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Metaphysics, I. tc - ARISTOTLE



CONTENTS

rage

ABSTRACT

CHAPTER I

1.1.

1 .2.

1 .3.

1.4.

1.5.

CHAPTER II

2.1 .

2.2.

2.3.

2.4.

2.5.

2.6.

CHAPTER III

3.1.

3.2.

3.3.

3.4.

3.5.

INTRODUCTION

Liquid Helium

The Two-Fluid Model

Landau Model

The Feynman Model

The Helium Wave Function and Superfluidity

THE STUDY OF SUEERFLUID FLOW

Introduction

The Helium Film

Superfluid Flow in Films

Early Indications of Sub-Critical Dissipation

The Inertia!. Oscillations

, The Properties of Film Flow

(a) Flow Rate and Film Velocity

(b) Geometry Dependence

(c) Temperature Dependence

(d) Superfluid Velocity as a Function
of Chemical Potential

(e) Flow Steps

THE THEORY OF SUPERFLUID' DISSIPATION

Introduction

Vorticity and Superfluid Flow

Fluctuation Models of Dissi.pa.tion

The Damping of the Inertia.1 Oscillations

Tiie Thinning of the Moving Film

1.1.

1.1.

1 o 2 o

1.4.

1.5.

1.6.

2.1.

o 1
C~ o I o

2.1.

2.2.

2.3.

2.3 c

2.5.

2.5.

2.5.

2.6.

2.8.

^ c 1 0 t

3d o

7 A
.J • I •

3c9*

3 • 11 •



CHAPTER IY THE APPARATUS 4.1.

4c 1. The Cryostat 4.1.

4.2. Temperature Measurement and Control. 4.2c

4.3. The Experimental Chamber 4.3.

4.4. Cleaning the Beaker 4.5«

4.5. The Motor Drive 4.5.

4.6. Capacitance Measurement 4.7.

CHAPTER V THE DISSIPATION AT LOW FLOW RATE AND DURING

OSCILLATIONS 5.1.

5.1. Iritroduction 5.1.

5.2. The Study of the Flow Using the Motor Drive 5.1.

5.3. Low Flow Rate Dissipation 5.3.

5.4-. The Inertial Oscillations 5.4.

5.5. The Damping of the Oscillations 5.5.

(1) The Frequency Dependence of the Damping 5.6.

(2) The Temperature Dependence of the Damping 5.6.

5.6. Conclusion 5.11.

CHAPTER VI HIGH FLOW RATE DISSIPATION 6.1.

6.1. Introduction 6.1.

6.2. Flow Rate Measurement 6.1.

6.3. Film Thickness 6.4.

6.A. The Level Difference Dependence arid the Vortex

Ring Model 6.5.

6.5. The Temperature Dependence 6.6.

6.6. The Vortex Parameter 6.8.

6.7. The Attempt Frequency 6.10.



6.8. Vortex Pairs 6.12.

6.9. Annihilation of Vortex Pairs 6.15*

6.11o Steps in the Plow Rate 6.17.

6.12. Recent Support for the Fluctuation Theory 6.19.

6.13. Conclusion 6.19.

SUMMARY

APPENDIX A

APPENDIX B

REFERENCES



ABSTRACT

The damping of the inertial oscillations of a flowing helium film

was found to be well accounted for by a theory put forward by Robinson.

In particular this theory predicts that the damping constant should reach

a maximum value at a temperature below the lambda point and should decrease

at higher temperatures. This behaviour was observed and the values of the

damping constant were in good agreement with theory.

The mechanism suggested by Robinson was that the energy of the flowing

liquid could be lost in irreversible heat exchange between the beaker and

the reservoir causing the decay of the oscillations. It has been shown

that, in the case considered here, the heat exchange was dominated by

distillation and that this process was well described by the evaporation

equation given by Atkins if due allowance was made for the shape of the

helium surface.

Earlier attempts by other workers have not found good agreement with

Robinson, nor has the maximum in the damping been previously observed.

(Hoffer ejt al have reported the observation of the maximum in experiments

carried out independently, at the same time as the work reported here.)

The improvement in agreement may have been brought about by the elimination

of vibration by the extensive anti-vibration precautions included in the

design of the cryostat.

The dissipation accompanying the flow of superfluid at velocities

driven by level differences greater than about SOyt-un, that is at velocities

greater than those encountered during the inertial oscillations, was

measured and compared with two models based on the production of vorticity

from thermal fluctuations. The form of the dependence of the flow rate on

level difference was found to be similar to that predicted by each of the

models but numerical agreement with the characteristic parameters of the



theories was poor. In particular the attempt frequency was found to

exhibit a dramatic temperature dependence, changing by ten orders of

magnitude for a change of the temperature of about 0.5 K! It was shown

that mutual annihilation of vorticity could account for this large

variation.

If the flow rate is interpreted in terms of these models, then the

flow is found to be never strictly frictionless and therefore, a true

"critical velocity" was not observed.



CHAPTER I

INTRODUCTION
1.1. Liquid Helium

Helium is the lightest of the noble gases and like all no'ble^ gasesexhibits a 'complete' electronic configuration. This means that of all
the interatomic forces only the Van der Waal3 forces operate., and since
the electric polarisability is very small, these forces are very weak.
Consequently, helium has the lowest boiling point of all the elements and
was the last of the 'permanent'gases to be liquefied.

The boiling point of helium is A.21 K at atmospheric pressure and
the critical point is ^.20 K„ There is no triple point because even a.t
absolute zero helium will not freeze under its vapour pressure but
requires a pressure of 25 atmospheres to become solid. This is a consequenceof the high zero point energy of the light helium atom in the liquid
which opposes compression and is sufficient to prevent solidification.

After its liquefaction, helium was the subject of considerable
study and the results indicated that it was not the simple fluid that
might have been expected. The specific heat has a very unusual temperature
dependence; it shows a logarithmic anomaly around a ' temperature which
Ehrenfest called the A- point because the shape of the anomaly resembled
the greek letter. The density and thus the dielectric constant also shew
anomalous behaviour about this temperature. In 1928 Wolfke and Keesom
concluded that helium must exist in two forms with a transition temperature
separating them. Keesom employed the terms 'helium, one' and 'helium two1
for the two forms. In 1938 Kapitza (1938) and Allen & Misener (1938)
reported the discovery of the very low and anomalous resistance to flow
that is perhaps the most characteristic property of liquid helium II.
Kapitza coined the term 'superfluid' while Allen stated that the quantity
'viscosity' had no real meaning when applied to helium below the transition
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pointo Their experiments also showed that at sufficiently high flow

velocities dissipation did occur and that the flow was no longer frictionless„

The velocity at which dissipation set in was called the critical velocity,

now usually given the symbol vSG. The flow measurements were essentially

of the Poiseuille type. At about the same time, MacWood (1938) measured

the viscosity in the helium two region by means of the decay of the

oscillations of a suspended disc. The decay appeared to be strictly-

logarithmic, which indicated that helium possessed a newtonian viscosity

when measured by this means. The conflict between these two types of

observation was not resolved until the appearance of the 'Two-Fluid,

Model' of superfluid helium.

1.2. The Two-Fluid Model

In 1938 F. London drew attention to a hitherto unremarked property

of an ideal Bose gas at low temperatures. Particles which have zero or

integral spin and are even numbered in the nucleus are described by a

symmetrical wave function and obey Bose-Einstein statistics. When a gas

of such bosons is cooled there is a critical temperature below which

the particles begin to condense into the lowest, energy state. Tne Paul!

exclusion principle does not apply to bosons so that multiple occupation

of a single state is not forbidden. A boson condensation is accompanied

by an anomaly in the specific heat which is somewhat similar in shape

to that exhibited by helium near the lambda point. Now, the helium atom

is a boson since it has zero spin and four nucleons. Consequently a

Bose-Einstein condensation should occur in helium. The critical temperature

calculated by London for helium, was 3.05 K which compared well with

T ~ 2.175 K. It thus seemed very likely to London that a form of Bose-

Einstein condensation played a part in the transition from He I to He II.

This suggestion is convincingly supported by the observation that liquid

helium 3, the isotope of helium with three nucleons, does not exhibit a

comparable lambda transition. ^H^ because of its half-integral spin and

odd-numbered nucleus, is a. fermion described by an anti-symmetric wave



-1.3.-

functicn and is subject to Fermi-Dirac statistics, not Bose-Einstein

statistics. This means that a condensation of the type described above

should not occur, (it has been suggested that a transition of the type

that occurs in superconductors, that is via some kind of pairing mechanism,

should occur in liquid He. This has so far not been observed and does

not concern us here)„

Tisza, following London, also assumed that a Bose-Einstein

condensation could occur in the liquid. He identified the condensed fraction

with a 'superfluid' which could flow without viscosity and possessed no

entropy. The rest of the particles, still in excited states, were

identified with a 'normal' fluid which did possess entropy and could

experience viscous drag during flow. Tisza suggested that He II could be

described as a mixture of two such fluids. The total entropy of the liquid

was carried by the normal fluid and the zero viscosity behaviour was

attributed to the superfluid. This description has proved very successful

in accounting for and predicting the properties of liquid He II. However,

the kind of condensation that Tisza's model required differed from the

straight-forward Bose-Einstein condensation in a number of ways. Liquid

helium is clearly not an Ideal Bose gas, the interactions between atoms

are sufficiently high to cause liquefaction. Penrose & Onsager (1956)

considered the interacting case and were able to demonstrate that under

some circumstances, a form of Bose-Einstein condensation would be expected

to occur. The occupation density of the ground state in such an interacting

system, ^0, is only 8ft> even at absolute zero although He II is entirely
superfluid at this temperature. This means that the population that

occupies the ground state cannot be precisely equated with the superfluid.

Also, in order to account for frictionless flow at non-zero velocities,

it is required that there be an energy gap between the ground state and

the first excited stat6. Such a gap is absent in a Bose gas.
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Lsrdau (1941 & 1947) used a^Yather different approach to describe

another two fluid model in which once again there are normal and superfluid

components. At absolute zero Hell is taken to be entirely superfluid and

to have zero*-entropy. A temperature increase causes excitations to form

in the superfluid; these excitations art responsible for the 'normal1

viscous and entropy behaviour of He II. Thus at non-zero temperatures

He II is a mixture of background superfluid and a 'gas' of excitations.

The superfluid, which experiences no friction during flow, can be

assigned a density <^s. The excitations can be assigned a normal fluid density

^n, so that the total density of the liquid is,
= ^s + fn •

The obsjpx /ations of Kapitza and Allen ami"" 'their conflict with MacWood

could then be resolved in the following way. In the former experiments,

which used fine capillaries or a narrow slit, the normal fluid remained

stationary locked by viscosity, while the superfluid flowed without

resistance. When the viscosity was measured by MacWood using the torsional

disc technique, momentum exchange could take place between the disc arid

the normal fluid causing a drag force on the disc.

Landau proposed an excitation spectrum to account for the properties

of liquid helium. At 0 K there are no excitations at all. As the temperature

is raised the thermal energy goes into the lowest excited states. In this

region Landau said that the energy is proportional to the momentum end

the excitations are sound waves or phonons with a wavelength long compared

to the interatomic spacing. These yield a Debye T^ entropy temperature

dependence which is observed in He II at low temperatures. As the temperature

rises above 0,6 K, a higher momentum excitation becomes more and more

important. This type of excitation Landau called rotons, after a suggestion

by Tamm, and they were pictured as a rotational motion, somewhat like a
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smoka_. ring, involving only a few atoms. Landau introduced this idea

because helium is a quantum fluid and one might expect a quantisation of

angular momentum to occur within it. However, in his second paper when

Landau describee® his final continuous spectrum he said that phonons and

rotons are really of the same class and differ only in momentum. At

temperatures above 0.9 K rotons dominate the normal fluid behaviour.

This part of the spectrum is characterised by a minimum and a curve of

the form,

£(p) = A + (p - p0)2/2/J. . ...1.3.1 .

where A , pc, and yu are constants chosen to provide the best fit to the

experimental behaviour. was found to be about 8.5 K, y was an

effective mass equal to about a quarter of the mass of a helium atom, and

pc locates the minimum in the enei-gy at p/ft = po/h = 2.0 X . This means

that the wavelength of the excitation is comparable to the interatomic

spaaing,

1 .A. The Feyriman Model

Feynman (1953, 1954, and 1957) by the application of quantum mechanics

to the microscopic motion of helium atoms was able to show that the only

form of low-lying excitations represented sound waves and no other lower*

energy excitation could exist. This is very important since, if they existed

such excitations would dominate the properties of liquid helium. He was

also able to show that there was a minimum in the £(p) curve and that this

occured when the wavelength of the excitation was of the order cf the

interatomic spacing, in agreement with Landau. The energy Feynman found

at the minimum was rather higher than thai necessary to agree with

experiment, the fault being that the model did not conserve current. By

including counter-flow, Feynman and Cohen overcame this objection and

obtained good agreement with Landau. They also suggested that it would

be possible to investigate the excitation spectrum using inelastic
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scattering of low energy neutrons. Several groups carried out this work

(see Keller's "Helium-3; HeHum-V, Chapter 5) all of them verifying the

Feynman model and the predictions cf Landau.

Landau's model assumes that the excitations can behave as a non-

interacting gas. This holds at sufficiently low temperatures but as the

temperature rises to about 1.7 K then interactions between excitations begin

to become important. Consequently this model says nothing about the lambda

transition. In his article in Progress In Low Temperature Physics (1937)
temperatures

Peynman speculates that at the higrerelong vortex lines originating as
rotons wind their way through the liquid eventually causing complete disorder

at the lambda point. He does not go into great detail.

The two fluid model as a combination of the ideas cf Landau and Tisza

can be used to explain many of the properties of He II but there remain

several issues still to be decided, (it must be remembered that the division

of He II into two fluids is not a real one, but is just a convenience which

facilitates the description of the liquid.) In the following section some

of the consequences of the model will be examined. In particular the

properties of superfluid flow that are predicted by the above ideas will

be studied.

1.5. The Helium Wave Function And Superfluidity

We have seen that the models of both Tisza and Landa.u suppose that

a fraction of the He II is in a ground state of some sort. This state can

be described by a wave function'if , which, unlike the wave functions which

describe the electrons in atoms and are significant only over small regions,

exerts considerable influence throughout large regions of the liquid. The

unusual flow properties of He II owe their origin to the long range order

that 1 imposes. There have been many suggestions as to the precise form

that Of takes, but all of them have certain characteristics in common.

One of these is that If is normalised so that in some way it is related

toPs, the superfluid density, in the manner,
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Y is often refered tc as the order parameter. It was by considering the

symmetry properties of a wave function describing a system of bosons that

Peynman was able to demonstrate that the least energetic excitation in

liquid helium was equivalent to a phonon. Peynman went on to consider the

wave function which describes the fluid when there is a large scale motion

(as opposed to the local motions that characterise phonons and re tens)
and deduced some very interesting properties of superfluid flow.

The motion of He II is described by the phenomenological equations

of motion,

It can be seen that the third term of the normal fluid equation 1.5»3»

is missing from the superfluid equation 1.5»2.. This represents the lack

of viscous drag and its absence must be accounted for in any theoretical

description of He II.

