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ABSTRACT
The purpose of this experiment was to verify whether
the guperfluld component of liquid helium, flowing tThrough
a stationary normal fluld background, would exeri the same
torque on a Rayleigh disk as expected for perfect potential
flow in clasgglical hydrodynamics. The disk was suspended by

superfluid wind tunnel” which is a

fdo
b
o

a fine guartz Iiber
device for obtaining pure superfluld Tflow at temperabtures
other than zerc degrees using the fountain effect to pump
helium through & chamber cloged at each end by a Jjewelers!
rouge plug. A disk 0.15 cm in radius was used with a

guartz fiber of torsion congtant of approximately 1@“5
dyne-cm/deg, and the superfluid velocity was varied between
0.01 and 0.1 cm/sec. Observed torque showed the proper de-
pendence on fluild wvelocity for each temperature invegtigated
to within the experimental error of about Ten percent. Also,
by comparing results at different ftemperatures, it was pos-
gible to measure pg/p as a function of temperature. This
parameter was determined at thirteen different temperatures
between 1.11°K and Esllgif and the regults obtained agreed

with previously accepted values.
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I. INTRODUCTION

A) Iiquid Helium II

Many experiments have demonstrated the fact that ligquid
helium cooled below 2.18°K {(the " )\ -point") has properties
exhibited by no other liguld. Among these are included the
propagation of thermal waves (second sound), frictionless
flow through small channels, and flow through small capil-
laries under a heat gradient (the fountain effect). In
the temperature range above the )\ -point, ligquid helium is
called liguid helium I and below the ) ~point it is called
liguid helium II.

Most of the unusual phenomena exhibited by liquid
helium II can be explained in terms of the "two fluid model"
first proposged by Tisza (1)9 Later developments by Landau
(2) and Peymman (3) show that this is essentially a phenome-
nological model which can be derived from a more fundamental
theory (Appendix 1).

The essential feature of Tisza's model is the formal
divigion of liguid helium (liguid helium here and throughout
this paper will mean liguid helium II) into two interpene-
trating fluids called superfliuld and normal fluid.

The superfluld component is considered %o flow with no
viscosity and to carry no entropy. The normal fluid component
has viscosity and entropy and behaveg in every way like a

"eclassical” fluid. AT every temperature there is a definite
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superfluid density ( ps) and normal fluid density ( pn). The
density of liquid helium itself ( p ) is practically consbtant
and p, + p, =p. At the X -point ps/fa = 0 and at 0°K
p,/ p = 0. From about 1.2°K to the X\-point the equation
pn/P = (Tyﬁk}B’é is a good representation of the behavior
of the normal fluid density with temperature. (T, is the

temperature at the X -point}).

B) Superfluid Hydrodynamics

Most of the early theoretical work in hydrodynamics was
devoted to the study of the properties of a "perfect" fluid--
one that has no viscosity and obeys the laws of pure poten-
tial flow. Such a fluid, of course, did not exist and no
direct experimental proof of the theory was previously pos-
sible. It is natural to identify the superfluid component
of liquid helium with the classical perfect fluld and to
attempt to verifly some @f‘the prediction of classgical hydro-
dynamice by experiments performed in pure superfluid flow--
or guperflow.

The classical theory of hydrodynamicg predicts that
an obJject ilmmersed in & current of perfect fluld will in
general feel no 1ift (isea no net force in any direction)
but may feel a torgue.

More speclifically, 1f a disk of radius a is placed in
a perfect fluid of density p moving with a uniform velocity

v at infinity, the disk will feel a torque (L), tending
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to turn the plane of the disk perpendicular to ~° , of

magnitude
L = 4/3 aSp v 2 sin 2o (1)

where o is the angle between the normal to the disk and v

Figure 1 is a sketch of the stream lines of the flow of
a perfect fluid around a disk whose normal makes an angle o
with the flow direction at infinity. Points P and P' are
two stagnation points. There will thus be Bernoulli forces
on the disk in the direction indieated by the arrows. These
forces are equal and opposite and form a couple tending to
rotate the disk so as to decrease ao. While the magnitude of
the torque as glven in eguation 1 must be obtained by solv-
ing the complete hydrodynamical problem (reference 4), the
above discussion indicates the reasonableness of the presence
and sense of such a torgue.

The fact that superfluid behaves as a perfect fluid
with respect to the "zero-1ift" phenomena hag already been
shown by Pellam and Craig (5). The present paper will
present experimental evidence that superflow produces torgue

of a correct magnitude on a disk.

C) Previous Rayleigh-Disk Experiments

The property of a disk to respond to fluid flow was
first used by Lord Rayleigh--hence the name Rayleilgh disk=--
in hig acoustical studies. In 1950 Pellam and Morse (6)
used the Rayleigh disk as a detector of second sound in

i1iguid helium,
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In second sound there are two opposing velocity fields,
a superfluid velocity and an oppositely directed normal
fluid velocity, but there is no net mass flow. Péllam
generalized the idea of Bernoulll pressure caused by a
moving fluid to the two fluid (liquid helium) case with
the assumption that the Bernoculli pressure at any point
would be the sum of the Bernoulll pressures produced by
each component acting independently.

With this assumption the disk becomes a good second
sound detector. The fact that there is no net mass flow
does not matter because the torque produced by each velocity
field has the same sense and the two torques add. The

experimental results verified the original assumption.

D} The Disk in Pure Superflow

The experiment of Pellam and Morse indicates that the
Rayleigh disk would behave as expected in superflow, but
is not a direct proof of this since the opposing flow of
normal fluid could guide the superflulid or cause some other
effect., A direct tegt of the behavior of the Rayleigh disk
in pure superflow is tThus indicated.

Liquid helium becomes pure superfluld at absolute zero.
Since it is impossible to do any experiment at this tempera-
ture a means of obtaining pure superflow at higher tempera-
tures 1s necessary. A device to achieve this has been pro-
posed by Pellam (7) and has been used by Pellam and Craig

(5). This device is called the "superfluid wind tunnel."
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The idealized case of the superfluid wind tunnel is
treated in section II and only a few sentences will be
devoted to 1t here.

The superfluid wind tunnel is not a device that
eliminates normal fluid, it is merely a device that elim-
inates its motion. In the wind tunnel a mass flow of liguid
helium is maintained through a regién in which the normal
filuid is immobilized. Thus, in this region, the whole mass
current is carried by the superflulid alone; or, in the
tunnel, Vg =V and v, = 0. In this experiment a disk willl
be suspended from a fine guartz fiber and placed in the
superflulid wind tunnel. The torque acting on the disk pro-
duced by the superflow will be determined by measuring the
deflection of the disk. In practice, the performance of
the disk in the superfluid wind tunnel not only verified
the torgue law, but also gave an Iindependent measurement

of the superfluid density ( ps}“
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II. TIDEALIZED SUPERFLUID WIND TUNNEL

A) Theory
1) The Fountain Effect

The fountain effect is the name given to the fact that
liguid helium will flow through very fine capillaries under
a heat gradient. These fine caplillaries are so small that
normal fluid cannot readily penetrate them but are large
enough so that superfliuid can and thus are called super-
leaks. The operation of the wind tunnel is based on the
fountain effect.

The theoretical aspects of the wind tunnel will be
explained in terms of the two-fluid model of liquid helium.
First consider the case of two containers of liquid helium
separated by a superleak only. London (8) has shown that
the two regions are in eqguilibrium if their Gibbs poten-
tials are equal, which follows the general concept that
the Gibbs potentials of two systems in mass-exchange
equilibrium are equal.

