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Examples of thermal convection: in everyday practice and at limiting values
of the control parameters in Nature
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Rayleigh-Benard Convection - a simple model system

a fluid thermal expansion coefficient
n fluid kinematic viscosity

k fluid thermal diffusivity

& fluid thermal conductivity

The convective heat transter efficiency
15 described by the Nusselt number

N LH
U= ——-
T+DT AAT
< D . H 1s the total convective heat flux density

Control parameters for convection
3
Ra= 94DTH Pr=n/ k G BH

F. Chilla'** and J. Schumacher®:® Eur. Phys. J. E (2012) 35: 58
New perspectives in turbulent Rayleigh-Bénard convection




RBC History Bénard 1900:
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LIX. On Convection Currents in a Horizontal Layer of O OO OO
e

Fluid, when the Higher Temperature is on the Under Side.
By Lord Raviuies, O.M., F.R.8.* Plaque chaude

~ The caleulations which follow are based upon equations . .
given by Boussinesq, who bas applied them to one or two Boussine sq Equﬂtlﬂ]ﬁlﬁ:
particular problems. The special limitation which charac-
terizes them is the neglect uﬁariltiuns of density, except in
w0 far as they modify the action of gravity. OfF course, such _ _
neglect can be justified only under certain conditions, which T+ 11°-VT = kAT
Boussinesq has discussed. They are not so restrictive as to -
1 =

exclude the approximate treatment of many problems of
interest, L S — g

u+ uVu+—Vp=vAu+gaj (T—i’,})

o

In the present problem the case is much more compli-
cated, unless we arbitrarily limit it to éwo dimensions.

0



July 10., 1908
Helium liquified - 4,2 K

10 C OW temperature pny

Heike Kamerlingh-Onnes

Nobel prize 1913

"for his investigations on the

properties of matter at low o
temperatures which led, inter alia, to =~
the production of liquid helium™

cryogenic fluid dynamics



Measures ofturbulence intensity

Ra |Re
Sun 102024 | 1013
Ocean 102127 | 10°
Atmosphere | 107 10°
Navy (ship) 10°
Aerospace 108-
(aircraft) 10°

T (p) n (cm¥s) a/n k

air 20C 0,15 0,122

water 20C 1,004x16? 14,4

Normal 3He above Tc ~ 1, olive oil

Normal fluid of around 0.6 Tc o 021 air

3He B

Helium | 2,25 K (SVP) 1,96x104 3,25x10
7Helium I 1,8 K (SVP)  9,01x10° X
‘He-gas SSK(28ba)  321x10' . 141x10

ACryogenic He offers outstanding working fluids with

known, tuneable (in situ) properties for the controlled,

laboratory high Re and Ra turbulence experiments




J. Fluid Mech. (1975), vol. 67, part 1, pp. 17-28
Printed in Great Britain

Free convection in low-temperature gaseous helium

By D.C. THRELFALL
Cavendish Laboratory, University of Cambridge

The experimental can was made from low-thermal-conductivity copper-nickel alloy of
internal diameter 48.4 mm and thickness 0.2 mm. The top Cu plate was 5 mm thick and
the lower plate was 6 mm thick. They were 19.96 mm apart

100 TﬂTﬁnr—ﬁTmn—l‘nﬂﬂl—lﬂTnﬂn—l‘mﬂﬂl—l'mnWFWl—l‘mmn-rrmg
L 16 N o - - ) .
o L " Nu = 0-178Raq02800
‘%]2 B . . ® ‘+++++o =
10| L *.*'# Castaing, B., G. Gunaratne, F. Heslot, L. Kadanoff, A. Lib-
oL Sd:p:l“ T ..-" chaber, S. Thomae, X. 7Z. Wu. S. Zaleski, and G. Zanetti,
> =100 2 3 4 56789107 e 1989, “Scaling of hard thermal turbulence in Rayleigh-
= Ra nn:rEP' Bénard convection.” I. Fluid Mech. 204, 1-30.
B o
B o
- .,0“' Shraiman. B. I. and E. D. Siggia, 1990, “Heat transport in high-
= d&” Rayleigh number convection.” Phys. Rev. A 42, 3650-3653.
MMMMUMMMMJ
: 10 102 10° 104 10° 108 107 10% 10* 10

Ra

Froure 2. Summary of the heat-transfer experiments; 60 < Ra < 2x10°% Above
Ba = 4x10% Nu = 0-173Ra®28?; the inset shows the worst scatter in this region with

all points plotted.



