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Abstract Using a relatively low cost apparatus, consisting of a glass dewar
and a digital camera capable of taking images at 240 frames per second
we have observed trajectories of frozen Hs particles which follow the flow
of liquid helium below 2 K, around a sphere oscillating at 38 Hz. In some
of the images the motion is compatible with laminar flow, while at high
amplitudes, where we can reach Reynolds numbers of a few thousand in the
normal component, the flow is clearly turbulent. In some of the videos taken
we find particles being suddenly accelerated to several times the velocity of
the oscillating sphere.
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1 Introduction

Turbulence in superfluids has been studied for a long time [1,2] and there is
still a strong interest in the subject [3—8] with new experimental techniques
for flow visualization [9,10] being developed and adapted to quantum fluids.

Experiments and simulations have shown that quantum turbulence in-
volves the rearrangement of quantized vortices in a cascade mechanism [6,
7,11,12]. A method available to image this process makes use of the fact
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that there is a force that holds a particle close to a vortex core [9, 13-15].
We can then infer the location of vortex lines and analyze their dynam-
ics by observing the motions of micrometer sized solid hydrogen particles
which attach to them. Using particle tracers valuable information has been
gathered about vortices in superfluid helium, and reconnection events, where
two vortices merge at a point, change topology by exchanging parts, and
separate have been shown to produce high, atypical velocities [13, 16, 17].
Tracers have also been used to image counterflow [18,19] and turbulent flow
in channels [10,20,21] and in rotating flow past a body [22] but Vinen [8] has
recently pointed out that flow visualization past oscillating objects, a type
of turbulence with a classical analogue, is in need of development.

Many experiments with oscillating bodies have been performed [23-38]
but in general they have been focused on studying the onset or other char-
acteristics of turbulence.

We have been able to film particles flowing around an oscillating sphere
submerged in superfluid helium and we report our first results in the present
paper. In the turbulent regime, when analyzing the instantaneous velocities
of the particles, we find instances of much higher speeds than the oscillating
sphere. This anomalous behavior remains unexplained. Instances of sudden
acceleration have been reported for intermittency in normal fluids [39] and
for particles caught in a suddenly accelerated vortex core [13], however our
experiments are not equivalent to these cases.

2 Experimental Details

Experiments were performed in a conventional glass helium cryostat of 6 cm
internal diameter and 1.2 m of height. The silvering is suppressed forming a
window of 2 cm width over the whole length. The nitrogen outer Dewar which
is normally present was removed to allow a clear view inside. The helium
bath was pumped and a rubber diaphragm regulator was used to stabilize
the temperature. The helium vapor pressure, measured with a calibrated
gauge, was used to estimate the temperature. The heat exchange with the
outside is rather large because of the removal of the outer nitrogen Dewar. By
measuring the rate of evaporation and using the latent heat of evaporation
of the helium we estimate the heat flux to be between 800 mW and 450 mW,
depending on the distance of the helium surface to the top of the cryostat
and the temperature and pumping rate. This arrangement allows imaging of
the flow of liquid helium by using tracer particles which can be directly seen
through the glass window.

We are interested in visualizing the flow past a sphere, with emphasis on
the behavior in the turbulent regime. We used a sphere of radius 0.45 cm
oscillating at 38 Hz, this oscillation was maintained by an ac current passed
through a coil fixed to the cryostat and a permanent magnet attached to
the sphere. The spherical oscillator used is held by a flexible stem or reed
made from a strip of BeCu alloy 5 mm wide and 0.05 mm thick. Close to
the resonance frequency, we could attain displacements of 0.5 millimeters.
For the sinusoidal displacement of the sphere, it implies a maximum velocity
~ 0.1 m/s and an associated Reynolds number Re of around 10* at ~ 2 K



where most of our videos were taken. We consider the density of the normal
component alone when computing Re, and have found previously that the
transition to turbulence is dominated by Re defined in this way [38].

