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Examples of local probes
Hot wire (CTA)
Cantilever anemometers

Frozen turbulence
Local Taylor hypothesis
Elliptic approximation

Experimental characterisation of turbulence
Longitudinal velocity increments
Application: energy cascade in superfluid flows
Extended Self-similarity
Application: intermittency of superfluid flows
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P(t) = R(T,)i,(H)?, T,, = 250°C

Platinum, ®,, ~ 1 - 100 pm

|1

Air flow - Uy, T, =25°C
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Thermal convection around the wire element

» Fluid property

v
Pr=-— (1)
K
» Driving
P, Uso
Re= )
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ga(T, — T Py
-T2 (3)
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Thermal convection around the wire element

» Dimensional analysis
Nu=f(Re,Gr,Pr, T,/ T,) (5)

» Two practical cases:
> Free convection (low velocity)

Nu=f(Gr, T,/ T) (6)
> Forced convection (high velocity)

Nu=f(Re, T,/ Ty) (7)



L. V. King, Phil. Trans. R. Soc. London, Ser. A, 214 (1914)

» Theoretical analysis for infinite wire within Boussinesq
conditions,

@ =AVU+B (8)

i.e. in non-dimensional terms,
Nu=aRe'?+ B 9)

where a and  may depend on T,,/ T, and ®,,.



> Experimental analysis
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Corrections to King model: Collis & Williams (1959)

> Buoyancy effects are small
4 provided

Re> Gr'/3 for Re>0.1  (10)

0.76
) for Re < 0.1

(11)
> Yields a minimum velocity, V,,;,

which can be measured without
ambiguity by a hot wire
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Re > 1.85Gr%3 (
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PO o p— > Buoyancy effects quickly
negligible when V > V,;...



Corrections to King model: Collis & Williams (1959)

» Empirical relation

T

m

T

[eo]

-0.17
Nu( ) = A+ BRe" (12)

0.02<Re<44 44<Re< 140

n 0.45 0.51
A 0.24 0
B 0.56 0.48

Fieure 5. Demonstration of the inadequacy of the heat
ransfer relation N= A+ ByR.



Example of TSI 1201 hot-film with CTA-1750 anemometer

4.5 i
1
4.0 :
Wire length 3.2 mm 3541
Wire diameter 50.8 pm 304 |
Wire temperature 250 °C =7 |
Air temperature ~ 25°C 251 _
R 0.16 : ® wire 7171
€c . 20 > wire 7070
Vinin 4.9 cm/s 1511 @ Collis & Williams
1
0 2 4 6 8
Re(),45

Data from Kenza Ya internship (IUT Saint-Etienne)



Alternative design

Temperature profile
along the wire

Resistive state

Superconductive layer
/ 200 nm Pbin

/ /
/ Glass fiber (2 — 5 pm) / \

! <>
Hot spot

I
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L
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Superconducting state :
I
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Resistive layer
36 nm Cr + Au

Castaing, Chabaud, Hébral, Rev. Sci. Instrum. (1992)



PbIn hot-wire:

Log, o(E(Kn)/(ve)1?)

> Microfabrication techniques
> Low thermal capacity at low
temperature: fast response 3'
Up to ~ MHz dynamics
»> Hot-spot: ~ 17 — 20um
» More than 4 decades of
resolved inertial regime

GReC Rf 1750 (21 glsw

Original GReC experiment
Pietropinto, et al, PhysicaC ~ -3-
(2003)

5 @ R;=3180 Return Channel (CAHI Moscow 1991)

[+ R;=2000 Tidal Channel (Grant et al. 1962)

= R, =1500 Boundary Layer (NASA Ames 1992)
I I 1 1 1

Logio(Kn)
-6 -4 -2 0




» Superconductor based: very
sensitive but sometimes /
Aulso0 A 0Srm
unstable eon

» Lot of work to improve the
spatial resolution

> Another technology: Au-Ge Fiboghass

-~
@ 15 um

based

Chanal, ef al., Rev. Sci. Instrum. (1997)
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1073 Fvvvv,,
. Re=25800
10* Re=58300
. Re=115000
10° F Re=295000 3
5 Re=537000
207, oL ]
Vi/Hz 10 Re=846000
107 £ 3
10% ¢ 3
109 £ 3
1010 ¢ 3
10" ‘ ;
10° 107 107! 10° 10 10

Dynamics: > 200 kHz (CTA electronics limited)
Effective spatial resolution: ~ 6 um
Chanal, et al., Eur. Phys. J. B (2000)



Carbon fiber based hot-wires

Systematic cryogenic tests of carbon fibers were done by B. Chabaud
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Power density spectrum of the velocity fluctu-
ations, at 908 mbar in a Von Karman flow with
a rotation frequency of 20 Hz. Ry = 1900.

