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L I S T O F S Y M B O L S .

The following list %'s not intended to be complete. It includes symbols of
fvequent oeauvvenae or special importance. The figures indicate the page num-
bers where the symbols are intvoduaed fivst in the text.
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2) total kinetic energy of
superfluid component in
persistent flow (183)
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rate of energy dissipation(157)
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2) angular momentum of per-
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3) radial coordinate (78)

Kapitza resistance (162)
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entropy per unit mass (17)

temperature (16)

lambda temperature (16)

time (17)

moment of closing of valve (39)
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kinetic energy of third-sound
pulse per unit area of film
surface (63)

potential energy of third-sound
pulse per unit area of film
surface (63)

third-sound velocity (52)

velocity (17)
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of closing of valve (40)
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velocity of normal component (17)

pers is tent-flow velocity (35)

velocity of superfluid component(17)

direction of propagation of
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1) distance from the wall (22)

2) distance from outer wall (184'

small distance from wall,

just large enough to be out-

side reach of Van der Waals

forces (172)

1) displacement of bulk le-
vel from equilibrium po-
sition (28)

2) axial coordinate (82)

Greek symbols

a coefficient of attenuation of
third-sound pulse (56)

Y Van der Waals constant (22)

6 film thickness (22)

C.j coefficients of bulk visco-
sity (18)

n coefficient of viscosity (19)

K 1) coefficient of heat con-
duction (17)

2) quantum unit of circula-
tion (150, 183)

x 1) penetration depth of va-
Pourflow into capillary (164)

2) wavelength of third-sound
wave (55)

v chemical potential (17)

S,5' height of third-sound pulse (52,63)

n stress tensor (17)

p density (17)

p_ density of normal component(16)

p density of superfluid component (16)

2 product of entropy production
and temperature (17)

T viscous part of stress tensor (18)

T duration of third-sound pulse (52)

T, duration of edge of pulse (68)

a potential of external forces (17)

a) 1) angular velocity of container
(35,183)

2) angular frequency of third-
sound wave (75)

co critical angular velocity (42)

w-i crit ical angular velocity (183)
un 1) angular velocity of Atkins

oscillation (29)
2) angular velocity of main

wave (115)

ID̂  angular velocity of edges of
wave (115)

Subscripts

c capillary (29)

cr crit ical (35)

eff effective (64)

ext external (61)

f film (84)

g gas (68)

i 1) vector component (18)
2) incoming (132)

i . int interface (90,107)
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j vector component (18)

K.Kap Kapitza (86,108)

k kinetic (63)

1 left (29)

m surrounding medium (86)

n normal component (16)

p 1) persistent (35,144)
2) potential (63)

R radial component (78)

r 1) right (29)
2) reservoir (71)
3) reflected (132)

s 1) superfiuid component (16)
2) standpipe (29)

sat saturated (61)

sub substrate (77)

surf surface (88)

t transmitted (132)

th thermal (77)

tot total (101)

VjVi'sc viscous (69)

vap vapour (19)

w wall (122)

z axial component (79)

0 value of quantity under

static or stationary con-

ditions (22)

1 indicates flow from vapour

into film (85)

indicates flow from film into

substrate (85)

indicates flow from substrate
into surroundings (85)

Superscripts

in positive direction (176)

in negative direction (176)

1) change per unit time (28)

2) amount per unit time (20)

space average (83)

Prefixes

h 1) difference in value of quan-
tity (157)

2) deviation from value under
static or stationary condi-
tions (52)

3) amplitude of deviation
( 78 , only in chapter 4)

A' amplitude of deviation at r^ (95)
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P R E F A C E .

In this thesis a number of experiments on some hydrodynamic properties of

the He-II f i lm are described. This f i lm is the thin (about 10 ran.) l iquid layer

that at suff ic ient ly low temperatures is adsorbed on the walls of a vessel,

when i t contains some helium gas or l iqu id . In spite of i t s small crosssection

i t s t i l l exhibits the unusual, so-called superfluid properties, that are typ i -

cal of l iquid helium below a temperature of 2.17 K. The f i lm is even better

suited for the study of the pure superfluid properties than bulk l i qu id , be-

cause in the f i lm the viscous normal fraction of the l iquid is clamped to the

wal l . I t thus supplies a relat ively simple means to study some essential fea-

tures of the Landau-Khalatnikov * ' theory: a hydrodynamical description of

He I I , which correctly accounts for a great number of experiments.

Over the past 8 years a large number of filmexperiments have been perform-

ed in our laboratory. The f i r s t part of these, mainly dealing with measurements on

the dependence of the thickness of the f i lm on the flowstate, has been published

in the thesis of Van Spronsen ' . The leading motif in the experiments that are

described here is the examination of the possibi l i ty to establish persistent

currents, i .e . a flow in a closed c i rcu i t that does not decay. Earlier experi-

ments in other laboratories ' had fai led to produce such currents, which seemed

in contradiction both with the Landau-Khalatnikov theory as well as with suc-

cessful experiments on persistent flow in capi l lar ies, f i l l e d with t ight ly

packed powder ' . In order to tackle this problem we developed a number of de-

vices, in which several methods to produce and detect these currents could be

tested. These methods and their outcome are displayed in this thesis, together

with a discussion, into which also the former, negative results are brought i n .

One of the methods used for the detection of the flow velocity introduced

a f ie ld of research, that i t se l f is very interesting. The method concerned makes

use of the velocity of propagation of long third-sound pulses. Third-sound pulses,

which are the special kind of surface waves that occurs on the He-II f i lm , have

been studied before but only for the case of short wavelengths '. Our experi-

mental set-up .however, required the use of very long pulselengths, so intro-

ducing to us a fallow f i e l d of research. In a number of experiments we exte,n-
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sively studied the properties of these long pulses and compared them with the
short wavelength data. Besides from the analysis of the pulses it appeared pos-
sible to describe the flow of a film as the superposition of two long pulses of
opposite sign, travelling in opposite direction. In this way a totally different
and clarifying view of the motion of the He-film is obtained, at the same time
supplying a correct description of some retardation effects, which are hard to
explain otherwise.

Chapter 1 of this thesis contains an introduction to the subject and a des-
cription of our apparatus and experimental procedures. Besides a review of tha
theory of liquid helium and a survey of those results of Van Spronsen, that are
relevant to our experiments, are given.

Chapter 2 describes the main part of our experiments on persistent film-
flow except for the data obtained with the third-sound technique.

The experimental development of this technique and its theoretical back-
ground are presented in chapters 3 and 4, while in chapter 5 the flow behaviour
of the He-II film is analysed from the point of view of a superposition of long
third-sound pulses.

In chapter 6 the results of the application of the pulse technique to our
persistent current experiments are given, while in chapter 7 this thesis con-
cludes with a short review of the current state of affairs with respect to the
phenomenon persistent flow.
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C H A P T E R 1 .

INTRODUCTION.

1.1. Properties of He II.

Below a temperature of 2.17 K (called J ) one observes a sudden change
A

in the behaviour of liquid He. The extraordinary properties of this new

phase of helium, which has been named He II, can be nicely described by a

phenomenological model called the two-fluid model. In this model He II is

considered as consisting of two components. One of these behaves like a nor-

mal viscous liquid of density pn- To the other a number of deviating proper-

ties is attributed, giving rise to the so peculiar behaviour of He II. This

so called superfluid component of density p is peculiar in as far that it

carries no entropy and has no viscosity. Besides in the model it is assumed

that the ratio of the two components (P_/P„) is a strong function of tempera-

ture (ps/pn=0 at T^ and approaches infinity below T = H ) . In this way one

obtains a good description of the strange temperature effects appearing in

He II and of the remarkable frictionless flow observed in some experiments.

For this model a set of hydrodynamical equations has been derived from

the macroscopic first principles: the Landau-Khalatnikov equations * ' ,

which correctly describe an important part of the experiments on helium. This

macroscopic theory, however, can not be applied in practice to experiments

where the superfluid velocity exceeds a critical value. Besides this criti-

cal velocity appears to decrease if the area of the flowpath is increased and

seems to be inmeasurably small for flow through capillaries of generally used

size. In the supercritical region the Landau-Khalatnikov equations are hardly

of any use for the description of the experiments.

On the other hand for the description of superflow through small openings

Hie equations appear to be very useful. Such a small geometry is realized for

instance in a superleak, i.e. a capillary filled with a tightly packed pow-

der, only leaving pores of a size smaller than 0.2 jim. Another kind of flow-

path with small area is formed by the He-II fi'm. The film is the thin liquid

layer that forms below Tx on a solid surface when that surface is in contact

with He vapour. On a clean surface the thickness of the layer is usually in
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the order of 10 nm, but can be much smaller for vapour pressures in the con-

tainer lower than at saturation. From experiments on such films it appeared

that superfluid flow remains possible until surprisingly low thicknesses,

even hardly above one atomic layer. Also in not too thin films an excellent

agreement with the Landau-Khalatnikov equations was demonstrated, except for

a few items in which the experiments seemed in conflict with the theory. To

investigate these subjects a number of filmexperiments was started in our

laboratory.

One of these experiments concerned the verification of the Kontorovich

effect ', i.e. the thinning of a moving film with respect to a static one,

which is predicted by the theory. In contrast to earlier experiments in other

laboratories van Spronsen ' succeeded in demonstrating this effect. Since

then many other experiments have confirmed his results, so that we now can

consider the occurrence of the Kontorovich effect as proved. An other ex-

perimental situation that seemed in conflict with theory was the failing of

all attempts to create a persistent transport current in the film, i.e. a

flow in a closed circuit that does not decay. The description of our experi-

mental study of this subject forms the main part of this thesis. The theore-

tical and experimental background of the study will be outlined in the re-

maining part of this introduction.

1.2. The Landau-Khalatnikov equations.

As mentioned the behaviour of He II is generally well described by the

Landau-Khalatnikov equations:

= 0 (continuity equation) (1-1)

d v
4 + 3C + n) (equation of motion for

superfluid component) (1-2)

^ + 7.(Psvn - ̂  ?F) = | (entropy balance) (1.3)

•^ + Ir.f = - pfo (momentum balance) (1.4)
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These equations form a complete set for the description of the independent
variables p, s, v and v̂  in the linear flow regime and already include the
energy balance. However, to be consistent with the thermodynamic equilibrium
conditions they have to be supplemented with the requirement that the super-
fluid component is rotation free ':

v x vs = 0 (1.5)

In these equations the used symbols have the following meaning: p, pg and pn

are the total density of the liquid respectively the densities of its super-

fluid and normal components, related by:

p = Ps + Pn, (1-6)

v" and v* are the velocity fields of the superfluid and normal components,

while the center of mass velocity v is related to these by:

PV = P S V S + p ^ , (1.7)

ü is the potential of the external forces and u the chemical potential, writ-

ten out as:

% = ±ft> - sfr - ^ ( v n -%)
2, (1.8)

P,T stand for pressure and temperature, s for the entropy per unit of mass.

In eq. (1.2) Jf can be considered as the non-equilibrium contribution to the

chemical potential and is expressed in the linear flow region as:

(1.9)

The pressure tensor n appearing in eq. (1.4) is split up in a non-viscous

part P and a viscous part T with:

j = Pöij + psvs,ivs,j

and
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+ c2v.7n] (l.ll)

In the entropy-production term E/T in eq. (1.3) l can be written as:

The transport coefficients K, n» ?15 c2»
 ?3» ?4 aPPe a n ng in these expressions

are the coefficient of heat conduction K, the first viscosity coefficient n
and the bulk viscosity coefficients ?j = 5^, x,^, c3-

These equations are sufficient to describe the properties of the liquid.
For the description of a system in which also helium vapour is contained, how-
ever, we need, apart from the equations for the vapour, another set of equa-
tions, that relate the quantities of the vapour to those of the liquid. For
the situation that liquid and vapour are in equilibrium Putterman and
Uhlenbeck ' derived that at the vapour-liquid interface holds:

P = PvaP

• **vap tl-16)

These relations can also be applied to the quasi-equilibrium conditions which

prevail in most of the experiments discussed in this thesis. The subscript vap

indicates that the relevant symbol belongs to the vapour, while the other sym-

bols refer to the liquid.

The idea of persistent current follows as an immediate consequence of the

complete set of equations. Integration of eq. (1.2) along a closed curve mov-

ing with the superfluid directly gives: (ds/dt)^vs-dT = 0, or the circulation

in the superfluid component along a contour moving with this component is

conserved. By writing d$vs/dt = 3v£/3t + ^|v^ - v"sx(v" x v"s) and inserting
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eq. (1.5): v x~v = O one even obtains:(3/8t)<£ v_.dT = 0, or: the superfluid

circulation should always be constant along any closed curve C fixed in the

reference frame. Experimentally, however, long after the formulation of the

Landau equations still no persistent flow was observed.The occurrence of su-

perfluid friction has been explained very elegantly by Onsager ' and Feynman ',

who introduced the concept of vorticity„ In their picture the decay of the

flow is due to the motion of quantised vortices, by which circulation can

slip out of the circuit. The vortices have an almost one-dimensional core in

which ps = 0 and around which the superfluid circulates with a quantised cir-

culation jv.dt = h/m^ (h is Plancks constant and m^ is the atomic mass of

He). The vortex cores either end at the boundaries of the liquid (vortex-

lines) or are closed in themselves (vortex rings). For each vortexline that

is driven across the whole flow path, one quantum of circulation is trans-

ported out of the circuit, so that due to these processes:

in which N is the rate at which vortices cross the flow path. The same result

is achieved by vortices of both orientation, and by the growth or decay of

vortex rings. Such motion of the vortices is driven by the flow, and the

corresponding loss of angular momentum to the walls of the flow path occurs

due to the interaction between the superfluid and normal component at the

vortex cores. The energy dissipation during the motion, which should obey the

Landau-Khalstnikov equations, shows up as heat and is usually transmitted to

the surrounding He-bath.

These vortex processes are now generally held responsible for the ob-

served flow resistance in different flow experiments in He II, rather than

doubting the validity of the Landau-Khalatnikov equations. Unfortunately, the

creation process of vorticity is not known, so that most flow experiments do

not allow a direct interpretation in terms of the two-fluid model. Even the

so far most successful model for the creation of vortices, namely that of

Langer and Fisher ' in which vortices are thermally activated, does not give

a satisfactory explanation of the experimental results, though it predicts a

critical velocity below which the influence of vortex processes in unnotice-

ably small. Such a critical velocity has indeed been found experimentally in

flowpaths of very small diameter, as is the case in a superleak and in the

20



helium film. It has also appeared possible to obtain macroscopic, persistent cur-

rents in super!eaks. Further it has been found that the critical velocity is

the smaller the larger the diameter of the flowpath, which provides some ex-

planation for the failure of most* attempts to observe persistent transport

currents in bulk helium. The fact, however, that such currents could be ob-

served in a circuit formed by a superleak but not in the helium film, seemed

rather surprising and prompted us to start a closer investigation.

1.3. Application to the helium film.

In the case of the He-II film, to which this thesis is confined, the

Landau-Khalatnikov equations can be reduced to a much simpler set of equa-

tions. This is due to the fact that the component of v_ parallel to the film-

surface is practically zero in such a thin layer because of the viscosity.

The perpendicular component of v*n is not principally zero, but is negligible

in most experiments in the subcritical region. It only becomes important in

the discussion of e.g. the attenuation of third-sound pulses, which will be

given in chapters 3 and 4. For all other experiments we can safely take:

v* = 0. Furthermore, the dissipative terms, which by the way do not affect

the possibility of persistent flow, can be neglected in the subcritical flow

regime, to which the experiments described in this thesis are confined. The

result is that the Landau-Khalatnikov equations reduce to the set of equa-

tions:

? x v s = 0 (1.20)

Also the vapour-liquid relations are simplified:

v v a p = 0 (1.21)

* See for a recent successful attempt 5 2.1.
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p
vap

T
vap

vvap

= P

= T

= V

(1.23)

^ (1-24)

The external potential appearing in the equations is for the film given

by:

fl = g H - ^ , (1.25)

H is the height in the gravitational field g and - ̂  is the potential of the

van der Waals forces, where y is the distance to the wall and y the van der

Waals constant. The value of the exponent n varies from 3 for small y to 4

for large y due to retardation effects in the van der Waals forces.

Under stationary and isothermal conditions integration of eq. (1.19)

along the surface of the liquid leads to: P/p + | ( P S / P ) V + fl = constant,

while in the vapour, neglecting small variations in PvaD> P /p + n = con-

stant. From eq. (1.22) it now follows that the filmthickness <5 is given by:

Z = § + gH, (1.26)
6n p"pvap

when the zeropoint of the potential is chosen at the bulk level, where H is

taken zero and y = 6 is infinite. From eq. (1.26) it appears that the film-

thickness depends both on the heigth H above the bulk level and on the super-

fluid velocity. The latter dependence, which makes a moving film thinner than

a static one, is known as the Kontorovich effect ':

ps
SQ n pgH

(1.27)

where s is the static filmthickness and A6 the deviation of 6 from this value.

This effect has been confirmed in various experiments performed by van Spronsen
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both qualitatively and quantitatively. ' '*

With the set of equations (1.18) - (1.24) one can also describe the un-

• damped propagation of a wave mode in the film, called third sound. An exten-

sive discussion of this surface wave will be given in chapter 3.

1.4. Experimental procedure.

Because of its extreme small ness it is very difficult to measure the pro-

perties of the film such as its velocity and thickness in a direct way. The

direct methods that are available are usually cumbersome, do not always give

all the information that is needed or even sometimes disturb the behaviour of

the film. For these reasons we decided to use an indirect method. This method

in principle consists of measuring the exchange of mass of the film with two

bulk reservoirs. To achieve this we have to make use of a closed system in

which the total amount of liquid is constant. Our apparatus therefore consists

in principle of a capillary that is closed at its ends. These ends serve as

two vertical standpipes. For our measurements on persistent filmflow a closed

film circuit is required, which is obtained by a second capillary, mounted

between the standpipes in parallel to the first one. In the device an amount

of He gas is sealed off at liquid nitrogen temperatures. On lowering the tem-

perature to its required value, some bulk liquid condenses into the stand-

pipes, while the rest of the inner surface of the capillary is covered by a

saturated film (a film is called saturated when it is in contact with bulk li-

quid). The whole apparatus is immersed in a helium bath, which is held at

constant temperature. Therefore the pressure of the vapour in the apparatus,

being the saturated vapour pressure, is constant, hence also the amounts of

mass in vapour and liquid. A change in the amount of liquid contained in a

bulk reservoir can therefore only occur due to a change in the average film-

thickness or by masstransport along the film to or from the other reservoir.

In order to perform sensitive measurements we have to choose the dimen-

sions of the apparatus as favourable as possible. For an accurate determina-

tion of the velocity of the film, which is derived from the measurement of

the masstransport, the ratio between the crosssectional areas of film and

standpipes needs to be as high as possible. A change in filmthickness is ea-

*0nly in a capillary with a length of 200 m an apparent deviation from theory

showed up. We will come back to this point in chapter 5.

23



si est detectable if the ratio between the area of the filmsurface and the

crosssectional area of the standpipes is maximal. Therefore a capillary of

small inner diameter is chosen, since the crosssection of the film is propor-

tional to the inner diameter while the crosssection of the standpipes is pro-

portional to its square, and secondly the length of the capillaries is taken

as large as possible. We did not use a construction in which the inner dia-

meter of the standpipes is smaller than that of the capillaries, as in this

case the standpipes would determine the critical masstransport, thereby pro-

hibiting a high filmvelocity in the capillary. The following dimensions were

actually used: the length of the capillaries, which are wound into a spiral,

lies between 127 m and 600 m and the inner diameter between 0.34 mm and 0.42

mm. For each experiment that will be described in the next chapters, the ac-

tual dimensions will be given there. With these dimensions we reach a high

sensitivity. A change of only 0.1 nm in filmthickness corresponds to a change

in height of the bulk levels of 0.06 to 0.35 mm, while a change of 10 mm/s in

filmvelocity is observed as a velocity change of about 1 ym/s in the motion

of the bulk levels. The height of the levels is monitored by means of a cathe-

tometer, which has a sensitivity of about 0.02 mm, so that these changes are

easily detectable.

As material for our capillaries we used glass. This material was chosen,

because its surface can be made smoother and cleaner than e.g. the surface of

metals. Indeed we find filmthicknesses in the order of 10 nm,very close to the

theoretically predicted values, indicating that there is no thickening effect

due to contamination or irregularities in the surface.

As an illustration to our measuring technique a schematic drawing of one

of our devices, provided with only one capillary, is given in fig. 1.1. In this

apparatus the coil is stored in two parts A and B of equal length but with

slightly different coildiameter 2R- resp. 2Rg, so that the smaller one can be

placed inside the windings-of the other one. This is done to minimize effects

due to an asymmetric distribution of the filmthickness in the coil. To the

standpipes two vertical bars T are attached, leading through the cap of the

cryostat. In this way the two standpipes can be moved in the vertical direc-

tion from outside, enabling us to adjust the heights of the bulk levels. This

method can be used thanks to the flexibility of the spirals in the vertical

direction, which they owe to their coil form.

The type of apparatus shown in fig. 1.1 was used by van Spronsen e.g. for

the study of Atkins oscillations (see next section) and by us for the experi-
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Fig. 1.1. Schematic draüing of one of -the devices (for
syrrihols see text). In this apparatus only one
connection between the standpipes is made.

ments on third-sound pulses (chapter 3). For our experiments on persistent
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currents we need a more complicated device, as shown in fig. 1.2. To obtain

a closed circuit a second connection between the two standpipes is made, usu-

ally much shorter than the other branch (between 3 m and 60 m). In the middle

of this second branch a valve is mounted, which is needed for some of our

sp. 1 (130m)

film

Fig. 1.2. Schematic representation of the type of appara-

tus, used for the study of persistent currents.

For synbols see text.
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methods to create and detect persistent flow. In our first experiments this

valve consisted of a short superleak S. To its outside a heater H and a ther-

mometer T are attached, while the whole assembly is contained in a vacuum can

V to isolate it thermally from the He bath. With the heater the temperature in

the superleak can be raised locally above T-, thereby effectively blocking su-
A

perfluid flow. This device appeared to operate as a perfect valve and did not

show any secondary effects. In a later stage we used a slightly different de-

vice, in which the superleak was replaced by a plain capillary. Although it

also functioned as a valve, it caused some additional effects at the same time.

These are described in chapter 2.

For our experiments on persistent flow as described in chapter 2 we used

•an apparatus, in which only one standpipe is movable, which is a disadvantage

in some respects but does not alter the experiment essentially. In this same

apparatus the coils are arranged rotation symmetrically with respect to a ver-

tical axis, around which the whole device can be rotated, as is required for

one of our methods for the production of a persistent current. In the experi-

ments described in chapter 6 the apparatus can not be rotated but instead both

standpipes can be moved.

During all measurements the whole apparatus is immersed in a helium bath,

which is held at constant temperature by an electronic temperature control.

Besides the whole coil is surrounded by a brass shield (Sj in fig. 1.1), while

two extra shields S^and S 3 are installed above the apparatus, all to eliminate

radiation effects. The standpipes can of course not be shielded, but possible

radiation effects are minimized by monitoring the liquid levels in the light

of a Na-lamp.

1.5. Oscillations in the film.

In a device as sketched in fig. 1.1 it is possible to obtain an oscilla-
tory motion of the bulk levels, whereby the two levels move in opposite phase.
This kind of oscillation was first studied by Atkins ', after whom it is na-
med an Atkins oscillation. It is in fact a "reversed U-tube" oscillation, in
which a periodic mass transport takes place via the film. The oscillations are
only slightly damped. Besides this damping can fully be attributed to thermal
effects in the standpipes. There is no sign of intrinsic damping of the flow
velocity in the film, again compatible with the Landau-Khalatnikov equations.

A theoretical description of these oscillations is found by integration
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of eg. (1.19) along the capillary. Using the continuity equation in the form
PO z = P OfV , thereby assuming that the total mass transport is uniform alon
the capillary, this immediately leads to the equation of motion:

Leff + 2gz = 0 (1.28)

0.5cm

Fig. 1.3. Example of an Atkins oscillation. The synbols X and A stand for
the measured heights of the two levels during the oscillation.
The lines drawn through the points are least squares fits to
these. The third line gives the average height of the two levels.
hQ is the height of the levels under static conditions, ^vs=maj.
is the average height at maximum displacement of the levels and
hv the height at maximum film veloaity.
A j TfiCUC
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Here z = z-, = -z is the displacement of the levels from the equilibrium posi-

tion, the subscripts 1 and r denote the left respectively right standpipe;

Leff =
f '°s
J ^ 0 7

dx, (1.29)

where L is the length of the spiral and 0. and 0+ are the crosssectional areas
2of resp. the standpipe (0 = irrS r is the radius of the standpipe) and the

5 5 5
f i lm (O, = 27rr 6, r_ is the radius of the capillary of the co i l ) . I f we assume

T C C

that the film thickness is unaffected by the motion, the solution is an undamp-

ed harmonic oscillation with an angular velocity: "Q=2g/L ^. If we drop this

assumption this simple solution is corrected by a small contribution of fre-

quency 2 U , its magnitude being proportional to vg. This latter contribution is

due to the Kontorovich effect (see eq.(1.27)). Furthermore, including thermal ef-

fects in the standpipes leads to a small damping factor. When we compare this

solution with the experimentally observed oscillation (see fig. 1.3) we see

that it provides a good description. The small deviation, best noticeable as

Fig. 1.4. Example of a standing third-sound wave.
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0.5cm

Fig. 1.5. Superposition of a standing third-sound wave on an Atkins
osaillation.

a thickening of the film when the displacement of the levels is at i ts maximum,
is due to the fact ' that the flow during the Atkins oscillation is not really
stationary, leading to a slightly non-uniform mass transport along the fi lm.
A ^uite different treatment of the Atkins oscillation wil l be given in chapter
5.

Beside the Atkins oscillation also another kind of oscillation is possi-
ble in our devices (see f ig . 1.4). In this case the two bulk levels move in
phase, thereby indicating a periodic thinning and thickening of the fi lm. This
oscillation appears to be a standing wave of third sound and wil l be further
discussed in chapter 3.

At the start of a measurement usually these two kinds of oscillation are
already present in the apparatus. A typical example is given in f ig . 1.5. To
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get r id of unwanted oscillations we use the following method. By manipulation

of the standpipes we make and maintain a large difference in the height of

the bulk levels. Hereby the f i lm is accelerated unt i l i t reaches the c r i t i ca l

velocity. At this velocity there suddenly appears such a viigh flow resistance,

that the f i lm cannot be accelerated any further in practice. When we maintain

this situation for some time the third-sound standing wave, which i n i t i a l l y

is superimposed on the transport current is reduced to an ignorable size.

Then only a "clean" Atkins osci l lat ion remains. I f necessary we can also get

r id of this lat ter one by bringing the levels to the same height at the very

moment that the f i lm velocity is zero during the osci l lat ion. After this pro-

cedure only very small oscillations are l e f t , allowing us to perform accurate

measurements.
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C H A P T E R 2 .

PERSISTENT FILMFLOW.

2.1. HistoviaaI survey.

As mentioned in section 1.2 the theory of l iquid helium I I predicts the

possible existence of a persistent current. Consequently a number of investi-

gators have tr ied to observe such a flow. A f i r s t success was reported by

Vinen ' in 1961 who showed that i t is possible to obtain one quantum of circu-

lat ion, constant in time, around a wire which is stretched along the axis of

a tube f i l l e d with helium. Similar, s t i l l more convincing, results were obtain-

ed later by Whitmore and Zimmermann h Persistent flow of much higher circula-

tion was f i r s t observed by Depatie, Reppy and Lane ' in 1962 and was next also

obtained in other experiments of the group of Reppy * ' and of Mehl and Zimmer-

mann ' . All above experiments have in common that the flow was generated by

rotation of the device, but they d i f fer in that the f i r s t group (1,2,3) was

performed in bulk helium, while for the second group (4,5,6) helium containers

f i l l e d with a porous medium were used.

The f i r s t experiments of Reppy et a l . ' were carried out with a cylinder,

divided in a great number of smaller cylinders by means of thin mica discs,

perpendicular to the axis. In two different versions of the apparatus the discs

were fastened either at their center to a rod along the axis of the cylinder,

or at their edge to the wall of the cylinder. In the f i r s t case the helium is

contained in a doubly-connected region, and in the second case in a large num-

ber of simply-connected ones. In both cases after rotation of the device a

persistent circulation was demonstrated by measuring the angular momentum of

the flow in a destructive way. In the simply-connected device this circulation

must necessarily consist of a number of quantised vortex l ines. As the doubly-

connected device shows exactly the same results,vortices have probably also been

present in that case. Because the vortices are not stable when the cylinder is

brought to rest again, i t must be assumed that they are pinned by i r regular i -

ties in the surface of the discs.

