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Letni staZe na UPT v roce 2022

Ustav pristrojové techniky AV CR nabizi studentiim letni brigady ve Spi¢kovych laboratofich.

VaZeni studenti,

chcete stravit letni brigadu ve Spickovych laboratofich?

Mate zajem se néco uZite€ného naucit a pfitom si i vydélat?
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Outline of Lecture #1

1. Basic aspects

[1a] Heat Transport
[1 b] Turbulent Flows
[1c] Helium %He

[2 a] Nu(Ra) - Heat transport efficiency
[2 b] Re(Ra) - Dynamics of coherent structures (wind)

[3 a] Attractors in RBC

[3 b] Modulated Convection and Rotation

[3 c] Visualization of “He flows — metastable molecular excimers
[3 d] Classical and Quantum heat transfers - analogies



Heat lransport at Low lemperatures
(~9K)

* Heat transport by Radiation * Heat transport by Convection
Emister apparatus EWA apparatus ConEV apparatus
(far-field regime) (near-field regime) (Rayleigh-Bénard convection)

SRl L
[ (T

PRL 109, 224302 (2012), PRB 99, 024511 (2019) ... discussed in detail today



Basic Heat transport mechanisms:
Recall...




Basic Heat transport mechanisms:
Recall...

* 1. Radiation (everywhere, including vacuumj:

Stefan-Boltzmann’s law: § = oeT 7 o black-body constant
€ surface emissivity

» 2. Conduction (all matter: solid bodies or motioniess nuiuyy.

Fourier’s law: § = —AVT A microscopic conductivity
— depends on structure of the material

* 3. Convection (in flowing matter): (molecular/crystal lattice,...)

“Fourier-like law”: ¢ = —2* VT A* effective conductivity
— depends on the nature of the flow field
(laminar/turbulent)
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‘Mount Fuji viewed from the sea,’
from One Hundred Views of Mount Fuji, ca.
1834.

British Museum KatSUShika
Hokusai
(1760-1849)

Vincent van
Gogh (1853-
1 890) ‘Starry Night’

1889.
MoMA, New York




Turbulence: Scales And Cascades
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“Big whirls have little whirls,
That feed on their velocity,
And little whirls have lesser
whirls,
And so on to viscosity.”

Lewis Fry
Richardson

Richardson cascade

e Starting at forcing scale
* Ending at viscous dissipation scale

Injection

(1881 —

O D O / of energy ¢

Poetry: a Rhapsody"
“« C )OO
Flux of

energy €

2, (OO0 OO

B2, 9000000000000 0O00O0D000

\ Dissipation
of energy e

Adapted from: Uriel Frisch. 1995. Turbulence: The Legacy of A. N. Kolmogorov.




Turbulence: Scales And Cascades

“Big whirls have little whirls :
: b Richardson — Kolmogorov cascade Andrey
That feed on their velocity, Nikolaevich

And little whirls have lesser * Starting at forcing scale
- i iccinati Kolmogorov
:  Ending at viscous dissipation scale
whirls, g p 1%03-1987)

And so on to viscosity.” * Broad and smooth kinetic energy spectr<1

Lewis Fry l A For L,>r >y, inertial cascade of vortices.
o8 viscosity negligible —— flow is turbulent

(1881 — LK

Richardson

1
L

|

E(k) ~ k5"

Kolmogorov scale:

At r < n viscosity dominates,
flow is laminar




Characteristic scales of turbulence in Nature

' fluid He I
M100 galaxy Quantum vortex in superfluid He

as seen through Hubble telescope

Maelstrom, Saltstraumen, Norway




Turbulence: Major open scientific problem
m ARCRT PROGRANE  MILLENMIUMPROBLEMS — PHOPLE

FUBLICATIONS  EVENTS  ELCLID

Millennium Problems

Clay Mathematics Institute $1 000 000 prize:

Navier—Stokes existence and smoothness problem:

Even basic properties of the solutions to Navier—Stokes have never been proven.
For the three-dimensional system of equations, and given some initial conditions,
mathematicians have not yet proved that smooth solutions always exist,

or that if they do exist, they have bounded energy per unit mass.