In a classical fluid the kinetic energy of flow can. be lost in • *■■■

arbitrarily small amounts and reappear as heat in the fluid. Landau

suggested that superfluid flow was due to the quantum nature of Hell which

meant that it could receive energy only in a. discontinuous fashion. In

order for the liquid to absorb energy, an elementary excitation must be

formed. If the energy of such an excitation is f(p) and the momentum is

p, then, in the laboratory frame, its formation will change the energy of

the system by,

where v is the velocity of the flow. The formation will be energetically

Dt

t-»5oLc



favourable if ^ is negative and this requires that the velocity and the

momentum be in opposite directions. It then follows that

3 =UM| *1 *5.5vsc
P

is the condition for dissipation to occur. This condition, which has

become known as the Landau Criterion, will be fulfilled most easily at

the minimum value of j £("p)| • If, |£_LpJL|min £ 0, then superfluid flow is
possible. Landau's excitation spectrum shows that for helium, |g(p)|
is indeed non-zero and that it occurs near the roton minimum. The velocity

i mm

— •1

predicted by this means is of the order of 60 m.sec which is several

orders of magnitude larger than the values determined experimentally.

Although phonons can be less energetic than rotons, the velocity associated

with this type of excitation is simply the velocity of sound which is about

200 m.sec"'1 and is even higher than, that for rotons. The difficulty is

that if the fluid must flow irrotationally then energy can only be lost

by the slowing down of the4-whole fluid. In order that energy can be lost

at lower velocities, smaller regions of the fluid must be allowed to slow

down separately and the flow becomes no longer irrotational. Onsager (l544,

1949) suggested that quantised vorticity might provide a suitable mechanism

and Feynman independently developed this idea.

Feynman considers the wave function of helium in uniform motion

to have the form,

^ = l0 exp(ik.^j Rj) 1.5.6.

where, Rj is the position of the atom, and i o is the wave function
of helium at rest. If the motion is non-uniform it is likely that, in a

region where the local velocity is v, the wave function must be very like

the wave function would be if the region was isolated and in uniform motion.

If we now include all other regions (as long as the motion is not too

non-uniform) we can write the phase term as,
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and we can write the wave function as

exp( im v(Rj).Rj) 1 .5.7

if = 70 exp( i^(R) ) .

Now the momentum density is defined as

J = fs vs , 1.5.9.

so that, if

?s ,

then

vs = j = -m rvf) - s yoy* v/ = w/. 1.5.10

This indicates that a gradient of pha.se will cause a superfluid flow. It.

can be seen that, from equation 1.5.10,

V x vs = 0 ,

i.e. the flow must be irrotational. This accounts for the missing drag

force in equation 1,3.2. Also, if we perform the integration

that energy cannot be lost in turbulence until there is sufficient energy

to form one quantum of vorticity. Because of this minimum condition it

is possible to apply arguments similar to the Landau Criterion considerations

in order to calculate the velocity at which vortices are ju3t formed. Some

of the details of this argument are discussed in chapter 3. The quantum

of circulation is 2 ft x 1.5 x 10"^ cm^sec" , and this leads to a critical
— 1 _ C

velocity of 100 cm seo in slits of width 10" cm. This value is much

closer to observed values than the roton mechanism velocity but is still

1.5.11.

we see that the circulation is quantised in units of h/m. This implies
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rather high. Support for the vorticity model comes from experiments that

have demonstrated that, quantised vortices do occur in liquid helium (Vinen

(l96l) and Rayfield & Reif (19&3)).

Anderson has extended these ideas, showing that there is a link

between the phase of a wave function and the chemical potential. He noted

that the integral of "Vf is different by 2ft for paths that pass on different
sides of a vortex. Consequently if a vortex crosses a line between two

points A and B, then the relative phase between A and B must change by

2fC . Now <f> and can be related by the equation

= c)E = u 1.5.12.
tb t & n

so that we can write,

ft ~ /r) - 2i£fl(dN) = Jjg - J-1B 1.5.13.
^ t dt

where dj\j is the rate at which vorticity crosses the line between A and B„
dt

We can therefore make the following statements:-

1o If there is a phase difference between two points in Hell there

will be superflcw between them;

2. If the flow is such that vortioity is moved across a line between

these pointa then a chemicalizetential difference must exist

between them.

It is clear that vorticity and flow of liquid Hell are very closely

linked. This link is the subject of further study in subsequent chapters.



CHAPTER II

THE STUDY OF SUFERFLUID FLOW

2.1. Introduction

This chapter gives a. brief review of some of the many experiments

that have studied the phenomena associated with superfluid flow. Only a

few can be mentioned here and those that have been selected are those that

seem to relate most closely to the work carried out during this project.

There have been a number of experiments which relate to this work which

have been reported during its progress; discussion of these will be left

to later chapters.

The experiments to be discussed fall into several categories.

(a) Experiments studying the liquid helium film,

(b) experiments studying the flow of this film which seemed to indicate

two clearly defined types of flow, dissipative and non-dissipative,

(c) experiments studying the dissipation that causes the decay of the

inertial oscillations, and

(d) more recent experiments that indicate that there is no critical velocity

and that flow is never really friotionless.

Finally, experiments will be described that have revealed sudden changes

of the flow rate in and out of beakers and through slits.

2.2. The Helium Film

A film of liquid helium covers all surfaces in contact with the

vapour. When the pressure is that of the saturated vapour, the film is

usually referred, to as a "saturated film", and it is to such films that

our attention will be confined in this thesis. The formation of such a

film is not a property unique to helium, in fact all vapours will form

a film on a solid surface, but in the case of helium the weak binding

forces and the properties of Hell 'fender the film mobile. This was the

cause of the remarkable observation of Kammerlingh Onnes in 1922 when he

noticed that, if an open container was placed in a reservoir of Hell with
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its rim above the liquid surface, then the levels inside and out would

equilibrate suprisingly quickly, it was a further fifteen years before

the cause of this strange behaviour was identified by Rollin & Simon (1935/

following a suggestion by Rollin (193^)•
The thickness of the film has been studied by several groups using

many techniques. One of these, used by Atkins, is described in section 2.5..

Articles by Ham & Jackson (1957) and Jackson & Grimes (i958) give reviews

of this work. The results,at least at reasonably small heights above the

liquid surface, are generally in agreement with theoretical considerations

( Frenkel (1946), Bowers (1953), Franchetti (1956, 1957)) that lead to

the film profile,

d - k(H)~ 2.2.1.

where d is the film thickHess, k is a constant and H is the height above

the liquid surface, z has a value between 2 and 3 which depends on the

value of H and the nature of the surface.

2.3. Superfluid Flow in Films

In order to account for the anomalously high heat leaics into a dewar

that arise at temperatures below T^. , it was suggested by Rollin & Simon
(1939) that helium can. flow in the film in a manner similar to that in

narrow channels. Early experiments (Daunt & Mendelssohn (1938,9)) studying

this behaviour indicated that, as in the case of channels, the flow wa.s

frictionless until a certain critical velocity was reached. Daunt &

Mendelssohn (1946) studied film flow in coaxial beakers and concluded that

a flow rate only 1Ofo slower than the critical rate needed a driving head

of less than 10"^ cm of helium. However, the menisouses in the two beakers

made the levels rather difficult to see. Allen (1958) avoided this difficulty

with an 'S' shaped beaker which placed the inner and outer levels side by

side. He observed that the outer level moved off first followed by the inner
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level. The levels oscillated about each other as they fell with a meau

difference of lass than I0~*am. Whether or not such sub-critical flow is

really frictionless and what processes cause the onset of dissipation are

questions'which are fundamental to the understanding of superfluidity.

2.4. Early Indications Of Sub-Critical Dissipation

Picus (l554) conducted an experiment which involved driving flow

out of a beaker at rates such that the velocity of flow was less than the

critical value. He observed the level of helium in the beaker visually

and reported that, after initial effects (similar to the inertial

oscillations that will be described later) the level settled at about 0.02mm

above the level in the reservoir. This suggested that a small pressure

head was necessary to drive the flow. Seki (1962) also found a dependence

of f]oWrate on level difference at low level differences. This type of

behaviour" was thought to be anomalous and due to heating effects, but

calculations by Seki showed that heating effects were not sufficient to

account for the observed dependence. The study of helium flow at low

level differences forms a considerable part of the work upon which this

thesis is baaed.

2.5. The Inertial Oscillations

When the level in a beaker first returns to its zero position

during a flow experiment, the fluid in the film is still moving quite rapidly.

As a consequence, the level overshoots and executes damped oscillations

about the equilibrium position. These oscillations were first observed by

Allen & Misener (1939) during experiments on the flow of helium through

capillaries of various kinds. They assumed that the frequency of oscillatidfi

was determined by the restoring force of gravity and the inertia of the

flowing liquid in order to calculate the effective cross section of

their capillaries from the observed periods. Atkins (1950) studied this

phenomenon in beaker film flow and was able to measure the film thickness
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and its height dependence in a similar manner. The kinetic energy of the

flow comes principally from the fluid flowing in the channel or film where

the velocities are much higher than those associated with the rise of the

levels. If the thickness of the film, or the diameter of the channel is not

constant along its length, then the total kinetic energy will be found by

integration along the flow path. Atkins showed that for the film on a beaker,

this leads to an expression for the period of oscillation,

T = 2*rff _r_ (1 + r)r <3h] * , 2.5.1.
(fa 2g R/0 dj

where R and r are the outer and inner radii, of the beaker, 1 is the distance

from the liquid level to the beaker rim and d is the thickness of the film

at a height H. If it is assumed that the film profile is given by

d - k 2.5.2.
Hn

then the two constants k and n can be found from a study of the oscillations,

Atkins' results agreed reasonably well with values given by Burge & Jackson,

who measured the film thickness by optical polarisation methods. In his

analysis, Atkins assumed that the film thickness was not affected by the

flow of superfluid through it. This assumption is to be questioned, as the

work of Kontorovitch (1956) would suggest that there should be a thickness

change whose magnitude depends on the square of the velocity of flow. This

argument and counter suggestions are discussed in Chapter III.«*£?>•

The damping of the oscillations is of considerable interest since it

provides a means of studying the dissipation mechanisms that can occur in

superfluid flow. One or two mechanisms have been suggested and are

considered in this thesis. Previously the damping has not been well accounted

for. Picus (1954), Click & Wernst (1964) and Martin (J 969.) among others have

found that a particular mechanism put forward by Robinson (1951) and described

in Chapter III, did not account for the damping that they observed. Allen

(1963) suggested that the damping might be due to a vortex-roton interaction.
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the magnitude of which was proportional to the rcton density. By plotting

the logarithm of the damping constant against the reciprocal of the temperature,

Allen obtained a straight line with gradient 7.5 ~ 0.1- K which corresponds

well with the roton' minimum energy, especially if this is corrected for the

effects of the restricted geometry of the film. Kuper (196>3) gives the value
o

^/kp as approximately 7.0 K for a roton held by its image force 10 A

from the wall. The value is about 8.5 K in bulk fluid so that Allen's

intermediate value would seem to be satisfactory, Martin repeated these

measurements but his results did not conform to this mechanism, a similar

graph having a gradient of 4.0 K. Results of the study of the inertial

oscillations during the present work will be presented in a later chapter.

2., 6. The Properties of "Film Flow

2.6(a). Plow Rate and Film Velocity:

The quantity which is measured directly in most beaker flow experiments

is the rate of fall or rise of the liquid level in the beaker. Tnis is

subsequently expressed as a volume flow rate per unit perimeter length and

this quantity is usually called C . The quantity of most theoretical interest

is the actual velocity of the superfluid as it flows through the film and

this must he separated from cf using the relation,

P
jl'd 2.&.1

where is the density fraction of the superfluid, and d is the thickness

of the helium film. The prediction of v , and particularly the value of the

'critical velocity* vg0 has been a main aim of the theory cf superfluid

flow, and some attempted predictions were described in the previous chapter

and will be described in more detail in Chapter III. In this section some

studies of the behaviour of vg will be discussed.
2.6(b). Geometry Dependence:

Van Alphen et al„ (1966) after a study of the results of many



figure 2.6.1. The temperature dependence of the
flow rate after Mendelssohn & White.



experiments in films and channels, have suggested that the relation

t

vgG oc d 4 , 2.6,2.

where d is the channel size or film thickness, holds over a range cf d

which covers seven or eight decades. Experiments by Allen & Armitage (1966),

during which great care was taken to avoid contamination of the beaker

surface and vibration of the cryostat, showed that the flow rate in the

film was given by

<5" = 6.5 j's/j ^ x 10 ^ cm'" sec ^ . 2.6.,3•

Bearing in mind relation 2.6.1. and that the film profile is given by

d = k. H~1//3 2.6 Zf.

this is in agreement with the van Alphen relation. The Allen-Armitage

experiments also revealed details of the flow rate which will be described

in section 2.7.

2.6.(c). Temperature Dependence:

The temperature dependence of the flow rate, particularly in the film,

has not been well understood and its form has not been agreed upon. Near

the lambda, point the behaviour is reasonably well understood but at lower

temperatures the situation is not so clear. In channels it seems generally

agreed that at temperatures far from T^ , vsc is independent of temperature
except in very narrow channels ( Keller 1969) . However, in the case of the

film there remains considerable conflict. Mendelssohn and Fnite ( 1950)

reported a temperature dependence of the flow rate of the form shown in

figure 2.6,1. and many other experiments have revealed generally similar

behaviour. However, some workers have reported a decrease at about 1,5 K

( Ambler & Kurti 1952) and Martin (1969) reports an anomalous incx-ease below

1.3 K. The behaviour below 0.3K has not been as thoroughly studied but

there are reports of a decrease in the flow rate below 30 mK. Clearly the
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situation far away from the lambda point is quite complicated.

Clow & Reppy (1967) studied the superfluid velocity near the

lambda point with good resolution using a gyroscope technique. In their

experiments, superfluid currents were created in an annular container

packed with fibrous filler material by rotating the container at a particular

angular velocity while cooling through the transition temperature T^. The

temperature was stabilised at some temperature below T^ and the container
was stopped. The angular momentum remaining because of the persistent

superfluid current was measured using a proximity capacitor to detect the

precession of the axis of rotation of the gyroscope. When the temperature

was raised to a point where the critical velocity was less than the original

persistent current velocity, the current and hence the angular momentum,

decreased. In order to calculate vsc from the measured values of the critical

angular momenta, which depend on vgc and the superfluid density, the density
was measured separately. To do this a persistent current was set up at a.

temperature near the lambda point. As the temperature was decreased the flow

became subcritical and the velocity thereafter remained constant. ( It

will be seen later that this statement needs some qualification). Also,

as the temperature decreased, the superfluid density increased, which led

to the remarkable observation that the angular momentum actually increased

as the temperature fell. This is a very clear demonstration of the existence

of the macroscopic quantum state of superfluid helium, because as superfluid

formed with decreasing temperature, it all entered the same momentum state.

The temperature dependence of the superfluid density was determined from

these measurements and the superfluid velocity was calculated from the

'critical angular momentum'. The results showed that the critical velocity

decreased as the lambda point was approached according to the power law,

, .0.68* 0.03 „ -

vsc = vc (1~ T/tJ • 2.b.5.
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Kukich, Henkel & Reppy (1968) studied the decay cf persistent currents

using a gyroscope technique and found that there was a decay rate which

was linear in the logarithm cf time. Their results, and a theory proposed

by Iordanski (1965) and Langer & Fisher (1967)» which provided a good

qualitative explanation for the observations of Clow & Reppy, meant that

the meaning of v had to be reconsidered. Langer & Reppy (1970) gave theSO

definition of vSG as that velocity at which the decay rate became unobservable.

