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Velocity measurements in turbulent superfluid helium between co-rotating propellers are reported.
The parameters are chosen such that the flow is fully turbulent, and its dissipative scales are partly
resolved by the velocity sensors. This allows for the first experimental comparison of spectra in quan-
tum versus classical turbulence where dissipative scales are resolved. In some specific conditions,
differences are observed, with an excess of energy at small scales in the quantum case compared to
the classical one. This difference is consistent with the prediction of a pileup of superfluid kinetic
energy at the bottom of the inertial cascade of turbulence due to a specific dissipation mechanism.

I. INTRODUCTION

Above T\ =~ 2.18K, liquid helium-4 is a classical
“Navier-Stokes” fluid called He I. It is a viscous fluid
with the lowest viscosity of all known fluids, v ~
2x1078m?/s at 2.3K and 10°Pa. The motivation to
use He I in hydrodynamic experiments is the ability to
reach very high Reynolds numbers,

Re = LU/v, (1)

where L is the typical length scale and U the typical
velocity of the flow. Indeed, the low value of the vis-
cosity allows for larger Reynolds numbers in laboratory
conditions than the counterpart room temperature ex-
periments.

Below T, liquid helium 4 is a non-classical fluid called
He II. It behaves as a mixture of two fluids [1], a non-
viscous component (“superfluid component”), and a vis-
cous component (“normal component”). The dynamics
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of turbulent He II is greatly influenced by singularities in
the superfluid component called quantum vortices, which
form a complex tangle at high Reynolds number. See e.g.
Ref. [2] for a detailed introduction on quantum turbu-
lence. One important question is the dissipation mech-
anisms in this system, in particular in the zero temper-
ature limit where the density of the normal component
vanishes. The turbulence of He II is sometimes called
quantum turbulence, or superfluid turbulence.

Experimental investigation of superfluid turbulence
can be split into three categories: (i) investigation with
sensors which have classical analogues, such as local ve-
locity sensors [3-6], parietal pressure sensors [7] or global
quantities like pressure drop [8, 9] or mean torque [10],
(ii) investigation with sensors which do not have a clas-
sical analogue, such as global second sound attenua-
tion [11-14], local second sound tweezers [15], or the
tracking of vortex cores marked by negative ions [16],
or Hej excimers [17] (iii) flow visualization with various
kinds of tracers that can be used both in He I and He 1I,
but have generally been restricted to measurements in
He II [18-25].

While some quantities such as the drag force have
been shown to differ between He I and He II [26] at low



Reynolds numbers, or at moderate velocities but very
low temperatures (below 1.0K) [27, 28], all the quantities
which have a classical analogue were found to be identical
in classical and quantum turbulence at sufficiently high
Reynolds number and finite temperature: drag force [29-
32], velocity spectra [3-5], intermittency [6], pressure
drop [8, 9], mean-torque [10]. Only experiments with
no classical analogues, or flow visualization with small
enough tracers show a different dynamics. The reason is
that the dynamics of turbulent flows at high Reynolds
number is fully determined by the large scales [33], and
the differences are expected to lie at the small scales,
in the dissipative range. Due to the low viscosity, the
Reynolds number is usually large in helium flows, and
the dissipative range lies outside sensor resolution. See
Ref. [34] for a review on velocity spectra in particular.

In this work, we report and compare velocity spec-
tra in He I and He II in a large vessel at low veloci-
ties. We chose the experimental parameters such that the
Reynolds number is large enough for the flow to be fully
turbulent, and small enough for the dissipative length
scales to lie within the sensor spatial resolution. We find
the first experimental evidence of a possible signature of
quantum turbulence in turbulent velocity spectra.

The paper is organized as follows: in the first sec-
tion, the flow properties are determined in He I using
a reference hot-wire anemometer; in the second section a
cantilever anemometer and a miniature Pitot-like sensor,
which works similarly in both He I and He II are vali-
dated against the hot-wire; in the third section, velocity
spectra obtained in He IT with the cantilever anemometer
and the miniature Pitot sensor are discussed.

II. FLOW CHARACTERISTICS IN HE I

A. Experimental set-up
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FIG. 1. Schematic view of the SHREK experimental setup.
The mean pressure of the flow is 3.0 bar.

