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Hot-wire anemometry



Principe of constant temperature hot-wire anemometer

P (t) = R(Tw)is(t)2, Tw = 250 ◦C

Platinum, Φw ∼ 1 – 100μm

Air flow - U∞, T∞ = 25 ◦C





Thermal convection around the wire element

Ï Fluid property
Pr = ν

κ
(1)

Ï Driving

Re = ΦwU∞
ν

(2)

Gr = gα(Tw −T∞)Φ3
w

ν2
(3)

Ï Response

Nu = PΦw

λS(Tw −T∞)
(4)



Thermal convection around the wire element

Ï Dimensional analysis

Nu = f (Re,Gr ,Pr ,Tw/T∞) (5)

Ï Two practical cases:
Ï Free convection (low velocity)

Nu = f (Gr ,Tw/T∞) (6)

Ï Forced convection (high velocity)

Nu = f (Re,Tw/T∞) (7)



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

Ï Theoretical analysis for infinite wire within Boussinesq
conditions,

P =A
p
U +B (8)

i.e. in non-dimensional terms,

Nu = αRe1/2+β (9)

where α and β may depend on Tw/T∞ and Φw .



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

Ï Experimental analysis



Corrections to King model: Collis & Williams (1959)

Ï Buoyancy effects are small
provided

Re >Gr1/3 for Re > 0.1 (10)

Re > 1.85Gr0.39
(Tm
T∞

)0.76

for Re < 0.1

(11)
Ï Yields a minimum velocity, Vmin

which can be measured without
ambiguity by a hot wire

Ï Buoyancy effects quickly
negligible when V > Vmin.



Corrections to King model: Collis & Williams (1959)

Ï Empirical relation

Nu
(Tm
T∞

)−0.17

=A+BRen (12)

0.02< Re < 44 44< Re < 140

n 0.45 0.51
A 0.24 0
B 0.56 0.48



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

Wire length 3.2mm
Wire diameter 50.8 μm
Wire temperature 250 ◦C
Air temperature 25 ◦C
Rec 0.16
Vmin 4.9 cm/s
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wire 7171
wire 7070
Collis & Williams

Data from Kenza Ya internship (IUT Saint-Étienne)



Alternative design

Temperature profile
along the wire

Superconducting state Resistive state

Hot spot

Glass fiber (2 — 5 µm)

Resistive layer
36 nm Cr + Au

Superconductive layer
200 nm PbIn

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



PbIn hot-wire:
Ï Microfabrication techniques
Ï Low thermal capacity at low

temperature: fast response
Up to ∼MHz dynamics

Ï Hot-spot: ∼ 17 — 20µm
Ï More than 4 decades of

resolved inertial regime

Original GReC experiment
Pietropinto, et al., Physica C

(2003)



Resistive low-temperature hot-wire

Ï Superconductor based: very
sensitive but sometimes
unstable

Ï Lot of work to improve the
spatial resolution

Ï Another technology: Au-Ge
based

310 The European Physical Journal B

! 1.5 µm

0.5 µmAu 1500 Å
Ag 500Å

Au-Ge 3000 Å

Fiberglass

p

Fig. 1. Scheme of the sensitive part of the sensor.
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Fig. 2. The experimental cell.

A grid, 16 cm away from the nozzle, stabilizes the jet by
breaking the largest eddies before they can interact with
the walls. Helium then flows out of the cryostat to a recu-
peration tank.

The working position of the probe is on the axis, 8 cm
away from the nozzle (i.e. 40 nozzle diameters). For cali-
bration, we can move the sensor up in situ into the nozzle
potential cone, but we had troubles with this procedure
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Fig. 3. Experimental sensor calibration points (Reynolds vs.
voltage) and calibration curves for di!erent Re numbers.

due to bad electrical contacts in the moving connecting
wires. We thus positioned the probe at a 8 cm working
distance, and we recorded the average signal versus the
nozzle Reynolds number. We obtained a rough calibration
which was mainly used as a verification of the procedure
we present now.