After these successful bulk experiments the f i e ld of research was shifted

to the case of helium contained in porous media, in the expectation that higher
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flow velocities could be obtained. The group of Reppy ' ^ rotated an annular

container and Mehl and Zimmermann ' a spherical one, both containers being

filled with a porous substance. In both cases the resulting persistent flow

was observed by measuring its angular momentum with a very sensitive and non-

destructive gyroscopic technique. Like in the bulk experiments the circula-

tion in the rotating sphere must be carried by vortices, which moreover are

easily pinned by the grains in the substance, but in the annulus it might al-

so be the consequence of a macroscopic flow. Calculations of Fetter ' show

that at the angular velocities used in the experiments it is energetically

favourable for vortices to enter the liquid from the wall, upon which they may

be pinned by the grains. An even more favourable state can be reached, however,

when the vortices dissolve into the opposite wall of the annulus, thereby creat-

ing a macroscopic flow which may be maintained after the rotation is stopped

(see chapter 7). The experimental method used does not allow a decision to

be made on the question, which type of circulation has been present, as on-

ly the angular momentum of the flow was obtained.

The first experiment in which unambiguously a macroscopic persistent flow

was realized was reported in 1968 by Van Alphen et al. ' at Leiden. The flow

was set up in a closed circuit formed by a series of superleaks. For its gene-

ration a non-rotational method was used, thereby avoiding the above mentioned

reason for the formation of vortices. Moreover their destructive detection

method does not measure the angular momentum of the flow but directly its mass-

transport. The positive result can therefore only be explained as being due

to a macroscopic flow. The techniques used by Van Alphen et al. will be des-

cribed in the next section, as they are also used by us in our experiments on

persistent filmflow.

These experiments have demonstrated that.both types of persistent circu-

lation can exist in helium contained in a porous medium, at that time in con-

trast to the case of bulk helium where only circulation due to vortices had

been seen experimentally. This situation was maintained until very recently,
91when Hartoog et al. ' in Leiden succeeded to establish a small macroscopic

persistent current (v «*2 mm/s) in bulk liquid in a long (106 m) and narrow
(i.d. 0.17 mm) capillary using one of Van Alphens techniques.

In the mean time experiments on persistent flow had also been set up in
the He-II film. The film forms a flow channel of extremely small diameter as
in a porous medium, but with a free surface and a much better defined geometry.
The first positive results were reported again by the group of Reppy ', who
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filled their annular device, containing a porous substance, not completely with

helium as before, but condensed only an unsaturated film on the surface of the

substance. Also in this case the nature of the persistent circulation is not

directly obvious. On the other hand attempts to create a macroscopic persistent

current in the saturated film by Van Spronsen et al. "' ' ' in Leiden failed,

as well as efforts in the unsaturated film by Wang and Rudnick ' and Wagner '.

In all cases rotational techniques were used for the generation of the current.

In the Leiden experiments the film covered the inside of a torus ' ' ^re-

spectively the inner wall of a long capillary wound into a coil ' ' and in

the other experiments the inside ' resp. outside ' of a cylinder.

This was the experimental situation at the start of our experiments. The

failure of the attempts to observe a transport current in a closed film circuit

suggests at first sight that the circulation on a macroscopic scale is not con-

served in the case of a film. This is highly improbable, however, since in ex-

periments on filmflow in simply-connected flowpaths no intrinsic dissipation

is observed °'1'>, even for films with a length of more than a hundred meters.'

A sudden appearance of a high intrinsic dissipation when the flowpaths are

closed into themselves, can hardly be expected. It is therefore more likely

that the failures are due to the methods used for the generation or the detec-

tion of the currents. Hence we decided to apply the techniques used by Van

Alphen et al. to the case of the film, in the expectation that these non-rota-

tional techniques will be as successful in the film as they have proved to be

in the case of superleaks. If a flow can indeed be established in this way, the

study of its decay rate provides a sensitive way to verify the predicted ab-

sence of intrinsic dissipation. Furthermore, we can then also investigate the

problem whether the flow can or cannot be generated by rotation, using the

same apparatus which can easily be made rotationally symmetric.

2.2. Experimental procedures.

2.2.1. Methods for the areation of persistent filmflow.

To establish a superfluid filmflow in a closed circuit one temporarily
has to get round the principle of conservation of circulation. This can be
accomplished in four different ways, two of which are non-rotational. In the
first one (method A) the trie is that the closed circuit is interrupted by
means of a valve, while in the second and third ones (methods B and C) some-
where in the circuit the critical velocity is reached, enabling circulation to
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slip into the circuit by means of vortex processes. The difference between

methods B and C lies in the fact that in the former non-rotational method the

film is accelerated with respect to the wall by a potential difference, while

in the latter the wall is accelerated with respect to the film by rotating the

apparatus. Finally, in method D circulation is again induced by rotation of

the apparatus, which is now started at a temperature above Tn and maintained

while cooling down to a temperature below T\.

All these methods can in principle be tested in the apparatus shown in

fig. 2.1. A general description has already been given in section 1.4. The ap-

plication of method A, which was first introduced by Van Alphen et al. ' for a

circuit formed by superleaks, is straightforward in this device. When the valve

is closed, the shorter branch with length Lp is blocked for superfluid flow

and an Atkins oscillation can be set up over the longer branch (length L,).

When the valve is opened at the moment ti that the film is at its maximum ve-

locity v , a flow with a superfluid velocity v = (L,/(L, + ̂ JJv should be es-

tablished in the closed circuit.

In method B, proposed by Sikora et al. ' in analogy with Buckinghams per-

sistatron in superconductivity and first used by Van Alphen et al. ', no use

is made of the valve. Instead with open valve a difference in height of the

bulk levels is set up, large enough to reach the critical masstransport. Ini-

tially the circulation in the circuit will be conserved, leading to a higher

velocity in the shorter branch. Once the critical velocity v_M is reached
cr

there, only the flow in the longer branch will still be further accelerated,

resulting in a slip of circulation into the circuit.

In method C, which was used in most of the experiments mentioned be-

fore ' ' , it is intended to use the critical velocity again to change

the circulation, but now by rotation of the device around its vertical symme-

try-axis. Upon increasing the angular velocity u a macroscopic circulation

will slip into the circuit once the linear velocity of the walls (wR, with R

the radius of the outer coil) exceeds v . A further increase of u should then

result in a superfluid velocity of a size: toR-v , which should remain conser-

ved when the rotation is stopped again.

In the other rotational method for the production of the flow, which was

used in some of the experiments mentioned ' ' ' ' ' (method D), the rota-

tion is started at a temperature above T^. Subsequently the device is cooled

down and at some temperature below T^ the rotation is eventually stopped. We

did not use this method as above T^ a stable film can hardly be formed and
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.film

0.8cm

Fig. 2.1. Schematic drawing of the apparatus. The

specific dimensions refer to the second

(rotatable) version of the device.

moreover, since the saturated vapour pressure decreases sharply with the tempe-
rature, a considerable condensation of vapour would occur during the cooldown.
For these reasons it would be hardly possible to avoid the appearance of large
velocity and temperature gradients with this procedure.
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2.2.2, Methods for the detection of persistent filmflow.

If a flow can indeed be established by one of the above methods, it can

be measured in quite a number of ways. In our device the most direct method

is to make use of the valve (method I). Upon closing the valve at an arbitra-

ry time tf, thereby breaking up the closed circuit, the kinetic energy left

in the flow will give rise to a renewed Atkins oscillation. In the successful

experiments of Van Alphen et al. ' in superleaks this method of detection was

also used.

In method II use is made of the Kontorovich effect, due to which the film

is thinner in the presence of a superfluid flow than in its absence. This ef-

fect can even be measured in three different ways. The first way, used by Van

Spronsen et al. ', consists of measuring the change in the average height

of the bulk levels, due to the thinning, while in the other two the frequency

shifts of an Atkins oscillation r2spectively a standing third-sound wave,

which are superimposed on the flow, are measured. These rather subtle methods

have the obvious advantage above method I that the flow is not destroyed by

detection, so that a continuous measurement can be made.

A third method of detection (III) is obtained by the generation of a suf-

ficiently large Atkins oscillation over the two parallel flowpaths. If a flow

is present in the closed loop, a deformation of the oscillation will occur as

soon as the superposition of the flow velocities reaches the critical value

somewhere in the circuit. The amplitude above which such a deformation is ob-

served is a measure for the velocity of the flow in the closed loop. Also in

this method the circulation in the circuit is reduced by the detection. A so-

mewhat similar detection method was used in the experiments of Wagner '.

Finally method IV makes use of the dependence of the propagation velocity

of third-sound waves on the underlying superfluid-flow velocity (Dopplershift).

The presence of a flow can be detected both from the observation of its in-

fluence on the frequency of standing third-sound waves* and from the measure-

ment of its effect on the time of flight of third-sound pulses, travelling

from one reservoir to the other. The Dopplershift method was also applied in

the experiments of Wang and Rudnick '.

*Notice that the Kontorovich effect and Doppler effect will give independent

contributions to the frequency shift of standing third-sound waves.
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A summary of the different methods of creation and detection is present-

ed in table 2.1.

Table 2.1

Summary of methods for the creation and detection of persistent flow.

Creation methods Detection methods

A valve method I valve method

B critical velocity technique, II Kontorovich thinning

non rotational of film

C critical velocity technique, III deformation of Atkins
rotational oscillation

D rotation above T\ IV Dopplershift of third sound

2.3. Results of persistent-flow experiments.

In our first experiments on persistent film flow our apparatus has the

following dimensions: all glass capillaries have an inner diameter of 0.45 mm.

The length of the longer branch is 130 m while the shorter branch consists of

two capillaries with a length of 3 m each and a superleak-valve in between.

This valve is made of a 21 cm long stainless-steel capillary with an inner

diameter of 0.50 mm, filled with jewellers rouge. Application of creation

method A and detection method I in this device gives a result as indicated in

fig. 2.2. From the figure it appears that after closing the valve an Atkins

oscillation does indeed show up, thereby unequivocally demonstrating the ex-

istence of a transport current. Besides from a large number of such measure-

ments, in which the time interval between creation and detection of the flow

varies from 3 min. to 18 hours, it appears that the amplitude of the oscilla-

tion does not depend on the time interval within the measuring accuracy, as

shown in table 2.2. As the measuring accuracy sets an upper limit to the de-

cay of about 1.5 10" s" , it may be concluded that the flow does not essen-
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0.5 cm
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m m

2.2. Typical example of the behaviour of the height h of the two

levels as a function of time on using creation method A and

detection method I. At t • and tr, the valve -is opened vespea-

tively closed, At is a time interval of arbitrary length. In

this run the average filmthickness is 11 ran. The filmveloci-

ty at t . and t„ is respectively 370 and 320 rm/s. This run

is made at a 'temperature of 1.427 K.

t i a l l y decay, allowing the flow to be called persistent.

Some results appearing in f i g . 2.1 and in table 2.2 deserve a further

explanation. For instance the energy of the Atkins osci l lat ion appearing at

the closing of the valve, is 29% smaller than the energy of the osci l lat ion

used for the creation. The energy loss is caused soon after the creation of

the persistent flow by two different phenomena. In the f i r s t place the ener-

gies of the Atkins oscil lat ion and the resulting persistent flow are not equal.
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Table 2.2

In this table the results of some measure-
ments are given. At t . the superleak is o-
pened when the f i lm has a velocity v i and
an energy E •; t - , v f and Ef refer to the
moment the superleak is closed. The ratio
Ef/E.j has been calculated by squaring

t f - 1 .

(min)

2.13
2.40
2.55

15.85
24.70
57.67
69.63
88.90

736.17
1085.57

0

0

0

0

0

0

0

0

0

0

V

.87

.86

.86

.84

.87

.81

.81

.82

.89

.82

f / vi1 1

+ 0

± 0

± 0

± 0

+ 0

± 0

+ 0

+ 0

+ 0

± 0

.06

.03

.03

.06

.05

.06

.05

.05

.08

.08

E

0.76
0.74
0.74
0.71
0.76
0.65
0.65
0.67
0.80
0.67

f /Ei1 1

± 0.10
± 0.06
± 0.06
± 0.10
± 0.08
± 0.10
± 0.08
± 0.08
± 0.14
± 0.13

The remaining fraction Ly/U-i+L?) of the original energy wil l therefore be
stored in a small Atkins-oscillation over the system of longer and shorter
branch in parallel. As in principle this oscillation does not affect the cir-
culation in the circuit the major part of i ts masstransport wil l take place
over the shorter branch, which also mainly determines i ts frequency. The start
of this oscillation can clearly be seen in f ig . 2.2. In the second place the
superposition of the velocities of the Atkins oscillation and the persistent
flow reaches the critical velocity in the shorter branch during the second
quarter period of the oscillation. As a result some dissipation occurs, there-
by reducing both the oscillation and the circulation in the circuit. This phe-
nomenon is in fact an illustration of detection method I I I , and i t provides a
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verification of the presence of a transport current immediately after the

creation. The amount of dissipated energy can be calculated to be 34% in rea-

sonable agreement with the measured value of about 29%. Moreover this small

deviation can be explained from the fact that the filmthickness is not uni-

form over the height of the coil as is assumed in the calculation for sim-

plicity. The dissipation can in principle be avoided in two ways. Either an

Atkins oscillation of smaller amplitude can be used for the creation of the

flow, or the small oscillation resulting after opening of the valve can be

annihilated by equalizing the level heights the moment their displacement has

become maximal. In this way the oscillation is stopped before the critical

velocity is reached. In this particular device however both methods can hard-

ly be applied as only one standpipe is movable . The consequence is that a

"clean" Atkins oscillation (without superimposed third-sound standing waves)

can only be generated after maintaining the flow at the critical velocity for

some time (see section 1.5), resulting in an Atkins oscillation with a maxi-

mum velocity close to the critical value. For the same reason the equalization

of the levels cannot be performed without generating a standing third-sound

wave at the same time, which would hinder the detection of the flow.

The above measurements clearly demonstrate that a persistent transport

current in the He-II film can indeed be created and detected with this tech-

nique. The group of Hallock in Massachusetts ' confirmed our results, using

this technique in a similar apparatus. These positive results lead us to the

conclusion that a macroscopic persistent flow in the film is possible and that

the negative results in other experiments must be attributed to the methods

of creation or detection. It is therefore of interest to investigate the other

methods of creation, that are possible in our apparatus.

The results of method B are again positive. After closing the valve an

Atkins oscillation does indeed show up though with only a small amplitude.

That no large persistent flow can be created in this case is explained from

the fact that standpipes and coils all have the same inner diameter. There-

fore soon after the critical velocity is reached in the shorter branch, it is

also reached in the film in the standpipes above the bulk level, thus not al-

lowing a further increase in velocity in the longer branch. That a persistent

*These methods could be applied successfully in the apparatus described in
chapter 6, as there both standpipes are movable.
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current can be created at all in this way must be the consequence of the fact

that the critical masstransport in the shorter branch is somewhat lower than

that of the standpipes. The upper windings of the coil are namely at a greater

height with respect to the bulk levels than the highest parts of the standpipes

and have therefore a smaller filmthickness. The higher parts of the connec-

tions between standpipes and coils do not form a limiting factor as they have

a slightly larger inner diameter.

More interesting is the result of the rotational method C as so far ro-

tational methods only led to negative results. For the application of method

C the device is made rotationally symmetric. Due to the alterations the

lengths of the capillaries are slightly changed, now being 123 m for the lon-

ger branch and 2 times 2 m for the shorter branch. To generate the flow the

device is accelerated to some maximum angular velocity u and subsequently

brought to rest. Hereby the rotation speed has to be changed in a very slow way to

prevent the generation of standing waves of third sound by the changes in the

«-dependent filmthickness. An example of our positive results is given in fig.

2.3, where the measured persistent-flow velocity is given as a function of the

maximum angular velocity at which the apparatus has previously been rotated.

The figure shows a splendid agreement with the expected behaviour, the flow

velocity being: <om_ R-v_„between the limits v =0 and v=v_„. Also the obtained
fJlaX I*' p p ti

values of &>cr(=vcr/R) and vcragree with the independently determined value of

the critical velocity. The present experiment has thus shown that in spite of

the earlier experiments a rotational method can be successful.

In all our experiments described so far the flow is detected by method

I, i.e. by closing the valve. This method has the disadvantage that it de-

stroys the persistent current. A non destructive method is in principle pro-

vided by method II, which makes use of the Kontorovich effect and as was dis-

cussed in section 2.2 can be carried out in three ways. When we measure the

effect by observing the average height of the bulk levels, the method indeed

appears to be applicable. It leads to values of the velocity of the persist-

ent flow, that are in numerical agreement with the results obtained with meth-

od I within the measuring accuracy. The sensitivity of this method, however,

is rather small, as the Kontorovich effect is a small second-order effect.

The accuracy of the other two Kontorovich methods is even smaller, so for

this reason method II is less adequate than method I.

Method III is even less accurate and is in practice only useful as a
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Fig. 2.3. Result of the rotational method C, using de-

tection method I. The amplitude of the induced

Atkins oscillation and the corresponding persist-

ent, flow velocity are given as a function of the

maximum angular frequency of the previous rota-

tion.

qualitative method. Besides it also causes dissipation of part o? the flows

energy. That the method actually works is already shown, as it appears as a

by-product of creation method A. An extensive analysis of the method has been
20}given by Campbell ' and has in the mean time been checked experimentally by

the Massachusetts group '. From the analysis it also appeared that an anoma-
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lous damping, observed in a previous experiment on Atkins oscillations by

Hammei et al. ', can be explained from the interaction of a persistent flow

with the oscillation. It then has to be assumed that in that experiment the

required second flowpath between the bulk reservoirs was provided by a leak

in the apparatus!

An in principle accurate and non-destructive method is provided by method

IV, making use of the Dopplershift of third sound. The notion accurate does

not apply so much to the detection by means of the frequency shift of standing

waves of third sound, as the Dopplershift is here only a second-order effect.

Nevertheless, the standing-wave method has recently been applied successfully

by the Massachusetts group '. The method is more sensitive when it is applied

to travelling third-sound pulses by measuring their time of flight, because

then the Dopplershift is a first-order effect. Also this method has already

been applied with success by the Massachusetts group ', using pulses of high

frequency. For our specific experimental situation, in which pulses can only

be generated and observed outside the closed filmcircuit, a special technique

had to be developed, requiring third-sound pulses of extreme length. Its des-

cription and the results of its application on persistent currents are given

in chapters 3 and 6.

2.4. Other experimental results.

For the application of the third-sound technique in our devices a few ad-

justments had to be made, which appeared to give rise to some interesting phe-

nomena. For instance the length of the shorter branch was increased by about

a factor of 10. When in this situation the valve detection method is used a-

gain, the oscillation which appeared after closing the valve has the structure

shown in fig. 2.4. It was expected that a delay in the start of the Atkins

oscillation would be seen due to the larger distance between valve and bulk

levels, but the peculiar step-structure, which shows up in the oscillation,

was at first rather surprising. This structure could later be explained in

our analysis of filmflov. with the use of third-sound pulses, presented in

chapter 5.

Another adjustment to our apparatus involved the superleak-valve. The

superleak namely supplies a large increase in the crosssectional area of the

flowpath, by which a third-sound pulse will be reflected. Therefore we removed

the superleak and used an open capillary instead in the knowledge that the re-

44



closing
of valve

Fig. 2.4. Results of detection method I when applied in an apparatus in
which the length of the shorter branch L^ is 60 m.

suiting type of valve is being used successfully by the Massachusetts group
In our situation, however, some problems arise. Although creation and detec-
tion of persistent flow can still be performed in this way some side effects
occur. In the situation that the valve is closed the Atkins oscillation over
the longer branch appears to be damped more strongly than usual, even at low

19)
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amplitude. Also the maximum velocity which can be obtained is considerably re-

duced and is besides quite different for the two flow directions. This latter

asymmetric behaviour strongly reminds one of the anomalous behaviour in the

oscillation, described in section 2.3 and also analysed by Campbell ', suggest-

ing that an extra superfluid flow is interacting with the Atkins oscillation.

This extra flow can be explained by considering the operation of the valve in

more detail. When the heater is switched on, superfluid flow is induced towards

the valve on both sides of it. The arriving liquid absorbs the heat by evapo-

rating. Next it flows back into the capillary as vapour and condenses again at

a colder region ^itside the valve, where the absorbed heat is transfered to

the surrounding helium bath. If the heat input is large enough the liquid will

flow at the critical velocity and cannot absorb all heat supplied, so that the

temperature in the valve can rise above T.. This whole process is confined to
A

a small region around the valve. If, however, the massflow in the vapour away

from the valve is not the same on both sides, operation of the valve involves

a net masstransport from one side of the valve to the other. This masstransport

gives rise to a superfluid filmflow of considerable size over the longer branch.

A reason for the asymmetric vapour flow may be a non-uniform inner diameter of

the capillary near the valve. The construction of a new valve, however, in

which special care was taken for the inner diameter to be as constant as pos-

sible did not solve the problem.

The higher damping of the Atkinsoscillation can be explained from an ef-

fect of the vapour too. The operation of this type of valve namely only blocks

the capillary for superfluid flow. Flow of vapour through the "valve", however,

always remains possible. During an Atkinsoscillati-on such a viscous flow will

occur owing to a pressure difference over the "valve", corresponding to the

periodic difference in height of the bulk levels. A calculation of this effect,

as given in appendix I, shows that a good agreement with the experimental val-

ues of the damping coefficient is obtained if we assume that the pressure drop

takes place over a distance of about 0.2 m. This value is in agreement with the

estimated penetration depth of the vapour flow, coming from the "valve".

Vapour effects can therefore explain the high damping and the asymmetrical

behaviour of the Atkinsoscillation, but on the other hand cannot account for

the reduced maximum superfluid-flow velocity. An explanation for this latter

effect can probably not be found in the occurrence of an unwanted local narrow-

ing in the coil, as the effect was observed in two different coils.

Due to these effects the valve-method is in this device not so well suited
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to detect persistent flow. In principle the persistent flow velocity can still

be calculated from the Atkinsoscination, inserting the more or less known val-

ue of the extra flow (about 60 tnm/s), but the accuracy of the method is appre-

ciably reduced. This is not very important, however, as in this apparatus the

flow will be detected with the third-sound technique. The "valve" will still

be used for the production of the persistent current, be it with a velocity

which cannot exceed 180 mm/s.
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C H A P T E R 3.

THE PROPAGATION OF RECTANGULAR THIRD-SOUND PULSES OF EXTREME LENGTH.

3.1. Introduat'Lon.

In section 1.5 we reported the observation of periodic changes in the

thickness of the film. This kind of oscillation, already seen by Van Spronsen

et al. ', appears to be a standing wave of third sound. Third sound is in fact

a surface wave on the He-II film, closely resembling a long gravity-wave in a

classical liquid, but with important differences. In the first place the re-

storing forces are not gravitational (gravity can be ignored in this case),

but are the Van der Waals forces between substrate and film. Secondly the wave

is carried by the superfluid component only, as the flow of the normal compo-

nent is prohibited due to its viscosity. This leads to variations in ps/pn and

consequently also in the temperature, so the surface wave is accompanied by a

temperature wave. The latter gives rise to dissipative phenomena, as heat flow

in the vapour and through the walls of the capillary as well as evaporation

and recondensation of liquid is induced. These thermal effects are in general

considered as one of the main causes for the observed damping of third-sound

waves. It is found by others that the damping decreases with increasing wave-

length, which is in agreement with our observation that the damping of the

standing waves in our device is extremely small, since their wavelength is in

the order of hundreds of meters, being twice the length of the coil (and even

4 times the length when bulk liquid is only present in one standpipe). The main

part of the attenuation of the standing waves can even be accounted for by the

exchange of heat between the bulk reservoirs and the helium bath, by the same

mechanism that is responsible for the damping of the Atkins-oscillation '. A

low attenuation can therefore also be expected for long third-sound pulses,

which can be accommodated in our very long capillaries. Hence it should be

possible to observe these pulses clearly and use their Dopplershift for the de-

tection of persistent flow.

3.2. Experimental pToaedure.
To develop the third-sound technique we first studied the propagation of
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0 ring

Fig. 3.1. Schematic drawing of the apparatus. It consists of two

capillaries A and B of equal length (100 m) and i.d.

(360 \im) connected in series. The winding radii of the

aoils A and B are respectively R.=7.0 cm and R„=6.0 cm.

The connecting parts of the coils with the standpipes

(with an i.d. of 340 vm) have a somewhat greater i.d.

(500 vm) and length of S.5 m each.

pulses in an apparatus having only one connection between the standpipes (see
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f i g . 3.1). The outcome of this study is presented in this chapter. The appli-
cation of the technique to the detection of persistent flow in a doubly-con-
nected system is postponed to chapter 6.

In the present apparatus, which has already been described in section
1.4, the capillary is 205 m long and has an inner diameter of 360 um. A th i rd-
sound pulse is generated by raising or lowering one of the standpipes during
a given time interval. Such a vertical displacement of one of the bulk levels
introduces a local change in the thickness of the f i lm. The region in which
the thickness has changed propagates with the third-sound velocity to the oth-
er end of the capi l lary, where upon arrival i t causes a change in the height
of the bulk level , while at the same time a pulse of opposite sign is ref lect-
ed. Consequently a pulse of alternating sign keeps travel l ing up and down the
capillary and can be observed every time i t reflects at one of the ends of the
capil lary. As the attenuation of these pulses indeed appears to be very small,
they can be followed in this way during long time-intervals.

h -

> 0 0 0 0 o 0 0 0 o o o 0 OOOQOO

.A
0.5 mm

1

• • l i i

1 • 1 1 1

if"*

1 1

>Oft SOQxyOCO

1 1 1

Fig. 3.2. Reflections of a third-sound double pulse as they show

up in a variation in the height h of the two bulk levels

(o and A). The slowly varying level difference shown in

the figure is due to a small Atkins oscillation between

the two bulk levels (period ** 30 min.)
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3.3. Experimental results.

An example óf a measuring run is given in fig. 3.2. It corresponds to an

almost rectangular double pulse travelling on the film at rest. Such a pulse

is generated by raising one of the standpipes over a height ]AH|, keeping it

in this position during a time T / 2 , and then lowering it by 2]AH| where it is

kept again for a time T Q/2 before it is put back into its original position.

The nett mass transport by such a double pulse is almost zero, as a region of

increased filmthickness (6=<5Q + %, with 5/6Q ranging up to 15%) is immediately

followed by a similar region of thinner film (<5=6Q - £). Successive reflec-

tions of this double pulse at both bulk levels are shown. The positive slopes

of the level heights correspond to the arrival of the positive block during

which mass is dumped into the standpipe, the negative slopes with the arrival

of the negative block, during which about the same amount of mass is again

wi thdrawn.

It will be clear that from such data the third-sound velocity, the reflec-

tional properties and, though less accurately, the attenuation of the pulses

can be studied. The dependence of these properties on the height, duration and

shape of the pulses was investigated. Also the Doppler shift in the third-sound

velocity for a pulse, superimposed on an Atkinsoscillation, was measured. All

data were taken in the temperature range between 1.2 and 1.5 K. The results are

presented in the following sections.

3.3.1. The thii>d-sound velooity when the film is at vest.

This velocity u ™ can immediately be calculated from the time of flight

between successive reflections and the known length of the capillary. The re-

sults are collected in fig. 3.3. Data for different values of the static film

thickness 6Q, the pulse height % and pulse duration T as well as for different

temperatures are given. As a reference Bergman's expression for u,0 is used ':

in which £ is the heat of evaporation per unit of mass. In this expression we

can substitute for the/static film thickness 6Q the relation:
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ness (n=4).

(see section 1.3) (3.2)

In the temperature range considered here equation (3.1) can be simplified to :

u 3 0 = n T gHo (3.3)
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Fig. 3.4. Static filmthiakness as a funation of the height above

the bulk levet, as obtained by Van Spronsen et at. from

the period of the Atkins oscillation, using the same appa-

ratus. For the meaning of the broken lines see caption fig.

2.3.

As follows from a comparison of the data in fig. 3.3 with eq. (3.3), a

value of the exponent n of the Van der Waals potential varying from 3 to 4 is

found. Fig. 3.4 shows that also the static filmthickness obeys eq. (3.2) with

the same change in the value of n, a change similar to the findings of Sabisky

and Anderson '. Values of u 3 Q as determined from the standing waves, which are

also observed in this apparatus and presented in fig. 3.3, show a similar be-

haviour although their accuracy is much smaller. Because in fig. 3.3 data for

different pulse heights and pulse durations are collected, it also follows that

u 3 0 does not depend significantly on these parameters.
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Fig. 3.5. Example of reflections of a double pulse at a bulk level while

the other standpipe is empty. The noisy behaviour of the bulk

level is due to standing third-sound waves. Notice that in this

example the first harmonic (L=(3/4)X) dominates. The dashed

line is drawn for clarity to show the estimated behaviour of

the level in the absence of a pulse.