Challenge:

find Nu(Ra,Pr)

Malkus® argument:

For turbulent convection. the mean
temperature profile should lock like:

Nu~é2t .. 6= f(Ra)

Assume boundary laver
thickness 1z determined by a

marginal stability condition: 0

Horizonially & time averaged temperatire
r

i ¥ L=

3
_ ga%(?}w -T,,)(6h) =l ga(l,, —T,)h° «§° =1Raﬁ3
VK 2 VK 2

0

0~ Ra_% Nu ~ R:?t}é uniformly in Pr



Character of convection, Awi ndin

Studied dependence Nu(Ra) relates to the character of convection inside the cell

J. Zhang, S. Childress, A. Libchaber, Phys. Leo P. Kadanoff, Physics Today, August 2001
Fluids 9, 1034 (1997), Ra~10"8

Ra < 2000, typical conducting heat transfer, i.e. Nu = 1, for higher Ra: stable convection, oscillato



http://www.physicstoday.org/pt/vol-54/iss-8/captions/p34cap1.html
http://www.physicstoday.org/pt/vol-54/iss-8/captions/p34cap4.html

PRL 108, 024502 (2012)

THE FHYSICS OF FLUIDS VOLUME 5, NUMBER 11 NOVEMBER

Turbulent Thermal Convection at Arbitrary Prandt] Number 2™ ’
d

BopEar H. KRAICHHAN

Courant Instibute of Mathematieal Sciences, New York Undversity, New York
(Received May 24, 1962}

The mixing-length theory of turbulent thermal convection in a gravitationally upstable fuid is
extended to yvield the dependence of Nusselt number H/Hy on both Prandt! number o and Bayleigh
number Ra, The analysis assumes a layer of Boussinesg fluid contained between infinite, horizontal,
g.erfl.'-r:t.]y conducting, rigid plates. Also obtained is the dependence of mean temperature deviation

{#), rma temperature fluetuation ¢(z), and rma veloeity upon height 2 above the bottom plate, The
theory gives H/Hy = Ra'™® (high o), H/Hy = (o Ra)® (low o), and H/Hy ~ 1 (very low o). The
boundaries of the several ¢ ranges are determined. At one intermediate Prandtl mimber only, the
behavior of T(z) and J(z) reduces to that previously found by Priestley. At high o, thers is a range
of #, outside the molecular conduction region, where T{z‘j e z7h f{z) = 271 The results at very low &
reduce to those of Ledoux, Schwarzschild, and Spiegel. The dynamics are found £o be importantly
modified at extremely large Ra because of the atirring action of small-acale turbulence generated in
shear boundary layers attached to the eddies of largest scale. The consequent corrected asymptotic
law of heat transport at fixed o 15 H/Hy, = THa/{ln Ray e,

Postulated “ultimate” high-Ra scaling: Nu ~ Ral®?

PHYSICAL REVIEW LETTERS

WILLR LI.I.II.LIE

13 JANUARY 2012

4

Transition to the Ultimate State of Turbulent Rayleigh-Bénard Convection

Xiaozhou He,' Denis Funfschilling,” Holger Nobach,' Eberhard Bodenschatz,'”* and Guenter Ahlers

19632

verified only if boundary layers are artificially removed from problem (Toschi & Lohse)
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7 hard turbulence regime
&

f Chavanne X, Chilla F, Chabaud B, Castaing

B, Chaussy J, Hebral B: J. LOW. TEMP.
PHYS. 1996
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Measured dependence:

Nu~ Ra®’




d log(Nu) / 9 log (Ra)

On the triggering of the Ultimate Regime of
convection

P-E Roche!, F Gauthier, R Kaiser and J Salort
Institut Néel, CNRS/UIJE, BP 166, F-38042 Grenoble cedex 9, France

