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?he drag coefficient for 2 sonere falling freely in
1iquid helium h2s been mezgured in the range of Reymolds
numbers, R, between 1.6x 104 and leOS. In the region from
a= 3X1O4 to 32:105 tne values of the drag coefficient found
for 1iguid helium are in good agreement with measurements made
in other fluids. In particuler the effsctive density of
1igquid helium II is found to be the total density ¥, in tais
renge of R. The liguid is therefore behaving as a single
fluid at these velocities. Heosurements at higher Rermolds
nunbers tasn 33£105 arc not considersd reliable since it ap-
pears very doubtful thzt the soheres rezched a terminal velo-
city., At Reynolds numbers telow 3;:104, corresponding to a

velocity of 10 cn/sec, the experimental uncertainty has become

to0 larze for any siznificance to be attached to the results.
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EYDRODYHAIC RISISTANCE T0 PALLING SPRERES IN LIQUID HELIOM IT

I. INTRODUCTION

In perfect potential flow, the hydrodynamic resistance

to e sphere falling with e constant velocity ie zero. In prac- N

tice, that is in a normel fluid, this is not so and the resis-

tance offered to the motion of a body is called hydrodynamic
drag. At low velocities the drag is proportional to the velo-
city end the radius of the sphere (Stokes's leaw), whilst et
higher velocities it is proportional to the velocity squared

end to the radius squared, and it is usually written in the form
D =(1/2)CxQ 82v2 The constent of proportionality, C, is calléd
the drag coefficient, and is e function of a parameter called
the Reynolds number. The graph of the drag coefficient as a
function of the Reynolds number, R, is a universal curve for

any sphere and for eny fluid (fig.l). Neer R = 3 x 105 there

is a sudden decrease in tlie drag coefficient; this is called the
dreg crisis, end it maerks the onset of turbulence in the boun~
dary layer.

07) is &

Iiquid helium below the A-point (2,18
quentunm liquid, and as a consequence of this it has wusual
vhysical properties. The most remsrkeble of the properties
of 1iguid helium II iz its superfluidity. Liquid helium IT
P

flows through very nerrow gepe with an effective viscosity of

less than 10711 soise and indevendently of the pressure head;

E this vanishingly small viscosity should be compared with 2% 10"5

JA
poise for liguid helium I and 5.5 x 10 ° poise for helium gas
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at 1.6l OX (ref. 2). Using oscillating systems, the viscosity
of liguid helium II is found to be much larger, of the ord r
of ].0’5 poise. in explanstion of this dilemns is provided by
the ' Two-Fluid 'theory, originated by Tisza (ref; 7) and
London (ref.l15),and developed by Lendau (ref.Z). On this theory,
the liquid helium IT mey be considered es a mixture of a normal
component and a superfluid corponent. The normal component is
essumed to have & normel viscosity, while the superfluid has
zero viscosity. The single 'Two-Fluid' theory is only valld
for low velocity flow and it is found.experimentally that sbove
& certain criticel velccity, energy may be dissipated in the
superfluid. This energy dissipation tekes the form of quentised
vorticity, according to the theory of Feymmen (ref.5), the
energy being in tre form of vortex rings or vortex lines in
the superfluid. In addition to the dissipation of energy in
the superfluid there is elso, et high velocities, a force of
interaction, or mutuel friction, between the two fluids: In
prectice this means that at sufficiently high velocities liguid
helium II may be treated as a single fluid, which is characte-
rized by & definite linematic viscosity, ¥, and of density g
equal to the total density of the fluid (see eg; Donrelly
and Hellett, ref;ll).
The dreg force, proportional to the velocity squared

and the radius squered, is zlso proportional to the density

of the fluid. Since the superfluid behaves like an inviscid
fluid, then the drag force at low velocities below the A-point

should be proportional to the density of the nornal scmponent
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and et sufficiently high velocities it is expected to be propor=-
tional to the total density of the liquid. The following
questions therefore arise: Will the drag coefficisnt curve for
liguid helium IT be similer to that for other fluids? Vhat
will happen to the drag coefficient when the sphere is falling
at such low velocities (below the criticel velocity) that the
velocity field of the liquid helium cen be separated into the
velocity of the normel component of the liquid and the velocity
of the superfluid component?

Two previous experiments have been reported on the
drag coefficients of spheres in liquid heliunm. Dowley, Firth
and Hallett (ref.16) measured the drag on spheres in a rotating
vessel of liguid helium. They report drag coefficients lower
by an order of megnitude than those found for normel fluids
in wind tunnel experiments. Their leynolds numbers lie in the
range 103 to 1ou ; Laing aad Rorschach (ref;3) measured the
terminel velocity of freely falling spheres at Reynolds numbers
between § 105 and L x 106 , and reported drag coefficients
higher than values found for other fluids by a factor varying
between two and five at these Reynolds numbers. They also
report other values determined by a Gifferent technigue at
Reynolds numbers, between 105 and 2 x 106 , but only in liquid
helium I at ?he normal boiling point  The most remerkeble
feature of these latter measurcments is the spparent sbsence
of a dreg crisis in liguid heliw: I at L.2 °Z. The significance
of thesc recults is discussed in section V.

In the present research, the terminal velocity of =
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sphere f21ling in 1llquid nelium was mezsured by timing the
transit of the sphere between two 1lizht beams, separsted by =
measured vertical distence. The drag coefficlents and the
corrcsponding Reynolds numbers have been calculated. The aim
was to cover 2s wide 2 range of Reynolds numbers 2s possible,
The resulte precented in this rzport cover phe range of
Reynolds numbers between 2 x 10 and 5 x 105. Between 3 x 104
and 3 x lO5 the drog coefficlent was found to be essentizlly
constant and in zecod agreement with velues repdrted for other
flulds. There w2z no epparent difference between measuremente
in neliuva I and in helium II. The effective density of the
liquid was tzken a8 esqual to the total density., Limitations
in tihe present zppzratus do not perait = thorouzh invsstigetion
of the drag crisis region when R is larger than 3 x 10b. At
the low Reynolds numbers (R = 2 x 104), the error in the
measured cotal contraction of the snheres producet 2 large
uncertainty in the density of the spherss. For better results
2t these low Reynolds numbsrs, the error in the density of the

svheres should be reduced te C,001%.
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sphere f2lling in 1liguld nelium was mezsured by timing the
transit of the sphere between two light beams, separated by 2
measured vertical dlstance. The drag coefficients and the
corresponding Reynolds numbers have been calculated. The aim
was to cover =28 wide 2 range of Reynolds numbers zs possible.
The results presented in this riport cover the range of

. .
Reynolds numbers between 2 x 10 and 5 x 105. Betveen 3 x ZLOL'L
and 3 x 105 the drag coefficlent was found to be essentizlly
constant and in good agreement with veluss repofted for other
flulds. There w2s no apparent difference between measurements
in nellun T ond in helium II. The effective density of the
liquid was token 28 equal to the totel density. Limitations
in tihe present 2pparatus do not perait = thorouzh investigation
of the drag crieis region when R is lerger than 3 x 105. At
the low Revnolds numbers (R = 2 x 104), h¢ error in the
measured wotal contraction of the snheres producet a large
uncertainty in the density of the soherss. For better results
2t these low Reynolds numbsrs, the error in the density of the

stheres should be reducsd to C,C0L%.




