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STELLINGEN

1. De methode d ie  Hensel toepast te r  bepaling van de laagste roo s te r-

temperatuur in  de kerndemagnetisatie-experimenten, is  onbetrouwbaar.
P. Hensel, d is s e r ta t ie ,  Oxford, 1972.

2. B ij de in te rp re ta t ie  van Cade's experimentele resu lta ten  te r  bepaling van

de ontsnappingsfrequentie  van p o s itie ve  ionen u i t  vortexringen in He I I ,
is  het raadzaam rekening te houden met de m ogelijkhe id  dat de focussering

van deze vo rtexringen  kan afhangen van de temperatuur en de spannings­
v e rs c h ille n  tussen de rooste rs .

A.G. Cade, Phys. Rev. Le tte rs  _1j> (1965) 238.

3. B ij de toe ts ing  van de r ic h tin g s a fh a n k e lijk h e id  van de EPR-1ijnbreedte
b i j  halve in te n s ite i t  aan de th e o rie , is  door Adams e .a . ten onrechte

veronderste ld dat de verhouding tussen deze lijn b re e d te  en de zogeheten
p ie k -p ie k -1 ijn b re e d te  konstant is .

R. Adams, R. Gaura, R. Raczkowski en G. Kokoszka,
Phys. Le tte rs  49A (1974) 11.

4. Gezien de plannen voor het invoeren van een nieuwe temperatuurschaai

gebaseerd op de dampspanningsrelatie van v loe ibaar ^He tussen 0,5 K en

3,3 K, is  het gewenst het verband tussen de dampspanning en de temperatuur
in het gebied van 0,5 K to t  1 K opnieuw te bepalen met behulp van een
magnetische thermometer.

Traveaux du Comité C o n s u lta tif de Thermométrie, 10= Session
(Sèvres), 1974.

5 . De b esch rijv ing  die Mooij gee ft van de werking van een symmetrisch
dubbelkontakt van zwak-gekoppelde supergeleiders in  de g e lijk s tro o m -
toestand, is  o n ju is t .

J.E. M ooij, Ned. T ijd s c h r. Natuurk. 07 (1975) 79-



6. B i j  het onderzoek naar de inv loed  van magnetische velden op de thermo-

d i f f u s i e  van gassen, kan men in  één to e s te l  zowel de oneven c o ë f f i c ië n t
p trans vgn de t hermoc| j f f us j e tensor a ) s jg  even c o ë f f i c i ë n t  (D^ -  D̂ lj

meten door een j u i s t e  keuze van de o r ië n ta t ie s  van het magnetische ve ld

ten opz ich te  van het to e s te l .

G.E.J. Eggermont, P. Oudeman en L .J .F .  Hermans,

Phys. L e t te rs  £0A (1974) 173-

7. B i j  een bombardement van vaste s to f fe n  met zware ionen wordt waargenomen

dat de fo tonem iss ie  van atomen en ionen een v e rg e l i j k b a re  i n t e n s i t e i t

h e e f t .  D i t  f e i t  wordt door Jensen en Veje toegeschreven aan het spu tte ren

van molekulen in een p re d is s o c ia t ie v e  toestand. Deze v e rg e l i jk b a re  in te n ­

s i t e i t e n  kunnen e ch te r  ook onts taan door de inv loed van s t ra l in g s lo z e

d e ë x c i ta t ie  op de gesputte rde  atomen en ionen.

K. Jensen en E. Ve je , Z. Phys ik  269 (1974) 293.

8. De v i s c o s i t e i t  van He I I in he t temperatuurgebied v la k  onder het lambda-

punt, kan worden bepaald door de w armtegele id ing van deze heliumfase in

een bundel van ve le ,  zeer nauwe c a p i l l a i r e n  met bekende geometrie te  meten.

9. De d i r e c te ,  p o la ro g ra f is c h e  bepa ling  van diazepam in bloed, zoals gedaan

is  door F ide lus  e . a . ,  is  te  ongevoelig  om van enig p ra k t is ch  nut te  z i j n . S f

J. F id e lu s ,  M. Z ie te k ,  A. M iko la je k  en Z. Grochowska,

M ikroch im ika Acta (Wien) 1972, 84.

10. Het is  w e n s e l i jk  de natuurkunde a f z o n d e r l i j k  in  het le s ro o s te r  van de

basisschool te  vermelden, teneinde d i t  vak daar nog enigermate t o t  z i j n  ■

rech t te  la ten  komen.

11. U itspraken over b i jv o o rb e e ld  het negatieve e f f e c t  van o ra le  con tra ce p t ie *  ,

z i j n  z in lo o s  zolang e r  geen betrouwbare gegevens z i j n  verzameld over het

vóórkomen van l ic h a m e l i jk e  en psychische k lach ten  b i j  de po p u la t ie  van

gezonde Nederlandse vrouwen in de f e r t i e l e  l e e f t i j d .

P.A.J.M. van Noort,  d o c to r a a ls c r ip t i e ,  Leiden, 1973.



12. Het is aan te bevelen dat de ins te llingen  voor wetenschappelijk
onderwijs in Nederland grotere aandacht geven aan de geschiedenis
der natuurwetenschappen.

E. van Spronsen Leiden, A jun i 1975
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INTRODUCTION

AWhen liquid He is cooled below the lambda temperature of 2.17 K a
dramatic change in the properties of the liquid is observed. The most striking
property of this liquid phase, which is called He II, is the ability to flow
with practically no resistance through very narrow capillaries. A mass of
experimental data culminated in a macroscopic phenomenological description of
He II known as the two fluid model1»2. In this model, He II consists of
two components: the normal component, behaving like an ordinary fluid, and
the superfluid component, responsible for the extraordinary behaviour of He II.
The hydrodynamica! behaviour of these two components in the nondissipative
velocity region is given by the Landau equations5.

In this thesis, a remarkable phenomenon of He II is studied, i.e. the
He II film. Such a film is formed on the walls above the bulk liquid contained
in a vessel, as was already discovered in the early days of He II research4»5.
This film is highly mobile, due to the flow properties of the superfluid
component. The thickness of the film not only depends on the height above the
bulk liquid, but also on the Van der Waals forces exerted by the solid substrate
and on the contamination of this surface. Especially this latter factor can
cause spurious results in film experiments. Nevertheless, there are advantages
in studying He II by examining the film. Firstly there is the possibility of
obtaining in a well determined geometry large superfluid velocities, of the
order of 30 cm/s, without noticeable dissipation. Furthermore, the inter­
pretation of the results is simplified by the fact that, due to the viscous
force, the norma) component is clamped to the wail of the solid substrate in a
thin layer a few hundred Sngstroms thick.

If the Landau equations are adequate to describe the hydrodynamica!
behaviour of the film, they are still not sufficient to describe the film
completely. As the film is in contact with its vapour, equilibrium conditions
between liquid and vapour should also be included. For bulk He 11, these
conditions are derived by Putterman and Uhlenbeck6. A priori, there seems to be
no reason to doubt the validity of the Landau equations, as well as these
equilibrium conditions for the description of the film.

However, there are some experimental results which appear to be
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contradictory to such a description, in other words it seems that the behaviour
of the film is basically different from that of bulk liquid. First, there is the
experiment of Keller7, who found no difference in thickness between a moving
film and a static one. According to the Landau equations and the vapour-
-liquid equilibrium conditions, the moving film should be thinner, as was first
shown by Kontorovich®.

Secondly, there is the experiment of Little and Atkins9, in which the
meniscus of a rotating film was studied and a temperature-dependent meniscus
found. This result is consistent with the theory in the case that in the film,
unlike the bulk, only the normal component participates in the rotation. It is
however not at all obvious why their statement should be fulfilled that a
regular array of vortices cannot be formed in the film as is the case in the
bulk, where it leads to a classical temperature-independent meniscus. Further­
more, one can raise objections against their experimental arrangement. For
instance, they determined the change in film thickness on the rotation axis,
where the velocities of both the superfluid- and normal component are zero,
so that at first sight no change at all should be expected.

The third group of experiments, pointing towards a deviating behaviour
of the film, is concerned with the apparent impossibility to create persistent
flow in a saturated film, i.e. in a film in contact with bulk liquid .

In order to explain the different behaviour of the film, additional
conditions were conjectured by several authors.

This thesis is concerned with the investigation of this possible difference
between bulk- and film behaviour. Mainly the first two types of experiments,
namely the Kontorovich effect and the shrunken meniscus, are discussed. For
the experiments a new technique was used. In chapter I, measurements on the
static film thickness illustrate this new technique. Chapter II describes
measurements on the film thinning for different types of flow. The last chapter
deals with the rotating He II film in different geometries. Also some attempts
to establish persistent flow in a film are described. The recent successful
methods to create and detect persistent currents in a saturated He II film by
the Leiden group®7»l® will not be treated in this thesis.
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CHAPTER I

THICKNESS OF A STATIC FILM

1. Introduction

Soon a f t e r  the discovery o f  the f i lm  by Roll in 1, explaining the
Kamerlingh Onnes e f f e c t2 , and the experiments o f Daunt and Mendelssohn3 and

Kikoin and Lasarew4 , the f i r s t  theoretica l treatments were given by Frenkel5

and S c h if f6 . In these theories , the surface o f a s ta t ic  f i lm  in equilibrium

with bulk l iq u id  is an equipotentia l surface determined by the g ra v ita t io n a l-

and Van der Waals forces, y ie ld ing  the re la t io n  fo r  the thickness 6:

with z the height above the bulk 1 iquid and y 3 constant determining the strength

of the Van der Waals forces between solid  substrate and helium. Several

authors7" 13 refined the theory by including other e f fe c ts ,  as fo r  instance the
zero point energy, leading to modification of the Van der Waals potentia l in

eq. (1 ) .  In order to check the d i f fe re n t  theories, i t  is necessary to measure

the thickness as a function of the height above the bulk l iq u id .  A range of

experimental methods has been used. There is the o s c i l la t io n  technique used by

Atkins14, the adsorption isotherm measurements o f Bowers15, Evenson e t  a Z . 16

and Herb e t  a Z . 1 7 , and the optica l e l l ip to m etry  technique of Jackson and

co-workers18"22 and Hemming23. Measurements of the change in the resonance
frequency of a quartz crystal owing to the mass loading by the helium f i lm  have

been done by Chester e t  a l . i k . Recently Sabisky and Anderson25 made very
accurate measurements of the thickness on atomically f l a t  regions using high

frequency f i r s t “Sound resonances. They find an exceptionally good agreement

with the L i fs h i tz  formula12. This re la t io n  predicts a z 1/3 dependence fo r

small thickness (eq. (1 ) )  and, due to retardation e f fe c ts ,  a t ran s it io n  to a

law fo r  large thickness o f  the f i lm  (see f i g .  1).

10



•  o EXPERIMENTAL DATA
—  LIFSH ITZ THEORY

d FILM THICKNESS (A)

Fig. 1 The th ickn ess  o f  the f i lm  as a fu n c tio n  o f  the h e ig h t above
the b u lk , as determined, by Sabisky and Anderson. The f u l l
l in e  i s  the th e o r e tic a l  curve corresponding to  the
L i f s h i t z  form ula.

Comparing the r e s u l t s  obtained by d i f f e r e n t  methods and for  d i f f e r e n t
s u b s t r a t e s ,  a r a th er  large  v a r ia t i o n  is found, probably due to surface
roughness of  the so l i d  su b s t r a te s  involved.

The purpose of  t h i s  chapter  is  merely to i l l u s t r a t e  a new measuring
technique for  changes in thickness  of  the s a tura t ed  He II f i lm used in the
f u r th e r  experiments t r ea te d  in t h i s  t h e s i s .  The present  ana lys i s  wi l l  the refo re
be r e s t r i c t e d  to t e s t  the inverse cube law given by eq. (1).

11



2 . The apparatus

A schematic drawing of the apparatus is shown in f ig . 2a. A hollow pyrex
disc D (inner diameter 8.00 cm) is connected to a pyrex standpipe C (inner
diameter 0.020 cm) by a fle x ib le  cap illa ry  S (length 2U cm, inner diameter
0.035 cm). The standpipe is mounted r ig id ly  on a fixed sheet of perspex. A

b\\\\\\\\\\\\\\\\\V \V N \\ v -I

Bulk Liquid —

?5Q cm

BOO cm

Fig. 2 Schematic drawing o f the apparatus (a) and the hollow
disc (b). For symbols, see text.
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micrometer M on the top of the cryostat can be used to displace the disc in
the vertical direction over distances up to 15 cm. The coil S is also made
of pyrex, so that the whole system is made of the same material.

The geometry of the hollow disc is shown in fig. 2b; an additional disc
between top and bottom was installed to enlarge the total inner surface area.
Utmost care was taken to keep the glass surface as smooth as possible by flame
polishing the surface.

To eliminate the influence of radiation on the film thickness, the entire
outer surface of disc and coil was painted black, using aquadag. To reduce the
radiation from the top of the cryostat, the shields RS^ and RS. were installed.

The method of measuring changes in film thickness is rather simple, and
can be nicely illustrated by means of the present apparatus. A fixed amount
of helium gas is sealed off in the system, i.e. the hollow disc, the coil, and
the standpipe. This is done through the filling tube A on top of the disc, so
that the important parts of the system are not affected whenever a refill is
needed. The amount of mass is chosen in such a way that in a desired temperature
region below T^, bulk liquid is condensed in the standpipe, the rest of the
system then being covered by a saturated film.

If the temperature is kept constant, the amount of vapour and therefore
also of liquid is constant, so that changes in film thickness cause a correspon­
ding change in the amount of bulk liquid. By taking a large surface 0, covered
with film (in this apparatus, effectively the inner surfaces of the hollow
disc), small changes in thickness can be transformed into an appreciable change
in film volume. By taking the cross-sectional area of the standpipe 0^ small,
this change in film volume causes a change in the height of the bulk level,
which can easily be measured, in this case with a cathetometer (accuracy about
10 cm). The obvious disadvantage which this method shares with most other
methods is the fact that it measures an average change in thickness instead of
a local change. However, it enables research on the helium film by monitoring
bulk liquid levels, which is rather easy compared with other techniques.

The accuracy of the measurements of the change in thickness depends of
course on the ratio 0,/0 , which for this apparatus is about 6 x 10^, yieldings _
a change in bulk level of 6 x 10 J cm if A6 - 1 A.

3- Experimental results

The whole system is immersed in a helium bath the temperature of which is
~k -5kept constant wi th i n 10 -10 K. The height of a fixed point on the disc and

13



the h e igh t  o f  the bu lk  leve l  are measured w i th  respect to  an a r b i t r a r y  re ference

p o in t .  The d is c  is  then lowered over some known d is tance  by the micrometer and

the h e ig h t  z o f  the bu lk  is  measured aga in . Th is  procedure is  repeated as long

as p o ss ib le .  An example o f  such a measuring run is  shown in f i g .  3- In th i s

f ig u r e  h^ is  the h e igh t  o f  the midd le  o f  the d isc  above the re ference p o in t .

As the to t a l  amount o f  l i q u i d  is  cons tan t ,  the fo l lo w in g  equation ho lds:

6 dO + 0 z = constant . (2)

j ° f
In O p one should a lso  inc lude  the su rface  o f  the c o i l ,  the su rface  o f  the

f i l l i n g  tube, and the connections where the d i f f e r e n t  pa rts  o f  the g lass system

are fused to g e th e r .  I f ,  f o r  s i m p l i c i t y ,  we f i r s t  neg lec t a l l  these surfaces

c o n t r ib u t in g  to  the f i l m  volume and assume the same Van der Waals constan t y f o r

a l l  surfaces o f  the d is c ,  using eq. (1 ) ,  eq. (2) can be w r i t t e n  as:

k (h
J ojisc

z f 1/3 dO + 0gz = constant , (3)

w i th  k = ( y / g ) 1^3 . By w r i t i n g  the conse rva t ion  o f  l i q u id  in th i s  way, the

feedback e f f e c t  on the f i l m  th ickness  due to  a change in z is  taken in to  account

a u to m a t ic a l ly .  The s im p les t  way to  check the inverse cube law is to  neg lec t the

small d i f fe re n c e s  in he igh t  o f  the su rfaces in the ho l low  d is c ,  and to  replace

in  eq. (3) the v a r ia b le  h by the  cons tan t hm defined e a r l i e r .  Eq. (3) is  then

s im p l i f i e d  to

o * “ c (h -f  m
■1/3 0 zs

*  /
constan t w

From eq. (4) i t  fo l lo w s  th a t  the s lope o f  the s t r a ig h t  l i n e  ob ta ined when

(h^ -  z) ' ^ 3 is  p lo t te d  a g a ins t  z is  g iven by - k  0 ^ 'SC/ 0 s . Of course, the

approx im ation  used to  o b ta in  eq. (4) becomes worse, the sm a l le r  h^ -  z. F ig .  4

shows the re s u l ts  f o r  d i f f e r e n t  temperatures, and indeed f o r  not too small

values o f  h -  z the data f i t  n ic e ly  on a s t r a ig h t  l i n e .  The la rge  s h i f t  in
m

the h e igh t  o f  the bu lk  above the re ference p o in t  a t  cons tant hm -  z can be

accounted f o r  by the v a r ia t i o n  o f  the sa tu ra ted  vapour pressure w i th  temperature.

Note th a t  even i f  h -  z is  the same f o r  d i f f e r e n t  temperatures, the geometry
m

is  no t e x a c t ly  the same, namely the p o s i t io n  o f  the f l e x i b l e  c o i l  is  d i f f e r e n t .

There fore  a more accura te  method is  to  use eq. (2) w ith o u t  neg lec t in g  any o f

the su r faces . We have c a r r ie d  t h i s  o u t ,  using eq. (1) and eq. (2 ) ,  and assuming

14



T=1 283 K

^ ' 9- 3 The height o f the bulk liquid level z in the standpipe as a function o f the
height h^ — z o f the middle o f the hollow disc• The absolute values on the
ordinate are measured with respect to an arbitrary reference point.
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75.5 -

that again k (or y) is the same
for all surfaces. By a least squares
fit through the data, k is deter­
mined. For the temperature range
1.185 K _< T _< 1.283 K, the result
from the computer program is:
k = (3-7 ± 0.1) x 10'6 corf}, with
practically no temperature depen­
dence. The accuracy for each run
at a given temperature is 0.5%.
As the determination of k over a
wider temperature region requires
several refills of the system, this
rather lengthy procedure was not
carried out, being outside the
scope of this chapter, which is
only meant to illustrate this new
measuring technique. The data
obtained with this technique re­
produce very well, and the inter­
pretation is straightforward.
Although it appears that this
technique offers a simple method
of determining k values for dif­
ferent substrates, it will be shown
in the next section that hysteretic
effects can complicate the
measurements.

Fig. A The height of the bulk level (z) as a function of (hm - z)

for different temperatures. The reference point for z is the

same for all temperatures.

16



Height of the bulk liquid as a function of hm - z, showing hystere tic

behaviour. The arrows indicate the direction of the displacement of the

disc (raising , lowering +- ).



A. H y s te re t ic  e f f e c ts

A l l  data o f  se c t io n  3 were taken by lowering the d is c .  During the cooldown

to  the des ired  temperature, the d isc  was s i tu a te d  in i t s  h ighes t p o s i t io n .  On

reve rs ing  the d i r e c t io n  o f  d isp lacement from an a r b i t r a r y  h e ig h t ,  h y s te r e t i c

phenomena appear, as is  demonstrated by the curves BC and DE in f i g .  5. These

curves, c o n tra ry  to  the i n i t i a l  curves l i k e  AD, are themselves always re v e rs ib le .

In f i g .  6, some o f  the h y s te re s is  curves such as BC and DE obta ined a t  va r ious

temperatures are p lo t te d  in the same way as was done in  f i g .  4. As can be seen

from th i s  p l o t ,  the re s u l ts  f i t  n ic e ly  on p a r a l le l  s t r a ig h t  l in e s ,  even f o r  small

values o f  h -  z, in d ic a t in g  th a t  the d e v ia t io n  f o r  small h -  z in  f i g .  A
in / 1 \ c

cannot be a t t r i b u t e d  o n ly  to  the approximations used to  ob ta in  eq. (A). From

the occurrence o f  h y s te r e t i c  e f f e c t s ,  the small d e v ia t ion s  from the s t r a ig h t

l in e  f o r  la rge  h -  z in f i g .  A can a lso  be exp la ined . These d e v ia t ion s  a t  the

beginn ing o f  a measuring run can be a t t r i b u t e d  to  the fa c t  th a t  a f t e r  the c o o l ­

down, one s ta r t s  on a h y s te re s is  curve.
A p la u s ib le  exp lana t ion  f o r  th i s  i r r e v e r s ib le  behaviour can be found in

terms o f  c a p i l l a r y  fo rces  due to  small pores in the g lass su r face , present

desp i te  the utmost care taken to  avo id  them.
The presence o f  such pores leads to  d e v ia t io n s  from eq. (A ), due to  the

surface  tens ion  a  (a ;  0 .3  dyne/cm). Two mechanisms can be d is t in g u is h e d .

F i r s t l y ,  the f i l m  in  the pores w i l l  be th ic k e r  than the s t a t i c  f i l m  th i c k ­

ness <5 on the f l a t  su r face  a t  the same he igh t  above the bu lk .  The increase in

th ickness  due to  the sur face  tens ion  can be found by a reasoning s im i la r  to  th a t

g iven by Taconis26, bu t completing i t  by in c lu d in g  the Van der Waals fo rces .

The f i l m  th ickness  a t  a he igh t H above the bu lk  w i l l  increase by an amount d6

i f  the decrease in  su r face  energy is  la rg e r  than the increase in p o te n t ia l

energy due to  the g r a v i t a t i o n a l - a n d  the Van der Waals fo rces .  The to t a l  change

o f  energy per u n i t  leng th  o f  the pore corresponding to  the requ ired  mass t ra n s ­

fe r  from the b u lk  to  the f i l m  surface  in the pore is g iven by:

dE -  [2n(R -  <5)p (gH -  4 r )  -  2ircr]d6 , (5)

w i th  R the rad ius o f  the pore and p the d e n s i ty  o f  the l i q u i d .  From eq. (5 ) ,  i t

fo l lo w s  th a t  the th ickness  o f  the f f lm  w i l l  increase u n t i l  an e q u i l ib r iu m  value

6(5 > 6q) is  reached, obeying the r e la t i o n :

gH- J L --------2 _  . (6)
S 3  p(R -  6)
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•T-1.226K
♦ T* 1.252 K

Fig. 6 üya tere tic  curves fo r  d if fe re n t
temperatures, shewing the inverse cube law,
The curves BC and DE correspond to the curves
BC and DE in  f ig .  5.

Secondly, bulk formation in
the pore w il l occur when the bottom
of the pore is at a height Hg
above the bulk liq u id , obeying the
well-known equation fo r the
cap illa ry  rise:

PgHg = 2a/R . (7)

This also applies to the pores
orientated upside down, as is the
case in the top surfaces of the
hollow disc. This has been nicely
demonstrated by the experiments of
Dyba e t aZ.27.

However, both mechanisms
described above w il l behave rever­
s ib ly  upon raising or lowering of
the pores, i . e .  the disc. I t  is
true that the upside down pores
w ill show a small hysteresis due
to the tendency o f helium to s tick
to the walls (tensile  strength28).
But the pores w il l only remain
f i l le d  un til the height o f its
opening obeys eq. (7), implying a
rise over a distance of the order
of the depth o f the pore. I t  is
suggested however by the observed
hysteretic behaviour, that once the
pores are f i l le d ,  they do not empty
again upon raising the disc over
an appreciable height. This
situation can be realized i f  the
pores are bottle-shaped, because
then they do not empty u n til the
neck is at a height H„ given by
ecl- (7), replacing R by the smaller
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r ad ius  o f  the  neck,  r ,  r e s u i t i n g  in a h e ig h t  l a r g e r  than Hg. The occur rence

o f  t h i s  type of  pore seems rea so na b le ,  s in c e  the  g l a s s  s u r fa c e s  were flame

po l i  shed.
From th es e  remarks,  i t  fol lows t h a t  the  curves in f i g .  4 r e f l e c t  not  only

the  change in th i c k n es s  g iven by eq.  ( 1 ) ,  bu t  a l s o  the  change in f i lm th i c kn es s

due to  the  s u r f a c e  t e ns io n  (eq.  ( 6 ) ) ,  and the  f i l l i n g  o f  the pores wi th  l i q u i d .

