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TypOy/jIeHTHOCTH BBICOKOTEMIIEPATYPHBIX Cpejl ¢

00beMHBIMH CUJIAMM (AHHOTAI[MA)

PaccmoTpeHbl MeToabl ONUCAaHNA U Moaenn TYpOyneHTHOCTU B cpeaax C
06BbEMHbIMU CUAMM, K KOTOPbIM OTHOCATCA rPaBUTALMOHHbIE, 3/1IEKTPOMArHUTHbIE
CW/bl, A TaKXKe LeHTPObEeXKHble CUbl MHEPLWMK, KOTOPbIE CYLLECTBEHHDbI BO
BpaLLAOWMXCA U NOTOKAX, 33 YAaPHbIMMN BO/IHAMM, B BbICOKOCKOPOCTHbIX MOTOKAX U
TYPOY/IEHTHOCTb, BO3HMKAOLLLAA NPU HEYCTOMYMBOCTAX Penea—Tennopa u
Puxtmanepa—MeuwkKoBa. [MpuBeaeHbl 0630p U aHANN3 METOA0B ONMUCAHUS
CTPYKTYPbI TYPOY/IEHTHOrO NOTOKA M NOBEAEHMA NPU PA3INYHbIX BHELIHUX
BO34EMNCTBMAX, MOBeAEHMNE KOPPENALMNOHHbBIX OAHO- U ABYXTOYEYHbIX MOMEHTOB
PA3HOro NopsaKa, MHTErpaabHbIX U MUKPOMACLITaboB, CNeKTPanbHbIX
pacnpeaeneHuin B NOTOKE B YCIOBUAX, KOrAa KOPPENALMOHHbIE MacLUTabbI
CPaBHMMbI C XapPaKTEPHbIM pPa3MepoM MNOTOKa A 0bnacTbio BO3AENCTBUA
BHELIHMX CU HA NOTOK. AHANM3MNPYIOTCA NOAXOAbl, OCHOBAHHbIE HA MeToAaX
GYHKUMM NJIOTHOCTU BEPOATHOCTU, AN1A 3a4a4 TYPOYy/IeHTHOro cCMelenuns,
NAaCCMBHOIO CMeLWeHMA U ropeHna. B AoKknage npeactassieHbl pe3ynbrathl,
n3noxKeHHole B MoHorpadpum CoH K. 3., CoH . E. «TypbyneHTHOCTb cpep, C
obvemHbiMu cunamm», N3a.Anyc-K, 2019 no rpanty POPU Ne 19-11-0000419.



BBeaeHue

* Mpumepbl TYPOYNEHTHOCTU C 06BEMHBIMU CUNTaMU

 HepelueHHble npobnembi:
— CneKTpbl TYpOYNEHTHOCTU C 06 BEMHbIMU CMNAMKU
— MeToabl YUCNIEHHOrO pewweHusa 3agau ¢ 06. cunamum

— Pa3nunyHblie TUNbl 06beMHbIX CUN:
* [paBUTaLUOHHDbIE
* NHepLUUOHHbIE HOpMaJibHble (CXKaTue)
* LleHTpOob6EeXKHbIE CUbI MHEPLUM
* MarHuTHble cunbl
* dN1eKTpu4ecKune cunbil
* BubpaumnoHHble cunbl
e Cunbl 06BEMHOro cxKatma u pacwmpenunsa (aunartaums)
* YaapHO-BOJ/IHOBbIE NpoLEeccbl U TYPOYNEeHTHOCTb
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BA3KocTb — pyHAaAMEHTaNbHOE CBOMCTBO MaTepUM
[1BOSIKaA po/ib BA3KOCTU B TYPOYNEHTHOCTH
From Newton to Quark-Gluon Plasma Re=ul/v, v=10(-5) CW/

MNpeactasneHua HblOTOHA
Mapagokc dinepa-Oanambepa
MorpaHuyHbIN cnoun MpaHaTna

dopmynbi Kybo-IpuHByaa- JlaTTuHXKepa,
OAOT ona BA3ZKOCTM.

HeHbIOTOHOBCKaA rMApPoauHaMUKa,
BA3KON/1IaCTUYECKUe cpeabl

Ponb BA3KOCTU B ruapoguHammniecKomn
HEeyCTOMYUBOCTU

Mnasma - TepmoBA3KaA }KUAKOCTDb:
rmapoaNHaMUKa, YCTOMUNBOCTD,
TYypOyneHTHOCTD

MoneKynapHaa AMHaMUKa
CynepBA3KOCTb, Cy6BA3KOCTD.
Ob6bvemHasn BA3KOCTb.
TypbyneHTHOCTb 1 BUXpEBAA BA3KOCTb

RANS, RSM, LES u DNS - mopenu
TYPOYNEeHTHOCTU C BA3KOCTbIO.

BA3KOCTb ra3oB, »XUAKOCTeN U naasmbl.

BA3KOCTb NOIMMEPHDbIX cucTem, 3P PeKT
Tomca.

BA3KocTb HedpTH, mogudpukauma mn
ynpasaeHue BA3KOCTbIO HepTH.

BA3KOCTb reneit, BA3SKOCTHbIA Ppa30BbIN
nepexoa.

BA3KOCTb KYZTIOHOBCKUX CUCTEM, Nbl/IEBOU
naa3mbil, NNa3smMmeHHbIN Kpucrtann.

BA3KOCTb B PeNATUBUCTCKOMN
ruapoauHamuKe.

BA3KOCTb B acTpopU3MUYECKUX 3a4a4ax

KBaHTOBbIN Npeaen OTHOLWEHUA SHTPONUMU K
BA3KOCTU (TeopunA CTPYH U ronorpadusa).

KBapK-rniooHHaa nnasma — camas
naeanbHas cpeaa

HaHoBA3KOCTb

MuKoBA3KOCTb (3KCTPpEMabHble COCTOAHUA)
4

NMpunoxeHua: s3poie TM u mHoroe ap,



UcTopus
TYpObyneHTHOCTH
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Origin of Turbulence — Gottingen 1920-1938

HISTORY OF TURBULENCE IS

REMARCABLE, SOME PEOPLE
THINK FLUID MECHANICS IS OLD
SCIENCE.

THAT IS TRUE AND NOT TRUE.

