UNCLASSIFIED

o 408478

DEFENSE DOCUMENTATION CENTER

FOR
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA, VIRGINIA

UNCLASSIFIED




NOTICE: When govermment or other drawings, speci-
fications or other dats are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. 8.
Government thereby incurs no responsidility, nor any
obligation vhatsoever; and the fact that the Govern-
nent may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded dy implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



VA

/“

| | L1 o
R N N AT -

, This research was supported by the
! General Physics Division, AFOSR,
JE SRPP

N 4 0 8 4 1 9 under Gemsast/Grant G R~ 97
i_"d

<H

O
(=
(-
&
o
CLE‘ =.7
S FINAL EEPORT FOR GRANT AFOSR 62-87
S
I -t
=
%
S =

Primoipel Inwestigators Jobm K. Kidder

December 1), 1962

| -;“N

—

] I e A

Ressarch Coxducted at Yals Umiversity, New Hgven, Comn.



az-

Sumary

This repart cutlines the research dome at Yale University umder
Grant APOSR 62~87. The background and results of the research are
given in the two listed publications, and that material has not been
entirely dwplicated here. Some pertinent deseriptions and sketchas of
the experimontal apparatus that have nct been published are, however, included.
Pext B) of the report desoribes the density measurements as a function
of temperature aud pressure (PVT rolations) made on soldd Heh. The isothermal
compressability and the volume changes at the phase transitions have been
accuratsly measured in the reglon of the body-centered-cubic solid phase,
An egtimate is made of the isobaric thermal expansion coefficient. The
data suggest that thermodymamic relations predicting a negative thermal
expansion coafficient in ibs solid might be altered by the fact that the
compressability of the 30lid at ths melting curve is greater tham at higher
pressures, Plans for comtinuing the research begun under this Grant are
doscribed.
Part A) is a sutmary of the calculations made on the dasta of several
experiments studying the flow of superflutd helium. It has been found
that thers is ample evidemee that a dissipative interaction can exist between
the superfluid and the boundaries of the flow system when the superfluid
velocity is greater than a coertain critical value. Some guthors have expressed
the opinion that the superfluid compomsnt of liquid helium II cam only
interact with the normal flnid component.



Persormel: The pergons who have worked under this Grant are the
Principal Investigator, John N, Kidder, and various shop, electronics,
and glass techniclang.

Pnbucatiorﬁs "Critical Velocities amd Boundary Inmteractioms in
the Igothermal Flow of Superflnid Helium." J, W, Kidder and W. M,
Fairbank, Phys. Rev. 127, 987 (1962).

"Dansity Meagurements in Solid Ha""’, Proceedings of the 8tk Inter-

nationsl Conforenss on Loy Tomperature Phyaics, Lomdon, England (to be

publighed).

The two publicptions represent the results of two different phases
of the work done under Grant AFO SR 62-87, Tt will simplify this report

to conyider these two phases geparately.

A) Boundary Imtersctions in the Flow of Superfluid Helium.

The hydrodynamics of superfluid helium has been the subject of ex-~
perimental and theoretical investigation for thirty yeara} One such
experiment was conducted at Duks Umiversity by W, M. Failrbank and J. NW.
Kidder, and was the subject of the latter's Ph.D. dissertation. This
experiment substantiated previous work by finding clear evidencse that,
in an iaothqtml flow scheme wheres only the superfluid is moving, the
superfInid will flow without resistamece below a cartain critical velocity.
The gritieal velocity 1s & function of channe) gaometry and temperature,

The work st Duke was terminated without a successful interpretation
of the pressure gra&iants obeerved at velocities greater than ths eriti~
cal velocity. Since thege data were considered significant, at Yale an
axtengive effort vas made to examine them in greater detail, in hopes of
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being able to make quantitative statements as to the origin of the
observed pressure gradients.

One qould describe the data equally well ty two equations relating
the auwperfluid velooity Vo the critical welccity Vs the pressure gra-
dierst ¥p, and two proporiionality constants o, and WY

p ey, - v )T ()
Op = dzvs(vs - vc) (2)

Equation {1) is almost exectly the relation that describes the
turbulent £low of ordinsry fluids in circular cross section tubes’,
ad Eq. (2) was simllar to the experimentally observed relation betwsen
the 14Tt on an airfoil and the velocity of superfluid helimm’. These
similarities are discusssd in greater detail in ths Physicsl Review
article.