IT. THEORETICAL STUDY

I1.1, dydrodynamic Resistance in Fluids.

While hydrodynamics based on an ideal, frictionless
fluid predicts and explains many phenomena in real fluids, it
fails completely when dealing with the hydrodynamic resistance,
called drag, of bodies moving with a uniform veloclity in a

/‘.v

fluid ( ref.4 ).

In an ideal fluid, two contacting layers of the
fluld experience no tangential forces, that is, no shearing
stress, when moved one relative to the other. In other words
this perfect fluld offers no internal resistance to a change
in shape. 4 calculation of drag, that is, of the force in the
direction of motion, on a sphere due to inertia action in this

completely frictionless fluid shows it to be ( ref.4 ):

D =(2/n 727 S 1)

where a = radius of the sphere.

b

v

density of the fluid.

velocity of the sohere.

In case the sphere moves with constant velocity, that is:

av
dat

then the drag is zero, which 1s contrary to experiment. This
defect of the theory arises from the fzct that in 2 real fluid
the tangential or frictional forces, connected with the
pronerty called viscosity, cannot be neglected, no matter now
smell they are.

At this voint, it seems useful to define & parameter,
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the Reynolds number, which is very imvortant in hydrodynamics
because 1t is the criterion for mechanical similarity. The
meaning of this is that it will tell us under what conditions
a geometrically similar flow of a liquid or gas will occur
around gecmetrically similar bodies. Assuming that all forces
can be neglected except the lnertia force and the frictional
force, then the ratio of the inertia force to the frictional
force is called the Reynolds number, and it is defined by the
following relation:

- vaf
3-73. (2)
where a = radius of sphere.
v = velocity of sphere.
§ = density of fluid.

coefficient of viscosity of the

P
fluid.

2ince the above is 2 ratio of forces, it is dimensionless.

It is also useful to define the kinematic viscosity as:

V- 2 (3)
b

Thus, two flows about geometrically similar bodies { e.gs

about two spheres ) with different fluids, different velo-
cities and different linear dimensions will be similer when
the Reynolds number R is equal for both. This is the prin-
civle of similarity.

From experience, the motion of a fluid arcund a
body has velocities of the szme order of magnitude as the
velocity at infinity., But very close to the body there is 2

large velocity gradient. The transition from zero velocity
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at the body to the veloclty near the body takes place in a very

thin layer, called the boundary layer ( ref.5 ). Hence the
Tield splits into tvo regionms.

1. 4 boundary layer where the velocity gradient is very
large and the shear stress cannot be neglected.

2. The region outside tuis boundary layer where the effect
of viscosity 1s negligible. Hencs the strezmline victure is
determined by the action of vressure snd the picture is that
cf rotential flow.

an imrortent chzracteristic of %as boundary layer

Le that when X>1 2 baek flov takes nisc it which leads

)
pote
3

to the crestlon of vortices and tc & zomelsis chenze in the
Tlow pattern. 2Zecause of the influence of the boundary layer
ens oI the vortices, the wotential oressure distribution at

the zurfacs of the body iz changed o such an extent that the

m

rezultaent of the vressure forces wecomez different from zero.
The comnonent of this resuliznt iz the direction of the
motion is the pressure drag. Hence the effect of viscosity
is @

(1) there are frictional forces tanzent to the surfzce of
the body, the resultant of which is the friction drag.

(2) the viscosity causes a change in the geometry of the
streamline picture vhich in turn causes a change in the
vressure field and consequently leads to a pressure drag.
uhen the Reynolds number is very smell, the influence of the
viscosity forces on the geometry of the motion and conse-
quently on the drag becomes of much greater importance than

the influence of inertia. The body pushes itself through the

AT e ST et

= oA
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fluild which is deformzd by it. Tae resistance cazused by thic
iz due nrimorily to the forces mnecessary for the deformation
the vzrious fluid porticles. <his is cslled deformstion
1

drsg 2nd is reprezented by Stokes s law:
o~

D= dmuva (4)

The dpnz on 2 moving body ie usually written ia the
forn
2= 5 g (5)
vhere C = drag cosfficient,
4= orez 0f the body orojscted in
tne dlrection of ths motion.
= density of the fluid,
v = velocity of the body with respsct
o the liguid.
It is found eroerimentally Shad the drag coefflcient 1r mov

<
it
<

. : S $ ity S A e e
» constant Tut ThoT it ovorles WAL TS LSYNCLGE THINTED.

PN ) - [ r
t= T{R ) (5)
m A L a mtal 35 e AN 4 A farem Y oA -~d t

The imnortance of tns similsrify principle [lven 1n squailon

(6 ) is very grest in fluid mschanics. Fired, tae dimen-
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It follows, however, thet the drsg coefficient for spheres of
different dlometers with different streom velocitles and dif-
ferent fluide denends solely on cne varizbles, the Reynolds
nunber ( F1z.1 ).

The drag crieis, thst is, the sudden decrease in the
value of the drag cosfficient =t K= 3;{105, is due to the

f2ct that the lanine

3

toundsry lover beccmes turbulent before
it sem2rstes from the snhere. The turbulent boundary layer
can sustein considerzbly l=rger adverce pressure gradients
without sevzration then 2 laminer boundary layer, owing to
the turbulent eddy motions =nd to the concegusnt transfer of
momentum. The fact that the toundsry layer becomes turbulent
cauzes tae noint of separation to move downstream. In turn,

the de2d 2rex ( the area behind the point of breaking sway of

0

)

the flow from “he sphere ) decrezses considerably, 3Since tue
orezsure drzz of a bedy is determined orimarily by the rinetic
energy in the eddies of the wake, 1t is clear that 5 decreass

0f the eize in %ais region couses = smaller reslstance.

II.2. d7irodynapic Resiztones in Liguid helium Il.