IT STARTS FROM LEONARDO, BUT
BECOME REAL SCIENCE IN 20TH
SENTURY, THE SAME TIME AS
ATOM, QUANTUM THEORY AND
QUANTUM ELECTRODYNAMICS

Lessons from Gottingen 1920 - 1938

A ADNLAR/ AL LIRGUARIA LR AN | /400 1 AL




History remarks: Gottingen University

 Mathematics at Gottingen
— Carl Friedrich Gauss (1777-1855)
— Felix Klein (1849-1925)
— David Hilbert (1862—-1943)
— Hermann Minkowski (1864—1909)

* Fluid and Gas Mechanics at Gottingen

1905 Felix Klein established Institute for Applied Mathematics and
Mechanics with participation of

— Ludwig Prandtl (1875-1953) (BL concept, Prandtl Theory of TBL)

— Carl Runge (1856-1927) (Runge-Kutta Numerical Scheme)

— Julius C. Rotta (Semiempirical Theory of Turbulence)

— Heinrich Blasius (Laminar Boundary Layer)

— Theodore von Karman (Logarithmic Turbulence velocity profile)

— Johann Nikuradse(1894-1979) (Turbulent pipe friction experiments)
— Walter Tollmien (Tollmin-Schlichting waves in BL)

— Hermann Schlichting (Theory and Experiments of Turbulent BL)

— Gustav Eiffel (1832-1921)(Supersonic chamber, drug measurments

\ Cnawng Ne 7



Turbulence in USSR (Russia)
A.N.Koimogorov « S.S.Kutateladze

E.E. Meshkov  A.l.Leontiev
M.D.Millionshikov * V. Zimont
A.S.Monin V. Sabelnikov
A.M.Obuhov * O. Belotserkovsky
A.M.Yaglom * N.V.Nikitin
V.M.levlev » L.I.Zaichik

S.A.Christianovich + A. G.Prudnikov
G.l.Barenblatt



Turbulence Corner Stone Steps (1890-1930)

Hydrodynamic Instability as the onset of turbulence: William
McFadden Orr, Sommertfeld, Ludwig Hopf, Fritz Noether

Boussinesq (1897) - the effect of turbulence is an additional
viscous term in the Navier-Stokes equation.

Prandtl (1905) The Boundary Layer Concept (Lminar)

Blasius (1908) Friction Coefficient for laminar BL at flat plate

Prandtl (1910) BL concept to heat conduction

Gustave Eiffel (1912) supersonic drug coefficient study

Prandtl (1927) The mixing length approach

Dryden, Kuethe (1929) invented the compensated hotwire
measurement, which revolutionized the field of turbulence

Von Karman (1930) logarithmic velocity distribution and a
logarithmic formula for the turbulent friction coefficient

Cnang Ne 9



Fully Developed Turbulence | - 1933 to 1938

Reichardt (1933) built an electrodynamometer with which
he can observe pulsations and Reynolds stress

Taylor (1935) submitted his results of turbulence study in
four consecutive papers "On the Statistics of Turbulence”

Dryden (1937) measured the decay of the longitudinal
correlations behind grids and measurements of the
energy spectrum. The relative integral scale L/'M
increased with the relative distance x=M from the grid
independently of M (mesh size)

Prandtl (1938) distinguished four types of turbulence:
— wall turbulence,

— free turbulence,

— turbulence in stratified flows,

— decaying isotropic turbulence.

Cnang Ne 10



Fully Developed Turbulence Il - 1938 to 1940

Von Karman and Howard (1938) equation for isotropic
homogeneous turbulence

Millionshikov M.D. (1939) Decay of Homogeneous
Isotropic Turbulence in a viscous noncompressible fluid

Kolmogorov (1941) Revolutionizing work on universal
behavior turbulence spectra of isotropic homogeneous
turbulence

The Gottingen results (1938) for correlations show
beautifully the universal behavior from Kolmogorov
theory.

Conte-Bellot and Corrsin (1966) hot-wires
measurements turbulence after grid gave confirmation
of the Millionshikov’s theory

Cnang Ne 11
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Teopus
Koamoroposa
O4HOPOAHOWN
JIOKa/IbHO — N30TOPONHOM
TYpObyneHTHOCTH
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Kolmogorov41la Hypotheses

1. Statistical properties in inertial and dissipative intervals
depend only on dissipation rate, viscosity and scale.

2. Statistical properties in inertial interval depend only on
dissipation rate and scale.

3. Dissipation rate constant in all intervals

Comment. The last one is not true, but all consequences
of K41a are true




Spectra and Fluxes of Turbulence

Energy spectrum

Turbulence: Flux from Left to Right

Numerical simulation

Re — (ﬂ% _ N

Flux is constant

Kolmogorov |
3 4
N =10", Re=10
1/frequency PY
Eij =V < axl a){j == const
LES: Simulate the large scalesof t . __ _..__ .. K e e - -les

Mathematically separation of length scales accomplished by filtering transport
equations

Combustion occurs at smallest of length scales thus combustion events must be
entirely modeled




KoMoroppoBckuii ciekTp TypOyJeHTHOCTH,
U3MEPEHHBIN B PA3JIMYHBIX MOTOKAX

U&F 1969, wake 23
U&F 1969, wake 308
CBC1971, grid turb. 72

Champagne, hom. Shear 130
S&M 1965, BL401

Laufer 1954, pipe 170

Tielman 1967, BL 282

K&V 1966, grid turb. 540

K&A 1991, channel 53

CHAI 1991, Return channel 3180
Grant 1962, tidal channel 2000
Gibson 1963, round jet 780
G&F 1974, BL 850

O Tielman 1967, BL 23

v CBC1971, grid turb. 37

B S&V 1994, BL 600

® S&V 1994, BL 1500

E, (k)\(ev)"”
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AcmmnToTU4yecKkaa Teopua

TYpOyneHTHOCTH
(pa3sutne naen Konmoroposa)
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Y10 NpouCXOaUT B JHEPIreTHIECCKOM,
HHEPIHUOHHOM M JUCHIMIATHBHOM HHTEpPBAJaX

. Auccunauuna cocpegoToyeHa B BA3SKOM MHTepBane

B sHepreTMYeCKOM U UHEPLUOHHOM MHTepBanax GopmupyeTca NOTOK NO CNEKTPY
6e3 guccmnauyumn

BennunHa NoToKa onpeaensaeTca «y3KUM ropJiom» - B BA3KOM UHTepBane

B yncneHHom mogenmposaHum npu 6onblunx Re BA3KUN UHTEpPBaa He onNucbiBaeTca
Bo3mo»KHa 3amMeHa BA3KOro MHTepBaaa rPaHUYHbIM YC1I0BUEM

CneKTtp onpepgenaeTca rpaHUUYHbIM YC/I0BUEM

'
N B

o uneWw

-— > g(k) # const!