Indeed, several studies [15] have shown that the distri-
bution of velocities is nearly Gaussian in turbulent flows,
and especially in jets on their axis. Reported discrepan-
cies are close to experimental uncertainties. If we consider
this distribution P (v) as known, we can infer the calibra-
tion from the observed distribution of the signal s. Let us
consider the distribution:

P (v) ! v2 exp" (v " V )2

2!2V 2
,

where V is experimentally determined from the nozzle
Reynolds number and from the distance between the noz-
zle and the sensor: V is close to the average velocity. The
prefactor v2 takes into account both the sensitivity of our
wire to all the velocity components [16] and its inade-
quacy in the neighbourhood of v = 0. ! is the turbulence
ratio: taking it as ! = 0.23 gives a nice coincidence be-
tween the calibrations based on the various runs, at dif-
ferent Reynolds numbers, and with the previous rough cal-
ibration. In Figure 3, we show the comparison. Note the
units chosen for the velocity: for direct comparison with
the rough calibration above, we express it as the nozzle
Reynolds number Re which would result in an average
velocity equal to the velocity we measure. Once the cali-
bration relation determined, each measured voltage gives
us a number Re related to the instantaneous velocity v
through:

v = #v$Re/#Re$,

where #Re$ is the nozzle Reynolds number of the exper-
iment, and #v$ the average velocity on the probe [14].
In Figure 3, the curves correspond to the calibrations
obtained from each experiment through the Gaussian

Chanal, et al., Rev. Sci. Instrum. (1997)
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Dynamics: > 200 kHz (CTA electronics limited)
Effective spatial resolution: ∼ 6 µm
Chanal, et al., Eur. Phys. J. B (2000)



Carbon fiber based hot-wires

Systematic cryogenic tests of carbon fibers were done by B. Chabaud



Carbon fiber based hot-wires

7 µm carbon fiber

Au or Ag layer

Power density spectrum of the velocity fluctu-
ations, at 908 mbar in a Von Kármán flow with
a rotation frequency of 20 Hz. Rλ = 1900.

J. Maurer, et al., EPL (1994)
F. Moisy, et al., PRL (1999)



Princeton Nanoscale thermal anemometry probe (NSTAP)

30 or 60×1×0.1μm platinum filament

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



Low velocity limit

Rec =Gr1/3 (13)

Uc = (gαν∆T )1/3 (14)

TSI 1201 wire in air

α 3.37×10−3 K−1

ν 1.58×10−5 m2/s
Tw 250 ◦C
T∞ 25 ◦C
Uc 4.9 cm/s

Chanal wire in cryogenic helium

α 5.77×10−1 K−1

ν 7.77×10−8 m2/s
Tw 15 K
T∞ 4.27 K
Uc 1.7 cm/s

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



Low velocity limit
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Hot wires

Ï No negative velocities
Ï Low velocity limit
Ï Fast and small.
Ï High frequency cutoff limited by CTA electronics
Ï Commercially available for room temperature
Ï Commercially available multi-sensor for multi-component

measurements



Cantilever anemometers

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

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

Jörg 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. #DOI: 10.1063/1.1979467$

I. INTRODUCTION

In fluid mechanics and especially in turbulence research,
there is a great deal of interest in high-resolution velocity
measurement techniques. Aside from well established meth-
ods like laser Doppler anemometry, in which the flow veloc-
ity is detected nonintrusively by a laser beam, or hot-wire
anemometry with very high spatial and temporal resolution,
there remains a demand for the development of new tech-
niques. Some examples of recent developments include
methods that allow the measurement of velocity in Lagrang-
ian coordinates, i.e., the measurement of the velocity of a
fluid particle and its trajectory. Detectors from high-energy
physics1 or alternatively arrays of fast ultrasonic actuators
and detectors2 have been used. Further examples of recent
developments include techniques that use nuclear magnetic
resonance !NMR" to measure, for instance, the flow field in a
falling drop,3 the RELIEF method, in which molecules are
marked by a laser light section and the deformation of the
section provides some information on the flow,4,5 or holo-
graphic particle imaging techniques to map the three-
dimensional velocity distribution of complex nonstationary
flows.6