— —eemee -

Liguid nelium ie & very strikiag fluid beczuse, 1o

the nest of our rmowlsdze, it exizts 2o 2 fluid dovn to

der Wasls foress in helium zre wesk and thet the zero noint

ener3y iz lerzc. Tals
-— e - . e
remsin: o fluid. DSecsusz of thiz it 1s ealled & gquaniid

19016, Ine Two - fluid #odsl, nronozed independently by
—-4—Lvl LT PR, Ul L k J
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Tisza ( ref.7 ) and Landau ( ref.8 ) considers the fluid below
the A- transition ( 2.18 X ) as a mixture of two fluids, each
vossessing separzte pronerties. On this model helium II
consists of a normal componeﬁt and a suneffluid component.,
Landau shows that the thermal energy will exist in the form of
phonons ( quontised sound waves ) and rotoﬁs. These elemen-
tary excitations are ﬁhe normal component, and the sunerfluid
component is the "background" in which the excitations are
embedded. In flow throuzh narrov slits, the excitations (tae
rotons and phonons ) collide with the walls and cannot pass
through it; the superfluid flows throuzh e2sily. At absolute
zero, there are no thermal‘excitations, and 2ll the fluld is
superfluid. As the temperature is raized therazal ercltations
sppear thus forming the normal coﬁponent with an effective

deneity %,¢9. Hathematically tals can be described by the

fellowing relation: 2
3 =%+ (7) zi

where { =total density of ligquid He II,

0 _ L .

% = density of superfluid comnonent
g

%m= effective density of the thermal I
|

excitations.

gg = ’5’ %,_ = 9 T=0 X, :
The viscosity of the superfluid it vanishingly small. The

norsal compcnent behoves as any other fluid with finite :

viscosity. Equaticn (7) cen be rewritien as
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This function depends cn the temoverature ( fig.2 ) and the
following occurs: as the temperature is raised, excltations
( phonons and rotons ) are created thus increasing the concen-
tration of the normal component and decreasing that of the
superfluid.

The superfluid may be considered as a perfect in-
viscid fluid only for sufficiently low velocitles. Hence
for low enough velocities ve expect the drag forces to be
zero in the case of the superfluid, and the only contribution
4o the drag will be fror the normel component. This will

L

coour 1P the fluid is moving at velocities lower than & cer-
t2in zpizical velocity, teczuzs 2bove come finite velocity
tas cuperfluld beginz to <hov o resistenes to flow, and &
favec of wnwual frichiicw betvesa the two flulds also comes
inte vley.  he drag contridation 4ill then te from the nor-
mel sorwoncnt and frow wii suserfluid. Hence measurements of
draz in 1iquid nelium II ors of interest because taey could
%ell us some of the differences in hydrodynanical benaviour
between liquid helium II and other fluids. Tais cculd pro-
vide informztion on the validity of the law of similarity in
liquid helium II and tell us how good a parameter is th
Revnolds number for hellum II, ilso it could provide infor-
mation on tne criticzl velocity in the superfluid.

The drzg on a sphere is ysually written in the form

D=3 Crgal v (10)

Tale eguation shows that the drag is proportional to the

density of tue fluid. Below the critical velocity it is

SE SRR S S e |
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expected that the dreg will be proportional to the density of
the normal component., Therefore,

D= .%Cﬂg'a2 v2 Ve Vg o (11)
because the superfluld offers no drag. However above the
critical velocity, when the superfluid is no longer inviscid,
the drag is expected to be proportional to the total density

of the liguld, Hence,

(&/3)27R(3, - § )= 2omga%" (12)
c=8/3(3§‘:1> ?-%? e, (13)

_ a
and (‘.-8/3(1?’-) ;%— if v)vs’c-~ (14)

vhere vg, ¢ =the critical velocity
?, =density of the sphere
g=acceleration due to gravity.
This ie 2ssuming that C is conctant, which is approximately
true from R= ].O3 o 31105. The interesting relation is that
of the drag coefficient a2s a function of the Reynolds number
(fizel). It is to be noted thei squation (12) is valid if R»1.
For R< 1, we obtain Stokes's law:
D= g4y

Hence we are interested in the regilon R¥1 whzre the drsg will
be proporticnal to the density of tae fluld.

The kinematic viscosity used in the Reynolds number
(equation 2) is for the normel component if v<vg o and if

V>Vg, the totel density is uced to calculate tue kinematic
H

viscosity and hence R,
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I{ measurements of this drag are made at verious temw
peratures, its veriation would give directly the relative frac-

tion of the normal component in liquid helium TI. issumine

[

-

that the drag coefficient is the same Zor licuid heliwm 1T es

for liquid helium I at the same Reynolds number, then

Therefore, Dm = Y

where D, = dreg at ony temperature below the
k-point.
D, = drag ot the A-point.
This provides us e meens of detsrmining the concentration of the

acrmal component, if measuremenis are mads below the critical

)
[¢)]

T

locity (ref.9).

7T

11,5, Scuations of Motioa.

Pl
]

Thig regearch is concerned with the fres r2all of 2

o snd it involves measurements

o
[y
ct
>
(<]
ot
O
l.lo
G
ot
o
[
L]
(<]
=
O
[e]
l-.
=
{o
(]
2
<
ey
(¥4
()
(&7
>

the sphere when the gravi-
tational pull, the Duovancey of the I1nid, and the drag are In
equilibriw:, D2t us consider iie soustilon of mobilon of th

freely falling syhere in liouid neliwm II.

(v + DGV = mtg ~(1,/2)0xQ 24 {(16]
e ’

where m = mass or sphere

b = carried mass of the licuid (see
section II.1.)

n! = efTective mase of sphere in the
fluid.
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I11.1.2. Jeloeity of the Palling Svhere.

The velocity of the falling sphere is calculeted

from the relation:

==
wu

Vv =

5’4

(22)
where As is the distence between two fixed
noints aad 4t is the time teken o treavel
betwes.: these nointy
t Feintolite source (-} {s placed at the focus of en
serrometic doublet (U) i order o obteri = collimated beawm of i!i

&

light (figure L. 5v mezns of a prise (D) t-is bean of ligat

is sent down into four light guides (7}, made from Plexigless,
eacx one being of different length. The end of each 1-cht
guide is cut at L5®; this will ceuse total 1-ter:a1 reflection
to tue lignt beam, and now exch light been will come out per-
pendicolarly fo the light guides Since the light guides ere
placed marallel i the peth of the f2lliag soheres, ths light
ssems coming out of the 1izht guides will bs nernendicular to
tne nith of the gwhere. Imother set of light guides (7) is
nlaced opwosite the fired set in such a memer that the light
Jeams, emerging frow the labter, arc picked wp by th ge light
guites.  ber bsing internally peflectod again, thev cre sent
tnrough © yrige (¢) and iato 2 vhotormltiplier,
Jow, as the sphere is feiling it will cut the first

bear of light; this will produce o pulse, 4

<1

26 snhere
kesns on falling it will cut the next beam of 1i-m%, producing
alother nulse. If the distance betwesn these two beoms of

lignt is lnowa and if the pulses produces ere used



. e

N
—%
|

dwnd

—e————————
{DOIUDYOBW O]