The s lope  o f  the  cu rves  in f i g .  k i s  t h e r e f o r e  s t e e p e r  than would fo l low from

eq.  (1 ) .  The dec rea se  o f  the  s lope  on going to sm a l l e r  values  o f  h^ -  z can then

be a t t r i b u t e d  to  the  f a c t  t h a t  the  d i s t r i b u t i o n  o f  the  pore d iameter s  i s  such

t h a t  the  l i q u i d  r eq u i r ed  to f i l l  t he  pores  d e c r e a s e s ,  t he  l a r g e r  the  pores .

The b e s t  check o f  the inve r se  cube law and the  most r e l i a b l e  value  o f  k should

then be ob ta ine d  from the  a sym pto t i c  behaviour  f o r  small hm -  z ,  o r  r a t h e r ,  from

the  h y s t e r e s i s  cu rves  where the  amount o f  bulk 1 iquid in the pores does not

change.
The e x i s t e n c e  o f  pores  in the  g l a s s  s u r f a c e  wi th  v i s i b l e  d iamete r s  up to

a few microns has been d i r e c t l y  v e r i f i e d  by means o f  a microscope.  That  ha rd ly

any l a r g e r  pores  have been obse rved is  c o n s i s t e n t  wi th  the  ca re  taken in the

c o n s t r u c t i o n  o f  the hol low d i s c .  An independent  proof  t h a t  pores in the  g la s s

s u r f a c e  do co n t a in  a c o n s id e r a b l e  amount o f  l i q u i d  is  found from a c a l c u l a t i o n

o f  the  t o t a l  amount o f  hel ium in the  f i lm .  Th is  i s  done by s u b t r a c t i n g ,  a t  a

given t e mp era tu re ,  t he  amount o f  bulk l i q u i d  in the  s t a ndp ipe  and the  amount o f

vapour in the  known volume, from th e  t o t a l  amount o f  gas se a le d  o f f .  I t  t u rn s

o u t  t h a t  the  s o - c a l c u l a t e d  amount o f  l i q u i d  in the  f i lm is about  t h r e e  t imes

as  l a rg e  as would cor respond to  the  exper imen tal  values  o f  k , even when c a l ­

c u l a te d  from the  s t e e p e s t  s l op es  in f i g .  k and a t  l a rg e  values  o f  h^ -  z .  This

i n d i c a t e s  t h a t  in t h i s  a p p a r a tu s ,  a l a rg e  number o f  small pores  e x i s t ,  f i l l e d
wi th  l i q u i d  a t  a l l  t imes dur ing the  measur ing runs.  S u b s t i t u t i n g  in eq.  (7) the

l a r g e s t  va l ues  o f  h^ -  z (= 10 cm), i t  fo l lows  t h a t  the  s i g n i f i c a n t  r ad iu s  o f

th es e  pores  should be sm a l l e r  than 5 p.  From the  r e l a t i v e l y  small d i f f e r e n c e s

in k values  as determined from the  f i g s ,  k  and 6,  i t  can be concluded t h a t  only

small  number o f  l a r g e r  pores  (up to  50 p) a r e  p r e s e n t .  The h y s t e r e s i s  curves

in f i g .  6 y i e l d  a k va l ue  about  10$ lower as  determined from f i g .  4.
In o r d e r  to  o b ta in  f u r t h e r  sup por t  f o r  the  ideas  mentioned above,  two new

p ie ce s  o f  ap pa ra t u s  were c o n s t r u c te d  from the same m a te r i a l  ( schemat ic  drawings

a r e  shown in f i g .  7 ) .  To o b t a i n  a s i z e a b l e  number o f  l a rg e  por es ,  rough g la s s

s u r f a c e s ,  fused to g e t h e r  wi th  sha rp  r ims,  were used (7a ) .  Fur the rmore ,  l i t t l e

c a r e  was taken to  avoid con tamina t ion .  In f i g .  8a,  some examples o f  measurements
o f  the  i n i t i a l  curves  f o r  d i f f e r e n t  t emperatu res  a r e  shown. As expec ted ,  the
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Bulk Liquid

Fig. 7 Schematic draw ing o f  the  h o llo w  d is c  made to  en la rge  the

ir r e v e r s ib le  phenomena (a ) , schem atic draw ing o f  the  long

s p i r a l  c o n s tru c te d  to  e lim in a te  h y s te r e t ic  e f fe c ts  (b ) .

s lope is  la rg e r  in comparison w i th  the prev ious r e s u l t s ,  and obvious d e v ia t ion s

from the s t r a ig h t  l i n e  occur a lready  a t  a ra th e r  la rge  h -  z. F ig .  8b shows

several h y s te re s is  curves f o r  t h i s  apparatus. The inverse cube law appears to

be n ic e ly  obeyed, and the la rge  h y s te re s is  is  c l e a r l y  shown by t h e i r  much
sm a l le r  s lope.

The constan t k determined by the slope o f  the l in e s  in  f i g .  8b, a lthough

i t  is tw ice  as la rg e ,  is  comparable to  th a t  determined in the f i r s t  apparatus.

The d iscrepancy can probably be a t t r i b u t e d  to  an increase o f  the e f f e c t i v e  area
due to  the rougher su r face .

On the o th e r  hand, the t h i r d  apparatus, s ch e m a t ica l ly  drawn in  f i g .  7b,

was cons truc ted  in o rde r  to  e l im in a te  i r r e v e r s ib le  phenomena as much as p o ss ib le .

The apparatus co n s is ts  o f  a long c a p i l l a r y  ( le n g th  166 m, inner d iameter

0.035 cm) wound in to  a s p i r a l .  E xpe r im en ta l ly  i t  is  found th a t  indeed p r a c t i c a l l y

no h y s te re s is  occurs . A lthough the general behaviour is  again very  s im i l a r  to

th a t  o f  the o th e r  apparatus, d e ta i le d  re s u l ts  w i l l  not be g iven as an exact

c a lc u la t io n  o f  the th ickness  dependence cannot be c a r r ie d  o u t .  Th is is due to

the f a c t  th a t  in o rde r  to  o b ta in  a c lose  packing ( the  h e ig h t  a o f  the c o i l  is

kept as small as p o s s ib le ) ,  the d i s t r i b u t i o n  o f  the w indings over the h e igh t  a
is  not p re c is e ly  known.
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x T* 1.132 K
a T * 1 0 9 3  K
o  Ts 1 .105 K

♦ T« 1 .063  K
•  T* 1 .093  K
o  T s  1 .1 0 0  K
a  T s  1 .1 3 2  K
x T s  1 .165  K

_  i  / 7

Fig. 8 Dependence o f  z on (h — z) fo r  some i n i t i a l  curves
obtained fo r  the d isc  shown in  f ig .  7a (a), and some
h y8 tere tic  curves fo r  the same d isc  (b).
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5. Conclusion

The new technique presented in th is  chapter creates the p o s s ib i l i t y  o f
studying changes in f i lm  thickness o f  a saturated He I I  f i lm  by monitoring
bulk l iq u id  le v e l (s ) .  A r e l ia b le  check o f  the inverse cube law fo r  the f i lm

thickness is obtained, provided tha t the substrate is smooth, conta in ing none
or only very small pores (so tha t these pores w i l l  be f i l l e d  by l iq u id  a t  a l l
times during the measuring runs). For a rough substra te , conta in ing pores o f
r e la t iv e ly  large r a d i i ,  h ys te re t ic  e f fe c ts  do appear. However, fo r  the

h y s te re t ic  curves, the inverse cube law s t i l l  appears to  hold, and an e f fe c t iv e
value o f  k can be obta ined. This value o f  k is  not the in t r in s ic  value fo r  the
substrate m a te r ia l ,  since a rough surface leads to a f i lm  covering a not
exact ly  known surface area. These i r re v e rs ib le  e f fe c ts  can be p ra c t ic a l ly

e lim inated by using e.g. a long glass c a p i l la r y .  With a well-known d is t r ib u t io n
o f  the windings, such a system can be very su itab le  fo r  studying changes in

f i lm  thickness in He II o r in ^He- He mixtures below th e i r  lambda temperature.
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CHAPTER I I

THE THICKNESS OF A MOVING He II FILM, THE KONTOROVICH EFFECT

1. I n t r o d u c t i o n

K on to ro v i ch 1 d e r i v e d  from th e  Landau e q u a t i o n s  t h a t  a moving f i l m  i s

t h i n n e r  t han  a s t a t i c  one  by an amount

A6/6q -  -  i p s v^/3pgH . (1)

In t h i s  e x p r e s s i o n  6^ i s  t h e  s t a t i c  f i l m  t h i c k n e s s ,  vg t h e  s u p e r f l u i d  v e l o c i t y ,

and H t h e  h e i g h t  o f  t h e  f i l m  above t h e  b u lk  l i q u i d .  Measurement s o f  t h i s  t h i c k ­

n e s s  r e d u c t i o n  by K e l l e r 2 gave n e g a t i v e  r e s u l t s :  no change o f  f i l m  t h i c k n e s s
was o b s e r v e d .

In t h i s  c h a p t e r ,  e x p e r i m e n t s  a r e  p r e s e n t e d  t o  s t u d y  t h e  change in f i l m

t h i c k n e s s  c a use d  by a s u p e r f l u i d  v e l o c i t y .  The same t e c h n i q u e  i s  used as

d e s c r i b e d  in c h a p t e r  I .  The sy s t em c o n s i s t s  o f  a long g l a s s  c a p i l l a r y  c l o s e d

a t  bo th  ends  by s t a n d p i p e s  ( s e e  f i g .  1 ) .  The f i l m  i s  b ro u gh t  i n t o  o s c i l l a t o r y

mo t ion  by c r e a t i n g  a l ev e l  d i f f e r e n c e  between t h e  b u lk  l e v e l s  in t h e  s t a n d ­

p i p e s 3 . Th i s  o s c i l l a t i o n  w i l l  be c a l l e d  an " A t k i n s  o s c i l l a t i o n " ,  a s  A tk in s  was

th e  f i r s t  t o  s t u d y  t h i s  t y pe  o f  f i l m  m o t ion 1*. The A tk in s  o s c i l l a t i o n  i s  s t u d i e d

by m o n i to r i n g  t h e  bu lk  l e v e l s  in t h e  s t a n d p i p e s .  The Kon to rov i ch  e f f e c t  can  be

deduced d i r e c t l y  from th e  amount  o f  e x c e s s  l i q u i d  in t h e  s t a n d p i p e s  c aused  by

th e  t h i n n e r  f i l m when t h e  f i l m i s  moving a t  i t s  maximum v e l o c i t y  d u r i n g  t h e

o s c i l l a t i o n ,  s i n c e  t h e  t o t a l  amount  o f  l i q u i d  in f i l m and bu lk  i s  c o n s t a n t  i f
t h e  t e m p e r a t u r e  i s  c o n s t a n t .

In t h i s  c h a p t e r ,  a f u l l  d i s c u s s i o n  w i l l  be g iv en  o f  t h e  r e s u l t s  o b t a i n e d

in g l a s s  c a p i l l a r i e s  o f  d i f f e r e n t  l e n g t h s ,  r an g in g  up t o  200 m. A l so  measuremen ts

on t h e  Kon to rov i ch  e f f e c t  a r e  r e p o r t e d  f o r  which t h e  f l ow  i s  s t a t i o n a r y ,  which

i s ,  s t r i c t l y  s p e a k i n g ,  no t  t h e  c a s e  d u r i n g  an o s c i l l a t i o n .

In s e c t i o n  2 t h e  a p p a r a t u s  i s  d e s c r i b e d ,  in s e c t i o n  3 t h e  v a r i o u s
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F ig . 1 Schematic draining o f  the apparatus o f  type a and b (see te x t) .

experimental methods w i l l  be d iscussed. The A tk in s  o s c i l l a t i o n  i t s e l f ,  igno r ing

changes in  f i l m  th ickness ,  is  d iscussed in sec t ion  4. Changes in f i l m  th ickness ,

such as the Kontorovich e f f e c t ,  but a lso  the th i rd -so u nd  waves which accompany

the A tk in s  o s c i l l a t i o n ,  are t re a te d  in sec t ion  5. F in a l l y ,  in sec t ion  6, a

survey o f  the experimental r e s u l ts  is  g iven , and i t  is  shown how the Kontorovich

e f f e c t  is  deduced from these re s u l t s .
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2 . The apparatus

In a l l  the experiments, a long and narrow glass c a p illa ry  wound in to  a
sp ira l is used. The c a p illa ry  is closed at both ends by ve rtica l standpipes
(see f ig .  1). In table 1, the charac te ris tics  o f the d iffe re n t co ils  are given.

TABLE 1

CHARACTERISTICS OF THE APPARATUS

Type o f
apparatus

Length o f  the
c a p i l la r y  (in)

Inner d iam eter o f
the cap! 1 ia ry  (cm)

Inner d iam eter
standpipes (cm)

Winding rad ius
o f  the c o ils  (cm)

Height o f  the
c o ils  a (cm)

s p ira l A s p ira l B dA dB " a "o

1 21 ■- .036 - .036 3 . 0 - 5
2 166 .035 .036 6.0 - 5

1 120 2 ■ 033 .04 .033 5 . 0 3 . 0 A
2 100 100 .027 .027 .025 7 . 0 6.0 1.8

The ca p illa r ie s  are f i l le d  w ith a certa in  amount o f pure He gas, which is sealed
o f f  a t liqu id -n itrogen  temperature. The amount o f helium is chosen in such a
way that when the sp ira ls  are cooled down to a temperature below the lambda point
o f He, bulk liq u id  is formed a t the lowest parts o f the s p ira l,  p a r t ia lly  f i l ­
ling  the standpipes, while the inner wall o f the c a p illa ry  is covered over its
whole length by a saturated He f ilm . Loss o f He due to d iffu s io n  through the
th in  glass wall o f the c a p illa ry  (pyrex o f 0.025 cm w a ll) can be prevented
by storing  the sp ira ls  a t low temperature.

Although the measurements are carried out w ith the whole system immersed
in the He bath, complications due to unwanted temperature differences can s t i l l
arise due to rad ia tion . For th is  reason the brass shield S-, painted black on
the inside, surrounds the c o il.  To reduce the rad ia tion from the top o f the
cryosta t, the extra shields S2 and S, are in s ta lle d .

The film  is brought in to  motion by a ve rtica l displacement o f the stand­
pipes, which is accomplished by means o f a mechanical device D outside the
cryosta t, connected to the standpipes by sta in less steel tubes (T ). The liq u id
levels in the standpipes are monitored using a cathetometer.

In the e a r lie r  experiments ( f ig .  la ) ,  only one o f the standpipes could be
displaced by the mechanical system. This has the obvious disadvantage tha t,
upon each displacement, the averaged height o f the f ilm  above the liq u id  levels
in the standpipes undergoes a corresponding change. In the la te r experiments
( f ig .  1b), th is  disadvantage has been removed, both standpipes are displaced
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s im u ltaneous ly  by the same amount, bu t in  oppos ite  d i r e c t io n s .  Moreover, in

the f i n a l  arrangement, two s p i r a ls  A and B, o f  the same length and inner

d iameter were used in s e r ie s ,  and a t  the same h e ig h t  above the bu lk  l iq u i d .  In

th i s  way com p l ica t ions  due to  the inhe ren t asymmetry o f  a s in g le  s p i ra l  are

e l im in a te d .  Th is  asymmetry re s u l ts  in  a d i f fe re n c e  between the amplitude in

both standpipes (see f i g .  3b ) ,  due to  the d i f fe re n c e  in  he igh t o f  the ou te r

w ind ings a t  both ends o f  the c o i l  above the nearest bu lk  l iq u i d .

3. Experimental methods

The whole system is  immersed in  the He bath . The temperature o f  the bath

is  ad jus ted  to  the des ired  va lue , which is  kept cons tan t to  w i t h in  10 K. The

f i r s t  experiment, using a c a p i l l a r y  o f  on ly  21 m leng th ,  was c a r r ie d  out in

o rd e r  to  in v e s t ig a te  whether s u p e r f l u i d i t y  would extend in a th in  f i l m  over

d is tances  o f  th i s  o rde r  o f  magnitude. Th is  proved to  be the case and the expec­

ted A tk in s  o s c i l l a t i o n  cou ld  indeed be generated. Due to  the com para tive ly

s h o r t  leng th  o f  the c a p i l l a r y ,  the amount o f  excess l i q u id  in the standpipes

prov ided by the Kontorovich th in n in g  is  too small to  be measured w i th  s u f f i c i e n t

accuracy. In o rde r  to  increase the s e n s i t i v i t y ,  the measurements were extended

to  a c a p i l l a r y  o f  166 m leng th . The aim was to  generate an A tk ins  o s c i l l a t i o n ,

and to  deduce the Kontorovich e f f e c t  from a comparison o f  the amount o f  l i q u id

in  the standpipes a t  the moment dur ing  the o s c i l l a t i o n  when the f i l m  is  a t  re s t ,

w i th  the amount when the f i l m  moves a t  maximum v e lo c i t y .  However, i t  w i l l  be

shown in se c t io n  5 th a t ,  due to  the nons ta t iona ry  cha rac te r  o f  the A tk ins

o s c i l l a t i o n ,  t h i s  method is  in c o r re c t .  The Kontorovich e f f e c t  should be deduced

from a comparison o f  the th ickness  a t  maximum v e lo c i t y  w i th  the th ickness  before

the A tk ins  o s c i l l a t i o n  is  s ta r te d ,  i.e. when the f i l m  is  com ple te ly  a t  re s t .

In p ra c t ic e ,  i t  proved to  be d i f f i c u l t  to  c a r ry  ou t t h i s  l a t t e r  procedure in the

present apparatus. In th i s  long c a p i l l a r y ,  almost undamped a d d i t io n a l  leve l

o s c i l l a t i o n s  always appear to  be p resent. These o s c i l l a t i o n s  w i l l  be i d e n t i f i e d

as s tand ing  t h i r d ” sound waves in sec t ion  5«
One o f  the methods to  reduce the am plitude o f  these a d d i t io n a l  o s c i l l a t i o n s

is  to  use a s h o r te r  c a p i l l a r y .  The loss o f  s e n s i t i v i t y  can be compensated by

a l lo w in g  f o r  a sm a l le r  H (eq. ( 1 ) ) .  This could not be accomplished w i th  the

c a p i l l a r y  o f  166 m, due to  the f a c t  th a t  one o f  the standpipes was connected to

the c a p i l l a r y  some d is tance  below the lowest w ind ing o f  the c o i l .  As a t  such a

connection  the d iameter is  nonuniform, measurements f o r  small H are p ro h ib i te d .

The 120 m c a p i l l a r y  was th e re fo re  cons tru c te d ,  on which the e a r l i e r  reported
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re s u l ts  on the Kontorovich e f f e c t  are ob ta ined3. Both standpipes are connected

to  the top o f  the s p i r a l ,  thus a l lo w in g  f o r  a sm a l le r  poss ib le  H, w h i le

fu r the rm ore  the c o n s t ru c t io n  is  such th a t  both standpipes are s im u ltaneous ly

movable (see se c t io n  2 ) .  From these experiments, a b e t t e r  understanding o f  the

a d d i t io n a l  e f f e c t s ,  such as the s tand ing  th i rd -so u nd  waves, is  ob ta ined . I t

became c le a r  how the in f lu e nce  o f  these e f f e c ts  could be la rg e ly  e l im in a te d

from the data jn  o rde r  to  deduce the th in n in g  e f f e c t  sep a ra te ly  from the

o v e ra l l  r e s u l ts  (see se c t io n  6 ) .  The s e n s i t i v i t y  o f  the measurements could

th e re fo re  be increased aga in , by using a c a p i l l a r y  w i th  a length  o f  200 m. By

tak ing  two c o i l s  o f  the same length  and inner d iam ete r ,  the a d d i t io n a l  advan­
tage o f  a symmetric apparatus is inco rpo ra ted .

The Kontorovich e f f e c t  is measured f o r  the fo l lo w in g  types o f  f i l m  f lo w :

1• n o n s ta t iona rv  f low

-  dur ing  the A tk in s  o s c i l l a t i o n  (3 .1 .1 )

dur ing  f i l m  f low  w i th  constan t a c c e le ra t io n  (3 .1 .2 )

2 ‘ s ta t io n a r y  f lo w  i . e .  the f i l m  f low s a t  cons tan t v e lo c i t y

-  a t  o r  j u s t  above the c r i t i c a l  v e lo c i t y  (3 .2 .1 )

-  a t  s u b c r i t i c a l  v e lo c i t i e s  (3 .2 .2 )

-  in  p e rs is te n t  f i l m  f lo w  (3 .2 .3 )

In the fo l lo w in g  subsect ions , the methods used to  o b ta in  these d i f f e r e n t  types
o f  f lo w  are discussed in some d e t a i l ,

3.1 N onsta t ionarv  f low

3 - 1* 1 The A tk ins  osei 1l a t i o n . Suppose the f i l m  is  o r i g i n a l l y  a t  re s t .

By g iv in g  the s tandp ipe (s )  a v e r t i c a l  d isp lacem ent, a leve l  d i f fe r e n c e  is

created s t a r t i n g  an A tk in s  o s c i l l a t i o n ,  from which the Kontorov ich  e f f e c t  can

be determined. A po ss ib le  e r r o r  could be in troduced in  t h i s  way by a s l i g h t

v a r ia t i o n  o f  the inner d iameter along the s tandp ipes. T he re fo re , a f t e r  h a l f

a per iod  o f  o s c i l l a t i o n ,  the s tandp ipe (s )  a re moved back to  t h e i r  o r i g in a l

p o s i t io n ,  thereby increas ing  the am plitude o f  the o s c i l l a t i o n .  In th i s  way any

des ired  maximum v e lo c i t y  below the c r i t i c a l  v e lo c i t y  can in  p r i n c ip le  be
generated.

However, i t  should be remarked th a t  in o rde r  to  o b ta in  a h igh v e lo c i t y ,

a large displacement o f  the standpipes would be re q u ire d ,  in t ro d u c in g
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s im u ltaneous ly  pronounced th i rd -so u nd  e f f e c ts  in  the  system. F igure 2 shows a

c le a r  example o f  an A tk in s  o s c i l l a t i o n  on which a th i rd -sound  wave is  super­

imposed. To avo id  the genera t ion  o f  t h i r d  sound as much as p o s s ib le ,  a se r ies

Ls120m
T= 1.301 K
H= 2.51 cm

0.5 cm

10min.

L = 200 m
T = 1.797 K
H= 3.15cm

0.5cm

10 min.

F ig . 2 Observed le v e l o s c i l la t io n s  c le a r ly  shouting s ta n d in g  t h i r d -

s o u n d  waves superimposed on the  A tk in s  o s c i l la t io n .

A: h j  * ;

o f  small displacements should be used ins tead o f  a la rge  one.

In view o f  the o s c i l l a t i o n  t im e , t h i s  procedure is  ra th e r  ted ious .

Another method to  o b ta in  h igh v e lo c i t i e s  w i th o u t  in t ro d u c in g  la rge  th i rd -sound
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e f fe c ts  is  to  f i r s t  acce le ra te  the f i l m  to  i t s  c r i t i c a l  v e lo c i t y  and m a in ta in

i t  a t  t h i s  v e lo c i t y  du r ing  a time in te rv a l  long enough to  damp ou t the t h i r d -

-soundwaves. Some examples o f  an A tk in s  o s c i l l a t i o n  generated in  th i s  way are

shown in f i g .  3, the maximum v e lo c i t y  being about the c r i t i c a l  v e lo c i t y .  In

p ra c t ic e ,  t h i s  procedure is  c a r r ie d  o u t  in  the fo l lo w in g  way: f i r s t  the stand­

pipes are d isp laced  over a la rge  d is ta n ce ,  by which the f i l m  is  acce le ra ted  to

i t s  c r i t i c a l  v e lo c i t y  (o f  course a t  the same time a lso  genera t ing  a th i rd -so u nd

wave). The f lo w  a t  the c r i t i c a l  v e lo c i t y  is  prolonged by c re a t in g  a small leve l

d i f fe re n c e  every time the le v e ls  in  the standpipes are again equa l. This
L i  21m
T *  1.304 K
H = 5.02 cm

0.2 cm

5 min.