The SHREK facility is described in details in [35] (see
Fig. 1). We recall here its main characteristics, and
the operating conditions, above and below the superfluid
transition of helium 4. The flow is enclosed in a cylin-
der with inner diameter ® = 780mm. The fluid is set
into motion by two disks fitted with curved blades, lo-
cated 702mm apart at the top and the bottom of the
cylinder. The curvature of the blades is chosen such
that the forcing is symmetric when the disks rotate in
opposite angular velocity (“contra-rotation”). For the
“co-rotation” configurations used in this manuscript, the
curvature of the blades breaks the symmetry with respect
to the mid-plane, possibly inducing higher turbulence in-
tensity than symmetric forcing. The radius of the disks
is R = 360.75mm. The height of the blades is 78 mm.
The angular velocities of the top propeller, ;, and of the
bottom propeller, €, can be set independently. In this
work however, they both rotate at nearly the same an-
gular speed, producing one large vortex inside the tank.
We thus denote as 2 ~ €, ~ ; the angular velocity,
which ranges from 0 to 3.8 rad/s (the rotation frequency
f=Q/(2r), ranging from 0 to 600 mHz).

0.8

0.6

0.4 /
0.2

I ///
0.0 L ® 4 L

-0.2

(v)/(RQ)

3

0.0 0.2 0.4 0.6 0.8 1.0
r/R

FIG. 2. Velocity profiles obtained from Laser Doppler Ve-
locimetry at mid-height in the SPHYNX Von Kérmén cell.
Red squares: azimuthal velocity; green triangles: vertical ve-
locity; black circles: radial velocity derived from the continu-
ity equation. The global Reynolds number is Reyg = 5 X 10°.

A smaller experiment filled with water at room tem-
perature has been operated at SPHYNX laboratory to
get insights on the mean flow structure. Laser Doppler
Velocimetry (LDV) measurements have been carried out.
The geometry is a downscaled version of the SHREK cell,
with an inner diameter of 20 cm, and the global Reynolds
number is 5 x 10°, ranging from 2 to 50 times smaller
than the global Reynolds number in the SHREK cell (see
below). As can be seen in Figure 2, in the exact co-
rotation regime that we consider, the azimuthal velocity



at mid-height, vy, is given by solid-body rotation,
vg = 78, (2)

except close to the walls (r/R > 0.8), where the az-
imuthal velocity gets to a plateau of order 0.75R(2. There
has to be a viscous sub-layer and vanishing velocity very
close to the wall, but it is too small to be resolved by the
LDV measurements. It should get thinner with increas-
ing Reynolds number, therefore vanishingly small in the
SHREK apparatus.

The local velocity sensors in the SHREK apparatus
are located at mid-height in the equatorial plane, and are
described in more details in the following sections: a hot-
wire and a miniature Pitot sensor are located 4 cm from
the wall, and a cantilever anemometer 1 cm from the wall.
Although these sensors are not close to each other, and
not exactly at the same distance from the wall, we expect
the average properties of the local velocity to be similar.
Indeed, all sensors are located within the mean azimuthal
velocity plateau (r/R > 0.8 in the LDV measurements).

B. Turbulence properties

We use the hot-wire as a reference probe to determine
the turbulence properties in He I. It is a standard Pt-Rh
hot-wire, driven using a DISA 55M10 constant tempera-
ture anemometer. The wire diameter is 1.3 pm. Its length
is 300 pm. It is placed in the equatorial plane of the Von
Karman flow, about 4 cm from the wall. It is similar to
the one discussed in [36], and previously tested in low
temperature liquid helium-4.
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FIG. 3. In-situ calibration of the hot-wire anemometer in
He I. Solid line: King’s law fit Eq. (3).

As can be seen in Fig. 3, the hot-wire mean signal is
compatible with the King law [37],

P = a/vg + b, (3)

where P ~ E? is an image of the heating power of the
wire (F is the measured voltage), and vy = Rf) is an
estimate of the co-rotation azimuthal velocity, neglecting
the O(1) prefactor because it makes no difference at first
order, and we do not know if the precise value of this
prefactor has a Reynolds number dependency.