J. Maurer, et al., EPL (1994)
F. Moisy, et al., PRL (1999)
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Princeton Nanoscale thermal anemometry probe (NSTAP)

30 or 60 x 1 x 0.1 pum platinum filament

A
—————T
D

Silicon

~—

Yaw

d ¢ X & =

ow

Fig. 6. A photo and Environmental Scanning Electron Microscope images of
30 um NSTAP. A) Probe mounted onto prongs (photo). B) Full sensor from
above: €) Full sensor from below; D) Close view of the sensor from below:

Fig. 1. 3D model of the Nano-Scale Thermal Anemomet g Cios view of the sensor rom above: F) Zoom-in on the frecstanding wirc.

Vallikivi & Smits, IEEE Journal of Microelectromechanical systems (2014)



Low velocity limit

Re, = Gr'/3 (13)

U, = (gavAT)'? (14)
TSI 1201 wire in air Chanal wire in cryogenic helium
a 337x1073K! a 577x1071K!
v 158x107°m%/s v 7.77x107%m%/s
T, 250°C T, 15K
T, 25°C T, 427K
U, 49cm/s U. 1.7cm/s

o

Chanal, et al.,, Eur. Phys. J. B 17, 309-317 (2000)



Chanal

p(v)

TSI 1201
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Chanal, et al, Eur. Phys. J. B 17, 309-317 (2000)
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Hot wires

vV v vV v VY

No negative velocities

Low velocity limit

Fast and small.

High frequency cutoff limited by CTA electronics
Commercially available for room temperature

Commercially available multi-sensor for multi-component
measurements



Cantilever anemometers

REVIEW OF SCIENTIFIC INSTRUMENTS 76, 075110 (2005)

Laser-cantilever anemometer: A new high-resolution sensor for air
and liquid flows

Stephan Barth,? Holger Koch, Achim Kittel, and Joachim Peinke
Carl von Ossietzky University of Oldenburg, D-26111 Oldenburg, Germany

Jorg Burgold and Helmut Wurmus
Center for Micro- and Nanotechnologies, D-98684 Ilmenau, Germany

(Received 10 December 2004; accepted 16 May 2005; published online 11 July 2005)

In this article, we present a technical description of a new type of anemometer for gas and especially
liquid flows with high temporal and spatial resolution. The principle of the measurement is based on
the atomic force microscope technique where microstructured cantilevers are used to detect extreme
small forces. We demonstrate the working principle and the design of the sensor, as well as
calibration measurements and initial measurements of turbulent flows, which were performed in air
and water flows. © 2005 American Institute of Physics. [DOL: 10.1063/1.1979467]



Flow

Ll

¢

Al sign(v)cg(v)pv? 2
¢~ E e?

(15)

Barth, et al., Rev. Sci. Instrum. 76, 075110 (2005)
Salort, et al., Rev. Sci. Instrum. 83, 125002 (2012)
Salort, et al, Rev. Sci. Instrum. 89, 015005 (2018)
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Straight cantilever

Golden track

Platinum
meandering
pattern

|

S

Constantan strain
gauge bridge
Silicon oxide
cantilever




“Racket” cantilever




“Elongated” cantilever




Sensor validation in air

» Potential cone:
calibration vs
hot-wire;

» Downstream:
turbulent
fluctuations.
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Sensor validation in air: calibration law

> Fit law:
10 i . )
U = av —sign(v)bv
%
) ol > Linear/Quadratic
% threshold:
2 a
vy =|=|~15m/s
—10} ] 0 ‘ b
| | | wv
-10 -5 0 5 10 ReO =— =34
v

Velocity, v [m/s]



Cantilever vs Hot-wire

P [m%s~2/Hz]

[ [Hz]



Cantilever vs Hot-wire
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He I (3.1K 1051 mbar)
110 pW
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Frequency limitation: mechanical resonance

