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A B S T R A C T 

The technical feasibility of accomplishing the separation of the principal 
potassium iRot.opes K-39 and K-41 on a large scale by the molecular dis
tillation of potassium metal has been established. Following preliminary 
tests, a 10-stage experimental molecular still was designed, constructed, 
and operated to locate the optimum operating temperature and to investi
gate the effect on the separation factor of several process variables. 
The experiment was successful and led to the design and construction of 
a 15-stage Prototype cascade unit for operation at the optimum evaporating 
temperature of 270°C. This equipment is now in operation. Conceptual 
design of a molecular distillation cascade to produce one ton per year 
of potassium enriched to 99·93% K-39 has been completed; analysis of the 
cascade construction and annual operating costs leads to an estimateu 
unit cost of product of about $420/lb. Economic effects of operating 
this cascade at other K-41 depletion factors and other production rates 
are discussed. 
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THE SEPARATION OF POTASSIUM ISOTOPES BY MOLECULAR DISTILLATION 

INTRODUCTION 

Metallic potassium has a number of desirable properties which recommend 
its use as a nuclear reactor coolant and/or working fluid; these proper
ties have been thoroughly discussed in reactor literature. One undesir
able property associated with such use of normal potassium metal, however, 
involves the neutron capture of the naturally occurring isotope of mass 41, 
converting it to gamma-emitting K-42. Although this latter isotope decays 
with a 12.47-hr. half-life, its presence neverthelP.ss requires additional 
shielding during reactor operation and after shutdown necessitates a 
longer cooling-off period before maintenance can be performed. Especially 
in the case of compact nuclear reactors, where weight and personnel prox
imity to the reactor are important factors, a considerable advantage could 
be realized by reducing the concentration of K-41 in the potassium coolant 
by a factor of about 100. Normal potassium contains about 6.9 atom per 
cent of thiR isotope, the remainder being predominantly K-39 (see Appendix 
A). 

An examination was made of isotope separation processes which might be 
applied to this task. Since no stable, volatile compounds of potassium 
exist which would permit the use of a conventional gas phase isotope 
separation process, the survey was restricted to those processes which 
involve a liquid phase, such as chemical exchange, ion exchange, electro
migration, and molecular distillation. The chemical exchange process in
volving an isotopic exchange between potassium amale;am and aqueous 
potassium hydroxide solution was originally thought to be promising, but 
experimental work indicated that a much smaller ;:;eparation factor waD 
attainable than had been anticipated on the basis of published data. The 
ion exchange and electromigration processes were not expected to be 
attractive because of their inherently low throughput capacity and high 
holdup re!]_lJj.rement:;;, resulting in a prohibitively long cascade equilibrium 
time before any of the desired product could be withdrawn; calculationEJ 
based on available electromigration data verified this. The molecular 
distillation process, however, appeared very promising, especially in 
view of the sur.r.P.ssful application of this technique at ORGDP to the 
separation of the lithium isotopes (6, 7). 

A preliminary estimat.P. was made at ORGDP of the construction and operating 
costs of a molecular distillation cascade sized to produce one tuu per 
year of potassium enriched to 99.93% K- 39. In preparing this estimate, 
assumptions were necessarily made of the fraction of the theoretical stage 
separation factor which would be attained in a cascade. In the absence 
of experimental data, these were based on experience with the lithium dis
tillations. When these preliminary estimates w·ere presented to the AEC 
Division of Reactor Development, they were considered sufficiently en
couraging to prompt authorization of a project on the separation of 
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potassium isotopes by molecular distillation. This project was under
taken jointly by the Technical, Engineering, and Operations Analysis 
Divisions of ORGDP and had as its goal the establishment of the technical 
feasibility and the economic evaluation of the large scale separation of 
potassium isotopes by the molecular distillation process. Establishment 
of process feasibility was interpreted as involving the following areas 
of effort: 

1. Design, construction, and operation of experiffiental molecular 
distillation equipment for the purpose of evaluating the effects 
of operation parameters on the separative efficiency and to pro
vide adequate bases for estimating the cost and reliability of 
such equipment .. It·will be recognized that the closer such ex
perimental equipment approximates production scale equipment 
the more thoroughly one can identify troublesome areas in fab- . 
rication or operation. 

2. Analysis of the separation and cost data for the purpose of 
establishing the optimum operating conditions, i.e., those which 
lead to the minimum unit cost of product. With these data, it 
is then possible to specify the process equipment necessCl,rY _to 
accomp+,:i.:?h the~desired.::sepC:irative-work":'=--=~~--=-- ~-=-=c..--=-~-'--------- -------

3. Design, construction, and operation of prototype process equipment 
for the purpose of further refining cost estimation data and pro
viding operational experience with proposed cascade equipment. 

4. Conceptual design. and cost estimation of a complete cascade to 
accomplish the .specified separation task. From these data a 
more refined estimate of the unit cost of product can be 
specified. 

The present report details the results of studies made in these areas 
during the period from September, 1)63, to September, 1965. 
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SUMMARY 

TECHNICAL FEASIBILITY 

The technical feasibi~ity of carrying out the separation of potassium 
isotopes on a large scale by molecular distillation of the metal has been 
established. Small scale experiments verified that the predicted enrich
ment of K-39 in the condensate under molecular distillation conditions 
did actually occur, while construction and operation of a test stage was 
used to establish design criteria for a multistage experiment. In this 
experiment, Modex, ten molecular distillation stages were constructed in 
two trays with all interstage flows produced by gravity. The experiment 
was designed to determine the variation of stage separation factor ,.,i th 
evaporating temperature, since these data are essential in determining 
an optimum operating temperature and in sizing proposed cascade equipment 
for specified separative tasks. 

The Modex experiment was highly successful. Flow and separation data were 
ob~ained over the temperature range 222° to 296°C., indicating tl!at max
imum separative capacity would be obtained at 283°C. with a stage sepa
ration factor, "1!1, of 0.0166. Combination of these data ·with power and 
equipment cost factors, however, showed that operation at 270°C. with a 
"~!~-value of 0.0183 would result in the minimum unit cost of product. Other 
experiments conducted with the Modex still showed that the process was 
easily controlled, since the separation factor was not extremely sensitive 
to such operating parameters as residual inert gas pressure, balance of 
interstage flows, or the potassium condenser temperature. Runs were also 
conducted in which normal potassium was fed to the system and product and 
reject streams withdrawn at rates commensurate with the production of up 
to 2 tons per year of enriched K-39· As far as can be determined, this 
was the first instance in which a molecular still for isotope separation 
was operated with feed and withdrawal streams. The oxide content of metal 
which had been refluxed in the still about 6 months had not increased 
from that of the metal originally charged. 

The operation of the Modex still also showed that the·concept of the multi
stage tray could be realized in practice and that the design used was 
sound. In spite of the high reactivity of potassium.metal and flammability 
of the xylene evaporative coolant, the experimental work, including some 
maintenance work on trays containing molten potassium, was all conducted 
without incident. 

Using the sepe:u·ation-tcmperature c'lata from the Modex experiments, it was 
determined that a molecular distillation cascade could be constructed. Lo 
produ~e one ton per year of potassium enriched to 99-93% K-39· Such a 
cascade would require 525 stages, each of 2.1-sq.ft. evaporating area, 
operating at 270°C. Feed to the cascade would be about 2 tons per year 
and power consumption would be about 3.6 Mw. It is estimated that the 
Lime required from the initiation of cascade design until the withdrawal 
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of the first product level material would be about 36 months. About 5 
months equilibrium time is involved in this estimate. 

~edesign of the multistage tray was next completed to the take advantage 
of the optimized evaporating temperature and stage area. The Prototype 
cascade tray contained 15 stages arranged in a 3-by-5 array and was con
siderably simplified in construction and function from the experimental 
Modex trays. This tray arrangement lends itself well to cascading; the 
conceptual cascade would require 35 of these trays. The Prototype tray 
was constructed using fabrication techniques devised for the Modex trays 
and is being installed in conjunction with the Modex system to constitute 
a 25-stage test facility. Testing of this unit will be completed shortly; 
performance data are to be presented in a subsequent report. 

The 15-stage Prototype tray was next used as a basis for the conceptual 
design of a molecular distillation cascade, which was then examined with 
respect to construction and operating costs to establish an estimated 
unit cost of the product. Cascade construction and operation do not 
appear to involve any unusual problems. 

In the course of constructing t.h'i ~1odcx ru1d F.t·ut;u·tYr>e stills, valuable 
experience has been accumulated on techniques of fabrication and in
stallation of this type of molecular distillation equipment. In addition, 
the opera~ion of these stills has provided an opportunity to develop pro
cedures for conducting the routine phases of still operation and for 
handling emergency situations which can arise. 

ECONOMIC FACTORS 
=.;:.~;,;;.;;:. . .... -

Studies have also been conducted on the economic factors involved in the 
molecular distillation process. These studies included: 

1. Cost estimation for construction of the 525-stage cascade for the 
production of one ton per year of 99-93% K-39. These estimates 
indicate that the cascade could be built at a cost of $2,720,000, 
which includes operation for the first 4.6 months to establish the 
isotopic gradient. 

2. Estimation of the unit cost of 99-93% K-39 product from this 
facility, assuming a 10-year amortization period for the cascade 
and annual operating costs applicable to the ORGDP area. A unit 
value of $420/lb. was obtained. 

3. Estimation of the production rate and unit cost of product for 
the operation of the facility at K~4l depletion factors lower 
than the factor of 100 for which the cascade was designed. Curves 
have been prepared presenting this information. 

4. Estimation of the unit cost of product at various K-41 depletion 
factors for cascades designed to produce product at rates higher 
than one ton per year; curves presenting this information have 
been extended to production rates of 50 tons per year. 
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Whether the unit costs arrived at in these studies establish economic 
feasibility is beyond the scope of this report, inasmuch as it involves 
the value placed on the product in its end use. Since highly enriched 
K-39 would find use as a coolant and/or working fluid in many types of 
nuclear reactors, its value will be dependent upon the specific appli
cation. It may be noted, however, that the very success of certain 
sophisticated reactor concepts is dependent upon the availability of en
riched K-39, and that no other isotope separation process for this task 
is known at this time which could compete economically with the molecular 
distillation method. 
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PROCESS THEORY 

According to the kinetic theory of gases (9), the rate at which gas 
molecules strike each square centimeter of wall of the confining vessel 
is given by the equation 

n N v 
4 

where n collision rate in molecules/sq.cm.-sec. 
N = density of molecules in the gas in molecules/cu.cm. 
v average speed of molecules in cm./sec. 

(1) 

If the term8 N and v are expressed in terms of the more readily measured 
variables of gas pressure, P, and temperature, T, with the assumption that 
the gas is a perfect one, equation 1 may be written in the form 

where N 
R 
M 

= 

n = PN~ 21t~T , 

Avogadro's number 
gas com;tant 
molecular weight of .tpe gas. 

(2) 

Langmuir (8) showed that equation 2 was equally valid for expressing the 
theoretical rate of evaporation of a substance from a square centimeter of 
surface at temperature T where the substance had an equilibrium vapor 
pressure P. This theoretical rate of evaporation can be closely verified 
experimentally if the surface is kept clean and if precautions are observed 
to assure that no molecule leaving the surface is reflected back to the 
surface by intermolecular collisions in the vapor space above it. Measure
ment of the evaporation rate under these conditions is often used to estimate 
the vapor pressure of substances having very high boiling points, e.g., 
refractory metals. 

If the substance being evaporated contains two t;Ypes of molecules, for 
example light and heavy isotopic species, equation 2 leads to two 
evaporation rates whosP ratto at a given temperature will be 

n£ = p£ . {M;. (3) 
~ ph~~ 

Except for the hydrogen isotopes, the equilibrium vapor pressures of most 
pure isotopic species, P£ and Ph, are not significantly different and 
equation 3 reduces to 

a = (4) 

where a is the ideal point separation factor for the evaporation process 
carried out under the conditions de.scribed. Equation 4 expresses the 
theoretical separation factor in terms of the molecular weights of the 
evapoz·ati.ng speciel3. Note that the light component evaporates faster and 
is concentrateu in the distillate. Such distillation processes are called 
molecular distillations. 
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The requirements which will lead to securing the largest possible fraction 
of a in practice may now be interpreted in terms of the equipment design 
and operating conditions. The efficient trapping of escaping molecules 
before intermolecular collisions return some of them to the evaporating 
surface demands a condensing surface closely spaced from the evaporator. 
Ideally, the evaporator-condenser spacing should be small compared to the 
mean free path of the molecules of the distilling substance at its op
erating temperature and vapor pressure. This mean free path may be 
estimated by the kinetic theory and is given by the expression 

where .£ 

k 

= 
= 

.£ = kT 
~ 1{ 02 p 

mean free path in centimeters 

Boltzmann ~onstant, 1.3e x 1o-l6 erg/°K-mole 

T = Absolute temperature in °K. 

P = pressure of the gas in dynes/sq.cm. 

a = collision diameter of the molecules in centimeters. 

(5) 

For the molecular distillation process, the gas pressure P is the vapor 
pressure of the substance, ·and since the vapor pressure increases ex
ponentially with temperature, the mean free path will decrease sharply 
with increasing temperature. Mean free paths calculated from equation 5 
must be used with considerable reservation in molecular distillation 
~esign, since the true equilibrium vapor pressure characteristic of the 
evaporator temperature T is not really obtained in the vapor space between 
the evaporator and condenser, and molecular motion in this space is not 
truly random. The calculations do serve, however, to indicate the order 
of magnitude of the spacing required. 

To aid further in minimizing the munber of detrimental intermolecular 
collisions in the short path from evaporating to condensing surface, 
foreign gases must be excluded by conducting the distillation under vacuum 
conditions and the condenser must be operated at a temperature low enough 
that re-evaporation of condensate is insignificant. Thj_s nor.mally requires 
a condenser temperature about 100°C. cooler than the evaporator. It is also 
desirable that the ratio of condenser area to evaporator area be as large 
as possible (1), consistent with other process requirements. Equation 2 
may be divided by Avogadro's number , N, to obtain the theoretical 
evaporatiop rate in gram moles/sq.cm.-sec. If the heat of vaporization 
of the substance is known, this quantity allows calculating the ideal 
process heat requirement per unit area as a function of temperature. 

Figure 1 summarizes the variation of three important molecular dis
tillation design variables with evaporating temperature, viz., rate of 
evaporation, power required, and the mean free path, all calculated for 
the vaporization of potassium metal. The vapor pressure equation for 
molten potassium as well as other numerical data used in the calculations 
are summarized in Appendix A. 
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The temperature range shown in figure 1 is one over which molecular stills 
for the separation of potassium isotopes might assume practical sizes and 
shapes, since, as will be pointed out, the dimensions of such stills change 
markedly with the ope-rating temperature. It is clearly impractical to 
consider evaporator to condenser spacings comparable in size to some of 
the calculated mean free paths shown in figure 1; a more practical approach 
would be to fix this spacing at some reasonable value which could be 
achieved in a large scale still and to determine experimentally the change 
of separation factor with temperature. In such an arrangement, the 
separation factor must decrease with increasing temperature since the 
fixed spacing permits more of the detrimental intermolecular collisions 
as higher temperatures are attained. Thus, a fixed spacing of 0.75 inch 
would represent only about one mean free path at 200°C., but about 150 
times the mean free path at 350°C. 

While this consideration recommends operating such a still at very low 
temperatures in order to obtain a good separation factor, there is another 
compensating factor shown in figure 1, viz., the evaporation rate. Since 
the still must produce enriched product at a finite rate, there must be 
sufficient interstage flow of potassium to sustain the required net upflow 
of light product. Th:i,s reQlli rPmPnt r.sn be met at low Lemperatures, ~ say 
below 200°C., only by resorting to stages which have large areas, since 
the evaporation rate per unit area is low. At the other extreme, a high 
temperature stage operating at about 350°C. could well be of very small 

·size to achieve useful interstage flow, though the separation obtained per 
stage would be low because a physically practical evaporator-condenser 
spacing would allow many intermolecular collisions. Another restriction 
met at high temperatures is implied by the curve showing t)le power density 
in kilowatts/sq.ft. required to sustain given evaporating temperatures. 
These power density levels become prohibitively large at temperatures 
over 350°C. for most materials of construction. 

Figure 1 thus illustrates one of the major problems which was to be solved 
experimentally - that of fixing the optimum operating temperature so that 
a separation cascade could be designed for the most efficient operation. 
As just described, the number of stages in a cascade, the area of each 
stage, and the power consumption are all strongly dependent upon this op
erating temperature. 

From equation 4 the theoretical maximum point separation factor for the 
separation of the potassium isotopes of masses 39 and 41 can be cal
culated: 

a: = 1.0253. (6) 

Even if this factor could be attained experimentally, it is apparent that 
a cascade of many stages would be required to enrich natural potassium 
containing 93.1% K-39 to the desired product containing 99-93% K-39. 
While it is beyond the scope of this report to discuss the theory of cas
cades, several terms will repeatedly arise in discussing the experimental 
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data which may require definition. A complete treatment of the theory is 
presented elsewhere (2). 

Each stage of a molecular distillation cascade accepts a feed stream of 
potassium from neighboring stages and by the distillation process divides 
it into a product stream of distillate slightly enriched in K-39 and a 
reject stream slightly depleted in K-39· The concentration of K-39 in 
e,ach stream depends on the average separation factor achieved by the stage 
and on the fraction of the feed stream which has been vaporized in passing 
through the stage. This latter fraction when expressed on a molar basis 
is termed the cut of the stage and is usually designated by Q. 

It is the purpose of the cascade to route the product and reject streams 
from each stage, combining them to form feed streams such that the en
riched K-39 streams are continuously moved from stage to stage toward the 
product withdrawal end or top of the cascade and the depleted K-39 streams 
move toward the reject end or.bottom of the cascade. To accomplish this 
task, the cascade .must mix streams, the feed stream to a given stage being 
a mixture of a product stream from a stage lower in the cascade and a 
reject stream from a stage higher in the cascade. One of the properties 
of an ideal cascade is that streams of different concentrations are never 
.mixed, since this would undo some of the separative work already per-, 
formed. While it is not practical to construct a perfectly ideal cascade, 
real cascades are built to approximate them closely. It can be shown that 
if the separation factor is near unity, as it is-for most isotope sepa
ration processes, a cut of one-half at each stage will closely approximate 
the no-mixing requirement for adjacent stages of the cascade. Since the 
product and reject streams from each stage are equal in .magnitude, the 
cascade is readily assembled as shown in figure 2. Values of the stage 
cut other than one-half .may be used in ideal cascades by feeding a stage 
with streams from non-adjacent stages, but these cascades are .more 
difficult to construct and control and offer no advantages in separation. 

