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A long history.....

Leonardo da Vinci

Leonard Euler

+ (HV)quVp

Osborne Reynolds

Claude Louis Marie  George Gabriel
Henri Navier Stokes
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+ many more...

Andrey Nikolaevich
Kolmogorov




Characteristic length scales in turbulence

§ Quantized vortex in He |l

S 7 »
. »



https://www.pinterest.com/pin/181973641166461893/

uantum turbulence occurs in guantum fluids

Quantum fluids are so called because their physical properties cannot be
explained by classical physics, they depend on quantum physics

* Quantum fluids (such as two stable isotopes of liquid helium at very low
temperature) display superfluidity

Quantum turbulence is concerned with turbulence in a superfluid: in a
fluid in which flow is subject to severe quantum restrictions.

 Quantum turbulence can be defined loosely as the most general way of
motion of a quantum fluid displaying superfluidity, that involves dynamical
motion of tangles of thin quantized vortex lines

 Low temperature physics, born on July 10, 1908 (the day of liquefaction of
helium at 4.2 K) traditionally studies the properties of quantum fluids

Low Temperature Physics, Cryogenics ----




Pre-history of helium liguefaction

chlorine,
ammonia,
carbon
dioxide...

1877 — liguefaction of oxygen
Louis — Paul Cailletet (1832 — 1913) Raoul —

Pierre Pictet (1846 — 1929)

TN
()

N



University of Cracow
Zygmund Wroéblewski (1845 — 1888)
Karol Olszewski (1846 — 1915)

1898 liquefation of hydrogen

James Dewar (1842 — 1923)

Liquid oxygen

1892 — invented vacuum —
insulated vessels
- Dewar flask




July 10., 1908
Helium liquified in Leiden

Heike Kamerlingh-Onnes
1853 — 1926 Leiden

Nobel prize 1913

"for his investigations on the
properties of matter at low
temperatures which led, inter
alia, to the production of liquid
helium"



®s “He ® He

2 protons + 2 neutrons 2 protons + 1 neutron
2 electrons 2 electrons
Boson Fermion
Bose — Einstein Pauli principle, Fermi- Dirac
guantum statistics guantum statistics
Alcali atoms:
8’Rb,8°Rb,%°Na, L1, 6Li, 40K, electrons in metals

+1H




Phase diagram - *He Phase diagram - 3He
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iHe Il Critical
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Measures of turbulence intensity

Ra |Re T (p) v (cm?/s)  olvk
air 20C 0,15 0,122

S o= water 20C 1,004x102 14,4
Ocean 102 10° Normal 3He above Tc ~ 1, olive oil
Atmosphere | 10Y7 | 10° Normalfluidof  around 06T ~ 0.2, air
Navy (ship) 10° Helium | 2,25 K (SVP) 1,96x104 3,25x10°
Aerospace 108- Helium 11 1,8 K (SVP) 9,01x10° X
(aircraft) 10° 4He_gas 55K (2,8bar)  3,21x10% = 1 41x108

*Cryogenic He Gas, and normal liquid He |

probably the best working fluids with tuneable properties (in situ) for
the controlled, laboratory high Re and Ra turbulence experiments




Oregon/Trieste Cryogenic
turbulent convection cryostat

0.309

Nu=0.124 Ra

10°

10°

lemela, LS, Sreenivasan, Donnelly
Turbulent Convection at Very High
Rayleigh Numbers,
Nature 404 (2000) 837

T Illl'II

10’ e
10° 10

10" 10" 90" 1010 " 16" 16" 10" 10"
Ra

10°




REVIEW OF SCIENTIFIC INSTRUMENTS 81, 085103 (2010)

Helium cryostat for experimental study of natural turbulent convection

P. Urban,"® P. Hanzelka," T. Kralik,' V. Musilova,' L. Skrbek,? and A. Smka'
llnsrzrare of Scientific Instruments, ASCR, v.v.i., Kralovopolska 147, Brno 612 64, Czech Republic
“Facaln of Mathematics and Physics, Ckarles University, Ke Karlovu 3, Praha, Czech Republic

10000 }

SSsr w
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10° 10" 10% 10° 10101010 10" 10"
P Ra
Phys. Rev. Lett. 107 014302 (2011); PRL 109, 154301 (2012); PRL 110, 199402 (2013);

New J. Phys. 16, 053042 (2014), J. Fluid Mech. 785, 270282 (2015),
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\' A - point; T,= 2.17 K

critical point
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triple point :
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To explain its physical properties guantum mechanics is needed

%103
151 o
| The heat conductivity increases

3108 times !1!

