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Abstract
We present preliminary results of the visualization of a submerged coflow jet of liquid
helium produced by a fountain pump. The jet propagating inside the bulk superfluid is
visualized with particle tracking velocimetry using hydrogen particles. We compare
the characteristics of the coflow jet with those measured in classical fluids such as
helium gas or water. In contrast to the classical experiments, a temperature-dependent
angle of the jet is observed, suggesting that the flow may not be described quasi-
classically, despite the strong coupling between normal and superfluid components by
mutual friction. We report on the statistics of the velocities inferred from the particle
trajectories recorded by a high-speed camera at 1.68 and 1.95K, for jet velocities
ranging from 47 to 4500mm/s.
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1 Introduction

The visualization of turbulent flows [1–5] has become an important tool for the study
of superfluid turbulence in several experimental flow situations. We present results
of an experiment for visualizing a turbulent jet of superfluid helium as it enters a
liquid-filled region, at temperatures below the Lambda point. Both the normal and the
superfluid component flow together in our setup (coflow), as in the classic experiment
of Allen and Jones [6]. This is fundamentally different from previous visualization
studies [7–10], where the two componentsmoved in opposite directions (counterflow).
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2 Experimental Details

Our main experimental goal was to capture the motion of particles dispersed in the
bulk superfluid and measure their velocities while entrained by the jet. To this end,
we developed a very simple visualization setup similar to that used in previous exper-
iments [11,12]. The experimental setup is shown in Fig. 1.

Inside an optically accessible cryostat, we placed a fountain-effect pumpwhich was
used to produce the jet. The apparatus producing the jet is very similar to that used
by Allen and Jones [6] in the first description of the fountain effect, but we have used
an electrical resistance as a heater instead of the flashlight of the original experiment.
The setup is described in more detail in a previous paper [14]. It consists of a wide
and a narrow tube, in series, as is shown in Fig. 1. The bottom of the wide section is
blocked by a plug of compacted fine ferric oxide powder (jeweler’s rouge) acting as
a superleak, and there is a heater and a thermometer in the interior. A four-terminal
method is used to measure the power supplied to the heater and the thermometer is
calibrated against the vapor pressure of helium.

The heater dissipates a power Q̇, which raises the temperature inside. This causes
the superfluid to diffuse toward the hot region, while the normal fraction is blocked
by the packed powder. The liquid then is heated up to a temperature T but as more
superfluid enters the tube, the liquid in it is pushed out through the narrow tube, where
it is ejected as a jet. Both components flow together in this jet in a proportion given by
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Fig. 1 Schematic of the experimental arrangement. The heater increases the temperature inside the pump,
typically by a few millidegrees, forcing superfluid into the volume. When the helium level is below the
narrow tube, we can measure the height of the jet to estimate the velocity. The interior cross-sectional area
of the capillary is 1.1mm2 and that of fountain-effect pump’s inlet is 113mm2. Construction is of stainless
steel with airtight double walls, sealed in air at room temperature. At 4K, a cryogenic vacuum is produced
between the walls, helping with thermal insulation inside the tube. The videos are taken when the narrow
spout is submerged (Color figure online)
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the temperature T , which is a fewmillidegrees above that of themain helium bath. The
mass flow ṁ is given by ṁ = vρA where v is the velocity, ρ the density of helium and
A the cross section of the capillary. The incoming superfluid must raise its temperature
from close to zero, to a temperature T , absorbing a heat H = ∫ T

0 C(T )dT per unit
mass, where C(T ) is the heat capacity of the helium, the values of which are tabulated
in Ref. [13]. If we neglect heat going through the walls, in a steady state, the power
Q̇ dissipated by the heater, balances the heat supplied to the superfluid entering the
tube, Q̇ = ṁH . The velocity of the jet is therefore controlled by the power supplied
to the heater and is given by

v =
(

Q̇
∫ T
0 C(T )dTρA

)

. (1)

Equation (1) has been tested experimentally [14] and has an uncertainty of less than
5%. This equation assumes that superfluid only enters through the superleak and thus
describes with good accuracy the velocity v of the jet as it can be measured when
ejected into the gas above the helium bath. However, if the jet is ejected into a still
liquid, v will only represent the upper limit, as heat exchange with the bath will now
take place by means of counterflow through the capillary superimposed on the jet
flow. In fact, it was estimated that the velocity of a submerged jet is around 50%
lower than that of a fountain [15]. We note that for a temperature drop of a few mK,
the estimated counterflow velocities are significantly below those of the jet and the
difference between the velocities of the two components is thus negligible for all
purposes except for the exchange of heat.

The volume above the fountain-effect pump was illuminated by a simple
continuous-wave solid-state green (λ = 532 nm) laser. The laser was mounted on
the top flange of the cryostat and its light was directed into the experimental volume
by an optic fiber. To visualize the flow associated with the jet, we inject a He–H2
mixture in an approximate ratio of 50:1, as described in ref. [11]. We estimate the
particle size to be the order of 100µm. A 2D projection of the motion of the particles
was captured by a Casio Exilim EX ZR100 digital camera, on which the sequences
were stored to be processed later.