19

indino Y61

1
—_——— LR NPt
D e -———==Y]1EI] ]} H BRI -F)——- = v =~
= - 2= .\H\"I/
o oo a O
—~—— = - 2 .
Jajawoubw Oj 4

0] aqny 19)sund]




JDM3P

wnjjpy  pinbi —~

Ui jo udvs p'bid




- 20 -

to tell us the time of f21l between these two lignt beams, then
the velocity of the falling sphere czn be determined using
equetion (22). In the same vay the velocity is determined
«ith the next two light vesms,

Now the thickness of the light guides is 1.6mm.

cince tae sohere iz ahout 10mm in dlameter, this will produce

slow-rising pulser. To overcom. this, *he 1izht suldes were

nlaced 1u o stainlest steel pootansular tube with wide slits
conosite the nlece vhere the lisht will come out from the in-
auioside, and wheee 1t will come in 2t the outpub side. Then,
ine slits (C.lmm by 1%mm) were made in 2 rectangular
plece of dress in suck 2 way 25 to be 2ble to slide on the
sizinlese steel tudlag sad to be fixed to it at the desired
vlnce in Tront of ths beanms of light., A slit 1ike this wa-

wde for ench ligat beem, for the inout side and for the out-

e thz 1iznt beams hed 2 width of only O.lmm and

nellum Temverstures,

4018 LA

mucsite the beams of 1izht 2% thece low tempersturss,

To overcone this, the following alieration wee msde,
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the rectonzuler stainless steel tubing containing the light
tuldes. These sirips were fixed to this tubing 2t one end

only, the end clozest o the prism. Xew zlits were msde but
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to tell us the time of fall between these two ligat beams, then
the velocity of the falling sphere can be determined using
squation (22), In the same way the velocity is determined
with the next two light besms.

Now the thickness of the light guldes is 1.6mm,
Since the sphere iz about 10mm in dizmeter, this will produce
slow-rising pulses. To overcome this, the lizht zuides were
placed in a stainless steel rectonzular tube with wide slits
opposite the place where the lizht will come out from the in-
put side, and where it will come in 2t the output side. Thaen,
very fine slits (0.1lmm by 16mm) were made in 2 rectangular
piece of brass in such a2 way 28 to be able to slide on the
stainless steel tubing and to be Tixed to it at the desired
plece in front of the beams of light, 4 slit like this wa-
made for each 1light beam, for the input side and for the out-

put side. Thus the lizht beams hed a width of only O.lmm and

since the diameter of the sphere vos lem 2 fast-rising pulsze

W28 obtained.

Tuls arrongement causzed trouble. It was found that

the relative contraction betveen Plexiglass and stsinTess steel

§2s

wne very importznt at liguid sir 2nd liquid nelium temperatures. 5
Teis caused the slits to move in zuch = w2y 28 10 1ot be
anposite the beams of light 2t theze low temperatures,

To overcome thig, the Tellowing alteration was made.
= 8trip of Plexigless was pleced slong tvo coposite sides of
the rectangulaf stainless steel tubing containing the lignt
guides, These strips wers fixed to this tubing 2t one end

only, the end closzest to the prism. Nevw glits were msde but
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in such a way as to be fixed now to the Plexiglass strips only
and not to the stainless steel tubing, Now these slits move
up vhen the Plexiglass strips cohtract. The important thing
is tnat these sllts move by the same émount as the light guides,
which are 21s0 Flexiglass. Hence the 1ight beams from the in-
put side will always be lined up with the output slits. This
slisminztes completely the previous trouble.

The rezson for having four beams of light is to
verify 1f the terminal velocity is reached. The first two
oezns of 1light give one velocity, the next two beams give

-2nother velocity (fig.S). If these velocities are the seme or

constant, that is, the terminal velocity is reached.

Tais errengement can tell us if the sphere is falling
straight, or vhether it has completely sverved away from its
vertical course. If the sphere is falling straight, or almost
straizht, then it will cut the four beams of light in one fall,
and produce four pulses. Tue width of each 1light besm is such
that if the sphere swerves sway from its straight course, then

nc pulse will be nroduced unless it remsins in the plsne of the

j—

izht besnms. Hence, if there sre less thsn four pulseg iy~

mean  thet the sohere has sene ectray,

II1.1.3. Ele ctronics Used in Velocitw Measurements.

The falling sohere produces 4. negative pulses by
cutting the beams of lizht., Ve ere interested in the time
tetween these pulses. The pulses of light are fed into &

photomultiplisr. The cutout goes to an amplifier, an




- 22 =

COLLIMATED
BEAM OF
LIGHT

4 PLexiolass
9 |LIGHT  oUIDE

FIG.5. SKETCH SHOWING THE PRINCIPLE BY

WHICH THE VELOCITY OF THE SPHERE

IS DETERMINED .
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oscilloscope, a timer and a merker generator (figure 6).

The first pulss triggers the counter and the gecond
one stops 1t. In order to have a positive visual indication
of the points on the waveform at which the counter is starting
and stopoing ite time-intarval measurements; 2 marker generator
circult is used. This marker is used in the following wey:
the pulses under measurement are connected to the counter and
to the vertical deflection system of the oscilloscopes The
marier circuit ls inserted vetwesn the counter and the Z-axis
modulation terminal on the oscilloscope. The points at which
the counter is started a2nd stovped ars shown ag bright spots
on the waveforms, seen on the oscilloscone.

If the display time on the counter is set st ZEr0,
then two possible things cun happen. If the sphere is falling
down slowly, then the first tvo besms of lizht give one time
interval which is displzyed on the counter.‘ The next two
beams of light give 2nother time intervzl which erzses the

previous reading a2nd dilenlays itself on the counter, But

3ince the sphere iz falling slowly there is sufficient time

tc resd bovh disvlzys cn the counter. If the spheres are

falling fast, there is no time to read the first time interval,
and ouly the second time intsrval, which now remains displayed,
czn be resd. By setting the dlepley time to infinity, the
first time interval only is rsad.

