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ABBIRACT

The drog crisis for spheres felling in liquid helium II has
been found to ocour at & Reynolda number of about 5 x 10° based on
currently avallnble values of the kinematic viscosity., Drom the
presence of the drag crisis end on the assumption of suppression of
boundary loyer turbulence at higher Reynodds nunbers, strong evidence
for the Yortinary £1u1d4" concept of He II at super-oritioal velooities

i1s found,.
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CHAPTER I

INTRODUCTORY IDEAS

I.I Newton's Resistance law

A body in steady notion through a fluid at rest experiences a
farce in a dirvection opposite to that of the motions This .fome is called
the "drag" or "resistance”,

The fixst attempt to formilate a hydrodynamic resistance law was
made by Newton who considered the case of a body moving thraugh a medium
of noninteracting, static point masses, The body impacts with, and tlms
imparts maventum to the particles... each of which ewperiences an 'inmia
force' (the product of ite mass and acceleration), .

'Me force (D) exsrted by the fiuid on the body equals the rate
of changé of mauentum of the particles in the fluid due to tha bodys
That is:

D =z (fANV? (0

where F - fluid denpity
A « crese-aectional area of the body
perpendicular to its direction of motion
V = body velocity |
V! = velccity imparted to the particles.



CHAPIER I
INTRODUCTORY . IDEAS

I.I Newton's Resistance law

A body in steady notion through a fluid at rest experdences a
farce in a direction cpposita to that of the motions This fome in called
the “drag" or "resistance”.

The first attempt to formulate a hydrodynanic resistance law was
sade by Newton who considered the case of a body moving thraugh a medium
of noninteracting, static point masses. The body impacts with, and thus
imparts monentum to the particlesess each of which experiences an '.lnex'tia
force' (the product of its mass and acceleration), _

‘The force (D) exerted by the fluid on the body equals the rate
of changc of monentum of the particles in the fluid due to the bodys
That ds: |

D = (favIve (1)

where = fluid density
A <« cxose-gectional area of the bedy
perpendicular to its direction of motion
V « bedy velocity
V' = velceity imparted to the particles.
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If V' is proportional to V, then
D o £7aVe | (2)

whara *f' is the proporticmality constant, Equation (2) is knom as
Newton's Resistance Liws The experimental values of the proporticnality
constant of llewton's Resistance Law applied to real fluids do not, in
aenemi,agme with theoretical ones. The socurce of this disagreement 1ies
prirarily in the assumption of noninteracting point masses,

In a real fluid particles do interact, Viscous forces as well
&h&ﬁafmaﬂsehﬂmdhﬂmtoﬂawrﬁolefminfmtcﬁ
& body. MViscwityofﬂmfluidbasbmmainoffm

1: A "boundary layer', in which there is a velocity gmdhnt.
ia‘fomedbnt)wwanofﬁxeboqymingtlmghthafmid. 'Bwbodyth.w
experiences a viscous forcesses the "skin friction" o "friction drag”s

23 The paths of particles about a body are changed es a result
of the forvation of a boundary layer and vartices, Thus the pressure dis-
tribution at the body surfacs changes to such an ewtent that the vesultant
of the pressure forces is not zexros The body thus experdences a "pressure
drag”, | |

Henoe, viscous as well as inertia forces require consideration
for notions in real £lulds.
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T.2 - The Dra ficient, and the Reynolds'Number

In spite of the deficiencies of Newton's Resistance Law, it has
bmmms‘mnazymwritothedmgfm(minthefm k

begl ®

for which €, the "drag coofficient”, is experimentally determined for
various bodies, |

It is found that C is & function of the ratio of inertia forces
to viscous forces acting in the systems This ratio ie called the Peynolds’
number vhich is defined by the relation

VL ' _
Raos= ) :
where, for a body moving through the fluid,

V - veloeity of tha body
L == charecteristic length of the bedy -
v « kinematic viscosity of the fiuid

The functional redaticnship between € and R absorbs the variations arising
fron the viscous (and possibly other) effects. Its knowledge enables us

| to calculate the drog on & body of given shape for all fluids, velocities,
and body dimensionge The relation itself however, must be ascertained by
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.experiment for each shape and body. poaitions That is toamhahapemd
body pesiticn, there belongs a characterdstic function € = F(R),.