TABLE I. Summary of turbulence properties in He 1.

f Q v Re,

mHz rad/s m/s

30.0 0.19 0.07 1.1 x 10°
50.0 0.31 0.11 1.9 x 106
80.0 0.50 0.18 3.0 x 10°
250.0 1.57 0.57 9.5 x 10°
350.0 2.20 0.79 1.3 x 107
600.0 3.77 1.36 2.3 x 107

The main control parameter is the global Reynolds
number, Reg,

R2Q
Re, = o (4)

In He I, taking v = 2.14 x 1078m?/s, the global
Reynolds number ranges from 1.1 x 105 for Q =
0.19rad/s to 2.3 x 107 for Q = 3.77rad/s (see table I).

To determine the turbulence intensity, 7,

T= ) (5)

an estimate of the variance of the velocity fluctuations,
(v?), must be computed from the velocity signals, where

(v2) = (@) = ())°). (6)

The brackets, (-), stand for temporal average.

For low velocities however, the signal-to-noise ratio of
the hot-wire signal is quite small (= 0.6), so that comput-
ing the turbulence intensity using calibrated data would
yield over-estimated values. Assuming the velocity data
are affected by a constant (velocity independent) uncor-
related noise opeise, the apparent measured turbulence
intensity, Tmes, can be written

Tmes = T + Tnoise (7)
Vg

As shown in Fig. 4, fitting the experimental data with
Eq. (7) leads to opoise = 4.1mm/s, and 7 = 5.2%. This
level of turbulence intensity is consistent with the LDV
measurements in the SPHYNX cell in water (see Fig.
5), and also to similar measurements obtained at even
lower Reynolds number in air [38], suggesting that the
turbulence intensity in this geometry does not depend
much on the Reynolds number, over a large range of Re,.



(=]
—_
oo}

<V’2>/VH
[e]
=

e
—_
)

Tmes
[«
—_
(e
/( —

0.08
Y

0.06

———

0.00 0.25 0.50 0.75 1.00 1.25
vg = RQ [m/s]

FIG. 4. Measured turbulence intensity in He I, Ties, com-
puted from the hot-wire velocity signal, as a function of the
azimuthal velocity. Solid line: fit using Eq. (7).
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FIG. 5. Profiles of turbulence intensity, obtained as the ratio
of the standard deviation to the mean of the Laser Doppler
Velocimetry measurements, at mid-height in the SPHYNX
Von Kéarman cell. Red squares: azimuthal velocity; green
triangles: vertical velocity. The corresponding turbulence in-
tensity close to the wall (r/R > 0.8) is between 5 % and 10 %,
both for the azimuthal and the vertical components. Inset:
velocity standard deviation in centimeters per second.

III. VELOCITY SENSORS IN HE II
A. Cantilever anemometer

The cantilever anemometer used in  this
work consists in a micro-machined silicon-oxide
260 pm x 35pm x 1.2pm beam, with a disk at its
tip of diameter 100 pm (see the Scanning Electron Mi-
croscope picture in Fig. 6). A strain gauge is deposited
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FIG. 6. Scanning Electron Microscope picture of the can-
tilever anemometer.

onto the beam. It is etched in a 1200 A-thick sputtered
Nichrome layer. A sputtered 1400 A-thick platinum
meander is deposited onto the disk, but is not used
in the present paper. Details about the fabrication,
characterization, and validation of the sensor in wind
tunnels and jets, both at room and low temperature
can be found in [39]. In addition, the same type of
sensor was used in liquid helium, and validated against
a reference Pitot tube [6].

To increase the signal-to-noise ratio, we use dedicated
electronic configurations, shown in Fig. 7, for the mea-
surement of the mean signal and the measurement of its
fluctuations. To measure the mean signal, the Nichrome
bridge is polarized with a carrier wave at frequency 7 Hz,
and the bridge voltage imbalance is demodulated with
a lock-in amplifier. To measure the fluctuations, which
are much smaller than the mean, the bridge is polarized
with batteries, and we use the same low-noise high-gain
amplifier which was used in [6] to amplify the bridge im-
balance. This amplifier has a noise floor 0.7nV/ VHz,
and a low frequency cut-off of ~ 10 mHz.