Clear Ideas
by Rene Magritte,
1958



https://en.wikipedia.org/wiki/Navier%E2%80%93Stokes_existence_and_smoothness
https://en.wikipedia.org/wiki/Navier%E2%80%93Stokes_existence_and_smoothness
https://en.wikipedia.org/wiki/Navier%E2%80%93Stokes_existence_and_smoothness
https://en.wikipedia.org/wiki/Smooth_function
https://en.wikipedia.org/wiki/Energy

Laminar flows
— viscosity dominates

" Re << Re,

Transitional flows
Osborne Reynolds . . . .
(1842-1912) —Viscosity = Inertia

[ Re = Re,

Dimensionless “flow-similarity” number

Reynolds Experiment (1883)

Turbulent flows
— inertia dominates

=




Turbulent mixing: very efficient heat

tranennrt

e Surface of the drop deforms and grows in area rapidly,
due to turbulent flow fluctuations.

Compared to transport by molecular diffusion,
mixing by turbulent flows is thus able to
enhance scalar transport by many orders of magnitude.

Example: In a 1km thick atmospheric boundary layer,
turbulent convection transfers heat at least
10° more efficiently(!)
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Helium 4He: Three fluid phases

{a ° V14
° “Quantum ﬂows” ¢ CIaSS|CaI fIOWS

in superfluid (He-ll) phase in liquid (He-l) and gaseous (GHe) phases

MNormal liquid
He |

“He Critical point (CP):
P_=227 kPa, T.= 5.20 K

Pressure( kPa)
a

I

2 3
Temperature (K)




Helium 4He: Three fluid phases

* “Classical flows”

ilﬂ I:NII:I\I II_If\ I\ ’\IAA ﬂﬂﬂﬂﬂﬂﬂﬂ

MNormal liquid

He | ' 5.5
e o //5

N 7
55 7"45 TK]

2 “"E"%’He Critical point (CP):
a”hel?crltiia}%‘fgf;reg 5.20 K

Pressure( kPa)
a

emati€viscos

pare: Air at T ~ 300K: 1.5E-5
Water at T ~ 300K: 1E-6

T T Re ~ 1/ v |is high
Temperalure (K)




Helium 4He: Three fluid phases

Superfluid Phase He-lI (T < T3 ~2.2K)
Does it mean that:

Actually NOT quite simply: e v>50°7?

Two-fluid model of He-ll (Tisza, Landau) e Re »>00?

100
Normal fluid p,

80

60

Superfluid p-

40

20

fractional superfluid/normal density (%)

0.00 025 050 075 1.00 125 150 175 200
temperature (K)



Cryogenics and Superconductivity group at IS| Brno

Long-time tradition in development and construction of cryogenic instruments for Basic Research:

Rayleigh Bénard convection (RBC) cell * Heat transport by Convection
SizeL=H=30cm

PRL 107 014302 (2011),

PRL 109 154301 (2012),

5 — 51 PRL 110 199402 (2013),

RBC cell ~ ®  RSI 81085103 (2010),

inside the cryostat : PNAS 110 8036 (2013),
ol JFM 785 270 (2015),
JFM 832 721 (2017),

PRE 99 (R) 011101 (2019),

discussed |n this talk




Rayleigh-Bénard model of convection

Finite Cell: Diameter D * constant fluid properties within AT:
o - thermal expansion coefficient v - kinematic viscosity
A - fluid thermal conductivity K - thermal diffusivity
Ra z Ra.=1708
cold e density p is assumed to linearly depend on temperature T
> T
©
g | Control parameters for RBC (adjustable):
Q
I
hot =
Tb — Tt + AT Rayleigh number Prandtl number  Aspect ratio

Order parameters for RBC (response of the system):

Qt b UL Ra, Pr, Nu, Re:
Nu = = Re = Dimensionless numbers
Qcond I/ related to intensity of

Nusselt number Reynolds number turbulence



Equations ¢ S

* Navier-Stokes equation = Newton equation for continuum - a viscous fluid with pressure and upward buoyancy forcing:

v o] Go
u - velocity field

|

l

. |
Heat é_ldVGCtlon | 0 - temperature field
equation: I : p - pressure field
|
|
I

N

Dynamical variables:

I
!
!
!
!
!
!
!
!
|

Incompressibility
\ condition:

* Fluid properties:

7 _ QL - thermal expansion coefficient
- v. (considered constant!)
N\

V - kinematic viscosity

* Heat conduction: o N K - thermal diffusivity

N
(Fourier’s law) ] A - fluid thermal conductivity

AY
“Boussinesq equations”

of RBC

Po- mean density

g - gravity acceleration




Equations and Scale-Similarity of solutions

“Non-dimensionalize” using
spatial, temporal, velocity, temperature and pressure scales:

) Pr
(af,+'“"v)“ =\ VP V62

0 1
— +u-V]o = \val’
(dt ) v RaPr

Character of RBC solutions depends only on 2 essential parameters — Ra & Pr - instead of 5!

a,V, K, Ppg(and g) == Raq, Pr




Large-scale Convection in Nature

Natural convection often
occurs on large scale
distances L and thus is
characterized by very
high values of Ra number.

working fluid system size
properties




Ra values attainable with different fluids

Examples Ra

Atmosphere

Ocean

Laboratory Laboratory experiments: high Ra at low L.