Equation 4 yields a point separation factor for the molecular distillation 
process, i.e., it expresses the ideal ratio of .mole ratios of isotopes in 
the distillate and liquid residue for each point on the evaporating 
surface: 

c39) 
c41 Distillate (7) a = 

(c39) 
c41 Residue 

This factor could be measured for a stage, however, only if the amount of 
distillate were infinitesimal., i.e .. • the cut approaching zero. For a 
cascade stage with a finite cut value, the two concentrations which are 
important and measurable are those of the product and reject streams. As 
the feed stream flows through an ideal stage and is partially evaporated, 
it becomes progressively depleted in K-39 until the residue is finally 
discharged as the reject stream. While equation 7 gives the ratio of 
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isotopic ratios at each point along the flow path, it does not apply to 
the actual concentrations in the two streams leaving the stage. The 
corresponding ratio can be calculated for the overall stage by applying 
to a a cut correction factor: 

it = (a - 1) 
r 1 
1-l Q 

where it is a stage separation factor: 

(~) Product Stream 

(~3419) 
Reject Stream 

- 1 

(8) 

(9) 

The bracketed quantity in equation 8, the cut correction factor, represents 
a multiplier greater than unity for all values of Q > 0; actual values are 
plotted in figure 3. It is apparent, therefore, that the degree of sepa
ration performed by a properly designed cascade stage will exceed that 
calculated by equation 4 for any single point within the stage. For a 
cut of one-half, equation 8 shows that 

it = 1.386 (a- 1). (10) 

Note in figure 3 that as Q approaches unity the overall stage separation 
factor becomes much larger; this fact is the basis of high-cut separation 
testing, or Rayleigh distillation, to be discussed later. 

Since evaporation is occurring only from the surface of the molten 
potassium and since K-39 is evaporating at a higher rate than K-41, it is 
apparent that the surface layer can quickly become depleted in K-39 unless 
it i.s replenished by mixing the surface layer with the body of metal 
underneath it by diffusion or by turbulence. If surface depletion of 
K-39 does occur due to poor liquid mixing efficiency, the stage separation 
factor will be reduced below that calculated by equation 10. These losses 
can be minimized by using a relatively shallow depth of metal ana by 
elimir1ating 3tagnant arc no within the oto.gc. 

The method which is used to determine the optimum operating temperature of 
a molecular distillation cascade can now be outlined. As indicated 
p:reviously, the important quanti ties in the operation of a cascade are 
the stage separation factor it and the interstage flow rate, designated by 
L. From the theory of cascades, it can be shown that the operating con
ditions which minimize the size of a cascade with stages of fixed area 
will maximize the product 

which is directly proportional to the separative capacity of a stage. 
Under these conditions, the power supplied to the cascade performs the 
maximum amount of separative work. 

(11) 
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Both W and L are functions of the evaporating temperature, but while the 
variation of L with temperature can be estimated by the Langmuir equation 
(see figure 1), the variation of Wwith temperature is not known. Two 
experimental approaches are possible: 

1. Construct a single stage molecular still and determine how W 
varies with temperature at total reflux, assuming that L is 
correctly given by the Langmuir equation or measuring L ex
perimentally. 

2. Construct a short cascade containing several stages, measuring 
Wand L directly at various temperatures. 

While the first approach should yield the required data at lower cost, 
several advantages strongly recommend the multistage experimental approach 
in firmly establishing the feasibility of the process. First, the overall 
degree of separation is increased in a multistage distillation, which 
decreases the effect of analytical error and improves the precision of 
the single stage W measurement. This was an important consideration at 
the start of the experimental work, since the precision of mass spectro
metric analyses on potassium by the method available at that time was not 
high. The multistage approach also offers the opportunity of designing 
and testing the operation of cascade scale stages and auxiliary equipment, 
with the result that·the conditions are tested and optimized on the same 
type equipment which would be used in a production facility. The added 
value of obtaining construction and maintenance cost data as well as op
erating experience on such a facility led to the decision to adopt this 
approach to the problem. 

There remains a consideration of the processing of analytical data from a 
multistage experiment to obtain the single stage W value for the test con
ditions. · Equation 9 represents the Fenske relationship for a single stage;. 
for j stages operated at total reflux, the corresponding isotopic ratio 
comparing the product from the j-th stage with the reject from the first 
stage is simply 

Product (12) 

Reject 

The isotopic concentration ratio is obtained directly by mass spectro
metric analyses of the two samples. In logarithmic form, equation 12 is 

log s = j log (w + 1), (13) 

where S represents the ratio of conce~tration ratios in equation 12. If 
the values of log S for various stages of the cascade are plotted as 
functions of the stage number j, a straight line will be obtained whose 
slope is log (w + 1). By measuring S for various stages along the cascade, 
all referred to the first stage reject concentration, and obtaining the 
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slope by least squares treatment, an average value of ~ can be found much 
more accurately than from a single value of S measured from the top to 
bottom stages. 

The intercept of equation 13 is the or1g1n, as it must be if all stages 
are identical. It is possible to operate the bottom stage at total reflux 
in a non-typical fashion which requires a cut correlation to the values of 
S referred to the stage 1 reject concentration. This correction will be 
treated later. 
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PRELIMINARY EXPERIMENTS 

Previous work at ORGDP on the separation of the lithium isotopes by 
molecular distillation of the metal provided valuable background data on 
the potassium process. In particular, the decision was made to adopt the 
same type of design for the lower surface of the condenser section, in 
which the surface is covered with a series of thin metal channels bent 
down at one end. These channels serve to hold the liquid condensate on 
the lower surface of the condenser and to convey it by gravity to one 
edge where it can be collected for transfer to the next higher stage. 
Undesirable reflux within a stage is thereby minimized and the design 
allows use of a much flatter condenser surface than would be possible 
otherwise. Before attempting the design of a multistage distillation 
experiment, however, several problems involved in the design had to be 
solved. These were: 

l. What fraction of the theoretical separation factor of 1.0253 
could be. expected, using an evaporator-condenser spacing of 
practical proportion~ in_ "t;hP. t.Pll!pF?n.tur-c -rang~ of 200° Lu 
.)OOuC.? This influences the choice of the number of stages 
which would be most useful in the experiment. 

2. What set of dimensions for the condenser conveying channels 
would serve the potassium process requirements? From the 
lithium distillation experience it was known that the con
densate surface tension, density, and wetting properties 
affect this choice. 

3. By what technique could the interstage flow of potassium, L, 
be measured or estimated in a multistage assembly? 

To provide answers to these questions, three preliminary experiments 
were carried out. 

RAYLEIGH DISTILLATIONS 

A valuable method of measuring small distillation separation factors is 
tln·ough use of' the Rayleigh technique. Briefly, this involves the use 
of a high cut batch evaporation to increase the overall separation and 
improve the accuracy of measurement. Figure 3 shows that the residue of 
a batch evaporation becomes strongly depleted in the lighter component as 
the evaporation approaches completion, the equivalent of several stages 
of separation being obtainable. 

For the present purpose, Rayleigh distillations were carried out by 
evaporating weighed quantities of potassium at constant temperature under 
vacuum conditions, using a closely spaced condenser, until only a small 
residue remained. The residue was carefully weighed and assayed with 
respect to the original charge assay to determine the separation ratio S. 
The weights of the original charge and small residue then determine the 
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effective cut G, from which the single stage point separation factor a 
is calculated by the Rayleigh equation. This is a form of the cut 
correcting equation adapted to batch evaporation: 

[ 
~ (s + 14) l 

log 15 S j 
(a - 1) = log S (14) 

The constants in equation 14 apply to the case of distillation of normal 
potassium metal only. 

Apparatus. A small Rayleigh still for· molecular distillations was con
structed as shown in figure 4. It consisted of a small, electrically 
heated stainless steel cup with a conical bottom and equipped with a 
thermocouple. The flat condenser plate was spaced about 1 em. above the 
top of the cup and was cooled by circulating ice water. A glass dome 
allowed the assembly to be operated in a vacuum while the progress of the 
evaporation was observed. 

The cup was charged with 11 to 17 g. of pure potassium metal, transferred 
either under vacuum or an inert gas to avoid formation of oxide or hy
droxide scum on the surface. An accurate weight wa.s obtained using an 
analytical balance after removal of a few milligrams for isotopic analysis. 
The still was then assembled in a dry box, evacuated with a diffusion 
pump, heated quickly to the desired test temperature, and the evaporation 
observed until only a small residue remained. The distillate collected 
as a· solid on the condenser. The residue was rapidly cooled and weighed 
with an analytical balance before isotopic analysis. 

Data obtained by this procedure are summarized in figure 5, where point 
separation factors obtained from the Rayleigh equation are shown as a 
function of the evaporation temperature. Bars about the points indicate 
the limits of uncertainty associated with the isotopic analyses; the 
improved precision obtained by a. revised analytical technique described 
in Appendix B is shown here. A maximum temperature of 2e5°C. was attain
able with the electrical heater used in this still. Cut values illustrated 
here varied from 0.950 to 0.~2. As was expected, the separation values 
decreased with increasing temperature, though no well-defined relation 
can be established from these data. With the exception of the single 
point at 285 °C., all of the separations were over 60'/o of the theoretical 
value and every distillation showed enrichment of K-39 in the distillate 
as predicted theoretically. 

These data demonstrate the feasibility of the process for potassium and 
show that an adequate fractio~ of the theoretical separation factor can 

. be attained experimentally. It is not feasible, however, to employ this 
Rayleigh still exclusively to obtain the required variation of separation 
factor with temperature, particularly since the collection of condensate 
as a solid is not representative of the condition which must be met in a 
multistage still. Nor is it practical to redesign the still to simulate 
very many stages of separation, since, as figure 3 shows, this requires 
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values of G very near unity which must be determined with great accuracy. 

WETTING EXPERIMENTS 

The experience with the lithium molecular stills indicated that the design 
of an economical cascade depends strongly on the ability to collect the 
metal condensate from the flat condensing surface completely and convey 
it properly by gravity to the feed point of the next cascade stage. Ex
pensive interstage pumps are unnecessary with this arrangement. As noted 
earlier, these problems were successfully so~ved in the lithium still by 
using channels on the condenser surface which retained the metal by 
surface tension; the channels were curverl down over distillate collection 
troughs and the wetted surface at a lower level provided a force which 
drew the metal off the condenser efficiently. It was proposed to use a 
similar arrangement in the potassium still, bllt since potassium differs 
from lithium considerably both in surface tension and density,experiments 
were indicated to ver1ty that potassium could be collected and transported 
the desired distance with the small liquid head produced by molecular 
distillation. 

Apparatus for conducting these tests was similar to that of the Rayleigh 
distillations, except that a rectangular cup was used to holu the potassium 
and the condensing surface was cooled by a nitrogen gas stream so that 
the condensate 1vould remaln liquid. Wetting tests were conducted by 
suspending small strips of various metals vertically in the potass1um cup 
and observing the meniscus at the contact surface. Channel flmr tests 
were made by constructing model condensers with channels of various depths 
and widths and observing how reflux flow occurred on wetted surfaces. 

The Liquid Metals Handbook (4) suggests a number of metals suitably 
resistant to attack by molten potassium in the temperatll:re range of 
interest, i.e., below 400°C. Stainless steel was given special consider
ation for construction since it is also resistant to atmospheric corrosion 
ut high temperatures, though its poor thermal conductivity poses problems 
of heat transfer. The wetting properties of potassium on a number of 
possible metals of construction were tested as a function of temperature. 
Samples of copper, Aluminum, steel, titanium, nickel, stainless steels, 
and Inconel were examined; all of these meta~s were w-etted lf LlH= Lenrper
ature had been raised to 250°C. or higher. None were wetted in a short 
period of time until they had been conditioned by exposure to potassium 
at th:Ls temperature, but once wetted they retained this property at lov1er 
temperatures. 

It was also found that a flat stainless steel condenser surface, with or 
without conveying channels, would collect condensing potassium in discrete 
droplets unless it had been conditioned at 250°C. or higher. Such drop~ets 
grew until they fell back into the evaporator pool instead of being t.:ou
ducted to one edge of the condenser as desired. When the condenser 
surface was wetted, however, the condensing potassium collected in a 
smooth film which was conducted off the surface by conveying channels. It 
was found that channels about 1/8-inch deep and about 1/2-inch wide spaced 
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on l-inch centers would be adequate to collect and convey the potassium. 
Without channels present, a condenser slope angle of 10° or more was found 
necessary to cause the condensing potassium to flow to one edge. Such a 
large slope is undesirable as it involves an evaporator-condenser spacing 
which is not constant. 

TEST STAGE 

Several design features remained to be resolved. First, it was necessary 
to evaluate methods of estimating the interstage flow of potassium, L. 
It was also highly desirable to know how accurately the theoretical 
evaporation and power curves shown in figure l describe the actual case, 
and to verify the efficiency of the condenser collecting channels on much 
l arger condenser surfaces than those just described. Finally, it was 
necessary to develop an evaporative cooling syst em to maintain the potassium 
condenser at the desired temperature. Air cooling was used in the lithium 
stills, but the low condenser temperatures required for the potassium 
still, 150° to 200°C., do not provide enough temperature differential to 
transfer the heat flux at reasonable air flow rates. To resolve these 
problems, a small test stage was constructed whose design was primarily 
aimed toward testing methods of measuring potassium flow and transporting 
the liquid rather than measuring f:PJIRrR.t.ine; efficiency . 

Construction. The test unit which was designed and construct ed contained 
approximately 2 sq .ft. of evaporating surface; it measured l foot wide and 
2 feet l ong externally . A cross section sketch is shown in figure 6, 
with views of the evaporator and condenser during assembly shown in 
figures 7 and 8 . The evaporator section contained baffles welded to the 
bottom as shown which directed flow of' potassium along a. folded path 
24 feet long and l inch wide. A raised trough ran along the back edge to 
collect condensate drained from the separate condenser surface; the con
densate then flowed by gravity through an external reflux loop of l/2-inch 
tubing and returned to the evaporator at one edge. Lucite-flanged pots 
were providetl at each end of the evaporator section to allow measurement 
of the liquid depth and to permit withdrawing metal samples for isotopic 
analysis . The condenser consisted of a box-like structure which contained 
the evaporative coolant; the bottom sur face shown in figure 8 served as 
the potassium condenser and was suppli ed with conveying channels which 
dropped at one edge to drain the metal into the collecti on trough. The 
2-inch diameter vacuum line is also partly shown in fignre 8 . Evaporator
condenser spacing was l inch in this still . 

Construction of the still was of type 304 stainless steel; an aluminum 
gasket was used to seal the two sections together. Heat was supplied to 
the still by means of flat ceramic furnace forms containing coiled Nichrome 
wire heating elements . A l/2-inch thick aluminum plate was orginally 
placed between the heating el ement and the still bottom in an attempt to 
attain a uniform heating surface next to the stainless steel. The heaters 
were fed from a 2o8-volt 3-¢ circuit eC]_llipped with Powcrstat contr ol s and 
an accurate wattmeter. The still was evacuated by an oil diffusion pump 
with liquid nitrogen cold traps and a Welch 1397-B backing pump. Ion 
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gages were us ed to measure the residual gas pressure in the still. The 
evaporative coolant boiled off the potassium condenser was carri ed through 
a 2- inch diameter vapor line to a 6-inch diameter vertical condenser cooled 
with ci r cul at ing water . The reflux from the coolant condenser passed 
through a f l owmet er and then returned t o the potassium condenser system. 
The evaporative coolant ori ginally used in the condenser was biphenyl, a 
heavy hydrocarbon melting at about 70°C. and boiling at 255°C. Being a 
hydrocarbon, it is unreactive toward potassium and a coolant leak would 
not cause an expl osion . However, the necessity of using heated transfer 
lines to avoid solidification and of operating the biphenyl system at low 
pressure, about 30 torr, to obtain a l 50° -C. boiling point, led t o the re
placement of biphenyl by xylene. Xylene, or dimethylbenzene, is also 
inert toward potassium, is a liquid at r oom t emperature, and the usual 
i someri c mixture boils at about l40°C., so that atmospheric pressure can 
be used in the cool ant syst em . It i s somewhat more flammable than biphenyl, 
but since the coolant system can be closed this is not a serious detriment. 
An electromagnetic flow meter was placed on the l/2-inch potass ium r eflux 
line to measure flow r ates . This meter empl oyed a nominal 8250- gauss 
permanent magnet. The entire still assembly be f or e insulation is shown in 
figure 9. 

'l'he unit was equipped to correl at e four factors with the temperature of 
operation, vi z . , the power input, the reflux rate of the evaporative 
cool ant, the r eflux rate or boilup rate of the potass ium, and the pressure 
head of liqui d metal across the 24- foot path in the evaporator caus ed by 
the potassium evaporation . Metal sampl es could also be withdrawn from 
the still for analysis, though this was not a primary objective of its 
operation . 

Operation . The still was charged to a depth of about 0 . 25 inch with hi gh 
purity potassium obtained from MSA Research Corp. With an atmosphere of 
ar gon t o suppress evapor ation of the potassium, a power level of l ess than 
300 watts was requireu to sustain a 250°C . temperature. The system was 
then pumped to a residual gas pressure of about 2 x lo-6 torr and the 
power input increased as evaporation of the potassium began . Data were 
taken at a number of different power input l evels, recording the xylene 
cool ant reflux rate and the reflux rat e uf potassium as indicat ed by the 
el ectromagnetic f l owmeter . At each power level temperature surveys wer e 
made of the evaporating pool of metal with a thermocoupl e probe and metal 
depth measurements were made with probes through vacuum locks on the pots 
at each end of the evaporator . 

