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We report measurements of the dissipation in the Superfluid helium high REynold
number von Kidrméan flow experiment for different forcing conditions. Statistically
steady flows are reached; they display a hysteretic behavior similar to what has been
observed in a 1:4 scale water experiment. Our macroscopical measurements indicate
no noticeable difference between classical and superfluid flows, thereby providing
evidence of the same dissipation scaling laws in the two phases. A detailed study of
the evolution of the hysteresis cycle with the Reynolds number supports the idea that
the stability of the steady states of classical turbulence in this closed flow is partly
governed by the dissipative scales. It also supports the idea that the normal and the su-
perfluid components at these temperatures (1.6 K) are locked down to the dissipative
length scale. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904378]

. INTRODUCTION

At low temperatures, liquid helium 4 undergoes a phase transition, from a classical fluid phase
called He I (T > 2.18 K at saturated vapor pressure) to a superfluid phase called He II. This
superfluid behaves like a two-fluid system, with one normal component, following Navier-Stokes
equations, and one superfluid irrotational component, with quantized small scale vortices and zero
viscosity (see e.g., Ref. 1). When a superfluid flow is mechanically forced within a pipe, a tank, or
past an obstacle, it can become turbulent.> An important open question is how much analogy such
quantum turbulence bears with classical turbulence, and how much it can be explained within the
above mentioned two-fluid model.

In classical turbulence, at sufficiently large Reynolds number, one distinguishes the (large) “in-
ertial” scales, where viscosity has no influence, and the (small) “dissipative” scales, where viscosity
matters. For instance, the energy dissipation is known to be independent of the Reynolds number,
thus of the viscosity. It is controlled by the way large scales feed the intermediate inertial ones. In
the particular case of isotropic homogeneous turbulence, the energy spectrum exhibits a universal
behavior as k'3 when the wave number k belongs to the inertial scales.

1070-6631/2014/26(12)/125109/10/$30.00 26, 125109-1 ©2014 AIP Publishing LLC
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Evidence of the similarity between quantum and classical turbulence trace back to pipe flow
experiments® where large-scale pressure drop measurements in the He II phase were found in good
agreement with classical turbulence results. Since the pioneering von Kdrman liquid helium exper-
iment of Ref. 4, it is also known that the inertial scales energy spectrum does not change when
the fraction of normal to superfluid is lowered from 100% to 20% and follows the above classical
k=3/3-law. This finding was later confirmed in different geometries and with different forcing con-
ditions in Ref. 5 using both a superfluid jet and grid turbulence. This analogy between normal and
quantum turbulence also extends to the energy dissipation, that was found equal in the classical
and superfluid phases at large Reynolds numbers.%"!'! In addition, energy transfers have been found
independent of the turbulence nature (quantum or classical) in experiments conducted with Pitot
tubes,'? down to the smallest experimentally accessible scales, unfortunately much larger than the
dissipative scales.'?

The present experimental state-of-the-art provides strong evidence that quantum turbulence can
be described at large scales by classical formulae describing conventional turbulence. A traditional
explanation relies on the fact that both components interact with the quantum vortices, resulting in a
mutual friction term between the two components in the movement equations. This mutual friction
is expected to behave as the difference of the velocity fields of the two components, v, and vs, with
an amplitude proportional to the vortex line density of the superfluid component. Steady superfluid
turbulent flows generally minimize this term, locking the normal and superfluid velocity fields
together at large scales and inducing a state of coupled turbulence.'*'> If this locking is efficient
down to below the scale where the viscosity of the normal component damps the normal velocity
field gradients, one would have a single velocity field down to this scale. This velocity field would
be that of a turbulent fluid with the total density p and the viscosity u of the normal component, thus
with a kinematic viscosity veg = u/p. However, the decoupling between the two components could
occur at larger scale, and some authors prefer to extract an effective kinematic viscosity from the
comparison of the dissipated power and the vortex line density.'®