CnepcTtBuUsA aCUMNTOTUYECKON TeOPUUN TYPOYNEHTHOCTHU
(Re>>>>1, nopsiaka Re =1 000 000 u 6onee - MHOromMacwtTabHOCTb

1.TypOyneHTHOCTb B 3HEpPreTM4eCKOM U UHEPLUOHHOM UHTepBanax (peasibHO AOCTYMNHbIX
Ansi MoaenuMpoBaHUs) ONUCbIBAaeTCA YpaBHEHUAMU unaeanbHOM XUOKOCTM.

2. inccmnaums ecTb TONbKO B BA3KOM (AMCCMNaTUBHOM) UHTepBarne.

3. KnuHeTtnuyeckasn aHeprusi TypOyneHTHOCTM B OCHOBHOM YacTu (3HEepreTU4eCKomMm W
WHEepPLMUOHHOM UHTepBariax) COXpaHATCS.

4. MoToK NO cNekTpy coxpaHsieTcsl. BenuunHa n ckeMnUHr NoToka onpegensieTcs
auccunauyuen (rpaHU4yHbIM YCNOBUEM A1 NOTOKA).

5. B aHepreTn4eckom UHTepBarse pasfuyHble Npouecchl — Kackagbl, Nnepe3ambliKkaHue,
pa3BUTUE KOHLIEHTPUPOBAHHbIX BUXPEN, NnepemMexaeMocTb U Ap. npouecchkl (hopMUpyoT
CNEeKTP, 3aKOH KOTOPOro onpeAensieTca Auccunauuen U pasmepHoOCTbLIO NPOCTPaAHCTBA.

6. OTnuume 2D ot 3D TYypOYNeHTHOCTN TONMbKO B hOPMMPOBaAHUN CTPYKTYP U npeferibHOM
3aKOHe crnekTpa.

7. OTcropa cneayloT BaXHble pe3ynbraTthl AN HEOAHOPOAHON TYPOYNEeHTHOCTU —
MHOroMacLUTabHOCTb — MONEKYyNnAApHaa Auccunauma n KpynHomaclutabHas auHaMmuka
BUXpPEeN, BO3BMOXHOCTb MNMOCTPOEHUSA AUCCUMNATUBHbLIX 3aMbIKalOLWKUX COOTHOLLUEHUMN.

8. OTcropga cneayet Teopema MeBneBa o He3aBUCUMOCTU NMePBbLIX MOMEHTOB
OT Auccunauuu, T.e. KpynHoMacLTabHbIX CTPYKTYpP OT MenKomMacLiTabHOU
TYpOYneHTHOCTM!.

9. YcnoBusa npumeHnmocTtu 1-8 onpegensaroTca nopsaakom ymcna PenHonbAaca.



Turbulence simulation at very high Re

d<u?> /2 LU S<u?> /2 _8(-".,. < uLup > B o U <cu?> o Lt u'?
ot . Oxx - Oy Oxe \ 5 2 k2
o u g, 2
de (u,p”) + ( ">+pv<5">
2 dE
_ T

_E — > dt f— V P -+ V T — & Kolmogorov
is I

—p <82~ P=_U.g"

m

dEt ot ( t) - \ - Wave numi)er
Eiot Z‘/E{}Lﬂdv T = — [ e(x,t)dV <0.
! k<<ky_
T:_[TE—{EJUF}—%{UJP:}_{u"'.ﬂ.ﬂ} Iq<<<<
We simulate only Energy and partially Inertial Intervals, 108

Viscous Interval substituted by the Boundary Condition
which define the spectrum of the Inertial Interval



Kakue uncna PenHonbpaca
HY>XHbl B BaXXHbIX NPUKNagHbIX U
dyHOAaMeHTanbHbIX
nccnegoBaHuUAX?
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PakeTHO — KOCMUYeCcKas TeXHUKa

— — - — — — — — - — —

%

Reynolds Number, Re,
—
§

10000
1000
100
0o S5 10 15 20 25 30
®) Mach Number
2 4
e UL _ (10 130_)5(1 10) _ 07100
\

Reynolds and Mach Numbers Range for Aerospace
ATOMHas u TepmosigepHasa (pu3unkKa - aHarorm4Ho



ACTPO®U3HUKA Re = Jspacelspuce 1 g 41025

KpaOoBuaHast TYMAHHOCTDb v

HUBBLE SPACE TELESCOPE IMAGE L =3 4nc QO =301/c
OF THE CRAB NEBULA ’

Il1azma B
CHJIbHOM
MATHHMTHOM I10J1€
CuabHoO
3aMarHu4eHHbIe
3JIEKTPOHBI

B MATHUTHOM
1oJie HEUTPOHHOU
3Be3/Ibl B LIEHTPe
nmyJbcapa
N=1300 1/cc -
KOHIEHTPAIUS
YacTHII
Pa3BuBaercs
PTH c
puiamenramu
T=11-18 kK He
TOP




TypOyneHTHOe nepemelunBaHue B
MHepuUuanbHbIX CUCTEeMaxX

(a) flow field (b) blow-up near front

Fig. 1.5b. Exothermic flame sheet in the TNT-air fireball (t = 100 p.s).

Source: Fig. 3 of Kuhl et al. (2013), with permission from Shock Waves.
CoH 3.E. 3ababaxuHckune 4teHus 23
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NHepuuoHHOE CiKaTHE:
B LIEPOXOBATHIX MUILICHAX PA3BUBAKTCS
ThICSIYHU MO

unpolished

NIF specification

| | |
1 | I
2 10 100 1000

mode number

Fig. 1.11. Shown is an example of the effect of polishing on the outer surface power spectra.
Source: From, Fig. 2, (Cook et al., 2008), Laser and Particle Beams, with permission.

24
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Turbulent Heat and Mass Transfer
HyXXHbl HEKNnaccu4yeckue mogernu TypoyneHTHOCTHU
DNS HeBO3MOXeH

Enthalpy (MJ/Kg)
0 1 5 10 25 100

0'00001 I — —3!;.1 mm LGG lErwelopel :

"’E - Qrion

ol (OO0 Pyttt st s .

— Powder } Light Gas ¢

2 0.001 UK. |

v

o

a 0.01

=

o 0.1

b

A

7]

Q 1 ok v i — .