These data quickly indicated that several modifications woul d be needed. 
Temperature distributions over the metal pool were poor, and examination 
showed that the aluminum heat distributor plate had warped sufficiently t o 
make poor contact with the still bottom . Much improvement was noted when 
thi s plate was r emoved and the heat ing elements clamped directly to the 
base plate of the evaporator. 

Flow data from the el ectromagnet i c f l owmeter also indicated a defect . A 
s i gnal of about 6o~v could be obtained at 2 kw . power input to the still, 
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but the s i gnal did not change at higher power levels. It appeared that 
the liquid head of 0 . 5-inch of potassium was not suffici ent to force more 
than about 70 cc ./min. potassium through the r eflux line ; excess distillat e 
above this rate was appar ently accumul ating in the collection trough and 
overflowing within the still. To correct thi s effect , a new r eflux line 
was construct ed containing a thermal pump or thermal siphon in addition to 
the el ectromagnet i c f l owmeter stubs . The thermal pump is essentially a 
U- tube, one l eg of which is heated, the other cool ed . The diff er ence in 
dens ity of potassium at the two temperatures generates a small but useful 
additional head of liquid metal. This unit can also funct i on as a thermal 
f l owmet er i f it i s well insul ated and measur ement s are made of the power 
input to the heated leg and the corresponding t emper ature differential 
generat ed . A check of the potassium reflux r at e is thus obtained in
dependently of the el ectromagnetic flowmeter . 

The new r efl ux r eturn line was install ed with compress i on fittings while 
the r emainder of the still was f illed with potassium . On cl eaning up the 
ol d line, a l oose sampling tip which was being tested for r emoval of 
isot opi c sampl es was found in the l evel pot . Had this tip been lodged 
ac r oss the r eflux line opening t o the pot , it woul d have produced the f l ow 
restriction noted. 

Final runs were made on the modified unit at el ectrical power input r ates 
to 12 kw . for extended periods and fo r a short period at 14 kw. Measure 
menus were made at each power level of the xyl ene r eflux rate, the el ectro
magnetic flowmeter output, and the temperature differ ential and heat input 
data for the thermal pump. It was possible at all power input l evels tn 
adjust the thermR 1 p1.mp until th.::: el ec Lromagnetic flowmeter began to show 
a cyclic flow pattern, indi cating that the siphon was dr aining the di s 
tillat e collection trough compl etely. Under such conditions , all of the 
potassium carri ed into this trough by the potassium condenser shoul d have 
been measured by the two f l owmet er s . 

The data obtained in these runs ar e summarized in figures 10 and ll. 
These figures do not include some fragmentary data t aken at the 14-kw. 
power l evel. Operation of the unit was satisfactory at thi s power l evel, 
but s11stained operation could not be r ealized because of overl oading of 
the building power distribution circuit used to supply the heating el ements . 

Fi gure 10 illustrates the correl at i on of el ectri cal power input with the 
measured xyl ene r efl ux rat e which has been convert ed into equival ent kilo
watts of power by use of the mean heat of vaporization of xyl ene . The 
deviations at high power input r at es apparently indicat e great er than 
100% power effi ciency, but are actually due to some entrainment of liquid 
xylene in the vapor stream. This eff ect is insignificant at low boiling 
rates, but becomes more serious at high power dissipation rates. Design 
of the condenser system for the multistage unit was made to reduce these 
entrainment effects . 

Figure ll illustrat es the correl ation between the el ectrical power input 
and the reflux flow of potassium, again expr essed in equivalent kilowatts 
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absorbed in vaporization, as measured by the electromagnetic flowmeter 
and by the thermal pump operating as a thermal flowmeter. These points 
indicate a satisfactory relationship between the amount of potassium 
evaporated, i.e., power input, and potassium collected by the condenser 
and returned through the reflux line. Under these conditions, the con
denser must have been transporting the distillate with high efficiency 
and not permitting any appreciable amount of potassium to drip back into 
the metal pool. Scatter in the flow data for the electromagnetic flow
meter is about normal for this type instrument at these flow rates. 

At 250°C. the differential pressure of metal across the length of the 
evaporator was about l mm.; the flow rate into the evaporator was about 
77 g./min. at this time. Metal samples were periodically withdrawn from 
the distillate for isotopic analysis and were referred to the isotopic 
ratio of a sample removed from the reject end of the still where the 
evaporating pool was stagnant. Samples removed after 8.0, 25.5, and 38.0 
hrs. of OJJeration at 250°C. had isotopic ratios, s, of 1.038, 1.044, and 
1.046 respectively. These enrichments are higher than a theoretical 
single stage effect because this still actually operates as a high cut 
Rayleigh still whose cut cannot be readily measured. Potassium-39 was 
enriched in the distillate. 

CONCLUSIONS 

The results of the three preliminary experiments just described can be 
interpreted in terms of the influence they have on the design of the 
multistage experiment. 

l. The data from the Rayleigh distillations show that the predicted 
isotopic separation does occur and that an adequate fraction of 
the theoretical separation factor is attainable in a temperature 
range where the size and shape of production cascade equipment 
would assume practical JJroportions. 

2. A wide choice of materials of construction is available which 
would be suitable for the temperature range of interest insofar 
as wetting and resistance to attack by molten potassium are con
cerned. 0-Ll!t:T fa.<..: Lur~ ::;uch as structural strength, thermal con
ductivity, and outgassing characteristics can be used to select 
the best material. Wetting will require a conditioning pre
treatment at 250°C. 

3. The successful operation of the test stage showed that the 
potassium condenser design, including the conveying channels, 
was adequate to collect and transport condensate at rates up 
to the maximum tested value of 0.5 lb./min.-sq.ft., equivalent 
to an evaporator temperature of about 29')°C. 

4. Power input densities up to 8 kw./sq.ft. and operation to 300°C. 
can be sustained in a flat stainless steel still with electrical 
resistance heaters. 
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5. Distribution of potassium pool temperatures is satisfactorily 
uniform at power densities up to 8 kw.jsq.ft. 

6. Heat losses from the evaporator can be reduced so that a large 
fraction of the electrical power expended is consumed in 
evaporating potassium metal. 

7. The evaporation rate of the potassium, and consequently the 
interstage flow in a multistage unit, can be satisfactorily 
estimated by measuring the reflux rate of the evaporative 
coolant. It should be noted that since a distribution of 
temperatures does exist in the metal pool, the measured 
evaporation rate of potassium actually should correspond to 
an averaged evaporator temperature. It may be asked why 
electrical power input is not used as a suitable measure of 
interstage flow, especially in view of the good correlation 
between power input and xylene reflux rate shown in.figure 10. 
While it would indeed be satisfactory for an isolated stage 
such as the one tested here, it could not be used effectively 
in a multistage unit because of the differences in heat losses 
in various stages due to the presence or absence of adjacent 
hot stages. Bal<mced stage power_ input levels would therefore 
not imply balanced interstage potassium flows. In the type of 
stage design tested, evaporation and condensation of potassium 
is overpoweringly the predominant mechanism by which heat is 
transferred from the evaporator into. the xylene coolant; the 
low thermal conductivity of the stainless steel walls suppresses 
conductive transfer, while the low absolute temperature differences 
and the poor emissivity of the mirror-like potassium surfaces 
make.radiative transfer inefficient. 

8. Use of the thermal pump on the modified reflux return line 
made it possible to extend the flow range of the unit as well 
as provided for independent measurements of potassium flow rate. 

9· Finally, installation of the revised reflux line demonstrated that 
some maintenance could be satisfactorily performed on a tray con
taining potassium metal. 

Several other features of the test stage operation indicated the need for 
modifications in further work: 

1. Substitution of xylene for biphenyl as the evaporative coolant 
to allow operation of the condenser system at much higher heat 
dissipation loads. 

2. Observation of the entrainment error which can arise in the 
measurement of xylene reflux flow at high heat dissipation loads. 

3. Improvement in the uniformity of potassium pool temperatures 
resulting from the elimination of the aluminum heat distributor 
plate. 



The information obtained from these preliminary experiments was combined 
with the previous experience with the lithium molecular stills to design 
a multistage molecular distillation experiment, Modex, for the purpose of 
0btaining the-necessary-operating data for cascade design. 
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MULTISTAGE EXPERIMENT - MODEX 

DESIGN 

The Modex still was designed to obtain the required separation and inter
stage flow data in the temperature range of 200° to 300°C. A cascade of 
10 stages was selected, based on the order of magnitude of the stage 
separation factor in this temperature range as shown by the Rayleigh dis
tillations and information on the precision of mass spectrometric analyses 
for the potassium isotopes. .A stage evaporating area of 3 sq. ft. was 
adopted as a median size generating measurable amounts of interstage flow 
at_ the lowest operating temperatures while not requiring too high an 
electrical power consumption to attain the upper temperature limit. Power 
requirements estimated from figure l change from 6 to 246 kw. over the 
100°-C. design temperature range, emphasizing the need for selecting a 
relatively narrow design range. The spacing between the evaporating and 
condensing surfaces was fixed at 0.75 inch as the shortest practical 
spacing consistent ~ith the requirement that sufficient liquid head be 
available to draw the distillate off the condense:r at its h:i ghARt. lnA_ri;i,rre; 
rate. Metal depth in the evaporating. pool was chosen to be 0. 25 inch, 
amounting to about l lb. potassium per square foot of evaporating surface •. 
This depth was .also a. compromise value, balancing the desirability of thin · 
layers for good liquid mixing efficiency and short equilibrium time with 
the need for sufficient depth to assure that flow resistance in the liquid: 
would not cause the lowest stages of the cascade to run dry. Since there 
was some uncertainty on this latter point, provisions were made for 
tilting the entire .still to provide additional liquid head for interstage 
flow if needed. 

Each stage of the still.was equipped with individual· power. supply .and 
separate c-ondensers with xylene. reflux rate measurement to allow esti
mating and balancing interstage potassium flows at each stage. Exam
ination of the square cascade outlined in figure 2 will show that if the 
cascade isoperated at total reflux with the same product flow from each 
st~ge, then a stage cut of one-half is assured above the bottom stage 
regardless of the size of product flow. Provisions were made for the 
withdrawal of metal sampl·es from the product stream of each stage and from 
the reject stream of the bottom stage to allow scanning the isotopic 
gradient in the still and determining the location of any defective 
stages. 

The test stage just described showed that the condenser channel design was 
adequate for transporting the maximum condenser loading a distance of 
12 inches to the collection edge. This dimension was retained in the 
Modex design, resulting in a rectangular stage shape of 1 ft. by 3 ft. 
Arranging such stages adjacent on the 3-ft. edge, with an odd number of 
liquid flow passes in the evaporator, makes the cascade arrangement 
relatively simple. There was a question, however, of putting all 10 
stages in a single unit, since this would involve an expansion joint 



between the evaporator and condenser capable of absorbing a 100°-C. 
differential thermal expansion over at least a 10-ft. length. To simplify 
this task, the cascade was designed as two 5-stage units called trays; 
this arrangement also permitted testing the concept of joining such units, 
without pumps, into stage groupings for production cascade operations. 
The top and bottom stages of the cascade require external means of cir
culating their product and reject streams, respectively, to obtain total 
reflux conditions with a cut of one-half in the bottom stage. Thermal 
pumps were designed for this purpose, with separate thermal flowmeters 
to be used for estimating the metal flow through the reflux loops. 

Stainless steel 304L was used for all parts of the still contacted by 
potassium; however, the base plate of the evaporator section was made of 
5/8-inch thick ASTM-A285 steel plate clad only on the top side with a 
l/16-inch layer of stainless steel. The thickness required for structural 
strength could thus be obtained without the sacrifice of thermal con
ductivity resulting from using solid stainless steel. 

A tubular expansion joint was designed to absorb the differential thermal 
expansion between the evaporator and condenser sections, while allowing 
all-welded construction to assure vacuum tightness. This joint was open 
to all stages of a tray and consequently was also used as a vacuum header 
and as a point for inserting probes to obtain potassium samples. 

An outline of the staging arrangement within a tray and a cross-section 
showing the collection channels and expansion joint are shown in figure 
12. Note that since the trays contain an odd number of stages their 
internal arrangements are mirror images in order to shorten intertray 
connections. 

CONSTRUC'riON 

Five subassemblies were made during the construction of the Modex trays. · (,(; 
The base support provides rigidity to the whole structure and maintains 
the flatness of the tray floor; the evaporator contains the heating 
elements and base plate with all the liquid pool baffling required for 
staging of liquid flows; the potassium condenser contains the evaporative 
coolant and distillate conveying channels; an expansion joint seals the 
condenser to the evaporator and is also a vacuum header; while the xylene 
condensers transfer process heat to the cooling water and provide for 
reflux rate measurements. 

Base Support. A photograph of one of the base support subassemblies is 
shown in figure 13. The structure consists of three 6-inch steel I-beams 
supporting 18 steel pads whose surfaces were machined to within ± 0.005 
inch of a plane after stress relief. These pads support the base plate 
of the evaporator section through leg assemblies shown in exploded view 
on one edge of the table in figure 13. The stainless steel disc is 
attached to the base plate leg and is clam~ed to the base support pads 
between a Graphitar ring and pad such that the legs can slide horizontally 
to accommodate thermal expansion, but are allowed only a few mils of 



46 

REJECT 

TO ---
TRAY ' 

BELOW I (;' 

TO COOLANT CONDENSERS 

t t t t 

Figure 12 

PLAN AND SECTION OF A MODEX TRAY 

DWG. NO. G-65-488 

- PRODUCT 
TO 

TRAY 
ABOVE 



Figure 13 

MODEX BASE SUPPORT 

PHOT O NO. PH-65-1065 



48 

vertical movement. The plate structures between the support pads are 
used to retain blocks of insulation under the electrical heating elements . 

Evaporator Section. Figure 14 shows the evaporator section attached to 
the base support. The tray floor is a 5/8-inch thick plate of steel clad 
on one side with 1/16-inch of stainless steel . After welding the legs and 
side walls on this plate, it was machined internally to an overall flatness 
of ± 0.010 inch; in view of the thin layer of potassium which is to be 
flowing over this floor, it is apparent that the surface must be made and 
kept flat within small tolerances for proper operation . Division of the 
36 by 66-inch tray into five st ages is shown here as well as some interior 
stage baffling. Corrugated metal sections retain the 18 heating elements 
under each stage . The pot attached to the tray is used to measure liquid 
metal depth; this view shows the bottom end of the cascade. 

Detail of the stage baffling is shown in figure 15, with the overl ay 
identifying the various stream flow paths. Note the bridges which are 
used to carry the reject flows under the narrow distill ate coll ection 
troughs. The short bars welded to the tray wall s are the sole support 
of the condenser section; these bars are machined to a plane parall el to 
the floor and accurately spaced from it to provide the desired evaporator 
L.unden3cr :Jpo.cin~. 

Potassium Condenser and Expansion Joint. Figure 16 shows the assembly of 
the potassium condenser and tubular expansion joint-vacuum header. The 
conveying channels and forward curved collection edges of each stage con
denser are shown . Bars around the sides of the assembly mate with those 
on the evaporator walls to support the condenser . A 1/2-inch expansion 
slot runs around the perimeter of the expansion jojnt and allows vacuum 
pumping of each stage as well as admitting sampling probes. The vertical 
pipe shown on the left is the xylene vapor line for the end stage. 

The condensing surface of each stage is assembled with a slope of 1/16 
inch toward the collecting edge of the condenser; this feature allows the 
tilting of the entire tray, if necessary, without interfering with the 
coll ection of potassium condensate by gravity . 

Xylene Condensers. 'l'hese are vertical coil:::; uf )/8-inch water-cool ed 
copper tubing inside 6-inch diameter jackets . The xylene vapor enters the 
side of the jacket, condenses, and the reflux drains from the bottom to the 
potassium condenser section through a quick- acting gate valve. This valve 
can be closed to allow the condensed xylene to coll ect in the bottom of 
the jacket; a plastic sight tube all ows observing the depth of condensate 
as it is collected . By calibrating the sight tube, the time required to 
collect a given volume of xylene can be readily measured. 

The xylene condensers were normally vented to the atmosphere through a 
common header; however, this header was equipped with a block valve and 
pressure control system which enabled it to be operated below atmospheric 
pressure. This feature all owed some adjustment of the potassium condenser 
temperature while using a s ingle evaporative coolant . 
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End Loops, Tray Interconnections. At the product and reject ends of the 
Modex still, lines are required to recycle product and reject stage flows, 
respectively, in order to obtain reflux conditions. These lines were 
fabricated from 3/4-inch diameter stainless steel tubing in a U-form to 
serve as thermal pumps. Hot metal leaving the end stage passed first 
through a section equipped with fins for cooling the stream. The cool 
metal then passed a thermal flowmeter, down the cold leg of the pump, and 
into a horizontal section where it was reheated before flowing up the hot 
leg into the end stage again. 

The thermal flowmeter consisted of a well-insulated length of 1-1/4-inch 
diameter tubing with an axial well of 3/4-inch tubing containing a 180-watt 
electrical cartridge heater. A differential iron-constantan thermocouple 
circuit across the inlet and exit metal lines measured the change in 
temperature generated by an accurately measured amount of power fed to the 
heater. The flowmeter control equipment for the two end loops is shown in 
figure 17. Weston Model 310 precision wattmeters measure the power input 
to the heaters, which is adjusted by small Variacs. About 20 to 40 watts 
served to produce usable temperature differentials; these differentials 
were measured in mi crovolts and graphed on a Speedomax H recorder which 
transferred its input between the two flowroeters P.VP.ry 30 RPrnnns. A 
typical display is shown in figure 17. 

Tray interconnections between stages 5 and 6 were made with flanged tubing 
attached to stainless steel bellows to absorb thermal expansive movements 
of the trays. Aluminum wire gaskets were used on all flanged connections. 
The tube carrying stage 6 reject flow to stage 5 feed was equipped with a 
1/4-inch stainless steel bellows-sealed valve to allow ~eed of normal 
potassium at this point; similar valves were installed on the end loops 
for withdrawal of product and reject streams as desired. 