Computer

Fluid Temperature

Air 20 C

Water 20 C

Helium #He (gas) 5.5 K

Helium I (liquid) 2.25K




Rayleigh-Bénard Convection in 4He

Brno cell L =30 cm, Ra from 10° up to 10%°

350 - .

i N | g “He Critical point (CP): P. =227 kPa, T.=5.20 K
© Brno, T'=1 ’
300 @ Critical Point ' HIGHEST Ra c i

- Sat.Vap.Curve ’ near the
250 —-—-Crit. Isoch. critical

point

Alpha/Nu/Kappa []

Other interesting regions besides CP:
1. Saturated Vapor Curve (SVC)
2. Critical Isochore (CI)

T T T




Henri Benard (Ph.D. thesis, 1900)

Shadowgraph seen from above

Coherent structures / patterns
observed in a fluid-filled pot
heated from below

Carried out the first systematic and
quantitative study of convection in a
shallow layer heated from below, and
studied the associated formation of
convection PATTERNS systematically
and quantitatively

E. Bouty : “Bénard did not make any effort to provide general theoretical explanations ... *.

...it is not

. . . ) ; . . as simple ...
The report of the thesis committee stated ... though Bénard's main thesis was P

very peculiar, it did not bring significant elements to our knowledge. ... the thesis
should not to be considered as the best of what Bénard could prodiice.”




MAGAZINE

PHILOSOPHICAL
AND

JOURNAL OF SCIENCE.

——

[SIXTH SERIES ]

DECEMBER 1916.

LIX. On Convection Currents in a Horizontal Laver ol

Fluid, when the Higher Temperature is on the Urder Side

By Lord RayLEIGH, 0.M., F.R.S.*

HE présent is an attempt to examine how far the inter-

esting results obtained by Bénard t in his careful and
skilful experiments can be expﬁined theoretically. Bénard
worked with very thin layers, only about 1 mm. deep, standing
‘on a levelled metallic plate which was maintained at a uni.
form temperature. The upper surface was usually f

Lord Rayleigh

* Formulated eqations for system with o< plates

* Predicted critical value of the control parameter
(now “Rayleigh number”)
for conduction - convection transition

Ra, = 1708

Experimentally confirmed with high

dCcuracy
copyright G. Ahlers, 2007




History | Edward Lorer
detour tion

H3:

= O'(y - :B),

A METHOD OF APPLYING THE HYDRODYNAMIC AND THERMODYNAMIC
EQUATIDNS TO ATMOSPHERIC MODELS

by = ﬂ:(p - z) — Y .
. o H V24
Edward Norton Lorenz . butte rﬂy W|ng effect
AB b Coll | = zy [)‘z ' — sensitivity to initial conditions:
.B., Dartmou ege —_— - . .
“Uose) o E L ]

A.M., Harvard University
(1940)

S.M., Massachusetts({gzgni.tut.e of Technology Slmple 3D dynamical
system derived from

Boussinesq equations of
RBC

SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF SCIENCE
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
(1948)

Signature of Author
Departmeny of Meteorology,-Jan. ¥

Certified bv.........--/-(----ﬂ S aint

+ Thesis Supervisor

c..o!oo.on..o.o.olclo“o

Chairman, Bepartmentaammntee on Graduate Students




Regimes of RBC: Heat
Transnort

Nusselt number Nu

(dimensionless heat transfer coefficient):

“Critical point #2”:
Transition to Turbulence

Critical point #1.:
Onset of (laminar) Convection

=z | E Power law dependences in turbulent regime(s) |
' are good approximatio

X. Chavanne, F. Chilla, B. Castaing, B. E
Hébral, B. Chabaud and J. Chaussy,
Phys. Rev. Lett. 79, 3648 (1997)

IRITT T T ERTI | T FERTTIT B AT | RN | |||||_|;1

Conduction s o7 10° g Tk i

Laminar convection Turbulent convection Ra




Regimes of RBC: Heat

Nusselt number Nu

(dimensionless heat transfer coefficient):

“standard RBC turbulence” regimes “ultimate RBC turbulence”

regime

transitions?

