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The discovery of uranium fission opened up vast new

possibilities for useful applications, Among these was

the energy-yielding chain reaction. In employing uranaum

for this purpose only one isotope U-,235 takes parta

Hence it was thought likely that it might be necessary

to obtain some separation of the Isotopes of uranium In.

order to liberate this energy* Representatives of the.

Navy were interested In the possible application of atomig

energy to submarine propulsion. For this purpose the use

of an energy source built up of either separated uranium

or of uranium plus heavy water seemed essential in order

to attain the small weights and small volume necessary.

for submarine installations. Accordingly, as early as

May 1939, the Naval Research Laboratory gave support to a

number of researches aimed at separating uranium isotopes,

This volume undertakes to discuss some of the aspects of

work carried out by the Navy on the Liquid Thermal Diffusion

method of isotope separation, In this first chapter the

subject of liquid thermal diffusion is considered briefly

from four points of viewt The role of the method in the

production of the atomic bomb, scientific applications of

the process, an elementary picture of thermal diffusion,

and an outline of some of the more simple theory goverrning

the phenomena,



I4. Role of Ligulid Theznl Diffusion In t1eProduct~gn
of the Atgogg Bob

Preliminary studies of liquid thermal diffusion

carried on at the Carnegie Institution of Washington showed

promise in 1940. Hence a program of study of this method

of isotope separation was supported by the Navy through

a contract with the Institution The work' waS Qlt1mteY

expanded and later transferred to the Naval Research

Laboratory. When emphasis was shifted from energy aspect

to the bomb aspect and the Manhattan District was created,

isotope studies were still continued at the Naval Research

Laboratory, looking toward useful energy produotion, The

separation method was brought to a state of praotioa

usefulness early 1h 1943.

Principal research and development work on the method

was carried out at the Naval Research Laboratory in

Washington, D.C., by a group of men which ranged from one

to six in number. In addition to Investigating liquid

thermal diffusion, this group developed the first practical

method of producing uranium hexafluoride, invented the

fluorine conditioning technique, and studied many of the

cherical and physical properties of uranium hexafluoride,

including oorrosion studies, vapor pressure, viscosity,

critioal phenomena, electrical conductivity, and self

diffusion.

In the sumaer of 1943, a small pilot plant at the
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Naval Research Laboratory shipped 236 pounds of urantlm

hexafluoride possessing partial isotopia separation to

the Metallurgical Laboratory in Chicago. This material

was of partioular value at that time because the eletro-

magnetic devioes then being studied at Berkeley were the

only other sources of separated uranium* Later, startlng

January 1944, a large pilot plant was erected at th*

Naval Base in Philadelphia.

In 7une 1944 responsible officials of the Manhattan

District eoncluded that liquid the=mal diflUwion could be

effectively employed In the atomic bomb progrea Aoeordingly,

the efforts of the liquid thermal diffusion group were

integrated into the oommon effort that led to the atoadi

bomb. The resulting S-*50 plant was coastructed in the

extremely short time of four months, largely due to the

efforts of Lt.Col. L.O. Fox, Corps of Engineers. In the

main, this unit served as a feeder for the eleetwo-magnetic

method. For this purpose, optimum over-all resUlts were

obtainable when normal uranium containing 0.715% U-235

was enhanced to .86% U-235. The value from this comparatively

modest ohange came from two sources:

l. The output of a given eleotro-magnetic unit

was increased by 20%.

2. Simultaneously, the purity of the output was

improved some 20%. The method has been credited

with shortening the war by 8 days. This was
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accomplished by the expenditum, ef 42O0OO,OOO

for the construction and, operationj or.:about

1% of the total cost of the Maahattan Project,-

Among the outstanding oharaoteristice of the equip -

ment was simplicity, leading to relatively low installation

cost and speedy construction. Prinoipal dawbaoks.wero

the relatively long relaxation times and the-hlah heat

consumption of the plant*

IUO S0entifto A2peatio s of Lic i Thermal Diffusion

The studies herein described were pursued for the

purpose of developing a separation method to.be umed-.i

World War II. Hence, the accuracy obtained and-requird

was only that neoessary to give praotioal;answers4 :.Purely

by acoident there were some results of general scientifie-

interest.

Most of the work is ia no sense complete from thO

soientifio point of view. We present it because it is of

historio interest and beoause it serves as a starting point

for further work.

While the method has been titled liquid thermal

diffusion, it should be noted that in many of the experi-

ments and much of the plant operation, part of the process

fluid was at temperatures above oritioal. Strictly speaking,

therefore, the method as employed was on these occasions a

mixture of gaseous and liquid diffusion.
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The results of our work suggest that studies of

other substances in the gaseous state under high pressure

might be quite interesting. In other oases a oambinatioa

of gaseous and liquid diffusion might be likewise proved

efficacious.

From the viewpoint of scientific interest In fMuts

research, liquid thermal diffusion is of some importance.

It is a method applicable to many other elements, and can

be used either with pure liquid compounds of the element

to be studied or solutions of this compound in water or

other solvents,

For instance, a small oolumn could produce sufficient

separation of isotopes in aqueous solution to aid in the

assignment of neutron cross-sections of the isotopes of a

given element. In the case of radioactive isotopes whose

mass was not known, the column could be used as a tool

in the assignment of mass numbers. Conversely, radioaotive

isotopes could be used in the study of column properties.

Studies involving liquid thermal diffusion give promse

of aiding in the elucidation of the liquid state* The

method can be used to separate ions dissolved in water. It

can be used to separate mixtures of organic materials. It

is probably capable of separating mixtures of proteins and

other biological materials which are fragile to chemical

methods.

No limitation on hot and cold wall temperatures need

*5-



exist* A small useful installation could, for lnstanee,

operate with a hot wall at 000. and a cold wall at 7O°0.

Many valuable results could be obtained in runs lasting a

few hours on small oolumns costing only several cents an

hour to run.

Equipment which can be used for some of the studies

indicated above oan be built for a few hundred doUarst

Once built, it is extremely simple to operate, requiring

no delicate adjustments or specialized knowledge.
III, Therma .Diffusion

We have been discussing the present and future uses

of liquid thermal diffusion. 8ome of the readers ma

wonder what this phenomenon of thermal diffusion is,

Let us suppose we have a substanae, in the form of a

liquid or a gas, consisting of two different kinds of

molecules. This could bet for example# an aqueous solution

of a salt, a mixture of two different gases, or a liquid

consisting of a given chemical compound in which one of

the elements is present as two different isotopes. Suppose

that this substance is put into a box-shaped container whiah

has a pair of opposite walls kept at different texpemrturosi

perhaps one wall is heated while the other is cooled. It

is found that the substance, which at the beginning is a

homogeneous mixture of the two kinds of molecules, after

a time becomes in general somewhat inhomogeneous. In the

material close to the hotter wall there is an excess of
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one kind of molecule, while near the -cold wall the -other

kind of molecule is present I'd excess, WedMay thln then

of thermal diffusion as a process in whiah one kindof

molecule tends to move in the direction of risinetempea.

ture, the other in the direction of falling temperature.

It must be remembered, however# that the extent of

the separation brought about by the therml diffusion'

process is very limited. This is due to the faot that

the molecules of the substance are in a conttuous tsate

of chaotic motion (associated with their therwalenegy),

so that the two kinds of molecules tend to mix* This Is

the phenomenon of ordinary diffusion (as distinct frm the

thermal diffusion previously mentioned), and it asts to

bring about uniformity in the composition of the substance.

The greater the inhomogeneity in the distribution of the

molecular species, the more rapidly does the ordinary

diffusion take place. It follows then that) as one kind

of molecule collects near the hot wall and the other near

the cold wall, the rate of remixing of the molecules In.

creases until finally a condition of equilibrium in oehed

at which the separation process due to thermal diffusion is

just balanced by the remixing process due to ordinary

diffusion,.

It turns out that, at equilibrium, the separation pro-

duoed is in general quite smalls the composition of the

substance near the hot wall differs but very little from



that near the cold wall. It is therefore iiot )aoZa,

to try to separate isotopes in a mixture bytheisim ple

process of thermal diffusion described .above, .,Thse htd

which is actually used, while based on tho..phenOmeaon -,qt

thermal diffusion, involves an additional phenomenon.,: The

walls of the container which are kept at the two,different

temperatures are vertical and close together. The density

of the fluid near the hot wall Is decreased, that near

the cold wall is inoreased, and oonveqtion sets ini ..

the course of which the fluid near the.hot wall rises,

while that near the cold wall descends, In..th ,way a

situation is brought about where two streams of fluid flow

past each other and at the same time exohang molecules Ot

the two species because of the thermal diffusion. The

stream near the hot wall catches the molecules movins toward

that wall by thermal diffusion and carries them upward,

while near the cold wall molecules of the other kind are

carried down by the convection flow there. The result is

that one kind of molecule aocumulates near the.. of the

container while the other kind oolleots near the botL.*

It turns out that this method of couater-currents under

suitable conditions may be much more effective in bringing

about separation of the constituents of the fluid. than. .he

unaided phenomenon of thermal diffusion, It is this coom-.

bination of thermal diffusion and convection that is

utilized in the apparatus to be described.
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While this process can be carried out both in liquids

and in gases, it has been found that for the separation of

the uranium isotopes in uranium hexafluoride, the liquid

or gas under high pressure is much more satisfactory from

the standpoint of the yield obtained and hence this em'o-

bination will be dealt with exclusively in the present

work,

IV* Introduotory7 Theor of the olumn

The apparatus used in the work, to be referred to

hereafter as a "column" was in the form of three long

vertical coaxial cylinders, two of which bounded the space

in which the working fluid was kept* The length of the

column used varied in different experiments from 12 to 48
feet, the latter being the length finally adopted. The

annular space between the cylinders in whioh the working

fluid was kept had a diameter of about 4.25 OmS, with

the spacing between the walls of the order of 0.025 cm.

The inner or hot wall was maintained at a temperature

whioh varied in different experiments from about 1500 to

about 3200., while the outer or cold wall was kept at a

temperature near 700a It is found that when a column is

filled with the uranium hexafluoride, the process or working

fluid, and kept at the conditions described, isotope sepa-

tation actually takes place. The fluid at the top of the

column gradually becomes richer in the light isotope U-235*

while that at the bottom acquires relatively more U-238,

-f9-o



The separation process can be described quatitatively

by introducing the concept of the separation factot. *-t

us denote by o the concentration of the light isotopet

i.e., the fraction of the molecules containing atoam of

U-235. Then 1-o is the concentration of tb hoaty

isotope, If we let OT denote the Yalue of o at'the

top of the column and OB that at the bottom of the

column, then we define the separationfactor 8 by the

relation

OT

O - T T (i-OB)

1 - B

It tUrns out that this separation factor plays a fundamental

role in the theory of the behavior of the column. To giTe

some idea of the orders of magnitude involved, it might be

mentioned that in a typical case a separation factor 3 - 194

was obtained in 5 days, while the limiting or equilibrium

value obtained after the column had been run for a much

longer period was S. w 1*6. In a few columns separation

factors were much higher going up to S. - 2.5.

It was previously pointed out that in the column one

oonstituent, in this case the lighter one, moves toward

the hot wall, while the other, the heavier one, moves

toward the cold wall, due to thermal diffusion, and that

-10.



at the same time the fluid near the hot .wal1 moves upward

while that near the cold wall moves downward., dueto eon-

vection. This results in an accumulation of the light

constituent near the top and of the heavy one near the

bottom. However, there are factors working to bring about

a remixing. The ordinary diffusion process is active: ao

the concentration up the column begins to vary with the

height, ordinary diffusion in the vertical direction sets

in, tending to make the concentration more uniform. Besides

this, mixing takes place between the two streams because

of the ordinary diffusion in a horizontal direction from

one to the others Then too, there are other causes of

mixing such as local irregularities in the temperature and

flow distribution, known as parasitio convection# agitation

of the fluid by mechanical vibrations, etc.

By taking into acoount these various effects, one

finds that the behavior of the column may be described

approximately by the following differential equation:

iM 00 (2)
L 0 t z

where c, as before is the concentration of the light

constituent, t is the time, z is the distance measured up

the column, M is the hold-up mass, i.e., the mass of the

material in the column, and L is the length of the column,



so that ML is the hold-up mass per unit length* The

quantity r is the net rate of transport of the light

constituent and is given by

T - Pa + He (1-c) - K 2.. (3)

where P is the produot rate, i.e., the rate at which

material is being withdrawn from the top of the column,

Pa being the oorresponding rate for the light constituent,

and H and K are oonstants, The oonstant H is associated

with the separative process in the column, while K is

assooiated with the remixing prooesses.

For the case of small conoentrations (a << 1) it Is

not too difficult to investigate the problem invalviag de-

pendenoe on the time, as, for example, when the oolumn is

set into. operation and approaches equilibrium If a << .a

the differential equation obtained by substituting Hq. (3),

with P = 0 in Eq. (2), is found to be

2 2 a
X OCet.ew. 0L 0 - (4)

te2 a z

where X, the "time constant'" of the oolumn, in given by

xanA
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with

and

H (7)

If the column is in a steady state, so that no changes

take place with time, then we have

Z - oonstant w P OT (8)

sinoe in that ease the upward rate of transport of the

light constituent must equal the rate at which it is r.e*

moved from the column. In particular, if no product Ia

being removed (P - 0), we get the dase of equilibruftfor

which, if we define S as before, i.e.,

OT (1 - OB)s - - B -, (9)

oB (I - OT)

it follows that (using the symbol S. to denote the value at

equilibrium)

sI s ein (r0

If product is being removed (P > 0), we shall simplify

-"131"



matters here by considering the case in whieh a is very

small compared to unity, which is the ease of greatest

interest at present# One finds then that

V+ +' +7)YPMo " I( .

where

7/aSP/H . (12)

In the problem of approach to equilibrium, with the

column either closed at both ends, or attached to a storae

chamber at one end or the other, or both# the solution of

the equation is expressible in the form: S is a certain

function of t/X and certain constants associated with

the column and the storage chamber, In a number of oases

the function can be represented In the form:

SM Se - An 0 'kn(t/X) , (13)

n-i1

where the A and kn are constant coefficients and S, is

the equilibrium value of the separation factor. After a

suffioiently long time, all but the first term can be

negleoted in the series and one oan write it



s I* A .A3. (04)

which is of a convenient form.

This equation states that separation Ua.a..*olumn ap-

proaohes an equilibrium value In familiar exponential Maaer,



A StJRVEY OF TIM IITRATURS Iff-UVANT TO

H.mo Moseley

To provide the background for the liquid themal

diffusion method of isotope separationt this prsent

chapter surveys the status of experiment and theory as

it existed in early 1940* While this volume i. devoted

primarily to the liquid case, we will describe experi'

mental work on both gaseous and liquid thermal ditfuslon

because of the similarities existing between the two

processes. Sines much less is known about liquids than

about gaSes, analogies to the gas case are of value in

planning liquid experiments. The basic prooess inthormal

diffusion is the separation whioh occurs when a mixture is

subjected simultaneously to two different .temperatures.

The diffusion oolumn merely magnifies the simple effect,

If one is to understand thernal diffusion, he must uander-

stand first the basis process. In the gas case# this simple

process appears to be understood. ror a review of gaseous

thermal diffusion the reader is referred to the work of

R.C. Tones and WH. Furry1 * The basic process in the case

of liquids is not understood. For the case of pure sub-

stances, almost nothing is known. However# a considerable

amount of experimental work and theoretioal study has been

devoted to a special case of liquid thermal diffusion --

the Soret Effect.

-1-



I Th Soret Atf eot

If a temperature gradient is maintained in &n

originally homogeneous salt solution, it t found tha&,

after a time, a oonoentration gradient will also .exis

in the solution, This phenoenon was first obseorvedby

Ludwig2 ; however, it became customary to refer to it as

the soret 3 ' 4 ' 5 effe o after its seond dioe r..

Ludwig placed a solution of NA2804 . Lin a U-tube, one

limb of which was kept at 1000Cp the other at O0 After

two days, he observed solid orystals in the cold limb,

while the concentration in the hot limb had decreased

by a factor of 1/2.

The technique used by Soret was slightly differnto

A vertical tube of 30 cm. length and 2 cm. diameter was

filled with the solution to be investigated# oopper

sulphate, for example, The upper end was then heated te

and maintained at 8090* whereas the lower end was hold

at 2000. After a few months small samples of the solution

taken from both ends were analyzed, yielding a typical

result:

A B

% copper sulphate at cold ends 17.33% 29o87%

% copper sulphate at hot ends 14.03% 23,82%

Soret studied solution of KNO 3, 1l, NaOl. LiOl, and

CuSO4 in this manner, obtain.ng a small change in



concentration in all oases.

No theoretioal explanation of the PheaOMeno was

offered until 1887s at which time Van't Hoft6 .a.ttipt.4

to aooount for it on the basis of his theory of. 4tlute

solutions. Aocording to the view taken by Vant Ertt

equilibrium is obtained when the osmotio pressure- is

everywhere the samep and s1nae, aooording to hbis well-

known theory, the osmotio pressure is given by

p - aR (1)

where 0 is the molar ooncentration, R the universal

gas oonstant, and T the absolute temperature, this view

leads to the equation oT a a constant, or

01/02 T2 /T (2)

as the oriterion for equilibrium. Applying this equation

to the data given by Sorets we find that the ratio of the

concentrations should equal 1o205. In the two examples

quoted above# the values found are (A) 1, 2 3 5 0 and (B)

1.2541 which are of the correct order of magnitude,

Eq, (2) proved to be approximately true for OuSO P NaC1,

KCl, and LiOl.

Using apparatus similar to that employed by Sorets

003-



BeroheM7 investigated aqueous solutions of R01 and U 3 .

Shortly thereafter, Arrhenlu,8 *9 extended the 1nvestiga-

tion to more dilute solutions, employing a tube of 1$

cm length, the top maintained at 6700, the bottm at

2700. Aocording to the Venat Hoff theory, the equillbrim

ratio of the concentrations should equal 1.133. Typical

of Arrhenius' data are the results (for times of 89

90 days):

Solution 027/067

0.02 n NaOH 1087

01 n NaONi 1.123

1.0 n NaOH 1.167

0.1 n 1/20Us04  1,088

1.0 - l/20QS0 4  19456

1,0 A NaOl 1,049

in which concentration ratios both below and above the

theoretical value were obtained. The data of Arrhenius

served to indicate that the Soret Effect is not crapoetely

accounted for by Eq. (2). Since they Indicate that the

effect depends on the substance being investigated and

its concentration as well as the temperature difference$

these data not only demonstrated the incorrectness of the

theory, but also made desirable more experimental work#

Abegg O , in a paper dealing for the most part with



demonstration experiments, diseussed the etfect of the

shape of the apparatus oa the time requi"ed ,to obtaiansub-

stantially equilibrium separation. In bls apparatus,

in which (a) the Interfacial area of hot. and oold, Usi

faces was as large as practical$ and (b) the volume O

the cold mass was sall in comparison with that of the

hot, Abegg obtained crystals of QuSO in the. cold *ide
4

after 2 hours, which oam be compared with Arrhenius'

experimental time of 90 daysq

For the most part, however, little additional exprw.

mental work was reported until almost twenty years..anew

the publication of Arrheniuat results, In 1914, wareide11012

reported results on HaC1 NaOHp and CuSO4; in addition, he

extended the investigation to solutions of organio. os-

pounds (antiprine, glycerine, acetic acid, a0etonel

aloohol) and non-eleotrolytes, Using a small 0ell of

reotangular cross-section and 1.5 am In height in place

of the long tube, a4d obtaining his analyses by means of

refractive index measurements, he was also able to obtain

approach-to-equilibrium data without disturbing the system*

ereide proposed a theory based on the change in the rate

of ordinary diffusion with the temperature, but adritted

his results were not in aocord with his theory,

Chipm n13 , by utilizing the changes in electrical

conduotivity of solutions with change in oonoentration,

was also able to follow the approach to equilibrim. His
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Investigations were, for the moot part* Oonerined with

0,1 normal solutions of about 40 different salts, With

his hot temperature at 3000, cold at 2000, he obtaiae

values of the ratio 020/403 randomly distributed betweeA

1 for N14l and 3 times the theoretiCal value for "(OR) 2 0

No explanation of the disorepanoy was offeredo,

In addition, Ohipman investigated 26 solutions of

HC1 of ooncentrations varying from 0.00002 nor=a to

13.6 normal. He found that the peroentage separatioa

inoreased steadily as the oonoentration increased3 reaoh in

a maximum at about 0.1 normal, then fell off for higher

ooncentrations.

The latest report of experimental work on the Soret

Effeot is that of Tanner,1 4 who, like Wereide, employed

an optioal method of analysiso Tanner's investigations

overed solutious of some 35 oompounds. Porter 1 5 attempted

to explain some of the results obtained by Tanner by

theoretical reasoning different from that employed by

Van't Hoff. By considering a plane being bombarded ftr

opposite direction perpendioular to the plane, he finds

that the net number of partioles passing through the plane

is l/6d(cu) where o is the concentration of the solvent

and u the average velocity of the partioles. Assuing

U proportional to the square root of the temperature,

this yields, at equilibrium
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c /2 a a constant. (3)

Like the equation aT const., 1.q, (3) agrees with SmO

experimental results and not with others* Oonsequentlyt

Porter introduoes a faotor I& depending on the ioa-za.

tion, and states that

-T /2 conat(

the presence of the factor i causing the difference of

the Soret Effect in different oases. No further disussion

of the I is given; its introduotion must be regarded ax

an ad hoe assumption.

It should also be nioted that Eastmanl6 I in applying

the first and second laws of thermodynamios to the de-

duction of equilibrium conditions in non-isothermal

systems, has treated the Soret ffeot, arriving at the

oonolusion that in perfeot solutions it is entirely the

result of irreversible prooesses and does not represent a

thermodynamic equilibrium. In imperfeot solutions his work

Indioates the Soret Effect to consist in part of a re-

versible effect.

In sumnary, although considerable experimental re-

sults are available in the literature, a satiafaotory ex.

planation of the Soret Effeot has not yet been advanoed.



11 The Thermal Diffusion (olUsiUsefliozel). 0cm

(a) Note n The e

The theory of the thermal diffusion column is -*rea

in detail elsewhere in this report, references to pfitious

work being given where due. It suffices hn to moatita

those theoretical investigators who were most active in

developing the theory during the year 1939. ThoeSe Include

Furry, Tones and Onsager 1 7 WaldnmannlBul9, van der Orten2 0 ,

Debye21 , and WirtZ22 # For the most parts these men dealt

with equilibrium onditions and with approximate .solutions

of the time dependent differential equation, The ereot

solution of the time dependent equation, under VaricUs

set of boundary conditions, for the ease in which the

concentration of one component is small compard to unity,

was later given by Bardeen23.

(b) .!nerlmenta!_Work

In 1938 Olusius and Dioke124 ingeniously used oa-

vection currents to enhance the normal thermal diffusion

prooess considerably. Their discovery of the fact that

the substitution of a horizontal temperature gradient In

place of the vertical gradient increased the separation to

an enormous extent, made thermal diffusion a method of

praotioal utility for isotope separation.

Soon after the appearance of Olusius and Diekel's

initial paper on this subjeot, describing the "Trennrohr"
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only sketchily, a number of LAvestigato's, both in this

country and in Europe, began work on the u iJatiQoa qr

the thermal diffusioa column, In spite of the appearance

of other investigators, however, the most oMprehensive

report on the usefulness of the thermal diffusion oolUmnA

and the epirioally found laws SoverAing its operation

is contained in later papers by Clusius and Diaok425,2
8

The column employed by Oluslus nd Diokel in thIr

preliminary experiments eonsisted of a glass tube about

one meter long and of about I em internal diameter,

surmounted by a sphere of about 1 liter capaeity. This

tube was enclosed in a second tube through which Cooling

water could be run. A Or-Ni wire stretched down Ohe Oenew

of the tube served as the hot wall, it being heated

eleotrically.

A mixture containing 42,5% 00 and 57.5% % was em-

ployed to test the operation. The ourrent was adjusted to

give a wire temperature of about 50000. After one hour,

20 cm3 of gas were drawn off the bottom, analysis of which

indicated praotioally pure C02. This result was encouraging

enough to lead Clusius and iokel to a further investiga-

tion of their "Trennrohr"O

Their next experiment was with dry air, for which

they used a tube of 0.84 cm radius and 260 am length.

After five hours operation at a wire temperature of 65000,
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12 =3a of gas were withdrawn from the bottcn of he

olumn, tbhLs Sample analyzing as 43.0% oxygen. Simlar

results were obtained in various other experiments.

As a final preliminary tost to determIne-whethebr the

method could be used for the separation of isotopes, the

260 om tube was employed for the separatiOn o2 the.Aeon

isotopes. After an eight-day ruA with the wire At. 6000

a 10 cm' sample yielded the following analysis:

1W20  Ne21 se 22

Normal Non 90.0% o.% 9.7%

sample 68.4% 0.6% 31.0%

With these promising preliminary results proving the

usefulness of the method, Clusius and Dickel began a

lengthy investigation of the laws governing the operation

of the thermal diffusion oolumn, their purpose being to

determine the dependence of the equilibrium separation

and the transport on;

(a) the radius

(b) the length

(a) the pressure

(d) the mixing ratio of the two species

(e) the temperature differenoe, and

(t) the time.

Dry 002-free air was used rather than an isotope mixture

for ease of analysis.
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Ratheor than quote num erical results, we give their

conlusions in brief outline formt

A* Equilibrium separation:

1, Varles approximately'as the inverse

fourth power ot the 4iffeioe of the

radius of the tube and that O-f*he wir

in the range (0.4 - 10 um) investigatOd.

2. Rises to a maximum at a pressure

depending, Of course, on the values of

the other variables, falling oft tw

this maximum at higher pressures approzi.

mately as the inverse square of the '

pressure.

B. Transportt

1. Proportional to the square of the

pressure,

2. Proportional to the fourth power Of

the tube radius,

3a. Proportional to the square of the

temperature differenoe, as long as

this value is small,

4. Independent of the length of the tube,

C. Approach to Zquilibrlumt

l. Separation proportional to the square

root of the time for omparatively

small times.
-11-



Finallyt using a group of columns oca0eote4 La series,

clustus and Dioke were able to realize a practioafY

complete separation of the isotopes of chlo ne, The

produot at the heavy end analyzed 99.4% aox37, whio

that at the light end analyrd 99.6% ao15, Wtih one

exception, all tubes had a radius of 0.84 a the radUs

of the other column being 1,28 oz; the hot temporatue was

around 70000,
As mentioned above, shortly after the appearae ot

olusius and Doikel's original note on the thomal dit*

fusion oolumn, several others uadertook invostiation

with it. In most oases the later workers modifie4 the

olumn along lines introduaed by Brewer and Bramle, La#

the hot wire was replaced by an inner tube, so that the

material being investigated was contalned in the annular

space between two ooncentric cylinders.

Brewer and Bramley29 e3 2 g employing a oolumn I meor

long and using a temperature difference of about 35000,

studied mixtures of Ma and UK3 . On varying the wall

clearance from 0.13 am to 2.2 cm, they found that the

separation rose sharply with inareasing wall spaoing,

reached a broad maximum at around 0.7 am, and then fell

off for larger spacings* The variation of separation vith

pressure was also studied, and for the 0.7 am wall spacti

a rather broad maximlm occurred at about 20 em Hg.
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lBrewer and Braisley state thlt thlb 9aehiiam Of

energy flow froM the hot to the eold suarfie 'onsists of

a series of swirls in the gas betweeA these surfaces,

rather then by an overall coaveotion - UrrAt up thb'ht

wall and down the cold, as assumed by other Invostigatolw

Groth3 3 , asing a hot wive apparatus of 250 oa Iest

anld 0.5 am wall clearance# studied th6 separatioa of the

Xenon isotopes. His results wert positivo, but do not

show the quantitative separations# sinues he reports only

the difference in atoic@ weight of samples from tho adds

of the column. ?Iorml Xenon exists aso a mixture of Xtift

isotopes# His equilibriun values for the difforenes in

atomic weight of the samples taken from the top and bottom.

were:

for hot temp.t 1650 00. At.wt, a 0.96 units

for hot tamp.* 120000. Atowtv a 0*65 uaits.

In addition Groth found a shift in the atomic weight

of mercury after a 60 hour run with an apparatus of 92

meter length and 04 cm wall clearance.

Taylor and Glookler%4 35 constructed a 40.foot OOl'.

centric tube column with an annular spaae of 0.9 aa#

employing it to study the possible separation of the'eaz'bon

isotopes, using OH 4 WatSQA36 also studied the separattoa

of the carbon Isotopes, obtaining a separation taotor of

about 2.4.

4.130*



Maer and flardeen 3 7 # fom at unit 74 feet'1649, -Oba

tained every 48 hours 308 mog. or 073I in which tho
013/012 ratio had been inoreased 11.5 tims.

Itorsohing and 17irtz84 investigated the sepawtlou

of liquid mixtures# for example# hexane and earbon tet~ma.

ahloride, and aqueous salt solutions* Using an appariWs

of 90 mm length and or 0,.25 =a wall clearanoe with a

temperature differsee of 5009 and starting with a 5O( 0

mixture of hexane and carbon tetraohlorideq they obtain

results for a run of one day* and, on extrapolating those

results, arrived at the conolusion that their apparatus

would yield an equilibrium separation factor or AtoM4,10,

with a relaxation time somewhere between 500 and 1000-dayot
With the same apparatus# the following relsulte a"

typical salt solutions:

EXPO No. Substanoe mol./Utter Time 0t

3. ZU0l2  0.1 60 )hre. 1.5

2 ZziGl 2  0.41 72 brs. 14#05

3 ZnS04  0.1 48 two.* 4*4

4 Zn'SO4  0*4 48 hra. 7#3

5 Z4304  0.6 48 W" a 9.65

The samples fr'om experiment No. 4 above were analyzed

speatroooopically by exaning the hyperfine structure of

the ZntI line n 7479 A0 for possible separation of the
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zinc isotopes. A suewary of results is u tollows|

Nomal Sample
Mass Spetr. speotroo

a4nal $is aDatt.i.

64 Z,
2.84 2.93 3.2 2.7

64 zn
66 Z 185 1.89 1.95 1.7

66 Zn
66 z.1 53 ls561 65 1,56

Clusiun and Diokel27 report the experiments described

below# carried out In a sheetiron box of dimensions 20 m

X 1 mm x 150 om. The top side of the box was heated with

steam or hot water, while the lower side was held at a

lower temperature with cold water# onvection was obtained

by inolining the box to the vertioal, the inolination being

adjusted to make the separation a maxium.

(c) Liquid Mixtures: An aoetone-water mixture* originally

42.2 mole-% aaetone, yielded a sample at the bottom or

"heavy" end containing 6.2 mole-% acetone after operation

for 6 hours with a temperature differenoe of 400. It is

noteworthy that water, in spite of its small or moleoular

weight in the monomoleoular form, conoentrates at the

"heavy" end. This result agrees with the conception of

the polymerio structure of water*
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Isotope1 searation: After a ru of 8, hours ate tepea

ture difference of 80o0, an N20 - D2O mixtue yielded

62,9% D20 at the top or 'light" end, and 64#5% D20 at the

opposite end. The thermal diffusion effect in liquid

mixtures of isotopes is here demonstrated fot:the-first

time. That the effect is small is not surprising since

the polymerization of water leads to a small value of the

ratio 5..A!&
M2 + MIJl
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HISTORY

In :une 1940 the desirability of separating uranium

isotopes was very apparent. While there was some doubt

as to whether a nuclear chain reaotioan might be made to

proceed using unseparated uranium, it appeared quite

probable that energy could be obtained from separated

isotopes of uranium. The task was clearly enormous, it

was certain that some kilograms of highly separated

material would be neoessary or that tons of uranium pox-

sessing a small separation would be required for a ohain

reaction, The previous scale of separations of light

elements was of the order of a fraction of a gram per day.

For a heavy element like uranium, the problem of isotope

separation would oertainly be far more difficult. Of all

the methods known at that time none was understood suf-

fioiently well to permit an immediate engineering develop-

ments It was therefore desirable to investigate any method

which showed some promise. Liquid thermal diffusion seemed

to be such a method,

I. Preliminary Survey of Liquid Thermal Diffusion

It should be clear from the previous chapter that

the state of knowledge regarding liquid thermal diffusion

was far from complete in 1940, A few experiments had been

oonducted with water solutions and with mixtures of organio
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liquids. A simple experiment had been conducted with a

pure liquid -.- water, which had given a separatio ftaotor

of 1025*. No experizents had been conducted employif

heavy elements, and no tests had been made involving

uranium in any fon=. No dependable theory had been evolv*4

covering the phenomena, and the dependence of sepa atimn

on apparatus oonstants had nlot even been suweyed, Very

little was known regarding behavior as a funation of

temperature conditions.

Accordingly, in auly 1940 an exploratory progrM was

initiated at the Department of Terrestrial Magnetism of

the Carnegie Institution of Washington. Work was conducted

by P.R. Abelson under the general direotion of M.A, TtWe

and of 7ohn A. Fleming, Director of the Department of

Terrestrial Magnetism. Principal effort was devoted to

verification of the work of Koreching and Wirtz', plus an

investigation of the effect of apparatus oonstants and

temperature on separation. The general correctness of the

German work was verified, and the striking dependence of

column behavior on spacing was demonstrated. Temperature

conditions and column length were shown to play an important

role. Work on a series of potassium salts# KI01, JMr

K1C0 4, K2CR 2 0 7, showed that the isotope separation ob'.

tainable in potassium did not vary much with the molecular

weight of the substance used. In the case of solutions It

was clear that the primary effect occurring waS a separation
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of solute and solvent. In one case where a *epa rti*a

faotor of l.2 was obtained in K39 versus r .41, 'asimltaneous

change in solute oonoentration of a faotor of14 'a1so

ocourred.

Extrapolating this effect to larger isotope separation,

one would predict that the solute concentration would

rapidly approach zero at the top, when higher isotope

separations were earried out in an aqueous solution* Studies

on aqueous uranium solutions showed further that the c*

pounds employed tended to hydrolyze in the column, probably

due to changes in ph occurring during operation of the olun n

The obvious answer to these diffioulties lay in the use of

a pure single compound of uranium. Uranium hexafluoride

was the only substance then known which might possibly be

employed. Unfortunately, this substance had been previously

prepared only in quantities of the order of grams. Its

physical properties were not well known and its oorrosion

characteristics had not been determined.

By September 1940 the work on aqueous solutions had

been completed. It seemed worthwhile to expand the research

with emphasis on the possible use of uranium hexafluoride.

Ross Gum of the Naval Research Laboratory was interested

in the work as was Lyman ;, Briggs, Direotor of the Bureau

of Standards. Both men were then members of the Uranium

Committee, Briggs serving as chairman. An arrangement was

made under which the Naval Research Laboratory made t2,500
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available to the Carnegie Institution. of.-WashingtOn-fo

further studies. It was understood that the Institution

would use the money for the payment of expenses for equip'.

meat while itself paying Abelson's salary. Due to the

existence of special facilities at the Bureau of Standards,

the researoh work was moved there*

TI. Production of UF6

The first problem to be solved was the production of

UF6 . A survey of the possibilities showed that the best

method was the fluorination of metallic uranium, The metal

was expensive and fluorine was not commercially available#

A method of production was devised employing fluorination

of Up 4 . This substance could be prepared by'ordinary wet

chemical methods easily and cheaply. To obtain uranium

hexafluoride from the compound required addition of two

rather than six fluorine atoms. The method was first tried

using a fluorine generator at the Naval Research Laboratory

in October 1940. Facilities were then installed in the

Chemistry Division at the Bureau of Standards permitting

production of as high as 800 grams of uranium hexafluoride

per day. At that time this installation was the only one

in the country capable of producing such smounts. During

the major portion of 1941 this equipment, together with

a similar installation later made at the Naval Research

laboratory, supplied the research requirements of the
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various organizations employing uranium-hexarluontde on

isotope separation.

Corrosion studies were made on a number of metals

including nickel and some of its alloys$ eopperp .t1(a

silver solder, and stainless steel* It was l4rneAd that

the ability of these substanoes to withstand attaok by

uranium hexafluoride was enhanced by a oonditioaing prooess

involving pre-treatment with fluorine gas,

III. Igitial utah!u .Is-otope-segarat!0n

With the chemical properties of uranium hexafluoride

Investigated, it was possible with some oonfidenoe to build

a liquid thermal diffusion oolumn, knowing that the process

fluid would not decompose in the column and that the fluid

could be handled successfully. Accordingly, a 1 foot long

column was built and operated with uranium hezafluoridet

Runs on this column were made in April 1941. The results

showed a small separation about equal to the probable error

of the measurement. The decision was then made to build a

longer column and employ higher temperature differences in

an effort to verify the effect. Due to the special facilities

existing at the Naval Research Laboratory, the work was

moved to that site in ;une 1941. There the work was con-*

ducted under the general soientifio supervision of Ross Oua,

with Rear Admiral H.G. Bowen, USN, Director of the Laboratory*

In September 1941 P.11. Abelson was joined by John I. Hoover

.5-M



who was second in command of the experimental wo*k

throughout the course of study both at Anaoostia and

later at Philadelphia*

Ultimately a hIgh-pressure boiler was obtained and

a 36 foot column built and installed iii January .1942.

This oolumn had a spaes of 0.053 om and gave a. sepa-.

ration of 1.02. The half-time for the ooiumn was about

a day, A seoond column having a spaes of 0.068 em gave

a separation of 1#014 with a half-time of about a day,

These results indicated the need for narrower spaoingo

A column possessing a spaoing of 0.038 am was installed

in June 1942, whioh gave a separation factor of 1.11

with a half-time of about 12 hours. With these encourag

results it was a simple matter to pursue suecessfully the

question of optimum spacing and establish that the best

value lay olose to 0.025 cm,

While this optinmm value was being established, eon.

siderable experience was gained in the operation of liquid

thermal diffusion columns employing uranium hexafluorides

It was found that the equipment was easy to operate. By

cutting oolumns apart, it was determined that no great

corrosion difficulties were involved. These favorable

circumstances led to a decision to increase the scope of

the work by building at the Naval Researoh Laboratory a

14-oolumn pilot plant. It was hoped with this *quipment t

separate small quantities of uranium for experimental
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purposes and to acquire experience in running a number

of columns in series and parallel combinations. it was

further felt that by running a number or oolumns simul-

taneously, information might be acquired at a speedier

rate. Work on this plant was authorized In Tuly 1942, alld

the plant was substantially complete by November 15th of

that year. It was placed in successful operation and In

the course of the subsequent 6 months fulfilled its purposeo

During this period William N. Blatt, Robert . Ruskin,

Edward Drott, 4r., and Waldo Z. Whybrew were added to the

experimental group. The services of Nathan Rosen were

obtained to take care of theoretioal studies,

IV* Vigits of Manhatta Distriat-Reviewing OoMttees

It was the policy of the Naval Research Laboratory to

conmunicate results to the s.1 Committee and later to the

Manhattan District as soon as any information was estab-

lished. Aooordingly, in August 1942, Lyman ;# Briggs was

informed of the new developments regarding the process.

This led ultimately to a visit In October by General L.R.

Groves, together with Admiral WR. Purnell. LAter, in

January 1943, the installation was inspected by a special

committee assembled by the Manhattan District, This group

consisted of Lyman Z., Briggs, Harold Urey and E.V. Murphree,

with Karl Cohen and W.IT Thompson as advisers* The Committee

was impressed by the simplicity of the equipment and coamented

favorably. No action was taken.-701



In a Naval Researah Laboratory repot subuittet in

January 1943 the advantages of an enrihod shaU reao0or

were pointed out and it was shown that a purey n=8as y

sized thermal diffusion plant (1 w 2 millton dollars) wotld

be neoessary to provide the necessary sepaated isotopes.

During the next 6 months Improvements were made in

column construotion. The small pilot plant prodused some

236 pounds of uranium hexafluoride possessing Isotope

separation. The quantity and the isotope separation worn

greater than had been obtained fromn the gaseous diffusion

method up to that time.

In August 1943 another ommittee was appointed, GOlo

sisting of Lyman 3. Briggs, Harold C. Uroy, .1.. turphreet

and WKI. Lewisj with Karl Cohen and W.I. Thompson serving

as technical advisers. On September 8. 1943* the comttee

submitted a report to James Bo Conant emphasizing the

large steam consumption involved in the process were the

goal to be 1 kg 90% U-235 per day. The magnitude of the

proposed steam installation can be Sudged from the oost

(C70,000000O)0 The thermal diffusion plant itself vas

estimated to cost 055,000,000°

They were also oonoerned with the long equilibrum

time to produoe 90% U-235. In disoussing the use of

partially eariched feed for another processe the stateMOO

was made, "The possibility of using liquid thermal ditftals*

for the production of an enriched product such as 3#5% fto
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feed to another type of unit for final enrichment seems

inadvisable in view of the large steam consumption an4

the considerable addition to the time required to teach

equilibrium operating oonditions". The Ocmittee- favored

"Support from the S-l Committee and the Manhattan Distriot

on work directed 'toward improving the efficlency of the

liquid thermal diffusion process".

V. P~~hiladelphi io ln

The Naval Research Laboratory deolded to continue its

isotope studies with the object of providing an alternate

method in the event that the magnetic or gaseous diffusion

methods failed. Our further work therefore was in the nature

of an insurance against unforeseen events, A survey of

Naval establishments indioated that the Naval Boiler and

Turbine Laboratory at the Philadelphia Naval Base pos-

sessed a number of unique faoilities. Building space

was available, cooling water could easily be obtained,

and the engineers at that Laboratory had considerable ex-

perience in high-pressure steam and in large-soale heavy

construction. Authorization to build a 300-unit pilot

plant at Philadelphia was obtained on November 17, 1943

under a project order signed by Rear Admiral Earle Mills#

U3N, Assistant Chief of the Bureau of Ships. Construction

of the installation began about January I 1944. The Naval

Boiler and Turbine Laboratory operated under the general

direction of Captain C.A. Bonvillian, USN, and Samuel Wier

was assigned by the Naval Boiler and Turbine Laboratory
to oooperate with the Naval Researoh Laboratory on the
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construction of the plant* The Naval Boiler 6nd Turbine

Laboratory undertook to design, oonstruot, and operate

the equipment necessary to supply steam and cooling water

for the installation, The Naval Research Laboratory under-

took to design the columns and subsidiary equipment neces-

sary for operation of the columns, and to operate them.

In much of the design they were assisted by Samuel Wier*

In building the Philadelphia plant, a primary con-

sideration wao to build something which might serve as a

model should the Manhattan District find it desirable to

utilize liquid thermal diffusion in their atomic bomb

program. Accordingly, a basic unit of a rack consisting of

102 columns was chosen with the thought that, were a large

expansion to occur, it would be possible to duplioate the

basic unit a large number of times.

vi. The Thermal Diffusion lant at Oak idge (S-9J,

In lune 1944 the Philadelphia plant was approaching

completion. 3.R. Oppenheimer learned of our progress and

recognized the value that partially separated uranium would

have when used in conjunction with the electromagnetic plant.

At that time the eloctromagnetic plant was the only unit

in operation, and it was highly desirable that its pro*.

duction should be increased. The matter of the potentialities

of liquid thermal diffusion as a method of aocomplishing this

objeotive was brought to the attention of General I.R. Groves
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by J.R. Oppenheimer. Aooordinglyo a reviewing committee

consisting of Richard Tolman, WR. Lewis, E*V, Murphre*#

Karl Cohen, and William Thompson visited the Philadelphia

installation about June 15, 1944. Their report to General

Groves was favorable. The decision was made Vo build a

liquid thermal diffusion plant at Oak Ridge employing

steam from a power house built for the gaseous diffusion

process. Work on the power house had been completed ahead

of the gaseous diffusioh plant so that steam was available,

On June 26, 1944, General L.R* Groves, aooompanied by

Richard Tolman, W.I. Thompson of the Ferguson Corporation,

and Lt,Col, M.0, Fox arrived at the Naval Research Labora-

tory for the purpose of obtaining such information as was

available concerning work on the thermal diffusion process.-

Blueprints of the Philadelphia installation were turned

over to them. General Groves issued instructions that the

Oak Ridge installation was to be built as a "Ohinese Copy"

of the Philadelphia plant.

Speed of construction of the Oak Ridge installation

was phenomenal* Ground was broken for the S-50 plant on

July 6, 1944, and the first columns were available for Con.

ditioning on September 15th. The plant was substantially

complete 2 months later, with the first product being removed

October 31, 1944. Considering the magnitude of the task,

the war-time conditions prevaillag this accomplishment

was certainly reoord-shattering. It stemmed from perfect
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teamwork of-extrmely competent people. ttCol, M.#. Pe

as Unit Chief coordinated aottvties and Supervised the

expediting of materials which was the crux of the problea.

Major Thomas E. Evans, construction offloer, -smoofthed th

way for GW, Roberts, Project Manager, end anotates

George Lindquist, General Superintendent, end GJI. Byrd,

Mechanical Superintendent. Key top personnel of the

Ferguson Company included W.M. Thompson, Chief Uinet r

Frank Buck Chief Mechanical Engineer, and W.K. Mithell,

General Manager.

VII, oeaion at jttladehi

Besides fulfilling the functions of a pilot plat 0 ,

the Philadelphia installation shipped to Oak Ridge mo"

than 5000 pounds of U?6 possessing .86% U435. The plant

served as a source of a number of process improvemeat

schemes, among them being the first automatto podueat

withdrawal system. Studies of individual oolumn per*

formance, as well as pyramid feasibility, were likewise made.

Organization at Philadelphia was unique. The Project

Officer was then Captain T.A, Solberg, USN, Bureau of Ships.

The plant itself was divided into two parts. Operation of

steam and water facilities was provided for by enlisted per.

sonnel at the Naval Boiler and Turbine Laboratory under the

direction of Captain CA. Yonvillian, USW, with Captaln

3.K. Hocue, UStN, executive officer. The process area was the

-12-



responsibility of the Naval Researoh Labora$ty. D -rig

this period the Laboratory was first under Rear Adiliai

A.H. Van Keuren, USN, and later Comodore HA Schad.* UN.