This can be restated as, that velocity which is accompanied by the minimum

detectable dissipation. In view of the developments mentioned in this

section it is not possible to be more precise than this operational

definition. The Iordanski-Langer~Fisher model is described in the next

chapter.

2.6,(d). Superfluid Velocity as a Function of Chemical Potential:

In Chapter I it was shown how a gradient of chemical potential will

drive a superfluid flow. The gradient of chemical potential is given by

7/i = -1/j VP - SVT 2.6.6.

There can be other contributions to but in most of the experiments

discussed here either the pressure or the temperature term dominates.

A flow can be initiated by setting up a pressure gradient by, for example,

raising a beaker so that the level inside is different to that in the

reservoir, or by setting up a temperature gradient by applying heat.

In their early experiments studying flow in beakers, Daunt &

Mendelssohn (1939) observed that the flow rate of helium during a film

transfer was nearly independent of the level difference and the height

of the rim above the liquid level. Subsequently, Atkins (1950) and Esel'son

& Lazarev (1952), observed that the flow did depend on both these quantities.

The film length dependence can be understood in terms of the geometrical

considerations already mentioned in 2.6.(b). The pressure head dependence



has been the subject of increased study in recent years and some of this

is described here,,

In response to the ideas of the Icrdanski-Langer-Fisher model

which attempted to explain the results of Clow & Reppy, Notarys (l9&9)
extended the theory so that it predicted the pressure dependence of helium

flow in a narrow channel and then tested this prediction by experiment. He

measured the flow rate of helium through fine pores in a mica sheet as a

function of pressure head, using a capacitor as part of an oscillator

circuit to detect the position of the liquid levels. His results showed

good functional agreement with the theory but as will be seen later he did

not obtain good quantitative agreement.

Martin (1969) used a similar capacitance technique to study the

film transfer rate as a function of level difference. He could measure the

_2
level difference to within 2 x 10 cm and at temperatures above 1,3 K

he found that the Iordanski-Langer-Fisher (iLF) theory again accounted

qualitatively for the observed dependence. However, Martin also showed

that there seemed to be other effects that the theory did not include.

He observed " enhanced " rates below T = 1,3 K which were higher than the

usual rates and exhibited a different dependence on level difference.

Allen & Matheson (1966) reported that they had observed higher than usual

flow rates after filling the beaker by plunging it below the reservoir

surface, rather than filling it via film flow. Tilley (1966) suggested that

this was due to the formation of a thicker film because of drainage of

normal fluid from the rim but Armitage (i969) has shown that evaporation

would quickly remove any excess fluid.

Duthler & Pollack (1970), observing the level optically, measured the

flow rate as a function of level difference and found that the dependence

could be expressed as,

CT(z) = 1/(A - B ln(z)) . 2.6.7.
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For T = 1 .65 K with a rim height of 7 cm they found

A = 1.80 ± 0.09 x 10^ sec.cm"2
B = 8.9 i 1.9 x 102 360.cm-2

and for T = 1.28 K with the same rim height,

A = 1.35 - 0.02 x iCy+seo.cm"^
B = 8.3 ± 1.4 x 10^ sec.cm-2.

Although an expression of this form is in good functional agreement with

the ILF model as extended by Notarys, there were several points of

disagreement.

2„6»(e). Flow Steps:

The careful experiments of Allen & Armitage revealed that the flow

rate did not vary smoothly during transfer. Instead the rate appeared

to jump from one constant value to another. This kind of behaviour had

been previously reported by Harris-Lowe, Mate, M°Cloud & Daunt (1963,1966).
Harris-Lowe et al found that there appeared to be "preferred flow rates'" and

that the rate would change from one of these rates to another in less than

10 seconds.

Harris-Lowe & Turkington (1970) have used a capacitance technique

to achieve greater resolution of flow rate in order to study this

phenomencm more carefully. The height dependence of the flow rate prevented

the preferred rate suggestion being tested but their results were very

interesting. On some occasions they obtained remarkably reproducible

behaviour with the flow rate falling from one value to another at equal

values of the height of the rim above the liquid level in successive

experiments. Harris-Lowe points out that such reproducible behaviour did

not always occur. The high flow rates sometimes did not change rapidly but

exhibited a greater height dependence until the lower value was reached.

The lowest values appeared to be stable. It is possible that the slow decay-

process observed by Harris-Lowe was similar to the enhanced rates reported



by Martin.

Keller & Hammel (1965), while studying the pressure dependence of

flow through a slit, found that the results would "randomly and unaccountably

alternate between two or three dissipation curves" and they concluded

that this was " a perverse but true property of liquid helium"»

The precision and the resolution of the present work has enabled study

of flow steps to be made, and some observations are reported in a. later

chapter.



CHAPTER III

THE THEORY OF SUEERPLUID DISSIPATION

3.1 . Introduction

Some aspects of the theory of superfluid dissipation will be described

in this chapter. The discussion will be grouped under the headings;

1. Vorticity and Superfluid Plow

2. Fluctuation Models of Superfluid Plow

3. The Damping of the Inertial Oscillations

4. The Thinning of the Moving Film.

3.2. Vorticity and Superfluid Flow.

In Chapter I some properties of vortices in superfluid helium were

described. It was seen that circulation is quantised and, following the

suggestions of Onsager and Feynman, that energy cannot be lost from the

flow in arbitrarily small amounts. The flow velocity must be sufficiently-

high to provide enough kinetic energy to form one quantum of vorticity.

Let us consider superfluid flow through atube and apply ideas

similar to the Landau Criterion to obtain a model for the critical velocity

by calculating the ratio ^/p. If the vorticity is assumed to be similar

to a classical vortex ring then p is the impulse,

p = TTk d2 3.2.1 .

4

and the energy F is given by,

In these equations, K is the circulation, y is a constant which depends
on the core structure, d is the diameter of the ring and a0 is the core

diameter. The ratio of energy to impulse becomes
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S/p = K (in 4d - y ) , 3.2.3
jtd &0

and this has the smallest value when d is a.3 large as possible. This

means that a. vortex ca.n form when the superfluid velocity is sufficiently

high to produce a ring with a diameter which is just the diameter cf the

tube. Substitution of this diameter and the appropriate values of the other

quantities will give vsc for this situation. As was seen in Chapter I,
the value obtained is rather too high In addition, the relation 3.2.3.

contains a 1/3 channel size dependence whereas experimentally ad4 law

has been observed. This treatment has considered the vortex in isolation

from the walls of the tube. Some attempts have been made to include the

effects of the channel walls and the image forces, but a good fit to the

experimental data has not been achieved. Glaberson & Donnelly (1966)

proposed that vortex lines stretching and "paying out" may provide an

alternative mechanism. They consider a segment of line pinned at both ends

to a wall of the channel and study the effect of this as a "vertex mill".

At velocities less than vsc the line retains a stable configuration until

va just equals vSG when the line becomes a semicircle. If vs increases
then the line begins to pay out and threads its way down the channel-

growing at the expense of the energy of the flow. This mechanism also

does not yield good agreement; the critical velocities being still too high.

3.3. Fluctuation Models of Dissipation

The two models described above consider the vorticity tc be nucleated

mechanically by the flow, Iordanski (1965) considered the induction of

vorticity by thermal fluctuations, and applied this to the problem of

dissipation. In the Iordanski model, there is a critical size or energy

barrier for a vortex in flowing liquid helium suGh that vortices smaller

than this can exchange energy to and fro with the fluid flow, shrinking

or expanding as they do so, without there being any net energy transfer.



However*, if a vortex reaches this critical size and surmounts the energy

barrier, then it can grow indefinitely, gaining momentum while decreasing

its free energy. The energy for the growth would come from the flowing

liquid which would slow down. Because of thermal fluctuations, the growth

of a vortex to the critical, size would be attempted continually, the

probability of a successful attempt depending on the superfluid velocity,

lordanski calculated that there would be an appreciable rate of formation

of vortex rings of critical size when vg is 60 cm s"'', but if vg were a.s

low as 4-0 cm s"^' then the rate would be smaller by the factor exp*(l000) ,

and their effect would be unobservable. These ideas introduce a radical

change of thinking because they mean that the dissipation would not be

zero for subcritioal velocities, but would be merely smaller than experiments

could detect. In other words, the term "critical velocity" would lose its

meaning. In the lordanski model the vortices are provided "free" and are

not produced from the flow, so there is no Landau type criterion to

satisfy before a vortex can appear.

In the rest of this thesis "critical velocity" will be merely a

convenient label for those velocities at which the dissipation accompanying

superfluid flow becomes experimentally observable.

Langer & Fisher (1967) (LF) have developed an argument very similar

to lordanski's but they included the notion of phase slippage which was

suggested by Anderson and was discussed in Chapter I. In the LF model

if a vortex appears in the centre of a tube through which He II is flowing,

then the integral of V/, giving the total change of phase from one end

of the tube to the other-, will be smaller by 27C if the pat,h of integration

passes through the ring rather than around it. If the ring expands and

annihilates at the walls, then the total change of phase will decrease

along all paths and the order parame ter ^ will lose one wavelength across

the whole system. If this happens at a particular rate d Aj6, then there
dt



must be a difference of chemical potential /Xjj. along the tube to balance
it ( see equation 1 .5*14.). Experimentally, this would appear as a driving

force necessary to maintain a constant flow rate»

It is interesting to note that the process of phase slippage, and

the loss of energy from the flow allowing the vortex rings to expand,

are not really separate mechanisms but are complementary. If a ring expands

across a channel, a gradient of chemical potential is produced and this

just balances the energy required to expand the rings while maintaining a

constant flow rate-

The Icrdanski and the LP models are clearly quite similar and so

we will henceforth combine the two as the ILF model.

In the ILP model, thermal fluctuations attempt to produce vortices

which will expand in the manner described above. There is an energy barrier

which must be overcome to produce a successful vortex so that the rate of

production of successful or critical vorticity is given by a Boltzman

factor multiplied by an attempt frequency. Because the superfluid velocity

enters into the expression for the barrier energy it is possible to obtain

a relation between it and the dissipation. If we assume that the vortex

takes the form of a ring, then the energy can be written as

Bo ' p31}( -n - i)(")- 11/4) , 3.3.4.I D V g «

where /m« The rate of critical vortex production is then

f = f0 exp( - E0 ) , ■ 3.J.5.
KT ' '

..

where f0 is a characteristic microscopic attempt frequency per unit

volume. LP used this approach to study how a supercritical velocity would

decay. They supposed that the vortex ring model provided the mechanism

by which the flow could decay through metastable states and slow down. The



theory predicts a logarithmic decay which eventually would become so slow

that the velocity would be effectively constant. Kukich, Henkel & Reppy

(1968) have performed studies of the decay of supercritical flow, and

find that functional agreement between the theory and experiment is very

good although numerical agreement is not so satisfactory. The fraction

decay per decade can be expressed as

A ( VR - vsc ) - 2.303 . 36.
vsc ot

Experimentally ot turns out to be 1+6, while the theoretical value is 53»

(Langer & Reppy 1970 ). The calculation of oc assumes that fo is about

10^^"cm~5s~y' , which is simply a. characteristic atomic frequency multiplied

by the number density of helium at T^ .

The difference between theory and experiment could be reconciled if

the value of fQ were different by three orders of magnitude. Langer &

Reppy say that it is not clear if this is significant. As will be seen

later, the values determined for f from flow rate experiments are very

different from 10^" and the simple model described above is clearly not

adequate„

The temperature dependence of the critical superfluid velocity

near the lambda point, has been studied by Clow & Reppy (i967) who found,

as described in Chapter II, that,

/ \ / T/ \0.68 ^0.03 j

vSc(T) = uc(l - /Tpk) cm s 1 . 2.5.5.

<2
LF1 predict that the power should be /- , which is in good agreement,

— 1
but also that uG = A,800 cm s , whereas the Clow & Reppy experimental

value of uG is 67O cm s~ . The energy barrier calculated by Clow & Reppy

from these measurements again showed a. large quantitative disagreement

between theory and experiment; the theoretical value being almost an.

order of magnitudetoo large. The ILF approach gives a qualitative



explanation of the measurements mentioned so far but the numerical

agreement is poor.

Notarys (1969) has taken the ILP model and has applied it to

driven flow. Suppose that the superfluid is in a particular meta.stable

state of flow defined by a wave number kn = 2 7Cn , where L is the length
L

of the channel. Then, if the fluid changes state by one step such that

n —^ n-1 , we can say that, since the velocity appropriate to a state

of wave number kn is

vsn = , 3=37.
m

then

&vs = h . 3=3,
mL

Now if the total rate of production of critical vortices is

R = fQ A L exp(_~E0) , 3 = 3.,!
KT

where A x L gives the total volume of the channel, and if each successful
produces

vortex/a change of state of one step as described above, then a fundamenta

equation of the IIP theory is obtained, viz.,

dvs = h f0 A exp( -En) = 3= 3,10.
dt m KT

Notarys equated the loss of kinetic energy due to this deceleration

to the gain of energy from the external driving force ( for instance,

pressure) that would maintain a constant flow rate. This leads to the

expression

jp = h L A fQ exp( ^E0) . 3=3 11 =
m KT

J) is the pressure head that maintains a flow at velocity vg, where vs

is contained in EQ as in equation 3=J=A=
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Notarys tested this expression by studying pressure driven flew

through mica pores. He wrote the vortex energy as

E0 s , 3.3.12.
j vs

where , although it contains a slowly varying function of vg and T,
will be treated as a constant and will be called the vortex parameter.

By measuring the pressure dependence of the flow rate through the pores he
f) -12 27could calculate J . The value obtained was 1.3 x 10 with f0 = 5 x 10 „

/) -12The theoretical value of f> is 50 x 10 , so once again quantitative

agreement is not good. In addition, the size of a critical vortex of

the ILP model can become larger than the channel in which it forms!

However, the form of the dependence of the flew rate on the pressure head

was as predicted. The theory also predicts that, for a given pressure

head,

vs cx •

o^ o
For pore diameters from 100 A to 800 A, Notarys found that the above relation

held for the temperature range 1.2 K to T^ , while for pores with a
o

diameter of 2000 A the relation held only above 2.0 K. Martin (l97l)
has studied the dependence of flow into and out of a beaker on the level

difference; the latter playing the role the driving head. His results were

"not inconsistent with the fluctuation model". Duthler & Pollack (l97C)

have also studied film flow recently, (as described in Chapter II) and

their results, interpreted in terms of the Notarys extension of the ILP
/0 —1 It-

model, yield Li =7x10 , again very different from the theoretical

value. Langer & Reppy point out that the form of the results of the theory,

for instance that the decay of a supercritical velocity will be logarithmic,

does not depend on the correctness of the vortex model of the excitation.

The failure to obtain good numerical agreement therefore casts doubt on

this model. Despite the difficulties, the ILF theory has made an important
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contribution to the understanding of superfluidity and has certainly

stimulated much theoretical and experimental work in recent years, including

much of the work reported in this thesis. Two attempts to provide an

alternative to the phenomenological theory from microscopic considerations

will now be mentioned.