There was & dual purpose to the work at Yale and theo subsequent
publication: The first was to establish the thesis that a superfluld-
boundary interaction had in fact besn observed, and the geoond was to
show that the introduction of such an interaction could clarify the re-
sults of other experinments. It was also pogsible tist oxamination of
other data would raveal which of the two farms (Bq. (1) or Eq. (2)) gave
the megt suitable desoription of the superfluid force.

In 1951 Atkins published the results of an experimemt om the gravi-
tational flow of ligquid hennm.h HBelium wss allowed to flow in and out
of a glass ressrvolr through a capillary tubs attached to the bass. The
velocity was measured ty the rate of change of the lsvel in the reservolr,

and the pressure gradient was calculated from the difference in level inside
and outaide the reservoir. The experiment was repeated for differemt
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capillary lemgths and diameters and at different temperatures.

Atkine attempted to explain his data on the sssumption that two
dissipative or resistive mechanisms wore impeding the flow of the hslium,
which in this cas> was the flow of both the superfiuid mmd the normal
fluid. They were the viscous interaction batwaen the normal fluid com-
ponsnt and the wall of the capillary, and the mutual rrict.ioh interaction
between the two fluids. Thls, howsver, was not eniirely aatiafact.ofy,
and Ablkins noted that the introduction or congideration of some form of
turbulence, possibly in the superfluid, might be necessary.

To introduce a superfluid-boundary imtsraction into the two-fiuid.
hydrodynamical equations to give & prossure gradisnt of the form of
Eqs. (1) or (2) 1s simple in principle. The analysis of a set of data
to determine whether or not such a berm 1s relevant can be much more
difficult. It is perhsps for this resson as much as any other that the
relatively small effect of the proposed superfluid force has not been’
considered by moat zuthors.

The details of how the two-fluid equations were analysed, and the
resulta are given in the Physieal Reviesw paper. Theoretical curves
correyponding to Atkins® experimental values were calculated with and
,without a superfluid-boundery interaction included in the equations. If
the inclusion of this term geve betteor agreomsnt between theory and ex~
periment than the tep was considered valid.

It was found that in some ceges there was definite evidence that
the superfluid force was & significant factor in Atkins' results. For
those eets of data where ths analysis was mot conclusive or negative,
it was shoun that experimental uncertainty eould have made a definitive
analysis impossibdle.

The suthors considersd the psper complete vhen the amalysis of, and
comparison with, Atkins' results had been made, But then in December,
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1961, sn Swportant set of papers was published by Staas, Taconis, and
Vén Alphen at Iaidag!6 They had studied the Flow of liquid helium and
claimed to £ind no superfluid-boundary interaction. Clearly this work
had t6 be taken into considsration.

Rumerical caloulations showed that a superfluid force of the typs
discussed here could have heen nndetecteé in soms of their expsriments,
and could have been "musked" by nmormal fluid turbulence in the others.
Furthermore, the results of their experiment designmed to detect the two-
fluid matual friction forceéare more easily undarsiced if ome includes
a pressure gradient of the form of Eg. (1) or (2).

This problem con be bsst resolved by furtier experiments specifically
dagigned to study the superfluid-boundary interaction. Such a program is
now under way at Dartmonth Gollege under “rant AFO SR 7h-63, which is
esgentially a conbinuetion of Gramt AFO SR 62-87 with the same principel
invegtigator but at a differeat institution. The firgt experiments will
be a study of the flow of suporfluid helium at 0.35°K, where the compli-
cating effects of the normal) flutd are not present.