The charactordatic C va, R curve for ‘spheves 1) is shown 4n ,
Figeds Stokes' theoretical law holds to Rel. Hith incressing Reynolds
nusber, the drag coefficient falis and becomes approximstely constant at
& value of C~.45 for R~2 % 10% 0 2 x 20% At R~3 x 10° the sudden
decreass in the drag coafficimt. called the Ydreg crisis?, mﬁm the
onset of turbulence in the bourdary layer,

8 Wil be ocutlined in the following chapter, the lmmlodgo of
ﬁnisdmm:eriatic funation p:wideammmofcmmingﬂw!\ydm-
dynamieal behaviour of helium IT with that of ordinary fluids,
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of Reynolds number.




CHAPTER 2

MEASURPMENTS OF DRAG IN LICUID HELIUM IT

2.1 hecratical Conniderations

The ‘superfluid® characteristics of liguid helium IX and their
auplanation through the “twoefluld nodel® are wall knmin -~ a3 are, thevefore
gome of it differences from ardinary fluids €2).

Of prisary impartance is the experdmental avidence (3) that above
certain "oritical vaelocitien® the superflnid component loses fts frictiomiess
character and the liquid tends to bohave an an ovdinary fluid of density
fa /47, (uhare /1o the "total® density of lquid heliun II, /, is the
dmnityotthanmlowpmm.and/ is the superfluid component density).

Assuming superworitical velocities, thedmgmasp)mol’mdm
"a% and danalty /, moving with teminel velocity 'Wy! threugh 3quld baltum

IX is, from aquation (3)

Cwafvz
Dﬂm-r—-

(/ -
lg-ua -—-----]ﬂ“ i ‘ (s)

svhance the drag cosfficient in

/ -7)a

8 a
- T
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whers *g' is the aceejmration dus to gravity.
The Reynolds runber of the sphere is, frem squation (4)

V. &
na..gl.. 3}
where d - sphere dianeter
| v = kinmatic viscoeity of diquid hetdum 3X
(baged cn the total density)

23 Signiticmwe of Messureents . 3

Agreesant of experisental C and R values as dafined for helium IT
by aquations (8) and (7) with the charecteristic cutve of Fig, A would
mﬁmmmmmuamwmpmmwm.mm
boundary leyers Scewation, Thus the Yordinery £1uid? concept £0r Supere
critical velcoities would be strengthansd,

| Meacurenents at sub=critical velocities wonid be mickad by devies
ticns from the charecteristic curve below a cortain *critical® Reynolds nusber,
MWmmmdm&meMMMmmwﬁn
drag, CVMbnodem (8) would drop and {dentification of a
‘eritical velocity' would be pmiblu,

2.3 FPrevicus Experiments

Three previcus expariments on epheres moving through helium I have
baen repodteds
Dowlsy, Firth, and Hallstt (4) obtained data in the Reynolds nuxber
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renge 10° 20 10°, Their values of the drag coofficiant were significently
below tha expected values even when they sssumad that only the ncrmal fluid
wsa respnsible for the drag and used the noymal fluid density end vige
cosity in their calculaticns. These vesults indicate that the superfluid
properties of heldum XII have not disappeared at these Raynelds nunbene.

Ladng and Rorechach (8) famd dreg cosfficients of factors 2 to
§ higher than those for ordinery fluids in the region R = 8 x 10° to
2 x 205 Also, they reported the absence of a dreg crisis both in heliwm I
and helium IXI, end attributed this to noneachievement of a cteady-state
boundary layer thicknsas.