X. Chavanne, F. Chilla, B. Castaing, B.
Hébral, B. Chabaud and J. Chaussy,
Phys. Rev. Lett. 79, 3648 (1997)

IIII"] L1111 IIIILL.] L1 1l IIII|.|.|j IIIIIL.J Illu.u‘ 1111

107 o' 10'# 10"

Turbulent convection Ra




Ultimate regime of heat transport in RBC

“Standard turbulent” RBC

Malkus, Priestley, Spiegel (1954) Shraiman and Siggia (1990)

laminar boundary layers (BL) + weak or no dependence on Pr

Ultimate / asymptotic turbulent RBC

THE FHYSICS OF FLUIDS YVOLUME 5, NUMBER 11 NOVEMBER 1962

Turbulent Thermal Convection at Arbitrary Prandtl Number

Hopear H. Kralcunax

Courant Institute of Mathematical Sciences, New York University, New York
(Received May 24, 1962)

Nu ~ Ral/? weak dependence on Pr Ra* = 10%1 - 10%

e fully turbulent boundary layers * ballistic heat transfer independent of xan v




Extrapolations to large-scale flows?

exponentsy=1/3 andy=1/2

1.E+08 - - - -
Present experimental result

— - 'Predicted ultimate regime

1.E+07
= = = Extrapolation of laboratory data

1.E+06

=
Z
1.E+05

oceanic

1.E+04

convection

atmospheric
convection

1.E403

_

1.E+02 .

1.E+08 1.E+10 1.E+12 1.E+14 1.E+16 1.E+18 1.E+20 1.E+22
Ra

Confirmation of existence of the ultimate regime is great challenge in this field of study!




OBSERVED...?

VOLUME 79. NUMBER 19 PHYSICAL REVIEW LETTERS 10 NOVEMBER 1997

Observation of the Ultimate Regime in Rayleigh-Bénard Convection

X. Chavanne,' F. Chilla,2 B. C asraing,l B. Hébral.! B. Chabaud,' and 7T. (‘haussyl
B.P. 166, 38042 Grenoble-Cedex 9, France
2Laboratoire de Physigue de I'Ecole Normale Supérieure de Lyon, 46 Allée d Tralie, 69 364 Lyon-Cedex 07, France
(Received 8 July 1997)

In a low temperature He gas Rayleigh-Bénard experiment, Rayleigh numbers from 10° to more than
10" are explored. Local velocity is estimated through the time lag between two closeby temperature
probes. This allows characterizing of the high Rayleigh regime (Ra > 10'") as a fully turbulent one,
possibly corresponding to the asymptotic regime predicted by R. Kraichnan [Phys. Fluids 5, 1374
(1962)].  [S0031-9007(97)04440-2]

Cryogenic *He experiment
(Grenoble)

PRL 108, 024502 (2012)

|8 Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

E3

Transition to the Ultimate State of Turbulent Rayleigh-Bénard Convection

week ending
13 JANUARY 2012

Xiaozhou He,' Denis Funfschilling_‘,2 Holger Nobach,' Eberhard Bodenschatz,'** and Guenter Ahlers®
'Max Planck Institute Sfor Dynamics and Self Organization, D-37073 Gottingen, Germany
2LRGP CNRS - GROUPE ENSIC, BP 451, 54001 Naney Cedex, France
nstitute for Nonlinear Dynamics, University of Gottingen, D-37073 Géttingen, Germany
4Lﬁhnmfm'y of Atomic and Solid-State Physics and Sibley School of Mechanical and Aerospace Engineering,
Cornell University, Ithaca, New York 14853
SDe/mrrmem of Physics, University of California, Santa Barbara, California 93106, USA
(Received 7 September 2011; published 9 January 2012)

Room-temperature high-pressure SF, experiment

(Goettingen) pHYSICAL REVIEW LETTERS 120, 144502 (2018)

Transition to the Ultimate Regime in Two-Dimensional Rayleigh-Bénard Convection

Xiaojue Zhu," Varghese Mathai,' Richard J. A. M. Stevens,' Roberto Verzicco,™ and Detlef Lohse'"
lPh_vsfcs of Fluids Group and Max Planck Center Twente for Complex Fluid Dynamics,
MESA+Institute and J. M. Burgers Centre for Fluid Dynamics, University of Twente,

P.O. Box 217, 7500AE Enschede, The Netherlands
2D[pm’mneimﬁ di Ingegneria Industriale, University of Rome “Tor Vergata”, Via del Politecnico I, Roma 00133, Italy
*Max Planck Institute for Dynamics and Self-Organization, 37077 Géttingen, Germany

Numerical simulation in 2D (Twente, Rome, Goettingen)

NO...?

