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FOREWORD

It is the purpose of this paper to desoribe
in some detall the development of a machine and of
a method whereby considerable quantities of carbon
tetrachloride may be rapidly obtained, enriched with
the heavy 1sotope of chlorine, For the first time,
this should make available to chemists, physicists
and bilologists material with which to conduct ex-
periments concerning the nature and effects of heavy
chlorine. Just as the discovery and subsequent availy
ability of heavy hydrogen opened up new fields of
research, it is exppana& that the rapid concentration
of heavy chlorine in large quantities will stimulate
and enlarge these same filéds. While the material ueed
in this work wase chlorine ( in the form of carbon
tetrachloride ) it is believed that the method will be
equally successful with other ipotopic elements, par-
ticularly the heavier ones which can exist in compounde
readily vaporizable.

April !939‘ C.8,



INTRODUGTION

The problem of separating the isotopes of the
elements is one of the moet baffling problems confronting
experimental physiciste and chemists. Ever since the
discovery (1910-1912) that elemente exist in several
forms which are almost identical chemically but which
differ in radiocactive properties and in atomic weight,
the persistent search for methods to iseclate and con-
centrate these various forms (isotopes) of the same
element has continued.

Wnile almest complete separation has been
| effected for eennzderablﬁ quantities of some of the
lighter elemente because of large chemical and physical
“differences betwa«n the isotopes, only very samll
¢hanges have been obtained for the heavier elements.

In the search for spseial methods to effect separation

of isotopes of the heavier elements, a source of partially
separated material would be very valuable. This would be
particularly true if the partially separated material

were inexpensive and avallable in relatively large
gquantities.

The'method of evaporative centrifuging whereby a
vaporizable liquid is introduced into a rapidly rotating
¢ontainer from which the vapors are then withdrawn,
appeéars on paper at least, to offer a method of producing



the desired changee in the isotopi¢ compesition. This
method also holds out possibilities of producing almost
complete separation of isotopes 1:\a way exists for
making the process aumuia&ivﬁ, analsgous to a loug
fractionating column. The difference, however, betwesn
the theoretical changes to be expected ' by this methed
and those actually acheived ° is the difference etween
a practical industrial process and a laborstory dem-
onstration of the existonce of the phenomenon.

It is the purpose of thie research to develop a
practical method for achieving the partlal separation of
large quantities of isotopes of the elements by eentri-
fuging. The isotopes of chlorine contained in carbon
tetrachloride were chosen 28 the substance with whieh to
work, partly begause of convenience in handling ond partly

because some data had already been obtained with this pare
ticular material.

The work ie divided roughly into thres parts oo-
eurring in chronelogical order. The first part is concerned
with the development of the technique of the production
of large regions in which exists the maximum attainable
centrifugal field. The second part is concerned with the
proof of existence of an isotopie separation brought about



by the centrifugal filed. The third pa rt is a study
of the efficiency with which the separation occurs
‘under various modifications in the deeign and pro-

ceedure.

1)  Mulliken, J.Am. Chem. Boc., 44, 1033, 1922
ibid. 45, 1592, 1923

2) Beams and Haynes, Phys.Rev., 50, 491, 1936
Beams and Masket, Phys. Rev. 51, 384, 1937
lasket, Doctor's Thesis, Univ. Va., 1938



THE MACHINERY /

" In order to produce rather large regions in
which a centrifugal field existed, it was felt that
the spinn;ng hollow ¢ylinder wae ideal for this pur-
pose, even though, because of its shape, it would be
samawﬁat weaker than other structures of the same metal.
The problem of spinning such hellow cylinders up te their

bursting speed was undertaken.

DESIGN FEATURES
The Driving and Supporting lechanisms.

A method already developed in this laboratory :
for spinning small rotors for biological and other
purposes, was adapted to spin the heavier cylinders.
The driving mechanism was an air turbine, 1 inch dia-
meter x 3/8 inches of solid pill-box shape and made of
Duralumin. Adr jJete directed at flutes milled on its

1) Beama, Rev, Mod. Phys. 10, 245, 1938
Jour. Appl. Phys. 8, 395, 1937



outside edge produced the driving torque. Since the
axis of rotation was vertical, the axial thrust dup to
the welght of the retabing syetem was borne by an air
bearing. Several defects in this air bearing which

were objactionabln with light rotors become major proe
blems with rotors weighing from 15 to 75 pounds. These
difficulties were called the ' pile-driver effect ' and
' chattering °*,

The pile-driver effect was the tendency for the
whole rotating system to bounce up and down along the
axis of rotation. When light rotors (less than 5 pounds)
are supported on an air bearing there is often anough
axial friction in the oil glands to damp out such
bouneing, but with the heavier types of rotors used in
this work this bouncing was a serious defect of the air
bearing.

This difficulty has been removed ' successfully by
appropriate changes in the design. The guiding principle
in making these changes was %o keep the space iimediately
below the driver small. In this way the supporting air
lssueing from a constriction into the 8pace immediately
under the driver is able to build up preasure quickly.
On the other hand, when the space immediately below the

1) Beams and Skarstronm, Phys. Rev., 53, 327 (A), 1938



driver is large, the time required for the supproting
pressure to dulld up becomes ww nearly the order of
magnitude of the nstural peried for vertical escillstion
of the rotating eyetem on ite elastle support. Thus for
an arbitrary upward dleplacenent of the driver the alr
gap ie incressed, allowing the alr Lo eEcape more
rapidiy. ¥his in turn reduces the upward force sn the
Mm;m of the driver and ineresses the ;;amaam' drop
seross the constriction. If the supperting alr is unable
to £411 up rapidly the space undey the driver with aiy
under pressure sufficient to cushion the fall, then the
air gap is reduced %o 2e6re, l.e., the driver touches the
bekellite collar. Hinoe thie collar ie usuaily set on
some Bpringy material such as rubbspr, the whole system
bounces, then repeats the up and down eyole,.

. Tnis effect has also been eiiminated in another
ways? It was accomplished by using the bounoing of an
 inadequately designed sir bearing %e operate a piston
pamp foreing oil into dosh pote, which elffectively dauped
the bouncing motion. The additional complications 18
construction engendered by thie solution for bouncing
seen unnecessarily invelved, in view of the satisfaotery
aly bearing sonstraeted here for rotors weighing from
15 %0 75 pounde,

2) RB. G. Plokels, R,8.1,, 2y IBB-564 1938
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The other difficulty was an high pitched chattering
of the bakelite collar. Since the collar usually rests on
an elastic material such as rubber, Neoprene, cork, etec.,
i% is apt to chatter unless sufficient damping is provided.
This may be done a number of ways as is shown in Fig. 1.

A small disc of rubber or Neoprene sheeting is inserted

in a groove cut in the collar. This fits fairly tightly
over the brass base and serves to damp the chattering
mation of the ¢ollar. Another method is to provide s

number of elastic cushions separated by 139&913 fitting
washers. Still another methoed is to snchor the collar to
the elastic dise¢ or ring by cement. For any particular
Gollar and weight of rotor a combination may be found
sxperimentally which is chatter-proof and in which bounce
ing &é absent over a wide range of supporting air pressures.

/0
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The Rotor

The firet mm aylim» which was spun wag
conetructed of Dommetal (a magnesiuwm alloy) 3" dianeter
X 1/4" wall thickness x 12" long. At 800 R.P.5. 1%
developed a longitudinal erack which wnbalanced 1%
sufficiently to breask the supporting shaft.

liext, s cold Polled steel hollow oylinder was
eonstructed 2 3/8" dilameter x 1/4" wall thickness x 13"
long. This wae spun uwp %o 1300 R,P.8. ab which epeed it
#lowed down %e 1200 R,P.B, Under continued accelerstion
4% burst upon resshing 1259 R.P.8.

The peripheral velooity at the bursting speed
was G20 I%/seo which 15 in accord with that given by the
formula for the bursting speed of a thin W.? In view
of this experience s new hollew eylinder was construsted
of a stronger materisl,” Chrome Molybdenus Steel Alley

1) See Btodola, "Steam Turbines"
..___.= U"L .
/ f) T:: tensile strength — 3¢ 000 /b%}’)z‘
Ol ‘/—7_ (> = density “+Jo /"}@5
. 44
[ = peripheral veloeity

gr:m

“T 80

= 560 W

2) Obtained from the Summerill Tubing Co., Bridgeport,
: Hont, Uo., Pa.
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b4 4:331: BeheB, whioh was heat treated to show a yield
polnt of 159,995 1bs/in®, The oylinder was 12" long

% 4% 0,0, x 1/2" wall, This partioular eylinder M
been in opsration for 14 months, having withstood
severe usage during that time. At the present writing
(Mareh, 1939) 108 separate "runs” have been taken,
during which this rotor has had 675 hours of rotation
a% 1000-1100 R,2,8. (2,5 x 197 revelutions).Cracks have
developed at the ends of the rotor through serew holes,
which made 1% negessary te roeduce the length of the ¢yl-
inder %o 11 inches. On one ocension the apaea was ine
oressed to 1200 R.P.8 (w= 12%0 m/sm), AL tihie speed
the rotor siretohsd radially csusing the eylinder~head
gaskets to leak. Upon eximination, the lnternal diameter
was found %o have increased 02", After bolling in water
for 30 minutes, new oylinder-hesds were fitted to the en-
larged potor. It has been spun sucgessfully ever since,
taking ¢are not to exceed 1'00 R.P.8, Thie is one ef the
advantages of tie softer of the eteel alloys. A similar