10

He Il He |

Specific heat (J/kg K)

2.0 3.0
Temperature (K)

Dashed line — theoretical dependence of the specific heat for the ideal Boe gas



The lmportent fact that liguid
speciflo density p of about 0-18, nol
from that of wo ordinary Buld, whil
in very small comparable Lo that of
Kinemabtio  visosty vywplp oxtrm
Consequently when the liquid is iy
ordinary viscosleter, the Reynok
heoome very high, whils in arder 10
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namoly, the demping of an osedllatd
Roynokds number muss be kept v
roquirement was not fulfilled in the
menis, and the dedoced value of viee
to turbalent motion, and consequent
by any amount than the real value

measured by the
pressure drop when
1 the liquid flows
through the gap
betwoans the dades
1 snd 2; these
dieks were of glas
and were optically
flat, the gap between them boing adjustable by
mioa distancs pieces. The upper disk, 1, was $om. in
dismoeter with & central holo of 16 em. diameter,
over which a glass tube (3) was fixed. Lowering and
maising this plunger in the liquid belium by means of
the thread (4), the level of the liquid columa in the
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boon turbule
¥, assuming
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sl only
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h & sl
alue for wh
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evitably set wp
i the technical manipulation required in working
with the liquid heliumn [1, might on account of the
great Buidity, not die out, sven i the muall capillary
tubes in which the thermal sondoctivity was
monsured ; such turbulence would transport hest
extremely efficiently by convection
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(@) The veloeity of flow, ¢, changes only slightly
for Jarge changes in prossure head, p. For the smaller
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Jowest volocities an even higher power seerns indicsted
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Some Experiments at Radio Frequencies on
Supracosductors
Mrasvnemewrs woro made on an extraded tin
wite earrying an alternsting current of a frequency
of about 200 kiloeyeles per second superposed upon &
direet current. The resulting magnetse field at the mr
face of the wire was thus ceused to pulsate cyclically
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High
Temperature T:
thermal velocity v
density d®
"Billiard balls"
Temperature T:
De Broglie wavelength
hgp=himy = T2
"Wave packets”

T=Tc H
BEC

lgp=d
"Matter wave overlap”

T=0:
Pure Bose
condensate
“Giant matter wave”

ldeal Bose gas

o et
&/

&
’ -

n, =

exp { il

KT

callbratlon

Z”k

A. Einstein 1924: (in 3D momentum space) below certain
condensation temperature, macroscopically large number
of particles will occupy the lowest energy state

N = N0+an N0+Z

27

_ m KT

2w i, [ 2

2h3
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P kT

e

-1

\Fdz
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Quantum mechanical description of He Il

¥ =/ p, explip(r,t)]

[ C C @ £ [ . A
Maxwell’s equations in vacuo for magnetic induction B similarity between

are of the same form exactly: div B = 0; curl B = 0. superfluidity and

electromagnetism !!!
Circulation —singly connected region Circulation- multiply connected region

L I'= VSdK:nL:nK .
L My
F=§vsd€=0
L

x=10"m?/s

: - Rotating bucket of He I
Quantlzed VOrtICeS INn He “ -thanks to the existence of rectilinear vortex lines

He Il mimics solid body rotation

vorticity

(r—rp) xdr

|7 — 7o |




Images of quantized vortices in low temperature condensates

Berkeley 1979 NbSe? BEC

: = STM. Darmstadt Vortex lattices
, : Sr.i at MIT, 2001

420

: : time [sec] 600
. o 1 I i
.O ''G.P.Bewleyetal., - ! e £

Nature Vol. 441, 588 (2006)

Q

_ Dispersion relation
Kelvin waves

Reconnections
are allowed, important and frequent

VO I"[eX Nnu Cleati on First visualized by the Maryland group @ ‘

eIntrinsic &
Moving ions ® D Q
Kibble-Zurek scenario
*Extrinsic




,First sound*
U=U;;S'=0;p'#0; VT =0;V, =V;

' 5 point Normal sound, i.e. density waves, propagates

(217 K) both in, He Il and in He |

f »Second sound“
U=U,;S'#0;0'=0;Vp=0; pyV,, = psVs

Entropy (temperature) wave at constant density;

normal fluid and superfluid oscillating in antiphase.

L | No analogy in classical liquids. A powerful tool to

00 05 10 18 ah 29 detect quantized vortices.
Temperature [K]

06 I-

04|

02 -

Andronikashvili experiment

Fountain effect 1n He ll

yoX DVS:—'OSVp+,oSSVT—FnS ]
Dt Jo,

voxtex line density



He Il: Sound modes
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Second sound is attenuated at quantized vortices — can measure vortex line density.