The sensor Reynolds number, Recanti, is defined with
the disk diameter length scale, ®; = 100 pm,

P
Recanti = ;d/ve . (8)

It can be computed in He I where the kinematic viscosity
is unambiguous, or in He IT using v = pu/p, which was
shown to be a good effective viscosity [5, 40], where p is
the dynamical viscosity of the normal component and p
the total fluid density. In the range of temperatures of the
present paper, the value of v in He II, 9.75 x 10~ m? /s
at 1.6 K, 1.14 x 1078 m?/s at 2.0K, is close to the value
of v in He I, 2.14 x 1078 m?/s at 2.3 K. Therefore, there
is no practical difference between He I and He II for the
estimate of Reynolds numbers: they range between 330
and 6300 for the azimuthal velocities considered in this
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FIG. 7. Electronic diagram for the cantilever measurements.
The red resistor bridge is the Nichrome strain bridge micro-
machined on the cantilever itself. Each resistor has nearly
identical impedance of order 24kQ. (a) Diagram for mean
value measurements. The carrier wave frequency is 7Hz, and
the Lock-in amplifier time constant is 1s. (b) Diagram for
fluctuation measurements. In this configuration, frequencies
below ~ 10mHz are rejected by the EPC-1B low-noise am-
plifier.

T T
0.000 | # Fag., - e 16K
. = 20K
~0.005 . v 23K |
Je
E AN
2 -0.010
5
B
€ -0.015
<
Q
~0.020 “w
-0.025

0.00 0.25 0.50 0.75 1.00 1.25 1.50
vg = RQ [m/s]

FIG. 8. Mean cantilever signal for several mean azimuthal
velocities and temperatures, both in He I (2.3 K), and in He II
(1.6 K and 2.0K). The dashed line is a quadratic fit.

paper. At such Reynolds numbers, the drag force on the
cantilever is expected to scale like pvZ, and to be identical
above and below the superfluid transition [29-32]. As can
be seen in Fig. 8, it seems indeed to be the case for the
cantilever sensor in the present work, at least in a first
approximation.
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FIG. 9. Turbulent velocity power spectra obtained with the
cantilever in He I (2.3K), using the quadratic calibration
shown in Fig. 8 (dark lines), and the hot-wire (light lines)
at angular velocities 2 = 0.50rad/s (bottom) and 3.77rad/s
(top). Black line shows the -5/3 slope.

The velocity power spectra obtained from the hot-wire
and the cantilever in He I can then be directly compared.
As can be seen in Fig. 9, they differ, in particular the
slope in the inertial range. However, the main features
match, in particular the absolute value of the power den-
sity, the frequencies of the large scale plateau, the small
scale cut-off, and the frequency of the forcing. In addi-
tion, neither of the probes produce spectra with an exact
-5/3 slope. The reason for both the discrepancy between
the probes, and the deviation from -5/3 slope, is that the
flow is really neither isotropic nor homogeneous. How-
ever, for the sake of comparison between turbulence in
He T and He II, this is not an issue.

The discrepancy appears to be larger at the lowest ve-
locity, where the velocity fluctuations found by the can-
tilever appears to be larger. This is consistent with the
velocity RMS profiles found in water (see Fig. 5), which
shows that the velocity RMS increases for r/R > 0.9. Yet
we cannot also exclude that this discrepancy is a bias due
to inaccuracy of the calibration at very low velocities.
Indeed, the calibration procedure assumes that the az-
imuthal velocity is (2, possibly with a constant prefactor.
As can be seen in Fig. 2, we expect indeed that the mean
velocity profile exhibits a plateau for r/R > 0.8. How-
ever, the cantilever anemometer is placed at /R = 0.97.
It is possible that the mean velocity profile, this close
from the wall, would deviate from the plateau, and this
deviation may depend on the angular velocity.