0. Syuko (8) investigated the Reynclds' rurber renge 1.6 x 30"
to 3 x 0% In the region R = 3 x 20° to 3 % 20% he famd good agree«
rent with messuresents mads in other flulds. He also found no drag crisis
and attributed its absence to the possibility that a trus terminal velocity
had not besn reached. iis work in the lower Reynolda® mumber renge led
him to conclude that the eritical velocity is below his lowest velooity

eee 10 O 560.10

2.4 The present work is an extension of the experiments of 0. Symko,
Ita purpose is3

To re-exsnine the Reynolds musber Tenge about R = 10° for the
dreg crieis and to proceed to thwe higher Reynolds nunbers sttainable with
thae wodified apparatus.

-
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CHAPIER 3
APPARATUS

3.0 Besarks

Deapita extensive modifications, the crycstat, as described in
chapter 3 of reference ¢8) and cutlined beside Fig. B of this verk,
vemained unchanged in principle, Henoe, the method of detexwining sphere
valocities by timing batwoen pulses produced at a photomultiplier tude by
the sphere cutting light boams a known distance apart also resained unchanged.
However, the crycetat and inatrumentation suffered frem a runber of deficiencies
which rendered the identificatian of terminal velocities difficult and, at
times, ioposuible. ,
fhe slit and Ught mide systans were not conpletely free of “ﬂ
relative novement. At tiwes, sufficient wovenent would coour that perbaps
e 0lit would be offset with respect to the light guide. Since verificution
of a tarminal velocity required four input light besms to the phototube,
messurenents were then impossible becmuse the electronics of the system wis
not cufficiently versatile to perwit terminal velocity verification from
threo pulues. Even with four pulses available, the identification of a
torminal velooity requived two drope axi the essuapticn of identical conditions
for both. Clearly, an elsctrenic system capsbla of verifying a terminal
velocity from a minimum of 3 pulses for a single drop was desireble.
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THE CRYOSTAT

) Tha Optical Systen

The Peintolite sourcs A, the lens C, and the priem D, provided the
mnaotwpplyinsﬂghtmﬂmaﬁtmﬂrdmsmmmtedmﬁwtubﬂm
L and Fo These Gystems sre described in section 3.1 of this work, The prism
G refiscted the light to the photorultiplize tube. The light path is indi-
cated by arrows,

8) ‘The Load and Stovape Hachanisws

‘Dmomclwnim,amdutaﬂnofsﬂﬁnhmyhceeminﬁg.h,m
deeigmdtopemitmuumntatobcc&mieﬂmtmamofsplm
during a single *run'. Initially, elght sphsres were stered in the soparate
compartmants of the "magarine' chwiber Q. This chanber, free to twm about
t)ucentmlcalumd,metadmaﬂxwplatewh&chhadaa!nghholoinh
leading to the chate S. By means of tha yod T and the gear R, Q could be
turned t111 a sphere foll through 8 into the lower chauber Z,

Ttmmmotulwemmanylmumabymmofthwmnkx
could vetriove the sphere as many tives es desired and raise 1% to the
iujmwamcrtotmmiofﬂumdbfwram. By use of the rack and
pindon Py L could bo roised from the top of 7 to 1 cms. inside Js

When sufficient data had bean obtained for & sphove, the trap V
could ba made to swing and block J by raising L, the apherve, and the magnet.
The sphers cculd than ba dropped upen V and through & chute into tha aterage
chazber U, Anwaﬂwmcw%nwmh\mmaﬂfmqmmmaﬂm

process rapeated,
) The Tenperature Control

matmpwatumoftmmnummtzddwmmtoafewmzw«n

by an A.C. Mmbvﬁgo,mamd%hmmcmmw!

jumerged in the helium. Slight vardations in pusping opead were canpensated
for by veverse changes in the amplified ofé~balance bridgs cqurrent to the -

heatex eleusntW,
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mmnimmtmmmmwmﬁmlymmm
aaplmuifitdidnatadﬁav«tnminalmlocitymd&fmtﬂlmiﬂmﬂ
in the distance available.

The modifications to the aystem t0 overcass these doficlencies are
cutdined in the fellowing sections.