Assembly. The subassemblies which were in contact with potassium were 
cleaned by vapor blasting and degreased prior to final assembly. Argon 
purges were used in assembly to avoid oxidation of the internal surfaces. 
Heliarc welding was used throughout, with the first and last weld passes 
dye-penetrant checked for porosity. The assembled trays were finally 
given a thorough helium leak test; in one tray small leaks were found in 
the condenser section which required partial disassembly and repair. 

Installation and Auxiliary Systems. The Modex still was installed in an 
unused cell of the ORGDP Cascade Pilot Plant, since this location provided 
fireproof housing with adequate electrical load capacity and cooling water 
supplies. A portion of the area before tray installation is shown in 
figure 18. Tray support posts extend through the steel plate floor and 
are anchored to the concrete foundation. The high vacuum system on the 
wall is partially completed. Two 4-inch oil diffusion pumps equipped 
with liquid nitrogen traps are manifolded so that either or both of the 
pumps will serve either tray. Cenco Hyvac 45 roughing pumps are used. 
Overhead pipes are the xylene condenser vent header and cooling water 
lines. 
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The two trays after installation are shown in figure 19 without insulation. 
The triangular Chromalox heating elements, rated at 1600 watts 277 v. each, 
are visible beneath each stage. The expansion joint-vacuum header has 
been connected to the high vacuum system by overhead loops. Two vacuum 
locks for sample probes are shown in this view, one penetrating the ex
pansion joint. The xylene reflux system can be seen here, with the quick
opening gate valves on the liquid return lines. A plastic sight tube can 
be seen at the extreme right edge of the photograph. This view is from 
the product end of the still; end loops had not been installed at this 
time. 

Figures 20 and 21 show the product and reject ends of the completed still. 
Insulation consists of a 1/2-inch thick blanket of Fiberfrax (aluminum 
silicate f'iber) covered with a l-inch thick layer of aluminum-faced 
fiberglass. The condenser top is covered with Fiberfrax wool and fiher 
glass . The xylene vapor lines and condensers are also insulated to avoid 
condcnnation of xylene vapor before it reaches the reflux measuring system. 

The glass diffusion pump using mercury, shown on the cell w·all in figure 
21, evacuates the sampling system . One of the sample probes is shown 
assembled at the corner of the still in figure 20. Details of the probe 
and removable sampling tip are shown in figu2'e 22 . The tip remains re
tracted in the sheath until it has been inserted through the vacuum lock 
and is flush with the tray floor. The sheath is then raised for a few 
minutes to allow the potassium to wet the tip, then closed to trap a 
sample of about 60 mg . It can then be removed without danger of con
tamination by potassium vapor or condensate on the tray walls . Vacuum 
lock valves are 0-ring sealed plug valves. Tips containing the various 
stage samples are weighed in plastic sample bottles and exposed to moist 
air in a closed container until they are completely hydrolyzed. The tip 
is rinsed in the sample bottle with distill ed water and the solution 
neutralized with hydriodic acid; this solution of potassium iodide is then 
assayed for its isotopic abundance ra.tiu. Used tips and sheaths are 
washed with nitric acid, rinsed with dist illed wat er, and dried before 
re-use to avoid cross contamination . 

The power supply system, partially shown in figure 23, is located in a 
room a.dj accnt to the still . Slm:e a. w lde range of power _ieve_Ls must be 
covered, and since continuous adjustment of each stage is needed for flow 
balancing, a double set of transformers was used. Four tap transformers, 
the larger units in figure 23, were used to cover large reductions in the 
480- v . 3-¢ line. 

These transformers then fed 10 induction regulators (Inductrol), each 
stage being conLrull ed by· a separate regulator. This combination made it 
possible to cover the power range from 3 kw. to 250 kw. continuously . 
Each regulator was equippeu wlLl1 reeelJLaeles and switches enabling a pre
cision wattmeter to be attached so that the power supplied to individual 
stages could be monitored. 
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A 24-point temperature recorder for iron-constantan thermocouples was 
used to monitor temperatures in the evaporator pool and the potassium con
denser of each stage, and some points in the xylene coolant system. All 
of these were scanned every 72 seconds. A separate 20-point recorder 
measured temperatures required for operation of the end loop thermal pumps 
and intertray connections. Vacuum instrumentation on the trays consisted 
of VG-lA ion gauges on the high vacuum manifold next to the oil diffusion 
pump traps; General Electric ion gauge controllers were used. A separate 
system measured pressures in the sampling vacuum manifold. 

Safety Features. Consideration was given to the possible consequences 
of a number of dangerous conditions which could arise in the Modex system 
either through leakage or as a result of failure of any of the utility 
systems, and of the best method of dealing with these conditions. First, 
the still is installed in a fireproof area with adequate supplies of 
powdered carbon and special extinguishers for dealing with metal fires. 
No sprinkler system is used. An alarm panel was installed which signalled 
dangerous conditions both to the still operators and to the Cascade Pilot 
Plant control room personnel. This panel was activated by the following 
conditions: 

1. Evaporator pool temperatures .more than 5°C. higher than the 
selected operating temperature. 

2. Pressure conditions in the manifold of either tray in excess 
of 5 x lo-5 torr. 

3. Cooling water pressure to the xylene condensers below 30 psig. 

The high temperature signal from the trays was obtained from a switch on 
the tray temperature recorder which surveyed these values every 72 seconds. 
A second switch set about l0°C. above the selected operating temperature 
shut off all power to the trays. Since a pressure increase to several 
microns in the vacuum system would interfere with the evaporative transfer 
of process heat to the condenser, this condition wo1J1d also produce a 
high evaporator temperature and eventually shut off the power supply. 

The philosophy in this design was to inform personnel of an unsatisfactory 
operating condition before it reached a dangerous level and to permit the 
operators to select a course of corrective action; the system takes action 
only if the condition persists or worsens. 

EXPERIMENTAL WORK 

Conditioning and Shakedown Run. The Modex still6was fully evacuated and baked 
out at 250°C. until a pressure of about 2 x 10- torr was sustai nPn. A 
r·t=U.u.dng atmosphere ot' 5% hynroe;en in nitrogen was then introduced to 
clean out any reducible metal oxides on the interior surfaces and the still 
re-evacuated. It was then charged with approximately 40 pounds of low
sodium low-oxygen potassium metal obtained from MSA Research Corporation. 
This charge of .metal was alloweu to stand in the still for several days to 
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condition surfaces of the evaporator and condenser and promote wetting. 
The potassium condensers were charged with 5.8 kg., about 1.78 gal., of 
pure p-xylene; the pure isomer allowed using a definite value of the heat 
of vaporization rather than an average value for the isomeric mixture. 

During a 10-day period, the still evaporator was held at about 247°C. for 
preliminary tests of the end loop pump operations, xylene reflux rate 
measurements, sampling system, and thermal flowmeter operations. All 
systems functioned satisfactorily after some initial difficulty with a gas 
bubble trapped in the product loop flowmeter. Operating temperatures in 
the 10 stages varied by only about 2°C. Heat losses were largest at the 
ends of the trays, as would be expected, but the xylene reflux rates could 
be equalized readily by adjusting the power input to the end stages. The 
thermal flowmeter in the product end loop showed good agreement with the 
xylene reflux rate in estimating interstage flows and both were in good 
agreement with the theoretical evaporation rate of potassium at this 
temperature. Tray pressures during this test period varied from 2 x 10-6 
to 3 x l0-7 torr. 

Metal samples were withdrawn from each of the ll sampling ports to check 
their operation and were assayed to determine if proper condenser drainage 
was taking place.~ A faul-ty~ stage condenser.would_produce an __ offset __ in the 
isotopic gradient since its efficiency would be impaired. A plot of the 
values of logS vs. stage number for three samplings· of the still at 247°C. 
is shown in figure 24. While the confidence limits on these analyses have 
not been firmly established, preliminary tests indicate they are of the 
order of ±0.005 for the S value. Within these limits, the data shown 
define a straight line; it was concluded, therefore, that all stages were 
functioning as designed with proper mixing of liquid flows. The line 
slope in figure 24 indicates that a stage separation factor ~ of about 
0.022, or about 60% of the theoretical value, was attained; however, no 
effort was made to match flows to secure a cut of one-half in stage 1, and 
therefore this value must.be considered preliminary. 

Following. this test, most of the Modex still charge was drained through the 
reject loop withdrawal valve into a waste storage drum. Of the original 
40-lb. charge, 26 lb. was drained and replaced with clean metal to reduce 
the amount of dissolved material washed from the still surfaces. The 
following experiments were all conducted with this charge of metal. 

Variation of~ and L with Temperature: Maximum Separative Capacity. A 
series of total reflux runs was made at temperatures from 222°C. to 2g6°C. 
in order to establish simultaneously the variation of the stage separation 
factor and interstage flow with the temperature. With a single exception, 
all of these total reflux runs were carried out on the basis of 16 hours 
operating time per run; during the remaining 8 hours the still was placed 
in standby condition, operating unattended at about 200°C. One run was 
made at 222°C. and, because of the longer equilibrium time characteristic 
of this low temperature, the run was continued through a weekend with 
occasional checks on the operating conditions. Since these runs were 
largely routine, a general description of a typical run will suffice to 
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illustrate the procedure. 

Power was applied to the still to obtain the power density indicated 
theoretically for the desired operating temperature. When the temperature 
in the evaporator had equilibrated after 15 to 30 minutes, power adjust
~ents were made to bring the actual temperatures in the interior stages 
of each tray to the desired value. Xylene coolant reflux rate measurements 
were then made on all stages by timing the collection of 1 kg. of xylene 
from each condenser. It was usually found at this point that the rates 
measured on the interior stages of each tray (stages 2, 3, 4, and 7, 8, 9) 
were in fairly good agreement, but that the rates on the exterior stages 
(stages 1, 5, and 6, 10) were lower because of heat losses to the 
atmosphere. Based on the measured xylene reflux rates, proportional 
adjustments were made in the power input to various stages to obtain the 
same xylene reflux rate in all stages. These rates were rechecked 
frequently during the course of a run and minor power corrections applied 
if required. The thermal pumps located on the end loops on stages 1 and 
10 were started to provide total reflux to the still. Stage 10 pump was 
adjusted to keep the stage 10 product trough pumped out, while the stage 
1 pump was set to circulate metal at the lower end of the still at the 
same rate indicated by the thermal flowmeter in tJ:les"t;Etg~lO __ loop_._ Under. __ 
these conditions,-- fritercstage--=:trows W:ftnin-·=tJ:1e=--.S-tn:-1sliou1cfTiavebeen ___ ~- -
balanced to provide a cut of one-half in each stage. 

These conditions were maintained throughout the remainder of the 16-hour 
run. Sampling was performed twice during the latter portion of the run, 
ordinarily with several hours between.samplings. All 11 samples were re
moved at each sampling, although not all_samples were ~ssayed. Inert gas 
pressures in the trays varied from 2 x l0-7 to 2 x 10-b torr during runs, 
though during sampling pressures sometimes reached 1 x lo-5 torr momentarily. 

Ratio-of-ratio isotopic measurements, S, were obtained on each seriesof 
samples~ .In most cases· the reject stream. -from stage 1 was used as a 
reference; however, in a few runs the cut actually measured in the first· 
stage was significantly different from one-half and the product from stage 
1 was used as a reference. In the latter cases the still was simply 
treated as a 9-stage unit. All samplP.R were assayed from a few oclected 
runs at high, intermediate, and low temperatures in order to verify a 
uniform isotopic gradient in the still; results are shown in figure 25. 
The normal procedure, however, was to assay only the product from the top 
three stages, since these results most accurately define the slope of.the 
straight line obtained when the logarithm of the overall separation is 
plotted as a function of stage number. Least squares analysis was then 
used to obtain the statistically best slope, which is the logarithm of the 
stage separation factor for the run. 

Figure 26 summarizes the variation of stage separation factor with temper
ature over the range tested. The line was drawn by inspection, additional 
weight being given certain points which have higher precision due to 
repetitive measurement. Pertinent data on operating conditions for these 
runs are presented in table I. Figure 27 shows the flow rate of metal in 
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Run 

Evap. 
Temp., 

oc. 

Cond. 
Temp., 

oc. 

Power 
Input, 
~-cw. 

1 278.8 184.3 130.5 

2 289.9 198.8 180.0 

3 295.7 210.2 217.0 

4 279.0 190.0 130.6 

5 289.8 201.0 1·33.4 

6 271.4 182.0 100.3 

7 281.4 191.0 141.0 

8 278.7 189.3 129.2 

9 289.2 202.8 183.5 

TABLE I 

FLOW AND SEPARATION DATA AT TOTAL REFLUX 

Xylene S;y•sten 

::\ate, 
s:c./kg. 

28.13 

19.70 

16.15 

27.60 

19.30 

35.88 

25.59 

28.31 

19.59 

Est. Flow, 
g.K/min. 

350 

500 

510 

274 

502 

n · oop 
Thermal 

Flow Meters 

Stage Stage 
10 l 

Separation Ratio, 
s 

Stage Stage Stage 
_8 __ 9_~ 

315 344 1.145 1.171 1.195 0.01770 
1.145 1.166 1.189 0.01732 

435 445 1.119 1.138 1.159 0.01455 

457 478 1.091 1.113 1.126 0.01170 
l.o86 1.101 1.126 0.01113 

315 326 1.153 1.174 l.lg6 0.01803 
1.156 1.174 1.198 0.01818 

421 430 1.131 1.145 1.166 0.01539 
1.129 1.143 1.161 0.01509 

271 272 1.159 1.178 1.202 0.01853 
1.153 1.177 1.200 0.01825 

336 331 1.150 1.164 1.187 0.01737 

301 295 1.145 1.167 1.189 0.01730 
307 312 1.156 1.179 1.197 0.01830 

399 373 l.lo8 1.140 1.163 0.01490 
404 376 1.128 1.145 1.171 0.01545 

Condenser 
Efficiency, 

%** 

96.8 

95-5 

97-0 

95.2 

97.3 

97.0 

97-l 

9).1 



TABLE I (CONTINUED:~ 

FLOW AND SEPARATION DATA AT TC•TAL REFLUX 

Evap. 
Temp., 

Run °C. 

Cond. 
Temp., 

oc. 

Power 
Input, 

kw. 

Xylene System 

Rate, 
sec./kg. 

10 295.6 211.5 222.7 15.92 

11 260.7 

12 222 

13 260.7 

178.0 

158.5 

179.5 

70.89 52.68 

18.17 244.2 

71.26 52.28 

14 296.6 214.6 222.7 15.60 

15 241.1 168.7 109.22 

16 241.8 170.4 37.54 107.8 

( ) Estimated Values. 

Est. Flow, 
g.K/min. 

188 

631 

90 

91 

End Loop , 
Thermal ' Separation Ratio, 

Flow Meters' S 

Stage Stage: Stage Stage Stage 
~ __w: _8 __ 9_ 10 

444 459 1 1.092 1.112 1.123 0.01160 
438 466 i 1.079 1.091 1.114 0.01020 

178 

(54) 

182 

213 I 1.157 1.190 1.207 0.01911 
i 

(84) 1.168*1.190*1.243* 0.02313 
! 

225 i 1.169 1.181 1.206 0.01913 
' 

441 463 i' 1.092-1.110 1.113 0.01126 

92 
95 

1.148*1.171*1.206* 0.02040 
1.172*1.184*1.222* 0.02226 

106 148 1 1.155*1.18o*1.205* o.o2os3 

i' 
I 
I 
I 

I~ 

Condenser 
Efficiency, 

%** 

95·3 

96.8 

95.0 

96.6 

94.7 

95·9 

95.7 

* Separation ratios based on stage 1 product reference; ·alL others 
reference. I: 

are based on stage 1 reject 

Econd. j• ** Defined as 100 (1 - ) , where E is the evaporation. rate at the appropriate temperature. 
Eevap. 1 

i 
I. 
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the product end loop as measured by the thermal flowmeter; for comparison, 
the evaporation rate of 3 sq.ft. of surface calculated by the Langmuir 
equation is also shown. Flow estimates can also be made from the xylene 
reflux rate measurements as shown in table I, the values lying between the 
theoretical and experimental curves in figure 27. The experimental data 
in figures 26 and 27 can then be combined to give the variation of the 
separative capacity function ~L with temperature as shown in figure 28. 
It is clear from this curve that the maximum separative capacity is ob
tained at about 283°C., although from the shape of the curve as the peak 
is approached, the minimum cost of product will be achieved at a temper
ature below 283°C. This is due to the fact that as the peak is approached, 
increasingly expensive expenditures of process power are needed to obtain 
small improvements in separative capacity. Temperatures above the peak 
in figure 28 are definitely not economical. 

Some comment is needed on the discrepancies between the stage 10 product 
flow rate, the interstage flows estimated from the xylene reflux rates, 
and the theoretical flow rate shown in figure 27. First, it will be re
called that the theoretical rate applies only if all molecules leaving the 
surface are trapped before they can be reflected back to the surface. 
Table I shows that the appropriate condenser temperatures for the various 
runs result in an average of about 96% condensation efficiency; vapor 
which is not trapped on the condenser refluxes on the sides of the tray, 
interstage dividers, and vacuum header and is not measured as interstage 
flow. Further, at the higher temperatures shown in figure 27, the 
appreciable pressure of potassium produces enough intermolecular collisions 
to reflect some evaporating molecules back into the liquid pool. The 
Langmuir equation therefore should give a maximum attainable rate; the 
apparent high point shown at 222°C. is subject to considerable error due 
to the sluggishness of the thermal flowmeter at this very low flow rate. 
The xylene reflux rate data should be more reliable than the theoretical 
curve since, as was mentioned earlier, condensation of potassium vapor is 
the predominant mechanism of heat transfer into the xylene evaporator. 
Actually, the flow rates estimated from the xylene reflux rates and those 
measured by the stage 10 thermal flowmeter are in agreement within ex
perimental error up to about 270°C. At higher temperatures, especially 
above 29Q°C., a liquid entrainment error biases the xylene measurement 
high, just as was encountered in the small test stage. Proof that entrain
ment was occurring was visible during the high temperature runs when a 
definite discoloration of the refluxing xylene was noted. On completion 
of the total reflux runs, the xylene coolant in the condensers was found 
to have been partially degraded to produce some dark colored non-volatile 
material. Since this material appeared in the xylene condensate, it could 
only have been transported by liquid entrainment. The condensers have 
identical structures, therefore the entrainment bias should not have 
affected the balancing of interstage flows by measurement of the reflux 
rates. The xylene was later distilled to remove the colored material and 
the residue fractionated in a Podielniack column. A small amount of benzyl 
alcohol and a crystalline solid tentatively identified as benzyl benzoate 
were recovered, indicating that some oxidation of the xylene had occurred. 
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It should be noted that even if thx maximum theoretical interstage flow 
is used to calculate the product iFL, the function will still maximize at 
283° ± l°C.; this is due to the strong influence of the~ factor and its 
rapid decrease aoove 280°C. 

