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Abstract

Turbulence is of common experience and of high interest for industrial applications, despite its physical grounds is
still not understood. Cryogenic gaseous helium gives access to extremely high Reynolds numbers (Re). We describe an
instrumentation hosted in CERN, which provides a 6 kW @ 4.5 K helium refrigerator directly connected to the ex-
periment. The flow is a round jet; the flow rates range from 20 g/s up to 260 g/s at 4.8 K and about 1.2 bar, giving access
to the highest controlled Re flow ever developed. The experimental challenge lies in the range of scales which have to be
investigated: from the smallest viscous scale #, typically 1 um at Re = 107 to the largest L ~ 10 cm. The corresponding
frequencies: f = v/n can be as large as 1| MHz. The development of an original micrometric superconducting ane-
mometer using a hot spot and its characteristics will be discussed together with its operation and the perspectives
associated with superconducting anemometry.

PACS: 47.27.0v
Keywords: Turbulence-jet-instrumentation

The study of intermittency in turbulence is a
long-standing question [1]. One purpose is to un-
derstand how the energy injected at a large scale,
typically the size L of the flow, will cascade down

to small scales (#7), where this energy is dissipated
within viscosity processes. Using the value of the
Reynolds number: Re = vL/v, where v is the mean
flow velocity and v the fluid kinematic viscosity,
one can show that: L/n~ Re’* [2]. Large Re
numbers are then needed in order to investigate a

S i large range cascade process. To vary this range,
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experiments in a single geometry are needed.
Air is not fully appropriate as a fluid for this
kind of investigations. Large Re numbers can be



reached in wind tunnels of large size (from typi-
cally 1 to 20 m in diameter); the Re number can
only be varied on a narrow range in these experi-
ments. Geophysical experiments give also access to
very high Re (108-10°), but in uncontrolled geo-
metry conditions.

Thus, cryogenic gaseous helium appears as an
exceptional fluid. It has an extremely low viscosity:
v =8 x 1078 m?/s at 4.5 K (230 times lower than
air at 300 K) and it is easy to vary the flow rate, at
constant pressure, on at least one order of mag-
nitude. First experiments were developed at Gre-
noble in a laboratory cell (¢ = 10 cm, # = 30 cm)
[3,4], where Re around 10° was reached.

We will discuss the velocity measurement in-
strumentation in a new experiment hosted in
CERN at Geneva where we had access to a large
high size helium refrigerator facility providing 6
kW cooling power at 4.5 K and flow rates up to
Re =107,

1. The cryostat

On Fig. 1 we show a sketch of the 4.6 m high,
1.4 m outer diameter cryostat. The flow develops
from a 25 mm diameter nozzle in a 1.1 m diameter
chamber. On a vertically moving ring, placed in
the experiment 1250 mm downstream the nozzle,
are located three superconducting anemometers,
one being on the jet axis. A stabilizing grid is
placed at 825 mm down the anemometers: this grid
breaks the large turbulent structure, which might
randomly attach the jet to the chamber walls [5].

2. The flowmeter

The flow rate measurement is achieved with an
original flowmeter using a constantan-NbTi su-
perconductor thermocouple with 58 junctions. At
about 14 cm from the top of the 25 cm long
flowmeter (¢ =5 cm) a ¢ = 0.5 mm constantan
wire heater is placed as a grid of 3 mm mesh: this
allows a homogenous heating of the incoming
helium flow. Twenty-nine thermocouple junctions
are 115 mm upstream the heater and 29 are 75 mm
downstream. To minimize the thermal conducti-
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Fig. 1. Sketch of the jet experiment at CERN. The &k represent
thermometers.
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vity along the flowmeter walls, we use double
stainless steel walls vacuum insulated, the inner
one being 1 mm thick.

In order to precisely measure the thermocouple
voltage value, a superconducting heat switch can
short-circuit the sensor: the spurious voltage due
to the connecting Cu leads to the room tempera-
ture electronics is then measured. The resulting
value is subtracted from the voltage measure-
ment when the short circuit is turned to the nor-
mal state. Preliminary measurements calibrate the
thermocouple: a value of 30 pV/K is obtained. In



the experiment the flowmeter is operated in a
constant temperature difference mode. Typical
values of 10 mK are obtained across the flowmeter
for a flow rate varying from 1 g/s up to 300 g/s: for
this we have to apply a heater power ranging from
0.1 to 30 W. These measurements were compared
with a differential pressure measurement across the
nozzle and to a Pitot tube placed 2.5 cm down-
stream the anemometers: independently from their
own uncertainty these two techniques need to in-
troduce specific approximations (for example the
nozzle velocity is obtained from an ad hoc relation
with the Pitot tube measured velocity). Good
agreement is obtained between the three measuring
techniques and we mainly used the flowmeter one.
It should be noted that this is the first cryogenic
flowmeter, to our knowledge, to measure the
mainstream flow from 1 g/s up to at least 300 g/s.
This broad measurement range is larger than the
ones of commercial flowmeters.

3. The anemometers

In turbulence the measurement of the spatial
velocity fluctuations (v, = v, — v,, wWhere v, is
the velocity at point x) is the first step to analyse
how the energy cascades: it gives access to the flow
structures at scale r. Such measurements need two
detectors at point x and x + r. Practically hydro-
dynamicians use the so-called “frozen turbulence
hypothesis” to measure the velocity at a single
point versus time: it lies on the hypothesis that the
vortex structure turn over time is large com-
pared to the time for this structure to go through
the sensor. Then v, = v(x,t — 1) — v(x,¢) with T =
r/{v).