However, since the turbulence intensity is small, the
cantilever response is actually expected to be very close
to linear near the working point. Therefore, in the follow-
ing, we will not attempt to use the quadratic calibration,
but instead multiply the cantilever fluctuation signal by
an ad-hoc prefactor, chosen for each operating condition
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FIG. 10. Power spectra of raw uncalibrated cantilever signal.
From bottom to top: Q = 0.50rad/s at 1.58 K (blue), 2.0K
(orange), 2.3K (green); Q = 1.57rad/s at 1.58 K (red), 1.98 K
(violet), 2.3 K (maroon).

to match the turbulence intensity measured by the hot-
wire (5.2%) in He I

B. Miniature Pitot sensor
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FIG. 11. Schematic of the miniature Pitot sensor. (a) side
view. (b) top view. The gap between the upper and lower
parts is 20 pm.

The miniature “Pitot”-like sensor consists in a sus-
pended diaphragm that allows to realize flow-velocity
detection by measuring the pressure difference between
stagnant fluid pressure in front of the sensor and static
pressure in the flow around the sensor, similarly to the

sensors used by Berberig and collaborators [41]. In this
work, we use a 25 pm brass membrane inside the sen-
sor nose. At low temperature, the differential thermal
contraction tends to stretch the membrane. The small
gap (20um) and the flexibility of the membrane set the
mechanical resonance of the system. The objective is to
reduce mechanical resonance that limits the bandwidth
of this type of sensor [4]. While the use of a larger gap
and a stiffer membrane would increase the mechanical
resonance frequency, they would also yield smaller sen-
sitivity. The design choice for the present sensor is a
compromise where sensitivity was chosen over frequency,
to grant access to the lowest velocity flows where the dis-
sipative range may be resolved. The membrane displace-
ment is read using a dedicated capacitive bridge shown
in Fig. 12.
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FIG. 12. Electronic diagram of the capacitive readout for
the miniature Pitot sensor. 1: Top electrode; 2: Membrane
(mobile); 3: Bottom electrode.
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FIG. 13. Mean voltage of the miniature Pitot sensor for
several mean azimuthal velocities and temperatures in He II
(1.6 K and 2.0K). The dashed line is a quadratic fit.

Unlike the cantilever which ultimately measures the
drag force, the Pitot tube does not require a breaking of
the flow symmetry to become quadratic. Assuming the
properties of the viscous boundary layers are identical in
He I and He II, the miniature Pitot sensor measures the



dynamical pressure,

1 2

s(t) = 5pv()". )

Therefore, it is not expected to deviate from the
quadratic behavior at low velocity (see Fig. 13). This
is an advantage because the calibration remains reliable
over a wider range of velocities, and also a drawback be-
cause the sensitivity is lower in the low velocity limit
(compared to sensor with linear, or square root sensitiv-
ity). Because the turbulence intensity is low, the fluctu-
ation signal, s'(t) = s(t) — (s), can be linearised [4],

s'(t) = p (v) V' (t) + O(T?). (10)

Therefore, like the other sensors, the miniature Pitot re-
sponse can be considered linear near each working point,
and it is not a prerequisite to calibrate the signal to dis-
cuss the slope and the cut-off frequencies of the power
spectra.
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FIG. 14. Power spectra obtained in He I (T = 2.30K) at
Q = 0.31rad/s (bottom), and ©Q = 2.20rad/s (top), with the
hot-wire signal (light color), and the miniature Pitot signal
(dark color).

The miniature Pitot sensor is validated in He I against
the hot-wire (see Fig. 14). Unlike the cantilever, they
are at the same distance from the walls, and the sta-
tistical features are expected to match. It is indeed the
case, both at low (0.31rad/s) and high (2.20rad/s) angu-
lar velocity. At low frequencies, the spectra are in good
agreement. At high frequencies, the miniature Pitot sig-
nal deviates from the hot-wire signal either because of
the noise floor (above 10 Hz for the low velocity signal),
or because of the mechanical resonance (above 200 Hz
for the higher velocity signal) The mechanical resonance
peak frequency can be seen at ~ 500 Hz on these spectra.

C. Discussion

The three sensors used in this work are complementary
because they have different limitations: (i) the hot-wire is
the reference sensor in He I but its use in He IT would re-
quire comprehensive modelling that lies beyond the scope
of the present paper; (ii) the sensitivities of the cantilever
and the miniature Pitot sensors are well understood in
both He I and He II, but their quadratic sensitivity makes
them difficult to use in the zero-velocity limit. In addi-
tion, the Pitot sensor has a relatively low high-frequency
limit caused by the mechanical resonance, which makes
it unsuited to the high-velocity flows.