The Mght guides o each side were repleaced by four 15 by 3 nm.
Wplmdﬂm.apmmatmmamlm«mmmbhg. Tach
nirror was hordzontally mounted on an axle, cne end of which wes supperted
by & bracket festensd to the tubing (Fig. ). Thus oppeeite mirrers could
baensuymmleltomdxothlrandmutedmwﬂ.m!wrpu‘ml
beams of light acress the lower chanbar. Thin (.3 mm.) light beams were
achieved by a slit syoten mounted on a plate soldared to the tubing (Flg. 5).
The mounting of the slitz on the plate prevented yelative movenent batween
the wirrore and the slits,

Mirisdiawmmmimumtedbeymﬂmmmﬁmum
input to parmit adjustment of the asount of light incident upen the
pirrore (Fige 2a)s To pervdt variation of the Mght intenaity, a rhecatat
wan placed in the lamp circult,

The 50144 bottan of the lower chamber (Fige 5) was replaced by
loose nylen netting to prevent damage to spheres upon impact. This system
also ensured consistent centering of the sphere for essy megnet pickeup,

The meximum distance for frea fall acceleration of spheres was
incyessed to 29 ama, by extending the lower chaxber by 9 cus.
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Figure 2.

A view of the cryostat head.
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Fipure 2. A view of the cryostat head.



Figure 3.

The lower unit of the cryostat.
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Figure 4. Details of the load and storage mechanisms,
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Figure u, Petails of the lond and storgpe nechanisms,
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Details of the lower chamber.

Figure 5.




the lower chamber.

Details of

Fipure 5.
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To provide a mesns of initially acceleveting these spheres unable
to reach terminal velocity in the distance available, a spring-loaded
injector (visible in Figures 3 and §) ves bullt into the arycstat. The red
pessed off=center thyough the top of the lawer chamber and through an O-
ring seal at the crycatat head to & loading and trigger machanism (Fig. 2b).
This doading and trigger mechanism wes designed to permit sphere injection
from the pama hefght within the chamber for variable degrees of compresuion
of the spring. ; The exterior mounting of the spring peraitted its replacemsnt ‘
by cne of different force constant o length at sny tirs,

3.2 ERlectronic Circultry

To permit terrinal velcoity verification from a gingle drép, the
electrenics of the system was completely redesipneds The clrouitry assesbled
to permit timing between the julses at the photonultiplier tube {3 ehom in
block disgram ferm in Pige 6. The cireuit diagress of the ccaponents
assenbled by the euther are shown (in Figures 7, Uy ).

The emitter follower preamplifiec (Fige 7) preserved the pulse
chape from the phototube. Its purpoas was to drive the signal through the
lonp cable necessary between the photctube and the cther components of the
cystam, | '

The Schmitt trigper (Figs 8) produced a single standard cutjut
pulse for each input from the preasplifier. The standayd pulse was
reguived by the ving counter for relisbla cperation, The trigger wan set
%o £1ip on pulnes above the *noise’ level (20 nw.) caused by bell-ctf effects
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at the tungsten bead light source,

To investigate the effeqt of this noise on the timing charecteristics
of the cireuit, pulses of siza, width and repetition times canparnble to those
ancountered in actual seasurements were introduced at the Schoitt trigger
with a pulse generators mwmemiudmﬂnmtw'cm‘
meﬁawmgmwum.anfwmvuhﬂmmm
superinposed. No significant varietion was found.

e ring emntey (Tig. ) profuced at ecparmate outputs; one pilse
far each input pulse. When reset, it stayed in the zoro otage. A puqi.tlve
output puloe frea the Schritt trigger £lipped it to the next stage. (Unleas
the counter won reset after a fourth pulse, additional pulees wore sent to
pround through the trnsistor switch (8, Fig. 9) which turned on when the
counter reached its fourth stage.