Hot-wire anemometers have been used for several de-
cades as suitable velocity detectors and up to now have been
standard sensors for high-resolution velocity measurements.
This holds in particular for turbulence experiments where
small-scale effects are investigated. The sensors are heated
by a current while being cooled simultaneously by the pass-
ing fluid. Operating in a constant temperature mode, the re-
quired current yields information regarding the fluid velocity.
The small dimensions of such sensors cause a very small
heat capacity, which allows for a dynamical response up to
some tens of kHz.7,8 Due to the high resolution combined
with the technically mature development status, brought

about by the long optimization time, we compare the results
we received with our sensor to those received with the hot-
wire anemometer. Despite the success of hot-wire anemom-
etry, this technique has reached its limits. Wires with a diam-
eter smaller than 1 !m are not mechanically stable enough
to be used in flow experiments. The required aspect ratio7,8

!length to diameter" of 100:1 fixes their length to a lower
limit of 100 !m.9 Another limitation is imposed on the hot-
wire anemometry in water experiments. Here the overheat
ratio of the wires, the temperature difference from the flow-
ing fluid, has to be much smaller than in air, which limits
their sensitivity. In addition, for conductive flows the wires
need to be electrically isolated, which increases the thermal
mass of the sensor and makes the system even less sensitive.
Due to its design, a hot wire is always a nonshielded part of
the amplifier circuit of a hot-wire anemometer, thus acting as
an antenna. Thereby, hot-wire anemometers are more suscep-
tible to high-frequency electromagnetic interference.

These limiting factors of the hot-wire anemometry are
the starting point for the development of a new type of an-
emometer, the laser-cantilever anemometer !LCA", which is
based on the atomic force microscope technique. At the
present time, we are able to show the working principle and
to present measurements with a prototype that already
reaches the resolution of hot-wire anemometry.

It is an open problem to characterize a sensor’s dynamics
in an environment with highly fluctuating properties. In Refs.
10 and 11, a micrometer-sized cryogenic thermometer for
fast turbulence measurements was presented, from which we
got the idea to show the dynamic response features of our
sensor by the reproduction of characteristic features of tur-
bulence.

This paper is structured as follows. In Sec. II we discuss
the working principle of the LCA. In Sec. III we present the
details of the construction of the prototype. In Sec. IV we
discuss the dynamics of the electronics that is used. In Secs.
V and VI we present the calibration as well as initial mea-
surements.

a"Also at ForWind - Center for Wind Energy Research, Marie-Curie-Strasse
1, D-26129 Oldenburg, Germany; electronic mail: stephan.barth@uni-
oldenburg.de; URL: http://www.forwind.de

REVIEW OF SCIENTIFIC INSTRUMENTS 76, 075110 !2005"

0034-6748/2005/76"7!/075110/6/$22.50 © 2005 American Institute of Physics76, 075110-1

Downloaded 20 Jul 2005 to 134.106.108.50. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Principle

Flow

`

∆`

`
∼ sign(v)cd (v)ρv2

E
`2

e2
(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)



Straight cantilever

Platinum
meandering

pattern

Constantan strain
gauge bridge

Golden track

Silicon oxide
cantilever



“Racket” cantilever



“Elongated” cantilever



Sensor validation in air

Ï Potential cone:
calibration vs
hot-wire;

Ï Downstream:
turbulent
fluctuations.



Principle





Sensor validation in air: calibration law
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Ï Fit law:

U = av − sign(v)bv2

Ï Linear/Quadratic
threshold:

v0 =
∣∣∣∣ab

∣∣∣∣ ∼ 15m/s

Re0 =
wv0
ν

= 34



Cantilever vs Hot-wire
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Cantilever vs Hot-wire
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Low velocity limit caused by self-generated flow?