Both the cantilever and the miniature Pitot tubes are
well documented kinds of sensors in cryogenic flows [4, 6,
39, 42], and the present ones have been further validated
in He I against the hot-wire.

The best experimental compromise to investigate non
classical signature of velocity spectra in He II consists in
choosing a velocity low enough for the dissipative scales
to lie within resolved frequencies, and high enough for
the signal-to-noise ratio to be sufficiently large.

IV. SIGNATURE OF QUANTUM
TURBULENCE?

A. Velocity spectra in He I and He 11
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FIG. 15. Velocity power spectra in He I and He II obtained
with the cantilever with the Welch window adjusted so that
20mHz is the lowest resolved frequency. From bottom to
top: © = 0.50rad/s at 2.3K (green), 2.0K (orange), 1.58K
(blue); Q = 1.57rad/s at 2.3K (maroon), 1.98K (violet),
1.58 K (red).

As can be seen in Figs. 10 and 15, at high veloci-
ties (1.57rad/s), the velocity power spectrum is indis-
tinguishable between He I and He II. This is consis-



tent with many previous measurements in the turbulent
regime where only the inertial scales are resolved [3-5].
At lower velocities (0.50 rad/s) however, one can see that
the spectra differ at the smallest resolved scales.
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FIG. 16. Cantilever-based velocity power spectra in He I and
He II for © = 0.50rad/s with the Welch window adjusted so
that 1 Hz is the lowest resolved frequency. The trend to satu-
ration at high frequency is consistent with the expected noise
floor from the electronics. Their level vary because of changes
in sensor sensitivity. From bottom to top 2.3K (green), 2.0 K
(orange), 1.58 K (blue).

More details can be seen in Fig. 16 where the spectra
have been smoothed with a smaller Welch window. At
large scales (or low frequencies), the measured velocity
power spectra are identical, within the measurement un-
certainties. However, for smaller scales, corresponding to
frequencies higher than typically 100 Hz, the power den-
sity is higher in He II than in He I, and there may be a
weak temperature dependence with higher energy level at
2K than 1.58 K. The experimental data does not allow a
priori to infer the value of cut-off scale in He II, nor can
it distinguish between simply a higher cut-off frequency
in He II, or a range of kinematic energy accumulation at
meso-scales, as found in numerical simulations [43].

The same observation can be reported at a lower angu-
lar velocity (0.31rad/s) where the miniature Pitot sensor
shows the same kind of difference. The spectra shown in
Fig. 17 evidence difference between He I and He II for
frequencies of order of 10Hz: at the smallest resolved
scales, the power density in He II is higher than in He I.

B. Flow scales

As shown in table I, the global Reynolds number of the
flow ranges from 1.1 x 10° for Q@ = 0.19rad/s to 2.3 x 107
for Q = 3.77rad/s. However, the turbulence intensity in
co-rotation is small, which this estimate for the Reynolds
number does not take into account. A more meaningful
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FIG. 17. Velocity power spectra in He I and He II obtained
with the miniature Pitot sensor for the angular velocity 2 =
0.31rad/s. From bottom to top: 2.3K (green), 2.0 K (orange)
and 1.58 K (blue).
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FIG. 18. Velocity power spectra obtained in He I (2.3K) in
co-rotation with the hot-wire as a function of the wave number
k. From bottom to top: Q = 0.19rad/s, Q2 = 0.50rad/s, Q =
2.20rad/s, Q = 3.77rad/s. The black dot is ko = 3.48m ™"
at the intersection of the k~5/3
number flat spectrum.

power law and the low wave

definition of the Reynolds number, is based on the mean
fluctuating velocity +/(v'?), and the longitudinal integral
scale L;, defined below

Ll <1}/2>
7y .

