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Nano-shaped hot-wire for ultra-high resolution anemometry in cryogenic
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(Writing in progress: 3 September 2019)

We present the principle, modelling, and the first implementation of a new type of high resolution hot-wire
anemometer designed to operate at cryogenic temperatures and very high Reynolds numbers. Its spatial res-
olution of a few micrometers is comparable to the most spatially-resolved hot-wires reported in the literature.
Compared to existing designs, its fabrication involves a limited number of steps, essentially the shaping at
nanoscales of a superconducting NbTi wire of sub-micron diameter. The velocity spectra in the far wake of
a centimeter-sized grid is measured as a proof of concept in stringent flow conditions.

I. INTRODUCTION

Among turbulent flows, the most intense ones are char-
acterized by the widest separation between the typical
sizes L and 1 of the largest and the smallest eddies !. The
dimensionless Reynolds number (Re) is commonly used
to quantify turbulence intensity and it is directly related
to this size ratio Re ~ (L/n)4/3. Very large Reynolds
numbers (say Re 2> 10°) are met in various environmen-
tal and industrial flows, and are of special interest to
models accounting for the universal scaling properties of
turbulence when Re — oo.

Such intense turbulence levels can also be produced in
the laboratory using fluids of very low viscosity. Most
often, cryogenic helium is chosen for its favorable prop-
erties 2, either in its liquid (see e.g. Ref. 3 and 4) or
gaseous state (see e.g. Ref. 5-7), but large-scale room-
temperature facilities can also reach very high Re us-
ing pressurized air (see e.g. Ref. 8) and pressurized SFg
(see e.g. Ref. 9). Unfortunately, the wide separation
in eddy sizes in these laboratory flows -e.g. 4.5 decades
for Re ~ 10%- implies that the smallest eddies are often
tinier than 10 microns, that is out-of-reach of the best
commercial anemometers, by two-decades.

Thus, over the last decades, significant efforts have
been dedicated to the development of high-resolution
thermal anemometers for very high Re turbulence exper-
iments. Thermal anemometers with a spatial resolution
from 25 microns down to few microns have been hand-
made specifically for cryogenic flows, either using carbon
fibers ® or glass fibers coated with metals or supercon-
ductor 71011 Some fully micro-fabricated anemometers
with a spatial resolution of order 50 microns have been
recently developed in Princeton '3 and Tel Aviv 4 for
room temperature operation, and others with a spatial
resolution of a few microns have been recently reported in
Grenoble, both for room and cryogenic temperatures!'®.

The present study proposes a new concept for ther-
mal anemometry in cryogenic helium flows, typically be-
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low 5 K. It relies on a sub-micron superconducting fiber
shaped with a focused ion beam. Compared to the previ-
ous designs, it benefits from a significantly reduced num-
ber of fabrication steps while preserving the record reso-
lution of few microns achieved by other probes.

Il. OPERATING PRINCIPLE

Like in traditional hot-wire anemometers, the veloc-
ity measurement principle is based on the overheating of
the central region of a wire of sub-micron diameter (here
D ~ 400nm), held on a supporting fork facing the flow.
Unlike traditional hot-wires, the wire material is NbTj,
which has a superconducting state below T, ~ 10K, and
a normal (resistive) state above this transition tempera-
ture.

In nominal operation conditions, the central region of
the wire is kept in its normal state (> T.) by Joule effect,
while the outer part of the wire remains in a supercon-
ducting state thanks to the cooling by the flow of temper-
ature Ty < T.. Thus, the total electrical resistance R of
the wire is fully determined by the length § of the central
region of the wire.

The length § of the normal region, and therefore the
wire resistance R, depends on the balance between the
Joule effect and the efficiency of the cooling process
(forced convection), and it thus directly relates to the
velocity of the flow.

This measuring principle is inspired from previous
works by Castaing and co-workers!?. A key difference
of the current design is that the central region, which
ignites the superconducting to normal transition, is cre-
ated mechanically by a local reduction of the cross section
of a superconducting wire, and not by mean of a resis-
tive coating surrounded by superconducting coatings on
a glass fiber.