Experiment -thermal counterflow in He lI- aform of motion peculiar to two-fluid
superfluid hydrodynamics --no direct analogy in any ordinary viscous fluid

] ) 0,
‘l'“;""ﬁ\‘%\""‘]i“'-ﬂ,‘ )\% 0
Heater ,Q{Hé, %) zig.ﬁ:: W # 0
?t'\?—: L.:f:hw — "‘1
//" h (o)
4
He-1I Second-sound transducers
W.F. (Joe) Vinen,
Q 60 years ago...
VN = ——— VN PN :Vs s W.F. Vinen, Proc. Roy. Soc. A240 114, (1957)
ASTIO W.F. Vinen, Proc. Roy. Soc. A240 128 (1957)

W .F. Vinen, Proc. Roy. Soc. A242 493, (1957)
W .F. Vinen, Proe. Roy. Soc. A243 400, (1058)

Experimental observation: quantized vortices attenuate L N\ 2
second sound oC Q



Counterflow turbulence phenomenology (Vinen 1957)

\ortex ring

In counterflow, though, if |v,|<|v, —V,|=V ringswith b >b_ expand

Dimensional analysis and analogy with classical fluid dynamics leads to the Vinen equation:
dL B p, 3/2 hoo L — voxtex line density
=5 Vel - —L Reproduced by Schwarz (1988)
dt 2 p m, P y

: computer simulations
production decay :
reconnections (U0

For steady Vg there is a steady value of L ()
Early results reviwed by J.T. Tough  Turbulent states I, 11, 111

Decay of counterflow turbulence:




channel (Eltsov
& al 2014)

3He-B

atomic BEC
(White & al 2010)




Working fluids for qguantum turbulence

¥ N

Classical Navier-Stokes fluid of Classical Navier-Stokes fluid of kinematic
extremely low kinematic viscosity viscosity comparable with that of air

Superfluid transition at Tc

He Il - a “mixture” of two fluids superfluid 3He B
normal fluid of extremely normal fluid of of kinematic viscosity
low kinematic viscosity comparable with that of air
+ +

Inviscid superfluid Inviscid superfluid
Circulation is quantized Circulation is quantized

27h 27th B[ A2

-3 2 ——  ~
k=—"—~10"3[cm?/s] K—Zm ~ 0.66x10°[cm* /5]
3

m,




Classification scheme for QT

|.  pure supefluid turbulence  “He and *He B in the zero T |limit
no normal fluid
conseptually the simplest, experimentally the most difficult case

ll. pure supefluid turbulence in a stationary normal fluid  3He B at finite T
thick normal fluid provides a unique frame of reference
mutual friction acts at all scales

lll. QT in “He atfinite T experimentally the simplest, conseptually the most difficult case
both NF and SF may or may not become turbulent

Particular cases of interest:
A B C




Classical Versus guantum turbulence

in the zero temperature limit

Quantized vortices are topologically

’ Vo_rtlc_es_ are topolog_lcally unstable. stable and all of them have the same
« Itis difficult to identify them. e
) Clrctlrjllatlon SRS ERICIUNE AR « Kelvin theorem is valid — circulation
another. along a vortex tube is a conserved
quantity.

Quantum turbulence (1-0) is simpler than classical turbulence




E(f) (a.u.)

E(k) ~ k=53 arises from polarisation of vortex lines

Mauerer & Tabeling 1998

10° B 4 Baggaley, Laurie & CFB, PRL 2012
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energy-containing edies € = —dE/dt
—

inertial range
- 37.—5/:
e CEZXSA: 5/3

CeP k= ek k)
~—

Kelvin wave cascade
Bottleneck???

Classical HIT

Dissipation scale
kdiss ~ {E_;/L"S}lf‘i

Spectral energy density

]fD — 27T/D
outer scale

€.gJ., mesn size o1 a gria




guantum turbulence in a pure superfluid (T = 0O)

Energy in

GOO/

richardon  (J (OO Q0

cascade
QOOQOO000
Q00000000000
Quantum length scatg==========**=*

Re, ~ 1 l

Kelvin-wave

Moy} ABieu3

Superfluid Reynolds number

DV
Re, =—
K
Reg, > 1
equivalent to o h — 0.