Re = (11)

The longitudinal integral length scale, L; is defined as,

1 +Oo ! !/
L= / (' (0)/(r)) dr, (12)



and can be deduced in He I, under the assumptions of ho-
mogeneous and isotropic turbulence, large Re, and Tay-
lor’s frozen turbulence, from the velocity power spectrum
shown in Fig. 18, as done in Ref. [4]. Indeed, assuming
an uncorrelated signal at low frequency, leading to a flat
spectrum until frequency fo, and then a Kolmogorov -5/3
power law, then

(v) 1

10f,  10ko (13)

|~

The large scale wave-vector, kg = 3.5m~! is found to
be nearly the same in all hot-wire spectra. The corre-
sponding longitudinal integral scale is 2.9 cm. The order
of magnitude is comparable to the height of the blades
(7.8 cm), which is consistent with previous such measure-
ments [44] where the integral scale was found to be inde-
pendent of the Reynolds number.

TABLE II. Estimates of flow scales based on the fluctuating
Reynolds number Re in He 1.

Q VUrms Re n A ZD] =~ 10077
rad/s  mm/s pm mm mm
0.19 3.5 48 x10° 505 1.3 5.0
0.31 5.9 8.0x 10> 34.4 1.0 3.4
0.50 9.4 1.3 x 10 24.2 0.8 2.4
1.57 29.4 4.0x10* 103 0.5 1.0
2.20 41.2 5.6 x 10* 8.0 0.4 0.8
3.77 70.6 9.6 x 10* 5.3 0.3 0.5

From these estimates of the velocity fluctuation, and
the integral scale, one can estimate the Reynolds number,
and the Kolmogorov scale 7, from the classical relation-
ship,

N _p.-3/4
I Re . (14)

As can be seen in table II, the Kolmogorov length scale
is a fraction of the hot-wire length. However, the dissi-
pative range starts at scales larger than the Kolmogorov
scale [33]. For instance, Mydlarski et al [45] reported
experimental turbulence spectra for a range of Reynolds
numbers comparable to ours. From their compensated
spectra (their Fig. 9), the viscous dissipative range spans
below fp;r ~ 100n. At the lowest rotation rates, such
a length scale is significantly larger than the hot-wire
and cantilever dimensions: thus both anemometers have
sufficient spatial resolution to probe the onset of the dis-
sipative range.

In the experimental conditions of Figs. 15 & 16 (Q =
0.50rad/s), the viscous dissipative range is thus expected
to appear for frequencies beyond f =~ wvy/(100n) =~
75Hz, in reasonably good agreement with observations
in He I (see green spectrum). Beyond this frequency,
the scales resolved by the cantilever typically spans over
log,o (100n/(2®4)) ~ 1.1decade. In practice, the instru-
mental limitation does not arise from spatial resolution

but from the background noise[46], as illustrated by Fig.
15. This is why the upper frequency of the plot in Fig.
16 is arbitrarily limited to 300 Hz, which corresponds to
the length scale vg/f = 600 pm.

C. Interpretation

The main result of the present work is the observation
that turbulence spectra measured at low velocity in He T
and He II overlap along a ~ f~°/3 scaling at intermediate
(inertial) scales — as expected from current understand-
ing of quantum turbulence — but differ over a range of
scales where viscous dissipation takes place in He I (see
Fig. 16). At these dissipative scales, the spectra mea-
sured in He II fall between the He I spectrum and the
continuation of the inertial range scaling, as if the He II
was “moderating” viscous dissipation, or as if some extra
energy piles up at small scales.

He II can be described as a mixture of a superfluid
and a normal fluid, coupled by a mutual friction force.
The relative mass fraction of superfluid is ps/p = 83 % at
1.58 K, and 39 % at 2.0K and 3 bars. It has been shown
in numerical simulations over a wide temperature range
that the strength of mutual coupling is such that both
fluid remain locked (or nearly so) at the large and in-
termediate scales of the turbulence cascade [47], but this
locking cannot hold down to the smallest scales due to
the inviscid nature of the superfluid [2, 34]. At scales
where both fluids are locked, He II can be described as a
single viscous fluid undergoing a classical turbulence cas-
cade. Thus, the observation of differences between He I
and He II spectra suggests that the superfluid and nor-
mal fluid are no longer locked at small scales. The one-
decade disagreement between the unlocking scale mea-
sured by the cantilever (Fig. 16) and by the Pitot-like
probe (Fig. 17) is not understood but one could specu-
late that the distance from the sidewall (resp. 1cm versus
4cm), or some blocking effect arising from the Pitot-like
sensor design could contribute to the explanation. Nei-
ther probes have been characterized in flows when su-
perfluid and normal velocities vs and v, are uncoupled.
Still, the principle of operation based on the deflection of
fluid momentum suggests that both probes are sensitive
to the barycentric velocity of the flow v*,