In the absence of an electrical current, the wire is en-
tirely superconducting at its working temperature (here
To <5 K) and a current must ignite the transition from
the superconducting state to the normal state in the cen-
tral region (see figure 2). For this purpose, the wire is
driven with a current greater than I._1(Tp), the critical



AlP

Publishing

a)

b)

T Superconducting
M Normal

1 @ 3)

FIG. 1. Illustration and images of the hot-wire. a) Picture of
the wire stretched between the tips of the prongs. b) Scan-
ning electron microscopy picture of the NbTi wire with its
reduced cross section drilled using a Focused Ion Beam (cen-
tral rectangular hole). c) Typical temperature profile along
the wire and schematic of the three regions of the wire in
nominal operating conditions: (1) normal state with reduced
cross-section, (2) normal state, (3) superconducting state.

current of the central region at temperature Ty. For such
a current, the first appearance of a resistive/dissipative
section triggers a global transition of the whole wire to
the normal state. In order to let most of the wire recover
its superconducting state, and to get a stable hot-spot
in the central region only, the current is then decreased
below a current Io, < I.—1(Tp). In the superconducting
magnets literature (see e.g. Dresner’s review'%), I, is
the maximum current to achieve cryostability, i.e. the
current below which the cable will recover its supercon-
ducting state, whatever the extent of the perturbation.

In practice, the ignition of the hot spot is obtained by
first choosing a current I < I, and then by submitting
the wire to a rapid pulse of current 61 ~ I._1.

R (a.u)
Stable hot-spot

Y
Y
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FIG. 2. Sketch of the current cycle that is needed in order to
ignite the hot spot: the hot-wire is submitted to a fast pulse
of current in order to pass the critical current and finally only
leave the central region in the normal state.

1. MANUFACTURING

The original NbTi wires are extracted from a multifil-
ament cable. The main stages of manufacturing involve
the isolation of a single wire, the electrical contacting be-
tween two prongs and finally the local etching to reduce
the wire cross-section.

The multifilament cable we use is made of about one
million NbTi non-twisted filaments with diameters in a
range 0.4 um < D < 1 pum, enclosed in a copper matrix.
The matrix is eliminated by dipping the bare cable into a
35% nitric acid solution. While the copper dissolves, the
NbTi wires remain intact. The tangle of NbTi filaments
is then rinsed with water and spread on a glass plate so as
to ease the wire separation after drying. The next stage
consists in manually extracting a single wire, using fine
tweezers under a binocular magnifier. The wire is then
stretched between the prongs of the definitive support
(see figure 3).

The next stage is the electrical contacting which re-
quires a great care to prevent the resistive dissipation
that may occur at the contacts between the wire and the
prongs and that would lead to additional and undesired
hot spots. The wire surface is thus first cleaned with an
Ar plasma. A thick layer (in general 1 um) of aluminum
or gold is then deposited by evaporation under secondary
vacuum. During this operation, the central region of the
wire is protected against metal deposition by a 1 mm
wide mechanical mask, so that the sensitive part of the
wire is not short-circuited by the metal.

Eventually, the reduction of the cross-section of the
wire in the central region is achieved using a gallium-
based Focused Ion Beam (FIB). We first take a picture
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of the wire and then choose the rectangular area to be
etched. We then process to the gallium beam etching
which lasts only a few seconds. Three etching shapes
have been tested (see the left side of figure 3): a ”saw-
cut” lateral etching, a directional erosion of the top sur-
face, and a square-shaped-hole drilling though the wire.
From the mechanical resistance point of view, the hole
was found to be the most satisfactory shape. It allows
for the removal of matter in the center of the wire, where
the mechanical constraints are smaller than in the outer
part.

The size of the hole must be chosen carefully. As ex-
pected, large holes lead to mechanically fragile sensors.
On the other hand, large holes are more favorable from
the thermal stability point of view, as will be shown in
Paragraph V. We found empirically that the largest holes
that led to workable sensors had dimensions D/2 x D/2
where D is the diameter or the wire. This results in a
section ratio & = Syaw/Setched = 2.56.

Saw Cut

? Dl(g ........ @

Directional Erosion

? N0)

Hole Drilling
=

] ©

FIG. 3. Schematic of the three main etching shapes that were
realised. Between the 3 shapes - i) Saw Cut, ii) Directional
Erosion and iii)Hole Drilling, iii) gave the best results.

IV. CALIBRATION CURVE AT CONSTANT CURRENT

The results discussed in this section were obtained with
a wire 500nm in diameter. The hole cross-section is
about 500nm long by 250 nm large as estimated from
the scanning electron microscope (SEM) pictures. From
those values, the section ratio can be estimated to be
2 <a<25.