3.3.2. The reflection of the pulses at the ends of the capillary.

As can be seen from fig. 3.2, the sign of the pulses is reversed on reflec-

tion at the bulk levels at both ends of the capillary. The signals in both

standpipes are of opposite sign. Fig. 3.5 gives an example of a different type

of reflection, for which the sign of the pulse is conserved. This is achieved

by keeping one of the standpipes at such a height above the bulk level in the

other standpipe that, even during the generation of the pulse, the bulk always

remains much lower than the bottom of the uplifted standpipe. When the pulse

then reflects against the "empty" standpipe it conserves its sign. That the ob-

served signals in the lower standpipe alternate in sign is a consequence of the

reversal of the sign upon reflection at the bulk level in the lower standpipe.
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This behaviour is in agreement with the observation that the fundamental

frequency of the standing waves between two bulk levels, which corresponds to

a wavelength X = 2L (L being the length of the capillary) is twice as high as

the frequency for similar waves which we have observed with one of the stand-

pipes "empty" (X = 4L). The situation is fully analogous to e.g. that of stand-

ing waves in a closed-respectively open-organ pipe.

Intermediate cases have also been observed. They occur when the bottom of

the standpipe is placed higher than the bulk level in the other standpipe du-

ring static condition, but lower than the level during the generation of the

positive pulse. It will be clear that when in this situation the negative block

arrives first, it can only reflect as a negative pulse from the "empty" stand-

pipe. The following positive block, however, can dump its liquid into the stand-

pipe and reflect also as a negative block. This type of reflection has indeed

been observed.

3.3.3. The attenuation of the pulses.

As can already be seen from fig. 3.2, the attenuation of the double pulses

is quite small. In fact this is one of the reasons why we mainly used double

pulses in the present study. When for instance a single positive pulse is used,

it has to dump almost twice the mass it transports into the standpipe in order

to return as a negative pulse. At every reflection a level difference is there-

fore created. These additive level differences build up an Atkins oscillation,

as has indeed been observed. Pulse energy is thereby transfered to this other

form of mechanical energy and the signal is attenuated. This contribution to the

attenuation is much reduced using double pulses.

It is also shown in fig. 3.2 that the width of the signals has not changed

markedly after several reflections and remains equal to T Q. This indicates that

there occurs little dispersion of the signal, the rectangular block pulse tra-

vels as a whole..

An example of the observed decrease in the slope of the signal Ah as a

function of time is shown in fig. 3.6a on a semi-logarithmic plot. Although the

accuracy of these data is not very good, an exponential decay can be deduced

and the attenuation coefficient a = -(l/Ah)(dAh/dt) can be estimated. It fol-

lows that a is insensitive to the pulse height, while fig. 3.6b shows that a

is roughly inversely proportional to the duration of the pulse T Q. Fig. 3.6c
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Fig. 3.6. The attenuation of the pulses: (a) shows in an example the slope
of the signal as a function of time, in (b) the attenuation coef-
ficient is given as a function of the inverse of the pulse dura-
tion and in (a) as a function of temperature and film thickness
for a fixed duration of the pulse. For the meaning of the drawn
lines see section 3.4.3.
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Fig. 3. 7. Relative pulse height as a function of the relative

change in height of the film above the bulk level

during the generation of the pulse.

shows that for a fixed pulse duration the coefficient of attenuation does not

depend very strongly on temperature. This is somewhat misleading, however,

since in this example the filmthickness is strongly temperature dependent due

to the fixed amount of helium in our apparatus (see section 1.4). Hence a pos-

sible temperature dependence of the attenuation might be compensated by a de-

pendence on the filmthickness of comparable size but opposite sign.

3.3.4. The pulse height 5 as a function of the vertical displacement Aff of
the standpipe during generation of the pulse.

From the observed rate of change of the bulk level height during a reflec-
tion, the pulse height 5 can be determined according to: 2irrcpsU3(2£)=p0sAh.
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In this relation 2irr is the circumference of the capillary and 0 $ the cross-

section of the standpipes.

Fig. 3.7 shows |c/6g| as a function of |AH/HQ| as it is determined from

the maximum slope during the first reflection of the pulses. The drawn curve is

calculated according to eq. (3.2) with a mean value for n of 3.4. The fair a-

greement shows that the thickness of the film in the pulse, at least in the
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Fig. 3. 8. The Doppler shift of the third-sound velocity as a func-

tion of the transport velocity of the film. Both results

obtained during an Atkins oscillation (osc.) and results

from measurements while the film is at its critical velo-

city (arit.) are collected in the figure.
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middle of the two blocks, is in good approximation equal to the equilibrium

thickness a t a height HQ+AH above the bulk. I t should be remarked that when

|S/Sg| is calculated from the average slope i t s value turns out to be some-

what smaller, on the average by about 15% (see appendix IV).

3.3.5. The Doppler shift.

When the pulse travels on a film in motion i ts propagation velocity is
modified. The expected Doppler shift Au3 is equal to the mass-flow velocity
in the. film (PS /P)VSQ. Fig. 3.8 gives results for AUg for the case the film
is in an Atkins oscillation. The vertical error bars account for the uncer-
tainty in the determination of the difference in the time of flight, the ho-
rizontal bars arise from the averaging of the transport velocity during the
time of flight of the pulse. In spite of the rather large spread in the data,
the results seem in agreement with the theoretical prediction.

We also measured the Doppler shift during steady film-flow at the c r i t i -
cal velocity. This is done by creating^ large level difference by which the
film is accelerated until the critical velocity is reached somewhere. Subse-
quently, a pulse is generated (by vertical displacements of the standpipes).
The Doppler shift was again found to be of the predicted size (see fig. 3.8).
It should be mentioned that the observed attenuation of these double pulses
was s t i l l found to be rather small though larger than that found for pulses
travelling on the film at rest. This observation is consistent with that re-
ported by Van Spronsen et al . ', who observed that standing third-sound waves,
superimposed on a film moving at the critical velocity, were s t i l l only slight-
ly damped.

3.4. Disaussion of the results.

3.4.1. The third-sound velocity.

The third-sound velocity can in principle be calculated from the conti-
nuity equation, the equation of motion for the superfluid and normal compo-
nent together with the boundary conditions. An exact calculation is very
complicated, but in the present experimental arrangement a number of simpli-
fying assumptions are justified:
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a). The propagation of the pulse wi l l be considered to take place isothermal-

ly . Though thermal effects are always induced by third sound and lead for in -

stance to dissipative damping, the low-temperature range considered here and

the small attenuation observed jus t i fy the neglect of their influence on the

propagation speed. The normal-fluid velocity w i l l therefore be taken equal to

zero, and the pressure at the surface of the f i lm can be taken constant and

equal to the saturated vapour pressure.

b). The superfluid velocity component perpendicular to the surface of the

f i lm w i l l be assumed to remain zero. Our rectangular pulses have a length of

several tens of meters. The increase in thickness of a few tenths of a nm

takes place over a length of some meters, just i fy ing this assumption.

The continuity equation (1.18) yields for the x-direction of propagation:

v 3 J + s ^S_ _ _ JJ6. /3 4)
S S dX S 3X 3t

The equation of motion for the superfluid (1.19) applied to the x and y direc-

tion (perpendicular to the surface) yields:

. P

with the external potential:

Combining eqs. (3.5) and 3.6) gives:

3 Vs_. ps v U i . ^ M (37)
at ~ "p s ax .n+l 3x K n

In the l im i t of small pulse heights ( ? / 6 « l ) , neglecting terms of second»order
in the variations in v. and 5, the variation in v. can be eliminated from eqs..

o S
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(3.4) and (3.7), yielding the wave equation:

T Vso) ' T n Tïï1 77 + 2T" vs0 ax5ï + 7377 T

In eq. (3.8) V $Q and 6. are the superfluid transport velocity and the film
thickness outside the pulse region. The solution of eq. (3.8) is that the
pulse height £ is a function of (x-uvt), in which the propagation velocity u,
obeys:

(3-9>

The lack of dispersion found experimentally also for pulses for which c/6^ is
as high as 15%, indicates that higher-order corrections hardly affect the re-
sult (3.9).

I t should be mentioned that 6̂  represents the equilibrium film thickness
outside the pulse region, including the Kontorovich thinning (see section 1.3)
of the film. This thickness is given by the relation:

The total dependence of Ug on the transport velocity vs0 is therefore given
by:

where Ugn is given by eq. (3.3). The-accuracy of. the measured Doppier shift
does not allow us to resolve the Kontoroyich correction on Ug.

3.4.2. The re flection of the pulses.

The behaviour of the pulses during reflection is governed by the conser-
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vation of mass and energy. Consider a pulse travelling on a film at rest. To

lowest order in ?/6Q, the total energy in the pulse consists of equal contri-

butions from potential and kinetic energy. The potential energy per unit area

of film surface u as a function of the local pulse height 5 is given by:

60+C
up = P j (gH0 - -TJ dy - pgH0«0 £ (-L)

2 (3.12)
60

Notice that u is positive, independent of the sign of 5. The kinetic energy

per unit area is:

uk = Jpsvf«0 (3.13)

The superfluid velocity v connected with the pulse can be derived from the

rate of mass transport, as:

From eqs. (3.14) and (3.3) it follows that:

uk "

Notice that it follows from the results presented in section 3.3.4 that in-

deed the mean total energy per unit mass in the pulse is equal to |gAH|, the

potential energy per unit mass added by displacing the standpipe over the

height |AH| at the time of creation, in accordance with eqs. (3.12) and (3.14).

From the above result, i.e. the potential and kinetic contributions to

the energy of the pulse being equal, it follows that the total energy of two pulses

travelling in opposite direction is, in lowest order of 5/6Q, a simple super-

position of the two pulse energies. This is true because the thicknesses 5 and

5' simply add, so that the potential energy is proportional to (5 + 5') ,

while the superfluid velocities v_ and v' subtract, so that the kinetic energy
o 5 S

is proportional to (5 - £') with the same proportionality constant (see fig.
3.9). The total energy per unit area is therefore:
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barrier

vapor

Fig. 3.9. The reflection of a pulse of arbitrary shape
at a barrier, resulting in a reflected pulse
of height V travelling in opposite direction
to the incoming pulse of height ?.

u = PgHn6nn [ (4-)
Z + (f)2 } (3.16)

Ignoring possible dissipative effects the total mechanical energy and mass
are conserved during reflection (see also fig. 3.10), so that:

-pgHo«on pgH060n (|̂ ) 0, (3.17)

where 5 and 5' are the pulse heights of the incoming respectively reflected

pulse at the point of reflection and e is the potential of the exchange liquid

in the reflecting reservoir. Defining the effective height AHfi^ of a pulse

of height ? as:

AHeff '= n H0 (3.18)
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AH ,, being the height (-AH) over which the standpipe should be displaced in
order to create a pulse of height 5, eq. (3.17) can be written as:

with the two solutions:

V = 5, (3.20a)

1} (3'20b)

The solution (3.20a) is the trivial solution obeying mass and energy conser-

vation, the pulse reflects without change of shape. However, the momentum in

the pulse reverses sign, which requires a force as if it bounces from a rigid

wall. This solution will therefore not apply . Solution (3.20b) gives the

correct description. If e=0 for the whole pulse length, which is the case for

reflection at a bulk leval of large crosssectional area, as is almost realiz-

ed in our experiment when the two bulk levels are in equilibrium, £'=-£: the

pulse reverses sign and its momentum does not change.

With the uplifted "empty" standpipe, however, though e=0 for the very

front of the incoming pulse, |e| increases sharply with a rate 3e/3m when the

exchange of liquid with mass m causes the film in the standpipe to change its

thickness. Therefore |e| will grow rapidly until e = 2gAH ..., the remaining

main length of the pulse being reflected with £' = £ and no further exchange

of liquid is required. The force required to reverse the momentum in the

pulse arises from the steep increase in potential energy. The reflection of

a positive block pulse of total mass M is shown in detail in fig. 3.10 for

the two extreme cases (M/gAHe^f)(3e/3rn)«l and (M/gAHgff)(3e/3m)»l.

3.4.3. The attenuation of the pulses.

Although the measurement of the attenuation coefficient was not a pur-

pose of our investigations and our results on this point are therefore not as

accurate and comprehensive as could be desired, the conclusion can still be
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drawn that there is a serious discrepancy between our results and the pre-

dictions from the as yet most extensive theory on third sound presented by

Bergman3'. The fact that our attenuation appears to be much smaller than was

ever observed before is in itself not so surprising, in view of the extreme

length of our pulses and the findings by others that the attenuation coeffi-

cient decreases with increasing wavelength. Low values could therefore be ex-

pected, but they are even lower than the already low values predicted by the

Bergman theory for our situation. Besides it follows from this theory that

the attenuation coefficient o is proportional to the square root of the an-

gular frequency w, while we find a linear relation between a and <o.

Discrepancies with Bergman's theory are also found by others but, in

contrast with our experiments, the measured values are found to be higher than

predicted, which can always be explained by assuming the occurrence of an ad-

ditional damping mechanism. The fact, however, that our experimental values

are lower than predicted seems in direct conflict with the theory.

This problem can be solved by reexamining the basic assumptions in

Bergman's theory in detail. The theory calculates the attenuation due to the

dissipative effects that accompany the third-sound wave, such as the flow of

heat in substrate and vapour, the evaporation and condensation and the vis-

cous flow of vapour. These effects are rather sensitive to the experimental

circumstances. The theory is developed for cases in which the various thermo-

hydrodynamic penetration depths, both in the wall and in the vapour, are much

smaller than the relevant dimensions of the apparatus. This condition is ful-

filled in the usual experiments, where waves of high frequency are used, but

for our extremely long pulses these penetration depths exceed the thickness

of the wall (b) and the diameter of the capillary (2r ) by far. The most di-

rect consequence is that in that case the .flow of heat is not confined to

wall and vapour, but extends into the surrounding He bath. The fact that heat

can be exchanged almost directly with the bath will also affect the dissipa-

tive processes in the vapour, which besides take place in a confined space.

The calculations of Bergman, which are carried out for the region near the

"adiabatic limit" do therefore not apply to the present experimental situa-

tion, and we will have to develop a theory for the "isothermal limit" and a

confined vapour space.

The thermohydrodynamia attenuation of a travelling double pulse near the iso-

thermal limit.

The detailed calculations of the damping, in a way analogous to Bergman's
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approach, prove to be rather lengthy and will be postponed to chapter 4. Here

we will first try to explain the results by a simplified model. To this end

the following rigorous, though plausible, assumptions will be made:

1). The whole system is rigorously isothermal. For our extremely long pulses

this will be a fair assumption since the time required to equalize any tempe-

rature change in the film by exchange of heat with the bath over the small but

finite heat resistance of the wall will be much smaller than the characteris-

tic times in the pulse.

2). The film is everywhere in local equilibrium with the vapour, i.e. the va-

pour pressure above the film has the equilibrium value that corresponds to the

local film thickness. It is thus assumed that in the confined vapour space the

pressure can immediately adjust its value by evaporation and condensation.

3). The slope of the pulses is trapezoidal. For the calculation of the atte-

nuation the idealized block form' has to be replaced by this more realistic

approximation, since the regions of variable thickness will determine the

damping coefficient a. ""' "

From these assumptions it;follows immediately that there will be a "hy-

drostatic" pressure difference AP in the vapour over the edges of the pulse,

given by:

n H 0 • • • - < • _ ' - v . . ; ' . " •'=• ' , .

This pressure drop lëSds/to a 'qua,si-stat% viscous mass flow M along the axis,

that according;^rPo^|ütóe^^l|@^,ls,/^v-k.^- 'f'-

( 3 > 2 2 )

where uyr, i'è"#e*l.ength of thejsdfgg, of t të- .^üls je,^ tfeiog the small time
interval needed for 't\m--Raising and the Towering of the standpipe during the
generation of the •pïî ses'V

The ratp at wf),i|h/^0rgy 4s lost due to..-=this proces ia gaven by.' ;ratp at wf),i|h/^0rgy 4s lost due to..-=this proces ia ga

É = -4 — hPn .:- (3.23)
Pg 9 : . '
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the factor 4 accounting for the 4 edges in our double pulses. The total ener-

gy of the pulse is found by integrating eqs. (3.12) and (3.15) over the double

trapezoids of total length TQ as:

E " ^ !

From eqs. (3.21) to (3.24) and using eq. (3.3) the damping coefficient o, de-

fined as

a s - i | (3.25)

follows as

«vise. = ' * 8 . <3-26)
8 V S 6 0 T 1 ( T 0 ' I Tl>

Since T^ * Js for a l l pulses represented in f i g . 6, and since T, « TQ eq.

(3.26) shows that ay * 1 /T 0 , as was found experimentally. At the higher tempe-

ratures, however, the calculated values of a become rather large, mainly due

to the increase in p , so that the total energy loss over one time of f l i gh t

of the pulses becomes comparable to or even exceeds the total energy stored

in the edges of the pulses. The result w i l l be that the shape of the edges

wi l l change considerably, their slope w i l l decrease and their length w i l l i n -

crease accordingly. I f we assume that the trapezoidal form and the values of

£0 and TQ are maintained, the change can be described by an increase of TJ in

time and a corresponding decrease of a . From a comparison of È as derived

from eqs. (3.21) to (3.23) with that obtained by taking the time derivative

of eq. (3.24) i t follows that T^ increases l inearly in time. The mean value

of ov» which has to be compared with the experimental results, can now be ob-

tained by averaging o over the measuring period, which yields:

8 2 l
Tn • T (Tin + p t i r

In a-— —j (3.27)
T0 ~

-v 2(t2 - t

Here t-̂  and t2 are the time intervals elapsed between the generation of the
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pulse and the time of the first, respectively the last observation, U 3 T 1 Q is

the length of the edges at generation and p is given by:

2 3

The numerical results of this calculation are shown in fig. 3.6c. The calcu-

lated values appear to be in reasonable agreement with the experimental ones

at the higher temperatures (and lower film thicknesses), but are too low at

the lower temperatures (and higher film thicknesses). The calculated frequen-

cy dependence on the inverse of the pulse length is in agreement with the

measurements.

The deviations may be due to the rigorous assumptions underlying this

simplified calculation. It is, for instance, immediately clear that the con-

siderable flow of heat through the wall of the capillary, required to main-

tain the film at a constant temperature, will lead to an additional dissipa-

tion. The isothermal condition cannot be fully realized since the thermal re-

sistance of the wall, formed by the Kapitza resistances in series with the

much larger thermal resistance of the glass, is small but still finite. The

calculation of this thermal effect, however, as is given in appendix II, shows

that although it also has the correct frequency dependence its magnitude is

too small to account for the discrepancies.

Moreover the requirement of instantaneous equilibrium between vapour and

film cannot be rigorously fulfilled. Together with the non-ideal isothermal

condition this will also lead to additional dissipation. This contribution is

difficult to estimate and can only be obtained by the detailed theory, which

will be developed in chapter 4. Though at first sight it does not seem so im-

portant, it is good to realize that in Bergman's theory these effects deter-

mine the attenuation for the case of a thick film.

Finally, the third assumption, namely the idealized trapezoidal shape of

the pulses, might also have led to too low values of a , since a depends

strongly on the exact shape of the edges. Since the exact shape is not well

known this effect cannot be calculated, but it seems very unlikely that it

can account for an increase of oy by a factor of 10 required at the lowest

temperatures.

Apart from the above described damping there are other effects, which

contribute to the attenuation. We will now investigate whether these effects
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can account for the observed deviations.

Thermal damping during the reflection of the pulse.

The exchange of superfluid mass between the film and the bulk liquid in

the reservoir during a reflection will lead to temperature variations in the

reservoir. The resulting heat exchange between the reservoir and the surroun-

ding He-bath through the wall will lead to additional damping of the pulses.

This is the same mechanism that is responsible for the damping of the Atkins

oscillations, and it is easy to show that the resulting contribution to the

damping <x is the same as that found for the Atkins oscillations.

At the reflection the heat flow Q from the reservoir to the bath will be

given by:

Q = - 4TrrcpS0T05u3 (3.29)

i
leading to a temperature difference between reservoir and bath

Kr
(3.30)

with K the total heat conductance. The entropy production by this process

leads to a loss of mechanical energy for the pulse, which integrated over the

pulselength amounts to

The resulting damping coefficient a , averaged over the time of f l i gh t be-

tween successive reflections L/u,, i s :

U3 AEr
ar = - i ()

This result is indeed identical to that governing the reservoir damping of the
Atkins oscillation '. To evaluate ar numerically a value for Kp is needed.
Here we have to remark that <r is not just the heat conductance of the wall.
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It will be shown that the main heat flow to the bath occurs via evaporation

of liquid at the bulk level, recondensation onto the film and subsequent heat

conduction over the wall of the capillary (see appendix III). The net heat

conductance for an identical reservoir, however, is obtained earlier by Van

Spronsen et al. ' from the measured damping of the Atkins oscillation, so we

can use their value for Kr of 3,2.10'
3 J5'8 W/K. Fig. 3.6c shows that the

damping coefficients calculated from eq. (3.32) are much lower than the exper-

imental values. Besides the reservoir damping gives the wrong dependence on

frequency, while also its temperature and thickness dependence seems somewhat

too strong.

Non-dissipative losses of pulse energy.

As has been pointed out in section 3.3.3, a considerable loss of pulse

energy occurs during the reflection at the reservoirs when there is a net mass

transport connected with the pulse. The exchange of mass leads to the genera-

tion of an Atkins oscillation. Although this effect has been much reduced by

using double pulses, it will not be zero since the pulse heights of the posi-

tive and negative block will in higher order not be the same, no matter how

accurately symmetric the generation procedure is carried out. Besides, even

if one could generate a perfectly symmetric double pulse, asymmetries of se-

cond order will be introduced at every reflection. The combination of these

two effects leads to a small change in the average slope of the observed sig-

nals Ah, from which the attenuation coefficient a is determined. This change

can even be positive when the positive block preceeds the negative one, as is

shown in appendix IV. The calculated effect on a is of the order of 10" s ,

so still a factor of 10 too low. Moreover it has not the correct dependence

on the pulse length, being proportional to it instead of inversely proportion-

al as observed.

There will be other mechanical losses, both in the travelling pulses and

at the reflections, due to second order effects which cannot be calculated

with a linearised .theory. For instance the propagation velocity of the pulses

will in higher order depend on the pulse height, leading to dispersion of the

pulse. The contributions of such higher order effects may be responsible for

the observed deviations, though this seems not to be very likely for the fol-

lowing reasons. Second order effects at the reflection can be expected to re-

sult in a damping coefficient that is proportional to the length of the pulses

instead of inversely proportional. During the propagation of the pulses such

effects could result in the correct frequency dependence, but in view of the
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absence of any sign of dispersion during our measurements and taking into ac-

count that within the measuring accuracy no dependence of the attenuation on

the pulse height could be observed, these effects do not seem to be able to ac-
-4 -1count for the discrepancy in the order of 10 s found for the attenuation.

Quantunmechanieal attenuation.

A quite different damping mechanism has been proposed by Putterman '. He

states that due to the zeropoint motion of the atoms the film thickness will

be wiggling around its average value. The interaction with this wiggle should

scatter the third-sound wave, which will lead to attenuation. The outcome of

this theory is in fair agreement with the results of experiments on high-fre-

quency pulses. The basis of the theory, however, i.e. the idea that the zero-

point motion gives a contribution to the attenuation of third sound, is not

yet generally accepted.

When we compare these theoretical results with our experimental data there

appears to be a strong disagreement. Putterman's theory gives values which are

more than a factor of 100 too large. Also the strong dependence of the damping

on temperature and film thickness is not in agreement with our results. Only

the predicted proportionality of the damping coefficient to the frequency of

the pulses agrees with our findings.

Recently Putterman adjusted his theory by treating the quantum fluctua-

tions as a noise of high frequency from which the third-sound waves scatter

adiabatically '. Though the gap between the theory and our results is much

smaller now, the numerical values predicted by the theory are still too high.

In view of the fact that the theory as yet is based on intuition so that only

a rough estimate is given for the numerical results, it seems possible in

principle that a more exact theory can account for our results. On the other

hand the validity of the basic ideas underlying the theory, namely the prin-

ciple that the zeropoint motion due to the localization of the film will

cause attenuation, is still questionable.

As a conclusion we can say that as yet none of the discussed damping

mechanisms can provide a fully satisfactory explanation for our experimental

results. With respect to the thermohydrodynamic damping, however, we still

have the small possibility that the exact theory can supply an extra contri-

bution to the damping. The general theory on the damping of third sound devel-

oped in the next chapter should provide the answer to this question.

73



References.

1). E. van Spronsen, H.J. Verbeek, H. van Beeien, R. de Bruyn Ouboter and
K.W. Taconis, Physica 27(1974)570.

2). R.B. HalTock and E.B. Flint, Phys. Rev. AlO(1974)1285, see also ref. 1.

3). D.J. Bergman, Phys. Rev. 188(1969)370; Phys. Rev. A3(1971)2058; Physical

Acoustics, eds. W.P. Mason and N. Thurston (Academic Press, New York,

1975), Vol. XI, Chap. V.

4). E.S. Sabisky and C.H. Anderson, Phys. Rev. Letters 24_( 1970) 1049; Phys.
Rev. A7(1973)790.

5). S.J. Putterman, Superfluid Hydrodynamics (North-Holland, Amsterdam,1974),
§ 48.

6). S.J. Putterman, private communication, 1978.

74



C H A P T E R 4.

THE THERMOHYDRODYNAMIC DAMPING OF THIRD SOUND.

In this chapter it will be shown that in restricted geometries
the damping is governed by viscous flow in the vapour. In un-
restricted geometries on the other hand the flow of heat in va-
pour and substrate and through the substrate-film boundary
gives the dominant contribution. The vapour-film interface on-
ly influences the result in rather exceptional cases, while in-
trinsic damping can always be neglected.

4.1. Introduction.

The damping.of third sound is mainly caused by external effects occurring
in substrate and vapour and will therefore depend strongly on the experimental
conditions. In section 3.4.3 we have pointed out already that the detailed

1 2}
theory of Bergman ' ' does not apply to all experimental situations, especial-
ly not to the case of extremely low-frequency waves in narrow capillaries as
encountered in our experiments. Bergmans theory is developed for an infinite
system, i.e. the thickness of the substrate and the height of the vapour column
above the film are assumed to be much larger than the various thermohydrody-
nanric penetration depths. In this chapter the theory will be extended by incor-
porating the actual dimensions of the different devices in the set of boundary
conditions, so that it will also cover e.g. the region near the isothermal li-
mit, when the system can freely exchange heat with a surrounding He-bath.

Our approach to the problem is generally similar to that of Bergman. It
proceeds from the linearized transport equations for the substrate, the vapour
and the film. These equations are solved for waves, propagating in the axial
direction with a common wave number k. The coupling of the waves is effectu-
ated by means of the appropriate sets of boundary conditions. At given angular
frequency u and filmthickness amplitude ?Q, the wave number kcan de determined,
from which the phase velocity w/k follows immediately.
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An important difference with Bergman's approach is the way in which the

damping coefficient a is subsequently calculated. Bergman derives a immedi-

ately from the imaginary part of the wave number k. Since a is generally rath-

er small and gives a relatively unimportant contribution to the wave number,

the equations have to be solved to a high degree of accuracy. As the problem

involves the solution of an extensive set of equations this procedure is rath-

er cumbersome. We therefore used another but equivalent procedure to simplify

the calculations. In this method the equations can be solved to a much lower

degree of accuracy for k, but on the other hand the amplitudes of the inde-

pendent variables in substrate, vapour and f i lm also have to be calculated.

The expression for the damping coefficient a can then be obtained by substitu-

tion of the amplitudes into the known expression for the entropy production

by the various transport processes.

Another difference with Bergman's calculations is the set of boundary

conditions at the vapour-liquid interface for the case of non-equilibrium. As

was pointed out by Bergman himself ' , his expressions for the mass- and ener-

gy-current densities through the interface do not obey the Onsager relations.

In appendix VI we w i l l show how this short-coming can be removed. The in f lu -

ence of this correction on the value of a, however, w i l l appear to be negli-

gible.

A further difference with Bergman's theory is the range in frequency and

filmthickness that is covered. Besides an exact numerical calculation covering

the whole range, Bergman obtains analytical expressions for what the calls the

"thin f i lm approximation" and for the "thick f i lm approximation". According to

the cr i ter ia of Bergman i t appears that practically a l l experiments are per-

formed in the "thin f i lm approximation", even the experiments on saturated

fi lms. For this reason we w i l l restr ic t our calculations to this region.

We w i l l present the theory for an axially symmetric geometry*). The cal-

culations w i l l be kept generally valid as long as possible, but at a certain

stage the experimental conditions w i l l have to be specified. From this point

the calculations w i l l sp l i t up in two parts. One part describes the nearly

isothermal case of long pulses in narrow tubes. The other part deals with the

nearly adiabatic case of short pulses propagating without geometrical restr ic-

* ) . Similar calculations can be made for a parallel plane geometry, resulting

only in a change of some of the numerical factors.
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t ions, i .e. in tubes of in f in i te radius and wall thickness. The lat ter . re-

sults should of course be identical to those obtained for thick plane sub-

strates. These two parts cover most of the experimental situations encounter-

ed in practice.