]079 a
£-5/3 Probe

§ 10—11 | resonance
3
&
5 ]0~l3 |
2
o
(=W

10—15 |

LELLRRRL] LA | LA ELELRRRL | LR | LA |
100 10! 102 103 10*
S [Hz]

Data from GReC EuHIT Tritium experiment in gaseous helium
Collab. with P.-E. Roche, E. Rusaouén & B. Chabaud



Frequency limitations

1 0 [E
12p,

f;fac,n = E Cﬁﬁ

where

1+cosC,coshC, =0

cantilever thickness
cantilever length
cantilever Young modulus
p. cantilever density

s

fi =7.8kHz

(16)
(17)
1.2 pm
300 pm
70 GPa
2200 kg/m?®



-1/2
ﬁacket 37[(1)2
=(1+ oo
f;traight 0w

(18)
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Damping by the fluid

Inviscid model of Chu & Falconer (1963)

_ i =
fﬂuld _ (1 - pf ) (19)
ﬁ/ac 4p£‘0
when
fw?
Re, = > 1 (20)
2v
Sader, J. Appl. Phys (1998)
Air Re, ~1
Water Re,, ~ 15

Cryogenic gaseous helium Re,, ~ 100




Frequency limitations

Typical values

> “Straight” in liquid helium: 5kHz

> “Racket-shape” in liquid helium: 3 kHz

> “Racket-shape” in cryogenic helium gas: 4 kHz
>

Shorter beam in vacuum (¢ = 160 pm): 43 kHz



Cantilever anemometers

> Signed velocity
» Linear in the low velocity limit
> Easier to operate in superfluid helium

> No spurious temperature signal

» Low signal-to-noise ratio

» Mechanical resonance frequency



Examples of local probes
Hot wire (CTA)
Cantilever anemometers

Frozen turbulence
Local Taylor hypothesis
Elliptic approximation

Experimental characterisation of turbulence
Longitudinal velocity increments

Application: energy cascade in superfluid flows
Extended Self-similarity

Application: intermittency of superfluid flows
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Eulerian point of view

» Variable: x. Fixed t. Parameter: €.

» Karman-Howarth equation:

Sp(0) = {(W(x + 0) =v(x)P)  (0) (21)
5,0 = —2e0+ 6,329 22
3()——5€+V Y (22)
» Kolmogorov spectrum:
P, (k) = Cre?3k™3/3 (23)

Sensor measurement

> Fixed position
» Fluctuations in time
V(1) (24)
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Frozen turbulence

matplotlib

Illustrates Taylor Frozen Turbulence hypothesis


x=—={(Wt—v(x)

(25)
2.50
2.25

= 2.00
8 1.75

>

1.50

1.25 A

1.00 T T T T T T
0 5 10 15 20 25
2 [mm]

[m]

Chanal, et al, Eur. Phys. J. B 17, 309-317 (2000)
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Higher turbulence intensity

» Turbulence intensity
Vrms

T=—F (26)

Vmean

» Chanal et al. round jet: 7 =23%

> Von Karméan flow (TSI hot-wire)

ﬂw Wy W

2" lﬂkﬁl]nt

v [m/s]

U
2

t/ T_disk

Fig. 2. — Measurement of velocity vs. nondimensional time t/Tuisk Where Task is the period of
rotation of the disks.

Pinton & Labbé, J. Phys. Il France 4, 1461-1468 (1994)



Higher turbulence intensity

» Taylor hypothesis
Spatial time series:

vie) = v (t; = x;/(»)}
» Local Taylor hypothesis
t

v(t) — v(x),x=f v(r)dt
0

1 7+T/2
v(r) = —f v(t)dt
TJ 112

where T is the integral time scale.
T = Ty for Pinton & Labbé data.



[(A) time series

log10(Ef)
CRR A SR
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Fig. 4. — a): Power spectrum of time series. b): Power spectrum of resampled spatial series.



Chanal et al. (T = 23%) used an Instantaneous Taylor hypothesis
X = Z VJAt
j<i

(27)
2.50 | === Taylor

Instantaneous Taylor

x [mm]
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Classical Taylor

10784 ——

Local Taylor

Instantaneous Taylor

102 103
k [m™1]

10*
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Local Taylor hypothesis for cantilever measurements

GReC EuHIT 2015 experiment (Tritium)
Collab. with P.-E. Roche, E. Rusaouén & B. Chabaud
D,, =48.5g/s

ST

" TN\
/N

v [m/s]



|
» There are v; < 0.
» Instantaneous Taylor hypothesis does not make sense.