In the liguid helium system under consideration, the
two temperatures are not necessarily egual. For a small
temperature difference, using pressure and temperature

as variables,
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Substituting (——) = -s (the entropy) and (—) = 1/, the

o T o 3 p

T
result
Ap = ps AT (2)

is obtained. This is called the "london equation.” The
pressure differential will appear as a difference in ligquid
level between the two contalners.

Instead of two closed containers, the system may con-
sist of a bath of liguid helium connected through a super-
leak to an open tube which extends above the bath level.
The same argument given before shows that a temperature
difference between the tube and the bath produces a dif-
ference in fluid level.

In this case, a continuous heat supply in the tube
will eventually establish a large enough temperature dif-
ference to raise the liquid level above the top of the tube.
After this, the addition of more heat causes a continuous
fluid flow. The name “"fountain effect" comes from the
fact that, if the top of the tube is drawn out and enough
heat is supplied, the liquid will spurt out of the tube

producing a fountain.

2} Production of Superflow

The production of pure superfluld flow utilizing the
fountain effect principle is accomplished by replacing

the single superleak connecting the bath to the tube with
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two superleaks in series (both inside the tube). In the
region between the superleaks the normal fluid is immobil-
ized; however, superfluid is as free To flow through two
superleaks as it is to flow through one so that The analysis
of the fountain effect as given above still applies.

Suppose that there is a mass flow of 1t gms/sec through
the system and further suppose that the tube has a constant
area A, The fluid velocity in the region between the two
superleaks where the whole mass current 1ls carried by the

superfluid alone is given by

(3)

while the velocity in the portion of the tube not enclosed

by the two superlesks is

m
v o= (4)
o A

Thus, the velocity in the experimental reglon is enhanced

with respect to the external velocity by a factor of {p‘/p s)°

3) Theoretical Flow Rate

The rate of flow for the wind tunnel is easily calcu-
lated for the idealized system. The physical picture shows
that superfluid flows from the bath through the superleaks
and into the tube. It arrives with zero entropy and must
be heated to the temperature in the tube, which is essen-

tially that of the bath. Thus, if T is the bath temperature
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in degrees Kelvin, s 1s the entropy in joules/gm and H is
the heating rate in watts. The mass flow rate is given by
H

m o= : (5)
Ts

Combining this with equation (3) gives the superfluid velocity
as
H
v’ _= e ®

8
S P AT

o
(9)
v

In actual practice, while The esgsential feature of ob-
taining pure superflow in the region between the superleaks
is achieved by the superfiuld wind tunnel, the gystem does
not quite conform to thilis idealized behavior. As a result,
the velocity of flow must be obtalned by other means than
equation 6. This will be discussed in greater detail in

gsections III-D and IV-=-B.

B) Construction

A diagram indicating the construction of the idealized
wind tunnel is shown in figure 2.

The two superleaks {Sl} and {82) are plugs of compressed
Jjewelers rouge held in place by glass wool wads.

The position of the disk (D) and its supporting fiber
(F) in the experimental region (W) is indicated. The disk
would be lowered into the region from the outside through
the tube (T) which must reach above the bath level (so

that superfluid will not come in through it).
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Region (N} encloses the heater (H) and extends above

the bath level before terminating in an exhaust spoutb.



III. EXPERIMENTAL APPARATUS

A) Practical Superfluld Wind Tunnel

The wind Tunnel as used in this experiment and some
of the associated apparatus are shown in figure 3. The
essential features are nearly the same asg in the idealized
case.

In figure 3 note that {Sl} of figure 2 has been split
into two superleaks (S;) and (Slﬁ} and that (52} has been
eliminated. The reason for splitting {81} will be explained
in section IV-C. While the elimination of (Sg) was primarily
to improve the optical system (see section III-E) it is
clear that {Sg} is not essential for the immobilization of
the normal fluid in the experimental region since there are
no forces tending to move it. In practice there was ne de-
tectable difference in the performance of the wind tunnel
with {Sg) or without it.

Other features that the wind tunnel of figure 3 has in
common with the idealized case are the experimental region
(W), the heater (H) and region (N) which encloses the
heater. The area of the experimental region was 0.776 cmga
The resistance of (H) was 56.6 ohms.

The exhaust spout (E figure 3) was modified to minimize
evaporation (see section IV-B). The whole assembly was a T
joint of three mm glass tubing which was held in place by

a glass bulb formed over a ground glass joint (J). The
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three mm tubing was extended as far as possible into N so
that the surface for evaporation would be small for as
great a height of N as possible. The wiresg for the heater
were run through the three mm tubing.

The region between S, and S.' was not glass but was

1 1
Kovar metal. The reason for this will be explained in

section IV-C.

B) Damping Assembly

As will be discussed later in section IV-D it was
necessary to damp the motion of the disk. The device to
do this had to meet several requirements. It had to be
light weight béca&se the fiber used was quite fine. The
welght had to be distributed in such a way as to give a
low enough moment of inertia so that the period would be
less than about one sgecond because 1t was desirable for
the disk to respond rapidly to changes in the flow rate.

The type of damping that proved to be the best was
magnetic damping. This was also used by Craig (5). The
resistivity of copper is less by a factor of about 25,000
at liquid helium temperatures so that eddy currents are
easily generated and a magnetic damping device that is
useless at room temperatures can become very effective at
low temperabures.

Before damping was found necessary, the disk was
attached to the fiber by first gluing a small length of

about 0.2 mm glass tubing (which wag drawn from 3 mm tubing)
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to the disk and then inserting the fiber into the other
end of the tubing and gluing it in place. This was a very
convenient method of mounting the disk and its essential
features were retained in the final mounting assembly.

To meet the requirements of low weight and moment of
inertia a small piece of copper placed near the axis of
the disk and in a strong magnetic field was used (Craig (5)
used a large piece of copper in a weak field).

The magnet used (M figure 3) was cylindrical with both
pole pieces on the top. There was a lairly strong magnetic
field along the axis of the magnet extending roughly from
the level of the pole pileces tc a quarter of an inch above
them. There was a hole along the axis of the magnet through
which the disk could be lowered.

Magnetic damping as used in this experiment provided
twoe specilal problems. The first problem was that flux leak-
ing through the bottom of the magnet exerted enough torgue
on the alumunized disk to hold 1t completely rigid. This
wag cured by placing the magnet in a partially hollowed
cylinder of soft iron (I figure 3).

The second problem was that the magnetic field would
interact with the copper used for damping which again would
hold the whole assembly rigid unless the copper were mounted
guite symmetrically with respect to the axis of turning.
Wrapping fine wire around the glass shaft or trying to

machine a small copper cylinder that would then be glued to



- 14 -

the shaft did not work at all. In the only method that
proved satisfactory the centering of the copper used for
damping and the drawing of the 0.2 mm tubing were done
simultaneously by placing a piece of #20 copper wire about
0.3 inches long inside the 3 mm glass tubing, heating the
tubing until the copper turned red, and then drawing the
tubing out. This gave a copper bead accurately centered
along the axis of a length of fine glass tubing. The disk
could then be connected to the fiber as before.

Even with these precautions there was some regidual
interaction between the magnet and the disk assembly. The
magnitude of this interaction was such that a rotation of
the fibers support one degree would only turn the disk
about 0.8 degrees. This was the best performance obtal ned
after numerous trials of several different disk assemblies.

The fiber (F), the copper bead (B), the fine tubing
(T) and the disk (D) are shown in figure 3. The fiber
used had a torsion constant of 0.825 x l@m@ dyne-cm/degree.
The radius of the disk was 0.142 cm as measured by a cali=-

brated microgcope eyepiece.