Tn the meantime, the work at Yale under Grant AFO SR 62-87 served
to egtablish ths importance of conglidering these sffects in gtudying
superfluid hydrcdynamics. It was shown that some previous data that
had not been compleiely undsrstood might be betier explained by comsidering
ths superfluid force. While this research wus not part of the program
originally proposed, it is believed that 4t mede a significant contribution
to superfluid hydrodynamics. The one quastion left unresolved was whether
Eg. (1) or Eq. (2) guve the most description of the swperfluid farce., It
is hoped that the experiments at Dartmouth give the answer.
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B) Donsity Measurements in Solid Helium

Measurements of pregsure-volume-temperaturs (PVT) relations in
s01id Fe®, o>, and isotopic mixtures are of imberest both in themselves
and because of other thermodynamic properties than can be calculated from
them, Such properties as the nuslear magmetic suscaptibility can only be
moasured accurately If the PUT aquation of astate is lmown. Two years ago
the only measurements of this sort that h}ad boen made wers on the region
near the me¥ing curve. This sugpested ths advigability of builéing the
systen describad heroin Lo reagsure directly changes in density as a
function of tomporature and pressure.

Tho density of 30lid holium contained in a microwave cavity can be
calculatod from the resonawt frequency of the cavity. The relatively low
sarface to volume ratic of 2 microwave cawity allows better pressure amd
density equilibrium within the sample thaﬁ vith other comparable systems
{e.g., a parallel plats capacitor).

The resomant frequensy of the sample cavity uwes measurad w compari-
son with a calibrated secondary gtandard wavemetor, using the simple and
straight-forward circuit shown in Pig, 1. Part of the signal from a
frequency nodulated klystron weg reflectad from the wavemster, detected,
and displayed on an oscilloacope. If the wvavemetsr resonance was within
the band of frequencies generated by the klystron, a resonant curve would
be seon on the oscilloscope. The oscilloscops swesp was synchronized
with the "swoep” (frequency modulation) of the Rlystron.

The rehgining Klystron sigrinl was doubled in fyrequency by a erystal
mliiplier, reflected from the sample cavity, detected, and displayed
with the second beam of the same oscilloscope. When the two resomant
curves coincided on the oscilloscope screen, the sample cavity frequency

vag twice that of the standard wavemater.
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The microwave cireult used for comparing the resonant frequency of
the secondary standard usvemster with the sample cavity containing solid
hlium, The circuit impedances were matched sc that each resonsmt curve
was symatrical. The resonances were compered by displaying them simal-
tanecusly (ome imvorted) on a dua)l besm oscilloscope, then tuning the
wavemster to line up the "peaks?’.



The frequency multiplication of the signal to the sample cavity
was not necessery in rrinciple, but considerations of cost, accuracy,
and almplicity made it advisable, The sample cavity was made as amall
as possible, and was therefore in the K-bend (18 - 26.5 Kme), The
greatest sccuracy and least expense wors achieved by having the klystrom
and socondary standard wavemeter in the X~band (8 - 12, Kme},

The Heh sample gas was commercial bottled helium purified by passing

it through a liquid nitrogen cooled charcoal trap. A glass tubing and
Toeplar pump system was bullt for handling and storing the gas samples.

To compress the helium gas, and thersfore ths golid sample, to the requived
preasures of wp to 200 atmospheres, the gas wag enclosed in ome side of 8
merowry £1l1lsd, stainless steel U-tuba, and nitrogen gas from e pressuriged
cylinder was applied to the other side. A 0,027 inch diameter stainless
stesl capillery tube conmected the microwave sample egvity with the

halium side of the mevewry £illed U-tubs. This pressurizing system

is ghown in Fig. 2.

The preseure in the sample cavity was measured extermally ty first
measuring the pressure of the nitrogen gas with a Helse bourdon tube
gauge, and then correcting this resding for the differencs in the height
of the morcury levels Iin the two arms of thsl tktulhe. The mercuary levels
were determiped by locating two steel ball bearings, flcating on the
meycury surface, with external msgnétic mch_cdﬂs.

The sample wes refrigerated with a conventional liquid helium bath
in g Dewar flask, conmected to a high speed pumping system. Ths tempers-
ture was measured hy the vapor pressure of the helium bath. A liquid Re’
punping apstem was built for achieving tomperatwres in the range 0.35°K
to 1.1°%. This system consisted of a diffugion yump and a mechemdcal
yuamp, oparating in a closed cycle to preserve the 833 gas. Only a few
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co's of 1iquid Ho> are roquired in the cryostat, as the bulk of the refrigera-

L bath at 1.1°K. Again, in such a system, the tempera-

tion comes from the He
ture is measured bty the vapor pressure of the bath.