1) Compare Ir = /\77; 7__—__—, /S Gooo ds 1
L= +90 /gy
b= SFrer ey

750
U= /2. 20 F%ec

/P
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expericnce with s more brititle steel would very likely
have resulted in an explosion. Of gource, with & more
brittle steel s higher peripheral veloeity is possible.
The selection of o material for the rotor is a com -
promise between the desire on the one hand for as high

a peripheral velooity as possible (high tensile strength
divided by density of materisl) and, on the other hend,
the desire for permanent, Consistent and explosion-Tree
operation. Svedberg’ sete the compromise st about

209,000 Lbs/in” BONSA1E BINONEER 18 o yydened shrome-
n&@m& steel. &ffu the present writing a %ﬁ:ﬁ ,fjmxybé%m
tube 4130 x B.A.B, 24" long x 4" 0.P. x 5/6" wall, tensile
strength 195,000 1bs/in® 18 being used to comstruet a
rotor. The cholce of this material rather than ehrome
niokel ie based on the following factorsi ease of maohine
ing, eonvenient availability and larger elongation
(region between yleld point and ultimate tensile strengih).
Tads 4130X steel wss developed and 18 now offen specified
Tor wse in slreraflt engine frames and fusilage strusture.
Bach pieme of material carries with it s certified state-
ment of the manufacturer as te i%s composition and phy=
sical properties. (Bee Pig, 2 )

1) Boeatad, Federson and Svedberg, R.8.I., 3, 346.353, 1936
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Gne other factor of importance %o be considered
in the choive of material for s tubular rotor is whether
or not the roter 4s %o contain a material or structures
whioh, when splmning, push against the walls of the
rotopr. For sxauple, Af the rotor i& %o contein a certsin
guantity of ligquid, 4t must support the tremendous hydroe
statle forces of the liquid as well s hold iteelfl Bo-
gether. Thus, while certain aluminwm alloys show a highey
ratio of tensile strength %o density, the absolute mag-
nitude of the tensile strength is only 1/4 that of
4130K B.A.Bss Thus the other oriterion, if the rotor is
to contain liquid, 18 as large s tensile strengbh as
possible,



Dymamioal Balonge:

Wnile the method of spianing wAth a flexible
shaft, as herein used, does not require that the rotoer
be exastly statically or dynamically balanced, 1% was
found that, when oconsiderable unbalance sxisted, the
bearings of the oil glands worse rather rapidly.

“hen placed on parsilel horisontal knife edges,
tool marks and oxide on the outer surface of the rotor
masked small static unbalance., Similarly, flotation of
the rotor in merowry was relatively insensitive %o small
static unbalange due in part o adhesion of small drep-

leta of mercury to the rotor, Beth of these methods were

unable te detect dynamic unbalances.

A simple and precise methoed of statioc and dynanie
balancing was evolved, however, which 18 useful in dew
termining the amownt of unbalence of tubuler rotors. A
desgription and example of the use of thie balaneing
apparatus is given below.

Two alr bearings were sonstructed ¢ inches apart
in a 1/3% pipe Ante which alr under pressure could be
admitted. The bakelite collars weres lapped to fit the

7



Laner surface of the 12" x 4" 0.D. x 1/2" wall 181b tube,
The rotor was plated on the two alr bearings a# in the
Pig.3 and the pipe was supported by laboratory stands
and connected Vo the alr supply. At about 50 1%/&&3'
presgure the air bearings were formed. Ad Justment of

the supports holding the pipe wos necessary te make the
hearings horisontal. Rotation of the pipe was necessary
to direot the alr jets vertically and prevent the potor
from spinning around under the oblique setion of the air
Jet. When the pipe was carefully adjusted the rotor was
obseryed to cselllate about the center of curvature of
its inner surface with s period of 10 see for small
amplitudes. Addition of 22 grame An the sgrew-holes
(radius of sorew-lole center g!,z, om ) eaused the perioed
of oseillation to ’mum 80 long that the roter appeared
Btatically balanced. Caloulation of the unbalanced mass
from the observed period and from the weight of the roter
( 18 1bs ) showed that 1% was 16 gms, a fairly good
¢heck with that which was observed. ( It was found later
that the inneyr surface was .003" eccentric with the outer
at one end of the rotor. Another machine cut was made on
the inner surface, Btatic balanoing sgain as desoribed
above showed 4 gms unbalanoce.)
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_ To test the dynamic balance, the air bearinge
were tilted at s emall angle causing the robtor to spin
about an sxis which was the center of curvature of the
inner oylindrical surface. At about 4 revolutions per
segond a severe webble developsd (dus teo dymanie une-
balange rencting on elastic supporting framewerk.)
Appropriste placing of smal) mm in the gerew-holeg
a% each end reduced this wobble, Holes were drilled i
the ends of the rotor %o remove netal ae indicated by
the pesition of the balaneing weights. ¥ith thie ao-
complished the rotor apmeared dymanienlly and statically
Palaneed about ite inner surface %o within 2 gme at a
radiue of 253 em, the smallest additional weisht for
which any change could be detegted, ( 2.5 parte in
19,000), It should be mentioned that the rotor was spun
successfully both before and after the balanoing process.

10
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The rotating system shown in Pig. 4 gonsista
of the hollow eylinder just deseribed, eapped at both
ends. The oylinder hangs from an alr-shipported aire
driven turbine which 18 fastened te a hollow shaft
(hyposernic needle gauge #14 ), The hypodsrmic needle
is conneoted to the rotor by a pin chuck, which
silmultanecusly elamps the shaft and imbeds Ltself into
a lead gasket forning s vaewm- tight seal. To the other
end of the rotor i fastened s short length of thiok
plano wire ( 1/8" dia.) which forme a shaft for the
botiton of the rotor. Binos the 1ife of the babhith
bearings which guide those sharlts i divectly dependent
upon the gentering of these shafte, 4% is well %o mount
then within £002" of the geometrie sxis of the rotop
at the sans.

The centrifuge is housed in a vacuum ehambesr
which consisted of an 18" lemgth of cold rolled steel
tubing ( 7" 0.D, x 1/2" wall) which was elosed at both
ends by steel dises 5/8" thick, which had been lapped
to fit. Cenco yellow vacuum wax (#11928) applied o the
lapped joints made the chamber vacuum-tight. Three 1"
tie rods vere used to bLolt the chamber together as an
added precaution in ¢ase of explosion. An external view
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of the chaaber is suown in Pig. 5. A super structure of
wood o Buppoert a pulley arrangemént was necessary te
facllisate avsenbly. This was convenlently mounted en
the barricadewhich consisted of an 8" thickness of soft
wood and which enclosed the machine when running.

The hellow drive shaft passed through the upper
Btesl plate on a small Dabbitt bearing Gy, fed with oil
undsr a pressure slightly grester than the supporting
sir pressure, Gaseous communication was maintained with
the interior of the rotsating system by the second oil
bearing G, whioh isolated the open snd of the drive
Shalt. Tuis bearing made it possible to intreduce and
reuove vapors from the rotating systesm,

Auxiliary bearings G; and G4 were found necessary
Lo reduce precsssional motione whioh otherwiss were apt
to break the drive shaft AT allowed Lo reach large an~
plitudes, Bach of these bearinge was set in a loose plate
which was kept in gontact with & fized plate by heavy
leal eprings. This construction supplied sufficient
Padisl friction to inhibit the unwanted precession.
These bearings were supplied with oil by drippings from
the bearing G;, the lower one receiving the overfiow
from the uprer. Singe in operation the aversge consuaption
of oil for the bearing G, was a quart every 5 hours, the

23
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bearings Gy and G, were hept adequately lubricated
and coeled. ‘ | Sep N
4 This rather xma conewnption of oll wae Gone
siderably reduced when G, was new, The figure given
is about mat may be expegted after 5 monthe of almost
dally operation of the cemtrifuge, the now bearing
 having hod a ohance %o be well "broken in® during Shis
%ime. The oxcess oil drains out of the vacuwn chamber
into s gallen Container comnseted %o the bottom chamber.
At the end of a "run" the oil i Filtered to make it
again avallable ‘m ue.
"  The aisadvantage of so large an oil flow inte
the vaouun chamber 16 that 1% bringe in with it cone
sidersble quantity of dissclved air. (The oil is under
59 1bs/in? alr pressure ap 4t enters) This requires a
fast pumping system on the chamber if the vacuus 48 to
be maintained adequate (about 19™°mm, Hg) to prevent
exzoessive heating of the spinning reter by sir frietion,
A four stage Leybeld's Haehfolger Gaede marsury
 aiffusion pump basked by s Hyvas, or & Hegavae pusp alone,
have both been found adequate. A single Stage all-glass
Hg diffusion pump baoked by a Hyvas has slse been found
satisfactory.
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Operation

The rotor is fastened to the flexible drive
shaft 7/8" below the upper auxiliary bearing G5, which
is attached to the top plate. The tap‘plhﬁo is then
8lowly lowered, taking care that the short piano wire
shaft on the bottom of the rotor passes inte its guide
bearing G4. With the top plate bolted in place the
Vvacuum chamber is complete. A fillet of vacuum wax
around all joints insures freedom from leaks.

50 lba/in? air pressure over the two oil tanks
which supply Gp is turned on., The reason for the use of
two tanks is that one may be refilled while the other is
in use, thereby insuring an uninterrupted pressure oil
supply to Gg.

The backing ﬁavna punp is started, and after it
has reduced the pressure to a few tenths of a millimeter
of Hg the mercury diffusion pump is started, making sure
that 1% is eupplied with cooling water and a cold trap to
prevent Hg diffusion into the vacuum chamber.