C) Angular Alignment Provisions

The fiber and disk assembly were glued to & piece of
3 mm glass tubing (Rl}. This piece of tubing was kept in
place in the center of the glass cylinder (0) by two cork
spacers (A). (R1) was fastened to another piece of three
mm glass tubing (RE} by epibond cement and the joint was

strengthened by the copper sleeve (L).
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At the top of the dewar (RE) was fastened to a brass
rocd and through this to a pointer permitting measurement
of rotation by means of a protractor above the dewar.
This also made it possible to adjust the position of the
disk to any angle with respect to the direction of fluid

flow.

D) Measuring Flask

As will be explained in section IV-B, equation 6 could
not be used to determine the superfluid velocity and
another method had to be found. The flow rate in this ex-
periment was too low to use pitot tubes as Craig (5) did;
however, since the volume flow rate was small, the exhaust-
ing fluid could be caught in a small flask and the mass flow
rate determined from the time required to fill the flask.

The flask was arranged so that it could be swung in
and out under the exhaust spout and dumped when full. The
position of the lask under the spout is indicated schem-
atically in figure 3 (G) and the whole assembly is shown
in figure 4.

The flask was pivoted in a wire yoke (Y figure Ly,
When the plunger (P} was pulled a string (S) which passed
through a piece of glass tubing (T) raised the bottom of
the flask (F) and dumped it. The tubing also supported
the flask in space.

An O-ring seal between the plunger and the pilece of

brass tubing (B) in which it moved allowed free movemen
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but preserved vacuum tightness. (B) was also fitted with
an O-ring seal so that 1t could turn inside a larger plece
of tubing (C). This enabled the flask to be moved in and
out under the spout.

The volume of the flask used was 1.9 cc.

E) Optical System

A plan view of the optical arrangement used for
meaguring the disk's angular position is shown in figure
5. The light source wasg a slide projector (P) with a
vertical glit at the slide position.

The reflection of the light off the disk (D) was
caught on a screen (8) placed about 80 cm away. Since
the light had to pass through the dewar walls and through
one wall of the wind-tunnel it became impossible to obtain
a very good image on the screen. The best lmage obtained
occuplied a width on thils screen equivalent to about 0.1
degree; furthermore, this would vary Ifrom place to place
due to irregularities in the dewar walls.

As noted before; the forward end of the wind-tunnel
was 1@5& open to simplify and improve the optical arrange-
ment. When this was not done, the light beam had to pass
through two sectionsg of wind-tunnel walls at an angle that

distorted the beam considerably.
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1V, EXPERIMENTAL OPERATION

A)  Introduction

In practice the wind tunnel did not perform in the
ldealized manner described in section II. In this section
the departures from idealized behavior will be discussed
and the reason for the construction of the wind tunnel as
described in section III will be given. Finally, the
exact experimental procedures employed will be desgcribed.
It will be seen that several of the experimental procedures
are necessitated by the wind tunnel's non-idealized be-
havior. A further discussion of some of the problems

described in this section will be found in Appendix C.

B) Evaporation

The theoretical discussion of section II-A would lead
one to expect that when any amount of heat was continuocusly
supplied by the heater there would be a flow of liquid
helium from the exhaust spout. This was not so in practice.
It was found that a certain rate of heating ﬁo had to be
exceeded before any flow started. Greater rates of heating
would then cause a steady flow. Lesser heating rates would
only cause the level in (N} to reach a certain equilibrium
height above the bath level.

There is a ready explanation for this within the theoret-
ieal  framework in that 1f the heat supplied is lost some-

how rather than being used to drive the tunnel there need
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be no flow. It was found that the bulk of the heat was
lost by evaporation of the fluid in (N). A small amount
was also lost due to imperfections in the superleaks (see
section IV-C) and even less from leakage through the glags
walls of (N).

In & typical operation ﬁ@ would be of the order of
0.0L watts which is a value comparable to the heating rate
of about 0.025 watts used to obtain the maximum flow rates
employed. Before the exhaust spout was constructed so as
to minimize evaporation, BQ would be as much as 0.2 watis.

The evaporation of fluid from (N) caused an additional
superfluid current through the experimental region and the
effects of this will be discussed in section V-A4.

An experimental test showing that most of é@ was due
to evaporation was made by replacing the exhaust spout
(E rigure 3) with a solid plug. When this was done, a
heating rate an order of magnitude less than the figure
(0.01 watts) quoted for EO would raise the fluid level up
to the plug. Furthermore, after the heater was turned off,
the liguid level would remain stationary for times longer
than ten minutes. When the solid plug was not present the
level would not remain stationary; it would return to the

bath level in about five seconds.

C) Normal Fluid leakage

Another source of heat loss, resulting from the natural

difficulties encountered in the construction of superleaks,
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wag normal fluid leakage or heat conduction through the
superleaks. Whereas ideal superleaks should permit neither
normal fluid backflow nor classical heat conduction, actual
devices suffer from both defects. Since these two phenomena
produce the same effect experimentally, they are considered
Jointly simply as normal fluid leakage.

Although such normal fluid leakage was unimportant as
a source Of'heat loss compared to evaporation, the resultant‘
reverse normal fluid currént through (W)} could not be dis-
regarded since 1t was large enough to produce a deflection
of the disk. Fortunately, it was found possible %to prac-
tically eliminate this difficulby by effectively "thermally
grounding" the system to protect the region (W) from such
currents.

The thermal ground 1s the pilece of Kovar metal (K)
between superleaks éSi) and (Slg). With this construction,
any heat that is conducted through (51’) will be grounded
to the bath through the low impedance path provided by the
Kovar metal rather than conducted into the region (W)
through the higher impedance path (Sl‘). This device

essentlally eliminated the leakage problem.

D) Flow Irregularities

The heat losses due to evaporation and normal fluid
leakage did not seriocusly affect the usefulness of the wind
tunnel for studying the properties of superflow; however,

another and more seriocus complication in the wind tunnel's



performance arose which diminished the accuracy of the
experiment considerably. The flow veloclty in the tunnel
was not constant and would change by as much as ten percent
over a period of time of the order of a second.

As a result of this behavior the disk would never
come to rest at any one position. Instead it would receive
periodic impulses that would keep it oscillating and,
furthermore, between these impulses, the disk would actually
ogcillate about different central positions. This indicated
that the flow rate changed between the impulses.

It was originally hoped that instability was not an
egsential feature of superflulid flow through carborandum
plug superleaks; several possible causes of erraticness
were thought of and apparatus modificatlions were made to
eliminate them. Since none of these attempts succeeded, a
description of them will not be included here but will be
given in Appendix C., For the present 1t will be asgsumed
that unevenness of flow is an essential feature of the
experiment.

An indication of the disk'smotion while an angular
deflection was being measured is given in figure 6. The
scale at the top of the figure represents calibration
marks that are placed on the screen (see section IV-E).

The lines drawn down the page represent the picture that
would be traced on a moving roll of film or some other re-

cording mechanism by the light spot reflected from the
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disk. The direction of increasing time is down the page.
The large initial impulse given to the disk when the |
heater was turned on is not shown. The figure does not
give actual tracings as no such were made. Instead the
drawings are made from memory and are included to give
some 1idea of the type of variations encountered.

The side-to-side motion of the disk was not caused by
free oscillations but rather resulted from the disk's re-
sponse to the velocity variations. When the disk swung
to a new position, there was not much overshoot; this
indicated adeguate damping.

The average deflections shown are about 1, 4 and 6
degrees. The disturbances were of the magnitude shown for
a temperature of 1.8 or 1.9 degrees. They were worse by
about a factor of twoe at 1.4 degrees. Below 1.4 degrees,
measurements were very difficult to take at all for de-
flections of larger than two degrees.