We use liquid helium (7p = 3.3K) as the working
fluid. Its pressure is kept higher than the critical pres-
sure Pt ~ 2.2Bar to avoid the onset of boiling at the
surface of the wire.

The wire is tested in a small grid flow driven by a
cryogenic pump allowing to reach velocities up to about

4.6 m/s in a tube of diameter 5 mm. The calibration is
done at constant current using the procedure described
in Section IT with 6/ = 6 mA current pulses. For each
velocity, we first find the minimal current allowing a hot
spot to self-sustain after a current pulse, we then increase
the current and measure the resulting voltage.

Figure 4 shows the resistance R (right axis) as a func-
tion of the current I (x-axis) for various velocities v.
From resistance values, the length of the hot spot is in-
ferred (see left axis) using the following relationship:

R=2(lr1 + (0 —)ra), (1)

where ro &~ 4.8 )/um is the resistance per unit length of
the raw wire in its normal state, ry = ary the estimated
resistance per unit length of the reduced section area,
and where [ = 250 nm is the half-length of the hole and
0 is the half-length of the hot-spot.

At null forced velocity, no stable hot-spot can be ob-
tained: after a current pulse, the hot-wire returns to su-
perconducting state for I < 0.295mA and remains en-
tirely normal for I 2 0.295 mA.

After turning on the flow, stable hot-spots are observed
from the smallest achievable velocity, v = 1.6 m/s, up to
the largest one, v = 4.6m/s. For a given velocity, we
denote I* the smallest current at which a stable hot-
spot is observed and 6* the corresponding length of the
hot-spot. The length of the hot-spot increases with the
current up to a current I, at which the wire transits
entirely to its normal state.

As the velocity is increased, both I* and I, increase,
but the latter faster than the former, so that the range of
currents for which the hot-spot is stable tends to broaden
with velocity.

The minimal half-length of the hot-spot §*, which can
be seen as the spatial resolution of the sensor, is generally
one order of magnitude larger than [, the half-length of
the reduced section area. Note also that §*, and thus
the best achievable resolution, decreases as the velocity
is increased.

V. THERMAL EXCHANGE MODEL

To model the hot wire response, we make three main
hypotheses. First, the temperature of the wire is assumed
to be homogeneous across its section, so that the temper-
ature profile is only a function the longitudinal dimen-
sion z (1D hypothesis). Second, we assume that the wire
response time is much shorter than velocity fluctuations
time scales, so that the wire is always in thermal equilib-
rium (quasi-static hypothesis). Both hypotheses are com-
mon in cryogenic thermal micro-anemometry and result
from the vanishingly small heat capacity of most solids as
compared to liquid helium at low temperature”-10-11,17,18
Third, we assume that the sensor can be divided into
three regions with the following properties (see figure 1):

e The central region (1) of length 2/ which has a re-
duced cross section. In nominal conditions, this
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FIG. 4. Measured resistance of the wire (right axis) and corre-
sponding estimated hot-spot length (left axis) as a function of
the current for various velocities: 0 m/s (no symbol), 1.6 m/s
(¢), 2.3 m/s (L)), 3.4 m/s (V) and 4.6 m/s (»). The dashed
line indicates the hot-spot length (and resistance) for a fixed
driving voltage V = 15 mV across the wire.

region is in normal state and its resistance per unit
length is ry.

e The region (2) on both sides of the central region,
which is also in normal state in nominal conditions
and has a resistance per unit length r5 and length
6 — [ each. Depending on the current this region
may or may not exist.

e The outer region (3). In nominal conditions, the
wire is in its superconducting state and shows no
resistance (r3 = 0).

Given a wire of raw diameter D, one can com-
pute the resistances per unit length as follows: ry =
4pnupTi/TD? = 11/ where pnpti is the electrical resis-
tivity of NbTi in the normal state.

The local thermal equilibrium in each region can then
be written as a balance between a Joule heat source, a
conductive heat flux along the wire and a convective heat
flux to the fluid:

2
ril? = —Ki%‘i‘f(h(T—To)v (2)
where i € [1,2,3] and K; = kxpTiSi- knbTi 1S the thermal
molecular conductivity of the wire and §; is the cross
section of the considered region. Kj; = mky.Nu where
Nu is the Nusselt number that depends on the velocity
of the fluid around the wire.