Project Officers were Captain RHo Gibbso VaN AM Captain

J.B. Coahran, USN, Sinae emphasis there was la r an

experimental work, it was staffed mainly by tnfiaosl

peoples Most of the men were Naval personnel, both oftirs

and enlisted men. These worked under teohnical direetit of

oivilian supervisors -- P.H. Abelson and Tohn I* Hoover,

Perhaps one of the most important contributions @f the

Philadelphia plant was its safety program. Fo1lowing a

serious aocident on September 2, 1944, Captain Oeorgo Lyon

(Mo) USNR, was assigned to the lnstallation, Through his

leadership, an extremely suocessful safety progtam was

initiated* As a result no acoident involvlng loss of

personnel time was suffered during more than a year of

operation. In addition, thorough physical examinations and

blood studies were made at frequent interrals. This work

demonstrated that the oooasional breathing of U 6 fumes

produced no permanent changes. Many of his recoosendattons

were adopted at S-50 which suffered no fatal aeoident*

VIII, Operation of .S-5.0

To operate S-50 the Feroleve Corporation was formed.

This organization was oompletely owned by the .Ks Fereuson

Company and was established for the purpose of avolding
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labor difficulties in operations The procedure of using

the Ferguson Company in this way was adopted to avoid

bringing another company into the Clinton Engineer Works.

This was desirable for security reasons and to eliminate

friotion between construction aad operationsa BoiAg a

totally new organization, the Fercleve Corporation wau

faced with the task of acumulating a staff at a ttmie When

very few persons of any competence were to be hired. The

task of establishing an efficient operating organization

fell to C.W. Roberts who built up a very fine organization*

The Fercleve Corporation was aided in its task by the as.

signment of twelve Navy men from the Philadelphia plant

during the first two crucial months of operation. In

addition, the Manhattan District assigned some 120 toohnaoally

trained young men of the Special Engineer Detaohant to the

plant. The Fercleve Corporation was fortunate in securing

the services of Valoolm Dole and later B.?. Dodge who headed

a Technical Division. This group contributed much to the

establishment of an ever-increasing plant efficiency.

Representing the Manhattan District as Unit Chief

until April 1, 1945, Lt.Col. M.C. Fox contributed greatly

to the initiation of suooessful operation. He was suooeeded

by Major Thomas E. Lvans who contributed a relentless

enthusiasm for improved operating efficiency*

As K-25 came into operation, less steam was available

for 3-50. Normal operation was terminated September 4, 1945.
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WATE!R SOLUTION~ WORK

The early work at the 0arnegie Institution and the

Bureau of Standards produced some interesting results on

.the behavior of water solutions in themal diffusion

columns. This is a field which has been little investi-

-gated and which has considerable promise of futuro Interest*

It is indeed remarkable, for instance, that Koreching and

Wirtz1 could produce in a column 100 Gentimeters l*" a

separation of S a 1.18 In the Z.64, Z.68 Isotopes, a

result which was essentially verified and extended in our

early work using potassium salts. There appear to be

obvious ways in which small laboratory-eise thermal dif-

fusion columns can be used in research* Hee it is felt

that some description of the early thermal diffusion work

would be worthwhile to future investigators in the field#

In addition, this early work was of some interest becaume

of the fact that it pointed out cogent variables to be

investigated when uranium hexafluoride was employed in the

columns. Vile it is true that the behavior with water

solutions did not appear exactly to parallel the uranium

compound behavior, nevertheless those variables that were

of greatest importance in the water solution ease were also

found to be similarly important in the latter studies.

Later it was also found that the functional dependenas between
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separation, temperature and relaxation time id extrely.

complex depending on what spaOing IS being employeOd

I. Aaratus

The columns employed cohoisted of three conOentric

tubess in general, the inner tubing served as the hot wall

and was heated by radiant energy from an eleotrioal element;

the seoond tube served as a cold wall and was enolosed by

a third jacketing tube; oold water flowed between the second

and third tubes. The tubes were rigidly soldered together

at one end, while at the other end, the bottom, a section

of sylphon bellows was employed to take up differential

expansion. As a result of this oonstruotion, the bottom

of the oolumn possessed added hold-up. In the following

table a list of the columns oonstruoted is givent

Table I

Column No.

2

3
4
5
6
7
8
9

10
11

Method of
Heatinag

Radiation from
eleotrical
resistance.

ft

Oalrod
Steam

Steam

Steam

Steam

Wallspaoing

o,2o0 am

0 *080 Om
00080 =m
0.0355 m
0.*0584 Ora
O0s11 Om
o,,o8o c
0.0855 cm

O's 080 o
0.057 am
0.11 am

0. 076 cm

Hot Wall
Diameter

1-3/64"

1-3/64"
1.9/16"
1-3/8"
1-1/2"

1-1/2"
1-4/2"

1-5/8"

-14/4"
1-1/2"

-2-.

Leng~th

20"

20"
5'

20"
20"
20"
24"

1i' 6"
6'

11 6"
11' 6"



II.Relation Betwee . alt concentration and 3ot2e Separat.,,,

One of the first things learned about the thermal dif-

fusion of salt solutions was the fact that the salt tends

to be concentrated at the bottom of the colmn and that the

solution tends to become more diluted at tho top, Zater on

it was found that there is a relation between this *hange

in concentration of a given salt and the isotope separations

accompanying the changes in conoentration. This IS 11-

lustrated in the following table where solutions of

potassium bromide were involved. Here Oa and 0 T a the

salt conentrations at the bottom and top of the columa

respectively, while S is the separation factor of K39 with

respect to K41.

Table nI

Initial Cono. OB OT OVT S

2.0 moles/liter 2.08 1.60 1.3 1.015. .005

2.0 2.21 1.05 2.1 1.045 ± .005

2.0 4.13 .187 22.o 1.218 ± .005

The values fit the relation k log S a log WO/OT, but

this may be merely fortuitous.

It was convenient in the early studies to use this con-

centration change to determine perforaoe of columns, since

analysis of the themal diffusion effects merely required

measurement of the densities of sample solutions taken frm

the columns.
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II I, Effeot of Length

One of the first relations that was determined was

the dependenoe of equilibrium separation on oolumn length.

The results are sumarized in the following table whee

B refers to the concentration of the solution at the

bottom of the apparatus, and 0T that at the top of the

apparatus after the oolu= had been run to equilibrium.

Table I1I

Apparatus L CB/C T

No. 2 20" 1.43

No. 3 5' 3.o

No. 8 11' 6" 12.5

These figures agree very well with OB/" T - ek .

IV. 3ffect of Temperature

Another study was made on the role that temperature

difference plays in the salt solution thermal diffusion.

The effeot of the higher AT is indeed remarkable.

Table IV

Salt Length Spacing A T OB/C T

.5 mole/liter
Keo 4  5' o.o8 cm 9o. 1.023

5' 0.08 cm 1800. 1.10
5' 0.08 ax 3000. 1.31
5' 0.08 am 3900 1.52

5' 0.08 cm 5100. 2.15
5' 0.08 am 7800- 5.5
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These figures fit the relation lo 0 CT (AT) 2 ,

for constant spading.0

V. Iffeet of s aoi

AMother study which was made demonstrated the crucial

dependence of the phenomenon of thermal diffusion on the

spaoing employed between the hot and *old walls.

Table V

1 aW Gradient. AT- (OB1O

20" 0.2 om 375 0o/m 750 1.04
o0" 0.11 4.5 1.15

20" 0.08 ox" 30 1,3
20i 0.0584 cm " 21.8 4,6

These figures fit the relation log OB/OT -"' (1/a2 ) for

temperature gradient oonstant. Sines it has already been

shown that log CB/OT - AT 2 s by combining the two relations

it can be seen that log 0B/0T e - , It is nteresting

to note that, in their studies of gaseous thermal diffusion,

Clusius and Diokel found similar relations to hold in a San.

Our theoretical studies show that the l/a4 relation

holds in a region where a >(a optimum)corresponding to

maximum Y. Henoe it is inferred that spacings employed in

our water studies were considerably wider than optmm

That being the case, the dependence on A T2 found above Is

rather surprising from the theoretioal standpoint, It could
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be due to the presence of complicating factors such an a

rapid variation of the hydration of the salt or of the

association of the water molecules with temperature, eta

Furtheraore, it does not follow that the same dependence on

temperature differenoe would be obtained with other salts*

VI. Efoot of Salt 1 !Rlozed

Some interesting results were obtained whwu salts of

differing weight were used. Here S, of course, refers to

Isotope separation of K4 1 and X39.

Table VI

Salt eol.Wt. Qn 0  .

KC 74.56 2.0 1.045 1 .005

KBr 119.02 2.1 1.045 -t .005

K2S04  174.26 5.5 1.034 ! .05

K2CR207  294.22 2.5 1.035 .005

These results were obtained with apparatus No.

employing the following conditionsi

Pow.e~r_ nut Gradient

1600 cals/sec 62500/=

It is to be remembered that the molecular weight of these

salts in solution is probably much greater duo to an unkwn

degree of hydration,.
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VII. Equilibrium Time

Zt will be shown later that theory predifts an ape-

proach to equilibrium in liquid diffusion that to

exponential in character. This holds true when the

separation has arisen more than halfway to the equilibrium

value. Studies of water solutions also showed these

statements to apply. Typioal data employing a K2 004

solution are given in the following tablet

Table VII

.a T T 11
. - .... .- lem~qm

20" .08 cm 8700 24,5°0 10 ains. 115

li t, " 20 ds.U # 3028

30 ine. 1.*37
P " 9? 120 mine. 1.43

IT " " " 240 mins, 1.43

These data fit the relation:

log CB/CT - (lo GB/CT) oquil (1- e• )

For purposes of this section, it is convenient to use the

equation to define e , relaxation time. The quantity

T - 1/B It was found that - is sensitive both to spaclaig

and to A T.

Typical values are as follows:

"7-
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1 a

20" 0.11 am

0.08 cm

S 0.0584 CO

Table VIII

7 nKin.

20 mines

k 120 mine,

Gradient

375OC/O

ft

These values of T are quite different from the mnh larger

values quoted by Kormching and Wirtz1 9 but this is not

surprising in view of the sharp dependence of T on the

spaoing. Most of the German work was done with narroer

spaoing,

VIII. Parasitio Xffeot of Azimuthal Gradients

In order to obtain any desired temperature of the hot

wafl, the use of oalrod (heater element for eleotri ianges)

recommends itself. This material ean be silversoldeed

to an outer casing which oan be softfsoldered to the hot

wall. It was soon found, however, that this means of

heating leads to a serious parasitic convection effeoot

which limits the useful temperature differenoe between the

two walls.

Experiments were oarried out using K2S04 solution in

apparatus No* 7. Results are summarized in the following

table, In the first three experiments the heat was applied

by means of four oalrods spaced 900 apart. In the last

four experiments the heat was applied at eight 450

intervals.
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Table 31
I" -. '.L .. . .. ..

Azimuthal
Gradient

3.700/m

4.1 00/6A
6.0%0/cm

1 .15 0 C011

1.45Go/am

l.6 0 /om

Transverse
Gradient

625 00/0Z

70000/m

9000C/Om

625%/m

70000/om
900oC/om

100000/4M

Equilibrium

1.42

1.44

1*47
1 .53
1673

2.23

1*93

Squilibriu 0,/O%
.z,- Gradient ap-

proaches zero

1.54

1475
2.42

1.54
1.75

2.96

It is apparent that small azimuthal gradients can have

serious effects. Furthermore, this effect beoomes most

pronounced as the transverse gradient is increased.

As a result of these experiments, efforts to use

calrod were abandoned and steam used as a source of heat.

With this method of heating, parasitio effeots were greatly

reduoed.



Water Solution Work

Referenoe

H. Korsohing and K. Wirtz, Naturwiss. nj, 110 aM

Ms 367 (1939) *
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The key to the liquid thermal diffusion process is

the individual column. In this chapter the principal

factors bearing on the construction, operation, and analysis

of samples from this basic unit will be disoussed.

I. Pr0Perties of Process Fluid

The design of equipment and indeed most of the problems

of developing the liquid thermal diffusion process hin ged

upon the physical and the chemical properties of the process

fluid, uranium hexafluoridet This substance Is a crystalline

solid at room temperature, possessing a density of about 4960.

It melts at 64.10 under a pressure of about 1-1/2 atmos.

pheres. The process of melting is accompanied by an inlreae

in volume of nearly a third. The liquid has a density of

3.7 at the melting point which diminishes to a density of

1.4 at the critical temperature (232°C). In the Appendix,

curves are given showing the variation of density of the

substance with temperatures and also the dependence of the

vapor pressure on temperature* Uranium hexafluoride has a

thermal conductivity of about 0.00038 cal/cm seo and does

not conduct electricity.

Uranium hexafluoride is chemically quite reactive, It

is instantly hydrolyzed by water, being converted into solid

U02 F2 . Since UO2F 2 occupies more volume than UF6 , this

hydrolysis process can lead to difficulty when it occurs

inside a limited space. Uranium hexafluoride reacts with
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1ost orgaio materials at a rate dependig on .tespeatute,

with the production of UP4 # 19 and 0. ltalsoreaets with

ost metals to form U?4 plus the metallio fluoride. With-a

few metals such as niokel, an extremely thin oating of

fluoride serres to protest the mtal from furthor. aetton,

Very early in the development of the process$ a teohzlquo

was evolved in which equipment was "conditioned" by exposing

it to fluorine gas. At 3000 "conditioned" nickel roaots,

with uranium hexafluoride at a rate of less than 2 xg/Sq~ft.

per day. Nickel is by far the best substance with respeob

to corrosion and hence it was chosen for use wherever hot

process fluid might be found. For temperatures belpw 200Q0

copper may be employed, though not as satisfactorily as pLekel.

II. Structure of 0olmn

The basic requirements of the thermal diffusion process

for UF6 are a hot wall (2000 - 30000) and a old. wall

(approx. 640 C) The typioal 48sfoot column consumew 200

B[U/osec The area through which this heat must be trans-

mitted is close to 20 square feet, To maintain eolumJ

stability in the process fluid it is desirable that any

gradient of density in the colum be such that the proesse

fluid is less dense at the top. onsideration of the heat

quantities and thermal coefficients involved dietates that

the heat be supplied by oondensing steam# and that heat be

removed frm the cold wall by cooling water,

Aocordingly, the thermal diffusion 0olu consisted of
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the concentric tubes. Tie coetral tube made of sdolW,

was heated by condensing steam (itroduced at the top) on

its interior wall. The outside of the nieko3 tUbe andtAhe

inside of the secoond tube (oopper) formed A annulars pace

about 0.025 om thiok which was filled with process fluid,

The oopper was cooled by circulating water flownJg upwarA

between it and the outer iron pipe.

For the most part the nickel tubing used was owmewial

grade, in 12-foot lengths$ selected for aocuracy. Njickel

spacer buttons 1/16-inoh - l/8-Loh diameter were spot-welded

to the surface of this tubing 900 apart at 6.1nsh ntervals,

They were finished to the proper height# with due allowa~no

for expansion, to an aocuracy of 1 0.001 cm# Four leAths

were aoetylene-welded together to give the desired 48-foot

length. The copper tubing employed was ocaerlal r4ade,

prooessed in the mill with special arse. The copper was

slipped over the niokel and Joined together by a silver

soldering teohnique employing a ollar also of eopper. At

the ends of the column a short length of nlokel of the sms

diameter as the copper was spliced to the copper again by

silver soldering. This permitted junction of the hot and

cold walls by making a nickel-zickel weld.

One of the factors to be considered in the dosigA of

a column is thermal expansion. If a oopper tube and .a iAckel

tube are 48 feet long at room temperature, they would if

unconstrained, differ in length by over an inch under
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operating conditions in the columno In early *oluia 4;

Sign this expansion was taken up in sylphon bellows.

These had the disadvantage of possessing exbeojeve

hold.up. Due to the high pressures involved, Itwas neeSa

sary to employ a 4-ply bellows which proved difficultto

silverosolder in a leak-free manners It was further loarned

that the nickel and copper tubings tended to beocne "hung

up" on each other, thus minizmiing the value of' thwe xpansion

joint. Accordinglyo it was decided to fasten zigtdlr~thev'.

hot and cold walls together at the ends of the oolumn,: .T

introduce minimum stress, this welding waesperformed with

a temperature difference half that of operational, Thus at

room temperature the nickel was under a tension of 14,000

lbs./sqoIn. while at operating conditions It was uner a

compressive force of 14,000 lbs,/sqoin* The copper was

subjected to a force equal in magnitude but opposite in

direction to that in the nlokel. Both of the metals.. a

annealed during welding and silver -soldering processes.

Hence, it is necessary to work-harden them to prevent defom~a-

tion when excessive stress is applied*

Provision for expansion of the niokel*oopper ensemble

with respect to the outer jacket was made-with a packed

slip joint* Coincident with the longitudinal expansio was

a change in relative diameters of the hot and cold walls,

In a typical instance, the hot nickel expanded 0.010 am

in diameter with respect to the copper. This factor was-
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taken into acoounat when choosing pairs of Subins to fro

the hot and *old walls*

The oruolal oolumn variable is the spaoing boween the

hot and cold walls. A typical value employed was. 0.,025' A

(.0lO-1.oh). It was assumed and later demonstrated that

the magnitude and aeouraoy of the spacing are extrmaly-

Important.

lXa practice it proved difficult to maintala pm*.r

spacing ln the oolumn. This was party due to the qwaltg

of tubing employed# faults In construction, and to varlous

types of damage oecurring during operation. These faotors

will be oonsidered next
III* ,0, .I , perfeoti!ons

While typical oamemeial tubing is for most pw'poses

surprisingly accurate, oareful examination reveals, hcwevew,

deviations from perfection. One of the Ovsmon 4aults Is

ovality; that is, the tubing is found to be elliptial--ather

than circular, It is not uncoaon to find a difference of

0010 cm in the major and minor axis of 2-inch diameter-

copper tubing, whereas nickel is more nearly oiroula, .A

seoond deviation from perfection is a variation LA diamese

along the length of 'he Wube. This discrepancy occurs to ft

more pronounced extent i Aniokel than in copper and may

amouxt to as much as 0.08 c. A third imperfection in the

faat that the inside cirole and the outside eirl, are

eeaentric. As a result, tubing possessing a n=minal .150
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inch wall will be foud. to meastme trom .140 i.nOh,.,to .160

inch, This effeot is more pronounoed in the nlckel than

in copper. Of the three, Ovality seemed 'most seriou and

most oomon. Studies showed that ovality oould be. remoed b7

honing,.
Yery few serious discrepancies fra perfect spasing

arose as a result of construatiag the column. Use of

Precisionalre gauges and sufficient inspection assured-a-

curate measurement of sizes and Ohoiee of the best lengths

of tubing. Height gaLtges made it possible to obtain an ace.

euraoy of 0.0010 em in spacer hesight.

The obvious imperfection introduced in constacttoa

sme from joining the copper and nickel 12.foot lengthS#

Mush of this was eliminated by obtaining 24-foot lengths Of

nickel and ultimately 48-foot lengths of eoppe, .1.peareotion

in the niokel weld oonslated mainly in an offset at the

junction. A similar remark holds for the ooppero in both

oases annealing oocurred duriAn the Joining prooess. -This

was most serious in the ease of sopper. Indeed the metal

became so thoroughly annealed that it was necessary to work-

harden it in order to restore at least partially its elastie

lizit. The hardening process Introduoed Imperfections-ln the

spaoing near the joints.

The most serious deviations In oolumn spaoing were

those which were introduced during operation of the oolvmn

These were largely assooiated with the stresses set up when
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a column was brought from ambient temperature to operating

temperature.

In some cases where the copper tubing was not suf.

ficiently hardened, tension resulting fro= Opretinteup4wa-

tures caused this tubing to yield, resulting ine JaUnorese

in length and a dearease in diameter# Often, the 0.025 *.

spacing was reduced to practically zero* On other,moason

excessive fluid pressure in the oolumn oaused the oppew

tubing at the joints to bulge outp In some cases the annular

space was increased by a factor of ten#

SWmilarly in the *ase of the inner nilcel Vubing# the

compressive force was in some oases sufficient to exceed

the elastic limit leading to a simultaneous local shortening

and bulging of the nickel at the welds.

Imperfect conditioning of columns prior to the intro-

duction of process fluid caused serious difficulty# Xn

particular, inomplete removal of moisture resulted iU the

formation of UO2F2 near the copper splices. In sam instances

sufficient decomposition occurred to restrict almost com-

pletely flow of fluid in the columns

Another source of imperfection in spacing came as a

result of the compressive force on the nickel tubing teAding

to 6ause buckling,. Resistance to this tendency was the

function of the spacer buttons. Often the forces involved

proved sufficient to press the spacer into the copper. This

was particularly true when 1/16-inoh diameter buttons were

employed. "m"



IV. ColMM'n Opet tL

The columns were hung vortioally, beias supportedo

a steel frameworko Steam was Introduced at the top Of the

column, condensate being removed at the bottom* A cooling

water inlet was located at the bottom of the oolUm*# with

the outlet at the top, Since the dealred cooling tempera.

ture was about 6400, water was oiraulated through the-oolumn

by means of a pump* To maintain the desired tmpeorature,

some hot water was bled off at the top of the oolumn while

sufficient fresh water was added to the Ingoing stream to

lower the circulating stream to the desired temperatUre.

In addition to steam and water, Oolumns required

process fluid# Hence, It newsi desirable to mention a few

of the teohniquea employed to handle the substance. Suitable

paking materials were not developed for uranium hexafluoaAde

till late in the projeot. Our efforts were acoordiAgly

direoted toward development O paokless devices. Valve

action was obtained through freezing the proess fluid# This

was easy because most of the connecting lines carrying

hexafluoride were of smalloboe and the melting point of

the substance is 64.,100

Transfer of fluid from one container to another was

obtained by taking advantage of the vapor pressure of hexa-

fluoride. Thus one could distill out of the top of a Oon-

tainer into a solder one or the pressure could be used to

force liquid out of the bottom of a container into another,
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Differential pressure in f c1osed fluid system wasibtained

by use of the thermal syphon effect. By MausaS the'twdiands

of the syphon 48' long, it was possible to Obtali'dif.;

ferentials of as much as 10 p,..1.

After a column was mounted in position aild aofti6eted

to steam and water lines, it was given a treatment'dealged

to prepare it for the process fluid* It was degreasedt

washed with aoid end water, then thoroughly dried by a some&

bination of passing air through the equipment and evacuating.

Final preparatory step was to "condition" with fluorine gas

at operating temperatures for half an hour* With the ono

ditioning procedure aompleted, the eolumn was 'ady for

process fluid. The average 48-foot column had a held-up

of 2000 qrams when operating with a hot wall temperatute of

1880C. (160 lbs. steam) and a hold-up of 1600 grams when

operating with a hot wall of 28600# (1000 lbs. stea). To-

supply this fluid, an auxiliary chamber (termed a reservoir)

was conneoted to the column. These chambers possessed from

3 kilograms to 170 kilograms of uranium hexafluoride. With

the cooling water for the columns heated to 6400 and the hot

wall at a temperature midway between the cold wall and

operating temperature, the reservoir was heated, As the

temperature rose in the storage chamber, the proess material

was first liquefied; then, as the temperature inoweaseds, the

vapor pressure in the storage chamber drove the process fluid

into the column. In principle, by this means one *an develop
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almost any pressure simply by regulating the mmunt- ot

fluid in the reservoir and by choosing a proper tepera utr.

Reflootion will show that it is necessary to sub$eot the

column to a pressure greater than the vapor prsesuve of

uranium hexafluoride at the temperature of the hot wallj

If such a pressure In not appliedo process fluid boils Ait

the hot wall and violent motions of fluid Ln the oolm

occur which have a mixing effect far greater than the soepa

rating effect of the thermal diffusion process*

Another reason for having a reservoir connected to'.a

column was for the purpose of taking up chango in oporating

condltions. This was especially tue when the hot wall

operating temperature was low (18800). Under these eireum-

stanoes the process fluid was fairly Incompressible* Were a

sudden temperature increase to occur, the process fluid

would expand. If there were no possibility of preasure relief#

very large pressures oould be developed* The oonverse is

also truet were the operating temperatures suddenly to 0op#

the density of the prooess fluid would increase, its volume

decrease, and hence the fluid would no longer ooompy the full

volume of the oolumn. As a result, boiling would occur at

the hot wall and the separative work which had previously

been accomplished would be destroyed. The presence of a

reservoir operating at a suitable pressure memoved these

difficulties.

It can be seen, however, that there would ocour a
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aertain interehange of fluid between the resestvolr aM the

end of the oolumn to which it was attached# ThI II iAt&,

Ohange would be variable if It were not eontrolled, Th*

obvious way of controlling this was deliberately to establish

a continuous circulation between the reservorl aG the SoLemn,

To establish such a oiroulatlon, some pressure differential

was required, The method chosen was that using a thehtal

syphon, Actually, with single columns, it was noeessat to

have thermal syphons with members only a few fet-la n

order to obtain sufftelent pressure differential Wan hi~oc

velocity of circulation.

When the column was full, the temperature the

reserroir was re~ulated to secure desired pwassur*e The oolumu

temperatures were then brought to the desired operating 4on-

dition, The ation of the convective loop was checked by-a-

calorimetria-type flow meter to determine that fluid was

actually flowing.

Most of the runs were without event. Howevet, occasionally

a sudden shutdown would oocur. This introduced a problon. If

the shutdown were due to failure of power o the steam supply#

the oolumn, as it cooled, inareased in hold-up -for two reasons:

(1) the actual spacing in the column increased by about 20.,

and (2) the density of the proeess fluid Increased by about

15%. Indeed, if the power supply failed for a lo"s enough

period of time that the steam pressure fell to szro and th6

cooling water dropped below 640, the oolumn beasse filled

ftll-



with solid uranium hezafluoride. l..Athis easej She-hol.up

fofto colomn was inoreased some 70% over that'of noral..

In the event that the reservoir were located at..thO bottam

of the oolumm, this led to considerable difficulty. Sino

the steam was introduced at the top of- the eolumn 0 the fluid

at that point would melt first. Sine the procoesisfWAtd

on melting# increased in volme by a third# while at Sh*

same tie, the volume available for the fluid dminished as

the temperature difference between the hot-wall .ad sold*all

Inoreased, pressures of the order of 100,000 pV.. Sould

be developed, causing stresses in the column greatly in exoees

of the elastio limits of the wlls Assa result, .ether

rupture or permanent deformation oourre4d. Two remedies.

existedo The first was to prevent flow of additional fluld

into the 9olumn when a power failure ocurred* This was .ad-

coMplished by isolating the reservoir from the Oolu n. Xtm

this event when the prooess fluid solidified in the column

it would solidify in the lower two-thirds of the unit, leaving

the upper third empty and available as space for the eupanding

melting fluid when the colnn was again put into operatioas

The seonAd alternative was to remove process fluid from the

top of the oolumn. This procedure was obviously inconvenient.

In order to study the operation of the ooluma, it was

necessary to remove samples of proess fluid fxo time to

1ine. This was neoessarily performed while the oolumn was in

operation and under pressures of from 500 to 1500 p.s.i. By



fteezing a small section, 5 centizeters# of the process

fluid using dry ice, it was possible to establish a plug ia

a l/8Ainoh ID, tubing which would not fail under the aetion

Of 1500 p$.*Si pressure, Thi tublng oould then be uncapped

ad a sampling tube attahed. When the frozen poxAtIo waj

warmed to above the melting point of the proeas fluid,

liquid tlowed into the sampling tube. At first the samples

taken wer* as large as 50 grams| later, they were xozdie4 to

10 grams, and finally# as a result of the intereontioA of

the theoetioal physioits,# they were dUminished to I grmvm

V. aMple Mayuis

One of the principal problems In any isotope -esearch

Is measurement of the isotope separation, This is espectaur

trae when the separation factors are small* as was the eaxe

early in our research. The effeets obtained with water solu.

tions of potassium salts were measured by A#,X Broewer using

a mass spectrograph. Practioally all the analytioal work

with uranium was performed on Nier mass speotrogapho, the

earliest analyses being made at the University of Minnesota

by Nier himself. Later, some 750 samples were measured by

BSPe Noy, 7.0. Armistead# and J.Ha Moqueen using a Rier type

iAstr ment at the University of Virginia. Later still, a

mass spectrograph was aonstruoted by rey and MoQuosenfor use

in the pilot plant at Philadelphia* and this instUAent handl4

analytical problems for the Philadelphia instaLlation, Dha i

the early phase of the researoh, some zoasuremats were made
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-by Lol, Curtiss at the Bureau of Standardsby. meanso* ."

alpha counting technique,

Measurement of the isotope separation: of lrgaiim is

complicated when the eompound employed ts-uanim -hese.-

fluoride. This is due to an unlooked-fow phenomenon whih

has been ealled "memory effect". When UT6 is"n-trodueeS

into the mass speotrograph source, a stream of" eletrOUS

ionizes it. Part of the Ionized molecules pass through $he

slit system and arrive at the cooling electrode, -Howvr

a very large majority of the molecules which are ilonisied

do not follow this path but are instead deposited upon she

walls of the ioa source. In chemical oompositien these

moleoules are in general UF4 or UP5  The Ur moleoules are

essentially a combination of U? 6 . UF4 and indeed at-rom-

temperature UF has a vapor pressure of UP of about 1 mill.5 6
meter. Under high Vaouum oonditionso therefore, U76

volatilizes out of the oompoundo leavins UP behind* Uf
4

new U? 6 is introduced Into the instrment, same of It'reaats

with UF4 to form U?,, When this UF is reeonverted bao-.into

UF4 plus UF6 , it has been found that an exahange proceso

occurs between the deposited UP and the new UP; ISe-, tho
46

Isotopic oonoentration of the UF6 .coming off the wall ts Zot

the same as that which struck the wall. Henee# after an-ioa -

source has come to possess a thin layer of UP , results obtaind

from the mass speotrograph are a funotion of the materlall .that

have previously been analyzed in the Instrument and which have

-14-



been deposited ou the walls of the ion soure, For iastanee,

if a large number of samples possessing an lsotopie eoncent-R

tion about equal to normal uranium have been analyzed in the

machine and then a sample possessing an enhanced quantity of

U-235 is analyzed, the result obtained for the enhamoaed

sample is a value less than that actually present# The error

introduced by memory effect can be such as to introduce an

error of 10 to 20% in the observed isotope separation. In

considering the results obtainable in column studies, all

errors that have so far been considered tend to lower the

observed results obtainable rather than to enhance it* One

of the principal reasons why memory effect was important in

our study was the fact that the sample to be measured was

always compared to normal uranium. Thus,. the memory effeot

always tended toward nonmal uranium whether the sample to be

measured was enhanced in U-235 or Impoverished in U-235.

One of the best solutions to the difficulty was to

employ sub-standards which were established immediately after

a fresh ion source had been installed in the instrument and

before appreciable quantities of UP4 could collect in the

source, In making measurements, comparison was then made of

sample to a sub-standard possessing an isotope abundance about

equal to that predicted for the sample. Even so# some memory

effect was found to be present#

Experience in the analytical laboratory at 8-50 pointed

to another alternative. There, instruments were installed
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both for mass spootrograph measurments and for measurements

by the alpha oouAtInM teohniquo The alpha. otin.

technique in the end proved to be the most weliablo,.

Obviously, this method was not confronted with the maOw7

effect.



&V~I)AIWMAL COLMM OTU DIRS

In this chapter we discuss some of the experimental

results obtained frm studies of the theral difftsion

column. The principal questions to be considered ares

determination of column constants, approach to equilibriu*,

product rate vs. oonoentration, column perfomande as a

function of spacing, length# temperature and fluid pressureo

In addition, observations will be presented on aolumts

supposedly identlal in oonstruction.

1. The 204w9 2Conta
The characterlstles of a uniform column can be described

by the quantities X, Y, M, H. M Is the flu1 hold-up mass

of the column, X is the time oonstant, Y i the logaritbm

of the separation faotor at equilibrium, and Hts the

separative constant of the oolumn. These constants will

be discussed more fully in the theoretical part of this

work. For the present it will suffioe to point out that

they satisfy the relation

M (1)X me MM"W P

-ly

and that they play the following roles in the experimental

work.

The equilibrium separation factor is given* of oourse,

by ey . The oonstant H determines the product rate during

steady operation; the greater H, the greater the product
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rate, for a given value of YO at a given separation

fastor°

The relation between half4tim product witbdrawai

late, figure of merit and pyramid performance i ex-

traely oamplicated, In oontrast, it has been found *Mh

the quantity X, which has the dimensions of timej in

simply related to the performanoe qualities of the eoluxa.

Furthermore, it Is easy to deternrale X experimentally,

Therefore, we desoribe the time performance of the oltM1

in terms of X. Later we shall describe how thi-quant0y,

can be measured, For the case of an infinite reservoirs

oolumn olosed at the top end, a few numerical values are

given in Table I with a typical value of I to give sam

idea of the relation between these quantities, "Half*

time" may be conveniently defined in two'ways: (1) the

time required for S to go half-way to its equilibriu

value, S - 1/2 (So + I); and (2) the time required fOr

in S to go half-way to its equilibrium value, In S 1 1/2 Y

or 3 = eY/2.
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Table I

t/Z
S a 1/2 (S,+ 1)

o002

*009

e022

.040

,066

.102

.146

,202

*o273

.356

Half-time
(x a 40 days)

0,08 day
0. 6

0.88

1,60

2.64
4.08

5o84
8.*08

10.92

14.24

t/XS Y/ 2

,002

,009
. 018

.033

.052

.075

.104

'0138

.157
,220

(2 s40 days)

0,08 day

0*36

0472

1.32
'2608

3100

4.16

5.44
6.28

8.8o

It will be shown in the

figure of merit of a oolumn,

measure of the usefulness of

as

M -HY - M
x

theoretioal section that the

a quantity to serve as a

the column, oan be defined

(2)

In view of the relation among these quantities it is

only necessary to know X, Y and M in order to predict the

behavior of a column at any produot rate or to predict

approach to equilibrium when run either as an individual

or as part of a pyramid. The problem of measuring the

-M-6

Y

.1

.2

,3

*4
.5
.6
.7

.8

.9
1.0

Se

1,1

1.22

1*35

1.49

1,65

1,82

2.01

2.23

2.46

2.72



hold-up is trivial and needs no elaboration*,. MeasUr'1 o

ment of X and Y are aceordingly the principal. proble"

in liquid thermal diffusion work* Theoretical work has

shown how these quantities may be measured by studying

the behavior of a column during its approach to equti*

brium.

Approach to Equilibrium

In the theoretical section the equations governing

approach to equilibrium for a column closed at the top

are derived and discussed. The solutions are of the foms

+ ..... (uu,,l,(
S- + VT 2 X X(3

s 0 ey - An ekAt 4  (t arbitrary) (4)

n-I

It should be noted that the general form of these

equations will be the same for various substanAes and

that they are valid to the extent that the concentration

of the rare isotopes is small compared to unity. The

constants will, of course, vary from substance to substance.

The general characteristics of this equation are

shown in ig. 1, The solid line represents the theoretical

curve. The points are experimental.
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Let us consider further the naturo of Iqa. (3) and

(4). The two variables appearing are X and Y. At vWy

short times, the separation inezases Very rapidly, as

%1/2. At lon r times the separation increses a to

At still longer times it follows an exponential, appx'aoh

toward a limiting value.

It will be seen that the time t appears only in the

ocmbination t/X, as might have been aaticipatoed a tWe

form of 1q. (3) and the boundary conditions. Xenoe It Is

convenient to plot 8 as a function of t/X# diffemn

curves being obtained for different values of Y* If one

has such a family of curves* a comparison of the curve

of B vs t obtained experimentally for the given oolumn

with the calculated curves serves to determine the values

of X and Y for which best agreement is obtained.

A difficulty in such a comparison arises from the

fact that different values of X correspond to different

tMe scales in the graph of 8 vu. tg and it is not easy

to determine simultaneously the appropriate time scale

as well as the appropriate member of the calculated faml

of curves. This difficulty has been largely overame in

Fig. 2, in which graphs of 8 vs. t/X are presented s with

a logarithmic scale for t/X. In this case a change of X

corresponds simply to a displacement of the curves

horizontally without any ohange of shape. The procedure
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for using the curves of Fig. 2 is as followvs

One plots the experisental values for 8 on a thin

sheet of graph paper with the same ruling as .that La

Fig. 2, with the same soale of ordinates and with the

time expressed in any convenient units. One superimposes

this sheet on Pigs 2 so that coresponding ordinates 0"

inaldet and one slides it horizontally until the bast

fit between tho experimental points and one of the eal-

oulated ourves is obtained. From this curv" (or, possibly,

by interpolation) one gets Y and, from a oorrespoAdW .

pair of values of t an the experimental graph and t/X

oa the theoretioal one, X Is obtained.

As has already been pointed out, for small values of

t/X, S is independent of Y. so that all the ourres of

Fig* 2 nearly ooinolde. This makes the ourve fitting

partioularly simple: fitting the experimental points for'

s=ll values of t to the (nearly unique) curve servs

to detexrine X; the experimental points for larger values

of t enable one to determine Y.

Fig. 3 presents a family of ourves for S as a funotion

of t/1, for various values of YO for a stripper oolumn,

They are intended to be used for the determination of the

constants of a stripper in the same way as those of Fig. 2

for the rectifier. Columns have been run both as reotifiers

and strippers. If the oolumn is uniform, the oolumn

-.6-



onstants should be the same in both oases* As might be

expeoted, It was found that the value of Y was the same.

In general, the value obtained for X was somewhat' latep

(101%) in the case of the stripper. This is att wbuted to

the less satisfaotory heat transfer oonditions which oxist

at the bottam of the column resulting in a lower hot well

tmperature, In some other cases it was foud that X

for a stripper was quite different from the Value detelw

mined as a reotiftero. On exaaining the curve of approach

to equilibrium it was noted that the value of X at 4ifferent

portions of the curve was not constant. The source of the

discrepancy was traaed to gross non-uniforities La the

column such as a restriction at one end.

Product Rate v. Concentration

In the preceding seotion a convenient method of deter-

mining column constants has been discussed. It was stated

that knowledge of these quantities permitted prediction of

the behavior of a uniform column at any given withdrawal

rate* We now examine the question of produot removal f M

a single stage rectifier. For the case of an element

where conoentration C of the sought species is small$

+ 0, (1 +9V)y 0~)

a m where P is the produot rate and H is a column
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constant. Both quantities are# of course expressed In

grams per unit tiae#

The relation has been verified in a nusber of experi.

ants. In particular, results were obtained from severml

columns shown to be reasonably uniform by mus both as

strippers and rectifiers and by examination of the eurve

for approach to equilibrium. The value taken for X was

the average from the two types of run. Results are given

in the following tables

Table II
- -- -S 0aeu- Obi-

M X Y H P 7) lated served

1980 g 153 da .48 27.0 S/d 87.4 g/d 3.24 1.26 1.27
1980 152 .43 30.4 47.2 1.55 2.35 1.35

1980 181 .4 274 22.8 .83 1.40 1.39
1500 34 .65 68 22.6 3.32 1.28 1.27

It is seen that the agreement Is very good.

IV. Reproducbility of Results,

Observations on reproducibility of results have been

made. When a given column was studied it was found that

results were reproducible even when the studies were made

at intervals of several months. However, the situation was

not so bright when an attempt was made to build a number of

columns all alike. E!ven with care and close inspection,
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employing selected tubing, a Variation in nesUlts wva

found. An experiment at the NaVal ftes6sroh Labortor7

was oonducted on seven columns under particularly satiSo

factory conditions. The following results wer* obtained:

Table III

Spacing T1  T2  X Y

1 0,026 cm 18500 630o 166 .53

2 153 .48

3 1 "6o .53

4 " " " 153 .43
5 " " 210 .40

6 it " 181 .40
7 1 153 .50

Exanation of the data in Table III makes it clear that

there were relatively large variations in the most carefully

built columns. In Table IV are shown data covering eon-

stants of a group of Philadelphia columns, Several extremely

poor columns that were in the group originally have been

eliminated. These were shown to possess restrictions whioh

reduced the spacing at some point in the column to nearly

zero. It is olear from the data that rather large variations

in performance are to be found in the run-of-the-mill Column.
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While several explanations have been offered for

the variation# no adequate proof has been demonstrateds

The variation in performance of columns supposedly of.

identioal oonstruotion is perhaps not surprising JAview

of the small spaoing normally employed A the ooluAns, ,-AA

error of .001" amounts to 10% in the spacing,. Whatever

the source of the variation, its existence makes the etudy

of liquid thermal diffusion a most diffloult .moo

Table IV

Serial-No. X y

307 46 .56 61

308 51 .67 46

310 51 .58 53

231 81 .39 49

26 40 .80 49
230 110 .42 35

225 68 .38 61

311 82 .55 35
20 160 .40 25
312 53 .66 45

159 63 .2e8 90
315 70 .68 33
158 150 .45 24
316 31 .52 98
319 44 .74 49
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V* Spacing

Spacing is the most oruoial column variable&. Both

X and Y vary as spacing is changed. The general featus8

area a maximum value of Y is observed in the vienity

of 0020 cm. At large spacings Y diminishes as 1/a4. At

narrower spaces, depending on accuracy of oolum co-

struction, Y again diminishes. The quantity X Is also

affected by column spacing with a minimum ocourring at

about .025 cm.

Before examining in more detail the effect of spacingi

a few words should be said oonoerning two other clumn

variables -* temperature and fluid pressure, Both of

these affect the properties of the working-substance, thus

affecting the value of both X and Y. ?or instance, the

effect of higher A T is to move the optimum spacing towaid

smaller values. In addition for a given column, spaeing

itself is a function of both pressure and temperature,

In an early series of experiments employing 36&foot

units the effect of spacing was surveyed. For purposes of

the test, independent facilities for a single column were

constructed. i;aeh column was in turn tested under identical

conditions. Oteam temperature was held at 17000, cooling

water at 65%0. In the experiments the storage chamber was

connected through one line to the bottom of the column.

Thus each of the group of columns ran essentially as a
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oombination of rectifier and stripper with the point

of unchanged ooncentration essentially at the midta

of the aolumn. Each column had a set of sylphon ezpansion

bellows at the top which had a process fluid hold.up of

about 200 grams. In the experiment the quantity seasured

was the change in 0onentration at the top of the aolumn&

The results are shown in Fig. 4.

The solid line represents a curve given by

y '0 . g...m which has been norlmaized at 0.02 am and

b + k a

at 0.053 =. The agreement between the curve and the

data may or may not be significant.

At the same time some observations were made on the

value of the half-time. These were necessarily rather

rough since the separations observed are small and probable

errors in analysis of a magnitude not much smaller than

the effeot itself#

Table V

Half Time

oo68 om 1 day

0.053 cm I day

09038 am .5 day

0.021 Cm - 1.5 days

0.014 O z 3.0 days

It appears that en optimum spaoing exists. The portion
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of the curve corresponding to the wider spacing shows

an I/a 4 relation which is in agreement with a theoretical

deduction* The region of narrow spaoing is loss eloar.

A theoretical prediction by K, Cohen places, optlim

spaoing at a much smaller value. Two faotors enter. The

first is the fact that imperfections in spacingbeome

relatively more pronounced at the narrower values, Tho

second factor is due to temperature drop in the walls a

water films of the column. As smaller spacings are enow

ployed, the temperature drop between the hot and old

walls diminishes for a given sot of operating conditione.

It is accordingly felt that the optimum obtained is a

"practical" optimum. Thus if a column employing more

perfect spacing were employed, it is probable that the

optimum spacing would be smaller and the observed isotope

separation larger.

It is not surprising that optimum spacing varies with

temperature conditions. Indeed, the spacing of a given

column is a function of temperature. Therefore, before

completing our remarks on spacing it seems desirable to

discuss the temperature dependence of column behavior#

VI. Temperature Dependence of Column Behavior

Theoretical analysis has indicated that the relation-

ship between performance and temperatures in a Oolumn is

very complicated. Indeed, it is not possible to predict
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behavior when comparatively large temperature 4ifferenoes,

AT, are employed as was the ease in these studies In

a general way one would prediot that-an Inareaseola

temperature difference between the hot and cold wells

would be beneficial, Studies Involving water s6liitiea

and =mall values of temperature differenae shet d hat

Y - T?* This relation did not apply in the *ase of our

u mnium hexafluoride studies.

There are two factors to be taken into aooount when

making temperature studies on the oolwans. The first has

to do with the fact that the temperatures at the hot and.

cold surfaces of the hexafluoride are different fram those

of the steam supply or cooling water. The second faotor

is the variation in oolumn spaoing which ocours when

temperatures are changed.

When heat travels from the steam to the cooling water

It pauses through the following layers3

I* A thin film of condensate at the

inner surface of the nickel.

2. The nickel wall.

3. The prooess fluid.

4. The copper wall.

5b A film of water on the surface

of the copper.

Principal uncertainty is in the first named item.

Examination of standard works on heat transfer shows that
6014-



this factor is variable and that condensate may be on

the surface in the form of a film or as drops* Smw

measurements have been made on the temperature drop in

this film under conditions of column operation* Tempera-

ture drops in the nickel, copper and cooling water film

can be calculated, As a result one obtains the following

results for a typical temperature distribution in a

column (0,025 cm spacing).

Table VI

Steam Inner Hot Surface Cold Surface outside
Temp. Nickel of 6 of U,16  of coppe

28600 252°0 2440a 6900 6°a 630o

18800 169%0 164.600 66.6% 660a 63°0

The second factor is the variation in spacing with

temperature. This is demonstrated in the following table,

The spacings are calculated at the actual temperatures

existing in the metals.

Table VII

Steam Water
Temp. Temp. Spacing

2000 2000 0.030 cm

18800 6300 0,0273 cm

28600 6300 0.0249 am

Hence, one oannot determine the effect of temperature

variations on a given column without simultaneously varying
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the spaoing of the 0olumn.

Results are presented in Table VIX on studles

of three carefully oonstructed columns whioh were r=

as individuals, and given special attention during

their operation. The values under T1 and T2 are those

for temperature of the steam and the oooling water re-

spe otively.
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It appears that at this partioular spacing value,

the main effect of inoreased AT is to diminish X1 that

ls to speed up the processes in the column. Xt i 1no.

teresting how little the value of Y is ohanged by an

inorease in A T. Indeed, by comparing columns possessing

a different AT but the same spacing, one finds that it

this particular region of spacing the separation is quite

Insensitive to AT.