The stability was better than that indicated in figure
6 by about a factor of two in the vicinity of 2.1 degrees.
Here it would have been possible to take measurements out
to ten degrees except that at these higher temperatures
the wind tunnel would sabturate at a superfluid velocity
corresponding to a deflection of five or six degrees and
higher deflecti@ns were impossible to attain. An interest-
ing point i1s that the instability was no worse after the

saturation flow velocity was reached.
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Along with the short term velocity variations, there
was a long term drift toward lesser deflections. This is
not shown in figure 6. This was due to evaporation of
fluid from the whole system which lowered the bath level.
According to the London equation, as the height difference
between the bath and the exhaust spout increases, the
temperature difference between the exhaust region and the
bath also incressges. This should cause an increage in
the evaporation rate which would result in more heat being
used to compensate for evaporative losses leaving less
available to drive the wind tunnel.

Effects of the long term drift will be discussed
further in sections IV-F and V-A.

Before the damping device described in section III-B
was incorporated, 1t was practically impossible to obtain
a deflection measurement with an accuracy of better than
50%@ The moment of inertia of the damper increasged the
period of oscillation by about a factor of three so that,
without it, the disk would oscillate two or three times
around each central position. The amplitude of these os-
cillations was about equal to the average deflection; they
would occasionally be larger when the I1mpulses would come
in phase with the vibrations. The combination of the
motion due %to the changing torgue and that due to the
free osgcillations of the disk was more than could be

followed accurately.



The damping device was quilte effective in that the
disk would come to rest after one or two vibrations but
this did not cure the fundamental problem of the non-
constancy of the flow rate. It did, however, make it
possible to follow the changes in veloclity by watching the
various positions at which the disk momentarily came to

rest.

bef

Angular Cglibration

A glance at the formula for torgue on a disk (equation
1) will show that the torgue is a maximum when o = %5@ 80
that the sin 20 term is equal to one. 1t can also be seen
from the optical setup shown in figure 4 that when o = 459
the light beam will pass through the walls of the wind
tunnel in the most advantageous manner.

It was originally intended to perform the optical
measurements using the null method by keeping the disk at
a constant position of 45 degrees to the direction of flow
at infinity and observing deflections by noting the adjust-
ment in orientation of the pointer required to maintain
this position. Two unforeseen factors prevented the use
of this method. Since the deflection varied due To the
flow instability, no single setting was satisfactory which
made 1t difficult to set to an average deflection. DMore
serious, a hysterisis effect caused by the damping mechanism

would occasionally alter the position of the zero point.
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The hysterisis effect was never fully explained but,
unfortunately, proved impossible to eliminate. It showed
up in two casges. In the first case, it was found that
when the pointer was swung through a large (greater than
about 15 degrees) deflection and back again to its original
position the disk would not always return to its starting
point but could be off by a few tenths of a degree. In
the second case it was also noticed that when the disk
would receive an impulse of such magnitude that it would
be deflected through a large angle it would again not
necessarily return to its original position. The effect
was probably caused by some magnetic polarization phenomenon
in the copper. The hysterisis effect was never noticed in
the many different mountings that were made and used before
the magnetic damping was added.

For the above mentioned reasons, the null method was
not used; the angular measurements were made with the
pointer kept stationary and the deflection was defermined
by measuring the linear displacements of the light spot
on the screen (8 figure 5). This method had some complica-
tions of its own but was Judged to be superior to the null
method.

The linear displacements of the light spot on the
screen were not directly convertible to angular deflectlons
because of two reasons. First, as has already been men-

tioned, desplite all efforts to keep the copper bead ete.
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accurately centered with respect to the axis of the fiber,
there was still some residual torgue on the whele assembly
so that when the pointer was turned one degree, the disk
would only turn about 0.8 degrees. Second, imperfections
in the dewar and in the wind tunnel walls would change the
direction of the light bean.

The screen wag calibrated for each experiment by
moving the pointer a degree at a time and marking the posi-
ti@n’@f the light spot on the screen with a grease pencil.
It was found experimentally that when the zerc point would
shift from the hysterisis effect, the other markings would
shift by a similar amount so that one calibration per run
was sufficient provided that the zero position was followed.

It will be shown in Appendix B that the calibration
procedure is legitimate; that is, 1t will be shown that a
torgue of magnitude 7@ acting on the disk produces the
same angular deflections as a rotation of the polinter
through an angle © despite the presence of the perturbing
torque. OFf course, as a result of the perturblng torque,
the angular deflection will not be equal to €.

The screen was calibrated after the liguid helium
temperature had gone below the M-point but before any
heat was supplied by (H). After calibration, enough heat
was supplied to raise the fluid level in (N) up to nearly
the level of the exhaust spout. This would usually disturb
the zero position and so the zerc was re-set before be-

ginning the data taking.



F)} Data Recording

The data recorded were @ and t where €@ was the angular
deflection that the disk suffered when the flow rate was
guch as to fill the flask in a time t. After calibrating
the screen, the heat input would be increased so that the
liguid helium would come out of the exhaust spout at some
desired rate. There would occasionally be a long term drift
in the zero position of 0.1 or 0.2 degrees which was at-
tributed to the same phenomenon that caused the hysterisis.
Because of this the small deflection measurements were
always taken immediately after checking the zero position
so that they would be the most accurate points. For de-
flections of greater than about four degrees the shifts in
the zero were small compared to the errors introduced by
the instability in the flow.

Usually the first angular deflection measured would
ke in the neighborhood of one degree, then higher deflec-
tions would be measured in approximately one degree in-
crements. At some point the instabilities would become so
large that greater angular deflections were impossible To
measure accurately. When this occurred, the zero position
would be checked and more points taken.

The fundamental problem in obtaining accurate data was,
of course, the uncertainty in the angular deflection measure-
ments. In taking a deflection reading the motion of the

light spot on the screen would be followed for a minute or
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two and then a decislion about the average angular deflection
would be made. This decision was actually based on the be-
havior of the disk during the last Ten or fifteen seconds;
watching the movement of the disk during the time preced-
ing this merely enabled the experimenter to develop a
"feeling" for the disk's behavior.

The time reguired to fill the flask was measured imme-
diately after the angular deflection measurement was made.
The damping was good encugh so that the transient oscil-
lationg given the disk by maneuvering the flask ete, would
die out during the filling of the flask and the deflection
of the disk could be noted after the timing measurement as
a check., It was not possible to follow the disks motion
during much of the filling time so that the possibility of
a sudden and large change of average veloclity during this
time was an always present source of error.

The long term driit caused by evapcration of fluid
from the bath produced a noticeable effect over times of
the order of Tive minutes; however, its effect was small
compared to other experimental errors during the hall a
mimite or so required for the determination of the disk's
pogition and the filling of the I(lask.

The temperature was controlled manually by adjusting
the vacuum pump valve and was usually maintained constant
to within about 0.01 degreegs K. The variaﬁion.oﬁ‘pﬁ was

negligible over this range even at higher temperatures.
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The peculiar motion of the disk made the recording of
angular deflections a somewhat subjective matter and pos-
sibly this could have introduced a certain lack of correla-
tion observed between experimentg performed on different

davs.
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V, ANALYSIS

A) Evaporation Current Effects

The theoretical equation for the torque on a disk

was given by eguation 1 as
L = 4/3 agp v© sin 2q.
In this case, p becomes pg and v becomes Vg, the superfluid

velocity. Also, if 7 is the torsion constant of the fiber

and 8 the deflection of the disk
L = T6. (7}

Since Vg is measured in terms of the time required to

£111 a flask of volume V, the gubstitution

must be made in equation 1. All of these substitutions
would give
Yo 1 o

Jomy Y L L
Te = 4/3 a%p
A5 t% (p k)

(9)

with sin 20 = 1. The deflections observed were never greater
than eight degrees so the approximation sin 20 = 1 i8 a
good one and will always be used.

