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NOMENCLATURE
Symbol Definition
a gravity acceleration at a designated point
. - ZAL .

A parameter in equation q_ = e and further defined by
A = H/2K, cm-l. Also used as a parameter equal to
aAT/2T.

b gravity gradient, sec'2

B CD cell width, cm

C mole fraction

Ci curies

d space betwcen hot and cold walls, cm

Dl& cocfficient of ordinary diffusion, cmz/sec (sec note 1)

D! liquid thermal diffusion coefficient, cmz/sec-OC (see note 1)

D,l gascous thermal diffusion coefficient, cmz/sec (see note 1)

D mole fraction diffusion coefficient

’ See

D, welght fraction diffusion coefficient Appendix G

I)m molar concentration diffusion coefficient

6’0 experimental cificiency

50 limitin - encrgy conversion efficiency

I gravity acceleration, cm/sec

e gravity acceleration on earth surface, 980 u’n/sec2

h height, om ,

It transport coefficient in equation q, < eHL/K. gm/sec

. 2

J mass flux, gm/cm” -sec

k thermal diffusivity, cmz/sec

kT the rmal diffusion ratio, dimensionless
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NOMENCLATURE (Continued)

JHL/K

transport coefficient in equation q. = . Also K =

KC + Kd' gm-cm/sec
remixing transport coefficient, gm-cm/sec
cell back diffusion transport coefficient, gm-cm/sec

total length of cascade cell, cm
length of a single cell, cm

molar concentration, moles/liter
million electron volts

molecular weight, gm

average molecular weight, gm
pressure

Prandtl number - p/k, dimensionless

number of moles

(_e(l -Cs)
scparation factor at time t (= ———
«,s(l —ce)

separation factor at steady state

Nusselt number, heat transported/heat transported if cou-
duction were the only means of heat transfer

radius of outer cylindrical column

radius of inner cylindrical column

3
Rayleigh number = ﬁ?}:d , dimensionless

v L

Reynolds number = m

molar gas « onstant, 1.9872 cal/mole-"k

limiting entropy efficicncy

separative work
velocity, em/sec

time

viii
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NOMENCLATURE (Continued)

h

time to reach l/et of the steady state separation factor 9

temperature, OK

a temperature different from T

temperature of the hot wall
temperature of the cold wall

o o}
TH-TC, Cor K

mean temperature,

unit separative work
weight fraction and also 1/2 d

onc-half amount of fecedstock or watts

thermal diffusion factor

A% -1

E—T) - (OC or OK)

cocfficient of thermal expansion, —.{/—(

difference ¢ - ¢
e 8

stage number

the rmal conductivity, cal/cm’2 sce 7C/em
cocfficient of viscosity, poise nr gm/cm-scc
density, p,m/cm3

flow rate, gm/scc; or Soret coefficient, (QC)-1
rate of transport of a species, gm/sec
kinematic viscosity, sz/sec

mass of gas per unit length of cell, gm/cm

rotation rate

optimum

species designation or stage number
ix
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. I NOMENCLATURE (Continued)
I Subscripts
f final or feedstnck
I i initial or i species
n initial
-+ c mole fraction
l w weight fraction
- m molar concentration
i
-
Superscripts
- o original or initial
-k
. Nnte: Itis casy to become confused reading the literature because definitions
of the thermal diffusion factor and coefficient are not always clear.
- Powers and others, for example, use aDlz/T for D'. (The present
study also [ollows Power's convention.) Some hav. adopted the con-
- vention that D' is nepative when the heavier component concentrates in
- the colder regions. The situation regarding concentration units is even
morce vonfused. Appendix G indicates the source of the difficulty.
-
L]
"
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Section 1
INTRODUCTION AND SUMMARY

*
The Clusius-Dickel (CD) technique couples thermal diffusion to a counter-
current natural convective flow to effect separation in liquid and gaseous solu-

tions. Materials separable by the technique include:

e Aqueous biological solutions
Isotopes in both gas and liquid states

Aqueous solutions of both ionized
and un-ionized materials

Organic solutions
Liquid metallic solutions

Fused salt solutions

Ortho and para-hydrogen mixtures

The technique was discovered in the late 1930s by K. Clusius and G. Dickel
but fell into relative obscurity for commercial applications about 20 years after
its discovery. The reasons for its decline included a number of deleterious
apparatus and operating features, among which were large power requirements,
costly equipment construction, and small processing volumes. The present
study, however, after critically reexamining the CDS’.< technique, concludes that
the objectionable features of the technique can probably be circumvented by a
number of means among which are; (1) conducting the CD operation in space
environments; (2) utilizing modified cell designs; and (3) combining the CD
technique with other sceparative techniques or principles, i.e., electrophoresis,
ficld flow fractionation (FFF'), adsorption (parametric pumping), and chemical
reactions. Means (2) and (3) would benefit still further from space envirun-
ments. It is also concluded that the potential of the technique for separations
of biological and other aqueous solutions has been largely overlooked. The
CD principle appears further to offer novel earth applications such as solar

watcr desalination, energy conversion devices, and a use for waste heat.