The mezzurements from the counter give us the tine
intervel At. Using 2 cathetometer, the distsnce interval , s é‘
is measured =2t room tempersturs, Corrections will be neces-

sary for contraction at helium temperatures. Now using
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equation (22), the veloeity con be czlculzated,

III.i.4. Releasing the Svhere,

411 the soneres used =re megnetic, This orovides
z means of plcklng them une The tzllen sptere s picked up by
* small megnet (M) sttached 0 2 silk thresd (Pizsh)e 4 1ittle
cronk (I) located in the hezd of the cryostat raises this up,
The thread passes in 2 stainless siesl iube (L), which has
at one of its ends a funnel-shaped opening (K) made from Plexi-
glasss As the thread =nd pegnet with the sphere are cranked
up, the magnet, being sm=ll, will pass through this funnsl-
shaped opening and will g0 into the tube, but the sphere will
be reteined by this ovening, As goon o8 the magnet is pulled
higher up the sphere will f211. By means of the crank, the
megnet con be lowered to pick up the svhere, and the ssme thing
is repeated, This permits the spiere t0 be dropped s many
times as reguired, |

The tube (L) cen be lowered or raised by meens of 2
reck and pinion, the latter beinz fixed in the hezd of ihe
cryostat (P)s This permits the sphere to be relcased from

any deeired height, since the tube (L) can be moved about =0 e,

II1.1.5, Storaze,

Eight spheres are stored initizlly in = container,
made from Plexiglass which has 2 zeparate compartment for
ezch sphere (Q). To the top of this compartment is fixed a

gears Thle is arranged in such a way that the tube (J)
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passes through its centre. This comvartment rests on 2 vlece
of Plexiglass (S), fixed to the tube (J). Another gear (R)

is so placed that 1t engages into the gear fixed to the
sphere compartment. By mesns of a rod (T) which goes from
the head of the cryostat to the gear (R), the gvhere com-
vertment can be made to turn zround the tube (J). At one
nlace In the Plexizless (5) there is 2n onening and & passage-
vay to the tube (J). Now the soheres zre in tne comvartment
(Q); turning the rod (T) the cowvertment iturns aizo until 5
sphere is just above the opening in (S), vwhere it falls down
into (J), and from there down, past the 1izht besms, to the
vottom of the cryostat. Measurements of the terminal velccity
of the sohere czn now be made. When enough measurements are
taken cn this sphsre, the sphers can be stored away in the

following memmer. 2 circulsr box (U) is attached to the

Ny

tube (7). in omening and 2 vesssgs way is mede leading from

[£2}

the tube {J) to this box. Opposite this opening in the tube
is 2 1little swinging trap door (V). By raising (L) and the
sphere with the magnet, the trzo door will swing, when the
sphere passec it, in such # way ~s tc block the tube and to
zulde the sphere into the onening, and Trom there it will
fall into the vox mede for its stornge, 3y lowering the
tube (L)}, the trap docr will swing back to iis orizinal
vlace leaving the tube unblecksd,

This allows us to m2ke mezsurements on eizht

spheres, sach of different density, in 2 single run.

g
@)

These measurenents may recuire a long time ond ¢

helium level in the crvostat will probably be low. More
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helium can be :lphoned into the cryvostet by means of a trans- E
fer tube, which has a valve at its lower emd, The liguid helium ﬁ
storage flask is connected to the cryostat during the run. ﬁ
g
g
IT1.1.6. Temverature Control. [

The temperature is controlled by an a.c. Wheatstons

SR S

bridze. One arm of the bridge is a carbon resistor (¥) in the
cryostat. The off-balance current is amplified and sent %o a
nezter (W) in the liquid helium bath., This will temd to raise
the temperature of the helium bath until the Wheatstone bridge
is balanced. The pumping rate on the helium bath is adjusted
manuzlly to give a suitable input voltage to the heater, The
off-balance amplified voltage is seen with zn oscillgscope
(figure 7). S .
The temperature of the 1iquid helium bath is found F
from the vepour pressure of the liguld which is measured with }

2 mercury manometer and an oil manometer (ref.10). ?

1II.2. Sovheres.
III.2.1. Reouirements.
Ve are interested in measursments of the drag in f
the region of Reynolds number M1, where the drag is pro-
portionzl to the density of the fluid. The kinematic vis- .:
cosity of 1licuid heliwm is avproximately lO'4 css units (refill).
This mezns that (va) should lie somewhere between 1 and 10 CgS
units. It is expected that the critical velocity is of the
order of lem/sece If we choose spheres of very smell diameter

this will throw us in the Stokes region. Hence we choose a=%cm,
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In order to obtain low velocities, the spheres must
be of small density, that is, ther must be Just a 1ittle den-
ser than licuid helium vwhich is about 0.145 gm/cmB. To achieve
this the sphere must be hollow. For this the spheres with a

radlus a=0,5cm must have a mass from sbout 0.075gms up. Thig

“:‘Jv?ifgt 3

L e

presents some difficulties. One of them 1is that the walls of

y?

the spheres will be very thin. The superfluid heving a vis-

¥

cosity less than its owm gas will pass

through any smali pore,

and thus increase the density of the sphere,

L T

This means that

En

CeA
pos

T
%

the spheres must have very thin walls and at the same time

g

Vo rate gy

A

they must be non porous to the suverfliuid.

4

A

I1I.2.2. Making the Spheres.,

It was found that some beads from a cheap necklace
Wwere sufficiently sohericel (0.5%). The beads wepe cleaned
and then silvered by & chemical reduction process to give thenm
2 conducting surfeces In order to meke them megnetic, they
were nickel-plated, To improve the quality of the devosit,
the nlckel-plating was done in 2 constant temperature bath ang
2t 50°C.(fig.6). The plastic was dissolved in = solubion of
amyl acetzte; 2 hollow nickel sphere vas left, However, the
nickel is probebly porous to the superfluid. To overcome this,
the sphere was coated with 2n €D0Xy resin and cured; this wag
repeated a few times.

There v2s no zuarantee that the spheres were leak-
proofs  In order to check this, they vere dropved in ligquid
helium II. By means of a small magnet each one was lifted

above the level of the 1iquid helium II, The ones that leaked
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badly dripped for a few seconds, the ones that had small leaks
blew up when taken out from the Dewar; this was caused by the
superfluld which was trapped inside the sphere and which \
changed to hellum gas, and the great overpressure did the rest.
The spheres that passed this test were used., Also, during

each run the spheres vere tested for leaks by this method.




I, SPIATENTIL STUDY

+7.1. Deterningbion of Terninal Velocities.
The terminal velocity of the spheres was measured in

tze following menner. 2ight spheres were 1loaded into the cryo-

stat and, after Pumping on the system for g few hours at room

temperature in order to get rid of most of the water vapour

end air, liquid helium was trensferred. The temperature cont-

rol was set et some particular temperature, usually below the ?i

A temperature, and, after equilibrium wag reached, the first
sphere was dropped and recovered. It was found necessary to

welt for about ten minutes between drops, otherwise the sphere

would swerve from its streight downwarc path and no pulses
would be produced. This was repeated several times at the
seme temperature, the time of fall between the beams of light
being registered by the cownter. The temperature weg changed
end the measurements were repeated. The first sphere was
stored away, as described in section ( II1.1.5 ), when suffi-
cient measurements had been taken with it, and the process
was repeated with the next sphere.

