
BACHELOR THESIS

Petra Hrubcová

Visualization of superfluid helium flows in
the proximity of boundaries

Department of Low Temperature Physics

Supervisor of the bachelor thesis: Dr. Marco La Mantia, Ph.D.

Study programme: Physics

Study branch: General Physics

Prague 2018



I declare that I carried out this bachelor thesis independently, and only with the
cited sources, literature and other professional sources.

I understand that my work relates to the rights and obligations under the Act
No. 121/2000 Sb., the Copyright Act, as amended, in particular the fact that the
Charles University has the right to conclude a license agreement on the use of
this work as a school work pursuant to Section 60 subsection 1 of the Copyright
Act.

In . . . . . . . . . . . . . date . . . . . . . . . . . . . signature of the author

i



Title

Visualization of superfluid helium flows in the proximity of boundaries

Author

Petra Hrubcová

Department

Department of Low Temperature Physics

Supervisor

Dr. Marco La Mantia, Ph.D., Department of Low Temperature Physics

Abstract

The investigation of superfluid helium (He II) flows is an active and challenging
research field. Progress in our phenomenological understanding of the underlying
physics has been achieved in recent years by employing flow visualization tech-
niques that allow following the motion of relatively small particles suspended in
the fluid. The flow-induced particle behaviour is studied in the case of thermal
counterflow – the most common type of He II flow – close to the flow source,
where a significant vorticity enhancement is observed. The work aim is there-
fore to give a significant contribution to the emerging line of scientific enquiry
dedicated to the study of wall-bounded quantum flows.
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Introduction

At the beginning of the 20th century everything in physics seemed to be un-

derstood. Then came all the big experiments (e.g. Rutherford’s experiment or

Stern-Gerlach experiment) and physics has divided into several branches study-

ing specific conditions (high energies, high magnetic fields, low temperatures etc).

Investigating systems in these extreme conditions reveals phenomena unimagin-

able from the classical point of view. For low temperature physics everything

started with the liquefaction of gases through the reverse Joule-Thompson effect

at the end of 19th century [1]. After 30 years of efforts, the only gaseous sub-

stance remaining was helium. This milestone was reached in 1908. On 10 June

the Dutch physicist Heike Kamerlingh Onnes liquefied helium in his laboratory

in Leiden.

Helium becomes liquid below 4.2K, at the saturated vapour pressure. Its prop-

erties however are very different from other liquids as it stays liquid to absolute

zero. Its liquid phase also experiences a second order phase transition (called λ

transition). Below the transition temperature we refer to the liquid as superfluid

helium or He II, the liquid above the transition temperature is referred as He I.

Flows of He I can be described by the Navier-Stokes equation and He I behaves

as a classical viscous fluid. The uniqueness of 4He appears for He II, where we

can observe flows without any inner friction. This property, called superfluidity,

leads to intriguing phenomena, such as thermally driven counterflow, quantum

turbulence and temperature waves.

In order to describe such a behaviour of He II, Tisza and Landau [2] developed the

phenomenological two-fluid model. They assumed that the fluid consists of two

components, one viscous, the normal fluid, and the other inviscid, the superfluid

component. For low temperatures, we can also consider quantum effects. This

results in the presence of quantized vortices in the superfluid component. They

are linear singularities in the otherwise smooth wave function and the circulation
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around them is quantized. The alignment of quantized vortices depends on the

type of flow that causes them and for special cases it can result in quantum

turbulence.

Many new techniques had to be developed or adjusted to enable research in low

temperatures. Phenomenological behaviour can be studied e.g. by visualization

of the flow. It enables direct observation of the flow by using solidified particles

that are distributed in the volume of interest, illuminated by a laser sheet and

their motion is recorded by a high-frequency camera. The motions of the particles

are influenced by the flow and hence give us information about the fluid flow. The

particles can be made, for example, of hydrogen or deuterium.

In this work the particle tracking velocimetry technique was used to analyse the

motion of the particles suspended in the liquid and we were able to estimate the

statistical distributions of the particle velocities.

The aim of the experiment discussed below is to compare the flow-induced particle

behaviour in the boundary proximity to that seen in the bulk, i.e., as far away

as possible from the walls. Indeed, to this day, boundary layers in superfluids

were given little attention and there is especially a lack of relevant experimental

studies, see, e.g., [3] and references therein.