&’ Stagnation Heat Flux Contours for 1 cm
10 1 Nps? R.aqiuls i a2 4§ .3 1 1 1 1 1 1 1

o 1 2 3 4 5 6 7 8 9 10

(a) Velocity, km/s



[Monyamnupuyeckmne mogenu

TYpObyneHTHOCTH
RANS - LES



Nature or turbuience
K-e, SST, SA, RANS, URANS, LES methods

Moment equations

M,=<v,> M, =<vyv,> M =<vv,v, >,

M. =<v.v,v.Vv >, G o v
7 ol e dt ot “ox,
dM . oM ..
S —— S L+ vAM,
dt OX ;
dM .. oM .. oq
fiais ijk ijk
To <Lsl/Ty dt —P,-j—8,-j +(I),-j— ox, 2P X, —l—VAMU
dM .. oM .. oqg..
Toos= s dtljk =P, —gy + Dy — 8)(”"' < g)’:"' +3vAM
/ /

Statistical stability is defined by time and space hierarchy (levlev’s Theorem)

Closure example T
My, =MM,+M, M, +M,M,

Millionshikov’s hypothesis






Moment equations
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Turbulent Models

* Wide range of turbulence models

— One-equation KE1E Automatic Wall Treatment

— Two-equation (k-g, k-o, SST ..) | | | |
— Correlation

— RSM (LRR, SSG, SMC-,...) 2 R v
— LES, DES, SAS

A Wall function mode
* Interphase friction prediction 200}
based on models: 5
— Reliable friction prediction capability

10.0
— accuracy near walls (automatic wall

treatment)
— Robustness 285 1[ 1|0 1<|30 1o|00 10‘000
Y+
oU, oU jU ; op O oU,
pa + - = + pa(V-I_Vt—LES)
ot Ox ; ox, Ox, OX ;




Molecular and Turbulent Stresses

——————
Kolmogorov
£ I
. Stress: 6. =2a,p, (V7 +v)S, B ISt
=™
1 r B8 l
S :5[(Vua)+(Vua) ] E ;
Wave number

a(]”+5UjUi __p 9 _ (VAV, g )—=
* LES: P\ Tar "o, | e ax, |0V Ty

v = C2A[S, 18,2 C,~0.1-0.2



Spalart-Almaras Model — equation for eddy viscosity

2
o(pv,)  9pU,v) S e p[Nvt j N

Ot Ox ; L, .
o | u, Ov, i ov, Ov,
Ox N\ o Ox ; 8x 8x
Lwall — min(Lwall 9 CDES A)

e Equilibrium (no convection no diffusion):

C, ~ e
v=-"—0L .S — v=2LC; A-S

t wall
Cw w



Wall-heated channel with a pin matrix

Instantaneous streamlines and
temperature field in cross-
sections between pins

SNy
Shoroeamn

cropeoEoo
Shaormaine

cropeoEoo
Shaormaine

Re=10.000, T,,,;=const.
LES, 5 mil CV (Delibra et al. 2008)




LES SIMULATION (wall Nu number, first 4 pins)

Re=10.000 _;_ : I Re=30.000

12 14 15 1.8

LES with15 mill cells unreliable,
needed min 45 mill




Direct Numerical Simulation of Decay
Homogeneous Isotropic Turbulence

2D: -

——Brachet Re=5000 @ CABARET256

-dK(t)/dt

0.018

0.016

e | 1)
|

- -O- - 0.000

e ~ 10.204 0.01

— — — — 30.006

N -5/3 slope 0.008 [7
Nl . 0.006 [

o4
%

-~.
~.
~

3D:

0.004

CxopocTh JUCCHIIAIIUN, CPABHEHHE €
Cuexrp (-5/3) DNS (Brachet, 864°)

YepseoOpa3Hasi CTPyKTypa
3aBUXPEHHOCTH



YTO MBI MOOenupyemMm B
RANS, LES?



[Mpobnema: Mbl MOgenNMpyem He Te ypaBHEHUSA
YTo e Mbl TOorga nony4vyaem? OtBeT: Teopema MeBneBa

2
Wk, Do0@), F=-L iy T
dt ka Ox, 0x,0x,

af (7) n 0 (7)
Z{ ky axl?/) aul(cy) |:f” < E ’ >An:| (4)

From the motion equation (1) with the force (3) and discontinuity equation
(2), the equation for the probability function (4) follows. If to solve the
equation (1) with the averaged force instead of samultanious, the velocity
field will be different but with the same statistical characteristics, i.e. the

same f
n

levlev’s Theorem gives the basis for Numerical Simulations in Turbulent
Flows. If you have rough mesh, you can not find out the exact solution of
the, problem, but the solution you found will have the same statistical
Characteristics as the exact solution (if exists).

At the same time, if you get good coincedance simulated and
experimental results, it does not mean, you solve the turbulence
problem, but simulated and experimental results defines by the same
order moments.




Energy spectrum

Mudbl 0 YUCNeHHOM MoaenMpoBaHUN
TYPOYNEeHTHOCTU Ha CynepKoMnboTepax

3
L T
_zRe3/4, (_ zRe9/4,_zRel/2

Wave number

B HacToslee BpeMs pekopa no yucny Re-30000
YBenun4yeHue umcna Re Ha 1 nopapok TpedyeTt
yBesfin4yeHns MowHocTu cynepkomnbrotepa B 10000 pas
IJTO OTHOCUTCH K KracCUYeCKUM 3agavyam
TYpPOYyneHTHOCTU, ANna HeKnaccu4veckux (ropeHue, ICF,
acTpodpunsnka) — npakTUYeCKn HUKoOraa pelleHbl He dyAayr,
TYpOyneHTHOCTb B 0603puMOM OyayLiemM ocTaHeTCs
«AckyccTtBOM Mmopenen»



[1BymMmepHas
TYpPOYNeHTHOCTb



2D Turbulence: Enstrophy and Palinstrophy
(How it works in 2D, possible Re=1076)

E(x.1) = <.:¢:EE-[}=: f,}> 3aBUXPEHHOCTb — UHTErpan ABUXEeHUS,
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Lesieur model: Forced Injection of Dissipation
Mistake (2008)
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Double Vortex Layer Re=400000

Kinetic Energy
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Pypbe-CneKkTp KNHETUYECKOW IHEPINX, pacCYMTaHHbIM Ha NocneaoBaTesibHOCTU CETOK
npu t=2.109, Re=400000, ocHOBHas rapMOHMKa BO3MYyLLEeHNS |=1.



Double Vortex Layer Re=400000
Enstrophy Spectrum
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Pypbe-CnekTp aHCTPOPUN, paccymTaHHbIN Ha NocriegoBaTeribHOCTU CETOK
npu t=2.109, Re=400000, ocHOBHas rapMOHMKa BO3MYyLLEeHNS |=1.