Images were collected with a fast camera [40], up to 1000 frames per
second (fps) although for higher resolution we generally used a rate of 240
fps. The camera is fixed on a platform outside the dewar and the zoom
and focus set to maximize the size of the oscillating sphere. Solid particles
are formed when a hydrogen-helium gas mixture is injected into the liquid
helium following the procedure outlined by Bewley and co-authors [?,13,16].
We filmed each injection to detect the movement of particles in the fluid.
The mixture is prepared with hydrogen and helium gases whose proportions
can vary, thus changing the particle size.

To illuminate the tracer particles we used a green laser beam. The frozen
H, particles are not expected to absorb significant energy in the visible [41].
The laser is on the outside of the equipment, and the light passes through
an optical fiber which ends less than a centimeter away from the oscillating
sphere, illuminating the particles perpendicular to the line of sight of the
camera. The fiber is polished at the end, giving a three dimensional cone of
light, which also partly diffuses in the white sphere. Other reflections where
minimized by using a black screen in the background. A still taken from the
videos is shown in Fig. 1.

Experiments were performed between 1.7 and 2 K. Dissipation in the
superfluid component in this range of temperatures is mainly produced by
mutual friction between the quantized vortices and normal fluid [42].

In Fig. 1 we show in a) a front and in b) a side view of the sphere, with
a rough sketch of the circulation expected, and the relevant dimensions in
millimeters. The flow will be different from that of a free sphere because of the
presence of the flexible CuBe stem which acts as the spring of the mechanical
oscillator. The stem is 5 mm wide, so that its section is not negligible, and
should affect the flow.

3 Experimental Results

We have found that a mixture of one part of hydrogen to 50 parts of helium
gives good results. The injection pressure is generally 500 Torr, and around
a hundred cubic centimeters of gas are injected each time. We wait until the
perturbations caused by the injection die out before using the video footage
of particle motion.

In general we have few particles present at a time, and we analyze the
motion of individual particles across several successive video frames by dig-
itizing their positions in the frame. All videos shown are taken at 240 fps,
so the time interval is 4.17 ms between frames and we use this quantity as
our time reference to calculate velocities. The distances in the images are
calibrated with respect to the measured dimensions of the optical fiber. The
particles analyzed here are between 70 and 200 microns in size, as estimated
by the size of their images.

For some regions of the sphere, and for several cycles of oscillation, we
have observed motion that is consistent with laminar flow. In Fig. 2 we show



Fig. 1 Left: Schematic view of the sphere: a) View seen from the camera, a rough
draft of the expected liquid path round the sphere is indicated; b) Side view showing
the dimensions in millimeters and the approximate relative size of the flexible stem.
The point marked with A shows the region where most of the paths shown below
originate. Right: Still picture, showing the particle analyzed in Fig. 2

the velocity of the sphere and an isolated particle through several video
frames.

The flow round a sphere in the laminar regime can be calculated using
the potential flow approximation and gives [43]

3
v = %%[3n(u~n)—u] (1)
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Fig. 2 Particle and sphere velocity at low amplitudes, showing the behavior ex-
pected in the laminar regime. Open circles: measured velocity of the sphere, filled
squares: measured velocity of a particle near the border of the sphere, dotted lines:
sinusoidal fit to the sphere velocity, filled lines: expected velocity from Eq.1. The
signals are 180°out of phase, in the laboratory system of reference, where the liquid
is static at large distance from the oscillating sphere.

where v is the fluid velocity, u is the speed of the sphere, and and n is a unit
vector parallel to the radius of the sphere. The particle studied is around one
millimeter away from the sphere at 6 ~ 60°, where 6 is the angle between v
and u. In this position, we expect from Eq. 1 that the flow parallel to the
motion of the sphere (the x direction in the system of coordinates we use) is
out of phase with the motion of the sphere and with a magnitude reduced by
a factor of about five. In the figure we show in full lines a sinusoidal fit to the
motion of the sphere. In dotted line we plot this fit, with the opposite phase
and multiplied by 0.2 and we see that it agrees within experimental error
with the observed motion of the particle. In this regime both the normal
fluid and the superfluid are expected to move in phase except very close to
the surface of the sphere. Therefore the particle seems to behave as if it is
being dragged by the viscous normal component.