L =120m
T = 1.293 K
H = 2.38cm

0.5cm

10mia

F ig . 3a, 3b.
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L = 200 m ( c )
T =1.309 K
H = 2.96cm

0.5cm

Fig. 3 Observed le ve l o sc illa tio n s  fo r  which the third-sound waves
are grea tly  reduced.
A; hp; x; hr

procedure is repeated un t i l  the s tandpipes cannot move any f u r th e r  and an
Atkins o s c i l l a t i o n  is s t a r t e d .  In order to bring the standpipes back to t h e i r
o r ig in a l  p os i t io n  and to extend the time during which the  flow is  c r i t i c a l ,
the procedure of  small displacements is  repea ted,  now in the reverse d i r e c t i o n ,

a f t e r  wait ing for  ha l f  a period of  the Atkins o s c i l l a t i o n .
I t  should be mentioned th a t  a f t e r  the cooldown of the apparatus to the

des i red  temperature,  a level o s c i l l a t i o n  a lready appears to be presen t  in the
system. The o r ig in  of  th i s  o s c i l l a t i o n  i s  a t t r i b u t e d  to the occurrence of  d i f ­
f e r e n t  condensation r a t es  in the  d i f f e r e n t  p a r t s  of  the system. This o s c i l l a t i o n
c o n s i s t s  o f  an Atkins o s c i l l a t i o n  on which a th ird-sound wave is  superimposed.

In order  to al low fo r  the measurement of  the amount of  bulk l iqu id  with
the f i lm a t  r e s t ,  the Atkins o s c i l l a t i o n  can be read i ly  reduced by manipulat ion
of  the s tandpipes .  The inf luence of  the i n i t i a l  thi rd-sound wave is  taken into

account by averaging over a t  l e a s t  two per iods.
The d i f f i c u l t y  in the de te rmina tion of  the  Kontorovich e f f e c t  from the

Atkins o s c i l l a t i o n ,  as mentioned in sec t ion  2, which is due to i t s  nonstat lonary
cha ra c te r ,  is demonstrated in f i g .  3c. In th i s  f i g u r e ,  the height  of  the leve ls
i s  ind ica ted  for  the case t h a t  the f i lm is a t  r e s t  before the Atkins o s c i l l a t i o n
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I S  s ta r te d  (hQ) ,  as w e ll  as the averaged h e ig h t  f o r  the case th a t  the f i l m  is

a t  re s t  du r ing  the o s c i l l a t i o n .  The f u l l  l i n e ,  ob ta ined by averaging the le v e ls

in  both s tandp ipes, represents the amount o f  bu lk  l i q u i d  a t  every moment dur ing

the o s c i l l a t i o n .  The experimental Kontorovich e f f e c t  is  determined on ly  when

the f i l m  moves a t  maximum v e lo c i t y ,  i . e .  the mean a c c e le ra t io n  being ze ro , from

the leve l d i f fe re n c e  A z ^ ,  as ind ica ted  in the f i g u r e .  From the per iod  o f

the A tk ins  o s c i l l a t i o n  and the temperature, one o b ta in s  the averaged th ickness ,

d, o f  the f i l m .  The maximum o f  the ra te  o f  t ra n s p o r t  M through the f i l m  is

der ived  from the maximum v e lo c i t y  o f  the le v e ls  in the standpipes (see sec t ion

k) .  From Mmgx and d, the averaged maximum ve l o c i t y  v ^ ~ ^  Is c a lc u la te d .  As w i l l

be shown in se c t io n  5, these averaged q u a n t i t ie s  do not have to  be determined

fo r  a comparison o f  the th in n in g  w i th  the Kontorovich p re d ic t io n  s ince  the
th e o re t ic a l  Kóntorovich e f f e c t  would lead to :

AzK,max -  a2' 6S I (2 )

where A is  the amplitude o f  the leve l  o s c i l l a t i o n  as observed in the standpipes

and H is  an averaged h e ig h t  o f  the f i l m  above the bu lk  l i q u i d .  Th is  mean he igh t

is  not o n ly  independent o f  the ac tua l  dimensions o f  the c a p i l l a r y  ( i t  is  la rg e ly

determined by the h e igh t  o f  the s p i r a ls  (a) and the d is tance  o f  the le v e ls  in

the standpipes below the s p i r a l ) ,  but is  a lso  ra th e r  i n s e n s i t iv e  to  v---------  and
d in the present experiments. s.max

3 ,1 -2  flo w  w i th  constan t a c c e le ra t io n .  To measure the Kontorovich
e f f e c t  as a fu n c t io n  o f  the f lo w  v e lo c i t y  a second method is  a lso  used. S ta r t in g

from a s i t u a t i o n  in which the f i l m  is a t  r e s t ,  the f i l m  is  g iven a constant

a c c e le ra t io n .  Th is  requ ires  a constan t h e ig h t  d i f fe r e n c e  between the le v e ls ,

which is  accomplished by moving the standpipes manually w i th  the necessary '

speed. As the f i l m  gains a la rg e r  v e lo c i t y ,  the standpipes have to  be moved w i th

con t in u o u s ly  increas ing  speed, u n t i l  the  c r i t i c a l  v e lo c i t y  is reached. In o rde r

to  min im ize the in f lu e nce  o f  the a c c e le ra t io n  and o f  the genera t ion  o f  t h i r d -

-sound waves, a small leve l  d i f fe re n c e  is used (0.07 cm). As a consequence, a

long time in te rv a l  and a la rge  t o t a l  d isp lacement are requ ired  to  cover the

whole v e lo c i t y  reg ion up to  the  c r i t i c a l  v e lo c i t y .  Every time the standpipes

cannot move any fu r t h e r  in  the g iven d i r e c t i o n ,  the f lo w  d i r e c t i o n  is reversed

by moving the standpipes in the oppos ite  d i r e c t io n  a f t e r  w a i t in g  f o r  h a l f  a
per iod  o f  an A tk in s  o s c i l l a t i o n  (see a lso  se c t io n  3 .1 .1 ) .

The ra te  o f  mass t r a n s fe r  is deduced from the v e lo c i t y  o f  the standp ipes.
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The thickness  of  the f i lm is deduced from the period of  a se pa ra te l y  measured
Atkins o s c i l l a t i o n .  Natura l ly ,  using th i s  method, a small e r r o r  may be in t r o ­
duced by a s l ig h t '  v a r i a t i o n  of the inner diameter along the s tandpipes.

The r e s u l t s  with t h i s  method appeared to be in f a i r  agreement with the
Kontorovich p re d i c t io n .  Only one s e r ie s  of  measurements is ca r r i ed  out  in th i s
way, because i t  appears r a the r  d i f f i c u l t  to maintain a constant  level d i f fe r ence

by hand.

3.2 S ta t ionary  flow

In order  to avoid complicat ions in the i n t e r p r e t a t i o n  due to ac ce le r a t io n
of  the f i lm,  the Kontorovich e f f e c t  is a l so  measured with the f i lm a t  constan t
ve lo c i t y .  The following methods were used.

3.2.1 Flow a t  cons tan t ,  c r i t i c a l  v e l o c i t y . During the time in terval
in which the f i lm is kept a t  i t s  c r i t i c a l  v e lo c i t y ,  in order  to damp out  the
th ird-sound waves using the method of  3.1.1» the flow is p r a c t i c a l l y  s ta t i o n a ry .
By measuring the he ight  of  the bulk leve ls  every time the d i f fe rence  between
them is  zero,  and comparing t h i s  value with the height  with the f i lm a t  r e s t ,
one obta ins  the amount of  excess l i qu id  due to the Kontorovich e f f e c t .  From the
ra t e  a t  which the level d i f f e r ence  d i sappears ,  v^d can be ca lc u l a ted .  The
averaged th ickness  d is ca lcu la t ed  from the period of  the Atkins o s c i l l a t i o n ,

which is measured a f t e r  t h i s  procedure.
Also with t h i s  method, a s l i g h t  va r ia t i o n  of  the inner diameter o f  the

standpipes may cause a small e r r o r  in the r e s u l t s .  The expected thinning is

indeed observed.

3 .2 .2  Flow a t  cons ta n t ,  s u b c r i t i c a l  v e l o c i t y . A possib le  ob jec t ion  to
the method of  3.2.1 is the f a c t  th a t  the f i lm moves a t  c r i t i c a l  ve lo c i ty .
Complications might a r i s e  from v o r t i c i t y  and d i s s i p a t i v e  e f f e c t s .  In s p i t e  of
the f a c t  th a t  i t  is not expected th a t  in the long c a p i l l a r i e s  th i s  d i s s ip a t i o n
wi l l  lead to  se r ious  consequences -  probably only a small por t ion  of  the f i lm
wi l l  form the bo t t leneck  for  the flow - a l so  a s u b c r i t i c a l  method is used.
Af ter  the f i lm is  acce le r a te d  to the des ired  s u b c r i t i c a l  ve lo c i ty ,  the level
d i f fe re nc e  is  kept zero by manipulat ing the mechanical device.  The relevant
q u a n t i t i e s  a re  obtained in the same way as descr ibed in 3*1-2. For the same
reasons as mentioned before in sec t ion  3 .1 . 2 ,  only a few measurements were done
in th i s  way, showing again a thinning in the r ig h t  o rder  of  magnitude.
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3-2 .3  P e rs is te n t  f lo w . This type o f  f lo w  cannot be re a l iz e d  in  the

present apparatus. However the Leiden group was the f i r s t  to  c rea te  a

p e rs is te n t  c u r re n t  in a sa tu ra ted  He I I  f i l m  w i th  a length  o f  about 130 m, see

Verbeek e t  a l . 5. The apparatus used is  very  s im i l a r  to  the ones described in

th i s  chap te r ,  the d 'r f fe rence  being an a d d i t io n a l  sh o r t  connection between both

standpipes c o n ta in in g  a superleak which serves as a va lve .  The r e s u l t  is  perhaps

the n ic e s t  demonstration o f  the ex is tence  o f  the Kontorovich e f f e c t  dur ing

s ta t io n a r y  f low  in a sa tu ra ted  moving He I I  f i l m .  The Kontorovich e f f e c t  is

again deduced from a comparison o f  the amount o f  bu lk  l i q u id  du r ing  p e rs is te n t

f low  w i th  the amount when the f i l m  is  a t  r e s t .  The k i n e t i c  energy o f  the

p e rs is te n t  f low  is  measured from the A tk in s  o s c i l l a t i o n ,  which a r is e s  when the

superleak is c losed , g iv in g  vgd and d a t  the same time.

4. The A tk ins  o s c i l l a t i o n

B a s ic a l ly ,  the A tk ins  o s c i l l a t i o n s  fo l lo w s  immediately from the conse rva t ion
o f  mechanical energy and the c o n t in u i t y  equa tion :

E -  Ek i n  +  EP01f i l m  t bu lk

x=L 2 2
i f V s V *  + pgOsz

and

M » p 0 ,vs f  s p° s z l “  ”  p0sz r

In these equa tions , = 2irr6, the c ro s s -s e c t io n a l  area o f  the f i l m ,  0 the

c ro s s -s e c t io n a l  area o f  each s tandp ipe , L the length  o f  the f i l m  and

Z1 “  "  z r = z the displacement o f  the le v e ls  from the e q u i l ib r iu m  p o s i t io n .

(The su b s c r ip ts  1 and r  stand f o r  l e f t - a n d  r i g h t  hand s tandp ipe , see f i g .  4 .)

D i f f e r e n t ia t i o n  o f  eq. (3) and using eq. (4) g ives :

H  A 12 Le f f  + 29z] “  0 » (5!

where L pO

0 ps ° f

The s o lu t io n  is  an undamped harmonic o s c i l l a t i o n  w i th

-  2a_
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F ig . k Geometry used, f o r

the  c a lc u la t io n s .
film ._______1 2 r

j f

w  .. t z P

Q l - ~

i ------- bulk liqu id---------

— - Q r  '

P

2
I f  the f i l m  th ickness  were cons tan t ,  w. should be p ro p o r t io n a l  to  pg/p

accord ing to  eq. (6 ) .  As an example o f  the observed a as a fu n c t io n  o f  Pg/p ,

f i g .  5 shows the re s u l ts  f o r  the 21 m c a p i l l a r y .  Three sets o f  data can be

L= 21 m

a=130&d = 160 I

0

F ig . 5 The square o f  the a n g u la r frequency as a fu n c t io n  o f  pfl/p  f o r  the

21 m c o i l .  D if fe r e n t  symbols correspond to  d i f f e r e n t  f i l l i n g s

o f  the  c o i l .

c le a r l y  d is t in g u is h e d ,  corresponding to  th ree  d i f f e r e n t  f i l l i n g s  o f  the c a p i l ­

l a r y .  The d e v ia t io n s  o f  a s t r a ig h t  l i n e  correspond to  a changing th ickness ,

which is  due to  the evapora t ion  o f  l i q u id  w i th  increas ing  temperature, lead ing

to  an increase in  h e igh t  o f  the f i l m  above the bu lk  and consequently to  a

decrease in  d. As the s t a t i c  f i l m  th ickness  6Q is  governed by the r e l a t i o n 6
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with Hq the he ight  of  the f i lm above the bulk and y the constant  in the
Van der Waals forces between s u b s t r a t e  and f i lm,  an addi t ion a l  decrease of  u>2
occurs when the temperature is ra i s ed .  In f a c t ,  an average value of  the f i lm
thickness can be obtained from eq. (6) and the observed u2 . These values for
the d i f f e r e n t  c a p i l l a r i e s  a re  l i s t e d  in the ta b le s  and range from about
80 to 160 A, ind ica t ing  a very clean g lass  surface  owing to the way in which
the the c a p i l l a r i e s  a re  f abr ic a ted .

In the above d e r iva t io n ,  a pos s ib le  change of the po ten t i a l  energy of  the
f i lm,  due to a changing thickness ,  has been neglected.  Furthermore, changes in
the in te rna l  energy U,n t  o f  vapour and l iqu id  and poss ib le  damping e f f e c t s  have
not been taken into account.  The to ta l  energy of  the system should be w r i t t e n
as:

Esys t
_ FP°t
"  bulk + pkin r pot pki n

f ilm fi lm vapour + eP04vapour + u i nt ( 8)

A discussion  of  the e f f e c t s  leading to changes in the po t en t ia l  energy of  the
f ilm wil l  be postponed to sec t ion  5. In t h i s  se c t io n ,  i t  wi l l  be assumed tha t

Ef ilm is cons tan t  and Evapour "  0. The l a t t e r  assumption is j u s t i f i e d  by the
f a c t  th a t  t r ans po r t  o f  vapour is  e f f e c t i v e l y  blocked by the long and narrow
c a p i 1lary.

Damping of  the Atkins o s c i l l a t i o n  wil l  be caused by the flow of  heat from
the l iqu id  in the s tandpipes to the bath over the Kapitza r e s i s t a n c e .  A second
cont r ibu t io n  to the damping may a r i s e  from a poss ib le  d i s s i p a t i o n  in the f i lm,
due to such mechanisms as proposed e.g.  by Allen e t  a l 7, by Calvani e t  a l . B and
by Langer and F isher9 .

F i r s t  the damping due to the Kapitza re s i s ta n c e  only wi l l  be considered,
using thermodynamic cons idera t ions .

The r a te  of  change of  the mechanical energy is given by

«  . n
dt  **! + Q_ dUint

dt (9)

where Q = ic -  T) is the heat  flow into a s tandpipe ,  k being the e f f e c t i v e
heat  conductance c o e f f i c i e n t  to the bath.  In view of  the length of  the t h i n -
-walled g lass  c a p i l l a r i e s  used, a l l  heat  conduction along the c a p i l l a r y  can be
neglected.  I t  wi l l  th er efore  be assumed th a t  the only source of  entropy produc­
t ion  is the heat  flow from the bath,  so t h a t

dSl •
T1 I t  "  Q1 anH (10a)
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(10b)

Combining eqs. (9) and (10) shows that the rate of change of mechanical energy

is given by:

dE
dt ri - d T

d u jnt dS d u 'nt

- 3 T - + Tr - a r  ■ — ( 11)

As the volume of each standpipe is constant, this can be w ritten  as:

TR “ -**, - vr) , (u>

where p is the chemical potential per gram of the helium in the standpipes,
liqu id  and vapour being in local equilibrium .

The equation of motion which follows from eq. (12), neglecting higher
order terms in the temperature difference AT -  Tj -  Tf  is:

Vx-L , apsat
v dx *  2gz -  ( s ---------T f—)AT = 0 . (13)

J* -0  S

The d iffe re n tia l equation for the temperature difference AT can be obtained by

subtracting eqs. (10a) and (10b):

2MT(s -  -  ^ J P )  + CAT -  -  kAT , <**>p d l

where k is the mean heat conduction coeffic ien t of both standpipes and one can
take C = Tic with c the specific heat of the liquid  and M the average of the

mass of helium in both standpipes.
Eliminating AT from eqs. (13) and (1*0, usi ng— «  1, leads to

Z + £  Ï + OOgfZ + £  0)gZ = 0

where

f  -  1 +

2 2Pose s* t

and

(15)

The solution for the case that wgfC^/ic^ «  1, which is realized in the present
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experiments,  i s:
k( 1 -  2aC/x)t

z “ ae + be a t  s i n ( u t  + $) ( 17)

with 2»id C
01 "  “2iT (f  ” ^  = “ gP0s e2s 2T/2Kg

and

2 2/1u  -  id (1  -

2 2
3VC\

(18)

(19)

The constants  a ,  b, and $ a re  determined by the i n t i a l  condi t io ns .  For the
narrow s tandpipes ,  the time constant  C/k can be est imated to be smaller  than
0.1 s ,  while the time constan t  a > 103 s .

Therefore the presence of  the exponential  term in eq. (17) can be ignored
in the ana lys i s  o f  the experimental da ta,  and we wil l  simply use

z = be"ot sin(ui t  + d>) ( 20 )

Fig. 6 shows the experimental values of  a as a funct ion of  temperature for  the
21 m and 200 m c a p i l l a r y .  The most s t r i k i n g  f ea tu re  of  t h i s  p lo t  is t h a t  a
appears to be roughly inverse ly  propor tiona l to the length of  the c a p i l l a r y ,
as can be expected from eqs.  (6) and (18).  A complete check of  eq. (18) cannot
be made, s ince  k is not d i r e c t l y  measured. Never the less ,  a r a th e r  good f i t  is
obtained fo r  the 21 m as well as for  the 200 m c a p i l l a r y ,  using

K21 = 3 . 2 x 1 0  T ' e r g / s K a n d  k2Q0 -  2k2] . The f a c to r  two is taken because the
length of  the s tandpipes of  the 200 m c a p i l l a r y  is twice as large .  This f i t  is
shown by the drawn curves in f ig .  6. In view of  the va r ie ty  of  the measured
Kapitza res i s ta nces  by various au tho rs ,  th i s  ic does not seem unacceptable for
pyrex, although the power of the temperature dependence is r a th er  high.
Neverthe less ,  one can conclude the refo re  th a t  the heat  flow over the Kapitza
re s i s ta nce  is respons ib le  for  the observed damping, as is recent ly  found by
Hal lock and F l i n t 10, al though a cont r ibu t io n  due to d i s s i p a t i o n  in the f i lm is
not completely excluded. However, such a con t r ib u t io n  should be r e l a t i v e l y
small ,  as i t  cannot be expected to be inverse ly propor t ional  to L. I t  should
be remarked th a t  above a c r i t i c a l  ve loc i ty  of  the order  of  25 cm/s, damping
in the f i lm does occur,  and rap id ly becomes dominant, to such an ex ten t  th a t
the f i l m can hardly be acce le r a te d  above th i s  c r i t i c a l  v e l o c i t y 11»12. There is
a p o s s i b i l i t y  th a t  t h i s  damping mechanism s t i l l  has some inf luence on the
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50

L = 21m

Fig. 6 The damping constant as a function of the temperature for the

21 m coil (open symbols) and the 200 m coil (closed symbols).

Different symbols correspond to different fillings. In the

calculations of the drawn curves, we have taken a fixed value

of V? = 0.90 (see text) and of the the thickness 6^ (150 ft for
the 21 m capillary and 100 ft for the 200 m capillary), the

temperature dependence of 3 and <5̂  has not been taken into
account.

observed Atkins oscillations at the highest velocities obtained. An indication
of this effect can be found from the values of a for different amplitudes of
the Atkins oscillation, the other conditions being left unchanged (see table 4
and 5 series a, b, c).

Since the aim of the present investigations is the measurement of the
Kontorovich effect, a further analysis of the damping will be omitted.

5. Changes in film thickness

In order to investigate the variations in the film thickness, the Landau
equations of motion for the superfluid in the nondissipative region are taken
as a starting point (see appendix):
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( 2 1 )

d v
- i r - a >  ,

where is  the  p o te n t ia l  energy per gram o f  the ex te rna l  fo rces

fi = gH ( 22)

Y
y3 ls the P o te n t ia l  from the Van der Waals fo rc e s ,  w i th  Y the d is tance

w a l l .  With V x vs = 0 and vn = 0, equation (21) can be re w r i t t e n  as:
to  the

(23)

Note th a t  by in te g ra t io n  o f  eq. (23) from bu lk  to  bu lk  in both s tandp ipes,

eq. (13) is  regained. There fo re , the damping (see s e c t io n  4) can a lso  be

ca lc u la te d  s ta r t i n g  from the Landau equa t ions , as in f a c t  is done by Robinson13.

In p r i n c ip le ,  the th ickness  as a fu n c t io n  o f  the d is tance  x a long the f i l m  could

be ca lc u la te d  from eq. (23) i f  the x dependence o f  the o th e r  q u a n t i t ie s  in

eq. (23) were known along the su rface  o f  the f i l m .  The measured q u a n t i t y  in

these experiments, the amount o f  excess l i q u id  in the s tandp ipes , is  p ropor­

t io n a l  to  «0 -  6 , where «0 is  the mean th ickness  when the f i l m  is in  e q u i l ib r iu m ,

i . e .  when both the v e lo c i t y  and a c c e le ra t io n  in  the f i l m  are zero . Th is s t a t i c

th ickness can be e a s i ly  c a lc u la te d  from eq. ( 23) ,  s ince  f o r  t h i s  case v = 0 ,

= 0 , and the pressure along the su r face  equals the sa tu ra ted  vapour p ressure,
P|_lq M  = Ps a t  so th a t :

$ ( s ) (gH(x) -  - J L - ) = 0 (24)

From the geometry o f  the apparatus, the mean th ickness  6Q can be c a lc u la te d .

However, the c a lc u la t io n  o f  6 from eq. (23) is  o b v io us ly  much more complicated

and th e re fo re  the in f lu e nce  o f  the d i f f e r e n t  terms in  eq. ( 23) w i l l  be

sepa ra te ly  in v e s t ig a te d ,  look ing  a t  s im p l i f i e d  experimental arrangements.

F i r s t  the isothermal case o f  s ta t io n a r y  f lo w  w i l l  be cons idered. In t h i s

case, i n te g ra t io n  o f  eq. (23) along the su rface  from the bu lk  leve l  in the
standpipes to  a p o in t  on the f i l m ,  y ie ld s

gH (25)

I f  one s im p ly  takes P(s) _ psat
L iq  v a t the su r face  o f  the f i l m , one ob ta ins  the
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, ( • )
Kontorov ich  formula (1 ) .

However, t h i s  ad hoc assumption may be too s im ple . As the value o f  P ^ t '

a t  the su r face  o f  the moving f i l m  d i r e c t l y  determines the th ickness  6 according

to  eq. (25 ) ,  t h i s  c ru c ia l  problem is  now considered in somewhat more d e t a i l .

In the f i r s t  p lace , in  o rde r to  s a t i s f y  the  momentum balance, the surface

o f  a p lane in te r fa c e  cannot su s ta in  a pressure jump, so th a t

p (s) = p (s) fcy (26)
L iq  vap

Secondly, from the w e l l -e s ta b l is h e d  experimental f a c t  th a t  below some c r i t i c a l

v e lo c i t y  steady f i l m  f lo w  is  n o n d is s ip a t iv e ,  i t  fo l lo w s  th a t  the va lue o f

P^S?  is  determined by some v a p o u r - l iq u id  e q u i l ib r iu m  c o n d i t io n .  A p r io r i
L lq

there  is  no reason to  assume th i s  c o n d i t io n  to  be d i f f e r e n t  from th a t  o f

b u lk  he l ium , s ince  the o n ly  d i f fe r e n c e  between f i l m  and bu lk  is  the la rge

Van der Waals fo rces  in  the f i l m .  For ins tance , the e q u i l ib r iu m  c o n d i t io n  as

der ived  f o r  the  b u lk 11* (see appendix)

V
(s)
L iq

.-*2
i v s

■ *  - *
-  v *v

n s

should a ls o  app ly  to  the f i l m  .