v* = p—nvn + &vs, (15)
P P

at scales significantly larger than the probe dimension,
which is the case at the dissipative scales of interest. Un-
der this hypothesis, the enhanced spectra power density
measured in He II would be explained by larger fluctua-
tions in the normal and/or superfluid components. Inci-
dentally, Fig. 16 shows a small excess of energy in He I
around 20 Hz that we interpret as the standard “bottle-
neck” preceding the viscous cut-off (e.g. See [45, 48]).
This bottleneck is expected to be more pronounced for
steeper dissipative cut-out due to triadic interactions be-



tween wavenumbers [49, 50]. It is interesting to note that
the bottleneck is smaller (if any) on the He II spectra,
which is consistent with the milder cut-off at small scales.

A turbulent superfluid flow can be seen as an ordered
tangle of quantum vortices. Such flow can be character-
ized by the quantum length scale §, defined as the typical
distance between vortices. In homogeneous isotropic tur-
bulence, this scale can be estimated as [40, 43]

1/4 L\ 34
5:Ll<”eff> (“ml) 7 (16)

K K

where x =~ 10" m? /s is the quantum of circulation around
a single *He vortex, and v.g ranges from 0.1k to 0.2x in
present temperature conditions [40]. In the experimental
conditions in Fig. 16, one finds § ~ 50 uym [51]. Thus, the
length scales where He II differ from the He I spectra are
tens of times larger than intervortex distance.

This observation is compatible with a prediction that
a range of mesoscales appears in turbulent He IT between
the inertial scales, and the intervortex distance [43]. Over
these mesoscales, the superfluid kinetic energy cascad-
ing from inertial scales has been predicted to pile up till
the energy transfer to the normal fluid by mutual fric-
tion has become sufficiently efficient to dissipate energy.
Consistently, direct numerical simulations (DNS) of the
two fluids at various temperatures found more energetic
superfluid and normal velocity spectra. For instance, one
may compare the experimental spectra in Fig. 16 to the
intermediate temperature (1.96 K) and low temperature
(1.44K) velocity spectra obtained by numerical simula-
tions (see Fig. 1 in Ref. [43]), in the short range of scales
just beyond the start of the classical dissipative range.
In this range of scales, it behaves as if the inertial range
does continue, with the intermediate temperature spec-
trum slightly above the low temperature spectrum, con-
sistently with present observations.

The spectra of Fig. 15 obtained at 2 = 1.57rad/s do
not evidence the same difference between the He I and
He II flows. We have no interpretation for this obser-
vation, in apparent contradiction with the one at lower
velocity. In particular, we cannot exclude that differ-
ences between spectra could be associated with different
flow states. Further experiments are certainly needed to
ascertain the present interpretation.

V. CONCLUSION

Local velocity measurements have been performed in
the SHREK co-rotating Von Karmén cell using a hot-
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wire, a miniature Pitot-like sensor, and a cantilever
anemometer. At velocities large enough for developed
turbulence to settle, but small enough for the dissipa-
tive scales to be experimentally accessible, differences be-
tween He I and He II velocity spectra are reported at the
lowest accessible velocities (0.31rad/s and 0.50rad/s),
but not at the higher one (1.57rad/s). This condition
in velocity is not yet understod. When some spectral
differences are measured, we find more energy in He II
than in He I in the resolved dissipative scales. The power
density is slightly higher at 2 K than 1.58 K. The experi-
mental observation is compatible with the prediction [43]
that superfluid kinetic energy accumulates over a range
of mesoscales at the bottom of the inertial cascade in
turbulent He II. According to this interpretation, the ob-
served increase of the spectral density is the signature
of the absence of an efficient dissipative mechanism in
the superfluid component compared to the normal fluid
component of He II.
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