The alr for the supporting pressure is adjusted to
be between 5 and 10 1bs/in® above that just necessary te
fTorm the air bearing. The total amount of this air pressure
depends mainly upon the weight of the rotating system and
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the dianmeter of whe bakelite collar. Wiun vhe masnine
herein deseribed, gauge pressures of I2 %o 59 ma/m‘a

have been used for the supporting air. ‘

The driving air iz turned on and the barricades
put in place. With the full presswre of the alr supply,

{ 95 to 115 1be/in? ) from 1 1/2 to 2 hours is required
for the 1" dismeter driver %o sccelerate the roter te
1999 R.P,8, The time required depends upen the sondition
of the bearings. Newly made bearings, (@, Gy, G5, G, )
with suall shaft clewrances require a longer acceleration
time than do well “broken in" bearings. About 39 hours
operation at 1990 R P.8. 18 sufflecient o bresk in a .
bearing thoroughly, subsequent wear on the bearing being R
guite slow AL the retor is not seriously unbalanced,

The symptoms by which excessively worn bearings _ ]
may be detected aret 1. Excessive odl flows to &y and G, :
and 2, Severe shaking and chattering of the whole machine
at itz operating speed which has been previously determined
as net being at or near a vibration point, One set of ;
bearings, ¢, G G5, Gy, made from high speed babbitt, ‘
withetood 4 wonths of dally operation before renewsal beé-
Cane NeCessary.

As the rotor speeds up, data nay be taken from
the alr coupresser operation to deteraine power consumphion.
Having attained a speed of 1000 R.P.8,, a "mm" 18



commenced. While runs lasting from | to 22 hours have
been made, there is no time limit provided the machine
ie kept supplied with oil, alr pressure and vacuum.

In order to maintain a constant speed of rotation
1t was found of great convenience to insert an adjustable
pressure regulator in the air drive line. This served to
8mOOth out the pressure changes due to intermittant op-
eration of the compressor. This pressure regulator was
by-passed during the acceleration period. Slight re-
adjustment of the pressure regulator was necessary from
day to day so that it would 8upply Jjust the correct
pressure to maintain a constant speed of the rotor,

( Typical drive pressure = 40 1bs/in® for 1050 R.P.S. )

The run completed, the driving air pressure was
8hut off and the rotor allowed to coast. Deceleration
measurements taken during this period allow ¢alculations
to be made on the power necessary to drive the rotor at
different speeds.

With the vacuum pumps left on, it requires 8 hours
for the rotor to coast to rest. Usually the pumps are shut
off and small quantities of air are adnitted to the vacuum
chanber. With air friction acting as a brake, the minimum
8topping time ie 2 hours. The disadvantage of this method
is that the rotor becomes quite hot which shortens the
useful 1life of the artificial rubber (Neoprene) gaskets
around the Botor caps.
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- Usually the rotor is brought to reet in 3 hours.
In a newly designed air motor, not ;w in use, reverse
air jets have been provided, which, it is hoped, will
materially shorten the deceleration time.
In the follewing tables 1s a aet of data for a
typical run from which variocus op@?ati.anﬂ characteristics
may be caleulated,

— - e e



IABLE

Alr support on: 39 1be/in?

The 15 H.P., air compressor delivers 63 cu ft/min N.T.P.
operating intermittently as follows:

o
; hr!minw 3969
2:123:45
4342 ;
2128127
4143
‘ 2133110
43144
2137154
4145

2142439

cycle = 284 sec.

284 segs.

2124102
2128143
213327
21385 14
2142156

Compressor on for

17 seconds
16
t?v
17
17

Av. 17 secondsa
Compressor aamkvera %%,x 63 = 17,9 cu £t every

Therefor air consumption for the air Bupport

alone is 17.9 x g%‘ = 3,8 eu ft/min N.T.P.

30



ZABLE B

Acgekeration period 1 howr 39 minutes.

8321 a.m. Drive pressure on {95 to 115lbs/in®)
Supporting prdaaﬂré 39’1bﬁ/&m2.
10200 a.m. Reached 1000 R.P.S8.

15 H.P. air compressor opsrating intermittently was:

hr.min.sec. Sx Compressor on for
- rEBida 9155156 24 gec.
U ois6143 9157106 23
1309 _
9157152 9158116 24
I ERS
9159103 9159126 a3
1110 |
10800113 10200137 24

cyele 70 secs.

Qmmprenaar‘delivaragégﬁ x 63 = 24,8 ou £t every 70 secs.
Therefor air consumption for whole machine is

24.8 x g,g = 21,3 eu £ / min N.T,P,

Since the alr bearing requires 3.8 cu £t / min N.7.P.
then 21,3 - 3.8 = 17,5 cu £t / min N.7,PT is consumed
during accekeration by the driver alone.

ol
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ARG 2

Having reached 1000 ﬂé?nﬂi drive p#u&#uwﬂ ie reduced %o
42 1bs / 3n® to maintain this speed.

15 H.P. Compressor operating interaittently wasi

o
e uin, 560, | Q«npvcﬁaar on Lor
‘add 10538319 10838138 V0 seos.
114
10540193 19540188 19
1344
10141347 10142206 19
1144 »
19843138 19343851 19
1344 :
10145316 10845835 19

ot

eyole = 104 seos. Av. 19 secs.

Gonpressor delivers &g x 63 = 19.9 ou £t every 194 secs,

Therefor alr consumption 48 10,2 x 69 = 11,5 cu £%/min N.T.P,

104
fince the alir bearing requires 3.0 cu £t/min H.T.P,.

then 1.5 = 3.8 = 7,7 ou £4/min ¥.T,P, air is needed on

the driver %o maintain the ﬁiﬂ%ﬂitﬂaa at its usual operating
speed.




TABLE

Z4BLE D

Deceleration data with vacuum pumpé left in operation.

Time ﬁneg% A R.2.8
hr.nin, (T
3101 1056
9 min _ 56
310 1000
29 100
3130 900
-4 106
3151 800
20 ' . 100
: 4311 Too

9 minutes to lose 56 rev./sec in opération range,
n
therefor, angular deceleration © is

56 X 8¥ = .65 radian /sec?
9% 00

Singe the roter weighs 18 1bs (= 8170 gme} and ite mean

8quare radius is
0.5.

b -

= 20,4 em”
then the torque neceasary to balance the frictional drag
in the range 1056 - 1000 R,P.S,. is
Torque = I 6 = Jp2 ©

= 8170 x 26;4 x .65 = 1,08 x 10° gn_cm
sec?

2

97
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ZABLE D  cont.

Power used = work = Torque b
sec

| 1056
and gince the average & = 16@% R.P.8,

the Power used = 1,08 x 10°u M’z x 1028 x 2 ]la:_
: “ 860

8

= 7,0 x 10 = 7,0 x 10° erme

860

= 70, m = T0, watts
| 0 peg

V Thue the power necessary to maintain the speed
in ‘the range 1056 - 1000 R.P.S. is 70 watts. Since all
the work is being done against friction the overall
efficiency is zero. This power is supplied by 7.7 eu ft/min
driving air ( Table € ) . The power used during
acoeleration is % X 70 = 159 watts, assuming that

the power supplied %o the dx*iwr is proportional to the
velumetric alr flow.
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TABLE D oconel.

The overall efficiency based on the approximate
electrical input to the air compressor compared with the
torque prméu@nd on the air turbine necesgary to maintain
the operating speed is:

Efficiency

X %gix 746

During acceleration the similar efficiency is:




36

On any basis, the efficiency of the air driven
turbine used in this machine is very low, Rnsaaiah o
improve air turbines is recommended if operation of a
large number of alr driven centrifuges is contemplated.

The above deseription covers the typical
mauhaniaalAaapeata of the operation of the tubular cent-
rifuge used for this work, The next problem is how beat
to utilize the spinning rotor to accomplish the separation
of isotopes in 6614.

In different progeedured which have been tried and
which will be desoribed shortly, structures of various
sorte have been mounted inside of the rotating system.
Except in cases of serious unbalance, no difficulty has
been experienced in spinning the rotor, the proceedure
remaining the same exeept for slight increases in the
Supperting pressure to take care of the added weight of
the rotating system.

It may well be added here that the greatest hazard
has been the oceasional tailnra of the electrical power
supply, particularly during the thunder-storm season. It
would be an excellent plan to have avallable either an
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auxiliary air compressor or a laraei resevolir, able
to supply sufficient compressed air to maintain the
supporting pressure for several hours. !

1) The present ( April 1939 ) resevoir capacity
comprises 1 tank 10 £t containing air at 110 1be/in®
and { tank 7 ft7 containing air at 110 1bs/in2,
both of which will supply supporting air
( 3.8 cu ft/min N.T.P. ) for about 45 minutes,
in the event of fallure of the alr compressors.
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The general problem to be undertaken, emce the
technique of spinning the large hollow eylinders had
besn developed, was the separatiom of isotopes. The
separation of the isotopss of CL in 0014 using the method
of evaporative centrifuging had previcusly besn re-
ported.' The changes produced and the guantities obe

tained were, however, quite small. It was Delieved that
the lorge oylindrical rotors would e better adapted to
the mothed of evaporative centrifuging than the smallep
rotove which had been used.,

The specific problem, therefor, was %o atudy and
of isotopes. Deseribed below are the various srrangements
and proceedures which were investigoted to this end.

'1) Bosne end Hoynes, Phye. Rev., 53, 491, 1036
Beams and Maske$, Phys. Rev., 51, 364, 1937
Hasket, Dooter's Dicsersation, Univ. Va., 1938




The Mulhi-stage Botopr

* Tne isotopic separation effected by a single
s8tage centrifuge as rapartad‘waa exceedingly small. If
the separation could be multiplied many times after the
fashion of a fractionating colummn, it would be & Worth-
while improvement. Toward this end a multi-stage cen
trifuge was designed aha built.