In the present paper, we report an even more challenging test of the analogy between quantum
and classical turbulence by exploring the response of the system to a forcing asymmetry in the
superfluid helium high Reynold number von Kdrman flow (SHREK) experiment, a low-temperature
forced von Kdrman liquid helium experiment providing very high Reynolds measurements in liquid
helium both in its classical (above 2.18 K) and superfluid phases (below 2.18 K). Such response
has been previously extensively studied in a smaller version of the experiment involving classical
fluids (water or glycerol)!’~"” and was shown to lead to global bifurcation akin to first or second
order phase transition. In the former case, the transition involves both inertial effects and non-trivial
Reynolds dependence.'® It is therefore a good candidate to probe the effect of a change in the
dissipation mechanism, and it will also provide more stringent tests of the two-fluid model and the
analogy between quantum and classical turbulence.

Il. GENERALITIES
A. Experimental setups

The detailed experimental setup of SHREK is described in Ref. 20. It consists in a cylinder
of radius R = 0.39 m and height H = 1.2 m (Fig. 1). The fluid is mechanically stirred by a pair of
coaxial impellers rotating in opposite directions. The impellers are disks of radius 0.925R, fitted
with 8 radial aluminum blades of height 0.2R and curvature radius 0.4625R. Two senses of rotation
can be defined, according to whether the flow is pushed with the convex (+) or concave (—) part of
the blades. The disks inner surfaces are 1.8R apart setting the axial distance between impellers from
blades to blades to 1.4R. The impellers rotation rate f; and f, can be varied independently from 0.1
to 2 Hz, delivering a total power ranging from 120 W at 1.6 K to 800 W at 4.5 K.

This experiment benefits from high flexibility of the flow conditions, due to the large variation
of helium properties over the available temperature range (1.6 K to 5 K). Both superfluid and
classical turbulence measurements are possible in the same experiment, with an adjustable fraction
of the superfluid component. Therefore, experiments in helium were conducted under a P = 1.1 bar
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FIG. 1. Schematic view of the SHREK experimental setup and the impellers blade profile. The arrow on the shaft indicates
the (+) impeller rotation direction.

pressure at temperatures above (7' = 2.62 K) and below (7' = 1.63 K) the superfluid transition, to
ensure a total fluid density of p = 147.3 kg/m? in each case. In the He II regime, the superfluid
fraction was about 85%. Additional classical turbulence experiments have also been performed
using nitrogen at 284 K and 4 bar.

Torque measurements at each impeller are performed with SCAIME technology and provide
values over the kHz range of C; and C,, being, respectively, the torque applied to the bottom and top
shafts. Following the procedure described in Ref. 21, they are calibrated using measurements at dif-
ferent mean frequencies, so as to remove spurious contributions from genuine offsets or mechanical
friction.

The Saclay experiment is a 1:4 scale version of the SHREK experiment using water and
water-glycerol mixtures as primary fluids. The geometry of the water vessel is identical to SHREK,
using steel impellers with 16 blades for Reynolds numbers between 50 and 50 000 and polycarbon-
ate impellers with 8 blades otherwise.'”?!??> The non-dimensional curvature radius and height of the
blades are identical to those of SHREK; the polycarbonate impellers are thus an exact 1:4 version
of the SHREK impellers. The global mechanical set-up is however much simpler since no specific
cooling or thermal isolation system is required. Torque measurements are provided by the same
model of SCAIME torquemeters, which have been calibrated using the same procedure. In addition,
the three components of the instantaneous velocity field are measured in a vertical middle plane
using a stereoscopic PIV (Particle Image Velocimetry) equipment provided by DANTEC Dynamics.
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B. Control parameters and diagnostics