4.2. The bas-Ca equations and their solutions.

When a third-sound wave of wave vector £ propagates along the f i lm, i t

w i l l induce wave-like motions in substrate and vapour, a l l having a wave-vec-

tor component in the direction of propagation, equal to the same vector it. In

this section the general solutions for these waves w i l l be derived for the

case of axial symmetry, but with unspecified boundary conditions.

4.2.1. The equations for the substrate.

In the substrate only the transport of thermal energy is of importance to

the present problem. I t is governed by the linearized transport equation:

3T
psubcsub ~ ^ r = Ksub ^Tsub f4 -1 )

in which asui.>
 c

s uh anc' Ksub a r e r e s P e c t l v e ^y tt>e density, the specific heat
and the specific thermal conductivity of the substrate material. I t follows
immediately from eq. (4.1) that for- the plane-wave solutions of the form:

(1(«t - l t t h . r ) )
Tsub = T0 + Tsub e <4-2>

the wave number of these thermal waves at a given value of u i s :

t n Ksub

corresponding to a thermal penetration depth:

'th.sub !W s u bc s u b
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For a wave, propagating in the axial direction with an imposed wave-number k,

the wava number perpendicular to this direction w i l l be given by:

kR,th + k 2 = kth <4-5)

The general solution of eq. (4.1) for such a wave, possessing the axial sym-

metry of the circular hollow tubes, is a linear combination of two Hankel
1 2

functions HQ(kR thR) and HQ(kR tnR)> where R is the distance to the axis of
the tube:

Tsub = T0 + e 1 ( W t" k Z ) [ i Tsub, lHS< kR,thR>Tsub = T0

The unknown amplitudes AT . , and AT . 2 will have to be determined from the
boundary conditions at the inner and outer surfaces of the tube.

4.2.2. The equations for the vapour.

The transport phenomena in the vapour are governed by the following l i -

nearized set of equations:

Tfc + pa0 v ' v o = ^ (continuity equation) (4.7)

3V
pg0 ~d + ^Pg " ng^g " 4ng + g g

balance) (4.8)

go ^ ^ " W^ ' ^ ^ T g - ° (e n t r°Py b a 1 a n c e )

'vHere p , T , P and 'v stand for respectively the density, the temperature,
the pressure and the velocity of the gas. The suff ix 0 indicates the equi l i -
brium values; nq» Cq and Kq are the coefficients of viscosity, second visco-
si ty and thermal conductivity, while c is the specific heat at constant

4density. For the equation of state of the He-vapour, which completes the
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above set of equations, that of an ideal gas is taken:

4
where kg is Boltzmann's constant and m, the atomic mass of He.

To solve the above set of equations is definitely more complicated than

i t was in the case of the substrate. Substitution of plane waves of the type

exp ( i (wt- l t . r)) into the equations leads to three independent solutions, cor-

responding to:

1). a longitudinal sound wave with wave number k,, given by:

4 ^ (4.11)

in which c, the velocity of sound, i s :

2). a transversal thermal wave with wave number kg» obeying:

•! • - ^ (4.»)

3). a transversal viscous wave with wave number k,, given by:

(4.14)

It should be remarked that the expressions for k, and k9 are not fully exact;
0 0 A. On

the terms "''(cng/cVq)'
<i/l<2 and -i(§ + S o / O ^ i ^ l nave been.neglected with re-

spect to 1, which is certainly justified as in all experiments on third sound
the numerical values of these terms never exceed 10
the amplitudes of the four independent variables T

The relations between
= vRT , pq, vz = v and v^ = vR

are listed in table 4.1 for the three types of waves. In this table the values
of the wave numbers in the direction perpendicular to that of the imposed wave-
vector ic are also given. Of course they are:
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Table 4 . 1 .

Mode

g j cpg kRl R 1 kR2 Kg RZ

P„nc,,
AP,.-;

— T
ITlyi O

If KR T r
kRl ^ V p g

In the table also use is made of the definitions of the viscous penetration
depth 1,, _ and the thermal penetration depth 1+. :v j g ui, g

Vg

( 4- I ?'

For the case of axial symmetry with the requirement that the solutions
remain finite at the axis of the tube the radial distribution of the variables
in each mode will be given by an ordinary Bessel function Jn. From the addi-
tional requirement that on the axis v^ as well as 3T /3R, 3p /3R and 3vz/3R
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must be zero, i t follows that the general solution at given u and k can be
written as:

3
2 [Ap . JQ(kR.R)] (4.18)

j = l

Tg = Tg0 + e 1 ( W t " k Z ) \ . [ A T g j

e1(„t-kz) % U v z j J o ( k R j R ) ] (4.20)

From the values of the radial wave numbers kD. and therelat ions between the
KJ

different amplitudes for the three modes, as given in table 4 .1 , only three

independent amplitudes remain, which w i l l again be determined by the boundary

conditions, now of course at the vapour-liquid interface.

4.2.3. The equations for the film.

The transport properties of He I I , for small disturbances from equi l i -

brium, are described by the linearized form of the Landau-Khalatnikov equa-

tions (eqs. (1.1) to (1.4)). As in the vapour there are three fundamental

plane-wave modes obeying these equations, a transversal viscous mode of wave

number kg-j and two longitudinal sound modes, f i r s t sound kp and the so-called

second-sound mode kpi. The lat ter can be considered to replace the thermal

mode in ordinary f lu ids, due to the dominating convective heat transport in

He I I . For each mode the amplitudes of the different variables are related

to each other in a way similar to that given for the vapour in table 4 .1 . The

geometry of the f i lms, forming a uniform hollow cylinder, is similar to that

of the substrate and therefore the radial distr ibution of the variables, for

waves travell ing in the axial direction, w i l l again be a linear^cpmbination
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1 2
of Hankel funct ions, two for each mode, namely HQ(kR..R) and Ho(kR-jR) or

Hj(kp.-|R) and Hj(kR .- iR). For a common wave number k i n the axial d i r e c t i o n ,

the radial wave numbers kR- , label led with the su f f i x j , w i l l again be given

by:
•

kKRjl
(4.22)

The six independent coefficients of this general solution w i l l be determined

by the boundary conditions with vapour and substrate.

The above procedure is not quite correct for the f i lm however, due to

the strong Van der Waals forces present in the f i lm. Although these forces

are balanced in the transport equations by a large "hydrostatic" pressure

gradient in the radial direction so that the variations in the quantity

P/p + n due to the wave disturbance are small, the high pressure gradient

affects the wave propagation in another way, namely by i t s influence on the

values of the extensive thermodynamic quantities such as p , s etc. The l i -

nearized set of Landau-Khalatnikov equations, in which the equilibrium values

of these quantities were assumed to be constant throughout the l iqu id , are

therefore net the correct starting point.

To incorporate these effects a different approach wi l l have to be f o l -

lowed. Owing to the thinness of the f i lm some simplifications of the equations

are jus t i f ied and we w i l l take a modified set of Landau-Khalatnikov equations,

in which only those terms that are relevant for the third-sound propagation

are maintained, as a starting point:

3V
sz

'S 3Z sVsR p n vnvnR ) = (4.23)

3V
sz (4.24)

3V
_-LR - s 3 T + - 3 P + 3 f l = 0
3t 9K p oK 9K

3Q

(4.25)

(4.26)
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(4.27)

This set of equations is again linearized in the intensive variables v ,

v R, v o, T and P, but notice that the radial variation in the extensive pa-

rameters p , p , p and s has not been omitted. The other differences with the

original set of Landau-Khalatnikov equations for an axially symmetric geome-

try are the neglect of the axial component of the normal velocity vnz, of the

density variations 8p/3t and of all dissipative terms. These latter simpli-

fications are justified for the following reasons.

It cannot be expected that the wave nubers of the fundamental modes in the

He film will differ dramatically from those found in the absence of the strong

Van der Waals forces. The penetration depths in the radial direction, corre-

sponding to these waves, will therefore still exceed the filmthickness by

far. Consequently the variations of the different quantities over the thick-

ness of the film will be much smaller than their amplitudes and can therefore

be neglected. As vnz vanishes at the wall, it can be put equal to zero every-

where in the film. A similar argument applies to the density variations,

since at the vapour-liquid interface 3p/3t will be negligibly small. The dis-

sipative terms can be omitted since their influence on the propagation of the

waves is known to be small, and besides their contribution to the total entro-

py production will be negligible with respect to the corresponding contribu-

tions in substrate and vapour, in view of the small thickness of the film in

comparison to the penetration depths in wall and vapour.

To obtain the exact solution to the set of equations (4.23) to (4.27) in

a way analogous to that used for the vapour is still very complicated. Fortu-

nately, further simplifications can be made, since it is of no importance

for the calculation of the wave number k to know the small radial variations

of the different quantities in the film as long as an approximate solution

can be found which correctly accounts for the different boundary conditions.

Such a solution can be obtained by integrating eqs. (4.23), (4.24) and (4.27)

over the filmthickness and forget about eqs. (4.25) and (4.26) which describe

the behaviour of v n and v „. Introducing average quantities this procedure

leads to the set:

- ^sz
6 ps I T " + (psvsR + VnR>r " (<>svsR + pnvnR>r -6 = ° ( 4 ' 2 8 )

c c
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(4-29)

u

where c^ is the mean specific heat of the film defined by:

cf = l-^(ps) (4.31)
p 3T

In this averaging procedure we could in good approximation replace the ave-
rage of a product of an extensive and an intensive variable such as p v by
the product of the averages of the separate variables p_ V , since the va-
riations in the radial direction of the intensive variables are negliglible
compared to those of the extensive variables.

A similar set of equations for the film has also been derived by Bergman.
Substitution of the plane-wave solution exp (i (ut-kz)) for the intensive pa-
rameters leads to the general solution for the amplitudes, given by:

" i k Vs0 AV:sz

(4.33)

AT + [A(Psv
nD)r " A(PsvnR)r -6^ = ^ (4.34)

the amplitudes Av , AT and A ( - + Q) being determined by the boundary condi-
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tions.

4.3. The boundary conditions.

In order to match the waves in substrate, vapour and film the appropriate

sets of boundary conditions will have to be imposed. The different boundaries

which come into play are sketched in fig. 4.1 and will be discussed in the

next subsections.

1R

vapour

film

substrate

surroundings

Fig. 4.1.
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4.3.1. The outer surface of the substrate.

The substrate is coupled to its surroundings only by means of the ex-
change of thermal energy. The equation, governing the flow of heat from the
substrate into the surroundings, can be written as:

3T

3̂ = " Ksub <-§ir->vtto = Keff(Tsub " V r +b <4 '35

c c

When the substrate is surrounded by a He bath, the outside temperature Tm can

be taken to be uniform and constant in time, equal to the equilibrium tempe-

rature TQ. In that case the effective thermal conductance per unit surface

area K f f w i l l be the Kapitza conductance K^. I f on the other hand the sub-

strate is surrounded by a vacuum or by a material of extremely poor thermal

conductivity, the heat flow can be neglected, which can be accounted for by

taking K - - equal to zero. In intermediate cases, i .e . when the substrate is

for instance surrounded by He vapour, the appropriate values of < e f f and

Tm(r +b) w i l l be determined by the thermal properties of the surrounding ma-

te r i a l .

4.3.2. The substrate-film boundary.

For the flow of heat from the film over the Kapitza conductance KK into
the substrate a similar condition as in the last subsection wil l hold:

«2 - - Sub H F > r c = «K <T " TsubVc f4'36)

Since the variations of the film temperature T over the thickness of the film
are small, the mean value T(z,t) can be substituted. In the film the transport
of heat wil l be mainly convective, so that also holds:

q9 = {psTv„DL (4.37)

Finally these boundary conditions have to be completed by the condition that
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no mass is exchanged between f i lm and substrate:

"2 = <psvsR + pnvnR)rc = ° <4-38)

In our discussion of the equations for the f i lm we have already incorporated

the boundary condition vn z ( r c ) = 0.

4.3.3. The film-vapour boundary.

To relate the different variables in vapour and f i lm we w i l l f i r s t con-

sider the mass flow m, that passes through a unit area of the interface. This

mass flow is related to the mass-current densities in f i lm and vapour respec-

t ively as:

VnR + * S>r-«

•h = < VRg + pg tt>

In these equations terms of second order in the wave disturbance, such as e.g.
the term proportional to vc_ •£-, have of course been omitted. Moreover the

5Z ÓZ.

axial component of the vapour velocity should obey:

vzg(rc-6) = vnz(rc-5) = 0 (4.41)

Another relation follows from the continuity of the energy current at the in-
terface. Energy exchange does not only take place through thermal conduction,
but also by convection connected with the mass flow thy The relevant contri-
butions to the energy flow e^ through a unit area of interface are given by:

(4.42)
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V6

Neglecting second-order effects, the combination of eqs, (4.42) and (4.43)

leads to the following relation between the f i lm and vapour variables:

where the heat current density cjj is given by:

A further relation is obtained from the conditions that the interface is

in mechanical equilibrium and that the curvature of the f i lm surface is small

enough to neglect the surface tension. In appendix V i t is shown that the

pressure P s u r f in the f i lm at the surface is related to the pressure Pq( r
c)

in the vapour as:

Here p„(r'c) is the vapour pressure at a small distance from the f i lm , just

outside the reach of the Van der Waals forces but s t i l l within a mean free

path from the f i lm surface (see f i g . 4.1). Mechanical equilibrium can safely

be assumed to be realized in al l experiments. To complete the set of boundary

conditions at the interface kinetic arguments can be used to relate the mass

and heat flow through the interface to the differences in chemical potential

and temperature between f i lm and vapour. With use of a simple kinetic theory

i t is shown in appendix VI that these relations can be expressed as:
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i f <VT0>

pg0 f05 "

(4.48,

where .C, is the heat of evaporation of the f i lm per unit mass, f is the Van der

Waals force per unit mass at the surface of the f i lm, fQ = ny/(&Q)n and £ is

the change in f i lm thickness with respect to the stat ic value. In the equa-

tions the temperature of the f i lm at the surface T f has been replaced by T,

while the variables of the vapour have been taken at R=r'. The suff ix 0 in -

dicates the values of the various variables for the case that vapour and f i lm

are in equilibrium with each other. I t should be remarked that these lat ter

results are somewhat different from those obtained by Bergman but that the mass

and. energy-flow density now obey Onsagers relat ion, as is shown in appendix

VI.

4.4. The complete .set of equations.

In this section the basic equations given in section 4.2 and the boundary

conditions of section 4.3 w i l l be combined in order to obtain the complete set

of equations from which the wave number k as well as the different amplitudes

can be calculated.

To present the rather complicated algebra in a somewhat systematic way, we

wi l l consider the equations for the f i lm (4.32) to (4.34) as the equations

that have to be solved. The different boundary terms must then be expressed in

the f i lm amplitudes, using the boundary relations and the general solutions in

substrate and vapour. Once we have succeeded to do th is , we can solve the val-

ue of the wave number k for a given angular frequency u from eqs.(4.32) to
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(4.34), and also obtain the amplitudes of the three f i lm variables. Subse-
quently the amplitudes in substrate and vapour can be calculated from which
thé entropy production and the attenuation follow.

As a f i r s t step we wi l l introduce the amplitudes of the heat- and mass-
flow densities through the different boundaries, denoted by Am and Aq, into
the eqs. (4.32) to (4.34). Substitution of the boundary relations (4.37) to
(4.40) as well as (4.44) yields for the f i lm equations:

- iks,VsOAV„ - Am, + i«p
sz 1

= O (4.49)

u A v
sz

= 0 (4.50)

i u S 0 p 0 c f 0 A T " sg0T0AI"l
Aq2 iwpi0si0T0C0 = (4.51)

Here we used the suff ix i as abbreviated notation to indicate that the con-

cerned variable has to be taken at the liquid-vapour interface (R=r - s ) ; the

symbol ?Q denotes the amplitude of the filmthickness variations. Since the

number of independent variables in the f i lm is three, we wi l l next eliminate

the now dependent variable A(£ + n) , using the relations for the vapour. Ig-

noring the radial variation over the f i lm thickness we f i r s t relate i t to the

pressure amplitude in the vapour, by means of eq. (4.46), which yields:

p i0
A ' P + (1 - )

p i0
(4.52)

Subsequently the amplitude A'P of the vapour pressure a t r c ' can be expressed

in Mi^ and Aq^ and the other f i lm variables from eqs. (4.47) and (4.48) and the

equation of state for an ideal gas, so that:

AV pg0f0?0 "

2irm.
(4.53)
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Substitution of this result gives for the f i lm equations:

-ikfio7sOAVsz + + iUp i 050 = Aiij (4.54)

2irm. J .
^ 1 ) < 4 5 5 >

+ Aqj - Aq2 (4.56)

The next step is to relate Aim, Aq, and Aq2 to the f i lm variables, using the

relations in vapour and substrate. Starting with ACL from the substrate, ap-

plication of the boundary conditions (4.35) and (4.36) to the general solu-

tion for the temperature distribution in the substrate (4.6) yields:

F if H (k R\ - v k H Ik o\ 1 AT +
l l cef fH0 l KR,thK ' KsubKR,thn l l KR,thK; jrc+bü lsub,l

[KeffHo(kR,thR> "

KKHJ(kR,thR) + KsubkR,thH!(kR,thR) ]rc
ATsub,l

KsubkR,thHl(kR,thR)

From these equations AT ^ . j and AT b ^ can be solved, expressed in the

temperature amplitude of the f i lm AT and the unknown wave number k at given

and ATm. From (4.36) Aq̂ , now follows as:
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A similar procedure can be followed to express Am, and Aq, in the film
variables. Here the algebra is even more cumbersome than for the substrate
since the general solutions (4.18) to (4.21) contain three unknown ampli-
tudes, the other amplitudes being related by the relations given in table
4.1. Eqs. (4.41), (4.40) and (4.45) constitute a set of three equations from
which the unknown amplitudes in the vapour can be related to the mass trans-
port Am, and the heat transport Aq, through the interface. Substitution of
these relations into eqs. (4.47) and (4.48) finally gives Am^ and Aq^ ex-
pressed in the filmvariables AT and SQ at given wavenumber. The expressions
for Aq^j Am, and Aq\ become rather long and will not be given explicitly for
the general case. The approximate expressions for the special cases to be
considered will be given later.

At this point we like to remark that it follows from equations (4.54)
to (4:56) that in cases where the exchange of mass and thermal energy with
the vapour can be neglected, while the heat supply by the substrate is suf-
ficient to keep the film at almost constant temperature, the wave number k
obeys:

the well-known expression for the isothermal third-sound velocity. For cases
that the exchange of he?t with the substrate can be neglected as well the
result is:

?s0 f * +
 Ps0 Si0T0 IT !s0 f\ (A

— TriOr. + — = ( S n - —*— w—) ( 4 .
pi0 ° ° 0̂ c

f0 ° pi0 V

which is the expression for the adiabatic third-sound velocity. In both these
extreme limits the damping of the third-sound waves by external effects is of
course zero. In section 4.7 we will investigate the experimental conditions

92



under which these l imits can be approached.

4.5. Long waves in a restricted geometry near the -isothermal limit.

Uptil now we have kept the theory applicable to a l l experimental c i r -

cumstances. The algebra becomes very complicated, however, and i t even be-

comes impossible to give a general analytic solution of the set of equations,

composed in the last section. We w i l l therefore restr ic t ourselves to the

calculation of the approximate solutions for some special cases. In the f i r s t

place we w i l l consider a situation, in which the relevant dimensions of

substrate and vapour space ( i . e . the thickness of the wall and the radius of

the tube) are much smaller than the various penetration depths in substrate

and vapour. Such a geometry w i l l be called restricted. Since the penetra-

tion depths depend on the frequency these conditions are met for suff icient-

ly small o), as is for instance the case in our experiments, described in

chapter 3, in which very long pulses and narrow capil laries were used. In

these experiments the relevant third-sound wavelengths are also much larger

than the penetration depths, while moreover the thin-walled tubes are sur-

rounded by a He bath, providing for almost isothermal conditions. We w i l l now

calculate the third-sound properties for this type of experiment and w i l l

s tar t by l i s t ing the above conditions in a mathematic form.

4.5.1. Definition of the experimental conditions.

The conditions, mentioned above, can be stated as follows:

(1) The thermal penetration depth, in the substrate is much larger than the
thickness of the wall b but is much smaller than the wavelength of the
third-sound wave:

(2) The thermal penetration depth in the vapour is much larger than the ra-

dius of the tube r but is much smaller than the wavelength of the th i rd-

sound wave:
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rc « 'th.g « X
(4.63)

(3) The viscous penetration depth in the vapour is much larger than r but

much smaller than

v>g

2ir

(4.64)

(4) The wavelength of the third-sound wave is much larger than r but much

smaller then the corresponding wavelength of sound in the vapour:

(4.65)

(5) The thermal conductivity of the material, surrounding the tube, is much
higher than that of the substrate, so that Tm=TQ and the effective ther-

is equal to the Kapitza conductance K^:mal conductance

Keff = KK
(4.66)

4.5.2. The approximate form of the complete set of equations.

The above conditions of course do not affect the form of the f i lm equa-

tions (4.54) to (4.56), but several relations in substrate and f i lm can be

simplified considerably. For instance, the expression for the radial compo-

nent of the wave vector in the substrate, appearing in eqs. (4.57) to (4.59),

reduces to:

4R,th
j psubcsub
1 (4.67)

and ATm can be put e-Furthermore, in eq. (4.57) K ^ can be replaced by K^

qual to zero, while owing to condition (1) the values of the Hanke] functions

at the outer surface (R = r + b) can be related to those at *he inner surface

(R = r c ) , reducing (4.57) to:

(4.68)
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Also in the vapour the expressions for the radial components of the wave
vectors simplify, yielding:

k2 -
KR1 "

k2 =
*R2

<2 =
R3

-k2

2
2 ~

3

. ipgocpg
K

g

ng

(4.69)

(4.70)

(4.71)

From conditions (2) to (4) it follows that the values of the vapour variables
at R = r̂ ., appearing in the boundary conditions (4.40), (4.41), (4.47) and
(4.48), can be approximated by the first two terms in the expansion of the
Bessel functions. Denoting the amplitude of the net variation of a vapour
variable A at r' by:

A-A B (A(r') - Ao)

the relevant expressions become:

(A(rc) - AQ) (4.72)

(4.73)

A'Tg =

3T

(4.74)

(4.75)

(4,76)

(4.77)

The remaining relations are not changed, but the mentioned simplifications
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are sufficient to make the set of equations manageable.

4.5.3. Solution of the simplified set.

To solve this set we follow the procedure, outlined in section 4.4.

Eq. (4.68) can now easily be combined with eqs. (4.60) and (4.61), resulting

in :

Aq? = AT [ R \ R r ] , (4.78)

an expected result, since the influence of the heat capacity of the wall has

been neglected and the total thermal resistance of the wall therefore has to

be formed by the two boundary resistances in series with the thermal resistance

of the wall material. In the vapour under the imposed conditions the combina-

tion of the boundary conditions (4.40), (4.41) and (4.45), the relations

from.table 4.1 and the expressions (4.73) to (4.77) leads to the following

equations for A'T and A'p , expressed in the amplitudes of the mass-flow

density Aiiij and the heat-flow density AC^:

16n 0 • 16n

24n ? . 24n

^ ^ d ^ + ~ 7 f e 1 (4'80)° Tk
pg0T0cpgk rc P 9 ° C pg0CP9T0k rc

In order to obtain the expressions for Am, and Aq, in terms of the f i lm va-

riables, these relations are subsequently substituted into the eqs. (4.47)

and (4.48). This leads immediately to an important conclusion. I t turns out,

namely, that the coefficients of Aiiij and Aqj, as they appear in the right

sides of eqs. (4.47) and (4.48) due to the substitution of A'T and A'p ,

are much larger than 1 in most cases. Only for relatively high frequencies

and wide tubes these coefficients can become smaller than 1 in principle,

but in practice this is not the case for any of the known experiments on
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isothermal th i rd sound performed upt i l now. Consequently, the terms Aifij and

Aqj on the l e f t sides of eqs. (4.47) and (4.48) respectively can be neglected.

This means in fac t , that the influence of the flow impedance at the f i lm -

vapour interface on the mass and heat flow through i t can be neglected, i .e .

f i lm and vapour appear to be in local equilibrium (see appendix V). Eqs.

(4.47) and (4.48) can therefore be replaced by:

Tg(r^) = T (4.81)

and:

<4-82>

Final ly from eqs. (4.79) to (4.81), one obtains*), omitting the negligible

term P

f f

16"g ^ PgOcpgTOk^c T° M

(4.83)

Substitution of eqs.(4.78), (4.83) and (4.84) leads to the required set of
homogeneous equations, from which the complex wave number k at given <D can in
principle be calculated, yielding the third-sound velocity and damping, while
also all unknown amplitudes in film, substrate and vapour can be expressed

*) Notice that the film variable Av does not enter into any of the expres-
sions (4.78), (4.83) and (4.84), as a consequence of the fact that the
superfluid velocity has no corresponding variable in vapour or substrate,
so that no boundary condition on v is imposed.
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in the amplitude of the third-sound wave ?Q. In practice this procedure is
still very cumbersome, however, and as we stated in the introduction we will
use a somewhat different method, i.e. we will calculate the third-sound velo-
city Ug 5 w/k to a lower degree of accuracy from these equations and calcu-
late the damping coefficient from the entropy production due to the various
dissipative processes. We will not carry out these calculations for the ge-
neral case of long waves in restricted geometries near the isothermal limit,
since they are still rather complicated, but postpone them to section 4.8.
There the specific experiments reported in literature will be treated sepa-
rately, making the calculations somewhat simpler. Here we will only give the
expression for AT as a function of the wave amplitude €Q, as it follows im-
mediately from eq. (4.56) by substitution of eqs. (4.83) and (4.84):

- fin*2*-3 £* 8 W £f

AT [-29—?- (JC + T s1o) [ =1 + 9 3 > (=1 - c ) ] +
16*g ' ° ° T° Pg0C

PgT0krc T° P9

h 9 b

)

Ksub KK * u

2 2 3i p n n k r 8 i w n .

{4*85)

In this relation the term corresponding to the heat capacity of the film has '
been neglected, since it can be estimated to be small in all cases. Eq. (4.85), "
which can be verified experimentally, still contains the unknown wavenumber k,
but it will be shown that k does not differ too much from the value for ideal
isothermal third sound given by eq. (4.60). With use of eq. (4.85), together
with (4.78), (4.83) and (4.84), Aq^, Am, and A O , can be expressed in £Q. In
the next subsection the various contributions to the entropy production will
be calculated, first expressed in the mass and heat flows. In section 4.8
these are expressed in 5Q SO that the damping can be calculated, using the
specific conditions of the individual experiments.
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4.5.4. Calculation of the entropy production.

In this subsection we will write down the expressions for the entropy
production by the various transport processes that accompany the third-sound
wave. We will first consider the processes occuring in the vapour. The solu-
tion of the vapour equations gives for the axial and radial components of
the vapour velocity, expressed in the mass and heat flow densities*):

The entropy production due to the viscous vapour flow is determined by the
derivatives 3v /3z, 3v /3R, 3v p/3z and 3v „/3R. From a mutual comparison
of their values i t appears that, averaged over the crosssectional area of the

capillary, the derivatives to the radial coordinate 3v /3R and 3v ̂/3R are
dominant. Of these two 3v /3R is by far the most important unless the terms
Aiiij - iwp o i o in eq.(4.86) are just cancelled by the term Acjj/c TQ. This ex-
treme situation does never occur in any of the reported experiments and can be ig-
nored. The entropy production is thus given by (nq/T0)(Re(3v /3R)) , which
integrated over the crosssectional area of the capillary and over one wave-
length of the third-sound wave results in a rate of energy change É

32ir n

From the above it appears that the entropy production by the viscous vapour
flow is the same as for a steady Poiseuille flow in the tube. This can clear-
ly be seen if we calculate the average vapour pressure in the capillary:

*) As was explained in subsection 4.5.3 these flow densities can directly be
related to the third-sound amplitude £Q.
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and compare i t with eq. (4.86). This leads to the well-known equation for

Poiseuille flow:

(R2 - r2) 3Pn
v - Si - J (4.90)

4ng 3z

This quasi-stationary result for the vapour flow during wave propagation re-

sults from the assumption that the viscous penetration depth exceeds the dia-

meter of the capi l lary by fa r .