The value of '/Q is of practical importae.06 It

is a number which is proportional to the output per uit

heat consumed. At the $'-50 plant it wan particularly in-

portant to get maximum output from a limited steam supply,

Hence, we wished to have 9(/Q a maximum. zxperienoe at

the Naval Research Laboratory, later confirmed at Phila-

delphiap showed that 9/Q diminished at values above

0.025 am and below 0.020 am. Hence, it is felt that the

spacing for optimum O/Q lies between 0.023 am and 0.025

ViI. Effect of Pressure on Performanoo

One series of observations throws some light on

the role of pressure In column performanoe. The expert-'

meats were made employing 0.025 am spaced column operating

at 1000 p.s.i, steam.
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Table IX

Fluid
Pressure 0. Y K 9/

1000 psi 48,500 oals/eo 36 .60 1600 uM 44,4 9st

1490 " 47,300 54 .77 1700 31.5 6.6

3000 "  45,000 58 -- 1810 31,2 6.-

The effect of pressure is to increase viscosity of

the fluid and to diminish the difference in density between

the hot and oold regions of the column. Both these effete
tend to slow action in the column. Performance suffers

aooordingly.

These results were obtained on a column whi0h showed

no instability. It is quite possible that the dependence

of performance on pressure would be quite diffreint were

an unstable column used (see following section).

No value of Y is quoted in the 3000 p.s4.. run beoause

the experiment was interrupted. The value of X, of *ourse,

being obtained early in the run was not affected. When a

pressure of 3000 p.s.i, is employed, oaloulations show that

an appreciable increase in spaoing occurs due to elastic

deformation of the copper.

VIII. F!uctuations in Column Pressure

It seems worthwhile to describe some observations on

the behavior of columns when pressure is varied*
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A 4olumn was operated at a steam pressure of480

pai, and a cold water temperature of 65C., Allowing

for the temperature drop in the condensate film and In

the nickel wall, one arrives at a value of 21000 for the

temperature of the hot wall at the liquid hexafluoride

surface. The reservoir was initially maintained at a

temperature of 260%0. Reservoir pressure was 1250 pts.i

The reservoir was then cooled. When the temperature In

the reservoir dropped below the critical point# the pressure

in the reservoir became simply the vapor pressure of uranium

hexafluoride* Power consumption in the column remained

essentially constant, increasing a few per cent until the

reservoir reached 210 0 C. At this point the reservoir

temperature and the wall temperature were approximately

equal and therefore the pressure at the hot wall was ap-

proximately equal to that of the reservoir. Actually,

hydro-static head must be taken into account, The reservoir

was at the top of the column. Henoe, pressures at the top

were equal while at points lower in the column the total

pressure exceeded that of the reservoir

Suddenly, as the reservoir cooled a little furtherp

there were loud sharp crackling noises in the columnl .

Power consumption immediately rose by a factor of two.

Olearly a new mechanism of heat transfer had been called

into action. Our terminology for the phenomenoa is

"pitohingt'. It seems appropriate to use a word other than
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boiling because it later appears that the same effe$t

also o0ours at pressures greater than the oritieal

Through numerous observations It was determined that

"pitohing" oauses a profound mixing effect, If separation

exists in a oolumn when the phenomeAon oours, A ad is

takes place. If a column is started with fresh materlal,

almost no separation will occur until "pitching" ee*u.

Another experiment was conduoted using a soluma

heated with 800 p.e.i. ateam, Initial pressure ii the

reservoir was 1300 p.s.i. When the reservoir temperature

and hence pressure were dropped, the "pithing" phenmnoa

ocourred at a pressure of 720 p.s.i. This aorresponds to

a temperature of 23100. It is not far from our estimates

of the inner hot wall temperature*

A similar experiment was performed at a steam pres-

sure of 1000 p.s.. The reservoir was held at a pressure

of 1300 ps.i. As the fluid pressure was reduced* power

remained oonstant,& At 950 p.s.i, a pressure gauge began

to indicate a slight instability in the oolum=n. The in-

dicating needle jumped from time to time with an amplitude

of a few p.soi. As pressure was lowered further# the

amplitude of the variations beoame greater and moe rhytbmic

at about 5 cycles/sec. However, power coAsumption remained

unohanged, As pressure was lowered further, amplitude

increased to 25 ps.i. At 770 p.0#1 the pressure at the
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column suddenly dropped to about 100 p.s.i, power

inoreased by a factor of two, and the sharp araekling

noises were heard.

Later# further studies on other columns were made

when the steam pressure was 1000 ps4o With less ao-

Ourately constructed columns, instability set in A

pressures as high as 2000 p.s.i. In the plant at Phila-

delphia, data were collected on a group of columns.

Below are tabulated results for a group of ten Columns

all having a oommon steam and water supply.

Table X

Pressure

1500 psi

1510

1490

1500

1510

1510

1500

1490

1500

1500

P

0 psi

40

30

10

35
0

0

50

20

10

Pressure

1200 psi

1200

1210

1200

1190

1210

1200

1200

1210

1200

5 psi

100

6o

25

60

0

2

130

40

20

The outstanding features in these data are the variations

among the columns and the trend to greater instability at
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lower pressures, Attempts were made to relate performao

of the various oolumns to magnitude of the instability,

These studies showed that on the average the less stable

columns performed less satisfactorily than the stable

units. It is perhaps not surprising that no exact ooz-

relation between A P and performance exists. If the

source of the disturbanAe happened to be some distance

from the end of a column where measurements were made# the

value observed would obviously be much diminished due to

damping.0

The observations further showed that the wide-spaced

columns had the most instability. At a pressure of 1200

p.s#1. five oolumns of eaoh of the indicated spacings gave

the following average variations:

Table XI

Spacing AP

.011 80 psi

.010 25

.009 6

Coincident with variability in stability was a verta.

tion in the pressure at which the various columns began

to "pitoh". This ranged up to 1200 p.si, which iS far

above the critical pressure of 740 pos.i In much of the

production work up to twenty-six columns were operated in

parallel. It was found that "pitching" in one column
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tended to be oonmuntsated to neighboring units F7rthero-

more# disturbanoes such as product removal tended to

initiate "pitohing". As a result it was necessary to

operate the twenty-six column cirouits at 1500 - 1700 p#sPS.

The earlier oolumns at the Naval Research Laboratory

were constructed with individual attention and caro. It

is not surprising that these should show much less la*

stability than the columns in the pilot plant at Phila*

delphla or at 3-50.

IX. Effect of Column Length

Experimento have been performed leading to evidence

of the role played by column length. The results are

only in fair agreement with theoretical predictions. Ao-

cording to theory, for a simple column, if one varies the

length L1 keeping other faotors constant, then T, the

logarithm of the equilibrium separation factor, will vary

in proportion,

Ym L,

where 0C is a constant. On the other hand, the time oonstant

X remains constant, independent of length.

The following table gives some experimental results

to indicate the extent to which these theoretioal prow

diotions are borne out:



Table XI

Nominal Working Fxpo Exp. T, T2
Length Length T S paoing

32' 10.7' 0.08 230 days 0.025 m 6loo

48' 46.7' .50 170 0.025 m 610o 185o0

12' 10.7' .10 73 0.025 Om 61%o 254O

48' 46.7' #53 63 0.025 OM 6100 g54°

The "working length" refers to that portion of the.

oolu=m within the water Jacket. On thLs basis, the ratio

of the working lengths is 4-36 while for the tirst two

oolumns the ratio of the Y's is 6.25. and for the last

two the ratio in 593. It appears that the separation Js

smaller in the short column than theory would predlet

A reasonable explanation for this Oan be found in the faot

that the cooling water enters the Jaoket through an openinS

at one side, so that in that region there Is an asmmet y

in the cooling aotion of the water with referenoe to the

column axis. This results in an asymmetrical temperature

distribution at the cold wall of the prooess fluid which

leads to parasitic convection or mixing; hence, that portion

of the oolumn oontributes very little to the separative

action. A similar effect oan be expected to take plaoe at

the top near the cold water outlet. If one subtraots about

2 ft. from the working length for each column to allow for



the disturbance in the cooling water, one obtains good

agreement with the theoretical prediction for the behavior

of Y. particularly if one notes that the percentage errors

In the experimental values for the first and third: olunms

are rather large.

As regards the behavior of X, it is to be noted that

here again the presence of dead spaces (regions whioh do

not oontribute to the separative action) can be thought

of as oontributing to the mass M without contributing to

the value of YO so that the dead spaces would Increase

X (since X a M/Y), 1n this way one gan understad why

the X ie larger for the smaller column in the *ase of

each of the two pairs, instead of being the same for both*

However, such considerations have to be regarded as having

only qualitative sigaificance In view of the fact that the

definition of H originally referred only to a unifozm

column without dead spaces. It might be pointed out that

the largest variation in X oocurs in that case where the

discrepancy in Y is the &reatesto
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CAPTIONS

SzermeSnta Stud ie

Approach to equilibrium of a single column with a large

reservoir, and no hold-up at the top. Initial buildup

of separation goes as ) 1/2, At times greater thae

the half-time, the behavior follows the familiar

exponential approach to equilibrium.

Figure 2

Family of curves for rectifiers for various values of Y

showing approach to equilibrium. Plotted on a logarithmio

scale these curves permit easy determination of column

constants. These curves apply to the case where the con-

centration of the desired isotope is small.

Family of curves for strippers with various values of Y

showing approach to equilibrium. 'Plotted on logarithmic

scale these curves permit easy determination of column

constants, These curves apply to the case where the oon-

centration of the desired isotope is small.

Fi gure 4

Equilibrium separation factor as a function of spacing.

Survey experiments to establish the region of optimum spacing,

The separation shown was for an approximate 18 feet of

reotifier. The solid line represents a curve given by
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MIGINSERING AND OPERATION

R,. Ruskin. g, Drott# .og Moseley , 1.3.,.idweli

In this ohapter we discuss some of the features of

liquid thermal diffusion plant design and operation. The

attempt Is made to emphasize crucial and novel considra

tions rather than results, ln addition, a minimum spae

Is given to design involving conventional engineering

pratioe. In order to give a clearer picture of design#

we first present a briet treatment of plant operation.
i. P!ent. Overation

As mentjioned in the Introduotion, the prinoipal use

of the liquid thermal diffusion process was as a source of

feed for other plants. It was determined that best overll

results would be obtained by feeding in normal uranium

hexafluoride (9715% U-235), withdrawing product at .858%

and rejecting waste at .679. This objective was aoeomplished

in a rather simple manner. Columns were conneoted In parallel

in groups of 25 " 26. Feed from a reservoir (oapaotty 400

pounds) was ciroulated through the bottoms of the columns.

Produot was removed from the tops of the oolumns.

Feed was delivered to the plant in cylinders holding

450 pounds. The cylinder was plaoed in a steam jacket and

the oontents were transferred to the reservoirs by die.

tillltion. The reservoli were steam-heated with steam

pressure adjusted to give the desired 1550 p~s.i uranium

hexafluoride pressure. Circulation through the reservoir
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and the bottoms of the columns was maintained by a thermo-

syphon pump described earlier at a flow rate of 6 - 10 pounds

per hour.

The process of product removal was oarried out in the

following wayt at periodic intervals the columns were

isolated from one another at the bottom by freezing the

conneting links. A similar set of interolma connetors

at the top was then unfrozen. Fluid from the oolumns was

allowed to flow into a omon metering device. Due to the

compressibility of the process fluid, an appropriate quantity

could be withdrawn without exoessive lowering of pressure

JA the column. Once the product had been removed, the top

inter-column connetors were frozen and circulation was re-

established through the bottoms of the columns. The process

of product withdrawal was carried on at 2 - 4 hour interals,

This is a type of prooedure easily made automatic by

employing a cam timer and solenoid valves. Operations at

Philadelphia were carried on exclusively in this automatic

way*

When the reservoir became depleted so that the light

constituent conoetration was down to 0.68%, It was dumped

and refilled with fresh feed. Depending on the number of

columns connected to a given reservoir, its contents, and

their productivity, the waste was dumped from a reservoir

every 8 - 16 days. While this prooess was carried out, the

402"



columns were isolated* Because of the empressibility of

the process fluid, this was a satisfaetory pwoteduo,

Difficulties arose only in the event of steam supply failure*

The remaining operational problems in the 1iq4d

theral diffusion plant wer* maintenance of a rellable

supply of heat in the fo=n of steam and a steady supply of

cooling water,

Ile

The 8-50 plantg Fig. 1, was located on the bank Of

the Clinch River adjacent to the K-25 steam power plant of

the Clinton Engineer Works* A building 525 feet 1ong 82

feet wideo an 75 feet high housed 2,142 ooluxns assembled

on 21 steel racks,

Principal steam souroe was the K-25 power house hifb

produced steam at about 1,275 ps.i, and 92501. Steam was

desuperheated and reduced in pressure to 1,000 p.s,. Part

of the condensate from the columns was sent back to the

power house; the remainder was boosted in pressure aAd used

for the desuperheating. The Olinch River served as a source

of the 40,000 g.p~me cooling-water make-up,

An oil-fired 450 p.s.l. steam plant of capacity 400,000

pounds per hour was completed about Tuly 1, 1945. It served

to supplement the Ko25 power house supply which at that tme

was inareasingly being devoted to supplying power for the

K-25 plant.

The basic unit of the 8-50 plant was the 102 Oolumn
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raok. This unit was almost exactly a copy of those existing

In the Philadelphia installation. Hence, in discussig

design features in more detail, we shall describe the

salient features of the pilot plant.

Il Process Area Desiga (Philadelphia)

This section covers the principal meahanioal engineering

aspects involved in the building of the Philadelphia "Reflux

Test" pilot plant. The main design work, done between Jtne

and October 1943, was based on the 14-column pilot plant

at the Naval Research Laboratory, Washington, DO,* The

principal objective was the erection of a unit whlh , by

simple multiplication, could be expanded to a pVouetion

plant of any desired size. In addition, provisions had to

be incorporated to allow the continuation of development

work begun In Washington, D.O.

The column (Fig. 2) was essentially a central tube of

nlokel through whioh steam was passed, surrounded by a small

annular space (G) in which the process material was oonfined

by a Aarger tube of copper (E to F), Around the copper was

a larger annular space for ciroulating hot water, enclosed

by a casing of 4-inch i.p.s, pipe. Suitable adaptors were

provided at the ends of each unit to admit steam, process

material, and water simultaneously, each under considerable

pressure, and at the same time permitting differential

expansions due to temperature changes.

The basic problem was simply that of maintaining the
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inside niokel tubing of a heat exchanger at as high a

temperaturM as practicable, at the same time keeping the

temperature of the outer copper just above the melting

point of the material being processed. Xn order to ac-

complish this, water was reciroulated through the water

jacket with enough make-up being added to keep the tempera-

ture constant while steam entered the inner nickel tube at

the top, was condensed over a 48-foot lengths and the con-

densate removed at the bottom*

The size and physical dimensions of individual columns

were determined during the operation of the pilot plant at

the Naval Research Laboratory# where 25,000 lb./hr, of

aaturated steam at 165 p.s.,i and l,000 lb./hro of saturated

steam at 1,000 p.s.i. were available. Experimentation showed

that the columns giving the best performance were those with

a spacing (0) of .010 inch. Consequently the design of the

plant was based on the requirements of such a column --

1,088 pounds per hour of 1,000 p.s.i. saturated steam.

The design of rack, pipe sizes, and weights was deter-

mined on the basis of standard engineering practice. Pipe

sizes were based on economy as calculated on the basis of

power consumption cost for two years operation.

1. Site

After due study of possible locations, the Naval Boiler

and Turbine Laboratory was chosen as the operation site,

Fig. 3. Half of a building originally designed for turbine



testing was made available to house three racks:plus Ih

neaessary steam generating equipment.o The -appoximate

dimensions of the plant were 164 feet by 81 feet with half

of this area at a level 10 feet below grade-so that-while

the olear height of the upper level was only 46 feat, the

distance from the pit floor to the bottom of the -roo ttxs

was 56 feet, whioh was the minimum height to aoeomodate

the columnse All of the boilers and auxiliaries with the

exception of the oondenser were installed in-the -rmaining

spaee at ground level. Besides the plant proper, about

7,200 qft. were oecupied by auxiliary buildings.

2. Rao

Considerations taken into aoount in arriving at the

number of oolumns per unit were as followst (1) the cost

of erection and availability of materials capable of feeding

the necessary amounts of steam and water to and from various

numbers of columns; (2) the cost of operating for a two-year

period; (3) the length of proeessomaterial transfer lines$

and (4) the layout of the steel frame. The resultant design

was a 102-column unit 50 feet long, 7 feet wide, 54 feet

high with two sides of three divisions each and each divi-

sion containing 17 oolumns.

Standard structural sections made up the raek, whieh

was construoted in two parts to allow the use of the orane,

located in the building, for erecting the heavier structural

members of the base and for assembling the condenser and
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larger pieces of machinery in the pit. The Dase- ig, 4,

41 feet high, supported the weight of the columns, the two

24-inch reoiroulating water heaters, and ;ne condensate

piping. Carried by the superstructure, 13 feet high, were

the upper operational deck, the steam piping, and the oe-tnA

capacity monorail hoise used for hanging 6olmns in place.

The top working platform was built with 2 by 8 foot

trapdoors around the columns, ig. 5j, to fatlltate theij

installation in the raok. The lower dear was slope& toamr4

floor drains to carry away the eonsiderabiO amounts of

water used at times in operations.

Experience had shown that it was desirable to hare ap-

proximately 200 g.p.ma of water recirouldted through each

column. In order to hold the temperature of the inner

copper wall of a refluxer above 15601, the melting point of

the material at the operating pressure, the reciroulating

water entered the unit at 150"F, allowing for film and con-

ductane losses of 60? for clean copper, In passing the

length of the column, the water was heated 70F to an outlet

temperature of 1570F. On this basis, a maximum per raok

of 2,200 g.p.m. of river water at a sumner temperature of

850P was needed for make-up. Severe fouling of the metal

surface caused by river impurities made a greater temperature

drop from copper to water in operation so that the final

temperature of the overboard water had to be lowered below
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1570F with the consequenee that more make-oup had to be

added-.

The path of the reciroulating water through the system

can be traced on the flow-diagm, Vig, 6. Water was

pumped from the river through a 72-inch main by one of two

50,000 g.p.m. circulators which were part of the pemateons

test equipment of the Turbine laboratory, This lino primarily

fed the oondensers, a manim of 6,000 gp.m, ging to the

refluax racks through the booster pumps whioh added enouth

head to foroe the water out of the overboard line and main-.

tain a water level above the column tops. A steady tempera-

ture was maintained on all three racks by the automatte

valve on the No. 2 pump with the control bulb ooeated in

the inlet header to rack 1

The recirculators pumped the water from the pump

suction header into the lower 24-inch inlet Manifolds by

way of the pump discharge header* Gate valves on inlet and

outlet headers permitted one rack to be secured while others

continued to operate. The water travelled down the con-

eooting piping into the bottom of the column, up the unit,

down the 4-inch upper conneting piping, and into the top

24-inch outlet header. Overboard water equal In amount to

make up was removed at one end through a lise whose highest

point passed above that of the columns, so that the Units

remained full of water. The consideration here was that it

the copper of the columns were exposed to air, the steam
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would heat it above 400f, the annealing temporature of

the metals and ruin the worth of all units so affootedt

The bulk of the water ciroulated out of the other enM of

the manifold down the outlet piping, Fig, 70 and back Jito

the pump suction header#

Baoh of the two boosters had a oapaoity of 5#000 gp.m,

while an auxiliary line from the Yard fire main, Fig. 6s

oould put 1,400 g9p,m, into the booster pump header;

therefore, in the event of failure of either unit, the

other unit plus the fire main supply could keep the plant

operating at full load. Should the oiroulating pumps stop,

this source of water would keep the temperature below 2121$

for 5 minutes and thereafter supply enough water to make up

that boiled off. If both souroes of supply failed durIng

normal operation, the quantity in the system was such that

a period of 3-1/2 minutes would elapse before boiling

oocurred,

Two reoroulators were employed so that if one were

seoured for repairs or breakdown# the other allowed opera-

tions to oontinue, It will be readily seen that the pumps

supplied only enough head to overcome pipe and velocity

head losses in the water circuit -- that they provided no

statt lift.

Part of the pump capacity was motor driven and part

turbine driven so that in the event of elther en electric

or auxiliary steam power failure, some water would be pushed



through the racks, giving 3-4/2 minutes to seaure the

steam valve before the water began to boil rather than one

minute which would be the time interval to heat the water

in a column to boiling if none were being reeiroulated.

Air-vent headers and piping served the purpose of

preventing air from accumulating at the top of the col*m

and then going Over into the upper 24-inch manifold in

slugs, and also served as an inlet for low Dreesu"e Steam

Into the water Jaoket for conditioning of units'

Inlet and outlet stops on each column we"e necessary

for experimental uses to allow individual regulation of re-

circulating water and also to secure single units for

inspection while the others in the rack continued In opera-

tion. In addition, these valves were useful in oolumn

conditioning.

30 Steam
3. SeM

The essential path of steam flow is shown in Fig. 6.

Superheated steam, 8500F at 1,000 p.s.i, was generated in

the two main boilers passed through the superheater headers

and later desuperheated to 5480F before going into one of

the three rak feeders. The branch from the number one line

going to the 1,000 to 600 p.s.i, reduoing station was an

emergency measure to feed steam auxiliaries if the boiler

provided for that purpose should fail. Steam entered at

the center of the 6-inch steam manifolds and passed through

them to the upper expansion loops, past the l-inoh steam

10.



stop and into the columns where it was 0ondensed,

The oondensate followed a path out of the bottm of

the oolumn, past the 3/4-Inoh stops, through the bottom

expansion loops, Into the condensate manifold to the oon-

densate blow-down station where one-third of the hot

(5300y) water was flashed to steam at atmospheric pressure,

condensed, and suboooled along with the unflashed portion

to 1800F, at whioh temperature the condensate pumps aould

handle the liquid,

The level of the condensed steam was kept somewhat

below the lowest point of the process fluid in the 0olums

on the first rack by manual adjustment of the oondeasate

blow-down valves, the height being indicated by a water

level indioator connected across the steam and condensate

headers. The level in the other two racks was maintained

by slowly olosing down the valves on the conneoting piping

from the lower 4-inclh manifolds until the temperature of

the condensate in them began to drop off, indioating

that live steam was no longer present.

From the condenser back to the boilers, the piping fol-

lowed eonventional practice. the oondensate going first

through the de-aerating tank to remove most of the air and

to heat the water to 240°F with exhaust steam from boiler

auxiliaries. The hot wall of the tanX discharged into the

suction of the feed boosters which supplied suction head
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to the main feed pumps. In .addition to feeding. the

boilers# these unitealso supplied water to the desuper

heaters&

Two oster-Whoeler oil-burning marine-type steam

enera;ors were assigned to supply heat to the oolumn wAts,

and a 600 p~s.i. 156,000 lb./hr. Alaska-type MarUe boller

ftr the Naval Boiler and Turbine Laboratory was. set up for

boiler and plant auxiliaries, Zaoh of the main boilers was

rated at 180,000 lbs. of steam per hour at 1,500 p.s.i.

and 85001. With desuperheating, the capaoity was 225,000

pounds of saturated steam per hour at 100 p~jsc.i. 8ine

306 .columns consumed 336,000 pounds per hour, the total

steam capacity of 450,000 pounds per hour was hig enouA

to take care of plant overloading caused by a column dis-

turbanoe (pitohing) which increased the consumption by..25,

Although It appears at a glance that using the boiler super.-

heaters increases the output by 25%# they actually raiSed it

40% by virtue of the fact that the hot gases from the super-

heater bank passed through the saturated side of the bolleor

so that some steam was generated by these hot gases. The

original boiler contracts had called for automatic controls,

but because of their untested nature, the Naval.Boiler and

Turbine Laboratory deemed it advisable to dispense with them

for the sake of continuous reliable operation, although this

meant the use of more manpower, The boilers were served .by



enough auxiliary equipment to iadre pIaat opIOaion in

spite of the failure of any single uitit

In running the original experiments at thi Wa~al Rt.

search Laboratory with 1,00 lb. steam, a ravity retum

system was used for a single column so that the hot- *O-

densate was fed directly bask tO the bollero thUs eqdti ing

the boiler to supply only the heat of vaporization ilus

a few BTU lost in subcooling the liquid 10 to 20*1. When

the expanded program was laid out, the plan was to use the

same system, using a high pressure, high temperaturi pump

to return the feed water to the boilers. An alternatiVe

scheme was to use part of the hot condensate for desuper.-

heating and cool down the rest in a condenser. Both, of these

proposals were discarded when investigation showed that al-

though such pumps were being developed, none had bee

thoroughly proven to be capable of handling the hot water

at 1,000 p.s.1. pressure and producing a differential head

of 250 ps.i or greater# Consequently, in the interst

of moving the plant completion date as far forward as posw

sible end also in having a dependable soures of steam when

the plant was completed, the system of cooling down all the

condensate in a codenser was used.

It will be seen that a tremendous amount of heat waS

being wasted in this arrangment: the total heat of 1,000

p.sel saturated steam was 1,191 BTU/lb. as it went into

the oolumns. At the bottom$ after condensation and a-slight
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sub-ooling . the heat of the liquid was 530 BTVAib. if

this hot condensate had been returned direotly to the boiler

only 661 BTUIb. would have had to be added; however, if the

liquid was sub-cooled to 18007, l,011 MT3/lb* had to be

supplied. Based on one rack, the aOtual Ateam conamptica

wa 39400,000 BTU per hour,.o 50% in fuel boete higher

than would be required if hot oondensate were returid, In

view of this fact$ the acquisitlon and use of suitable pumps

and of boilers destned to operate with hot feed water is

imperative to the eoonomical operation ef a liquid thermal

diffusion plant.

50 PO460 FuiPiping

In a thermal diffusion plant there are many miles of

process fluid piping. In the interest of safety the size

of the niakel tubing employed for the purpose was held as

small as possible. In general, 3/16-inoh, 1/8-inah, 3/32-olsh,

and 1/16-inch X.D. sizes were employed. Due to the Mlting

point of the process material 7000 at 1#550 psSe),) it was

necessary to keep fluid lines above this temperature to pre-

vent solidification. For pipes of long length this was

accomplished by jaCketing and heating with 5 p.so. ste a.

As many as 32 niokel lines were included in one jacket.

An alternative method of maintaining fluidity was to

keep the tubing at a sufficiently high temperature ia a heated

enclosed space.

Thermo-syphon pumps were looated at frequent intervals
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along the rack. One leg of the pump was Saekted with5

pesoj, steam# the other with 150 p.s~i. stem,
6. Duot Sse

The ducts arund the tops and bottom o the heas ee.

Ohanger provided a heated spaoe for link -lines OarryIng

prooess fluid from one unit to another and eairred awa

fUtwe caused by a break in the material system* if that

oocureod.

As laid out, the front heatin#g dUets w$rediide ijntO

units of two columns each, with one oonnecting"dat t U the

collection duct behind each column, Fig. 8. The purpose 6f

the division plates was to prevent cooling the links between

more than two columns when an operator had a door open.

After operation showed that the oolumns could be ru in

larger groups than was at first thought feasibles these

dividers were removed so that the number of connecting ducto

could be reduced to three or four per group of 17 columns

as long as their size was increased appropriately*

The front half of the top of the lower duct and bottom

of the upper duct were made removable to aid in installing

columns, One hundred-pound steam lines, Fig. 8, were laid

in the ducts to enable a temperature of about 212OF to be

maintained therein. Back collection ducts were conneoted

through a stack to blowers located on the roof of the planto

Gravity dampers had to be installed in these stacks between

the lower and upper heating ducts and before the exhaust
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tan to prevent the chimney effect from forcing cold air

into the system*

In a properly run plant the number and size of proess

material leaks can be held down so low that the Collection

system can be dispensed within a buiialne properly designed

with natural convection ourrents if the prooess material

is of low U-235 oonoentration.

Even though all steam piping and the columns them-

selves were insulated, the amount of heat passed to the

air was large enough to make operations on %no rack very

uncomfortable. Louvers were installed in the lower portion

of the building and vents were out in the root,

IV. Plant Instrumentation

For the most part, the instrumentation sered.one. of

two purposes: either (1) to minimize manpower requirements

by providing automatic control of operation, or (2)miimize

loss of time, or equipment# by providing an automatic :alam

system actuated by controls at points where trouble might

occur. In order to illustrate use of the control system,

a typical one-stage circuit is described in detail,

1. The Product Circuit

Fig* 9 illustrates a typieal product airluit Any

two adjacent columns in the cirouit were onnGeoted together

both at top and at bottom, connections at the botte being

made by 1/8-inch nickel tubing attaohed to the end oolum
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adapters, connections at the top being made through a

manifold. Copper tubing was silver-soldered to these

*interooumn connectors" at the indicated points, the

copper tubing being connected to a source of water and

0ompressed air. During normal operation, watet flowed

through the copper line at the tops of the column (L116

NO. 2) and through the pre-meter freezer (No. 3)0 The

cold water froze the material in the attached nickel lines.

The water was then turned off water lines Nos. I and 4

allowing the material in the nickel tubes attaohed to

these lines to malt, since the bottoms and tops of the

columns and the interoolumn connectors were all contailed

in a steam-heated duct maintained at 1000 - 130°0 ThW,

raw material circulated from the reservoir, through the

convector pump, through the bottoms of the columns, and

baok to the reservoir. Also, if there were any material

in the meter chamber (which was maintained at a higher

temperature than the product pot) this material distilled

into the product pot. This condition existed until it became

desirable to draw oft product, at whioh time water was

turned into lines Nos. 1 and 4. The water was next turned

off line No. 2 and compressed air blown throuh this line

for a period of time sufficient to purge It of water. The

material in the manifold then melted; whereupon, water was

turned off line No. 3., allowing the UF6 to melt at this
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point, so that the meter chabOer filled from the tops

of the columns. It was necessary to allow the materia

in the manifold to melt before the pre-meter freeoer, Sao

3, was thawed; otherwise it would be possible for the Keter

to be filled by UF6 from only one or a few columns Water

was then turned back on lines 2 and 3, blown out of I and

4, and fluid circulation through the bottom resumed.

2 TD=.... OLENOID VALVES AND R.ATD APPARATU

In order to provide continuous, automatic operation

of the described cyele, a system of solenoid valves was

used to control the flow of water and air through the

copper lines. The periodic opening and closing of the

various solenoid valves was controlled by an eleotrical

timer which made and broke the eleotrioal ircuite to the

solenoid valves at pro-set intervals of time,

A schematic diagram of the timer circuit is found

in Fig. 10. It is seen that power to the solenoid valves

was supplied through the timer and through a oontaetor.

In series with the coil of the contactor were several

stop buttons and a normally olosed contact of relay 0R2.

The coil of relay CR2 was connected in series with a

pressure switoh communicating with the main steam supply

and set such that the pressure switch made aontact at about

900 p.s.i. (with process steam at 10000 p.soti), gpenjag

the contact in the oontaotor ooil circuit and thus break g
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the airouit whioh supplied power to operate the solenoid

valves. The purpose of this device was as followst it

for some reason, the main steam pressure were to fail and

the columns were left to communioate with the reservoir

as they oooled down, about two additional pounds of VF6

would flow into each column from the storage ohambor, It

the steam were then turned back into the colwnse oontaining

this excess material, it would be possible for the rapid

expansion of the extra material to generate pressures sure

fioiently high to cause rupture of the columns. The

inolusion of the relay CR2 prevented this possibility,

since interruption of the power supply to the timer opened

all water valves and closed all air valves, isolating the

columne from the reservoir. A short-circuiting switch was

plaoed around this contact for use during start-up,

Stop buttons were looated at various strategic points

in the plant, making it possible for an operator immediately

to isolate all unita from one another (by freezing) and

from the reservoir.

The toggle switch T., was a seleotor switch looated

inside the timer. Tla and Tlb represented one cam of the

timer; the selector switch To, was thrown to Tla if contaot

were desired for a percentage 0 to 50% of a cycle. It no

contact was desired for a percentage 0 to 50% of a cycle,

this switch was thrown to Tlb. SV was the solenoid valve

oontrolled by this cam, while the circled G represented
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Sgreen light mounted on the panel, allowing one to tell

at a glance whether the oorresponding valve was aetuated

or not. Ti, when olosed, formed a short oiruit around

the cam, allowing one to operate the valves independent ot

the timer, should oooasion arise to make this desirable.

The inoluslon of Ti. was of course# optional; it was

found to be time-saving durin8 start-up and experimental

runs, but of no use once steady production had been obtained#

Other cams in the timer wer connected paralleling that

shown*

The main signal system conslsted of an annunalatal

and the necessary normally open switches, located at the

various control points. The drops of the annunciator were

actuated by such faotors as failure of 440-*volt power,

failure of 110-volt power, low main steam pressure, high

ciroulating water temperature* low freeze-off water pressure,

low circulating water pressure, etc. An independent power

supply was used for the annunoator (a bank of 4-c storage

batteries). In series with the individual drops of the

annunciator was either a 6-volt bell and/or a relay whose

output contacts were in series with a 110-volt bell.

One oontrol, in partioular, requires some detailed

description, with regard to purpose. It has been found

that the best solenoid valves commercially available were

not 100% foolproof; i.e., (1) they had a limited life and
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(2) they ocasionally stuck in either an Open or olosed

position* Reference to rig, 9 shows that all eolvmnu

we"e connected together both at top and bottcu, but, as

was stated above, at all times either the tops or the

bottoms were "frozen" so that at no time could the in-

dividual column communicate with each other both at top

and at bottom, However, should a water solenoid valve

burn out, or stick closed, then, during part of the cycle,

the columns would communicate with each other at both top

and bottomq This oondition was found to be very detrim-

mental to the process, even though it might exist for as

small a time as 5 - 10% of the total cycle period* The

reason for suoh a behavior lies in the inherent variations

of structure of oolumns, temperature, eto., that will

exist in any plant. Small though these variations fts=

column to oolum might be, they result in different average

densities of the process material in two adjacent columns,

so that, if the columns communicate with each other both

at top and bottom, a circulating flow of material will

exist, resulting in a general mixing of material. This

mixing has been found to be very effective in cutting down

the separation factor; hence, it was desirable to have an

alarm which would annunicate whenever both upper and lower

freeze-off lines were simultaneously without oooling water*

It should be emphasized that a freeze-off water alarm

system is a near must in any pyramid arrangement. A
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multi-stage pyramid will require, in general, over a

month to oe up to produot conoentration. A half-hour of

intercolumn oiroulation will usually nullify over half of

the elapsed time*

4. PROCESS LUID FLOW INDICATORS

For proper operation of the circuit, the process fluid

must flow through the oiroulation loop for as large a

fraction of the total cyole time as possible. Since it

is quite easy for a "plug" of some sort to form in this

line, some type of flow indicator was employed. This was

most easily done by attaching thermocouples to two adapters

of a column and recording their readings by use of a re-

cording potentiometer calibrated to read temperature when

employed with the thermoeouples in uses When flow oocurred,

the fluid flowing out of one adapter of the column was

about 10000 hotter than that flowing into the oolumn. If

no flow ocourred, the two temperatures were about the samo

Thus, simultaneous reading of the temperatures of the

ingoing and outgolag adapters served as an indication of

whether UF6 flow existed.

One could also merely attaoh two thermometers to a

line through which UF6 was flowing, one of them being near

an adapter through which fluid flowed as it left the column,

the other being a foot or so down the line.
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VS TRSFER ROOM

Uranium hexafluorlde is a poison of the same pnenl

level of toxicity as ohlorine. One of the features of a

liquid thermal diffusion plant is the high prooess fluid

pressures which must be employed (1550 p.s.i) large

quantities of prooess fluid must be maintained is reservots

at these pressures. Transfers of fluid must be routioly

made from shipping cylinders to reservoirs.

It is olear that rather serious operational hazards

existed, To minimize these it was felt desirable to per-

form all tasks relating to bulk handling of uranium hexa-

fluoride in a separate building espeolally designed to

minimize potential hazards. This building was tered the

*transfer room", Fig. 11. Functions of the transfer room

are listed below:

(1) Transfer of uranium hexafluoride

from shipping cylinders to reservoirs,

(2) Oontrol point for keeping all process

equipment at proper fluid pressure,

(3) Product metering point.

(4) Product removal point.

(5) Produot dumping.

(6) Waste dumping,

(7) Routine transfer of process fluid,

1, General Qonsiderationo

The arrangement of instruments allowed convenient
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and constant observation of all gauges and motors. A

sprinkler system was provided in both main end produet

scale rooms to protect against bursting hexafluoride con-

tainers in case of extreme heat during a fire#

A great deal of piping for gas, water, and steam was

needed to handle the requirements for these services in

the transfer room. In order to avoid crowding of vnese

lines around the room, the majority of them were placed

in trenches running under the reservoir and product ducts

along with condensate returns and water drain lines.

2. RE§FAVO18

The twelve reservoirs were the most Important Item

of equipment in the transfer rooms and the most dangerous

due to the large amount (approximately 450 pounds) Ot

material at 1550 p.s.l, Each of these tanks was a eylinder

8-1/2 ft. long and 8 inches inside diameter made of l/2-

inch nickel plate, The ends were elliptical in fer& and

were somewhat thicker than the walls. The cylinder was

made In two halves and welded along the axis with pure

nickel rod. The ends were formed and attached with a

circumferential weld, A coiled nickel heating pipe was

constructed along the axis on the inside of the reservoir

for heating the UF 6 . A steel heating Jacket suwrouaded the

full length of the cylinder. This Jacket served both for

low temperature heating when starting up and for rapid
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cooling of the contents of the Chamber in an e*$genoy,

Nar the bottom of the tank five nickel adapters projeoted

outward for use in filling and oonneoting the reservoirs

into the process fluid circuits, At the same leyro a

thermometer well was welded into the tank. Additional

adapters projected out fro the top and bottom for aleaning.

Bloweoff diaphragm flanges were welded into the ahamber

at the top.

Each tank was mounted vertioally upon a framework on

a scale platform. The scale dial was turned so that it

faced inside the transfer room and had 1000# rang (see

Fig. 12). The tare weight of tanks and associated equip,*

meat was balanced out so that the scale read the weight of

VF6 in the reservoir. The scale beam and dial were

actually in the wall of the transfer rom and were sepaw

rated from the tanks by a steel plate. The suspension *t

the tank and scales of course necessitated generous loops

or coils in all steam and water pipe attached thereto in

order to eliminate extraneous support. This was well

acoamplished as tests with weights indicated.

The iimer coiled nickel heating tube was attached to

a steam loop abovo the top of the reservoir. This loop

received steam from a line in the transfer room wall which

was supplied, through a roduoing valve, from a 600 p~s.i.

steam line in the trench, but faulty operation caused their

removal and replaoement with 1/2-inch globe valves.
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Regulation of the steam pressure provided tempeataure

control at the temperature of condensing steam* Th6

bottom of the *oil fed into a steam trap and thene tAo

a eondensate return line located in a trench behind thw

chambers.

The outer jacket was supplied also ftm 5# steam

and water lines in the trenoh along the front of the

chambers, These lines were avranged with suitable choeks

and valves low on the walls of the transfer room so that

either low-pressure steam or water could be routed Into

the jaoket. This also was finally fed through a steam

trap and into the rear trench.

Due to the installation of the reservoirs outbide of

the transfer room, the niokel adapters on them were quite

long and had to be heated to prevent freezing. Therefore,

a small jacket surrounded them from the point where they

left the tank to where they entered the ducts it the

transfer room wall. One oould either heat these jackets

with steam or ran cold water throush them to frezeooff

the adapters in ease of a break. These were eonneeted to

an automatic freezer valve. In addition, each tit had a

copper "freeze-off" line silver-soldered to it inside the

duot. Cold water could be run through any one of these

lines to freeze it off by opening a sock just above the

dust.

A remote indioating dial thermometer was placed just
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above the scale dial and the element was loat04 in a

nickel well in the reservoir, Steam pressure puses were

located beneath the duet and measured the presure in the

steam heating coil. The UP6 pressure gauges were eiaetGd

through an adapter to the interiors of the tanks* These

gauges were located just above the duet and were individually

steam-heated. The gauges were standard 3000 posei* bomdon

tube design with beryllium-oopper tubes and all si1"ew-

soldered joints.

To prevent the possibility of burst reservoirs and

the attendant damage, several precautions were taken*. The

tanks were placed outside of the room and wore ompletely

surrounded by steel plate, Channel sections were used to

isolate one tank from another. The plates were supported

on channels set into the concrete scale footing. The tanks

were than tested hydrostatically to 4000 pa.oi before

installation. Finally each chamber was fitted with a

blow-off diaphragn mounted between flanges which would

rupture at about 2200 p.s.i The effective size of the

disk was kept to 1/2-inch diameter in order that the jet

effect of the blow would not be sufficient to cause dma"

to the scale mechanism, while still being large enough tor

reliability and non-plugging. In order to prevent loss at

UF6 after a blow, the diaphragm communioated with a blow-off

tank mounted on the back of the steel shield. These tanks

were made large enough so that under the worst possible
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oonditions of weight of material and temperature in the

reservoir# the pressure would be dropped to a sate level

after blow-off, A well was provided in the blow?off

tanks Into which the sensitive element of a theral relay

was inserted which operated an alarm boll wha hot material

entered the tank. When blow-off oocurred, the scale is

dicator increased momentarily but rapidly dropped off as

aterlal went over to the blow-off tank; the process tlid

pressure dropped off immediately.

All of the connections between the reservoirs sad

the process piping loading to the racks were made JA a

duot which was mounted on the wall In front of the rservoirs

below the scale dials$ This duct contained the transfer

manifolds and terminal boxes for all of the lines leading

to the columns on racks in addition to the adapters of the

reservoirs. The duct was heated by means at steam lines

and was well insulated, A blower system was arranged to

clear the duct in the even of a break inside t, The air

was drawn out of the ducts through circular Conduits to a

header mounted on the plate in back of the storage ohafbers,

This fed to a blower mounted up on the wall of an adjaoent

building which forced the air through a washer to remove

all UF6 . In addition, blowers were located in veatilators

in the roof of the transfer room which cloared cut smoke

and discharged it at some height above the roof#
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3. rILLING OF RESERVIRS

Provisions were made for simultaneous operation of

two transfer pots at the end of the line of reservoirs.

These transfer pots were arranged on wheels with a re-

movable top to allow insertion of the shipping containers.

The pots were simply steam jackets used to heat the uranim

herafluoride sufficiently to distill it into the reservoirs*

The pot was designed with sufficient volume *nd wall thioknese

so that in event of failure of the shipping aontslaers, the

pot would hold the material liberated. Though the pots

were heavy, they were easily handled on their wheelso The

head was placed on the shipping tanks and sealed with a

neoprene ring and then the assembly was lowered into he

jacket with an electric hoist, The pots could then be

wheeled onto the scales used to measure the amount trans.

farred. The steam and drain lines were attaohed to the

pots and the heated material flowed through a heated line

to the reservoir. Steam pressure regulating valves located

on the adjacent wall, along with pressure gauges, allowed

temperature oontrol. Water valves operating through oheoks

allowed rapid cooling of the pots in an emergenoy. The

steam-heated prooess fluid line conneoted to a manifold

inside the duct in front of the reservoirs to allow

filling or draining any reservoir from either pot.

The product withdrawal operations were oarriea on in



a duOt on the wall separattg the two roams ot .tho

transfer building -and in the smaller of these two.roome

A large duct with aOOesS doors ox both sides of t.he

wall, extended the full width of the transfo to=, All

metering operations were carried out in there.

Each circuit had its individual metering chamber

which was essentially a capsule with a freezer valve at

each end. The capsule was enclosed in a steam jaoket

and aommunicated with a pressure gauge* This gauge in-

dioated whether the capsule was metering properly.

Originally this gauge was steam-heated but later It was

found easier to install all but the fact in the duct*

In operation, an automatic timer first froze the capsule

outlet and unfroze the inlet whioh communoated with the

columns. This allowed UF6 to enter the capsule at full

system pressure which was indicated on the gauge. The

inlet was then frozen and the outlet opened$ allowing the

volume of the capsule to pass out into the product pots.

All of these operations were automatic and were oarried

out by a cam timer operating solenoid valves mounted on

the wall above the product duet.

After metering, each of the product lines continued

through a steam jacket conduit to its individual product

pot. These containers were arranged in units of four on

a scale with an air Jack arrangement making possible the
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individual weighing of these containers and yet OOn-

serving spae, This produot removal system was duplloated

4y a waste material withdrawal system in the ease of the

pyramid circuit whioh utilized oimilar equipment*
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)rnglneering and OperiatonA

1 moo* lox, ChemometalleFnge L2 102 (1945).
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Engineering and Operation

Figure 1

View of S-50 plant at Oak Ridge, Tennessee.

The liquid thermal diffusion oolUmn.

Aerial view of Philadelphia pilot plant located IA

Philadelphia Naval Dase ahowing (I) boiler room, (2)

main pilot plant, (3) transfer room, (4) laboratory

building, (5) offioe and column construotIon buildlna0

(6) pump building, and (7) oil tank far.

End view of the three raoksat Philadelphia* Zach rack

oarried 102 oolumns spaoed 11" apart,

Figure 5

View between two raoks (top), showing (1) beating duot,

(2) trap door, (3) hoist and mono-rail, and (4) 6"

steam headers.

Schematic layout of main steam and water piping for

Philadelphia plant.

View aoross ends of raoks showing (1) booster pumps, (2)

automatie temperature control valves, (3) booster pump

-am



header, (4) reciroulating water pumps, (5) wrGe1rwa1*tin8

water discharge piping from 24" top header# Snd (6)

ventilating air ducts

View at bottom of columns showing (1) duct steam heating

lines, (2) bottom of oolumns, (3) piping to 0Qlwma sono

densate expansion loop, (4) conneting openings to 40l-

leetion dut, (5) flow moter for process fluid, (6) pwooeas

fluid adapter, (7) inter-oolumn conneotorsa (8) freezera,

and (9) hot air duet.

Migre 9

Schematio diagram of typical one stage product airoulto

Valve action on flow of U?6 was obtained by freezing the

substanoe. Automatio operation was attained by controlling

freezer water flow by solenoid valves and a am timer.