He I (3.1 K 1051mbar)
110 μW





Frequency limitation: mechanical resonance
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Data from GReC EuHIT Tritium experiment in gaseous helium
Collab. with P.-E. Roche, E. Rusaouën & B. Chabaud



Frequency limitations

fvac,n =
1
2π

C2
n
θ

`2

√
E

12ρc
(16)

where
1+ cosCn coshCn = 0 (17)

θ cantilever thickness 1.2 μm
` cantilever length 300 μm
E cantilever Young modulus 70GPa
ρc cantilever density 2200 kg/m3

f1 = 7.8kHz



Racket cantilever in vacuum

fracket
fstraight

=
(
1+ 3πΦ2

4`w

)−1/2

= 0.60 (18)



Damping by the fluid

Inviscid model of Chu & Falconer (1963)

ffluid
fvac

=
(
1+

πρf w

4ρcθ

)−1/2
(19)

when

Reω = πfw2

2ν
À 1 (20)

Sader, J. Appl. Phys (1998)

Air Reω ∼ 1
Water Reω ∼ 15
Cryogenic gaseous helium Reω ∼ 100



Frequency limitations

Typical values

Ï “Straight” in liquid helium: 5 kHz
Ï “Racket-shape” in liquid helium: 3 kHz
Ï “Racket-shape” in cryogenic helium gas: 4 kHz
Ï Shorter beam in vacuum (`= 160μm): 43 kHz



Cantilever anemometers

Advantages

Ï Signed velocity
Ï Linear in the low velocity limit
Ï Easier to operate in superfluid helium
Ï No spurious temperature signal

Drawbacks
Ï Low signal-to-noise ratio
Ï Mechanical resonance frequency
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Eulerian point of view

Ï Variable: x . Fixed t . Parameter: ε.
Ï Kármán-Howarth equation:

Sp(`) = 〈(v(x +`)−v(x))p〉x (`) (21)

S3(`) =−4
5
ε`+6ν

dS2(`)

d`
(22)

Ï Kolmogorov spectrum:

Pvv(k) = Ckε
2/3k−5/3 (23)

Sensor measurement
Ï Fixed position
Ï Fluctuations in time

v(t) (24)



Frozen turbulence when vrms ¿ vmean





Frozen turbulence when vrms ¿ vmean

x =−〈v〉 t → v(x) (25)
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Chanal, et al., Eur. Phys. J. B 17, 309-317 (2000)



Higher turbulence intensity

Ï Turbulence intensity
τ= vrms

vmean
(26)

Ï Chanal et al. round jet: τ= 23%

Ï Von Kármán flow (TSI hot-wire)

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



Higher turbulence intensity

Ï Taylor hypothesis
Spatial time series: {

v(xi) = v
(
ti = xi/ 〈v〉

)}
Ï Local Taylor hypothesis

v(t) → v(x),x =
∫ t

0
v̄(τ)dτ

v̄(τ) = 1
T

∫ τ+T /2

τ−T /2
v(t)dt

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





Moderate turbulence intensity

Chanal et al. (τ= 23%) used an Instantaneous Taylor hypothesis

xi =
∑
j<i

vj∆t (27)
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Instantaneous vs Local Taylor
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Local Taylor hypothesis for cantilever measurements

GReC EuHIT 2015 experiment (Tritium)
Collab. with P.-E. Roche, E. Rusaouën & B. Chabaud

Dm = 48.5g/s
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Ï There are vi < 0.
Ï Instantaneous Taylor hypothesis does not make sense.
Ï Local Taylor hypothesis is OK.



Local Taylor hypothesis for cantilever measurements

GReC EuHIT 2015 experiment (Tritium)
Dm = 48.5g/s
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Taylor hypothesis

Ï Classical Taylor hypothesis fine for low turbulence intensity;
Ï Local Taylor hypothesis (Pinton & Labbé) necessary for larger

turbulence intensity;
Ï Instantaneous Taylor hypothesis (Chanal) does not make sense

for signed velocity
Ï Resampled signal hides spurious EM peaks



He & Zhang, PRE (2006)

Ï Space-time correlation function

Cv(z,τ) =
〈u(x + z, t +τ)u(x , t)〉

σ2 (28)

Ï One sensor: Cv(0,τ).
Ï Desired quantity: Cv(r ,0) (→ power spectrum density)
Ï Taylor frozen turbulence hypothesis:

Cv(r ,τ) = Cv(r −Uτ,0) (29)



He & Zhang, PRE (2006)



He & Zhang, PRE (2006)

Elliptic approximation (EA) model

Cv(r ,τ) = Cv(rc ,0), (30)

with

r2c = (r −Uτ)2+V 2τ2. (31)

U = 〈u(t)〉 , (32)

V = 〈(u(t)−U )2〉1/2 (33)

For V = 0, Taylor hypothesis is recovered.