Since a t  the su r face  o f  the f i l m  v = v = 0, th i s  c o n d i t io n  reduces to
n V a p

y (s)
Liq

, (» ) + ft (s) (27)

where the ex te rn a l  p o te n t ia l  Q ' * '  is  added to  both s ides f o r  convenience15.

As f o r  steady f lo w ,  accord ing to  eq. (21 ) ,  the le f t -h a n d  s ide  o f  eq. (27)

is  un i fo rm  throughout the l i q u i d ,  i t  fo l lo w s  th a t  a lso  V^gp + is  constant

a long the in te r fa c e  and equal to  i t s  va lue a t  the bu lk  leve l  in  the s tandpipe.

For the isothermal case, neg lec t in g  the extrem ely  small v a r ia t io n s  in  the

vapour d e n s i ty  p , t h i s  y ie ld s  d i r e c t l y :
V 3 p

P(s) (x) -  Psa tvap -  p n(s) (x)vap

Combining t h i s  r e s u l t  w i th  eqs. (26) and (25) leads to  a th ickness  o f  the

s ta t io n a r y  moving f i lm  g iven by:

Note th a t  by ta k in g  P^? th i s  r e la t i o n  is  v io la te d .



( 28)
X p v2

3 p " p ■ y  + gH .
vap

For the sa tu ra ted  vapour pressure above the moving f i l m  one f in d s :

P'S' (v J pSat + Pvap
P ~ P...vap

, 2
i p svs (29)

These r e s u l t s ,  g iven by eqs. (28) and (29) a re ,  owing to  the smallness o f

pvap/ p ’ almost id e n t ic a l  to  the  Kontorov ich  p re d ic t io n ,  and we th e re fo re  expect
the Kontorovich e f f e c t  to  occur f o r  steady f i l m  f lo w .  Note th a t  f o r  the case o f

He I I in a r o ta t in g  bucket w i th  u < one f in d s  f o r  the pressure a t  the

which is  id e n t ic a l  to  eq. (29) when considered from the ro ta t in g  system, in

which the normal component is  a t  r e s t .  Note th a t ,  as has been po in ted  out

b e fo re 16*17, both the moving f i l m  and the  r o ta t in g  b u lk  l i q u i d  are in  e q u i­

l ib r iu m  w i th  a vapour pressure s l i g h t l y  h igher than Ps a t . Condensation o f

vapour in to  l i q u id  a t  re s t  is  however very u n l i k e l y  to  occur in  the present

experiments, in v iew o f  f o r  ins tance the small dimensions o f  the re le va n t
supersatura ted  vapour regions invo lved .

I t  should be remarked th a t  In the ac tua l experiment, a ve ry  small

temperature d i f fe re n c e  a r is e s  between the l i q u id  in both s tandp ipes , due to

the Kapitza res is ta n ce  to  the bath (see se c t io n  4 ) .  However, as the th in -w a l le d

c a p i l l a r y  is  in  d i r e c t  con tac t  w i th  the ba th , the f i l m  w i l l  be a t  the bath

temperature f o r  almost i t s  e n t i r e  leng th , a small temperature g ra d ie n t  being

located a t  the extreme ends. Though th i s  e f f e c t  may c o n t r ib u te  to  the observed

damping, i t  does not a f f e c t  the re s u l ts  g iven in  eqs. (28) and ( 29) ,  which are
s t r i c t l y  g iven o n ly  f o r  the isothermal case.

Let us now tu rn  our a t t e n t io n  to  nons ta t iona ry  f lo w ,  as is  encountered

f o r  ins tance dur ing  the A tk in s  o s c i l l a t i o n .  A lso in  t h i s  case eq. (26) should

app ly .  The experimental obse rva t ion  th a t  the damping o f  the o s c i l l a t i o n  can be

f u l l y  a t t r i b u t e d  to  the i r r e v e r s ib le  heat exchange between the standpipes and

the bath (see se c t io n  k) in d ica te s  th a t  lo ca l  e q u i l ib r iu m  s t i l l  p re v a i ls ,

i . e .  eq. (27) should s t i l l  app ly  l o c a l l y .  The in f lu e nce  o f  the s im u ltaneous ly

o c c u r r in g  vapour o s c i l l a t i o n s  can c e r t a in l y  be neg lected. Again tak ing  the

isothermal case, in te g ra t io n  o f  eq. (23) from e .g .  the leve l in the standpipe

i n te r fa ce :

P( s ) (v ) -  Psa t +n
pvap

p -  p
vap



on the r i g h t  (see f i g .  4) to  a p o in t  a t  the su rface  o f  the f i l m ,  using the

c o n d i t io n s  (26) and (27 ) ,  y ie ld s  f o r  the f i l m  th ickness :

instead o f  eq. (28 ) .  The pressure a t  the su r face  is  s t i l l  g iven by eq. (29 ) .

can now c a lc u la te  ó ( x ) ,  and from t h i s ,  the excess l i q u id  appearing in  the

f i l m ,  i . e .  the f i l m  moves as a whole. Let us f i r s t  c a lc u la te  the maximum

increase in the l i q u i d  le v e ls ,  Az.. , a t  the moment dur ing  the A tk insi \} max
o s c i l l a t i o n  when the le v e ls  are a t  equal he igh t  { i . e .  z = 0 and v^ = 0 ) .  In

th i s  case, eq. (30) becomes id e n t ic a l  w i th  eq. (28) w i th  vg = vg max» and the

Kontorovich e f f e c t  is  again ob ta ined . From the conserva t ion  o f  the to t a l  amount

o f  l i q u i d  fo l lo w s :

By using eq. (28) and n e g le c t in g  P compared to  p , eq. (31) can be w r i t t e n

to  f i r s t  o rde r  in  A6/6 as:

where the c o n d i t io n  is  used th a t  M o r  r6v is  cons tan t a long the f i l m .  I t

should be remarked th a t  the excess l i q u i d ,  due to  the th in n in g  f i l m ,  causes

H in the eqs. (32) and (28) to  be somewhat sm a l le r  than the corresponding Hg in

the s t a t i c  case. E s p e c ia l ly  f o r  small values o f  H g ( x ) ,  H(x ) can be cons iderab ly

d i f f e r e n t  from H ( x ) . In se c t io n  6 in  the a n a lys is  o f  the re s u l ts  th i s  p o in t

w i l l  be considered aga in . The advantage o f  w r i t i n g  A z ^ max in th i s  form is

th a t  i t  shows th a t  the observed increase o f  the leve l  he igh ts  can be d i r e c t l y

+ g(HQ (x) ( 30)

Hq (x ) is  the h e ig h t  o f  the f i l m  above the le v e ls  in  both standpipes when the

f i l m  is  com ple te ly  a t  r e s t ,  i . e .  v = 0 and vg = 0. According to  eq. (30 ) ,  one

s tandp ipes , i f  one assumes fo r  s i m p l i c i t y  th a t  M is  cons tan t throughout the

L

20sAz K -  '
2irrA6dx (31)

0

. 2 irr6 ip vL ss s,maxv 2 kin,max I dx ^kin.max
Ef i l m  Jg Hr6 r i  lm

Az dx =
K,max

6pg0sH

kin,max ^2 ^2
f i l m (32)

Epot„max ’  6ÏÏ 6ÏÏ
bu lk



re la te d  to  the observed am plitude A o f  the A tk in s  o s c i l l a t i o n ,  and i t  is

ra th e r  i n s e n s i t iv e  to  the exact geometrical shape o f  the f i l m .  Furthermore, the

dependence on temperature is  a lso  inco rpo ra ted . The geometry en te rs  through the

averaging o f  H. How H is  c a lc u la te d  f o r  the c o i l s  w i l l  be shown in  se c t io n  6.

Now cons ider the case th a t  vg *  0. In te g ra t io n  o f  eq. (30) over the e n t i r e

f i l m  to  the  bu lk  leve l  in the s tandpipe on the l e f t  y ie ld s

v dxs g (z , -  z r ) (33)

In o rde r  to s im p l i f y  the c a lc u la t io n s ,  the fo l lo w in g  simple geometry w i l l  be

considered: a f i l m  w i th  a c o n s t r i c t io n  in i t s  w id th  a t  a cons tan t he igh t

Hg(x) = Hq . The c o n s t r i c t io n  o f  length  L is supposed to  be so narrow th a t  the

v e lo c i t y  in the f i lm ^ o u ts id e  the c o n s t r i c t io n  can be taken zero . I f  i t  is

assumed again t h a t i s  cons tan t th roughout the f i l m  c o n s t r i c t i o n ,  i t  fo l lo w s
from eqs. (30) and (33) th a t :

1/3

[- T  * T  + 9(Hn - I 9(zl - z r »
1/3

(34)

The averaged th ickness  o f  the f i l m  6 w i l l  o n ly  be c a lc u la te d  f o r  the case th a t

the a c c e le ra t io n  is  a t  i t s  maximum during  the A tk in s  o s c i l l a t i o n ,  i . e .

vs = 0 and z , = -  z f  = A. Note th a t  i f  v# = 0, the a c c e le ra t io n  o f  the f i l m

is  due to a g ra d ie n t  in  i ts  th ic kn e ss ,  i . e .  = V - X  (eq. (3 0 ) ) .  For th i s  le
simple case, eq. (34) y ie ld s

6max
2 L _____________ ( v / q ) 1/3dx_____________

° [f< H0 ‘  zl> + 0  " lH H 0 '  zr )]1 /3

(35)

Expression (35) is  w r i t t e n  in th i s  s p e c i f i c  form in  o rde r  to  answer the

fo l lo w in g  ques t ion : "What is  the e f f e c t i v e  h e igh t  th a t  determines the th ickness

o f  a h o r iz o n ta l  f i l m  when i t  is  in con tac t  w i th  two bu lk  re s e rv o irs  w i th

d i f f e r e n t  le v e ls ? "  The e f f e c t i v e  h e ig h t  appears to  be s im ply  a l i n e a r  average

o f  both he igh ts  w i th  respect to  the d is tance  a long the f i l m .  In te g ra t io n  o f



eq. (35) gives:

*0 ~ tK [(1 + £ - ) 2/3  -  (1 -
A v2/3n (36)

For A/H. «  1, eq. (36) can be approximated by

60 (1
27 Hj

showing that 6 > 6nmax 0

(37)

of the mean heightresu lting  in a decrease -  Az-vs=max
o f the levels in the standpipes compared to the heights when the f ilm  is
completely a t rest. This is the reason why the Kontorovich e ffe c t is determined
by comparison w ith  the amount o f buik liq u id  before the Atkins o s c illa t io n  is
started and not w ith the amount when the f ilm  is a t rest during the Atkins
o s c illa t io n  (see section 3)•

In order to show that the e ffe c t mentioned above does indeed occur, in
f iq .  7 -  Az- is p lo tted versus (— )^ —  fo r a series o f measurements

3 vs=max r  TI Ps

Vs=max

i I I r

L = 200 m

n
i i i

Fig. 7 The maximum e ffe c t due
to the acceleration fo r
one f i l l i n g  o f  the 200 m
ca p illa ry . The drawn line
corresponds to  the
approximation given

by eq. (38).

P I  Aw \ i 2 10“ rad! ,s-!
o, \ h ) .

carried out w ith  one fixed amount o f helium in the 200 m c a p illa ry . The drawn
curve is calculated from eq. (37)> and obeys the re la tion

2 L<5„ A
-  Az*v = O “  ( _^ (38)

S^g pc

In th is  expression, o f course, an averaged value H is used instead o f Hg, which
fo r s im p lic ity  is taken to be the ÏÏ used in the ca lcu la tion  o f the Kontorovich
e ffe c t. As one can see, the experimental resu lts are o f the r ig h t order o f

magn i tude.
There is also a th ird  cause fo r a change in f ilm  thickness as is demonstrated|

in f ig .  2. Let us consider the a d d itio n a l, almost undamped, oscil la tio n  in somewhat morel
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d e t a i l .  I t  is a lready  present be fore  the A tk in s  o s c i l l a t i o n  is  s ta r te d .  Some

o f  the n ic e s t  examples are g iven in f i g .  8. This o s c i l l a t i o n  o f  the two le ve ls

L ■ 200m
T = 1.766 K
H = 2.62cm

0 .1cm

L = 200m
T = 1.785 K
H= 2.07cm

0 .1 c m

Fig. 8 Examples o f  the le v e l o s c i l la t io n s  due to  a s ta n d in g  t h i r d -

soundw ave . A: h ^ j  x ; The drawn l in e  corresponds to  the

v a r ia t io n  o f  the  amount o f  b u lk  l iq u id ,  (h l  + h ^ / 2 .

in phase represents a p e r io d ic  exchange o f  l i q u i d  between f i l m  and b u lk ,  and

i t  w i l l  be shown now th a t  i t  can be in te rp re te d  as a s tand ing  th i rd -so u nd  wave

o f  low frequency s 2 x 10"3 Hz). According to  A tk in s '  fo rm u la1 ***, the
v e lo c i t y  v .  o f  t h i r d  sound is  g iven by:

1 p
in f i g .  9, —  i s p lo t te d  versus / =  f o r  the 120 m and 200 m s p i r a ls  f o r

d i f f e r e n t  temperatures and f i l l i n g s ,  where again Ï Ï  is  g iven the  same va lue as

is  used f o r  the c a lc u la t io n  o f  the Kontorov ich  e f f e c t .  The per iod  1 /v  is

measured be fore  as w e l l  as a f t e r  the  A tk in s  o s c i l l a t i o n ,  the d i f fe re n c e  is

*»7



A = 400 m
500-

A=240m

200 -

100-

Overalt resu lts on
the standing th ird-
sound waves.

indica ted by the e r r o r  bars.  The slope gives the value of  the wave length A.
The drawn curves correspond to A = 240 in and A = 400 m using for  the exponent
in the Van der Waals po ten t i a l  n = 3. The r e l a t i v e l y  small amount of  data for
the 120 m c a p i l l a r y  is  due to the f a c t  th a t  t h i s  device was b u i l t  with the
purpose of  avoiding la rge  third-sound e f f e c t s .  The f igu re  shows th a t  these
addi t ion a l  o s c i l l a t i o n s  a re  standing  third-sound waves in t h e i r  p r inc ipa l  mode.
For a study of  low frequency th ird-sound waves in a sa tur a te d  f i lm,  these long
c a p i l l a r i e s  seem to be very s u i t a b l e .  Usually some o s c i l l a t i o n s  of  higher modes
are  superimposed on the pr inc ipa l  mode (see f i g .  10). By a per iod ic v a r i a t i o n
of the bath temperature higher modes can a l s o  be generated.

I t  wi l l  be c l e a r  th a t  third-sound e f f e c t s  can c e r t a i n l y  play an important
role  in these experiments.  In the der iva t ion  of  the changes in f i lm thickness
due to t r an sp o r t  ve lo c i ty  and a c c e le r a t i o n ,  i t  is  assumed th a t  a f t e r  e l imina­
t ion of  the s tanding th ird-sound waves, 3v / 3 t  is cons tant  throughout the f i lm.

L a 200m
T .  1.488 K
H s 2.09cm

0.1cm



L= 200m
I  a 1.331 K
T* :3 .50  cm

( b )

0.05c

h
t

Fig.  10 The occurrence o f  third~80und waves o f  higher modes.
The drawn lin e  shows the v a r ia tio n  o f  the to ta l  amount
o f  bulk liq u id .

However, as  the  v e l o c i t y  o f  t h i r d  sound is  f i n i t e ,  t h i s  assumption is  c e r t a i n l y

i n c o r r e c t  f o r  the  long c a p i l l a r i e s .  The way in which th e se  th i r d - so u n d  e f f e c t s

do a f f e c t  the  assumption t h a t  the  f i lm  moves as a whole,  and the reby  in t rod uce

an e r r o r  in to  the  f i n a l  d e te r m in a t io n  o f  the  Kontorovich e f f e c t ,  seems r a t h e r

comp1i ca t e d .

6.  Exper imental  r e s u l t s

6.1 No ns ta t ion a ry  methods

6 . 1 .1  The Atkins  o s c i l l a t i o n . Most o f  the  da ta  a r e  ob ta in ed  from the

Atkins  o s c i l l a t i o n s .  As s t a t e d  b e f o r e ,  not  on ly  the  Kontorovich e f f e c t ,  but  a l s o

the  damping, the  e f f e c t  due to  a c c e l e r a t i o n ,  and the  s t a n d in g  t h i r d - so un d  waves

as  well  as  t h e i r  p o s s i b l e  c r o s s - e f f e c t s ,  c o n t r i b u t e  to  the  obse rved level

o s c i l l a t i o n s .  These l a t t e r  c r o s s - e f f e c t s  a r e  expected to  be small under the

exper imen tal  c o n d i t i o n s  p r e v a i l i n g  and w i l l  be neg le c t ed  in th e  a n a l y s i s .  Up

to  f i r s t  o r d e r  in A6/6,  using z^ = -  z r = Ae a s i n  iot, i t  fo l lows  from eq.  (34)

t h a t  the  change in the  sum o f  the  l evel  he i g h t s  o f  both s t a nd p ip e s  should obey:

Az(t )  -  [Az,. (0) -  Az-K,max v =max (0 ) ]e  ^a t  cos^wt + Az-v =maxs
(0)e ^a t  + AZj( t )  ,

(Ml)
s

where Az K,max = (A2/ 6 H ) t=0 eq.  (32) ,  Az^
s=max (~=r) eq.  (38) ,  and
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A Z j ( t )  is  the p e r io d ic  v a r i a t i o n  due to  the th i rd -sound  waves. From eq. (40)

i t  fo l lo w s  th a t  every time cos u t .  = ± 1, i . e .  the le v e ls  in both standpipes

are a t  the same h e igh t  (a t  re s t  no fo u n ta in  pressure appears to  be present in

the ac tua l exper im ents) :

A z ( t i> "  AzK,max(0) e’ 2 a t ' + Az3 ( t i ) = A2« ,m a ^ ^ f ) + Az3 ( t i ) *

The values o f  z ( t . )  can be determined d i r e c t l y  w i th  the cathetom eter. In o rde r

to  o b ta in  a va lue  o f  Az7 ( t . )  averaged over the measuring t im e, one can
K^fTIdX I ___________

average the measured z ( t . ) ,  hoping th a t  A z ^ ( t . )  = 0 f o r  t h i s  l im i te d  number o f

p o in ts  (5, 6, o r  7 i n te r s e c t io n s ) .

One can improve on th i s  v is u a l  method, which o n ly  makes use o f  the data

c lose  to  the in te r s e c t io n  p o in ts ,  by making a le a s t  squares f i t  through a l l  the

data o f  each s tandpipe se p a ra te ly .  In o rde r  to  e l im in a te  the stand ing  t h i r d -

-sound waves a t  the same time in  accordance w i th  eq. (40 ) ,  the fo l lo w in g

equation  is t r i e d :

h = A e a t  s i n ( u t  + <j>) + Bge cos^(tot + ♦) + C^e ^a t  + hg , (1*1)

w i th  the a d ju s ta b le  parameters Ag, a , w, if>, Bg, Cg, and hg, and w i th  h being

the he igh t  o f  the leve l above an a r b i t r a r y  re fe rence p o in t  (see f i g .  4 ) .  In

p r i n c ip l e ,  a l l  the re le va n t  q u a n t i t ie s  fo l lo w  d i r e c t l y  from the so-determined

parameters; in p a r t i c u l a r ,  hg should be the observed leve l h e igh t  in the s t a t i c

case. However, i t  appears by comparison o f  the computed re s u l ts  w i th  the

observed values th a t  the accuracy ob ta ined f o r  hg in  th i s  way is  i n s u f f i c i e n t

to  reso lve  the small th in n in g  o f  the f i l m  a cc u ra te ly  from the data . In view

o f  the above, the re s u l ts  are analyzed by f i x i n g  hg in  eq. (41) a t  the observed

va lue , i . e .  f i t t i n g  the data f o r  each leg to :

z = Age a t  s i n ( u t  + $) + Bge ^a t  cos^(ait + <(>) + Cge ^o t  , (42)

c o n ta in in g  s i x  a d ju s ta b le  parameters. Some examples o f  th is  f i t  are shown by

the curves drawn through the data in the  f i g s .  2 and 3. As can be seen from e .g .

f i g .  2, the stand ing  th i rd -sound  waves seem to  be e l im in a te d  adequate ly .

For the i n i t i a l  am plitude o f  the A tk in s  o s c i l l a t i o n  AQ, the angular

frequency oj, and the damping cons tan t a ,  the agreement between the values found

f o r  both standpipes in d iv i d u a l l y  is  g e n e ra l ly  ra th e r  good. The values averaged

f o r  both standpipes are used in  the f i g s .  5, 6 and 7* A survey o f  the re s u l ts
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is given in the t a b l e s ,  the d i f fe re nc e  between the values for  both standpipes
Is a l so  compiled1". The r a th e r  large  d i f f e re nce  in A for  the 120 m, 166 m, and
to a le sse r  degree for  the 21 m c a p i l l a r y  can be f u l l y  ascribed  to the inherent
asymmetry of  t h e i r  s i ng le  co i l  cons t ruc t ion  as can be ca l cu l a t ed  from eq. (34),
taking the x dependence of  HQ into account.  Although one can account fo r  th i s
asymmetry in the an a ly s i s  o f  the thinning  simply by taking the mean value of
the ampli tudes in eq. (32) t h i s  asymmetry is avoided with the 200 m c a p i l l a r y
(see sec t ion  2).

The q u a n t i t i e s  BQ and CQ however, which a re  small compared to AQ and are
r e l a te d  to the changes in thickness  of  the f i lm,  s t i l l  do not fol low with
s u f f i c i e n t  accuracy from the computer program to permit  a d i r e c t  i d e n t i f i c a t i o n
with the changes in th ickness .  A somewhat more accura te  method is instead to
determine the changes in f i lm thickness  from the smoothed curves computed
according to eq. (42).  The maximum e f f e c t  o f  the a c c e l e r a t io n  follows from

’ Azvs=max = ^ l .m a x  + zr,min^ An examPle of the results has been shown in
fig. 7 (see section 5). The Kontorovich effect is determined from the inter­
sections of the calculated curves for both standpipes with each other, where
AzK,max^V “ MV = W ’ ln ana,09y with the visual method, Az7 (ITT
a -  J  •  I # I ' )  IHdX I
is p lo t te d  in the f i g s .  11 and 12. In order  to compare t h i s  r e s u l t  with the

L=200m10 cm

10 cm L = 120m

K,max
K,max

30 40 10“3cm60

100 10 cm 150

150

Fig. 11 The averaged observed
Kantorovich e ffec t versus the

n  ju

expected value A /6H for the
120 m capillary (for the
8yrtbol8 A see tex t).

Fig. 12 The averaged observed
Kantorovich e ffec t versus the

O  JL

expected value A /6H for the
200 m capillary.

t For the tab les  see pages 53, 54, 55, 56 and 57.



2 -■ -c tt . #
Kontorovich p r e d i c t i o n  A /6H, the  deniping e o f  the  Atkins  o s c i l l a t i o n  is

taken in to  ac coun t .  The value  ÏÏ i s  c a l c u l a t e d  from the  d e f i n i t i o n  given in
-1 /3eq.  (32) under the  s i m p l i f y in g  as sumpt ions :  r = c o n s t a n t ,  6 “ H ( thereby

n e g l e c t i n g  the  i n f lu e nc e  o f  the  v e l o c i t y  dependence o f  6 on H) , and

H -  H(0) “  x over  the  h e ig h t  a o f  the  c o i l s .  For the  lowest  va lue H(0) ,  t he

d i s t a n c e  between the  lowest  wind ing(s )  o f  the  co i l  and the  bu lk  in the  s t a n d ­

p ipes  in the  p resence  o f  the  excess  l i q u i d  is t aken .  In p r a c t i c e  i t  t u r n s  out

t h a t  ÏÏ z H(O) + excep t  f o r  the  s m a l l e s t  values  o f  H(0).
In f i g s .  11, 12 and 13, the  obse rved th i nn in g  (AzK max( t . ) )  is p l o t t e d

versus  A2/6ÏÏ*, ÏÏ" being the  value  o f  ÏÏ c o r r e c t e d  f o r  the  f a c t  t h a t  the  excess

L=166m

K,max

40 10'lm

Fig.  13 The Kantorovich e f f e c t  versus
the expected value fo r  the 166 m
c a p illa r y , determined from the to ta l
change in  th ickness during the A tkins
o s c i l la t io n ,  su b trac tin g  the ca lcu la ted
e f f e c t  due to  the acce lera tio n .

l i q u i d  from the  f i l m  coup les  back,  l eading to  a sm a l l e r  th i c k n es s  r ed uc t io n .