2D Reconnection - vorticity

VO1000.dat

20 |

40 |

60

Y-axis

80 |-

100 |-

120 |

20 40 60 80 100 120
X-axis




2D reconnection - Enstrophy
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CTauuoHapHbIN NpopUJIb CKOpocTer B TeueHun TBIK

Q JKCITIOHEHI UA/IbHAA 3dBUCUMOCTDb BA3KOCTHU B Y3KOM AHUAIIA30HE TEMIIEPATYP
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YCTOMYHUBOCTb TEPMOBA3KOM KUAKOCTHU
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[1] Wall D., Wilson S. // The linear stability of channel flow of fluid with temperature-dependent viscosity //
J. Fluid Mech., 1996, 323,107-132 47



HeycTOMYMBOCTb CTALlMOHAPHOIO TEYEHU S
TEPMOBSI3KOM KMAKOCTH B IIJIOCKOM KaHaJie

[ne nporcxoAUT Han60/1e€ UHTEHCUBHOE
KpynHOMAacCIITa6HOe nNepeMemiiBaHue?
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[lepememiBanue B TBXK: pacyeTHast 06/1aCcTh - NPSMOYTrOJIbHbIN
KaHaJI

T, + AT BepXHsAA ropsAa4yas CTeHKa
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HHUKHAA X0JIOAHAA CTEHKA
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[lepememnuBanue B TBHK: popma npodpuiia u pacnpesejieHue
O0e3pa3MepHbIX IApaMeTPOB

IIpoduib ckopocTu
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[TlepememinBanue B TBXK: ceToYHaaA CXOAUMOCTD
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[lepememnuBanue B TBHK: cieKTpbl 3aBUXPEHHOCTH U SHCTPOPUU
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[lepememnuBanue B TBHK: meToa OKy60-Be¥ca
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JKcnepumeHT TBXK — umnanHaprnyeckmMm KaHan




HeycTOM4YNBOCTL W
TYPOYNEeHTHOCTb
Buxpeun Teunopa-l puHa



Taylor-Green Vortex
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TypOyneHTHOCTb
B NONAX O0OBbEeMHbIX CUI



TypOyneHTHOCTb B NOMAX OO0 BbEeMHbIX CUS

Opv;  O(pv;vg) Op  doy. ... 1
e ==———cb——Lp i+
ot ;. dx;  Oxy o
* rpaBVITaLI,VIOHHbIe CUInbl
— KOHCepBaTUBHbI, HeAUCCUNATUBHbI
— HEeJIMHEeMHOCTU He copepxaTt
— BbI3bIBAalOT aHU3O0TPONUIO B IHEPreTUYECKOM UHTEepBage
— ypaBHeHUSA ANst MOMEHTOB He cogepXXaTt rpaButauum
— B UHEPUMOHHOM UHTepBarie posib rpaBMTauMn nagaeTt
— BUXPU CTAaHOBATCA chepnyecKumm
— CMEeKTp — acuMntToTudecku npm Re>> 1 - KonMoropoBcKum

* NHepuUMOHHbLIE CUMBbI NPU CXKaTUU
— aHanorn4Hbl rPaBUTaUNOHHbIM,

— CYLWeCTBEHHO 3aBUCST OT MacwwTaboB 1 Yncna PuyapacoHa B
WHEepPLUMNOHHOM UHTepBane,

— CIMNEeKTp OFIN30K K KOJIMOIropoBCKOMY

;(J x H); + pgi
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TypOyneHTHOCTb B NOMAX OO0 BbEeMHbIX CUS

Opv;  O(pv;vg) Op 0oy 1
o — =———+—+pEF+-( x H). + pg;
ot Oxp. Or;  Oxp Pe 6 )i P9
* LleHTpOoOeXHble CUnbl NHepPLUUN
— Bo3HukawT B HenHepuunarnbHbIX CUCTEMaAX KOOpAOAUHAT
— HeaunccunatuBHLI

— BbI3bIBalOT AONOSNTHUTENbHYIO 3aBUXPEHHOCTb, YTO NPUBOAUT K
bonee 6biICcTpOMY (hopMMpPOBaAHUIO NOTOKaA No cnekTpy B AN n U

— coaepxaT HeJIMHEeMHOCTb B reHepauuu 3aBUXPEHHOCTHU
— CMEeKTp — acuMntToTudecku npm Re>> 1 - KonMoropoBckum

 MarHuTHOe none

— [Mpn KoHe4yHOM NnpoBoaAMMOCTU (Re — MarHuTHOE) ABNAeTcA
AUCCUNATUBHOMWN,, NPUBOAUT K MOTOKY MO CNEKTPY KNHETUYECKOMU
3Heprnmn TypoyneHTHOCTU N IHEePrum MarHUTHOro Nons

— [lpeobpasoBaHMem Anb3accepa nosiydyeHbl ypaBHeHua MI[ —
RANS, MHD-LES

— CneKTp MOXeT oTNMYaTbCA OT KOJIMOIrOPOBCKOIo

Cnang Ne 59



TypOyneHTHOCTb B NOMAX OO0 BbEeMHbIX CUS

Opv;  O(pv;vg) Op  Oojp. PR |
‘ + i == ‘ + § + pE’EI —'—
Ot 0xp. Or;  Oxp
 TypOyrneHTHOCTb B 3JIEKTPUYECKOM none
— BoO3HUKaeT B cnosaAx o0 bLeMHbIX 3apAanoB
— AuccunaTtmMBHA

— Bbi3bIiBaeT AONOJIHUTEeNIbHYIO 3aBUXPEHHOCTb, MNMpU
onpeanesieHHOM HanpaBJiieHu rpaamneHToB NJIOTHOCTU
ANEeKTPUNYEeCKOro 3apsana m 3Jy1IeKTpn4yecKkoro nons

— BcneacrtBue 60nbLWIONo Yncna HeYyCTOMYMBOCTEN HYacTo
CTaTUCTUYECKME MOMEHTbI HEYCTONYMBbLI, CYLLeCTBEHHbIMU
ABNSAIOTCA CaMOCOrfiacoBaHHbIe 3fIeKTpuyeckune nons

— Mpn KOMOMHNPOBAHHOM AENCTBUM MarHUTHbIX Nonen AnA
3aMarHU4YeHHbIX YacTul (3NIeKTPOHbI) BO3HUKAKOT MarHUTHbIE
Gapbepbl, CNeKTPbl Kak NpaBumno, pacnagHble ¢ pas3fiMyHbIMU
TUNaMU HENMTMHENHOCTEMWN.