Figure 10

Schematic diagram of cam timer and associated oontrols.

In the event of any accident leading to loss of process

fluid, all oolumns 0ould be isolated from each other by

pressing stop buttons located at strategic spots around

the plant.

View of transfer room showing (1) scales for the twelve

reservoirs, (2) hot air duet to maintain fluidity of U76#

(3) terminal box -- terminus for 1/8" O.D. nickel piping



conneoting transfer room and main prooess area, (4)

product meter duct, (5) product weighing scales, and (6)

steam jacket for rapid distillation of UF6 frM shipping

containers.

Detail of reservoir mounting and piping*

-O-
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7,3. Gradishar

In prinoipal, one could attain any deelrd degree

of isotope separation from a oolumn by suffiieently 14o

creasing its length. In practice, such a procednr is

impractical for at least two reasons. The first is the

obvious one of the awkwardness of suoh equipment. The

Second is more subtle and Is best Illustrated by the re-

sults of the following experiments

Throe oolumns were conneoted in series as shown In

Fig. 1# Samples were removed from time to time and re-

sults were observed which are listed in Table Is

Table I

Sampling Per cent Enriohment
Point A B D D

2.67 days 1,131 V998 •.998 .864

6.75 days 1.239 e994 .993 •799

1o.67 days 1.273 .984 .995 ---

These figures show that only columns I and 3 are peo-

forming separative work. The remain oolumn oould have been

out of operation as far as affecting the result during the

Initial days of operation. These results are in agreement

with theoretical studies whioh show that if oolumns are to
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be in series, a tapering number of columns should be

employed for each stage.

To accomplish enhanced enrichment of U-235 beyond

that produced by a single stage of optimum length columns

requires a system of casoading. A batchwise process in

which the product from one bank or stage is colleoed iA

a reservoir and used as feed material for another loads

to excessive handling* It is evident that this dis-

advantage is eliminated in a process in which the product

from one stage is fed up to the next stae, and waste is

fed downward* Such a system is approximated in our

"pyramid". which deviates fron the ideal in that the

transportation of material is effected at frequent in-

tervals rather than continuously.

The purpose of this investigation was to devise pyrao

mids consisting of several stages and to demonstrate the

practicability of operating them.

I. Physical Makeu

To test the feasibility of pyramiding in a pratioal

set-up, two units totally rectifying in character were

assembled, one a two-stage unit (designated pyramid 5) and

the other a four-stage (designated pyramid 7). A set of

24 columns previously used as parallel rectifiers in

produotion circuit 5 was incorporated into pyramid 5, and

47 columns comprising produotion circuits 7 and 8 were



*ombined into pyramid 76 The *oluus in tioioUt 5 had

been tested while used as producers, wA two obviously

"bad" columns were replaced by new columnzs

Data taken on circuit 5 during production oemr a

period of a month gave the data shown in Table 11o The

ooncentration glven Is taken relative to ordinary etzdumo

Table 17

Av* Feed Grams per ole Prod, SePa1
Oone. io day .. Onoe otla

MONN.I .1[I .. .. .

•975 13263 1,184 1,214

•975 156,9 i.i63 149

The oolumns making up cirouit 5 were somewhat

variable in their oharaoteristio, Values of Y ranged

from 0.35 to 0.45. If one takes# for simplitty, an

effective value of Y " 0.4, it later becomes possible to

make a oomparison of experimental results to theory, CA

the basis of Y .,4 and M a 1600 grams/ool., the withdrawal

data given in Table II are fitted by the value a 34-.8

grams/day. This leads to an average value of X - 115 days.

The oolumns comprising pyramid 7 were never tested as

suoh and must be considered as a combination of a random

ohoioe of oolumasw

Dhring produotion, oirouit 7 (23 oolumns at bottom

of pyramid 7) averaged 2040 gas/day of produot at 1,199.
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Circuit 8 (24 columns at top of pyramid 7) produced

2508 SM/day at 1.226, The data are summarised In Table

Table III

Av. Food Grams per 00l. Prods Sepa-

Cono. G. per de .one, VUoM

Ciwouit 7 .975 88,7 10199 1.230
circuit 8 .975 104.5 1.226 1.257

The distribution of the oolumns into the respeotive

stages followed a plan developed frm theoretical con-o

siderationB. This plan proposed the following ratios:

two stage pyramid: 2.5 : 1; three stages 4451 2,5 1 11

four stage: 7 : 4.5 t 2.5 t 11 five stage$ 10 : 7 S 4.5 1

25 : 1. Corresponding to these ratios, pyramid 5 consisted

of 17 oolumns in the first stage and 7 columns ia the

second, while the 47 columns in the 4 stage pyramid 7 were

proportioned 22 1 14 1 8 S 3, respectively.

The physiel arrangements of the pyramids 5 and 7

are represented soheamatioally in Fig. 2 and Fig. 3#

respectively. In the arrangement shown, "circulation loops"

powered by "conveotor pumps" connect the top of one stage

to the bottom of the next stage for the purpose of inter-

changing material. Obviously the most efflcent syst=

would be one where continuous motion of material between

adjaoent stages occurs. However, this arranpnent would

.w4*



result in thero-syphou effeots between adlaoent oolumns

and adjacent stages, nullifying the separation proaess.

As a consequence, the expedient of arresting alternate

loops on alternate hours was adoptedl that In* the *umbet 1

circuits were "frozen" when the number 2 loops airculated

and vice versa. A cam timer controlled the process by

alternately actuating every hour the appropriate solenoin

valves. Auxiliary valves permitting freeze water to be

manually introduced at will into any link were idstalled

in parallel with the automatic valves, Nickel lines of

1/16-nah I.D. interconnected various other units of the

pyramid. Freezer stop-valves were installed to permit

isolating any part of the oircuits.

II. 0arationa l P r ocedure

Since most of the columns had been in operation for

*aoe time previous to assembly In pyramids, it was neoes-

sary only to drain out the process fluid to ready them for

pyramid assembly. In the case of new columns the accepted

prooedure for conditioning the material space was followed;

i.e., a carbon tetraohloride degreasing wash, a water wash,

blowing with heated nitorgen until the columns were dry,

and a final flushing with gaseous fluorine* The system

was ready for introduction of the process materialg iranium

hexafluoride, upon assembly of component links and testing

the system for pressure tightness. Vlhen the system was
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aampletely filled and all obstructions to normal opewa.

tion (plugs) were removed, the system was plao*8 undew

the control of the automatic cam timer which operated

alternately every hour the number I and the amber 2

eirouits.

As with any exploratory experiment, numerous opera'

tional diffidulties were encountered. Plugs or restrictions

to flow of material in the relatively small interlink lies

were the principal nuisanee; detection and eliInation wet

aggravated by the increased complexity of the system. Tor

example, a plu8 in the fourth stage loop 'ould be detected

best by following the pressure ohang$s fron the storae

ohamber to the loop oonoerned. This Involved leading the

pressure-induced flow through selected channels of the

first three stages to the stage in question and observlag

the point at which flow terminated as observed by the

"flow meters", Care was exercised to reverse the flow in

an identical manner in order not to produe any ultimate

disturbance in the relative position of process fluid.

Excessive leaks in the steam system caused several

shut-downs during the term of operation. Securing the

system and resuming operation at a later date had a diw.

turbiAg effect on the system as it caused "pitohing". a

boiling action which stirred up the material within the

columns,

At such times the various stages were completely

-6-



isolated from one another. While there was some NdXU#

within a stage, only a small amount of separative wOrk

was lost.

The method of removing prOdUct from the top stagp C.

the pyramid was similar to that of the single stgse Orw

cuits. At two hour intervals the line connecting the top

of the last stage to the product receiver was oleared. A

metering cylinder of appropriate size was allowed to fill,

The contents of the metering cylinder was later automatically

released into a product receiver. The reservoir was of such

a large capacity coampared to the system that it showed ap

preolable Impoverishment of the light material only after a

considerable length of time. In any case when %the assay

reached 0.67% U-235, the reservoir was replaaed with fresh

material. A group of oolumns set up as "strippeor" ould

be utilized further to impoverish the waste were this eon-

sidered desirable*

IIIo Results of Pyramid 5

The most sucoessful studies were those pursued on

pyramid 5. One run was made to follow the approach to

equilibrium. Samples were taken from each stage at a

representative point at regular intervals*

Two mishaps oourred to mar the continuity of the

experiment. On the eighth day of the run, three pounds

of UF6 were lost by accident from the top of the first

-7-



stage, Shortly thereafter the circuit was seeured due

to lacc of adequate *team supply. Upon resumptioA Of

operation, seven days passed before a parasitie eaioulatica

loop in the top staie was diseovered and removed, Ther

after, smooth and uninterrupted operation was expearenced

until the end of the run.

Fig. 4 shows the approach to equilibrium curves. The

solid ourwes represent the theoretical curves for a

pyramid possessing column all aliket Y - 0#4, x m115#

H- a34.8 gis/day. The dotted ourves show the actual

values observed. The dip in the upper curve is the result

of the parasitic circulation.

The interruption caused by the parasitio convective

loop affested mainly the seven oolumis comprising the top

stage. The bottom stage continued performing separative

work during the seven-day interval, The prinoipal result

of the interruptions, therefore, was the loss of the

separative work of seven columns for seven days. In

addition, the efficiency of the bottom seventeen 4olumns

suffered slightly during this period due to the fact that

the concentration at the top of the first stage was higher

than it should have been. Hence there was more back

diffusion. The net effeot of the interruption was,

therefore, the loss of 2 - 3 days of separative work for

the pyramid taken as a whole.
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One other complication in interpretation of the

experiment is the faot that the reservoir eoneentration

diminished during the course of the run. The %hadvetical

ourve given is ealculated on the basis or a constant

reservoir oonoentration held at that of normal u rani.

In view of these factors, it to felt that pyramid per-

formed in fairly good agreamen't with the theoretieally

expected behavior.

A run was made to determine the separation during

product withdrawal. The result of this run is shown in

Table IV.

Table IV

ProduOt Av. Cone# Gone. Conep, s
Rate bottom top top Factor Fa~or

Stage 1 Stage 1 Stage 2 Stage 1 Stage 2

760 g/d .975 1.19 1.56 1.220 1.31

These results represent a steady withdrawal over a

period of 25 days. The result is the average of five

samples taken after steady state oonditions had been estab-

lished4 The overall separation factor of the final product

is 1.60 against an expected value of 1.54 obtained on the

basis that all columns are alike and possess M o 1600g

Y m .4, X w 115 and R - 34.8 was/day.
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IV. R l of Pyramid

The performane curve of pyramid 7, a four- stag47

oolImn unit, is given i Fig. 5. Operation was sluggish

for the first few weeks with numerous restioteoas aA

plugs in the 1/8-inch link lines. For 32 days the system

was allowed to build up toward equilibrium before the

product withdrawal mechanism was set in operation, A

run of 40 days established the terminal coneentrations

in the various stages and the produat at this rate*

These values are listed in Table Vo

Table V

Bottom Bottom Bottom BottOM Top Withdrawal
Stage 1 Stage 2 Stage 5 Stage 4 Stag Rate

•975 1.155 1.354 1.523 1,80 536.1 pI/d

These results show the following separations for each

stage:

Table VI

Stage I Stage 2 Stage 3 Stage 4

1.182 1.172 1.117 1#182

From the table it is clear that stage 3 performed

very poorly. This was probably due to oae or more very

poor columns in the stage, However, the remaining stages

show a behavior not muoh different from theoretical. Taking

an effective Y .4, the results from single stage operation

"1040



of airouit 8 gave: 9 om 36.0 pns/day, X - 111 daysw

F1oa these figures one prediots for the top stage of the

pyramid a separation factor of 1.18,

Frrm our studies of pyramid behavior the following

observations are made:

1. The pyramid was easy to operate

automatioally once proper fluid

flow was obtained.

2* Principal difficulties were plugs

which It was possible to eliminate.

3. It was found espeoially important

that "freezer" mechanism for altemate

oirculation be ocmpletely dependable.

4. A program of elimination of poor

performing oolumns was found to be

essential.

5*. With unifom ooluns it was possible

to approach the theortically prediated

performance.

-11-



OAPTIONS

Three dolumns connected in series# Samples were removed

from points A# B, 0, D with results shown in Table 1.

Frigure 2

Sohematic prooess fluid flow diagrax of two stage pyramid*

Figure 4
Sohmatio prooess fluid flow diagram of four stago pyramido

Approaoh to equilibrium of a two stage rectifying pynid,

The dip beginning at 8 days was due to a ptrabitiO com.

vectIve loop*

igre.-5

Performance curve for a four stage pyramid, No produat

was removed during the first 32 days. Produot was removed

at the rate of 536.1 gas/day during the remainder of the

runo

-a-
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CONTRIBUTIONS BY THE TECHNIOAL DIVISION, F1ROLVI
QORPORATION

The Fewoleve Corporation Technical Division was

directed by B.F, Dodge. Under him as project direotors

were OR.* Dwyer and O.A. Todaro with Forrest Western

head of the Mass Speotrograph Analytioal Laboratory.

Technical effort was directed prineipally towavd process

improvement and a considerable degree of success along

that line was attained, More than two score projecte

were undertaken, many of which were completed. Others

were only partially finished at the time of plant shut-

down. A two-volume final report edited by O.K. Dwyer

issued Oetober 1945 served to suwmarize the work of the

Technical Division, Abstracts of the reports on the

various projeots are reproduced here, They have been

edited to a slight extent to conform to the notation of

this volume.

Summaries of All Projees Undertaken by

the Technical Division

Projeot No. 1 wIndividual Column Performance,

by: John Do Hoffman
Mark D. Snyder

All columns in the S-50 plant have been tested by

withdrawing 100 grams per oolumn per day for seven days

and averaging the assay of the product withdrawn for the

last four days. -I-



Columns were classified by a letter or number, and

a summary of the per cent in %he various oategoies is

as follows:

Assay Range at

Above 1#32

1.29 to 1.32

1.26 to 1.29

1v23 to 1.26

1.20 to 1.23

1.17 to 1.20

1.14 to 1.17
1.11 to 1.14
1.08 to 1.11

Below - 19

Per Cent In

1,4

3.1

7.8
20*

35.3
24.8

4.7
2,6

0.9

0.4

Thus the search for poor columns revealed a great

deal of information ooncerning oolumns in the plant#

Based on the results obtained, the plant, as a whole# was

capable of averaging about 130 ePu/col/day at "par"

(1,20) assay using 1000 lbs. steam. However, it was be-

lieved that the data gave slightly low results (about 10%),

and the average maximum production was believed to be

nearer 145 Vs/ool/day at par assay.

class

A

B

0

D
B

I

II

III
IV

V



J~. o .,. 2 o- mOMparASoA Of IdlvlduW a OUanG PerfoOm0e
. sing Gontinuous Project Withdrawal and
the Intermittent Method.

by: Daniel FzisbmAa

In developina the method of product remora. by top

circulation (see Projeat No, 12), It beoame neooesary to

compare product removal by top oiroulation to the unttwo

mittent method on an individual column. In thts fashion,

it would be easier to contwol all variables and a deoision

as to which was the better method ecould be move easily

roached.

Two oolumns were selected on a rak that were simlar

in perfovmancel each oolumn had product removed by one

of the above methods. After the firs"t run, the two methods

were Interchanged on the two oolumns and the tests repeated.

Oheek runs were made on two columns on another rack.

With oontinuous top and bottom ciroulation (whioh was

feasible on an individual column, but not on a oircutt)

product removal by top oirculation gave approximately te

same results an product removal by the intermittent method

with oontinuous bottom oirculation. Later it was hoped a

comparison of the two methods oould be made& limiting

top and/or bottom circulation time. This was begun in

order to determine just exaotly whioh faotora cotztbuted

to the lower production rates obtained on entire aircuits

that operated with produot removal by top circulation.
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Prrjeot No, - Veasumzent of the Rate of Flowof,
Prooess Fluids

by: J.Do Hoffman
MOD Snyder

A method of measuring the rate of flow of process fluid

was needed to determine whether clrculation rates across

the bottom of the circuits were sufficient for ood plant

operation, Sinoe no instrument was available (except;

the "Flow Indicator"}, it was necessary to develop one.

The Thermal or Thomas type meter was adopted to this type

of fluid with an aoouracy of 5 per cent for flow rates

ranging from 3 to 15 lbs per hour. Later, by varying

the heating unit of the thermal meter, flow rates frM

15 to 50 pounds per hour could be measured, but its ac-

ouraoy has not yet been determined,

Flow rates throughout the plant were measured

periodioally and found to average about 7 lbs. per hour.

It was also found that a convector heated by 1000 p-,sol,

steam increased the rate of flow 2.2 times over the 145

p.s.i. convector. Three ordinary conveotors (145 p.si.)

in series approximately tripled the flow rate i a circuit,

showing that the oonvector loops offered very little re-

sistance to flow,

Project ?..o 4 - Equilibrium Studies on Isolated Columns.

by: 'William B. Daly, Xr.

The original purpose of this project was to obtain

4-44-



data for theoretical studies. Later, it was attemptS

to find out whether the same perfomanee ohanetersties

would be obtained for a column whether it was isolatet

at both ends or only isolated on the top., Also,. aOtW

exceptionally good columns were tested by.the natoofrL.s

method to see how well the predicted product rates based

on such data checked with actual product rates.

Rate-f-rise-to.equilibrtum data were obtained on

fifteen columns. They can be divided into the following

categories. four exceptionally good columns, seven newly-

installed columns, and four columns picked at ranada iA

the plant, It was found that the seven new 01mns1 on

the average, perfozmed better than the supposedly ex@ptional

ones giving data which Indicated an average produetioa Zate

well above 200 grams per day at par assay# On tw other

hand, the columns which were picked at random gave pre"

diate product rates roughly only about halt as geat.

This may mean that the nowly-installed columns an better

constructed and/or better conditioned than the original

columns. Of course, the number of columns tested was not

sufficient to definitely Conclude that the newly-installed

columns are very much better than the originally-installed

columns.

Only two columns were tested by both the isolated-top-only

and isolated-both-ends methods and the agreement between the
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two methods is not good. However, the issue to cioudod

due to certain operating diftioulties at the time ot tooting#

These were three columns for which product -0ate data

were available* In each of the three cases the actual

rates and those predicted fron rate-of-rise data were ift

excelle1t agreement.

ProjetNo. - Production Rate vs. Assay Studies onWhole 01rcuits, Using Intermittent Method
of Produot Withdrawal.

by: 0.E. Dwyer

This project was begun last February for the purpose

of detemiing the assay-production rate relatioAshp for

.50, based upon normally operating oirouits composed of

20-25 ooluums. A final report was issued on April 25, 1945

as Report No. M-2354 by 0.t. Pwyer. A supplement to this

report was issued in the Monthly Report for June 1945 under

this project. The relation between product assay and pro-

duction rate, to give a few figures, was found to be as

follows:
Production Rate

Product Assay grams/oolwin/day

1.25 55
1.23 74
1.21 96
1.20 108
1619 120
117 148
1.15 178
1.13 210
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The above assay values are based upon an average bottom

assay of 0*975.

It should be mentioned that due to equipment, procesn,

and personnel improvements during the last few monthi oi

operation, the above figures do not accurately represent

plant performance at the time of shut-downt 7c6r'Ws=mP1e,

it is estimated that for the month of August the enti?

plant, ineluding all abnormal operation, produced ata

rate of about 110 pns/eol/day based on par (or 1*20)

assay. This figure is based on data supplied by the

Material Accounting Office.

Project No. 6 . Cross-Check on Shipment Simples between
M.S, and "Countins Method" Laboratories
at Feroleve and Carbide and Qarbono Using
Speoial "Double-end" Sample Tubes.

bys O.E, Dwyer

This projeat was conducted in March 1945 for the pur-

pose of checking the accuracy of the Fereleve Laboratories

when, in certain instances, they showed unsatisfaotory

agreement on shipment samples from the same container.

However, this oross-cheok showed very satisfactory agree.

meat between the two Vercleve Laboratories and also with

those of the Carbide and Carbon Corporation. A report by

O.1. Dwyor was issued on this projeet on March 28, 1945. It

was Report No. 1 of the Technical Division.
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Project NO. 7'-. Storage Chamber Depletion Studies

Investigation was largely confined to a comparison at

the material balanoe versus the laboratory assay method

of determining when a storage chamber contents should be

changed. Since the assay of the feed material dropped

only from 1,00 to 0.95 during a complete oycle, a since

laboratory assays were estimated to be no better than

0.005, it was ooncluded that the material balance method

was preferred for predicting when to change storage chambers

It was found that, within the limits of their aeouracy,

laboratory assays cheoked fairly well with calculated

values.

Project No. B * Sampling Methods

The purpose of this project was to determine the most

satisfactory method for taking samples -- primarily from

columns. The following three sampling methods were oompared

by withdrawing samples from isolated columns which wee

initially filled throughout with material of uniform oon-

oentration:

1. "Regular" Method. This was the method commonly

used in the plant; namely, adapter was frozen,

sample tube was attached$ adapter was thawed

to fill tube, and then the adapter was frozen

again to remove the tube.
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2. Rfteeze-and-Thaww Method. This method Was

the same as that deseribed above, ereept the

adapter was frozen and thawed twice before

the adapter was finally frozen for attahtl

the tube,

3. "Duplex Tube" Method, Tor this method a re-

movable double-end sample tube was contaioed

in a small conveotor loop attached to the two

opposite adapters on the oolumn. Circulation

of material through the loop would make the

material in the sample tube, at any moment, the

same as that in the end of the column,

The results of the investigation showed that there

were no significant differences between the three different-

methods of sampling*. Column samples taken JA the "egular"

manner were oonsidered to be quite satisfactory for both

plant control and experimental work*

ProJect No. 9 Preparation of a Technioal Operating Manual.

by: Ralph T., Overma

Preliminary draft of an operating manual was prepared

and a few opies printed in June 1945. This manual was

quite oomprehensive and required about three months for

its preparation. Due to its urgent need for training pur-

poses, a few preliminary opies were issued, and further

revisions were to be made in the future.
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progeat NO*. 10 -*Assembly of PVT Data and Thm% We
on Prooess Fluid iz Form for Convenient Urse*

by: 0.. Dwyer

In February 1945 the Division undertook the assembly

of the most reliable physical, thermal, and chemioal

properties of the prooesse material. Ralph Overman am

marized these data In a report dated March 20t 1943, which

can be found in the files of the Teohnieal Division under

Project No. 10.

PrOjO. No 11 - Stress Corrosion of Nickel Welds*

by: H. Tilp

Six nickel vessels were built by the Youngstown Welding

and Xagineerins Ompany. aaoh of these vessels was to

contain six welded test speoimens for tress eOrroseLOA tests

of the welds in the presenoe of Ur6 * Ten ot hr control

samples were to be run under identioal conditions, but

without exposure to process materials Since this projeot

was not oompleted, best evidence is to be found In the

reservoirs themselves. After nearly one year of exposuro

to process material* no reservoir has failed at the welds

and no welds have been found which showed approiable

corrosion.

Proje t No. 12 - Development of Method of Product Removal

by Top Ciroulation.

by: Daniel Frishman

Product removal by the top oiroulation method wa
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inaugurated by Malcolm Dole in Februry 1945, The ad-4

vantages expepted were; (1) simplifioation otproduot

removal, (2) reduotion in material handling, and (3) pos-

sible improvoment in rack performanoe The first twQ of

these advantages were soon realized on an expetrlmat nt

end this method of product removal was subsequently JA-

stalled on a total of four racks. However, by May L945

the teohnioal division reooumeaded disoontinuaaao of tho

method of product removal. This was base d on fthe taot

that the above four racks Oonsistently produced about 20%

less than the average plant raok having the interittent-

monorail produot removal method.

Project No.13 - Plotting Daily and Aocumulative Production
Rates vs. Time for Six Selected lRacks.

This project was abandoned shortly after it was begaue

The purpose was to obtain a runng rooord of plant per-

forsae for certain "good", "average", and "poor" racks

in order to follow plant progress. It was found later

that the Material Aooounting O ffice and laboratory together

were doing essentially the same thing, so in order to avoid

duplication of effort this projeot was disoontinued before

a signifioant amount of data were obtained.

Project No. 14 - Pressure Measurements,

by% R.. Van Winkle
W.W. Binger

For some time, erratio and non-uniform oolumn perfoxa0o
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was thou t to be due to atea pressure ad dond6nate

level fluctuations. Study of steaM and material pressure

would renal the magnitude of those variations.

Steam and material pressure recorders won Iestalled

at various convenient plaoes on Raek No, -and ?wnsftr

Room No. . After two months of Oontinuous recorInts,

it was found that the largest variations in material

pressures were caused by produot withdrawal end peoor e o

trol of steam pressure on the storage chambers, It Was

also found that rack steam pressure variations, for all

practical purposes, did not exist.

Project No. 15 - Variations in Top Assay Among Columns in
a Circuit and Effect of Product Remal
on It.

The final report for this projeot was written in the

May report. Howevor, a little additlonal ifomation was

included In the June report* For "PFroduot Wthdawe

Technique" see 1'roJoct 39-,".

In general, product withdrawal from the individual

columns by the monorail method was found to be fairly ualfom,

provided no obstructions were present in the top interm

column connectors.

Project No, 16 - Service Test of Fittings for Use on
Process Fluid.

by: Harry Tlilp

This project was originally set up for the purpose of
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following plant teasts on a Oez'tain tpe of Paxktew QLP

ploo flaered tubing# and also a *o.41. T*lvC ftpplie

by the sam fixui The project wasO soon 42panxa4t W imelide

all now gadgets Wn devices used 0n plOO.ss 1'1u14 qstuw.

Three aew types of inter.oolumn oonnetors# an Individual

oolwoA produot meter# and iaee of high pvesoue pot* for

produat removal were developed on this pwo~ost#

When the needle valve supplied by Parkcer applaioo

ft1104 to operate properly$ MMan hanfoo **re made In

its design.

For details and drawings of the items developed# se.

the lunie, Jualy and August Pa role" "eports#

proget No, Study or Aorjuraoy of Assay Results from
the Two Laboratoriee4

bys May Farbor

In order to obtain a rigorous oomparison of the preision

o~f the assay resulto from the two laboratories# a largo

number of samples of the same material were sent to oaoh

laboratory for analyvss Thes samples were disguised so

that the laboratory personnel were not aware of the specal

nature of the samples, Two sets of samples were suibmitted,

Ixt the rsrt eao Laboratory 1 (mass asetrograph) "o

ported an average assay or 1.180 for 70 determinations With

an average deviation of 0.012, whereas Laboratory 2 (alpha

eounting) reported an average assar of 1.180 for 41 deter.w

miriationa with an average deviation of 0.oOG.* These results



for Laboratory 2 are on a two-film qlatijng basis* OA a

one-film basis, the average aeaay would havs beoa l,.18l,

with an average deviation of 0.008. The one-film assay-

results were based on the first flmi 4ata of the two~film

rus.a

In the second sets Laboratory I reported an 4aerage

assay or 19190 for 99 samples ith an average deviatto*

aof 0.015# The oorreapoading figures for Laboratory 2 were

19185g 1031 and 0,006, respeotively# for two*film resulta2

and 19185t 103, and 0.008 for single-tfilm results*

On the basis of the above results, It is seen that

the precision of Laboratory 2 r'esults are oonidewed quite

satisfactory for plant control purposes. It vas the

praotice to oubmit the great majority of Teehaical DivIOion

samples ead shipment isamples to Laboratory 2# The oroma-w

ohecic results showed that the averaged assays from the

two laboratories were ini good agreement* A "eport eovering

this study is given in the appendix.

F'or a comparison or the precision of the assay results

from the two laboratories during the past months, as In-

dicated by shipment assays, see past monthly reports on

this projeoto

Proloot No.6 18 - Production of a Standard of Product for
Comparison of Assays of the Weoaleve Lab-o
oratories end Outside Laboratories*

This project ws started in April 1945 for tho purpose

of comparing the aoouracy of the Terolevo laboratories with
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aertain outside laboratories. 70r a aUMarY Of USe test

results obtained, see the SUMmarY Of tMe pro*ject tJA te

monthly report for July 1945. In geneval, the aiVw0Wot
between all Mass Speatrograph and Alpha 0ounting lara'

tories, including those at Feraleve, was very good*

Pr4et No.1 - Test or Uniformity of ColUmns In a
aircult.
byt Lo, Davidson

04.6 Raseman

This projeat was initiated last March when the question

of non-unifozmity of columns first arosse. Porty-ofouwe

columas in two different circuito were tested by the

rate-of..rise method, and the results showed that thero

were very great differences In the performance ohrotr

istioo of Individual columns* The detailed prooedures

used and the test results were presented in the Technical

Division Report No* 6 by L. Davidson and Rnsign Col. Rassman

Issued on April 28,, 1945t as Report Not 11-2356 of the

U.8.1X.Do series*

This project9 showing that there were great ditferekces

in columns, opened the way for much later work~ regarding

the produetion capaoities of individual columas and the

effect of this faotor on plant output.

Project o.1Il-Correlation Betweea Annular Spaolig
and Columa Performosce
by% Walter Ze Olossey

William R* Casto

When it was known that there were great differenoes
0015-



in the quality of individual, columnsp this projoct, wat

undertaken for the purpose of determining the extett to

whioh oolumn differences were due to variation in sliS

of enular spaoing. A large number of column were aeasurd

for their average annular spacings, For details of the

methods employed and the accuracy of the test results, see

Project No. 21,

A total of 38 columns9 on which average annular masum-

ments were available, were eventually tested by the rate-

of-rise method. Although the results are not absolutely

clear-out due to some uncertainty about the accuracy of

both the rate-of-rise and the column measurement data,

nevertheless the results indicated that# In general, fthers

were no significant correlation between observed olumn

performance and the average annular spacing measurements

which were obtained, For details, see report on this

project in the appendix.

Projeot-No. 19-III - Rffect of Material Pressure on Column
Performance Using 450 lb. Steam
Pressure.

by: William B. Daly, Jr.

The purpose of this project was to determine the best

material pressure at which it would be feasible to operate

these racks using 450 lb. steam. Rate-of-rise data weir

obtained on five average columns in each of four clrcits

at material pressures ranging from 750 to 1900 lbs/sqoi.
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The data cannot be oansidered as fully oeilete# but IA

general it can be concluded that the produatcA rate -

increases with material pressure. This inoreae in i,

the order of 7 Sne/ool/day for each 100 lbs inoreaes In

process fluid pressure*

Project 2o. 19,- - Rate-of-tise Tests on Reclaimed ead
Reconditioned Columns,

byt Walter ;. Clossey
William R Oanto

When reclaimed and reconditioned oolumns were placed

back in servicel they were tested for their performance

characteristics by the rate-of-rise method* This work

was covered under this project. The results show that re-

olaimed oolumns test essentially the same as rtn-oft-the-.*M1

0lums,

Project No. 20 - Effect of Scale Formation on the Copper
Powwow* Tube on the Performanoe of a Colmn,

The purpose of this project was to determine whether

there was appreciable scale formation occurring on the

water side of the copper tubes in the columns. Suoh seale

formation would necessarily reduce the rate of heat trans-

for through the copper tube and consequently adversely

affect the efficienOy of the columns.

During the three months period fron 1 April to 1 Zuly

1945, steam consumption and cooling water measurements On

Rack 21 showed that there was no significant build-up of
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scalo an the copper tubes* This was goafimaod by

thermooouple measurements of the copper wall and water

temperatures on tvo individual columns# It wa" *oaolu44d

that water fouling of the copper tubes In 8.*50 eolumns

was no matter for conern.

Project oLe,2.1 MweHasurement of Annular Spa*. In Oolwms.

This project has been divided Into three paxtt,

Pa~t.&* Measurement of Mnulus by Nitrogen 31cm wa
Volumetric Methods; Testing of Columin fornfawis
bys John 1D, Hoffman

Mark~ D# Snyder
Ralph A. Nil

A need for measur~ng the average ammulua of a colum

had been of importance since the first atlufl# were built,

If a correlation could be found between average annulus

and colimn performance 9 now columns to be instal~ed could

be scr'eened and the poor ones discarded*

A calibrated orifice meter was supplied by the Naval

Research Laboratory. By measuring the rate of flow of

ntitrogen through the column annulue under known cooitionh,

the average annular spacing could be determined. The

technique was quite poor at the beginningi but after a few

months, fairly good results were obtained* The average

ma imum deviation for triplicate runs on 36 columns for

the month of August was 1,0%.*

B-ach .bolumm tested by the above procedure was chested

by the volumetric method. This consisted of filliag the
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aclumn with a liquid, such as eabhon. tetahblorld, twcu

a graduated burette and ealculating the averigo atAuI46

from the volume necessary to fill the colUMA. 7he *'""So

deviation for duplicate runs by this method was about

On the aVerage, the two methods agreed to withIA 2%.

ftact agreement was not to be expected In all SOss

oinae an acoeatric annulus would give highL results bY the

nitrogen flowo method,, Also, a conistriction would giv*o low

results by the nitrogen flow method. It via$ also found

that a hot oolumn (steam and ciroUlating watef on) had a&'

annulus about 80% that of a Oold Column (650F)e Thme

average aulus on 36 cold columns measured by the nitrogen

flow method In August rangea from 12.48 z10-3 Inches to

14.55 to 10o incheg; thme volume method gave rosalts

ranging from 12.98 to 13.86 z 10'3 inches on the* sam

columns a

Bef ore any measurements we"e made on a eolu=n, the

oolumns were tested for mecaluical flaws. About 10% wero

rejected because of defects, but many of these colums were

repaired and put into servie

PatB- Measurement of Annulus Variation by thme Inorement
Method.

byt Tohn D. Roffman
William S., Farmer
Mark D. Snyder

when no satisfactory relationship was found between

column performance and average annulus (see Projeat 194.U)0
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a means of measuring variations in anaue at various

heights of a oolumn was des4ird. The flrst att"eVt.wa

made by infeoting a definite quantity (5 00) Of a liquid

from a burette with nitrogen pressure behind itj ad tbhn

measuring the hydrostatio head produced on an 1ni1e

manometer. The average annulus for the small Uaouent

(5 oc) was then oalculated. In this fashipa, approximatelr

100 inorements per column would probably detomine the

position and size of restrictions or bulges.

- The Effeot of Oonditioning on Qoluan Perfomanoe.

bya John D, Hoffman
Mark, D. Snyder-

There as been swe evidence in the past Pointing t

the fact that plugs or partial plugs !existed part way up.

the coluns. Obviously this would be detrimental to cOlumn

perfomance. This prooot was, therefore, beSun to dotoaiue

whether reconditioning poor columns that had been in opera.

tios would improve their performance,

Three poor columns and one good colin were hosen,

and the normal production test (assay at 100 g, od.) rc

on them. The columns were then drained, conditioned

thoroughly, and the produotion test was to be repeated.

However, the shut-down interrupted the last test and A

oonclusions could be drawn.



ProectNo* 22 e* ftamination of Steam &nd,0oA46At* few
Foreign Mterial, Wartioularly 4yrV
and Soluble Salts.

byl J.E. GoldOsein
'With the aid of the standard A#8.?.Mo sampling nozles

and nozmoforrouus sampling lineag It wais deterained %M$t She

actual hydrogen content of 8-50 ondensate returns 1A the

Ko-25 Power Plant was Of tme same order as the values ob-

tained in thme S-50 plant* P'eripheral sampling using Iro

samipling lines, on the other hand# yielded much higher

values, a result to be ascribed to Inhomagenelty or' to

localized corrosion in the long iroft pipes. o Pe Ok uatt*

tative oomparison of the two methods and ths respocti96

rages of values obtained, the Appendiz to the August 1.945

"eport or Project No. 22 shmoulA be onsulted.

Prelimnary trials, of a micro degassing %echnique ca

3-*50 oondensate gavre extremely low Valuos., approximately 5
liters of hydrogen per million poundis of eondensate, Thme

method shows considerable promise, but Its efficiency and

the validity of the results so obtained are as yet unproved,

rrojeot No.2 - Theoretical Investigations*

by: 0,Eo Dlwyer

This project was set uap to Inolude all miscellanmeous

calculations and theoretioal investigations related to 5-w50

operations. Reports on several of these sub.'projeots can

be found In past monthly reports. Calculations on certain
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minor topies can be found in the Technical Divisi~on r~les

under this projeot. A separate r"port eatitlsd"Appltoa.

tion of Theory to S*50 Plant Praotioe" by, 0.01. Dwyof we*

issued as 1Rport Nos 10 of the Teahnical Divisioa on

September 5, 1945,s This report was No. 9360 In the tT*5,3.D&

series.

Project _No,. 24 -l"eze-Off studies#

by: W*W* Bing r
no. Van WinkleA

During T~une and 3;UlY 1945 a number of freeze-oft

oils were designed,, built* and tested* All of these bioils

were inadequate due to the fact that purging tOO qaiOkly

with steam would frature the nickel lnes. A satisfaotory

design was found whiohm consisted of two conceatric pips

with a nickel aoil for the process flid In the Inner pipes

The process fluid was "frozen" by running water Wno time

inner pipe; steam was allowed to flow through the outer

Jacket for "thawing"the coils The efreot produced by the

steam In the outer Jaoket was to heat the residual water

in the inner jacket slow enough to prevent the nickel coll

from rupturing.

Project No, 25 " !ffact of Girculatioll Hat* on theWM9 Parformance of a ircuit.

byt J.D, Hoftiman
MD. S3nydor

The purpose of the project was to obtain a~tual pleJ~t
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data ia an attempt to determine the effet of #trulation

rate on oirouit perfomanoe. on the basis of the data

obtained, it was concluded that & circulation rate of about

7 lbs. per hour for a 25*l01ua circuit was suffitoient to

good plant operation. This rate Is based upon A total

otroulation time of about 18.20 hours per day, For nta

above 7 lbs. per hour, the data showed no sigatfteant 4..

prvemnt 1 otroult peorfomance, For further Sormatt!oa

cc this projeot, see monthly reports tor fue and ;uly 1945

For a theoretical treatment of the effeot or etrulatiaa

rate on crcuit performance see 'Applioation of Theory to

S850 Plant Practice" Report No. 260 U.S,D. eies by

0.D. Dwyer issued on September 5, 1945.

9roflo No. 26 - Tests of Columns of Non.tandard Doei p.

No work was ever done on this proSect, This was, iA

part, due to the fact that a contraot with Mehrin6 and Han on

Oompany for construction of 75 columns of larger than standard

size was canoelled,

£.oeft No. 2 - Identifteation and Removal of Pluag-oming

Materials,

bys Bernard Selikson

Stoppage of circulation across the bottom of the e-r

ouits due to "pluse" in the system has been one of th, os=t

serious operating probles at 8t-50, partioularly durUM

"starting-up" periods. However, due to a number of faotora,
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the situatIon ahcmved considerable improvement durln$ the

final months of operation. Chief amng these faotors were

believed to bet (1) improved skill *a the part of the

operators when opening or making conneotions to a oiWoula4'.

tion system# (2) more thorough oonditioning. (3) gradual

elimination of plug-eforming materials from the system by

removal of plugged columns, inter-column connectors, and

link lines,* and (4) removal of plug-forming materials trom

the otroulation systems by mans of traps,

The original ob jetives of this project weret (1) to

Identify the plugaforming materials iA order to eliminate

them at their source If possible# and (2) to'seek Otfeot~ve

means of removins such material fromn the plant a.iwsulattoa

systemso

Analyses of sediment collected from sevetal otaculotion

statezo indicated that It consisted most of eopper and

niakel chips and the green Insoluble urantmltwflaswidoo

There was probably a small amount of the hydrolyzed material

present as wvell as tracs of metallic fluorides,& The mtal

chips resulted from column fabrication, while the tatwe-

fluoride eompound is the result of reduation reactions with

process fluid* Installation or sediment traps seemd to

Improve the ciroulation on these circuits who"e they were

tried* These traps hold about a pound of material and#

when in the system for about 2"3 weeks, yielded an amount of

sediment ranging from 0,1l to 0.5 grams.
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Although sediment traps do remove some plugwromunS

material, It Is felt that the most effective means of

solving the problem of "plus" Io to prevent the mteriel

from forming Initially* ?or the moat part, tis can be

aaoxplished by proper conditioning techniques and intei-

ligent operation of the raaks,, 1owevor, an a safety

precaution the ae of zediment traps on ell circuits Is

recommended.

rroAectNo2§ - Examination of 13roken Columns.

by: Roy We Greeale.

Brokcen columan which were taken out of operation aad

removed from the plant were sent to the Contiannta i

Company for dismantling and inaspection. A study vas made

of the oauses of failures. It was found that the atckol

tube never failed; but the copper tube either splita

bulged, or oaused a constriction a short distance, from on*

or both ends of a copper sleeve joint*

A Rockwell OF" hardness test on several piees or copper

from a column which had failed revealed that the copper

tube was annealed at the joints,, Yield strength tests

verified that annealing of the joints had occurred, which

caused weakening of copper and consequent raiure.

r'rojeot N~O. 22.-1W Analysis of IProduotion D'ata on Appavently
Iligh-Produoirag Circuits

by; J.C. Blaocwood



The Operations Divislon observed that prxfuotoa was

onsiderably inoreased when the coluns in a rack were

divided into six orcuits instead of four. This moant

that there were about 15.17 operating olumns In a oircuit

Instead of 22-25. This project oonsisted of an analysis

of the plant production data both before and after aOa

version of a number of racks to six etroults Zn all# 77

short oirouits were studied. The data showed that on ro

duotag the site of the clrouits from 22.25 to 1547, OluM

production was increased about 30%. It was beliend that

this improvement was due primarily to move uoiform with'

drawal of product ftram the individual columns A the oase

of the shorter circuits.

Projeot No, 2-1I " Study of Twelve-Oolum oircuits,

by W.R. Casto

When the results of Project 29-1 showed that there was

considerable improvement in produotion when the oolwmns in

a rack were split up into six iroults instead of four, it

was proposed to determine what further improvement oould

be realized if a rack were split up into eight iroutso.

This was the purpose of this project. Unfortunately, due

to rack shut-downs there were not sufficlent data obtained

to draw definite oonlusions. However, on the basis Of

preliminary results, it was concluded that theta was only

slight improvement in productive capaoity when the number



of milking otroults in a rack was inoreased froM siz to

eight*

Projeo t No, 30 w Production Rate vs. AssAY on Oirctdts

Composed of Selected Columns

by: Ro Van Winkle

The purpose of this project was to see what produation

rate could be realized if the plant contained a11 "good

columns. Accordingly, all the oolumns in a typlal circuit

were individually tested and arbitrarily n-grouped into

two ciroults of "good" and "poor" oolumns, respectively.

There were 9 columns in the "good" cirouit and 13 solue

in the "poor" oirouit. The results showed that, whereas

the orlsina 3 oiroult was capable of producing at the o

of 89 gao/col/day at a par assay, the "good" oircuit sould

produce at a rate of 170 end the "poor" cirouit could 041

produce at the rate of about 30, operating conditions weo

m=aing the saee These figures showed that with seleoted

columns, plant production could be very greatly inereased

for the same steam consumption.

Projeot No., 31a Two-Stage Operation for ZnOteased Production.

by: Daniel Frishman

When product removal by top circulation began to show

sigas of producing lose than the intermittent-monoral

milking method (see Project go. 12), it was felt that a

two-stage syetem with top-circulation method of product
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restoval would Show inOreased ptoduton rate#

This was thought Uc be trUe siee the pots were
enhanced qulckly In the low assay range and vary xdow1y

as the assay of the pot approaohed par* Furtbemore, *
study Of the asaY Vs. prodnotion otarre (see Apil reporto

Project )So. 29, Figuzv 3) showed that for 20% onhuaesaeatp
produotion for an average oolumn was 103 Sac.461 akt 10%
enhancemnent, production of 250 gocedo could be ezpootedg

If two columns were operated In series, an increase in

prod'action rate might be obtained*

The two-.stage system of product removal was tried on
one side of !Raok N~o# 9, with 28 columns in the first stap
aMd 12 columns in the second stage* The produotion rate

remained the same as the one-stage system with produo4

remioval by top oiroulationo namely, 90 g,0o4d. at par assay,

The seoond atage was then changed to monorail mil~king and
99 8,1000 at par were obotained an an average Tor one month#

This was a 1041 improvement and 6% less than was ezpeated On
the basis of the individual column tests (see Project Nfo. 1).

During August the plant gave approximately 10% less pro-*

duction than that predicted by the Individual column

capacities.

In August, the ratio of columns lIn each stag* was

changed to 20 oo3.umn In each stages E ssentially the same

results were obtained.

In view of the fact that many operational difficultieS
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were experienced, uuoh. as inteir.oolwRm eiroIa loso *me

hope had been expressed for this type of opertUon. It

bott oyatems (single4Patage and twomste) Sive eqtml pow

rormance# the zwo-stage system has serezral OPerAtional

advantages that might mak~e a definite conatributioa, Those

are-it (1) greater simpliftoatixi of product reftvll (2I)

lower labor reqirementso and (3) better adaptability to

Propeat _No.0 32 - Testing Columns by Separating System
Other than Urazwtui Neoafluoride.

byt L* Silver
SoJ. Green

The purpose of this projat was to detezrmine whether

there is a correlation between the performance of a aol=m

when separating prcoess fluid and wheA separating tho a-w

stituents of some other two-*CquPon~nt system. If Imch a

correlation did e0ist, it would be possible to test clums

before they were Installed in the plants possibly at the

poinzt of zanufaott~re*

Attempts to e~parate oxygen and nitrogen Ln air were

unsuccessful, due to disappearance of oxygen a spparoutly

as a result of eotae oxidation reaction. 1Rowever, very good

separation was obtained with a 40-*60 (by volumo) helium'

carbon dioxide zixture. A oonsiderable number of r=ns weo

made using this oystems In an aittemt to detendAO optimum

operating pressute and also to develop satisftatory sampling
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and analytica3. techniques* This gaseous system we* veZ'*

sensitive to pressure ohanges,, so muoh so that tbe drop

in pressure oaused by thie removal of samplas materialy

influenoed the results. Separation factors of 1Be.002 as
high ais 100 were obtained*

The separative aspaoities of a number of ool*as wiere

determined with the heliuin..O2 system, but the vrciect was

terminated before these same columas *ould be tested with

"610 Qoneequontly, the question as to whothor or not there

Is 4 oorrelation between the separative capacities of a

0o1U=n when using U 6 and when using a miztuwe of oawbon

dioxide and helil= still remains unansweved. Since the

helium-carbon dio~ide system did show coqsldez'able dtf*'

fereaceis In oolumiza# there is reason to believe that same

correlation may exist between the performanee of a particular

column when using the two separative syste= i.