The two tindng counters (Fige 6) were set to "start® and stop"
on puloes sent to independent inputs from the separats cutputs of the ring
counter. Since the "stop® pulse at counter 1 could sirultanecusly be used
asﬂn'start“pulaaatcwnterhtimabwtummymm@uw
pulses could be measured and a tervinal velocity identified as zroadily as
when two pairs of pulses were used, In addition, this systes provided a
means of timing between &ny chosen initial pulse and a following cne. Hance,
valocity measuremnts cver 3, 6y or 9 c29,vere poseible, A the cacilloscope
in the circuit (Fig. 6) prwide@avisualchwkmthnwlswmdm
Ww.mmwmmwmmwwm..




-}l e

at the tungsten bend light source,

To investigate the effect of this noise on the timing characteristics
of the circuit, pulses of size, width and repetition times cazparable to those
encountered in actual measurements were intreduced at the Schritt trigger
with a pulse generator. The times were studied on the counter for “clean
pulses from the pulve generator alone, and for puloen with mslmpnoisé
suparinposeds lo significant variation was found.

The ring countar (Fig. 9) produced at scparate outputs, one pilse
far each input pulse. When reset, it stayed in the zero stage. A positive
output puloe fron the Schmitt trigger flipped it to the next stage, Unless
the counter was reset after a fourth pulie, additional pulses were sent to
ground through tha transistor switeh (8, Fige 9) which turned on whan the
counter reached its fourth stage.

The two timdng counters (Fig. 6) were set to "start® and "atop®
an pulses sent to independent inpute from the separata wutputs of the ring
caunter, Since the “stos" pulse at counter 1 could sirultunecusly be used
mﬂm'sﬂﬂ“whonmnterz,ﬁmhmmymm@thn
pulses could be weasured md a tervdnel velocity identified as readily ao
when two pairs of pulses were used, In additicn, this systems provided a
wenns of timing between any chosen initial pules and a following cne. Hence,
velocity measurements ever 3, 6, or 9 cma, vere poseible, As the cacilloscope
in the circuit (Fig. 8) pwvim a visual check cn the pulses and thelr
mmmﬁw.mwmdmmmmmuywmh.
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Fig. 6 Block Diagram of Electronic System.
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%2 Messurements of Terminal Velocity

meﬂwmasmmnmmcmdedu&mepmmddomny.z
tol.!gm.m."a. The majority of runs was done in the tenpersture renga
1.85 €0 2,11 °K as detarmined by vapour pressure measurements with mercury
and al) mencmeters and the "1958 He' Scale of Tusperatures™ (Ref, 9).

To minimize the effects of turtulence ¢h the sphere path, a
tive of about § minutes was, in general, madmtained between drops. Howsver,
the sphores often tendled to deviate from & straight doaward peth, Since
any path other thaon the straight and downward is of lenger (and unknown)
digtanee, any tixe then registered by a counter is of no real value as the
velocity calculation ie based on & distence of 3.00 ¢me. It ie poasidle
for a sphere to follow a curved path which gives tine measuresants indicative ‘
of a terninal valocity. Hewsver, these times will yield terwinal velooities
snaller then the true cnes end the dreg cosfficients, which vary with V2
_ will be markedly higher. #3 the ratic of 'streight! to ‘curved’ drops for
,q anyaplmmmmmuylmﬂm%.asi@hm ing process of all the
" data accurulated while Lmpoaing the sole requiremont that the counters show
similer times, could serdcusly mask the trus value of the terminal velceity.
Cansequently, a wore rigid ariterion for ite identification had to be
dmposed.

When the narrow slits of the two dewars wers alipgned to give a
view of the lower chamber, in the direction perpendicular to the plane
botween the 4 mirrer paire, the path of fall of a spherve could be well
cbaerved. A diagonal path of the sphere from ane set of mirrers to tha other
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was nadi.ly evident, for the aphere quickly disappeared from view. Curved
motion in the plane of the dewar slits was also indentifiable by direct
viewingy However, the csciilescope, which held a trece claarly for about
20 aseconds, indicated this more veadily by showing either the absonce of
sono pulses, or 4 unequally spaced pulses,