NATURE | VOL 404 |20 APRIL 2000 | www.nature.com

Turbulent convection at very high
RayIEigh numbers Cryogenic “He experiment

(Oregon)
J. J. Niemela*, L. Skrhek*, K. R. Sreenivasan* & R. J. Donnelly*

articles

* Cryogenic Helium Turbulence Laboratory, Department of Physics, University of Oregon, Eugene, Oregon 97403, USA
t Mason Labommry, Yale University, New Haven, Connecticut 06520-8286, USA

J. Fluid Mech. (2015), vol. 785, pp. 270-282. (© Cambridge University Press 2015 270
Turbul§ doi:10.1017/jfm.2015.638 riving to
dissip ofturbulent
conve ce of an

asymp Has the ultimate state of turbulent thermal er (Nu),

over eleven

repres .
orders convection been observed? ta, over the
entire c 4 . n particular,
wefig Cryogenic *He experiment (Brno) bns with Ra,
and pr L. Skrbek' and P. Urban?
lFaculty of Mathematics and Physics, Charles University, Ke Karlovu 3, 121 16 Prague, Czech Republic
2nstitute of Scientific Instruments ASCR, v.v.i., Krilovopolska 147, 612 00 Brmo, Czech Republic
(Received 3 July 2015; revised 10 September 2015; accepted 25 October 2015)
PHYSICAL REVIEW E 99,011101(R) (2019)

Cryogenic *He experiment (Brno)
Elusive transition to the ultimate regime of turbulent Rayleigh-Bénard convection

P. Urban.” P. Hanzelka, T. Krdlik. M. Macek. and V. Musilov4

Institute of Scientific Instruments, The Czech Academy of Sciences, Krdlovopolskd 147, Brno, Czech Republic

L. Skrbek?
Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, Prague, Czech Republic

M (Received 5 June 2018; published 23 January 2019)




OBSERVED...? NO...?

Cryogenic Experiments with aspect ratio I =

1:
Nusselt no. 10° 107 10® 10°10'%10""10"%10"*10'*1 0107910/

reduced by Ra?/3 0.10 ;
| Grenoble (triangles) :

0.09 I Trieste (squares)

o 0 08 [ Brno (circles)
Soorl
ERE L
.

0.06

Urban et al.
005 [ Phys. Rev. Lett. 014302 (2011) and
- New J. Phys. 16, 053042 (2014)

0.04 5
10° 10" 10® 10°10'%10"10%'%10"%107'4101°10"%10%/
Ra




Transitions observed at ISI| Brno:

1. Transition at Ra >~ 10'4: Ultimate regime transition or NOB effects ?

NOB: T, # T_: BLasymmetry
@ Bmo data,T

OB RBC NOB RBC  Tpf—T— O Brno data, T,

— Te q ——1/3 scaling law

Upper
i half of

| the cel I\ NOB effects

Te=Tm

_ el N \ | 06 [ T\ 1 near the

Te+Tp)/2 a : - 48] : ) .
e ot or : F o ira~0% 2 /] Critical Point
half of : C eViren ; ]

- the cell ! E i - Or | e . of “He
- Tb T —_ z—a.\xis — F = 1 “
a) b) c) N ]

Ay A

J.Drahotsky, P. Hanzelka, V. Musilovd, ' PP REPRTETITT ERETIT EASETTIT ESETIY MR ETIT SAETTH M R .
MM, R. du Puits and P. Urban 107 108 09 10101011 1012101310141015
EPJ Conf S. 180, 02020 (2018) Ra
P. Urban, P. Hanzelka, T. Kralik, V. Musilova, A. Srnka and L. Skrbek,
Phys. Rev. Lett. 109, 154301 (2012).
P. Urban, P. Hanzelka, T. Kralik, MM, V. Musilovd, L. Skrbek
Phys. Rev. E 99, 011101 (R) (2019).