» Local Taylor hypothesis is OK.



GReC EuHIT 2015 experiment (Tritium)
D,, =48.5g/s

I I

L0 _\ === Classical Taylor |

‘\ Local Taylor
10-* 4

& 1075

1077 4
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Taylor hypothesis

> Classical Taylor hypothesis fine for low turbulence intensity;

» Local Taylor hypothesis (Pinton & Labbé) necessary for larger
turbulence intensity;

» Instantaneous Taylor hypothesis (Chanal) does not make sense
for signed velocity

» Resampled signal hides spurious EM peaks



He & Zhang, PRE (2006)

> Space-time correlation function

(ulx+z,t+1ulx, 1)

Cylz,7) = 3

(28)
o

» One sensor: C,(0,7).
» Desired quantity: C,(r,0) (— power spectrum density)

» Taylor frozen turbulence hypothesis:

C,(r,71)=C,(r-Urt,0) (29)



-1000

-40

1 1
-20

i1
T %

FIG. 1. Contours of space-time correlations R(r,7;x3) at x3
=12 as a function of space and time separations.
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He & Zhang, PRE (2006)

Elliptic approximation (EA) model

Cv(r) T) = Cv(rcr O); (30)
with

r2=(r—Ut)%+ V212, (31)

U = (u(t)), (32)

V = () - 1)) (33)

For V = 0, Taylor hypothesis is recovered.



T(s)

z (cm)
Figure9. (a) A three-dimensional rendering of the experimental results for the cross-correlation function C; j (z, 7). (b) Experimental
constant-correlation contours of C; j (z, 7) in the z-7 plane. All measurements are for Ra = 1.25 X 10", Pr=0.86.

He, et al, New ]. Phys. 17, 063028 (2015)
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Application to velocity measurement in thermal flows

» Two thermometers separated by d
Autocorrelation yields Cy; (1) = C(0, 1)
Intercorrelation yields Cy, (1) = C(d, 1)

» Find 74 such as

Ci1(1g) = C12(0)

ie.
C0,74) =C(d,0)

> Find 7, where C;; is maximum

> EA yields
ay=T14/d
a,=T,/d
U=a,laj

V=\/1-(ay/ag)?/a,



Application to velocity measurement in thermal flows

Chavanne Rayleigh-Bénard cell. 20 cm-high. Gaseous helium.
200 pm cubic thermometers, 2.3 mm apart

5.03125 A

5.03100

5.03075

e St |

5.03050

5.03025 A

5.03000 -

o
W
—_
(=]
—
W
N3
(=)

Chavanne, et al, Phys. Fluids (2001)



Application to velocity measurement in thermal flows

Prr [K?/Hz]

1076 5
1077
108
1079
10-10

1011

TTTTT

AN

AN

N

AN
\
\

L

.y

1072

T T T T TTIT

10°!

100 10!
f [Hz]

Chavanne, et al, Phys. Fluids (2001)



Side note on small scale properties of temperature

Parameters

> Kinetic energy dissipation rate

Ou; Oy,
== 34
Z (6x le) (34)
» Thermal dissipation rate
oT
EQ—KZ(ax) (35)



Side note on small scale properties of temperature

[e] = m?/s® (36)
[eg] =K?/s (37)
€ is the governing parameter
(Ov?y ~ (er)?3 (38)
<6T2> - €g€_1/3r2/3 (39)

Obukhov (1949) and Corrsin (1951)



Side note on small scale properties of temperature

[€] = m?/s? (40)
[eg] =K?/s (41)
[ag] =ms™?K™! (42)
€g and a g are the governing parameters
<6V2> - ez/S(ag)4/5r6/5 (43)
<6T2> _ 6.3/5(058<)—2/5’,.2/5 (44)

Bolgiano (1959)



Crossover scale: Bolgiano scale

LB :€5/4€53/4(ag)—3/2 (45)
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Application to velocity measurement in thermal flows

10° E

10* -

Re

103 E

10% -

T
108 1010 1012 10
Ra



> Rey < Rey < Reryylor

> Rey statistical convergence less good
> Why?