The expressions of equations 8 and 9 constitute an
over simplification to the extent that losses resulting
from evaporation are neglected in computing the superfluid
traversing the experimental region. Accordingly, Vg is

larger than is indicated by equation 8 since the time flow
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rate also includes supplying whatever helium evaporates
from the exhaust region. The more accurate expression for

superfluid flow velocity then becomes

V., = e 4+ ¥ (10)

where Ve represents the "effective velocity" attributed to
such evaporation.

If a known awmount of heat ﬁe is being dissipated per
second by evaporation, the additional superfluid current
caused by this can be calculated in the following manner:

a quantity of helium,ﬁé flows through the superleak per
second, arrives with zerc entropy and is raised to a temp-
erature T which requires an amount of heat ﬁeTS per second.
This same quantity of liguid helium then evaporates using
an additional quantity of heat ﬁeL per second, where L is
the latent heat of evaporation. Conservation of heat gives
the mass flow rate as

e L + Ts
with a resulting superfiuid velocity

@

H, (11)
v = 11
€ p (L + Ts)A

This additional superfluid current is by no means neg-
ligible., The effects of v, on the experimental behavior may
best be illustrated in terms of a specific example. The heat

of vaporization of liquid helium is in the nelghborhood of



- 31 -

2l joules per gram. . Since most of H@ is due to evaporation,
the figure 0.01 watts given previously for HO can be sub-
stituted for He in eguation 11. Making these substitutions,
a superfluid velocity of p/p . 0.004 cm/sec results (Ts

is never larger than 3.3 joules/gm and so can be ignored
compared to L). This velocity, by itself, produces an
angular deflection of less than 0.1 degree, which is im-
meagurable.

Now consider the case where tThe f[lask measurement
gives a velocity value of 0.05 cm/Seee The true value then
becomes 0.054 cm/sec. The true deflection is therefore
proportional to (GQQﬁﬁ}g = 2,9 x 1073 while the deflection
expected from the Tlask measurement would be proportional
to 2.5 x 10"3--an error of 15%. Thus an additional super-
fiuid current that gives an immeasurably small deflection
by itself can, when added fo a larger current, produce a
noticeable effect due to the guadratic dependence of the
torque on the velocity.

Since by the nature of the experiment the filling
time (t) provides the basic velocity determination, eguation
10 can be expressed more significantly as

p vV 1 1

v o= ( + ) . (12)

5]
pSA £ "CO

In this form, the gquantity (t@} represents physically the
time required for one "flask-full" of liguid to traverse

the experimental region on the basis of evaporative losses
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only. As will be seen, the data areobtained in a form
directiy applicable to the experimental determination of to“
In a similar maﬁher the factor 1/t in equation O must
be replaced by (l/% + 1/%0} where t and t_ retain the same
meaning as above., Teking the sguare root of both sides of

the resulting eguation gives

1/2
4 agp“fg ’ 1 1
Ve = 5 —5) (— + —) (13)
3 T A P s t tO
which can be convenlently written asg
1 1
No = k ( + ) (14)
t t@

defining the temperature dependent constant k. The tempera-
ture dependence of k enters only through the ( pS/p }“E/Q
factor.

There will be a further discussion of equation 14 in
section VII-A where 1t will be shown that this eguation is
not quite valid but is still used because 1t is correct to
within the limits of the experiment and because its usge
simplifieg the analysis.

The postulate that l/t@ is a constant, independent of
flow rate, will be made. This is done primarily for ex-
pediency; however, it can be justified. The evaporation
rate should be congtant il the tem@erataré difference be-
tween the bath and the exhaust region is steady. According

to the London eguation this condition should prevail as long
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as the bath level remains constant because There is then a
constant pressure difference between the Ttwo regions. This
result is independent of the flow rate.

As has been discussed previously, the bath level does
not remaln constant, but drops slowly due to evaporation
of helium. Degpite the fact that this lowering of the bath
level produces a long term change in the fluld velocity, it
is found experimentally that H@ remaing constant within ten
or twenty percent during the time required to take all the
data at any one temperature. This implies that the evapora-
ion rate and hence l/t@ is constant to within the same
amount. Since 1/t® represents a velocity that is small
compared to the flow velocity, a ten or twenty percent error
in its determination 1s not important.

The idea that the lowerdng of fThe bath level produces
a negligible variation in 1/t@ is not inconsistent with the
fact that 1t causes a very obviocus change in the [low rate
over the same length of time. A comparison of equations 6
and 11 shows that evaporation is a less efficient method
for producing superflow from heat than is the fountain
effect by a factor of Ts/L + Ts). This factor has a maximum
value of about 1/9 and gets very small at lower temperatures.
Thus a quantity of heat that produces a small change in the
evaporation current will produce ten or more times that

change in the fountain effect current.



- 3 -

B) Statistical Analysis

The data taken in this experiment are the angular
deflection @ and the filling time t. The problem of
fitting a set of points J@i and l/ti to equation 14,
assuming that k and 1/tO are unknown constants, involves
standard procedures in statistical analysis.

However, debtermining k and l/to by fitting equation
14 has one defect. The statistical analysis method
determines the constants that will give a minimum devia-
tion. This over-weights the points with large values of
1/t which is where the errors of measurement are the

greatest. It is the same statistical analysis problem to

it
1 i 1
= - - t— (15)
t e tOI@ k
1
except that for this curve the data points are ———
t, NG,
i i
1 1
and - . To first order ————— i85 a consgtant so that
J@i tid”@i

fitting equation 15 weights all the points approximately

equally.
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VI. EXPERIMENTAL RESULTS

A} Data

In appendix E all the data points © and t are listed
together with the temperature at which each point was

taken.

For each group of points the values of the average

temperature T and the constants determined by the

o
by

statistical analysis 1l/k and 1/t  are given in table 1 as

- = :
well as the value for 1/k” which is proportional to ps/b .

B) Torgue Law

Pigures 7, 8 and 9 are graphs of J© vs. 1/t at
each nominal temperature. The straight lines drawn through
these points are those given by the constants 1/k and 1/t
as determined by the gtatistical analysis.

The graphs demonstrate the essential validity of
equation 14; i.e., they show unequivocally the necesslty
of incorporating the consgtant t@ and they show that the
torque (angular deflection) has a guadratic dependence on
the velocity. Of course, the graphs themselves show that
the sguare root of the torque depends linearly on the
veloecity.

Figure 10 is a graph of pS/p ve. T as determined by
this experiment. This was taken from the l/kg column of
table 1. From equation 13 and 14 it is seen that

k° = U4/3 = —
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Substituting the numerical values given previously gives

1/6% = 0.00247 o /o -

Using the correct value of 1/&2 gives a ps/p curve
that has a value of 1.08 at T = 0°K. So, in the plotting
of the graph of figure 10 the valueg for kg pS/p were
normalized to give the correct result at zero degrees
( ps/b = 1}. In section VII-B it will be shown that the
influence of the walls of the wind tunnel could account for

‘12 Cl
1/k% having too large a value.
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VII. DISCUSSION

A) Difficulties in Zero Positioning

The method used for calibrating the optical system
and checking the zerc posgltion on the scale was such as
to make 8 = 0 when 3/@ = (O, Reference to the graphs
of figures 7, 8 and 9 shows that extrapolating the
data points will give © a non zero value at 1/t = O--
usually between 0.1 and 0.2 degrees. For example the
graph for T = 1.66°K shows that at 1/t = 0, ~N@ = 0.34
or @ = 0.1. Thus, somebthing is wrong with equation 14,

The trouble is that the angular deflections should
have been measured from the point where the disk comes to
rest when no heat is applied. Equation 14 is not really
true when 6 1s measured as described previously. Un-
fortunately, it was experimentally impossible to use the
true zero position because, when the heater was turned
on after setting the zerc position with no heat applied,
the disk would receive a large impulse and certainty in
the original position would be lost due to the hysterisis
effect mentioned previously (section IV-E).