':’CD = Clusius-Dickel; CDS = Clusius-Dickel Separation.
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This document reviews the history, applications, and theoretical basi:
of the technique. The advantages to be realized by conduction of CDSs in
low-g, spacc environments are then deduced. The low-g space advantages

so identified are:

e Reduced convective flow velocities in low-g environments
will allow larger cell wall spacings allowing in turn larger
processing volumes (throughputs) and avoidance of deleterious
""parasitic'' remixing.

e Power requirements will be supplied '"free'" by solar heating
and radiation cooling.

e Larger allowable cell wall spacings will reduce equipment
construction costs,

e Lack of gravity-induced mechanical stresses will allow
longer cell lengths to be utilized thereby increasing size
of processing volumes.

e A possibility of conducting CDS with free flecating liquid
spheres,

This document also reports the result- of investigations aimed at further
improving CDS cfficiencies by altering convective flow patterns. The question
of whether multicellular flow or turbulence can introduce a new separation
mcchanism wihich would boost separation efficiencies at least an order of mag-
nitude is considered briefly. The results indicate that certain multicellular
flow putterns probably can increase separation efficiencies. Experimental
verification of multic ¢llular efficacy, however, has not yet been accomplished
primarily becausce of difficulties in defining required boundary conditions for

a given .nulticcllular flow pattern.

The findings of the present study also indicate the CDS technique holds
the promisce ol finding unusual anplication in the areas of binlogical and
polymer sceparations. Biological and polymer solutes generaily have high
thermal diffusion factors and thus can be rceadily separated with low power
consumption. Furthermore, the ability of the technigque to separate solute

molccules on the basis of shape differences alone should present very

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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intc: esting possibilitics for separations of complicated biological materials
such as DNA molecules, viruses, and "B" and " T'" lymphocytes. The possi-
bility of combining CDS with other techniques, especially the FFF technique,

offers further exciting possibilities.

The Soret effect or thermal diffusion can generate potential grad: :nts
in electrolytic solutions. Non-convective liquid ti:ermocells, therefore, can
convert heat into electricity. It has been reported by others that such a cell
utilizing lead electrodes and sulfuric acid can attain an efficiency of 6.16%,
comparable to 10% for the best thermoelectric generators currently used.
The present study speculates that introducing electrodes into a CD column
that is separating electrolyte holds the possibility of a self-renewing con-

centration cell run by solar powe>.

Finally, the CD principle appears to offer earth applications in the areas

of water desalination and a use for waste heat.

It is also interesting to note that the Russians also appear to be redis-
covering the CD technique as evidenced by some ten recent papers. (See

Bibliography).
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Section 2
HISTORY OF CDS

In 1856 C. Ludwig discovered that a temperature gradient can separate
components of a liquid solution. Ludwig heated one leg of an inverted U-tube
filled with an aqueous solution of sodium sulfate and cooled the other, After
a few days crystals of sodium sulfate were seen to form in the cooled leg. In
1879, C. Soret, apparently unaware of Ludwig's work, studied the phenomenon
moere extensively. The separation of components in liquid solution by a thermal
gradient subsequently became known as the Soret effect. Although J.H. van't Hoff
offercd one explanation of the effect in 1887, a satisfactory theory for the effect
in liquils is still lacking. A temperature gradien. separative effect in gases
was predicted theoretically by D. Enskog and S. Chapman almost simultaneously
in 1911-12 and was subsequently confirmed experimentally in 191/, The phe-
nomenon in gases is usually called thermal diffusion. It may be mentioned,
however, that a variety of terms is currently in use to indicate separation by
means of a thermal gradient, These include Soret effect, Soret diffusion.
thermal diffusion, thermodiffusion, thermotransport, thermal transport
and thermophoresis. The present work will generally use the term thermal
diffusion regardless of whether the separation takes place in the liquid or gas

phase.