When direct cbaervaticon and the C.R.0, trace both indicated a
straight denward path, the counters showed times which were clearly lower
than these ottained under any other conditicna, lience, all the data
sccusulated for a sphere durdng a run was analyzed, and an average of the
lowest tizes in not less than 10 drops was found. (n the basis of this
average minimum time, the two parameters C and R were calculated,

The difference in 'tarminal tires' indicated on counters ) and
2 for a single drop was, on the averege, 3%. ‘e average variation in
these tizes for a number of drops was about 2.5% from the mean, There

is, therefore, an uncertainty of approxirately 2.5% in the terminal
volouitins-

4.3 Sphere Contractions

Spheres of nickel, coppar, and aluminum, were used in the mease
urements. The total contraction of the nickel spheres, menufactured by
O. Synko (Ref, 6, P, 29), waa measured by him to be .98, From data in a
paper by Freser and Hallett (Ref. 10), tho total contraction for the copper
sphoves was calculated as .3%, The total centruction of the alumbnum
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sphares was measured using a cathetometer sand ungilvered dewars, This
mmm:m to ba about »2%, a value comparabla to &% calove
lated for aluminum trough data of Ref, 10.

While these centrections give & relatively unimportent ecrrection
to the aphere dimeter, they do becoms izpartant in evaluating (7, = /) in
equaticn 8. Hence, all the values of C were coxrected for thase sphere
contractions,

U nmm Exrrars and Paxvnoters

On the basis of the diacussion in the preceding segtions, the
possible ervor in C thraugh those dn VE (5V), and d (0D, scoumlates to
about 6% ‘The uncertainty in R s a multifﬂmt in v (108), Vipe 4ol d, is |
about 1,

| The vardation of C va. R cbtalned from the measurenaents carvded
out, has besn plotted in Fige 10 + Save of the results of 0, Syako (Ref. 2,
Fo 35), &3 well as the appropriate portions of the universal curve have also
bean indicated. Tnis figure is discussed in the following chapter,




: o . . : *SAIND |BSIBAIUN Y Ypm  paipdwiod
I oI pinbi ‘.wﬂ.s: spioukay jo uowduny D sp juadyyeod boig Qo) b4

Y
2 Q6829 5 ¢
T Y Qi — L :
seiayds papalul v
juswuadxy juasald o
l*
ONwAg o
A
- m.
o © . U
ool __o_ ° ]’
S S
e K
o .
- w-
- N.
3 Ew.
&




.17 -

CHAFTER &

DISCUSSION OF EXPERIMENTAL RESULTS

O I

5.1 Analysis of Fipure 10

The varistion of the drag coefficlent as & function of Reynolds
nunber for spheres falling in Lie II is compared with the appropriate um
of the universal curve for spheres in Figs 10, In addition to the author's
points (Table 1), the figure aleo shaws thoae of 0, Symko which, upm
anulysis of hs originsl data, conformed to the "sinismum tine® principle
previously outlined.

In general, thare is good agreement with the univerval curve
between R = 7 x 10" and 2.6 x 10% For these Reynolds nusbers, the spheres  \Q
renged in density from /= o1 t0 42 gme @™, A drop in the drag co-
efficient is clearly evident about R=W.8 x 105 (]ﬂa= «37 g em."a) where
it beging to £all from about W45 o & minimum valus of o13 at R~8.3 x 10°
(/;= 48 gme c2.~?), The drop is delayed, not as rapid as that indicated
by the universal curve, but it is pronouncedy and leads to the conclusion
that there is a dreg cxrisis in lguid halium X1,