When 8 is measured from the zero position used in

the experiment (6 = O when 1/t = 0) equation 14 should be

modified to read

VOFE, = k(1/t+1/t), (16)

introducing another parameter @G which is the deflection
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caused by the superfluid flow represented by l/t@‘ Since

by definition 8, = k/t@, squaring both sides of eguation
16 gives
1 2
@ = kg ( 2 ’E" > ®
t t tQ

This 1is in a form suiltable for least squares analysis if
the variables are considered to be 1/t2@ and 1/t6.

Although technically correct the last mentioned
equation was not used for analyzing the experiment. First
because the corrections for 6 of the order of 0.1 degree
are within the experimental error. And alsc because there
is another effect which has not been mentioned yet that
destroys certainty in the relationship © = O when 1/t = O.

Tis effect is that for values of t of around 200
seconds or longer (at this point the liquid is dripping
out of the exhaust spout) there is an oscillation of the
liguid. It rises high enough to come out of the spout,
immediately falls and then promptly rises again. The
frequency of this motion is about three or four osgcilla-
tions per second. The amplitude varies between three and
five mm. The motion only took place on the inside of the
three mm tubing. The disk rectified this AC fluid flow
and was deflected ag much as 0.3 degrees by 1t.

Thig same effect could take place any time the fluid

level reached a portion of the tube where the diameter



- U0 -

increased with height. It was undoubtedly alternate over-
heating and over-cooling of the ligquid as it reached places
where the evaporatlon rate was less or more.

It was also very difficult to find a setting that
would keep the liguid level stationary in a straight
portion of the exhaust tube. Due to the evaporation from
the bath the liguid level slowly fell and a height that
was stable often would not be so by the time the zero
setting had been carefully made.

For all thege reasons, aﬁy sophisticated method of
data analysis that reguired an accurate knowledge of the
zero position was not feasible and the simpler method
previously desecribed, which should be asymptotically
correct, wag used.

It is also possible that the disk rectified some
of the AC component introduced by the instabilities in

the fluid velocities.

B) Tunnel Wall Effects

It is clear that the torque equation (eguation 1)
which was derived for the case of an infinite medium is
not completely valid as applled to this experiment. In
this section an estimate of the correction necessitated
by the effect of the walls of the wind tunnel will be
made, but there will be no attempt to solve the completbe

problem, The correction factor that will speclfically be
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sought for is that necessary to explain why [ as deter-
mined by this experimen% has too large a value.

The most obvious effect of the walls is that of
"sgueezing in" the flow lines. This will result in a
higher velocity in the vicinity of the disk than there
would be in the case of an infinite medium. The forque,
apart from geometric factors, is basically a measure of

pSvSE, In this experiment, the velocity used in the
determination of [ is essentially the velcoecity at infinity
in the tube {vl}s What should have been used, to a first
approximation, is a larger veloclty (vg),

If the subscripts 1 and 2 are used to denocte the
valueg of P g that would be extracted from the experi-
mental data using the veloclity vq and the (truer) velocity
Vo resgpectively we can say

2
P v = e v -
Sf& Sg SE

o

Thus, in order to obtain the correct wvalue for P ( Py s

the values of pg ( P ) already obtained from the table
1
of l/kg (table 1) must be multiplied by a factor Vg ?/vs 2,
1 2
The value of this factor can be estimated from con-
servation of current simply by assuming that the ratio

v /ﬁs will be inversely proportional to the ratio of the
o
1 2

area of the wind tunnel with no disk present to the area

available for the fluid to go through {at the disk) with
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the disk present. If a is the radius of the disk its

2
. \ ™ . P
projected area when o = #EO is 2. Now, if v is the

N2
radius of the tunnel, the total area of the tunnel is wb

2

and the available area at the disk is ng— wag(z}ml/ga Thus,

to this approximation,

v o
Sl ~ T -

T . 1)
Bo ag

a?&z

Using the values b = 0.5 cm and a = 0.15 cm giveg the

result
v
51
v = .935
2
or
PSE = (.87 Pgl .

Multiplying by this factor does bring the experimental

values of P down to roughly the correct value.
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VIII. CONCLUSION

The torque produced by liquid helium II flowing
through a superfluld wind tunnel has been determined
over a range of velocities varying by a factor of about
ten. The velocity dependence of the torque at any one
temperature 1s shown to be consistent with that predicted
by classical hydrodynamics, providing a few assumptions
regarding the wind tunnel's behavior are made. The
variation of the torgue with temperature is in accord
with the two-fluid model of liguid helium. Thus the
conclusions must be drawn that the operation of the wind
tunnel is essentially as would be expected from the two
fluid model and that the hydrodynamical behavior of super-
fluid is the same as that of an ideal classical fluid in
this case.

The variation of the torque with temperature while a
constant exhaust flow rate ig maintained is a particularly
dramatic effect even though it is expected because such a
behavior so clearly indicates the unusual nature of liguid

heliium.
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APPENDIX A

The Theory of Landau

This section is not meant to be a review of iiqaid
helium theory but is merely intended to give an indica-
tion of the derivation of two fluid model from the
theory of Landau; consequently, the Bose Einstein condensa-
tion and other topics in liguid helium theory will not be
treated.

In a paper in 1941 (2) Landau laid the foundations
for the modern theory of ligquid helium II. Some parts of
Landau's original work have later proven wrong and much
more of it was completely empirical. Later workers,
particularly Feynman (3) and Feyrman and Cohen (9), have
since established several speculations of lLandau's.

The essence of today's theory is that at absoclute
zeroc the assewmbly of helium atoms is in a ground state
and that, as the temperature is increased, excitations,
which are states of the whole system, appear. An important
point is that states of the whole system are consldered
rather than the motion of individual atoms. The excita-
tions have an energy-momentum spectrum as shown in
figure 11.

A1l the thermodynamical properties of liquid helium
can be derived from this energy spectrum by the usual

methods of thermodynamics. In this derivation only ftwo
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parts of the curve contribute significantly due to the low
temperatures involved. These are drawn with a solid line
in the figure and are labeled phonon and roton.

The energy-momentum gpectrum can be approximated in

the phoncn region as
E = cp (17)

where ¢ ig the gpeed of sound, and in the roton region as

o h2
(p-p,) 3
E = A + ——— (18)

2
where A, U . and\@@ are parameters which are chosen by
fitting theoretical thermodynamicald functilons to their
meagured values. The values obtained are A /k = 9.6 6%k,
p/my, = 0.77 and p_/h = 1.95x10 /cma Feynman and Cohen's

derivation gives a value of A/k = 11.5°K.

Derdivation of the Two Flulid Model
By a Galilean transformation of the wave function of
an excitation in the fluid it can be shown that, if the

<

id is moving at a velocity ~v . , the energy (EQ} in a

?‘"b

tationary co-ordinate system of an excitation, which has

an energy E in the system in which the fluid is at rest, is

E, = E+ p - v, (19)

The derivation of this is discussed by Dingle (10).
It can be seen that the excitations with thelr momentum
directed oppositely to the velocity of the fluid will have

less energy and hence greater statistical weight than
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excitations with thelr momentum directed along the velocity.
Thus, the gas of excitations will appear to move with less
velocity than the background fluid,

More specifically, if the background is moving with
a velocity vy in a tube that is moving with velocity Voo
and 1f the excitations are in equilibrium with the walls
of the tube, statigtical mechanics gives the equilibrium

distribution of the excitations as

n(E) = exp - 1 ,

assuming Bose statistics.
Using equation 19 to eliminate EO, the net momentum

assoclated with the excitations can be computed using

1 e
p = ngigjg o, n(p )&
v
1 . 1 . _1 ;
T @rnp T (B(p)+p™ » VP~ V5 )1 a7p
n T

If the agsumption is made that v, and v, are emall, this in-

1
tegral can be evaluated as

o

p = - c@nst{EE - Vo ) o (20)

The congtant in eguation 20 is a positive quantity with
the dimensions of dengity; and, in This approximatlion, is a

function only of temperature (i.e., not of velocity).
N :
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N hore -
The total momentum per unit volume J possessed by

the moving liguid will then be

J = pvy - const.(vy 5 e

That is, the usual momentum plus the momentum associated
with the excitations.
If the constant 1s now called Py Vq and Vo called

Vg and V.o respectively, and a parameter Py defined by

the simple expression

results.
Thisg ig a statement of the two fluld model discussed

in the introduction.