The principles underlying its design were as
follows:

If a spinning hollow eylinder ¢ontaining a small
quantity of a vaporizable liquid at the perpphery were
Gooled at one end and heated at the other end, a flow of
vapor would take place from the hot to the ¢old end. If
the flow could be so directed as to pase from the peri-
phery to the axis and back again many times in ite passage
from the hot to the cold end, and if the flow could be so
regulated that it was slow on each trip toward the axis
and rapid on each trip away from the axis, then a cum-

ulative centrifugal separation would be obtained by the
entire trip from one end of the roter to the other.

The maze of pasaagan was produced by stacking
19 dises in the rotor, so cut and drilled that the vapor
Tollowed the deseribed path. (See Fig.6) In this way 1t
was expected that iu Tlowing toward the cold end of the
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apinning rotor each stage would be Sud by vaper, the
composition of whiah.wmélé,yi thatxébtainins ati the
axis, and thus the vapor arriving at the cold end
would eventually be enriched 1§-fold in the lighter
isotopes. At the cold end the Gapar wag to be condensed
and allowed to flow back toward the hot end in liquid
torm.alang-ths periphery. This process in comparable
in part to that in 3 fractionating column containing

19 actual plates. In practice it would be necessary te
provide and malntaln s temperature difference between
the two ends of the roter for a time sufficiently long
that cduiltbwinn he reached. Equilibrium could be
acertained by noting no further increase in the sep-
aration measured between the ordinary material and same
ples tak&n rrﬁm.thﬁ~anld end at various intervals,

In the experimental arrangement cooling was ace-
complished by allowing cold ethyl aleohol to pass
through s dome shaped copper coil pounted over the upper
end of the rotore. The aaol;ﬁgstéa kept within 1/2 inch
of the spimning roter. The refrigerant was pre-cooled
by pasesage through a aappeélaoil‘immeraad in a slush
of alecohol and so0lid carbon dioxide (dry ice). Flow of the
refrigerant was maintained monually by returning the

drain to a resevoir 7 feet above the outlet pipe. The




temperature of the drain was -15°C. while that of the
-dnconing refrigerant was estimated to be about —?GQQ..
The bottom end of the rotor was k&pt\ﬁ&fﬂ by

radiation from an 18 ohm nichrome wire electric heater

mounted | inch away from the bottom edge of the spinning

rotor. Trouble was experienced in several runs by the

melting of the Neoprene gasket in the bottom cylinder.

head at'shh rotor. The maximum amount of heat which

the gaaket would stand was supplied by a 110 wolt di-

rect current source in series with an additional 250 ohms,
Approximate caleulations showed that the heater was

supplying just about as much heat to the bottom end of
the rotor as was being removed from the cold end,

namely about { calerie per second, '

The material used in testing the multi-stage .’

rotor was carbon tetrachloride. 60 66 of liquid CC1,

wvas introduced into the rotor by means of a long need-

led hypodermic syringe. The rotor was then brought up W
to and kept at a speed range of 1000-1040 R.P,8.. Air 1
Wwas pumped out of the rotor and the heating and coole- @
ing commenced, A series of runs of various lengths of

tine (6, 10 and 12 hours) were taken. At the termination

of each run, small samples were withdramm from the cold
end. The process of withdrawal consisted in condensing
the COL, vapor in a cold trap after it had diffused out
of the rotor through the hollow drive shaft. The traps
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were kept cold by immersion in a slush of dyy ice
and alcohol. .

Comparison of the density of the uﬁ'&pl“ with
that of ordinary 061‘4. as well as with that of the
G01, remaining in the rotor showed no change within
the limits of measurement. ( { part in 20,000 ) Re-
measurenent or' the dmmiaa again showed no aliango.

The method of measuring changes in densities
will be discussed in detall in a separate section. In
e‘uemﬂ the method amounts to the comparison of weights
of a "full" pyknometer, filled first with feras.mr&
liquid and second with the changed material. Then the
weight of e@ua:x. volumes of 2 different liquide may be
compared. Due precaution to keep the temperature con-
stant and to remove water and other impurities must be
observed before differential density determinations
may be takem.

Each sithple to be measured was subjected to a |
vacuun fractionation from a eslush of ?2,% and CCly, the ;
middle third being used for the density measurement. |
The material used in this and in subsequent experiments
was Baker's C.P. carbon tetrachloride.
| 7 Because no change in density of the samples and
| eonsequently no separation of isotopes occurred in the

e e




abowe proceedure within the experimental error, it is
well to examine here what change should be expécted
from elementary theoretical eanszdaraﬁlann, Teo sim-
plify the problem, suppose a spinning roter of in-
terior radius R to contain a small quantity of liquid,
held at the peripheral wall by eentrifugsl forces.
Buppose further that the liquid im in equilibrium with
itu vapor at the temperature T of the spinning rotor.
Because of the rotation, the pressure of the wapor will
be less at the axis than at the periphery. The magnitude
of this axial pressure reduction may be gonputed as
followst : ‘

In eylindrical goordinates r, 8, %, fixed %o the
¢ylindrical rotor which is revolving about the axis with
an angular velocity W , the pressure of the gas will be
dependent only en the ceordinate r. In the region between
r and ¥ + dr the contribution to the total pressure by
the element of gas contained ﬁh9§1n will be

2
2
d.P= [Q.T_U_: dr :./-"W )"Clr
where (43 i8 the density of the gas at r,

The density of the gas is connected with the
pressure by an equation of state, the simplest of which




is that of an ideal gas:

oY ! P :[3:/{2;]1

Substituting this last relation in the dife

ferential expression above glves

dp. PM w 2rdr

which 1nﬁagrataa to

Putting in the boundary conditions that at
the 1igquid surface p = R the pressure py is that of
the saturated vapor at the temperature T, we get

‘ .
/&u/-}\, 2"/‘\/)% W ?R + const

Prom whiech

2R
consl =/@rz/9 /_?,T
‘ i
and thus M UJZ)"Z -/\/] u_f /{
Lo FTRT o + e RT " 2
o &in
hu Muzfrifiz)
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This last 1s an expression for the equilibiium
pressure established at various radili in a rotating
¢ylinder of vapor. At the periphery the pressure is PR
while at the axis it is less than this. The ratioe ef the
pressure at the a,x.ta to that at the periphery is

Lp gl L AR
—'.——:":G ZBT
;21

For €01, ( Mol. wt. 153.83 ) this ratio should have
been about /6 in the experiment just deseribed.
Since aai*bm tetraschloride is conposed of four
atomes of ghlorine and one atom of carbon and since
there are twe isotopes of chlorine and two of carbon,
there should exist ten distinetlspecies of CC1,
ranging in molecular igight from 152 to 161 gms. Be-
cause of thé rarity ! of 013 ( 0.7 ) the mumber of

1)  International Table of Stable Isotopes,

R.8.1, 334, 1936 2
__Aiffz_,_jli _l;: * T
cl 37 v+ i C B ke P
Aston, "Iaategcs Ed. Arneld and ﬁa-. 1933
1L Ll s e < Sl W
y) 24 Ve &

Nier and Hanao_;z. Phys. Rev., 50, T2a, 1936

T R

70 9, Tkt

Kallman ahd Lazareff, Zeits.f.Physik, 3¢, 238, %93’7
o Dl L
C O T /534 ;



 species is nﬁtta&tvwzy redused to five:

~/

Molecular Type . Hel. Wt. »/ 5
et2g125 152 1/5.90

anaﬁlgs ad 154 1/6.05

5‘“6&35 g%gg 186 1/6.20
61201%% g7 158 1/6.36

gte G127 160 1/6,52

In ordinary 0Cl; these types are presumably
mixed together in proportions to make the average
molecular weight = 153,83 gms.

Each type of molecule exists in Gﬁl# vaper,
and ainée each has a different melecular weight, 'the
f pressure ratio p / %?&u different for each one. Be~
| Gause of this, the composition of the CCl, Vaper at
the axis of the spinning rotor should be different
than that existing at the periphery.

The composition of ordinary G$14 from the above
m@leaﬁlar'typﬁa Bay agour in a variety of ways with
the same isotopie composition. The simplest assumption
%o make 1s that the isotopes are distributed at random
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throughout ﬁhe various molecular species, 1.e., that
the fpagtional composition of each type is aiva;z by a
term in the expansion of ( x, + "234' where x;, and x,
are the fractions of €1°5 and 6137 known to exist in
ordinary chlorine. mn this assumption is valid, the
s@paration ebtained in a centrifugal field oceurs ine
dependently of moleeular structure, as if only 0175 ana
0177 were present.

It i to be recalled that an éxpression is being
sought which will comneect a measured change in density
with the effect of a centrifugal separation on GCLy in
the vaper state. Assuming that only the isotopes ét €1,
i, and I, are present in the spinning rotor, the pres-
sure ratios of each between the periphery and the axis
Will be proportional to the mumerical demsity ratio in
each region since i

m), C ol
43&:)%&31 : > 73/@;2/2077/6’
- 2

= — 2 )

Yok My Gy Fen Ve M2 C,

ﬁfe: 3 ', a0

and the ratio Sl Voo 7y €,
72 Vie
2R ~ Y2k

y X )/,Zd

the masses cancelling out.
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fractional aamputum ratios as tamﬁmi

Frastional connpoeition _
at the pepiphery: at the axies

X o ))//2 | r = )j/o
4 Vg 7"))212 2. Vigrt-Vyo
. DZ/L » MZO
e b s e € N v ey
IZR )//R "'yz/{ | = Vld“’ym
Lhorefor
KR , 1R
Az, i YVor
, x/o, )}/o
X zo : 2.0
B i e ‘ 2 7
Mmgﬂ | (I’ —I?‘)M/ +
. Xoe g 23 . = ___72
e |
X 20

This L2 the sxpression for the courceitien ratise be-
tween the oxis ond the perinhery.