Project No.3 - deMs Wormatiot from Proaes Material,,

by: W.I. Olossey

At one time* there were frequent instanceo *f as.-

cidentally filling the collecting oontaineve during product

removal. Thin meant that the freezer valve on the re=oVal

system failed to form a plug either after the prevdoo with-.

draival or during 'the present cycle as the product 1was

flowing from the metering capsule into the collecting capisule.

It was believed that failure to form a plug In the freeze-off

oilt in many cases, was due to the presence of
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ncn-eondensable gases In the produot. The ozainal par*

pose of this project was to determine whethOr this was 0

and if so, to determine the souvo of the gases, snd to

make reoommendationa for remodying the difftulty,

Considerable evidenOe was found to indloate that iooe

difficulties were often eaused by the prosence OC ano

oadonsible gases in the produot removal system. to.wfrk

of Project No* 24 showed that suoh aocidons sould be pr,-

vented with the use of froeeooff ,sol, lon *AogI to foam

a plug while U? 6 was flowing through 144 Ass numt%

8-ffoot freze-off coils made with 1/16" tD. nickel tubing

were installed on the plant cirouits. With this ty @t

coil replacing the original No, 2 freeze-off *oil, the

trouble was practically eliminated.

Analyses of non-oondensible gas oolleoted from several

plant systems showed that it was mainly oxygen and nitro*

gen with lesser amounts of hydrogen fluoride. The oxygen

and nitrogen were present in essentially the same ratio

as they exist in air, Indicating that these oonstitueAts

came from the air. It is believed that the two souroes of

hydrogen fluoride were the original UF6 and the reaotton

of water with this substance. The amount of hydrogen

fluoride found in B-50 produot and in fluid taken frm

the plant systems was found to be no greater than that iA

fresh feed, zwmely, about 0,005 to 0.0x0%.
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Projeot No. 3. Investigation of the Methods, of' TrUs-
ferring Prooess Material.

by: WW. Singer
R,. Van Winkle

Due to the con-unifomity of the mthods of emptflg-

and refilling reservoirs used In the plant, the T1ohaeal

Division was asked iA May 1945 to suggest the best means

of transferring process materi l. The msia points Covered

were: (1) safety of operators, (2) transfer rate., (3)

simplicity of operation, and (4) amount of labor eqtnde

After many modifications, a highly satisfactory method

was proposed in the July 1945 repor. This was tried In

August with reat uoeess. However, the shutodowa of the.,

8O50 p oje prevented its installation In all transfer

rooms.

Project No. 5 - tffeot of Short and Long Non-Coirulation

Periods on Oircult Perfonasae.

by; Leonard Silver

This project was undevtaken for the purpose of deter.

mining the effect of various length periods of non-lroulation

uniformity distributed throughout the day on the production

capacity of a cirouit. The experimental results indicated

that the production capacity of a cireilt was not ap-

preciably affected by a total non-irculation tme of. up to

15 hours per day, where the maxzim length qf a sAinle son-

ciroulation period is no greater than five hour Apparently,

any less ciroulation time adversely affected capacity for
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trample, three six-hoUr periods of non-inulation per

day resulted in a 20425% decrease in productlon capaeity.

With the exception of the circulation ohaneS4 all Oher

operating conditions were normal, and all tests ene flde

en the same orouit.

Project No. 36 - sample Requirements at 8-50 1n Relation

to Laboratories' Capaitleso

by: O.l,9 Dwyer

At one time, the number of samples sent to the labora-

tories was considerably in exoess of their capaities. oA-

sequently, this study was undertaken to see what changes

could be made to remedy the situation. As a result, a new

procedure for dumping product eapsules no n*amended

whioh required assay results on only 60% of the eapmles,

This change, combined with the fact that dulng the suer

months the plant operated at only partial oapaoity# eased

the load on the laboratories so that they could conveniently

take care of the sample needs of both the Produotion and

Technical Divisions.

ProJet -No, 37 - Effeot of Cooling Water Temperature on

Column Performance.

In June, wanner river water temperatures and larger

requirements of river water by the Carbide and Carbon power-

house made the pumping capalty a limiting factor in applyin

the 21 racks with sufficient cooling water. By increasing

the Oiroulating water temperature in tte uant it was
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believed the pumping requirements would be reduced to

the point where all 21 units could be operated,

This projeot was proposed to determine the offot of

increasing the oiroulating water temperature on coloa

performance. However, about a week later) the stoam supply

became the limiting feotor OaAtrolllng the number of raeks

which eould be operated# Henee, this projeot was no

longer of muoh concern and was discontinued beforo ay

data were obtained.

Projoot No. .8 f Material Balanoe.

by; J.CQ Blackwood

O*A. Todaro

For many months, the Material AOounting SeCtion had

reported a considerable loss of material that could not

be accounted for. At times, this emounted to as much as

3000 lbs. per month. A great deal of time had been spent

in the expectation of locating part of this material $A

the condensate of ciroulating water, to no aail

In Zune and 7uly, a determined effort was made to

determine the material lost in the aterlal Ship and Plant*

Many discrepancies were found in scales# inventories, and

failure to empty containers. By the end of uly, the total

unaccounted material losses dropped to 100 lbs. for the

month* The project was then disoontinued, since the losses

were believed to be, for the most part, "book" losses.
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Proect22o oVarying 11roduct Remolal Time with Dirroront
1Restriotor Coll**

by: William B* Daly* Jr.

fte purpose of this pro Seat was to see whethor the

produotivity of 954*oolumn oireuits 0oul 4 be In"Vase4 by

product removal through restriator coils whieh woulA'eve

inareased time of withdrawal. I't was thought that 'Slow

removal of produot would give more uniform withdrawal f1ft

the individual columas. Uafortwiatolys tho data obtained

an this project were not sufficlent to warrant a dofinite

condlusion, but they indicate that no approoiablo Imptroe-

ment in cirouit performance was obtained by Inareasing the

withdrawal time*

ProJect No* 39.11 -o Improvement of Product Rww~va). Technique.

bys ;oD. Uotfman
MvD.o Snyder

Automatic arnd semi-tautomatio product withdrawal were

installed on the operating racks JA the early days of the

So-50 plant. These were Installed for the purpose of re-*

moving produot. from an entire circuit (25 coluimns), eMd

eliminating the laborious Individual removal* During the

suoeeding months, this project was concerned with imroving

the automatic systems and developing methods for' improving

Its operating technique*
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Prj jet .No0._40 * Best Operating Conditions with 450
Pound Steam.

by: Daniel Frishmaz

In order moro reliably to establish the effeet of

UF6 pressure on production rate when using 450 lbs. steams

a rate-of-wrise study on 0olmn8 using 450 pas4. steam

pressures was begun. This study was made under Projeot

No. l9°III. The most efficient material prossurs at which

to operate was to be determined by the rate-oZ-rise mothod,

Projeot No. 40 was discontinued the first week of

August until new problems arose concerning operation with

450 lbs, steam,

It has been definitely established that produetton

increased with increase in material pressure usin 450

p.s.i, steam. The data showed a minimum production rate

existing at about 1200 p.S., uterial pressures but tkils

was not oonsidered to be real,

Project, No.4- Goluma Construction at Continental din
ON company.

by; Roy Wt Oreenlee

Examination of defeotive columns taken from the B-50
plant had shown that silver soldering the copper joints

had resulted in annealing and critically weakeniAg the

copper tube in the region of the joints (see Project No.

28) * Soldering by induetion heating, cooling the oopper

tube with a stream of water up to the end of the sleeve



proved more satisfactory, but annealing of th* joint

area itself still ocourred. An attempt was then made to

oonstruct a joint by rolling out swaged ends of oopper

tubes into a grooved monel sleeve by use of a bolleor tube

type rolling tool. This proved very satisfaetory, and

was inediately applied to the end joint# in which ease

the Aickel stub was welded into the raonel sleeve prior

to rolling the oopper tube*

either of these improved sleeve designs was use in

the aotual oolumn construotion which followed# the eentew

Joint being eliminated by proourement of a sinle-pieoe

46t eopper tubing, and the end joint (with the stub

welded into the monel sleeve) being superseded by a special

double rolled joint. This jointt used in the fabrieation

of about fifteen oolumns before ourtallment of the ca-

struotion program, consisted of a long monel tube dtilled

and grooved in one end to accommodate the rolling of the

copper tube joint, the remainder of the sleeve length

having the same inside diameter as the oopper tube. Ator

assembling the ooncentric tubes$ the nickel tube was rolled

out into grooves In the last 3' of the monel sleeve" ooM

pleting the annulus olosure. The tits were welded directly

to the sleeveo whioh extended ?ol/2" outside the stuffing

box at both ends of the column.

Individual tests on samples of all the joints described

have shown that their yield strength is equivalent to that
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of the copper tube, and hydrostatic pressures greator

than 5000 p.s4i, oocasion no failures,

A special 8' test Oolumn with a rolled type Joint

tested under normal plant operating conditions gave natis-

factory results for one week. At the end of the time,

raising the material pressure suddonly to 7000 pose4. had

no effect on the oopper tubing or the joints at either

end. (See Project No. 41-A).

Since the oonstruction of these now columns no longer

included the troublesome oenter joint of the opper zube,

and has substituted considerable work-hardening for the

annealing which previously weakened the copper tube near

the end joints, it can be seen that the major causes fo

column failure have apparently been eliminatedo

Pro eot No..42 - Comparison of Actual Production Rates with

those Predicted from Rate-of*Rise Data*

by: William Bo Daly, :r.

There are two ways of determining the production eapoity

of a particular oolumn& (1) by actually removing product

from the column at differont rates and determining the

product assay corresponding to these rates, and (2) by

determining rate-of-rise data and then calculating the

production rate for a particular produot assay by means of

theoretical considerations. The rate-oforise method has

the advantag, of being much quicker but has the disadvantage

of not yielding product during the period of testo
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Of the 16 oolumns tested# all but two showed taiwly

good agreement between the actual and predleted separatio

factors for a given product rate. There were two eelum

which, on the basis of their rate-offrise data* should

have produced about 180 grams per day each at a separatea

factor of 1,30. Actually, however, at the some iulkag

rate of 180 grams per day, they showed separation fastors

of only 1,26 and 1.27 respectively.

There may be some reason why the predioted and aetual

milking rates for exceptionally good columns do xLot a6ee

at very high milking rates, Perhaps the removal of so

much material has a disturbin influence on the operation

of the oolumn. However, in general, it c be said that

there is fairly good agreement between actual colma

capacity and that predicted from rate-of-wrise data

proleetSo'. 41 - Investigation of 8olenoid Valve Perfoymance

by: R, Van Winkle

W.W. Binger

Operations had been thoroughly discussed during the

past few modths with the use of solenoid valves. A number

of failures had been reported, and these failures kept

multiplying as time went on. Hence, this project was

undertaken to find the reasons for solenoid valve failum,

and to recommend remedial measures. Three solenoid valves

were operated at an accelerated rate of 190 times per 24

hours. (The valvesused were reconditioned one.) They
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operated for 22 oonseoutive days without failure, and

were then shut down and inspected.

It was found that the rubber gasket was still In goo"

condition, but the lever mechaniam showed signs fcor.

rosios whioh ftarted to make its action sluggish." - It "was

suggested that a maintenanoe procedur be developed for

keeping the vavle meohanism in good operating ondition,

Projeot 44 - Zvestlation of the Reasons for Differenoe.
.n the Performance of Individual Oclumna.

by: OA, Todaro
R* Van Winkle
W.W, Binger
J.D Hoftman
M.D. Snyder

Great differences In the performanoe of supposedly

identical oolumns has been found in Project lo 4 and 19.

This difference beoame of great practical importance, since

all "good" oolumns could at least double and conceivably

a good olumn should be controlled in the fabrioation or

conditioning of columns. Hence, this project was under-

taken in the hope of determining those factors, The

project was, however, interrupted by the shut-down before

any significant infoimation was obtained,

Project No. 45 " Ffect of Frequency of Product Withdrawal

on Column Performance.

Very recently a number of columns were found throughout

the Sw50 plant that shouldp according to praedotions from
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the column study of Project No, I and also tn Proions

No. 19-I and No, 42 produce considerably nore then h"

been obtained from them. For instanee, Ciruit No# 2 at

Rack No. 5 was predicted to produce 350-390 eas/eol/day.

The maximum ont produced had been 167 e.o*d, at par tow

the month of #une. Other 4collas, from rate-of-rise study,

were proediote to produce an high as 490 Se/ool/4#, bUt

only aotuafly produced 250 gas/ool/day.

This project was started late In August 1945 to deter.

mzte %he offet of frequency of withdrawal oa produotin

for these high producing ooluemns It was Oonoeivable that

columns as oapable as those mentioned above would not pzo-

duos the expected amount due to disturbanoes in the colun

caused by withdrawal. By removing product ftrm a few

columns (having similar characteristios) at various

frequenoies but at the same rate in gms/ol/day, it was

hoped that the effect of disturbanoes could be observed,

MZcellaneoue

During August 1945, considerable progress was made in

the development of a gear pump for transfer of process

fluid. If a suitable pump could be developed it would

have very definite advantages over the thermal convectOt

loop circulation system.

This special pump was being built by the Research

Engineering Corporation of New Haven, Cormeotiout, when,
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due to cessation of aotivities, el1eve teninate& its

contract. This pump had an external magnetic drin with

a variable drive motor, which was to be furnished by

the General Xletric Copany, Schonectady, New TO,

Beryllium oopper and moaeal were used as the materials of

construction, the latter being used for all movi*g parts,

As an exception, the magnetic drive rotor had 0.006

inches of niokel plating directly on steel, The pumpl

unit and magnetic drive were submerged in an oil bath,

This was to provide means of supplying heat with the use

of electric heaters and also to lubrioate the external

moving parts.
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THEORETI CAL ASPECTS

CaTA1EI1R I * TIM~ OQtIh

As8 wag pointed out in the preliminary discussion, the

fantionig of a liquid thermal diffusion aolumn involves

three basic prooeses convectioA, therVUa diftU.Nion an8

ordinary diffusioao The liquid near the hot wanl Is oari.e4

upward by conveotion, while that Aear the old wall In

c&12ried downward. At the sam tiM the prooess of thenua

diffusion takes place# Involving generally a transfer of

molecules of the light isotope from the *old to the hot

walls The combination of these two processes results in

the acomilation of the lighter isotope near the top of the

eolumn# while the heavier molecules collect near the bottom*

However$ ordinary diffusion also sets In as soon as auny

appreoiable conoentration gradient develops end acts so an

to reduce such a gradient* The first theoretical treatment

of the liquid thermal diffusion column was given by Debys *

lfowever, is calculation applies only to the case of small

temperature differences* We shall use hero what io oe*~

sentially the method of Furry$ Jones and onsagera-, whicoh

they developed for gases# but which with some modificationsn

can be applied to liquids*

The behavior of eaoh of these processes can be described

by writing the expression for the corresponding mass current

density of the light isotopee Let o deaote the concentta-

tion of the light oonatituent, ioo*, its 3uoleotular fraction,
I o



8Snoe the two Isotopes Madew eonai4erat5U WN $6 A*lt1Y

equal in atMou wolght, this o e1so be taka as the mO

fraotio~n Le Y be the denbity Mad Ue vloc*it f

the liquid due to oonveotion, It will be uSnum"d, ,I& to

usually the ease in pnotioe, that he flow ot the liquid

i lamellar in eharaoter, so that the velooity is a smothly

varying funOtion of positlon. It we denote by li th b74r*

dynandoal mass oumet density, i.e., the rate of flew pep

unit cross-seotion of the light oonot assooisted with,

the ooovetion, then we ho"

1 H - e v tL)

in the case of ordinary diffusion, the corresponding

ourrent density associated with the transfer of light

molecules by diffusion is Ptven by

ID - Do (2)

where the ordinary dtffustio ooeffiotent D will be a

function of the temperature but will be very nearly jnde.

pendent of the oonoentration o beoause of the great

similarlty in the properties of the two izotopeo.

The current density assoolated with thermal diffusion

IT oen be written

I. FVT (3)
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where T Is the toispeature, and I Is a eoffie4nt

depending in eeral both on the temperature ad the eo-.

centration. Sinoe there is no thermal diffusion it either

speoies of molecule is present alone, one can assume F

to contain a factor c (1 - c) ie shall write therefore

IT  a Dqo(Il-o) VT (4)

where D is the ordinary diffusion coefficient previously

defined, and q is what will be referred to as the thermal

diffusion oeffloiento

One can expect that q will depend on T and that it

will be, in gneral6 a slowly varying function of.the oon-

centrations. In faot, sinoe we are dealing with Isotopes,

that is, with molecules of very similar physioal propetles,

it is reasonable to believe that q will be very nearly,

independent of the onentration e. This is borne out by

the fact that such is the case for themal diffusion In

gases'. We shall therefore assume that q in &qp(4) is

a funotion only of the tetperature. The nature of this

function is not known at present, In the case of gases It

has been found to be of the form ce/T, where T is the

absolute temperature and M is nearly a oonstant; this.

is the function used by furry, Jones and onsagerS For

liquide very rough theortleal arguments 4 have led to

either oLAT or a/T 2 , depending on the model assumed,
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If all three processes taka place sBmultaIouslyj then

the resultant light-oonstituent current density is giva

by

The equation of continuity, representing the condition

for the oanservation of the light constituent is then

MOOR-001 (±a (6)

2o Tfferontial-Equation of the €om

A column will be considered as consisting of two

vertical coaxial tubes, sprced a distance a apart, each

of length LO between which the working liquid is contained

In the annular space of mean oiroumference b. The inner

surface of the outer tube, the "cold wall" is maintained

at a low temperature T1 by means of some cooling agent

(water). The outer surface of the inner tube, the "hot

wall" is maintained at a high temperature T2 by some

heating agent in thiu tube (stea.)#

Since in practice the spacing a is very small com.

pared to the mean cironference b the 0urvature of the

walls can be neglected, so that one can treat them as plane

surfaces. Furthermore, because the spacing a is extremely

emall compared to the length I, one can neglect "end

effects" at the ends of the column where the temperatue
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distributions vary from that prevailing eloewhorewnd.

where the convection streams curve baok to wese their

direotions.

In order to obtain the differential equation for the

0oumn, we shall begin by investigating first the proceas

of convection, since this will not be affected appreaoably

by the other two processes, beoause of the simnlarity of

the two species of molecules. Let us suppose that we have

the liquid between two parallel vertlal walls a di6tanee

a apart, of breadth b and height L. Lot us tako a

cartesian coordinate system with the X-axis at right angles

to the plates and the Z-axis vertical so that in the

working space o x a, o, 2 L, For the preSent

we shall consider the ideal case in which none of the

quantities to be discussed varies in the direotion of the

third (Y) coordinate. Let us take the cold wall at x w 0

an having the temperature Tl and the hot wall at x a a

as having the temperature T2 , so that AT w T2 . T I 0.

Let IL be the pressure and g the acceleration of

gravity. Furthermore, let .9 and /( denote, respectively,

the density and viscosity of the liquid; these will in

general be functions of the temperature T, but will be

practically independent of the concentration o because

of the similarity of the molecules being separated# For

the present we shall assume that the temperature and hence

these quantities are independent of the coordinate z.

14W-5



Followving Furry, :ones and Onae, we calculate the

conveotion veloaity by solving the hydrodynemieal equatlo

for the steady flow of a viscous fluid in the to="

•* (Avy) m S p - S go (7)

where v, the velocity reotor, is taken to have Only a

omponent i, the z-direction, but in independent at s,

and g is the gravitational acceleration notow with the

magtitude g and direotion (-s). Trm ! q. (7) e got

for the x-oomponent

(8)*0a.-.

so that p - p(s), and for the z-eaponet

d d dprM080MM ( Al( 8")s n a i' .

since in (9) all terms exoept

we see that

dz

(9)

4,ro depend only on x,

(10)

where B Is a constant, and the equation can be written
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a4 (ac2 ). B, g6. (12)

This equation is to be solved oubject to the bowIdUa OOfl

ditions:

vTo) - T(a) a 0, (19)

the layers of fluid in oontact with the walls being taken

to be at rest. The constant So the pressure 8WSdet

along the column, Is to be determined ftan the eondition

bj S?& P (2.5)

where P is the produot rate, i.e., the mass of material

removed from the top of the column por unit time. Ordinarily,

in experiments on approaoh to equilibrium, one has P * O

Tntegrating Eq. (11), 0 we ot

X* X* X
(K

with ze and f' funotiona of x, and 0 a oonstant of

Integration. The constants B and 0 *an be deterined

from the two relations

S~) dx + x dx + --- a - o (15)
d r



and

djX z~ zz rdfta Yz. ft4 d z a
Jim At

In order to carry out the integrations tt ti neaesiaty

to have the relation between x and the temperature '.

stnoe A and are actually kiown as funotions of T

ather than of x. n the 068e of steady heat flow

(eroept near the edges of the plates) one 0an write

where ? is the therwal conduotivity of the material (in

geera]. a fontion of T) and Q Is the rate of heat flow

per unit area of plate. Integrating this, we obtain

T

1

T1

and

wpvwa * T(9

1Knowing Q, one oan express dx in tenas of dT in the

preoeding integrals by means of Eq, (17).
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RAVing obtained the oCon"oion "looi60 VY weboa. O