For correct operation of the still at temperatures of 280°C. and above, it 
was found necessary to introduce a small tilt to the trays, the reject end 
(stage l) being lower than the product end (stage lO). Unless this tilt 
was used, the depth of metal at the reject end became too low to sustain 
proper operation of the end loop thermal pump. The minimum amount of tilt 
necessary was used and increased with operating temperature. About 7 mils 
per stage was needed at 280°C., increasing to about 28 mils per stage at 
29€)°C. At no time did the introduction of tilt make any detectable change 
in the interstage or product end loop flow rates. It will be recalled that 
the potassium condensing surfaces were constructed with a slope of 62.5 
mils per stage toward the product end of the tray; therefore, the tray 
tilt should not have caused the potassium collection efficiency to be 
badly affected. 

The data show in figure 26, combined with economic considerations to be 
presented later, fix the economic optimum operating temperature near 270°C.; 
this operating temperature results in the minimum unit cost of enriched 
K-39· Having established this temperature, the remaining experiments with 
the Modex still were all conducted near this point. · 

Interstage Flow Imbalance. In the total reflux runs carried out to locate 
the' temperature for maximum separative work, considerable care was taken 
to assure the equality of interstage potassium flows in order to obtain a 
eut of one-half iii each stage and avoid any separation losses due to mixing 
streams of unequal concentrations. This balance was obtained by adjusting 
the power input to individual stages until equal xylene reflux rates were 
measured. Individual stage heat control and reflux measurements are not 
practical for a distillation cascade, therefore such balance will not be 
attainable on large trays and it is considered necessary to evaluate the 
effect on separative efficiency of various degrees of imbalance. One way 
in which measurable imbalance can arise is by heat losses to the atmosphere 
at stages bordering a tray; another way is by burn-out of one or more 
heating elements serving a stage or stages. 

The Modex still was brought to equilibrium at total reflux at 273°C. 
evaporator temperature with a power input of l03 kw. Stage xylene refluX 
rates were balanced to within± 0.4 sec. for a collection time of 34.8 
sec./kg. xylene. Stage isotopic samples were taken twice in 24 hours to 
obtain the isotopic gradient under balanced conditions. Then the power 
input to stages 3 and 8, the center stages of each tray, was reduced by 
7% to simulate burn-out of one of the l5 heating elements under each of 
these stages. Two samplings for the isotopic gradient were again taken 
during the next 24 hours and the power to stages 3 and 8 again reduced to 
simulate the loss of a second heating element. Stage sampling was repeated 
under these conditions and power then restored to bring these stages back 
to a balanced condition. Final sampling of the gradient completed this 
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experiment. Table II summarizes the performance of the still during this 
test, with the isotopic gradients illustrated in figure 29. 

Although the power reductions are definitely detectable in both stage 
temperature and xylene reflux rate, figure 29 shows that no significant 
deviation of the isotopic gradient from the balanced condition results 
for either test, indicating that interstage flow imbalance of this order 
of magnitude in 20% of the stages would produce no appreciable loss of 
separation at total reflux. Calculations based on the data in figure 28 
also show that if comparable degrees of imbalance occur in a producing 
cascade, with equal numbers of stages operating slightly above and below 
the average 270°-C. operating point, no significant loss of separative 
capacity should result. 

TABLE II 

EFFECT OF STAGE POWER IMBALANCE ON TRAY PERFORMANCE 

Average Evaporator Average Xylene Reflux 
Tem;e. z oc. Ratez sec.Lkg. 

Balanced Unbalanced Balanced Unbalanced 
Condition Stages Stages Stages Stages 

l. Balanced 273.4 34.8 

2. 7% Reduction, Stages 273.3 270.5 35.0 37.5 
3 and 8 

3. 14% Reduction, 273.? 269.0 35.1 40.5 
Stages 3 and 8 

4. Balanced 273.4 34.8 

Condenser Temperature Reduction. In all separation tests previously 
described, the potassium condenser was cooled by p-xylene refluxing at its 
atmospheric boiling point of l38°C. The actual temperature of the con
densing potassium is higher, however, due to the temperature gradient 
through the stainless steel condenser bottom required to effect the trans
fer of heat. From a theoretical standpoint it is desirable to maintain 
the condensing potassium at the lowest possible temperature in order to 
avoid re-evaporation from the condenser and a consequent lower separation 
factor·. Generally, a 100 ° -C. temperature difference between the evaporat
ing and condensing surfaces is considered adequate for molecular distillation 
of most substances. In the runs previously described, this value varied 
from about 81° to about 95°C., as shown in table I, depending on the op
erating temperature and the corresponding heat load. A test was desired 
to determine if reduction of the potassium condenser temperature would 
produce a useful improvement in separation factor. 
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This test was begun under the same conditions just described for the flow 
balance test: total reflux, power input 103 kw., evaporator temperature 
273.l°C. Under these conditions the potassium condenser was operating at 
an average temperature of 189.5°C., for a temperature differential of 
83.6°C. After equilibrating the still and withdrawing samples, the pressure 
over the refluxing xylene coolant was reduced from atmospheric pressure to 
8.5 psia. by a pressure control system on the xylene vent header. The 
xylene boiling point was reduced from l38°C. to ll8°C. and the potassium 
condenser reduced to 175.3°C. for a temperature differential of 97.3°C. 
The still was held at these conditions for 24 hours, then returned to the 
original conditions as a check. Stage separation data for the two con
ditions are presented in figure 30. While the points do not differ 
significantly from the line, the fact that they lie primarily above it 
suggests that an improvement might be detectable if more separative stages 
were available to reduce the effect of analytical error. 

Inert Gas Pressure. Ideally, the molecular distillation process should be 
carried out with nothing other than the vapor of the distilling substance 
present, since extraneous gas molecules only increase the number of detri
mental collisions occurring during passage to the condensing surface. 
Some measurements of the extent to which inert gas pressure does inter
fere with the separation process were made by bleeding argon into the high 
vacuum system during operation and/or throttling the pumps to attain a 
series of inert gas pressures up to 53~· The still was allowed to 
equilibrate at each pressure condition for 24 hours or longer with two 
samplings being made to determine the isotopic gradient. Gas pressures 
of 5 x lo-5 torr and higher were verified with a calibrated McLeod gauge; 
lower pressures were simply measured with the ion gauge system. 

Figure 31 summarizes the data obtained. The normal operating pres~ure for 
all previously described runs was in the range 5 x lo-7 to 2 x 10-b torr. 
With an increase in inert gas pressure to 25~, the loss in separation 
factor was not significant over 10 stages, nor could any change in inter
stage flows be detected. At 53~ pressure, however, a reduction of inter
stage flow of about 4.5% occurred and the evaporator temperature increased, 
both indicative of interference with the vaporization process. It was 
necessary to reduce the power input from 103 kw. to 88 kw. to maintain a 
273°C. operating temperature. From figure 31, it is clear that the brief 
pressure excursions to 1 x lo-5 torr which occasionally occur during 
sampling have no effect on the performance of the still, and that temporary 
loss of diffusion pumping would not even be expected to be detectable over 
10 stages of distillation. However, the figure should not be taken to 
imply that only rough pumping is needed, since contamination of the 
potassium would become serious at the higher pressures noted unless the 
gas is truly inert. 

Feed and Withdrawal Runs. These runs were made to determine the effect on 
the isotopic gradient of feeding and withdrawing potassium at flow rates 
consistent with the production of one ton per year of enriched potassium. 
This involves a product flow rate of approximately 2 g./min. or approxi
mately 0.74% of the interstage potassium flow at 273°C. in the Modex still. 
Normal potassium feed is most easily introduced in this still at the 
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intertray connection between stages 5 and 6, since the assay of the metal 
at this point remains normal under total reflux conditions. A feed valve 
was provided at this location during the construction of the still and 
valves for the removal of product and reject streams were provided on the 
end loops of stages 10 and l respectively. 

Careful metering of the three streams is necessary to avoid any marked 
changes in the still inventory during the feed and withdrawal runs. 
Although accurate metering of potassium flows of the required order of 
magnitude (< 10 g./min.) is difficult, a drop-weight meter was developed 
which proved to be adequate. Drops formed on a special stainless steel 
metering tip were photoelectrically counted for a period of time to 
establish a constant flow rate. The tips, 52 mils in diameter at the 
product and reject stations and 81 mils in diameter at the feed point, 
were originally calibrated to determine the average drop weight. Collec
tion of product and reject flows was made in stainless steel tanks which 
were maintained under full vacuum conditions and heated to keep the metal 
molten; the arrangement used is shown in figure 32. The metal drops on 
leaving the metering tip fell directly into the tank. Each tank had a 
capacity of about 12 lb. of metal and was equipped with an accurate depth 
gauge to allow measurement of the actual amount of metal collected at any 
time. Bellows-sealed sensitive needle vaives were usedto regulate the 
flows. The feed system used an identical drop-weight meter feeding direct
ly into the intertray connection. A heated drum of pure potassium metal 
mounted on scales was slightly pressurized with argon to provide feed. 

During the feed and withdrawal runs, it was found that after a few hours 
the size of metal drops on the metering tips had increased, probably due 
to better wetting of the tip surface. Flow measurements were thereafter 
made by monitoring metal depth in the product and reject tanks at 15-minute 
intervals and using the drop rate as an indication of steady flow con
ditions. The feed drum was continuously weighed during runs. 

In the first run the still was brought to equilibrium at 273°C. at total 
reflux and sampled to establish the isotopic gradient. Feed of normal 
potassium was then started at 4 g./min. with simultaneous withdrawal of 
product and reject streams at 2 g./min. each. These flows were continued 
for 35.6 hours, three samplings being made during this time to check the 
isotopic gradient. The still was then returned to total reflux at the 
conclusion of the run as a check. Actual feed, reject, and product flows 
averaged over the 35.6-hour period were 3-985, 2.001, and 2.007 g./min.; 
the discrepancy of 23 mg./min. caused a loss of O.lo8 lb. of metal in the 
stil~, which is not a significant fraction of the 41.25-lb. inventory. 

The second run was carried out in identical fashion except that target 
flow rates of 8, 4, and 4 g./min. were set for the feed, reject, and 
product flows. This run continued for only 23 hours due to the limited 
capacities of the withdrawal tanks. Two samplings of the isotopic gradient 
were made. The actual average flow rates of feed, reject, and product in 
this run were 8.00, 3.98, and 4.02 g./min. No net change in inventory 
occurred. 
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Assays of product from stages 8, 9, and 10 during these runs are plotted 
in figure 33 to show their relationship to the gradient at total reflux 
represented by the solid line. In the first run there was definitely no 
significant change in the isotopic gradient detectable over the 10 stages. 
In the second run the points shown are just at the limit of being signifi
cantly lower than the total reflux line. Productivity calculations for 
these two sets of feed and withdrawal conditions verified that the loss of 
gradient would be expected to be within the limits of analytical accuracy. 

Inventory. The startup of any isotope separation cascade always encounters 
the equilibrium time - that period after the separation process begins 
during which the cascade gradient is being established at total reflux. 
Normal cascade operating costs other than feed are incurred during this 
period, but no product of the required assay can be withdrawn, making it 
desirable to keep this period as brief as possible. In the case of a 
distillation cascade, the length of the equilibrium period at a given 
temperature is almost directly proportional to the cascade inventory, 
illustrating the value of minimizing the inventory. A portion of the 
cascade inventory is held in intertray piping and pumps which can be 
minimized by proper cascade arrangement, but the largest part of the in
ventory is in the trays themselves and can only be reduced by lowering 
the depth of metal in the evaporating pool, since the evaporating area 
must be fixed. 

The Modex trays were designed for operation with a 250-mil pool depth and 
the experimental work just desc~ibed verified that this was adequate for 
the operating temperature range used. Tray tilt was introduced at the 
higher operating temperatures, but for the purpose of maintaining proper 
operation of the reject end loop thermal pump, not because stage l was in 
danger of running dry. Experiments were therefore performed at tempera
tures near 270°C. to provide answers to the following questions: 

1. With the trays level, what is the minimum metal inventory which 
can be used without stage l running dry? Operation of the reject 
end loop thermal pump could be suspended for this test, since 
stage separation data were not required. 

2. How much can this level minimum inventory be furthi:::!l' rl:::!uu.t:l:::!u if 
various amount of tilt are introduced toward the reject end? 

At temperatures below about 200°C., the evaporation rates are so low that 
no differences can be detected in liquid metal depths in various stages; 
micrometer probes inserted through the sample point vacuum locks are used 
for these measurements. As evaporation temperatures are increased and 
interstage flows increase, more metal is moved into the upstream stages 
from the condensers and must flow back to the downstream stages by virtue 
of the small liquid head developed. If the evaporation temperature is 
high enough to move the metal upstream faster than it can flow back 
through the baffled liquid pool, the lowest stage will dry up and its 
temperature increase abruptly. 
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It was readily determined that an average -liquid ~etal depth of 230 mils 
was the minimum charge on which the Modex trays could be operated in the 
level condition· at 273°C.; attempts either to decrease the inventory or 
to increase the operating temperature caused stage 1 temperature to rise 
sharply. This 230-mil average depth corresponds to a total tray inventory 
of 31.4 lb. of potassium, exclusive of the metal retained in the intertray 
connections and end loop assemblies. 

The introduction of tilt to the trays toward the reject end did allow some 
reduction of the level tray minimum inventory as shown in table III. 

TABLE I:H 

EFFECT OF TRAY TILT IN ALLOWING INVENTORY REDUCTION AT 273°C. 

Tilt Per Tray, Minimum Operable Depth, Equivalent Tray 
mils mils Inventoryz. lb. 

0 230 31.4 

87 198 27.0 

140 184 25.0 

Whtle the table shows that the 140-mil tilt allowed approximately a 30% 
reduction in level tray inventory, examination or" the data also shows that 
further increase in tilt would not be expected to allow a proportionate 
decrease in inventory. It is therefore apparent that tilting trays of 
this particular design is not a very effective method of minimizing tray 
inventory. 

It is interesting to examine actual measured metal depths at various points 
along the trays in comparison with the calculated depth profile based on 
the known interstage flows and evaporation rates and the flow resistance 
encountered in the various flow channels. Such a calculated profile for 
an operating temperature of 260°C. is shown in figure 34, the dotted line 
representing the average metal depth in the level trays when no signifi
cant distillation is occurring. Circles indicate actual measured metal 
depths at the stage positions plott"ed. The agreement between the cal
culated and measured depth profiles suggests that thts method of calcu
lation may serve as a valid means of estimating the minimum operable tray 
inventory. The method is treated tn more detail in Appendix D. 

Oxygen Contamination. In view of the high reactivity of potassium toward 
oxygen, some contamination of the metal in a large cascade is to be ex
pected over a period of time, both by reaction with inleaking air and with 
any oxidized metal surfaces. The extent of contamination in a cascade 
cannot be readily estimated since it is highly dependent on .the degree of 



'300 

250 

~ 

~ 200 

I ,_ 
c... 
w 
0 
..J 
<t 
tu 150 
~ 

~ 
::> 
Vl 
Vl 
<t 0 100 
c... 

50 

-80 MILS ESTIMATED MINIMUM 
OPERABLE DEPTH AT STAGE 1 REJECT 

STAGE 

Figure 34 

DWG. NO. G-65-422 

). MEASURED DEPTHS, INVENTORY l ESTIMATED 29 TO 31 LB. 

_ CALCULATED DEPTHS FOR 
INDICATED INVENTORIES 

MODEX TRAY METAL DEPTH 
GRADIENT AT 260°(. 



84 

leak tightness which can be maintained. It can be anticipated, however, 
that the enriched K-39 product will have a low oxygen content, since 
potassium oxide is not volatile and a simple distillation suffices.to 
give good separation of metal from oxide (10). Therefore, unless an air 
leak occurs at the product withdrawal point in the cascade, the product 
will have undergone very many distillations and its oxygen content should 
be low. The separated oxide fortunately will remain in solution in the 
remaining undistilled metal and will be flushed toward the lowest stages 
of the cascade in the downflowing reject stream. It is possible in the 
event of large air leaks that the oxide content in the lower stages could 
exceed the high solubility in the metal (see Appendix A) and crystallize 
to obstruct interstage flow. Therefore, provisions should be made in such 
a cascade to reduce the oxide content of the interstage flow at points by 
cold trapping and filtration. Evidence was obtained in some preliminary 
experiments that the presence of dissolved oxide had no effect on the 
isotopic separation factor achieved in molecular distillation and that the 
rate of isotopic exchange between potassium metal and its dissolved oxide 
was rapid. 

The feed and wi thdrn.wn.l runo dcocribcd above provided an opportunity ctO-
remove the large samples of metal from the Modex still required to obtain 
oxide analyses. These samples were removed using a horizontal probe 
through vacuum locks on the .sides of the product and reject collection 
tanks. Samples of about 3.6 g. were collected in a small bucket positioned 
directly under the flow metering tip. The samples were analyzed for 
oxygen by G. Goldberg at ORNL, using the amalgamation method. 

Samples which have been completed at this time indicate oxygen concen
trations of 39 ppm. at the reject end of the still and concentrations of 
22, 27, 25, and 23 ppm. at the product end. For comparison, the manu
facturer's analysis of the feed material showed 40 ppm. oxygen. Although 
these samples were removed during the feed and withdrawal runs, when some 
flushing of oxide-laden metal was occurring, some of the still inventory 
which had been refluxed about 6 months was still present. 