The magnitude of the change x - ;uA.?C for
ene lsotope I, may be computed ne z’aua’wu

4
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Xz2r i Xzo

Transposing Y o P Tt ok
(X/o : Izo

and subtracting unity from both sides 4
X e e A
X/o ’XLO (Y‘/O

Remembering that‘X,o:l-%zoJ Yo =1-"X; and that

from above K.. X, .
XZD & Xio
= K % (l ‘Xz)
X
= K‘ yzg ‘

9% | K itK Xzr

o and Ayo¢an be eliminated from the expression for A $ 4 )

above to 5(1;& o %, A (K _,)
&y I/R K %ZR

This last expression is equal %o "A (XZ o Thus

Af the composition of I, is increased at the axis, the
composition of I, is diminished at the axis by the same
amount. For the spinning rotor discussed above the ¢hange
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is about v/aAﬁg that is, Af the isotopic composition
at the periphery is 0135/0137 & 96/24 then at the
axis 1t should have been 76.5/23.5. The ratio of
these two ratios is 1/1.025 which L5 the value of K
computed from the exponential. P ‘

_ This change in the isotope ratieo at the axis
aheua.é. affect the density of a small sample of oar-
bon tetrachleride removed from the axis as follows:

The molecular weights of CCl, computed for twe
different Aisotopie compositions of the Ol are

M T e o 0, o C
;M‘ = L}In (X'l +L+IZ.’XZ—+C

The change in average molecular weight A M is the aif-
ference ‘

AH:M—F’)'z%I,AX,—}- L"Ig AX;

and since A, = —AX,
G AM
L 4L ~Lz)

Now it has been shown experimentally that for isetopiec

Coeion: dh b senaiue/b Ml
d oy

to within a few percent.



Bubstituting in this the value of/| [M in terms ot ) X, ,

and atA')(, in terms of the isotople /campannlm. ¢hange
due to the centrifugal fikld results in the expression
which hae been sought?

AL AR e (ET)A%

-

d M M
e QZ(I/"IZ)(XIRKXZR(__%'-/)
4 i ey oty Ty

which for values of I close to unity becomes

Ad 4 (T, T o W2 R®
d 2 RITE

e o~ +K X, =

This giwaﬁid‘ = 2,5 parts in 10,000 for

Just one stage of tgaLﬂ multi-stage centrifuge. Since no
¢hange was observed within 1 part in 20,000 for the 19
stages 1t was conecluded that if the centrifugal sep-
aration had occurred it could have been easily detegted
with the proceedure used. The fallure to observe any
8eparation was attributed to insuffieient eireuwlation
of the vapor through the various stages. That this was
the camme was verified by the insertion of s second
hollow shaft passing through the drive shaft, thence

52
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through each of the 19 dises, down to the bottom of the
Fotor. After 12 hours operation with 75¢e 1iquid 61, in
: the rotor, two 15 c¢ Mplm were simultaneously ob-
tained, one from the top (cold) end and one from the bot-
tom (hot) end of the rotor. The densities of the twe
samples differed by about | part im 10,000, the heavier
sample having been obtained from the bottom {hot) end.

Repetition of proceedure gave the came discouraging

result.
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- Owing to the negligible results with the multi-
stage rotor, it was decided to study the separation ob-
tainable in a single stage machine. For this purpose
the discs were removed and the hollow steel cylinder
itself was used as a single stage. A perforated stedl
pipe { 3/8" dla x 1/32" wall thickness ) was placed

down the axis of the eylinder in an attempt to remove
the vapor from points situated uniformly along the axis.
It was discovered that the pipe braced at bath ends was
bowed out by the high rotational speed. Further bracing
furnished by 2 evenly spaced duralinum discs was suf-
ficient to keep the pipe in place at 1000 R,P.S.. Bach
disc had five 1/2" dia.holes drilled nesr ite periphery
in order to allew communication between the three re-
sulting compartments. (See rotor in Fig, 4)

A run was made with this single stage rotor.

100 o diquid CCl, was evaporated out of the epinning
rotor at 1000 R.P.5. in 65 minutes. The first {5 ce and
the last {1 cc to come out were analyzed, the first being
2 parts per 10,000 lighter, the last being 1| part per
10,000 heavier than the density of ordinary uncentri-
fuged OCl,. The total difference between the two fractions

5



_mmammmtm‘ at least of the change
 whioh was ealeulated mm%nmy in the mg Py
: thona
: mmwmmamwmammm in the
" mmn arive shaft which inoveased the time required
to withiraw the imitial 190 oo %o 250 minutes, The
' 'ﬂmz 11 oo and the &mﬂ%?#ﬁﬂ%ﬂﬁaﬂmwmv-
ference of 6 parts in 10,000, the unoentrifuged mat-
j nnws density being midway between them,
N Gomparison of the 65 snd 25° minute ;uns showed
that conoidersbly more separation was obtainable if the
003, vapor was removed slowiys In order to oheck this
oonolusion, a series of 5 rume of each of The Ywo types
: unawmawtmmimnmmmmm«,
Wuwm:mwmammauﬂ t% yan )
 gomposite umu fron sach serice verified ¥his cone
siusion, | .
‘ At this Junoture in the Work At DeGRN inoreass
Angly evident that the observed changes in density
might be due %o the cencentration of Ampurities as well

1) The 1/4" long bushing contained s hole .0a9" dia
made by & /69 drdli. The dimenspions of the drive
shaft wore 199" O.D. x,012" wall thickness x 6 1/4"
long.
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as of the isotopes of chlorine. Due precautions were
taken, of course, in the density ma;zwantt to treat
all samples in a like 'n‘m‘nnw, Each sample was thoroughe
1y dried by a vacuum distillation at room temperature
from a P, 05 — €014 slush, the middle third of the dis-
tillation being used to fill the pyknometer. In spite
of this, the only uum‘ way to check the efficiency of
Beparation of the centrifuge was by some direct meas-

urement of the isotopic composition of the various samples.

Since, at this time, a mass spectrograph ' had becoue
available it was decided to obtain & sample with as
large a change a8 possible and compare the density
measurement of it with the isotopic composition change
a8 indicated on the mass spectograph. If the two methods
checked each ether reasonably well, then the method

- of density measurements could be used for subsequent

investigatiens.

Vith this end in view a series of runs wae under-
taken to accumulate sufficlient material for a second
sentrifuging. P

1) Parttom% after the one described by

Jé
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~ For the first centrifugings each of the

32 yuns was of the following type: 105-106 ce CGl,
liduid wag introduced into the rotor. The maechine
was then acecelerated to 1000-1030 R.P.S., At this
8peed range, which was maintained thpoughout the
tun, air ﬁas firet exhausted from the rotor, 4 ¢e
liguid GC1l, being collected in the dry ice-ethyl
~aleohol slush traps in this process. The next 7 ceo
collected was put in a Beparate contalner ( #20' ),
The collection continued, Gombining all but the mext
to the last 7 ee { #11C" ) an@»nha last 7 ce (#120%)
which were kept in #sga#aiavhattiesq

The time required to remove the entire amount
was 201 minutes. While this seemed %o indicate that the
rate of removal was 1.2 min. per ¢ liquid, iﬁg;étual
¢ase the rate of removal was variable, the material
coming out glowly at first and more rapldly toward the
eéﬁ of the run. The eurves ( Fig. 7 ) which were typ-
ical, show this effect for several of the G' runs.

1) The results of this section were reported to the
Am. Phys. 80¢., see Skarstrom, Carr and Beams,
Phys. Rev., 55, 591, 1939
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The effect was attributed to a net \h&aﬁmg of the
spinmning rotor dus to gaseous friction in the vag-
uum chamber.

From the 32 runs of the first centrifuging,
224 ce of light { #2C" ) and 231 c¢ of heavy { #120" )
were obtained from a total of 3385 used. These two
fractions were centrifuged again using the same pro-
ceedure. From the second eentrifuging, 15 ce (20" )
light and 16.5 o (#120'[I ) heavy were obtained. All
of the above fractions were analyzed for density

¢hange the results of which are summarized below:
; STarT
Llﬂl’l& . 33¢5ce \l—\ean‘
Firsl
CehTHFuc‘inj
| 22lcc - Lyl ag
? /DC\’\SiTu\ Chdht‘e_ i oy o
From ovdfhdrq =. /0,000 /0’ 000
. Second
CQhTH Fu.c’thﬁ
/5ce /b8 ce
Densily change eI | + 9.9
Prown OY‘Jindr‘f o 10, 000 /0,000
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The heavy fraction of the second eentrifuging (#12¢0'IL )
was analyzed in the masse spectograph by Mr. H. E. Carr.
The results of this analysis using Cl negative ims
ebﬂa:mad from 100 volt eleectron bombardment of CClLg

vapor were:
36

Ordinary CC1, g_,@_ = 3,561 .06 (35 readings)

S L G |

35
; C
Heavy (#12¢'IT ) Fraction i 3.,437,04 (40 readings)

The measured change in the isotope ratio for the heavy

fraction (/120']1) was 3.94 - 300 8l Sy ‘%
: 3.56 /00

 The change in the isotope ratio computed fpom
the density change showed that the isotopie ratio . -
should have been changed 8,94, Thus the check between
the denslty measurements and those on the mass Spec-
tograph was far from close.