*At finite temperature the situation becomes
more complex, due to mutual friction
coupling the normal and superfluid velocity




Recent results on visualization of cryogenic hellum flows
Prague Visualization Laboratory

T

Laser bepm Camerd Lol EE
|_aser 4 S

(|
/NN

Cylindrical lens ~

7 Particles ©

» Custom-built low-loss cryostat with five sets of windows
that minimise heat input into the helium bath, enabling
horizontal as well as vertical optical access

« Continuous wave solid state laser, fast digital camera and
relevant hardware and software to implement the PIV and

_ _ _ Micron-sized
PTV techniques for cryogenic flows analysis hydrogen/deuterium

tracers



Example: thermal counterflow
Deuterium particles

8 -
7l iy ; \
oL/ Lig |
LN
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} {
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f Vb
1 .Y i
I AN
00I1I2‘3I4I5I6‘7I8I9‘10I11‘12I13
x [mm]
100 | |
3 i = T=166K
v\. ﬁ o T=177K
10'1 L ,,,,,, }:'.. ,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,
T w,
5 1 L .
o ° ..*.ﬁi 31\: . -
102 ' """" -I. """"" """"""""""" ..‘}.. """""""" h ..f. """
10'3 SRR SUUUUUNRSRRRRR ,,,,,,,,,,,,,,,,,, . e
0 5 l|0 15 20
d [um]
The particles’ radii are calculated by assuming that the 9 uv,
particles are spherical and that the buoyancy force is R, =

balanced by the Stokes drag 29 (p-p p)



Oscillating cylinder of rectangular cross-section 3 x 10 mm

20 s entire video,

camera frequency 100 Hz (exposition time 5 ms),
phase averaged,

trajectories of min 5 points shown ,
laser power 1.05 W

1T=1.24 K

o TEN g A ORSE
CA ff/’g/ﬁ;’f/ﬂ /) \g \\\\\\\\
: /’;’,/g, /7 . \§\\\
YA

J

For details, see: D. Duda, P. Svancara, M. La Mantia, M. Rotter, and LS: Visualization of viscous and quantum flows
of liquid 4He due to an oscillating cylinder of rectangular cross section, PRB 92, 064519 (2015)



(6?): ensemble average of the §? parameter

A Hel
o Hell (v=k/6)

Kinematic viscosity

Al a A Al of He Il taken as:
L N B

VK0

10” “Eﬂ . |
R 1 1U3 10.1_ Re "]5

10° 10° Re — uﬂD/ymﬁ

At large enough length scales (larger than Kolmogorov




Characteristic length scales in 4He turbulence

£~10° cm (=1/JL ~100 zm=10" cm D=1 cm

Vortex core size Mean intervortex distance Outer scale
gquantum length scale

Scales experimentally accessible by particle tracking

Vinen (ultraquantum) QT — crossover — Kolmogorov (quasiclassical) QT
2?7




Quantum, or classical turbulence ?
Normalized PDF of (u — w)/u™

10° Counterflow
probed at

- | quantum length
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Quantum, or classical

turbulence ?

The answer depends on the scale
at which the quantum flew fs prebed I

a0 i
* srm
n o 10° |t
o 2
£40 2 A ay L
i S iy of
- © oo
]
30 £ o 5‘&_‘.
- z Bio ¢
o Al A 10° | T B
@

Vinen (ultraquantum) QT — crossover —

Kolmogorov (quasiclassical) QT



Small-scale universality in guantum turbulence

i ] I ] Kolmogorov

25
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= i . s s
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For details, see - Y utuuai0 20 30

M. La Mantia, P. Svancara, D. Duda, and LS: 10";
Small-scale universality of particle dynamics in [
quantum turbulence PRB 94, 184512 (2016)
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Visualization of Streaming Flow due to Quartz Tuning Fork

Osclilating In Normal and Superfiuld 4He

reaming rlow - steady part of oscillatory flows of classical viscous fluids due to vibrating obstacles
«Can we observe it in He |, classical viscous liquid, in flow due to vibrating quartz fork?
*Does streaming occur in He Il, which is a quantum liquid displaying two-fluid
phenomena, superfluidity and macroscopic quantum effects such as quantization of
circulation (quantized vortices)?

Particle Tracking Velocimetry visualization technique:

| —

_

laser fork camera
lenses

pA11

~—
ser Sheeg

cryostat




Pseudovorticity

Particle trajectories
45° 44 B . 4575

outer cell

Cimer o)
inner cell 9
N\
4

oo

™

(3]

—

2 3 4 5 6

1
-iIIII(IJIIIIIIf! [mm/s]

”v
20 -10 10 20

stronger outcoming jets 0

For details, see D. Duda, M. La Mantia, and LS:
Streaming flow due to a quartz tuning fork
oscillating in normal and superfluid 4He
Phys. Rev. B 96, 024519 (2017)