DA
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—0.4

30 40 50 60
t [min]
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-50
=100
-150
-200
frequency Hz
250 L L . .
o 2 4 6 8 10

FIG. 9. Phase of the cross correlation spectrum vs the frequency for the
3,Ra=135%10'2, AT=103 mK.

session Pr=

25 T T T

P (time lag)

(ImcI lag (.ln)

-400 -300 -200 -100 O 100 200 300 400

FIG. 10. Time lag distribution for Pr=1.3, Ra=135x10">, AT=103 mK,
performed through reverse Fourier transform. Note that positive and nega-
tive time lags have essentially the same probabilities.
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Hot wire (CTA)
Cantilever anemometers

Local Taylor hypothesis
Elliptic approximation

Experimental characterisation of turbulence
Longitudinal velocity increments

Application: energy cascade in superfluid flows
Extended Self-similarity

Application: intermittency of superfluid flows
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r/n

FIG. 2. The Kolmogorov function K(r) = —S3/er versus
r/m. for different Reynolds number R,. The values of €
are obtained by using best fits, as discussed in the text.
(V): Ry = 120; (O): Ry = 300; (A): Ry = 1170. The solid
lines show the expected curves, obtained from Eq. (1).

Moisy, et al., Phys. Rev. Lett. (1999)

—(60%) /r

Ry = 985

o Ic
10! ° °
°
o °
°
10°
°
1072 1071 10° 10!

r [mm]

Chanal, et al., EPJB (2000)




Energy cascade in superfluid flows

Results from SHREK 2017

» Racket-shape cantilever, £ = 375pm
> 40 mm from the lateral wall
» Cell mid-height



Spectre [m?/s%/Hz]

Contra-rotation at 2K: +0.3 Hz, +0.6 Hz, +0.9 Hz
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Superfluid Helium Von Karman (EuHIT 2017)

10-2 1 Local Taylor

Taylor

107 4

10764

P, [m?/s%/Hz]
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Superfluid Helium Von Karman (EuHIT 2017)
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Characterization of deviation from K41

(6V)P) x (e0)r (46)

For K41,
p
=3 (47)

Experimental problem

» Odd values of p do not converge well
> Large values of p do not converge well

> Experimental determination of ¢, difficult



Benzi, et al, Phys. Rev. E (1993)

Extended self-similarity

USVOIP) o (15w (48)
|(6v(0)%)| = (16v(O)1%) (49)



/

1074

e




{(n)

2.5

—— n/3 (Kolmogorov 1941)
- == She & Lévéque 1994
—— Mini-jet (Ry =989)




Application to intermittency of superfluid flows

TABLE I. Experimental and numerical studies of quantum turbulence intermittency. The statements “more” or “less” intermittent are based on structure functions
of order larger than two (e.g.. as shown in Fig. 11). The second order structure function can suggest an opposite trend.

References Approach Superfluid fraction py/p (%) Intermittency exponents (£>3)
Maurer and Tabeling'* Experiment 92 Consistent with classical
Salort er al.'! Experiment 0and 85 Consistent with classical
DNSs (based on HVBK) 9and 98 Consistent with classical
Boué er al.' Shell-model simulations ~20 - 90 More intermittent
(Based on HVBK) <20 or 290 Consistent with classical
Shukla and Pandit'* Shell-model simulations ~10 - 80 Less intermittent
(Based on HVBK) <40 or 265 Consistent with classical
Bakhtaoui and Merahi'® LES simulations 84 More intermittent
(Based on HVBK) 23 and 98 Consistent with classical
Krstulovic!® Gross-Pitaevskii simulation 100 More intermittent
Rusaouen e al.'” Experiment 0,19, and 81 Consistent with classical
Rusaouen ef al. (present study) Experiment 0,11.3,51, 63, 85.8, and 95.7 Consistent with classical

Rusaouén, et al, Phys. Fluids (2017)



Cantilever anemometer in the Toupie wind tunnel

1071

10—3 L1 O | 1|
1073 1072 107!

T [sec]
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0.5

0.72

o

© same with 20-80Hz fitting window
Shukla et al. (normal f.)
Shukla et al. (superfluid)

——
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A

Present work

Boué et al.
Kolmogorov 41

o ps/p=0%
—ep/p=113% o 07
= ps/p=51%
o ps/p=63% 0.68
——p,/p = 85.8%
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Conclusions

Local investigation of velocity fluctuations

> Hot-wire small and fast but not suited to all situations

> Cantilever well suited to superfluid flows and Von Karman flows
> Extension of Taylor hypothesis necessary in VK and RBC

> ESS: useful tool for ¢ »
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