That some éammwat-ian of isotopes had been
obtained in the 36 working days was, however, evident
and encouraging. A better check was established later
between the density changes and isetople composition
changes with 10 ce liquid CCl4 in which the density was
12.8 parts per 10,900 heavier than ordinary CCli. Fopr
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this sample (#13 E'IIl ) the mass spectograph analy-

'Bi8 gave!

ovaimary 061, “,37 = 3.35 + 04 (21 readings)

Heavy (#13 E’_DZ')' Bample 3.03 1'.\04 {14 readings)

The méaaurad change in isotople ratio wast

3,35“3.03 A 9.470
335 A

w&aefeaa the change galeulated frem the densities was 12,8%

. The material for this sample (#13 E'[IL ) was ob-
tained by re~centrifuging and combining intermediate
fraetions which had been accumulating from the various
runs, The purpoge was mainly to obtain material sufe
ficlently changed that the methods of measuring the
¢hange might be validated. The methods were found to
agree roughly within 257 of the change héa.ng measured,




The preceeding results obtained from the single
stage rotor were estimated to he 60-70% efficient. This
eatimate was based on a ealculation made from the fol-
lowing formula:

A4
Efficiency = 4
Efficiency YTy~ Tl 5 o R 5. 0%
where —— = fractignal density increase of residue

d
over ordinary CCl,

—

M = average molecular weight of Gi.ﬁl‘ whose

isotopes are I' and I, inthe propertion

X, and x, respectively

= angular weleoity

= radius of immer surface of centrifuged
liquid

> €
H

C = out = fraction of original number of moles
to residue '

R = gas constant

T = absolute temperature

The use of this formula 18 justifiasble if the



separation obtained is independent of the molecular
combination of the isotopes. This in turn may best

be tested by re-arranging the aanditiann of the ex-
periment until a maximum efficiency has been attained.
Comparison of the maximum efficiency obtained with
unity will then Justify the formula's use.

It hae already been observed that the rate of
removal of the vapor had important bearing on the ef-
ficiency of the separation. The relationship was msde
more definite by a series of runs with different withe
drawal rates. The various rates were obtained by inserting
a bushing in the hollow drive ihaft. thereby changing
it8 cross-sectional area. The points in Fig. 8 show
that not more than 1/5 ¢¢ liquid may be withdrawn per
minute if maximum 8eparation ie to be expected.

The faet that there aﬁpaarﬁ to be a maximum in
the neighborhood of 1008 is important, however, since
it Jjustifies the use of the theoretical Tormula at
least within the experimental errer (10%).

This observed reduction of efficiency whem the

Vapor wae removed rapidly is a serious handicap of the
method,

At first glance { in Fig, 8 ) it might appear
that because of the approximate linearity of the oblique
portion of the curve, operation at less than maximum ef-
ficlency would produce the same or better result in a

TR i
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given time because it is carried aq/pr¢portiona11:
faster. Put another way, there might exist an op-
timum efficiency, less than the maximum, at which a
given interval of operation would produce the best
result. Qualifying the word "best", let it be re-
éuirqa to praauﬁa the largest amount of material in
which the isotope ratie is changed 108, For CCl; in
the centrifuge under discussion this would require

a cut of about 55, operating at maximum efficiency.
Starting with 100 ce of liquid CC1l, in the rotor,
the last 1.8 cc removed would have the required
Ghange in 500 minutes operation. On the other hand,
operation at 507 of the maximum efficiency would re-
quire a cut of 3020 to produce the same 1.8 c¢ res-
idue. This would necessitate handling 5440 ce which,

even though transported twice as rapidly, would take
13,600 minutes, more than 27 times the operating ine
terval in the first ease. From this it appears that
the optimum effieciency is the maximum efficiency.

The two cases may be represented symbolieally
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For the same slze residue N containing the same
change [ the two above expreseions may be e- -
quated to give _. By
I A/ / t, ﬁ Z
A/() — )

= { and [gﬁ 1/2, as in the exampla,

15
i g ive /z
N, = A/(/\/)
= /yX /'g.;>

= SYHOee

Thise 5446 ¢ is the quantity necessary to start with
in order to obtain the same result at 50% efficiency
a8 18 produced from 100 ¢e¢ at 1007 efficiency.

All of which prévoa that if the separation pro-
cess 18 to be carried on at all effectively it must be
done at maximum efficiency. The remainder of the ex-
perimental work is directed toward discovering the cause
and improving the efficiency, if possible, at rapid
withdrawal rates.

The cause of the efficieney reduction at rapid
L’ transport rates was atiributed to atwrmg and conse-
quent mixing of various cylindrical layers of vaper
in the roter. This mixing prevented the maintenance




of the radial compesition gradient produced by the
rotation,

In order to determine whether or not tﬁpar-
ature gradients within the retor were the cause of
the stirring, an additional hollow shaft ' was
mounted in the rotor thrwa'h which a constant supply
of hydrogen could be admitted. In this way a pressure
of Hy at a fow millimeters of Hg could be maintained
within the rotating system. Because of the high thernal
conductivity of hydrogen it was believed that any ten-
pﬁré,ture gradients would be considersbly reduced by
the pressnce of hydrogen. No marked improvemsnt re-
gulted.

Hext, a temperature gradient was !‘mﬁfndumﬁ by
inserting a Nichrome wire sheathed by a glass cap~
illary into the mvly umtalleé. mxa.lt&ry ahaft. The
10 ahm wire was kept hot by 1/2 ampere of elw‘bmauzr
au;:pued to 1t via two brushes. The vacuum chamber
was mhedd&d in melting ice, It was hoped in this way
to maintain a stabilizing mmperature gradient, hot
at the axis and Cold at the periphery of the rotor.

No marked improvement from t thie arrangement was observed.

Following this, a spiral of washed and ironed
unbleached muslin cloth was wound and cut th fit inside
the rotor. Difficulty was experienced in spinnms the
1) Fickel tubing 21" long 1/16" 0.D. x 1/64" wall
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rotor because the cloth beeamb displaoad'te one side,
causing serious unbalance. To obviate this difficulty,
seyveral thousand 3" disas were cubt from the c¢loth,
8tacked and pressed into nhsvratar. A 3/4" diameter
hole in the middle of the stack provided an exit pase
sage for the vapors. The idea of the ¢loth was to pre=-
vani gtirring as the vapor was removed from the roter.
No markaa improvement resulted, which was attributed
to the spreading of the 3/4" hole which later was
found to have been enlarged to 2 1/4" diameter due to
the rotation. (1000 R.P.S.)

Next, the Duralumin dises which had been used
in the nmulti-stage rotor were revised and drilled in
such a way (see Fig. 9 ) that when stacked in the ro=
tor they introduced a large surface tending to keep
the angular velocity of the vapor egual to that of
the rotor. 4 /2" a;smotér hole down the center of the
stack provided an exit passage for the vapor. 9 short
radial holes 1/8" leng x 3/32" diameter were drilled
in the grooved @pacer hub of each dise. 18 discs fil-
led the rotor and provided 19 compartments. This are
rangement proved nl&ghzly successful in that the ef-
ficiency at rapid transport rates was markedly im-

proved. The improvement was insufficient, however, to
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warrant operating at these transport rates in view of

the necessity for operating only under conditions of

maximum efficiency ( as has already been discussed,)
Hevertheless, the fact that the efficiency had

been inmproved was important as it gave a hint'aa to the

¢ause of the tronhle. The discs were reéplaced as soon
as possible by a star shared colwmn, (Fig. 10) Thil
spider divided the ra%ur 1nto T aceter~ah&ﬁﬁﬁ pris- ' .
matic eempartmontn which abﬂelutﬁly prtvsnt¢ﬁ4ang
rotation of ﬁhs vapor at speeds other than that of the
rotor. Thﬁ spider was turned and milled tram a solid
rod of fargaa Duralumin 8 T 14. A A 3/8" dia, hole down
the center praviaed cxiﬁ pannago for the vapor. This
was fed by 10  ,030" dia. holes drilled in the apex
of each sector, making a total of 70 such holes
spaced uniformly alang the length of the spider.

With this arrangaﬁnnt the maximum efficiency
was maintained at withdrawal rates as fast as 20¢ per
‘minute, an,mercwumanﬁ in the optimum transpoft of
10 tinmes. : ‘

In Fig. 11 all the points taken have been ine
eluded ond identified. The orosses refer to points
taken with the rotor containing the spider. The alraiaa.
triangles, etc. refer to the points for the other are
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rangements. A falling off of the efficiency as the

material was removed more rapidly has not been obe
served over the range investigated. The range is to
be extended by thﬁ provision of a hollow drive shaft
with larger internal diameter. This will enable the
vapor to be pumped out of the rotoer more rapidly. As
it stands, however, the single stage rotor is capable
of radaa&ﬁs 100 ee to 1.0 ce OCLy liquid containing
an increase of 10% in the ratio _éZ%gg in
50 minutes operating time. ' ce

' The marked 1mprav&ménm due to the insertion
of the splder allows the ¢onclusion to be drawn that
the cause of the reduced efficiency was stirring and
mixing of the vapor due to ite removal. Since on its
way from the periphery in toward the ixiu the vapor
tends to maintain its angular momentum, the angular
veloclty of the vapor near the axis tends to become
larger than that of the rotep. Friction against the
end walls of the rotor and agalnst the liquid surface
tends to 1limit this anraanq‘in angular velocity.

1) If the intermediste fractions collected during
this bateh process are saved, to be centrifuged
agaln, a® in a systematic fractionation pro=
gram, the yield of 10% change ¢an be about
doubled per unit time of operation.

15
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Equilibrium is reached at any given removal rate
when the moment of the frictional drag on the vapor
is equal to the time rate change of angular mome
intm due to the removal. At rapid removal rates
the large frictional drag of the rotor on the more
rapidly spimning vﬁbw produces turbulence between
meahuixe eylindrical layers which reduces m
composition gradient. The mtroduati on of the Splder
prwmea a meams of absorbing the angular nmn‘&m

: :ma Vapor moves toward the axis and allows the
maximum composition gradient to be realized. The
M&iting gspeed of rmwal with the zwim' containing
the ap:.dar has not yw been detérmined experiment-
ally because of meahmieas. aifficulties. It is
haped that theu mu be remevsd in the noar future.