Superconductor anemometers were developed in
Grenoble 10 years ago [6]. In the following we
describe the anemometers used for this experi-
ment. On Fig. 2, we present the Pb-In sensor.
Located on a 1 cm stainless steel frame (¢ ~ 1
mm) supporting the Cu connecting wires (¢ = 150
pum, 2 mm apart), this frame does not perturb the
flow. Two silver arms (¢ =50 pm) support
the detector itself, a ¢ = 5 um glass fiber [7]. The
carefully cleaned fiber is then glued with silver
paint: the free part of the glass fiber is about 1 mm.
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Fig. 2. The superconducting anemometer.

In the next step, a Cr resistive layer (360 A
thickness) is evaporated and covered by an oxi-
dation protection Au layer (70 A). Another glass
fiber with the same diameter is placed perpendic-
ularly to the main one during the last deposition
of a superconducting Pb-In layer (2000 A, 35%
atomic In, 7, = 7 K). The masking glass wire is
then removed and the sensor is kept protected
from oxidation and humidity under vacuum. Just
before the experiment cooling down the detectors
are connected in final position.

4. The measurements

A specific electronics has been developed. The
principle is to heat the bare Cr spot at a high en-
ough temperature to turn the adjacent Pb—In into
the normal state on a given length, corresponding
to a given resistance for the whole sensor. This
resistance is maintained constant through an ac-
modulated amplitude current at 10 MHz. The
output signal is amplified and lock in detected. If
the velocity of the flow increases (decreases) the
stronger (lower) cooling of the wire is compen-
sated by a larger (lower) amplitude of the heating
current: the current variations then reflect the ve-
locity fluctuations. This low temperature sensor is
broad band, from dc up to ~1 MHz.

The data acquisition system consists of an
HP1430E analog digital converter with 18 effective
bits. Continuous data blocks of 512 Mpts are
written in real time on a hard disk. Such a big data
acquisition and storage system is needed to record
large data samples, for further statistical analysis
of the data.
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Fig. 3. Voltage FFT for Re/10° = 0.76, 1.25, 2.56, 3, 5, 7.7, 10
from left to right. The line with slope —5/3 on the right is a
guide for the eyes (see text).

FFT of the raw voltage data are shown on Fig. 3
for seven different flow rates (the straight line on
the right is a guide for the eyes with a —5/3 slope).
Several features can be noted:

(a) The signal dynamics is very large: the mea-
surements expand on seven orders of magni-
tude on the y-axis.

(b) The curves present a plateau on the left with a
low threshold, characteristic of the energy in-
jection in the flow, followed by a —5/3 slope
process as predicted by Kolmogorov in the
energy cascade process [2]. Finally a steeper
decrease, due to the approach of the viscous
dissipation limit, is observed for the highest
frequencies before to reach a flat zone cor-
responding to the noise of the measuring sys-
tem.

(c) The inertial zone between the low threshold
and the viscous process becomes wider with
Re. For the highest Re (Re = 107) it spreads
over four orders of magnitude.

(d) The fourth curve (Re =3 x 10°) has been
recorded in a previous run with another sen-
sor. This may explain a most accurate mea-
surement of the viscous dissipation zone.

(e) Some spurious peaks are observed at high fre-
quencies. They are not clearly identified but
are probably of electric origin.

5. The data analysis

After converting the voltage data into velocity
data and getting rid of spurious frequencies by
empirical mode decomposition [8,9], two analysis
have initially been developed. As seen on Fig. 4,
the power spectra obtained at Re = 7.6 x 10° and
Re = 107 superimpose with former experiments
[10] in more than 15 flow configurations. This il-
lustrates the universality of the Kolmogorov cas-
cade along the inertial zone, from L down to 5. At
Re =107, the inertial zone is the largest ever
measured (about one decade larger).

The second data analysis is shown on Fig. 5
as the histogram of the velocity fluctuations:
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Fig. 4. Measured velocity density spectra for two Re in the
CERN experiment compared with other data obtained in grid,
boundary layer, pipe, round jet, etc. turbulence experiments (see
Ref. [10]). These two spectra have been shifted for clarity down
(Re = 7.6 x 10°) and up (Re = 107) from the spectra in Ref.
[10].
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Fig. 5. Velocity increments histograms at Re = 107; from top to
bottom: r =7, 21, 98 um, 1, 12, 93 mm. Each histogram has
been shifted down for clarity purpose.

dv,(x) = v(x +7) — v(x) for Re = 107. On this plot
the gaussian (parabolic) shape at large » evolves to
an intermittent (exponential-like tails) shape for
low r values, approaching the dissipation scales.
This peaking effect at small dv, and the tails in-
crease at large dv,, characterize the intermittency
of the turbulent flow: quiet periods and very active
(turbulent) ones are present in the flow.

6. Conclusion and perspectives

We have developed a specific superconducting
instrumentation giving access to the largest tur-
bulent flow in controlled conditions. We are now
analysing the large amount of recorded data to
investigate the cascade process at large Re. These
results will also be compared with simulta-
neous acoustic measurements, not described in this
paper, giving access to the flow vorticity.

From an instrumentation point of view, the
flowmeter we present seems well adapted to very
large flow rates used in large cryogenic accelera-
tors. For the superconducting anemometer, smaller

sensors are needed in order to investigate the vis-
cous dissipative scale. New manufacturing using
microfabrication techniques should give access to
these ultimate scales.
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