bonaider the other processes in the aolu=n, The equatioa

of continuity in the present oase takes the form

D D (:L dT

? X 0*"r
~~~~~~2 Z2)-~?Q@( ~ ) j

Integrating with respect to z and making use of the faot

that at x a 0 the expression in the brackets vannhusesj

get

D D q2 a (1 )4

odx gD i in'q (.O)N

'axdx.

Km 9z 0 t

fran whioh we find

1 dTI '
5'? )z 2+ o (I ***) t

4 Jo(2
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Now let tU denote the net rate of transport of the light

constituent up the oolumn, Then

mbj

a
Yovdxjo 9 k dX

Let us define a function

G(x) bJ S Vdx I

so that

G(o) - 0, G(6) a P. (25)

It follows then that the first term in the expression

for t is given by

0 0 0

ax
(26)

where in the first term o represents the value of a for

x a a; however, einoe a varies only slightly aoroms the

seotion (o x a) it is not Important what value x is

given. If wo now substitute Eq. (22) into Eq. (26) and then

use the latter in Eq. (23), we get

IE - 10

(23)

(24)

20 r
--
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aa GdJf 'a
t.P@ 4"=4WDf

G

'0f~D f0

4Wbj

? z

Gqo ( - oGq ( mmmft.
4x

a
4x + -2 dt

D J.0 0
_f 90 x
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ma ind use of the faot that o varies only slightly with

x and notins that none of the Integrals in Bq (27) i0

oritically dependent on the variation of a with Zx, We

oan write

?a (
(28)

where o is now tegerded as a function of z and t only,

and the coefficients are given by

a
~ - dx4KU*NOd

Vdx-
- -D1J _--.0z

1 -I1

(27)
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0

Ja G

It we go back to q*. (21) and sot e As noting that thO

saM boundary ooditjon holds as for z a 0, we get, on

multiplication by b,

L "t T (30)
ata

where we have put U n plaoe of b _P d4, 1 being the

mass of all the material in the cOlIao. Eq. (30)v with -t

given by q, (28), describes tho behavior of the oolumu an

an isotope separator.

In or4der to sot some idea of the maniitudes of the

various integrals enoountered thus far# le't us carry out

an approximate oaloulation by assumins that the tenentvx

difference AT between the hot and cold walls is small

so that we oan treat all the quantities assoolated with

the liquid as constant, except the density where it Is

necessary to take account of its variation in order to get

convection. (Another way of expressing this iB to say

I -P12



that We eall replace all these quantities, whiah e*

funotionS of the temperture1 by suitable meaa values|)

In this way we find that the convetion velooity Is givez

by

(51)

where AS' ts

fluid at the

function one

Go { )

the ditferenoe between the density of the

cold wall and that at the hot wall# From thi

finds

( )f) .b a X)

Ihe integrls are given in this oase by the following

e*pressioaa 3

Kd  o f Dab ,

gsf',b a5

1440A
N

~1
qAT ,

- g A -f 0P + a

720,QAD Fib

20
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(35)
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First let us Investigate the iaporteanee of tbe te=S in..

volving the product rate P. AS an examplep 1e%.u*

consider the expression for . One *an wwtt*

where

710/1,

is the value of H for P - O and i is a dimensionless

quantity

To g et orders of magnitude in the present and the following

oases, let us takes J? 2 am/Cm3, Af e s. I p Mu3 ,
A a 6 x 10" 3 poises, D - 2 x 10 5 oM2/SeO., a w 0#025 Ca.,

b a 13 emoa L a 1500 cm. It follows that gf&fb a/360,t

is of the order of 0,2 M/seco. On the other hand, P is

something of the order of 100 Tn/day in praotice or of the

order of 1V-3 gi/aa. Iienoe V is of the order of 0,0050

so that it can be negleeted under ordinary oireumstanoes.

This means that we can replace R by a oonstant with

respect to variation of the product rate, in the same way

one finds that the other integrals likewise depend on r 0

I -* 14



so that if is small ocmpare4 to unity the tens in*

volving P oan be neglected, It follows then that one can

calculate all the integrals for zero product rate end use

them for product rates occurring in practice, While we

see this on the basis of the approximate values of the

integrals given above, we can expect that the results,

insofar as orders of magnitude are oonoerned0 will se

with those obtainable by the use of more exact values for

the integrals. Hereafter we shall treat the integrals of

Wq. (29) as independent of P.

Next let us note the orders of magnitude of the ex-

pressions In Eq# (33) (with P - 0). One finds tor the ease

being considered that, in c.g.s. units,

1

r.m o.6

ND--- 310'o5

Aotually, experimental values of H are of the order of

6o gm/day, or jo-*3 gM/eeo.

Since It is found that it takes several days to build

up an appreoiable inorease In oonoentration, the term

w -._oI in Eq. (28) is in general of the order of 105 CIDt



The term K 2a is of the order of 10' e it weomuppose

that the variation of a over the length of the ooluMn

is of the order of c itselfv The term N I s t ths

order of 10 "11 on this assumption. The term Ho (1 " 0)

with * << 1 is of the order of 10"* Oa Oa the basis of

suoh rough estimates it appears plausible to negleot the

terms W 2.1 and N in rq. (28)5, This we shall do

hereaftero

Acordingly ve shall write

for the net transport rate of the light oonstituent up

the column.

If we are dealing with a steady state of operation,

then -c is oonstant and is equal to POT where OT is the

conoentration at the top of the column at the point where

the product is removed# Nq. (37) then becomes

K - - Ho (I - o) - P (o T - ) . (38)az

If we are dealing with a prooess of approach to equi-

librium, then the expression (37) must be substituted into

Eq. (30) to get the equation for the oolumn, Usually in a

prooess of this sort one has P w 0. If furthermore,

S-16



o << I, a Is the case of laterest In praotico theu on*

oa write

- z-K"" (39)

and if this Is substituted into Bq. (30) we get

.2 2
% a 9 'M Oc

(40)

where

", - (41)

and

ILK (42)

if we Blt

Y *- L. (43)

3. CoIYM -; Stead -2tLe

The simplest oase to treat is the one In which the OoliwA

has reaohed equilibrium and no produot ts being removed* In

this case we have Z * 0 and the equation detemning the

ooncentration Is of the form

Ho (I - 0) - 0 0 (44)

I - 17



If we let oB denote the oonoentration at the bottom

of the oolumn, the solution of this equation can be writte&

B e oCZ (45)
1-0 1 - OBl

where, as before, o 0 f/K. If we let *T denote the oon-

oentration at the top of the oolumn and define the separa-

tion factor 8 by the relation

a - _%(46)

it follows that, at equilibrium, S has the value

30- ey  
(47)

where, as before, Y a c L.

It the column is operated with continuous produot re-

moval so that it remins in a steady states then the

trnsport rate up the column is constant and Is equal to

the rate at which the light conetituent is withdrawn In the

product, POT. The equation for this oase, Eq# (38), can

be written

do
d U --) - "0-)* (48)

I - is



where

p j, *~ump(49)

This equation can be integrated 2 If we lot

- 2( / * )2 4VOT, (50)

then the solution can be written:

2o: 7 "~ *) +~l (51)

It follows from this that the Beparation taotor for the

olumn is given by

+. ( + 1) aWY + VO.

The conoentration o along the oolumn can be obtained

from the relation

01 (w +zl+ 4m- 2 OT) 0"1(L.~ 06.2/- 4W + 2 cOT

wvhiah is oonvenIent if OT is knaown. Frequently it happens

that one knows oB  rather than ?o. In that case one ana

caloulate 0T either numerically or graphioally ' by moem

of -.qs. (52) and (46). and then use Fq. (5).

I OW 19



The oaloulations can be simplified 06A1stdeably It

one can take a << I# vhloh i usuanlly the oas*. Then

Lj. (48) can be approximated by

dz

and the solutioa of this equation In given by

V 06 U, + °(, (X. L)

If c << Is then the separation faotor S Is given by

O , (56)

and from !i,. (55) one gets

Y+

V + -Y (1 V) (57)

'rou . (55) ,zd (57) on* oa. also write

L0 U I/)(z- .)

4. ire~uaritie0

The equations derived earlier in this chapter refered

to an ideal oolumn in which the hot and *old walls were

assumed to be perfectly plane and parallel and the

I - 20



temperature of each perfectly uniform, with the fluid in

a state of lamellar flow. In the case of any Praeteal

column these assumptions are fulfilled only approximately

at best, and it i therefore to be expected that there

will be deviations from the behavior predlted on the

basts of the preceding equations, The disorepaneoe

arising in practice are associated with faotorB that Oaa

be classified roughly under three headings:

(1) Geometrical irregularities

(2) Temperature irregularities

(3) Vibrations and turbulence.

(1) By geometrical irregularities are meant such thiags

as variations in the spacing between the walls, pr dneing

variations in the convection current, or the presence of

spacers in the working space, representing obstacles around

which the current must flow. Obviously in the presence of

such irregularities the flow of the process material will

not be as simple as was assumed,

(2) Temperature irregularities produce parasitic oon-

veotionp that is, local convection, the effect of which

is to bring about mixing of the fluid and thus reduce the

separative action of the column. It is clear that geo-

metrical irregularities will always be aocopanied by

temperature irregularities. However, it is possible to

have temperature irregularities in the worldni space without

the presence of geometrical irregularities there, This can

I - 21



oCur if there are variations La the thickness Of 0

walls, or if there are spatial or temporal Ohangs pysoaV t

in the steam or cooling water.

(3) TUfulAcO MY set 1, in wbih case the paltttes

of the fluid will uo longer move along mwoth st eamlines,

but will move in an erratic way$ so that mixiAg wflU Sale

plaoe, resulting in a reduotion or essatica ot separative

action. Such turbulence will aris it the conveotion

velocity exceeds some critical value# In this connecto 0 -

it is well known that the critical velocity In the oase

of a body of fluid having two streams flowing side by

side in opposite direotions is very much lower than ia

the ease of a single stream. ftrthermoe* the predenoe of

meohnical vibrations-- and n plant operation such Ibra-

tions are inevitable -- lowers the oritical v61ooity,

Turtulence or oscillations may also set In under oeCrtatU

conditions of temperature and pressure due to boiling ow

density fluotuations in the fluid near the hot wall.

It appears that one oan adjust the operating conditions

so as to make the effeot of turbulence relatively un-

important, however, with oolwmns construoted by the usual

methods from oomeraoial tubing it tis impossible to elimiaate

parasitic conveotion.

one can calculate the parasltic convection for some

simple temperature distributions and deterdne the effect

of this convection on the performance of the oolUmn2 .

S. 22



However, for the irregularities of temperatume that ae

present in practical cases, the calculations would, be vory

difficult to carry out. A study of the equations shows

that the general effect of such convection is essentially

equivalent to an increase in the column constant K.

That is, in the differential equation for oolumz behavior

and in the expression for r $ one should replao K by

K' a X+ ICP (59)

where Ki is the oontribution due to parasitic oonvestion,

The extra term X may be appreoiably larger than K.

In particular, as the spacing a is made smaller and

smaller, the geonetrical irregularities become relatively

more and more important and " becomes very large. As

pointed out by Cohen6 , the effect of parasitic convection

will cause the curve of In S. vs a to have its maximum

lowered and displaoed to a larger value of a than would

otherwise be the case.

A point to hote in this matter is that if the parasitic

convection is distributed nearly uniformly down the oolum -

which will be the case if the irregularities are randomly

distributed or if, for exampleg the two tubes surrounding

the working space are parallel but not coaxial, then the K'

introduced above will be constant. The behavior of the

oolumn will be qualitatively similar to that of the ideal

1 23



ooltuma However, If the distribiatloA of the ewMp-

1axties varies along tho length of %he o*3,tmn 1e that

V' is f funtionA of z then one will find markod dif-

fteences between the observed behavior and that predicted

by the simple theory,

5, V~attion of Conditions

'The next quention to conAider is how the bohflor 0*t

a coluumn will Vary if its dimensions or the conditions

under which it is operated are varied,

If we assume, for the present, the validity of the r.

sults obtained it Secotion 2, it follows that if the tempera-

tures at the two walls and the pressure are kept fixed, the

constants '3, 1M and XD (for 1) a 0) 0an be written

R C1 b,3 , (6D)

r'- a 2 ba7 , (61)

%- c ha7 , (62)

where the C's are constants. It follows that

CIaL

Y ,an S . .. (63)

This means that for a fixed spacing a, In a. should be
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proportional to the length of the column L# and that for

a fixed value of L it should vary as l/a4 tor lare values
of a and as a2 for small values of a. with amzim

value for some point in between,

The position of the waximum can be obtained by setting

th defrivative of the right hand member of Eq* (63) with

respeot to a equal to zero, Oe gets for the comesponding

value for a, denoted by a5:

6s (64)
2 02

and for this value of a one has for Y

20 1 L

For the oonditions assumed above we ean also write

So4 abL (66)

and, by Eh. (42),

X o4 (02 a6 + 3) 1(67)
01 4 

Tho value of a for whioh X is a mintmo, denoted by axg

is found to be given by
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i.o26 a)

and the oorrsponAdlng value of X

(X)min ,
3 ae ()3 c4

2 3QC11
&

(69)

Xt will be oonenient later an to tntroduoo a fAmotions

the figure of merit# 4 * defined by the relation

, m By (70)

With the present assumptions We can write

-O2 a bL

Oga6 +

It follows that the value of a at which this fumation

has a maxlmmt is given by

84 -5O- - 1.47 a. (79)
02

and the oorresponding value of c by

(71)

(4i )M f 5-a 12 bL

6 o2 I c

3 - 26

(73)

6 2
0,2 OR (68)



The preceding results# obtained tor an Meat eae,

will differ from those for a pratisal ease tor sever a

easons. Thtus, we have assumed that the temperatur is

kept fixed while the spacing is Varied, Actually, with

given steam and cooling-water temperatures, if the spacin

is varied& the temperatures of the hot and cold walls wLiU

sla6 vary because of the variation of the heat flow.

A more important cause of discrepancy betwen tho above

theoretical results and experizent is the preseuse of

parasitl ocnceetica, discussed in the preoeding seotion.

As o0 6 pointed out, this will beome ncreasingly im-

portent at smiler spacings and will cause (Y),. to de-

orease and as  to inorease, It does not mean very mnuh

to try to calculate Y as a function of a iA $his case,

since the parasitio oonveotion9 being associated with ir-

regularities, will vary from column to column in an

unprediotable way, giving rise to statistical variations.

For large values of a, the above calaulations should still

be applicable and Y should vary as I/a4,

As regards the effect of varying the temperature and

pressure, it is difficult to make any accurate predictions

beoause of our lack of knowledge of the dependence of some

of the properties of the prooess fluid on these variables.

In particular, the thermal diffusion coefficient is at

present known only as far as order of magnitude Is conerned,

.nd there Is no reliable information as to how it varies
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with'temperature. om cwsaloalatioas wero eaasi'±ed-at--by

Gohen6 on these questions, bUt he had to make a number of
speculative assumptioas (because of the lack of data) end

It Is not olear how valid the r'esults, are#,

6Qnirota~ 1or oduct Removal

in practioe it In difficult to arrnnee to have continuous

profuot removal. The netirest one usually come to It io

In withdrawing atl fixed quantities at regulars ohort

intervals, a prooeduire that will be reforred to as quasi-

oontinuous withdrawal* TIhe question aomme ups how is this

process related to the continuous one which is the one con-o

sidered in Section 2 and used to derive the differential

equations for the behavior or the column?

In the Oase of continuous product removal (P* 0),j the

differential equation govorning the prooess at =mall con"

centrations oorrespoading to Xq* (40) for P a0, is give

by

g O a
-0 n Ci cl+ V) *a (742(74)

where o Is the eoncontrationt the times a the

distanoe up the oolumn, X Is the time constant, cc- H/K,

and V-P/U, with H and K the colum constants and P

the rate of product withdrawal* To simplify the elulava

tions without affeoting tha essentials of the probleml lot

us suppose that the clu2rn Is oonneotod at the bottom to

I W2



an infnilte reservoirT. Ten as ne boundavy *nttOaOU

ve have

a 0 0 % o-o (75)

where o I a onastant. At the top of the Oolumn, on the

other hand, the boundary condition expresses the fact that

there the transport of light oonstituent, a4d0 frM that

due to flow# vanishes. It L is the length of the colma

then

SsL 1 *0 C0 (76)

If we are dealing with a steady prooess, 0j 0,

and Pq. (74) beoomes

d2a 0oc do 0

ZT -oc(l +V) . - 0 . (77)

The solution of this equations satisfying the boundaly con-

ditionse Is found to be

o0 _e(_ +7))y o0 e(Z + V)ocz

I +;,e ( 1 +2)y I +Ve(l +')Y- (78)

where Y a oL. If we put z m L# and let 3 a O/00, we get

(1 + V) e(1 +z) Y

S+ .. .79)l+ V/ e( +V))Y
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In the case of quasi-oontinuous product ramoral,

during the time between withdrawals the appropriate alf-

ferential equation is the one obtained by putting V. 0

in Eq. (74):

XOC2 c 20 -- (

with the same boundary oonditions as above. However, at

regular intervals, say at t a nT (a a l, 2, 3, *..)0

where T is the periodp produot is removed and the condi-

tions altered. The time of product withdrawal in quite

short in pmatice and can be neglected. During one cyole,

a mass m of product is removed, so that the Avo0ZUe

produot rate a- at rb, Let V- a 0 /l, The nss a

le equal to the mass of a portion of the column of lensth

I' a mL/M, where M is the column hold-up.

Let E denote the time during which produot Is rmoed,

and let us assume that it Is so small that during this tim

no appreciable ohange in the conoentration occurs beeause

of separation. The only change ocours because of the flow

in the column accompanying product romoval, One can expect

to get a reasonable approximation to what actually takes

place by supposing that during th product removal proesse

there is an upward displacement of all the material in the

column through the distanoe LA.* After the product with-

drawal has been oarried out a number of times, the

I . 3



concentration o will become a periodio funotion of t

with a period To We can represent this period e behavior

in the following ways

For t in the range 0t,T- e, satisfies q*.

(80)v For t in the range T-e t<T, the produotr.-

moval tates place so that

a (Tz) a- o -e. z - L') , (81)

where, for z<L t , we shall take * a o. At me end one

has egained the Initial distribution,

a (Ts) a 0 (o,z). (82)

It 18 possible to solve rigorously the problem formu-

lated In this way# However, since the calculations t volved

are somewhat tedious# this will not be done here; insteadp

some of the properties of the solution will be Lnvestigated.

We can rea3.rd the present case as one wtich can be treated

by q*. (74), provided we consider 7, not aa a constant,

but as a lunction of t which differs from zero only in the

range T - e 4 t < T (during the first cycle) 4  Let us integrate

both sides of Eq. (74) over a complete period of the time,

On the left-hand side of the equation we obtain zero, be-

cause of the periodicity of the function a, as expresed

by Eq. (82), hence we have
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T

f a0 z a)

or

d( ) dt - z) d f V-U dt a 0. (84)

0 0

Let us investigate the last integral AoNe closely. It

w% think of the material as beinS oawAred up the 0111MA

during product removal without any mixing taking plaoep

then$ if the distanae through which it has moved be denoted

by ,we anwmrite

L H IM dt

wh!.ere v io the velocity of the material in the column due

to product removal. Hence

Tar (T _____ aotZ M T eisTfV d d'dctt dt a 2±fe 0-fl d TS2I dt *z
-up T-e o

V- T" ( T oz, -(T-,*qz-,,*I 3 (86)



Let us define

i (2) 10~ 5 0 (T.E, x) 4Z (87)

Then we *an write

1 a(tZ) dt T (88)

If we substitute this into ?q. (84)# divide by Tp Md

Introduoe

T

~ (5) 0 (tsz) dt,

we see that (84) beoomes

4Oi di p di

i!ow if we oan write

te", (Z) (

then IEq# (90) booom~s

I oo33
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.+ - M d o (92)
4Z2 dz

which is of the same form as Eq. (77), but with V instead

of z) . Since the boundary conditions (75) and (76) hold

at all times for a they must also hold for . Henae

it is clear that, to the extent that Eq. (91) is valid$

the quasi-continuous process is equivalent to a oontinimouo

process having the same average product rate* This will

be the case if T/X and L'/L are sufficiently small,

for then the variations of the concentrations over the

time 0 to T. e and the distanoce L' will be nearly

linear, and one can write

-i(Z) a{ (0,z) + a (T.o6 z)%} { (Tw6 1 Z) +

+ 0 (T-E z-V) 1 0 (Z)

to a good approximation.

To got a rough estimate of the errors involved tn this

approximation, let us suppose that at a certain time

(t - 0) the column is in a state described in Eq, (78), so

that the separation factor is given by Eq. (79). Let us

identify the 7) in Eqs. (78) and (79) with , and let

us denote the corresponding value of 8 by So. One can

solve Eq. (80) with the boundary conditions (75) and (76)

for this case to get the subsequent behavior of the oolum,
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A caloulation, based on the Laplace transformation,

leads to the result that for t<«X the sepaation faotow

is eiven by 2 3
We See that the fractional deviation from lItearity during

atime of the order T to ot the ordte ot 42 W .

For example, with TAX -0.002, V-- 2. this in about

3 zo"4.
On the other hand, to get some idea of the variatlao

with hoight near the top of the column, we note that if

we let r represent the distance down from the top of the

oolumn, then frow Eqs. (78) and (79) we get

S 0S.[1 0C 4 ( +V3.O 2 Y2 1(5

If we take -L', the fractional deviation from linearity

Is of the order of ( +V) y2  F . or example, if

L-P/L- 0.01, Y a 0.5, Vi - 2, this is of the order of l0"4.

since the actual function will not be very different

from the one used in the preoeding calculations, one oan

expect the order of magnitude of the deviations frm

linearity to be about as given above, Hence 7qs. (93),

and therefore (92), should be valid in the usmal eases,
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One might raise the question of the effet of the

shott region near the bottom of the oolun, where the

behavior is somewhat exceptional because of the arrival

of material of concentration 00 during she product "-

moval, However ts variation in oneentvrtion atua a

cycle is small in this region# and Its reactlon on the

behavior of the other end of the Oolumn during a short

time T oan be expected to be unimporant,

Finally, on the basis of the preceding oaloulations,

one oun est mte the variation in product oonentration

during the course of Its removal. By any of several lines

of reasoning one finds quite readily that the maxtm=

variation in the separation factor is of the order of

- (L') 8 -a a -__x (6

where So is the mean separation factor or that for oon-

tinuous operation, as given by Eq. (79)w
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APPROACH TO EQUILIBRIUM BY A SINGLR 0012

The question of the approach to equilibrium by a olat

is of Interest for, at least, two reasons. Sometimes the

time required for a column to come up to a ooncentration

at which one can begin continuous operation Is appreciable

and is important to know. More frequently$ however, one

is interested in this question because, by studying the

behav or of a column as it approaches equilibrium, one *aa

get intomation about It to predict Its perfoVaee In

continuous operation. The present chapter will be conoernoe

mainly with the latter standpoint.

We have seen in the preoeding chapter that, for a oolam

approaching equilibrium without any produot being removed#

the differential equation is given by2

2 *a a 920
2t 9z5

where

H 3

Cc. , x Hy Y OcLL, (2)

for a column of length L. hold-up mass U and oharaoter*

istio oonstants H1 and K, provided the oanentration

a <<(. II - I
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Eq. (1)0 with appropriate Jitial aMd boundar ondi-

tions, determines the qoaentration of the Ugbt ecc0tituent

o(29t) as a tunotion of the distanse up the column a

at the time t, during the approach to equilltbuIN. It

one starts with a aonoentration %P that of nO l material,

one can define the sepa tion factors

C(Lti o(48 ST

ST 011B Ifl (3)

FPrm a knowledge of one of these, sy T as a funotio of

the t under a Siven sot of oaditions, t is posgiblo

to deOemuiae and Y for the column under oonstdeation,

Frm them one gets

s - Y (4)

where So is the value of S at equilibrium, end

M
K- (5)

The constants 11 and Y are useful in predicting the

behavior of a colurm under continuous operation, as was

seen in the preceding chapter, Eiq, (57).
To assist in such prediotion, rig* I presents a family

of curves, showing S vs. V - /11 for various values ot

Y, on the basis of Xq. (57) of Chapter I.

We see then that it is desirable to be able to determine

I - 2



the oonstants of a oolumn from the observation of Its

behavior during thin proces. in the following seetions

oalaulations and graphs are given for this purpose for

several typical cases's

tIn practice, the most ooimmi prooodiuro fr testing a

column toe to let it approafh equilibrium while it to ata.

taced at ono end to a ltArge reservoir, Its othew eMd

being olosed. eopendlas on whether' the lower end or the

upper end Is the oe conneoted to the reservoir, one has a

rectifier or a stripper* ftequently one 'MiS ocasio to

deal with the case in Which UOthe bold.up of the

reservoir* Is largo aompared to H#, the hold-up of the

column, so that 0~ 1$ LsSMall. In thAt cse OAe can

got a good approximation by considering the reservoir to

be infinite, ite.,& w a0# Since this case Is somewhat

simpler to treat than the more gene~ral one# it will be

taken up firsto

in the oase of a rectifier with an Infinite reservoir,

the boundary and initial conditions are

o 0 (OZ L, t >z0), (7)

0 ~ X 0 S3z< Ltm



it we suppose that the reserVoir and the oolum, initia&Uy

are filled with material of oonoentration *a.

The solution can be readily obtained by the use of

operational ealoulus, M&ultiply the differetial equation

(1) by e'Pt and integrate over t from 0 to

Let the Laplaoe transform be given by

,.of a •-pt at. (9)

Then the equation becomes, after an integration by partt

2 d2t atX O (Pr. - o) a 7 to OC .(1o)

In terms of f. the boundary conditions ae

oot --NW (z - o) 0
P

dIf--MO - t r a- 0 (z - ).
dZ -

(11)

The solution of

(11) is

0 2o0,
p p

where

(10) satisfying the boundary conditions

U+ &- z

II - 4



or, in term of hyperbolio funotiono,

?~*~hi~ mi~ p~ (34)

Havit obtained t# one must apply the invoee Lapluae

trisformtlow to pt oe This *an be doe by seane qf a

line integral in the complex planot
P + Loo

et :dp(3)

4- ioo

where iq s an arbitrary real number, sufflotently large

so that all the poles of the integrand are on the left or

the path of integration* The Integral caa be evaluated

by summing over the residues at the poles of the integ and.

At p - 00 the residue is o0e . The other poles are at

the values of p for which

X cosh G inh MOD 0. (16)

2 2

At each of these poles# the residue Is

X -M 5



2 00 0 T iZh -
opt

3oo~h i+ e aiilh A-.t 009h

4~~ -0X0Y sinh 2Op

(1 -- )
- 1) L

(3.7)
cosh -AT- + ZX eOinh

2 2 ;~

If Y< 2, one *an show that the roots of (16) are all pure

inaginary Heeno it is oonvenient to set A t

Fq. (16) then becomes
T

20
tan , G -= f f 18)

and, if we express the resldue in terms of 60 we get for

the solution

- 4 o,,- ' (.:,
h-,I

Ain 9A sin 264
2a-- Sin D-

(19)

Ahere on is the n'th positive root of (18), omitting

6- , and ka is geiven by

+~ 4
I

4 coS2 ent

ii - 6

0 O C

(20)

Onz
Oin



Yor a a Lp we find

8-s -4/

h-i

S t BTw

sIai2 e.sn 9

20, in 2 j,

From (19) one obtains by integration the mean value of 0.

i I

" L
,M IL +1

One finds

Go Y
,by-I1- 4 0.

sin en DA2o 1 a 23
0 - Sin 20A

with the Inroease In the light-constituent mass a given by

m -m (- a* ) - 00 (S P 1). (24)

From (19) one also gets for the light-oonstituent transport

hol

sin On sn 2 0A

,a- in 20a

L

Y enz
2 L

II - 7

e. l/Z.4 (21)

adz , (99)

L

(2)e-a t/X ,



whioh, ftr z - O gives the transport trm the reser"ir

to the column

ekntlX * (26)
hs

ha W°I e 0sn2j

It follows from the preoeding equations that

dm
dt (27)

as was to be expected,

We see that we have obtained a number of results s

series expansions. For sufficiently large values of t/X

these series converge very rapidly so that only the first

one or two tems are needed, However, for small values ot

t/, a large number of terms may be required# in which case

the above expansions beoome inorvenient. It is tbsefon

desirable to have some other form of solution which Is

more appropriate for this ease,

Let us go back to the solution in the form of ?q. (12)o

For suffioiently large (positive, real) values of A , f

can be expanded as follows:

o j
p0 p(N- L c Z,

* X +

TT -A

-2\Y t ) (a8)



If z is not very moh smaller tumz L# we oan negleo

the second term in the square brsokets. Let us turther

egleet all but the first term in the series, I wet als*

expand k ,

1,, + 4xq 2 \FXp(I+ ,.+ .

then we can write f approximately

M ,z-*L) -2 p 2 .Z + 9)1" +p Co +

On oarrying out the inverse Laplace transformatioa5 one

sets

0 " 0()2*000 2)4 4

-w Oc(L-z) earf o -c + .. ,

w~here 00

er'a W - du (31)

If we sot z a Lg we get throuh such a procedUre

114-9



3

8~ + 2 1 + mmmrq (17+ (3g)

whieh is an expansion appropriate for small values or

t/I. It Should be noted that, to the approximation to

which (32) Is valid, S depends only on t/X and does

not depend on Y.

By a similar procedure one finds that tor small values

of S, the light constituent hold-up is given by

a a Hoot . (33)

If we examine (30). we see thatj for very small values of

t, o differs appreciably from o only for : nearly

equal to L. This means that the a given by (33) i0

accumulated early in the process only in a thin layer close

to the top of the column.

To give some idea of the general behavior of a aolum

approaching equilibrium under the conditions being *on

sidered, Fig, 2 shows, by means of the solid curve, the

dependence of S on t/X for the *ass of Y a 0.6,

according to Eq. (21). The dotted curve In this figure

describes the dependenoe obtained from Eq* (21) by neglecting

in the series all but the first term. It will be seen that

in this case the two curves pratically coincide for

t/% > 0.05.

II -10



One can investigate the relation between the time-

constant X and the half-time of approaah to equilibrium*

The half-time can be defined in either of two wayst (1)

the time for S to go half-way to equilibriums, i0e,

(1 + a ) a 1 (1 # eY)
2 2

or (2) the time for in B to go half--way to eqUillbrium,

ite.,

2

Fig. 3 shows ourves for TI/A as a funotion of YO with

the half-time Tt defined in sach of the preeding ways,

Fig, 4 shows the distribution of oonoentration along

the ooluma at various times* It should be noted that tor

small values of t. the concentration is very small every-

where exoept at the top, near which the concentration

inoreases rather abruptly. As time goes onp the Conoen-

tration increases lower down, and the grdient becomes

more nearly uniform throughout the oolumn.

The results obtained in this section oea be used to

study the properties of a given column. It will be seen

that the time t appears only in the oombination t/Z, as

might have been anticipated from the form of Eq. (1) and

the boundary conditions* Henoe it is convenient to plot S

II - 11



as a funation of t/X, different uves being obtaAred

for different values of T. If one has such a tamily ot

curves, a comparison of the curve of B vs. t obtained

experimentally for the given colmn with te oaloulateA

curves serves to determine the values of X and I tor

which best agreement is obtained.

A difficulty in such a comparison arises fra the faot

that different values of X correspond to different tim

scales in the graph of S vs. t, and it is neoessay to

determine simultaneously the appropriate tno soale as

well as the appropriate member of the calculated family

of curves, This difficulty has been largely overcome In

Fig, 5, in which gmaphs of S voo t/X are presented, with

a logarithmio scale for t/X. Sines in this oase a oha

of X oorresponds simply to a displacement of the oures

horizontally without any change of shape, it becomes quite

easy to fit the experimental data to the theoretical curveso

It has already been pointed out that for small values

of t/Xj, S is independent of Y, so that all the curves

of Fig. 5 nearly ooinoide. This makes the curve fitting

particularly sizuplet fittino the experimental points for

sell values of t to the (nearly unique) curve serves to

determine X; the experizental points for larger values of

t enable one to determine Y.

Thus far we have been oonsidering the oolumn to be

operated as a reotifier. At times it t desirable to

11 - 12



experiment with the colum operatOd as a Stripper* Pot

mne thing, the column approaches equilibrium =ore vapidly

when It is run aa a stripper. Then too, one Is scxttaa

interested in comparing the ooUm constants as obtain e

for the same column in the two different kinds of opera

tion, since aA appreciable discrepanoy might indicate the

presence of soa source of disturbance somewbre tIhe

system.

For a oolum run as a stripper# om wdtfications In

the formlas given above are required. If we now take

Z - 0 at the top of the column where the reservoir t

conneoted, then we mut take z - at the bottom, so

that Y has to be replaced by -Y In the formulas, It t

conventent, in thls case to replace a by ozo so that z

now represents the distance measured down frm the top of

the column, and s - L at the bottom, However, in that

ease certain other ohanec have to be made: H nust be

replaced by -H, and, hence, cc by -. In plae of (18)

we now have
20

taaO " "- ,

y

the roots of which, on, are to be put into the equation

00

-4 00 e~~~Ooz $iin sn2~ ian(
h0l 2 8 2sw i 20 siL

LA being given by the same foltulia an before, but with the

1U -



nIow roots 94 ?or z mlWO got a No oB/00  ft10

equation

,.Y Oj*2 0 in 20.
20,, sin 20en

If one repeats the oaloulation for small values of t,

one finds that the results obtained for the reOtifier

can be carried over to the stripper provided the sigs of

soMe of the oonstants are ohanged as described above and,

In addition* \x ts replaoed by fK. In partiulam

one gets for t/X << I,

-a-2- t x t" 1 .... (37)
X~l 7 2 X(7

Fig. 6 presents a family of ourves for S as a fwaotion

of t/Z, for various values of Y. They are intended to

be used for the detennination of the constants of a stripper

in the same way as those of rig. 2 for the reetifier,

3,4 0-olumi with Yinitt MeservoU

If the column approaahing equilibrium is oonneoted to

a reservoir having a hold-up which is not very large compared

to that of the oolumn, the conoentration in the reservoIr

will ohange during the process and some of the results of

the preceding seotion will no longer be applieables This

case is to be found in the literature an a speolal case

of a more general one worked out by fardeen .2

11 - 14



Lot t begin with the fectifier,, Tf we have a finite

reservoir of hold-up ?iR, the boundary coAditions are now$

Id. a t"'( , >om(B

t o (z L, t>o), (8)

with the Initial condition

a s a0  (o .< :<L, t so), 140

if we suppose the system initially filled with norml

material*

Using the method of operational oalenlus, or the Laplace

transform# one finds, for the range of values of constants

eneountered in praotice, that the solution iS givem by

o m (z ea- __)13 0" Jat/XI (41)
Y m

where

A eOn (Z..L) . -L)
.A. -oi... "-- + / (42)

n  2" L L (42)

rA - . (11( A *$(3Le 2 )) sin-. WIN(N

i- 15



I "(44GF- osnjSOZ

is the n'th positive root of the equation

tan , e

2

"2 On

From (41# putting z w L# we et

+(1 (e Y ) -
m - x

FT
l! 21

(1 +/, 2)2
sico en

T~. 1) @ox

and, for z a 09

II - 16-

where en

and

(43)

SM
4 "qI+ J1 (46)

2-

(47)

Da"a (1 + AA 2.) 2 (44)



SB 14W ty y

b1I

- 2 2 0 I
4 , "~-~ s"~in'-4i O I- e -- If (48)

In addition to the above rsoults, wo also need ex-

pressions useful for small values of t6 By the method

used in the previous section one finds that, for /1 < Is

00l " (1)t +
2'X + LrIF 'Tr ~ (49)

WB -1
So a1 e.1 3: 3 vip

3
u; )2 .+ o p (0)

Fig. 7 show8 a family of ourves for 3eT n/d SS asM

funotions of t/X, for ( a -- * P 1.0. It will be noted

that the general charaoter of ST Is the same as that of

S for '
a s 0, and the ourves can be used in the same way

as those of Fig. 5 to determine the oonstants of the column.
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The formulas for the stripper can be obtained from

those for the reotifier by introduoing the same changes

as were made in the previous section. Letting now x

denote the distanoe from the top, we must change the si

of H. aL I Y and 'F6 Fig* 8 presents graphs of 'T

and S for a stripper with w a 1.0, for various values

of T.

4o Isolated Column

The simplest case to treat mathematically is that of a

*olumn Olosed at both ends. From the experimental stand.

point this case has several advantages* The column ap-.

proaohes equilibrium much more rapidly than for say other

ease, so that the least amount of time is required for the

experiment. Furthermore, the oolumn is less likely to

experience disturbanoes than when it is connected to a

reservoir or storage chamber to whioh other oolumns are

also oonnected. On the other hand, this arrangement has

the disadvantage that, if one removes samples of appreoiable

size for analysis, the material pressure gradually drops iA

the course of the experiment, thereby altering conditions

and, if the pressure change is suffiolently great, produoin6

instability. It is possible to use a method of sample with-

drawal in whioh the material removed is almost oompletely

replaced, but the procedure is then more oomplicated.

1I - 18



The isolated colum is described by Sq. (1) with the

boundary oonditions,

-o z O, L). (5)

If the oolumn is filled with material of normal oonoant-

tion at the be gnntne of the experiment, then we have for

the initial ooadition,

o o  (two) .(52)

The solution of Eq, (1) with the above oonditions has been

given by Bardeen2 in the form of an infinite series n2-

pension in charaoteristic functions. 'n the present nota-

tion, it oan be written

cZ . zo Yet+l ,,4 0  zam ~ "+... 1 6 7 r Y • L 0oo ey, .

a Y J1 i 42-r2 At1L.1) e (n) lnY sin + nlog4
n=1 (Y2 + 4 nr 2 )2  ()

From this one gets, tor a L,

e m j (5 4)
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and, for a a 0,

00

Se ef!I . (y2 t 420r2)2 [ a a ~ ~ \ *
h-1 (55)

In place of the expan ion method of obtaining the sqlum

tLOn, one osan use the operational ealculus, or the Laplace

transform, mthod. This gives a solution in the na fots

as above (this solution being the limiting fars of that

obtained in the previous section, torw as oo), Howeer,

as we have seen, it can also be used to obtain a solution

in the form of a power series in t/X whioh conve re

rapidly for small values of this variable, Oe finds in

this way that, for t/X sufficiently amal1#

,ig. 9 pr aeft0 familios o' ourvau for and S B as

functions of t/X,. for various valuos of Y. Like the curves

given in the preceding two sections it uses a lcgarithnio

time scale to facilitate the determintion of for a

given column.
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5. Oolwn with- Zofinite-Reaggrvoirjoart tit tWA9Qa4

Thus far we have been oonsidering the behavior of

columns which were closed at one eand, the other end being

either also closed or else oonneoted to a reservoir. Now

we consider the ease of a column which has *a* 044 0on-

neoted to a reservoir while the other end ta eoaneoted to

a small storage obazber, The prosenoe of she stowge

ohember lengthens the time of approach to equilibrium,

However, it is sometimes used beoause, among other things

it reduoes the disturbance due to sample rem al.

Let us first simplify the problem by supposing the

reservoir to be infinitely large* This case has been

treated by Cohen. Let M0  be the holdOUp of the storae

chamber,, The boundary and Initial condittons (it the

system is filled throughout with normal mAtefial) are

given by

z-L, t 0 -t
tao, 044L c-c.

By the use of operational caloulus, as before, one

finds for the solution

00 Go

z i An sin *L kt/X

hi=1 A 2 ) 2 a e-J -9 (59)

Uytnj a +1c e
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whero

40"M a, 2 1n Ic a(88), + 1

and e0 is the ntth positive root of the equation

tan -. ... . .. (6.)

aetting a Ls we get for S -ST#

Cer;ta otherP futiOt ns are of interest. FPom (62) onae

can jgot; the light constituent hold-up in the storage chamber

00~m sy aSY of the rain .$-M

- -(63)

chile the total lght constituent h old up in the oragO o

and storage chamber is fouMn, after sow ealcaulatiod, to

be
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/(eY l)(l + -S Y

+ +-e"2 A4 e-kat/

For small values of t/X, by the method used in Beet. 2 ase

finds .... ,,,,1
8 + 09 + T ~(5

If the oolumn is being operated as a stvipper rather

than-as a retifiet, ie, it the small atorap chamber is

at the bottom and the large reserv oir at the top, the sme

OhAnges have to be made in the results obtained above as

were described in the preceding sections,

If one plots S an a funotion of t/z for a given

value of ( 0, the family of ourves obtained for various

values of 7 is unsatisfactory because the different

members of the family oross one another*, whish makes eurwe

fitting difficult. Hence it is better to take, In plaoe

of t/X, the variable m" for in that *ase for eml

values of thin variable all the ours ome togrther (as

can be seen from tq. (65) , while for larger values the

curves of a particular family spread apart without Inter-

secting.
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lot
Fig. 10 presents graphs of a vs. -y o for various

values of Y for the case of a reotifier with (3 1,

As before, a logarithmic scale of absoissas is used to

faoilltate fitting the oaloulated ourves to experimental

points. Pig. 11 presents the corresponding curves for

the case of the column r as a stripper.

6, General Case

Finally we consider the general ease of a oolua of

hold-up M connected at the bottom to a reservoir of

hold-up MR and at the top to a storage chamber of hold-up

%'V The differential equation is the same as before* The

boundary and initial conditions are now given by
z .0, t>Z0 : a- -

MRat
z - L, t >/ o GOONO a

(66)

t-O, 0 z L : a 0 0

The solution for this case, obtained by the use of

operational caloults, is found to be

2k (1W I )a Oz- 2

0 W 0 0 ... (-Y, O-OL " i + (- ,Y . ,+ e y 2.T X . .

5+ 211 1-nJ [/ -- + (J- )I, jk/- )+ +...(.-.....

kn 2 L2 ... in ... + (.+W) 00 
-in 00 O (67)

where
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¥

Y a oY(L
U

+ 4
V A" ;

and 0, is the nfth positive root of the equation

+ e ( P+C) 008 e - O.

It follows that for z a L ono can write

2Y

1 1) in 9nJ
2% i . ( o) ($In ,+eIDA - 00 Ba)3

P (69)

while for z - 0 one has

2Y

L7y (( 2 00 ekn4 + ) Sin e n , 4 /

n kn 2 1esineOn+ pow.) 0, 40-SO
n E ain e.

For smiall values of t, one can got power aerles

iw 25

y (pw-co *13+A21
CO(Y .+ + ( Y - ply''

ro !, °° .3 x 2 ( 4

Z) aw sin 0 (68)

Z
n k.2Lf

P y (w+3W)(

jo t/x

U H



expansions of the formt

S +d 4- l /2 4 ~ 92 '"
8 rrr * (!Y. ) + )

s-

as.

g, 3 ( 3
%~uu V--7 y2 x~ 2 Wy3 k"i

+ 8
15 V-T

&A4) w 3 w)2
lo-@WA + *%We~

y4y 3 Xy/~
(72)

Beoause of the large number of parameters Involyed, no

systematic numerioal Oalculations have been earted out

for the general case discussed in this seotion, However,

for given values of the constants it is not diffioult to

obtain numerical results by the use of equations (68) to

(72).

(71)+rr (Y4 Y3
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CAPTIONS FOR FIGURES IN THEORETICAL CHAPTER

Ohapter a2

Fi gure 1

The steady state separation factor as a function of the

product withdrawal rate for columns possessing Vafts

values of P/H.

Figure 2

The solid curve shows the dependence of: the sepamation

factor on time for the case of Y a 0.6 calculated on the

basis of Eq. (19). The dotted curve shows the appoximlate

dependence obtained from Eq. (19) by neglecting all. but

the first term in the series.

Figure 3

On the basis of two different definitions of half time,

this figure shows how the ratio of the half time to the

time constant X depends on Y.

Figure 4

This shows the distribution of concentration along the

column at various times.

Figu e

A family of curves for separation factor as a function of

t for various values of Y. This for the case of a rectifier

operating from an infinite reservoir and with no storage

chamber.

-a-



Fi gure 6

A family of curves for separation factor as a function
tof l This is the case of an infinite reservoir located

at the top of the column and no storage chamber*

Figure 7

A family of curves for separation factor as a function of
t- for various values of Y. This is for the case of a

reservoir at the bottom of the column possessing a hold-up

equal to that of the column with no storage chamber.

A family of curves for separation factor as a function of

t for various values of Y. This is for the case of ax
stripper having a reservoir of capacity equal to the

hold-up of the column and no storage chamber.

Figure 9

A family of curves for separation factor as a function of
t
- for various values of Y. This is the case of an isolated

column, closed at both ends.

Figure 10

A family of curves for separation factor as a function of

t for various values of Y. This is the case of a reotifier

having an infinite reservoir and a storage chamber at the

top possessing a hold-up equal to that of the column,

Figure 11

A family of curves for separation factor as a function of



for various values of Y. This is the case of a stripperI
having an infinite reservoir and a storage ahamber at

the bottom possessing a hold-up equal to that of the

column.
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QHAP~R II MU~T OF CIRCUATION

In previous caloulatIons on the approach to equillb$,uE

by a single oolumn, it was assumed that the oolumn was

conneoted to a reservoir or storage ohamber so that the

oonoentration at the bottom of the columa was sho Saft

as that in the reservoir# while the oonoentration at the

top was the *ame as in the storae chamber. In practlce,

however, the reservoiro or storage chamber is conneoted

to the column by means of two tubes through whioh a eon,

tinuous circulation of material is maintained by the

presence in the oirouit of a "oonveOtion loop" consisting

of two lengths of vertical tubing maintained at different

temperatures and oonnected in series. In such a case

there may be an appreciable difference in conoentration

between the bottom of the oolumn and the reservoir. In

the present ohapter the effect of this circulation on the

behavior of the column during the approaoh to equilibrium

is investigated#

Let us begin by considering the case of the reservoir

attached to the bottom of the column, as indioated

shematically in Fig. I* The reservoir has a hold-up IL1

and is connected by two tubes to the column, tube No. 1

oarrying material from the column to the reservoir and

0HAVM III *



tube No. 2 OaTyiah material in the *"ewVe dMettta.

Using subsoripts I and 2 to denote the tube eonsideredp

let L be the length, A the oross-seotiolna area, V

the velooity of the material and P the denslty (deter-

mined by the temperature), For simplicity we Shall asii

A, v and t to be oonstant ovewr the entire 1eieth Of

each tube, although possibly different for the'two tubek.

The generalization to the case where these quantities

vary along each tube will be apparent later, If we on.

oider a steady state of oroulatory flow theA

A 3.'v, o A2-1'.v2 a Ug (1)

where U is the mass of material oiroulated per unit time.

Let a, be the light-constituent concentratiOn at the

bottom of the column at a given time t t and let us suppose

that the material, in passlng through the bottom of the

column, acquires this ooncentration, so that al t tha

oonoentration at the oolumn-end of tube Noo I at this

instant. Let 02 be the conoentration in the reservoir

at time t, and again let us assume that this is the con

centration at the reservoir-end of tube No. 2. In general,

the oonoeatrations will vary along the tubes. Let *3 be

that at the reservoir-end of tube No. It and 84 that Oa

the column-end of tube No. 2, at the tims t. At the

bottom of the column there will be an upward rate of

III - 2



transport of light constituent, r, given by

Ha w . (2)

where H and X aro the column oonstants. This rate of

transport must be equal to the net rate at which light

oonstituent Is brought into the column by oir ulation, or

-C U (04 -01) • (3)

Oorrespondingly* for the reservoir we oan write te

eolation

Ur 502 U (o3 m 2)  (4)

If we let v denote the fluid velocity in either one

of the tubes then we oan say that, at a given point in the

tube, the oonoentration c will ordinarily satisfy the

equation

dO +0 'dO * ,(5)

where x is the distanoce along the tube in the direotion

of flow, the equation expressing the haot that the

concentration in a given colum element carried along with

fix a



tUO fluid MaUis costant in t$.w The Soluti to

Hqo (5) is, o' aoursep,

where t to an arbitrary famotion,

Lot us set

01a r(t) 0 02 " (t

(6)

(7)

where f and g are funotions to be detemined, Then

it follows frm the preoeding oonaiderations that

03 r (t - 0 04 ' (t - )
V2

(8)

1.8. (3) a4n (4) oan be writte r, respeotively,

g(t -_-I ) -= f' M, +-= .M ONO ( t
V2 U

f 1t - W g

where the prim denotes the derivative with aspeot to

From rq. (10) we *an write

III w 4

(9)

(10)



j L2 2 U2r(t * ' N'O) 0 g (tv "N ) * !!t a (t W "now)

ando it wo substitute for the tens on the righthand

side the values as obtained from Zq, (9), we get

Lit - !1).af M A 0-rM 6(2

If we write

L Ur
7a V1V2' 1 U

so that T.0 the oiroulation timep is essentially the time

required for a partiale of the fluid to go around the

eirculation loopo while Tr the replacement time# is the

time that would be required to fill the reservoir if

material were brought to it at the rate U, then we can

put (12) into the form

fr t'(t) + U Lf(t) - f(t- T)J -- (t) - T r -i/,t), (14)

It we now replaoe S(t) by o9t), which is to nepnesena

the concentration at the bottom of the oolumn, previously

denoted by *I s we obtain the boundary condition that is

to hold at the bottou of the oolumn during approaoh to

equilibrium,



ur+ u F(t) c(t - Td1R-i)? ~ (5

where oc Is given bv

* Ho - 1T--0s

It is readily seen that E., (15) will remain valid in

the ease where As v end JP are ditferent at different

points along the tubes provided we retain forT9 "d Td

the meanings assained above*

In the oases enoountered in praotice the oizoulating

time To is generally neeligibly small compared to the

time during whieh the ooncentration at the bottom of the

column ohanges by an appreoiable amount, Usually the

replaeOement time Tr Is too large to be neglectede Under

these oondftions# tq. (15) can be replaood by

'Wr ftm O asZ *I Tr(16)dTrdt*

where all the quantities refer to the same moment of time.

As a boundary condition, Eq (16) leads to much simpler

calculations than those oonneoted with Bq. (15), and will

be used in the subsequent work* Hereafter Tr will be

denoted simply by To

The discussion givon above can be oarried over to the

in - 6



oae of a storage ohamber onnected to the top of a

colum if we replace MU by go# the hold.up of the

storage ohamber, and ohange the signs of the toms in-

volving -v and i& Eqs. (15) and (16)

2# Olrouls-io tg o &a

Let Us suppose that we have a coluMn of hold-up Up

length L and oonstants H and K attaohod at the bottom

to a reservoir of hold-up Mr by a cirouit with replaoe

ment time T and neligible holdup, and olosed at the

top* The oonoentratlon a in th* olumn, It sma1l oM--

pared to ity, satisfies the equatio

xo2 D.o = 2 - ,17

where

CC aH/tK 2C"M/1Y, Y WLL,(8

and z is the distance up the column measured from the

bottom. The boundary oonditions are

X ao, 14 1 = - (Ho-KA) - T -L (Ho- -. ) (19)
r 0t at 9t

zaLO n (20)

while the initial condition is

III - 7



tao, S-%

where % is the normal conoentration,

To solve this problem, 1et lt use the mfthod of th e

Laplace transfonnation, Let us take

h e "Pt  t. (2)

Going over to this variable by oarrying out a similar

integration of the preceding equations, onoe gets, corres-

ponding to 1q4 (17), it a prime denotes differentiation

with respeot to z#

hh .OCh' XOap h- X o ,24 (23)

$imilarly, (19) gives

z -O , Mr (ph ") -e(t- Kh) P (Hh-XV ) ) , TO (14)

where T is the intial value of v p which we take to be

zero in the present case. Eq, (20) goes over into

z -, -1h . (25)

These equations can be solved for h by lotting

A F + 4 1P and setting

III * 8



on",z sih(Loa)43@QOR 07(Xeto (26)h-p A e" $Inh 2 Ls e-oai|I.)

which satisfies Kq, (23) for arbitrary values of A and

BO then deteminzg these constants so as to satisty the

boundary conditions, 3Re. (24) and (25)* Having obtained

an expression for h, one oan then invert the traneforma-

tion (22) to obtain as The final result i# found to be

%+
o

Y

*us0 2V (jon i i nLo)00(

Ce oB s (~j - siear,* (27)

where

" ' - + g)

with On  the n'th positive root of the equation

tan 0 a --. mam- 0 -n2a (9)

2 
O

while P sad ( are given by

aI . 9



T z

I 0i In Go$@c Ode) +#'9lo06j 9A O

"y- 000
eBI)

WT
+ WIPA 1 loinoi
x

(31)

If we let as denote the concentration at the bottom

of the oolumn (z a O) and OT  that at the top (z L),

then it follows from (27) that

1 + ~ (0Y - 1)
Y

na

s T mm

o 0 a -4 i n e n I

y

n"I

'nQ - e-knt

rom (211) one also finds that, for z a 0

II - 10

0 " Ici t f
(32)

y (3,)

oBSBIstm a



00

T s 2 Hen ia (34)
n,,l

Now, If we le t' R denote the conaentration in the reservoir

and U the rate of clrculatlon in the connecting tubes

then (if we can neglect the circulation tim) from E q (3)

we have

Usins (32) and (34) one gets

00

S2. 2oT PA k
_-AM ina0.M a jlVX. (36)

n-i

By way of illustration, Fig. 2 presents graphs of STO

Sand S as functions of t/X for the easeCo

Y a 035, ) a 0.6 with TA a 0 and 0.2. It can be

seen that for a sufficiently large value of T/X the

behavior of the concentration can differ markedly fro

that in the case of T/XC negligible,

3. Circulation tto tree Chamber

In the present section we consider the case of a oolmn

attaohed at the bottom to a very large storage chamber so

that the concentration there remains constant, while at

III - 11



the top it is attached to a storag. chamber by means of

a ciroulating system, as previously desoribed# Let I'

be the hold-up mass of the storage chamber and lot T be

the replacement time. The differential ,equatioa atlsfed