The entropy production by heat flow in the vapour is determined by the

derivatives 3T /3R and 3T /3z. Their leading terms can be wri t ten as:

e

3R r c

- i

2k
(4.92)pgoc

Pg rc

Which of them gives the most important contribution to the entropy production

can only be decided when the values of the mass and heat flow densities are

known. The rate of energy change E t , due to this process i s given by:

Eg>th = - -j^- JIT J c R K R e l ^ J j S t R e t - ^ ^ d R (4.93)
0 0

2TTK rZir rr 3T_ 0 ST

Eg>th = - ^ J J c ^ S ^

The flow of mass and heat through the film-vapour interface does not give a

noticeable contribution to the entropy production, since the jumps of p and

100



T at the interface are negligibly small as was concluded before.
Finally we consider the contribution to the entropy production of the

heat flow in the substrate and over the inner and outer surface of the sub-
strate. The heat flow in the axial direction can be neglected with respect
to the heat flow in the radial direction. The rate of energy change per wave
length due to the flow of heat in the radial direction over the total ther-
mal resistance of the wall can easily be calculated, since q„ is practically
constant over the thickness of the substrate, and can with use of eq. (4.78)
be written as:

27r2r.
csub,th,tot kT,0

[ (4.94)

The expressions (4.88), (4.93) and (4.94) together give the total rate
of energy change of the third-sound wave E. ., as we can neglect the entropy
production in the film itself due to its thinness (see section 4.2.3). The
damping coefficient a then follows from:

a = - £
Ct0t (4.95)

where Et t is the total energy per wavelength of a third-sound wave, which

can be found by integrating eqs (3.12) and (3.15):

PongH,'0 „2
tot

(4.96)
k °0 u

One may notice that in the derivation of eq. (4.96) only the energy contained

in the film has been considered. This is permissible, since the energy stored

in the companion waves in vapour and substrate is much smaller and can be

neglected. To obtain the final expression for o requires ExQt to be expressed

in 5Q. This will not be done before section 4.8 for the different experiments

reported in literature, since, when the experimental situations are specified

more quantitatively, the calculations become simpler.

4.6. Third-sound waves in unrestriated geometries.

In contrast to the preceding section we will now consider the case that
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the geometry of the system is not restricted, i.e. the frequency of the

third-sound waves is such that the various penetration depths in substrate

and vapour are much smaller than the relevant dimensions of the tube. Since

in these cases no heat exchange with a surrounding bath can take place, the

third-sound propagation does not take place isothermally. Because there is

still a considerable exchange of heat between the film on the one hand and

substrate and vapour on the other hand, the temperature amplitude of the

film is still much lower than during adiabatic propagation, as described by

eq. (4.61). Most of the experiments reported in literature fall into the

present category. To simplify the calculations we will start with a set of

conditions which is slightly idealized. In section 4.8, when the individual

experiments will be discussed, the corrections accounting for deviations

from the idealized case will be considered.

4.6.1. Definition of the experimental conditions.

We now assume that the following conditions are fulfilled:

(1) The wavelength of the third-sound wave is much smaller than the radius

of the tube r and the thickness of the wall b:

(4.97)

2TT
T « b (4.98)

(2) The wavelength of the third-sound wave is much smaller than the wave-

length of sound in the vapour:

2TT K< 2TTC

"IT u) (4.99)

(3) The thermal penetration depth in the vapour is much smaller than 2ir/k:

]th,g « (4.100)

(4) The viscous penetration depth in the vapour is much smaller than 2*/k:
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'v,g«ir (4.

(5) The thermal penetration depth in the substrate is much smaller than
2ir/k:

(4

4.6.2. The approximate form of the complete set of equations.

Again the film equations keep their form under these assumptions. On the
other hand the equations for the substrate can be simplified considerably, as
for large values of k̂  t^R the Hankel functions obey the simple relations:

Hj<kR,thR> " iH$+l(kR,thR> (

Eq. (4.58) can therefore be rewritten as:

Also eq. (4.57), resulting from the boundary conditions at the outer surface
of the substrates might be rewritten in such a way, but this is not necessa-
ry since the thermal wave does nor reach the outer boundary under the present
conditions. Eqs. (4.104) and (4.59) are now sufficient to describe the s i -
tuation in the substrate, together with the expression for k„ ^. which has
also become simpler:

In the vapour the expressions for the radial components of the wavevectors
reduce to:

ik (4.106)
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(4.107)

kR3 = k3 = (i-1 (4.108)

Due to the large values of Im(k„-r ) the values of A'v n , A 1 ^ » A 'Tq» A'p

and A'(3T /3R) can be approximated by:

(4.109)

(4.110)

(4.111)

(4.112)

(4.113)

Again the remaining relations for the vapour are not changed.

4.6.3. Solution of the simplified set.

Following 'the same procedure as in subsection 4.5.3 we arrive at the
results:

KsubkT,th

(4.114)
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A'pq=-f 4 U i i ]
9 2
q f rn4Ul i l i iwpoo5o ] + 7 r f
9 2 c

p g ' o K l & u KgT0KR2

At the substitution of (4.115) and (4.116) into eqs. (4.47) and (4.48) i t ap-
pears that the impedance of the vapour-film interface for the mass and heat
flows through i t is not negligible now. The jumps in v and T at the interface
can thus not be ignored and the following expressions for Am, and Aq, are
obtained:

£ f ~
pg0 TT AT

A m l =

-V - i 7

2 ,•„ i, r 4 .
Aq = . 9 _ X « £ [ ( p f 5 + p f AT) ( 1 5

i kB gu u u go T0 9 Z»kBT0
pg0 i ^ ( ^

Subsequently eqs. (4.114), (4.117) and (4.118) are substituted into the three
fi lm equations. Instead of solving the complete set directly we wi l l f i r s t
look again at eq. (4.56), which yields a complicated expression for AT as a
function of £Q and the yet unknown wave number k. Fortunately, from a mutual
comparison of the terms appearing in this expression, the terms Am,s ,̂TQ and
iwpi0si0T0^0 t u r n 0 U t t 0 d0ITr inate t h e other therms by far unless u is much
larger than ever used in an experiment on third sound*). For al l practical
cases eq. (4.56) therefore reduces to:

« « • « )

*) see also section 4.7.
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Combining (4.119) with (4.117) yields for AT:

2 / 9 / 2 I * B T (

The second term on the right side of eq. (4.120) is negligible except for the
case that third-sound waves of very high frequency are generated on a thick
film with a low third-sound velocity ( i . e . the "thick-film approximation" of
Bergman). For most experimental situations eq. (4.120) thus reduces to:

(4.120')

which is independent of frequency. The meaning of this expression is that the
temperature variations are determined instantaneously by the evaporation pro-
cess. From eqs. (4.120) and (4.118) we obtain the expression for Aq,:

J ) o (4.121)
4 f

which in most cases can be simplified to:

Aq, • - V R J W O (4.121-)

In contrast with the restricted geometry as treated in section 4.5 the sub-

stitution of (4.119), (4.120') and (4.121' ) in the other two film equations

(4.54) and (4.55) leads easily to the approximate expression for the third-

sound velocity (i.e. for the "thin film approximation" of Bergman):
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4.6.4. Calculation of the entropy production.

To determine the entropy production in the vapour it is again sufficient
to consider the derivatives to the radial coordinate only. Since the third-
sound wave length is much larger than the various penetration depths the con-
tribution from the derivatives to the axial coordinate can be neglected.
Moreover, as it appears from a comparison of eqs. (4.119) and (4.121') that

Am, is much smaller than Aq1/c„„Tn, the contribution from the heat flow toi i pg u 2 2

the total entropy production, K /TQ (Re(3T /3R)) , is by far the largest.
From the expression for aT /aR:

-ikR2(R-rc) (4.123)

we can therefore obtain the rate of change of energy in the vapour, which in-
tegrated over the crosssectional area of the tube and over one wavelength of
the third-sound wave amounts to:

*2rcu3T0 (4.124)

The entropy production at the vapour-liquid interface can not beforehand
be neglected now. Per unit surface area it amounts to:

44 = Re(é1) WTTFJT) ( ) ^ )
T0 L ' g ( r V Tsurf l W Tsurf

which can be rewritten with use of the relations from appendix VI as:

(4.125)

g0T0 cpg 0

16

In the present situation liij can be neglected with respect to

(4.126)

,. After
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integration of (4.126) over the circumference of the tube and over one wave-
length of the third-sound wave we obtain for the rate of energy loss at the
interface

p g f

The calculation of the entropy production due to heat flow in the sub-
strate is analogous to the calculation for the heat flow in the vapour and
leads to a similar expression for the rate of energy change:

c 3 0 subSubsub 1 JLJl
' s u b . t h = - - ^ ~ 1 + ( l A ¥ < * ,^ (

Finally we calculate the entropy production per unit surface area at the sub-
strate-film interface, which is given by:

Kap_

After integration this leads to the result:

( 4 - 1 3 O )

Eqs. (4.124), (4.127), (4.128) and (4.130) together give the total rate

of energy change-of the third-sound wave. As E i n t is always at least one or-

der of magnitude smaller than E t ( i we can neglect i ts influence. With use of

eq. (4.95) and (4.96) we finally obtain the damping coefficient a:
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Vo (2p
subcsub'

(4.131)

As could be expected, a is independent of the radius of the tube, and thus

also applies to a plane geometry.

4.7. The purely isothermal and adiabatia forms of third sound.

In the preceding sections we have considered third-sound propagation in
two situations, one for restricted geometries, surrounded by a material of
high thermal conductivity, such as a He bath, the other for unrestricted geo-
metries. In the first case the third-sound propagation takes place almost i-
sothermally by exchange of heat with the surrounding material, in contrast to
the second case, where a considerable temperature amplitude occurs. Never-
theless, the velocities of propagation for both cases (given explicitly only
for the unrestricted case: eq. (4.122)) still differ from expressions (4.60)
and (4.61), which are valid in the purely isothermal respectively adiabatic
case. One might wonder in which kind of situations these limits are approach-
ed more closely. In this section we will examine the necessary conditions to
create these situations.

For the examination of the isothermal case we can make use of the re-
sults of section 4.5, which deals with the situation near the isothermal li-
mit. From a numerical investigation of these results it appears that for suf-
ficiently low frequencies and small dimensions of the capillary the flow of
energy through the vapour-liquid interface can be neglected with respect to
the heat flow through the substrate-film boundary (see also subsection 4.8.1).
This is the case when the following condition is fulfilled:

109



2 3
rc p2

pg0£f

(4.132)

Eq. (4.85) then simplifies to:

-1

AT - - l«Pi0si0T05„ (4.133)

In this situation the influence of the terms proportional to Am, and Aq^ in
the other two film equations (4.54) and (4.55) is also negligible and the
combination of the two equations leads to the isothermal third-sound velocity
provided that the term k?QAT is much smaller than the term kfnCQ- With use of
eqs. (4.133) and (4.60) this leads to the additional condition:

» \ o _
V* *

c .
csub ps60si0s0T0

(4.134)

Conditions (4.132) and (4.134) are for instance amply fulfilled in the expe-
riments sdescrib2d in chapter 3. It therefore appears that it is not difficult
to create the necessary experimental conditions for the observation of iso-
thermal third sound.

The experimental conditions for the propagation of adiabatic third sound
on the other hand can not so easily be established in practice. The condition
that the exchange of heat between the film and its surroundings can be neg-
lected, is of course given by:

liuVocfOAT iwpiOsi0TO?o' (4.135)
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Since the inequality must also apply to the separate terms on the right side

of (4.135), three conditions have to be met. For the case of unrestricted

geometries, using some results of section 4.6 namely eqs. (4.114), (4.117)

and (4.118), they read as:

u » __ (4.136)
50p0Cf0

Tocfo6o
«L (^)i (4.137)

B T °

^h (
cpg'0p0cflr0

Substitution of numerical values into the right sides of these inequalities
g o - -l _i

results in values in the order of respectively 10 , 10 and 10 s . A very
9 -1high value for w of at least 10 s is therefore needed to reach adiabatic

conditions. Me have to remark here that our theory is no longer valid for

these high values of w, not only because the conditions (2), (3) and (4) of

subsection 4.6.1 are no longer fulfilled, but especially since the various

penetration depths now have become comparable with the mean free paths in

vapour and substrate. We may therefore not use the thermohydrodynamic equa-

tions to describe the processes in vapour and substrate. Nevertheless, our

conclusion that for these high frequencies a third-sound signal will propa-

gate with the adiabatic velocity still remains valid, although it will be

very hard to detect such a wave with a wavelength in the order of 0.1 pm.

Besides in unrestricted geometries adiabatic flow may also be realizable

in restricted geometries, as long as conditions (4.135) can be fulfilled. For

the examination of this case we can partly make use of the results of section

4.5, but we will have to change the expression for Aq2, since K e f f in eq.

(4.57) must now be put equal to zero. Eqs. '4.57) to (4.59) then lead to the

result:

^ PsubCsubAT (4.139)
c
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The combination of (4.135) and (4.139) gives the condition:

cfn(5n
™° (4.140)

opsubcsub

meaning that b has to be smaller than 10 pm'. The expressions (4.83) and (4.84)

for Aifij and Aq, can s t i l l be used and lead for small values of r to the f o l -

lowing expressions for Am, and Aq,:

rf ^ Pg
cpgTo

p - _

^ < £ f - c p g T o ) A T ( 4 ' 1 4 2 >

From eq. (4.135) then follow the conditions:

2^W6
r -.,

c
,,. 2 ^ o W o 6 O (4 143)

r. « o , j fg °- v (4.144)
c pg0(Xf c pgV

Substitution of numerical values into (4.143) and (4.144) shows that the dia-
meter of the capillary may not even exceed 1 ymi Since the values obtained
for b and rc are comparable.to the mean free paths, expressions (4.140),
(4.143) and (4.144) are no longer exact, but still form a reasonable esti-
mate.

The conditions derived above for restricted and unrestricted geometries
can also be understood qualitatively by the following reasoning. The third-
sound signal will only travel adiabatically when the temperature of the film
is determined by the heat capacity of the film itself, and not by the pro-
perties of wall and vapour that are in contact with the film. As a conse-
quence of the thinness of the film this can only be the case if the thick-
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nesses of the parts of wall and vapour that are in contact with the film are
very small. Adiabatic third sound can therefore only be observed for extreme-
ly restricted geometries*) or for very high frequencies, when the various pe-
netration depths become extremely small.

In view of the required values for b and r_ it seems not possible in
practice to establish a geometry in the form of a capillary or two closely-
spaced plane plates with such dimensions that adiabatic third sound can be ob-
served. An opening or spacing in the order of 1 ym may possibly be realized,
but certainly not in combination with a wall thickness in the order of 10 pm.
A better possibility, however, is to study third-sound propagation in an un-
saturated film, covering the grains of a super!eak, as has recently been done
by Williams et al '. In a superleak the required dimensions are realizable.
A disadvantage of such a set-up is, however, that effects due to the compli-
cated and unknown geometry of the superleak and surface-tension effects will
considerably influence the propagation of the third-sound signal.

The expression for the adiabatic propagation velocity of third sound (eq.(4.61))
has been derived before by Putterman ' * * ) . The same expression appears in a
paper by Rudnick et al. ' * * ) , discussing the temperature wave that can occur
in a superleak filled with liquid helium, which is open on one side, where it
is covered by a thin l^yer of bulk helium. The expression for the velocity of

*)In this case only unsaturated films can be used of course in view of the
occurrence of large capillary forces in such geometries.

**)Their expressions for the adiabatic velocity differ from (4.61) in sofar,

that they do not contain the usually negligible term Pgr/VP-irJo" ™ 1 S 1S

due to a different definition of the concept adiabatic. According to
their definition the temperature amplitudes in vapour and substrate are
zero. In that case, however, considerable mass and heat flows will occur
through the interfaces, which will only be negligible for very high fre-
quencies (conditions (4.136) to (4.138)). In our definition of the con-
cept adiabatic the mass and heat flows are assumed to be zero. This si-
tuation can only be realized when substrate, film and vapour are almost
locally in equilibrium which is only possible for a very thin substrate
and a very small vapour column (conditions (4.140), (4.143) and (4.144)).
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propagation of the sound mode possible in such a system contains the term
( P S / P ) S Tc (c is the specific heat of bulk helium at constant pressure),
which is approximately equal to the second term of eq. (4.61). They consider
this term as arising from a new fundamental mode, which they propose to call
"fifth sound". According to them namely the relation between this mode and
fourth sound in a superleak is the same as the relation between second and
first sound in bulk helium, and the mode is thus as fundamental as fourth
sound. This argument is questionable, however, as the presence of the va-
pour-liquid interface is essential for the existence of the "fifth sound"
mode. In the absence of the interface it cannot exist, since the tempera-
ture wave in the superleak always has to be accompanied by a surface wave
in the helium layer. The role of the surface wave is nicely demonstrated by
the expression (4.61) for the adiabatic third-sound velocity in the film.
For thick films the "fifth sound" term dominates, meaning that the restoring
"force" in the wave is mainly provided by a temperature gradient instead of
the gradient in the Van der Waals potential. Nevertheless it essentially re-
mains a surface wave, be it accompanied by a temperature wave. The only way
the wave can propagate namely is by motion of the superfluid component, which
in the presence of a free surface inevitably leads to a surface wave.

Another argument against the proposal of the name "fifth sound" is that
it is not the only temperature wave possible in a superleak. Other tempera-
ture modes can exist in the usual type of superleak (i.e. without pressure
released boundary condition), as has been pointed out e.g. by Wiechert et
al. ' and Hartoog et al. '. Besides one of the modes defined by Wiechert et
al. has already been named "fifth wave mode", so that the definition of an-
other "fifth sound" can lead to a considerable confusion.

A final argument stems from the fact that, as has been pointed out in sub-
section 4.2.3, there exist only three fundamental modes in helium, namely
first sound, second sound and a viscous mode. What the wavevector becomes in
a certain situation is fully determined by the prevailing boundary conditions.
Since the boundary conditions can be varied unlimitedly, the number of modes
that can be defined is infinite. It is therefore recommendable to number only
the fundamental modes. Even the names third sound and fourth sound are thus
in fact not justified, but the use of these names has become too familiar to
give them up. The introduction of yet another "fundamental" sound mode, how-
ever, ought to be avoided.
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4.8. Comparison of the theory with the experiments.

4.8.1. The experiments near the isothermal limit, described in chapter S.

In the experimental situation, described in chapter 3, the conditions
that were given in subsection 4.5.1 are certainly fulfilled. This is due to
the low frequencies used, the relatively large film thickness and the fact
that the capillary is surrounded by a liquid helium bath. We can therefore
directly use expressions (4.78), (4.83), (4.84) and (4.85) for respectively
Acu, Am,, Aq-i and AT. Here the complicating factor arises that the signals
used are single pulses and have no sinusoidal but a trapezoidal shape. In
principle we therefore have to carry out a Fourier transformation and inte-
grate over an infinitely large frequency range. In practice, however, it is
sufficient to consider only two frequencies. One (WQ) corresponds to the to-
tal length of the pulse and determines the propagation velocity of the pulse,
the other (w,) corresponds to the total length of the edges of the trapezoid
and mainly determines the damping of the pulse.

In the first place we will investigate the speed of propagation. Under
the given experimental circumstances eq. (4.85) can be simplified to:

7
c

and consequently eq. (4.83) and (4.84) reduce to:

The low values of u>, rQ and b imply that conditions (4.132) and (4.134) are
amply fu l f i l led so that the pulse propagates with the isothermal third-sound
velocity:

^ V 0 (4.148)
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Expression (4.148) indeed agrees with the experimental observations, as was
already demonstrated in subsection 3.3.1.

When we consider the damping coefficient, mainly determined by the ed-
ges of the trapezoidal pulses, i t appears that at the substitution of the
value of u, into eq. (4.85) the terms corresponding to the mass-flow density
Aiiij are not negligible, so that the leading terms give the expression:

AT
2 t 2 3, ,» ,pg0k r c £ f<V

16Vo
hTOs iO

1 0

' , Ksub

rcln(l+i)

ip^jk2r3(£ f + Tos
"•O 0 n - Tpi0Ji0'0 (4.149)

The temperature amplitude AT at the edges of the pulses therefore approximates
the value it has near the adiabatic limit, although it always stays smaller.
In expressions (4.83) and (4.84) for Am^ and Aq^ the contributions from A T
can now not be neglected, making it difficult to simplify these equations.
Nevertheless we can gain more insight by the introduction of a parameter a,
defined by:

v^-AT f0«0
(4.150)

The value of a depends on the experimental situation, but generally lies be-
tween 0.6 and 1. Eqs. (4.83) and (4.84) now reduce to:

ng

(4.151)

(4.152)
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With use of these relations the entropy production can now be calculated. A

mutual comparison of AIT^ and Ac^ results in the following inequality:

< m « ^ (4.153)
cpgT0 1 Kg

Substitution of (4.151) and (4.152) into the equations for the rate of ener-

gy loss due to the various transport processes, given in subsection 4.5.4,

leads to the following conclusions:

(1) In the vapour the heat flow in the axial direction is negligible compared

to that in the radial direction.

(2) The contribution of the heat flow in the vapour to the rate of energy
loss,

f l o w E

loss, E_ ., , is negligible with respect to that of the viscous vapour
9 »in

g, vise"
(3) Also the contribution E . t- t . , arising from the heat flow in the sub-

strate and through the boundaries of the substrate, is negligible.

The viscous flow therefore appears to determine in practice the rate of
change of energy, which can be calculated from eq. (4.88) to be approximate-
ly given by:

2 4
c

U

9

2 4 2
- a2 cTgO f2 2 .. ._..

8 °e° ( }

I f we divide by the total energy of a pulse of frequency ug, we find for the
damping constant "a":

32Vs050

(4.155)

Apart from the factor a this is essentially the same result as given by eq.
(3.26), derived from a simplified model for a str ict ly trapezoidal pulse
with TQ = 2TT/U)Q and TJ = ir/Zuj. The detailed theory therefore has not put
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forward any new points of view about the causes of the damping of these long
third-sound pulses. The viscous vapour flow determines the damping and none

2
of the other contributions even comes close. Only the correction factor a
has now appeared, to account for the temperature wave which was assumed to
be negligible in the simplified model, but this factor cannot change the va-
lues of the damping coefficient by more than a factor of 2. Besides it only
makes the damping lower, thereby increasing the discrepancy with the experi-
mental results. This leads us to the conclusion that also the general thermo-
hydrodynamic theory of third sound is not able to explain this discrepancy.

4.8.2. The experiments of Everitt et at. in saturated films.

The first successful experiments on the propagation of third sound were
reported by Everitt et al. ' in 1962. In their device a saturated film covers
the surface of a horizontal stainless-steel mirror. The thickness of the film
and the variations in it due to third-sound waves are measured with an ellip-
sometric technique. The third-sound waves studied have an angular frequency
in the order of 4x10 s and a propagation velocity never exceeding 2m/s.
Consequently all penetration depths in substrate and vapour and the wave-
length of the third-sound waves are considerably smaller than the thickness
of the substrate and the height of the vapour column above the film, which
amount to at least several millimeters. The conditions, listed in subsection
4.6.1, are thus all fulfilled and the third-sound wave can be assumed to pro-
pagate nearly adiabatically. We can therefore apply the results of section
4.6 to these experiments. A further numerical investigation reveals that we
can even describe these experiments on saturated films by the "thin-film ap-
proximation", i.e. expressions (4.120) and (4.121) for respectively AT and
Acjj can be replaced by (4:120') and (4.121'). The propagation velocity u, of
the third-sound wave and its damping coefficient a are thus given by expres-
sions (4.122) and (4.131). From a comparison of these formulae with the expe-
rimental results it appears that the measured velocity agrees reasonably
well with eq. (4.122) although the temperature dependence is slightly diffe-
rent. The measured damping coefficient on the other hand is several orders
of magnitude higher than predicted by eq. (4.131). This disagreement is so
strong that we have to conclude that the reason for the large attenuation in
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this experiment must again l i e somewhere outside the scope of our thermohy-

drodynamic theory.

4.8.3. The experiments of Rudnick et at. in unsaturated films.

Third-sound pulses in unsaturated films were f i r s t observed by Rudnick
et a l . ' ' in 1968. In their experiments the pulses propagate in a f i lm,
covering a plane glass substrate. The third-sound waves are detected by meas-
uring the accompanying temperature waves with use of very sensitive thermo-
meters, consisting of thin aluminium strips deposited on the glass plate.
When the strips are operated in their transition region to the superconduc-
ting state, their electrical resistance is a very sensitive measure of the

3 -1temperature. The pulses have an angular frequency between 6x10 s and
1.3x 10 s" , while the propagation velocity covers a range from about 1 m/s
up to approximately 50 m/s. For the measurements of the attenuation coeffi-
cient, however, only velocities are used between 14 m/s and 30 m/s ' . In a
later experiment, especially designed to measure the attenuation ' , the
film covers the outside of a hollow glass cylinder with a diameter of 10 mm.
In this case the ranges of angular frequency and propagation velocity are
respectively 1.3xlO3 to 3xlO3 s"1 and 3 to 30 m/s. In addition one point
is measured on a saturated fi lm with a velocity of 0.6 m/s and an angular
frequency of 1.4x10 s . In all experiments the conditions of section 4.6.1
are fu l f i l l ed , although in some circumstances the expressions, used by us
for kR t h and kR1, have to be slightly modified. The results of the theory
however are hardly affected by such modifications, so that the pulses can
safely be assumed to propagate near the adiabatic l imi t and to obey again
expressions (4.122) and (4.131) for the propagation velocity respectively
the damping coefficient. This even applies to the saturated-film point, which
should also be described by the thin-film approximation of Bergman and not
by the thick-film approximation, as is suggested.

The experimental results for the propagation velocity agree rather well
with the theoretical expression (4.122). For thin films however the data can
only be f i t ted i f i t is assumed that the f i r s t 1 or 2 atomic layers near the
substrate are solid, which is plausible in view of the high pressures near
the wall. Below a certain temperature-dependent film thickness the propaga-
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tion of third sound ceases abruptly. Until today this onset phenomenon is
a subject of extensive investigations both experimentally and theoretically.

The attenuation data on the other hand are in strong disagreement with
the theory. In general the observed damping is again orders of magnitude too
high, although the data show a minimum at a film thickness of about 4 nm, at
which they are close to the predicted values. On the other hand the frequen-
cy dependence shows the expected proportionality to the root of the angular
frequency. In the second experimental set up ' the measurements were espe-
cially intended to test Puttermans theory of quantummechanical damping (see
section 3.4.3). Qualitatively and quantitatively this theory gives a reaso-
nable description of the dependence of the data on the film thickness. The
predicted proportionality to the frequency on the other hand is in conflict
with the results.

4.8.4, The experiments on standing waves in saturated films by Galkiewicz
et at.

The past 5 years the group of Hallock in Massachusetts has performed
a series of third-sound experiments in which both standing and travelling
waves were investigated, in saturated films as well as unsaturated films. In
this subsection we will discuss the experiments on standing third-sound
waves in saturated films. For these experiments three different devices were
used. In the first one ' ' the film covers the inside of a 2.4 m long
stainless-steel tube with an inner diameter of 1.4 mm, connecting two reser-
voirs filled with bulk helium. In the second device ' the film covers the
outside of a glass tube with an outside diameter of 3 mm. In this case the
reflecting-boundaries for the third-sound waves are provided by two bulk
fi l lets , formed by surface-tension forces between the windings of several
wires, wound over the tube. The distance between the two bulk fillets is
8.8 mm. The third device ' consists of a ring-shaped glass rod with a length
of 0.19 m and a diameter of 3 mm, on which the film is absorbed. Two side-
connections to the rod, close to each other, again contain some wires provi-
ding two bulk fi l lets. In all cases the third-sound resonances are detected
as in our own experiments by the registration of the amount of bulk liquid, but
now with use of a capacitance technique. The third-sound velocities, deter-
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mined from the resonance frequencies, have an order of magnitude of 1 m/s
for all experiments, the angular frequencies varying in order of magnitude
from 1 s for the stainless-steel tube via 100 s" for the glass ring to
103 s"1 for the glass tube.

The experiments on the glass tube and the ring are clear examples of
a nearly adiabatic situation, since they obviously fulfil the conditions
drawn up in subsection 4.6.1, although for the glass tube experiments the
wave number kR ^ in the substrate has to be slightly modified for the
highest frequencies used. This modification however does not essentially in-
fluence the result. Because the thin-film approximation also applies to
these experiments, the third-sound properties should be described by eqs.
(4.122) and (4.131).