Donnelly & Roberts (1971) have developed a theory of fluctuations

and vortices from a microscopic basis and have shown that a simple model

based on a vortex ring in isolation from the walls does not account for

the observed critical velocities. They also applied the fluctuation ideas

to the "vortex mill" of Glaber3on & Donnelly (1966). A vortex mill is a

segment of vortex line which is pinned at both ends but can stretch and

"pay out" vorticity into the stream. Donnelly & Roberts considered the

development of such mills via thermal fluctuations but because it is not

clear how many mills might be expected in a given situation they were unable

to calculate a vorticity production rate. However, they were able to show

that fluctuations would be a.n important source of vorticity at velocities

only 1-Ofo lower than those predicted by the mechanical vortex mill model.
-1

The value of vSG found was 210 m s ' which is still much too high.

The ILF model describes an "intrinsic" dissipation process and the

critical velocities predicted are known as "intrinsic critical velocities".

Hess (1972) has suggested that although the intrinsic behaviour can

appear near T^ , "extrinsic" processes may dominate at lower temperatures
and cause lower critical velocities. Hess studied the properties of

vortices pinned at the site of dust particles on the wall of the channel

or beaker and showed that a weaker temperature dependence than that

predicted by the intrinsic mechanisms can occur. It has often been found

experimentally that the temperature dependence of v3G is indeed weaker
than the ILF model would predict. Hess calculated the effective excitation

energy for particular dust particle geometries and suggested that this be
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used in the fluctuation model instead of the vortex ring energy. As the

temperature nears T^ then the intrinsic mechanism with its stronger temperature

dependence will take over and the vortex energy will dominate once again

in the Boltzmann exponential*. This approach does provide an explanation

for the nature of the temperature dependence of the critical velocity but

the energies predicted still do not compare well with the experimental

value s „

The results of the film flow experiments reported in this thesis have

been interpreted in terms of the IIP vortex ring model. They are discussed

along with the results of similar recent work carried out at Los Alamos,

in Chapter VI.An alternative model which assumes that the excitation talces

the form of a vortex pair instead of a ring, is also introduced and applied

to our observations.

3.4. The Damping of the Inertla.1 Oscillations

The oscillations of the liquid level that accompany the end of a

film or channel flow experiment were first observed by Allen & Misener,

as described in Chapter II. They supposed that the frequency was determined

by the restoring force of gravity. Robinson (1951) analysed the flow of

superflui.d between two reservoirs connected by a slit and concluded that

if the two reservoirs are in good thermal contact, then gravity does indeed

provide the restoring force, but if the reservoirs are thermally isolated,

then the fountain effect will control the oscillations.

The fountain effect, discovered by Allen & Jones (1938)s is a

consequence of the fact that superfluid helium will flow into a region

where there is a locally high temperature. If this heated region Is inside

a vertical vessel connected to the bath by a superleak then the level

inside will rise above the surrounding bath level until the pressure head

AP just equals the thermal driving force. At equilibrium, the pressure

head and temperature difference AT, across the superleak are related by
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-H-l-fs. 3.A.I.v

This is the London fountain equation, in which S is the entropy per unit

mass of helium. If there is a net superfluid flow from a region then the

entropy per atom in that region will increase because superfluid carries

no entropy. This will produce a rise in temperature.

Robinson included this flow of heat in his considerations and showed

that the behaviour depends upon the heat conductance between the two

reservoirs. If the conductance is so high that the flow is isothermal,

then the frequency of oscillations is simply that calculated by Allen
x

& Misener. If the thermal isolation is complete so that the flow is adiabatic,

then the frequency is higher, and is given by,
i

to -U3 • (1 +<^02 , 3-4.2
Qj 1

where o( is given by the relation

-fMiUV 3.". 3.h C
p

T is the ambient temperature, is the specific heat, h is the distance

from the bottom of the beaker to the helium level, and — is the ratei ^vapif-1UtJA
of change of the vapour pressure with temperature. The relation 4.3.2

has been tested by Glick and Wernst (1964) and was found to hold to

within 3%'

If the flow is neither isothermal nor adiabatic then there will be

irreversible heat exchange between the two reservoirs, and energy will be

lost from the flow, causing damping of the oscillations. In the nearly

isothermal conditions that prevailed in the experiments reported here,

Robinson's equation of motion for the oscillations of beaker flow becomes
2

„ „2
US, ^T S a i 2y + —U + A>. x = 0. 3.4.4.

sK 1

A is the cross sectional area of the beaker, 91 is the effective conductance

and x is the level difference between the beaker and the reservoir.
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The terra that multiplies x gives the damping constant predicted by this

analysis,

3 <.'+.3.

This relation was tested during the work reported here and was compared

with the suggestion and experimental results of Allen that were described

in Chapter II. The results are reported in Chapter V.

3.5- The Thinning of The Moving Film

The thickness of the film on the beaker wall is a quantity which

is used in the analysis of film flow experiments. It is also at the centre

of a controversy which has still not been decided. Kontorovitch (1956),

by considering the conservation of the energies associated with the flow,

concluded that when superfluid flows through the film, the film thickness

should decrease. Franchetti (1958, 1964-), however, predicted that the film

would become thicker. Ti'lley (l964) considered the statistical mechanics

and thermodynamics of a Bose-Einstein system with a drift velocity and

found that the moving film should be thinner than the static film.

Kontorovitch obtained the expression

in which the first term is the kinetic energy per unit volume of the film,

the second comes from the gravitational potential at height 2 above the

liquid surface, and the last term comes from the Van der Waa.ls potential.

of the kinetic energy term is to reduce the film thickness according to

the relation

3 o 5 • 1 o

When v is zero the static film profile d = k/z" is obtainedo The effect

9
7 p o

where



and where Q is the flow rate in the film. Gribbon & Jackson (l%3),

using the optical technique of Jackson and co-workers, found qualitative

agreement with this theory but the effect was not as large as expected.

Keller (1970) devised a new method of detecting the change of film thickne

using a. capacitance method to monitor the thickness with a sensitivity

of 5 he found that there was no dependence of the film thickness on

the flow rate. Taconis et al at a recent conference at Freudenstadt in

April 1972, reported verbally the results of a study of the inertial

oscillations of a film of length 100 m. If the static and moving film

thicknesses had been different by the amount predicted in equation 3-5.2.

then the level of the reservoirs would have responded by an easily

observable amount as the flew rale oscillated. No response was observed.

Goodstein (IV0 ) has shown that there could be an extra term in equation

3.5-2. which would just cancel the effect of the kinetic energy. He

assumed that the film and the vapour were in equilibrium, examining the

behaviour of the interface between the two. He concluded that changes

of the surface tension could counteract the hydrodynamic thinning. An

alternative argument given by Goodstein (1972) can be pictured in the

following way. If the film thickness decreases as flow begins , then there

will be a region which is no longer occupied by liquid where the Van der

Waals potential causes the local pressure to be greater than, the saturated

vapour pressure. Vapour in this region will condense onto the film and

will fill up the vacated space thus maintaining a constant film thickness.

Both these suggestions and the very long film measurements are discussed

in a recent review by de Bruyn Ouboter (1973)• The question cannot be

considered settled but, because of the experimental evidence, it will

be assumed in this thesis that the moving film does not become thinner
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than the static film.
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CHAPTER IV

THE APPARATUS

4.1 . The Cryostat

The basic cryostat was of the conventional glass dewar type except

that, in order to use the same auxiliary equipment for several experiments,

it was convenient to mount two sets of dewars on one cryostat frame.

All the investigations made during the work reported here involved

the observation and measurement of liquid surfaces. Consequently it was

very important to ensure that these levels were as steady as possible.

Moreover, it has been observed by several investigators that vibration

can have a marked effect on the behaviour of flowing helium, (e.g. Allen

& Matheson 1965). For these reasons and because of a general desire to

reduce all perturbing effects to a minimum, considerable care was taken

over the design and construction of the cryostat in order to provide a.

low vibration assembly.

To ensure mechanical isolation of the dewar system from the

surroundings, the cryostat was built on two frames. One was mounted on

the floor of the laboratory and carried the vacuum plumbing for the high

vacuum system and the helium pumping lines. The .instrumentation and the

motor drive were also mounted on this frame. The second frame was mounted

on a large concrete tub which was set into but was separa.te from the

floor of the laboratory. The tub stood on. four anti-vibration springs

which rested on the ground so that there was no contact with the buildirg.

This second frame was constructed from welded one inch square section

steel tubing and was braced against torsional, vibration to which it might

otherwise have been susceptible. It supported the nitrogen dewar and,

via four more anti-Vibration springs, an eighty pound steel plate which

in turn supported the helium dewar.i This combination of springs gave the

dewar structure a natural frequency of about 2 hd.figure 4.1.1. is a

photograph of the cryostat from above which shows the steel plate and
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one of the anti-vibration springs. It also shows the flexible vacuum

tubing and motor drive connections that were used to isolate the two frames

from one another. The result of these precautions was that considerable

shocks to the laboratory floor had no detectable effect on the dewar system

and the helium, levels.

Boiling nitrogen is often the cause of serious vibration problems

because the bubbles of vapour rising in the annulus between the two dewars

can collide quite violently with the helium dewar. To overcome this problem

a copper sheath was slung in the annulus so that it reached below the helium

dewar into the bottom of a longer-tha.n-usua.l nitrogen dewar. The nitrogen

level was kept low so that the liquid did not touch the helium dewar and

the nitrogen temperature shielding was provided by the copper sheath.

This arrangement proved very effective and the heat leak was not appreciably

increased above that of the usual nitrogen shielding technique.

Having taken all these precautions, the vibration of the helium surface

was so small as to be undetectable when using the apparatus at the maximum

sensitivity of <0.2 microns. On some occasions an ice bridge formed between

the two dewars, linking them mechanically. When this happened the noise

on the levels increased by a factor of more than 10 which demonstrated the

value of mounting the nitrogen and helium dewars separately and of avoiding

contact between the helium dewar and the boiling liquid nitrogen.

The helium dewar held about 2-3 litres of liquid after the lambda

point had. been reached and this gave a useful running time of more than

10 hours.

4.2. Temperature Measurement and Control

The temperature of the helium bath was reduced in the usua.l way by I W-

pumping on the liquid and removing the latent heat of vapourisation. The

lowest temperature attainable was 1.15 K. The temperatures of the main

helium hath and the experimental chamber were determined by measuring the
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vapour pressure using a mercury manometer and a cathetometer, giving an

accuracy of 0„Q2 torr. The corresponding temperatures were obtained from the

1958 tables. Because the experiments were of such a nature that the

temperature had to be held constant for long periods, this method was

sufficiently quick and convenient so that resistance thermometry was not

necessary. However, carbon resistors were used to provide both temperature

control and a check on the temperature stability. Speer and Allen-Bradley

resistors were used, the latter having the greater temperature coefficient

in the range of interest. There were three different sensors. Those in

the main helium bath and in the beaker were suspended in the liquid, the

third was strapped to the platform in the experimental chamber. The

temperature was controlled by adjusting the pumping speed with a needle valve

until almost stable conditions were achieved. Then the value of a resistor

in the main helium bath was measured on a resistance bridge and the off-

balance signal set up as the bath cooled a little wa.s used to drive a.

wirewound heater immersed in the helium. A balance was usually achieved

with a heater power of 2 to 10 mW giving a. temperature stability of better

than 20C^uK for several hours. The off-balance signal was also displayed
on a chart recorder so that any disturbances of the temperature could be

correlated with the observed flow rate behaviour. An oil manometer provided

a back-up check on the temperature stability.

4-. 3. The Experimental Chamber

The figure 4.3.1. shows a schematic diagram of the experimental
If

chamber and its contents. The chamber itself consisted of a. 2 diameter glass

envelope attached to a Kovar-Kodial glass to metal seal which was soldered

to a brass flange. This was sealed to the chamber top-plate using a.n indium

'o'-ring. The bellows drive shaft, the high vacuum pumping line and the

needle valve controlled liquid helium inlet all passed through this

plate. Suspended from it on brass rods was the platform which supported the
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figure k.3.2.
The beaker system
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beaker and the level sensing capacitors. The beaker was made of two parts;

The bottom was made from copper bellows set into a recess in the underside

of the platform and attached with Rose's metal. This low melting point

alloy was used so that the soldered electrical connections to the capacitor

and resistor inside the beaker would not melt when the bellows were mounted.

The upper part of the beaker was a pyrex tube of internal diameter 0.75 cm,

which was attached to the upper side of the platform by a glass-to-metal

seal and Rose's metal. This arrangment was chosen so that the glass upper

section could be attached last, after all the other connections and

soldering had been completed. This ensured the minimum contamination of the

glass surface over which the helium was to flow. The two capacitors and

and the two resistors T^ and Tc which monitored the levels and temperatures

in the beaker and the chamber respectively, are shown in the diagram. The

leads from and T^ were taken out of the oeaker through seals not shown
in figure 4.3.1. but which can be seen in the photograph in figure 4.3.2..

The leads from the chamber were taken up the pumping line and ultimately

out through a sow at the top of the cryostat.

In order to avoid direct room temperature radiation falling onto

the chamber from the top of the cryostat, radiation shields were a.ttached

at two points between the top and the chamber. The pumping line was goose-

necked so that no radiation could reach the chamber by that route. Figure

4.3.3. shows a schematic diagram of the assembly. A copper foil sheath

was fitted around the platform assembly and was attached to the metal top

of the chamber. This sheath reached down into the helium in the chamber and

helped to ensure good thermal contact between the bottom and the t(_p.5<aod

thus avoid the stable temperature inversions that can occur in this kind of

arrangment. Slits were cut in the sheath to allow visual observation. The

chamber was surrounded by a copper heat shield which was fitted with heat

absorbent glass windows.
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4.4. Cleaning the Beaker

The upper part of the beaker was treated very carefully to avoid

contamination of the flow surface. The rim was lightly flame polished and

the kovar metal of the glass-to-metal seal was tinned before washing

thoroughly with warm water and Teepol. It was then cleaned in an ultrasonic

bath which contained firstly , either Teepol or a. special cleaning fluid,

and then distilled water. To complete the process a stream of distilled

water was passed through the g]ass tube during the last stages of the

ultrasonic cleaning in order to rinse away any loosened particles. Finally

it was quickly fitted to the platform using Rose's metal and the completed

assembly was put into the chamber which was then evacuated by a liquid

nitrogen trapped oil diffusion pump. To avoid the contamination of the beaker

surface by the back streaming oil from the roughing pump, the chamber was

always roughed out through the nitrogen trap. The chamber was pumped <■

continually until the cryostat had been cooled and filled with liquid

helium. The pumping line was then closed and the chamber was filled to the

appropriate level by opening the needle valve. To avoid a long delay

during which the beaker would fill by film flow, the helium inlet to the

chamber was a metal pipe which was directed so that the beaker filled

first. The levels were then sufficiently close to be in the range of the

bellows adjustment and could be equilibrated using the drive.

4.5. The Motor Drive

Part of the aim of this work was to study the dissipation accompanying

sub-critical superfluid flow and in order to do this it was necessary to

devise a means of driving the flow at low rates. The method chosen had

several advantages and proved to be very satisfactory. The most common

method used by others has been to raise arid lower a plunger either in the

bath or the beaker. This has the disadvantage that the equilibrium

positions of the liquid levels before and after an experiment are different

by an amount depending on the change of the volume of the plunger that is
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immersed in the liquid,, If a succession of experiments are to be carried

out then the change of this position can mean that the value of the rim

height RH, that is the distance from the rim to the beaker and bath levels,

and consequently the film thickness, can change enough to make comparison

of results quite difficult. Instead of using a plunger it was decided to

drive the flow by compressing or expanding a copper bellows which formed the

bottom of the beaker. Because the volume displaced by moving the bellows

was just the volume of liquid that flowed into or out of the beaker there

was no net change of the equilibrium position. (The rods driving the

bellows did affect the position of the levels slightly but the ratio of the

cross-sectional areas of the chamber and the rods was 300:1 so that, since

the bellows beaker system had a velocity ratio of 1:10, the production of

a 1 cm level difference was accompanied by a change of the equilibrium

position of only 3 x 10"^" cm.) This meant that RH could be measured with a.

cathetometer at the beginning of a run and it would remain effectively

constant for all the experiments carried out during that run.