We studied a special type of flow, that exists only in He II, called counterflow,

where the two components flow in opposite directions. The source of this flow is

a heater. We investigated the behaviour of 4He in the proximity of the boundary

created by the heater in a closed channel.
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1 Theoretical Part

1.1 Liquid Helium

Helium has two stable isotopes – the naturally occurring 4He and the much more

rare 3He. They only differ in the number of neutrons in their nuclei: 4He has

2 neutrons and 3He only 1. As they are both in the noble gas section of the

periodic table, their interaction with other matter is mainly through the Van der

Waals force, which is a weak force. Hence we can consider them to be almost

ideal monoatomic gases. Although at room temperature they are almost indistin-

guishable in terms of the collective behaviour, when we reach low temperatures,

their properties differ quite significantly. 4He acts as a boson (due to its spherical

symmetry and zero spin) and hence follows the Bose–Einstein statistics, while
3He represents a fermionic system, ruled by the Fermi–Dirac description. In this

thesis we will concentrate on 4He only.

Phase Diagram

The typical phase diagram of an ordinary substance has two significant points

– the critical point and the triple point, which marks the co-existence of solid,

liquid and gas phases. In the case of 4He, the critical point can be found at very

low temperatures, compared to other materials, that is at temperature Tc ≈ 5.2K

and pressure Pc ≈ 0.225MPa, as shown in figure 1.1. Additionally, 4He has no

triple point. As a result, 4He is in its liquid phase down to absolute zero unless

we increase the pressure to about 2.5MPa.

In addition to ordinary phases (gaseous, liquid, solid), 4He has other phases.

When Onnes and Dana were cooling down helium in 1908 [4], they noticed that

around 2K the boiling of the liquid stopped. They investigated the fluid proper-

ties around this temperature more carefully and found out that the temperature
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in classical viscous fluids and it was not proportional to the applied pressure –

the flow rate was already large at the smallest applied pressure, saturated and

then did not change when further pressure was applied.

Another option is to measure the drag force on a moving object, for example a

torsional oscillator (a flat circular disc suspended vertically by an axial fibre).

This is done by observing the damping of the oscillator. However when using this

method, no damping was observed below Tλ [7].

Another experiment is the Andronikashvili’s experiment, which was carried out

in 1946 [8]. Instead of having one single disc, he used a whole stack of uniformly

rotating discs. The measured quantity was the frequency of the rotation. He

observed different behaviour above and below Tλ as for the previous experiments.

When the applied force was the same, the oscillator frequency above this tempe-

rature was almost independent on temperature but below the frequency increased

rapidly indicating the fall in the fluid viscosity.

These experiments showed that the behaviour of liquid helium cannot be de-

scribed uniformly across the temperature range and that some properties of the

liquid change with temperature significantly.

In 1930 another experiment, that contributed to the theory concerning liquid

helium, showed that porous materials that do not allow regular liquids to flow

through are not an obstacle for superfluid. Such so-called superleaks then inspired

Allen and Jones [9], who 8 years later discovered the fountain effect (see fig.

1.2). A double walled test tube with fine powder is submerged into He II and

the other side ends above the level. The powder allows the superfluid to go

through easily. The flow can be generated just by heating. Hence by changing

the temperature we generate the pressure difference. There is also an opposite

effect – the mechano-caloric effect [10, 11].

The Two-Fluid Model

All of the experiments mentioned above led Landau and Tisza to develop their

phenomenological model that described helium II as a mixture two fluids, one

normal (viscous) and the second one superfluid (inviscid). The two components

have their own velocity and density field, vn and ϱn for the normal fluid and vs

and ϱs for the superfluid. Moreover, it is assumed that the normal fluid carries

the entire entropy s of the system. The total density is the sum of the densities
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Two-Fluid Model Equations

Mathematically this model can be described, often assuming the incompressibility

of the liquid, ∇ · (vn + vs) = 0, by the following equations for the momentum

conservation of the normal fluid and superfluid components, respectively (derived

for example in [1]).

ϱn

⎠

∂vn

∂t
+ (vn · ∇)vn

⎜

= −ϱn

ϱ
∇p − ϱsϱn

2ϱ
∇ (vn − vs)

2 − ϱsS∇T + Fns + η∇2
vn

(1.2)

ϱs

⎠

∂vs

∂t
+ (vs · ∇)vs

⎜

= −ϱs

ϱ
∇p +

ϱsϱn

2ϱ
∇ (vn − vs)

2 + ϱsS∇T − Fns (1.3)

In order to make further calculations feasible, we usually neglect some terms.