T(K) T(K)
45 46 47 48 49 50 51 52 290 300 310

Gottingen, I' = 1/2 ) 1Y ' Critical point
1 I I Géttingen, T' = 1/2

Goettingen —

Brno, series A ‘ <
Brno, series B
Brno, series C

8

O

P o / ; ' Brno — *He
A ARMQUR o0 o 17
1 | Critical point
1 Brno, series A

Brno, series B
Brno, series C

0 1 . 1 N 1 . 1 . 1 . 1 . 1 N
0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00
T/Tcp

NOB effects
near the

Saturation Curves of
“He and SF,

s

=
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PHYSICAL REVIEW E 99, 011101(R) (2019)
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Rapid Communications

s
171}

: T 7L

Alpha/Nu/Kappa []

Ln

Elusive transition to the ultimate regime of turbulent Rayleigh-Bénard convection

[l

[SI—
(=]

P. Urban,” P. Hanzelka, T. Kralik, M. Macek, and V. Musilova
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Transitions observed at ISI| Brno:

2. Transition at Ra~ 1010-1011; ?

@ Brmo data,T
O Bmo data,T,
——1/3 scaling law

Transition: Nu ~ Ra%”7 - Ra'/3

Change in shape of the coherent flow
structure - the mean wind

107 108 109101010;;1012101310141015
a

V. Musilova, T. Kralik, M. La Mantia, MM., P. Urban, L. Skrbek.
J. Fluid. Mech. 832, 721 — 744 (2017).




Regimes of RBC: Coherent
structures

Onset of (laminar) Convection:

Transition to Turbule
Coherent structu
(on average - me:

- Different forms of
coherent structures seen
(Pattern formation)

cold

QOO

hot

:

IIIIIIrI

Regimes near onset of )

T

T R R M RTIT N

convection:

Conduction
Studied in cells with T >> 1.

107

10°

Laminar convection

Figure 5 (a) ISR and (b)
SDC at € = 0.92: (¢) ISR
at € = 2.99 and (d) SDC
at € = 3.0: (e) oscillatory
ISR and (f) oscillatory
SDC at € = 5.08. For this
experiment [' = 50 and ¢
= 1.03. For each pair of
pictures only the initial
conditions were different.
The insets show a magni-
fied view of the oscillating
rolls. Whereas in (e) the
oscillations travel from
bottom to top. in (f) the
oscillations are very dis-
ordered. Often rotating
spoke pattern are found, as
seen in the insert of (f).
From Cakmur et al
(1997a).

Adapted from
Bodenschats et al.,
Annu.Re.Fluid.Mech
(2000)

Low Ra - instant. snapshot
(spiral defect chaos - SDC)

&

¥ . 3 ] b
Moderate Ra - instant. snapshot
(disorder, strong fluctuations)

Zwirner & Shishkina, JFM
850, 984 (2018)

888 Emran, Schumacher, JFM 776, 96 (2015)
MM MM, Schumacher, in preparation




Reynolds measurements at |S| Brno:
Temperature fluctuations in the turbulent bulk

Four small cubic Ge thermistors (Tl - Tﬂ) near sidewalls

with respect to LSC direction:

T, T
Tz, T4 _ o

— “leading sensors”
trailing sensors”

——— Temperature fluctuations time series (6T ~ 1mK)
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Statistical analysis (see next slide)
Temperature fluctuations PDFs

(in turbulence: non-Gaussian, heavy tails, rare events)

Power spectra

(in turbulence: broad due to “Richardson cascade”
transferring energy over wide range of scales)

Auto- and Cross-correlations
(Fourier transform of spectra)

Reynolds numbers (different types)




Temperature fluctuations in the turbulent bulk

5 %108 X1 BN 5 %107 Autocorrelation
raw signal
4r 25 bandpass frequencies=0.05-0.1 Hz
4 | ‘ | bandpass frequencies=0.2-0.4 Hz
2 i- | | |I. | | | t 2+ bandpass frequencies=1-2 Hz
5 | ) f { \ I| Iy ] } i} bandpass frequencies=5-10 Hz
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One-point measurements:
* Frequency Reynolds number

L?fo

1/

RE‘{D = 2

Brno data fitted by a
two-fold power law
Re = |Ra‘|Pr—2/3
where

-

above / below the
transition point
Ra =Ra,

1012 1013 1014 1015
||||I'I'I'| T ||||I'I'! L ]

||I'I'I'| T

@ Brno, run"d"
: O Brno, run"c"
(= Niemela et al. 2001
A Castaing et al. 1989

Ra

V. Musilova, T. Kralik, M. La Mantia, MM., P. Urban, L. Skrbek.
J. Fluid. Mech. 832, 721 — 744 (2017).
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measurements)

Two-point measurements:
* “Elliptic approximation Reynolds numbers”
G.W. He & J.B.Zhang Phys.Rev. E 73 055303 (2006)