The control parameters of the studied von Karmédn flows are the Reynolds number Re
= n(f1 + f2)R*/v, where v = u,/p is the kinematic viscosity of the normal fluid component, as
discussed in the Introduction, which controls the intensity of turbulence, and the rotation num-
ber 6 = (fi — f2)/(f1 + f2), which controls the forcing asymmetry. Choosing R and Q! = (n(f,
+ £2))7! as unit of length and time, we compute the non-dimensional value Kp1 and K, of the
torques as K,; = C;/ (pR°Q?), where p is the density of the working fluid. We compute two di-
agnostics: the mean non-dimensional torque K, = (K, + K,,,)/2 and the response to asymmetry
AK, = (K,, - K;,). In the exact counter-rotating case (6 = 0), the non-dimensional mean dissi-
pation is (Cy + C2)Q/(pR>Q?) = 2K,,. We present results obtained from the two experiments and
four main types of fluids, under operating conditions and characteristics that are summarized
in Table 1. Hence, including water-glycerol mixtures, these results cover Reynolds numbers in
the [5 x 10% 108] range, rotation numbers between —1 and 1 for the (-) sense of rotation, and
Re € [5 x 10%;108] at 6 = O for the (+) sense.

C. Flow geometry

In the water experiment, at any Reynolds number and for any sense of impeller rotation, a
symmetric mean flow, as depicted in Figure 2, can be statistically reached for exact counter-rotation
(6 = 0)."7 This mean flow consists in two counter-rotating toroidal cells separated by a shear layer;
it is modulated by a poloidal flow induced by Ekman pumping from the impellers. For a given
Reynolds number, the introduction of a forcing asymmetry through an increase of the control
parameter |6| induces a breakdown of the mean flow symmetry with respect to the equatorial
axis—called R, symmetry—(see Fig. 2, bottom panels), towards a non-symmetric steady state.

Since our impellers have curved blades, the sensitivity to forcing asymmetry and the nature of
the transition from the two-cell state to the one-cell state depends on the forcing direction; for the
(+) direction, the change is continuous and occurs via a sequence of increasingly non-symmetric
two-cell states, with one cell becoming larger at the expense of the other; in the (—) direction, the
change is discontinuous for large enough Reynolds numbers (Re > 4000) and becomes hysteretic
for higher Reynolds numbers (Re > 10000):'7?>23 starting both impellers at the same time for
6 very close to 0, the system reaches two-cell “symmetric” states, which verify almost exactly
K,1 = K». A slight variation of 6 on this branch triggers a global bifurcation with a dramatic
increase of the mean torque. These new states display only one recirculation cell, one impeller
pumping the fluid from the whole vessel. They aggregate on two branches called (b;) (mainly for
6 > 0) and (by) (mainly for 8 < 0), which are images of each other through R, symmetry. Once on
(b1) and (b,) branches, it is never possible to reach again the (s) state, which is thus only observed
while starting our impellers at the exact same time. In addition, the (b;) and (b;) branches are
hysteretic, (b1) (resp. (b)) being stable for 8 < -0, (resp. 8 > 0,), where 6, > 0 depends on the
Reynolds number.

TABLE I. Summary of the four fluid configurations studied in the present paper and their main properties (density
p, viscosity v, Reynolds number Re) under operating conditions (pressure P, temperature 7', mean impeller frequency
F = (f1 + f2)/2, and cylinder radius R). In the He II superfluid regime, the effective viscosity v is reported.

P T Q R P v
Fluid (bar) (K) (Hz) (m) (kg/m?) (m?/s) Re
Hel 1.1 2.62 0.1-0.6 0.4 147.3 2% 1078 5% 100-3 x 107
He II 1.1 1.63 0.1-0.6 0.4 147.3 1x10°8 1 x107-6 x 107
N, 3.73 284 1.8 04 4.4 4%107° 5% 10°

H,0 1.8 300 2-15 0.1 1000 1x10°° 1x105-1x 10°
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FIG. 2. Mean turbulent velocity fields observed using particle image velocimetry in the 1:4 Saclay water experiment!®-?! for
6 = 0. False colors, non-dimensional azimuthal velocity vy = v /27 RQ (same for all panels). Arrows, radial and vertical
velocities. From left to right and top to bottom: symmetrical two-cell state (s) in the (+) sense, symmetrical two-cell state (s)
in the (—) sense, one-cell (b ) state, and one-cell (b;) state. The arrow scale has been reduced in the bottom two panels by a
factor 4 to improve readability.