Because of the large heat capacity we can say that ∇T ≈ 0, on average. We can

disregard quadratic velocities as well as Fns, the mutual friction force between

the fluids (due to quantized vortices, see below). This gives us much simpler

relations – the Euler equation for the superfluid and the Navier-Stokes equation

for the normal fluid.

ϱs

⎠

∂vs

∂t
+ (vs · ∇)vs

⎜

= −ϱs

ϱ
∇p (1.4)

ϱn

⎠

∂vn

∂t
+ (vn · ∇)vn

⎜

= −ϱn

ϱ
∇p + η∇2

vn (1.5)

It is apparent that they are independent on each other, which results in two

separate velocity fields. These last two equations are, however, not suitable for

helium, because its components interact with each other, and, consequently, the

mutual friction force is often kept in the equations to account for the coupling.
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1.2 Quantum Behaviour

The roots of superfluidity nevertheless lie in its quantum behaviour. A volume

of superfluid 4He can be described by a single wave function

Ψ = Ceiφ (1.6)

where the amplitude C and phase φ are functions of time and space. The macro-

scopic consequences are that the liquid parcel at one place is influenced by the

ones at macroscopic distances away. From this description we can deduce the

superfluid velocity vs to be

vs =
~

m4

∇φ (1.7)

For simply connected volumes, this leads to potential flow with zero vorticity

ωs = ∇ × vs = 0 (1.8)

Quantized Vortices

However, it was shown from experiments in rotating helium [12] that the vorticity

of the superfluid component can be non-zero. This was explained by Feynman and

Onsager in their theory by assuming the existence of one-dimensional topological

defects called quantized vortices. Their size is of the order of few ångstroms. In

the core of the quantized vortex there is no longer any superfluid component left.

They also divide the simply connected volume into multiply connected domains.

The circulation Γ along closed curves is discrete and takes the value

Γ [∂Ω] =
∮

∂Ω

vs · dℓ = 2πn
~

m4

= nκ (1.9)

where n is a natural number and κ = 9.97 × 10−8 m2/s [14] is the quantum of

circulation.
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Quantum Turbulence

For classical fluids equation 1.5 can be rewritten by using dimensionless variables,

where the equation is scaled by the characteristic quantities of the flow, e.g.

velocity U and length L, as follows

∂v

∂t
+ (v∇) v = −∇p +

1
Re

∇2v (1.10)

where Re = UL/ν denotes the Reynolds number. From relation 1.10 we can

conclude that flows with the same Reynolds numbers can be geometrically similar.

The characteristics of the flow is dependent on the magnitude of the Reynolds

number. If it is small, then we can neglect the nonlinear term (v∇) v and the

viscosity is the dominant term and we observe laminar flows. If, on the other

hand, Re is large, the viscosity is disregarded and the nonlinear term may lead

to instability in the flow and hence turbulence occurs.

For He II counterflow we can also define a Reynolds number [15], e.g., as

Re =
ϱvvsD

µ
(1.11)

where D is the relevant length scale and µ denotes the dynamic viscosity of the

normal component of He II. Laminar flows, which means, e.g. parallel configu-

ration of quantized vortices, can be found for example in rotating baths as the

vortices tend to align in a vortex lattice. In counterflow the liquid can experi-

ence a turbulent arrangement if a critical critical heat flux Q̇c is exceeded. The

measured quantity, for vns large enough, is the vortex line density [16]

L = γ2
vns

2 (1.12)

where γ [17] is temperature-dependent parameter.

The mean distance between vortices is called the quantum length scale sq [18]

sq =
1√
L

=
1

γvns

(1.13)

From the quantum length scale we can find a corresponding quantum time, the
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time needed to travel the distance sq with the velocity V , as

tq =
sq

V
=

1
V γvns

(1.14)

These relations will prove to be important parameters for our studied case of

counterflow turbulence in the proximity of the heater – the boundary perpendic-

ular to the main flow.
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2 Experimental Techniques

In the following section we present techniques used in low temperature flow visu-

alization, as well as the set-up of the experiment itself.

2.1 Flow Visualization

Various experimental methods, such as measuring the temperature difference and

the second sound attenuation by quantized vortices, have been used over the years

to study flows of He II, for example, to obtain information on the average vor-

tex line density in the experimental volume. Here, we employ another approach,

which, as shown below, also gives us useful physical insight, that is, flow visual-

ization.