— B 3aBUCMMOCTN OT TUNOB HEeFIMHEeNHocTen POPMUPYIOTCA
KacKagbl pa3JyiM4yHbIX TUMNOB.

— OC00eHHOCTb — aHOMAanNbHbLIX TPAHCNOPT Cnaiia Ne 60

;(J X H)j + PYi:
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ﬁ MHD Turbulence at high Re_m

At high magnetic Reynolds numbers the set of
equations consists of hydrodynamic
equations and equations for inductive
magnetic field.

Using von Alven velocities or Elzasser
variables the equations can be written in the
form of hydrodynamic equations.

Finally we get the set of 6 equations similar to
hydrodynamics. The approach leads to
Kolmogorov spectra, RANS, LES and DNS
approaches are formulated.

Applications to Astrophysics and High Temperature Plasma in a magnetic field m—




MHD - equations
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Low magnetic Re
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Experimental drug reduction and
velocity profiles in the pipe in H-field
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Homogeneous MHD turbulence

(leviev 1970)
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Inhomogeneous MHD-turbulence - BL
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Theoretical and experimental drug reduction (a) and heat transfer
of liquid metal pipe flow in a longitudinal magnetic filed



MHD-RANS at any Re_m

, . H

1. Elsasser variables L =v+ =vV+a

Ao

The MHD equations
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v o= < - magnetic viscosity (diffusivity)
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2. Alven velocities formulation of turbulent MHD flows
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2" moment eqg-s in MHD-RANS
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Turbulent Plasma Equations

Joint moments and K-energy equation
in MHD-RANS (base for SA, k-e models)
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Conclusions:

1. The set of equations for RANS simulation in MHD flows
is very similar to ordinary RANS equations, it just increase
the number of equations of the same nature.

2. The equations could be implemented into any commercial or
own SW.

3. There are different cases between viscous dissipation and
resistance dissipation giving different turbulent spectra.

4. In the case of very high Re and Re_m the spectra are defined
by both dissipations giving Kolmogorov spectra and cascades.

5. Equations with hydrodynamic and magnetic dissipation rates
3. The derived equations could be base of 1 model equations (SA),
2 model equations (modified k-e, RANS) and LES, DNS simulation
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Characteristic times in air flow and DBD
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excitation N- diffusion SLOW
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Model simplification must be based on this time scales



[MTnasmeHHble 3pdeKTbl Ha rMnep3ByKe
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Houuwuuﬂ U nNiasmennas aapoduuamuka

HCCJI@)IOB&HI/Ie IJIa3MbI 30HIOBBIMH U paIUAIIMOHHBIMHA MCTOJAaMHU B YCIIOBUAX, MOICIIMPYOUIN:
IMPUIIOBECPXHOCTHBLIC CJIOU TrOJIOBHOM 4YacTH THIICP3BYKOBOI'O  CIIYCKACMOI'O JICTATCIBbHOIX
araiapara; HCCJICAOBAHHUC TCIIO3alUTHBIX CBOICTB ICPCIICKTUBHBIX MATCPHUAJIOB. BrisBieHu

MCTOAOB WM YaCTOT PAAHUOCBA3U C INNIA3MCHHO-3KPAHHUPOBAHHBIM JICTATCIIbBHBIM allllapaTOM IIP]

JIBMKEHHUH B TJIOTHBIX CJIOSX aTMOC(EpHl.
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MHD Plasma Flow Control
for Inlet Hypersonic Vehicle (M=7)

¢ Magnetic field does not affect to the
entropy increase through shock wave

¢ because of Joule heating it can affect
to the sound velocity and decrease lo-
cal Mach number (before shock wave)

e Ampere force can accelerate, deceler-
ate or incline the flow in the action field
(before shock wave)
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Entropy production in a Turbulent Plasma w/o H

Turbulent flow V =< v >, p=< p >, h=< h >
dh __ dp  9qi"
dt  dt Oy,
Turbulence dissipation and total heat flux:
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Entropy generation in a turbulent flow
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Exergy change between 2 control surfaces:
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XonnoBckasa TYpOyfeHTHOCTb
pa3peXXeHHOU nfa3mMbi
B MAarHUTHOM U 3JIeKTPUYECKOM
nonax
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Plasma Effects in a Low Temperature
Collisional Plasmas

1. Simulation LTP mainly uses packages on the base of RANS,
URANS, RSM and sometimes LES.

2. Packages are based on the Moment Equations (Reynolds
Stresses) with approximations for 39 and 4t moments.

3. Plasma is collisional, plasma effects are essential for Plasma
Flow Control, LTT, SW, Mixing, mainly in MHD approximation.

4. The Problem: is it possible to reformulate MHD equations for
Turbulent Plasmas similar to Hydrodynamics to use Packages
without dig changes?.

5. Answer — Yes, by using Elzasser variables.

Cnawng Ne 79



TypOyneHTHbIN TpaHcnopT B XPO

Fienre 3. Discharee and drft eurrents.
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KBaHTOBast
TYPOYNEeHTHOCTb

(namatu E.N'opaoHa — nsobpertarens
MeToaa nosiydyeHns HaHOMpPOBOJIOK B
cBepXxTeKy4Yem renuu)
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84

[pobnema nepe3ambikaHUA B TYPOYNEeHTHOCTMU

OAaHa 13 OCHOBHbIX NMpo6neM B TYpOyreHTHOCTN — 0Opa3oBaHU KaCKagoB B pe3ynTtaTe
ApobneHna BuxXpeun, npomMcxoasimx rnpum nepesamMmbiKaHUM.

B nutepartype obcyxaaeTcsa Bonpoc O posiu BAXKOCTU NpU Nepe3aMblKaHUU, B
HeKOTOpbIX paboTax yTBepXxaaeTcsi, YTO Npu nepe3amMmbiKaHUN NPOABNAETCH BNUsiHUe
BAA3BKOCTMW.

OTBeT Ha 3TOT BOMpPOC MOryT AaTb 3KCNepuMMeHTbl N0 BUXPSAM, KaCKagaM U
nepe3amMmbiKaHUIO B CBerTequeﬁ XNOKOCTW.

Upesn JKCnepnmMmeHTa C npoBoJiIo4YKaMUnN B CBepXTeKy4iemM resimm — COCToumT B nonyvyeHuUun
YyacTul ManbIixX pa3mMepoB U ,qaaneﬁmemy dHanmsy rmgpoanHaMmmnyeCKomMmy ABUXEHUIO ,
MCcnoJsib3ysa 44acCTullbl KaK MapKepbl ABUXEHUA.