Up to  f i r s t  o r d e r  in A6/6,  the a c tu a l  change in th i c k n e s s  i s  now g iven by

(see  eq.  (2 4) ) :

,A6, = M \  AzK,max
'  6 'max '  6 ' K,max 3H

As accord ing  to eq.  (31) ,  AzK>max i s  p r op o r t i on a l  to  A«max, the  observed
i n c re a s e  in l evel  h e i g h t  i s  r e l a t e d  to  the  ampl i tude o f  th e  Atkins  o s c i l l a t i o n

as :

K,max
2irr60

60sH(x) dx) ^ = A2/6ÏÏ* .

In the  p r e s e n t  geometry,  us ing the  narrow s t a n d p ip e s ,  the  c o r r e c t i o n  due to

t h i s  feedback e f f e c t  can be c o n s i d e r a b l e ,  r educing the  expected  th in n in g  as

much as z 25% f o r  the  s m a l l e s t  va lu es  o f  H .
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The a n a l y s i s  o f  the  d a t a  o f  the 120 m c o i l  i s  somewhat d i f f e r e n t  from the
one p r es e n te d  e a r l i e r ^ ,  t he  main d i f f e r e n c e  being concerned wi th  the

c a l c u l a t i o n  o f  H. A few da ta  inc orpora t ed  in f i g .  11 (a) a r e  ob ta in ed  by

the  v i sua l  method o n ly ,  and a r e  not  inco rpo ra t ed  in the  t a b l e .  For th es e

runs ,  only the  ampl i tudes  and the  i n t e r s e c t i o n  p o in t s  were measured.

TABLE 2

RESULTS FOR THE 21 m COIL

no T

<K)
H

(cm)
Aq

(cm)
(i)

( 10-2  r a d . s " 1:
a

1 (10*4s - 1 )
d

(X)
v s,max

(cm s ” 1)

1 1.473 4 .0 5 .273 £  .006 1.219 £  .000 2 .0  £  .0 159.4  + .1 2 0 .9  *  .4
2 1.795 7 .06 .282 £  .002 .981 £  .001 3 .9  £  .1 135.3  + .0 2 4 .8  + .2
3 1.606 5 .02 .342  £  .005 1.137 £  .001 2 .4  £  .1 149 .9  + .1 28 .1  + .4
4 1.523 4 .3 7 .333  + .005 1.190  +_ .000 1 .8  £  .0 156.0  + .1 26.1  + .4
5 1.719 6 .1 4 .316  £  .006 1.050 + .000 3 .2  £  .0 141.6  + .1 28.1  + .5
6 1.561 4 .6 6 .357 £  .006 1.165  + .000 2 .1  £  .0 153 .0  £  .1 2 8 .6  + .4
7 1.755 6 .5 4 .282 £  .000 1.021 ^  .000 3 .5  £  .1 139 .2  + .1 2 5 .8  + .0
8 1.658 5.51 .347 £  .002 1.099 +_ .000 ' 3 .0  £  .1 146 .0  + .1 2 9 .5  + .2
9 1.631 5 .2 4 .346 £  .005 1.119 £  .001 2 .5  £  ;o 148.1 + .1 2 8 .9  + .4

10 1.678 5 .7 7 .337  £  .006 1.076  + .000 2 .9  £  .1 143 .8  + .0 2 9 .3  + .5
11 1.775 6 .7 5 .282  £  .007 .996 £  .004 3 .6  £  .1 135.5  + .1 2 6 .5  + .7
12 1.407 3 .68 .286  £  .011 1.243 + .000 1 .6  £  .0 161 .4  + .1 2 1 .5  + .8
13 1.817 7 .33 .237 £  .005 .958 £  .002 4 .1  £  .2 133 .0  + .1 23 .1  + .5
14 1.909 4 .1 7 .213 £  .005 1.016 + .001 4 .9  £  .0 176 .6  + .2 19 .6  + .5
15 1.972 5 .3 4 .164 £  .004 .860 + .010 4 .9  £  .1 148 .4  + .3 1 7 .8  + .4
16 2 .024 6 .3 3 .113 £  .004 .753 £  .006 5 .0  + .0 168 .3  + .3 14 .1  + .4
17 2.073 7 .3 9 .058  £  .004 .643 £  .005 4 .4  £  .1 122 .5  + .3 8 .4  + .4
18 2.048 6 .8 4 .089 £  .004 .700 £  .005 4 .8  £  .1 129 .2  + .2 m

1 +CO

19 2 .000 5 .9 0 .134  £  .001 .803 £  .009 4 .8  £  .2 141 .3  + .3 1 5 .6  + .1
20 1.933 4 .6 2 .196 £  .005 .934 + .001 5 .0  £  .1 157.7  + .1 1 9 .6  + .5
21 1.959 5 .09 .178 + .003 .898  £  .003 5 .0  + .1 152 .4  + .1 1 8 .7  + .3
22 1.878 4 .2 3 .223 £  .005 1.022 + .001 4 .7  £  .1 167 .5  + .2 2 0 .4  + .5
23 1 .00 4 .5 2 .413 £  .006 1.279 £  .001 KJ 1 + P i+

1

3 0 .2  + .5
24 1.304 5 .0 2 .333 £  .004 1.229 + .000 .9  £  .0 153 .0  + .1 2 5 .3  + .3
25 1.403 5 .49 .289  £  .003 1.198  + .001 1 .3  £  .0 149 .6  + .2 2 2 .6  + .2
26 1.17 4 .7 8 .268  + .004 1.256 + .000 .6  + .0 155.8  + .1 19 .9  ♦ .3
21 1.265 4 .8 3 .409 £  .009 1.279 .000 1 .2  £  .0 164.4  £  .1 2 9 .9  £  .6
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TABLE 3

RESULTS FOR THE 166 m COIL

no T H ƒ IX » a d v s,max
(X) (cm) (cm) -3  - 1.(10 r a d .s  ) ( 10' ■5 . - 1) (8 ) (cm si )

1 1.421 12.87 .850 + .008 3.579 + .002 2 .3 .1 103.4 ♦ •* 28 .0 t  *2
2 1.295 10.00 .771 ♦ .020 3.775 + .002 1.2 + .2 114.6 + .2 23 .6 + .6

3 1.192 5 .43 .648 + .010 4.413 + .004 .2 + .1 142.2 + .2 17 .4 1  *3
4 1.195 5 .43 .795 +_ .004 4.409 + .001 2 .3 + .0 142.1 + .0 21 .3 + .1

5 1.195 5 .40 .842 .007 4.404 + .002 3 .2 ■f .0 141.8 ♦  .1 2 2 .6 ♦  .2

6 1.250 6 .0 3 .790 .001 4 .292 +_ .003 3 .3 + .0 136.1 + .2 21 .8 + .0

7a 1.192 5 .4 0 .863 + .011 4.405 + .001 1 .2 + .1 141.8 + .1 23 .2 + .3

b 5 .4 0 .829 + .010 4.403 + .000 .6 ♦ .1 141.6 + .0 22 .3 ±  *3
8 1.327 7 .13 .785 .003 4.129 + .004 2 .9 + .1 128.1 + .3 22 .5 + .1

9 1.305 3 .8 6 .793 + .034 4 .355 + .002 1 .4 + .1 141.9 + .1 22 + 1

10 1.497 8 .7 8 .695 ♦ .003 3.722 .001 2 .7 .0 110.9 + .1 22.1 + .1

11 1.362 5 .02 .780 + .008 4 .206 + .001 1 .3 .0 133.9 + .1 21 .9 + .2

12 1.414 6 .2 4 .704 + .007 4.047 + .001 1 .7 + .3 126.4 + .1 2 0 .6 i  *2
13 1.548 10.70 .719 + .009 3.629 +_ .002 2 .5 + .0 108.6 + .1 23 .4 + .3

14 1,466 7 .7 6 .756 + .005 3.885 + .003 2 .4 + .2 118.9 + .2 23 .0 + .2

15 1.389 5 .5 5 .870 + .000 4 .126 + .001 1 .5 + .0 130.3 i  - i 24 .9 + .0

16 1.281 3 .4 8 .956 + .052 4 .3 9 8 + .000 4 .3 + .1 143.8 + .0 24 + 1

The e r r o r  ba r s  in f i g .  11 and f i g .  12 accoun t  f o r  the  u n c e r t a i n t y  in hQ;

in the  f i r s t  p l a ce  f o r  the  e f f e c t i v e n e s s  wi th  which the  s t a nd ing  th i r d - sou nd

waves a r e  e l i m i n a t e d ,  which is  done by ave raging  h_ over  a t  l e a s t  two pe r iods

o f  the  t h i r d - so un d  waves.  In the  second p l a c e ,  because o f  the f a c t  t h a t  hg is

sometimes found to  be d i f f e r e n t  b e fo re  and a f t e r  the  measur ing run,  a l i n e a r

ave rage  over  th es e  two va l ues  i s  taken in the  computer program. Note t h a t  t h i s

small  h y s t e r e t i c  e f f e c t  in the  c o i l s ,  c o n t r i b u t i n g  co n s id e r ab l y  to  the  e r r o r
b a r s ,  i s  due to  the  mechanisms mentioned in ch a p te r  I ,  where i t  tu rned o u t  to

be o f  p r a c t i c a l l y  no importance in the  d e t e r m in a t io n  o f  the  s t a t i c  f i lm  th ic k n es s .

The r e s u l t s  f o r  the  166 m c a p i l l a r y  a r e  a l s o  g iven ( f i g .  13) ,  a l though  the

s t a t i c  h e i g h t  o f  the  l e v e l s  was not  de termined.  The da ta  were ana lyzed by means

o f  eq.  (41) .  The Kontorovich e f f e c t  i s  ob ta in ed  by s u b t r a c t i n g  the  a c c e l e r a t i o n

e f f e c t ,  c a l c u l a t e d  from the  approximat ion in eq.  (38) from the  t o t a l  change

in th ic k n es s  accord ing  to:

K,max K,max i ( h .  +z 1,max h , )]r ,mi n + Azapprox
' v s*=max



TABLE 1*

RESULTS FOR THE 120 m COIL

no T H *o til a d vs,, max
0 0 (cm) (cm) (10-3  r a d . s ' 1) (1 0 '5 s ' i ) (X) (ci -1

D 8

1 1.635 9 .6 3 .518 + .015 4 .233  + .001 5 .2  + .9 111 .5  ♦ .0 2 0 .0  * .6
2 1.587 7 .7 6 .500 + .007 4 .464  + .004 3 .2  + .3 119 .8  ±  .2 18..3 ♦ .3
3 1.153 2 .49 .601 ♦ .050 5.584  + .000 1 .9  + .1 16U.3 + .0 17. ♦ 1
4 1.301 2 .51 .489 + .043 5.537  + .015 1 .1  ♦ .0 165 ♦ 1 14 + 1
5 1.297 2 .48 .585  + .048 5.514 + .004 .7  + .1 164 .8  + .2 17 ♦ 1
6 1.293 2 .3 8 .626 + .058 5 .488  + .002 1 .7  + .0 163 .0  + .0 18 ♦ 2
7a 1.290 2 .2 9 .625 + .053 5 .499  + .001 1 .0  + .7 163 .8  + .0 18 ■f 2
b 2 .32 .501 ♦ .048 5 .507  + .002 .9  ♦ .0 164.4  + .1 14 ♦ 1
c 2 .34 .287 + .033 5 .525  + .009 .4  + .7 165.6  + .6 8 ♦ 1

8 1 .283 2.11 .656 + .073 5.507  + .001 1 .7  + .1 165 .0  + .1 19 + 2
9a 1.283 2 .1 4 .697 + .080 5 .507  + .005 6 .0  + .4 164.9  + .3 20 ■f 2

b 2 .17 .468  + .050 5 .532  + .003 .5  + .3 166 .6  + .2 13 + 1
10 1.289 2 .2 4 .557 + .057 5.514  + .003 1 .0  + .0 165.2  + .1 16 •f 2
11a 1 .286 2 .24 .461 ♦  .048 5 .528  + .003 .9  + .4 166 .2  *  .2 13 + 1

b 2 .2 6 .305 + .037 5 .545  + .005 1 1  1 167 .3  + .3 9 ♦ 1
12a 1 .293 2 .3 0 .623 ♦ .060 5 .500  + .005 1 .6  + .0 164.5  + .4 18 ♦ 2

b 2 .34 .448 + .045 5 .525  + .001 .6  + .5 166.1 + .0 13 ♦ 1
c 2 .3 4 .323 + .033 5.540  + .001 3 i  1 167.0  ♦ .0 9 4- 1

13 1.370 3 .56 .702 + .029 5 .268  + .004 3 .9  + .1 151.6  + .2 22 ♦ 1
14a 1.292 2 .35 .695 + .066 5.503  + .000 6 .8  + .4 164 .2  + .0 20 ♦ 2

b 2 .3 8 .454  + .044 5 .519  + .002 .9  + .3 165 .3  + .1 13 ♦ 4

c 2 .3 9 .298  + .031 5.540  + .002 .7  + .0 166 .6  + .1 9 ♦ 1
15 1 .4 2 2 4 .5 6 .691 ♦ .023 5.061 + .000 2 .8  + .0 141 .8  *  .1 22.:2 + ,.7
16 1.207 2 .2 6 .636  + .070 5.559  i  .002 3 .5  + .2 165.1 + .1 18 ♦  • 2
17 1.214 2 .3 3 .636  + .063 5 .5 4 8  + .001 1 .4  + .1 164 .4  + .0 18 ■f 2
18 1.199 2 .1 7 .581 ♦ .068 5 .572  + .001 .9  + .2 166.1 + .1 17 ♦ 2
19a 1.206 2 .23 .619 + .066 5.562  + .003 3 .5  + .3 165 .5  + .1 18 ♦ 2

b 2 .26 .416 + .040 5.582  + .004 .5  + .5 166 .8  *  .2 12 ♦ 1
'c 2 .2 7 .268 + .034 5.606  + .006 .1  + .2 168.3  + .4 8 ♦ 1

20 1.252 2 .7 0 .603 + .049 5 .497  + .004 1 .5  + .0 161.5  + .1 18 ♦ 2

The a c c u r a c y  o f t h i s a n a l y s i s  o f t h e  d a t a  o f t h e  166 m cap i  1 l a r y i s o f c o u r s e
r a t h e r  poo r .  The e r r o r  b a r s  a r e now o b t a i n e d from th e di f f e r e n c e i n thei v a lu e
f o r  Bg f o r  e ach  s t a n d p i p e ,  t h i s  b e in g  an i n d i c a t i o n  o f  t h e  a c c u r a c y .

We w i l l  r e t u r n  t o  t h e  e x p e r i m e n t a l  r e s u l t s  in  t h e  d i s c u s s i o n  a t  t h e  end

o f  s e c t i o n  6 .  An i nd epe nde n t  i n d i c a t i o n  o f  t h e  o c c u r r e n c e  o f  t h e  t h i n n i n g  can

a l s o  be found from a compa r i son  o f  r uns  w i t h  d i f f e r e n t  a m p l i t u d e s ,  a l l  o t h e r

e x t e r n a l  p a r a m e te r s  r em a in ing  unchanged ( s e e  t h e  t a b l e s ) .  A d e c r e a s e  in w
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TABLE 5

RESULTS FOR THE 200 m COIL

no T H Aq

( cm)

0) a d vs,m ax

<K) ( cm) ( 10- 3  ra d • a ' 1 ) u o 'V S (X) (cm s  )

1 1.272 2 .2 3 .971  + .002 4 .216  + .003 1.1 + .3 110.1 ±  • 2 2 2 .5  + .0

2 1.239 1.74 .885  + .020 4.322  + .001 4 .0 ♦  .2 115.4 + .1 19 .9  + .4

3 1.251 1 .90 .853  + .012 4 .289  + .002 2 .3 + .0 113.7 +  .1 19 .4  + .3

4 1.264 2 .12 .901  + .001 4.241  + .003 1 .6 +  .5 111.2 ±  - 1 2 0 .7  ♦  .1

5 1.291 2 .5 9 .925  + .010 4 .1 5 6  + .004 1 .3 + .1 107.2 +  .2 2 1 .7  + .3

6 1.331 3 .50 1.144  + .011 3.990  + .001 5 .0 ♦  .0 9 9 .6 ±  - ° 28.1  +  .3

7 1.309 2 .9 6 1.169  + .010 4 .073  + .003 2 .5 +  .0 103.4 +  .2 28 .1  +  .3

8 1.375 4 .6 2 1.070  + .014 3.835  + .001 .6 i  *° 93 .1 i  * ° 2 7 .3  + .4

9 1 .426 6 .3 5 1.072  + .011 3 .656  + .002 2 .2 +  .0 8 6 .0 +  .1 2 8 .8  +  .3

10 1.457 7 .4 8 1.062  + .005 3.564  + .001 3 .5 +  .0 8 2 .8 +  .0 2 9 .2  + .1

11a 1.291 2 .5 4 1.199  + .002 4 .143  + .012 5 .6 +  .5 106.6 +  .7 2 8 .3  +  .1

b 2 .5 9 .838  + .012 4 .170  + .006 .9 +  .2 108.0 +  .3 19 .6  + .3

c 2 .6 2 .603  ♦ .003 4 .1 8 7  + .001 .5 +  .0 108.9 +  .1 14.1  +  .1

12 1.352 4 .01 1.109  + .011 3 .907  + .001 .9 +  .0 96 .1 + .0 2 7 .8  +  .3

13a 1.246 1.87 1.078  + .021 4 .2 7 4  + .006 9 .5 +  .2 113.0 +  .3 2 5 .0  +  .0

b 1 .92 .577  + .054 4 .377  + .007 .6 +  .2 116.4 +  .4 12 .9  + . 1

c 1.97 .277  + .014 4 .3 6 7  + .010 .6 + .3 118.0 + .6 6 .2  +  .0

14a 1.300 2.81 1.039  + .010 4 .1 0 5  > .000 .7 +  .2 104.8 +  .0 2 4 .7  +  .2

b 2 .8 6 .854  + .008 4.121  + .002 .4 + .2 105.6 +  .1 2 0 .3  + .2

c 2 .8 6 .621  + .008 4 .1 3 8  + .005 .5 +  .4 106.5 ±  *5 14 .7  +  .2

15a 1.398 5 .40 1.104  + .011 3.747  + .000 2 .2 +  .1 8 9 .5 +  .0 2 8 .9  +  .3

b 5 .41 .820  + .011 3.757  + .001 .7 +  .1 9 0 .0 +  .0 2 1 .4  +  .3

16a 1.258 1 .97 .974  ♦ .015 4 .259  + .005 1 .8 +  .4 112.1 i  «2 2 2 .3  ♦  .3

b 2 .04 .797  + .008 4 .275  + .002 .2 i  *° 112.9 +  .1 18 .2  + .2

c 2 .0 5 .606  + .009 4 .302  + .002 .3 +  .2 114.4 +  .1 13 .7  +  .2

17a 1.277 2 .3 6 1.011 + .005 4.211  * .019 10.7 +  .3 110 1  1 2 3 .4  +  .0

b 2 .3 8 .670  + .003 4 .229  + .015 .1 + .2 110 .8 +  .8 1 5 .5  +  .0

c 2 .4 0 .502  + .004 4 .243  + .021 .1 + .0 112 ♦  1 11 .6  + .2

18 1.492 9 .0 0 1.109  + .001 3.431  + .001 2 .9 ± 7 8 .0 ♦  .0 31 .7  + .0

1.532 11.04 .944  + .009 3.292  ± .001 1 .6 1  «° 7 3 .4 + .0 28 .1  + .3

20a 1.785 2 .0 7 1.211  + .003 3 .529  + .005 3 .6 +  .3 106.1 +  .3 3 3 .4  + .0

b 2 .1 6 .848  + .009 3 .5 5 8  + .006 2 .9 +  .3 107 .8 +  .3 2 3 .2  +  .2

c 2 .2 5 .566  + .017 3 .566  + .018 1 .5 +  .4 108 t  1 15 .5  + .4

21 1.865 10.27 .755  ♦ .008 2 .755  + .003 2 .8 +  .0 7 2 .8 +  .1 2 6 .9  +  .3

22 1.845 7 .92 .893  + .015 2 .915  + .001 4 .1 +  .1 78 .7 +  .0 3 0 .0  + .5

23a 1.797 3 .12 1.126  + .007 3 .392  + .002 3 .6 + / .5 9 9 .4 ± 3 2 .5  + .2

b 3 .2 0 .825  + .004 3 .405  + .011 2 .3 +  .0 100.1 i  -6 23 .7  +  .1

c 3 .1 5 .573  ♦ .018 3 .426  4 .006 2 +  1 101.4 i  *4 16 .4  +  .5
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TABLE 5 (continued)

no T

(K)

H

(cm)

Aq

(cm)

fa)
(10 3 ra d .s  )

a

do"5. ' 1)
d

<*)
v s , max^
(cm 8 )

24 1.830 6 .2 6 .877 + .006 3 .072  £  .003 3 .0  + .0 8 5 .5  + .2 28 .0  + .2
25 1.814 4 .8 0 .957 + .007 3 .230  + .001 5 .5  + .2 92.1  + .0 29 .0  + .2
26 1.766 2 .6 2 1 .248 + .004 3 .523  + .005 2 .8  + .2 103.1 + .3 34 .6  + .2
27 1.779 3 .77 1 .226 + .002 3.381 + .001 2 .6  + .1 9 6 .2  + .0 35 .5  + .1
28 1.787 4 .4 9 1 .145 + .001 3 .302  + .001 3 .0  + .2 9 2 .6  .1 34 .0  + .0
29a 1.500 1 .96 .915 ±  .010 4 .043  + .005 1 .3  + .7 109.6  + .3 22.1  + .2

b 2 .02 .717 + .020 4 .053  + .015 1 + 3 110.2  + .8 17.2  + .4
e 2 .0 5 .535  + .008 4.071 + .028 .5  + .7 111 + 2 12.8  + .3

30a 1 .510 2 .3 8 1 .127 + .001 3 .954  + .003 2 .4  + .2 105.1 + .2 2 7 .8  + .0
b 2 .4 4 .774 + .013 3 .977 + .003 1 .2  ^  .6 106.3 + .2 19.0  + .3
c 2 .4 6 .619 + .001 3 .993  +_ .015 1.1  + .3 107.1 + .8 15.1 + .1

31 1 .520 2 .8 3 .975 + .003 3 .904  + .001 2 .0  + .1 102.9 + .0 2 4 .4  + .1
32 1.662 11.45 1 .164 + .009 3 .110  + .002 2 .6  + .0 71 .9  + .1 36 .7  + .3
33 1.642 9 .9 3 1.171 + .004 3.191 +_ .001 2 .3  + .2 7 4 .4  + .0 36 .0  + .1
34 1.626 8 .7 9 1 .140 + .017 3 .265  + .001 1 .9  + .1 76 .9  + .0 34 .2  + .5
35a 1.515 2 .7 0 .965 + .003 3 .926  + .005 2 .6  + .0 103.9  + .3 2 4 .0  + .0

b 2 .72 .730 + .007 3 .935  + .002 1 .3  + .5 104.3  + .1 18.1 + .2
c 2 .7 5 .540 + .004 3 .942  + .020 .9  + _ .3 105 + 1 13.4  + .2

36 1.597 6 .9 5 1.071 + .011 3 .429  + .005 1 .5  + .4 83.1  + .2 3 0 .6  + .3
37 1 .563 4 .9 4 1 .018  + .002 3 .627  + .001 1 .8  + .0 9 1 .0  + .0 2 7 .5  + .0
38 1 .534 3 .5 8 1.166 + .005 3 .783  + .002 1 .6  + .2 9 7 .3  + .1 30 .2  + .1
39a 1 .528 3.21 .961 + .012 3.851 + .004 2 .5  + .5 100 .5  + .2 24 .4  + .3

b 3 .2 5 .703 + .004 3 .866  + .001 .8  + .5 101.3  + .1 17 .8  + .1
c 3 .2 7 .518 + .010 3 .864  + .013 1 + 1 101.1 + .7 13.1 + .3

40a 1.501 2 .1 9 .421 ±  .045 4 .055  + .071 } 1  2 110 + 4 10 + 1
b 2 .14 .690  + .017 4.040* + .012 2 + 2 109.4 + .7 16.7  + .4

41a 1.$11 2 .6 2 .769 + .023 3 .944  + .006 4 + 2 104.6  + .3 19.1 + .6
b 2 .6 2 .813 + .015 3 .949 + .027 3 .0  + .6 105 + 1 20.1 + .2

42a 1.523 3 .2 2 .450 + .006 3 .883  ^ .018 1 .5  + .3 102 + 1 11.3  + .1
i> 3 .2 0 .758  + .012 3.871 + .003 1 .5  + .8 101.3  + .2 19.2  + .3
c 3 .1 8 .954 + .007 3 .862  + .007 2 .3  + .2 100.8  + .3 24.2  + .2

43a 1 .526 3 .99 .672 + .003 3 .768  + .003 1.1  + .4 9 6 .0  + .1 17.5  + .1
b 3 .9 9 .967 + .001 3 .755  ±  .001 1 .3  + .0 9 5 .3  + .1 2 5 .2  + .0

44a 1.488 2 .7 8 .697 + .017 3 .948  + .003 1 1  1 103.5  + .2 17.3  + .5
b 2 .7 5 1 .008 + .004 3 .926  + .007 1 .3  + .4 102.2 + .4 25.1 + .2

45a 1.488 2 .1 5 .566 + .015 4 .0 7 5  + .008 1 + * 1 111.0  + .4 13.5  + .4
b 2 .0 9 .934 + .001 4 .051 -f .003 4 .0  + .0 109.1 + .1 22 .5  + .0
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L = 200m
T s 1.500 K
H -2.09 cm

XTems*’

120 10) min 1800 t  , 10

Fig. 14 The velocity o f the standpipes hz/ht versus time; t/ 2  corresponds
to the ha lf period o f the Atkins oscillation which is  necessary
to reverse the flow direction. The drawn line is  used as z( t )  in
fig . IS. The observed third-sound oscillations, which are enhanced
during the reversal o f the flow direction} are reduced by taking
the average o f five  subsequent measuring points.



corresponding to an averaged th in n in g  o f  the f i l m  can be no t iced  when the

v e lo c i t y  increases. A c a lc u la t io n  shows th a t  the s h i f t  is the r i g h t  o rde r  o f

magnitude as p red ic ted  by eq. (1 ) .  However, these long c a p i l l a r i e s  are not too

w e ll  s u i te d  to  a l lo w  fo r  an accura te  de te rm ina t ion  o f  the Kontorovich e f f e c t
in th i s  way21*.