lll. RESULTS
A. Dissipation

In this section, we study the impact of the nature of turbulence on the hysteresis cycle. As men-
tioned above, there is now overwhelming evidence that in classical homogeneous and isotropic tur-
bulent flows of typical fluctuating velocity u and typical length L, the mean energy dissipation rate
does not vanish in the limit of vanishing viscosity, but instead converges to a finite universal limit
when properly scaled by u?/L.>*?° This mass dissipation rate can be related to the Kolmogorov con-
stant.”02” There is presently no rigorous derivation of this property from the Navier-Stokes equations,
so we cannot rule out a priori a dependence of this limit on the nature of energy dissipation. For a
non homogeneous and non isotropic flow such as the von Karman flow, the non-dimensional mean
energy dissipation is given by 2K,; a crucial question is therefore whether K, undergoes a variation
when the superfluid fraction increases.

Measurements of the non-dimensional dissipation K, for classical fluids have been done in the
Saclay 1:4 experiment for § = 0 and Reynolds numbers between 50 and 10°; they are summarized
in Fig. 3. The dissipation K, saturates at Re ~ 10° in both (+) and (-) rotation senses.”> SHREK
experiments extend these measurements up to Re = 6 x 107 and confirm this saturation without any
ambiguity in the three steady regimes: the two-cell symmetric states in (+) and (—) senses and the
one-cell state in the (—) sense (see Fig. 3). The overlap of measurements in N, (SHREK) and in H,O
(Saclay), performed at similar Reynolds numbers, but in different experiments, confirms the reliability
of our calibrations process and indicates that no additional bearing due to mechanical friction can
explain this saturation. We have also measured the dissipation in the superfluid phase (symbols with
black outline), in the (—) rotation sense. The result is also shown in Fig. 3 using the effective Reynolds
number. One sees that the dissipation is equal in the classical and in the superfluid phases, thereby
confirming an earlier result obtained in a von Kdrmén flow driven by impellers with straight blades.®

B. Torque asymmetry response

We have further investigated the universality of the energy dissipation when the flow symmetry
is broken, imparting a differential rotation of the impellers, or in other terms imposing 6 # 0. In this
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FIG. 3. Variations of K, = (K1 + K};2)/2 as a function of Re at # = 0 for various fluids. Measurements for Reynolds
numbers up to 5 x 10%, obtained from the Saclay experiment, are taken from Ref. 23 using 16 blade impellers (see Sec. II
A). Pink upwards pointing triangles, one-cell (b) (—) regime in Saclay experiment; pink downwards pointing triangles, same
regime in SHREK (nitrogen); pink right pointing triangles, same regime in helium. Orange diamonds, two-cell (s) (—) regime
of Saclay experiments. Orange squares, same regime in helium, in SHREK. Green circles and stars, two-cell (+) regimes,
respectively, for Saclay and SHREK nitrogen experiments. Green squares, SHREK helium experiments. Symbols with black
outline account for superfluid experiments. Dotted lines are eye-guides. The black dashed line accounts for viscous stirring,
K« Re L.

case, the torques measured at the two impellers become different. It is therefore useful to study their
individual behavior. This is done in the classical regime in Fig. 4-left, for the experiment operating
in the (—) sense and for the 3 different fluids, at different Reynolds numbers. All the curves collapse
approximately on two master curves, one for each impeller, corresponding to the water experiments
of Saclay. For large enough 6, the two curves are single valued, the largest non-dimensional dis-
sipation being observed for the impeller rotating at the largest frequency. In the range |6] < 0.4,
the dissipation becomes double-valued, following the multi-stability of large-scale flow solutions.
In this region, the collapse quality is lower; the H,O and N, fluids are multi-valued on a smaller
interval than He I. This difference will be further discussed later in this section.