by the concentration a is the same as Sn the precediAg

section, ioe, Eq. (17), but the boundary conditions are

now"Aifferent# We now have

@ *a00 (37)

z m LO Mf, .Ho K 2  T 4 (Ho. K q (38)

The initial oondittons are given by:

t- 0, a %0 (04 z ),

-'r o (z L). (39)

The solution In this oase oan be obtained again by the

use of the Laplaoe transformation and is fotud to be:
00

mw t (1 - TkA/X) sin j-)- es ct/x
%o zML" - (40)

whore

III - 12



XT/ SIR0
P "

with

(42)
t

the n tth v:oot of the equationi

tan * a

where

k 4

(43)
2 .1 *. Tk/JC

14" (44)

From TA, (40) one gets
00

*TY 'tAn
ST "O -z ku . .T.X)sn6 ' , (45)

,where eT is the oanoentration at the top of the colnam

(z a L).

If we let o. denote the concentration In the storage

chamber then we can write

III m 13

T

Ix
i 3nA2 J 405 IA (41)

an d.

T^VWNW W40 9x 0 )AA Gia 04

62

Y2



T- T (46)

It follows that

OT AT /4 Tku)08Oj $n0AA
anekn - (1- a)",kit' (47)

Aw4oe0al

As an example, Fig. 3 gives 8T ada s at " for

T
thoecase Y a035, i-7 an01 ;Oiadalso#

T mofo or ama.,ao JTa-3 a for Oa .

In - 14
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Chapter-3

Figure I

Sohematio diagram showing oolumn, reservoir, and oiwou.

lating system.
Figre2

Comparison of effeot of god oirculation (T/X * 0) wth

that of slow oiroulation (T/I n .2). The result of poor

circulation is to slow down the approach to equillbrium,

This is for the case of a rectifier with an infinito

reservoir and a finite storage chamber at the top, con-

nected by a oirculating system, T being the replaeement

time.

Fi gure3

Comparison of effect of fast orculation (TA w 0) to

slow circulation (T/X - 0.01) on approach to equilibrlua.

This is for the ease of a rectifier with an Infinite

reservoir and a finite storage chamber at the top* con-

nected by a circulating system, T being the replacement

time.
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CHATERIV. THE GQOIMNUOXS 1PYRAMD

RagEuation8B

In the oass of a pyramid oontaining a large number of

stagos, it Is often possible to obtain a good approximatioa

by supposing the aotual pyramid to be replaoed by a single

oolumn having a continuously varying oros*eeotorA tb

latter at any height being nearly proportional to the numbot

of parallel olunas in the pyramid at the oorresponding stage#

Suoh a oontinuous pyramid, or pyramid with Infinitesimal

steps, has been discuesd by Zones and a end by 0ohen

Let us consider the case of steady flow# We have seen

that the prooess in a single column is described approximately

by the equation

zt a Po + Ho (1"o) * K O"O , (1)

d.s

where -c is the net upward rate of transport of the light

oastituent, P is the rate of upward flow of the fluid$ or

rate of withdrawal, 0 the ooncentration of the light

oonstituent, z the distance up the column measured frm

the bottom, and H and K are the "oolumn oonstants"t The

oolumn oonstants H and X are proportional to the oross-

sectional area of the column, Hence If# instead of a single

column, we have n columns in parallel, then for the equiva-

lent column one can write

IV 1
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HAH 1 )

where R, and X1  are the corresponding oostants tor a

single Column. It should be pointed out that Eq. (1) was

originally derived for the case in which R and K a

*onstant, while we shall be considering them as funotions of

z. However, if n in (2) I a function of 2 that varies

sufficiently slowly, one can expect that the equation oan

still be used.

In the case of steady flow, -c is oonstant and is given

by

where ** is the value of o at the top of the pyramid whee

the liquid is withdrawn. Let us define

"u "n"W " (4)

and

P P/-~ --- " '--..• (5)
H H

Then (1) can be written

do OL 0 (1-o) -o - * (6)Oz e

IV - 2
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(a) The problem of the optimum design of a oontinuous

pyramid oan be formulated in various ways, One possibility is

to require a as a function of z so that the pypaid will

yield a fixed produot rate P of material of fixed oonoatras

tion o*, when the input concentration i co, with the

smallest possible number of oolumns.

It we let 1, be the length of a single column, then the

number of oolumna in an element of length da will be

adz/ l and the total number of oolumns in the pyramid, N, by

Eqs. (4) (5) and (6), will be

0*

'a) ii~ 249

Ll H~I o~lwc) " P (0*tc)

0

Let us introduae a small arbitrary variation in a, Sn. The

corresponding variation SN of N Is then

G*

SN - 2Lf 1 i2 ateo -2 ni' (o*-o) ado* ()
f [a± no (lao) a P (o*ec)j2

00

The neoessary oondition that N be a minimum Is that 3N

vanish for arbitrary Sn. The latter will be the *ase if

IV a 3



or

OWWW0) 2P*
a0- H'M-o)

*oC1-co)
2 (c* - o)

It follows from (6) that in this oase

do
"- --- o(l-~o).dz 2

This integrates to give

s~ e 2S 2

where

0 (1 o)
o0 (I - 0)

For the whole pyramid we get (a - o*)

O(L
8* ,e 2

If one solves (12) and (13) for q and substitutes into (9)

one gets n as a function of z. This will be Oonsidered

below in greater details
IV- 4
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(10)

(11)

(12)

(13)
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It will be noticed that in the equillbviom eame, ia

which o- O, integration of (6) gives oowispondits to

(12),

B e i1 

)

so that one has

for optimum perfornuanoe. This relation holds for any part of

the pyramid, as viell as for the pyramid as a whole.

(b) An alternative formulation of the optimum-design

problem is to require a as a funotion of z so that th

pyramid will contain a fixed number of oolumns, , will

give a fixed produot rate P, and, for a given input en

oentration 0., will have a maximum withdrawal conoentration o*

In this case the number of oolumnls, N, as given by (7)

is fixed, so that SN vanishes. If we carry out a small

variation Sn, we must take into aooount a possible variation,

6* of 0*, since the latter is not fixed. We getv letting

n* be the value of n for o a a*#

IV - 5



*

-L--(Hm -P(,-*o "

n2 H1 c (1 - o)
" Nno ,1 .) -a (c. -o } Anda D o. (17)

However, if o* has its timum value# then 80* vanishes

for arbitrary Sn. This will oocur only if he oecofiotent

of 6n vanishes, in which case we find that we got Sq. (9)

oaOe more.

The continuous pyramid for which (9) holds will be

referred to as the ideal pyramid*

3. sitrutre of the PRxn~

From the equations in the preceding sections we *an filid

the number of columns in parallel at any height z in %he

ideal pyramid. If we define the complementary separation

factor So by the equation

in *,/d dT (. (18)

then we find that

I - 6



(2.9)m

ed * hs (1- t*)

an~d, putting this into 1Eq, (9) we get the result

2n
- o*) (so 1) I* (3. a )jJ (20)

2 ( !! (L- O)" (z ) .$" *a~ 1 - **) 0 2 L +* 2

Let X (zl, z 2 ) be the number of columns in the pyramid in

the height range between a, and zp

N(5l,52)in 12. f

(Z2 > 01), It ins given by

nda .

and, if we make use of (9) and (11), we can write

10(2)

IN (21, Z2) - L 1

*(l)
012 do ,

PL1I 1  (2o*-1) (
L(1

-e*) --- - -.). eo
8(l) s(9) 8* (3(2) " 8(i)

]: 7

(22)

)I & (23)

I . ...... .... .. . .. in iiii



where O(1) " C(zl) '*(2) - 0(2)0 s(l) - S(z S) S(2) " 8(22)0

Yrm (23) or by direct Integration of (21) one eis

S2 )- a) +

*(l-o' 0" 2(" 2 . 2 ).o*e e - ) (24)

By means of the relation between 8* and 0*0 oomspondiag to

(13), Eqv (23) Oan be written

+ in (g)
(Zl' Z(1) C( V-i o(2) + ]

01 . (1) " .0(2) l 10(g)

Now let us suppose that the actual pyramid oonsists of m

stages, so that its height L iv given by

L -M . (2)

Let Ok and S be the values of q and S, ropeotively, at

the top of the k'th stago where k w I for the bottom stage

and k -m for the top stage of the pyramid. Then, from (12)

IV - 8



and (13), we have
2

o o SIC
O* o  -
% 0 (Si,1

- - 0'

1+ Go (6i9 -1

(27)

0~ (a8

(29)

To 6et the total number of 0olumns in the pYramld,

N -N(OL), we make use of Some of the formulas SiVen aboTe.

We findN -A *1 + I.. . ** 1. +1,* mi.. S. .0 I
(30)

*- o0) (1 oo ) go)

00(l 0, 0) Jo- -- +

(32)o0 (0 * * I) * (1+ 2o.)(S* .. 1)/A S*

To get the number of columns in the k'th stage$ N, one

oan proosed in several different ways. One possibility is to

V -9

2mP
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use the value of Ito as given by (9), for some suitable

value of za for example % a (kbl/2)LI, dorresponding to a

point half-way up the k'th stage. Another possibility is

to get n from (9) with O w Ok and O a ek.ll and then to

take the mean of the two values of a. However s the best

prooedure is to take Nk 0 N((k-4) L1 , kLl)9 which is f ouAd

to be given by

- 11l- O*) [+Z.... F' l- e"

2?
31k 4N

(33)

r 2 2 2)L1. hm

22
OC Ll,(a

, ( .! 2~ t c
". 1] 1 (34)

With Sk given by (33) or (34), it is obvious that

U

Ik

k-l
IV - 10

+ (U. - o*)

(35)



Yrm (34) it follows that, in the top stage of the

pyramidl the number of columns is given by

9?2 22

(36)

For values of LI small oompared to unity, this beooMS

L, (I w ( 2e)} (37)

4. Time to Put into O9ertiot

To determine the time required to put the pyramid 1to

operation we use the method used by ;ones and Fuy and by

Cohen 2  Lot - be the holdup of the light constituent in

the pyramid in the steady state of flow, and let Uj be the

initial holdup. Then the time required is taken as

T an (38)
P (0* - %)

that is, the time for the column to reproduce the inorease of

its holdup from its initial valuet To evaluate this quantity

we note that, if we let M, be the mass of material (total

holdup) in one column, then, provided we can neglect intewh

stage holdup,

IV - 11



L

nodZ,

f*
I LN H OUoO

Carrying out the integratioA0 we got

r 4.P m _ i n S*cc1H LK f

On the other hand, we have

" .1 - ff M , 40  p

whence* by (31) we find

-4P3, *420
Y V - .L 1 (o*- 2

0' 00 j
.. .. . . _ * . J

Substituting this into (38) we got

4M1  ___-____O

m L'l * -o 00T~~~~ ~ m OL1 1 f
-+ d

IV- 12

(39)

(40)

(41)

+ %) In s* - (0 o*%)]. (42)

in S* 1- - ) 0
(43)

V".7 U,

L,



if we define the time oonstant for a single ooluma, X, by

U,

OIILL1H

then we finally get
1

*- .,.a % 0* + 0oL4X fw - 0 In S*" 2]

IV - 13

(44)

(45)

MIX,
Oft"OL-P-0 0
HW.L,



footnotes

koaes ad Tarry, unpublished manusoript.

2 , Cohon, Columbia University Report A*530, Fob, 4, 1946
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OUAPTI~R V. R MOBIA3C CRITERIA

It is desirable to have some convention for asSOISI

numbers to columns so as to provide the means for G(mparing

two different oolumns, as well as the performanme of the

same column under different aonditions.

It will be reoalled that, frmn the theoretioal standpoint#

the quantities that one first encouAters in oonnectimo with

a single oolumn are the constants R and X that enter Into

the differential equation for equilibrium separation, R

being a measure of. the rate of the separating process *nA

K that of the remixing process. Setting

K 0 Y-aa (L)

where L is the length of the oolumnp we have for the

equilibrium separation faotor

* ey (2)

In the differential equation desoribing the approaoh to

equilibrium, there ocours the quantity X, the "time oonstant"

of the oolumn, given by

abI PKX M H2

V-i
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where a is the spacing, b the mean weal oirouatferoan
and f the mean fluid density. Sinee for a colmM having

negligible dead spaces the total, material hold-up U is

glven by

U- 9 ab , (4)

one ovn write

XM
" - (5)

FPro the experimentally detexdned values of Be and X,

for a Oolun of givon L and M, R and K can be oeloulatet

ta the preceding equations:

H =--,--- , Km X M- (6)

2. Perv inoe Criterion (4)

"We have seen in the preoeding ohapter thatO for a large

pyramid which can be treated as consisting of Infinitesimal

steps (oontinuous pyraLid) and whioh is designed for optmum

performance (ideal pyramid), the number of oolums required is

given by

N V-- (1-o*) (S*-- s) *} *S * (*a +I s*( (t)

where H and Y reer to a sIngle column, all the oolumns in

7-2



the pyrmid being supposed identical, P is th produOt

rate of the pyramd 0 a* is the output conOentration Ot the

light constituent and 8 i the separation factor developed

by the pyraid.

On the basis of Rq, (7) it appears reasonable to take as

the . of a column

K

sinoe the number of column required in a pyrasid operatint

at a given product rate between given oonentrations is

Inversely proportional to I # The figure of merit enables

one to make a quantitative comparison of two given ooluas.

It wil be noted that$ by Bq. (5), one can write

_j- -rPr- (9)

Suppose we wish to maintain a column in operation at a

given separation faotorq, Let us define the i gdiak:y of

the column p by

p.l_ p7(10)

where P is the product rate of the column, and

+UI 4 W (U1)
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For Oolumns with the scme oros-aeotion, operating wideO

the same condltions, the eat of fuel per unit tins ts

nearly proportional to L. Hence p varies nearly iAversely

as the operational oast per unit mass of enriched material.

fs now# for fixed coneentrations at the top and bottom, we

vAry P (or v ) and at the sae time suppose L (or Y)

to be varied (to keep the oanoentrations fixed), there wll

be a certain value of P for which p winU be a uaztmm

This has been taken by some authors (lones and 'unt Iohen t )

as the oondition for optimm performoet namely, that p

be a maximum.

One can so farther In this direotion* Again let us

suppose that we vary Vi and at the same tim vary Y to

keep the Ocnoentration at the top of the oolum fixed, with

a given conentration at the bottom* Let pi denote the

maximum value of p and let V. denote the value of / tor

which It occurs. For any other value of z/ we define the

RrDan 11zLy nuotient

This is a measure of how well the oolumn has been chosen (as

regards Y or 'S.) for the particular task involved. Optiim

performance, as defined above, means operating at a Q of 100%#

Suppose we are dealing with a single oolum (or one at

the top of a pyramid). If we write down the relation among

V-M4



ye4 8 and *T * the Conentration at the top of the

column C - o") and then impose the preeding oonditft

for optimum perfo=ane we find that# for a fixed value of

*To the quantities ( - v.) and 8( a S.) are deteftlin4

for oaeh value of Y. tie can thus obtain a as a tuaotioA

of any one of the varlablesa S, or Y. For oxzaple,

Fig. 1 sives Pm as a fuAotion of S, If OT < 1.

Let us now suppose that we have a partioular oolm

with a given value of Y. and that we operate it at Tarious

values of V * For eaOh Value of z1 we can detemine the

corresponding value of S. For example, under the conditions

being considered, and with oT << I.

To get Q. as a funotion of V for this case, we find p by

means of Fq. (10), we obtain p. from Fig, 1, using the

value of 8 given by Bq. (13)o and we substitute into Eq.

(12)s In this way we oompare the aotual produotivity with

the maximum produotivity that we ight have by a suitable

ahole of I/ and y, but with the same S.

As an example, Fig. 2 gives Q as a funotion of '/Z' for

the ease Y a 0.6,o * <( , P0 a 1<7 This independent

variable has been ohosen beoause, for the case where a certain

produot rate is to be maintained, and we have n cOlUMAs

in parallel,
V-5



a. (14)£10 V/

where n is the number of columns so that each has the

value 9 , while n is the number corresponding to 7/0 0~
We see from the graph that the curve is quite flat near the

maximum# so that one can decrease the number of column by

40% or increase them by 80% as compared to the optimum

value without bringing down the productivity quotient below

90%. Doubling the optimum number results in a Q of over

87%, while halving the number gives nearly 84%- We see

then that there is considerable latitude in the number that

one can choose without sacrificing the Q excessively*

By the same general procedure one can determine Q

for other oases. Figs 3 refers to the ease of a column

which is in a pyramid) far enough below the top so that

OT a 050c*, and all the concentrations are small compared

to unity. In the last case it will be noted that, if

/ is increased to a certain critical value, separation

ceases and Q drops to zerog an effect which could have

been predicted from the equation for a single column.

The preceding and other examples lead one to conclude that

the choice of the number of columns in each stage of a pyramid

V-6



is not very critical. oroverv it appears that It is

genorally safer to have an excess of a given number rather

than a deficit of the same number,

3. ?Rozmmgc -riteio (F,)'

While the produotivity quotient q+, itroduoed in the

previous section, has oonsiderable usefulness# It suffers

fro the drawbaok that its oalculations may be Sawha.

lengthy# partidularly as "eSards the dotermination of pas

lioreover, it will be noted that it tails to provide aWy

means of comparing directly the perforoance of a ool=u at

two alfei separation factors.

To be sure, any evaluation of perfowunee involving a

omparison at two different separation faotora is arbitrary

to soe extent and depends on the purpose for which the

product is Intended, However, tohere is one standpoint frm

which this question oan be treated, whioh reoommends itselt

bsoause of its plausibility, self-oonslstenoy and mathematical

simplicity, and that is the one based on a omparison with

the ideal pyramid, If we refer back to Iq, (7) for the ideal

pyramid, we see that the quantity

-4P' {( 0*) [ 1-" in s*j * 1 ~.+ 3A8*}(

is proportional to the number of columns N being used aad

is thus a measure of what io being accomplished by the pyramd

Lot us define f as the enrichment rate. It is natural to

V.7



ue this quantity as a measure of hat is being aoqoupflsheA

also by a single ooluma or group of columns Hene# other

taotors being equal, it is desirable to operate the 0olt1

or group of columns so that the earichment rate is as high

as possible, It turns out, as we shall see, that in pratOie

the condition for mazimum q as discussed previously is aearly

the sao as that of maximu it

We have already defined the 9 1 zfo.t of a siAgle

oolumn by Eq. (8). Let us extend the definitaio to I colums

by the relation

That the f's of individual columns ocnbine additively,

independently of the method of oonneoting them, as implied

by Eq. (16), can be made plausible fron a oonsideration of

two Identical columns It they are oonnected in series, H

is tunhanged and Y is doubled; if in paralle is tn-

ohanged while H is doubled, so that in either case is

doubled,

Loet us now define the separative effiolency of a colum

or system of oolumns by

* ()17

where :P Ic alculated by Eq. (15), with o* and S referring

to the top of the column or group& and I is celculated by

V-.8



Zq, (16), using fox N the number of colums Under no

sideratio, from ]q, (T) we see that It- for the ideal

pyrajd, For any single colun or fialte pyramd, 3 < Is

and the value of E gives a comparison of the perfomenoe

with that of the ideal pyramid# It is reasonable to use

Rq. (17) as a measure of how effectively a column or pyram4

Is being used,

Up to this point we have been considering a single olumn

or a whole gmoup or pyrmid. From the theory of the ideal

pyramid, one oar get a generalization of Eq, (15) which can

be applied to columns foruing a a of a pyramid, One gets

as a more general definition of the jggh~nm a .t in plaoe

of 1Eq (C5)s

1 1

1(18

where 1 nd 32 are the sepamtion faotois between the

bottom of the pyramid and the bottom and top of the group

of oolu=s, respeotively.

In the oase of low eoncentrations (a* < 1), lettag

S w S12/31 Eq, (18) goes over into

W(19)
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while, tro a single column or the top oolumn of a pyramid

-O Ei q. (15) gives

For S near unity, Rq, (20) oan be approximated by

'fa2P' (ins-) 2 . (

In the case of low conentrations one can show that, as Y

tends to zero, the separative effi iency of a column ap-

prohes 0.814 if the column is operating singly or at the

top of a pyramid, while it approaches unity if It Is far

down In the pyramid.

It is sometimes oonvcnient to split up the enriehment

rate into two factors,

%P PR, (22)

where P is the Rro tes and R is the Qflgn3b

taoto_ (to be distinguished from the separation factor 8)*

Re~fjl~mo*) [am SS 108Pl") + in 4. (23)f. ,383 2 1 I *1,

It follows that Eq. (17) oan be written

y(24)
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where V. iS defned Sy

It might be well to rema that, alone with the Saepratte

efflotenoy defined above* it is often oonvenient to deffe

the gj~j~ E bY the relation

3 (26)

where Tr is the power supplied to the oolumn or pyraxdd whioh

is produaing the enriobzent rate

In section 2 we discussed what might be refered to as

the Q criterion, in section 3, the B criterion. It Is of

interest to investigate the relation between them# If we

have a column forming part of a pyravid with a fMed output

concentration, then by Eqe, (11), (23)t (24) and (25) it

follows that one can write

V
y

Now 8, V 6 and Y are oonnoeted by a relation which *an be

written in the general fon

(28)



and by means of whioh any one of those Oan be expressed ia

terms of the other two.

The q oriterion for optimum performanoe is given by

(06) (29)

However, by Eq. (10), this is equivalent to

0*
S

On the other hand s the 3 oriterion for optimum pertomanoe

of a given oolumn (with a given value of Y) it obviously

t) 0.

Y

Taking aooount of the relation (28), we see that in general

the conditions (30) and (31) are not the same, However, it

turns out that, in the oases of interest the oonsequences ot

these' conditions are praetioally equivalent, For example,

in Fig. 4 we have a oomparison of the curves of Q and B

as functions of V- for the ease Y- 06, *T eo*<l, The

ordinates of the two ourves are nearly proportional and the

maxima are nearly ooincident.

In praotioe, it is found that for a given set of conditions

it is generally simpler to oaloulate 2 rather than C, On

Sa- 12



the other hAd9 in 4oteriniag the oonditions for optsim

pert omzoe, the Q oriteLon usually leads to simpler

flloulatos than the S Oriterion.

Eq6 (18)# after 5oe Zaipulatioa, can be Mrelttn 1A

the fom

where Oj and OT are the bott=n and top concentratione of the

coiun or group under oonsideratton. Now the rate of t aspoat
of the lighter oOMponeat in the steady stato is constant

throughout the uyatem and is tven by

-U- z'o"(33)

while that of' tho heavier ocmponent is veltn by

-eia-P (ln O *) 0 (34)

If we denote quantities referrtng to the heavier component

by primes e' * 1 - o), then we *an write

f CT® - (~
I (--



where

®- 4  inA- Z u j ( ?|

and 4 is the change in otng tfr the bottom of the solum

or group of olumn up to the point in questioA, hIrm (35)

and the properties of - and -r', we see that i £S additives

the value for the whole is the sum of the values for the

parts of a system, The funotion ® varies from 4 to

-CFOa8 c varies from 0 to 1

If z is the distance up along a column or pyramid# then

from (35) we have for the enrichment rate per unit length

dz. dz 4 .

Now, fr m the theory or a aolumn we have

do
T' PO + HO U - 0) -a K: r" (39)

'T P(") It 1 a do

" -].-o)-He( -o + Tz-, (40)

and from (36) and (37),

do iO.~ 4 do* (41)
V.l
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It follows that

(44
(42

where, as usual$

oo %(-.-0) '1

From (42) we see that for j- to be a maximm one ust have

where Se is the equilibrium value of S for the ease of

zero product rate. If (44) holds then

(45)

Eq. (44) is just the condition holding for the ideal oontinuous

pyramids

Finally, it follows from (35) that# for matorial of mass

M and ooncentration a one *an define the mixing function, or

MAi scanco,

S-u Lf o®* o, ®')

4M [I- In a (I-0) " 0 0- 2 (1-0) 1 (1-0)] , (46)

such that the total enriohment rate of a pyramid is equal to

the rate at whioh X is decreased. Obviously X is determined

V - 15



only to within an additive oonstant, so that the unlty
ooouring am the first terM L the braotkts of (46) oan be

disoarded

v- x6



1ootnotes

I :*nes and furry, unpublished manuseript,

2 K. Cohen, Columbia University Report A-53O, Neb, 4, 1946f*
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Chapter

Figure 1

Maximum productivity of a column as a function of the

separation factor for the case of low concentration of

the desired isotope.

Fi Mxre 2

Productivity quotient as a function of the produot rate

for the case of a single column operating at low conoentra-

tion of the desired isotope.

Figure 3

Productivity quotient as a function of produot rate for

the case of a column in a pyramid at the point where OT

(concentration at the top of this column) equals 0.5 o*

(concentration at the top of the pyramid) for the case of

low concentration of the desired isotope,

Figure 4

A comparison of the dependence of the productivity quotient

and the separative efficiency on the product rate.
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COLUMNS IN A PYRAMDI

The differential equation for the lighteoonetituent

oonentration o In a oolumn under steady operation has

the tom

de w o (1 ).00-V(0 (1)

where

Ic 21* (2)

H and K being the oolumn oonstants P the product rate,

_ the distance up the oolum (measured from the bottom), a

O0 the oonoentration at the top of the pyramid where produot

ti removed*

Eq. (1) oan be Integrated* Lot oB  and OT  be the

concentrations at the bottom and top of the column, reepeatively#

The solution of (1) oan be written

(2o I - z/ + q)(2oB - 1 .- q)

(2o -- q)(2oB - Z/q) 

where

q -J l z/) 2 4 0, . (4)

Solving (3) for a , one gets

V1I -1
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12avo*#(I+z+ q) *3 ( q -a +/-q) %a - *
f a mn - W - . . I- '

Xt we set

becmes

z m Lp the length of the 0olumn* and 0 - *T# (3)

(2 0 T 1 I j * q)(2 @3 o I - , q)

(9 OT 1 V- - q)(2 OB  x v + q)

wheoe Y s oe-L. If we awe dealing with a single colum

one in the top stage of a pyramid# then oT a O*,

Let us now oonsider the case in whioh a <<41. Then

Sq. (1) can be written to a surtiolent acouraoy

d o O 1 + V ) 1 Z 2 %

The solution of this equation is given by

+ 0. l 0 V 0 o*VU
+I ti') k,,V u0* oLl.)

so that

Un + -) -... v *

solving (8) for o, one gets

VI - 2

W (5)

(6)

or

(7)

(8)

a (I +21) Y * (9)



c- 0 (* Al + V) x
(1o)

On the other hand# if we have a ~1, so that I 0<< it

we write

a,,1.0 0 - 1 - ~ ,

and got for at the equation

Om-"O #a .o ,-0- + 0dX.

whioh t4kes on the same fom as (7) if we replace x and 2/

by oc' and V/ 6

OC a -COC # Z/ ,--7/

The separation faotor for the oolumn, 8, is defined as

OT (I B
OB(- l T) "

If a «I,( one can write

hT

wh.le aif 1 0 O<< 1s

V W3

(11)

(129)

(13)

(14.)

(15)



... .. -- (16)
S-OT  oT

CO 18 OT I-OT.

g. o gg"M-11$a To~ g , oj St in4 1ol-0

Suppose that we are dealing with a olun operated singy

or in the top stage of a pyraid, so that oT ., o", andw

oonsider the questions what is the best rate of flow P In

this ooluma or, by (2), what is the best value of V- ? We

saw In the preoeding chapter that a reasonable oriterion

(the "Q oriterion") was that based on maximizing p -

or, what is the same thing, minimizing A_. I, ,We tao.

then as the conditioa for the opttlon rate of flow

where Y Is to be expressed by means of Eq. (6), and wheve

oB and OT are to be kept constant in the differentiation.

Let

4()+ q)(A- q)

(w- q)( + q)

where

CO-1 -2 03 (19)

X +Z1 - 2 OT . (20)
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Then (17) beomes

(I. PU1 V MX4 +4 iPf 062 (2#
IV q Y w 4+ q q (21

This in to be solved simltaneously with (6), whioh wn be

written

q 1 (22)

From (18) one oan write

" q x(V- ) + a (23)

while from (4)s with o* -o T one finds

A q2 +1/2 1(4
27) 

(24)

Using (22), (23) and (24) to eliminate In Y , w and A in

(21) one gets an equation for ;' of the fom

A2 - B + 0 0 (25)

where

A a 2 Yq + 1- 2,

D = 2 (?- 1)2q (26)

0 = 6 Yq/q3 2 Y~pq - 2 - 1)(q 2 0*)

V1 -



We now have a prooedure for solving the equations

numleally. 7or a given value of Y, the steps ae 40

follows

(a) Assume some value for 5u (or In q).

'(b) Got q from (22).

(c) Set up Eq* (25) and solve for V,

(d) Got X from (24) and a from (20),

(e) Get W from (23), and 0s from (19),

In this way, for a given value of Yg we obtain corresponding

values of Z), 0a end CT. If (' has been chosen so that

V)> 0 o 0 < 0B < OT < 1, these values are useable, By taking

a number of values of ' one can plot graphs SivinS z-/ as a

funOtion of OT. as well as S. as a funotion of *To where

3 is eiven by Eq. (11). Suah graphs are shown in Pig I and 2

for Y o.5s, 0.6, 0,7, 08.
It is convenient to have analytical expreessions for

these funations. It is found that# at least in the range:

-1 Y < 1, In 8 is nearly a linear funotion of *O

Henoe one can write

la S wA' CT + B' (1- CT) + 0  OT (1- 0), (27)

where the last term has been added to allow for a small

deviation from linearity. The coeffiieente A' and B'

can be determined from the behavior of In 8 for 4T -1

and OT -> 0, respectively. The latter was investigated by a

i .. 6



method to be described in the next aotion. The coettletent

O was determined by the deviation from linearity In the ees

prviously calculated Anuerically, The result obtained 1A

this way was given by

AM *.5693 + 0.0124 Y 1." G) + 2 0o013t oo0082 QT(aoe)} ,

(28)

A similar proedure gave

WY a 1.256 .0339 Y (12 OT) + ? L0.019 -0. 5 T(lt )] *

(29)

a result which was not an aeourate as (28).

Ln toms of oB  the oorresponding relations are

"Y"* 0.5693 + o.o4 Y (1-2 4B) 9 [ o.oo P 0.0059 a(1aj .

(30)

and

9 - 1,256 - 0.339 Y (1-2 O)+Y2 [0.019+0.070 oa(1-%Vj.

(31)

3. Coluz Anwhere In P~renjd

In the preceding section we considered the ase of a coluun
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operated single or in the top stage of a pyramid, We now

onsidesr the general case of a column anywhere in a pyramid,

This general case is characterized by the fact that one may

haVe OT * c*. In the latter case the calculations requireA

to detemine the optimum rate of flow boome rather tedious.

For this reason we limit the discussion to two casess

(a) o<1, and (b) 1 - c «I,

Let us consider first the case C <1. Then Rq, (7)

is valid, and henes tq. (9) follows, To determine the

optimum ralue of i/. we again set .0 (;). o,

expressing - as a funotion of z/ by means of (9), keeping

0** 1ca and T onstant. In this way we 6ot the equatimo

S(l+ze)i)wOz2)c* -Vlz ( 1+0 * . B *OCT

(1+ V~c " (1Vc 4 V* ( t@ vr

(39)

which must be satisfied together with 1q. (9)#

For a given value of Y these two equations ean be

solved parametrically by taking as a variable

(1 tzJ)oT - 0V*
1fJA - , (33)

(1 V) -7/cO*

We have then from (9)

) .Ml (34)
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while from (32) and (33) we find that

07 7J

* +t

OB

where

ii(2.ef

in. xfl mu/

OV*

By assigning various values to Y-'

related values of " S * OT
,0W1s1

1w one can find sets of

and z/ tor a fixed value of 7o

On the basis of such caloulations, Fig. 3 presents curves

of S as a function of OT for a number of values of Y, while

Fig. 4 gives ourves of z as a fucotion of the same varlable,

Certain limiting values are of interest. For the case

OT = * one finds that the results can be represented in the

range 0< Y <l by

SOQ5693 + 0.0124 y + o.oo13 92
Y (37)

VI -9

1+3

Jo-'F

Y -

('5)

(36)



and

(38)a 1.2564 03392 r + 0.0.189 Y + 0#0015 r3

In particular# one finds

la ( 0z3 i
,y )/ I (39)

where

(40)

whioh has a solution ?r - 3.5129, la?( a 1.2564, so that
2- 0.5693. Xqss (37) and (38) are plotted ini the right-hand

half Of Fi- 5-

For the case oT (< o* one finds

eY+ Y-1
e1 + y ft

which oan be replaoed in the range 0,< Y.< 1 by the move

convenient expression

mLam a 0.5000 + 0.0102Y 2 ,
Y

and also
OTyO7 Y+- 1

a s........ . i s 9 - -

(41)

(42)

(43)

VI - 10
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We see that In this cae we get very nearly equal

Ito p as was the case in the ideal pyrAmid. The ati*

Is -plotted in Fig.6 6 as a function of?,p

By means of the infonation presented gmphically in

Fio 3 and 4 one can determiAne the opt oncen ttion

and value of V2 for each stage of a pyramd, starting f m

the top and working down stage by stage. For the ease Ja

which all the stages consist of oolumns with the seme value

of Y the results of such Oalculations are given i Irig 7.

In this tisure curves will be found g ving the ratio of the

concentration fl Ita of each stage to the conentra-

tion at the top of the highest stage$ taken as stagp #1.

Using this ratio for the lowest stage and the oncentation

of material fed in at the bottom of this stage one ean f Ad

the conoentration at the top of the pyramid and trm this

the actual concentrations at the various stages,

Since the total upward flow of fluid 0ast be the same

at every stage of the pyramid., the number of columns peor

stage varies Inversely as ./ if we take all the columns to

have the sae valoo of H. On this basis, Fic, 8 giveS the

number of columns at various stages corresponding to one

column in the top stage (#1),P

To goet the optimum product rate fram each column of the

top stage . let X be the time constant of the columA

x (44)
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where 21 Is the material hold-oup la the colwims Then

-.) (45)

Flgt 9 gives asi a fuinc on of Y f or the top stage
Y

(OT B .Fz'rM this function# together with a knowledge

of ML and Xv or from ;/ of Yigo 5 anid a knowled(W ao0 IO %he

produot rate per topestage column can be obtained#

The preceding calaulations and the aacompanying graph#

enable one to determine the desin sad operating moditioas

for small pyramids provided one to dealing with woll on.

oentrations so that thle linear equation# Eq. (7)4 is valid.
if the* Oorientration io small but too large f or (7) to bo

valid* and if the Noparation factor Is sufficiently smAll,

one can make Eq. (1) effectively linear by replacing thle slowly

varyina factor I s- a by sawe mean values and then tntroduoizg

new coafrioionto in plaoe o cc a nd 7/ to Sive thle equation tho

same formi as (1).

If ono io dealing with very high Oonantrations so that

I. - c '-Kl then one makes use of EqS. (11)g (12) and (13)0

whlereby one in led to calculations of the same kind as for'

low concentrations, but with negative values of OC and, 7/ ,

In this way results wer. obtained as shown in Pign~ol anid 11.6
I. q* 4Bat fotinFiggio given a - ataouctono

various values of Y. and Fig, 11 gives -z an a function of

the same variable.* From these curves one can detenmie

V1 - 12



operating onditions near the top of a pyrmt whtiOf ts

used for materlal of high cozzntation. As we Shall see

later, these results are also applicable to strippers

If we are dealing with the top stage (CT u .1 theA we

find that (0 .& Y 1)

n 0.56$ - 0.0124 T + 0.0013 a (46)

and

zVY a 1.2564 + 0.592 Y + 0.0189 Y2 0.0015 Y, (47)

corresponding to (37).and (38). These tunctions ae shown

in the left-hana half of Fig. 5.

For thec ase 1 * OT >> I  eoae fids

I
s 02  , (48)

and

7/ni (49)
2
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Chapter 6

Fi gure 1

Graphs of generalized product rate z7 as a function of

the conoentration at the top of the column, CT for

optimum performance. This applies to a column being

operated singly or as the top stage of a pyramid.

Figure 2

Separation factor at optimum withdrawal rate for a column

operated singly or as the top stage of a pyramid. OT

is the concentration of the desired isotope at the top

of the column.

F igure 3

These curves refer to the case of a column operating at

optimum performance as part of a pyramid at low concentra-

tion of the desired isotope. Here OT, CB and C* are the

concentrations at the top of the column, the bottom of

the column and the top of the pyramid respectively,

Figure 4

These curves refer to the optimum performance in a column

operating as part of a pyramid at low concentrations of

the desired isotope. Here 9) is the generalized product

rate, T, 0* are the concentrations at the top of the

column and at the top of the pyramid respectively.

Figure 5

Curves of In S/Y and 2) Y as functions of OT = 0* for

-Mf..



optimum performanoe in the case of a single column or

the top stage of a pyramid. On the left are shown curves

for high concentrations of the desired isotope, on the

right curves for low concentrations are given.

These curves are for optimum performance in the case of a

column near the bottom of a pyramid where CT < C* << 1,

OT being the desired isotope concentration at the top of

the column, C* that at the top of the pyramid,

Figure 7

The ratio of the concentration (0B) at the bottom of a

stage to that (C*) at the top of the pyramid as a fun=tion

of Y. The various stages are numbered down from the top,

This is for the case of low concentrations of the desired

isotope with the pyramid operating at optimum performance.

Figure 8

These cures show the number of columns in each stage of

pyramid per column in the top stage as a function of Y.

The stages are numbered down from top stage which is number

one, This for the case of low concentrations of the desired

isotope and optimum performanoe of the pyramid.

9igu

This shows the dependence of i//Y on Y for the top stage of

a pyramid operating at optimum performance and employing

low concentrations of the desired isotope.



Figure 10

Dependence of separation factor on concentration, These

curves refer to a oolumn operatifg at optimum performance

as part of a pyramid. OB OT and 0* the oonoentrations

of the desired isotope at the bottom of a column, at the

top of the oolumn and at the top of the pyramid are nearly

equal to unity. Large values of the abscissa indicate

the column is near the top of the pyramid.

Figure 11

Curves showing the generalized product rate as a funotion

of the concentrations for a column operating at optimum

performance as part of pyramid. This is for the ease where

the concentration of the desired isotope is close to unity.

High values of the abscissa indicate that column is near

to the top of the pyramid.
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DESIGN AND FERORI*ANCN OF SMLL PYRAMIDS

lo SeDIntjon &actors

In the preoeding chapter calculations were canrted out

and graphs were given to enable one to design end operate a

small pyramid for optimum perforuanoe, Sometimes, however,

the design and operation of the pyramid are limited by the

neoessity of fulfilling some additional condition, For

example, it may be that, with a given number of colume Ja

the pyramid, a prosoribed product rate is to be maintaine4,

and that this product rate is not the one that would have

been arrived at on the basis of the criterion of optimum

perfon anoe. Or it may be that the over-all separation

faotor for the pyramid is pro-assigned and Is not the same

as that based on the optimum performanoe oriterion. Such

problems frequently arise in practice and it is desirable

to have a systematic procedure for solving them.

We shall treat here the oase of low conoentrations and

hence shall use the linear approximation. Let us number

the stages oounting don as to. Let SU denote the

separation faotor for the k1th stage, and let S*k denote

the separation factor between the bottom of the ktth stage

and the top of the pyramid, so that

"1 m a S2 s • (1)

VII - 1
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From the theory of the single column, we have

s81c I+*2 - + L lkk lk 2 * -

~. 1 (2)
-0AAWM + (ka 1)

where

k H Nk -",

n is the total number of stages# Rk is the number of

oolumns in the k4th stagep P is the product rate of the

pyramid and H and Y are the column constants, as

previously defined. From 1Bq. (2) one gets

1 B k 7~ 1 * k 2 .
$*k 1 '/k L- a 1*I /Ck (k" 2

The total number of oolumns is given by

ko1

whers V4Lh in defined by

a

(6)
Vil M2 1an a-Ti

2I



2* O2t01m Perfomnce Res

A problem enoountered in praotioe In the foflowing

given a fixed number of oolumn X and a prescribed product

P, to design the pyramid so that the over-all separation

faotor shall be a maximm In this case we have, on the

basis of Rq. (5), that

*an onstant, (7)

or if we introduce infinitesimal ohanges dz k in the Vk* we

must keep

Z(8)

On the other hand, the necessary condition that *' 8*JA be

a maximum is that

d $* 0 - 0 (9)

for arbitrary d7j subject only to the restriction (8). it

we express Sq. (9) in ters of the dlj, then we can *liininate

one of the latter, say d'j between this equation and Eq. (8)

and thus obtain an equation in whioh there is no longer any

restriction on any of the remaining OV so that, if the

whole expression is to vanish, the coefficient of each dt

VII A



must vanish.

Another formulation of the optimwumdesign problem is

as follows: for a given value of N and a prescribed

separation factor 3 * to make the product ate a

maximu. Thiis means: to keep S fixed and make a

minimum. If we introduce infinitesimal changes

dvt, they must now satisfy the restriotion (9) orrosm-

ponding to S*t oonstant, but for all sueh ohanges Rq, (8)

must hold, as the oondition that -be a miniu We are

a
thus led to the same equations as in the previous forxala-

tion of the problem (although their interpretations ane

different), and oan use the name prooedure for treating them

as above, obtaining the same results.

Let us oarry out the procedure mentioned above. For

convenience we write Eq. (9) In the for

d %4 (9)

and, eliminating di1 between this equation and (8)0 we pt

~~V1 O,3 d (OLMdj- (10)

k-2

Since we can take d2...dk arbitrarily$ wO get as oar system

of equations

VII - 4



a -I/i ) .i - * * 224bo --- " a- 0 . ( 2, #A)av.k $*a (/k 44V

Now, from (4) we hav

(fm 0-)B)- (1 " - ).(k z) (12a)

(4)o. (j>k)

.V. -]s \ . ..z. ..

. al(+k ' l*'*"") (147/1)2
(1 -0 ) .

Ma1dng use of (12o), we find that (11) can be writtei

2V k I444O *a - 1 S k (k - 2,...i) (13)

Froa this it is evident that the ondition to be satisfied

at each stage Is independent of the stages below it# This is

convenient since it enables one to earry out the calculations

by starting from the top and working down step by step as far

as desired. VII f 5

(n.)

'a

;W751

'a
allI

(12b)

(49o)

. (12)



By using (12a) and (12d) In (13), we get equations

which can be put into the form

13 (1,+z'k) 2 VIC (+;C 12 ( ) 21 }

(1* (+ .

122 13

and2

13a /1 (1+ 72)1 " ~ ~ 2 *L Li
IV,

(15)

The liting oases are of interest. If we lot 3j-;0, then

all the 1k-O and if we a*% q k we get in the liit

2 sky" O(k--)Y". ()
q k e Y " 6 Y - 0 1

For k a 2 we have

q2  
Y - -

On the other hand. if we lot - 0/1- cm we find that the other

Vk remain fiaite, and equation (14) gives over into

VII * 6



(18)

while for kB 2 we get

Some calculations have been carried out based on the

preceding equations, Various values of -Vi were taken, and

the equations were solved numerically for V. and 7 Fom

these B *1 , 836 3*3 a and SO were alculated

Figs* 1-5 show S* as a funotion of Van for 1, 2 and 3 stages,

each figure referring to a different value of Y from 0,4

to 0,8. The x's represent the endpoints of the curves for

2 and 3 stages and correspond to 211 CO It will be aeen

that the ourves meet tangentially. Figs* 6 and 7 show

and as functions of for the 2-steage pyramid for
pa2

various values of Yo Figs# 8, 9 and 10 show 1r and
4.2

as functions of for the three stage pyramid, It wll
V 3  10a3

be recalled that Vsa to given by Eq. (5) in terms of U, P

and H, and k is given by Eq. (3) in terms of z/lic P and Ho

34k Comenirng f erfrznmanoa

For a given value of Y/n, as determined by the given values

of N, P and it, the procedure of the previous section gives

VII ft 7



the best distribution of the oolumns azong the various

stages# With this nbest" distribution, the separative *fa

ficienoy will be a function of V an Since we are restrictiAg

ourselves here to the lineaar approximation, we write for

the separative efficiency

Ea -9 (S* - I - In S*) -4 (2)

Fig. 11 shows E as a funotion of 7' for 1#_ 2 and

a
stages and for 1 - 06, as a typical case. For a given numbor

of stages, E as a funotion of V bas a maximum# AA interesting

feature of the curves is the fact that the point at which the

curves for different numbers of stages meet lies olose to the

maximum of the curve with the smaller number of stages, In

other words, if one starts out with a pyramid of a certain

number of stages and gradually increases the number of columns

(keeping the ratios of the numbers in the various stages so

as to conform to the criterion for optimum performance

developed here) one reaches a point at which the separative

efficiency is a maximum. Increasing the number of columnis

further then results in a lowering of separative efficiency

unless one adds another stage to the pyramid. If one adds

another stage (and one continues to satisfy the optimum-

perormance criterion) then the new curve for K starts out

at a value very slightly lower than the previous maximum,

VII - 8



but rises rapidly to a new, and approoiably highers

maximum*

It will be seen that there is a definite advantage LA

having more than one stagre, For the range of values of T

considered here (0.4 - 0.8) the separative efficienoy Is

about 80% for a single stage, while for two stages it ts

over 90%. Going from two to three stages leads to a further,

although smaller, improvement* Above three stages, the

Improvement due to the addition of a stage will be still

smaller.

4. QgaialTime
A question of practical Importance is that of the time

required for the pyramid, initially filled with low-

conoentration material, to reath the distribution of on-

centration at which the pyramid oan be put Into operation,

ieo, the steady-state produet can be withdrawn.

To get this time accurately involves lengthy oalculations.

An approximate value oan be obtained fairly readily# however,

by the method used in the disoussion of the oontinuous

pyramid (Chap. I): We find the time required for the pyramid

to reproduce its hold-up of excess light constituent.

For the k'th stage, the ooncentration o. a distance s

up from the bottom of a column is given by

k 0 + - k a* ( k , (

Ot t 7 ltV Of[o013k 1* /) cZ

VI - 9



where o* is the oonentration at the top of the pyrama

and o in the concentration at the bottom of the k~th

stage. The average value 4'E for a colu= of length L, is

given by
L

I(U)
Zk LpO

and on the basis of (21), this Is found to be

lik - + L*B l+j J (ltvk) Y (23)

The net light material hold-up is given by

n

('kuOk c.a0 )*

where U is the total hold-up of material In one oolum,

a is the number of stages and 0o is the impart ooncentra-

tion. The exases light material in the produot per unit

time is P(o* - 0o). Henoe the operating time (or relaxation

time) T, is given by

Z 14 k (k - o)

TA P (o* -O ) (24)

VIn - 10



If we make use of (23) and write Nk Att

k..

setting

LC.
00

as B*u #

we get

TA sTa Hs*.a)
I__,

making use of the time constant X given by

X ft JM -HY

this can be written finally as

kc

T A S * n +

4~l

k gau.

For the case n w 1, this expression can be reduoed to the

form

VII - 11

,*
V
Ic

• (25)

NAaCO Sk
(26)

Uk
1

Ilk
I ,/ "AmmC)

it: 1 - , (27)

(29)

H 2/k

+ (!VIEC



r __'-OWW a (30)

For pyramids designed for optimum performanOe as $A

Section 2, caloulations have been oarried out for one* two

and three stages, and the results are presented as graphs

in Figs. 121 13 and 14, where T/X is given as a fuaotjo

of 7ap for values of T from 0,4 to 0.8°
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Chapter 7

Figure 1

Optimum design of a small pyramid for colu ns possessing

Y o .4. If a separation factor less than 1.26 is desired

a single stage is best. If a separation factor between

1.26 and 1.57 is desired two stages should be employed.

Figure 2

Optimum design of a small pyramid for columns possessing

Y w 5-. If a separation factor less then 1.34 in desired

a single stage is best. If a separation factor between

1.34 and 1.75 is desired two stages should be employed*

Figure 3

Optimum design of a small pyramid for columns possessing

Y- .6. If a separation factor less than 1.42 is desired

a single stage is best. If a separation factor between

1.42 and 1.95 is desired two stages should be employed,

Figure 4

Optimum design of a small pyramid for columns possessing

Y W e7. If a separation factor less than 1,50 is desired

a single stage is best. If a separation factor between

1.50 and 2.17 is desired two stages should be employed.

Figure 5

Optimum design of a small pyramid for columns possessing

Y M .8. If a separation factor less than 1.58 is desired

a single stage is best. If a separation factor between

--



1.58 and 2.43 is desired two stages should be employed.

Fi!E re 6

Optimum design of a two stage pyramid. The curves assist

in choice of the proper number of columns for each stage

(see text).

Figure 7

Optimum design of a two stage pyramid. The curves assist

in choice of the proper number of columns for each stage

(see text).

Figure 8

Optimum design of three stage pyramid. The curves assist

in choice of the proper number of columns for each stage

(see text).

Figure 9

Optimum design of three stage pyramid, The curves assist

in choice of the proper number of columns for each stage

(see text).

Fig-ure 10

Optimum design of three stage pyramid. The curves assist

in choice of the proper number of columns for each stage

(see text).

Figure 11

Separative efficiency as a function of the generalized

pyramid product rate for the optimum designs presented in

the previous figures of the present chapter.

-3-



Figure 12

Time (T1 ) necessary to reach steady state operating 0oa-

ditions for a one stage pyramid as a function of the

reciprocal of the generalized product rate*

Fige

Time (T2 ) necessary to reach steady state operating *on-

ditions for a two stage pyramid as a function of the

reciprocal of the generalized product rate,

Figure 14

Time (T3 ) to reach steady state operating conditions for

a three stage pyramid as a function of the reciprocal of

the generalized product rate.
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CIIAPTER VIU * APPROaMlATE T1EATMKMT OF MALL PYRAMUDS
APPROACHING BQUILIBRIUM

The case of a single column approaching equilibrium ca

be treated by setting up and solving a partial differential

equatioi with suitable boundary conditions. If the eon-

centrations involved are small, the equation is linear and

can usually be solved by standard methods. If, howveor,

one tries to treat the oorresponding case of a pyrmid with

several stages# one eheounters a much more difficult problem,

for one now has a number of partial differential equations

with interrelated boundary conditions* To solve such a

problem ls, in general, a very laborious task. Frequently,

however, one is interested in getting an approximate result

without lengthy calculations. The present note discusses

one method of acoomplishing this.

The method is based on the idea of simplifying the caleula-

tions by assuming that within each oolumn, at all times, the

concentration varies linearly with the distance up the Oolua.

By moans of this assumption one obtains a system of ordinarl

differential equations instead of the partial differential

equations of the more exact treatment, and this results in a

substantial reduction in the work of obtaining a solution.

Let us consider the case of a pyramid of a stages, with

the bottom connected to a large reservoir, so that the

VIII - 1



concentration there remains constant in the course of time,

Lot the number of parallel columns in the k'th stage (k - 1 2

... , ii), counting up from the bottom, be lk Lt all the

columns in the system be identical, and let V! and X be the

constants of a single column, Lot L be the length and U

the hold-up of a oolumn, and let hUk be the inter-stage

hold-up above the k1th stage, Let o0 be the concentration

at the bottom of the first stage (this being a constant in

the present case)p and ok the oonoentratlon at the top

of the k'th stage. Finally, let us suppose that, as the

pyramid approaches equilibrium from an initial conoentration

co' a constant product rate P is removed,

The net upward transport of light constituent at the

middle of the k'th column ts, if the concentration is suf-

fiolently small,

V 2 (Ok l) - NkK
k M  (- MoM- -O) (1)

sinoe, on the basis of the assumption of linearity, the

concentration there is (o k + ok,.)/ 2 . while the gradient

of the oonoentration is (ok - oI.C)/L. In the same way, for

the next stage up we have

IV 1 aN+ + r)(Ok + l 0 N (k~ " x) (2)
k+ (Nk4 , k'+ L)o t -

The difference between those two, T k*10 equals the

VIII " 2



rate at which the light OonatituenAt aoaWml3ates in th*

region between the middle of the k'th and the middle of

the (k+l)'th stage, The mass of light constituent present

in this region is given by

Hence we *an write

d W k a

or

do kio 0k *
8 'k dt + (3N + 3u1+l + 8u k) -NWM +dt 4

K K

(.(5)

No (k- + 1k,2 +.., + k + .2 k L

lL 2 2

for k 1 #I 2 # goof m = i s
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In the case of the top stage (k - m), some modifioa*

tion is nesseary. In place of (4) we must have

where now

Wm'NA (Lb "t OM+m vizM

"I [mm°m 1 "['MN" i 8  ) +( oNj (7*

so that the equation for this case is

*(3Nm+ 8 UM)2E d% Fas +~)+

NM ~ LL 22 D

Finally, let us introduce the constants Y . , X - .
and Then (5) can be written# using a dot to

denote a time derivative,
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1Z OBcqk.14 (3s 1k3Nk~ 1 * 8k) k + Xk*I%]

m[wt C8 + 4?) + 4 Yrj Ok.4I k ( V lgc+ 4) V l(8 +41)jj

" [Is,.( (8- 41) 4 V @i1 0, (9)

and (8),

Xy2+ [1 + 8u 5 ) A 8+ 4Y) + 4l)] @T ,

Il (4 + 4Y)-4 V Y ,.m (10)

To solve this system of equations$ we first get the

steady-state solution by setting all derivatives equal to

zero. This solution can be obtained from (I) by oetting

k " Pcm.One finds

1 0 1IA1. IS W= so= 2 , (-..1 .-.. m #
l+JY[(231+IY (2-S1) J

where we have set
Z/ - ;/ a IO- -Me

"Now OMM0
N J G n
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From (11), workins down the pyramid from the top, one Oan

express all the oj in terms of *a, and, by getting also a

relation between o0 and a, one can then exprese aU the as

in terms of oo ,

Next we get the solutions of the homogeneous equstions

obtained by omitting from (9) and (10) all terms containing

** To do this we write

O A a Aj (a -tj 19 20...,m (13)

and substitute back into the homogeneous equations& The

latter now become a set of linear homogeneous equations for

the Aj with an unknown parameter (s & Putting the determinant

of the coefficients of the Aj equal to zeo, as the ooadition

for the existenoe of a non-trivial solution, one gets a

secular equation to determine t3 , In general, this equatioa,

being of the in'th degree, will have m roots; ( 3U"~ *

If one puts the i'th root (1 back into the equation o

gets a solution for the A's

A A ( -i, 2,", M) , (14)

determined to within a omon faotor. I.f all the m roots

are different, i suah independent solutions will be obtained,

If some of the roots are repeated, it in possible to oonstruot

m independent solutions; however, this oase is not likely
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to ariaSe and will not be disoussed any further*

The general solution of Eqs. (9) and (10) oan now be

written

o ' + BIA ( 3i t/ X 
( 1)

i-l

where the ao are the steady-state solutions, mad the St

are a set of m arbitrary constants# These constants ave

to be ohosen so as to satisfy the initial oonditions, whioh

in the present case are given by

t - 0: j- (3 - ,...,m) . (16)

In this way one obtains the solution to the problem.

Other situations involving pyramids can be treated in

the same way, but with appropriate modifications in the

details.

(a) By way of illustration, we first apply the above method

to the case of a single column, for which we can make a com-