6 -1 .2  Flow w i th  constant a c c e le ra t io n . In sec t ion  3 .1 .2  the measuring
procedure is  a l ready  descr ibed. In f i g .  14, the averaged v e lo c i t y  o f  the

s tandp ipes, A z /A t ,  necessary to  m a in ta in  a cons tan t leve l  d i f fe re n c e  o f  about

0.07 cm between the l i q u id  in both standpipes is  p lo t te d  versus t im e. A t the

th in  v e r t ic a T  l in e s ,  the f lo w  d i r e c t i o n  is  reversed, as is  described in sec t ion

3 .1 .2 .  The curve drawn through the  da ta , z ( t ) ,  is  taken to  represent the ra te

o f  l i q u id  t r a n s p o r t ,  thereby e l im in a t in g  the superimposed th i rd -so u nd  o s c i l l a ­

t io n s .  In f i g .  15, the observed increase in  h e ig h t  due to  the th in n in g  f i l m  as

L *  200m
T-1.500K
H= 2.09 cm

F ig . 15 The increase in  the leve ls  due to  the th inning o f  the f i lm  as

a function  o f  z . The dotted curve is  obtained by the same

averaging procedure as used in  fig»  14» The drawn lin e  corresponds
to the expected th inning deduced from eq. (1 ) .  The black

c irc le s  are ca lcu la ted  using A /6H  3 A being the amplitude o f

the Atkins o s c il la t io n  during the flow  reversa l.

. o
a fu n c t io n  o f  z is p lo t te d .  The e r r o r  bars represent the u n c e r ta in ty  in  hQ.

The curve drawn in f i g .  15 corresponds to  the ca lc u la te d  Kontorovich e f f e c t .

For the c a lc u la t io n  o f  t h i s  e f f e c t ,  the th ickness  o f  the f i l m  is  taken to  be

constan t throughout the whole run and equal to  the averaged va lue determined
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from the period of the Atkins oscillation, which follows after the run is
completed. The feedback correction has also been applied. The results seem to
be in fair agreement with the Kontorovich prediction, in spite of the limited
accuracy obtained with this method. The agreement seems better than is obtained
from the Atkins oscillations (fig. 12). In this respect, it should be mentioned
that the amplitudes of the Atkins oscillations, observed during the reversal of
the flow direction, are always lower than expected from the initial value of
z(u)A < z). This is shown in fig. 15 by the black circles, which represent
A /6H . This indicates that even for velocities well below the critical value,
not all the kinetic energy of the film shows up as potential energy in the
standpipes during the Atkins oscillation. We will come back to this point in
the discussion at the end of this section.

6.2 Flow at constant velocity

6.2.1 Critical flow. Measurements on the thinning during stationary
but critical flow are usually carried out before the Atkins oscillations are
started. To reduce the influence of the initial third-sound waves, critical
flow has to be maintained for a long time (see section 3.1.1). The measuring
procedure during critical flow has already been described in section 3*2.1.
An example of the averaged velocity of the standpipes, Az/At, as a function of

5

1CT3cm s- ’

4

3

2

Fig. 16

40

cm s -1

30

20

10

Vs

0o t r X) 20 30 AO 50 60 m in  70

The velocity of the liquid in the standpipes during critical flan,

the third-sound amplitude is reduced in the same way as in fig.

14. The drawn horizontal line is taken as the velocity of the

•• ••

L ■ 200m
T_= 1.785K
H = 2.07cm

Va

• • •

• •

r

levels. 60



L « 200m
T = 1.785 K
H = 2.07 cm

min 70

F ig . 17 The observed in c re a se  in  h e ig h t o f  the

flo w . The drawn h o r iz o n ta l l in e  i s

in c re a se  in  the  le v e ls ,  bz in  f i g .

L=200m

150 -

,calc so

le v e ls  d u r in g  c r i t i c a l

taken as the  observed

18.

F ig . 18 O v e ra ll r e s u l ts  on the

observed in c re a se  in  le v e l h e ig h t

d u r in g  c r i t i c a l  f lo w  as a fu n c t io n

o f  the in c re a se  c a lc u la te d  from  the

observed averaged z and eq. (1 ) .

t ime is  p lo t te d  in  f i g .  16. F igure 17 shows the corresponding increase in  h e igh t

o f  the le v e ls ,  Az, due to  the reduc t ion  in  the th ickness  o f  the f i l m .  Only the

data taken a f t e r  the f lo w  is  reversed are  analyzed, s ince  the e f f e c t  o f  t h i r d

sound should be less im portan t in th i s  reg ion . The value o f  z and Az^ are

obta ined by averaging both A z /A t and Az over th i s  e n t i r e  re g io n .(see  h o r iz o n ta l

l in e s  in f i g s .  16 and 17)- In f i g .  17, the e r r o r  bars correspond to  the un­

c e r ta in t y  in hg. The o v e ra l l  re s u l ts  a re shown in f i g .  18, where the observed

AZj^ are p lo t te d  versus  t h e i r  expected va lues , c a lc u la te d  from z and using the

th ickness  as determined from the  subsequent A tk in s  o s c i l l a t i o n .  The e r r o r  bars
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in  f i g .  18 account f o r  both the u n c e r ta in ty  in  hg and the u n c e r ta in ty  due to

the t h i r d  sound, shown in f i g .  17. The agreement w i th  the Kontorovich p re d ic ­

t io n  seems reasonable. Again from a comparison o f  f i g .  18 w i th  f i g .  12, i t

appears th a t  no t a l l  the k i n e t i c  energy o f  the f i lm  shows up in  the A tk ins

o s c i l l a t i o n  o f  the le ve ls  in the standp ipes.

6 .2 .2  Flow a t  cons tan t ,  s u b c r i t i c a l  v e l o c i t y . The f i l m  is  acce le ra ted

to  the des ired  v e lo c i t y ,  a f t e r  which the v e lo c i t y  is  kept cons tan t by m a in ta in ing

a zero leve l d i f fe r e n c e .  Th is measurement is  o n ly  c a r r ie d  ou t f o r  two v e lo c i t ie s

a t  the same temperature, the re s u l ts  are shown in f i g .  19- F igs .19a  and 19c

show the averaged v e lo c i t y  o f  the s tandp ipes, A z /A t,  versus  t im e, f i g s .  19b and

19d show the corresponding increase in  the leve l h e ig h ts .

The drawn h o r iz o n ta l  l in e s  in f i g s .  19b and 19d are the expected values

o f  the Kontorovich e f f e c t ,  co rrec ted  f o r  the feedback (see 6 .1 . 1 ) ,  correspon­

d ing  to  z g iven by the drawn l in e s  in the f i g s .  19a and 19c. The e r r o r  bars

KT3cmsJ

L -  200m
T = 1.502 K
H= 2.12 cm

60 min 7080 min 90 0 t l ,  X)0 t 10

F ig . 19 The v e lo c ity  o f  the  standp ipes (a ,c )  and the observed increase

in  the h e ig h t o f  the  le v e ls  d u r in g  s u b c r i t ic a l  f lo w  (b ,d ) ,  w ith

zero le v e l d if fe re n c e . The drawn l in e s  in  the  f ig s .  19b and

19d correspond to  the  c a lc u la te d  increase  in  the  le v e ls  us ing

eq. (1 ) and the  averaged v e lo c ity  o f  the s tandp ives  (h o r iz o n ta l

l in e  in  the  f ig s .  19a and 19c).
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give an indication o f the measuring accuracy. In spite of the poor measuring
accuracy obtained with th is type of measurement, which is not only caused by
th ird  sound, but also by the inaccuracy with which the zero level difference
could be maintained, a thinning o f the order o f the Kontorovich prediction is
observed, although the observed values seem somewhat high.

6*2*3 Persistent flow. During persistent flow, the thinning o f the
film  can also be measured by the amount of excess liqu id  in the standpipes.
Only a few measurements were carried out, due to the fact that, as was the
case fo r the 166 m cap illa ry , the orig inal apparatus did not allow fo r small
values of ÏÏ. At a temperature T -  1.427 K, a height H -  5-6 cm, an averaged
film  thickness d = 140 8, and a persistent flow velocity v :  36 cm/s, we
observed Az.. = (25 ± 10) x 10  ̂ cm, while the calculated value is:

- 3
AzK “  29 X 10 cm> The a9reement seems to be good. The persistent flow appa­
ratus has now been modified to allow for smaller ÏÏ, making more accurate
measurements possible. The results in persistent flow w il l be published
separately.

6.3 Discussion o f the thinning

A ll the results indicate that a moving film  is thinner than a s ta tic  one
by an amount o f the order o f magnitude predicted by Kontorovich. The quantitative
results for the 200 m cap illa ry  are, in like  the results fo r 120 m, substantia lly
too high. Apparently the magnitude o f the discrepancy depends on the length of
the cap illa ry , indicating that i t  cannot be due to the fact that wrong assump­
tions are made for the equilibrium conditions between the moving film  and its
vapour.

The following explanation o f the observed discrepancy is suggested. In the
calculations i t  is assumed that, a fte r elim ination o f the standing third-sound
waves, the mass transfer rate M is constant throughout the entire  film . The
influence o f cross-effects and retardation effects, due to the f in ite  speed of
th ird  sound (with which information travels along the f ilm ) , has been to ta lly
neglected. These effects become more important the longer the cap illa ry . For
instance, i t  is most lik e ly  that at the moment that the potential energy of the
levels during the Atkins o sc illa tion  is at its  maximum, the entire film  is not
at rest. That not a ll the k ine tic  energy shows up in the amplitude is supported
by the observations in sections 6.1.2 and 6.2.1. According to eq. (32) with
/_kin,max/Ppot,max, , •
' f i l m  ' b u l k  '  >  1'  th,s wou,d ,ead to a higher expected value of the
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th in n in g .

This is  a lso  the case w i th  the app l ied  c o r re c t io n  f o r  the feedback, which

is  taken too la rg e ,  as re ta rd a t io n  has been neg lected . In o rde r to  check th is

exp lana t ion  o f  the observed d iscrepancy f o r  the longest c a p i l l a r y ,  the 200 m

device is  now being m od if ied  in to  a p e rs is ta t ro n ,  in which re ta rd a t io n  e f f e c ts

should no t p lay an im portan t ro le .

The present experimental re s u l ts  p rov ide  s trong  evidence th a t  the th in n in g

o f  the f i l m  as p re d ic te d  by Kontorovich does indeed occur. That the th in n in g

o f  the f i l m  does not on ly  occur owing to  the o b s t ru c t io n  o f  the vapour in these

narrow c a p i l l a r i e s * 1 2 3 has re c e n t ly  been shown by o th e rs ,  who con f i rm  our f in d in g s

on the th in n in g 19»20' 24»25. The accuracy o f  the experimental r e s u l ts  on the

th in n in g  does not a l lo w  one to  d e tec t  c o r re c t io n s  o f  the o rde r o f  (1 -  Pvap /p )*

Nevertheless in  view o f  the present r e s u l ts  the re  seems to  be no reason to

doubt the v a l i d i t y  o f  the assumption th a t  the v a p o u r - f i lm  e q u i l ib r iu m  c o n d i t io n

is  id e n t ic a l  to  th a t  o f  the b u lk .  No phenomena, a d d i t io n a l  to  those occu rr in g

in the b u lk ,  have to  be in troduced to  e x p la in  the behaviour o f  the f i lm .

However, the re  remain the negative  f in d in g s  o f  K e l le r  (and re c e n t ly  by

Telschow e t  a £ .21) .  No conv inc ing  exp lana t ion  o f  these negative  re s u l ts  has

been proposed16»23. Attempts to  re c o n c i le  the c o n t r a d ic to ry  re s u l ts  are so

f a r  u n s a t i s fa c to r y 3»22.

Appendix

The equations d e sc r ib in g  the behaviour o f  He I I  in the n o n d is s ip a t iv e

reg ion are the Landau equations.

1. C o n t in u i ty  equa tion :

M  = 0, w i th  T = pv = p v + p and p = p + p3 t  •* Ks s n n s n

2. Eu le r equation f o r  the s u p e r f lu id :

d v , p ns s / v 1 n i  /-► 1 2
-§ -= • = -  V(ji + Si) = -  — VP + sVT + •=— V(v -  v ) -  VS1 ,d l p p n s

w i th  Si the p o te n t ia l  o f  the ex te rna l fo rces .

3. Entropy conse rva t ion :

■4&T + (psv ) = 0 .91 n
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4. The momentum balance:

wi th II , = P6 + p v v t + P v v .ol ai *n ncx nl so si

The equilibrium  conditions between liq u id  and vapour as given by Putterman
and Uhlenbeck^1*:

1 . V = Vn vap 3. Ti : -  TL1 q vap

2. P, . = PLiq vap 4.
ULiq + i7 s ‘  V >  "  ‘'vap
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CHAPTER I I I

THE ROTATING He II  FILM, THE SHRUNKEN MENISCUS

1. In troduction

The meniscus o f ro ta tin g  helium II  has been the ob jec t o f many inve s tiga ­
tio n s . According to  the Landau equations one expects a shrunken temperature-

-dependent parabo lic  meniscus i f  the angular v e lo c ity  o f  the bucket does not
exceed a c r i t ic a l  value k>c1 below which the s u p e rflu id  is a t re s t, as was
predicted by London1 in 1946 fo r  the f i r s t  tim e. For us -  u , the f i r s t
quantized vo rtex lin e  appears in  order to  minimize the free  energy o f  the
ro ta tin g  helium. When u »  mc l many quantized vo rtice s  are created ro ta tin g
w ith  the f lu id ,  e f fe c t iv e ly  re s u lt in g  in  a nond iss ipa tive  so lid -body ro ta tio n
o f the whole f lu id  leading to a c la s s ic a l meniscus. This c la s s ic a l meniscus

was experim enta lly  found by Osborne2 and o the rs3 and explained on these line s
by Onsager1* and Feynman®.

In the f i r s t  experiments done on the meniscus o f ro ta tin g  He I I ,  the
angular v e lo c it ie s  were fa r  too large to  observe a shrunken parabo lic  in te rfa ce
or to  measure a s ta te  w ith  the s u p e rflu id  a t re s t: vg = 06 . ( in  analogy w ith

supe rconductiv ity , th is  zero quantum s ta te  is  ca lle d  the Meissner s ta te .)  The
more recent measurements o f  the angular momentum by Hess and Fairbank7 and

Packard and Sanders8, w ith  ro ta tin g  buckets o f  small diameter, have shown th a t
a s ta te  w ith  vg = 0 does e x is t fo r  u, < «c l . Even fo r  u , a metastable s ta te
w ith  vs = 0 was observed by Reppy et al.*. U n fo rtuna te ly , one has not been able
to observe the meniscus in these experiments, so the question as to  whether or

not a s ta te  w ith  vg = 0 im plies a shrunken meniscus has s t i l l  not been answered
experim en ta lly . A review on the experimental and th e o re tic a l s itu a tio n  u n t i l
1966 is given by Andronikashvi1i and Mamaladze10, and the present s ta te  o f
a f fa ir s  in bu lk He II  is  discussed by Putterman and Uhlenbeck11.

U n til now no experiments have been done on the meniscus o f  bulk fo r

“  < “ d >  m ain,y because o f the d i f f i c u l t y  o f  determ ining the meniscus in  a

67



bucke t  wi th  a small  d i a met e r ,  where c a p i l l a r i t y  dominates .  However, L i t t l e
and A tk in s 12 c a r r i e d  ou t  an experiment  on a He II f i lm  cover ing  a r o t a t i n g

c y l i n d e r .  They measured the  change o f  f i lm  th i c kn es s  in the  c e n t r e  o f  the c y l i n d e r

and claimed to  have found a shrunken t empera tu re -dependent  men i scus . They i n t e r p r e t e d

the  f a i  lu re  to  induce r o t a t i o n  in the  s u p e r f l u i d  component as ev idence t h a t  i t  i s

e i t h e r  very d i f f i c u l t  to  form v o r t i c e s  wi th  t h e i r  axes p e r p e n d ic u la r  to  the
plane o f  the  f i lm  o r  t h a t  the  v o r t e x  l i n e s  could not  a t t a i n  t h e i r  e q u i l i b r iu m

a r r a y  due to  a l a rg e  p inn ing f o rc e .
S ince th es e  arguments were not  complete ly  conv inc ing ,  a s i m i l a r  exper iment

was begun in which the  th i c kn es s  o f  a r o t a t i n g  f i lm in a hol low spinn ing  top

was s tu d i e d .

-R = 3 .0 cm —

±
He film r  0 .0 7  cm

IAZbulk He E—*
-C
-2i*s=0.035cm

Fig.  1 Schematic drawing
o f  the top.

2. Change in f i lm th i c k n es s  by using a spinn ing  top

2.1 The ap p a r a t u s :  the  hollow sp i nn ing  top

The ap p a ra t u s  i s  shown in f i g .  1 and is made complete ly  ou t  o f  g l a s s .  I t

c o n s i s t s  o f  a hol low c i r c u l a r  f l a t  d i s c  (D) on to  which a very narrow s t a ndp ipe

(C) is fused .  The a x i s  o f  r o t a t i o n  (w) is  chosen v e r t i c a l l y  and c o in c i d e s  wi th

the  ax i s  o f  the s t a n d p ip e ,  p rov id ing  c y l i n d r i c a l  symmetry. At l i q u i d - n i t r o g e n

tempera tu re  a f i xe d  amount o f  hel ium gas was s e a l e d  o f f  in the  hol low top ,  in
such a way t h a t  a t  t empera tu res  below the  lambda p o in t  the  s t a ndp ipe  is  p a r t i a l l y

f i l l e d  wi th  He 11. The w a l l s  o f  the hol low d i s c  and the  s t a nd p ip e  w i l l  be covered

on the  in s i de  by a hel ium f i lm .  The r e s t  o f  the  volume w i l l  be f i l l e d  wi th
s a t u r a t e d  hel ium vapour .  The inner  d iamete r  o f  the  s t a nd p ip e  is chosen such t h a t
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“cl of the standP'Pe is re la tiv e ly  large, about 8 rad/s, so that the effects
of vortex lines in the standpipe are neglig ib le. When rotating the top, helium
is centrifuged to the outside of the disc, deforming the film . The flu id
necessary to deform the film  is drawn from the standpipe giving rise to a
lowering of the level by an amount Az. The measurements are straightforward.
Az is measured as a function of the angular velocity w with the help of a
cathetometer. To keep the temperature in the top constant, the whole apparatus
is immersed in a helium bath which is regulated w ithin 0.1 mK; this means that
a warming up or cooling down of the helium vapour gives a correction in Az

of about 10 cm, depending on the temperature dependence of the saturated
vapour pressure at the working temperature.

2.2 Theory

The equations describing the behaviour of He II  in the nondissipative
region are the Landau equations.

1) Continuity equation:

+ ^*7 = 0, with p v « 7  “ psSs + pn7n and p = pg + p

2) Euler equation for the superfluid:

T T  = -  + ° )  “ -  I  + s fr  + ^  $(v -  v ) 2 -  fa  ,at p 2p n s

with ft the potential of the external forces.

3) Entropy conservation:

3 p s  ■ -x  /—  + V- (psv. 0 .

4) The momentum balance:

111
at

+ 2a

At the free surface the equilibrium conditions between liquid  and vapour are
derived by Putterman^^ as:
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1 . V =  Vn vap 3. T. . = T ;L iq  vap

2. P. . -  P ;L iq  vap
■ . -+2 +  . -*-24. u, . + i v  -  v *v = u -  £vL iq  s n s vap vap

In t h i s  s e c t io n ,  r o t a t i n g  bu lk  He I I  (se c t io n  2 .2 .1 )  and a ro ta t in g  helium f i lm

(s e c t io n  2 .2 .2 )  a re considered on the bas is  o f  the above se t o f  equations.

One can show th a t  in  the case o f  a s ta t io n a r y  ro ta t in g  system in thermal equ i-

l ib r iu m  a s o lu t io n  w i th  v = 0 and v = <o x r  (Meissner s ta te )  f u l f i l s  a l ls n '

Landau equations i f :

1 ^ n 2-*-— VP + V O ------ u r  -  0
P P ( 1 )

The f r e e  surface is  determined by the e q u i l ib r iu m  co n d i t io n s  1 and 2, the

e q u i l ib r iu m  co n d i t io n s  3 and 4 are i d e n t i c a l l y  f u l f i l l e d .  For the v o r te x  s ta te

o f  r o ta t in g  He I I , the averaged hydrodynamics are der ived by Bekarevich and

K h a la tn iko v11*. C ons idering a s ta t io n a r y  n o n d is s ip a t iv e  s ta te  in thermal

e q u i l ib r iu m  w i th  a un ifo rm  d i s t r i b u t i o n  o f  vo r te x  l in e s  t h e i r  equations reduce

to  the Eu ler equation f o r  the s u p e r f lu id ,  in  which one must take f o r  the

averaged s u p e r f lu id  v e lo c i t y

->■v = a) x r  = vs n

In t h i s  way one ob ta ins

-  ^P + ^0  -  oi2r  = 0 .
P

The e q u i l ib r iu m  co n d i t io n s  in  t h i s  case are

v «= v *  2  x  r  and P. , = Pn vap L iq  vap

The o th e r  co n d i t io n s  are again i d e n t i c a l l y  f u l f i l l e d .  The independent

equations f o r  the v o r te x  s ta te  o n ly  d i f f e r  from those der ived  f o r  the Meissner

s ta te  in  th a t  the r a t i o  p /p  is  replaced by t ;  th e re fo re  a l l  r e s u l ts  from the

Meissner s ta te  can be used f o r  the vo r te x  s ta te  by rep lac ing  pn/p  by 1.