In the case of the stainless-steel tube experiments on the other hand
the penetration depths exceed the tube diameter and the wall thickness, pro-
viding a typical case of a restricted geometry. For the description of this
situation we can therefore use the results of section 4.5. Although the
tube is suspended in the saturated vapour above a He-bath, even the condi-
tion of a high thermal conductance of the surroundings is fulfilled, as the
combination of a helium film covering the outside of the capillary with un-
restricted helium vapour can safely be assumed to result in a much higher
thermal conductance than the Kapitza conductance of the substrate-film boun-
dary. Consequently eqs. (4.78), (4.83) and (4.84) for Aq2, Aifij and Aq-^ ap-
ply, to this situation. From a numerical investigation of the terms appear-
ing in expression (4.85) f^r AT i t appears that the only important contri-
butions arise from the heat flow through the substrate and the mass flow
through the film-vapour interface. Eq. (4.85) therefore reduces to:

+ TQsi0) * Aq2 (4.156)

and leads to a temperature amplitude, given by:

AT~- W ° (4.157)
JCf(l + aj)

Here a-, is a frequency and temperature dependent factor with a value some-
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where between 0 and 10 but in most circumstances smaller than 1:

VoKwal "

in which K is the net conductance of the wall per unit area:

-1

<sub c CK

(4.158)

(4.159)

From the above equations the following expression for the propagation velo-
city is obtained:

(4.160)

Substitution of these equations into the expressions for the entropy produc-
tion appearing in subsection 4.5.4 leads to the conclusion that for this re-
stricted geometry again the viscous vapour flow gives the dominant contri-
bution to the rate of energy dissipation:

"g.visc + T0Si0
(4.161)

From eqs. (4.161), (4.95), (4.96), (4.157) and (4.78) the damping coeffi-
cient now follows as:

> « rc
(4.162)

A comparison of (4.160) and (4.162) with the experimental results shows
some strong disagreements. E.g. the values of u3 are a constant factor 2 or
3 lower than expected. The authors suggest that this is due to surface rough-
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ness effects or to uncertainties in the determination of the resonant wave-
length. In these measurements the temperature dependence of the third-sound
velocity was carefully examined and found to be proportional to ( P S / P )

(1 + TosnAC). This expression is slightly different from the proportionali-
ty to ( (p s 0 /P i 0 ) ( l + T Q V M 1 + a l ) ) ) i ' Predicted by eq. (4.160), but the
accuracy of the measurements is probably not large enough to distinguish be-
tween these two expressions. The observed values of the damping coefficient
again are larger than the predicted ones. Only for the lowest frequencies
and lowest temperatures the difference is rather small, but in all other
circumstances the measured values are far too high, due to the large dif-
ference in frequency- and temperature dependence between theory and experi-
ment.

The results of the glass-tube and ring experiments are only slightly
better. The absolute values of the propagation velocity are again a constant
factor too low, but the observed proportionality to (PS/P)*(1+TS/JG) is now
in complete agreement with the prediction of eq. (4.122). The values of the
damping are again orders of magnitude too high, although the frequency de-
pendence is now roughly in agreement with the theory.

4.8.5. The experiments in unsaturated films of Brooks at at.

Apart from their investigations on the properties of third-sound reso-
nances, described in the last subsection, the group of Hal lock has also per-
formed experiments on travelling waves in unsaturated films ' . In their de-
vice the film covers the surface of two 2 mm thick glass plates with a sepa-
ration of only 7 pm. The third-sound pulses can be detected in two diffe-
rent ways: the filmthickness variations are observed directly by a capaci-
tance technique, while at the same time the corresponding temperature varia-
tions are measured in the same way as described in subsection 4.8.3. From
these measurements therefore also the ratio of temperature amplitude and
film-thickness amplitude is obtained, which provides a strong check of the
present theory. In the experiments angular frequencies are used between
3xlO 3 s"1 and 3x10 s , while the third-sound velocity is varied from

about 2 m/s to 20 tn/s.
From the above data i t is clear that for the vapour the results from
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section 4.5 for a restricted geometry can be applied, be it that they have
to be multiplied by some numerical factors due to the fact that the present
device has a plane plate geometry instead of a tube form. These numerical
factors however will not differ very much from 1, so that the results of
isection 4.5 can still be used to obtain a good estimate of the exact rela-
tions. In the substrate on the other hand no restrictions exist and conse-
quently eq. (4.114) for Aq2 near the adiabatic limit is valid. After substi-
tution of the expressions for Am,, Aq^ and AÓ- into eq. (4.56) for the tempe-
rature amplitude it appears that the contributions coming from the terms

SQQTQAIÏI,, A<L and i(oPjnsi0^0^O are a^ °^ ̂ e same or(*er °^ magnitude. This
makes it impossible to derive a simple expression for AT. Nevertheless, since
the term sanTQ

Ami ^s still one of the most important terms, it seems plaus-
ible that the value of the temperature amplitude will not be far from its
magnitude in case the mass flow Am, through the film-vapour interface is do-
minant, being:

£f

The precise relation for AT can not be given even when the combined set of
third-sound equations is formulated and solved for a plane-plate geometry.
Even in that case, namely, the found expression will not be entirely correct,
since in principle a macroscopic theory is not adequate to give a good des-
cription of a situation like this, where the distance between the plates is
not much larger than the mean free path in the vapour.

Experimentally values of AT have indeed been observed close to those
predicted by eq. (4.163). The observed temperature amplitude has the correct
dependence on fQ> but is about a factor 2 too high, dependent on frequency
and temperature. This deviation probably indicates the influence of the
terms Acu and iwp-QS.QTQ^Q on the temperature. The experimental results there-
fore seem to confirm the correctness of the theory, though a rigorous check
of formula (4.163) can only be obtained when the evaporation-condensation
mechanism is made to dominate by increasing the separation of the plates. In
that case, however, the detection of the pulse height by a capacitance tech-
nique might become rather difficult.
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4.8.6. Experiments on the adiabatia third-sound velocity.

Recently two experiments were reported, in which the observation of the
"fifth sound" mode was claimed. As has been pointed out in section 4.7, a
third-sound signal can only propagate adiabatically under very extreme cir-
cumstances, i.e. for very high frequencies where the various penetration
depths are extremely small or on very thin substrates surrounded by vacuum
with an equally confined height of the vapour column. In the first of these
experiments, performed by Williams et al. ', the film covers the grains of a
superleak, with a typical particle diameter of 1 pm. In this situation the
necessary conditions (4.140), (4.143) and (4.144) for the adiabatic propaga-
tion of third sound are indeed fulfilled. From their measurements it appears
that for small film thicknesses the velocity strongly decreases with increas-
ing thickness, in agreement with the dominance of the first term in eq. (4.61).
For larger thicknesses, however, the velocity becomes a complicated function
of filmthickness and temperature, not only due to the contribution of the se-
cond term of eq. (4.61), the socalled "fifth sound" mode, but also as a con-
sequence of surface tension effects, occurring due to the strong curvature of
the film between the superleak grains. The authors were able, however, to
subtract the practically temperature independent surface tension effects, by
calibrating these effects at temperatures well below 1 K where the "fifth
sound" mode disappears. In this way they could separate the temperature de-
pendent part of the propagation velocity, which indeed appeared to have the
temperature dependence predicted by eq. (4.61). In these experiments the ab-
solute values of the velocity are much lower than would follow from the theo-
ry but this can be explained from the influence of two effects. In the first
place the path length for a third-sound pulse over the grains of the super-
leak is larger than the length of the superleak and in the second place the
measured propagation velocity is only an average of the real velocity, which
strongly varies due to the variations in filmthickness in the superleak. It
can therefore be concluded, that the phenomena observed in this experiment
are indeed due to the temperature dependent term of eq. (4.61).

This can not be said for the other experiment reporting the observation
of "fifth sound", which was performed by Jelatis et al. \ In this experi-
ment the third-sound pulses propagate on a relatively thick quartz plane sub-
strate. Above part of the substrate a second quartz plate is found with a
separation of only 5 urn. The third-sound propagation velocity can therefore
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be measured in two different situations, one with strong restrictions for
the vapour flow, the other without. The authors claim that in the region be-
tween the two plates the third-sound signal should propagate adiabatically.
Comparison of the experimental configuration with conditions (4.140),(4.143)
and (4.144), however, shows that this can not be the case. The separation of
the plates is already somewhat larger than allowed for adiabatic propagation,
but the thickness of the substrate especially is so much larger that it will
always prohibit the temperature of the film to reach its adiabatic value.
This conclusion is strongly supported by the experimental results of Brooks

14)et al. ', discussed in subsection 4.8.5. Their experimental arrangement is
approximately equal to that of Jelatis et al. and the measured temperature am-
plitude of approximately TQfogo/Xf should therefore also apply to the present
situation.

Nevertheless Jelatis et al. report a difference between the propagation
velocity for pulses travelling in the region between the two plates, and the
velocity for pulses travelling outside that region. The difference amounts to
at most 0.8 m/s for the thickest films. In our opinion the difference is due to
surface-tension effects, which will have less influence outside the region
between the two plates than inside that region, owing to the presence of small
grains of aluminium powder used as spacers between the plates. In the experi-
ments of Williams et al. ' it was already seen that these surface-tension ef-
fects can increase the propagation velocity. A counter argument seems to be
provided by the reported temperature dependence of the "fifth sound" veloci-
ty, which is besides in agreement with the theoretically predicted value of
approximately ((p /p)s T/c )s. These results however are obtained by multi-
plying the measured velocity with a factor (1 + 0.35/1,)% where 1^ is the
mean free path in the vapour in pm. This factor has an almost equally strong
temperature dependence, meaning that the velocity difference is really only
a weak function of temperature. This fact supports our view that surface-
tension effects are the real cause. Our conclusion therefore has to be that
in this experiment the third-sound pulses never propagate adiabatically.

4.9. Conclusion.

In this chapter we have calculated the propagation velocity and damping
coefficient of third-sound waves. From the calculations it appeared that the
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third-sound velocity is usually given by eq. (4.122) except under strict iso-

thermal or adiabatic conditions. The experiments generally showed a good a-

greement with this expression. From the calculation of the damping coeffi-

cient it appeared that for restricted geometries the damping is determined by

the viscous vapour flow, accompanying the superfluid motion, while for un-

restricted geometries on the other hand the conduction of heat in vapour and

substrate and over the substrate-film interface determines the damping. The

experiments however show a strong disagreement with these theoretical results.

In all experiments the damping is higher than predicted, sometimes even or-

ders of magnitude too high. This brings us to the conclusion that an addi-

tional damping mechanism must be acting in the film with a stronger influence

than the thermohydrodynamical damping. Whether this extra damping is due to

non-dissipative losses of energy as e.g. scattering of the pulses at irregu-

larities in the flowpath, to a quantummechanical effect as proposed by

Putterman or to still another effect, has to remain an open question yet.
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C H A P T E R 5 .

THE USE OF THIRD-SOUND PULSES FOR THE DESCRIPTION OF FILMFLOW.

5.1. Analysis of the appearanae of a step-struature in the Atkins oscilla-
tion.

In section 2.4 we remarked that when a persistent flow is detected by
means of the valve method I , an apparent deviation from the usual behaviour
of the bulk levels occurred in a device in which the length of the shorter
branch was increased to several tens of meters. Instead of the start of an
ordinary Atkins oscillation the peculiar step-structure, shown in f i g . 5.1,
was observed. Of course i t was to be expected beforehand that the lengthen-
ing of the shorter branch would at least result in a delay of the start of
the Atkins oscillation. The information about the closing of the valve name-
ly cannot reach the bulk levels within the time interval, needed for a third-
sound pulse to travel from valve to bulk level. The appearance of the step-
structure, however, was rather surprising at f i r s t sight. I t seemed obvious
that the occurrence of this phenomenon has something to do with the propaga-
tion of third-sound pulses. This supposition was supported by the observation
that the length of the time interval that forms the basis of the steps is a-
bout equal to the time interval, needed for a third-sound pulse to travel
from reservoir to valve and back. For the description of this phenomenon
therefore a model had to be developed, that was based on the occurrence of
third-sound pulses. A hint for the construction of such a model was found in
the theory of the reflection of a third-sound pulse, as given in subsection
3.4.2. There i t was shown that during the reflection of a rectangular pulse
at a bulk level the region where the incoming and reflected pulse overlap has
the same filmthickness as in the static situation but on the other hand has a
non-zero superfluid velocity. From this we see that a stationarily moving
film can be represented by a superposition of two third-sound pulses of equal
height but opposite sign, propagating in opposite directions. We can therefore
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closing
of valve

Fig. 5.1. Step-structure in an Atkins oscillation, appearing after ope-

ration of the valve.

also describe a persistent flow as consisting of two of such pulses with a
length equal to the total length of the closed circuit. The phenomena occur-
ring at the closing of the valve can then be explained by considering the re-
flections of the pulses at the valve. Before we can develop such a model,
however, we will first have to examine the behaviour of a third-sound pulse
on passing a branching point in the circuit.

To analyse the behaviour of a pulse at a branching point we will use the
following three properties, derived from the linear theory in subsection 3.4.2,
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(a) (b)

Fig. 5.2. Behaviour of a third-sound pulse at a branching point
a), without the presence of a bulk level
b). in the proximity of a bulk level.

as a starting point:
2

1). The energy of a pulse with a pulseheight € is proportional to £ .

2). The energy u per unit length of two overlapping pulses with heights 5,
and K0) travelling in opposite direction, simply superimposes in the over-

2?lapping region: u t o t o, q + %v

3). At reflection from a reservoir the heights £' and £ of the reflected and
incoming pulses are related by:.

(5.1)

where e is the potential of the exchange liquid in the reservoir and AH

the height over which the standpipe should be displaced in order to create

a pulse of height 5. On reflection at a bulk level of large crosssectional

area for which e remains zero during the reflection, as is the case for

131



our standpipes when the film is at rest, eq. (5.1) reduces to:

V = - 5 (5-2)

We now consider the case of a pulse arriving at a branching point, where
the circumference of the capillary suddenly doubles (see fig. 5.2a). If we de-
note the incoming pulse by 5.- and the reflected and transmitted pulses by ?

2 2 2
and £ t , i t follows from energy conservation that £. = 2? t + e r- Mass conserva-

t ion requires: 5. = 2£ t + 5 , leading to :

? t = | ? i ( 5 - 3 )

and

Kr = - -| 51 (5.4)

A complicating factor is formed by the proximity of the bulk levels to
the branching points. When a pulse 5.., coming from one of the branches, arrives
at a branching point, a pulse 5t = 2/3 5.. will be transmitted in the direction
of the bulk level. After reflection at the bulk level with the corresponding
reversion of sign, the pulse will again arrive at the branching point with a
height - 2/3 ?̂  and will subsequently split up in three parts once more. This
process leads to a rapid multiplication of the number of pulses, thereby consi-
derably complicating our model. Fortunately, however, we can describe the si-
tuation in a simpler way if the condition is fulfilled that the pulselengths
are much larger than the distance between branching point and nearest bulk le-
vel. In our present device this condition is always fulfilled, the distance be-
tween branching point and bulk level being about 0.1 m. The length of the pulses
reflected from the closed valve will be determined by the distance between
branching point and valve (in the order of 30 m). Under these circumstances all
pulses almost totally overlap and their superposition rapidly converges to the
final value, shown in fig. 5.2b. We see that the pulse behaves as if there is
no branching point and it only reflects at the bulk level. The various contri-
butions to the pulse height in the other branch cancel each other,, except of
course at the very front and end of the pulse, but as the length of these parts
is much smaller than the pulselength, their influence is negligible.

With this knowledge we can now construct our model for the description of
the step-structure. In this model we represent a persistent flow by the super-
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Fig. 5.3. Schematic representation of the processes occurring in the film

when the valve V is closed; b denotes the height of the bulk level,

while also the positions of the wavefront between positive and ne-

gative pulse are indicated by the symbols: J~

133



position of two pulses of equal height but opposite sign, travelling in oppo-
site directions and with a length equal to the total length of the closed cir-
cuit. In fig. 5.3a the situation in the neighbourhood of the left bulk level
is sketched, where the indicated directions in which the positive and nega-
tive pulses propagate correspond to the case that the direction of the per-
sistent flow with velocity v is counterclockwise.

We now consider the consequences of closing the valve V at a time tf.
Due to the symmetry of the device it is sufficient to regard only the events
at one side of the valve. After tf the pulses cannot pass the valve any more
and will be reflected in the same way as at an empty reservoir, i.e. with
conservation of their sign (see subsection 3.4.2). Consequently at the left
side of the valve the negative pulse travelling to the left will be replaced
by a positive pulse. The corresponding wavefront will travel with the third-
sound velocity in the direction of the branching point (see fig. 5.3b, in
which the position of the wavefront is indicated by the symbol:-T). After a
time interval At = iL^/u, (L-, being the length of the shorter branch) it will
reach branching point and bulk level, reflect there with change of sign and
propagate as a negative pulse in the direction of the valve (see fig. 5.3c).
After the reflection of the wavefront the superposition of all pulses and
their reflections in the standpipe now results in a pulse with height 2£, re-
flecting at the bulk level and causing a rise of the level. A time interval
At later the wavefront will reach the valve again and reflect there with con-
servation of its sign (see fig. 5.3d). On the subsequent reflection at the
branching point it will reverse its sign, while at the bulk level the super-
position of pulses and reflections will again cancel, with the result that
the rise of the level stops (see fig. 5.3e). Subsequently the wavefront re-
flects again at the valve and travels as a positive wavefront in the direc-
tion of the branching point (see fig. 5.3f). This situation is, however, com-
pletely identical to the situation described in fig. 5.3b. The cycle of the
events 5.3b, 5.3c, 5.3d and 5.3e will thus repeat itself, resulting in a
step-wise rise of the left bulk level as shown in fig. 5.4.

Of course the above description of the situation after the closing of
the valve is not complete, as we have neglected the influence of the rise of
the bulk level. The rise of the level will initiate an Atkins oscillation
over the longer branch L« and the final result will therefore be a super-
position of Atkins oscillation and step-structure. This is, howe.er, almost
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Fig. 5.4. Stepwise inerea.se of the height of the left bulk level, as
obtained from the "third-sound model".

exactly what was observed (see fig. 5.1), so it can be concluded that this
model gives a really satisfactory description of the experimental observa-
tions.

5.2. Analysis of the Atkins oscillation.

The success of the third-sound model for the description of the step-
structure raises the question, whether it can also be a useful model for the
description of other flow phenomena in the film, which at first sight do not
show such obvious discontinuities. E.g. it is clear that at the generation

A closer examination of fig. 5.1 reveals that the starting point of the
first step is different for the left and the right level. This can be ex-
plained from the asymmetry in the operation of the valve (see section 2.4),
which causes a superfluid current from one side of the valve over the
longer branch to the other side. The shift seen in the figure is the result
of the Doppler shift in the velocity of the third-sound wavefronts due to
this bias current. Within measuring accuracy the shift is in agreement with
the measured value of this bias current (about 60 mm/s).
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of an Atkins oscillation the film at each point in the capillary wi l l not
start flowing before the time interval has elapsed,that a third-sound pulse,
coming from a reservoir, needs to reach that point. The Atkins oscillation
therefore seems to be a promising subject for the application of the third-
sound model. We wil l now try to give such a description of an Atkins oscilla-
tion for the case that the standpipes are connected by a single capillary
with length L. We wi l l keep this analysis as simple as possible by making a
number of simplifying assumptions. E.g. we assume that the third-sound velo-
city is constant in time and place, thereby neglecting the influence of the
superfluid velocity and of changes in filmthickness. We neglect al l second-
order effects as well as effects due to damping and dispersion.

In our analysis we start with the relation (5.1) between reflected and
incoming pulse at a reservoir. For the case of reflection at a bulk level
at a height z, where the potential e of the exchange liquid is given by:

E = gz, (5.5)

i t can with use of the definition (3.18) for AH f f be written as:

From conservation of mass we obtain the following relation:

i = 2-^u3 (C - 5') (5.7)

Furthermore, as in our simplified model the situations at the le f t and right
bulk level are completely antisymmetric, i .e. £,' = - 5* and ?. = - € , and
since the pulses propagate without change of shape, resulting in two rela-
tions between the pulses at the le f t and at the right standpipe:
5i = ? r(t-L/u3) and s r = ?,'(t-L/u3), i t follows that the incoming and reflect-
ed pulses are related by:

- s'(t-L/u3) (5.8)

From eqs. (5.6), (5.7) and (5.8) we now obtain the relation:
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Fig. 5.5. Outcome of 2 models for the description of the Atkins-oscillation:
"block" model; ug = 0.89 m/s.

third-sound model;



z(t) + 3z(t) = i(t-L/u3) - ez(t-L/u3) (5.9)

where & is a constant, given by:

n r 0

Eq. (5.9) gives a clear insight in the processes that occur during an
Atkins oscillation. In i t ia l l y , after the generation of the oscillation by
means of manipulation of the standpipes, the created level height z wi l l de-
crease exponentially until after a time interval L/Ug the pulses, generated
at the bulk levels, reach the other bulk levels. At that moment the rate of
change of height of the levels wi l l abruptly be increased due to the reflections
of these pulses at the reservoirs. This process wi l l continue, resulting in a
rather complicated behaviour of the bulk levels, characterized by a disconti-
nuity in the slope of the curve every time a time interval L/u, has elapsed.
The behaviour of the levels can in principle be calculated exactly from eq.
(5.9) but as the number of terms forming the exact solution drastically in-
creases at every discontinuity in the slope this is a rather cumbersome pro-
cedure. Therefore a numerical calculation had to be made. An example of the
result of such a calculation is given in f i g . 5.5. The solid line represents
the solution of eq. (5.9) for the case that L = 200 m and u3 = 0.89 m/s. As a
comparison also the result of the "block" theory for the Atkins oscillation
presented in section 1.5, in which the superfluid is supposed to move as a
block, is given in the figure (dotted l ine). I t is remarkable how strongly
the two curves resemble each other, in spite of the fact that in this situa-
tion i t takes almost 4 minutes for a third-sound signal to travel from one
reservoir to the other. The resemblance even becomes better yet when we make
the same calculations for a thinner f i lm, hence larger third-sound velocity.
For a velocity of 1.99 m/s we obtain the two curves, shown in f i g . 5.6. Here
i t already becomes very hard to see the difference. I t thus appears that the
larger the third-sound velocity becomes, the more the results from the third-
sound description and the "block" description become identical, which is of
course not unexpected, since for an inf initely large velocity the fi lm does
move like a block. This also follows from a comparison of the equations of mo-
tion for the level in both models. Eg. (5.9) can also be written as:
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Fig. 5.6. Outcome of 2 models for the description of the Atkins oscillation.

"block" model; u3 = 1.99 m/s.

third-sound model;



z(t) - z(t-L/u,) e
— « - r&r-(z(t) + z(t-L/u-,)) (5.11)

L/u3 3

In the limit for small L/Ug eq. (5.11) can be approximated by:

On

(t) (5.12)

With use of eq. (5.10) and the expression (3.3) for the third-sound velocity

eq. (5.12) can be written as:

z + — - £ z = 0 (5.13)
p r£ L

which is identical to eq. (1.28), resulting from the "block" model.
From figs. 5.5 and 5.6 it is clear that it is not possible to distinguish

the outcome of the third-sound model experimentally from the superposition of
an Atkins oscillation and a small standing third-sound wave. We therefore have
to conclude that this model, in spite of the simplifying assumptions on which
it is based, gives an excellent description of the experimentally observed
Atkins oscillation. This raises the question whether a more elaborate model
can possibly account for the quantitative disagreement between theory and ex-
periment that occurred at the measurements of the Kontorovich effect during
Atkins oscillations, performed by Van Spronsen et al. ' (see also section
1.3). In these experiments it appeared that for the longest capillary that
was used (200 m) the measured maximum deviation AZ of the height of the
bulk levels due to the Kontorovich effect was about 40% larger than the theo-
retically predicted value, given by:

max 2nH
(5.14)

where A is the amplitude of the Atkins oscillation and H the average height
of the film above the bulk levels. As eq. (5.14) is derived from the "block"
model it has to be expected that deviations will occur for long capillaries.
The discrepancy can possibly be explained qualitatively from the fact that
for long capillaries the measured amplitude A of the oscillation is no longer
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a good measure for the energy stored i n the o s c i l l a t i o n , as was assumed in

the der ivat ion of eq. (5.14). When during the osc i l l a t i on the levels reach

the i r maximum deviat ion from the equi l ibr ium height the energy o f the o s c i l -

l a t i on w i l l not f u l l y be stored i n potent ial energy, although the levels have

zero veloc i ty then. Due to the f i n i t e third-sound ve loc i ty namely part o f

the f i l m w i l l s t i l l be in motion. The energy contained in the osc i l l a t i on is

therefore larger than was derived from the amplitude, and one could conclude

from eq. (5.14) that the maximum deviat ion Az i s larger as w e l l . The l a t -

t e r is not cer ta in as in th is s i tua t ion eq. (5.14) w i l l no longer apply and

should be replaced by another expression, which has to be derived from a more

ref ined third-sound model. The development of such a model, however, is very

d i f f i c u l t , not only because ef fects due to Doppler s h i f t , gradients i n the

f i l m thickness and other asymmetries should be taken in to account, but es-

pec ia l l y since second-order ef fects should have to be incorporated i n the

theory o f third-sound propagation. For these reasons th i s ref ined third-sound

model has not yet been developed, but i n view of the remarkably good resul ts

obtained by the simple l i near theory i t has to be expected that such a model

can account fo r a l l ef fects that can occur in our long c a p i l l a r i e s .
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C H A P T E R 6 .

DETECTION OF PERSISTENT FILMFLOW BY DOPPLERSHIFT OF THIRD-SOUND PULSES.

6.1 . Description of the experimental procedure.

In the preceding chapters we have acquired a detailed knowledge of the
properties of long third-sound pulses. In this chapter we wi l l use this know-
ledge to develop a method for the detection of a persistent current by means
of the Dopplershift in the velocity of a third-sound pulse. To this end we
wil l have to find a method to produce a clearly detectable signal, from which
the velocity of the persistent flow can be deduced with sufficient accuracy.

In section 5.1 we already showed that a pulse arriving at a branching
point splits up in three parts (see f ig . 6.1a), leading to a rapid multipli-
cation of the number of pulses by repeated reflections at the nearest bulk
level. We also demonstrated that in case the length of the pulses is much
larger than the distance between branching point and bulk level the super-
position of the overlapping pulses converges to a final value. For this rea-
son in our device we chose values in the order of 0.1 m for the distances a
and b between branching points and bulk levels, while we used pulses with a
length of several tens of meters. Under these conditions the generation of a
pulse at a bulk level results in two rectangular pulses with a height ?.,
propagating in the two branches (see f ig . 6.1b). Although there remain some
distortions at the extremities of the pulses, their influence is negligible.

When one of the transmitted pulses reaches the other branching point,
e.g. via the longer branch with length L^, the superposition of all transmis-
sions and reflections at this point and at the bulk level results in a pulse
of equal height but opposite sign, travelling in the opposite direction
through L, (see f i g . 6.1c). Note that in L̂  the various contributions cancel
each other, meaning that a -pulse always remai-ns in its own branch. This i s ,

however, only true when there is bulk liquid present in the reservoir. In
the absence of bulk liquid the superposition leads to a pulse propagating
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. 2. Reflection and transmissions of a pulse at a branching point

a). in the absence of a bulk reservoir

b). at the generation of the pulse

a), at a reservoir filled with bulk liquid

d). at an empty reservoir.

along the other branch (see fig. 6.Id).

From the above analysis it thus follows that if both reservoirs are

filled with bulk liquid the generation of a long pulse at one of the bulk

levels leads to the creation of two pulses, travelling back and forth along

the two branches. Naturally, the pulse through the longer branch L~ is best

suited for measuring the persistent current. The observation of the arrivals

of this pulse at the bulk levels, however, is obscured by the much more frequent

arrivals of the pulse through L,. Fortunately we can get rid of this latter

pulse, for instance by generating a second pulse of equal height and length

but opposite sign in the same reservoir where the first pulse was generated.

If this second pulse is made to coincide with the arrival of the reflection

of the first pulse through L p the two pulses in L^ cancel each other. Then

there only remain two pulses of opposite sign, propagating a distance 2Lj

after each other along Lg.

Fig. 6.2 shows that by this method we indeed obtain two clearly observ-
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Fig. 6.2. Measurement of the persistent-flow veloaity from the Doppler
shift in the times of flight T* and T„. The arrivals of the
pulses, generated as indicated in the figure, aan clearly be
distinguished from the background, in this case mainly formed
by a small Atkins-oscillation between the two bulk levels,
principally over L^.

able pulses, propagating back and forth along the longer branch. From their
times of arrival we can now easily determine the persistent-flow velocity.
Since the Doppler shift in the velocity of the pulses equals (PS /P)VS , the
persistent-flow velocity v follows immediately from the times of f l ight TJ

and T2 as:

T2
(6.1)

corresponding to 83 mm/s for the run given in fig. 6.2.
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As mentioned before the result of the reflection of a pulse, propagating
in one of the branches, at an "empty" reservoir is a pulse propagating along
the other branch. The generation of a pulse at a bulk reservoir while the
other reservoir is empty will therefore result in two pulses, travelling a-
round the circuit in opposite direction. For the detection of a persistent
flow in this case it is not necessary to cancel one of the pulses. The two
pulses arrive separately at every odd numbered arrival, but together at
every even numbered arrival. It appeared indeed possible to detect persist-
ent currents also in this situation. We only performed a few of such meas-
urements, however, as in general a single bulk level cannot easily be brought
to rest and consequently the accuracy of the measurements is decreased by
the noisy behaviour of the level.

6.2. Experimental results.

The procedure for the detection of persistent flow, described in the
preceding section, was used by us in an apparatus in which the length of the
closed circuit is 660 m. In this device the bulk reservoirs are connected by
two parallel capillaries with lengths L, = 60 m and L? = 600 m (see inset
fig. 6.2). All used capillaries have an inner diameter of 0.40 mm. The dis-
tances between branching points and bulk levels a and b are kept as short as
possible and amount from 0.05 to 0.20 m, dependent on the height of the bulk
levels. In the middle of the shorter branch a superfluid valve is installed,
consisting of an open capillary with a heater mounted on the outside (for a
more complete description see sections 1.4 and 2.4). This valve is used for
the creation of a persistent urrent with use of creation method A (see sec-
tion 2.2).