Metal Purity. Spectrographic analyses have been made on three samples of 
potassium removed from the product and reject collection points after the 
feed and withdrawal runs described above. These analyses are summarized 
in table IV along with the ORGDP analysis of the feed material; the 
manufacturer's analysis of the feed material is confused by considerable 
contamination of graphite and methanol used in preparing the analytical 
samples. 

With the exception of sodium, all of the metals listed in table IV would 
be nonvolatile at the evaporator temperature of 273°C. and should be lower 
in concentration in the product if they are present in solution. It is 
possible for them to move upstream in a distillation, however, if they are 
present as suspended particulate matter .which can be transferred to the 
condensing surface by bombardment by potassium vapor. Filtration of the 
product might be effective in removing such material, but facilities are 
not yet available to carry out this operation. The high silicon content 
of the product and reject samples could have resulted from the collection 
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TABLE IV 

PURITY OF POTASSIUM FEED AND WITHDRAWAL STREAMS 

Parts Per Million of Element on a Potassium Basis*: 

Element Feed Reject Product 

Ag 
' ' 50, 10, 20 

Al 
' ' 

20, 20, 100 20, 50, 50 

B ' ' ' 
Be 

' ' 
Ca 

' ' 
Co 

' 
Cr ' ' 
Cu 20, 20, 20 10, 20, 20 50, 50, 20 

Fe 100, 100, 1000 150, 100, 100 100, 150, 100 

Mg 
' 

20, 20, 50 20, 20, 50 

Mn 
' ' 

Mo 
' ' ' 

Na 11, 
' 10, 16, 16, 

Ni 20 .• 50, 50, 

Pb 
' 

-, 
' 

Si** 
' 

100, 200, 200 200, 200, 200 

Sn 
' ' 

'l'i 
' ' ' 

v 
' ' 

* Symbol (-) means sought but not found. 

** Product and reject samples were collected in glass tubes before 
analysis. 
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of these samples in glass tubes. 

CONCLUSIONS 

The construction and successful operation of the Modex trays definitely 
demonstrate the feasibility of conducting the molecular distillation of 
potassiUm on a scale commensurate with the production of ton-per-year 
quantities of enriched K-39· The fabrication of multistage trays presented 
some unusual problems in machining and assembly, but satisfactory solutions 
were found and experience was gained which will be valuable in further 
tray construction. In particular, the functioning of the tubular ex
pansion joint vacuum header was most gratifying since this_ was a critical 
part of the assembly and one which was a source of some trouble in the 
Mevac lithium distillations. 

The Modex experiments demonstrate the following features of the process: 

1. Multistage molecular distillation can be conducted in flat trays 
with all interstage transfer of material by gravity. By eliminating 
interstage pumping within trays, considerable economy of tray con
struction and Of control systems <..:an--be realized and cby limi_tine; 
mechanical seals to the sampling system a reliably leak-tight 
assembly can be achieved. 

2. The process as conducted in the Modex equipment yields an acceptable 
fraction of the theoretical maximum available separation factor at 
the temperature of maximum separative capacity. 

3. The process is readily amenable to control, i.e., the separation 
factor is not extremely sensitive to small variations in process 
parameters such as residual inert gas pressure, balance of inter
stage flows, and the operating temperatures of the evaporator and 
condenser. 

4. Contamination of the enriched K-39 product by oxygen from inleaking 
air does not appear to be a problem. First, it has been shown that 
it is possible to operate the trays so that air inlea.kage during a 
6-month period causes no significant increase in the oxygen content 
of the original feed material. Any oxide which may form is non
volatile and therefore is washed continuously to the lower stages 
of the cascade where it can be removed. This should be equally 
true of any other nonvolatile contaminating metals which enter the 
system in the feed stream. Because of this purifying effect of · 
distillation, the enriched K-39 product should be of as high or 
higher purity than the feed material. Volatile metal contaminants, 
such as sodium, can also be reduced in concentrattoh in the product 
provided sufficient difference exists between their vapor pressure 
and that of potassium at the distilling temperature. 



5. The process can be conducted safely, in spite of the high reacitivty 
of potassium and the flammability of the evaporative coolant xylene. 
With care, considerable maintenance can be performed on trays con
taining molten potassium. 

It must be noted that these experiments have established the temperature
separation factor relationship which applies to trays or stages having the 
same or comparable spacing between the evaporating and condensing surfaces 
as the Modex stages. This spacing was originally established at 0.75 inch 
as a workable dimension. With experience gained in tray construction, the 
possibility may be considered of constructing stages with smaller spacings, 
which should increase the separation attainable at a given evaporating 
temperature. Further development work along this line may prove productive; 
smaller spacings, however, will demand some improved precision in machining 
and assembling the tray components. 

Degradation of the xylene coolant, probably caused by air in the coolant 
vent system, was not anticipated. No discoloration of the coolant in the 
test stage occurred, though it was only operated a relatively short time. 
It should be possible to control this degradation by closer control of 
oxygen in the coolant condensation system, or by selection of another more 
stable hydrocarbon coolant. 
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CASCADE CHARACTERISTICS AND OPERATING TEMPERATURE 

SPECIFICATION OF THE SEPARATION TASK 

Natural potassium is a mixture of three isotopic species, atoms with a 
mass of 40 occurring in addition to those of 39 and 41 which have already 
been mentioned. The natural abundance of K-40 is only 0.01% (see Appendix 
A) and it can, in consequence, be ignored with negligible error for the 
isotope separation job at hand. The cascade design calculations are there
fore based on a binary isotopic feed mixture composed of 93.o8% K-39 and 
6 • 9'C'fo K- 41. 

The separation goal has been given as one ton per year of potassium con
taining no more than 0.07% K-41 (no less than 99·93% K-39). If only the 
targe~ product rate and product concentration are given, the separation 
job is not completely specified, since the feed and waste stream rates and 
the waste concentration are then indeterminate. The customary way of com
pleting the job specification is to determine the fraction of the desired 
component in the feed material to be recovered in the product. The feed 
rate to a cascade is inversely proportional and the length of the stripping 
section is directly proportional to the fraction of desired component to 
be recovered. A preliminary economic balance between feed rate and stripper 
length led to a design target of 5o% recovery of the K-39 fed as enriched 
product. With this additional specification, the flow rates and isotopic 
concentrations of all the cascade streams are established. on the basis of 
material balance considerations. 

MAGNITUDE OF THE SEPARATION TASK 

The magnitude of a specific isotope separation task is measured in terms 
of a quantity called separative work, which is a function of the cascade 
stream rates and concentrations. The theoreticE,l separative work required 
for a binary separation is given by 

where 
V(x) 

u 
P, W, and F 

(2x - l) ln x 
l - .x 

= the separative work, in moles/unit time. 

= the product, reject, and feed stream flow 
rates respectively, in moles/unit time. 

(15) 

= the mole fraction of the desired component 
in the product, reject, and feed. streams, 
respectively. 

The maximum separative work which can be obtained from a cascade can be 
expressed in terms of the process separation parameterE by 
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N 

U = ~ 'If f Ldn, (16) 
0 

where 
"IJI = the stage separation factor. 
L = the stage upflow of process material, in moles/unit time. 
N = the total number of stages in the cascade. 
n = the stage index. 

For an ideal cascade, which is defined as one in which there are no m~x~ng 
losses, L is a function of the stage isotopic concentration and is there
fore continuously varying. The ideal stage upflow is given by 

L 
2P(2)> - x) 

= "IJI x(l - x) ' 
(17) 

where x = the local isotopic concentration. The separative work calculated 
from equation 16 for an ideal cascade is equal to that given by equation 
15. The variation of the ideal L with stage number for this separation 
job is presented in figure 35 for the stated value of "\Jf. It may be noted 
that the area bounded by such a curve, which is the measure of cascade 

. size, is· inver·s-ely-c:proport:iena'l·-~t;G=c'I£-.-==.-~----~-------- ----~-~----- ~===-==:..::=-=---:::..:.=cc-===~-- -- ----~-----

CASCADE DESIGN 

An ideal cascade can only be approximated in practice. A practical design 
is usually a step function of L vs. n approximating the ideal cascade curve. 
The departure of a real cascade from ideality shows up as an inefficiency 
in that the separative work computed by equation 15 using the actual values 
of the cascade stream rates and concentrations will be less than the ideal 
separative work computed from equation 16. 

The ideal cascade curve for the potassium isotope separation task pre
sented in figure 35 is of such a shape that a cascade with constant inter
stage flow, a sguare cascade, fits it satisfactorily. The rectangle in 
figure 35 represents the square cascade selected to do the separation job. 
The number of stages and the stage evaporation rate required are thus 
specified. With the operating temperature implied by the -~ value asswned 
in the calculation of the ideal curve, one can then compute the metal 
surface area required per stage. The cascade size is thus specified. 

OPTIMUM OPERATING TEMPERATURE 

Selection of the operating temperature such that the quantity 'JfL for the 
process is a maximlim-results in the smallest cascade and therefore the 
lowest capital investment. However, the quantity that should be minimized 
is the unit cost of product. The temperature at which this is a minimum 
should be somewhat lower than that at which separative work is a maximum 
since the cost of power increases essentially exponentially with increasing 
temperature. Thus, to determine the· optimum operating temperature, the 
cascade size and power needed to yield a ton per year of potassium with a 
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K-39.content of 99-93% were computed for several different temperatures 
over the range of 240° to 300°C. Stage separation factors and potassium 
evaporation rates were based on the correlations of the data from'the 
Modex still. Estimates of the capital and operating costs were made for 
each cascade, and unit product costs were computed assuming a 10-year 
amortization of capital costs. The results· are summarized by the curve 
in figure 36. The unit product cost is estimated to be a minimum at 270°C. 

The cost bases used in making the above analysis differ somewhat from the 
later bases used in obtaining the more detailed cost estimate reported in 
the section below, which describes the prototype molecular distillation· 
tray designed for this separation and the conceptual cascade layout. The 
differences in the two bases do not appear to be of such a nature or 
magnitude as to shift the locus of the optimum operating temperature 
significantly, though the estimated unit costs at the optimum will differ 
somewhat. 

CHARACTERISTICS OF THE DESIGN CASCADE 

The characteristics of a cascade designed to operate at 270°C. to produce 
about one ton per year of potassium with 99-93% K-39 are presented in 
table v. This cascade i~ about half the size and roughly the came in ~ 

power demand as the preliminary design mentioned in the Introduction, 
which had been based on operation at 250°C. and theoretical or assumed 
separation parameters. 

An estimate of the maximum length of time after start-up required for the 
cascade to reach steady state operating conditions is 4.6 months. To make 
this estimate it was assumed that the liquid metal depth will be 250 mils. 
Liquid metal inventories external to the stage and all vapor holdups were 
neglected. 

Productivity calculations for the design cascade indicate the expected 
yield at a product concentration of 99-93% .K-39 to be 1960 pounds per year 
of potassium. Figure 37 shows the predicted variation of product concen
tration, expressed in terms of the K-41 depletion factor, as a function of 
the product withdrawal rate·. 

A ternary productivity calculation for the cascade confirmed that the 
error introduced by the assumption of a binary isotopic separation is 
negligible. 
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TABLE V 

.CHARACTERISTICS OF THE DESIGN CASCADE 

Operating Conditions, °C. 

Liquid metal temperature 

Condenser temperature 

Separation Parameters 

Stage separation factor, ~ n 
Evaporation rate, lbs./sq.ft.-hr. 

Cascade Dimensions and Requirements 

Total number. of' .stages-· 

Number of stripping:stages 

Stage area, sq.ft. 

Total cascade metal surface area, sq.ft. 

Stage evaporation rate, lbs ./yr. 

Power consumption, Mw. 

Liquid metal depth, in. 

Potassium inventory, lbs. 

Equilibrium time, months 

Cascade Productivity 

Product concentration, K-4l atom % 
Product rate, lbs./yr. 

Feed rate, lbs./yr. 

Recovery of K-39 in the product stream, % of K-39 Fed 

270 

l80 

0.0183 

10.7 

- -525 

48 

2.l 

llOO 

l94,ooo 

3.63 

0.25 

-1490 

4.6 

0.07 

1960 

. 4290 

49.1 
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PROTOTYPE CASCADE TRAY 

The previous section has presented a description of the methods by which 
the experimental Modex still data were treated in order to specify the 
molecular distillation cascade required to perform the desired separative 
work. Two important tray design factors are fixed by this cascade design, 
viz., an optimum evaporator temperature of 270°C. and a stage evaporating 
area of abo~t 2.1 sq.ft. The establishment of these two factors allowed 
making an improved tray design for cascade use; it will be recalled that 
the experimental Modex trays necessarily had to be designed for operation 
over a wide range of temperatures and with a compromise stage area selected 
to assure that the required flow and separation data could be obtained. 

The smaller stage area, combined with the successful operation of the 
tubular expansion joint, suggested the feasibility of a prototype tray 
containing more stages than the Modex trays. By thus decreasing the number 
of trays required for any given cascade, the capital costs can also be re
duced. Two modifications of the stage itself were also indicated. First, 
a square configuration was to be used rather than the rectangular Modex 
stage. This feature reduces the stage perimeter t'or a 1'l.Xed stage area 
and thereby decreases parasitic condensation of potassium vapor on the 
stage dividers; such condensation would reflux some of the potassium to 
the evaporating pool without accomplishing useful separation. Second, 
triangular filler blocks were to be installed in the square corners of 
the stage flow paths to decrease the possibility of having stagnant metal 
co~lected in these areas which could reduce the stage separation factor. 

Figure 38 shows the stage arrangement and flow pattern adopted for the 
Prototype tray. Fifteen of the square stages were arranged in a 3-by-5 
array, each stage measuring about 18 in. square plus a l-in. wide dis
tillate collection channel at one edge. By arranging the flow between 
stages as shown in figure 38, it is possible to locate all of these 
collection channels in continuous rows down the length of the tray, which 
allows placement of the tray heating elements to avoid these channels as 
in the Modex design. Tray heating elements are of the tubular type, 
running the length of the tray and arranged into three groups under the 
three rows of five stages. Each of these three rows of five stages is 
also furnished with a common xylene coolant system and.coolant condenser. 
Clearly, this arrangement does not allow adjusting .or monitoring the inter
stage flow from individual stages; the Modex experiments showed that very 
close control of these flows was not necessary and this modified arrange
ment permits considerable simplification of the coolant system. Power 
control for the tray consists ·of three sets of silicon controlled recti
fiers operating from Vectrol gating circuits. The gating circuits supply 
D.C. pulses of adjustable length which bias the rectifiers conducting 
during the pulse period. A range of average power levels is attained by 
regulating the ratio of conducting/nonconducting time. By,using three 
such control circuits for the tray heating elements, it is possible to 
apply extra heat to the edges of the tray to compensate for heat losses. 
An arrangement is made for checking the heat balance between the three 
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rows by metering cooling water to the xylene condensers and measuring its· 
temperature increase. 

The Prototype tray differs in one feature from a cascade tray; six sampling 
points are provided instead of the single point per cell which should 
suffice for a cascade. These extra sample points, located at the end of 
each pass of three stages, allow determining the isotopic gradient within 
the tray and therefore aid in localizing-any defective stages. Con
struction of the tray support frame and tubular expansion joint follows 
the Modex design. 

Photographs shown in figures 39 and 40 show the Prototype evaporator and 
potassium condensing surfaces respectively, while figure 41 shows the 
top surface of the condenser section. Note the openings for attaching 
the three xylene condensers. 

The Prototype tray is interconnected with the Modex trays so that either 
system may be operated separately at total reflux or they may be joined 
to form a 25-stage facility. This latter operation requires a flow 
splitting arrangement, since the Modex stage area is about 50% larger 
than the Prototype stage area, and, if both trays are operated·at the 
same temperature, the stage 10 p:coduct flow from the Modcx trays is about 
50% larger than the Prototype interstage flow. This excess flow is simply 
refluxed to stage 10. 

Figure 42 shows one ·of the silicon controlled rectifi~r assemblies and its 
associated Vectrol control circuit; three of these assemblies supply con
trolled power to the Prototype tray. Note that these units are far more 
compact than the Modex transformers shown in figure 23, but that indi
vidual stage power control is not possible in this arrangement. 

At the present time the installation and testing of the Prototype is 
being completed; performance data on this unit will be covered in a sub
sequent report. 
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CASCADE CONCEPTUAL DESIGN 

The analysis of the Modex performance data and the design of the 15-stage 
Prototype tray for operation at the optimum conditions were used in the 
conceptual design of a production molecular distillation cascade. This 
conceptual design involves giving detailed consideration to all of the 
process and auxiliary equipment required, utilities, housing, staff (both 
operating and maintenance), various operating and maintenance procedures 
and the manner in which these may affect the production rate, and safety 
features. Estimations of the r.onstruction and operating costs of the 
cascade can be made much more accurately after the conceptual design is 
completed. Furthermore, the design serves to point out areas in which 
fUrther experimental work or testing of components or procedures might be 
desirable to improve the reliability or safety of the cascade operations. 

The present design was based on the following criteria: 

1. The cascade is to inclllde 525 stages, each stage having 2.1 square 
feet of evaporative surface, to provide a production rate of 
approximately one ton per year of potassium enriched to 99·9Y/a K-39· 

2. Each stage is to have a nominal evaporating/condensing capacity 
corresponding to an operating temperature of 270°C. and a maximum 
r.apaci ty corresponding to a 280°C. operating te~nperature. 

3. Potassium purity control is based on the use of high quality feed 
material, high vacuum stage operation, and two oxide removal 
stations performing in series with the cascade. 

4. Auxiliary services include nitrogen, air, steam, cooling water, 
and electrical power - locally available and of high reliability. 

5. Facility staffing is based on continuous operation, utili7j ng, 
whe:re possible, personnel associated with adjacent O.IJerations; 
laboratory analytical services and operational analysis services 
are also assumed locally available. 