[k B LA WAL B
LU 0.7 Re, (He et al. 2015) :
Rey = y ; - = ; i Re,, (He etal. 2015)
06 Re_ (He et al. 2015)
R Re, (Brno)
05 Re, (Brno)
n '—.—Re;ﬂ—(BTﬁo')_——'~_.
] 0.4} g
REEH:LUEH  Ug = /T 72 _ 03'_d) g o
v | ‘«‘ : o
0.2 .Re 8
* Brno data compared with SF data by 0.1 [ o
X. He et al. New J. Phys 17 063028 (2015) ]

©)

10° 10" 10° 10° 1010 10" 10" 10" 10" 10"
Ra

V. Musilova, T. Kralik, M. La Mantia, MM., P. Urban, L. Skrbek.
J. Fluid. Mech. 832, 721 — 744 (2017).




G15 - Skewness M, = -0.096

“leading sensors”

Top plate (T)

M; (Skewness)

“trailing sensors”

M; (Skewness)

10*° 10° 10" 10" 10"
Ra

1013

1014

V. Musilova, T. Kralik, M. La Mantia, MM., P. Urban, L. Skrbek.
J. Fluid. Mech. 832, 721 — 744 (2017).

Trailing sensors outside
main LSC roll for
Tilted elliptical LSC

All sensors inside
the main LSC roll for
Squarish LSC shape

See also Niemela, Sreenivasan
Europhys. Lett. (2003) 62, 859




Wi n d reve rsa I S Bulk temperature fluctuations — measurement #f078:

Ra = 8.86*10'% , Pr=1.34, <Nu> = 1280
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Outlook 1:
Attractors in RBC and Data-based Mathematical models

Obrazek: Pavodni atraktor.

x0=[-8,8,27]; Lorenz

Jakub Kasny, FSI VUT
BP 2022,
to be submitted

2 4 6 8 10 12 14

Obrazek: Barevn& zobrazend matice soustavy. Obrazek: Rekonstruovany atraktor.

Jakub Kazny 29. bfezna 2022
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ARTICLE

Chaos as an intermittently forced linear system

Steven L. Brunton', Bingni W. Brunton?, Joshua L. Proctor’

, Eurika Kaiser' & J. Nathan Kutz?

Delay x(t1)

C linates x(t2) r(t3) -"("_u)
cordinates t(ty)  a(ta)  a(ta) 2(tps1)
_:‘(fq) J'(fr;-i-l) -r(fq—-—'E) 'r(fm)
Singular Value
Decomposition
N Delay . »
\, Embedding -
N H = X - X
U > vT
L Regression Model Y s ] .
1. nhn ": ', ‘:
“1 Linear f‘J‘. / 1 /\_‘N
U2 Dynamics f\; i xﬁ'ﬂd AN Y
d V3 ¥Ry ¥ '
dt Uy ~7
i Intermittent A --- Gaussian
- Intermittent W W il €= Syitching ] \\ = Ur
Uy | Bad Fit FOI'Ciﬂg




Outlook 1:
Attractors in RBC and Data-based Mathematical models

HAVOK na Lorenzové systému - predikce HAVOK na RBC

Jakub Kasny, FSI VUT
BP 2022,
to be submitted

Obrazek: HAVOK predikce. Obrazek: Signal 7,




Outlook 1:
Attractors in RBC and Data-based Mathematical models

Embedded attractor {V attractor)

e Matice soustav a jejich stabilita.

e Atraktory.

e Atrakce Feseni pfi zméné pocatecnich
podminek.

Jakub Kasny, FSI VUT
BP 2022,
to be submitted

Obrazek: Matice soustavy (7, signal).

0 i z 3 4 § -] T &
ppLS

Obrazek: Jiné pocateéni podminky (7, signal).

Jakub Kasny 29. bfezna 2022 9 /11



Outlook 2: Temperature modulation and rotation

In Classical RBC and Quantum Counterflow
PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press About Staff N

Accepted Paper

Thermal waves and heat transfer efficiency enhancement in harmonically

modulated turbulent thermal convection
Phys. Rev. Lett. 1.20 —

P. Urban, P. Hanzelka, T. Kralik, V. Musilova, and L. Skrbek - - : ) /Ah&ﬁ_‘x 1
Accepted 25 February 2022 59 115+ &ﬁ:;s-_ﬁ&)gﬁo - - A5 AH
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Rotating platforms for Classical RBC and Qué/==
pfqu n/t@ogl D Rotating RBC experiment under preparation at ISI Brno e

(Prague) ‘ and Charles University Prague

s SN X0
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Rotating RBC simulation from Richard Stevens
https://stevensrjam.github.io/Website/research_rrb.html]