The sha.ft which drove the bellows passed up through a stainless steel

pipe into another bellows which was supported on springs on the oryostat

top plate (see fig. 4.3.3.). During the first run a violent Taconis resonance

occured in this pipe which resulted in three litres of liquid helium

boiling away in a. very few minutes! This inconvenient behaviour' was

prevented in subsequent runs by inserting teflon spacers between the shaft

and the pipe which greatly increased the impedance to gas flow and stopped

the oscillations. The bellows on the cryostat top plate could be compressed

via a hydraulic drive by a synchronous motor through a 100 speed gear box,

a 10:1 reduction and a screw micrometer. To lower the level of the helium

in the beaker, the motor drove the micrometer which compressed a set of

bellows filled with water. This forced water through the plastic hydraulic

tubing into another bellow: causing it to expand. This bellows sat on top
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figure 4.5.2.

A plot of the height of liquid in the beaker
against time while being lowered by the drive.



of the bellows on the cryostat top plate and drove the shaft down, thus

expanding the bellows which formed the bottom of the beaJcer and causing

the liquid level inside to fall. The combined spring action of the bellows

and the springs on the cryostat top enabled the level to be raised when,

the motor was reversed. In order to prevent a disastrous over-run of the

motor which might damage the hydraulic link and/or the gear box, micro-

switches were positioned at suitable points so that the motor would either

be stopped or reversed at the end of the drivds safe travel. The action of

these switches and the direction and speed of the motor were controlled

at the panel shown on the photograph figure 4.1.1. The flexible hydraulic

drive arrangment wa.s used rather than a simple mechanical link to ensure

that the minimum vibration was transmitted from the motor and gears to

the helium levels. The springs and rods supporting the bellows were greased

to ensure a smooth action. Figure 4.5.1. shows a schematic diagram of the

hydraulic system. Figure 4.5«2. shows the results of a test of the drive

which was carried out to check that the bellows system moved in a linear

fashion.

4.6. Capacitance Measurement

In order to measure the flow rate accurately with good time resolution,

a capacitance method was used to monitor the helium levels. The inea.sur.ing

capacitors were made from two concentric stainless steel tubes of diameters

3 and 1 mm, 9 mm long which were separated by teflon spacers. A third tube,

10 cm long and 5 mm in diameter surrounded the capacitor to act as a screen

The capacitance of concentric cylinders depends linearly on the dielectric

constant of the medium between them, so that as long as a. region reasonably

far from the ends was studied, the capacitance was linearly proportional

to the height of the liquid in the tubes. The capacitances of the beaker

and chamber capacitors, which were about 14 pF, were measured on two

Automatic Systems Laboratories model 1055 bridges. These bridges operated
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The temperature dependence of the dielectric constant
of liquid helium demonstrating the sensitivity of the
capacitance method.
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at 1.6 khz and if cables of 100 pF capacitance were used then a change of
_o

10 pF in 1 pF could be detected by displaying the off-balance voltage on

an external voltmeter or chart recorder. The bridges compared the detector

capacitances with two General Radio standard air capacitors type 14-03-G

whose nominal capacitance was 10 pF. The temperature coefficient of these

standard capacitors was about 10 ppm per degree and drift due to temperature

changes was minimised by keeping them in an insulated box. The temperature

inside this box was monitored to check that there was no serious drift.

The dielectric constant of helium is 6% greater than that of vacuum

so the sensitivity of the capacitors can be calculated from,

9

Ac - Ah X6X10 . 4.6.1 .

L

Ac is the sensitivity of the capacitance bridge which was determined in

this case by the capacitance of the connecting cables and was ^ 10 qpF

in 1 pF. Ah is the smallest detectable change of level and L is the length

of the capacitor, in this case 10 cm. Thus the sensitivity was 2 x 10 Turn

or 0.2 microns. Using a 1 cm long capacitor would have increased the

sensitivity but would have restricted the range of experiments that could

have been attempted. The use of short, low capacitance cables would also

have increased the sensitivity but it was felt that further improvement

was not necessary. Figure 4.6.1. shows the curve of the dielectric constant

of liquid helium which was measured during the testing of the equipment and

demonstrates the sensitivity of the capacitance measurement. The change of

dielectric constant was only 0.03% between 1 .2 K and T^. The capacitors

were calibrated visually using a cathetometer to measure the height of the

liquid in the beaker and chamber while the capacitances were measured for

several positions of the levels. The measured sensitivity was in complete

agreement with that calculated from equation 4.6.1.
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The heating effect of the capacitors was very small. The leakage

13*
resistance was measured at room temperature and was greater than 10 A

so with a maximum driving signal of 60 volts the resistive heating was about

-10
3x10 watts. The resistance always increased to an immeasurably high

value (greater than 10^A ) so the actual heat input from this source

would have been much less than this value. The dielectric loss heating

due to the non-zero power factor of the teflon used for the spacers would
-1 0

have contributed about 10 watts.

A bridge measurement of the capacitance was chosen in preference to

using the capacitor as part of a tank circuit and measuring the frequency

because of the time involved in developing a suitable oscillator. The system

chosen proved to be very satisfactory and trouble free.
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CHAPTER V

THE DISSIPATION AT LOW FLOW RATES AM) DURING OSCILLATIONS

5.1. Introduction

The dissipation which accompanies superfluid flow was studied using

the hydraulic system to drive the flow at a chosen rate. The constant rate

of bellows drive produced a corresponding constant transfer rate which

was accompanied by a level difference. The size of the level difference

produced by a particular rate was a measure of the dissipation in the flow.

Two regimes of behaviour could be distinguished. At rates great enough to

yield level differences larger than J>Ou. m, the dissipation has been

interpreted in terms of the fluctuation theory of vortex nucleation and

these results are presented in Chapter VI. At rates low enough to yield

level differences smaller than 30yum, the dissipation as well as the damping
of the transient inertial oscillations showed satisfactory agreement; with

the thermal mechanism originally suggested by Robinson. These results and

those of subsidiary experiments performed in order properly to test the

Robinson theory are described in the present chapter.

5.2. The Study of Plow Using the Motor Drive

It is difficult to extend conventional flow rate measurement methods

to low level differences because of the speed of approach of the levels

to the equilibrium position. In a 0.75 cm diameter beaker at 1,5 K, the

level will fall through the final 50 van in. about twenty five seconds

which gives little time for accurate measurement. Also because of the inertia

of the flowing film it is difficult to determine the rate which is really

appropriate to a particular level difference. To overcome these problems

the bellows system described in Chapter IV was employed. The bellows which

formed the bottom of the beaker, were expanded or compressed at chosen

rates and the levels of the chamber and beaker helium were monitored using

the oapacitors C and Cp, . In this way a level difference of lOyttm could be
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Tracings of chart recorder records of driven flow
experiments.
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measured with an accuracy of * 5$. The corresponding flow rate could be

measured to within the accuracy of the calibration of the motor drive and

the determination of the beaker dimensions. All of the beakers used had

internal diameters of 0.75 cm which were measured with vernier calipers

to an accuracy of ^2%. The drive was calibrated at room temperature by

measuring the level of carbon tetrachloride in the beaker as a function

of time while the motor drove the bellows. Carbon tetrachloride was used

so that evaporation of the liquid would not cause significant .error.

Figure 4.5.2. shows such a calibration carried out before an additional

10:1 reduction gear was added. From the figure it can be calculated that,

if the effect of the extra gear is included, 0.1 rpm corresponded to a
— 5 9 ~i

flow rate of 1.83 "t 0.08 x 10 cm sec . The gear box provided a choice

of 100 speeds 0.01 to 1.0 rpm giving a wide range of available driven flow

rates. The calibration was checked by balancing flow with the drive and

then stopping the motor. The flow rate was measured as the level fell, and

the motor speed that had balanced the flow was compared with the calibration.

Such checks always agreed with the calibration within the accuracy of the

measurements.

Figure 5.2.1. shows typical chart recorder traces from driven flow

experiments. It can be seen that the behaviour depends on the flow rate.

At low flow rates,, when the flow was initiated, the beaker level exhibited

damped oscillations about a steady level which was different to that of

the bath. On ceasing the drive the oscillations recommenced, but this time

about the original equilibrium position. At higher rates the oscillations

became less clear until the damping was so high that they did not occur.

Similar behaviour was observed by Picus (1954). The level was not always

stable at these high rates but from the trace of a long experiment the

average level difference could be determined with reasonable accuracy.(5$).

These two types of behaviour have been treated separately, the high



7i

6"

5-

U

2-

+o

°fe
8

%<
£

o +

X

C|- X

+
+

°0 10 20 30 40 50 60 70

Level Difference (prn)

figure 5.3.1.

Plow rate versus level difference for emptying
and filling experiments. The direction of flow
made no difference and there seemed to be no

hysteresis effects.

+
= emptying; o = filling experiments



1 (J
CD

cn y
E

LT) u

^7
X

CD 6
-v—'

S 4

J

LL

2

h
<-■

/
/ °

O./ x /'
/ V

/
•+

x

O" x

/' / /
17? /i / / >

>•

-//-x—
1-88

s

+

1-71 K

2-01

10 20 30
Level

10 50 100 300 5
difference (microns)

figure 5.3.1.

Flow rate against level difference showingtwo regimes of dissipation.The dotted line was calculated from equation 5.3.3.



- 5.3. -

flow rate measurements being reported in Chapter VI.

5.3. Low Flow Rate Dissipation

Figure 5-3-1. shows typical results of the determination of flow rate

and level difference from driven flow experiments. The dissipation as

measured by the level difference was linear with the velocity at low rates

but as the rates became greater the dissipation began to increase rapidly.

The figure shows that the direction of flow did not affect the dissipation.

If sufficiently low flow rates are considered, i.e., those which

produced a mean difference of sayCytim, then the driven flow can be
described by the oscillator equation

& + 2kx +oj0^x - 0. 5.3.1.

where x is the level difference and o?Q is the undamped frequency. This
has the solution,

x = xQsin t;0t exp(-kt) - 2k„ <x> . 5.3.2.
to o'

i

k is the damping constant of the oscillations and is the speed at

which the level is being driven by the bellows system. Equation 5.3.2.

represents a damped oscillation about a steady level difference

t

xg = 2 k„ <x ? . 5.3.3.
IO o

Figure 5.3.2. shows the results of driven flow measurements at three

temperatures. They are compared with the straight lines calculated using

equation 5*3.3. and the parameters determined from the oscillations that

occurred at the end of each experiment. The good correlation between the

results and equation 5.3.3. demonstrates that the same dissipation mechanism

governs both the flow rates and the damping of the oscillations.
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5>.4. The Inertial Oscillations

The damping coefficient k, and the frequency to oj ^e oscillations

were determined by measurement from the chart recorder traces. The zero

or equilibrium position was determined to within 0.5 yum and then the peak

amplitudes and the distance (time) between the points where the trace

crossed zero could be measured. The possible error of the values of k. and

CO depended on the number of cycles that occurred before the amplitude of

the oscillations became so small that measurements could no longer be

made with reasonable accuracy. The initial amplitude depended on the

temperature and the size of the level difference that .originally caused

the flow, and varied between 20 and 50Jim. The period was usually found with
an uncertainty of less than but the damping constant could have been

in error by as much as 10% because of the choice of the gradient of the

logarithmic graph of amplitude against time which was used to calculate

k. Even under the conditions of highest damping at least two or three

cycles could be measured. The results of one experiment were analysed

using the much more time-consuming method of measuring many points on the

trade and using a computer to obtain a best fit. This was carried out in

order to check that the oscillations were sinusoidal and that the damping

was really linear. A record of an oscillation covering 17 cycles was used

and a seven parameter fit was made to the expression

x - A0sin(o0t + & )exp(-kt) + a + bt + ct^

The parameters A , U> Q, S, k, a, b, and c were fitted using the Scientific
Subroutine DFMFP, This program used a cubic interpolation to adjust the

values of the parameters in order to find the least squares fit to the data.

The three term polynomial was included in case there had been any zero

drift, because it was suspected that there was a small leak of helium

into the experimental chamber during the run from which the data were taken.



The amplitude was measured at ten second intervals ( the period wa.s 120 s)
and for the first fit all of these points were fed into the computer.

Subsequently the data were divided into sections and a fit was found to

successive segments of the oscillation. This technique would have picked

out any changes of the oscillation parameters that occurred during the

experiment, but their values remained constant to within 2% throughout.

The conclusion was that a linearly damped sinusoidal oscillation described

the data very well. The calculations were performed on an IBM 360/224-

digital computer.

5.5. The Damping of the Oscillations

The two proposals that have been made to account for the linear

damping of the oscillations were described in Chapters II and III.

Robinson's theory (1951) of irreversible heat exchange gives the damping

constant in the nearly isothermal case as

2 2
kjj = LOq_ s T A IP . 5.5.1.

2 g X

On the other hand, Allen (1963) suggested that a roton- vortex interaction

might cause the damping so that if the frictional force is of the form

Ts

the damping constant is

kA ~ ^2 • 5.5.2.

Allen did not consider the details of the nature of the interaction but

supposed that it would be proportional to the roton density. His

experimental results seemed to support this suggestion.

By studying the damping as a function of temperature and frequency

it has been possible to decide between the Robinson and the Allen

interpre tations.



CM

2.9 1 0.2 3.4 1 0.3

1 .88 K 2.1 - 0.2 2.4 1 0.3

1.4 1 0.1 1.4 1 0.2

1.42 K 3.0 -0.2 3.8 ± 0.5

Table 5.5.1 • These results show tbat the square of the ratio of

the frequencies and the ratio of the corresponding

damping constants are related according to Equation

5.5.3.



5.5. (l)« The Frequency Dependence of the Damping;

The Robinson relation, equation 5.5.1shows that the damping

should be proportional to the square of the frequency. The frequency

can be varied by changing the length of the film, that is, by charging the

rim height above the helium levels at constant temperature. The frequency
£

of the oscillations is proportional to h3, so equation 5.5.1. can be tested

by filling the beaker to different levels. If the Robinson theory is correc

then the ratio of the damping constants should be

2
Table 5.5.1. shows the results of such measurements. The lO ' relation

described the dependence reasonably well.

5.5.(2") » The Temperature Dependence of the Damping;

Equation 5.5.1. predicts a very interesting temperature dependence

of the damping constant. The term which is contained in the frequency

becomes very small near' the lambda point and this means that the damping

should go through a maximum value as this temperature is approached. The

precise position of this maximum (and the magnitude of the damping at

all temperatures) depends upon the thermal conductance X . In order to

test the theory, 7f was measured.

The conductance is defined by

f

Q = XAT

where AT is the temperature difference between the beaker and bath and
t

Q is the rate of heat flow along this temperature gradient. To determine

X by applying an amount of heat sufficiently small as to be comparable
~5

with the heat flow accompanying superfluid transfer ( ^1.8 x 10 w at 2 K)

and then measuring the temperature difference using say resistance

thermometry would be very difficult. Fortunately an alternative means is
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figure 5.5.1.