The distence between the slits was measured at room
temperature by meens of 2 cathetometer, Because all the measu~

re.ents were done st liquid helium terperatures and because

this means a chenge of roughly 300 degrees from room temperature,
the corrections for the thermal expansion of the materisls cane
not be neglected., The slits are fixed to Plexiglass strips

and so the corrections must be applied to the Plexiglass. The

coefficient of expension for Plexiglass 1s taken from the work
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of Giaugue (ref. 13). For the distance, As = 1.8cm , the
sction 1s 1.09 T ity of ea g 2
corrsction is 1.0% € velocity of sach spaerc we s then

calcul=zted using equation (22),

For each sphere it weg necessary 1o verify whether

terninzl velocity had been reached; this was done by means of

the two pairs of slits, as described in the previous section,

The velocities given in table I (Appendix) are tus average of
between 5 t0 10 separsie mersurements in ench cose.

IV.2. Deterzination of Svhere Densities.

The room %emperaturs dencity of ezch sphere we cal-

.

culated directly from mezsurements of its meseg 2nd dizneter,

»]

The mass of the sphere wae mezsured on an sutomsiic balsnce
resding to 0.01 mgms. The dizmeter used WLE the average cf
about forty different rezdings on each soaers; the scaiter was
0.5%. The density of the sphere 2t liquid helium tempera-
ture was found by correctin ng the room temparature density for

- ) - OT
tiie total contraction o@ the snhere on ¢o oling to 4.2

It was necessary to meccure thig wotel contraction,

joe
3
Y]
wn
o
e
et
v3
18]
ct
(0]
m

-
1
< ’l
o]
3
o
=
13
o
o,

zel end epoxy resin for waiszh nov-lue would bhe

given in the literature. The contraction of the gnharegs W58

czthetometer reading uO"O OClem,an 2vernze of the measurements
g2ve 2 total controction of 0,9+ 0.1) %, Since 21l the
spheres were msde of the 2

applied to the diszeter of szach sphere,

eriment, since the sohers vos mode of o double
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While this gives a relatively unimportant correction
to the radius of the spheres, it becomes very importent in
deternining the value of (9,-9) in equstion (14), particularly
for the lighter spheress In fact, in the case of the lightest
sphere the uncertainty in (4 -9) can be 25 much as 40% at
lower temperatures and up to 1000 % at temperatures very close
to the A temperature. For this reason the caleculated drag
coefficients with the lightest sphere have been omitted from
fizure(9). It is hoped that the total contraction of the

spheres will soon be obtained with greater accuracy.

IV.3, Drag Coefficient and Errors.

Using the terminal velocity determined in section
IV.1., the drag coefficient was calculated by means of equa-
tion (14), involving the total density of the 1liquid helium II,
The densities used for liguid helium II were taken from the
work of Kerr (ref.12). The drag coefficient was then plotted
against the Reynolds number (fig.9). The dotted curve on this
graph corresponds to the drag coefficlent curvé for other
fluids, taken from reference (1),

The main source of errors arices from the fact that
the terminel velocity varies with each f2ll. Because of this,
from 5 to 10 measurements were mede for sach sphere, and the
everage of these velocities was taken., The deviations from
the mean very up to 5%. Since the drzg devends on the
velocity squared, this will cause 2 maximum error of 10% in

the drag coefficient, These devizticns ir the velocity are
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due to the fact that the vortices, created behind the sohere,
leaveg it in 2 more or less irregular fzchion (ref.17). The
lateral movenents of the sohere are accompanied by changes 1in
the vertical velocity. Thuis may be the cause of tae sligatly
curved and soirzl patha, which iz always followed by 2 spaere
falling through liguid.

The tempersture of the bath is kept constant to
0.001 dez. XK. The determination of the temerature from tae
menonster system gives 2 temoerature reading = ..° accurate to
0..0.1 deg. Ko The density of the 1icuid 2elium (ref.12) is
sccurate to QOL%.

Thsze errorc accunulzte to 2 meximum error of 11%
in the dreg coefficlent. Tals is true for 21l the snheres
used excspt for the two lightest ones, vhere the errors become
extremely large, for rezsons dlscussed previously.

Waen (va) is piagted azeinst the dovnward force D, &
streisht line is obtained (fiz.10), This grapa saows that the

drag coefficient is constant in the ranze of Reynolds numbers

of this experiment.

IV.4, Reynolds Number and Errors.

For each drag coefficlent the corresponding Reynolds
number was calculated according to equation (2) using the ter-
minzl velocity of the sohere and the radius of that schere.
The kinematic viscosities are taken from = paper by Donnelly

~

and Hs1lett (ref. 11) in vhich 2 number of Gifferent experi-

nents have been anzlyzed, most of periodic boundary layer
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experiments, and the kinematic viscosities calcilated for that
pert of the data where 1t 1s believed that 1liguid helium II is
behaving as a single fluid. It ic assumed here that these
kinematic viscosities are applicable to the present experiment
in the region vhere single fluid behsviour is found,

Since the terminal velocity also enters into the
calculaticn of R the uncertainty in the quoted Reynolde numbers
will be due to the uncertainty in the measured terminal veloclty
and the uncertainty in the values of the kinematic viscosity
celculated by Donnelly =nd dallett, This mey amount to a

vossible error of + 10% in the Reynolds numbers.

IV.5. Wall sffects.

The variation of the drag coefficlent with Reynolds
number for a sphere shown in figure (1) ic that found when
tne effect of the walls of the containing vessel is negligible.
It had to be determined whet effect, if any, the walls of the
plastic cylinder (dizmeter 6.6 cm) had on the msasured drag
coefficients of the spheres in tals experiment (diameter of
spheres 1s 1cm)., No theorstical formula for tnis effect is
known which has any validity in the range of Reynolds numbers
gbove about 103. It wes therefors decided to make an experi-
mental study of the effect of the walls, A& set of four trans-
varent plastic cylinders was made to fit inside the originzl
cylinder, the dlameters being 5 cm, bem, 3cm, 2nd 2.5CD rES-
vectively., An experimental run wes mede with each of tuese
smaller cylinders. The drag coefficients from these rums 2re

shovn in figure (11), where it mey be seen that tne dreg
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coefficient is affected by the ratio of the svhere’s diemeter
to the dlameter of the cylinder( g-z-'-). The fact that the lizies |
ere parellel in this greaph shows that only the drag coefficient
is affected by the walls, Line & corresponds to the results

obtalned in the usual eylinder (6.6 cm) (see also figure 10).

The values of the drag coefficient were calculated for the 6."6
e eylinder ( g-éa- = 0.‘16 ), no extrapolation beinz made to the
case of en infinite bath ( -.— +0 ). The necessary correction
would seem to be only ebout § % from a few values extrepolated

to 5. =0 graphically,
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V. DISCUSSION OF RESULTS

V.1. Results in the Renge of R from 3 z 10% %0 3 x 10° .