parison with the results of a more accurate oaloulation,

For a single column, we have only one equation, that

corresponding to (10). Let UU ' 0, 3tting el a ! a 0

and dropping subsoripts, except in the case of O., we get

for (10)
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3 Y O 4 (8- 4Y 4v) oat (8+4Y+4Y) 00* (17)

whero refers to the top of the column,

The steady-state solution is given by

I + 1 Y + 'I)o_.. 2a ll 00  1 +. . .. ..... r y1

Fig, 1 shows a graph of S vs. ' , as given by (18) with

Y w 0.4t and also a oorrespondng graph foz the mo r aeourate

value

a e-+ 1 (19)

It will be seen that the two agree best for small values

of 7)

Let us now determine the behavior of the oolumn as it

approahes equilibrium* Omittlng in (17) the term with ao

and writing

aWAe /  , (20)

we got

3(A + + 4Y (I-- 1)J A (21)

whence
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and the general solution for a is

1 +

I t W (z) 1)2

A& IIyv )
3Ta 1 ) (25)

Putting t a 0, - o, one determines B, gettintg finally

nOO Ow " -
22

In the case in whioh no

(1 A 0), this becomes

S 41 . .. .

1 -

2

produot is removed during the process

Y
8 lnj Y4 - t Y" OVNM" 1-o

Fig. 2 shows a graph of S Vs. t/X for the case Y 094

and also a corresponding graph for the more accurate function

Sa as determined by solving the partial differential equation

for the single column. It will be seen that the agreement t

best for the larger values of tA.

It appears from the preceding results that the present

VIII - 9
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method is better suited to the problem of the approach to

equilibrium without product removal than to the case In

which there is a finite product rate, It should be noted

that it is reasonable to expect that the discrepancy

between the approximate and accurate calculations will be

greatest for a single column and will decrease with an

increase in the number of stages in the pyramid; for, as

the number of stages is increased, the role of any one stage

becomes relatively lose important end the pyramid toads

toward the oontinuou3 or infinitesiual-Stept pyramid for

which the approximate calculation becomes exact.

It might be mentioned parenthetically that, if one

wishes to apply the mnthod diuoussed here to the case of a

single column but yet one wants greater accuracy than that

obtained in the above example one can do this by treating

each half of the column as a separate stage with its Y

having a value half that of the column. Thus, if we take

Ni * N2 a l, and Y1 0.2, we find for the solution

a - 1.494 - 0.436 "1 3 ,2 t/K 0.058 e"144 t/x

which is to be compared with the expansion obtained by solving

the partial differential equation for a single colum

Sa w .492 - o.415 -"13 ' t/X 1.0 07 e"137 t/X t

Obviously, one can attain any degree of accuraoy by sub-

dividing the column sufficiently,
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(b) As another example, let us take the case of a 3-stape

pyramid approaching equilibrium with zero produot rate ant

attached at the bottom to an infinite reservoir. for the

sake of simplicity let us suppose that the interstage holdeoups

are negligible. The equations for this case can be written

ITS [11.

+x1e

Pr2

3) N2 -2 j - Rl (8+4y) 00 +

(8-4y) + N2 (8+4y] 01 w 2 (8-4y) 02 * 0,

cN2 + 3N) A2+ n , e 2 (8+4y) 61 *

(8-4y) + N3 (8+47)] 02 - H3 (Bw4T ) @3 a

N9P Na (8+4y) 02 + X3 (8--4y)0,a0

To make the problem speoific let uS take N1 * 9, N2
N, * 2, Then the preceding equations become

(26)

5,

OP I * 12"6)0-0-0)0o -o,0n92 [4261+ 5*a] (72+36?) 00 l2l1)ol(027 2

[5 L*r '2+2;3] - (4O0+2OY) 01f (56"12Y) Oa (6Y)-n0 (7

2cY2 [e6a4 663] - (16.8?) 02 + (1&8y) 03- 0.

If we let S o Oo it follows from the above that at

equilibrium

VIII - 11



I
2
Y
2

2 S12, 83 USa3 (a8)

To goet the "transient terms" in the solution# we delete the

teus in the equations containing 0 and write temporarily

I oa - 3 t /XY . (99)Ale." Ale 02 - A2°e

The equations beocme

(4203+l12-36Y) A1 + (5(3-40t2OY) A2 - 0

(5(3-40-20Y) A1 + (21(0+56-.2Y) A2 + (2 P -6*8Y) A3 - 0 (30)

(2(3-16-8Y) A2 + (6 (0+16-8Y) A3 0

Henoe the secular equation for ( is

42 (3 + 112 16Y

5(3. 40- 20Y

0

5(- 40 +, 20Y

21+ 56 - 12Y

203- 16 8

This represents a oubiO equation for

one finds that the roots are

VIII - 12

0
2p 16 + 8' -o* (31)

6( + 6- 8 B

. If one takes Y - 0.4,



(3 a03549, e3- 5.722$

Substituting these three values suooessively Into the system

of equations (30)v we get three independent solutions for

the Ate$

A2 - 2,685 A1 ,

A2 - 0.1722 A1 ,

A2 - 2.223 A1 ,

Henoe the general solution, with

values, is given by

A3 - 5.011 Al,

A3 " 3.395 A1 ,

A3 a 3.164 A

appropriate equilibzium

S, 1.5 * B, y +D2

2 2e5+2165 Ble

aet/xY2 3 , t A .

+ 091722 BB*2t/Xy 2-223 B 3,e

* 3164 B* t

where B1, B2, B 3 are arbitr"ary oonstants. To get the solution
which has Si 1 2 0 -8 1 for t - 0, we determine BI1, B20 sAd

B from the relations

VIII - 13
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3t/XY1 P tX2t?

02 a, 2#335# (39)

P " 3 t



H +1  * 3 "  -0,50

2,685 0 a o.1722 B - .223 B - .425,

5.011 B1 - 3395 B2 + 3.164 B3 t - -,375,

and find

"I a 40475, B2 a -0.01289 B 3 a *0*0123#,

so thato finally, the solution of our problem is given by

s1 " 1.5 0.475 •e' 2 2  - o.oi "14 6 t/ - 0 *012 V 8

S2 "-2*25 - 19275 a 2 *22 t/ - 0.002 e 1 4 6 t/x+ o0 o7 027 5 8

s " .*375 - 2.38o e '2 ,2 2 t/. t 0.044 e"14"6 t/X. 0.039 0"3508

('5)

(36)

tx.

Graphs of S, S 20 and 8 as funotions of t/A are given In

vig. 4.

In addition to the preceding, Fig. 3 presents corresponding

graphs for a pyramid of 2 staes# and Fig. 5 for one of 4

stages.
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Chapter 8

Figure 1

Comparison of separation factor (S) calculated by an ap-

proximate method with the accurate value (0a). The case

considered is steady state operation of a single column

at low concentrations of the desired isotope.

Figure 2

Comparison of separation factor (3) calculated by an ap-

proximate method with the accurate value (8a). Thisxefers

to approach to equilibrium of a single column with a

reservoir at the bottom and closed at the top,

Figure 3

Approach to equilibrium of two stage pyramid as calculated

by the approximate method.

Figure 4

Approach to equilibrium of a three stage pyramid as cal-

culated by the approximate method.

Figure 5

Approach to equilibrium of a four stage pyramid as cal-

culated by the approximate method.
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CoPTta IX. THE STRIP1EUR ObTION

1. Cft83

Thusfar in our discussion of pyramids we have been con-

eorned with rectifiers, or enriohers. Frequently, however,

it is desirable to have a stripper section connected to the

bottom of the rectifying pyramid. This stripper can be

thought of as a pyramid or a single stage of columns operated

at a negative Y, iea, with the input at the top and the

output, or product, removed from the bottom. The purpose of

using the stripper may be two-fold: (1) to remove a certain

fraction of the light constituent fram the working substance

before the latter is dioardedp, and (2) to maintain the

"neubral point", i.e., the point where the concentration is

the same as that of nomal material, at a fixed place,

namely, at the point of input to the pyramid.

Let us use the subsoript r to denote quantities referring

to the rectifier, a to denote those referring to the stripper*

Let or denote the output concentration of the reotifier (we

omit here the previously used asterisk for the sake of con-

venience), o the input concentration, and a the concentra-

tion of the stripper output, or rejected material. Similarly,

let Pr denote the product rate, P. the rate of input of

nonraal material, and P a the rate Of output of the stripped

material. Then, at steady operation, we can write two

equations representing the conservation of the working



substanoe and of the light oonstituent, respeottvelys

POWPr +s ) (1)

Poce o PreO P $os . (2)

If the oonoentrations are all proscribed, then one can

solve those equations for P0 and P 6

P 0 ... (3)
0 c a-~ '

- :r'- 0 (4)
s O0 o O8 rZ

If only %o or and Pr are fixed, then P and Pa will

depend on the choice of o., the concentration of the waste

material, The latter will generally be determined by eoonmto

oonsiderations.

To treat the stripper mathematically, we can proeed in

either of two wayst

(1) We can treat each oolumn in the same way as we have

done in the preoeding chapters, but we suppose P to be

negativeo, so that raw material Is supplied at the top of

the column or group of columns and produot is removed at the

bottom. It is convenient in this case to measure x down

1 2C



from the top, rather than up from the bottom of a column*

i.e, we replaoe z by -z and L by -I. in the various

formulas. Likewise we replace P by -P. and Z by -t,

so as to deal with positive quantities,

(2) We think of each stripper oolumn simply as a oolumn

with a negative value for the column oonstant H, so that

we reploe H by -, This amounts to looking at the oolmn

"upside dowrn" end leads to the seme results as the first

standpoint,

It can be readily verified that the same expression is

obtained by either of the above methods for the net rate

of transport of light constituent,

r -rce - He (16-) - K . (5)
as

It will be reoalled that one can write

- Pe* , (6)

where o* is the conoentration of the product (in this case

that whioh is rejeoted) and, as usual, P is the produot

rate per oolunn in a given stage. If we consider the case

where a <<1, which is certainly appropriate for the stripper,

then (5) oan be written as a differential equation for a;

ifwelet C-~ vet
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dO So(o~))oc~' *

Lotting o(0) " OT, o(L) a a., we get for the solution of

this equation

o + (O /-I) c (..)

so that

S-1 + (OT ),

with Y s- Lo If we let

8 032

then we set from (8)

a I fM +[(x.J . (V 10l)y} (11)

so that, in a pyramid with a given distribution of oolumsnn

it is possible to get the separation faotor by starting fzm

the output stage and applying (11) to each stage in suo-

cession. In partioular, for the output stage (S 0

we have -( - 1) Y
(- e

V/-2
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In addition to Eqs. (11) and (12), involving quanwtites

referring to the individual columns of the stripper seation

(we have oitted the subsoript a for simplitty), we also

have to satisfy Iqs. (1) and (2). The conoentrattoa 0e

ocourring in these equations is given by

00

a,~do (13)

where S* is the product of all the separation factors of

the stripper stages, while P8 is given by the product of

;/H and the number of columns In any one stae of the

stripper. Now, if we replace (1) and (2) by (3) and (4)

we see that one condition determines P., the rate at wideh

raw material is to be fed into the system at the neutral

point, while the other condition fixes P G

The method of solution will depend on the way the problem

is formulated, In some cases it may be necessary to solve

-siiultaneously )?q, (4) and the set of equations represented

by (11) and (12), which can be done by graphical methods in

oompliouted oases.

Usually only a small fraotion of the total number of

oolumns will be used for the stripper* so that the question

of design for optimum performance is not so important iA

this case. However, if it is desired to design a stripper

for optimum performance, that can be done on the basis of
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the ideas discussed in the preoeding ohapters. For

example, Figs. 10 and 21 of Chap# VI which were caloulated

for a rectifiele working at very o concentrations also

apply to a l at j2w concentrations (if one Inter*

changes o and at a 1 " a)* lust as in the ease of a

rectifier one can use these graphs to work stage by stage,

starting from the output stage, so as to get the optimum

separation factor for each stage and the corresponding

value of 7) . Eq. (4) can then be satisfied by ohoosing

the proper number of columns for each stage, ievg we take

In the k'th stage N, columns given by

N ' s~ (14)

where V k is the value of 7, for the kith stage as obtained

from considerations of optimum performanoe and PS is .gi, s

by (4), with an determined by (13).

2. Sin~e-Stag! Stripper

An interesting case to consider Is the one in which the

stripper consists of only a single stage. Such an arrange-

ment is likely to be used where one Is more conoerned about

maintaining a fixed neutral point than about the degree to

which the material is stripped before being discarded. If

we denote the value of S* for the retifier by 80 and

that for the stripper by as, then Eq. (4) can be written

1X -6



PS- " P (15)

50 that

1.- - Cs -1 (1, s ]6)

where 7/8 is the value of V for each strIpper Dolulm and n

is the total number of suoh Oolumns,

O the other hand from (12), if we add subs ripts _a, we

get
-... -1) Y

Hence, eliminating a. between (16) and (17)., we obtain

( t - v. E - ( V - 1 ) Y T
. . .. . 4* is, , ,- .. .. . .-. ... .. . . . .. ... .. . ( 1 8 )

If we denote the right-hand side of (18) by W, then W

as a function of 7-' for a given value of Y is a funotion

whioh vanishes for V. w 0 and then inereases monotonically

to unity as V. tends to Infinity, We see from this that

No >/ (Sru- 1) Pr/H , (19)

so that there is a lower limit to tho number of oolunns

UX - 7



Chapter 9

Figure 1

Stripper withdrawal rate ( 7/) necessary to maintain

steady state operation when product withdrawal rate is 1)

and separation factor of rectifier section is Sre The

number of columns in the rectifier and stripper stage is

given by N and No respectively.

Pipre 2

Dependence of separation factor 8 on generalized product

rate 9) for single stage stripper with various values of Y.
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CHAPTER Xo NON-UIFO M OOLUIMS IX 1?ARALUtL OPERATION

1 Genmal Treatnt

The purpose of this chapter is to consider the behavior

of a group of columns operated in parallel, teking into

account possible differences in the properties of the

columns and their product rates.

Each column is charaoterized under steady flow by

the column constants H and K its length L an4d mass M

and the product rate P. The constants H and K aa be

caloulated from measured values of the equilibrium separa-

tion factor 3 and the time constant X by the relations

and

- (2)
X(Iln s)2

The product rate 11 of course# can be made to have any

arbitrary value by a suitable choice of auxiliary equipment,

Let us consider the steady operation of a group of a

columns in parallel, representing a particular stage of a

pyramia, and let us use subscripts to distinguish quantities

referring to the various columns in this group. Let V

X.-1



denote the total transport of light constituent in one

column* Then, for the ktth column, if the oonoentration

is sufficlently low, one oan write

t'c Hic4y + P ~ OkO (IC a l*fo*) D(3)

where z is the distance measured up the oolu=. Xt o

is the concentration at the top of the pyrmid, where the

product is withdrawn, then there exists the relation

2 1 C" o P •k (4)

kal k-l

By "parallel" oporation we shall mean that the tops of

all the columns are oonneoted, and that their bottoms are

all connected. Honee for the k'th colum, we have the

boundary conditionst

Ok - (z a 0) , (5a)

O -OT (z - L) , (5b)

where oB and oT are the concentrations at the botton and

X- 2



top of the stage, respectively, these quantities being

taken to be the same for all the oolumns,

Integrating (3) so as to satify (5a), one gets

Ok a B 0 R ( P J - 1)

where

kK

For z - Lk, we have

Vi 7tCk

T  - k *k

Let

k ?k

Then, from (8),

k rk /6k

Substituting this expression into (4), we get

(6)

(7)

(8)

(9)

(10)



&1i Ol a0

k,,1

A°B Z.& 1/ k a 1
P

sl

OT )cubl Pk-~kkol

k-

From Eqs, (10) and (12a) or (12b), we get

013 z 5 /2* ,/3 +

i1
k-I

or

x-4

k=a

so that

(l)

OT

0 B-

(12a)

(12b)

(13a)



OT kalI Vo

L1

If we introduce the separation factors

0* C8
0T 8'

(13b)

(4)

then we get fromi (12a) or (12b)

24
Z

k-i

k

k-l

(15a)

(15b)
Pkc

1c1

Of these two expressions, that in Rqo (15b) is generally

the more useful one, since, if one invostigates a pyramid

stage by stage, one generally starts at the top and works

down, so that at each stage S0, the separation faotor for

X -*5

vi 010

P 03

p 4

or

ap BMW



all the higher stages is known, and not B** Suppose thA

that we are given a value of so* If only the kIth oo1mn

had been present above, ito separation factor would have

been Sk, given, aooordnla to (15b), by

Ilk k + 8 + 9Pk)
rk iw + So lek (121

or" if we lot

V 
P

Ic

rcom this we find

and

99 s

(18)
ik +aSO;Vk (3k~1

that

( + + k) - 30

I.-

(19)

(2o)

Substituting these expressions into (15b) one finds that

X-6

(16)

(17)



S J c1 l k-l

n

Ic-]. kal

In particular, if we are dealing with a pyramid eon-

sisting of only a single stage, or if the group of columns

is the top stage of a pyramid$ then 80 a I and

2;2
k-I 8 C (-2)

8k]

so that S is a mean value of the S's of the individual

columns with a weighting factor Hk/(S k - l).

Having expressed 8 in a convenient form, let us return

to the expresoion for Vj siven by Eq. (13b) and see whether

it too can be siraplified. Frst let us write (13b), or (10),

in tho form

'tl -10 T( ( t - 1 (23)

If, now, we make use of (19) and (20), we oan write this

" 2lfta ( 1 * V ) 33 (a .1)} "  (24)

, - s-



One *an regerd the transport in oeoh oolumn as made up of

two parts:

0

where the first term on the right is the "normal" transport

given by

0 l " o t ,(26)

while the seoond term is the "oloulatory" trmsport, siroe

it follows from Eq. (4) that

iml

I

-Cl a 0 (27)

It follows readily from (24) that

013 Hi ( 3 - EL .Y s wiNI i MM

In the speolal case 5* - 1 (only one stage, or the top

of a pyramid) one gots

OTPL+ Hi (j39iQ) P

8 p Sj

1 I -W (99)
Zoo

1.8

(28)

stage



Finally, it is instructive to compare (22) with the

expression for the separation factor S. which would be

obtained if all the columns were operated independently

and their products mixed together. Clearly, one would have

§I I (30)

k-1

which involves a weighting factor, Pk 2 /k that Is in

in general quite different from the corresponding weighting

factor in (22).

2, Averae jPrope;ties

Let us compare Xq. (15b) with the corresponding equation

one would have if all the columns were identical and wer*

operated at the same product rate. In the latter oase, it

we write the constants of any one column without any sub-

scripts,

In making the comparison, one naturally takes

i (32)
kal

X-9



Hence, for (31) and (15b) to be equivalent

H+

k-il

5PI 0(H + )
2
ks-i

i!!L~2i
~ 1

Subtracting (33) from (34), we get

1

kal

(Hk Pt

whence, on thre basis of (32).

1
ICk

ki-i

We see that the average H is just the arltbmetic mean,

or in other words, the H's of parallel columns combine

additively9

To get K, we use (33) and write

1 1- -

k-i

e .2Iu... .. 1

X - 10

(3)

('4)

(35)

(36)

N + I



From this one gets KI

ICRi V)42 L +)
aa (t3r

_ Hk + Fk
kin1l'k 1 I

Let us restriot ourselves here to a single-stae system

so that So - i,. and let us suppose that the group oonsists

of only two oolumns. If we further suppose that H1 - H,

then Eq. (22) reduoes to

* kl a l(38

1 1

If one has a family of curves of 6 YB. V for a single oolumn,

one oan read off from it the values of 81 and S for any

and 7/ 2  and get S from (38),

From (26) and (29) one oan got the "oiroulatory" transport

-r CT2 -0?T

X - 11



The equivalent product rate is 01 / 0T

In Fig I are presented eaphs for the case considerd

hee: H1 - H2, with the further simplification P1 - P2 .

The two columns are oharaoterized by Y1 - In So! a 0 0

Y2- in - .15. Fig. 1 shows Sl 52' am and 5 as

functions of -I V 2 a ;/ , so that one can compare the

performance of the columns singly and together* Fig. I
I

also includes a curve of as a funCtion of I/ to show

the relation between the circulatory transport and the

product rate.

It will be seen from Fig. I that SP is less than SW,

as was to be expected from the presence of the weighting

factor -- in the former, since this weights the poorer

column more heavily. Suppose it is required to find V- for

S - 1.26. Firom the graph one finds that it is jm ssjble to

obtain this value In parallel operation. In Independent

operation (Sm " 1.26) one finds 1 a o.6. On the other hand

for S- i.26, 72 - 2.3. It follows then that a single

good column (Y 0.35) will produce about twice as suoh

product as the good one and poor one (Y2 - 0.15) together

Suppose next that it Is roquired to find V for S - 1.22.

From the graph one gets for parallel operation v - 0.5,

approximately. On the other hand, for S 1,22, 3 a 3

Hence the good column alone produces more than three times

as much product as the good one and poor one in parallele

e see then in the preoedin cases that the presence of

Xo 12



the poor column reduces the efficiency both beoause of the

fuel consumption associated with its operation and because

of an actual dorase in the product rate. While it is

true that the examples given represent somewhat extreme

oases of difference in the properties of two columns, yet

they can ocour in practice, But even with smaller differences

in the column constants the same tendency will be found wo a

decrease in efficiency if the two columns are operated

together, particularly if they are operated in parallel,

The conclusion to be drawn from the preceding is very

clear:

Given a group of columns operating in paralle, It is

important to weed out the poor ones, since the efficlenoy of

the group will be increased thereby.

X 0 .13



FEffect of using oamblnations of inhomgeneous columns

on separation factor of product. 81 f o to the yet%

formanoe of the ood column (Y - 0.35) while 82 efetrs
to the bad column (y - 0.15), S. and S refer to the

produots obtained when the columns are conneoted tow

Sether for mixed produot and for parallel operation.

t 1  represents the ciroulatory transport rate in the

latter case.

-A-
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APP NLU,

I* CRITICAL TERATURS UNAS31JA R NT 0 URANIUM
E1ADLUORIDE

Waldo E. Whybrew
James H. Tayman
Paul N., Kokulis

In determining the critical temperature of many sub-

stances, it is possible to use the visual method# ob-

noring the phenomenon of the actual disappearance of

the meniscus of the liquid - gas demarcation line, This

is based on the fact that, as the temperature of a liquid

approaches the critical temperature, the density of the

liquid approaches that of the saturated vapor. The first

successful experiment was conducted on carbon 4isulfide

by Cagniard de la Tour. The principle of this method is

simple. A liquid is plaoed in a sealed tube and the

temperature gradually raised above the critical. It may

be necessary to try this experiment a number of times to

determine the correct amount of material needed to give

the critioal pressure and temperature with the menisous

about half-way up the tube. When the proper amount has

been determined, it is placed in the glass tube and sealed

off. The temperature is slowly raised until the area

around the meniscus beoomes hazy, and the maniscus suddenly

disappears, leaving the tube filled with a unifom fog.

The pressure at whioh this ocours is Inown as the critioal
pressure* -i-



A second method was devised by P.A. Bond and DA,

Williams (1931), in which a metal container was used$

approximately half filled with liquid and supported at a

small inclination to the horizontal, on a knife edge. A

wire supporting the lower end was attached to the beam of

a balance* The tube was placed in a heating Jacket and

the temperature was raised above the critical point. The

balance was adjusted after time had been allowed for the

material in the container to beoome uniform in density*

The temperature was then allowed to drop slowly until the

fluid separated into two phases. The liquid then ran

down the tube, deflecting the beam balance. The tempera.

ture at which this happened was the critical temperature,

The method employed by the authors in their first

experiments was a variation of the early visual procedure*

Since the substance being investigated was corrosive to

glass, the visual method was modified by the use of a

metal container, viewed by means of an X.-ray apparatus and

a fluorescent screen. The screen showed the tube and the

liquid as a dark shadow, with a lighter shadow for the

gas phase.

The tube used was made of copper, 3/8" OD,, 1/32"

wall, and about 5" long. Into its lower end was silver-

soldered a 3' length of 1/8" OD. nickel tubing of 0.060"

bore. The nickel tubing was attached to a reservoir of



50 ml. capacity, made of nickel with a heavy wall* The

reservoir, the 3' length of nickel tubing, and the

critical-point tube were wound separately with heating

elements of nichrome wire so that the temperature of each

could be varied independently. The reservoir was below

the Oritica!-point tube and contained an amount of UF6

in it which was chosen so that by varying the temperature

of the reservoir it was possible to introduce into the

critical-point tube the proper amount of material over the

needed range of temperature and pressure required. An

iron-constantan thermocouple was silver-soldered to the

center of the critical-point tube, a Type-K potentiometer

being used as the temperature indicating instrument* The

cold junction was kept at 000 by means of crushed ice in a

thermos bottle. The thermocouple was calibrated by standard

tin, which melts within IOC of the critical point being

determined*

The apparatus was arranged as follows: The X-ray

machine was set up, adequately protected on all sides by

lead shields. About 1 ft. in front of the X-ray tube was

placed the critical-point tube, in front of a lead plate

containing a slit 3/16" wide and 4" long. Next was a

fluorescent screen, and then two plates of lead glass to

protect the person observing the disappearance of the

meniscus. By varying the voltage on the X-ray machine, it

was observed that the meniscus could be seen better at

"3-



higher voltages, Hence the voltage used was 120 XV9,

the limit for this machine, The principal limitation on

the accuracy of this experiment was that near the critioal

point where the meniscus disappeared, the contrast between

liquid and vapor was exceedingly faint, However# two ob-

servers taking turns viewing it could check themselves

and each other. The experiment was repeated several times,

the critical temperature being approached from both above

and below. ?rom the results obtained by this experiment,

one arrived at a oritioal temperature of 232.700 + 1000,

In order to increase the accuracy and reliability of

the data, a later set of experiments was run. In these

experiments a higher voltage X-ray machine was used In

order to produce a sharper change in intensity at the

meniscus. The apparatus employed was modified somewhat

from that used in the visual determinations. A 1/2" O.D,,

1/32" wall, copper tube about 5" long was used. The lower

reservoir previously used to adjust the amount of UP6 in

the tube was eliminated. Instead, with a few trials the

proper amount of UF6 was found, so that the meniscus would

not disappear at the bottom or top before the critical

temperature was reached, With a critioal-point tube having

a measured volume of 15 ml., it was found that 22 ga. of

UF6 was the right amount. Preliminary trials were run

using a fluorescent screen; then pictures were made on X-ray

film, prints from which are included as Fig. 1 of this

section.
004"D



The menisous could be seen at 232.40C faintly and

it could not be seen at 232.80C. Hence the critical

temperature was taken to be the average of these two#

which is 232.600. This is 0,100 lower than the value ob.

tained by the visual method. By the amount of UP6 in the

tube and its volume, the critical density should be close

to 22/15 - 1.47 gu/ml, The value 232,600 is considered

to be correot within + lOC.

-5-



PRESSUR TEM ERATURg-OLUML 1HARAOTEhRIS TICS

George Y6 Brokaw

In connection with the experimental and plant pro .

cedures it was highly desirable to have accurate data on

pressure-volume-temperature oharaoteristics for example,

in predicting the pressures that occur during transfer

operations, as well as in routine plant operations. Con-

sequently, a set of measurements was carried out to

determine the pressure-volume-temperature charaoteristies,

This included measurements to determine the oritloal

constants.

The measurement apparatus employed was as follows:

Two 3000 p~s.i. Be-Ou gauges were oalibrated on a

dead weight tester and then attached to a 1904 ml, nickel

reservoir. This reservoir was 16" long, 3" in diameter

with 1/4" thick walls. Variable temperature was provided

by a heating element and measured by two thermometers

located at the middle and at one and of the reservoir*

After thorough "conditioning", a suitable amount of

UF6 was introduced in the apparatus. The equipment was

cooled and air evacuated.

The temperature was then gradually increased with ob-

servations of the corresponding pressure. On reaching

maximum temperature, the container was cooled with observation
-6-
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of presSure made during the cooling phase. By removlng

some UF6, a similar curve could be obtained at a different

density,

The first curve was obtained by permitting the tempera-

ture to come to equilibrium for about 2 hours for each

point. It was then found that 10-15 minutes per point at

a rise of 1 volt on the heater (usually 7-800) per point

gave a curve which exactly coincided with the first.

Therefore, the speed of obtaining points within the limits

employed did not alter the characteristics of the results.

A dead weight calibration of the gauges after the

experiment showed that a weighted average of the readings

would fall within experimental error. Due to the fact

that 3000 pbs.i, gauges were used, readings below 200

p.s.i. were not considered sufficiently preoise for re-

cording.

The thermometers were calibrated to 25000, using a

Bureau of Standards thermometer The oalibration correction

values were small ( < 10C).

Correction to / due to change in volume of the storage

chamber with temperature and pressure variations amount to

0.005 or less in the vicinity of the oritioal point, the

effect of which is well within experimental error. The

correction approaches 0.01 at 1500 p.s.i. and temperatures

in excess of 20000; and it approaches 0,027 at 3000 p.sa4,

and 20000 or riore. Due to the insignificance of these

-W7-



corrections with regard to the purpose of the report,

the magaitudes of their values are noted only*

Results,

The direct results of the measurements are plotted

in Fig. 2 in the form of curves showing pressure vso

temperature for various values of the density. For these

curves, the points plotted were chosen at random from the

experimental data, approximately in the ratio of one point

out of every two measured on the straight portions and one

out of every 20 on the vapor pressure curve. In all, 447

points were determined from which those shown were

selected without disorimination.

By the use of values read off from the preceding graph

it was possible to obtain a number of other plots*

Fig. 3 contains curves of the orthobario densities of

liquid and vapor as functions of the temperature, It also

includes a curve of the mean of the two, which is found to

be very nearly a straight line (law of rectilinear diameters).

The critical temperature is at the point where the curves

for the liquid and vapor Join,

Figs 4 consists of a family of isotherms# showing the

dependence of the density 10 on the pressure P at various

temperatures

On the basis of the earlier measurements of critioal

temperature by means of X-rays and from the curves in

Fig. 3, the critical temperature was taken as 232.500, From

-8-



the ou re of mean density In Fig. 3#, one gets at this
temperature for the critical density, 1'o = 1.41 gm/Om3,

and for the critical molar volume, V - 0.250 liters.

-9-



VISOOSITY OF LIQUID URANIUM WXAFLUORIDE

William N. Blatt

The visoosity was measured by flowing uranium hoxao

fluoride through a tubing of known length and diameter.

The pressure to drive the material oame from a themo

syphon. The rate of flow was measured by heating the

material to a oonstant temperature and extracting the

heat in a oalorimeter bath. Variations in pressure could

be effected by connecting a oontainer of material to the

system and adjusting the temperature of the oontalner.

Following are the values of the viscosity at various

temperatures and pressures, oaloulated on the basis of

Poiseuille' s formula:

Viso* Pressure

10.35 millipoises 75.80 3000 p.-i.

6.89 153.5 3200

5.52 248.0 3000

5.05 250.0 000

7.88 74.6 374

6.68 153.0 400

Karl Cohen, using an expression for the visoosity s,

F- PAV*

Ae RT

"10-
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based on the theory of the liquid state, fitted the con-

etants empirioally to the above data and obtained the

values:

A - 1.67 ioe3 poises.
AF* - 1100 cal./mole,

6v* = 28 cm3,

R .being the gas constant. It follows that Cohents formala

can be written

554 ,O.02L P

4.1.67 3 e T

where T is in degrees Kelvin, and P is in lb/in
2

-11-



IV. MEASUREMIENT OF DIFFUSION COEFFI0IMT OF URANIUM
HEXAFLUORIDE

Nathan Rosen
Waldo E. Whybrew

1. Introduction

Since the ordinary diffusion coefficient plays an

important role in determining column behavior, an experi-

ment was carried out to measure this Coefficient. The

idea on which the measurement was based was in itself

rather simple: the two halves of a long narrow tube were

filled with material having two different concentrations

of light constituent, and diffusion was allowed to take

for a definite period of time with the tube kept in a

constant-temperature bath. From the change in the mean

concentration in each half of the tube, as determined by

means of a mass spectroscope, one could calculate the dif-

fusion coefficient. However, in carrying out this idea*

certain difficulties had to be overcome; in particular,

precautions had to be taken to avoid appreciable convection,

which, if present, could mask the effect of diffusion.

In addition to the practical value of the measurement

described here, it is believed that the work also has a

certain amount of scientific interest. The diffusion co-

efficient measured is the coefficient for the diffusion of

one isotope (the lighter one) into the othero However, in

-12-



the present case the isotopes concerned differ in mass

by such a small percentage that the coefficient is

essentially that of self-diffusion.

A. txperimentel Work

The tubes used for the diffusion experiment were made

from nickel tubing, 1/8" OtD. and 0.06" '*D., out into

6-inch lengths, narrow tubing being used in order to re-

duce convection currents. Two such tubes, connected

together by means of a close-fitting niokel sleeve, 5/16"

O.D. and 1-1/2" long, and Lunkenheimer fittings, formed

the "sample tube",

At the beginning of the experiment, the two halves

of each sample tube were filled with material having two

different concentrations of U-235. In filling a tube with

material, it was necessary to prevent air pockets from

being left in the tube. The tube to be filled was con-

neoted to a small container, in the form of a closed copper

tube, 1/4" 0,D), 3/16" I.D. and 4" long, containing about

8 gms, of uranium hexafluoride. To get rid of air in the

system, the container was heated up until about 3 Ms. of

material had passed through the tube and escaped from the

open end of the latter, whereupon the open end of the tube

was quickly crimped and welded. Both tube and container

were heated to about 200C to render the material highly

fluid. The tube was then immersed in a water bath having a

-13-



temperature Of about 7000 and was kept there for about

three minutes, after which dry le was applied to the

Junction of the tube and the container to freeze the

material there. (It was found that, if the tube was din-

connected, weighed, conneoted again to the container, heated

up to drive out the material and refilled as before while

immersed in the 7000 bath, the weight of material in the

tube was substantially the same as after the first filling#

so that this method of filling gave essentially reprodunible

results.)

In the same way, the mate to this tube was filled from

another small chamber containing material of a different

concentration. When both tubes were ready, they were din-

connected from the containers and, after it was verified

that the material filling each tube was flush with the

opening, the tubes were fitted into the nickel sleeve so

that their open ends were in contact, and the Lunkenheimer

fittings were made tighto Four sample tubes were made up

in this way.

The two ends of each sample tube were bent into arcs

of about 4" length and 4" radius, both in the same plane,

so as to form a wide U-shaped figure, One purpose of having

this shape was to maintain a continuous column of liquid

in the sample tube during the diffusion process, the sample

tube being kept in the constant-temperature bath in a

vertical plane with the nickel sleeve at the bottom, so that

-14-



if any vapor formed, it would collect at the ends of the

tube, Another reason for having this shape was that,

when the sample tube was put into the constant-temperature

bath, during the approach to temperature equilibrium the

material at the bottom was cooler then that at the top

because of the difference in wall thickness# so that con-

vection was kept down, A thin wire was fastened between

the two ends of the sample tube to facilitate handling It*

The constant-temperature bath, in which the samples

were kept, consisted of a cylindrical copper vessel about

12" in diameter and 10" high, enclosed in a masonite box

lined with 3 inches of cork. The vessel was covered with

a copper lid suspended by chains from an insulating oover

containing a 3" layer of Celotex. The stirrer motor was

mounted on a brass plate resting on the insulating oover

and separated from it by a I" layer of sponge rubber to

reduce vibration. The stirrer was of the perforated-

cylinder type and was attached to the end of a vertical

shaft extending down from the motor through suitable openings

into the bath. For the bath liquid, Prestone was used be-

cause of its comparatively low vapor pressure, The main

heating for the bath was provided by a copper coil covering

almost the entire lateral surface of the copper vessel and

carrying water under forced circulation from a largo oom-

meroial oonstant-temperature bath, to be referred to as the

auxiliary bath. Additional heating was provided by a

-15-



resistance-type heating element, the voltage across which

was controlled by a Cariae. The temperature was regulated

by means of a bi-metallio thermostat in the auxiliary

bath, controlling the heater, and a mercury thermostat

in the main bath actuating the heating element through a

sensitive relay. The temperature of the main bath was

measured by means of a Bockmann thermometer, the readings

of which could be estimated to 0.00100; the auxiliary bath

had an ordinary mercury-in-glass thermometer, the reading

of which could be estimated to 0.0100.

To hold the sample tubes in the bath, a wooden box

was made of 1/2" stock, 8" long, 3" wide and 6" high on

the outside, with a hinged cover on top* The box* eovered

with a protective paint coating, was weighted down with

copper plates attached to top and bottom and was lined with

sheet copper. The inside of the box was divided into 4

compartments, each about 1/2" wide, by means of vertical

sheet-copper partitions extending lengthwise. The design

of the box was intended to reduce fluctuations in the

temperatures of the sample tubes, since such fluctuations

could bring about mixing.

Before the constant-temperature bath was put into

service, it underwent extensive observation and adjustment.

The purpose was to adjust the temperature of the heating

water and the current in the heating elements to obtain a

temperature of about 7000 and at the same time reduce the

-16-.



temperature fluctuations in the bath to a minimum# and

also to study the behavior of the bath temperature after

adjustments had been made to assure the stability of

conditions.

When it appeared that the behavior of the constant-

temperature bath was reasonably reliable and that no

significant improvement was to be obtained through further

adjustment of the bath equipment$ the diffusion run was

started. The four sample tubes filled with material, as

previously described, were put into the four compartments

of the wooden box, each sample tube being in a vertioal

plane, with the nickel sleeve at the bottom and the two

ends, or horns, at the top, and with the axis of sywetry

in the vertical direction. The box was lowered gently into

tte bath and allowed to fill with bath liquid. The covers

of the box and of the bath were closed, and the bath was

allowed to reach temperature equilibrium, which required

several hours*

During the diffusion period, there was a temperature

oscillation in the bath with an amplitude of the order of

0.0100 and a period of four or five minutes, The oorres-

ponding variation in the temperature of the sample tubes

in the box could be expected to be considerably less. There

was also a slow drift in temperature, of irregular period,

with an amplitude of approximately 0.0400. During the

removal of a sample tube, there was a temperature drop of

-17-



the order of 0.100, Furthermore, on the morning of thO

21st day, after all but one sample tube had been regved,

it was discovered that during the previous night the

thermostat of the auxiliary bath had stuck, resulting In

a rise in temperature of the main bath of about 0,450.

This was corrected over a period of several hours and did

not appear to have introduced any irregularity in the final

results, The mean value of the bath temperatu" was about

69.500.•

The sample tubes were removed from the bath, one at a

time, at the end of 4, 12, 20 and 28 days. In removing a

sample, the procedure was as follows: With the sample

tube kept in its vertical orientation, the middle part,

i.e., the nickel sleeve, was at once plunged into a dry

ice and alcohol mixture in order to freeze the liquid at

the junotion of the two halves before any appreciable mixing

occurred there*

After all the sample tubes had been taken out of the

bath the two halves of each tube were separated. The con-

tents of each half were thoroughly mixed and were analyzed

for the light constituent on the mass speotrosoope. Fr=

the results of the analyses, the diffusion coefficient was

calculated, as will be described later.

If a substance diffuses in a long narrow tube of

uniform cross-section, the differential equation governing

-18-



the diffusion prooess is given by

,at a X2 (0Q<x <a), (1)

where is the ooncentration of the substanoe at the

time t and at a distanoe . from one end, D is the

diffusion coefficient, and £ is the length of the tube.

If the tube is closed at both ends, since the diffusion

ourrent is proportional to mom! 9 we have as boundary

conditions

'a 0 m 0 ( x a 0, a) .

Let us suppose that initially (t - 0)

c-c10  (o~x(z, -a  c-c 2
° (-"(z~a) ,

0 O0 K< x0 1 L
12 2 2

where o0 and o0 are constants, and o0 > a Then the

solution can be expressed in the form

o . 10 0)201'

+ " (o. 02)

nodd

nir n2 V 2 Dtsin a coo

-19-
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Let us denote by 7, and 16g the mean values of A OVer

the two halves of the tube,

odx , 02 " a adx 0 (5)- 2 0

By using (4), one finds that

1271 2 (01°* 020) +

+ r2 (10 - 020)

,odd

1 n2 1r 2 Dt
2 * a 2

and

_ _ o 02)02" 2 0 + 2)+

n2 1 V2 Dt2 a2

n
nodd

so that

2 2 ( 1° + 02 ° ) - 5

If we write

-20-
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" e 0a 0 02 0 1-Q"3. . o - ,(8)

it follows that

-si ao -2 n2 1•2

nodd

If t, is sufficiently large so that one can negleot

all but the first term in the series of Eq (9), which will

be the case if, say D . 0.04, or larger, then one cana

solve this equation for D, obtaining

a2  8 & 0.D-I2-.In (- 8m A*o) (10)

whioh will be valid provided n1 -- 2, or larger.AG

3. DAta and Results

The average effective length of a sample tube (corres-

ponding to a in the preceding section) was 24.4 1 0.5 am*,

the estimated uncertainty taking account of the tapering of

the bore near the crimped ends* The analyses of the con-

centrations initially and at various times are given in

Table I, in the form of . By means of gq, (10), D
0

was calculated for t w 12, 20, and 28 days; this equation
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was not valid for the case t - 4 days, The results are

included in Table 1, which also indicates the uncertainties

in various quantities due to uncertainties in the analy*se,

The final result is taken as

D - (190 _t 0.13) l0"-5 o 2 /seo. (11)

In order to show the relation between the calculated

and the measured values, in general, and for the case

t - 4 days, whioh we have thus far not used, in particular,

Fig. 1 presents a graph of 4 vs. t, as oaloulated from
0

Rq. (9), using the value (11) for D, as well as the eoz *

responding experimental points, represented by the 's,

The agreement between the experimental points and the eurve,

as calculated with a suitable choice of the oe constant a,

appears to be satisfactory.

4. Disouggl0g

It is obvious that the value of the diffusion o-

efficient as obtained in the present work, if it is in

error, is more likely to be too high rather than too low*

For if any disturbing factor were present that tended to

bring about mixing, its effect on the concentration distri-

bution would be more or less equivalent to that of an

increase in the rate of diffusion, To be sure, the experi-

mental conditions were intended to eliminate# or at least

reduce, such disturbances, but one cannot be sure to what
-.22-o



extent success in this matter was achieved. However, it

such disturbanoes were present in the experiment, they

must have been small, since the Value of the coeffiloent

obtained was small, and hence would be expected to depend

strongly on the experimental conditions$ so that changse

in these conditions should lead to marked changes in the

final results. Now, before the work described here was

carried out, some preliminary experiments had been r 0n

based on the same principle but involving a number of

differences in apparatus and procedure, The preliminar

experiments will not be doscribed here, but the important

faot is that final value for the diffusion coefficienit ob-

tained in those experiments turned out to agree with that

of the present work to within about the estimated experimental

error. This is a good indication that the measured value

is that of the true diffusion ocefficient.

It is interesting to note that Cohen2, using an approxi-

mate formula for the diffusion coeffioient of a liquid given

by Powell, Roseveare and Eyring3 , predioted a value of about

5 x, 105 cm2/seo. According to the present measurements, the

value at 69.500 turns out to be smaller, but the order of

the magnitude is that predicted by Cohen. At the tempera-

tures in the working space of a column, the mean value should

be considerably higher.

lo W.J.o0. Orr and X.A.. Butler, ;.Chem.Soc,, 1273 (1935).

2., Karl Cohen, Oolumbia Report No. A-531, Feb., 1945.
3. R.E. Powell, V.E. Roseveare, and H. yring, Ind.JUg.

Chem* 33, 430 (1941). 0234



TABII I

Analysis,

A ol

0.577 .010
0.453 I .oo8

0.335 _ ,oo6

0.283 1 .004

0.211 t .004

D°10 5

(crri2/sec

1,95 1 .17
1.76 ;, .11

1.99 .10 0

-24-
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V. CORROSION OF NICEL BY URANM BEXALUOID1 AT
LVATED TWERATURES

In order to determine the rate of corrosion by U76

at elevated temperatures -- obviously of great importaneo

in column work -- the following experiment was carried

out:

Three nickel strips were eaoh washed with carbon

tetraoblorlde, dried, and weighed* The strips were sealed

inside a welded nickel container. The container and the

strips were then subjected to treatment with fluorine at

37500 for two hours. Uranium hexafluoride of sufficient

quantity (1-1/2 lbs.) to give a density of 1 ga/om3 was

distilled into the container, which was then heated for

one hour at 37500, the pressure in the container being

therefore about 1500 lb/in2. The UF 6 was then distilled

out and fluorine was again passed through for an hour at

37500, The container was cooled and its contents washed

with H20, NH 4 OH, H01 and H20, This was done for the purpose

of removing uranyl fluoride formed by reaction Of i16 with

nickel oxide produced during the welding process. The con-

tainer and its contents were dried, and fluorine was again

passed through for an hour at 375 0. Sufficient U 6 was

again distilled in to give a density of 1 gm/am3. The

container and its contents were then maintained at a
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temperature of 3500 for seven days, At the end ot that

time, the U16 was removed by distillation and the niokel

oontainer was out apart. Examination of the container and

the strips showed no loose uranium oompound of an kind,

either on the strips or in the container. The strips nere

found to show gains in weight of 0 e, I ag, and 4 me, Three

other strips, treated in the same way, exoept that they were

subjected only one day to F6 at 35000 showed losses in

ueight of 15 ag, 12 mg, and 10 mg. On this basis, the

effect of running for six days at 3500 is an average in.

crease in weight of 14 mg per strip* since the exposed

surface area of each strip was about 1/3 sq.f%,, the ob-

served gain in weight represents 7 Mg day sq.ft

Subsequently the experiment was repeated with other

strips, the changes in weights for strips exposed to U76

at 35000 for various periods being given in the following

table. It should be emphasized that the data refer to

different strips out out of the same piece of nickel sheeot

1 day 2 days 7 days 35 days

-9mg 2mg + 4 mg -5m9

-15 0 +1.0 -6

-13 -15 0 + 13

+ 12

Average -12 mg -4.*3 mg + 1,7 mg + 3.5 mg
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It appeared from the data that after two days there

was little change in weight. Since the area of each

strip was about 1/3 sqft., the corrosion rate must have

been less than 2 mg. sq.ft,, and probably loss than 1 mg

sq.ft, per day.

Siaoe the nickel in the above experiments was exposed

to the UP6 at a temperature appreciably higher than that

to be found in a column, it was concluded that the rate of

corrosion of niakel in a column woUld be too small to haye

any practical sigaificance.
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CAPTIONS

Appendix

X-ray photographs of a tube eontaining " 6 at tempera-

tures approaohing critioal. Year the critical point

the density of the gas phase approaehes that of the

liquid, Critical temperature of Ut 6 lies between 232.4td

and 232.800.

rigure 2

Pressure temperature curve for U?6 at various densities.

Gauge pressure is plotted against Oentigrade tempera-

ture.

Orthobaric density of UF6 * Straight line represents

average of liquid and vapor densities. Interseotion of

line with curve gives an easy way of determining the

oritical density.

F1igure 4
Pressure-density curves for UF6.

Figure 5

Diffusion which occurs when two liquid UF6 samples of

different U-235 concentration are connected together.

AO is the difference in concentration of the two samples.

eae



TEMP. 226,60 C

TEMP. 229.90C

TEMP. 231 .4I0C

TEMP. 232,'40C

TEMP. 232.80C

ApFeokml ' A-91-1



0

(0

10
fle.

0

0
c\'

0ow

C'Ji

0
(0

0

*TISid - 38nfSS38d

Appto~fnc/a f'-q



280

260

240

220

200

o 180

°I 160

140

120

100 1.5
gm/cm 3

ORTHOBARIC DENSITY



3.0 2.7 2.4 2.1 1.8 1.5 1.2
DENSITY- gm/cma

0.9 0.6 0.3

A ,pe~olA

W

U)

a_

01
3.3



BIBLOGRAPHY, 1940 - 1946

Bardeen, Phy.Rev. 57, 35 (1940); 58, 94 (1940),

Br aley, Phy.Rev. 56, 359 (1940); Science 92, 427 (1940).

Brod ky# Aota. Phyalooohim. U.R.S.S. 13, 294 (1944)1 17,
224 (1942)o

Brown, Phy.Rev. 57, 242 (1940); 48, 661 (1940).

Cacoiapuoti, Nuova olmento (9) 1, 126 (1943).

oarr, Phy.Rev, 61, 726 (1942); Z.,hem.Phys. 12, 349 (1944).

Chapman Nature 146, 431 (1940)# Pro.Roy.Soo*Lon. 177,
38 (1940); 

1

-and Cowling, Pro.Roy.Soc.Lon. 179, 159 (1941).

Clusius and Piokel Zeit.f. phys.ohem. 848, 50 (1940);
Katurwiss. 26, 461, 711 (1940).
-, Kalech, and WIaldmann, Z.f.phy.ohem. A189, 131 (1941).
- and Kowalski, Qhem.Fabrik. 1940, 304; Zeitf,
Elektroohem. 47, 819 (1941).
- and Waldmann, Naturwiss. 30, 711 (1942).

Farber and Libby, J.Chom.Phy. 8, 965 (1940).

Flieshman, PhysZeits. 41, 14 (1940).

Fournier, oamp. rend. 215, 529 (1942); J. physoradiwa (8)
5, 11, 45 (1944); 6, 104 (1945) .

Frankel, Phy.Rev. 57, 661 (1940).

Furry, ?hy.Rev, 61, 388 (1942)*
- and Jones, Phy.Rev. 57, 561 (1940)) 69, 459 (1946).

Furth, Pro.Roy.Soo.Lon. 179, 461 (1942),

Gillespie and Brook, J.Ohemo Phy. 9, 370 (1941).

Orew, Fro.Roy.Soo.Lon. A178, 390 (1941); Nature 150. 320
(1942); 156, 267 (1945); Phil-mag. 35, 30 (1944)

Groot, Physioa 9, 699, 801 (1942).
-, Gorter, and Hoogenstraaten, Physica 9* 923 (1942)110, 81s (1943)o

-1-



Gurevich, . Exptl. Theort. Phys. U,SS.R. 14, 1, 60, 121 (1944)

Harrison, Proc.Roy.Soo.,Lon. 181, 93 (1942)0

Heath, Ibbs, and Wild, ProdRoy.Soo.Lon. A178, 380 (1941),

Hellund, Phy.fev. 57, 319, 3e8 (1940); 58, 737, 743 (1940).

Hiby and Wirtz, Phys.Zelts. 41, 77 (1940); 44, 369 (1943)o

Hirota Bu11.OhemSoo.Japen 16 2, 274 (1941), J.Ohew,
AooJapan 62, 392, 480 Ug ).

Hveding, Tide, KCJmi Bergresen Metallargi 1, 110 (1941).

rensen, Angew.Chem, 54. 405 (1941).

Jones, PhyRev. 58, 113 (1940); 49, 688, 1019 (1941).
" and Furry, PhydRev. 57, 457 (1940).

Icathari and lX, IM.J.z Phy. 17, 103 (1943).

Kendall, Nature 150, 136 (1942).

Kitagawa, J.Ohem.Soo.Japan 61, 1293 (1940).
a and Wako, 1OChem#Soo.Japan 62, 100 (1941).

Korsohing, Naturwiss 31, 348 (1943).
- and Wirtz, Ber.DtsohOhem.Gea. 73, 248 (1940).

Krasny -rgen, Phy.fRev 58, 1078 (1940).

Leaf and Wall# JPhy.Ohem. 46, 8z0 (1942),

Martin and Kuhm, Z, phy.Ohem. A189, 219 (1941).

Meisner, Ann.d. Physik. 39, 333 (1941).

Murin, Uspekhi Khim. 10 671 (1941); 0Cmt.rend,aead.soi
URSS. 41, 29:1 11943) ;-42, 386(144); DOkiady
Akad.Nauk. S.S.R. 42, 400 1944).
., Alkhazov and Ratner, Bull.Acad.Soi. UR.S.8.,
Class e soi.ohim. 1943, 3-7.

Ster, Phy.Rev. 57, 40, 448, 458 (1 401.
- and Bardeen, X. Chem.Phy. , 690 (1941).

Styogi, Soience and Culture 7, 567 (1942).

Onsager, Phy.Rev. 57, 562 (1940).

-02 d



Pollard ard Wataon, PhyRev. 58, 12 (1940).

Riehl, Z. Ilektroohem. 49, 306 (1943).
Sahmahl and Sohewo, Z. Eleotroohem. 46, 203 (1940),

Seaborg, Wahl, and Kennedy, 3.chem,Phy. 8, 639 (1940),

Shrader, Phy.*ev. 69, 439 (1946),

simon, Phy.Rev. 6o, 173 (194); -61, 388 (1942).

Spioer, .0hem.Ed. 22, 593 (1945)o

Steinwedel, Die Chemie 55, 152 (1942).

8tetter, Oesterr.Ohem. -Ztg. 45, 130 (1942).

Stier, Phy.Rev. 61, 740 (1942)1 62, 548 (1942)o

Taylor RevS3oi#Inst 15, 1 (1944)
and lookler, J. Chem.Phy. 6. 843 (1940).
and Ritohie, Nature 145, 670 (1940).

Urey, Wash.Aoad.SOI.J, 30, 277 (1940); :,AppPhy, 120 270 (1941),

Waldmann Z. Physik 121, 501 (1943); Naturwiss* 31, 204
(1§43); 32, 222, 223 (1944).

Wall and Holley, J.Ohem.Phy. 8, 348, 949 (1940).

Watson, PhyHev. 57, 562, 899 (1940).
%, 3imono and Yloernlsy, Phy.Rev 62, 558 (1942).
W, and Woernley, Vhy.Rev. 63, 161, 220 (1943).

Weber, Physica 8, 113 (1941).

Welles, Phy.Rev. 59, 920 (1941).

Westhaver and Brewer, J.Chem.Phy. 8, 314 (1940).

Wirtz, Z. Physik 118, 510 (1941); Naturwiss. 31, 349, 415
(1943); PhyisZeit. 44, 221 (1943).

-3--