The heat applied to the beaker versus the
temperature difference measured by the
fountain effect.

o 1.841 K
• .... 1.778 K
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available. If there is a temperature difference between two reservoirs

connected by a superleak, superfluid will flow into the hotter region until

the pressure head just balances the thermal driving force. This is the

fountain effect described in Chapter III. The fountain equation is

P = y SAT . 3.3.1 .

In the case of a beaker and chamber the film forms a good superleak

connecting the two reservoirs and as long as the heat input to the beaker

is so small that the liquid lost by evaporation can be replaced by

superfluid flow through the film at a rate which is accompanied by

negligible dissipation, then the level difference at equilibrium will

measure the temperature difference accordirg to equation 3.3.1.. This wa.s

the technique employed to measure 7f . The value of a carbon resistor in the

beaker was measured using a resistance bridge at the temperature at which

the experiment was performed and the resistance was then used as a heater.

Different amounts of heat were applied and the subsequent. level differences

were measured using the capacitors. A constant voltage power supply drove

the heater and a digital voltmeter measured the voltage across the resistor

with an accuracy of 0.1%. The level differences varied from 5 t/m to 50^im
and the heat applied varied from 5 to 40 x 10 ^ w . Figure 5.5.1. shows

the results of such measurements at 1.841 K and 1.778 K. The graph shows

that at the higher heat inputs, the behaviour apparently became non-linear.

This might have been due to the heating of the resistor which would have

decreased its resistance. Because a constant voltage power supply was used

this would have increased the heat input and would account for the shape

of the graphs. The gradient of the curve in the linear region was used to

find .

There were two possible ways in which heat could transfer from beaker

to chamber; conduction through the glass and copper bellows, and distillation.



figure5.5.2.Theheatappliedtothebeakerversustheapparent changeofflowrate,Thedottedlineshowsthebehaviour
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It was possible to determine the relative contributions of these two

mechanisms. Heat was applied to the beaicer during an emptying experiment.

So long as the temperature difference was not so great as to contribute

significantly to the chemical potential difference, then the actual flow

rate through the film would not change but the appairent flow rate would

increase because of distillation. If the conductance was entirely due to

distillation then the change in rate, Aor, and the heat applied would be

related by

q = Aerp $ L , 5-5.4.

where P is the perimeter length of the beaker and L is the latent heat per

unit mass. Figure 5.5.2. shows the measurements of the change of rate at

which the helium level fell which was produced by the application of heat.

The changes of rate were small so the error bars are quite large. The graph
t

is a plot of Q against the corresponding change of rate so that (from

equation 5.5.4.) the gradient should be 6.1. j cm ^ if all the applied

heat was transferred by distillation. The gradient of the line in figure

5.5.2. is 5.2 i 5%. The smaller gradient implies that more than iOC^S of

the heat was conducted away by evaporation but this can probably be explained

by the warming of the heater as before. The conclusion drawn from these

experiments was that the heat conduction between the beaker and bath was

principally via distillation and that the copper bellows contributed a

negligible amount to the conductance.

The mass of helium distilled per second between reservoirs which

are at temperatures different by AT is given by (Atkins, Seki & Rosenbaum

(1959)) as

dm = A /_ M V ^4 AT » 5.5.5.
dt I 2/TR T / dT

»

where A is the area of the liquid surface in the beaker, p is the



\

Temperature K

Figure 5.5-3 Comparison of the Robinson theory with the observed
2 2

a) S TpA*
damping. The solid line gives the curve kR = —pgic
The dotted lines show the uncertainty introduced by

the possible error in u>.



T

(°K)
Xexp(x10®)

(erg K-"' sec-"')
K th(xlO®)
(erg sec-"')

1.678 5.9 1 0.6 6.1

1.778 7.3 1 0.6 7.9

1.841 8.2 - 0.8 9.0

1.420 2.0 - 0.3 2.7

Table 5.5-2. A comparison of the values of the conductance
found by experiment with those predicted by
the evaporation theory of Atkins.
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saturated vapour pressure at the temperature T, M is the molecular weight

and R is the gas constant. Now the rate of heat loss by evaporation is

t

Qe = L dm ,
dt

so that a conductance due to distillation can be defined as

i \ 1
X = k A / M | 2 dp . 5.5.6.®

\27TR T j dt
I

Because of the several meniscuses in the beaker the surface area A of

the liquid was significantly larger than the cross sectional area A. It can

be seen in the figure 4.3.1. that there were sevex-al annular meniscuses and

a central circular one. Now if it is assumed that the meniscus cross sections

were semicircular (this is a reasonable assumption because it can be shown

that the radius of the helium meniscus that is semicircular is ~ 1 mm. which

is of the order of the radii of the meniscuses in the beaker) then the

surface area is

A' - 2.72 A

Table 5.5.2. shows the experimentally determined values of 7f and the values

calculated from equation 5«5»6. at four temperatures. The actual conductances

were all slightly lower than the theoretical values. This may have been due

either to the heating of the resistor as described before or to an over

* ,

estimate of A . Nevertheless the evaporation model (first suggested by

Atkins (1950)) accounts very well for the observed transfer of heat from

beaker to chamber.

Having determined X it was then possible to calculate the Robinson

damping coefficient. The solid line in figure 5•5•3• represents the value

of kp calculated from equation 5.5.1. using equation 5.5.6. and the

observed values of the frequency of oscillation. The crosses show the

observed damping coefficients. All of the parameters used to calculate k^
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were either measured or found from first principles and none were fitted

to the data so that the agreement is very satisfactory.

The conclusion to be drawn is that the mechanism proposed by

Robinson rather than that proposed by Allen accounts for the damping of

the inertial oscillations and the dissipation accompanying flow at low

level differences. It is interesting to note that the results that Allen

reported do not conflict with the Robinson model. As described in Chapter

II, Allen measured the damping constant as a function of temperature and

plotted In k against reciprocal temperature. He found a straight line

with a gradient of ~8.0 K which was very close to the roton minimum energy

in support of the roton dissipation mechanism. However, if the same graph

is plotted using values calculated from the Robinson model .in the range

that was covered by Allen's measurements (up to 1.9 K) then a straight

line is once again obtained this time with a slope of 9.2 K, in fair agreement

with Allen.

Robinson suggested the thermal mechanism in 1951. In the twenty

years since then several workers have tested his theory and have not found

good agreement, the observed damping always being too great. It is remarkable

therefore that as the work described here was being carried out, 5000 miles

away at Los Alamos, Eoffer, Fraser, Hammel, Campbell arid Sherman (l972)

simultaneously, and independently of us, were performing experiments which

also showed Robinson's ideas to be correct. Hoffer et al studied the

oscillations and obtained a computer fit to the observed damping. In

their rather different experimental configuration evaporation was somewhat

suppressed so that conduction through the beaker walls and the associated

Kapitza boundary resistance contributed significantly to the total

conductance. The conductance required to provide a good fit to the results

was in agreement with the value predicted from a. combination of evaporation

and conduction although there was considerable uncertainty in the value
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of the Kapitza resistance that should be chosen. It is also remarkable that

the Los Alamos results and a paper giving the results reported in this

thesis were presented within 30 minutes of each other at the session on

Dissipation in Helium Plow at the Thirteenth Low Temperature Physics

Conference held at Boulder in August 1972.

It may be possible to account for the failure of previous workers

to obtain good agreement with the Robinson model in view of the effect on

the damping of the failure of one of the most important anti-vibration

precautions which occurred inadvertantly on one or two occasions. The

liquid nitrogen temperature copper radiation sheath provided very good

mechanical isolation of the helium dewar from the boiling nitrogen. Once

or twice however, an ice bridge formed between the dewars. When this

occurred, as well as the noise level increasing by a factor of 10 or more,

the damping of the oscillations became muoh higher. This effect was not

studied in detail but it may have been due to the motion of the normal

fluid in the film in the region of the meniscus. The cryostat- of Hoffer

et al incorporated anti-vibration devices which ensured a very low level

of vibration comparable to that in our experiments.

5.6. Conclusion

The thermal damping mechanism suggested by Robinson, was carefully

tested and was found to account very well for both the damping of the

oscillations and the dissipation accompanying superfluid flow at small

level differences. The conduction of heat between the beaker and bath wa.s

found to be dominated by distillation, as suggested by Atkins, and the

calculated conductance was found to be in good agreement with the measured

values.
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CHAPTER VI

HIGH FLOW RATE DISSIPATION

6.1. Introduction

In this section we report the results of experiments to study high

flow rates, that is rates such that the flow velocity is near the critical

value. The results are compared with the IIP model and it is shown that,

although the overall dependence of the flow rate on level difference

conformed to the functional behaviour predicted by the theory, there were

significant discrepancies. The fine structure detail of the rates made

the interpretation of the data in terms of the model a little difficult.

The temperature dependence of the flow rate did not conform to the predictions

of the theory, the deviation being apparently due to the very pronounced

temperature dependence of the microscopic fluctuation attempt frequency.

The energy barrier of the fluctuation model has been calculated from the

data and is compared with a particular form of excitation, the vortex

ring. It is shown that the parameter ji , which characterises this model,
remained more or less constant with temperature and is. in this respect,in

agreement with the expectations of the model. However, the experimental

and the theoretical values are quite different. An alternative modal for the

excitation in film flow, vortex pairs, ha.s been compared with the experimental

results. In some respects this model is at least as satisfactory as the

vortex ring model but once again there are large discrepancies between

theory arid experiment. An explanation of the strange behaviour of the

fluctuation frequency is proposed.

Results of contemporary work are discussed and are compared w' h the

results obtained from the present experiments. Good agreement on several

points has been found with the results of Hoffer et al.

6.2. Flow, Rate Measurement

In Chapter V the bellows drive method for determining the flow rate
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was described and it was seen how this technique provides a useful means of

measuring the flow rate at low level differences. The drive has been used

to measure the rate at large level differences by "over driving" the flow

until a particular level difference was reached and then reducing the motor

speed until a balance was achieved. In practice, having obtained a near

balance, the level was allowed to adjust itself to provide the equilibrium

flow rate. A comparison of results obtained in this way with results taken

using the more usual method of flow rate determination, that is measuring

the position of the level at certain time intervals and then calculating

the flow rate, showed that inertial overshoot of the flow rate was not

significant until the level difference was less than 30~40yt,im„ In other
words, only at small level differences does the momentum of the film cause

the rate to be higher than that which really corresponds to a particular

level difference. Because of this and because it was somewhat time-

consuming to achieve a balance of flow rate and bellpws drive speed, the

driving technique was not used for most of the high flow rate measurements.

Instead, as the levels changed during a flow experiment, the off-balance

signals from the capacitance bridges (linear to less than one percent)

were displayed on a two pen chart recorder. The gains of the instruments

were adjusted so that the full scale deflections on the bridges and the

recorders were the same. The sensitivities were adjusted so that a full

scale change of the off balance signal corresponded to a convenient change

of the positions of the levels of the helium in the bealcer and in the bath.

Typically the full scale deflection of 200 mm on the recorder corresponded

to a 300^um level change.
The method employed was to establish a level difference using the motor

drive. When the required levels were reached, the capacitance bridges were

balanced and the motor was turned off. As the levels returned to their

equilibrium positions the off-balance signal was recorded and was kept on.

scale by rebalancing the bridges as necessary. A flow experiment was thus



recorded as a series of traces across the recorder chart which could he

subsequently analysed. The scales on the chart paper provided the timing

and the rate was measured over periods which depended on the chart recorder

speed that had been chosen and the flow rate. Typically the speed and gains

would be such that the rate could be measured over a period of 25 seconds

with an uncertainty of less than rfo. (There was a possible error on the

absolute value of the flow rate of about because of the uncertainty

of the calibration of the capacitors.) For the low flow rates near T^ the

period was increased to maintain the accuracy of the determination of the

change in the levels. (Evaporation corrections (Atkins, Seki & Roseribaum

1959) were applied at the higher temperatures). The rate was determined

at intervals which depended on the circumstances. During a long slow run,

the rate was measured roughly once a minute, but this could be improved to

once every five seconds if required, as in the region of a flow step'for

instance. Typically, 20-30 rate determinations were made as the levels fell

through 1 mm. However, the full potential of the apparatus was never realised

because of the limitations of manual data processing. Nevertheless, this

technique proved very useful, particularly because any disturban-e in the

experiment was immediately apparent. Special events, for instance sudden

changes of the flow rate, were easily seen and, if required, could be

studied in detail. In particular some features of the behaviour of the flow

rate in the region of a flow step were noticed that could have been missed

by a non-continuous monitoring technique.

The level difference at any time was measured by the difference

between the beaker and chamber capacitances with a possible error of 12 um

due to the uncertainty in the determination of the zero level position

caused by the inertial oscillations. The ratio of the chamber and beaker

1: Flow steps are described in Section 6.11.
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- 6.A. -

cross-sectional areas was about 50 so that the chamber level would move

by only 40 xtm during a flow from an initial level difference of 2 mm.

Figure 6.2.1. shows the nature of the variation of the flow rate with

level difference. Curves such as this have been extrapolated to zero level

difference by previous workers in order to determine the "zero-pressure-

head critical velocity".A method often used was to approximate the curve

by a polynomial and obtain a computed best fit to find the intercept.

In this way the "critical velocity" was always found to be non-zero but

this was the result of choosing to fit a polynomial. If an exponential

form function, like the fluctuation equation for instance, had been used

then the computed curves would have passed through the origin and the

"critical velocity" would have been zero. This kind of study cannot test

whether genuinely frictionless flow really occurs and one's opinion must

depend upon the prevailing theoretical beliefs rather than the experimental

results. At the present moment at least, the consensus is that superfluid

flow is never strictly frictionless.

It is necessary at this point to consider the common practice of

smoothing flow rate data by either taking the average of a group of successive

rate determinations or by measuring the flow rate over fairly long periods.

The data presented in figure 6.2.1. was smoothed in the former manner but

such smoothing represents a real loss of information when using equipment

capable of the resolution available here. However,when good resolution and

little smoothing were employed, the flow ra.te behaviour was seen to be

complicated. In order to examine the ILF model and compare the conclusions

reached with those of other workers, smoothed data will be considered at

first. Then the detailed information revealed by higher resolution

measurements will be described.

6.3. Film Thickness

During these experiments the film profile was assumed to have the form,



T CO ■RH d
o

°K I0_2sec-1 cm
9
A

1.867 2.76 5.124 261

1.912 2.64 5.320 281

1.876 2.74 5.520 276

1.871 3.18 4.220 276

2.013 2.39 5.094 297

2.066 2.07 5.094 278

•1.420 3.21 4.950 235

2.067 2.30 4.884 301

2.099 1.91 4.884 273

Table 6.3.1. This table shows the values of dQ
calculated from the oscillations. RH
is the height of the beaker rim above
the zero level.



d was determined during each run from the inertial oscillations using the

Atkins expression equation 2.5.1.. There appeared to be some spread of

the values from day to day and the appropriate value for a. particular' run

was used during the subsequent analysis of the flow rate data. Table 6.3-1

shows the film thickness results for a series of runs.