PLUMES GEOSTROPHIC UNBALANCED NOMROTATING
TURBULENCE BOUNDARY LAYER

Figure 2. Schematic showmg the distribution of rotating convection regimes in terms of Nusselt number (Nu) versus Rayleigh number (Ra) for a fixed Ekman number
(E)and a) Pr = 3 and b) Pr < 3. Laboratory flow visualisations of each regime at Pr == 7, adapted from Cheng et al. (2015), are shown in the upper panel. In (a) and (b),
the vertical lines indicate transition Rayleigh values: Ras denotes convective onset, Ra,_ denotes the transition between columnar- style convection and plumes, Ra,;
between plumes and geostrophic turbulence, Ra,;, between geostrophic turbulence and unbalanced boundary layers, and Ra,,,; to nonrotating-style convection.
Though the transitions are delimited by lines, each likely occurs gradually over a range of Ra values. Their locations are not yet well-determined, and table 1 and
figure 6 list various existing predictions. For Pr = 3, steady columnar convection does not occur (e.g. Julien et al. 2012b, Stellmach et al. 2014). (Colour online).




QOutlook 3: Flow visualization at hig
DA

Many visualization methods exist:
Smoke, Ink or Dye...

Particle Tracking Velocimetry,
Particle Image Velocimetry,

Laser Doppler Velocimetry
Shadograph, Schlieren, etc...

None allow to reach “ultimate” Ra!
(enabling direct velocity information in RBC)




Jutlook a: Flow visualization a
high Ra

A promissing visualization method was developed

McKinsey et al. Phys. Rev. Lett. 95, 111101 (2005) Gu 0 (RWGE“'G MB Research  Publications
W. Guo et al. Phys. Rev. Lett., 105, 045301 (2010) FAMU-FSU College of Engineering

Long-living (> 10s) molecular triplet excimer He2*
McKinsey et al. Phys. Rev. A 59, 200 (1999)

\ | e - ' ’ :
- Excimers form after He ionization : \ - : Hellum-4 in the sy
. .. . s \: g ; s o fascinating quantt
(by fs-lasers, radioactivity, intense electric field _ ; f_ N i i
ionization, etc...) - quantitative flow |
- Can be visualized by molecular tagging via - - - ' PRESRCE Syt

implement transfc

laser-induced fluorescence (LIF) |8 ———— | (TN _— . to unlock the full |

Quantum Hy

Dr. Wei Guo, the principle investigator of the
Cryogenics Lab.

Laminar flow Turbulent flow

- e > & 4
T e e S S [
- .-_.N:": ey uq- | L

Heat flux: 10 mW/cm? Heat flux: 215 mW/cm? ook B g
Drift time: 900 ms Drift time: 15 ms . : : 1 T f

W. Guo et al. PNAS (2013) | | SR LR RS Ts S




R&D for turbulent flow visualization in helium gas at ISI Brno

A || (RYOG[N'(S lAB Home  Research  Publications  Group  Facilities  Resource
- W o

FAMU-FSU College of Engineering

nnnnn

Laser ionization of Helium gas by the Brilliant

nanosecond laser succesfully accomplished
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Thanks to: Jan Jezek, Minh Tuan Pham, Jakub Grim






and colleagues in Prague, lImenau, Florida...

Prague group of prof. Ladislav Skrbek

andi

e

prof. Ronald du Puitsﬁ




Summary:

Turbulence is an open theoretical and experimental problem

One of major open questions:
Existence of the ultimate regime, relevant e.g. at extremely large spatial scales in Nature

Can be studied in Lab in cryogenic Helium

Information on velocity field missing at high Ra
— Need for high Ra visualization experiments, possibly with He,” excimers

Analogous transitions laws in classical and quantum heat transfer not well understood...

Thank You!




Open BSc. and MSc. Thesis Topics:

[Experiment]
* Rotating Rayleigh-Benard Convection (with Pavel Urban)

[Theory]
* Classical-Quantum Analogy for heat transport laws in Rayleigh-Benard Convection in GHe

and Counter-Flow in He-Il (with Michal Macek)

[Data Analysis]

» Attractors in turbulent Rayleigh Benard Convection (with Michal Macek)

» Ultimate Regime of Convection or NOB Convection? (with Michal Macek)
Analyze and compare classical Rayleigh-Benard Convection data from:

* Cryogenic GHe experiments at ISI Brno
* Dry air experiments at Barrell of Imenau by group of prof. De Puits (DE)
* Highly parallel direct numerical simulations by group of prof. Schumacher (TU IImenau, DE)

michal.macek@isibrno.cz



