 y=-0.1092x + 51.268

Pure convection

Convection-and oscillating grids forcing




Unforced Convection: A=2

Mean temperature field

—

U(y,z) T(y,2)
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Conclusions

> A of formation of large-scale coherent structures in a
IS developed.

> Ina this study predicts an
instability which causes formation of
In the form of cells (cloud cells).

> The theory predicts also the convective-shear instability in a

which results in appearance of
large-scale coherent convective rolls (cloud “streets”).

o This instability can cause also a generation of
which have a nonzero hydrodynamic helicity.

o I he increase of excitation of the convective-shear
instability.



Conclusions

It is demonstrated that the heat flux (which is modified by
gradients of large-scale motions) In
these phenomena.

are in a good agreement with the
observed coherent structures.

Experimental study of the 0)Y
Particles Image Velocimetry in a closed box with an
Imposed mean temperature gradient is performed.

A hysteresis phenemenon in turbulent convection was
by changing of the temperature
difference in the box. The developed explains, the



THE END



Formation of a horizontal component of
a mean heat flux

D < fo(a+§j(Wx(I)*)

a <—— (column-like thermal structures)



Hysteresis in Turbulent Convection
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Hysteresis in Turbulent Convection

AT,

increase

(I" ed) AT, decrease (blue)




Growth rate of large-scale instability
versus the degree of anisotropy for one-
cell (red) and two-cell (blue) flow patterns




Mean field equations

(Emﬁ]a :_vi(ﬁl_vj@iu)_g,@wm,
ot Po

(g+ﬁ-§j@:—vi<6’ u,)+KA®

D = <(9 ll> is the heat flux

<uiu j> are the Reynolds stresses




Heat flux

Traditional parameterization

<¢9 u> =—x,VO

Modification of the heat flux by tangling turbulence

0=+ 2]l )0+ (W) 3(3,0)

*

@ =, VO —7,(® V) UV(z)

W=VxU
.




Problems

> The Rayleigh numbers based on the molecular transport
coefficients are very large:

_gBATD
V K

Ra ~10M' =101

This corresponds to fully developed turbulent convection: in
atmospheric and laboratory flows.

> The effective Rayleigh numbers based on the turbulent transport

coeflicients (the turbulent viscosity and turbulent diffusivity) are not
high.

Ryl _ & BAT L
VT Kt

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

Hence the emergence ofi large-scale convective flows (which are
observed in the atmospheric andilaboratory flows) seems, puzzling.



Anisotropy of velocity field
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Thermal anisotropy
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Laboratory Turbulent Convection
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Critical Rayleigh Number

Ra® =2247
u=0.7 Ra“ =826
u=2 Ra™ =256
u=>5 Ra“ =72

In laminar convection:

Ra® =657.5




Laboratory Turbulent Convection

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

> The large-scale circulation in a closed box with the
heated bottom (in the Rayleigh-Benard apparatus)
IS often called the "mean wind".

Tihere are several unselved theoretical guestions
concerning these flows:

*How: doi they: arise ?
\What are their characteristics and dynamics?

]
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Hysteresis in Laminar Convection

. H. Busse, J. Fluid Mech. 30, 625-649 (1967).

. H. Busse, Rep. Prog. Phys. 41, 1929-1967 (1978).
G. E. Willis, J. W. Deardorif, R. C. J. Somerville,

J. Fluid Mech. 54, 351-367 (1972).

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

In the laminar convection the hexagon flow structures transform: into
rolll structures: by increasing the Rayleigh number. Decreasing the
Rayleigh: number causes the transition from the roll structure tor the
nexagons. Similar phenomena were observed in a number of numerical

simulations and laboeratory experiments.
]



The typical size of structures versus Ra

Ra =(0.2-3)x10" A=315

> Inthe experiments performed in air, water and a silicon oil, it was
demonstrated that in convection the average dimensionless roll
diameter, L, iIncreases as IS Increased.

> The hysteresis phenomenon was found in dependence of the roll
diameter L versus Ra only for large Pr (for water and silicon oil).

Ra=10"-10° A4=10
The typical size of the |large-scale structures, broadly increases with
Increasing Ra, but the hysteresis phenomenon was not observed in

DNS.
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Particle Image Velocimetry System

double pulsed
Nd:Yag laser

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

cross correlation peak search

Particle Image
Velocimetry Data

Processing



Velocity Fields




Temperature Field in Forced and Unforced
Turbulent Convection

Mean temperature field

0 20 40 60 80 100 120 140 160 180 200 Y, mm

Forced turbulent convection Unforced convection
(two oscillating grids)



Hysteresis in Turbulent Convection

Ra, 108

00 02 04 06 0.8

(solid ) Ra, ... (dashed)

increase




Method of Derivation

Equations for the correlation functions for:
»The velocity fluctuations (M l-,(-[]))u = <uiu j>
>The temperature fluctuations M ;" = (60 0)

>The heat flux M)y =(Ou,)

The spectral T-approximation (the third-order closure procedure)

DM (k) - B ()= - MM

7. (k)
( AMlg-[H))u = —<u]-(u ~V)ui> — <ul-(u : V)uj>

bm ™ ) |, ==2(0(u-V)0)

(DM, = <, (0-)8) — (O(u -V,



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

of thermall anisotropy




Bifurcation point versus the degree
of thermal anisotropy

1.2 13 14 15 16 17 18 19




Turbulent Energy Flux

B increase AT
® decrease AT




Linearized equations

Linearized equations for the small perturbations from the equilibrium

(7 :(7 _(7(6(1)’ W :W_W(eq), (:j:@_@(eq)

K%H@“’)vy —VTA]A-F avyvz}ﬁz —gA,©

%—FU;O)Vy —VTAJVK = —O'Vxﬁz

£ o a9

2
where A¢=A—a—2, v Is the turbulent viscosity,
0z

V.= —1—’;[@)* ¢)[102A, —(8a—3)A]0. +6((@ xe)- V)7, |- K‘T|:A+

3
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k, is the turbulent heat conductivity and y is the ratio of specific heats,

U= oze,




Convective-shear instability




Conditions for the instability

The range of parameters L_/L, and L/,
for which the convective shear instability occurs



Maximum growth rate

The growth rate of the convective shear instability
for different'thermal anisotropy



Mean Velocity and Temperature Fields
(One Grid Forcing)

Mean Temperature Field Mean Temperature Field

200 ¥, mm
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