Overall, the collapse observed in Fig. 4 confirms that the non-dimensional dissipation in the
classical regime is independent of Re above Re > 10°, at any 6. For comparison, we provide in
Fig. 4-right, the torque measurements at various 6’s in the regime with 85% superfluid. One sees
that they collapse on the same two master curves. In this context, while it is tempting to call for
singularities to explain anomalous dissipation in homogeneous and isotropic turbulence, as initially

0.2 1t ]
g #*
0 L L s L L s
-1 -0.5 0 0.5 1 -0.5 0 0.5 1
0 9

FIG. 4. Non-dimensional torques K, corrected with & = 0 value to ensure § — —6 symmetry, varying with 6 for various
fluids, corresponding to different Reynolds number ranges (see Table I). Left: blue diamonds and red stars are, respectively,
the lower and upper torques in nitrogen experiments. Blue downwards pointing triangles and red upwards pointing triangles,
same quantities in He I. Right: blue left pointing triangles and red right pointing triangles, same quantities in He II. For both
graphs, the red solid line and the blue dashed line recall the values of K,(0) for Saclay experiments in water.
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FIG. 5. Shifted values of AK,(0) in SHREK to ensure symmetry with respect to & = 0 (same process as in Figure 4).
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recalls the AK), values of the Saclay water experiments.

suggested by Onsager,”® it appears that the large-scale mean flow is instead of crucial importance

to determine the limiting value of K, in a von Kdrmén flow. We can also infer that the very nature of
the dissipation process does not itself select the large scale flow, justifying a posteriori the statistical
physics descriptions of the von Kdrman steady states. '8!

A convenient visualization of the hysteresis cycle relies on the normalized torque difference
AK,, plotted as a function of 6 (see Figure 5); for the Saclay experiments (dashed line), the two
branches (b;) and (b;) are clearly visible, the upper (b;) branch, starting from —6* to § = 1, and
the lower branch (b,), starting from 6 = —1 to 8%, drawing a cycle reminiscent of ferromagnetic
systems. SHREK data are more scattered, especially compared to the individual torques, but they
roughly collapse around the two branches of the classical hysteresis cycle.

Eventually, we have investigated the influence of the Reynolds number and the turbulent nature
on the fine properties of our hysteresis cycles. The shape of these cycles in the (,AK}) plane
suggests the definition of two relevant cycle quantities, which are the cycle width 26* and the cycle
height AK, defined as the difference of AK), between the (b;) and (b,) branches for a symmetrical
forcing (6 = 0). These quantities have been plotted in Figure 6 for all experimental conditions.
For Reynolds numbers around Re ~ 5 x 10° (water and nitrogen experiments), the cycle width is
roughly 26* = 0.3 + 0.03, while at Re ~ 2 x 107 (He I fluid), it reaches 26* = 0.45 + 0.03. For the
largest values of the Reynolds number, the cycle height AKj is actually slightly smaller than at
lower Reynolds numbers. This trend is confirmed in the superfluid case (He II), with a hysteresis
width also of the order of again 26* = 0.5 + 0.03 and height of AKy = 0.13 + 0.03.

While the high dispersion of the results of K,(6) limits the precision on AK, in SHREK (see
Figure 5), the precision of the value of §* (+0.03) remains fair compared to the water experiments
(where the precision on 6" is 0.01) because it is linked to an imposed, well controlled quantity,
namely, the rotation frequency of the disks. Overall, one observes a well-defined trend as a function
of the Reynolds number confirming the previous results obtained only in water experiments.'”
As far as classical fluids are concerned, the present experiment demonstrates that the width of
the hysteresis cycle increases with Reynolds numbers leading to the following picture at infinite
Reynolds numbers: after reaching a one-cell state, the flow remains stuck in it. It also shows that the
origin of the transition from one branch to the other when 6 is increased cannot be attributed to the
sole inertial scales, as it depends on the viscosity for Reynolds numbers well above the transition
to turbulence. Moreover, the values observed in the superfluid experiment and plotted using the
effective Reynolds number fit fairly well with the classical fluid experiments.