Extension to temperature correlation

He, et al, New J. Phys. 17, 063028 (2015)



Application to velocity measurement in thermal flows

Ï Two thermometers separated by d
Autocorrelation yields C11(τ) = C(0,τ)
Intercorrelation yields C12(τ) = C(d ,τ)

Ï Find τd such as
C11(τd ) = C12(0)

i.e.
C(0,τd ) = C(d ,0)

Ï Find τp where C12 is maximum
Ï EA yields

α0 = τd/d

αp = τp/d

U = αp/α2
0

V =
√

1− (αp/α0)2/α0



Application to velocity measurement in thermal flows

Chavanne Rayleigh-Bénard cell. 20 cm-high. Gaseous helium.
200 μm cubic thermometers, 2.3mm apart
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Chavanne, et al, Phys. Fluids (2001)



Application to velocity measurement in thermal flows
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Side note on small scale properties of temperature

Parameters
Ï Kinetic energy dissipation rate

ε= ν

2
∑
i,j

(
∂ui
∂xj

+ ∂uj
∂xi

)2
(34)

Ï Thermal dissipation rate

εθ = κ
∑
i

(
∂T
∂xi

)2
(35)



Side note on small scale properties of temperature

[ε] =m2/s3 (36)[
εθ

] = K2/s (37)

ε is the governing parameter

〈δv2〉 ∼ (εr)2/3 (38)

〈δT 2〉 ∼ εθε
−1/3r2/3 (39)

Obukhov (1949) and Corrsin (1951)



Side note on small scale properties of temperature

[ε] =m2/s3 (40)[
εθ

] = K2/s (41)[
αg

] =ms−2K−1 (42)

εθ and αg are the governing parameters

〈δv2〉 ∼ ε2/5
θ (αg)4/5r6/5 (43)

〈δT 2〉 ∼ ε4/5
θ (αg)−2/5r2/5 (44)

Bolgiano (1959)



Crossover scale: Bolgiano scale

LB = ε5/4ε−3/4
θ (αg)−3/2 (45)





Application to velocity measurement in thermal flows
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EA on Chavanne data

Ï ReU ¿ ReV < ReTaylor
Ï ReU statistical convergence less good
Ï Why?



Local Elliptic Approximation
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Comparison with the original Chavanne et al method
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Moisy, et al., Phys. Rev. Lett. (1999)

Rλ = 985
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Energy cascade in superfluid flows

Results from SHREK 2017
Ï Racket-shape cantilever, `= 375μm
Ï 40mm from the lateral wall
Ï Cell mid-height



Results from SHREK 2017

Contra-rotation at 2 K: ±0.3Hz, ±0.6Hz, ±0.9Hz
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Results from SHREK 2017
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Local Taylor hypothesis

Superfluid Helium Von Kármán (EuHIT 2017)
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Local Taylor hypothesis

Superfluid Helium Von Kármán (EuHIT 2017)
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Evidence of kinetic energy cascade
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Characterization of deviation from K41

〈(δv)p〉 ∝ (ε`)ζp (46)

For K41,
ζp =

p
3

(47)

Experimental problem

Ï Odd values of p do not converge well
Ï Large values of p do not converge well
Ï Experimental determination of ζp difficult



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

Extended self-similarity

〈|δv(`)|p〉 ∝ 〈|δv(`)|3〉ζp (48)∣∣〈δv(`)3〉
∣∣ ≈ 〈|δv(`)|3〉 (49)



ESS on Chanal data
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Application to intermittency of superfluid flows

Rusaouën, et al, Phys. Fluids (2017)



Cantilever anemometer in the Toupie wind tunnel
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ESS on cantilever data in superfluid Toupie



Conclusions

Local investigation of velocity fluctuations

Ï Hot-wire small and fast but not suited to all situations
Ï Cantilever well suited to superfluid flows and Von Kármán flows
Ï Extension of Taylor hypothesis necessary in VK and RBC
Ï ESS: useful tool for ζp
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