The first experiment aiming to visualize superfluid flows were performed in 1957

by Chopra [19]. In the following years, this field did not receive much attention.

It was then brought back at the forefront by the work of Zhang and Van Sciver

[20], see also the recent review [21].

Particle Tracking Velocimetry and Particle Image Velocimetry

In classical fluid dynamics, Particle Tracking Velocimetry (PTV) is a commonly

used technique [22]. It has shown to be a more accurate method when working

with quantum flows than Particle Image Velocimetry (PIV) because of the two

velocity fields in counterflow, when it is unclear whether the obtained velocities

represent those of the normal component, the superfluid component or a mixture

of the two. The method is based on particles following the motion of the liquid.

Particles are injected into the fluid and illuminated with a laser sheet. A high-

frequency camera then captures their position in time. This allows to investigate
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the velocity of the particles from their displacement. PIV is instead an Eulerian

method describing the instantaneous velocity field. On the other hand PTV takes

the Lagrangian approach and tracks individual particles and their trajectories in

time [23].

2.2 Solid Particles

There are several criteria that particles have to meet in order to be suitable for

cryogenic experiments. Their size should be such that their presence does not

affect significantly the flow but only probe it. They also should be neutrally buoy-

ant so that they do not settle down or float and faithfully follow the flow fields.

Finding neutrally buoyant particles is very challenging, the density of Helium II

being ϱ = 145.5 ± 0.4 kg/m3 [14]. In previous works, deuterium particles showed

to be suitable for these types of experiments. Their density ϱD2
= 200 kg/m3 is

slightly larger than that one of helium [24].

Seeding System

As mentioned above, suitable particles are vital when it comes to PTV. Deuterium

particles were used in the experiment discussed here.

If we were to inject the deuterium directly into liquid helium, the gas would

solidify into particles of various sizes. Therefore deuterium is firstly mixed with

helium at room temperature. It has been experimentally tested, that the ideal

size of particles is when the ratio between deuterium and helium is about 1:100.

This mixture is then injected into the cryogenic helium. Then deuterium solidifies

into small particles and helium either liquefies or boils away.

2.3 Experimental Setup

The experiment was performed in Prague by using the low temperature visual-

ization setup of the Department of Low Temperature Physics. The experiment is

shown schematically in fig 2.3. It contains a custom-made cryostat with optical

access, laser, and high-frequency camera.
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Cryostat

The cryostat is an apparatus that is used to reach and maintain very low tempe-

ratures. As the temperature in the experiment is around 1.5K, an evaporation

cryostat was used (see fig. 2.1).

In order to prepare the experiment, the cryostat is firstly pre-cooled with liquid

nitrogen, at ca. 77K. Then it is filled with liquid helium to reach temperatures

around 4K. Then adequate pumps start to pump off the vapours to cool the

cryostat even further.

The cryostat’s inner volume is usually filled with up to 60 l of liquid helium. There

are two types of insulation used – liquid nitrogen bath and vacuum space.

The liquid nitrogen vessel contains 35 l of the cryogenic liquid. It acts as a shield

from the outside radiation, which could cause unwanted heat transfer to the

experimental volume. It is also used to pre-cool the cryostat before it is filled

with helium.

Another obstacle for reaching low temperatures can be simply heat conductivity.

To prevent this from happening, the inner volume as well as the nitrogen container

are surrounded by vacuum vessels. The pressure inside is of the order of 1mPa

For the purpose of the PTV technique, optical access to the experimental volume

has to be ensured. For that reason there are 5 identical circular optical ports of

25mm diameter at the bottom of the cryostat – one from each side and one from

the bottom. Each optical port has 2 quartz and one sapphire windows.

Experimental Channel and Visualization Apparatus

The windows at the bottom of the cryostat allow optical access to the experi-

mental channel (dimensions 50 × 50 × 300mm). On the vertical axis of the insert

the cell is attached (see fig. 2.2). The cell has a square cross-section, and at

the bottom a heater is placed (its dimensions are the same as those of the cell).

In this experiment the area of concern was the proximity of this heater so the

windows were aligned with the bottom of the cell. At the top of the cell a small

tube is attached. It is used to prepare the particles as well as to further mix the

helium (and particles) during the experiment.