A similar equation was already discussed by Castaing
in a previous hot-wire study'®, and its resolution can be
formally ported to the present case. Thus, the resolution
of this equation leads to a temperature profile of the form:

’I“iI2

+ AL e A e (3)
h

where A; = /K;/Kp is the characteristic spreading
length of the hot spot in region 7 and where Ay and A_
are constants that depend on the boundary conditions.

At low current, the temperature at x = [ is below T,
and only regions (1) and (3) exist. The current I; at
which T'(1) = T, is obtained from eq. 3:

[En(T. - Ty) As 1 \1"?

In principle, the resolution of eq. 3 should take into
account the fact that the critical temperature itself is a
function of the current. Such acorrection is left for future
improvements, and we have assumed that T, = T.(I =
0).

Note that, as will be shown later, this current I; is not
necessarily the smallest current at which region (2) may
exist or not correspond to a stable state.

In any event, the equilibrium current I, as a function
of the normalized length of region (2), y = (6 — 1)/As, is
determined by the condition T'(§ —1) = T, in eq. 3. Some
simple analytics lead to:

r2 (As I .
I, = I,ev/? [1 + o <A1 cothA—lsmhy

_ (5)
+ 2sinh? Z)] v .

Finally, beyond a threshold current I, no stable hot-
spot can be observed as the length of region (2) extends
to infinity:

Lo = lim I,

_ {2Kh(TC—TO)T/2' -

T2

Although the mathematical formulation of this model
is similar to the previous model by Castaing et al.'?, the
value of the parameters greatly differs, in such a way
that eq. 5 now corresponds to both stable and unsta-
ble solutions, which were not studied in previous papers.
The main difference with previous cryogenic hot-wires
design lies in the resistance ratio @ = r1/ry which is
here necessarily small. Indeed, as previously mentioned,
due to mechanical constraints, it is unsafe to reduce the
wire section by a factor larger than o =~ 2.5. When «
is large enough, the current I, increases monotonically
with the normalized length of region (2), y, which means
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FIG. 5. a) Half-length § of the normal region according to
equation 5 for Nu = 1 and various cross-section ratios: a = 1
(no symbol), & = 2 (¢), a = 2.5 (L), @ = 3 (V). b) Half-
length § of the normal region according to equation 5 for
a = 2.5 and various Nusselt numbers: Nu = 1 (no symbol),
Nu = 1.1 (¢), Nu =12 (1), Nu =13 (V) and Nu = 14
(»). Black dots indicate the coordinates of (6*,1") for each
set of @ and Nu parameters, which are the limits between the
stable (solid line) and unstable branches (dashed lines).

dI,/dy > 0. The latter is not always true for arbitrary
values of a. The stability condition dI,/dy > 0 is only
met for transited lengths larger than a threshold §*. Us-
ing eq. 5 one finds for the stability limit:

al/Z coth (a'/?1/A5) — 1

5* =1+ Aslog —

(7)

Here, 20* is the length of the smallest achievable hot
spot with a given section ratio a and Nusselt number
Nu.

In figure 5 we have represented the length of the nor-
mal region § as function of the current I according to
equation 5, for variable section ratios (top) and Nusselt
numbers (bottom). Helium and NbTi properties were
taken from the literature’®. The thermal conductivity
of NbTi varies almost one decade over the temperature
range of interest?? and we chose the average value in this
temperature range.

Even though this model is an approximation of the
actual physics, it clearly succeeds in capturing most of
the features observed in section IV. The minimal stable
length §* (see black dots in figure 5) decreases with the
Nusselt number as observed experimentally, and the ex-
tent of the current range for which a stable hot spot can
be observed, I, — I*, increases with the Nusselt number.

This model provides a robust explanation for the fact
that we were not able to observe hot-spots with spatial
extent as small as [. It shows that the best achievable
resolution of this kind of sensors will depend on the Nus-
selt number for a given section ratio «. This intrinsic
limitation will mostly be visible for very small Nusselt
numbers and shall disappear as the velocity is increased.

VI. VELOCITY FLUCTUATIONS MEASUREMENTS

In this paragraph, after describing a specially-
developed electronic driver, we present some measure-
ments in a turbulent grid flow.