There are & munbor of possibilitice as to why the drag erieis doss
not exactly duplicate that of the universal curve, Firstly: The onset of
boundary layer turbulence, the cause of the drag orisie, is influenced by
qualities of the gphere surface and ;)trmv experimental factcrs, Accorde
ingly, in given experisents, it may occcur at higher or lower Reynolds munbers
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even in cvdinary fluids. Therefore, the delsy noted asbove need not
indicate a fundawental difference between liguid heliunm and other fluide
at tie high ophere velocities cbtained. Secondlys As has previcusly been
mentianed, a probable minimum uncertainty of 10% cdsts in the values of
the kinematic viocosity (v)e It soens wortinhile to note that differences
of the order of 30% occurred between some of tha results from sona of tha
Wﬁammmmcvmcmmmwmuymmum
(Rof. 7) are based. In edditien, theso experiments involved eithar moticn
of the iiquid in bulk, or mcilh.\to:y msumiﬁ in which, after a first
cycle, the measuring davice moved through & disturbed fluid, In the present
experiment, the sphere mot "fresh® fluld throughcut ita path. There 18,
therefcre, the possibility that the kineratic viscosity used may not
precisely dofine the Reynolds numbers in e II for this experiment. However,
pxwiding that the varistion in v with temperature ic not excessive, the
definition of R in texms of it, still provides & consistent parameter threugh
vhich the behavicur of the drag coefficients may be studied. This vardation
in the temperature range involved (1.85 to 2.1004) {= 12¢, The uncertainty
does not detract from the conclusicn that there is a dreg crisis in Ho II,
for the drag coefficient is defined independently of v. When the uncer-
tainty in v values is xemcved, it nay well be that the dreg erisis “positien®
{n terws of R will coincide with thet in ordinary fluids whose kinematic
vigcosities are more siiarply defined.

Inassuch a5 there is a drug crieis in Ha IX, a baumndary layer which
pecomes turbulent must forme Boundary layer formwatien is also streagly
supported by the riuing drag coefficients for spheres of dengity prester
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tm.hﬁm.m.’a.micttmquimdmmﬁmtaammlwmityhy
the injector. tn the basis of the universal cuxve (Fig. A), a rise 1s to
bumcpwted.mtnotmoofﬂmmgnimdcawratefm. The ccrrelation

'mmﬂmrieingpmmw\dm layer forcaticn iz as follovel

Before a boundary layer can becoms
wmm,ﬂmwtdmaemmintoﬂmmammwgim. it pust firet
develop to & steady state thickness, For apheves of given dimutw (d) and
Reynolds mumber (R), this thickness (8) mey be approximated by the foruula

& ~ sxd (B2 (Refa 1, Ps 24)
'nxebomlaryhyax'thichmasasafunctimoftim,a (t), on a ouddenly
accelerated wall is

8(t) ~ & (woyl/? (Ref. 1, P 28)

fesuring v=10" c:m.2 sm."l. d=lcmg, R* 106. these equations yleld a
time of 150 ruec. necescary for the boundary layer to reach & steady state
hickness. Assuming that the injector impulsively sccelerates a aphere
of R = 10° to @ terninal velocity, the time that it takes to lesve the
injector, and reach the reglen in vhich ite texminal veloeity is maagured,
is cnly sbout BS mscces The time of the heaviest sphere not requiring
{njection, and dropped from within the central colum ia about 160 mBece.
'mmfm. the rise in drag ccofficient for injected spheres oppears to
be dua to the fmumtmmasumdtuuinnvalwityiummrthm
mmmwmmwemwwmummwmmmmﬁm
1o reach a stesdy state thickncss and becoma turbulent.
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It has been shown that at the velocitiss attained by falling ephaves
in this mpordment, the behaviour ef liquid helium Ii tends to parsllel that
doﬂm!hﬂs.htmmm&mfflmntmafmﬁmofnwm
munber conforos, in general, to the characterdsties of a universal curve.
Uncertainties surrounding the valuwss of the kireuatic viscooity lesve the
precision of tha Reynolds nusber in lie XX in doubt. Howevar, the small -
varistion in v in the tempsroture range invelved pareits the use of R an
apammterthrw@vﬂﬂchﬂwvmhthmofﬂmdmgmfﬂdmtmybe.
studied. '

™he pmmdamﬂmmmmmcwfﬂdmtm
to the conclusion that thexe is & drag crisis in liquid helium II, and
suggests the formaticn of a surbulent beundary layer. Boundary layer fore .
maticn is further indicated by the supposition that the rising drag co-
efficient:: for injected apheres is dus to the suppression of beundary
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layer turbulence.