While the macroscopic similarity between quantum and classical turbulence is clearly estab-
lished (pressure drop,>3? drag crisis,’ etc.), the extension of this analogy down to smaller inertial
scales, though now widely accepted, is mainly based on one-point velocity measurements.*%!2
However, this does not formally prove that the underlying physical mechanisms are identical above
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FIG. 6. Top: height AKj of the hysteresis loop plotted in Fig. 5 as a function of the Reynolds number. Bottom: width 26
of the hysteresis cycle. Blue diamonds (resp. orange squares), Saclay experiment in water with 16 blade (8 blade) impellers;
teal stars, SHREK experiment in nitrogen; Green circles, in liquid helium; red right pointing triangles, in superfluid helium.

and below the superfluid transition. For example, some classical flows do not follow Kolmogorov
dissipation scalings and yet lead to Kolmogorov-like one-point velocity statistics, like —5/3 spec-
tra.3? For this reason, the strengthening of the analogy between the two types of turbulence, down to
the small scales, requires to go beyond local velocity measurements, and one example is the analysis
of the asymmetry in the SHREK experiment.

IV. DISCUSSION

Exploring the properties of a global bifurcation in a liquid helium experiment, we have been
able to probe the analogy between forced classical and superfluid turbulence in a von Karman
geometry. Our first result is the confirmation, for a vast range of forcing conditions, that the injected
energy in the flow is dissipated in the same way in the purely viscous flow (i.e., T > 2.18 K) and
in the two-component fluid (i.e., 7 < 2.18 K). This was expected since the energy transfers are
controlled by the large scales, where the two components of the He II phase are locked by the
mutual friction. This also confirms that the very nature of the microscopic dissipation mechanism
does not itself select the large scale flow in von Kdrmdn experiments, as it has been proposed in a
statistical physics point of view.!®

Let us discuss now what our results imply about the flipping process from one branch of the
hysteresis cycle to the other. This process involves some range of scales in the flow, from the large
scale R to some small scale ay. This small scale could be the equivalent of the correlation length in
the magnetic analogy developed in Ref. 18. It could also be the size of the boundary layers along
the blades. The comparative experiments conducted in water (in the 1:4 experiment) and in N, at
the same Reynolds numbers confirm that this distance ay does not depend on tiny details of the
experiment, such as the surface roughness of the blades.

However, the continued dependence of 6* with the Reynolds number, in particular for flows
well above the transition to turbulence (Re > 10%), indicates that ay is slightly larger or of the same
order as the dissipative length i, which is estimated to be of order n ~ 7.0 x 1077 m for K, = 0.5
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and Re = 5 x 107. Even for Reynolds numbers around Re =~ 109, this small scale ag will not exceed
1.2 x 107> m, smaller than the resolution of available local probes of the velocity field, as hot wires
or laser Doppler velocimetry. This high-Reynolds dependence contrasts with the more common
pressure drop and drag crisis experiments which are governed by the larger, integral scales, where
asymptotic regimes are achieved above the transition to turbulence for classical fluids. Additionally,
we observe that the width of the hysteresis cycle 6* is the same for both phases for the same disks
velocity. The width of the hysteresis cycle 8 being sensitive to scales down to ay, the similarity we
observe thus suggests that the normal and superfluid components are locked down to (at least) ay.

It is finally possible to obtain a rough estimate of the typical inter-vortex distance ¢ in our flow.
It can be deduced from the considerations of Ref. 34, (Eq. 4) as was done in Ref. 20, knowing the
non-dimensional dissipation K ,. The inter-vortex distance is estimated to be 6 ~ 1.0 x 107 m. This
distance is therefore of the same order as the Kolmogorov dissipative scale 7.

In conclusion, our results confirm the components locking down to a scale ay much smaller
than the ones accessible through available local probes. The scale ay is slightly larger (or of the
same order) than 5, the classical Kolmogorov dissipative scale, and decreases with increasing
Reynolds number. These results are in agreement with some models suggesting that the superfluid
behaves as a classical fluid of the same density and dynamical viscosity as the normal component.'?
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