The result of the detection of a persistent flow with the third-sound
technique is given in fig. 6.3. In accordance with our earlier results, des-
cribed in section 2.3, no decay of the flow is found within measuring accu-
racy. In this example the decay constant can at most have a value of 8 10 s~ .
Most of the experiments that were performed gave similar results.' There were
some experiments, however, in which an irregular decay was seen. A reason
for this spurious effect could not be found. Nevertheless we can conclude
from our measurements as a whole that in this 660 m long capillary a persis-
tent flow does not essentially decay during time intervals in the order of
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10 hours.

With the third-sound technique we also studied the s tab i l i t y of the flow

velocity during variations of the f i lm thickness. In this experiment after

the creation of a persistent current we increased or decreased the f i lmthick-

ness by changing the temperature and then measured the superfluid-flow velo-

c i ty again. For such a case the Landau-Khalatnikov theory predicts that the

circulat ion of the superfl.uid velocity w i l l s t i l l be conserved, in contrast

with the angular momentum of the flow. This means for instance that on lower-

ing the temperature an amount of s tat ic He-vapour w i l l have to condense in

phase, i .e . at the velocity of the persistent f low. At f i r s t sight such an

effect seems somewhat unnatural and the experiment therefore forms a rather

*0n the other hand in experiments on persistent flow in bulk helium ' * ' '

i t was already observed that on lowering the temperature the fract ion of the

normal f l u i d that is converted into superfluid does condense in phase.
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Fig. 6.4. Measurements of the dependence of the persistent-flow

velocity on variations of the filmthidkness. T0o runs

are presented. In the lower run (0) the thickness was

increased from 8.8 nm to 11.9 nm. In the upper run

(Xth) the thickness was decreased from 9.1 nm to 7.4

nm and subsequently increased to 9.1 nm again.

rigorous test of this important aspect of the Landau-Khalatnikov theory. In

experiments, performed by the groups of Reppy5' and Hallock ' in unsaturated

films, it already appeared that the persistent-flow velocity did not change,
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thereby confirming the theory. Also in our experiments, performed in a satu-
rated film where the vapour pressure is higher and vapour effects are expect-
ed to have a larger influence, it appeared that thickness variations up to
35% did not influence the flow velocity. Some examples are given in fig. 6.4.
In the lower run the thickness was gradually increased from 8.8 nm to 11.9 nm
by slowly lowering the temperature. The upper set of points represents a run
where we started at a thickness of 9.1 nm and then decreased the thickness
considerably. Hereby we changed over from the saturated region way into the
unsaturated region by the evaporation of liquid beyond the point at which the
standpipes become empty. After having reached a calculated thickness of 7.4
nm we recondensed the bulk liquid and then found that this whole process had
caused no change in the velocity of the persistent flow within measuring ac-
curacy. From our experiments we can therefore conclude that even in these ex-
treme circumstances the principle of conservation of circulation is immutably
valid.
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C H A P T E R 7 .

REVIEW OF THE PHENOMENON PERSISTENT CURRENT.

7.1. Introduction.

The results of our experiments on persistent flow, presented in chapters
2 and 6, as well as the results obtained by the group of Hallock, have demon-
strated unequivocally the reality of persistent currents in the He-II f i lm.
Nevertheless there remains a number of open problems. Our present understand-
ing of the dissipative mechanisms that determine the maximum velocities of
the persistent flow is s t i l l very poor. Also the question why some of the ear-
l ier experiments mentioned in section 2.1 led to negative results has not yet
been answered satisfactorily. Similar problems are encountered in the persis-
tent-flow experiments performed in bulk helium and in superleaks, though in
these cases the results show in general a much more consistent behaviour.

To conclude this thesis we wil l outline the relevant theory and confront
i t with a representative selection of the experimental results, in an attempt
to provide some basis for future research in this f ie ld.

7.2. Persistent flow from the theoretioal viewpoint.

The flowfield. of persistent superfluid flow in helium I I is clearly me-
tastable. From free-energy calculations i t appears that a stable situation is
only reached when the flowfields of the superfluid and normal components are
as closely alike as is allowed by the condition of quantization of circula-
tion for the superfluid component (see appendix VII). That, in the absence of
driving forces, stationary relative flows of the two components appear to be
possible, demonstrates the lack or inefficiency of the interaction mechanism
between the superfluid and normal component. The study of persistent flow, or
rather of the transitions from one metastable state to another, could be of
great value for the understanding of the interactions.

Conflicting results in experiments on persistent fi lm flow have only been

149



found when rotational methods were used for the creation of the flow. This
fact probably has to do with the complexity of the stable flowfield of rota-
ting He II. As has been accepted generally, the stable state is formed by the
energetically most favourable combination of an irrotational macroscopic flow-
field around the inner walls of the helium container and the flowfield corre-
sponding to an array of socalled vortex lines. These quantized vortex lines,
which were first described by Onsager ' and were observed experimentally by
Williams and Packard ' in a very direct way, consist of a core, a nearly one-
dimensional region where the superfluid density is zero, that begins and ends
at a boundary of the liquid. Around the core a quantized superfluid circula-
tion exists with a value of usually one quantum. It appears from free-energy
considerations that both flowfields in the stable state change discontinuously
upon a change in the angular velocity of the container, as a consequence of
the quantization condition for the circulation (see appendix VII). It is gene-
rally believed that vortex lines also provide the mechanism for the transi-
tions between different flowstates, the interaction between the superfluid and
normal component taking place via the core of the vortices. The mechanism in-
volves the introduction into the liquid of a discrete number of vortex lines,
formed at a boundary of the container (adjustment of the vortex array) or the

'creation of one or more vortices at one of the boundaries and their subsequent
disappearance into the other boundary (adjustment of the macroscopic flowfield).

The mere fact that the stable flowfield shows a stepstructure as a
function of the angular velocity is not sufficient to explain the phenomenon
persistent current. The value of the quantum of circulation is very small and
is usually far below the measuring accuracy. The observed persistent flows ge-
nerally represent metastable flowstates, that differ many quanta from the
stable states. The observation of such persistent flows therefore seems to in-
dicate the presence of a barrier, prohibiting the penetration of a vortex from
a boundary. From free-energy calculations such a barrier indeed appears to ex-
ist (see appendix VII). It arises from the very strong attraction between a
vortex line close to the wall and its image. This barrier is very high and on-
ly disappears at such angular velocities that the difference between super-
fluid- and normal velocity at the outer wall exceeds a value of (c/4*a. Here K
is the quantum of circulation and a the core radius. This very high value of
about 80 m/s is independent of the shape of the container, a consequence of
the local character of the barrier. A similar reasoning applies to another
kind of vorticity by which the superfluid flowstate could be changed, namely
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the socalled vortex rings. These rings are vortex lines that are closed into
themselves. They do not have to penetrate from a boundary but can be created
anywhere inside the liquid by microscopic fluctuations. By expanding and dis-
solving into the boundaries of the system they can change the flowstate of

i superfluid component. In doing so they also have to overcome an energy
oarrier, arising from the attraction between the opposite parts of the ring.
As in the case of the vortex lines the barrier only disappears at a very high
relative velocity, now being ic/8a.

At this point we like to remark that, if such local processes do indeed
determine the transitions between flow states in a rotating system, they will
also determine the critical velocities in driven rectilinear flow. Here the
observed friction for the flow is assumed to arise from a steady stream of
quantized vortices crossing the entire flowpath. The penetration of these
vortices is governed by the same local processes as encountered above for ro-
tating systems. This view is supported by the experimental results, as e.g.
our findings that for the creation of persistent flow by the rotational me-
thod C (see section 2.3) the same value of the critical velocity was found as
for driven flow. Also in the case of bulk He II and for He II in a superleak
the results for rotation seem to agree with those obtained for driven flow.
The study of persistent flow and the study of critical velocities for driven
flow are therefore two ways of tackling the same problem.

Though it thus seems very likely that local vortex processes are indeed
responsible for the observed behaviour, the quantitative prediction of the
free-energy considerations given above differ by several orders of magnitude
from the experimental results. So far, no satisfactory model has been pro-
posed to explain this large discrepancy. In the model developed by Langer et

3 4)al. ' ' vortices can pass the free-energy barrier at lower relative velocities
than calculated above by means of thermal fluctuations. Although the model
gives qualitatively a good description of e.g. the decay of the flow in the
neighbourhood of T., as it was observed by the group of Reppy ', the predicted
critical velocities are still at least one order of magnitude higher than ob-
served experimentally, while also the predicted temperature dependence and the
weak dependence on the cross-sectional diameter of the flowpath are not sup-
ported by the experiments. Other causes for the apparently easy penetration of
vortices may be connected to imperfections in the actual experiments, such as
e.g. sharp protrusions at the wall, mechanical vibrations and for the case of
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rotating devices fluctuations in the rotation speed and a non-ideal rotational
symmetry of the apparatus. In this respect.Putterman ' has suggested a mecha-
nism by which vortex lines can penetrate the liquid by means of quantum tran-
sitions, induced by mechanical vibrations. Unfortunately, this idea has not
yet been developed quantitatively and at present there is no way to estimate
the influence of such effects on the experimental results.

7.3. Survey of results of persistent-flow experiments.

The behaviour of bulk He II in the various experiments seems to be rather
consistent. Rotating bulk He II in simply-connected regions is almost always
found to be closely imitating solid-body rotation due to an array of vortex
lines threading the liquid. When the rotation speed is changed, the number of
vortex lines can apparently easily be adjusted to the value corresponding to
the stable flow state. Only in some rare cases metastable states have been ob-
served, which could in general be destroyed by means of a mechanical shock '.
These latter observations can probably be explained from the presence of pin-
ning forces for the vortices, i.e. local minima in the free energy caused by
irregularities in the geometry of the system. Also in experiments on bulk he-
lium in a rotating annul us no deviations from solid-body rotation have been ob-
served. For these experiments the critical angular velocities for the pene-
tration of vortices were apparently lower than could be observed experimental-
ly. These results for rotating bulk He II seem to be also consistent with those
obtained for driven superfluid flow in tubes. The values for the critical
superfluid velocity are usually found to be very small. That they are not abso-
lutely zero has recently been demonstrated in the persistent-flow experiments
of Hartoog et al. ', performed in a very long capillary of 0.17 mm inner dia-
meter. In these experiments the maximum superfluid velocity during persistent
flow was found to'be in the order of 1 mm/s.

In contrast to the bulk experiments persistent currents can much easier
be observed for helium contained in superleaks, both in experiments where the
currents are generated by a rotational method and in experiments where use is
made of a valve method. These observations are consistent with the values of
several hundreds of mm/s found for the critical velocities of driven flow in
superleaks. Furthermore, it appears that the critical velocities increase with
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decreasing crosssectional area of the flowpaths. Extrapolation of the data to
channel sizes as used in bulk experiments yields very low values of the cri-
tical velocities and therefore seems to make the superleak experiments compa-
tible with the bulk experiments. Sofar the results for bulk and superleak ex-
periments thus yield a consistent picture, indicating that the relative velo-
city lvn"

vsl at wnic^ vortices can penetrate becomes the higher, the narrower
the flowpath. Of course this picture is somewhat oversimplified for the case
of superleaks in view of the very complicated qeometry concerned. On the one
hand due to the highly irregular flowfield in a superleak locally high values
of |vn-vj can be expected, which would lead to an earlier penetration of vor-
ticity than expected from the average channel size, on the other hand vortices
once formed will easily be pinned at the superleak grains and will be prevented
from reaching their stable positions. In view of this it does not seem too
surprising that persistent-flow experiments of the group of Rudnick ' do not
show a sharply defined critical velocity but instead a transition region, in
which after the introduction of the first vortices the relative flow can still
be further accelerated until it finally saturates. Presumably this saturation
point has to be interpreted as the point at which the number of vortices that
is able to reach and dissolve into the inner boundary upon an increase of the
angular velocity equals the number of vortices penetrating from the outside,
while the corresponding change in the macroscopic flowfield is such that the
relative velocity remains constant. In spite of the complexity of the events
occurring in superleaks, however, the observations still seem compatible with
the above sketched picture of a barrier for the penetration of vortices, its
height being determined by the relative velocity.

The results for the He-II film appear to be less consistent. Although in
non-rotating systems persistent film flow can easily be established and con-
sistently high critical velocities are found for driven flow, for rotating
systems both successful and unsuccessful experiments have been reported. The
outcome of some of the experiments seems to be strongly influenced by second-
ary, accidental effects such as mechanical vibrations, and in the following
brief discussion of the various experiments we will therefore also pay atten-
tion to such effects.

In the successful experiments of the group of Reppy ', where the film
covered the grains of a superleak, the results were essentially similar to
those obtained in superleaks completely filled with bulk helium. Although the
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penetration and transportation of vorticity will probably have been as complex
as in the case of a completely filled superleak the interpretation of this ex-
periment does not seem to add a problem. Nevertheless the fact that in this
experiment the rotation was stopped in a very slow way, thereby avoiding large
mechanical shocks, may be significant, in view of the results of other experi-
ments, since it may have favoured the outcome of this experiment.

In the experiments of Wang and Rudnick ' and of Wagner ' ' the film
covered the outside respectively the inside of a rotating cylinder, thus for-
ming a simply-connected region where vorticity can not easily be pinned. The
smallness of the pinning forces therefore, together with the large probability
of mechanical vibrations for these systems may have been"responsible for the
in general negative results of these experiments. This view is supported in a
way by the fact that in some of the experiments of Wagner ', performed in the
same apparatus without making any alterations, positive results were reported,
which indicates the importance of accidental effects.

Negative results were also reported by Van Spronsen et al. ' ' in a
two-fold connected geometry. In these experiments the film covered the inside
of an annul us ' ' respectively a glass capillary '. In the annulus experi-
ments the results were obscured by some spurious effects, attributed to capil-
lary forces in pinholes in the glass, and may therefore not be significant.
The experiments with the rotating capillary on the other hand are much more
important as they only differ from our successful experiments, described in
section 2.3, in the way of detection of the flow (detection method II was
used). Even the geometry is almost identical. The different results might a-
gain be attributed to the influence of mechanical vibrations. In this respect
an important fact is that in the experiments of Van Spronsen the rotation was
stopped in a much more abrupt way than in our experiments, and the probabili-
ty of mechanical shocks was therefore much larger.

From the experiments the conclusion seems justified that also in the He-
ll film large critical velocities represent the normal behaviour, but that the
flow properties of the film are more sensitive to secondary effects such as
mechanical vibrations than is the case for superleaks. In which way such vi-
brations interfere with the mechanisms for penetration and transportation of
vorticity or how far they are themselves part of the mechanisms, can not be
decided with the current theoretical and experimental knowledge and remains to
be answered by future research.
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7.4. Conclusion.

As already mentioned in the introduction, a stage of complete understand-
ing of the observed phenomena with respect to the topics persistent flow and
critical velocity has not been reached. The most important problem that still
has to be solved is to understand the mechanism, by which vortices can enter
the liquid at certain critical velocities, and why these critical velocities
increase with decreasing cross-sectional area of the flowpath. In comparison
with this the explanation of the contradictory results in the film experiments
itself is of less importance, but the solution of this problem is of course
strongly connected with the understanding of the mentioned vortex mechanism.
Probably a systematic research into the causes of success or failure of per-
sistent-flow experiments in the He-II film -the data already available suggest
a strong influence of mechanical effects- can not only solve this latter pro-
blem but can also give more insight into the nature of the mechanism governing
the penetration of vorticity.
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A P P E N D I X I.

THE INFLUENCE OF VISCOUS VAPOUR FLOW ON THE DAMPING OF AN ATKINSOSCILLATION.

Atkinsoscillations will not only experience damping due to the exchange
1 2)

of heat between reservoirs and bath ' ' , but wi l l in principle also be affect-
ed by viscous vapour flow in the capillary, which accompanies the oscillation.
When a steady pressure difference AP is present over the capillary with length
L, a viscous massflow M wi l l be induced, which according to Poiseuilles law
equals.'

irrV
^ S (AI.l)

leading to a rate of energy dissipation Ê, given by:

É = - -Ü- Ap (AI.2)
Pg 9

Such a quasi-steady pressure d i f ference w i l l indeed be present during the

A t k i n s o s c i l l a t i o n , as a d i f ference 2z in the height o f the bulk levels w i l l a l -

so give a hydrostat ic pressure d i f ference AP over the vapour i n the c a p i l l a r y .

I f we assume tha t j u s t above the bulk levels the vapour pressure w i l l have i t s

saturat ion value, AP w i l l be given by:

APg = 2Pggz (AI.3)

The rate at which the oscillation loses energy, Ê, is therefore proportional to
z . Averaging over one period of the Atkinsosci11ation yields for the average
rate of energy loss f:

V 4

T 7 9 ff'r ?
E = 'P9 9 T & A ' (AI-4)

in which A is the amplitude of the oscillation. The damping coefficient is now
obtained from:
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o = - i r^~ (AI.5)
Ltot

Here E. . is the total energy, stored in the Atkinsoscination, which is given
by (see e.g. ref. 1):

Etot = °s p9A2> (AI-6)

where 0 is the crosssectional area of the reservoir. The result for this vis-
cous damping is :

Pg i r r 4

When we apply this result to the experimental situation of Van Spronsen
et al• ', i.e. a capillary with a uniform i.d. of about 0.4 mm and a length in
the order of 100 m, we see that a becomes negligibly small, mainly owing to
the large value of L. This effect can become more important, however, when wi-
der and especially shorter capillaries are used. This is the case e.g. in the
experiments of Hallock and Flint ', where the reservoirs are connected by a
short and wide tube, in the middle of which a constriction is made with a typi-
cal length of 13 mm and i.d. of 1.3 mm. If there are no other restrictions on
the vapour flow, the constriction will form the main flow resistance and eq.
(AI.7) can still be used, if for r and L the dimensions of the constriction
are substituted. The attenuation a calculated in this way turns out to be much
higher than is observed experimentally. Me have to conclude that for some rea-
son the vapour flow is strongly suppressed in these experiments.

Inspecting the experimental situation of Hallock et al. more closely it
appears that the suppression is mainly due to the construction of the reser-
voirs. These are formed by the narrow annular regions (100 urn) between two con-
centric conductors which serve as a capacitor for the registration of the level
heights. Since these annular regions form a much larger flow resistance to the
vapour than the constriction itself, this explains at first sight immediately
the suppression of the vapour flow. Such a premature conclusion, however, may
not be drawn, as the vapour flow may not be considered as an independent phe-
nomenon but only in connection with the film flow. As the crosssectional area
of the film in the capacitors is determined by the radius of the conductors and
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not by their spacing, the gradient in n+n in the film will be much smaller at
the capacitors than at the constriction. The same will hold for the vapour be-
cause it is in local equilibrium with the film. Consequently, if the system is
isothermal, the pressure drop over the capacitors will be small compared to
that over the constriction. The crucial point, however, that combined with the
presence of the extra restrictions at the capacitors suppresses the vapour
flow at the constriction, is the fact, that the system is not strictly iso-
thermal. Although the entire apparatus is immersed in a He bath, the heat re-
sistance between bath and film, mainly determined by the Kapitza resistance,
allows for small temperature differences between system and bath. Such tempe-
rature differences will be induced by the evaporation and condensation of mass,
necessary to supply the vapour transport. Hence a temperature gradient over
the constriction will be developed, which will practically eliminate the pres-
sure gradient by its effect on the saturated vapour pressure. Consequently the
full pressure drop in the vapour will after all be developed over the capaci-
tors, resulting in a negligibly small viscous damping (substitution of the re-
levant dimensions of the capacitors into eq. (AI.7) gives very small values of
a ). These gradients in vapour pressure and temperature do not affect the dis-
tribution of the gradients in y+fl over the flowpath, as the pressure differen-
ces in the vapour will be accompanied by temperature differences, while in the
film gradients in the film thickness will compensate the temperature gradients.

A situation in which the viscous damping is indeed important occurs in
one of our experiments, which is described in section 2.4. In that case, the
long capillary between the reservoirs has a second capillary in parallel, that
is much shorter but still long. When the valve in the middle of this second
branch is closed, the Atkinsoscillation takes place over the longer branch.
Though the shorter branch is closed for superfluid flow, a vapour flow can
still occur in this branch. The fact that the second branch is much shorter
than the first even means that during the Atkinsoscillation the film thickness
and hence the vapour pressure in the shorter branch get the opportunity to reach
the values that are in equilibrium with the height of the bulk levels. The full
pressure drop is therefore developed over the valve. Experimentally it is in-
deed found that the damping of the Atkinsoscillation is about one order of mag-
nitude higher in the presence of a second branch with such a valve than in its
absence. Comparison of the results with eq. (AI.7) shows that a complete agree-
ment is obtained if we substitute for the effective lengthof the valve a value of a-
bout 0.2 m. This length is in agreement with the estimated penetration depth
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of the vapour flow, that arises from the valve during its operation.
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A P P E N D I X I I .

THE CONTRIBUTION OF THE CONDUCTION OF HEAT THROUGH THE WALL OF THE CAPILLARY

TO THE ATTENUATION OF THIRD-SOUND PULSES.

The flow of heat through the wall is caused by two ef fects. In the f i r s t

place the fact that only the superfluid component takes part in the flow of

the l i qu id gives r ise to variations in temperature. To keep the f i lm as iso-

thermal as possible therefore a flow of heat from the bath to the f i lm is re-

quired. I f the rate of change of the f i lm thickness is k, the heat flow q, per

unit length of the capi l lary is given by:

qj = 2irrcps0T05 (AII. l )

In the second place thermal effects are also induced by evaporation and conden-

sation of helium, causing a second heat flow

q2 = mX (All .2)

where m is the rate of evaporation of mass per unit length of the capillary.
If we assume that the vapour is almost instantaneously adjusted to the value
that is in equilibrium with the local film thickness, the rate of change of
the pressure due to a change in film thickness is given by:

requiring a mass flow:
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D
vrr F" T

(m4 is the atomic mass of He and kg the Boltzmann constant).
The two heat flows q^ and q« together lead to a rate of energy loss:

+ q 2 )
2 :

- ± — dz (All.5)

where K,, is the effective coefficient of thermal conduction per unit area ofw
the wall, determined by the heat resistance of the glass wall in series with
the ten times smaller Kapitza resistances between wall and film respectively
He-bath. With the use of the expression (3.24) for the total energy E of the
pulse, the thermal damping coefficient ot^ now follows as:

Though a,, has the observed dependence on the pulse length, numerical calcu-
lations show that this thermal damping is always at least a factor of 5 small-
er than the viscous damping, given by eq. (3.26), and will therefore not lead
to a significant contribution to the attenuation of the pulse.

We have to remark here that there is some uncertainty in the value of the
Kapitza resistance R^ used in the numerical calculations, which might be larger
for a film than it is for the bulk. Although it has been shown by Fokkens et
al. ' that for their films this was hardly the case, the fact that tha surface
of the wall of our capillary is very clean and smooth could possibly have led
to a more dramatic enlargement. It seems very unlikely to us, however, that
this enlargement will amount to more than two orders of magnitude, which is re-
quired to significantly affect the calculated values of the damping.
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A P P E N D I X I I I .

THE EXCHANGE OF HEAT BETWEEN BULK RESERVOIR AND He BATH.

Exchange of heat between a bulk reservoir and the surrounding He bath

does not simply take place by conduction of heat through the wal l . A more ef-

fect ive mechanism appears to be the evaporation of mass at the l i qu id surface,

the flow of vapour into the cap i l la ry , recondensation onto the f i lm and subse-

quent heat conduction over the wall of the cap i l la ry . In th is way a much la r -

ger ef fect ive area for heat conduction to the bath is obtained. We w i l l now

calculate th is e f fec t , res t r i c t ing ourselves to a stationary s i tuat ion.

In such a si tuat ion a small heat current Q supplied to the reservoir w i l l

be carried away on the one side by the flow of heat through the wall due to

the temperature difference between reservoir and bath (T -TQ) and on the other

side by an evaporating mass flow M(0):

Q = M(0) (X + sTQ) + 2w r s l<w (T r - TQ) (AIII.l)

where 1 is the length of the liquid column. Here we have neglected the influence
of the heat conduction by the vapour and along the wall. According to appendix
VI the mass flow M(0) is given by:

[ | w v - y°> + (vTo)pgi
kB

p
q(0) and T (0) are the actual pressure and temperature of the vapour at the
bulk surface, psat(To) i

s tne saturated vapour pressure for the temperature 7
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of the bath. In the capi l lary the resulting mass transport by the vapour M(z),

where z is the distance to the bulk, w i l l obey Poiseuilles law:

in which the influence of the hydrostatic pressure gradient on the vapour den-
sity is neglected. The vapour flow will gradually condense again on the film,
according to:

dM " 4 * M * 4 ^ [ Psat<T0> " V z > + (Tg(z)-T0)Pg0 ̂  dz

(see appendix VI). Here the plausible assumption is made that the very small
rate of condensation does not disturb the local thermal equilibrium between
film and vapour. This process results in a heat flow -(jC+sTg)dM through the
wall of the capillary:

-(JE+sT0)dM = 2irrcKw(T (z} - TQ)dz

After solving this set of 5 equations it appears that the mass flow M(z)
and the differences of T (z) and P (z) with their equilibrium values depend on
z according to exp(-zA), where the penetration depth X is in good approxima-
tion equal to:

sT0

Dependent on the temperature, X can amount to several tenths of a meter. The
vapour flow thus penetrates deeply into the capillary, leading to a conside-
rable enhancement of the effective thermal conductance of the reservoir, given
by:
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ceff

A comparison of eq. (AIII.7) with the numerical values obtained by Van Spronsen
et al. ' shows a reasonable agreement. A rigorous treatment of this in fact
very complicated situation can probably completely account for Van Spronsen's
results.
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A P P E N D I X IV.

MECHANICAL LOSSES OF PULSE ENERGY AT THE REFLECTIONS DUE TO ASYMMETRIES IN THE

DOUBLE PULSES.

The symmetry of the double pul sas cannot be ideal due to two di f ferent

causes, both being a result of the f i n i t e crosssection of the reservoirs. The

asymmetries w i l l lead to loss of mechanical energy, which w i l l show up in the

measured attenuation o.

One contribution sterns from the ref lect ion of the pulses. The ref lect ion

is governed by eq. (3.20b), giving for the height of the reflected pulses af-

ter ref lect ion at a bulk leve l :

where z is the height of the bulk level with respect to i t s equilibrium posi-

t i on . The corresponding exchange of mass with the reservoir leads to a rate of

change of the height of the bulk level h, given by:

h = - | u 3 (c - c
1) (AIV.2)

The combination of these two equations yields:

5' + 6 5 ' = - k + SC (AIV.3)

with:
Sn 2r
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Eq. (AIV.3) shows that at every reflection the shape of the pulse will be
changed. Even when the incoming pulse were strictly rectangular (£ = 0 ) , the
reflected pulse is not since 6 ^ 0 .

The second deviation from the ideal symmetry is already introduced at the
generation of the pulses. The raising and lowering of the standpipes over e-
qual distances |AHJ namely leads to second order differences in the heights of
the positive and negative blocks, given by:

c + 1 0 i.ni . . n+1 (AH) ,.TU M

£ = I - Ti— AH + <$n — 7 '•"• -A • (AIV.5)

+.- n Ho 0 2 nZ H 2

Besides, also at the generation the pulses do not have a pure block form, as
also in that case the level height will change, which according to eq. (AIV.3)
with 5 = 0 (no incoming pulse at generation) leads to a decaying pulse height:

~$t (AIV.6)h = hoe

= 5 2 0 e"
e t (AIV.7)

The indices 1 and 2 stand for the first and second block, for each block t=0
is chosen at the moment its front leaves the reservoir. Due to the decay of
the pulse height also the rate of change of height of the bulk level shows a
corresponding decay.

We will now investigate how these asymmetries will affect the observed
values of a. The average pulse height, which is essentially the quantity that
is measured, follows from eqs. (AIV.6) and (AIV.7) as:

c = } (?i - \) = \ (i - fco^io - W (AIV-8)

to first order in the quantity Big when U3TQ is again the total length of the
two blocks. When this double pulse reflects at the other bulk level, a similar
calculation shows that the average height of the first block becomes:
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i = " ho & - f

At i ts reflection the f i r s t block exchanges about twice i ts mass, thereby
creating a change in level height Az, given by:

LZ - Ü f U3T0e10 (1 - \ 6x0) (AIV.10)
rs

The second block reflects therefore in a way slightly different from the f i r s t
block, resulting in an average height:

2 • " ho

After the reflection the average pulse height has now become:

V - \ <J[-VZ) = - \ l (« lo-€2o)(l " ^ T 0 ) + (e l o +52 0)|Bxo ] (AIV.12)

As we determine our coefficient of attenuation from the relative change in
average pulse height we now measure an "attenuation":

(AIV.13)

where L is the length of the capillary.