J On the basis of these considerations, the "ordinary fluid® concept
i

of Jiquid heldum XX for super-critical velocities is strongly supported,

5,3 Further BEM

Ae has been pointed out previously, the majordty of measurexento
was carried out in &4 temperature range 1,85 to 2.11%K, At these tempere-
' Ad tures, the xatio of suparfluid density to total density is ebout 5. A
| sexdes of measurements about 1.59K, where this ratio approsches 9 would
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5.2 Cenolusfons

Ithasbomshmﬁmatﬂmmmuumimbyfalm;gaﬁm
in this expoviment, the behavicur of liquid hellum IX tends to pavellal that
of ordinary fluids, in that the dreg cosfficlent as a function of Reynolds
mumber conforms, in general, tc the characterdatics of a universal curve.
Uncertainties surrounding the valuss of the kinematic visceeity leave the
precision of the Reynclds nusber in lie X1 in doubt., However, the soall
varistion in v in the texperoture range involved pareits the use of R ap’
amtwmmmmmﬂwvmﬁmwmmw!mwm :
studied, '

™he pmmofamrkoddecnmmﬁmdmgcwfﬂdem:hm
o the conclusion that there is a dreg crisis in liquid helium II, and
suggests the formation of a turtalent boundery layer. Boundary layer fore ]
Laticn fe further Andicatod by the supposition that the rising dreg co-
efficient:: for injected spheres is dus to the suppression of boundary
, layer turbulence. ,

H‘iﬁ On the basis of these censiderationa, ths "ordinary fladd™ concept
| of liquid heldum II for super-criticzl velecitics is strongly supported.
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ﬁ f& has been pointed out previously, the majcrdty of moasuremento
wan carvied cut in o tesperature range 1.85 to 2.11°K. At these tempera-
tures, the ratio of superfluid density to total density s about 6. A

saxies of peasurements about 1.5°K, where this ratio approaches o8 wonld
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beotintutest.mdmty)xtaidinchrﬂyingﬁmmhuftbtmmﬂym
values 'of the kinematio viscceity.

Assuming the suppression of boundary layer turmm. it is clear
that an attempt should be made to design a crycstat providing a longer path
for injected sphares. Modificaticn of tha present systan might be possible.
Further analysis of the drag crisis rogien could then de cervied cut,

A detalled study of the effect of the walls cn the ewparimental
parencters should be made. Sysko (Refs 6, Pe 33) ewamined the effect in a
limited way, and suggested a correction of =5% to the axperimantal dyag
coofficients. This value is identical with that indiceted by laing and
Rorschach (Ref, 5, P. 570).



In the follovwing table of experizen
determined at rocm temperstures. The drag coefficients quoted have boon
corvected for sphere euntractions.

Pable I
Sphere © Qemperstare Velooity brag Beynolds
Density (%5} (cme 206™>) Coefficient Husber
(e e2™) (s65) (2148)x20
38 2012 50,7 #29 5.8
o332 2.8% &h4,1 2% ol
373 2,05 70,7 o83 8.5
#373 2,08 733 T .6
« 349 297 89.6 23 - 4
9332 aoﬁé Wjoa cﬁﬁi §«5
492 2,11 98,1 o33 59
2508 2,10 16,5 32 8.9
oHEH 2.06 145.7 o33 9.3
380 2,87 433 o32 5.8
<892 207 1GH. 8 028 Y
=332 p Thekt w2 Helt
o34 193 1.6 28 546
» 363 1.64 §5.8 o828 6.0
o373 1.87 3.3 o258 boh
o379 2,06 300.1 23 8o8
oHliL 2,16 10663 025 6eb
SH52 1,82 210,8 .23 77
oHi3 186 1048 o3¢ Tod
o B8 2,00 1256 038 8.8
16175 1.95 3403 o k7 9e3
30208 2,60 40,4 A9 o3

l.dn2 .59 1483.0 o83 16,0
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