2.2 .1  R o ta t i  ng bu lk  He I I . Let us cons ider a ro ta t in g  s ta t io n a ry

system o f  bu lk  He I I in  the Meissner s ta te .  Eq. (1 ) ,  d e sc r ib in g  the behaviour

o f  the f l u i d ,  now reads f o r  regions not too c lose  to  the vessel w a l l
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-  -  VP
p V(u X r ) 2 -  Vgz 0 ,

or i f  cons ider ing regions in which p and p a re  constan t ,n

P , pn 2 2 ps a t---- + i  —  u r  - g z  = const .  = -  --------  .P P p ( 2 )

Eq* (2) shows th a t  the i sobars in these regions a r e  shrunken temperature-
-dependent parabolo'fds. In the vapour the fol lowing equat ion holds

-  Vgz ,

or  s ince  we have a s ta t i o n a r y  s t a t e  with v ■ u x Ir.vap *

-  Viu2r 2 1 ±------  VP -  Vgz ,
Hvap

which for  constant  p is equiva len t  tovap

P . 2 2 ps-----  + iu) r -  gz = const .  * ------
uan P„ (3)

This shows t h a t  the i sobars in the vapour a r e  not shrunken temperature-
-independent paraboloids .  The shape of  the i n te r fa ce  between l iqu id  and vapour
is determined by the equi l ib r ium condi t ion  P , . = P alona the meniscus IfLiq vap 3
one cons iders  the f ree  surface  of  the l iquid  as a region of  cons tan t  d e n s i t i e s
P and Pn > where pn$ is the dens i ty  of  the normal component a t  the f ree
sur face ,  th i s  equi l ib r ium condit ion combined with eqs.  (2) and (3) immediately
leads to the r e la t i o n :

i p vap“2r2 " pvapgz = ±P|!S)“ 2r2 " P9Z .
or

pf*^ -  p 2 2z _ __n______ vap a) r
p -  p 2gvap *

Su bs t i t u t in g  th i s  expression for  z in eq. (2) or  eq. (3) ,  one f inds for  the
pressure above the meniscus

D(s) Ds a t  . Pvap , 2 2  , .p “ P + _ r—  ipgU r (see chapter  I I ) .
p Pvap
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If = PpU^ »  th'5 result represents an even more shrunken temperature-
-dependent parabolic profile than the generally used expression for the shrunken
meniscus, in which the density of the vapour is neglected. If, on the other
hand, one follows the tentative suggestion made by Putterman and Rudnick15, by
taking p = p, the equation for the meniscus reduces to z = o>^r^/2g, just as
in a classical fluid. With this additional boundary condition at the free
surface of the liquid, a state with vg = 0 does not imply a shrunken parabolic
i nterface.

For the vortex state one can use the above results from the Meissner state
by substituting p S /p = 1, giving z = io^r^/2g (a temperature-independent non-
shrunken meniscus).

2.2.2 The rotating helium film. In the rotating helium film the Van
der Waals forces are not negligible. Let us again consider the Meissner state.
The schematic geometry of the spinning top is shown in fig. 2.
Eq. (1) in this case reads

1 i pn +  2 2 . 3- —  VP + T—  Vü) r - Vgz + Vy/xJ = 0P 2p

or
- —  + i —  w^r^ - gz + -̂ r = const.

P P x3

in regions with constant p and p^. The equilibrium condition P^.^ = pva a'on9
the interface of liquid and vapour leads to a film thickness 6 on the flat disc
determined by:

-9(zo, + 6) P
pvaP)

vap
2,2hi r

s

Fig. 2 The schematic

geometry used in the

calculations for the

top.
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in which r  is the rad ius o f  the standp ipe. I f  one neg lec ts  p w i th  respect

to  p in  th i s  case, one o b ta in s :

p (s)

“g(z« + a) + $  + ~ k
2 2 ntii r  = 0

The equation re s u l ts  in  a shrunken meniscus m od if ied  by the Van der Waals

fo rce s .  I f  the f i l m  is  f u l l  o f  vo r te x  l in e s ,  the re s u l ts  o f  the Meissner s ta te

can be used again by s e t t in g  the parameter p S' / p  equal to  1. Another way to

o b ta in  a m od if ied  nonshrunken meniscus is  by assuming the sp e c u la t iv e  boundary

c o n d i t io n  p * '  = p o f  Putterman and Rudnick15.n
In o rde r  to  check eq. (4) e xp e r im e n ta l ly ,  the change in  the leve l in the

standpipe Az as a fu n c t io n  o f  to is  c a lc u la te d ,  by making some reasonable
s im p)i f i c a t  ions:

Zto=0 = Z0 *S ra *^e r  l s tg e ,  so the f i l m  th ickness  on upper and lower surface
o f  the ho l low  d isc  is  nea r ly  equal;  and th e re fo re ,  both s ides are taken to  be
e q u iv a le n t .

2) The amount o f  f i l m  on the v e r t i c a l  w a l l  on the ho l low  d isc  and in the

standpipe and e f f e c ts  such as due to  e .g .  su rface  tens ion  in  the corners are
neglected.

With these assumptions, the volume o f  the f i l m  a t  a c e r ta in  angu la r v e lo c i t y
is :

f,o
2irr6 ( r )  dr r6 ( r ) d r  .

By s o lv in g  f o r  r  as a fu n c t io n  o f  6 from eq. (4) and in te g ra t in g  over 6, one
f in d s :

2irg
(«

f ’ U (p U , /p)u>2 R’ “ 6l , J
6iry

(-
1 1

( p r V p ) m 2 '<52n R,u

-)

0 ,u
and

v f ,o  -  2irR2V o  -  2irR2V o

>4 stands f o r  the th ickness  o f  the f i l m  a t  rad ius r and angu la r v e lo c i t y  w ) .r ,co
The conse rva t ion  o f  mass f o r  the f l u i d  g ives :

Y u ,  -  Y o
(pnS /p)<oz r s— 1  [g(6i L  - 6 o , J  -

6nR,ü> 0,b)
(s)

’ n  2 .2 .  ,
7 "  R 6o ,o ]

73



From eq. (A) the fol lowing two formulae a re  derived:

AZ “ g ( ,3  '  ) (60 , W " 60 ,0 } *
0 ,u  0,0

Q(s)
Y / 1 1 \ , pn 2„2
“  ( - 5 -------------5---- ) “  («■  ... ■ 6 n n )  +  i  — T ~  “  R9 ,3  ,3

R,<o 0,0
R,w 0,0 (7)

By e l imina t ing  Az and (p^S^/p)w^ from the eqs.  (5)» (6) and (7) one f inds:

3 3f3 /* _ \ , f 2 / 3< _ ÖK \6-,  +  6 _  (6  _ ~  a ) +  6 _  (■ - -  ■ ■ — .  )R,to R,cov 0,o) R,io v̂ 2 ^3
0,o) 0,o)

+ fiR - f 1 - 0 *
0 ,oo 0,bi 0,bi

in which

k = ( y/ 9 ) 1 /3 , o = 260 > 0 + - f A z  and «0>0 “ “ f e  •
R z0

Usinq 6 .  as a v ar ia b le  parameter,  one can f i r s t  c a lc u la te  Az from eq. (6) ,0 ,u
i f  k is  known. Together with the measured value of  z.., from which one f inds the
value of a ,  one can now c a lc u l a t e  the root 6D from eq. (8) .  The proper value

(s) 2 . "»wof (p '  ; /p)üi follows then from eq. (7) •n
Since the formulae given above do not give very much d i r e c t  information,

i t  is se ns ib le  to work out  some approximations.  One can e a s i l y  f ind from eqs.
(4) ,  (5) and (6):

2 p 2 2
1) Az = h/i "“o rï ■ ^ , fo r  smal 1 to , and

*0 r s P 29

p (s) 2 2
2) Az = —̂ ---- zn , fo r  high u>2 .p Zg 0

(9a)

(9b)

For high angular  v e l o c i t i e s ,  one must expect  a vor tex s t a t e ,  so in the approxi­
mation for  high angular  v e l o c i t i e s  pnS /p should be taken equal to  1. Thus

eq. (9b) gives
2„2. u Rz -  Az + zn = -bi 0 Zg

( 10)
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The range where these approximations f i t  the calculations considered above very
strongly depends on the in it ia l  value of z ,(z  ) ,  but generally as one finds from
the experimental data, formula (9a) f i ts  very well i f  o»2 < 100 rad2/s 2 and
formula (10) i f  w2 > 700 rad2/s^.

2.3 Results and discussion

The experimental results fbr top 1 are shown In  f ig . 3, where for d iffe ren t
2temperatures Az is plotted as a function of u on a logarithmic scale. The

theoretical curves are determined by the three parameters zn, p is' /p  and k ,U / I
from which only zQ is known from d irect measurement, while p 's'/p  may even vary
along the curves. In the low angular-velocity region the experimental values
of Az show, within the experimental accuracy, the dependence on w2 as given by
eq. (9a), so that in matching eq. (9a) to the experimental points one finds a
value for the quantity k(p S /p ) .

This is found to be x (p ^ V p ) -  (7.8 ± 0.5) x lo ’ ^cm^3 f o r  a l l  temperatures.

This means that the temperature dependence of the experimental curves is fu lly
determined by the value of Zg, which is a function of temperature, since the
total mass in the top is constant.

For further experimental evidence that the only temperature dependence of
the curves arises from Zg, top 2 was made (radius 2.74 cm) in which a variable
amount of helium gas could be sealed o ff . In this way about the same Zg for
d iffe ren t temperatures could be obtained. The results are shown in fig s . 5a,
5b and 5c. The lower in region can be f it te d  quite well with x(p^sV p ) ■
(6.0 ± 0.5) x 10"6cn/*/3 .

These results for ic(p^SV p ) imply, that i f  one assumes p ^ / p  = (pn/p ) bu' k(T ),
one fin ds  k to  be s tron g ly  temperature dependent, in order to  counter
the temperature dependence of p . This is in contradiction with then
nature of the Van der Waals forces and with the experimental results of Grimes
and Jackson16 on metals. Besides, one finds 34 x T«- cm*^3 < K < 56 x 10“®cm^3
for top 1 and 24 x 10 cm < ie < 42 x 10 3cm^3 for top 2, in the temperature
regions used. These are orders of magnitude which disagree with a crude estimate
one can make from the total amount of helium in the top from which one finds
«„ 0 -  0 ± °-5 ) x 10 3 cm, corresponding to a k value of about 10"3cm^3. This
la tte r  value of k is in good agreement with the calculation of S ch iff17 who
finds a theoretical value for glass: k = 4 x 10 cm I t  should be remarked
that such a calculation can only be considered as an indication for the order
of magnitude of k , since k is strongly dependent on the roughness and the

75



Fig.  3 Experimental resu lts  o f  top 1. (p) z~ =
(5) 2 .  = 2.56 am, T = 1.624 K; (a) z q -

The drawn curves are calculated with  k -

and f>(e)/ P = 1.n

Fig.  A The high angular-velocity data from fig .
2 2rela tion  5z + z -  = w R /2g.

.50 cm, T = 1.552 K;

.53 cm, T = 1.692 K.

.8  x 10~6cm4̂ 3

compared with the
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Fig. 5a Experimental and ca lcu la ted  ( k  = 6.0 x 10~6cm4/'S. o ^ V o  -  1)3 n
re su lts  o f  top 2. (x) zQ = 1.37 am, T = 1.49 K; (o) z =1.68 am,
T = 1.09 K. For c la r ity  the error bars are om itted.

Fig. 5b Experimental and ca lcu la ted  (k = 6.0 x 10~6am4^ 3 o ^ / o  = 1)n
re su lts  o f  top 2. (x) zQ = 2.33 cm, T = 1.60 K; (o) zQ = 2.34 cm,
T = 1.31 K. For c la r ity  the error bars are omitted.
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Fig. 5c Experimental and calculated (k -  6.0 x 10 ^ an? ^, p ^ / p  = 1)
resu lts  o f  top 2. (*■) z^ = 3.41 cm, T = 1.72 K; (o) z^ = 3.41 cm,
T -  1.49 K. For c la r i ty  the e rro r bars are omitted.

contamination o f the m ateria l. To elim inate the large temperature dependence
o f k , one has to assume p 5 /p to be temperature independent, as is e.g. the
case fo r  the vortex sta te .

Due to the large radius o f the d isc, the id . o f the disc is very small
= 10 rad/s). Since the healing length is much smaller than the f ilm

thickness, there is a p r io r i  no reason to suppose that i t  should be d i f f ic u l t
to create vortex lines o f the Onsager-Feynman type. E ffe c tive ly  th is  results
in pn/p equal to 1, i f  the pinning force is not too large fo r the vortices
to a tta in  an equilibrium  array. Even in our angular-ve locity region, u> »  oo j ,
one may expect the vortex s ta te . Using th is , the experimental data can be f i t te d

-6 4/3w ith  only one k . For top 1, th is  value is 7*8 x 10 cm , fo r top 2,
-6 4/36.0 x 10 cm . These values are both o f the r ig h t order o f magnitude,

temperature independent and constants o f the apparatus.
I f  one now calculates on the computer the whole curve w ith one constant

k and p ^ / p  = 1, the drawn curves shown in f ig s . 3 and 5 are obtained. As can ̂ j .
be seen from these figu res , the f i t  is rather good". The high angular-ve locity
measurements o f top 1 are shown in f ig .  4 on a linear scale. The drawn curve

2 2is approximation (10): z. + Az = ui R /2g .  To study the dependence o f ic on the

For note see page 79.
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roughness of  the g la ss ,  top 3 was made with utmost care to keep the g lass  as
smooth and clean as possi-ble* The r e s u l t s  a re  shown in f i g .  6. The drawn curve
is the th eo re t ic a l  curve with again p ^ / p  « 1 and with K = 4.6 x 10-6cm1,/3, a
value c lose  to the value ca lc u la ted  by S c h i f f 17.

From the r e s u l t s  given above, which show th a t  a good f i t  between experiment
and theory can be obtained by taking ^/p equal to 1, i t  is s t rongly  suggested
th a t  in th i s  experiment the vortex  s t a t e  is r ea l iz ed .  This r e s u l t  is  in co n t r a s t
with the in te r p r e t a t i o n  of  L i t t l e  and Atkins12, suggested by t h e i r  experimental
r e s u l t s  . The te n t a t i v e  boundary condit ion pgS  ̂ = 0, put forward by Putterman
and Rudnick15 a l so  r e s u l t s  in p S^/p = 1.n

The only way to ge t  a conclusive  answer to which of  the two p o s s i b i l i t i e s ,
vortex  s t a t e  or  pg = 0, is  rea l ized  is  to measure the angular  momentum of  the
helium f ilm.  In th i s  apparatus the moment of  i n e r t i a  o f  the f i lm is very much
smaller  than the moment of  i n e r t i a  o f  the top,  so one is unable to e x t r a c t
t h i s  information.

The behaviour of  He II suggested t h a t  an ordinary ro ta t i n g  f l u i d  with a
f ilm could show the same dependence of  Az as a funct ion of  the angular  v e lo c i ty .
The equi l ib r ium s t a t e  can be reached by evaporat ion of  the l iqu id  in the s tand­
pipe and condensation on the f l a t  d i scs  i f  the mobil i ty  in the f i lm should be
too small due to v i s c o s i t y .  In top 3,  an amount of  3He was sea led o f f ,  and the
same experiment as with He was done. There were some problems with the exper i ­
ment. F i r s t ,  no bulk 3He condensed in the s tandpipe  when the whole top was
immersed in the bath,  even a f t e r  wait ing for  hours.

The only way to get  bulk JHe was to r a i s e  the hollow d isc  of  the top above
the bath;  3He in the hollow d isc  evaporated and then condensed in the standpipe .
Af te r  t h i s ,  the top is lowered below the bath level and the measuring procedure
s t a r t s .  The second d i f f i c u l t y  is due to the large  dP/dT of 3He a t  the working

As several  s im p l i f ic a t i o n s  were made to car ry  out  the c a l c u l a t i o n s ,  one
cannot expect  a pe r f ec t  f i t  of  the ca lcu la ted  and experimental da ta.  The
devia t ions  appear to be la rg e s t  for  top 2, which is probably due to a
gr ea te r  roughness of  the sur face  a t  the ou t e r  per imeter  (cracks,  temperature
e f f e c t s ,  p inning).  This g r e a te r  roughness is caused by the epoxy by which
the upper and lower s ide  of  the top were glued toge ther.

I t  should be remarked th a t  due to pinning of  the v o r t i c e s ,  there  e x i s t s  the
p o s s i b i l i t y  th a t  e f f e c t i v e l y  p * /p could be somewhat smaller  than 1. The
accuracy of  the experimental data is not s u f f i c i e n t  to exclude such a
poss i b l 1i ty.
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Fig. 6 Experim ental and c a lc u la te d  r e s u l ts  o f  top 3
(k = 4 .6  x 10  ̂c tr?^ ,  p^8^/p = 1). (o) Zq = 1.40 cm,
(T = 1.71 K (21-12-1970); (a) z  = 1.40 cm, T = 1.71 K
(22-12-1970).

temperature (1.10 K), i . e .  a small increase  of  the bath temperature r e s u l t s  in
a large  Az in the s tandpipe .  When one regulates  the bath back to the co r r ec t
temperature,  the evaporated l iqu id  does not condense back.

When ro ta t in g  the top,  no Az was observed.  Even a t  high angular  v e l o c i t i e s ,
about 30 r a d / s ,  only a small Az appeared,  probably due to a warming up of
the bath.  The conclusion i s ,  th e re fo re ,  th a t  the r e l axa t ion  time to reach
equi l ib rium in an ordinary r o ta t in g  l iqu id  (with a film) is very la rge ,  and
th a t  the e f f e c t s  in He II a r e  due to the g r e a te r  mobi l i ty  of  the f i lm.

3. A ro t a t i n g  He II f i lm in a mul t iply connected geometry

To extend the in ves t i ga t io ns  on the meniscus of  a r o ta t in g  f i lm and a t  the
same time studying the p o s s i b i l i t y  of  c re a t i n g  p e r s i s t e n t  f i lm flow by ro t a t io n ,
two new pieces of  apparatus were cons t ruc ted ,  which wi l l  be ca l led  the torus
and the s p i r a l ,  both having a mult ip ly  connected geometry.
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3-1 The ro ta t i n g  torus

The torus is shown in f ig .  7 and is made of  g lass  glued together  with
epoxy (E). The inner s ide  of  the c y l i n d r i c a l  shel l  (T) , with height  h, is
connected to the standpipe (C), with radius r , by a channel d r i l l e d  through the
g la ss .  The open volume V is connected to the bath by a few holes (H) in order
to ensure a cons tant  temperature a l s o  a t  the inner wall of  the she l l  T. As is
the case with the T:op, a f ixed amount of  helium gas is sea led o f f  a t  l iq u id -
-n i t rogen  temperature,  in such a way th a t  a t  a des i red  temperature region below
TX* bulk l iquid  is condensed into the standpipe .  Since a moving f i lm is thinner

vLtju

R,2.7 cm

■ He film

--bulk H e ll

•—0.050cm

Fig. 7 Schematic drauing
o f  the tom s.

than a s t a t i c  one, the p e r s i s t e n t  flow crea ted  by ro ta t i o n  should r e s u l t  in an
amount of  excess l iqu id  in the s tandpipe  C a f t e r  the  ro ta t i o n  is stopped.  In
the same run, the meniscus,  i . e .  the th ickness ,  o f  the f i lm during r o ta t i o n  of
the apparatus is s tudied by measuring the decrease in he ight  o f  the bulk level
(Az) as a func tion  of  the angular  ve lo c i ty  ( u ) .

Let us f i r s t  cons ider  the f i lm thickness  in the r o ta t in g  appara tus .  The
der iva t ion  of  Az as a func tion  of  u goes along the same l ines  as followed in
sec t ion  2 .2 .2  for  the top.  In t h i s  geometry, however, the changes in f i lm
thickness on the hor izonta l  edges a re  neglected and the inner - and oute r  s ide
of  the shel l  a re  considered as equivalen t  with ra = rb s R (see f i g .  8) .  All
o ther  s i m p l i f i c a t i o n s  are the same as those with the top. The complete c a l ­
cu la t ions  wi l l  not be given aga in,  as they a re  s t ra ighforward ,  but only the
approximations for  small and high angular  v e l o c i t i e s .

81



( jO

Fig. 8 The schematic
geometry used in
the ca lcu la tio n s
fo r  the torus.

For small 10 one f inds

»
jt pn Rh k hi2R2
3 2 “573 -

p r s z0,0 29

and for  high values of  u> one f inds  again

w2R2
Az “ 1 g “  '  Z0,0

Some experimental r e s u l t s  a re  shown in f ig .  9- Here aga in,  the measurements can
be f i t t e d  with one value of  k and p ^ / p  = 1 for  a l l  temperatures and a l l
angular  v e l o c i t i e s ,  suggest ing th a t  the supe r f lu id  f u l l y  p a r t i c i p a t e s  in the
ro ta t i o n .  The fu l l  curves a re  ca lcu la ted  with p^SVp = 1 and k = 2 x 10 ^cm
Note th a t  t h i s  large value of  k is probably due to the same mechanisms described
in chapter  I as now pores or  c racks,  es p e c ia l l y  due to the epoxy, can be f i l l e d

with l iqu id  as the angular  ve lo c i ty  is  increased.
The ro ta t i o n  is stopped a f t e r  reaching an angular  v e lo c i ty  of  about

35 ra d / s .  One now expects a p e r s i s t e n t  cu r r en t  to be maintained in the torus .
A decrease of  thickness  would show up as a negat ive Az, ind ica t ing  more l iqu id
in the c a p i l l a r y  a f t e r  the r o ta t i on  than before.  The dimensions of  the torus
are  such th a t  a Az = 10 ^cm corresponds to a AS :  5 8.  However such an e f f e c t

was never observed.
In order  to make sure t h a t  the vapour does not inf luence the r e s u l t s ,  an

ident i ca l  apparatus was cons t ruc ted ,  except  for  a superleak (S) placed between
the toroTd and the s tandpipe  (see f i g .  7)* The super leak is fu l l  o f  l iqu id  due
to the c a p i l l a r y  r i s e .  In t h i s  way there  is  no connection between the vapour in
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Fig. 9 Experimental and ca lculated  r e su lts  fo r  the torus
(k = 2 x 10 Scm4/3, p ^ / p  -  1). (E,x) zQ = 1,89 am, T = 1.09 K;
(a) Zq = 4.10 cm, T = 1.09 K; (o) zg = 3.94 cm, T = 1.69 K.
Error bars are om itted fo r  c la r ity .

Fig. 10 Experimental and ca lcu la ted  re su lts  fo r  the torus w ith super­
leak ( k  = 24 x 10~6cm4/3, p ^ / p  = 1). (o) zQ = 3.40 cm,
T = 1.32 K (10-3-1971); (a) zQ = 3.40 cm, 1 = 1.32 K
(11-3-1971).
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the toroïd and in the standpipe. Some of the experimental data are shown in
fig. 10, but no significant difference in results is observed with or without
the superleak.

From the Kontorovich formula A6/6Q “ iPsvpers/3pgz (see chapter II) one
obtains a A6/fi0 ; 6% at T = 1.34 K and z -  2.4 cm if vpers z 30 cm/s. In view
of the remarks made in chapter I, 6. should not be calculated with
k » 2 x 10”^cnT^ but rather with an effective k of about 6 x 10 cm , as
was found for top 2. If this is done, the resolution obtained with the torus
Is marginal for detection of a persistent current by means of the Kontorovich
effect, but a small negative Az of about 5 x 10 cm, might have been observed
if a persistent current did exist.

Such an effect was however never observed, sometimes even a positive Az
was measured after the rotation was stopped. This behaviour is consistent with
the hysteretic effects described in chapter I. The conclusion is therefore,
that if a persistent current does indeed exist, it can not be detected in this
experimental arrangement. The expectation that a persistent flow is present
after stopping the rotation seems reasonable as the linear velocity at the outer
perimeter before slowing down should be high enough to slip the necessary
amount of circulation into the multiply connected system.

3.2 The rotating spiral

In order to increase the sensitivity for the detection of persistent film
flow by means of the Kontorovich effect, a similar experiment was performed,
but now using a long glass capillary (length 166 m, i.d. 0.035 cm) wound into
a spiral. In this way the surface area of the film was increased by a factor
of about 40, and one expects the hysteresis to be relatively small (see
chapter I).

A schematic drawing of the apparatus is given in fig. 11. A closed circuit
is formed by the spiral and a small Inner coil. A standpipe is connected to the
highest point, as is shown in the figure. In this way, a flexible connection is
obtained, so that the standpipe can be moved in the vertical direction with
respect to the circuit.