This derivation is essentially that glven by Wilks (1130
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APPENDIX B

Validity of Calibration Procedure

In this Appendix it will be shown that accurate resgults
are obtained from the calibration procedure described in
section IV-E desgspite the presence of the unknown perturbing
torgue caused by the magnet. More specifically, it will be
shown that if the disk assembly is suspended from a Tiber
of torsion constant T in the presence of an arbltrary per-
turbing torgue, the disk will be rotated by the same amount
(6') when it is acted upon by a torque of magnitude T8O as
when the fibers support is turned through an angle 8.

A series of drawings (figure 12) has been made to assist
in this proof. In drawing (a) the plane of the disk 1s lined
up at an angle o to some arbitrary line with no external
torgue applied. When the magnet is added the torgue it
produces will change the alignment of the disk so that it
now makes an angle B with the same line. This is 1llustrated
in drawing (b). If the torgue caused by the magnet is some
arbitrary function of position of the disk L%<g>, the angle

B is determined by the relationship
LI\’E{E%} = T (@ = &} °

If the pointer is rotated counter-clockwise through an
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angle €, the disk will rotate through an angle ©' such that

Lyp +90') = 7(p-a-0 +86") . (21)

Drawing (c) makes this clear. The disk would be at o + ©
without the perturbing torque, instead it is at B + @' so
that the restoring force of the fiber is opposing a rotation
of (B +08') - (¢ + ©) caused by the magnetic torque.

With the disk again in position (b) a torgue L acting
on the disk (i.e., one caused by the fluid flow) will rotate

the disk through an angle 6" such that

Ly(B +0") +L = 7(B +6" -a) (22)

o

Thig ig shown in drawing (d). In this case the net dis-
placement of the disk from the equilibrium position is
B + 8" - o and the torques causing this displacement are
L and LM{§ + "),

It is obvious by inspection that if L = 76, @' = 8"
is a solution of equations 21 and 22, Depending on the shape
of LM
corregpond to cmmplete‘rOEati@ms of the digk and so would

other solutions are possible, but in practice thesge

be easily discovered by the experimenter.
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ATTEMPTS TO ELIMINATE INSTABILITY
APPENDIX C

This Appendix will be a discussion of various attempts
that were made to eliminate the instability of the disk's
motion.

It was found that there was some vibration communicated
to the dewar through the vacuum pump line and a device was
built to decouple the line from the dewar. This did stabilize
the disk somewhat, but more elaborate decoupling both from the
pump line and from other posgsible external sources of vibra-
tion would not decrease the vibrations further. It was
therefore concluded that the remaining instablilities were
not caused by vibrations of the dewar. Basic to such & con-
clusion was the fact that the disk remained perfectly still
when there was no fluld flow.

There was no difference in the disk's behavior with
the forward superleak present or absent. Likewise, using
a device to smooth the flow in the forward end of the wind
tunnel produced no effect

On one occasion, the whole wind tunnel was painted
black {with the exception of a small section left trans-
parent for optical purposes) to eliminate any effects due
tc stray radiation. This produced no effect as could prob-
ably have been deduced from the fact tThat a flashlight
shined on the superleak and turned on and off did not cause

a noticeable difference in the disk's behavior. Similarly,



varying the intengity of the light source used for the de-
flection measurements made no difference.

Flow irregularities could also have resulted from an
erratic heat supply. This could happen in three ways.
First, the voltage or current supplied to the resistor could
change; second, the value of the registance itself could
change; and third, the heat could escape unevenly from the
resistor.

The first and second possibilities are easily ine-
vestigated by measuring the voltage across and the current
through the resgistor. Performing such a measurement re-

vealed nothing. These measurements were not made critically;

[ R

however, the veloéity variations were really large scale an
would have required at least a 5% variation in the heat in-
put for their production.

Determining the constancy of heat escape from the
resisfor is difficult; however, a good argument can be made
that heat escaping erratically from the resistor would have
produced flow irregularities different than those actually
observed. The heat that reglly drives the wind tunnel isg
the total heat input (H) less the heat lost by evaporation
(H@)@ Now, when H is Just slightly greater than 3@3 a small
variation in H would produce a large relative change in the
total heat available to drive the tunnel, whereas, when H is
large compared to HQ a similar variation in H will not pro-

duce as great a relative change in the net heat input. On
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this model, greater irregularities would be observed for
small deflections, which is exactly opposite from the be-
havior actually noted.

Furthermore, observations were made for two different
values of Ega As stated in section IV-B, before modifying
the exhaust spout H@ was about 0.2 watts and alfterwards it
was about 0.01 watts. The maximum heat actually used to
drive the tunnel was 0.015 watts. Thus, heat escaping
erratically from the resistor before the exhaust spout
modification was made would have produced very large varia-
tions in the net heat input. In practice, the instabilities
in the disk's motion were virtually the same before and after
HQ was minimized thus eliminating the objection that the
erraticness of heat escape could vary with heat input in
just such a way ag to produce the velocity variations noted.
The above arguments can also be applied in the cases of
noisy resistors or voltage or current variations.

In addition to this, Pellam and Craig (5) experimented
with various types of resistors in an effort To stabilize
the flow, but obtained no positive results. DBecause of all
the above, it was concluded that the heat source used in
this experiment was adequate and that the flow irregularities
were not due to a variable heat input.

There are two additional sources of heat input varia-
tions. The first of these is variable heat conduction from

the bath to the exhaust region through the path provided by
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the exhausting fluid. This was investigated by shaping the
exhaust spout like a fountain so that the fluld would spray
out and any possible conduction path would be broken up.
This also produced no effect.

The gecond possibility, which was not investigated,
was changes in the evaporation rate caused by the fact
that the fluid does not come out of the exhaust spout
evenly and so does not present a constant area for evapora-
tion. Again, the changes in flow rate are on a much larger
scale than should be produced by this mechanism. A method
of constructing the exhaust spout that should eliminate
this problem and would have some additional virtues is
given in Appendix D.

One method of sgtabilizing the flow based on The idea
that the velocity changes would be accompanied by changes
in the temperature of the exhaust region was tried. This
idea made use of the fact that the registance of ordinary
Allen and Bradley resistors is very temperature dependent
at low temperatures. An AC resistance bridge was con-
gbtructed with one limb of the bridge in the bath and the
other in the exhaust region of the wind tunnel. The bridge
was balanced so that a decrease in temperature in the ex-
haust region would cause a greater signal ocutput; this
gignal could then be amplified and fed back through another

resistor to counteract the original change in temperature.
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In practice, 1t was found that the erraticness of flow
was not accompanied by any detectable changes of temperature
in the exhaust region. This wasg not due to lack of gensi-
tivity of the bridge. The bridge was sensitive enough to
easily detect the heating effect of a flashlight shined
into the dewar, while doing the same thing would not affect
the disk noticeably. The attempt to use inverse feedback

to stabilize the flow was then abandoned.