As gtated above, the pressure in the soild sample was measured from
outside ths cryostat, and this mothod would be alvays aceurate if the sample
were a fluid, However, sines it i3 a golid, there iz the dengar that the

small diameter £411 line will becems pluggsd and that there will rot be
pressure and density oquilibwiwm within the cavity. This problen can be
solved two ways: By heating the insulated £i11 line to keep the small
diamster section melted, or by measuring ths pressure directly at the sample.
The first apprcach was used in the experimsntal work reported here, and a
techmique for using the latter has baen developed.

The £111 line was insulsted by a vacuum jacket, snd at a point just
above the end of the vacuun jacket and uhere the £111 line wes connacted
to the cavity, a small wire hsater was wound on the capillary tube. That
vortion of the £i311 lime that vas at the temperature of the heliwm bath
and £4210d with s0lid was of a large enough dismeter to permit the solid
to flow. As described in the London Confersnce peper, this tecimique
gave reasonable aggsurance of having equilitriem comditions.

A capacitance-type transducer praggure gauge has been bailt to
measure the rreasurc of the sample 'in gitu', inside the cryostat?
Thus far, it has only been testsd at room temperature. Some further _
work will bo needed to inmgure that it will be sufficiently sensitive
and single valued for the intemdod uss. Fig. 3 is a gketch of the present
experimental sample cavity and the proposed capacitance prossure gauge.

The measuremsuts made were on solid B in the region of the ¥ (body-
centered~cubic) sclid phase. Continacus measurements of the density of

the 301id were made at pressures greater than the melting pressure. The
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The sample cavity, high pressure cell, waveguide, and £ill line.
This part of the apparatus was in a liquid helium bath. The waveguide
saal of epoxy resin with a 0.010 inch Teflon gasket and indium '0' ring
contained the solid helium et high pregsures but transmitted the mdero-
wvave signal. The construction of the £ill line im described in the text.
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isotherml compressability of both the ¥ (b.c.c.) and the @ (hexagonal~
close-packed) phases were measured directly. It was also possible to
determine accuratsly the volume change on melting and the volume differsmce
betweon the two 8$01id phases. The isobaric thermal expansion coefficient
was observed to be everywhere positive, and reasonable measurements of

its mapgnitude wore mads.

From basic thsrmodynamic considerations, using measured parameters
of the solid and the liquid, 4t had been predicted that the thermal
expansion coefficient of solld ﬁah would be negative over cartain ranges
of temperature along tie melting eurves.’90m' moaguremsnts did not confirm
this predictlon, but an alteraste explamation was suggested. It appears
that the comprossability of the solid moy b grester at the melting cwrve
than at Ligher pregsures. If furthsr investigation, now under woy, confirms
this, it could give a soluticn to the themodynam:in relations without re-
quiring an anomalous nogatiwe thermal expansion coefficient in the selsd.

The experiments started at Yals are bsing contimied at Dartmouth
College under Gramt AFO SR 7h-63. As has besn discussed in our correspondenmce
sith the AFO SR, almost all of the equipment built and purchased at Yale
has besn mowed to Dartmouth. The additional necessary facilities are B
nearly complsted and measuramsuts will be resumed shortly.

The new research program at Dartmouth will begin with an investigation
of the magnitude of the iscthermsl compressability of eolid He>. Swsnson
and Holtemog'® have found evidence from specific heat measurcmemts that
the compressability of the body-centered-cubic phase is greater than thet

of the liquid, which would be en anomalous effect. It is also of interest
to determine directly the magnitude of the volune change in the (b.c.c.) -
(h.c.p.) phagse transition in solid Be>.
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We would also 14ke to study the PVT relations of solid He> - Hel
isotopic mixtures, as 1ittle is known of their solid phase dlagrams or
melting curves. Considering the insufficient data and the imterest in
solid helium, the density measurements started under Grand AFO SR 62-87
should continue to be fruitfnl for zome time to come.
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