Detalls of Megsurement of the Separation.

The following typical proceedure was uﬁed to
determine the eeparation fastor of the evaporative
centrifuging process. .

Baker's CP carbon tetrachloride was doubly
distilled slowly at aimonphnra pressure to build up
a supply of Gﬂl‘ to be used in the experiment. The
middle third of the first distillation was re-distille
ed to provide the middle fourth of the original smount
ta\be used in the eentrifﬁga and ag a comparison
liquid. ,

105 ee of this liquid CCly was introduced inte
the rotor. This was dome either by means of an hypoe
dermic syringe with the rcfar at rest or by distilla~-
tion with the rotor spinning a8 1000 R.P.5.. In the
latter case air is pumped out of the splnning rotor.
Communication ¢s then established between the rotor
and a flask containing 150 ¢e CCl,. The spinning re-
tor acts as a pump,distilling the COl, into the ro-
tation system. When 105 ce. kdﬁ éntered the rotor the
flask was ocut off and the withdrawal commenced,

The removal of the 6614 from the rotor 1# agn'
¢omplished by a vacuum pump preceeded by two ¢old
trape each immersed in a slush of dry ice and alcohol,
the one nearest the pump being used to trap any vapor

y o3



which was nissed by the first trap. This prevents cone
tamination of the oil in the puap. The main colleation
trap condenses the vapor which diffuses out of the
rotor through the hollow drive shaft. At intervals the
process is stopped, this trap renoved and another one
subaﬁxtutad in its place., In th;a‘way separate fractions
are collected for subsequent measurement. While measurements
on 8 such fractions showed successive increases in den-
sity from the first to the last fraction removed, only
the last fraction { usually 15 ce. nquia ) showed a
sufficient density increase over that of the ordinary
materisl to be easily n&anmbio. The rate at which

the material collected in the trap could be used as a
rough measure of the temperature of the rotor providing
the speed of rotation was kept constant.

Having obtained the 15 c¢. residue from a cent-
rifugal evaporation of 105 ce. the next step was to de-
termine its density increase. This was done the follow-
ing way:

The residue and an equal volume of uncentrifuged
COly were each vacuum distilled from a flask which cone
tained anhydrous phosphorous pentoxide (Py05), Thie . -
process assured the elimination of most of the small a-
Bount of water dissolved in the GClg. Of this distille
ation the middle 5 ce. were collected in a eold trap.
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If upon maltingvthara appeared the slightest sign of
eloudiness or s2mall ice erystals visible in the liguid
6614, (M.P,~23% ) the whole praaééa was repeated. In
this fashion 5 ce. oabh of the residue and uncentri-
fuged 001, were obtained.

The dsnaity messurements were made by determin-
ing the weight of a full pyknometer containing firet
the éfﬁlnary, then the centrifuged residue and finally
the ordinary as a check. The difference in weight ape
peared in calculations only as the difference in pos-

ition of a .006 gm platinum rider necessary to pro-

~ duce identical balance points.' This eliminated un-

eertainty in the absclute value of the weights used.
In order to insure equality of temperature in the dife-
ferential density measurements, the "fullness" of the
pyknometer was determined when it was immersed in a

large tub of water the surface of which wag covered

with machine oile. The tub resided in a sub-cellar
which was sufficiently constant in temperature that

the tub remained between 18°C and 21°C in temperature

throughout the 18 months it has been in use, In the

1) Kohlrausch, FPhysical Measurements, D,Appelton & Coe,

1874,



gourse of this time 20 density measurements on

the ordinary 001, over this 49 range in temper-
ature showed a rate of change of density with tem-
perature within 2% of that given by’thn Internataanal
Oritical Tables. ( .00194 -‘L—L— at 20% )

This provided an experimental tampwatura correction
for éaah welghing. The temperature changes were read
on a Beciman thermometer placed close to the pyk~-
nometer. Between any palr of density determinations,
however, the change in temperature of the tub was
small ( never more than «01°%.)

The pyknometer itself (see Fig. 12 ) was cone-
structed of Pyrex to hold 3.60 gms CCl,. Two vertical
8lass stoppered eapillaries sttached to the bulb pro-
vided means for filling and emptying the pyknometer,
4 fine line scratched across each ¢aplllary served as
a flducial mark from which the dieplacements of the
liquid levels were measured with a cathetometer. Fre-
quent calibration of the Gapillaries giving weight
versus cathetometer readinge assured the correct cal-
eulation for the weight of & "full' pyknometer."

Having secured the cathetometer readingse of
the liquid levels in the €aplllary stems of the pyke-
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nometer it was then removed from the bath, cleansed
and dryed first with aleohol then with ether. Qlaap
and dry, it was ready to be weighed. After waiting
for temperature equilibrium in the beam balance case
the welghing was made. The size of the difference in
weight of the two samples was usually between 1.0 and
2,5 milligrame. Since the sensitivity of the beam bal-
anaa>used‘uaa 2 divisions per milligram and the only
change in the weights used was change of position of
thq 6 milligram platinum rider, it is estimated that
the aba;v differences 1n weight were probably cor-
rect te within 0,2 milligrums. :
- Havihg obtained the dzrraroma in weight, AW ,

between 3,60 gms of the ordinary and of ths aantrirugod

G014 the fractiomal ehange in density 18 AW ‘ = Ak
o | e
d
This may be compared immediately with

o e 4o T - 4(14-I,)Z7<.7<Lu)2ﬂ244@

—

B F e B

to give a measuvement of what fraction of the theoret-
ical change to be expected has been observed. This is




called for convenience, the efficiency of the centri-
fugal separation procees. The word effieiency could
be used in another sense, however, to connect the overs
all expenditure of energy of any separation process
with the separation atbtained. This is sometimes cone
venient if eompﬁvum of mmmly‘ different separatiocn
processes is desired. The word is not so used herein.

' Fig. 13 shows a table of all the density changes
and other data taken from all the first centrifugings
which have been made. Some of the peints have been

plotted in Fig. 8 ( F¢7) while all of them appear in

g/
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In the experinental work of evaporative centrie
fuging, thers were thres main types of data taken: data
concerning the operation of the centrifuge, dnta Gone
cerning the density and changes Shereof and data oone
serningthe ratio of the Lsobopes and changes therein as
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mensured in s nass spectogPaph. Three maln euuations Cone

neeting the tyres of data token two at a time may eash
be put in twe ferms, for cumposition changes and for
molegular weight &mm! chianges, The weliter of formulas

resulting are &yﬁ o be QMM&M unless it ie Wm

that they all stem fpom one phenomencn.

Under eonditions of ne flow and mmx.xmm. the
nmn Gouposition chang® between the oxis and m gsm
iphery of a spinning mmm;e ia:

| ')C,R | [I,~Iz)“)aR2

e e AT

XKoo
| X 2o
A8 ha# alrendy been derived. Wnile this i exaot for
monatomie isotopes I; and I, it 40 also exact for mole
ecules contalning these two isobopes AT they are dise
Wributed ot random throughout the molecular structures.




‘Tnis hoe been fourd to be approximately true for 01 in
With a considerable supply of lisuld 0014 at the
pepiphery (100 eely vapor drasn off ab the axis enriches
the moterial left behind with the hesvier isctopes The
pate of enricilment of the yesidue is subject to exact
formulation ' as followet :
' If a small number of melsouies (moles) AN, leave
the centrifuge, the muber of this kind { Ny ) whieh
does @0 will be proportional %o the pressurve of this
Kind at the axis, wileh in Swrm, will be equal to the
pressure of thie kind § W;) over the surface of the Jiquid
at the periphery misipited e e 0 R/ZRT

e e

C{A/Irvﬁo :/,d/{ € 2ET

Bimilarly for the segond kind

G — T
d/\/z /\/7020 —_'72& €

mmmnu | (IZ-I,) a}i@a '
it 1 e —:‘:7;/7""
a4 M Par 272

1) lmlliken and Harkine, Jour.im.Chem.Boe., 44, 44, 1901,
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For the ratic of the Wu—m——z’—z-— at the

surfaeve of the liquid, the ratio M‘ mele fractions
—%_ in the 11quld may be substituted providing the
two Asotopes exist a8 an ideal mizture 1 (and have the
sane vapor pressures when pure.® ) '

Yo wmay then write that:

e Y

' . d Nz Xz
wmmk k = e Q‘.Z_%L_%«%:}—EE—E

Ir ﬁ.' and K denote the number of moles of
each isotope in the residue at any inetant end Ny +N =N,
the %M mumber of moles present in the residue,
then by definition '

l\/.=/\/‘9(, dM:/UC/%/7L %,5//1/
Nes NXx  d b ~Nd % + %29V

1} An Jdeal mixzture is one in which Henry's Law s
true, viz., the partial prescures of velatile sclutes P,
are proportional %W the wﬂﬁ« fraotions x, dissolved,
pax where a is the wvapor pressure of nure solute,

2) Some evidence exists that this is net quite true
in GCl;. See Btedman, Can. Jour. Res., 138, 114, 1935,




Ueling these we may re-urite

AW (Lo s
sod s Az
AN = A AV
X Xz
T NN+ XdN A MYt XedW
8 Koz

On sinpiifying,

/\/&(%/ _I_d/\/ %’/VG/%L‘IL%Q//\/

o

a/r)(z——d%’
(&)“W My o

Hoting that ——cf %y Cl?(l. the abowe baegones

(I k)f_a\_/-d%?\( +7Cl)

& X
-dIZ ")é %LL
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Defining ~/Z°- as the gut ¢ then ﬁ———d/l/ = —M—/ ")
N : N %/

ar-d /CL) =+ d (Z"[’) we get thad

—

¢ XXz B ) d (Dnl)
dXz =7 0"

For $£a&1 changes of the x's produced by k which is
usnally near wiity 2 X 7 X2 =/ approxinstely and

AXZ.: {)C, Xa /%-/)A %C
= % X2 (R1) [Lri=bn ]
= X/ E o (%—/)'ZVLG

[[L"I/)LJZ/QZ

Since k wap € ZRT which may be expanded inte
l (Iz“l-,)af‘%a”
o e ZRT

we finaglly obtain an approximate expression for the
change in eoupesition of I, in the residue of an eve

aporative centrifuging.