In this cascade concept, two 15-stage trays form an operating unit or cell. 
Thirty stages is then the smallest number that may be isolated from the 
remainder o:t' the cascade. This size unit cell is a convenient and economical 
arrangement with regard to interstage valving and support equipment. Off
stream losses and cascade split effects are minimal, the former having 
been estimated at 0.3 pounds per cell-day production loss. A typical cell 
tray and piping arrangement is illustrated in figure 43. Referring to 
the cascade layout depicted in fi~1re 44, the feed point is between tray 
3 and tray 4. Trays 4 through 35 are the enriching stages, with product 
being withdrawn from the last stage of tray 35. 
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The oxide control stations located in approximately each third of the 
cascade are installed below operating floor level to allow for a traffic 
aisle and piping crossover midway of the building. These control stations 
consist essentially of a potassium pump, a wire-mesh-packed cold trap to 
reduce the potassium to oxide-saturation temperature for oxide precipi
tation, a heat exchanger to return the potassium stream to normal dis
tillation temperature, and the necessary instrumentation and control. 

The piping and wiring support structures are arranged such that the trays 
may be readily removed by the overhead crane for transport to the mainte
nance area. This minimizes floor space and facilitates auxiliary equipment 
installation. 

Although existing structures could be used to house the cascade, a new 
building is shown in figure 44 to illustrate the cascade layout. This 
figure depicts a single story, concrete block structure covering 14,409 
sq.ft. and enclosing 276,917 cu.ft. 

Fire water sprinkler system protection is ~rovided in the service rooms 
only; this includes all areas outside the process area with the exception 
of the two switchgear rooms. Process area fire protection is by means of 
hand-operated devices including portable extinguishers and/or powered 
graphite to contain potassium fires and co2 extinguishers for xylene fire 
protection. The process area floor is covered with sheet metal to prevent 
potassium spills reacting with the concrete floor and to facilitate 
clean-up. The floor covering is diked to minimize s~read of potassium 
spills and resulting heat energy release. 

Electrical power is supplied to the main substations at 13,800 volts from 
four feeder cables through voltage regulators. The double-ended process 
switchgear substations are provided with a bus-tie as indicated on the 
flow sheet, figure 45, to assure a high degree of reliability. With this 
arrangement one of the four power sources, either high-voltage cable or 
transformer, may be removed from service without affecting the process 
load. Pro~P.RR power supply reliability is a banic requirement, since 
interruption of distillation tray heating can result in a major cascade 
disturbance. On the other hand, total cascade power failure will not 
create hazards to personnel or equipment. Therefore, no provisions are 
included to circumvent this possibility. 

The process power system is sized to supply sufficient power to maintain 
the liquid potassium pool in the distillation trays at a temperature of 
at least 280°C. This temperature corresponds to a heating power require
ment of approximately 5,600 kw. including tray heat loss and control re
quirements. Switchgear is designed using standard size equipment, for 
example, 1500/2000 kva transformers, to provide ample capacity economically. 
Tray heat control is obtained by the use of silicon controlled rectifiers 
(SCR), which are particularly suitable for this application, being light
weight and compact. The control circuits for the SCR are also lightweight 
and small, requiring little power. Power loss from source to tray heaters 
is negligible when using this type control; the application of saturable 
rea~tor control, the only other practical means, would involve a significant 
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power loss in addition to higher installation cost. 

Power supply for required el ectrical auxiliar i es is again by means of a 
doubl e-ended substation for reliability. Critical equipment, for example, 
vacuum pumps, cooling water pumps, and process thermal pumps, is arranged 
for alternate operation or alternate supply . Total power failure , however, 
not only results in loss of potassium vaporiz i ng heat but also results in 
l oss of vacuum pumping and cool ant condenser cooling wat er. The entire 
distillation process stops; the vacuum pumping system is automat i cally 
isol ated; and nitrogen is automaticall y admitted to the cascade . I n this 
manner, the vacuum pumping system is protected; and air inleakage to the 
cascade, with consequent contamination of potassium, is avoided. The 
evapor ative coolant system is protected from l oss of heat removal capability 
(water failure) by means of relief valves to the coolant vent headers . 

The vacuum pumping system cons i sts of a 700 liter/sec. oil diffusion pump 
fo r each cell, two 5-inch roughing headers terminating in an 8 -inch pump 
stat i on header, and three 80- cfm . mechanical vacuum pumps. The system is 
capable of pumping the entire cascade to a pressure of l o-4 torr in about 
4 hours. Evacuation of indi vidual cells is accomplished by a small 
portable rough pump connected to the cell diffusion pump at the l-inch 
~t.nh nn t.hP n i f'f'n ~inn pnmp nnt.l Pt. ; t.hi ~ prnrPnnrP i ~ n ~Pn, f'nr P¥Rmp 1 P, 
after tray maintenance and/or replacement. The oil diffusion pumps are 
protected against high system pressure directly and pump heater l oss in
directly. Pump protection is primarily afforded as a secondary feature 
of tray over-pressure protection in that, when cell pressure rises to 
appr oxi matel y one micron (lo-3 torr), the diffus i on pump inlet val ve auto
matically closes in additi on to other automatic operat i ons to protect the 
potassitun trays. The cell high pressure trip may result from loss of 
diffusion pump heater or cooling water . It is ant i cipated that, with 
essentially no tray air inleakage, diffusion pump maintenance can be per
formed without detrimental effects to the process. Unintentional l oss of 
pump water or heat, however, results in aut omatic cell isolation from 
cell over-pres sur e . 

Because the diffusion pump i s at a relatively l ong distance from the dis 
tillation trays, a cold trap in the vacuum system may not be needed. This 
assumes that there is baffling of the chevron type in the vacuum connection 
at each tray to r etard potassium vapor diffusion into the vacuum system . 
In addition, a wat er - cool ed chevron baffle is incorporated at the di ffusion 
pump t o prohibit back-streaming of pump oil vapors . 

The evaporative cooling system to condense the potassium vapors incl udes a 
coolant condenser for each of five distillation stages and a cooling water 
system. Xylene is used as the coolant medium because of it s desirable op
erating characteristics in this appli cation . At approximately l40°C. the 
vapor pressure of xyl ene is zero psig, whi ch provides the desired 90° to 
l00°C. minimum temperature differential between the potassium evaporating 
pool and potassium condens ing surface. This allows the coolant system to 
operate at atmospheric pressure, simplifying des i gn considerably. The 
coolant condenser is of the shell and tube type directly attached to the 
distillation tray. The 70 feet of l-l/8 inch condenser tubing is in the 

-e 
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form of a double helical coil.· Since there is to be no control or metering 
of the coolant vapor or liquid return, the condenser shell can serve as 
both the vapor connection and the liquid return line to the tray. 

The condenser cooling water has a design flow of 9 gpm. for a 30°F. water 
temperature rise to a maximum of ll0°F. total water discharge temperature. 
This flow corresponds to a 54-gpm. flow per cell or about 1000 gpm. for the 
cascade. A 4-inch supply and a 4-inch return line connected to the re
spective 2-inch cell headers are routed along each of the two cell rows to 
accommodate these flow requirements. Process cooling water is supplied at 
150 psig. from three 800-gpm. centrifugal pumps, which have as their source 
either nearby river water or a cooling tower. The supply system design 
allows for moderate increase in water flow, although control of water 
temperature rise has little effect on condenser operation because of the 
high water/coolant temperature differential. Depending upon operating 
procedure, one or two of the cooling water pumps may be removed from 
service with no change required in the process operation. Total cooling 
water failure, occasioned by loss of water from the source or by power 
failure, will ultimately result in high cell temperature and pressure 
followed by automatic cell isolation and nitrogen blanketing, as described 
before . 

. Process control and monitoring is primarily from potassium temperature and 
tray pressure sensing elements. The distillation rate is dependent upon 
heat energy input which can be observ~d either as potassium evaporation 
temperature or as electrical power to the tray heating elements. Because 
the silicon controlled rectifier power supply circuits function as static 
switches, turning heater power off and on, power measurement is feasible 
only with relatively elaborate equipment. On the other hand, temperature 
monitoring is inexpensive but somewhat insensitive; that is, a significant 
heat energy change is reflected by only a small temperature change. 

In view of the above and because of the inherent stability of the dis
tillation process it is possible to achieve steady and reliable operation 
by providing a manually controlled, fixed voltage power source. This can 
be accomplished as indicated on the flow sheet, figure 45, through the use 
of voltage regulators equipped to control source voltage to within 5/8%, 
which means that at the nominal operating level of 270°C. power input may 
vary by about 1% or, as reflected by temperature, about 0.5°C. This allows 
the operating temperature level to be set by the manipulation of the silicon 
controlled rectifier gating circuit control at each tray control panel. 
The gating control circuit is preset for repetitive control cycle periods 
of from 0.1 second to 2 seconds during which period heater power will flow 
the required fraction of time to achieve the average tray temperature 
desired. The four tray temperature controls on the tray control panel, 
as shown in figure 43, provide i'or individual temperature control of each 
of three 5-stage sections of a tray plus an overall tray control. Tray 
heat energy determines potassium vaporization rate, and a stage cut of 
one-half is dependent upon obtaining the same vaporization rate in each 

. stage. 
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Cell over-temperature backup protection is initiated from contacts on the 
temperature recording instrument which monitors the fifteen pool thermo
couples and several condensing surface thermocouples. One contact on the · 
recorder initiates an alarm and the second contact, set at some higher 
temperatttre, willtrip open the cell heating power circuit breaker. In 

. addition, tray pressure in excess of lo-3 torr will open the SCR gating 
circuit, making the SCR nonconductive. 

Control of the interstage flow external to the trays is by means of thermal 
syphon pumps. These pumps develop head by virtue of differential density 
of liquid potassium columns. Density difference is established and con
trolled by cooling of potassium in one column and heating potassium in the 
other column; this is illustrated in figure 43. A 16-inch column with a 
50°-C. temperature differential can develop up to 0.25 inch potassium head 
for the flow application specified in the cascade. Under the design 
criteria for this cascade, intercell pumping requirements are less than 
0.125 inch of potassium head and 0.25 inch of potassium head for normal 
operation and cell bypass operation, respectively. 

The th~~mal pumps are manuaily controlled by means of a 500-watt variable 
auto-transformer. The pump is protected by a high temperature thermostat 
which operates to open the power source and by a cell high pressure trip 
to shut off the pump on high pressure with attendant cell isolation. 
Intertray potassium flow is monitored by a thermal flowmeter, the operating 
principle of which is the same as the pump, but at a much lower energy 
level. Measured constant low level heating is applied to the flowing 
potassium and the' temperature differential which is developed is measured. 
The differential is calibrated in terms of flow from the known thermal 
properties of potassium. For more rapid response in flow measurements, 
particularly during start-up and following tray outages, provisions are 
made for the application of a portable magnetic flow meter. 

Potassium distillation tray vacuum is monitored by a hot filament ion 
gauge. Continued operation of the cell is ineffective at pressures much 
above lo-3 torr; therefore, the built-in gauge tube filament protection 
circuit can also be used to control external circuitry. Should the tube 
filament cut-off pressure of approximately lo-3 torr be reached, as a 
result of air inleakage or vacuum pump failure, the protective circuit 
will trip: 

1. diffusion pump suction valve closed, 

2. diffusion pump heater off, 

3. tray heaters off, 

4. cell isolation valves closed, 

5. cell thermal pumps off, and 

6. cell nitrogen blanketing valve open. 

This action isolates the cell or cells affected and splits the cascade. 
In the event of an extensive cell outage, it may be necessary to connect 
portable bypass lines at the flanged connections between cells. The cas
cade flow can then be re-established. To perform this operation, it is 
necessary to freeze the potassium in the process lines at the flange 
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connections, install the portable lines, evacuate and vacuum test the 
connections, and fill the lines with potassium. While the affected cell 
is isolated, in-place maintenance may be performed or the individual trays 
may be removed by means of the overhead crane to the maintenance area for 
cleaning and repair. 

All process control is performed locally from the cell. In addition to 
the_alarms at the local cell, all alarms, process and auxiliary, are 
annuciated in the control room. Since no provision is made for remote 
operation from the control room, annuciation requires that the operator 
go to the indicated trouble area to take action. 

Process analytical control is initiated by the sampling of the potassium 
product streams at the sampling probes. Sampling devices are also located 
at the feed e:u1d withdrawal stations. The sample probes are designed for 
the insertion of a sampling rod in a way that will avoid the entrance of 
air. When it is desired to take a sample, the sample probe assembly is 
evacuated with a portable rotary pump, and through the cell diffUsion 
pump if necessary, then sealed off. The isolation valve between the 
assembly and the tray is opened, and the sample rod pushed down into the 
potassium pool. Upon removal of the rod, the isolation valve is clo'Sed 
and the sample probe assembly filled with nitrogen. The sample may then 
be removed and sent to the laboratory for isotopic analysis. 

Control and monitoring of other auxiliaries not described follow accepted 
industrial practice. 
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COSTS 

CONSTRUCTION 

It is estimated that about $2,511,000 would be required to construct the 
cascade described in the conceptual design presented above. A breakdown 
of these costs is given in table VI. The assumption has been made that a 
facility of this size could readily be located within an existing building 
in a large industrial site, such as at the Oak Ridge Gaseous Diffusion 
Plant. For this reason, no cost has been included for a building to house 
the cascade and its auxiliaries, although a charge is added for building 
remodeling and reworking of existing utility systems other than power. A 
new power supply has been provided, sized to yield up to 5.6 Mw. at the 
tray heaters. Indirect construction costs are included for the items in 
the table, where applicable, at the rate of 3~ of the equipment purchase 
and installation costs. The costs presented here are an improvement over 
previous estimates in that the distillation tray cost is now based on the 
prototype tray specifically designed for this particular separation job. 
In the judgment of the authors, the uncertainty in the plant equipment 
costs is of the order of 15%. 

An estimate of the construction time schedule for this cascade has been 
prepared and is shown in figure 46. 

TABLE VI 

CASCADE CONSTRUCTION COST ESTIMATE 

Item 

Distillation trays 

Process piping, valves, pumps, and installation of trays 

Process instrumentation 

Power supply and controls 

Feed and withdrawal and oxygen purification systems 

Rujlning B,nd utilities remod€!ling 

Engineering and inspection 

Contingency (25% of items listed above) 

Potassium inventory cost · 

Toto.l 

Thousands 
of Dollars 

560 

304 

256 

591 

53 

51 

182 

499 

15 

2511 
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FIGURE 46 . 

ESTIMATE OF CASCADE CONSTRUCTION AND START-UP SCHEDULE 
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OPERATION 

The annual cost of operation of this facility is estimated to be $550,000. 
A breakdown of this cost is presented in table VII. The assumption that 
the cascade will be an adjunct of a large plant leads to some economy in 
operating labor costs in that it permits some personnel to be utilized on 
a part-time basis. An adequate laboratory facility is assumed to exist 
at the site, so that laboratory services would be charged only on a 
per-sample basis. Plant overhead expenses are charged at 115% of the 
estimated direct labor costs. Power consumption is charged at 4.5 mills/kwh. 
The cost of potassium feed at $10 per pound, including the original in
ventory, is charged off in entirety, the assumption being that the potassium 
reject from the cascade will not be resaleable. Though there is a large 
uncertainty in the estimate of the maintenance costs, it is believed that 
the overall uncertainty in the operating costs is of the order of 10%. 

UNIT PRODUCT COST 

The cost per pound of potassium depleted in K-41 by a factor of 100 is ex
pected to be about $420. To arrive at this value, the cost of operation 
of the cascade during the 4.6 months expected to elapse between cascade 
start-up and attainment of steady state production is included in the total 
capital investment, which is amortized over a period of 10 years from the 
date equilibrium conditions are reached. No charge for loss of interest 
on the capital investment is included. Table.VIII summarizes the com
putation of the unit product cost. 
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TABLE VII 

ANNUAL CASCADE OPERATING COSTS 

Item 

Operating labor 

Maintenance labor 

Supervisory, technical and clerical 

All labor 

Plant overhead expense at 115% 

Power usage 

Maintenance materials and supplies 

Laboratory services 

Feeu costs 

Total 

TABLE VIII. 

COST SUMMARY 

Cascade construction cost 

Thousands 

90 

25 

12 

Operating cost during unsteady state period (4.6 months) 

Total capital cost 

Annual operating cost 

Unit product costs 

Attributable to capital costs 

Attributable to operating costs 

'l'otal 

of Dollars 

127 

141 

143 

71 

25 

43 

550 

$2,511;000 

209,000 

$2,720,000 

$ 550,000 

$/lb. 

139 

28i 

$ 420 
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ECONOMICS OF VARYING THE ~ARGET PRODUCT 
CONCENTRATIONS AND PRODUCTION RATES 

VARIATION IN TARGET PRODUCT CONCENTRATION 

In consideration of the ultimate use of potassium depleted in K-41 as a 
reactor coolant, the cost of isotope separation needs to be balanced 
against the incremental cost of shielding and maintenance to determine 
the extent to which it is advantageous to deplete K-41. For this purpose,· 
design calculations and cost estimates have been made for cascades designed 
to have a ton of potassium per year production rate with lesser K-41 
depletion factors. Figure 47 presents the results for depletion factors 
from 5 to· 100, with unit product costs given relative to the estimated 
cost for depletion by a factor of ~00. 

The cascade designed particularly for depletion by a factor of 100 (K-41 
product concentration 0.07%), which has been described in detail above, 
t.:an also be operated to yield product with a l1,;Lgher- K-41 cont.P.nt. The 
cascade product yield would increase as the K-41 content in it is in
creased (see figure 37) and unit product costs would decrease. This re
lationship is also presented in figure 47. It is also evident that op
erating a cascade to yield its design target product concentration leads 
to a lower unit cost than obtaining this product from a cascade which was 
designed to yield a different product concentration. 

VARIATION IN PRODUCTION RATE 

Unit product costs are a function of plant capacity. Since the base pro
duction rate of one ton per year is a preliminary target, estimates of 
costs have been made for production rates up to 50 tons per year. The 
results are presented in figure 48, in terms of the fraction of unit 
product costs relative to that for production at the rate of one ton per 
year. Product concentration for all cases is 0.07% K-41, i.e., a depletion 
factor of' 100. 'l'he results here are conservative, in that capital coots 
are assumed to be directly proportional to plant capacity. In actual 
practice, the cost of process equipment per unit of separative work would 
decrease to some extent as the equipment size or the number of pieces re
quired is increased. 