Reconnection (connection) as a mechanism of energy transfer along the spectrum

Decomposition of displacement to the rotation and deformation (Euler and NS)
(vortices and viscosity) (vector and tensor)

The hydrodynamics and magnetic hydrodynamics (Maxwell's equations), MHD Turb for
small and large Re_m. Currents and reconnection

The equation for the vorticity and helicity. Keeps saved Impulse momentum.
Heterogeneous and homogeneous isotropic turbulence

External volume sources and universal reconnection in the inertial interval ( Euler)
Kolmogorov’s 5/3 law



KBaHTOBaHHbIE BUXPU B CBEPXTEKYyHEM reJsimm

KBaHTOBaHHbIE BUXPU HE UTPAOT 3aMETHOMN POSU B SIBIIEHUN CBEPXTEKYYECTH
n J1..J1aHgay onsa ero o0 bACHEHNA CBEPXTEKYHECTU HANNMYMeM BYyX
HEB3aMMOLENCTBYIOLLMX KOMIMOHEHT OHWN He NoTpeboBanuce.

OHu cTanu HyXHbl, korga Jlapc OHsarep (HobeneBcknin naypear no Xxvmmmn)
3ajan «HauBHbIM» BOMPOC, a YTO NPOU30ONAET, eCnn HavyaTb BpallaTb COCcyA
CO CBEpPXTEKYYUM renuem.... OH e nNpeasioxus BbIXod U3 3TOro

COEDEDEIED

napagokca...

BHyTpun BUXpen — HopmMmarbHasi KOMNOHEHTA, U OHU BepyT Ha ceba BeCb
MOMEHT BpaLLleHUd



KBaHTOBble BUXPH B CBEPXTEKYYEM FeJIumn

P. ®erHMaH pewunn nNpokBaHTOBaTb 3TN BUXPU, YTOObI 3a04HO
BBECTM NOCTOSAHHYIO [1naHka B Teoputo JlaHgay,

- h
fﬁ; -ds = —n.
Ty

npu n=1 KBaHT k paBeH

h )
k=—=10x10""m*/s

iy

TO NONy4Mn obecKypaXxnBatoLLIMA pe3yrnbTaT — BUXPU KakK Obl
pearibHO He CYLLECTBYIOT: UX AnaMeTp okasarncs okono 1A, 4yto
3aMeTHO MeHblle npeaerna cnpaBeasiMBOCTU CaMOro MOHATUS
XXNOKOCTU B MEXaHMKe CMIOLUHbIX cpeq.

I'IoaTomy X CTalin JOCTAaTO4YHO npeHe6pe>|<|/|Teano Ha3blBaTb
«TOMOJTONrMM4YEeCKNMIn D,ereKTaMI/I».



Bo3HMKHOBEHME BUXPEUN B FresInm

[1Ns1 BOBHMKHOBEHUS BUXPEN He 0bsi3aTeNbHO
BpawlaTb KpMocTtaTt - OT HUX, HA0BOoPOT, TPyaAHO
n3baBuTbCcA N B Konmn4yectse 10° Ha cM?2 OHMK
CYLLECTBYIOT Bcerga, obpasysacb NpakTUYeckn npu
nobomM BO3MYLLEHNM.

B.A. MNokposcknn (naypeat npemun OH3arepa)
nocoBeToBar «06xoanTbCsi» C KBAHTOBAHHbIMU
BUXPAMW KaK C KINacCU4YeCckum BOOOBOpPOTaMM,
TONbKO O4YEHb TOHKUMM.

Ho ecnu ecTb BpawatensHoe ABMXKXeHNE, TO OOMKHaA ObITb 1 cuna
BepHynnu, HanpaBneHHast K OCU BpaLleHusl, — 3TO CreacTBUE 3aKoHa
COXpaHeHUs1 aHeprnn. B KBaAHTOBOM TEOPUN CBEPXTEKYYECTU AABHO
OOHapyXnnmn cpoacTBO BUXPS K JTIOObIM NOCTOPOHHMM YacTuuaMm, 3aTeM
K HeMY cTanu nobaensaTtb YrneH bepHynnu. I TonbKo COBCEM HEAQABHO B
CBOEW, UHCMNPUPOBAHHOW HaluMMK pabotamm ctatbe, KOccn GnopaHTa
nokasan , Yto — unun-unu. CyMmmmnpoBaTb Hesb3s — YfieHbl KBAHTOBOW
TEOPUN MPOCTO TOXOAECTBEHHLI YneHy bepHynnu B Teopun JlaHgay.



Cxema 3KCIIepUMMEHTA 10 MOJIYYeHUI) HAHOMPOBOJIOK
B He 11

« To put a metal into
He II

e To focus a laser to
1ts surface

* The vortices should
appear near focus,
1.e. In the proper
place at the proper
moment




Experimental cell

1 — metallic target

2 — focus of low-power pulse-
repetition laser with 500 ps
pulse duration

3 — glass slide
4 — the electrode array
5 — TEM grids

1. The nanowires grown between electrodes
were subjected to electrical
measurements in 1.6 — 300K temperature
range.

2. The nanowires deposited on TEM grids
were investigated by electron microscopy
at 300K




Opaque cover Cryostat OptCryo 10

| : . MOMEHT B HY>KHOM MeCTe

e JKCcnepMMeHTa/ibHas
|
I - Superfluid yCTaHOBKa
I Hamamatsu Leps helium (HelI)
photosensor module | =
| | with gate function | mata) K
H11526-01 eatnd BaAHTOBaAHHbIE BUXPWUN POXOAOTCA B
| 1mm dokyce nasepa, T.e. B HY>KHbIN
|

— = Lens

o NTTpueBbin nasep, yacTtora
Digital phosphor
oscilloscope mmnynscoB 10 4 kHz, E, s, = 10 [Ox
Tektronix TDS 7054 T — 400 S
pulsed pulse PS.
Nd:LSB
® 0 laser
STA-01
A=1064nm

- doTOOOBLEKTUB cOo3aaeT ABaXAbl

i : e yBENMYEHHOE N306pakeHne paboyeil
= = 30HbI peakTopa. B akcnepumeHTax ¢
NPOCTPAHCTBEHHbIM pa3peLleHnem
dpoToyMHOXUTEMNb C 1 MM-LLENbLIO
ABurarncst B Nii0CKOCTU U300paXkeHus.

i
Photosensor




Metoa I'opaoHa mosryyeHUst HUTEH B CBEPXTEKY4YeM I'eJIMu
(CmupnoB, Con KITD 2019)

Mbl noHsinW, 4YTO B pe3ynbrate AOOKEeH BO3HUKHYTb CaMOYCKOPSALWMNCS,
KaTarIMTU4YEeCKOro TuMa npouecc, B KOTOPOM poOJfib KaTtanumsatopa wurparoT
KBaHTOBaHHble Buxpu. HecMoTpAs Ha ero Kaxylwyrcss O4YeBUAHOCTD,
CYLLeCTBOBAHUSA TaKoro ObLICTPOro npouecca B CBepPXTEKy4YeM refiun HUKTO He
npegnonaran. U camoe rnaBHoe - ero nNpoAykramMu [OOMKHbl ObINKM ObITb
AJNMMHHbIE TOHKME HUTU, U OH MOXeT ObITb ncnonb3oBaH Ans bottom-up cuHresa
HaHOMPOBOJIOK.