Outside the cryostat a high-frequency camera captured the particle motion with
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Velocity Estimation

The data handling has great influence as it can bring systematic error into the

results. Since the data, positions, obtained experimentally are determined with

some uncertainty due to the camera resolution, the resulting velocity data, will

be uncertain as well. The extent of such error is also dependent on the calcu-

lation method [27]. There are countless ways how to estimate the velocity form

given position in time. These methods then influence the outcome of the whole

experiment.

I compared different methods of derivations. The first one was linear numerical

derivation which used two adjacent points. The results were quite noisy as it did

not apply any smoothing to the raw data. One can also use higher polynomials

to fit the track and then perform the derivative.

In order to determine the most suitable fit and number of trajectory points taken

into account for each fit, the velocity standard deviation was used. As the cal-

culation of the derivative takes into account more distant points, we should see

the decrease in standard deviation and from some point reach a plateau. This

means that the change of the parameter, in this case the number of points, does

not influence the results.

The results showed that linear and quadratic functions work nicely, while for

the cubic polynomial the parameters have to be check for each data set as the

constant evolution of the standard deviation was not observed. The higher the

polynomials, the more untruthful the fit may be, as some artificial peaks may

occur due to more degrees of freedom. If one’s data have a lot of noise, useful

fitting is done by convolution with Gaussian kernel [27]. In this experiment, we

used the linear method and then smoothed linearly the velocities using different

filter in a dedicated programme called Statistika.
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3 Results and Discussion

Our aim was to compare the behaviour of thermal counterflow close to the heater

as oppose to the one in the bulk. The data obtained from the measurements

were processed as explained previously. The temperatures ranged from 1.24 K to

2.10 K with various values of heat flux (see table 3.2). The bulk data, used for

comparison, were taken from previous experiments with deuterium and hydrogen

particles [28].

As stated previously, flows can be classified based on their Reynolds numbers.

The hydraulic diameter of our channel, the relevant length scale in equation 1.11,

is D = 25mm. The dynamic viscosity [14] is listed in table 3.1, which gives

Reynolds numbers Re ≥ 4000. In [29] the transition to turbulent flow has been

estimated for this particular channel and it corresponds to Re ≈ 2300. Hence, we

can say that our flows are turbulent.

The diffusion time td can be said to be the time needed for the heat to diffuse

through a certain volume from the heated region. Therefore it is an indicator if

we reach the steady state or if we are observing unsteady flow. We find that this

time is several orders of magnitude smaller than the time elapsed before collecting

the movies. Hence, it is possible to say that the steady state has been reached

and that the comparison with the bulk counterflow is justified [3].

T [K] ν[10−6Pa · s] ϱ[kg/m3] γ[s/cm2]

1.95 1.4 146 110
1.94 1.4 146 205
1.77 1.3 145 210
1.75 1.3 145 280
1.40 1.5 145 285
1.24 1.9 145 345

Table 3.1: Tabulated dynamic viscosity ν, density ϱ [14] and γ [17] for relevant
temperatures.
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T [K] q[W/m2] vns[mm/s] Re

D1 1.24 23 2.2 4000
D2 1.40 54 2.2 5200
D3 1.75 235 2.7 7600
D4 1.95 234 1.9 5000

BH 1.77 612 6.8 19000
BD 1.77 608 6.8 18800

Table 3.2: Experimental conditions, such as temperature, heat flux, counterflow
velocity 1.1, Reynolds numbers 1.11, for runs with deuterium particles D1–D4,
the second number represents cases with different temperature and heat flux; BH
and BD represents bulk data from previous experiments.

3.1 Probed Scales

In the theoretical chapter we introduced the quantum length scale sq (eq. 1.13).

This is not, however, the scale that we can access experimentally due to the finite

particle size. Hence in an ideal case the minimal observable scale is the one that

corresponds to the size of the particles which is of the order of few microns. Their

size can be estimated from their settling velocity as shown in [24]. This particle

scale sp is also dependent on the frame rate, i.e. on the distance between two

consecutive position we captured. Therefore we estimate it from the mean velocity

V of particles and the time. This leads to sp = V t. We can obtain information

about larger flow scales by removing positions from tracks and so prolong the

time difference between two positions and calculate new corresponding velocities.