A. Constant voltage driver

An electronic device was specifically designed for the
purpose of driving this hot-wire. The main requirements
that had to be fulfilled were the thermal stability of the
hot-spot together with a fast response of the output sig-
nal.

As shown in paragraphs V and IV, the wire exhibits
a hysteretical behavior: if the central region happens
to become superconducting during a measurement, the
anemometer has to be reignited, which leads to discon-
tinuous measurements periods. There are three common
ways to drive a hot-wire: constant current, constant volt-
age and constant resistance (or temperature).

Constant temperature (or resistance) anemometers are
very popular due to their ability to decrease the temporal
response time. This feature is mainly due to the fact that
preventing temperature fluctuations is a powerful way to
workaround the thermal inertia of the wire. In the case
of cryogenic sensors, the specific heat of superconducting
and metallic materials becomes so low that the response
time is dominated by the calorific capacity of the thermal
boundary layer. Thus constant temperature operation is
not as crucial at low temperature, because the calibration
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FIG. 6. Schematic of the constant voltage anemometer driver.
The operational amplifiers LT 1028, which maintains the con-
stant voltage across the sensor, is wired to produce a 6 k2
transimpedance gain. For a nominal, 20 mV voltage across
the sensor, the resulting voltage gain is about 6kQ/Ryire &
200. The actual circuit was etched on standard fiber-glass
and copper board with a ground layer on each face and SMD
resistors and diodes.

accounts for the consequences of the wire temperature
fluctuations.

Constant current anemometers are the simplest from a
technological point of view. They also generally exhibit
the best signal to noise ratio. However, since the sensi-
tivity %% of our sensor is positive, the constant current
framework is possibly unstable: an increase of the veloc-
ity leads to a decrease of the mean temperature and of
the overall resistance, which finally decreases the amount
of dissipated power. This scenario, when combined with
eventually large turbulence ratios, leads to frequent ex-
tinctions of the hot-spot.

From this point of view, constant voltage driving is
self controlled: an increase of the velocity leads to an
increase of the dissipated power, which prevents the cen-
tral region of the wire from becoming superconducting
during a measurement. Another advantage of the con-
stant voltage setup is that it tends to maintain the wire
in the middle of the range of stable currents (see dashed
line in figure 4). Note though that constant voltage (and
constant temperature) anemometry can be biased by the
voltage drop across the cables to the sensors?'. This
effect is less pronounced for sensors with resistances of
several tens of ohms, like the present one.

We have designed a constant voltage electronic driver
adapted to our wires (see figure 6) inspired from original

N 7

r —Pitot Tube
Reference

resistor
- DW=
g
L—-Hot Wire
| SMC connectors

16 M

e

120 M

?29 mm
I——Grid-M =39 mm

IIIIII.I.I.I‘III.Im

FIG. 7. Schematic of the test chamber in TSF experiment.

works by Sarma?2.

The base principle is to use a fast differential amplifier
to maintain the same voltage across a reference resistor,
driven with a constant current, and the hot-wire. The
reference voltage across the resistors can be tuned by
changing the current source (a tuneable reference voltage
source in series with a large resistor Ry > Ryf) feeding
the reference resistor.

The current I that flows into the hot wire is the com-
posed of a stationary current I, and a fluctuating current
I': I =I+1I'. The stationary current I is adjusted using
a potentiometer P; in order to minimize the time aver-
aged fluctuating component: (I') &~ 0A. This way, the
fluctuating component, which is generally small, can be
further amplified.

Three features where added to the original design by
Sarma??:

e The reference resistor is deported as close as possi-
ble to the hot wire (inside the cryostat) so that both
of them are submitted to the same environmental
noise. This allows for a better noise rejection elec-
tromagnetically noisy environments.

e A diode bridge prevents the current in the wire
from reaching too large values in case the wire hap-
pens to become entirely superconducting.

e When the wire is entirely superconducting, it can
be ignited using a current pulse 1. This is achieved
by means of an external pulse generator connected
to the current injection branch via a diode.
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FIG. 8. Power Spectral Density (PSD) of the hot-wire driver
voltage output (solide line) and the Pitot tube velocity signal
in the TSF grid experiment at mean velocity v = 1.7 m/s.
The Pitot PSD was shifted vertically to collapse with the hot
wire PSD. Insert: PSD of the hot-wire compensated by f°/3