Gordon E.B., Okuda Y., Low Temp. Phys. 35(3) P: 209-213 (2009).
Ho «Mycop 13 cBepxTeKy4yero refinst Takmm npoLeccomM OENCTBUTESTbHO MOXHO
ybpaTb ObLICTPO, HO MPOBONOYKM OyayT NMBO NpakTU4ECKN OOHOATOMHbLIMMU
HeCTabunbHbIMNU HUTAMU, MO0 PbIXNbIMU dpaKkTanbHbIMM 0bpa3oBaHUAMNY -
bepmaH lanbnepuH, apeapod, 2010.

[eno B TOM, 4TO, KaK YyXe rOBOPUIIOCb, CBEPXTEKYYUN Trennnu sBnseTcd
abCosoTHbIM  YeMNMOHOM MUpa Mo TennonpoBodHocTu. [loaTtomy Bce
rfloKarnbHble NeperpeBbl B XUOKOCTU [OOMKHbI ONepaTUBHO YCTPaHATLCA WU
nodble Mnpoueccbl B CBEPXTEKYYEM TeENUU OOMMKHbI Oblin ObITb  CTPOro
n3otepmmnyecknmn. B yactHocTu, Kyga atom npuwlen, B TOM MecTe KOHOeHcaTa
OH N OOMKEH OCcTaTbCA.



Nanowires needs so small amount of material that the
application of small power fiber laser is sufficient

Yitrrbium
laser

A=1.06 n
E=104J
T =400 ps

f=05-14
kHz




Mopdonorma U CTpyktypa HaHOMNPOBOJIOK (MPUMEPbI)




JlaMmuHapHbIN 1 TYPOYNEeHTHbIU TeNNoooOMeH
B CBepXTeKy4YeM renumu

Bbicokas TensionpoBOAHOCTbL CBEepXTeKy4ero renusa obecnevymBaeTcs
NTaMUHaAPHbLIM MOTOKOM HOPMaribHOM KOMMOHEeHTbl. [lpu cnuwkom
BbICOKMX MOTOKaX U3-3a MHTEHCUBHOIO POXAEHUSA BUXPEN pa3BUBaeTCs
MOLlHaA TYpPOYNeHTHOCTbL U Tensio Ha4dYuHaeT pPacnpoCcTpPaHATLCA
OObI4YHbIM, AUddPYy3MOHHO-NOAOOHLIM cnocoboM. [Ona oObLeKToB
pa3mepom Gonee 10 MUKPOH 3TOT NMOPOroBbIN MOTOK , KAK U3BECTHO,
coctaBnsier okono 3 Bt/cm? . OAna ¢pusnyecknx aKCNnepumeHTOB I3TO
AeNCTBUTENbHO OONbLUOU MOTOK Tenrna, HO BOT AN XUMMUU... YUTOOLI
npegooTBpaTtUTb MNNaBrieHUe nMnpoAyKTa CIUAHUA ABYX XONOAHbIX
MeTasiJiIn4ecKux LwWwapukoB pasmepom B 1 HM, BbI3BaHHOE MPOCTO
HarpeBOM Wu3-3a YMEHbLUeHUA MOSIHOU MOBEepPXHOCTU, TpeodyeTtcs
rMMraHTCKaa CKOpoCTb OTBOAA Tensa, npesbilwaroLlas

10° Bt/cMm2.



TypOyneHTHOCTb
CXXUMaeMbIX cpen

1. TypOyneHTHOCTb cnabocxnmaembix cpen

2. CBepx3ByKoBasi TYPOYNeHTHOCTb B NOTOKe C
M=2
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Acoustic Turbulence (weak compressibility)
(Dilatation to Kinetic Energy effect,
e.g. Hypersonic BL - 2" Mak Mode)
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t
CKOpOCTb gMccunaumm KUHETUYECKOM IHEepPrn BCieacTene aAnnartaunm, pacyeT Ha
nocnegoBaTenbHOCTU ceToK, Re=400000, ocHOBHas rapMOHMKa BO3myLleHuA |=1.
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Compressible Gas Acoustic Turbulence
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O6wuin BKNag CXXnMaeMocTu B NpoLecc guccunaumm KNHETUYECKON SHepriu,
Re=400000, ocHoBHas rapMoOHWNKK BO3MYLLEHUS |=1.



TypOyneHTHOCTL
B CBEpPX3BYKOBOM NOTOKEe
3a peLleTKoun
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Flow past the turbulized Grid

Frame 001 | 08 Jul 2009 | oUT

=

Experiment CABARET (256x512)

Goloviznin V.M.

Re = (%) ~ 256" =4096



CBepx3ByKOBaA TYPOYNIEHTHOCTb 3a pPeLUeTKOMU
M®TU - 2017

Cnang Ne 100



lasa 1. Mogenu cnaowHoMn cpeapbl
MOHOI‘pa(I)MFI B nn1aHe POOU FhaBa 2. KuHetnueckme mogenu cpeabl
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Leonardo da Vinci
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Vincent Van Gogh
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Spectra study Van Gogh Starry Night
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Is The Starry Night Turbulent?

J.R. Beattie and N. Kriel

Research School of Astronomy and
Astrophysics, Australian National University,
Canberra, Australia Queensland University of
Technology, Brisbane, Australia 2019

Green Channel Blue Channel Red Channel
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Siqueiros 1930

Pattern created using then “accidental painting”” technique developed by
Siqueiros in the 1930s. It is the result of a RTI of a viscous layer. Source: From
Fig. 1 of de la Calleja et al., Phys. Fluids, with the permission of AIP Publishing.




Hokusai 1830

Multiphase turbulence and Shock Waves
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Hokusai 1830
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