Lt 50 00 g 1A ) A
ANz E AR




from which the change in atouic msm in the pre~
sidue 1o |

Ai- s ) DM (o ~T. )

(= X e
S

These two approximate equations (1)and @ are ime
Pertant working formulae soncerning the residue in a
eentrifuging precess from whioch the following relations
should be noticed:

A) The siaze of both the chunge in compeaibion
and the ahmn in atomie welpght are pﬂpﬁMM-
al %o
1) %y %5 the product of the frastional
compesitions (most favorsble case 507.507)
2) (S %R, the square of the peripherad
velocity

0 mat AT =AY, (I,-T,) 1o evidens tron tne
followingt

—

L ad Xo+Ts Xz
Tz .5 0. +Ia Yg
AT ST TET @ 1)+ To( -5
But since WA L 4K s
DAY == AW
AT - A¥Xzllig

@




3) the reciprogal of the absolute MMM
4) m,mzmmwmm,/lﬂ//o 1n
which N, and N are the nunher of mels. in

—- __.,,.wmw——‘v_—v—v-——-

B) The 8138 of the ehange &n cemposition 48 pro~
pertional %o the difference in the atonde
welghts of the two isotopes,

@) The sise of the change of the aversge atomis
weight i propertionsl to the equare of the
difference between the weights of the two

: 2 ) M#tapwm’

These relstions give the approximate dynamie proe-
perties of o eentrifugal separation process providing,
of course, 1% 1s operated so that the maximun separation

The efficiency of » single eents ging of GGl
fron which a residue was obtained mmnmm;;mw
change A\ ¢ Ray now be computed se followsi

1)  Hore complicated mpmnm are avallable fop

- more than two isotones. See Harkins, Jowr, Prank.
Ingt., :

the original amount and reeidue respectively.

%7




Aol Al HAT
am—;—- /\-7- 411-—7.'_ T ie measured separstely

it follows from equation (2) that the efficiency iS
Ad
efligiency -
i ' q(IZ‘II)Z X: er (JZRZ /é/L()
2 AT

whieh is sluply the ralie of the observed fractional
‘ @mﬁ&ty change %o the ealoulated fractional densily
ghange,

Returning to equation which may be written

AL =540 C ol

T.—I) % Xatd B2
IRT

e(z7/i°3’fog),%c=/ and AL=J3 i
and for a cut of — |
2( - ga; M) i R R ooy b il A
Thus successive mxw of © on the residus incresse its
swapage atesic weight [3 atonie weight unite at a time.
Each inorease of B unite changes the isetopic Patio in

the residue by a factor of arproximately

it can be seen that for » out of




P

B
e
(IZ"IJ % %Z

/

~

i (L:-L, }eJ R~
ainee %//%z Fage ZrRT.

Y:/%?. (_Z'Z_]_‘,)(,JZ/EZ
= |4 ZRT

| + £
' (IL‘II)X/ %&

N

Thus in the experiments described wherein the
maximum effioiency was atbainsd, B was equal B0 009
stomic wnite for OL (4 = .009 = ,007 molecular weight
units of GG1.) for a cut of © . For this cut the
residue contalned material in which the isotopd Patie
had changed by a faetor of |

. 009 5 e
I+ 37-35). 7éx.2l g OZ; e
ghanged by 2,55, Thus at 1000 R.P.8., 4% ean be sald
that cach separation fautor B, by whioh the residue is
reduced adds a 2.5¢ ohange to the isotope Fatie.

It 18 deeirable for many research purncees to
ebtain largs quantities of Cl and other elemente in
which the Lieotope rotio has been altered by 157, mﬁ
change would require » reduction of wolume such that
the residue would be abous © separstion factors down,
which gorresponds to a out of about &g{:, In the best

9/




arpangenent of the single stage tubular eentrifuge,
mrumtmamawmmm&aaﬂwwmm
1 96 liquid of this materisl in about 4 hours operating
time. In tids foshdon €1 with atomie weight increased

» 54 m:l.ti is resdily mmmm Comparable changes and
aseunts by the method of diffusion of H C1 through
porous pipes' requires o out of the order of (400)%,
asoonrlishable in about 4 months.

For o out of 409 the eguations derived sbove

are slightly in exver sinee, for example, the product

%, %, changee by about 107, It would be conmvenient
therefor to have more aceurate approxinations, The sime
Plest expedient 16 o use the aversge value of X, X, for
sach cut of © (separation faobor) as it is aeGomplished,
sumsing for the total ssparetion of the extrens residue.

‘There is another expression - which 18 wseful if

large Quts are to be taken which adde s small eorreciion
factor to B, napely that

As dwsoribed by w; JouriFrank.dnete, 124, 743, 1322,

m

i Fes (B+ AI)/Kn()

ne, Jour. Frank, Inst., 136, 87, 19023,
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Evaluating _Qi_@ i
s

réms gefinitaan X, +X2 =/ and
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p G TR vl uak
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then finally

i BB Sl 5(%,—3&)
4L cé%z el (ILI)Y

Thus the more eéxact expression ﬁuugh'& is

A% [+, 25, gpac

~ Thie expression is useful to check the aversging of
x gxﬁ a9 has been previously suggested, A1l oF these foraulae
are suenables to sinple caleulation which 4 not tivue of

the exact solution of the original differentisl equation.




Method of Utilizing Intermedis

In an extended fractionation where, because
the size of eaoh batech is limited, a large number of
rune must be made to accumulate enough material for a
seaané centrifuginh, an increased yield of the final
residue may be obtained if the intermediate fractions
are collected according to a pre-designed plan. Buch
a plan will be au&linad below.

For two different sized residues H and N,

AT, = %%
Ly =

Hultiplying the first by N, and the second by Ny gives

L A o M
/1/ZA Tz, B/VZ% A/a

For the intermediate fraction (ﬁ, - Ny) the problem
1s to find the value forA I . Assuning that the resulting
density of mixed fractions is additive, we get

(Ne-M)A Tz + Mo AL = M AT,
MAL, — Mo AT,
i~ At

or éﬁiizhjh =

T4
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It s evident that an intermediate fragiion muwgm
Mmaﬁmm ctmnmﬁ mﬁﬂﬂ &Mﬁ e, .. FTae &

Will contaln no change over the originsl material Bince

AT, ;=0 for tho particular frastions
To make the immorta 106 of this last equation
elearer, the fﬁmﬁw—égj has been plotted in Fig./Y
48 s function of X us percent of Ho. The Tunction has
& Baxioum for a value of 0 = e, £.0., ¥= 36,87 of N,
b € ehes unity ie sero
which is likevise true as O becomes wary large. Pairs

~ of values of residues may be phoked by inspection for
: ‘Mmaét’&c » T™hia means that material cole

lsated between mw residucs N, snd Ny will eontain no
ﬂMﬁAIM

Of particular interest ih designing s systematie
slan for the ¢ollestion of intermediate fractions are Bwe
values N, and Ny, dividing the total quantity Hg inte
three parts such that the following relations holds

%[’z
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For fraction N, - X, , Afmm ——X Light
" " AL =12 0% Heavy

Caleulations show that this can be realized
uniquely if the first fraction 18 50f Ny, for whichAT ;:-—/ 9383

- second " 1s the next 25¢ N, " " AI w2 O
"  third * last 258N," ALz 57 3848

In this way the heavy fraction would be two
uniteé ( 2 x .693 B ) heavier than the ordinary while
the light fraction would be one unit { 1 x ,693 B )
Mght.é-r than the ordinary material.

Using this system for eolleGtion of fractions a

network of centrifugings could be commenced as 18 shown

in Fig. 13. The main features of this network are:
1)  that the fraotions from various stages of the
Process are combinable without loss by mixing,
2)  that the necessary quantity of original material
18 gonsiderably reduced,
3)  that the network results in a set of evenly
8paced fractions .693 B apart,

heaviest
4)  that the overall yield in the final

'






fraction is considerably inereased for a given
total time of operation and original quantity
of material.

In all this’ wnrk attention has been directed te
the haavy residue. This has been done u&mplx because of
practicality. In one operation a cut ef e* has produc-
ed enough change ( Al= LB( to be Convenlently measure-
able. I the light fraction had been wanted, at least
two operations would have been naaaa#ary to obtain the
same change for measurement purposes, As can be seen
in Fig. 15 successive light fractions may be obtained
spaced ~+693 B apart. Each level corresponds to a
change in ths'aaatapt ratio of about 1,8% for the op~
erating conditions of the centrifuge described herein.
The formula developed for intérmadlaha'fraatiann may
be used %o ¢ompute the changes produced in the light
fractions.
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. Machinery, methods and formulae have been
anorlM for a process by which changes in the
isotopic composition of @1 in carbon tetrachloride
may be produced of suffielent magnitude and quantity
%o be useful for research in other fields, This
progess, while slightly cumbersome in its present
experimental state, is a vast improvement over
e,i-d‘er methods. With miner progeqdural revisiones, the
method of arapémuw eentrifuging should find im-
mediate appmmm 28 an inexpensive source from
which 157 or more change of the isotopic Gompos-
itien of many elements may be obtained.
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