*Steady nonlinear streaming flow due to vibrating quartz fork is clearly observed in He |
*There are 8 streaming cells, identified as outer cells due to their orientation, around each
prong produced by its corners, inner cells of thickness of order of our resolution, are invisible
*For the first time, nearly identical streaming patterns are found in superfluid He Il,
probed at length scales exceeding the quantum length scale, where He |l behaves as a




Quantum turbulence in He Il
-various types of two-fluid steady-state and decaying

channel flows investigated by Second Sound

A

SN

1.35 K< T< 215K two channels: 7x7 and 10x10 mm

heater

Counterflow

superleaks

grid

Superfluid
wind tunnel

S
Superflow Coflow

Main
observables:

—

1. Mean superflow velocity, v - from rate of
change of calibrated bellows volume (3%
accuracy)

2. Length of quantized vortex lines per unit
volume, L - from attenuation of second
sound




N - .5
second-sound
 sensors

reflections

flow from bellows



Coflow with grid, T = 1.65 K
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Two (steady-state) distinctly diffrent types of scaling:

L1/2 _ 7/(T)(\/CF —VC) , , ’ ,

Ve = <|Vn _Vs|> mean counterflow velocity

4 i i :
Vinen equation A 410 X2 temperature dependent parameter
dL 0,.B e K 5 B  mutual friction constant
E:}ﬁ > Veel _Zz_ﬂl—
- P J
a4 )

I_ oC V 312 Coflow — classical scaling




Decay of (two-fluid) guantum turbulence in He I

‘_-'

Oregon towed grid experiments

Decay of coflow - Prague
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Vibrating grid in 3He B at low temperature - courtesy of S. Fisher




Grid

Wire #1
Wire #2

Temperature below 0.2 mK !!!



Andreev reflection in 3He-B

Superfluid
in moton

Quasiparticle damping reduced
by surrounding vortices




"Efdiss ~ (E,/yg)lf’i grows with grid velocity

Vortex Line density, m~2
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Experiments with oscillating objects

» L=3.65mm, T=680 um, W =460 um, D = 180 um; surface ~
5-10 ym

» custom-made tuning forks, Lancaster (quartz + LINDO,)
» L=35mm, T=90 yum, W =75 um, D =90 um; surface ~ 1 um,
f=6.5kHz (41 kHz)
»L=6mm, T=11mm, W=1mm, D=0.6 mm; surface ~ 1 um,
f=24.9 kHz; LINbO,

> vibrating NbTi wire (d =40 ym, D =2 mm)

» double-paddle, J. Luzuriaga (wing: 10 x 7.5 mm?; thickness 0.2 mm)

» large torsionally oscillating disc (D =40 mm, h =1 mm)

—— Absorption signal (in phase) f,
—— Dispersion signal (quadrature)

Af
vac

fLHe
AfLHE

Amplitude

liquid helium vacuum

Frequency



Does the oscillating tuning fork produce quantized vortices ?

cylindrical second sound resonator Iﬁ%{}%ﬁfgm

Lock-in

Measurements of Vortex Line Density Generated by a Quartz
Tuning Fork in Superfluid 4He D. Schmoranzer, M.J. Jackson,
LS, O. Kolosov, V. Tsepelin, A.J. Woods, J. Low Temp. Physics,
183, 208-214 (2016)
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Directly tested by second sound attenuation:

Production of quantized vortices is directly related to the onset of excess damping
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Drag coefficient
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» First critical velocity —changes in frequency, little effect on drag force
» effective mass rises due to vortices pinned on the oscillator surface
» need not lead to increased drag (mostly potential flow)
» Second critical velocity —non-linear dissipation sets in
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Drag Coefficient, C,

Drag Coefficient, C

Commercial quartz tuning fork -- drag force scaling in the two-fluid regime
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Drag Coefficient, C

Drag Coefficient, C,

10

10" |

10"

10'

10" E

107

10*

Vibrating NbTi wire 40 micron dia
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In He II, normal component flow may be laminar even if
turbulence exists in the superfluid component, like in 3He-B




Summary

He Il —as well as superfluid 3He-B - serve as outstanding working fluids for
cryogenic fluid dynamics and quantum turbulence

*Extremely high Re and Ra flows can be studied under controlled laboratory
conditions

*Quantum turbulence has been investigated over 50 years -a lot is known about it,
but it is still only partly understood

In the zero temperature limit QT represents the simplest prototype of turbulence
*At finite temperature, in the two-fluid regime, QT is more complex than classical
turbulence, combining classical turbulencein the normal fluid with the dynamics of
the vortex tangle in the superfluid, coupled by the mutual friction force

Does 4He, together with other quantum fluids, hold . |
the key to unlocking the underlying physics of et sl
fluid turbulence?
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