B. Measurements in a grid flow

A hot-wire has been tested in a high Reynolds number
grid flow (TSF experiment?324). This TSF experiment
is a pressurized closed loop of liquid helium in which a
turbulent grid flow is driven by means of a cold turbine.
The temperature was maintained at 2.6 K with an ac-
curacy better than 0.1K. The wire was driven using the
constant voltage setup described in paragraph 6. One
minute of signal was acquired directly from the driver
output (I') on a VXI-e1430 acquisition board, which fea-
tures an anti-aliasing delta-sigma ADC, at sampling fre-
quency 320 kHz. The voltage fluctuations span over a few
Volts. The Power Spectral Density (PSD) was computed
numerically using the Welch’s algorithm with 1-second-
long Hanning-filtered blocks. In figure 8 are shown the
raw PSD of the anemometer current output I’ measured
using the hot wire. For comparison, the PSD of veloc-
ity obtained with a Pitot tube at the same velocity?*
(v =1.7m/s), and approximately the same distance from
the grid (L ~ 480 mm, see figure 7), is also shown. At this
velocity, the Reynolds number based on the grid mesh
size M = 3.9mm and the rms velocity v’ ~ 0.015v is
Re ~ v'M /v =~ 3700. At such low turbulence intensity,
the hot wire response to velocity fluctuations can be lin-
earized.

At low frequency, and up to f = 750 Hz, the two spec-
tra are comparable.

The longitudinal integral length scale of the flow is

L; =~ 2.3mm and the corresponding cut-off frequency is
fo = 7T5Hz (see Ref. 24). The hot-wire’s PSD is flat for
f < fo, as expected for uncorrelated large scales of the
flow. Above fp and up to f =~ 3kHz the PSD reason-
ably follows a f~%/3 power law and this is emphasized in
the insert of figure 8 where we have represented the PSD
compensated by f5/3. The bump around 2 kHz preced-
ing attenuation at high frequencies corresponds to the
expected bottleneck (see e.g.?527 and ref. within).

The smallest characteristic length scale of the flow is
the dissipative length scale 7, and it can be estimated as
n = LiRe%/* ~ 5 ym. Such a tiny length scale is out-of-
reach of commercial hot wires by typ. 2 decades but it
can be nearly resolved with the proposed hot wire, with
its hot-spot length of order 2§ =~ 8 um. As illustrated
by the spectral attenuation beyond the bottleneck (see
Fig 8), this high space resolution -combined with the high
time resolution imparted by the cryogenic environment-
allows to resolve nearly all the dissipative scales of the
turbulent flow. The electronic ground noise of the mea-
surement system, about Vjgise &~ 10 uV/ HzY/ 2. is reached
at frequency fhoise =~ 40kHz, after more than one fre-
quency decade of dissipative range. The corresponding
signal to noise ratio can be estimated as the standard
deviation of the signal divided by Vieise X v/ fnoise leading
to a value of 140.

VIl. CONCLUSION AND DISCUSSION

The design and first implementation of a new type
of monolithic superconducting hot-wire anemometer has
been presented. The main advantage -as compared to
previous designs- is a smaller number of fabrication steps.
Even though the diameter of those sensors can be ten
times smaller than previous models, their resolution has
been shown to be of order 5 pum, that is comparable to
the most-resolved hot-wires reported in the literature®.

It was shown experimentally that the minimal length
of the sensitive hot-spot is generally much larger than the
length where the wire has a reduced section area, prevent-
ing the measurements of eddies of sub-microns sizes. We
derived a simple model that shows this limitation cannot
be overcome easily since at low velocity very short hot-
spots are intrinsically unstable. The only control param-
eter in the fabrication of those wires is the section reduc-
tion ratio and the model shows that the larger the section
reduction, the smaller the achievable hot-spot. But ob-
viously, the section cannot be reduced much further, at
least without introducing in the fabrication process some
strengthening steps to preserve mechanical resistance of
the wire.

Using a lab-made constant voltage controller driving
the sensor, we have obtained some first turbulent mea-
surements in stringent flow conditions: a helium grid flow
with an integral length scale of only few mm and a Kol-
mogorov length scales below 10 microns. These first re-
sults demonstrate that a satisfactory signal-to-noise ra-
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tio can be obtained, even in a flow where the turbulence
intensity is below 2%, and thus even when velocity fluc-
tuations very small.
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