New Journal of Physics 12 (2010) 085014 (26pp)

calibrated heat leak
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Oregon/Trieste Cryogenic

turbulent convection cryostat

10° 0.309
: Nu=0.124 Ra
10° 3
-
B l
3 : .
Lo - iemela, LS, Sreenivasan, Donnelly
3 Turbulent Convection at Very High
3 Rayleigh Numbers,
P Nature 404 (2000) 837
101 6 ' 7 8 9 10 11 12 13 14 15 16 7
10010 10910 10" 30 1= A0 - 30 16 - 10 W)
Ra
Heat transfer efficiency in cryogenic turbulent convection




Inside cell dimensions
D=5m, L=10m,

Max volume ~ 25,000

gallons of liquid helium
equivalent

Outside dimensions
~7 m dia and ~20 m high

Refrigeration needed
<200 W

RHIC, BNL
S WF AT . Huge accelerator facilities
~ like CERN or BNL would
have plenty of liquid helium




J. Fluid Mech. (2000), vol, 407, pp. 27-36,
(©) 2000 Cambridge University Press

Scaling in thermal convection:
a unifying theory

Printed in the United Kingdom

By SIEGFRIED GROSSMANN' axp DETLEF LOHSE?

Fioure 1. Sketch of the boundary lavers, {a) for low Pr where 4, < Ag

and (k) for large Pr where 4, = 4.
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Latest update

in thermal convection: the updated
prefactors J. Fluid Mech. 730, 295

Review up to 2009

Ahlers G, Grossmann S and Lohse
D 2009 Heat transfer and large
scale dynamics in turbulent
Rayleigh-BEenard convection Rev.
Mod. Phys. 81 503i 537

BL Nu
A < g 0.27Ra " Pyl
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Experimental, theoretical and numerical challenge:
S Nu = Nu(Ra; Pr) (Ul le R eI

_ C? ..CEXP
Experimentally:

exp* .
take care of experimental details’
__ : el N
Nu = Nu(Ra; Pr: C,...Cipp) @

Nu = Nu(Ra; Pr; I, CL_..CY )

exnD
a first approximation in taking into account the shape of the RBC cell.

quantities

The remaining experimental parameters could be divided into two groups, which
could loosely be called geometrical and physical. The first group includes the actual

shape of the cell (e.g., rectangular or cylindrical), possible deviation of the plates from
horizontal position or the surface roughness - 1.e., the top and bottom plates are still

treated as 1deally conducting and the sidewall as 1deally msulating. The second group
includes the actual physical properties of the working fluid (which are known with limited
accuracy and are deduced based on measurements of its temperature and pressure,
within certain error bars) as well as those of the RBC cell, such as thickness, thermal
conductivity and heat capacity of plates and walls, heat conductivity of electrical leads
and, generally, the physical properties of the surrounding medium.

Serious warning: itis implicitly assumed that the working fluid can be treated as an
Oberbeck-Boussinesq fluid with constant physical properties except its density which,

moreover, is assumed to linearly depend on temperature




Experimental apparatus 1 ISI Brno, Czech Republic

s3i23%

All details about I1SI Brno apparatus
(design, uncertainty of measurements
etc.) findin:

P. Urban, P. Hanzelka, T. Kralik, V.
Musilova, LS and A. Srnka, Rev. Sci.
Instrum. 81, 085103 (2010)



Bottom part of the cell -
view from above

Top part of the cell

Central part of the cell

Bottom part of the cell -
view from below




'
S
_n.
[

T
— i< T
T
T

TS
i x%____a-ll

7/ 1IN L
TN

RN |

. -Il.-,lll .I!I.-.ill-..._l 1
_-—illr.l"_--llll“

_..E_.llli.-_:r- N
__-'. N NN PN N
_m..ﬂ-_.--n_ LN NN T B

i.:.-n.fl__.‘-ﬁlF14
E E
Y W/M ALINLONONOY TYINHIHL

nw-wi+w.
RRR = 220

0°C) = 401 Wim K

Measured RRR (Residual Resistivity Ratio),

samples from Cu plates:
Unannealed sample

Heaters ensure better than 1 mK temperature

()
e
-
c =
29
WO
T +~
@

S=
o £
— O
0 -
S

ONS
@ O
ef
i i -
Q 2
O

c O
ap
AR
n o
O =
-

© o
o g
29
0 O
0 o
W >




op part wi e
portion of the heat
exchange chamber

Exchangeable
central part

Bottom part

Assembling




Exchangeable part

Flanges for seal

Plasma welding

. Indium
R 300 mm

Thin wall

Vacuum brazing

Plasma welding

Copper plate




Home-made calibration of Ge sensors

Readout via LakeShore 340 temperature controller,
mutally Or +/- 1 mK within 4,2 K - 20 K.




The first Brno experiment T Nu(Ra) dependence

Range of Ra numbers: 7.2 1 10°to 4.6 1 103
Nu(Ra, Pr, I" =1) at Pr numbres: 0.67 < Pr< 2.4

10000 -
/
1/3 power law for Ra > 10"

1000 1
=
=

2/7 power law for Ra < 10"
100 -
P. Urban, V. MusiIoVé, and L. Skrbek, Phys. Rev. Lett.
107, 014302 (2011)
10 T T T
1E+6 1E+7 1E+8 1E+9 1E+10 1E+11 1E+12 1E+13 1E+14

Ra




<< Chimney effect>>

el. resistance A
heater =
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Compensated Nu(Ra) dependence - cryogenic helium data

0.09 R

L Our data (G= 1): circles
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J. J. Niemela, and K. R. . P.-E. Roche et al. New J. Phys. 12,

Sreenivasan, JFM 481, 355 (2003) 085014 (2010)



. . Sidewall corrections
EdgenefTrieste
: ' : : via the so called wall parameter defined by Roche et al.
Roche P -E, Castaing B, Chabaud B, Hebral B and Sommeria J, 2001 Side wall effects in Rayleigh

Bénard experiments Furopean Physical Journal B 24 405-408

. 2\40 A and Ay heat conductivity of the working
V= fluid and the sidewall
R cell radius

12

depending on actual value of A
For our cell, 0.22 = W = 0.15
Oregon/Trieste 0.78 = W = (.40
based on the nominal thickness of the sidewall 4 = 3 mm

Grenoble



Remarks on corrections on finite heat conductivity and heat capacity of plates

A: Ge thermometers are placed vertically in the middle of top and bottom plates

Verzicco R 2004 Effect of nonperfect thermal sources in turbulent thermal convection. Phys. Fluids
16 1965-1979

parameter:
P Ry LA, _ |
PR,  aNu\ Cilsthe plate_ iI's Afast enough
N enough heat for successive plumes ?
: B i non-dimensional time between two successive emissions of
of rno I o _ ' ;
10 F .h Trieste 3 plumes (Castalng et al., JFM (1989) 204 1i 30) Te RS 1*’RaPI'/(4Nu )

Grenoble Corresponding time for plates (Verzicco Phys. Fluids (2004) 16 1965)

Q_m _ L[ T T T T, &Y RaPr (a/L)Q(/\/)\p}
pd . 107 F 3

10°F E i

10°F 3 <10}

101 [ e cooed el il el i el e el ol
10°10” 10°10°10™0"10™10™10"10™ -

a EFRETTT EERETT BT | P R | P BT W ETTT Erma | Th

10°10” 10° 10910“;10"10‘210"’1 010"
a

D: Chill’'a F., Rastello M, Chaumat S and Castaing B 2004 Ultimate regime in Rayleigh-Benard

Their T more strict - <thin plate condition>ne gl i gi bl e nApl ates effecto
cryogenic helium up to about Ra & 1E12

No plates corrections have been applied to our data



The second ISI Brno experiment 1

Nu(Ra) and Non Oberbecki Boussinesqg (NOB) fluid

especially for working fluids in the vicinity of their critical point, where the relevant fluid
properties (a, n, k, | ) might significantly vary over DT

Y
asymmetry in boundary layers and appreciable change the mean temperature T, of the
turbulent core evaluated from the temperatures of the top and bottom plates.