The experimentally determined drag coefficients,
plotted as a function of Reynolds nurber (£ig.9), are in agree-
ment with the drag coefficient curve fownd fop normal flulds
between the Reynolds numbers 3 x ].OL'r and 3 x 105 « Since the
drag coefficlents are calculated from equotion (lh)'using the
total density of the fluid as the effective density, it is clear
that liquid helium IT under these conditions is beheving 25 &
single fluid, In this range of Reynolds numbers the drag coeffia
cient is effectively constant so thes /the drag force is pro-
vortionel to (va)2. This is shown very cleerly in figure (10)
where the drag force is plotted sgainst (va) on e log-log plot.,
The slope of the best straight line through the expe rimentel
points is 1/2 - 5%. Experimentel points for both liquid
helium I end liquid helium II are included on this greph. The
single fluid behaviour in helium IT has also been found in
other experiments at sufficiently high velocities, see eg.
Donnelly and Fallett (reftll’) for a“‘a{scussion of some of them.

The reasurements of Laing and Rorschach (ref.3) on
the dreg coefficients for a sphere in 1iquid helimm I ab 4.2°%
were made using a counterbalance sphere. Their drag coeffis
cients are higher by a factor of two or three than those found
in the present experiment, and these found for ell other normel

fluids. It seems likely that some additionsl frictional term
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V. DISCUSSION OF RESULTS

V.1. Results in the Renge of R from 3 x 10* o 3 x 10° .

The exzperimentally determined drag coefficients,
plotted as a function of Reynolds number (fig.9), are in agree-
ment with the drag coefficient curve found for normal fluids
between the Reynolds numbers 3Ix 10)"r and 3 x 105. Since the
drag coefficients are calculated from equation (1L) using the
total density of the fluid as the effective density, it is clear
that liquid heliwm IT wnder these conditions is beheving es a
single fluid. In this renge of Reynolds numbers the drag coeffi-
cient is effectively constant so thet the drag force is pro-
portional to (va)z. This is shown very cleerly in figure (10)
where the drag force is plotted egainst (va) on a log-log plot.
The slope of the best straight line through the expe rimentsl
points is 1/2 : 6.7. Experimentel points for both 1iquid
helium I and liquid helium II are included on this greph. The
single fluid behaviour in helium IT hes also been found in
other experiments st sufficiently high velocities, see eg.
Donnelly and Zallett (reftlI) for éwdiscussion of some of them.

The measurements of Laing and Rorschach (ref.3) on
the dreg coefficients for o sphere in liquid heliwm I et L.2%K
were made using a counterbalance sphere., Their drag coeffiw
clents are higher by a fastor of two or three than those found
in the present experiment, and those found for ell other normal

fluids. It seems likely thet some additionel frictional term
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was present in their experiment, possibly in the pulley

system, so that the terminal velocities reached were too low.

V.2. High Reynolds Numbers Measurements.

The apparent asbsence of a drag crisis at a Reynolds
number of gbout 3 x 105 is puzzling although Laing and
Rorschach (ref.3) slso report this. It is possible that the
true terminal veloclty has not been reached in these measure-
ments at high Reynolds numbers. If this is so then, the
neasured velocity being too small, e drag coefficient will be
celculated -thich is greater then its actuel vs.lue.. The seme
arguments will apply in the experiment of Laing and Rorschach.l
There seems to be no reason why the drag crisis should not
occur, particulerly in helium I, since other experiments,such
as the oscillating sphere experiment by Benson and Hallett
(ref.18) and the U-tube experiment by Donnelly and Penrose
(ref.19), have shown that the single fluid behaviour does
breck down ot sufficiently high Reynolds numbers to give
turbulent flow: The dwag crisic is caused by the onset of .
turbulence in the boundary layer as erpleined in section II.1.

An abtermpt Maos made to determine the true terminal
velocity by dropping the sphere from different heights ebove
the 1light beams, and extrepolating the velocity curve by means
of equetion (21) which relates the instenbeneous velocity with
distance of fall. The extrapolation proved to be too com~
plicated, however, and did not lecd To any definite terminal

velocity. The complication arises because ecuesion (21) is

T g e TN
s
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derived on the assumption of 2 constent drag coefficient and
this is not true in practice. Two factors will cause sudden
changes in the drag coefiiclent, First, the diemeter of the
cylindrical tube (J° in which the sphere falls (fig.ly) changes
from sbout 2 em to 6.6 em (Z). 4nd secondly, if o drag
crisis does occur this in itself will csuse o sudden decrease
in the drag coefficient at e sphere velocity determined by the
Reynolds number for the onset of turbulence in the boundary
layer.

A possible solution to this difficulty would be to
give the sphere an additional acceleration at the stert of its
fall so as to reduce the distance necessary to resch a termi-
nal veloeity, It would be possible to do this with a
suitably situated superconducting coil, since the spheres are
magnetic,

snother possible explenation of the zbsence of & drag
crisis in the present measurements may be that the cctuel
Reyaolds nurbers are not relieble end that a sufficiently
high Reynolds number has not been etteined, I% has been
assumed that the kinemetic viscosities given by Donzelly
end Hellett (ref.1l) are epplicable to this experiment,
whereas this may not be so;' It seems walikely, however, thatb
this cen be the explenation particulerly in liquid helium I,
which is expected to behave as en ordinery fluid in all these
hydrodynemic ezperiments. Further work is evidently necessary

to decide this matter.
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V.3. Low Velocity Measurements.

At low Reynolds numbers, when the difference -9
becomes small, the possible error obscures the trend of the
resuits. This error arises from the fact that the correction
for the contraction of the sphere is lmown to + 10% ,eas
discussed in section IV.2. The values of § are known suf-
ficlently accurebely (ref.12), bub wiless the density of the .
sphere § is known with the s.ame_ accuracy, the results with the
very light spheres are almost meaningless. To 'improve the
accuracy of the low velocity results, it will be necessary
to measure the total contraction of the sphere to helium
temperatures more accurately. This contraction can be measured
by interferometric means, which would invoive the construction
of a speclal cryostat. It may be possible to make some ac-
curate measurements at low velocities with the present gppara-
tus if o sphere is made which has @ den;ity et helium tem-v
pergtures which lies in the range 0.1452 to 0.1467 gm/c.c..
Under these conditions the sphere cen be made to fall at zero
velocity by edjusting the temperature of the helium bath
below the A-point and, since the density of 1iquid helium is
lmown accurately as e function of temperature,the density
of the sphere is known with the same accuracy.

The experiment of Dowley, Firth, end Hallett (ref.16)
on the drag coefficient of spheres in & rotating beaker ex-

periment are in the range of Reymnolds number just

below the lowest recorded in the present experiment (1.6 z 10“).