Curves have been presented in figures 47 and 48 relating the unit cost of 
product in the conceptual design cascade to the unit cost of product at 
K-41 depletion factors less than 100 and ·at production rates larger than 
one ton per year. For the purpose of estimating the unit cost of product 
from a cascade in which both production rate and product concentration 
differ from the conceptual design cascade targets, the product of the 
appropriate ratios taken from figures 47 and 48 may be applied to the 
$420/lb. base estimate. The resulting cost should represent a first 
approximation to the unit cost in a cascade specifically designed for the 
required separative task. 
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APPENDIX A 

PHYSICAL PROPERTIES OF POTASSIUM AND XYLENE 

This appendix summarizes some of the important properties of potassium 
metal and the xylene coolant which enter the molecular distillation cal
culations. It is not intended to be an exhaustive survey of either 
material and no attempt is made to assess the relative precision of 
vari.ous data sources, since, in general, very high precision is not re
quired. 

POTASSIUM 

Isotopic Composition. Normal potassium has the following isotopic com
position and isotopic weigh~s based on the C-12 system. 

Isotope 

39 

40 

41 

- - --

Mass (C-12 = 12.0000) 

38.9S371 

39-96406 

40.96184 

Atom % 

93.08 

0.0118 

For the purposes of the present study, the low concentration of K-40 can 
be neglected and the potassium system treated as.a binary isotopic mixture. 

Melting Point, Heat of Fusion. Potassium melts at 63.2°C. with a heat of 
fusion of 574 cal./g-mole. 

Vapor Pressure. Kelley (5) gives the following vapor pressure equation 
for liquid potassium, based on concordant data from several investigators: 

or 

where T = °K. 

log P(atm.) 

log P(torr) = 

- 4769 -
T 

4769 
T 

1.375 log T + 8.708, 

1.375 log T + 11.588,. 

Heat of Vaporization. The heat of vaporization varies with temperature 
according to the equation: 

6HV = 21,7e8 - 2.73T cal.jg.-mole, 

where T = oK. 

Over the temperature range 200° to 300°C. a mean value of 20,300 cal.jg.-mole 
has been adopted. 
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Heat Capacity. The.heat capacity of liquid potassium is interpolated from 
values given by the Liquid Metal Handbook: 

tz oc. c ' cal.jg.-°C. 

100 0.1942 

150 0.1914 

200 0.1887 

250 0.1862 

300 0.1843 

Density. The density of liquid potassium is interpolated from values 
given by the Liquid Metal Handbook: 

tz oc. Densityz g.Lcc. 

100 0.819 

150 0.807 

200 0.795 

250 0.783 

300 0.770 

Oxide Solubility: The solubility of potassium monoxide in molten 
potassium is given by the equation (10): 

-4 -6 2 
wt.% oxygen= o.o865- 6.09 x 10 t + 7.71 x 10 t, 

where t = °C. for the range 75° to 305°C. Some representative values 
given by this equation are: 

t, oc. Wt . % K2 0 Oxygen 

100 0.103 

150 0.169 

200 0.273 

250 0.416 

300 0.5Si1 
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XYLENE 

Commercial xylene is a mixture of the ortho, meta, and para isomers. 
Since p-xylene was used as the coolant in the Modex still, values are 
given here for that isomer. Properties of the other pure isomers and 
mixtures deviate slightly from these values, but the data are represent
ative of the general properties of the xylenes. 

Boiling Point, Heat of Vaporization. Pure p-xylene boils at l38.3°C. 
with a heat of vaporization of 81.1 caL/g. 

Vapor Pressure. The vapor pressure of p-~ylene is given by the equation: 

log10 P(torr) 1453.84 
= 6 ·991 - t + 215.367 

where t = °C. 

S]2ecific Heat. Values of cP for p-xylene are given by the equation: 

cP = · 0.3978 + o;·93 X 10'" 3t ·cal./ g. - "C. 

where t = oc. 

Density. p-xylene is reported to have a density of·o.86ll g./cc. at 
20°C. and 0.620 g.jcc. at l90°C. 

·•· 
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APPENDIX B 

POTASSIUM ISOTOPIC ANALYSIS 

Surface ionization mass spectrometer methods have been developed for 
measuring the isotopic abundances of related pairs of potassium samples, 
with precision adequate for evaluation of the separation efficiency of the 
molecular distillation process. 

METHODS DEVELOPMENT ON A 'rwELVE-INCH SPECTROMETER 

Significant improvements were first made in the reproducibility of 
potassium isotope analyses using a 12-inch radius, 60° sector, single
focusing spectrometer with a triple-filament surface ionization source and 
a vacuum-lock cylinder for changing sample or filament assemblies. Be
cause an absolute determination of the K-39/K-41 ratio had to be made 
separately on each sample of a pair required to establish a given sepa
ration value, one of the major requirements was to maintain constant focus 
and geometry characteristics during the analysis of the pair. Suitable 
electrical focusing and filament positioning procedures were established 
for this purpose, and dual-collection equipment was installed to make the 
isotope ratio measurements less subject to ionization instabilities. With 
the dual-collection system, the K-39 and K-40 ions were collected on one 
plate at the same time K-41 ions were collected on another. The ion 
current to each collector was amplified by its own vibrating reed 
electrometer, and both electrometer outputs were fed to a ratio recorder 
(3). 

Platinum filaments were used to reduce the effect of a potassium impurity 
from the filament, and an easily ionized sample compound, potassium iodide, 
was selected. Filament outgassing and progressive heating procedures were 
developed to reduce backg:cou.uu effeL:t::> further and conserve sample material. 

Ratio and ion current stabilities were also improved by inserting a con
densing surface cooled by liquid nitrogen into the source region. 

Repetitive measurements on ten sample pairs established a 95% confidence 
limit of ± 0.005 for a single ratio-of-ratios measurement, using the 
12-inch spectrometer. 

SIX-INCH SPECTROMETER MODIFICATIONS 

Because of the relatively wide mass dispersion between the potassium 
isotopes at the spectrometer collector, the resolution of a 6-inch instru
ment appeared suitable for these analyses. Accordingly, a 6-inch surface 
ionization spectrometer was constructed, using the magnet, analyzer com
ponents, and some of the electronic units and measuring circuitry from a 
uranium hexafluoride spectrometer. The basic techniques developed for the 
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larger instrument were utilized, and new facilities for sample changing 
and analyzer evaluation were devised. 

In the new spectrometer the K-39 and K-41 ratios of two samples are also 
compared by successive ~ample introductions through a vacuum lock. Samples 
are loaded on a platinum filament as potassium iodide, and the filament 
is electrically heated to vaporize the sample; this vapor contacts a 
second, hotter platinum filament from which the potassium ions are accel
erated with 3000 volts through the 6-inch radius of the magnetic analyzer 
where the isotopes are resolved. The K-39 and K-41. isotopes are simul
taneously collected on two collectors and the two ion currents are ampli
fied and compared in a ratio recorder whose output is proportional to the 
K-39/K-41 ratio in the sample. The small amount of the K-40 isotope· 
collected with the K-39 is neglected in calculating the ratios. 

Pressures of 10-7 torr in the source. region and 10-8 torr in the analyzer 
are maintained by separate electronic pumps. The ionizing filament 
(0.002 inch thick, 0.030 inch wide, 0.5 inch long) is permanently mounted 
in the source to maintain consistent geometry and good analytical repro
ducibility. The sample filament (0.004 inch thick, 0.03 inch wide, 0.5 
inch long) is mounted in a cylindrical, ceramic cartridge 0.5 inch in 
diameter and 3 inches long. Teflon 0-rings on each end of the cartridge 
provide bearing surfaces for sliding the cartridge through a vacuum lock, 
and also provide seals between the pumping stages of the lock. The sample 
filament is spring-loaded so that it is recessed within a depression as 
the cartridge is being pushed through the lock. After the cartridge is 
in position for analysis the filament is extended to within l/16-inch of 
the ionizer, at the same time making electrical contact to the filament 
current supply. 

The vacuum lock consists of a cylinder, 0.5 inch nominal inside diameter, 
6 inches long, leading into the source region, and a second similar 
cylinder leading out of the spectrometer. Each end of the lock is pumped 
in three stages. The two outer stages of each cylinder are rough-pumped 
and the innermost stages are evacuated with an ion pump. During an analysis 
a small cold trap extending into the source region is filled with liquid 
nitrogen. A tongue-and-groove arrangement on the cartridges permits 
rotation of the cartridge train so that the sample filament can be properly 
positioned with respect to the ionizing filament. 

When an analysis has been completed the used cartridge is pushed into the 
exit end of the lock by inserting another freshly loaded cartridge. The 
used cartridge is wa~hed in hot water and dried for reuse. During routine 
operation the entrance end of the lock contains two samples awaiting 
analysis, the source region contains one being analyzed, and the exit end 
contains two which have been analyzed. 

Except for minor problems related to the durability of insulator sections 
of the cartridge, this spectrometer appears capable of precision com
parable to that of the larger instrument, and analytical effort is reduced 
considerably through the use of the unique vacuum lock design. 
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APPENDIX C 

SPECIAL CALCULATIONS 

STAGE 1 CUT CORRECTION 

At total reflux, when the evaporation rate is the same in all stages of 
the Modex still, a material balance beginning with the tenth stage shows 
that the cut in each stage must be one-half, with the exception of stage 
1. This stage is non-typical in the sense that its feed and reject flows 
can be varied over wide ranges by adjusting the thermal pump even when its 
product rate matches that of the other stages. Stage cut is therefore 
adjustable in this case and it is desirable that it match that of the 
other stages, since the reject concentration of this bottom stage is the 
reference concentration on which the various stage separation ratios are 
based. If the stage 1 cut is less than one-half, its reject stream will 
not be sufficiently depleted in K-39 and all of the stage concentration 
ratios referred to it will be biased low; conversely, if the stage 1 cut 
exceeds one-half, its reject stream is depleted too far in K-39 and the 
corresponding separation ratios are biased high. By examining figure 3 
in the vicinity of a cut of one-half, it can be seen that the system is 
not extremely sensitive in this respect, in fact the analytical accuracy 
is not sufficient to distinguish cut values ± 5% from a value of one-half. 
Therefore, if the reject loop flow on stage 1 is in agreement with the 
.other interstage flows within 1Q%, no correction of the various stage 
separation ratios is justified. 

In almost all of the runs made with the Modex still to define the temper
ature at which maximum separative c.apacity was obtained, it was possible 
to adjust the thermal pump on the reject end loop to obtain a flow properly 
matching the interstage potassium flow. At low temperatures, primarily 
beluw 26onc., there was often difficulty in reducing the loop flow far 
enough while still maintaining steady operation of the pump and flowmeter. 
This was a consequence of the large diameter 3/4-inch lines which had to 
be used in the end loops to handle the metal flow at the 300°C. operating 
level; at low flow rates through these large lines adequate heat control 
could not be maintained. As noted in table I, in the low temperature runs 
in which the stage 1 cut was considerably different from one-half, stage 
1 reject was neglected in the data analysis and the product stream from 
stage 1 cut was just outside the range 0.45 to 0.55, a correction was 
~~~lied by the following procedure: 

1. The uncorrected data are first treated as described previously 
to obtain an estimate of the single stage separation factor 
(w + 1). 

2. The c:Jtimated value of 'lt is :multiplied by the ratio of 1. )86/ cut 
correction factor for the true cut calculated by equation 8. This 
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corrects the value of + for stage 1 to the value which should 
have been obtained with a cut of one-half. 

3. The value of [log (w + l)corrected - log (+ + l)uncorrected] is 
then added to the values of log S for other stages referred to 
stage 1 reject concentration. 

4. The analysis in step 1 is repeated using the cut corrected ratios 
obtained in step 3. 

This procedure was applied in only a few cases and the amount of correction 
was never large, since in most cases the actual stage 1 cut was quite close 
to 0.50 ± 0.05. It has been applied, however, wherever the stage 1 cut 
was outside this range. 

THERMAL FLOWMETER CALCULATIONS 

The thermal flowmeters used on the Modex still end loops consisted of 
4-3/4-inch sections of 1-1/4-inch tubing with a 3/4-inch concentric well. 
Tbt: well held a 180-watt c~tridee heater ~nd iron-constantan thermo
couples were attached to the potassium lines at each end-of the flowmeter 
section. The meter was well insulated with Fiberfrax blanket and aluminum
faced fiberglass. 

Theoretically, the flow through the meter can be given by: 

where F = 
w = 
c 

boT = 
k = 

flow rate 
heat input 

F = 

in g./min. 
in watts. 

k w. 
~T 

heat capacity of potassiu.m 
temperature difference in 
a constant for dimensional 
the units given. 

in ca.l./g.-°C. 
oc. 
correction, equal 

(C-1) 

to 14.34 for 

The two thermocouples may be conveniently wired to present the temperature 
difference in microvolts and since the output of iron-constantan couples 
changes at the rate of 55~V/°C. at the operating temperature level, the 
value of k in the equation above becomes 788.72 when the value of boT is 
given in microvolts. 

Equation C-1 assumes, however, that no heat is lost by metal flowing 
through the meter. Actually, however, if no heat is applied to the meter 
heating element, a negative value of boT is measured due to cooling of the 
metal on passing the meter section. This loss, usually amounting to about 
1° to 2°C. at operating temperatures of 200° to 250°C., must be measured 
as a "zero value" for each flow rate, since some of the power entering as 
W merely compensates for this loss. 

Further, if a large value of W is used to measure a given flow, the temper
ature increase across the meter section can cause still higher heat losses. 
This is also readily measurable by using the product loop flowmeter and 

·" 
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measuring the corresponding values of W and 6T with a fixed stage 10 
evaporator temperature. Under these conditions a constant true flow 
through the meter is assured and any discrepancy between flows calculated 
with various values of W can be attributed to heat losses within the meter. 
Data of this type are shown in table C-I. 

TABLE C-I 

APPARE!'JT HEAT LOSSES AT HIGH METER POWER LEVELS 

Apparent Flow Ratesz g.Lmin. Stage 10 Evaporator 
20 watts 30 watts 40 watts Tem:12erature z oc. 

179 183.5 189 262 

249 251 265 272.5 

310 318 325 282 

The data in table C-I can readily be brought into agreement if effective 
power levels of 29.5 watts and 38.0 watts are used for measured power in
put levels of 30 and 40 watts respectively. The values at the 20-watt 
level can be assumed to be accurate; lower po~er input levels do not pro
duce enough temperature change for accurate measurement of 6T. All flow
meter values presented in this report have been either measured at the 
20-watt level or measured at a higher power level and corrected to the 
20-watt level through use of the factors given above. 



APPENDIX D 

METAL FLOW CALCULATIONS 

The gradient of liquid potassium depth in the distillation trays under 
various temperature conditions can be estimated by calculating the liquid 
head required to sustain the appropriate interstage flow through the stage 
configurations. The basic equation for calculating frictional head losses 
for a fluid flowing in an open chan~el is given by 

where F 
f 
L 
G 
g 
D 
p 

F = 

= liquid head loss, 

2 f L G
2 

2 
g D p 

Fanning fr:i C't.i nn fador, 
= length of flow path, 
= mass flow rate, 
= gravity constant, 
= pipe diameter, 
= fluid density. 

(D-1) 

The Fanning friction factor for laminar flow such as is obtained in the 
molecular stills is approximately given by 

f = 

where 1-l = .fluid viscosity,' 

41-l 
RG' H 

(D-2) 

RH = hydraulic radius of the channel, equal to the cross sectional 
area divided by the wetted perimeter. 

By substitution, since D = 4 RH' 

F = 
2 1-l L G 

2 2 
g RH p 

(D- 3) 

This equation is applicable to straight flow paths; by assuming that 90° 
bends impose an additional head loss equivalent to 50 pipe diameters, the 
total loss for a straight path plus ~ bends is obtained: 

F = 
2 1-l L G 

R2 2 
g H p 

+ .n 2 2 ,or 2 1-l (50 D) G l 
g RH p 
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F 2 1-L G ( ) 

R
2 2 L + 200 n RH . 

g H p 

(D-4) 

The flow paths through each Modex stage can be broken into three passes 
across the stage, plus one pass under the interstage divider to the next 
lower stage. Stage evaporation is assumed to occur chiefly in the three 
main stage passes and in amounts proportional to the area of metal ex
posed in each pass. Since the stage cut is one-half, the flow entering 
a stage is twice the interstage flow, decreasing to the interstage flow 
at the reject end of the stage. The average flow in each pass can be 
estimated by decreasing the flow entering the pass by half the evaporation 
rate occurring in that pass. 

The liquid head profiles are-generated by starting with an.assumed liquid 
depth at the beginning of the first pass in stage 10. The head loss F is 
computed for the first pass and subtracted from the assumed depth to ob
tain the depth entering the second pass. This iteration is continued 
through each stage to the bottom of stage 1. The computed depths can 
then be plotted in their appropriate positions along the length of the 
sLill to generate the liquid head profile. Graphical integration to ob
tain the area under the profile curve leads to the metal inventory in the 
still for the assumed casP.. 

The equations are readily adapted to machine computation. Some examples 
of profiles run at 270°C. for the Modex trays are shown in figures D-1, 
D-2, and D-3 and a corresponding profile calculated for the 15-stage 
Prototype tray is shown in figure D-4. 

·" 
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APPENDIX E 

TRAY CONSTRUCTION COSTS 

In the course of constructing the Modex facility, records were maintained 
of time required by various crafts in the tray fabrication and installation. 
Table E-I presents these data. 

TABLE E-I 

MODEX TRAY FABRICATION AND INSTALLATION 

Craft Hours 

Machinist 1452 

Welder 891 

Sheet Metal 470 

Mechanic 432 

Electrician 200 

Inspection 153 

Instrument 177 

In addition to the labor costs, materials cost for these trays was approxi
mately $8200; this amount does not include the value of property items 
such as mechanical roughing pumps and ion gauge control panels. With 
applicable ORGDP plant expense allowance, the total value of the Modex in
stallation is estimated to be approximately $76,000, of which approximately 

· $16,000 is involved in engineering design. 

These costs may appear high in comparison with estimated cascade costs, 
but it must be recalled that the Modex installation is a highly instru
mented test facility and furthermore that relatively expensive jigs which 
were required in fabrication of only these two trays would have materially 
reduced the cost of any other trays built on the same design. 
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