1. +T
T, T =8_T I ;¢ top plate f
2 1.5¢cm =
SO
temperature of the fluid  wlls | o | ©
TC measured in turbulent }/* L
core by four TTR-Ge |

e Tgé bottom pl a
— temperature

D=03m

ANu(Ra) dependence was measured within the range of Ra numbers 102<Ra < 4.6 1 105
ANu(Ra) was evaluated with use of both T, and Trmp temperatures




Effect of NOB conditions on the heat transfer efficiency at high Ra

OB conditions are never fully satisfied in practice...... aAT < 0.1(0.2)
Vrious experimental criteria have been suggested, such a

of other gases) vary with temperature more rapidly than far away from it and this
might influence the deduced heat transfer efficiency significantly, especially in
laboratory experiments aiming to reach high Ra

I feeesernien i I i
e R 1O commman P ag,,
- Q%)G - o B e
098} 8o {1 sl0.80F - .
< i gd° ‘e - “e°
< 2 ad
<5096 Nu= NuU/) % 1 oeof Ra= Reb%_k t';. .
3 ZE ¢ ® o
0.94 | . 0.40 | o
8 [®]
o
0-92 v v el L sannd "B TN TIT! | 1 4 s aaal X 0-20 L v v aqaaal y g sl L o aaaul y g aaanl i
10" 10" 10" Ra 10" 10" 10" 10" 10" Ra 10" 10"

Figure 7. Ratios A\ /A = Nue/Nuy, and ayvekc/(Vmkmae) = Ray, /Rac evaluated
for the working fluid — eryogenic helinm gas — at Ty, and 7%, plotted versus Ray,.
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Effect of boundary layer asymmetry on Nu(Ra) scaling

Y40 T QO 1( |y |
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P. Urban, P. Hanzelka, T.Kralik,
V. Musilova, A. Srnka and LS

PRL 109, 154301 (2012)
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Comparison of our and Gottingen heat transfer efficiency data
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In particular T has the transition to the ultimate regime been observed ??7?

In order to answer these questions, we believe more

thorough analysis of NOB effects is due




The compensated Nu as a function of Ra, based on the fluid properties evaluated for our
data at four different temperatures: Tm, Tc, Tb and Tt.
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Figure 6. The compensated Nu/Ra/® plots versus Ra, where Nu and Ra are not

corrected and evaluated based on four different temperatures of the working fuid:
T (red filled black cireles; representing Ny, KR&E ® versus Ray ), To (white filled red

cireles; representing Nu,/ Ra‘y * versus Ra.), T} (olive eircles with white filled hottom

half, representing Nuy,/ R&E ? versus Rag) and Ty, (dark blue eircles with white filled

top half, representing Nu, ;'Ra%"r 3 versus Ray). The crosses stand for the measured AT

corresponding to each Nug/ Rn,y ? data point, plotted versus Ha..
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On asymmetry of boundary layers in various RBC experiments
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Next step T calculate the Effective heat transfer efficiency at high Ra

most of the RBC cell, the bulk, is very close to Tc

P A 4 Below the saturated vapour curve and/or critical
He : sl

lid iIsochore), the conditions in the bottom (hotter)

>0 part of the RBC cell are substantially

25bar more OB than in the upper (colder) part

liduid normal fluid

1 -
. " . Critical
superfluid ';‘ critical point = " Assuming that the top and bottom boundary

’

v Tt < e”” Tb layers are independent, we replace the top
ﬁ half of the RBC cell by an inverse bottom half
: as Tc
i T

In other words, we ignore the NOB top part of
the RBC cell and construct an effective, fully
symmetric RBC flow, where the temperature
difference

TC

ATg = 2T, — T0)

It is plausible to expect that this artificially constructed RBC flow will match the
ideal OB conditions much more closely
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respectively (a
calibrated against Ge temperature
sensors Lake Shore GR-200A-1500-1.4B
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imbeded in the plates (4 mK uncertainty)
within ~1 mK *T’
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In analogy with PHYSICAL REVIEW E 66, 036303 (2002)

Temperature structure functions in the Bolgiano regime of thermal convection
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8,22E+09
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There is a surprisingly long characteristic decay time of order 3T