The apparent pixel sizewas estimated to be 110×110µmusing the fountain pump’s
capillary as a calibration reference. The rawdata consist of 30 s long videoswhichwere
captured at 240 fps. To ensure that the jet was in the steady state, the heater was turned
on 30s before starting the recordings. The videos were processed using the particle
tracking velocimetry technique. For each frame, the particles were detected and the
obtained positions were subsequently linked in time between frames, providing the
temporal development of the particle’s trajectories. Since the experimental conditions
may differ from run to run, a suitable set of parameters for the processing software had
to be found manually for each video. First, an image average was taken of each video
to isolate the stationary background. This image average represents any stationary
particles, solid objects or stray reflections that may have been captured and was then
subtracted from each frame. These background-subtracted videos were stored as a
sequence of grayscale 8-bit TIFF files which were then analyzed (after additional
brightness and color adjustments) using the particle detection and trajectory-linking
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routine in the freeware programme ImageJ (with Mosaic plug-in) [16]. The positions
of the particles with respect to time were then analyzed using software developed in
Prague [17] to establish the velocity and accelerations of all the particles. To isolate
the particle trajectories associated with the flow of the jet, a filter was applied which
eliminated all tracks with a downward or sideways trajectory and everything outside
a 30◦ arc from the nozzle.

3 Experimental Results

We have taken measurements at two different temperatures; 1.95K where the super-
fluid fraction is very close to 50%, and 1.68K where it is approximately 80% of the
total. According to Eq. 1 with the dimensions of our tube (A = 1.1mm2), the velocity
will be 4.53m/s for 1W of power supplied to the heater at 1.95K, and 10.86m/s per
watt at 1.68K. The actual power supplied was between 0.05 and 0.4W. The veloc-
ities calculated then range from 47 to 4500mm/s depending on temperature as well
as power supplied. These velocities are greater by almost an order of magnitude than
those previously reported on experiments done in counterflow jets by Murakami et
al. [18]. Even though the velocities exceed the cavitation threshold of 2 m/s measured
in superfluid He by a tuning fork [19,20], no signs of cavitation were observed in
the recorded videos. However, flow enhancement near the sharp corners of the fork
with factors of 4.7 was obtained from the pressure dependence of the cavitation
velocity [20]. In Ref. [21], cavitation is reported at much lower velocities, but in this
case, the velocity was determined during the cavitation event, rather than prior to
nucleation.

In Fig. 2, we show examples of the recorded trajectories at 1.95 and 1.68K for
jet velocities 770.5 and 663.3mm/s (assuming 100% efficiency of the pump). Filters
have been applied to remove any tracks not associated with the jet. We see that at
1.95K the jet angle is approximately 15± 2◦, whereas at 1.68K, the angle is approxi-
mately 10±2◦. Landau and Lifshitz [22] state that the experimentally observed angle
of a free (submerged) jet in a classical fluid as 2α = 25 degrees (where α is the
half-angle). Our preliminary investigations suggest that the angle of the submerged
jet is dependent on the temperature of the bulk liquid and that it is independent of
the jet’s velocity. One may naively assume that the angle of the jet at the lambda
point may coincide with the classical experimental value of 25◦, this warrants further
systematic investigation. However, we point out that previous studies of helium gas
jets [23] determined that the half-angle α is strongly dependent on the jet Reynolds
number and has values between 2◦ and 11◦. From the seminal paper byWygnanski and
Fiedler [24], one may extract a value of α ≈ 11◦ in the self-preserving region far from
the nozzle. From recent PIV measurements of jets with different nozzles (including
a round one) [25], spreading rates may be obtained, equivalent to 9.5◦, similar to our
result at 1.95K.

In Fig. 3, we plot the number distribution—an unnormalized probability distribu-
tion function (PDF)—of the velocities in the vertical direction, parallel to the jet, for
different values of applied power for the two temperatures investigated. The exper-
imental points can be fitted by two different parabolic curves, implying log-normal

123



Journal of Low Temperature Physics (2019) 196:197–203 201

15˚10˚

(a) (b) y

x

30

90

120
150

180

210

240

290

60

270

0 -40

0

40
80

120

160

200

240

280

320
350

Fig. 2 a Typical examples of trajectories observed around the jet’s region at 1.95K and at b 1.68K. The
dashed lines show the approximate spreading of the jet. The correspondingReynolds numbers for the normal
component are estimated at around 47,000 for (a) and 46,000 for (b). The legend represents the magnitude
of the particle velocity in mm/s (Color figure online)

probability distributions. Two different distributions are seen, one at low and one
at higher velocities. This is an intriguing result that could be related to the struc-
ture and velocity profile of the jet, or due to the effects of quantized vortices, but
further work, with a higher number of (spatially filtered) observations is needed to
resolve this issue. At this point, only suggestions describing the observed behavior
may be given. First, it is known that in a classical jet, the velocity profile varies
greatly with the distance from the nozzle. The two distinct features in the PDFs could
be related to the flat profile near the nozzle (high velocities) and to the Gaussian
profile further downstream (low velocities). Second, from the two-fluid behavior of
superfluid He, the force exerted on a particle by the normal component is obtained
from the Stokes formula [22], and that due to the vortices in the superfluid using
the results of Sergeev and Barenghi [26]. At T > 1 K, the normal component is
more efficient at dragging particles greater than a few microns in diameter, but trap-
ping/detrapping on quantized vortices will occur. This is another possible explanation
of the observed distributions, but our data do not allow us to distinguish between these
two effects.

In conclusion, our preliminary study of the visualization of a submerged coflow jet
in superfluid helium strongly suggests that the angle of the submerged jet depends on
temperature, which points to non-classical behavior andwarrants further investigation.
The double distribution may however be a signature of possible internal structure;
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Fig. 3 Velocity statistics observed around the jet region in the jet direction (vertical). The lines are fits to
a parabola, which in this double-logarithmic plot corresponds to a log-normal distribution. It can be seen
that there are two different distributions, one for the lower and one for the higher velocities (Color figure
online)

however, this remains undetermined. We hope that this report will stimulate further
research.
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