Note that the mean velocity is calculated from the highest frame rate, so it does

not change with the transition towards larger flow scales. The highest frame rate

determines the minimal time between two positions we can access, for the case of

our measurements this gives us tmin = 0.2ms. We can associate these scales with

their ratio, which can be also rewritten in terms of time [30]

R =
sp

sq
= γvnsV t (3.1)

When we consider large-scale flows we can see the gradual disappearance of quan-

tum effects and transition to classical-like behaviour. For classical fluids and for

flows probed at large scales the velocity distribution is close to Gaussian [31]. For

the case of He II, this should happen for R ≥ 1. The transition is apparent at ve-
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the Blasius equation as [33]

δ ∼
√

νx

U∞

, (3.3)

where ν is the kinematic viscosity, x the distance from the channel entrance, and

U∞ is velocity of the outer flow (for a graphical depiction see fig. 3.7). The Blasius

equation does not describe flows with the same conditions as in this experiment,

however, we can use it as an upper limit of the thickness for the boundary layer,

since this region is thinner in turbulent flows [33].

In order to understand the observed enhancement we must come up with an

explanation that unifies these two very different cases. We can notice that the

counterflow velocity is a macroscopic feature (see eq. 1.1) and hence does not

anyhow take into account the geometrical position of the field of view. The

relation between the counterflow velocity and the vortex line density (eq. 1.12)

thus implies that the gamma values depend on the position of the studied region.

Therefore, as the literature values of γ [17] were obtained in the bulk, this equation

holds only for bulk measurements. This could also explain the differences in the

γ values from other experiments (e.g. [34]) as they were obtained at different

distance from the boundaries (we introduced parameter c in order to compensate

for this property.)

The denser vortex tangle can be attributed partially to the roughness of the top

of the heater. On scales relevant to quantized vortices, almost every material

surface has a noticeable texture. Because of this the flow induced by the heater

generates vortices not only by stretching already existing vortices but also by

offering pinning spots for the new ones [32].

A similar behaviour can be seen in counterflows near walls parallel to the flow.

As pointed out in [35], the vortex line density increases close to the boundary.

The explanation for this was attributed to the velocity of the normal component,

which is larger in the bulk than close to the wall due to the friction between the

wall and the fluid. The velocity of the viscous fluid therefore is a local feature

depending on the distance from the boundaries (e.g. walls, heater) and the largest

it is, the more vortices stretch out and are pushed to the boundary regions.

As mentioned previously, classical boundary layer theory predicts different bound-

ary layer thickness depending on the distance from the channel entrance (see fig-

ure 3.7 and equation 3.3). Our assumption is that the boundary layer closer to
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the heater on the vertical walls is thinner than further down the flow. In the case

of a closed channel with the heater producing the counterflow the vortices can

also be pushed to the boundary where the velocity is smaller than in the bulk.

Moreover, the vortices are carried by the superfluid component which is moving

towards the heater (see figure 1.4). Because of this, the vortices may accumulate

in the bottom region of the channel and thus generate a denser tangle.
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4 Conclusions

A series of experiments concerning thermal counterflow of liquid helium was car-

ried out. We investigated, for the first time by visualization, the flow region close

to the heater, the flow source. For various conditions, we captured the movements

of deuterium particles suspended in the liquid and computed their velocities.

For the velocity distributions obtained in the heater proximity, the behaviour of

the bulk data with distinct power-law tails – of quantum origin – was not observed

at the smallest scales probed by the particles. It is, however, apparent from the

dependence of the distribution flatness on the scale ratio, see equation 3.1, that

the vortices are significantly closer to each other in the heater proximity than in

the bulk, at least in the range of investigated parameters.

In order to compare the data taken in different flow regions, we introduced the

parameter c, see equation 3.2, which scales the distribution flatness. We found

corresponding values to be up to 20 times larger close to the heater than in the

bulk. Therefore, we argue that a significant vorticity enhancement occurs in the

heater proximity.

We suggested that a physical explanation might be the roughness of the surface,

where nucleation as well as pinning points for the vortices may exist [32]. Another

reason might be related to the velocity of the normal component which is expected

to be larger in the bulk, due to the friction between the wall and the fluid, and

hence the fluid might be pushing the vortices closer to the boundary regions [35].

The results of this experiments were published in Physical Review B [3]. Fu-

ture experiments may try to investigate more closely the thickness of relevant

boundary layers. The channel geometrical properties may also influence the ob-

served enhancement of the vortex line density. Such studies could lead to deeper

understanding of turbulence not only in superfluids but also in viscous fluids.
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