The initial level differences in all the experiments were kept small

so that the film profiles on the inside and outside walls were determined

by the inside and outside levels respectively. If the level difference is

significant compared to the rim height RH, then the effect of the higher

level is known to"spread over" the beaker rim and cause a thicker film on

the other wall. If this occurs, interpretation of the flow data becomes

considerably more difficult.

It ought to be mentioned that the depression of the lambda, point

which occurs in narrow channels and thin films has been neglected in the

treatment of the results. In a channel of 200 X diameter, the onset of

superfluidity is lowered by about 9 mK (Notarys 1969). The nature and the

effect on the superfluid properties of the lambda point depression is stil

not clearly understood but it is sufficiently small in saturated films as

to have no major effect on the results of the experiments reported here.

6.4. The Level Difference Dependence and the Vortex Ring Model

The ILP-Vortex Ring model from equations 3.2.11. and 3-2.12. yields,

P g x = h L A f exp( -- A 1 ) , 6.4.1 .}
m TCT j) vfl

where x is the level difference that drives a flow with velocity vg arid A

is the cross-sectional area of the film. The value that should be used for

L will be discussed later. Equation 6.4.1. can be written in terms of flow
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y g x = h L A fQ y exp
m

It has been assumed that the film dissipation is determined by the smallest

value of the film thickness, which occurs at the rim, and also that the

gradient of the chemical potential in the film can be treated as uniform.

These approximations are discussed in section 6.6. in the light of some of

the results, and in detail in Appendix A. Figure 6.4.1. shows a graph of

log^Q(x) against taken from the data which gave figure 6.2.1.. If

equation 6.4.2. holds then the graph should be a straight line. It should

be noted that the total change of flow rate shown on the graph is less

than 12^ and the deviation from the straight line is less than 0.3$. The

figure shows that the flow rate-level difference dependence is consistent

with the ILF model. The quantitative comparison of theory with experiment

will be postponed until the temperature dependence has been given because

it is not useful to treat the two subjects separately.

6.5. The Temperature Dependence

Several series of experiments were carried out to enable the ILF

vortex ring parameters a and fG to be calculated. If the model is correct

and if graphs of

will fall on a single straight line. The gradient will be simply and

the intercept will determine f . Both these quantities are expected to be

nearly independent of temperature. To avoid the possible effects of

different film thicknesses and film lengths, the value of RH was adjusted

to be the same for each run in a series. Figure 6.5-1 - shows some of the

dissipation curves obtained from a series of runs with RH equal to 2.2 cm.

It is clear that the dissipation curves at different temperatures do not'

are plotted from the flow data, then all the curves (dissipation curves)
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lie on a single straight line. Instead, as the temperature decreases the

curves move to the right, which means that the dissipation becomes higher

than expected by the theory. The theoretical temperature dependence cf

the flow rate can be determined from the form of the exponent of equation

6.4.1. That is

. 6 if J

This means that the flow rate should be proportional to 1 /Vs) « The
T\ ? /

solid line of figure 6.i".2. represents this relation and it is compared w

the observed behaviour of the flow rate. At temperatures above 1 .95 K the

data fall close to the predicted curve but at lower temperatures the flow-

rate levels off and deviates from the solid line. Notarys (1969) has

observed similar behaviour when studying flow in "Large (2000 A ) pores

but in his smaller channels the theoretical dependence appeared to hold

down to at least 1.2 K and his dissipation curves could be represented by

a single line. Liebenberg (1971 a & b) found a single dissipation curve f

film flow. He drove the film thermally and measured the chemical potentia.

which maintained a given rate by measuring the temperature gradient along

a section of film. To do this, Liebenberg used either a sensitive alumini'

film thermometer (1971 a), or capillary probes which detected vapour

pressure differences (1971 b). However he reports results only at tempera

above 1 .745 K so that a deviation like that reported here might not have

shown up.

It is interesting to note the nature of the deviation froiji theory.

The curves in figure 6.S.1. remain roughly parallel as they shift to the

right. This means that the parameter & does not change with temperature.

The suggestion of Hess that a dust particle could allow a lower energy

excitation to dominate at lower temperatures is not borne out by this

observation. Instead, it appears that it is f which is changing. For
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T (K) £ fp
1 .420 3.5 x 10"13 1.0 X 1022

1 .420 3.2 " " 2.0 X 1021
1 .912 3.7 " " 8.6 X io16
1 .912 3.8 " " 1.8 X 1017
2.013 2.7 " " 2.7 X 1013
2.013 3.1 " " 4.8 X 1013
2.066 2.4 " " 5.8 X 1013
2.066 2.8 " " 4.1 X

14
10

Table 6.6.1. Values of fl and f from the runs with
EH = 5 cm.
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convenience, the two quantities ji and fQ will be considered separately.
The behaviour of the parameter will be discussed in the next section,

f will be treated in section 6.7.
o

6.6. The Vortex Parameter

The dissipation curves in figure 6.5-1. are a sample of the experiments

carried out with RH =2.2 cm. The gradients of the curves from that series

had values that fell in a spread about an average of 2.0 x 10 (cgs

units)„ The scatter about this value was not systematic so no temperature
-12

dependence could be inferred. The theoretical value is 50 x 10 . Liebenberg
/3 ~ 1 3

in his two papers reports two different values of p namely, 4. A x 10 'J
and 7-6 x 10 . These results came from experiments using the two techniques

mentioned above. Liebenberg used a computer curve-fitting procedure to

obtain his results and, despite the difference between the gradients,

apparently the curves from both methods fell about the same line. This is

a little difficult to understand and Liebenberg has suggested (private

communication) that there may have been an error in the computer program.

Nevertheless, the values are -roughly in agreement with those reported here

and are also very different from the theoretical value.

In a further series of experiments the value of RH was increased to

about 5 cm. Figure 6.6.1. shows some of the dissipation curves from these

runs. The drift to the right with decrea.si.ng temperature is very similar to

the previous results, once again the curves remain roughly parallel. Table

6.6.1. shows some of the results. The average value of in this series

was 3 i 10 ^ with a scatter of ± This value is rather higher than that

found in the previous series. A possible cause of this difference could be

that, so far in this analysis, the film has been treated as if it were of

uniform thickness so that the gradient of chemical potential was uniform.

The film thickness is a slowly varying quantity except in the first

centimeter so this approximation might be reasonable but in view of the
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apparently different values of ft , the possible effects of the film
profile were examined. The details of the calculations are given in

Appendix A. The conclusion is that the constant film thickness assumption

does not lead to appreciable error in the calculation of p and that the
observed differences of the dissipation curve gradients are not removed

by avoiding this assumption. It may be that the difference is not real in

view of the considerable scatter of the values of p . Possible causes of
this scatter are discussed later in this chapter.

It was possible to avoid the problem of the film profile altogether

by using a beaker with a constriction as shown in the inset. The velocity

of the superfluid in the constriction will be higher then elsewhere because

of the smaller perimeter. This means

that the dissipation will occur

effectively only in the constriction.

If the constriction is not too long

and as long a.s it is at least a

centimeter or two above the liquid

surface, then to a good approximation

the film thickness can be taken as

/

constant. Such a beaker was made with a constriction diameter of 0.37 can

and main beaker diameter of 0.75 can, and a series of experiments were carried

out which acted as a check of the validity of the constant film thickness

approximation and of the calculations of Appendix A.

Figure 6.6.2. shows the values of ft obtained during this series of
runs. No systematic dependence of p on T was found; the average value

/> ~15
of U was 2.9 x 10 cgs which was very close to the value in the previous

experiments. Because of the need to keep the constriction (which was 1.6 cm

long) clear of the first centimeter of the film, the smallest value of RH

that could be used was 3°4 cm which was somewhat larger than the value used
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in the experiments that revealed the apparently lower value of jj
Nevertheless, the results of the experiments with the constriction bealcer

revealed no dependence of $ on RH and support the conclusion of Appendix A

that neglecting the film profile introduces no significant error.

6.7. The Attempt Frequency

The attempt frequency is the number which represents how often the

production of a critical excitation is "attempted" by thermal fluctuations.

Langer and Fisher suggest that it might be taken simply as the product of

the atomic density and the frequency which characterises atomic events.

This leads to a value of r*/ 10 ^ cm "^sec ^ . Donnelly & Roberts (1971) have

calculated the rate of production of critical vortex rings by thermal

fluctuations from rotons. If P represents the probability of making such

a ring from a single roton, then the rate of production per unit volume

will be

^ = P Nr ,

where N is the number density of rotons. If P is determined by thermal

fluctuations it will have the form,

Eo/ .
P = f expl /XT )

so the effective attempt frequency will be

f = f N
o r

Donnelly & Roberts show that f is proportional to j?sT and of course
changes with temperature so that f will be very temperature dependent.

-1
f also will depend on the flow velocity. At 2.1 K with vg = 200 cm sec ,

36
f is 4 x 10 which is close to the value suggested by Langer & Fisher.

From equation 6.4.2. it can be seen that the intercept of the dissipation

curves will be
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C = log | h L A
\ m

L is the length of the region in which dissipation took place. If the film

thickness was strictly constant then this would be the length of the film

on the inside wall of the beaker. However, as shown in Appendix B, the

effect of the film profile is to concentrate most of the dissipation in

the top half of the film. To allow for this a value of RH/2 was used for

L when calculating f from all runs except those using the constriction

beaker when L was taken as the constriction length. A is the cross-section

area. The value of f could thus be found by extrapolation of the dissipation

curves to the axis. The extrapolation was quite long and was therefore

subject to considerable error, but as will be seen, this error was not

significant compared to the range of values of f that were found. Figure

6.5.2. and figure 6.6.1. show that the intercept, and hence f , increased

with decreasing temperature. The Donnelly-Roberts' model predicts the

opposite behaviour because J>n becomes smaller at low temperatures. The
change of f for a change of temperature of less than, one degree was

remarkably large. In figure 6.7.1. the solid circles show the average values

of f found during the series of runs with the constriction beaker. This
o 0

series consisted of eight runs spread over eleven days. The flow rates at

a given temperature and level difference varied from day to day, occasionally

by as much as 1QJS, and this variation caused some scatter of the values of

the intercept. Because of this, coupled with the uncertainties due to the

extrapolations, the values of f
q at a given temperature from different runs

were averaged to produce figure 6.7.1. The quantity plotted on the ordinate

in the figure is the logarithm of the logarithm of the attempt frequency so

that f changed by ten orders of magnitude for a temperature change of 0.6 K!

In Hoffer's paper (1972) which was mentioned in Chaptei* V, similar results

for the behavioui- of f were reported. The open circles in figure 6.7.1.

■ 6.7.1
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show the Hoffer results. It can he seen that, although the two sets of

values deviate from one another somewhat, the change of f„ between 2„'1 K

and 1.4 K is similar and in view of the unusual nature and size of this

change it was reassuring that to a large extent the two observations

corroborated each other. Hoffer obtained his results by including the

fluctuation dissipation term into the .inertial oscillation equation and

finding a computed best fit to the observed behaviour. He reported values

of as well as f finding that at 2.0 K - 1 .2 x 10"^ and a.t 1 .0 K
f) ~13

/J ^ 2.35 x 10
6.8. Vortex Pairs

The vortex ring model, has been chosen as the fluctuation excitation

by several groups,some of whom have been mentioned here. It has the

necessary topological properties and in some circumstances it gives a

reasonable explanation of the observed flow behaviour. However, there are

some difficulties. The value of /} that is found by experiment is 200

times smaller than the theoretical value and the attempt frequency exhibits

very unusual behaviour so that the position is not very satisfactory. In

addition, if the size of the critical ring that will control film flow is

calculated from the formula

ff) " 4jv - h /ln/8R\ - p-f 6.8.1
471 R M

(Donnelly & Roberts (1971)), then since v„ is about 50 cm sec ^ for a flow
. -5 2-1 -6

rate of 6 x 10 cm sec , the radius R is approx.ima.tely 5x10 cm,. This

means that the vortex diameter is roughly ten times bigger than the film

thickness. The vortex is imagined to be polarised with its plane perpendicular

to the flow so that such large rings would intersect the film surface. It

may be that image forces due to the confined geometry reduce the critical

size (and the expected value of B ) but theoretical progress in this

direction has not been great.



Langer & Reppy (l970) suggested that in thin films where the thickness

is less than the correlation length, vortex rings could not form but instead

pairs of vortex lines would be produced. The thickness of a saturated film

is much greater than the correlation length so rings can form, but it may

be that when a ring intersects the surface it splits to form, a pair of lines

If this were the case then the properties of vortex pairs, rather than rings

would control the flow of superfluid helium.

The energy and momentum of a vortex pair in a stationary fluid are,

e = 1 d o -kain(b/a) 6.8.2.
p 2 K ^

p = d 7^ "b 6.8.3.

(Lamb, Hydrodynamics 1945)s where d is the film thickness, b is the

separation of the lines, a is the core diameter and % is the circulation.

If the fluid is in motion at velocity v , then the energy becomes

E* - Ep " pvs •

This has a maximum at a critical separation b which is given byG

b - . 6.8.4.
2*va

This means that there is an energy barrier for a pair in the same sense

as for a ring such that if a pair reaches a certain size then it can grow

at the expense of the flow and thus cause dissipation. If this model is

used in the fluctuation theory, then the pressure dependence of the flow

rate becomes,
_ Q

? g h = 2 X f P e L f 27[cr a e p( 2I d * )s)
This is of the form

, J
z A (y; ,

?tkt
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so that a log-log plot of level difference against 27* a e cr should
a * 3s

yield a straight line with a gradient given by
c crv>^ c M

= -AJLS.s
2/TKT

f

The intercept will give the value of fQ in the same manner as before.

Figure 6.8.1. shows two dissipation curves plotted in this way using data

from the experiments with the constriction beaker. The lines are straight

so in this respect at least, the vortex pair model is as satisfactory as the

vortex rings. The gradients of the lines should be proportional to 9s/
so for the curves shown, which were plotted from data taken at 1 .460 K

and 2.009 K, the ratio of the gradients should be 2.76. The ratio is

actually 2,7 t 0.1 . Figure 6.8.2. shows the gradients of similar curves

calculated from the rest of the experiments with the constriction beaker.

The solid line is a plot of 363 Js/t . The theoretical curve would be

2400 ?S/T so there is a discrepancy of about 7 which compares favourably
with the factor of 200 which is the difference between the experimental

and theoretical results for the vortex ring parameter . Martin (thesis

1970) interpreted his flow da,ta in terms of the vortex pair model and

found that his value of the gradient at 1 .49 K was different from the

theoretical value by a similar amount but at other temperatures the results

fell rather wide of the Js/t c urve.

1

The values of fQ obtained from the intercepts of the dissipation
31-2 -1 64

curves of figure 6.8.1, were 2.2 x 10 cm sec at 2.009 K and 3 x 10

at 1.49 K. (Note that the film is being treated as if it were two dimensional
t

when considering the behaviour of pairs. In this case the value of f

that would be calculated on a similar basis to that used by Langer & Fisher
28 _2 -1 N

in the three dimensional case is 10 cm sec .) The attempt frequency

again exhibits a remarkable temperature dependence. The values given above
o

were calculated using d = 200 A and a = 4 If d - 100 A and a = 8 2 are
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1 24. K.6
used instead then the two values of fQ become 2x10 and 2 x 10

respectively. These values are perhaps more reasonable but the accepted
o

value for the core radius is rather lower than 8 A. Donnelly & Roberts
o

have used the data of Rayfield & Reif to calculate a = 1.3 A. However,
o

Martin found that a = 90 A gave best agreement between theory and experiment.