The circuit is rotated by means of a motor outside the cryostat, which
drives the supporting bucket surrounding the coils. The system is filled in the
usual way. The whole system is immersed in a helium bath, of which the temperature

-4 "5is kept constant to within 10 ■ 10 K.
The measuring procedure Is the same as with the torus, although complicated
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a «35 cm

O ring
driving wheel
needle bearing

kapseal

radiation shields bearing

/ / / / / / / / / / / / / / / / / / / / A

-bulk liquid
2 r  « 0.030 cm -H r— standpipe

Fig. 11 Schematic drauing of the apparatus. The micrometer M  is used

for vertical displacements of the standpipe connected to the

rod V. The bucket is rotated by the tube R to which M  is fixed

during the rotation. The support F is mounted to guide R and

to fasten the radiation shields.

by the occurrence of standing third-sound waves, as described in chapter II.
The influence of these third-sound waves, which are practically undamped, is
largely eliminated by averaging over at least two periods.
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The appara tus  is acce l e ra ted  up to angular  v e l o c i t i e s  o f  about 18 ra d /s ,
corresponding to a l in e a r  v e lo c i ty  a t  the per imeter  of  the coi l  of  about
110 cm/s, c l e a r l y  fa r  above the c r i t i c a l  ve lo c i t y  v of  the f i lm,  as d e te r ­
mined from the maximum ra te  of  mass t r a n s f e r  through the f i lm (see chapter  I I ) .
Af te r  s topping the r o ta t i o n  again a nega tive  Az should be observed in the

s tandpipe .
However, instead of  the expected negat ive Az of  a few mil l imeters  one

observes a p o s i t iv e  Az of  a few tenths  of  a mi l l im ete r .  This is  of  the same
order  of  magnitude as the h y s t e r e t i c  e f f e c t s  a f t e r  a thickening of  the f i lm,
as described in chapter  I, but  now of  course caused by a thickening of the f i lm
due to r o t a t i o n ,  corresponding to an e f f e c t i v e  v e r t i c a l  displacement
h = “ 2r2 . This r e s u l t  ind ica tes  t h a t  a p e r s i s t e n t  cu r r en t  has not been

e f f  2g
generated by r o t a t i o n  in the  presen t  appara tus .  The f a i l u r e  to induce p e r s i s t e n t
flow in th i s  way is  in co nt ra d i c t i o n  with the l a t e r  successful  experiments done
by the  Leiden group in a s i m i l a r  apparatus^®. The reason for  th i s  discrepancy
is s t i l l  not understood,  and deserves f u r th e r  i nves t i ga t i on .  I t  may be connected
with minor d i f fe re nces  in geometry, or  to the f a c t  t h a t  in the  present  exper i ­
ments, the r a te  of  dece le ra t ion  was much la rger  than in the l a t e r  ones.

The change in bulk level as a funct ion of  the angular  ve loc i ty  is  a l so
measured during r o ta t i o n .  The expected behaviour cannot be ca lc u la ted  exac t ly ,
s ince  the d i s t r i b u t i o n  of  the windings of  the co il  over the he ight  a (see
f i g .  11) is  not well-known. However, the c a l c u la t i o n  wil l  be ca r r ie d  out  by
making the  fol lowing s impl ify ing  assumptions.

Let us t r e a t  the whole inner wall o f  the c i r c u i t  as equiva len t  and a t  the
same d is tance  R (R = 6.0 cm) from the ro ta t i o n  a x i s ,  thereby neglect ing con­
t r i b u t i o n s  from the small c o i l .  Furthermore, a homogeneous d i s t r i b u t i o n  of  the
length over the height  a of  the co il  wil l  be assumed, i . e .  z -  Zq <* x,  where
z is  the height  o f  the lowest winding(s) of the sp i r a l  above the bulk level in
the standpipe before  s t a r t i n g  the  r o t a t i o n ,  and x the d i s tance  along the
c a p i l l a r y .  Note th a t  in order  to keep the height  a small ,  the windings a re
packed as c lo se ly  as po ss i b le ,  with the r e s u l t  th a t  the assumptions made above
are  not very well obeyed in the  actual  experimental arrangement.

From the conserva tion of the amount of  l iqu id  a t  constant  temperature,

the fol lowing equat ion can be w r i t te n  down:

irr^Az ■ 2irrL(6 -  Sn) ,
S b) (l) 0

where r is  the inner radius  of  the standpipe ,  r the inner radius of  the long
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c a p i l l a r y ,  L the length o f  th i s  c a p i l l a r y ,  and 6 -  <5. the change in  the
u) 0

averaged th ickness due to  r o ta t i o n .  From the eqs. (11) and (4) i t  fo l lo w s :

Az
(0

2rL £  r
2 a 1r

' z 0 + A z w+ a

z0+Azo,
dz

( z - o ) 1/3

Z n + a

( 12)

p / 2 2
w ith  k “  (y /g )  ^ 3 and a = —2—  .p 2g

2 2The decrease in  h e igh t  o f  the bu ik  as a fu n c t io n  o f  id , Az(w ) ,  can be c a l -
(s) 2cu la ted  from eq. (12) f o r  a g iven value o f  p /p  i f  k is  known ( f o r  la rqe  u

(s) none expects p '  ' / p  = 1 ) .  From a measurement o f  the change o f  the s t a t i c  f i l m

th ickness w i th  the h e ig h t ,  not o n ly  k , but the whole fa c t o r  o u ts id e  the

brackets  o f  eq. (12) can be found (again assuming the homogeneous d i s t r i b u t i o n

o f  the w ind ings over the h e ig h t  a ) .  Th is is  the case because i f  the standpipe

is  ra ised over a d is tance  h, the change in  bu ik  leve l  Az^ due to  the change in

th ickness  is  g iven by:

irr^Az^ = 2irrL(6’|i -  6 ) o r

i z h
2rL k .

2 a 1r s

Zg+Az^-h+a

z0+Azh-h

dz
z 1/3

•z0+a

z0
(13)

A few s t a t i c  f i l m  measurements were done, and in th i s  way a value o f  the fa c t o r

—5- = 2.1 ± 0.4 cm'^3 was found and s u b s t i tu te d  in  eq. (12) .
r f  a

The two f u l l  curves in f i g .  12 represent some re s u l ts  ca lc u la te d  in  th is

way f o r  the two values o f  p ^ / p  = 1 and p ^ / p  = p^u ' ^ / p .  The experimental datan n n
f o r  th i s  low temperature show th a t  the numerical agreement w i th  the c a lc u la t io n s

o
is  ra th e r  poor f o r  small u . A t h igher temperatures, the experimental p o in ts

are even found to  be above the pnS /p  = 1 curve a t  the low angu lar v e lo c i t i e s .

At h igh angu la r v e l o c i t i e s ,  a l l  the re s u l ts  obey the  expected r e la t io n
2 2

= u R /2g -  Zq ra th e r  w e l l ,  in view o f  the s im p l i f i c a t i o n s  (see f i g .  13).

Although an exp lana t ion  o f  the ra th e r  s trange d isc repanc ies  has not been found,

we would l i k e  to  mention the apparent temperature dependence o f  the observed
2Az ( id ) .  Th is is  shown in  f i g .  14, where up to  id « 5 rad /s  i t  seems as i f
2

Az(oi ) is  p ro p o r t io n a l  to  P_/p * Th is r e s u l t  is  i t s e l f  in  accordance w i th

eq. (12) i f  a t  low angu la r v e lo c i t i e s  no v o r te x  fo rm a tion  occurs in  the
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Fig. 12 Results from one measuring run a t T = 1.288 K and for
z = 1.08 am obtained with the ro ta tin g  sp ira l. The f u l l  curves

0  ( g)
are calcu lated from eq. (12) fo r  the relevant values o f  / p .

The error bars account fo r  the uncertainty caused by the ef fec­
tiven ess with which the third-sound waves are eliminated.

s up e r f lu id .  Hence i t  can be speculated  t h a t ,  i f  the unknown e f f e c t  responsible
fo r  the bad numerical agreement does not a f f e c t  the temperature dependence,
the super f lu id  in the sp i r a l  does not p a r t i c i p a t e  in the  ro ta t i o n  for
u S 5 ra d /s .  This r e s u l t  is in sharp c o n t r a s t  with the  r e s u l t s  obtained with
the to rus ,  where no temperature dependence was found.

A pos s ib le  explanat ion for  th i s  d i f f e re nc e  might be th a t  the angular
ve loc i ty  a t  which vor tex formation occurs in a r o ta t in g  system, in order  to
minimize the f r e e  energy,  is much la rger  in a narrow annular  region of  radius
R than in a bucket o f  the same rad ius .  According to F e t t e r 19, fo r  bulk l iquid

t h i s  c r i t i c a l  angular  ve lo c i t y  is given by:

with d the width of  the annular  region and a :  1 8.  Since the e n t i r e  f i lm on
the surface  perpendicular  to the ro ta t i o n  axis  is involved in t h i s  kind of
vor tex formation,  the re levant  quant i ty  for  the sp i ra l  i s  the inner diameter
of  the c a p i l l a r y  d = 0.035 cm and fo r  the torus the d i s t ance  between the v e r t i c a l

wall s  d = 0.050 cm. This y ie lds  Ac?™5 * 2 rad /s  and He? '™' = 4 rad/s> both
wi th in  the measuring range, but H ^ rUS is  to°  small to de t ec t  a poss ib le  tem­
pera ture  dependence of Az(u2) ,  fo r  u < fl*°ruS, due to lack of  measuring accuracy in

88



----- -w *

Fig. 13 The h igh a n g u la r-v e lo c ity  data o f  the ro ta t in g  s p ir a l compared
•  •  2 2w ith  the re la t io n  Az + z^ = u R /2 g  f o r  various .temperatures

(1.252 K <_ T <_ 1.828 K) and various zq (0.33 cm <_ zq <_ 4.46 am).

The f u l l  curve is  ca lcu la te d  using R* = 36 cm2. For c la r i t y
the e r ro r  bars are om itted.

this velocity region.
I t  should be emphasized that this c r it ic a l phenomenon is quite d iffe ren t

and independent from the c r it ic a l phenomenon described by Langer and Fisher20,
by which the linear c r it ic a l velocity  vc is determined. The occurrence of this
c r it ic a l ve loc ity , which can be deduced from the c r it ic a l mass transport, allows
for the creation of persistent film  flow by rotation^®. From the c r it ic a l mass
transfer, i t  can be deduced that the corresponding d)̂ orus - 8 rad/s and
^spiral _ rad/s. Therefore, in the velocity region where the temperature

dependence is observed in the s p ira l, the la tte r  c r it ic a l velocity  is also not
exceeded and the superfluid remains at rest+ . We would lik e  to remark that in
a device in which > w one can expect the Kontorovich e ffec t to occur for

 ̂ For note see page 90.
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Fig. 14 Experimental data shewing the temperature dependence o f  Az
a t low angular ve lo c itie s . For the e rro r bars see the caption

° f  fi(J ‘ 22.

u < a) < fl . ,  which would show up as a negative slope of the curve Az againstc cl
ui* in th is ve locity region.

Measurements are in preparation by the Leiden group to investigate the
ideas mentioned above, which up to th is moment are rather speculative. Also the
experiments on the temperature dependence w ill be further extended.

Note that, even at the lowest angular ve loc ities, the superfiuid cannot be
completely at rest in the rotating sp ira l, as there is no cylindrica l
symmetry, especially because of the small co il which is wound in the same
sense as the large one. Therefore the condition ^cv *dl = 0 in the
lab - frame of reference implies v t  0 in th is rotating apparatus.
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SUMMARY

The experiments on the moving He I I  f i lm  described in  th is  thes is  were
c a rr ie d  ou t as an attempt to solve the elsewhere reported discrepancies between
the behaviour o f  bu lk helium and the helium f i lm .  This was done by using a new
method o f  measuring changes in  f i lm  th ickness. This technique is  based on the
fa c t th a t in  a closed volume, con ta in ing  liq u id  and vapour in e q u ilib r iu m , the
amount o f  l iq u id ,  i . e .  f i lm -a n d  bulk l iq u id  toge ther, is  constant a t constant
temperature. By taking a large surface area covered w ith  f i lm  one can study
changes in  f i lm  volume, i . e .  f i lm  th ickness, by m onitoring the changes in the

amount o f bu lk l iq u id .
In chapter I ,  th is  new technique is  i l lu s t ra te d  on measurements o f  the

s ta t ic  f i lm  thickness as a fu nc tio n  o f  the he igh t above the bulk l iq u id .  The
re su lts  prove th a t changes in  f i lm  th ickness o f the order o f 1 8 can indeed be
measured accu ra te ly . Therefore the same technique was used in  the main

experiments.
In chapter I I ,  the thickness o f a moving f i lm  is  compared w ith  th a t o f a

s ta t ic  one. The re s u lt  o f the experiments is  th a t fo r  the f i r s t  tim e, a th inn ing
o f the moving He II  f i lm  has been measured, and moreover th a t th is  th inn ing  was
found to be in  agreement w ith  the Landau equations and the va po u r-liqu id  equ i­
lib r iu m  cond itions as v a lid  fo r  bulk helium. The th inn in g  o f a moving f i lm ,  the
so -ca lled  Kontorovich e f fe c t ,  was measured both fo r  s ta tio n a ry -  and nOtt^
s ta tio n a ry  flow  in  long, narrow c a p il la r ie s  (lengths up to  200 m). Together
w ith  a d iscussion o f  the th in n in g , an ana lys is  is  given o f acce le ra tion  e ffe c ts
on the f i lm  th ickness, and the in fluence  o f th ird-sound waves on the measure­
ments. The dev ia tions  o f  the measured values o f the th inn ing  and the th e o re tica l
values fo r  the longest c a p il la ry  can probably be a ttr ib u te d  to  re ta rda tion

e ffe c ts  due to  the f in i t e  speed o f th ird  sound.
In chapter I I I ,  the behaviour o f a ro ta tin g  He I I  f i lm  is  s tud ied . The

purpose o f th is  experiment was to  f in d  the cond itions fo r  a shrunken
temperature-dependent meniscus. The re su lts  obtained w ith  the f i r s t  pieces o f

apparatus, the top and the to ru s , are cons is ten t w ith  the idea th a t vortex
form ation in  the f i lm  leads to  a c la s s ic a l temperature-independent meniscus, as

i t  does fo r  bu lk helium. The re s u lts  w ith  the ro ta tin g  s p ira l however, might
in d ica te  the occurrence o f the shrunken meniscus. This is  probably due to  the
fa c t th a t in  such a narrow c a p il la r y ,  the angular v e lo c ity  a t which vortex lines
appear is  much la rge r than fo r  instance in the top. The numerical agreement
however, between the expected values and the measured ones, is  ra the r poor,
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so f u r t h e r  i nves t i ga t io ns  should be ca r r i e d  out .
In the l a s t  chapter ,  a t tempts to genera te  p e r s i s t e n t  flow in a s a tura ted

helium f i lm by ro ta t i o n  a re  a l so  described.  For the de t ec t io n  of  t h i s  flow, the
Kontorovich e f f e c t  was used. The accuracy obtained with the torus  did not
permit any conclusion about the p o s s i b i l i t y  of  genera t ing a p e r s i s t e n t  cur r en t
in th i s  way. The conclusion from the r e s u l t s  o f  the sp i r a l  is t h a t  a t  the moment
of  de tec t ion ,  no p e r s i s t e n t  cur ren t  e x is te d .  A d e f i n i t e  explanat ion for  the
l a t t e r  case has not been found, s ince  recent  successful  experiments performed
by the Leiden group in a s i mi l a r  apparatus show very c l e a r l y  th a t  p e r s i s t e n t
flow can be generated by ro ta t i o n .
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SAMENVATTING

In d i t  p ro e fs c h r if t  worden metingen beschreven van de d ik te  van een
bewegende he iium fiim  beneden de lambda temperatuur, 2,17 K. De resu lta ten  van
experimenten d ie  d e s tijd s  door anderen z i jn  gedaan met de bewegende f i lm  waren
in  tegenspraak met de gangbare theo rie  van Landau en leidden to t  theoretische
specu la ties . De h ie r  beschreven proeven z i jn  opgezet teneinde zo m ogelijk  het
probleem van de d isc repan tie  tussen de theo rie  en het experiment to t  een op­
lossing te brengen. H ie rb ij is  gebru ik gemaakt van een nieuwe techniek om

veranderingen in  de f i lm d ik te  te meten.
Het uitgangspunt van de nieuwe meetmethode is  dat voor een a fgesloten

volume, gevuld met v loe ibaar helium in  evenwicht met z i jn  damp, b i j  konstante
temperatuur g e ld t dat het v loe is to fvo lum e , d .w .z. v r i je  v lo e is to f  en f i lm -

v io e is to f  tezamen, konstant is . Door een groot oppervlak bedekt met f i lm v lo e i-
s to f  te nemen, kan men de verandering van de f i lm d ik te  bestuderen door de

verandering van de hoeveelheid v r i je  v lo e is to f  te meten.
In het eerste  hoofdstuk wordt de nieuwe meettechniek g e ïllu s tre e rd  aan de

hand van een experiment, opgezet om de d ik te  van een s tils ta a n d e  f i lm
te bepalen a ls  fu n k t ie  van de hoogte boven de v r i je  v lo e is to f .  De resu lta ten
tonen aan dat met behulp van deze methode inderdaad d ikteveranderingen, in de

orde van 1 8, gemeten kunnen worden. In de hieropvolgende experimenten worden
de dikteveranderingen dan ook met behulp van deze techniek gemeten maar nu a ls

fu n k tie  van andere variabe len.
In het tweede hoofdstuk wordt de d ik te  van een stromende f i lm  vergeleken

met d ie  van een s tils ta a n d e . In een zodanig dunne f i lm  is  a lleen  de superflu ïde
component bew eeglijk . U it de bewegingsvergelijkingen van Landau v o lg t,  dat
tengevolge van de snelheid van het superflu ïde  een Bernoul1i- e f fe c t  zal optreden.

Tezamen met de damp-vloei s to f evenwichtsvoorwaarden moet d i t  resu lte ren  in  een
d ikteverm indering van de f i lm .  D it wordt het K on to rov ich -e ffec t genoemd. In
te g e n s te llin g  to t  vroegere experimenten is  deze d ikteverm indering nu inderdaad
waargenomen, zowel b i j  s ta tio n a ire  a ls  n ie t-s ta t io n a ire  stromingen in  zeer
lange, nauwe c a p ilia ire n  (leng te  to t  200 m). De experimentele resu lta ten  duiden
op een goede overeenstemming tussen de theo rie  en het experiment. T e g e lijk  met
het K on to rov ich -e ffec t wordt een analyse gegeven van de invloed van versnel 1ings-
e ffec ten  op de f i lm d ik te  en van de invloed van een opp e rv lak te go lf, het z .g .
derde g e lu id , op de waarnemingen. De a fw ijk in g  tussen de experimentele resu lta ten
en de theo rie  kunnen w a a rs c h ijn li jk  worden toegeschreven aan re ta rd a tie -e ffe c te n
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t engevo lge van de e i n d ig e  v o o r t p l a n t i n g s s n e l h e i d  van he t  derde g e l u id .

In h e t  l a a t s t e  hoofds tuk wordt  he t  gedrag van de ro te re n d e  he i iumf i lm

bes t ude e rd .  Het onderzoek i s  opgezet  om de voorwaarden op t e  sporen waaronder

een ges lonken,  t e m p er a t u u ra fh a n k e l i jk e  meniscus o p t r e e d t .  Deze meniscus zou

moeten o n t s t a a n  a l s  de s u p e r f l u ï d e  component,  in t e g e n s t e l l i n g  t o t  de normale

component van hel ium,  n i e t  deelneemt aan de r o t a t i e .  De r e s u l t a t e n ,  verkregen
met de e e r s t e  t o e s t e l l e n ,  de to l  en de t o r u s ,  z i j n  c o n s i s t e n t  met de o p v a t t i n g

d a t  wervelvorming ook in de f i lm  een k l a s s i e k e  meniscus doet  o n t s t a a n  op

d ez e l fd e  w i j z e  a l s  in h e t  v r i j e  hel ium.  De r e s u l t a t e n  met de ronddraaiende

s p i r a a l  daa ren tegen  doen vermoeden da t  we in he t  nauwe c a p i l l a i r  t e  maken

hebben met een ges lonken meniscus.  Di t  is moge l i jk  toe  t e  s c h r i j v e n  aan he t

f e i t  d a t  in een d e r g e l i j k  nauw c a p i l l a i r  de wervelvorming pas b i j  veel  g r o t e r e

hoeksneiheden zal op t reden  dan b i jv o o r b e e ld  b i j  de t o l .  De numerieke overe en­

stemming is evenwel ,  ve rge leken met de vo r i ge  exper imenten,  zo mat ig d a t  he t
probleem zeker  een nadere b e s tu d er in g  waard i s .

In h e t  l a a t s t e  hoofds tuk worden ook de pogingen beschreven om een

p e r s i s t e r e n d e  stroom door middel van r o t a t i e  op t e  wekken. Het waarnemen van

deze p e r s i s t e n t i e  gebe ur t  met behulp van h e t  K o n to r o v ic h - e f f ec t .  Bij  de proeven
met de to ru s  l a t e n  de r e s u l t a t e n  e c h t e r  geen c o n c lu s i e s  t o e ,  b i j  de s p i r a a l

daa ren tegen  duiden de r e s u l t a t e n  erop  d a t  op h e t  moment van d e t e c t i e  de

p e r s i s t e r e n d e  stroom n i e t  aanwezig was.  Recente,  su c c e s v o l l e  proeven met een

s t e r k  erop g e l i j k e n d  t o e s t e l  van de werkgroep in Leiden tonen aan d a t  een

p e r s i s t e r e n d e  stroom wel d e g e l i j k  door r o t a t i e  kan worden opgewekt.  Een

v e r k l a r i n g  voor he t  v e r s c h i l  in r e s u l t a t e n  van beide  t o e s t e l l e n  is  nog n i e t
met zeke rhe id  gevonden.
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Teneinde te voldoen aan het verzoek van de Facu lte it der Wiskunde en
Natuurwetenschappen vo lg t h ie r een ko rt overzicht van mijn studie.

Na in 1963 het diploma h.b .s.-B  te Deventer behaald te hebben, begon ik
m ijn studie w is- en natuurkunde te Leiden. In 1966 legde ik  het kandidaats­
examen a' a f. Vervolgens was ik  werkzaam op het Kamerlingh Onnes Laboratorium
in de groep die onder le id ing  staat van Prof. Dr. K.W. Taconis, Prof. Dr.
R. de Bruyn Ouboter en Dr. H. van Beelen. B ij het onderzoek van superfluïde
stromingsverschijnselen assisteerde ik  Dr. W.M. van Alphen en Dr. J.F. O lijhoek.
Mijn eerste ze lfstandig onderzoek betro f persisterende stromen in een c irc u it
bestaande u it  samengestampte poeders, z.g. superlekken. Het doctoraal examen
natuurkunde behaalde ik  in 1969 na de daartoe vere iste  tentamens te hebben
afgelegd.

Van jun i 1968 to t augustus 1972 was ik  praktikumassistent voor pré-kandidaten.
Sinds augustus 1972 ben ik  als docent verbonden aan de Pedagogische Academie,
R ijksople id ing voor Onderwijzer te 1s-Gravenhage. Daarnaast b leef ik  als
wetenschappelijk medewerker verbonden aan de R ijk su n ive rs ite it te Leiden.

Na m ijn doctoraal examen heb ik  tezamen met drs. R.G. Jurriëns onderzoeken
ve rr ich t aan onder andere de warmtegeieiding van He 11 in superlekken en
c a p illa ire n . Het onderzoek van verzadigde helium film s, beschreven in d i t
p ro e fs c h rift, is eind 1970 gesta rt. Gedurende d it  hele onderzoek profiteerde
ik  van de stimulerende samenwerking met drs. H.J. Verbeek.

Velen van de technische- en adm inistratieve s ta f van het Kamerlingh Onnes
Laboratorium ben ik  dank verschuldigd b i j  de totstandkoming van d i t  p ro e fsch rift.
In het bizonder de heer P.J.M. Vreeburg voor het vakkundig vervaardigen van de
glazen onderdelen van de toeste llen . Het metaal-technische gedeelte van de
ops te lling  en de toeste llen  werd grotendeels vervaardigd door de heren G. Vis
en A .J.J. Kuyt. De heer J.D. Sprong dank ik  voor het voorzien van vloeibaar hel ium.
De tekeningen in d i t  p ro e fsch rift z i jn  vervaardigd door de heer W.F. Tegelaar,
die tevens voor de fo to 's  zorg droeg, en de heren J. B ij en J .J . Ober. Veel
steun kreeg ik  van het R ijkszu ive ls ta tion , vooral van de heer M. Karruppannan,
b i j  het vervaardigen van de glazen sp ira len . Ik ben zeer e rk e n te lijk  voor het
typewerk dat mevr. E. de Haas-Walraven verzorgd heeft en de co rrec tie  van de
Engelse tekst door Dr. R.C. Th ie l.