Their drag cosfficients are lower by a factor of about five

e ARSI s e
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than those found in the preseat research. The difference in

-
T

the neture of their experiment is however rather fundamental
since they are meesuring the drag on a stationary sphere in
a moving fluid. Moreover since the licuid heliwm in their

experiment is roteting, the superfluid hes & 1argé aumber of

vortex lines assoclated with it (Peymmen ref.20). EHven at

very low velocities therefore the experiment would net show
a single two fluid behaviour since the vortex lines will conw 3

tribute to the dreg on the sphere. The effective density in

j
their experiment is also unknown and would be neither %nor ¥

9. 4 comparison between these two experiments is therefore

very difficult.

V.L. The Critical Velocity.
The lowest velocity reached was about 6 cm/sec, bub
the measurenents et velocities below about 10 cm/sec (R =

3z 10’*) are wnreliable. Since 1liquid helium IT at these . |

Reynolds numbers is behaving as a single fluid it is clear

thet, if o criticel velocity for the superfluid cen be derived
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for zn experiment of this type, it must be less thar 10 cm/sec.
The only experirﬁent,sui‘ficiently similar to the present one
vwhich has yielded a critical velocity, is the superfluid wind
tunnel experiment of Craig and Pellam (ref.lly). They measured
the 138t on o stationery alrfoil in s moving stodam of super-
fluid, The normal fluid was prevented from moving., Below =

superfluid velocity of 0.6 cm/sec the 1ift was zero but above

this velocity the 1ift increased with velocity. This value is
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cerfeinly not in conflict with v, <10 cr/sec ag found in
. ’

the felling sphere experiment.

v.5. Conclusion.

It has been shown that at Reynolds numbers in the

range 3.X 10)"' to3x 105 1liquid helium II behaves as &

single fluid of density equal to the totel hydrodynamic density.

This corresponds to a range of velocities from 10 er/see %o
100 cm/sec . The existence or not, of e dreg crisis is lefi as
open question. The critical veloecity ebove which the two fluid 1

model bresks down hes been shown Yo be less than 10 cn/sec in

this type of experiment. It is hoped that some of the re~
meining questions will be answered in further work on this

pro ject.
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APPERDIX

Drag Coefficlent Data for a Svhere in Liguid Helium.

It seems useful to include ths celculated dreg

coefficients. The velocity ir each case 1s an average of 5

PR

to 10 readings. Also 1n the czleulatione, tne diameter for 3
gach sohere is an average of forty measurements on that sphere ;
and it ie corrected for contrection. The velocities are at 1

1iouid helium temperatures.

TABLE I,
Mass(;ém?phere V%%;;EZg)Temn. Drag goefficient Reynold; Number

111,95 4:01  36.8% 55 LT5600L  O.44 +117 1,26 x 10° + 107,

1n.05 " 3.8 " Le0 " Ok " 116x10°

111,93 " 37,9 " Lao " n42 " L6 x 105 "

111.95 " 40,8 " 1,30 " 0.3 " 1L.16x 10° '%;
90,44 " 26,6 " 130 " 0,37 " T7.53x 1o4 " {
0.k " 251 " 1,20 " Ok " 86l w0t ;
g0.44 " 26,3 " 1.50 " 0,38 " 8.45x 104 " E
79,3 " 16,7 " L.80 " 0,39+ 12% 5,69 x T f
79.% " 16,5 " 1,50 " 0.41 " 5.2k x 10 E
79,% " 153 " 1.80 " 0,47 = 5.08 x 104 "
79.3% " 157 " L.40 & 0.45 " 4Tk x 1o4 " i
79.3 % 144 " 1.20 n 0.54 " 376 x 104 " )

leo.57 " 750 " L0 T 0.36% 117 2.29 100 "

5

10957 " 761 " 19z " 036 " 261x10 ! .
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TABLE I. (continued)

Mess of Sphere Velocity Temp. Drag Coefficlent Reymolds Number
(ngn) (em/sec) (%K C R

100.5T4L01 766450 1.604001 0,36 +11% 2,56 x 10°% 10
199,57 " 739 " LA " 039 " 225%10° °

oh6.67 " 82,8 " 1.40 " o1 2,55 % 100
246,67 " 81,7 " I.30 " 0.42 ° 235xm5"
196,46 ° 72,9 " 173 " 039 " 2,49 x 10°
196,46 " 75,0 " 1,20 " 037 °© L%xw5"
196.46 " 75,5 " 1.40 ' 0.36 " a30x1§ "
32.64 " o1 " 1,40 " 0.4 " 2.92'x 10° ® :
353,20 " 1022 " 130 " 042 " 293z 100 ° :
302,76 " 106,7 " 1.30 " 0.46 " 3,69 x 105 " ?
50276 " 1037 " LE0 U b9 " S x10° °
BAT.67 " 13,2 7 180 " 0,36 4,73 x 1o5 "
BA7.67 " 1271 M L0 " 040 7 hohd x 1o5 "
ai7.67 " 1229 M 1,60 " 043 1 maxlé "
Mi7.67 " 1288 " 1.50 " 0439 " 3,98 x 105 " ﬁ
W67 " 1285 " 140 " 0,39 " 4,00 x 100 ° §
519.62 " 14,5 " 1,20 " 0,32 “ 4,06 x 105 "
77.08 " 10,15 " 1.80 " 0.25 #40%  3.49 x 104 ’
77.08 " 10,07 " 1.70 7 0,26 ° 3,4k 1 161
77.08 " 10,60 " 1,50 " .24 T 3,41 % 104 "
77,08 " 10,22 * 1.20 " 0,27 ° 269 1o4 "
75,54 " 6,45 " 1,20 " 0.,19%300% 1.70 % 1o4 "
; 7554 " 5,62 " 1.80 " 0.8 7 1.93 x 104 "
% 75.54 " 5,95 " 1.60 " 0.20 " 1.99 x 1o4 "

) A
75,54 " 6,15 " 1.50 * 0,19 1,97 x 10 "

1] AW NPT e
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TABLE I (continued)

Mzss of Sphere Velocity Temp. Drag Coefficient Reynolds Number
R

(mgm (cn/sec) (°K) ¢
AT.67 #01  134.3£5% 1,504,001 0,36 +11%
620,68 " 14T.1 " 150 " Q4T
77.08 " 7.4 " 2,20 " 0,37 £20%
77,08 8,55 " 2,30 " 0.32 +20%
ay7.67 " 132 " k2 F 0.4k H17
392,76 " 1149 " 1.87 " 0.0 °
392,76 " 1134 T 1.97 " 041 7

bo42 x 10°+ 107
4,84 x ]‘.05 "
1069 X 104 "

)
2,03 x10° °
5 &

5

4,00 x 10
3,92 x 10
3,83 x 10° "