When the sphere moves at large amplitudes, the videos show clearly that
many particles follow erratic paths, and very different trajectories can be
observed. Sudden changes in velocity can be seen, looking as if the particle
acquires momentum suddenly, in many cases moving distances which are
several times the amplitude of oscillation of the sphere. We have concentrated
the analysis in these cases, and found that when quantifying the particle
speeds we obtain values that can be several times greater than the velocity
of the sphere.

The trajectories of some selected particles are shown in Fig. 3.

The points represent the positions within the frame in millimeters, taken
at the 4.17 ms time step given by the camera, and it can be seen that in some
instances there is a larger gap between positions indicating a higher velocity.
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Fig. 3 Selected particle trajectories for high amplitudes of oscillation. Each point
corresponds to a single frame, being separated by 4.2 milliseconds in time.The
temperatures are indicated in the graphs and the arrows show the direction of the
movement. Velocities inferred from this graph are shown in Fig. 4

We have plotted the absolute value (modulus) of the velocity vector ob-
tained from the trajectories as a function of time and results are shown in
Fig. 4. The velocities show sudden changes, sometimes over a couple of frames
and sometimes over a single frame. This is due to the random characteristic
of turbulent flow, and we only observe this behavior when the amplitude of
oscillation is high, but a surprising feature of the data is that the veloci-
ties of the particles can be much higher than the maximum velocity of the
oscillating sphere.

We have plotted in Fig. 5 the maximum velocities observed for the par-
ticles, against the maximum velocity attained by the sphere in its sinusoidal
motion. Both quantities have been estimated from the videos, and we have
added data for some particles not included in the previous graphs.

It can be seen that there is no obvious trend, but in a few cases the
particles are several times faster than the oscillating sphere. In other cases
the difference is less, but particle velocities are generally higher, being above
the full line in the graph, which is identical with the velocity of the sphere.
It can be recalled that in the laminar regime the maximum velocity of the
particle in the laboratory reference frame would be half that of the sphere.
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Fig. 4 Modulus of the particle velocities vs time, corresponding to the trajectories
shown in Fig. 3 represented by the same symbols and the figures are labeled by
the same letters. Each point represents the speed calculated between pairs of video
frames and large variations can be seen over a few frames.

4 Discussion

The sudden acceleration of suspended particles due to reconnecting vortices
has been observed by Bewley et al [13], but there is a large difference in the
size of the events. Their vortex reconnections are seen in image frames of
millimeter sizes, while ours are over a centimeter. This makes it problematic
to identify the acceleration seen here with vortex reconnections, but it is
possible that we could be seeing particles attached to a vortex core which
accelerates in the turbulent flow, although it would seem that our particles
are rather large (around a hundred microns) for being strongly attached to a
vortex core. We are generating vorticity at around the scale of our sphere so
we would be seeing a particle caught in the core of a large superfluid vortex
driven by the turbulence.

Another possibility is an analogy with intermittent events in the normal
component, which has also been seen in classical turbulence. Instances of
sudden vortex formation in normal fluids have been reported by Douady et
al [39] by Titon and Cadot [44] in flow driven by counterrotating paddles.
Vothet al [45] have reported sudden very short time accelerations in a similar
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Fig. 5 Maximum particle velocities observed as a function of the peak velocity of
the sphere, for the events where a sudden acceleration was observed. The capital
letters refer to the labels of particles represented in figures 3 and 4. The dotted line
represents the maximum speed of the sphere, which is seen to lie well below some
of the points. No apparent trend is seen with the sphere velocity.

geometry. It could be that this normal fluid effect is at work in the normal
fraction of the helium, which is rather high. On the other hand, flow visu-
alization around a sphere oscillating in a normal fluid [46] has yielded no
events similar to those seen here.
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