APPENDIX D

Suggestions for Future Research
Both of the experiments that have been performed to
date using superfluid wind tunnels have suffered from a lack
of accuracy caused by the wind tunnel's erratic behavior.
AL present it 1s not known whether the variable flow rate
will accompany superfluid flow through superleaks in general
or whether it is only a feature of flow through carborandum
powder or Jewelers rouge superleaks. Clearly, one avenue

of future research is the investigation of high volume flow

ty

of superflulid through superleaks.
In the past, superleaks have frequently been constructed

by separating optically flat gquartz plates by the appropriate

—

° cm). A superleak for this

distance (on the order of 10~
experiment could be made, therefore, by stacking many such
quartz plates on top of each other. The critical flow
velocities through these s1it superleaks are of the order
of 10 cm/seco Thusg, 1T the stack had & total area of 1 cmE}
it would have to be at least 1% hole before a volume flow
rate of 0.1 cc/sec (as used in this experiment) could be
achleved. This would reguire using about 1000 1073 em
thick quartz plates and would clearly be almost impossible

to do.
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However, vycor glass has a uniform channel width in
the neighborhood of 107 cm and is at least an order of
magnitude more transparent than is reqgulred. Therefore,

a wind tunnel should be constructed using a Vyéar glass
superleak. 1If erraticness of flow is still observed it
can probably be concluded that such erraticness will occur
in general in a superfliuid wind tunnel and the problem of
smoothing the flow somehow must then be faced.

As was mentioned in Appendix C, it is possible that
some of the flow irregularities are caused by unevenness
in the evaporative heat loss rate because of the turbulent
manner in which the fluid leaves the exhausgt region. This
could be eliminated by a modification of the exhaust spout.

This modification would be effected by making two
basic changes in the design of the exhaust spout shown in E,
flgure 3. First, the tube through which the fluid escapes
would be constricted to a diameter such that a pressure
head of, say, five cm of helium would be reguired to produce
a volume flow of 0.3 c¢/sec (the largest used in this experi-
ment ) through 1it. Second, the tube extending upwards from
the exhaust gpout would be lengthened to five or ten cm.

The difference in the operation of the wind tunnel
when an exhaust spout as described above is employved is ob-
vicus. The flow rate through the spout is now determined by
height of helium in the column above it. The helium level

will be the height where the temperature difference between
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the exhaust region and the bath is such that the heat lost
by evaporation plus that carried away by the exhausting
fluid is equal to the heat supplied. The evaporation rate
should now be constant for any given helium level because
the evaporation will take place from surfaces of constant
area--the crosg section of the ftube extending above the
exhaust spout plus that of the spout.

I

]

this construction does not help smooth the veloclty
variations it should at least eliminate the zero positioning
difficulties described in section VII-A, It will alsc make
1t possible to follow variationsg in the flow rate by a means
other than watching the motion of the disk. A change in
the velocity should cauge the liguid level above the spout to
change because the amount of fluid that can Tflow through the
spout is limited lanstantaneocusly by the presgsure head above 1t.
This opens up another interesting possibility. If the
change in pressure head is accompanied by a change in the
temperature in the exhaust region, the inverse feedback
smoothing device described in Appendix B should now work.
The feasibility of this device depends, of course, on
whether the resgponse times of the sensing elements etc. in-
volved are sufficlently rapid as well a8 on whether the
wind tunnel would operate in the manner imagined.
It dig felt that improving, for instance, the accuracy
of the optical system by a factor ten would not be worth

while until the wind tunnel's behavior can be stabilized.
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EXPERTMENTAL DATA



Date T ) t Date T & t
April 22 1.166 1.6 24,6  April 15  1.503 0.8 29.2
" 1.166 2.5 16,1 " 1.507 2.0 16.9
" 1.166 3.7 13.6 " 1.506 3.6 12.6
" 1.166 5.8 9.0 " 1.508 5.7 9.7
" 1.166 1.6 21.3 : 1.510 7.6 7.6
" 1.166 2.3 16.2 : 1.511 1.0 20.8
" 1.166 3.6 12.3 E 1.518 3.0 11.7
" 1.166 4.3  10.8 " 1.521 6.4 7.9
" 1.166 6.1 8.5 " 1.512 4.9 9.8
" 1.166 3.3 14.7 " 1,503 1.9 17.3
April 22 1,366 1.4 23,0 April 15 1.587 0.9 29,0
" 1.366 3.0 14.8 " 1.600 3.0 12.3
" 1.366 5.0 10.7 " 1.587 5.0 10.7
" 1.366 7.5 7.8 " 1.584 3.1 14,2
i 1.366 3.4 13.3 " 1.574 0.7 30.5
April 20 1.361 2.3 1T.4 " 1.582 1.7 19,7
" 1.355 3.2 13.0 " 1.587 3.1 13.3
. 1.353 5.0 9.5 ; 1.578 5.6  10.0
" 1.353 3.5 11.5 " 1.600 2,3 16.7
July 31 1.444 0.9 53,1  April 6 1.662 1.1 32,6
" 1449 2.0 25,0 " 1.662 3.5  13.4
" 1.437 3.2  16.5 " 1.670 5.6 10.5
" 1.437 2.9 21.5 " 1.662 3,0 15.8
" 1.437 4,9 12.5 " 1.668 1.1 26.6
" 1.437 3.6 15, " 1.662 5.9 9.4
" 1.437  L.,0 13.2 " 1.662 3.8  13.5
. 1.4444 5.5  10.6 " 1.662 2.8 15.7
" 1444 6.0 9.4 E 1.668 2.0 20.2
" 1.437 2.7 17.6
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T e t Date T ) £
1.770 0.9 39.2 March 21 1.892 1.5 25.4
1.772 2.0 19.6 i, 1.892 4,2 13.7
1.772 3.0 16.4 . 1.888 2.3 19.5
1.768 4.3 12.2 o 1.878 5.5 10.6
1.768 5.1 10.5
1.770 6.0 9.5 March 24 1,917 1.4 28.1
1.772 7.1 8.3 : 1.921 3.4 15,3
1.763 1.8 23.2 ” 1.924 7.1 9.2
1.770 2.8 15,5 " 1.921 5.0 11.8
1.768 6.0 8.7 . 1.919 3.2  15.2

" 1.921 1.7 23.6
1.768 0.5 113.0 . 1.926 2,5 18.5
1.770 1.0 44,1 " 1.929 4.3 12.7
1.770 1.5 28.7 " 1.908 3.2 16.0
1.761 2.0 24,7
1.772 2.4 18,7 March 21 1.974 2.8 17.9
1.770 3.1 16.6 t 1.962 4,1 15.2
1.768 4,2  12.5 . 1.975 6.5 10.7
1.768 5.2  11.5 " 1.967 1.7 26.5
1.772 7.0 8.8 : 1.978 3.0 19.6
1.764 3.0 17.5 1.975 1.3 28.6
“ 1.971 2.0 20.9
1.859 2.3 19.1 " 1.971 3.3 15.9
1.865 1.2° 31.2 . 1.974 5.3 12.7
1.865 3.5 14.9
1.864 4.7 11.9
1.864 5,9 10.4
1.864 7.4 8.6
1.873 0.5 55,5



Date
Lpril 20

March 21
March 24

2.015
2.016
2.015
2,017
2.017
2.016
2.016
2.016
2.016

2,076
2,076
2.078
2.076
2,070
2,082
2.080
2,074
2.078

2,105
2,105
2.105
2.105
2,098
2,105
2,106
2.093
2.106
2.109
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APPENDIX ¥

FIGURES



FLOW PATTERN AROUND A DISK



IDEALIZED SUPERFLUID WIND TUNNEL
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