It is possible to show that the expression for a keeps the same at the

following reflections. We see from eq. (AIV.13) that the exchange of mass du-

ring a reflection only leads to a non-vanishing value for o if the generated

pulse heights |e1Qj and |£20l are not the same. This will always be the case,

however, both due to the second order effect (eq. AIV.5) and due to the fact
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that also at the generation of the pulse the exchange of mass between the first
block and the reservoir will affect the value of C2n.-

 E<1- (AIV.13) shows that
the sign of a depends on the order in which the two blocks are generated. In
the usual case that the first block is positive a appears to be negative, mean-
ing that the average pulse height increases! Of course this does not mean that
the energy of the pulse is also enlarged. Besides this effect is rather small,
being in the order of 10 s .

The mechanical energy lost by the mechanism just described shows up in
the form of a small Atkins oscillation. This again affects the reflections,
since on arrival of the pulse at a bulk level the level is not in its equi-
librium position, which affects the average height of the reflected pulse.
The attenuation coefficient a will therefore due to this effect oscillate
with the frequency of the Atkins-oscillation. This effect on a, usually al-
ready being smaller than the first mentioned effect, is further eliminated
by the fact that vie measure a by averaging over a considerable number of re-
flections.
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A P P E N D I X V.

THE THERMOHYDRODYNAMIC RELATIONS BETWEEN THE PARAMETERS OF FILM AND VAPOUR AT

THE INTERFACE.

In th is appendix the relat ions between the variables of f i lm and vapour

at the interface w i l l be given, i n as fa r as they can be derived from thermo-

hydrodynamic arguments. We w i l l d ist inguish between three d i f fe ren t s i tua -

t i ons , label led a, b and c. In a l l cases effects due to surface tension w i l l

be ignored, the curvature o f the f i l m surface being su f f i c i en t l y small i n

pract ical circumstances to j u s t i f y th is s imp l i f i ca t i on .

a). The case of statio equilibrium.

Here we consider the case of a film on a f la t surface, being in static

equilibrium with bulk liquid in a reservoir and with i ts vapour (see f i g .

AV.l). In that case the relations between liquid and vapour as presented in

section 1.3 reduce to:

wsurf

Tsurf - Tg,surf

Psurf • Pg,surf

Since also the liquid as well as the vapour will be in static equilibrium it

follows that throughout their volumes holds:

$Tg = 0 (AV.4)

$T = 0 (AV.5)

170



pg=pg=psate

Fig. AV.1.

v(nQ + n) = O

t(v + n) = O

From these relations the pressure gradients follow as;

(AV.6)

(AV.7)

pg 9

- $
p

= O

= o

(AV.8)

(AV.9)
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Integration of eqs. (AV.8) and (AV.9) along the interface, using eq. (AV.3),
shows that the liquid surface is an equipotential surface and that the pres-
sure along the surface is constant and equal to the saturated vapour pres-
s u r e psaf

When this result is applied to the film-vapour interface a complication
arises due to the large Van der Waals forces at the film surface. I t follows
from eq. (AV.8) that the pressure in the vapour changes rapidly with the dis-
tance to the substrate. Since the net change due to the Van der Waals poten-
t ia l takes place over a distance smaller than the mean free path in the va-
pour, i t is not meaningful to regard the vapour pressure right at the inter-
face. I t is more meaningful to regard i t at a distance y' away from the sub-
strate, out of the reach of the Van der Waals forces but s t i l l within a mean
free path from the film surface. The pressure in the vapour is then given by:

m4 v

P (y>y')= P * - f P —(-*-)9U y' g,surf J p9?yK.,n'
& y

sn

m4gH

• psat e

The situation can thus be considered as if the film, having a pressure P_ .
Sol

at its surface, is in equilibrium with the vapour at this lower pressure P .
If the film is not extremely thin P can be approximated from (AV.IO) as:

b). The case of local equilibrium.

We now consider a case that fi lm and vapour are both no longer in the
equilibrium state, but that the variations in the values of their parameters
take place so slowly, that locally at the film-vapour interface the equil i-
brium relations between fi lm and vapour parameters are s t i l l valid. These re-
lations then are:

vg,surf
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v

Tg,surf - Tsurf

Pg,sUrf "
 PsUrf

At the distance y' from the filmsurface these relations again, l ike in the
static case, read as:

Tg = T (AV.17)

Pg " Psurf - >g ji <AV'18>

From eq. (AV.18) i t follows that for small changes in the fi lm thickness £,
with

5 = « - a0 , (AV.19)

the variations in the vapour pressure are related to those in the f i lm at i ts
surface as

APg " APsurf + % 7ÏST 5 (AV-20)
60

From eq. (AV.16) follows for the chemical potential variations:

% • *wf + n ik5 ( A V - 2 1 >
0

1 2where we have neglected the small quadratic term j v £ . Using eq. (AV.17) this
latter relation can be written as:
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<AV-22>

Combination of eqs. (AV.20) and (AV.22), thereby neglecting the ratio p /p
with respect to I, yields for the pressure variations in film and vapour:

*Psurf

pg T^ AT

where we have introduced the heat of evaporation of the f i lm:

= T0

and the Van der Waals force:

(AV.26)

The temperature variations of film and vapour, AT, will be determined by the
thermal conditions in the system.

c). The oase of meahaniaal equ-ilibvirm.

In case that even local equilibrium is not maintained relations (AV.l)
and (AV.2) will no longer be obeyed and new relations between the chemical
potentials and temperatures of film and vapour will have to be found, account-
ing for the transport of mass and thermal energy through the interface. These
relations, however, can not be found from thermohydrodynamic arguments. How
they can be found from kinetic arguments will be shown in appendix VI. At this
point we like to remark that mechanical equilibrium will generally still be
'maintained, i.e.:
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P - P I AM ?T\
rsurf g,surf \™.<-IJ

I t follows that at a distance y' from the substrate the variation in the pres-

sure can s t i l l be related to that at the surface by:

A V y < ) = APsurf + pg f05 ( A V - 2 8 )

Similar relations wi l l s t i l l be valid for the chemical potential and the

temperature

A V y < ) =%,surf +

A T g ( y l ) = A Tg,surf

These equations can only be solved, however, when the proper relations at the

interface have been established.
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A P P E N D I X VI.

A SIMPLE KINETIC THEORY OF THE FLOW OF MASS AND ENERGY THROUGH THE FILM-
VAPOUR INTERFACE.

Expressions for the flow of mass and energy through the interface can
be derived, starting from the kinetic theory of gases. In the case of an ideal
gas like He in static equilibrium, the molecules of which have a Maxwel-
lian velocity distribution, it can easily be derived, that within the gas
through any surface with unit area flows of mass and energy m and è occur
from both sides, that equal:

p • (AVI.l)

(AVI.2)

where the indices + and - stand for the flows, passing the surface in the po-
sit ive respectively negative x-direction (see f i g . AVI.l). In this static
equilibrium situation of course the net flows through the surface given by
m = m - m" and è = è - è~ are zero. We next consider the case of a gas
that is just off equilibrium, resulting in small net currents m and è . In
that case the expressions (AVI.l) and (AVI.2) wi l l only slightly be changed:

• +
g

•+
+ Airig

(AVI.3)

(AVI.4)
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(AVI.5)

(AVI.6)

The net mass and energy flows consequently are:

= " a " °g = Al f lg" Alil9

- e g - Aeg - Aeg

(AVI.7)

(AVI.8)

From symmetry considerations we obtain:
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Am* = - Am" (AVI.9)
y y

A(*o = " A^ö (AVI. 10)y y

Substitution of eqs. (Ayi.7) to (AVI.10) into eqs. (AVI.3) to (AVI.6) leads
to:

m. 1

- V ŝ  * K {AVI-12)

We next consider the liquid-vapour interface (see fig. AVI.2). Here sim-
ple kinetic theory can not be applied but it can be avoided by assuming that
the currents coming from the vapour that pass the interface are equal to the
currents passing a surface situated entirely within the vapour. Among others
this means that we suppose that no molecules reflect from the interface, which
is justified for He II by several experiments*. For the liquid the mass and
energy currents can not be derived from such a simple kinetic theory as was
the case for the vapour. A reasonable estimate, however, is obtained from the
following considerations:

1). In the static equilibrium situation the currents coming out of the liquid
must equal those out of the vapour.

2). Off equilibrium the changes in the currents coming out of the liquid will
be much smaller than.the changes in the vapour currents due to the much
higher density of the liquid. We can therefore neglect these corrections
with respect to the corrections on the vapour currents.

The mass and energy currents coming out of the liquid will thus be given by:

The use of this experimental experience replaces the calculation of the re-
flection coefficients at the interface from microscopic considerations, for
which a detailed knowledge of the properties of the surface layer would
otherwise be required.
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int * Psat(T) • -*Jj (AVI. 13)

Here Psa+(T) is the surface pressure in the stat ic equilibrium case, being the

saturated vapour pressure corresponding to the o f f equilibrium temperature T

of the l i qu id .

From eqs. (AVI.11) to (AVI.14) the net mass and energy flows through the

interface m = m| - m~ = m and ê = ê j - ê" = ê follow as:

( A V I ' 1 5 )

" V ^ <AVI'16>

Substituting for T and T : TQ + AT respectively TQ + AT and regarding AT/TQ

and AT /TQ « 1 , we obtain:

m. P

" 2 ^ ^ [ Psat(T) " pg "

With use of the Clausius-Clapeyron equation:

- Pg f (AVI.19)

where £ is the heat of evaporation per unit of mass and where we have neglect-

ed p /p with respect to 1 , we can write for Psat(T) ~ Pq
:
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p g 0 f- AT - APg (AVI.20)

leading to the final result for m and e:

" & p„ + Pon 4- AT ~ # (AT - AT ) ] (AVI.21)

We can complete these equations by the expression for the heat flow q, i.e.,
the conductive part of the energy flow, obtained by subtracting the convec-
tive part 5/2(ko/m.)TQm from è:

q s ê - i f ^ - / ^ U P g - Pg() A i T +^( AT- AT g )] (AVI.23)

The above expressions are the same as those presented by Wiechert ', but
differ from those of Bergman 5/. The difference is found in the energy flow
and especially in the heat flow, for which Bergman gives an expression that
is a factor 2 smaller than eq. (AVI.23). This deviation comes about since
Bergman derives the mass and energy flows in the vapour off equilibrium under
the assumption of isothermal conditions and therefore only obtains the convec-
tive part of the energy flow. Subsequently he applies his results to the va-
pour-liquid interface, also including the case of a temperature difference
over the surface. This of course leads to a wrong result. That his expressions
are not correct can also be seen by rewriting the mass and energy flows as a
function of (y/T - yg/Tg) and (1/Tg - 1/T). The coefficient of (1/Tg - 1/T) in
the expression for m should according to the Onsager relations equal the coef-
ficient of (p/T - Vg/T_) in the expression for é. Bergman's expressions do not
satisfy this requirement, as by the way was already noticed by himself ',
while ours and Wiechert's do.

The above equations are derived for the general case of the interface be-
tween vapour and liquid. If we want to apply them to the special case of the
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film-vapour interface, we have to realize that the above derivation can be

maintained, but that eqs. (AVI.17) and (AVI.18) now give the mass and energy

flow densities outside the range of the Van der Waals forces, i . e . through an

"interface" at a distance y' from the wall. In these equations therefore the

values of the variables have to be taken at y ' , so that Psat(T) has to be re-

placed by Pca+(T), according to eq. (AV.28) given by:

Eq. (AVI.20) now reads a s :

psat<T> " pg = pg0 Ï ? AT + pg0 f0* " APg ( A V I ' 2 5 )

For the film-vapour interface the various currents are therefore given by:

(AVI.26)

(AVI.27)

Finally we rewrite these equations as functions of Ap (y') and AT ( y 1 ) , using

the equation of state for an ideal gas:

m- kR kR

(y1))] (AVI.29)
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i7 W y < ) " è pgoATg(y<)

(AVI.30)

rg(y'))] (Avi.31)

We have to emphasize here that the above theory is not very rigorous and

is based on a number of ad hoc assumptions, which can possibly be wrong. Also

other models can be used in which e.g. the heat flow through the interface is al-
4 1)

ways zero ' '. The uncertainties in the above formulas will of course also af-

fect the result of the calculations of the damping of third sound in chapter

4. It is not to be expected, however, that the use of another plausible model

will result in values of the damping that differ by one or more orders of mag-

nitude from the now obtained values, as for the various known models the val-

ues of the mass flow m, which mainly determines the situation, turn out to be

about the same.
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A P P E N D I X VI I .

THE FREE ENERGY OF ROTATING HE I I .

In a rotating system, containing l iquid He I I , the most stable flowfield

for the l iquid is obtained by minimizing the socalled free energy ' . As a con-

sequence of the fact that in the steady state the normal component wi l l assume

solid-body rotation due to i ts viscosity and the non-slip condition at the

walls, the free-energy contribution due to the motion of the superfluid can be

written as:

F = E - uL (AVII. l)

where E and L are the kinetic energy of the superfluid component respectively

its angular momentum and u is the angular velocity of the container. Consider-

ing e.g. a circular-cylindrical container of radius R, with one vortex line

located at the rotating axis, the free energy f per unit length of the con-

tainer becomes:

f = | (ÏP^l - wpsvsr)2irr dr = ^ - ln ( | ) - i«psK(R2-a2) (AVII.2)

a

where K is the quantum unit of circulation and a the core radius of the vortex

l ine. From (Al l .2) f appears to become negative for u> > u> , , where

Cl 2ir(R'i-a<::)

Above wci it therefore becomes energetically favourable for the system to al-

low for the presence of a vortex line at the rotation axis. From similar though

more complicated calculations it appears, that at still higher angular veloci-
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ties the presence of more than 1 vortex is energetically more favourable, so
that at velocities appreciably higher than uc^ the liquid in its most stable
flow.state is threaded by an array of vortex lines, thereby closely imitating
solid-body rotation.

For an annular container of width d and outer radius R the calculations
are very similar, but now the integration in eq. (AVII.2) extends from R-d to
R. It follows that the transition from a state with (n-1) circulation quanta
around the inner wall of the container to a state with n quanta becomes ener-
getically favourable at an angular velocity u>n, given by:

" ^ if d <K R {MilA)
ZTTR

For such transitions to occur, however, a vortex process has to take place,
for instance the formation of a straight vortex line at the outer wall which
then moves to and dissolves into the inner wall. In contrast to the case of
the rotating cylinder in this geometry it turns out that there will not be any
position for a vortex line within the liquid in which the system has a lower
free energy than in the states without any vortices, unless very special cir-
cumstances prevail, to be specified later in this appendix. The above conclu-
sion follows from a calculation by Fetter ' of the free energy of an annular
container with one straight vortex line parallel to the rotation axis at a
distance y from the outer wall. This calculation also explains why in practice
the most stable situation can usually not be reached and for this reason we
will now digress upon Fetters results.

For the case that d « R the expression for the free energy, derived by
Fetter, becomes in first order in the small quantity d/R:

(AVII-5)

Here n is the number of circulation quanta around the inner wall; the integer
j, being equal to +1 or -1, refers to the situations that the angular momentum
of the vortex is parallel respectively antiparallel to the rotation vector u.
Here we have to remark that by restricting the calculations to first order in
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d/R, one throws away the possibility of obtaining a local minimum in the an-

nular region, which can occur under certain circumstances (see next paragraph).

It should further be remarked that expression (AVII.5) differs slightly from

Fetters expression, the difference being a small correction term

(p K /4rr)(ln2 + J), which is introduced solely to ensure that the free energy

of the system with a vortex line at a distance a from the wall is the same as

for the system with the vortex dissolved in the wall. This correction term,

being of the same order of magnitude as other correction terms which would be

needed to incorporate more complicated core models than used in Fetters cal-

culation, does not affect the final conclusions of this calculation.

The change Af in free energy for a system containing n quanta around the

inner wall upon the addition of a vortex line at a distance y from the outer

wall follows from (AVII.5) as:

Af = f(».y.n) - f(»,a,n) = ̂ ~ [ £ (^|) 2 + In [£ sin(^f)

where the relative angular velocity Aw is defined by:

to = u - _!!* (AVII.7)
2irR*

This free-energy difference reaches a minimum for a vortex at one of the two
boundaries of the annular container, which is equivalent to a vortex dissolved
in the wall. At this point we like to mention again that no local minima are
found as a consequence of the first-order approximation in the small quantity
d/R, used for Af. It has been shown by Fetter that if higher-order terms are
included, a local minimum can arise for very high values of the angular velo-

2

city (u> ><K/ird )ln(2d/ira)) if, additionally, the number of circulation quanta
has reached i ts most stable value, following from eq. (AVII.4). This implies
that a vortex will only be stable in the annular region when |AU| remains
smaller than ic/4irR , and that for larger values of |AU| eq. (AVI1.6) gives the
correct description, the higher-order terms then having a negligible effect.
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It follows from eq. (AVII.6) that for negative values of jAw the outer
wall is always the most stable position, while for positive jA<o the position
at the inner wall becomes energetically favourable as soon as jAw > K/4WR .
For higher values of jAu> the free energy of the system can be lowered by the
motion of a vortex line from the outer to the inner wall or of a vortex of op-
posite sign from the inner to the outeY wall. In general such a motion is
prevented, however, by the occurrence of a large maximum in the free-energy
curve due to the second, logarithmic term in eq. (AVII.6). For increasing va-
lues of jAw the maximum becomes lower and moves to the outer wall. Confining
the calculations to positive values of j and Aw, it appears that above a rela-
tive angular velocity of </4Rd the position of the maximum is given by:

( A V I L 8 )

and i t s value by:

2

Af = ! | L [ln(7r£r-) - 1 •ME*»] (AVII.9)
max 4IT V 4 T T R A U ' K V '

At a relative angular velocity of

the maximum finally reaches the outer wall and its height is reduced to zero,
so that a vortex line is free to move from the outer to the inner wall. From
the above calculations we can therefore conclude that a vortex transition
needed to reach an energetically more favourable value by changing the circu-
lation by one quantum from n into n+1 can not take place at lower angular ve-
locities than given by the "critical" angular velocity:

+ ^ (AVII.ll)

The free-energy barrier, preventing the attainment of the state of lowest
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free energy, not only appears in the case of a rotating annul us but for in-
stance also shows up in the case of a cylinder, as was calculated by Putter-
man '. The critical relative angular velocity above which the maximum disap-
pears has essentially the same value as given by eq. (AVII.10) for the annu-
lus, the slight difference being only the consequence of the use of another
core model. That two different geometries yield identical results is not a
coincidence, but is a consequence of the fact that the critical velocity is
determined by the local situation at the wall, the local velocities determin-
ing whether the attraction between the vortex and its image in the wall, which
is the cause of the free-energy maximum, will be overcome. Eq.(AVII.1O) can
therefore better be converted to the form that gives the critical relative
velocity between superfluid and normal component, yielding an expression that
applies to all possible geometries:

- vs>cr

Finally it should be remarked that the above discussion differs in some
of its conclusions from Fetters discussion, though both are based on the same
expression for the free energy.
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S A M E N V A T T I N G .

Dit proefschrift is het verslag van een reeks onderzoekingen naar de ei-
genschappen van de bewegende He-II film met als centraal thema het onderzoek
naar het mogelijke bestaan van een persisterende stroom, d.w.z. een stroming
in een gesloten circuit waarvan de snelheid niet verandert in de tijd. Hoewel
het bestaan van zo'n stroom door de theorie voorspeld wordt, was men er in
een aantal experimenten niet in geslaagd een persisterende stroom waar te ne-
men in de heliumfilm. Anderzijds hadden soortgelijke experimenten wel succes
als ze uitgevoerd werden in capillairen, die gevuld waren met een dik opeen-
gepakt poeder, waartussen zich het vloeibare helium bevond. Teneinde de oor-
zaken van deze tegenstelling te onderzoeken werd door ons een serie experi-
menten opgezet, waarin een groot aantal verschillende manieren om dergelijke
stromen in deheliumfilm te maken en te detecteren werden beproefd.. Tn dit proef-
schrift worden de opzet en de uitkomsten van deze experimenten beschreven. Na
een inleidend hoofdstuk, waarin zowel de basistheorie als een algemene be-
schrijving van de gebruikte meettechniek worden gegeven, wordt in hoofdstuk 2
het merendeel van de experimenten op dit gebied beschreven. In tegenstelling
tot de eerder genoemde negatieve resultaten leverden deze experimenten veel
succes op. Het bleek mogelijk om met alle geteste methoden persisterende stro-
men te creëren en ook waar te nemen. M.b.v. de in dit hoofdstuk besproken de-
tectiemetnoden kon al geconcludeerd worden dat een eventuele uitdemping van
de stroom beneden een zeer lage waarde moest liggen.

Teneinde de nauwkeurigheid van de waarnemingen nog te vergroten en om
een nieuwe, elegante waarnemingsmethode, die elders al met succes was toege-
past, ook in ons apparaat te testen, werd deze detectiemethode aangepast aan
onze experimentele omstandigheden. Bij deze methode wordt gebruik gemaakt van
het Doppler effect op de voortplantingssnelheid van derde-gel ui ds pulsen. Der-
de geluid is het speciale type oppervlaktegolf, dat voorkomt op de He-II film.
M.b.t. dit golfverschijnsel zijn in het verleden al vele experimenten gedaan,
maar deze betroffen in alle gevallen golven met kleine golflengte. Aangezien
in ons geval het gebruik van zeer grote pulslengtes vereist was, werd hiermee
een nieuw onderzoeksgebied betreden. Hoofdstuk 3 beschrijft de uitkomsten van
onze experimenten met de lange derde-geluids pulsen. Hierbij bleek het belang-
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rijkste verschil met de korte-golf experimenten te liggen in de nu veel ge-
ringere demping. Bij nadere beschouwing bleken deze lage dempingswaarden ech-
ter niet in tegenspraak te zijn met de theorie en zelfs nog hoger te liggen
dan kon worden berekend met enkele benaderende methoden. Aangezien voor het
merendeel van de korte-golf experimenten hetzelfde gold en mede omdat een com-
plete theoretische beschrijving, geldig voor het gehele golflengtegebied, voor
derde geluid nog niet bestond, werd door ons een dergelijke theorie opgesteld
in de hoop de gevonden waarden van de demping te kunnen verklaren. Hoewel de-
ze doelstelling niet gerealiseerd kon worden, heeft de complete thermohydro-
dynamische beschrijving van het verschijnsel derde geluid zoals gegeven in
hoofdstuk 4, het begrip van allerlei verschillende aspecten van deze golfvorm
toch aanzienlijk verdiept. Gezien de compleetheid van de theorie kan gecon-
cludeerd worden dat naast de thermohydrodynamische demping een ander, nog on-
bekend dempingsmechanisme werkzaam moet zijn, dat verantwoordelijk is voor de
experimentele resultaten.

De analyse van de derde-geluids pulsen leverde ook nog een extra resul-
taat op. Het bleek namelijk mogelijk de filmstroming te beschrijven als de
superpositie van twee lange derde-geluids pulsen van tegengesteld teken die
zich voortplanten in tegengestelde richting. Zoals aangegeven in hoofdstuk 5
wierp dit model een geheel nieuw en verhelderend licht op de stroming van de
heliumfilm, terwijl bovendien een correcte beschrijving werd verkregen van en-
kele retardatie effecten, die slechts moeizaam op andere wijze verklaard kun-
nen worden.

In hoofdstuk 6 wordt het centrale thema persisterende stroom weer opge-
vat. De resultaten van de toepassing van de derde-geluids techniek worden hier
gegeven, waarbij het mogelijk bleek de conclusies betreffende de persistentie
van kringstromen in de He-.II film nog te verscherpen. Tot besluit van dit
proefschrift wordt in hoofdstuk 7 een overzicht gegeven van de huidige stand
van zaken m.b.t. het verschijnsel persisterende stroom, waarbij wordt aange-
geven waar nog onopgeloste problemen liggen en wat daarvan het verband is met
enige andere onopgeloste vraagstukken m.b.t. de beschrijving van He II.
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S T E L L I N G E N .

1. Een Atkinsoscillatie in de verzadigde He-I I f i lm kan ook worden beschreven

als een resonantieverschijnsel van het derde geluid. Op deze wijze kan al

in een eerste orde berekening een redelijke kwantitatieve verklaring wor-

den gegeven van de afwijking van het Kontorovich effect die door Van

Spronsen et a l . werd gevonden b i j hun analyse van de waargenomen Atkinsos-

c i l l a t ies in een 20Ü m lang capi l la i r .

E. van Spronsen, H.J. Verbeek, H. van Beelen, R. de Bruyn Ouboter en

K.W. Taaonis, Physiaa 77J1974) 570.

2. De transversale ordening van kernspins zoals waargenomendoor Marks et al.kan

worden opgevat als "locking" van de kernspins door hun eigen dipolaire

veld.

J. Marks, W.Th. Wenakebaah en N.J. Poulis, Isimr-Ampère Congres,

Delft, 1980.

3. De overeenstemming tussen experiment en theorie, die Matsushita et a l . v in-

den voor de volume-pinkracht op het fluxdradenrooster van een supergeleider

van de tweede soort in de mengtoestand, berust op een verkeerde aanname b i j

het bepalen van de elasticiteitsmoduius van d i t rooster.

T. Matsushita, T. Tanaka en K. Yamafuji, J. Phys. Soa. Japan 46_

(1979)756.

4. Het verdient aanbeveling de isotherme stromingsmetingen van He I I in zeer

lange capil lairen ui t te breiden met metingen waarbij warmtetransport en

massatransport onafhankelijk van elkaar kunnen worden ingesteld.

A. Hartoog, proefsehrift, Leiden, 1979.

5. Recente metingen van de supergeleidende overgangstemperatuur van Nb-prepara-

ten doen vermoeden dat deze temperatuur in de toekomst bruikbaar zal kunnen

z i jn als referentiepunt in de thermometrie. Het verdient aanbeveling deze

mogelijkheid nader te onderzoeken.

A. ïndba, Comité Consultatif de Thermometrie, ld3 Session, 1980,

Document CCT/80-20.



6. Bij het zoeken naar een verklaring voor de verschillen tussen de door

Brubaker et al . en De Voogt et a l . m.b.v. pulstechnieken bepaalde waarden

voor de voortplantingssnelheid van het tweede geluid in verdunde He- He

mengsels, verdient het aanbeveling te onderzoeken of de gemeten waarden

beïnvloed zijn door de wijzen waarop deze pulsen zijn gegenereerd.

N.R. Brubaker, D.O. Edwards, R.E. Savwinski, P. Seligman en R.A.

Sherlock, J. Low Temp. Phys. 3(1970)619;

W.J.P. de Voogt en H.C. Kramers, Physiaa 848(1976)328.

7. Bij de verklaring van transversale protonspin-relaxatietijden in paramag-

netische kristallen dient rekening te worden gehouden met een mogelijke in-

vloed van indirecte kernspin-kernspin interactie.

8. De conclusie van Raizman et a l . , dat hun ESR metingen aan enkele thermisch

verschillend behandelde Au-Er legeringen aantonen dat een warmtebehande-

ling tot segregaties van Er-ionen op dislocaties l e idt , i s aanvechtbaar.

A. Raizman, J.T. Sues, D.N. Seidman, D. Shaltiel, V. Zevin en E.

Orbaah, J. Appl. Phys. 50(1979)7735.

9. Bij een gedetailleerde analyse van de stromingsverschijnselen in de onver-

zadigde He-II film In lange capiilairen moet rekening worden gehouden met

de eindige voortplantingssnelheid van derde-geluids signalen. Een beschrij-

ving analoog aan het model voor de verzadigde film gegeven in hoofdstuk 5

van dit proefschrift kan daarbij van nut z i jn.

H.J. Verbeek Leiden, 8 oktober 1980



S L O T W O O R D .

Vele personen hebben een bijdrage geleverd aan het tot stand komen van

dit proefschrift. Van hen wil ik een aantal met name noemen. De constructie

van de vitale glazen onderdelen van de diverse toestellen werd op vakkundige

wijze verzorgd door de heer P.J.M. Vreeburg. Voor het vervaardigen van de

glazen spiralen ben ik het Rijkszuivelstation te Leiden veel dank verschul-

digd, met name de heer M. Karruppannan. De vervaardiging van het metaal-tech-

nische gedeelte van de toestellen alsmede van de omringende opstelling was

in handen van de heren G. Vis en A.J.J. Kuyt. Bij het uitvoeren van de expe-

rimenten werd ik achtereenvolgens geassisteerd door de heer H. Mars, Drs.N.K.

Arsala en Drs. R.H.P. Kleiss. De heren J.D. Sprong, J.A.Th, van Schooten en

J. de Vink zorgden voor de voorziening met vloeibaar helium. De tekeninaen

in dit proefschrift zijn vervaardigd door de heren L. Gijsman, J. Bij en W.F.

Tegel aar. Het typewerk werd verzorgd door mevr. M.G. de Jong - v.d. Meijde.
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