On the basis of these results there is little to chose between the

two models. The behaviour of the apparent value of the attempt frequency

is similar when either of the two models is used to interpret the data

and the energy of the critical excitation is too small.

6.9. Annihilation of Vortex Pairs
I

It is possible that the value of f or fQ found in these experiments
is not a true reflection of the rate of production of vorticity but is

an effective value which is reduced at the higher temperatures because of

annihilation between excitations. For instance, if the number density of

vortex pairs was such that the average distance between components of

different pairs was less than the critical separation, then adjacent lines

might coalesce to leave a larger pair and thus reduce the effective rate

of production. It is possible to carry out a crude calculation to investigate

the likely importance of such a mechanism at different temperatures.
o

Consider a unit area of the film. There will be N^, pairs formed
in this area in one second if Np is the rate of production of pairs via
thermal fluctuations per unit area. Now, the probability that one of these

pairs will encounter another of the pairs sufficiently closely to be

likely to annihilate will be proportional to the number being produced,
2

the "critical area" which will be bc, and the time for which the pair
remains in the vicinity of the others. There will be no pairs with a

separation of less than ~ 1.5 x 10 ^cm if they are produced from the

splitting of vortex rings and large pairs will leave the region very

rapidly, so it might be reasonable to consider only those pairs in the range

of sizes
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■g-bc < b < 2bQ
(The critical separation is 3 x 10 ^cm). In this case the average relative

velocity will be 2^s so the probability of a critical encounter will be

2
Pe = Nf bc _2_ „ 6.9.1.

vs

If /} is the probability that annihilation will occur given that two pairs

are within bQ of each other then the probability of annihilation will be

* • 2
Pa = ^ Nf bG 2_ . 6,9.2.

v_

The rate of annihilation per unit area will therefore be

2

Na = A (Nf) bc2 _2_ . 6.9.3,

The net rate of production of vortices will be

Nn ^ Nf - Nft = (1 - ^b^ _2_ Nf) Nf , 6.9.4.

so if Np is of the form

Nf. - fQ exp( Tfrn)KT'

»

then the effect of annihilation is to reduce the effective value of fc

by the factor (1 - «.), where is given by

X 2
OC = A b„ 2 N„ 6.9.5.

will be taken to be unity for the purposes of this calculation but it

will probably be a function of the distance between the coalescing

components. A value greater than one will enhance the effect of annihilation,
-8 -8 1 28 -2 -1

If the values, a = 3 x 10 cm, d = 1^0 x 10 cm and fQ = 10 cm sec

are inserted in equation 6.9«5« with the experimentally determined values
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of the flow rate and the excitation energy, then at 2.0 K, qc = 10 ,

-9
while at 1.4 K, ol = 10 . The fact that a negative attempt frequency

is found for the higher temperature means that the density of pairs is so

high that the simple ideas used to produce equation 6.9.2. axe not adequate,

but these calculations do show that annihilation could be an important

process at high temperatures and that its effect diminishes rapidly with

decreasing temperature in such a way as would explain the variation of

the apparent attempt frequency.

A study of the behaviour of closely packed pairs (or vortex rings,

because a similar process might occur) would considerably improve this

analysis and might prove very interesting. The possible effects of annihilation

can be summed up as follows: At high temperatures, near T^ , interaction
between pairs is considerable so that the effective attempt frequency is

quite small. As the temperature decreases, the rate of annihilation

diminishes and so the attempt frequency will apparently increase and with

it the dissipation, causing the flow rate to fail to increase as expected.

This can be compared with the behaviour shown on figure 6.A.3. If the

temperature decreases even more, eventually the effect of annihilation

will be negligable and the attempt frequency will no longer increase. At

this point the flow rate may be expected to increase more rapidly again.

Such an up-turn of the transfer rate at about 1 .0 K and below has been

observed by several workers, for instance Martin (1970), and Allen &

Matheson (1966) „

6.11. Steps in the Flow Rate

In the preceding sections the flow rate has been treated as if it

varied smoothly as the levels returned to the equilibrium position.

Harris-Lowe and co-workers in several papers, have reported that this is

not the case. Like Allen & Armitage (1966), they found that the rate

changed from one value to another in a discontinuous fashion. Figure 6.11.1.
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shows the same flow rate data as figure 6.2.1. before the application of

smoothing. The flow rate appears to fall in steps in a mariner very similar

to that described by Harris-Lowe & Turkington (1972). Figure 6.11.2.

shows this data plotted according to the vortex ring version of the fluctuation

theory. The effect of the step structure is to cause a scatter of the data

about the line. This behaviour could have been the cause of the spread of

as a best fit to the data will depend on the size arid number of such steps

that occurred during a flow experiment.

No detailed study of the phenomenon was undertaken but it was observed

that the steps could not be correlated with vibration. The effect of small

heat impulses was studied by monitoring the flow rate and temperature

simultaneously as short bursts of heat ( ^ 1 mW for 0.1 sec ) were applied

to the chamber helium. There was a brief change of rate as the temperature

equilibrated via evaporation (see Chapter V ) but this behaviour did not

resemble a flow step.

On a relatively few occasions a new phenomenon was observed to be

associated with the flow steps. The rate would be rather high for some

time (as long as 15 minutes) and then it would fall to a more normal rate

quite rapidly. The rate then oscillated about the new mean value with a

period of about 10 seconds. It was thought that this might be due to the

relaxation of an initially thicker-than-usual film but this would resemble

a third sound motion and the film length necessary for such a long period

would be 3 m instead of roughly 10 cm which was the length of the film

on the beaker walls. Simple U-tube oscillations between the beaker a.nd the

beaker capacitor had a period of about 0.5 sec which is quite different

from the observed period of the rate oscillations. Also, the primary

inertial oscillations have a period of 100 sec; again quite different.

No explanation of this behaviour has been found but the phenomenon was

found from the dissipation curves because the line chosen
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observed in widely separated runs runs using several different beakers.

It is not clear whether these large steps ( 30$ change of rate) are of the

same nature as the smaller steps described earlier but they are similar in

size to some of the steps that have been reported by Harris-Lowe &

Turkington. It may be that in the case of the smaller steps, the oscillations

of rate were of very small amplitude and were not resolved. In any case, it

is worth pointing out that even the oscillations accompanying the larger

steps could easily be missed by a non-continuous monitoring system or

by a system which had a time constant approaching 10 seconds. The nature

of the chart recorder trace of a transfer experiment obtained by the

measuring technique used in the present work was favourable for the

detection of this effect.

6.12. Recent Support for the Fluctuation Theory

If the rate of production of vorticity is given by

p = f0 exp (-Vet) ,

then if the exponential term becomes equal to unity, the rate of production

will saturate because every attempt will be successful. This means that at

sufficiently high velocities the dissipation curve will level off and

will not increase for higher flow rates. Campbell & Liebenberg (1972) have

recently reported the observation of this behaviour when driving the flow

thermally at very high rates, and this lends very strong support to the

fluctuation model. The flow rates necessary were much higher than are

attainable in normal beaker experiments but pressure driven flow through

channels ought to reveal similar behaviour-.

6.13. Conclusion

The vortex pair and vortex ring versions of the ILF model of

thermally generated excitations have been used to interpret the results

of a study of the flow of superfluid in the helium film. Both versions
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give a good qualitative explanation of the observations but each shows

quite severe disagreements with observation. It has been shown that

interaction between vortex pairs, causing annihilation of two of the

component vortex lines, might account for at least some of these discrepancies.



APPENDIX A

The Effect of the Film Profile on the Dissipation

Because there seemed to be a dependence of the value of the vortex

parameter upon the total film length, the constant film thickness

approximation was tested in case it was introducing some error. The detail

and results of the calculations are given here.

The flow velocity at a height h above the liquid surface is given

by

v = P . A. 1 .

d J3S

O" is the flow rate, $s/f> ratio of the superfluid fraction and
d is the film thickness at the height h. For the purposes of this oaloulat

the film profile will be taken as

i

d = dQ h 3~ . A.2.

The cross-sectional area of the film at height h is

A = P d h~3 A.3.
o

where P is the perimeter length.

The total drag or dissipation that must be balanced by the driving

pressure head in order to produce a particular flow rate will be given by

integration of the dissipation equation along the flow path from one

level to the other. Because the outer perimeter of the beaker was larger

hy 35%> than the inner, the dissipation must have occurred principally in

the film on the inner wall as long as the inner liquid level was not very

much closer to the rim than the outer level. This condition held for all

the experiments considered here , consequently the integration need be

performed only from the inner liquid level to the beaker rim. Now, if the
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pressure difference due to the level difference is p, and the gradient of

the pressure in the film is Vp, then the pressure difference across an

element of film of length 6h is

i'p = Vp Sh . A.4.

Applying the Notarys expression,equation 3-2.11to this element of film,

and using equations A.1., A.2. and A.3., yields

X

<r
Sp = Vp & h = h 3exp£~°C2 h 3 ~| h . A. 5.

—

0C is a constant given by

OC
1 = h ? dQ P

m

and olg i-s given by

2 - A ( 9'/f )2oc
o

Letting the element of film become infinitesimal and integrating from

h = 0 to the rim (h - RH) yields the total pressure drop

P
f $ r 1 ~l /

= oC ^ ^ J h~^ expj^-Oup h 3J ah . A.6,
This integral can be rewritten using the substitution

1

z = h 3

Integrating by parts gives

o o o o •p = -3 OC 1 ) -1 exp J - <^2 -5. (1 ~ 2 5.)
/ 2z L O J O-

2 °t ?
+ oc p _i i — exp(~ <*2 —) dz> »• 7.

2(5"^ RH V 2 J

The integral in the final term is the Exponential Integral known as

Exp1 which is tabulated in standard reference works. Alternatively, the
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integral can be computed using one of various polynomial approximations.

The IBM Scientific Subroutine EXPI uses such an approximation and this

program was used to evaluate equation A.7. The calculations were performed

on an IBM 360/44 digital computer.

The dissipation curves predicted by the constant film thickness

approximation were compared with those produced from, equation A.7.s

different then the flow data would have to be fitted to equation A.7.

in order to determine the vortex parameters. Figures A.1. and A.2. show

comparisons of the curves produced by the two methods. The curves are

clearly quite similar and it therefore appears that the uniform film

approximation is adequate for the determination of the vortex parameter

The use of the more rigorous treatment would not remove the differences

complicated nature of superfluid flow, as described in Chapter VI, Section

both models. If the curves had been

that have been found. The difficulty may lie in the

11.
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APPENDIX B

The Chemical Potential Profile

The calculations of Appendix A showed that the vortex parameter

can be found without significant error by applying the constant film

thickness approximation, using as the value of the film thickness thai; which

would be found at the rim for a real, film profile. This could mean that

the dissipation occurs in the region near the rim where the film thickness

changes only slowly or even in a very small region at the rim. Now the

volume of the dissipating region must be known in order to calculate f'G,
the attempt frequency, from the experimental data. It was necessary therefore

to investigate the matter further and to determine the distribution of the

dissipation throughout the film.

It was shown in Chaptex- I that the chemical potential difference

between two points will change when dissipation occurs. This means that

if the profile of the chemical potential in the film could be found, this

would map out the areas of dissipation. Equation A.7. was used to investigate

the variation of the chemical potential up the film at various flow rates

using a rim height (RH) of 5 cm. Figure B.I, shows a typical curve

computed using the Scientific Subx-outine EXPI. The beaker and reservoir

levels were taken to be very similar and not close to the rim . Under these

circumstances the change of chemical potential was found to be spread over

a considerable length of the film and wa.s not restricted to a very small

region. However, it can be seen from the figure that it would be a bettexv

approximation to use ^ x EH rather than, simply RH for the length of the

dissipating region because there is very little change of the chemical

potential in the lowest two or three centimeters of the film. The oa.se of

the constriction beaker is simpler because all of the dissipation occurs

in the neck region.
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Hammel & Keller (1966) studied the chemical potential profile in a

beaker film using capillary probes to monitor several points in the film

as superfluid flowed through it. They found that at least during emptying

experiments, the potential appeared to change from the value corresponding

to the bulk liquid in the reservoir to that of the liquid in the beaker as

a step function at the inside of the rim. Figure B.1, shows that,on the

basis of the ILF model,under nearly equal level conditions,such a chemical

potential profile is not expected. However, if the inner level is allowed

to be considerably higher than the outer level then it is no longer obvious

that the dissipation will occur mainly in the film on the inner wall.

Instead there could be a region near or even on the rim where the film

thickness changes rapidly and this might cause such a sudden change of

the chemical potential because of the localised dissipation.



SUMMARY

The subject of this thesis was the study of the dissipation which

accompanies super?luid flow in the helium film. A oryostat incorpor&ting

extensive anti-vibration precautions was designed and constructed which

enabled the measurement of the position of the liquid helium levels with

a sensitivity of better than 0.2^tm. A driving technique was employed
to force flow into or out of the beaker in order to maintain a given level

difference for a. long period and thus allow an accurate measurement of the

pressure head necessary to drive a particular flow rate.

Two regimes of dissipation were distinguished and were treated

separately.

The dissipation mechanism responsible for the decay of the i.nertial

oscillations was shown to be that suggested by Robinson, namely, irreversible

heat exchange between the beaker and the reservoir. The dissipation depends

upon the heat conductance between the beaker and the bath and this was

measured in order to test the theory. It was shown that the thermal

conductivity of the glass beaker and the metal bellows provided a neg.lif4b.le

contribution to the heat flow and that distillation was the main mechanism

of heat transfer. The evaporation equation given by Atkins was shown to

describe this mechanism well.

The Robinson theory predicts that the decay constant should increase

with increasing temperature until a. maximum value is reached, and then

decrea.se to zero at T^ . The observed behaviour of the damping constant
conformed closely to this prediction, good numerical agreement being

obtained without recourse to parameter fitting.

At higher velocities than are encountered during the oscillations

a different dissipation mechanism dominated. Two versions of a theory

based on the formation of vorticity through thermal fluctuation were

considered and compared with the experimental results.



Both models predict a form of dependence of the flow rate or. level

difference which was similar to that found by experiment but numerical,

agreement was poor. In the case of the vortex ring model, the vortex parameter

p , was found to be 200 times too small. In the vortex pair model,
the value of the parameter ^ was found to be a factor of seven larger
than the experimental value.

The thermal fluctuation theories assume that the formation of a

"critical, vortex" is attempted at a rate f , which is a microscopic

fluctuation frequency. When the experimental data was interpreted, in terms

of either of the models then f apparently varied enormously with

temperature, increasing by 10 orders of magnitude for a decrease of 0,5 K.

It was shown that interaction between adjacent vortex pairs leading to

annihilation of pairs of vortex lines could account for such a large

variation. This explanation could also account for the reported rise of

the flow rate below 1 K. Future work in this field could include a theoretical

study of the interaction of vortex pairs or rings and new measurements of

the flow rate below 1 K.

The problem of flow steps or sudden changes of the flow rate was

discussed. It was reported that following large flow steps (about 30$

change of rate) the flow rate was seen to oscillate with a period of about

ten seconds. This phenomenon has not been reported previously and it is

likely that it could only be detected by a continuous monitoring technique.

Neither simple U-tube oscillations nor long wavelength third sound could

account for the observed period.

These oscillation occurred rarely and unpredictably but. further study

might produce interesting results and cast new light on the problem of flow

steps.
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