Thermal diffusion by itself is a very slow and inefficient process (see
Appendix A for theoretical details). The inefficiency of the process is readily
understandable when we consider that the separating force generated by a
thermal gradient is opposed by a remixing force generated by ordinary dif-
fusion. The separations achievable by thermal diffusion alone are of the order
of several percent or frequently only a few parts per thousand (Ref, 1, p. 273},
Separations in static cells, i.e., cells in which no fluid flow occurs. therefore,
never have become a practical technique. In 1938, however, K, Clusius and
G. Dickel discovered that if a countercurrent, natural convective flow is

coupled with thermal diffusion, separation speed and efficiency can be

4
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increased by orders of magnitude. Using a convective column that was 36

meters long Clusius and Dickel increased the separation of HC135 from
37

HC!?

ration of a large variety of materials was investigated soon after announcement

by a factor of 4000 over that obtainable in a non-convective cell. Sepa-

of the discovery. The types of cells used were either flat plate cells or cylin-
drical cells, in which the solution to be separated was contained in the annulus
between two co-axial cylirders. The essential elements of an apparatus which

illustrates the principles involved is shown in the following schematic.

Natural, Unicellular

Convection
Hot Wall
A Cold Wall
v Solution

A

Fig.1 - Schematic of CD Cel! Essentials

(not to scale)

To understand how a countercurrent convective flow enhances separation,

consider {irst the situation where no flow is present. In such a case. one compo-

nent of the solution migrates toward the hot wall while the other migrates toward
the cold wall, The migration, however, eventually halts as back diffusion grad-
ually builds up. A final steady state concentration gradient eventually results,
i.c., cventually the rate at which molecules migrate becausc of thermal dif-
fusion becomes equal to the rate of a counter mass diffusion. If now a counter-
current flow is introduced, molecules migrating toward the cold or hot walls

are removed faster near the wall than they are near the center of the cell by
downward or upward flowing currents. Back mass diffusion is thereby reduced,
If convection is too fast, a remixing effect due to flow can predominate, Ob-
viously, an optimum flow rate or convective velocity exists (mathematical

details are given in Appendix B).
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The discovery of the enhanced separation effect of convection by Clusius
and Dickel just before World War II led to the method being intensively ex-
plored in the next decade as a means of separation of uranium isotopes. Be-
cause of the wartime security the work was highly secret and publications did
not appear until after the war, In publications appearing after the war it is
reported that a plant had been constructed as part of the Manhattan project
235 {6 0.86%. The plant

consisted of 2100 separation columns, each about 48 feet long. The uranium

which enriched normal uranium containing 0.715% U

was processed as uranium hexafluoride. The plant was in operation for about
six months, and then was dismantled when CDS was displaced by the gaseous
diffusion enrichment method. The principal drawbacks of conventional CDS
for uranium enrichment are the long relaxation times (time required to attain
near equilibrium) and the high heat consumption. The power cost alone for
CDS was found to be about 100 times greater than the total cost of separative

work by gaseous diffusion (Ref.2),

During the 50s the technique was explored for various separations and
fractionations of petroleum and associated products (see Appendix D for specific
scparations). Because of the high power requirement, however, this area of
application also faded. As far as is known, CDS is utilized commercially
Prescatly only for the separation of rare gaseous isotopes and for purification

of inertial guidance fluid.

Although CDS is currently a relatively obscure technique. the Soret
effect is experiencing a resurgence of interest. A number of papers have
appeared recently dealing with the role of the Soret effect in phenomena

suvn as double diffusive convection and crystallization.

It may be mentioned incidently that CDS is also referred to as "thermo-
gravitational scparation' in the literature, More extensive historical discus-
sions of both the CDS technique and the Soret effect will be found in the general §

references given in the Bibliography.
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Section 3
SEPARATIONS POSSIBLE BY THE CD TECHNIQUE

The CD technique lends itself to separations in both the liquid and gaseous
phases. The atriguing aspect of CDS is that separation depends not only on the
relative mass s of the constituents to be separated but also on their atomic
compor:tion a'1d molecular shapes. Thus not only molecules of differing
masses hut also molecules of identical masses but differing in atomic species
or in arrangement of atoms, i.e., isomers, can be separated using this method.
Also, with ternary or higher multicomponent mixtures, varying degrees of

fractionation can be achieved,

The theory of thermal diffusion is fairly well established for gases, and
calculation of thermal diffusion factors by means of various formulas is pos-
sible. For liquids, on the other hand, no general theory exists and it is neces-
sary to either consult the literature to see if a certain separation is feasible

or to determine the fea..oility expe. -imentally.

The range of separations possible by CDS is indicated by the following

list.

Liquid Phasc Separations

Biological solut.ons and suspensions (viruses, carbohydrates,
esters, pol. accharides, enzymes, etc.)

Aqueous ciectrolytic solutions (water solutions of NaCt, CuSO4,
etc.)

Aq eous non-electrolytic solutions (alcohol and water)
" olyme: solutions (polystyrene in toluene)

Organ:c isomers (ortho, meta, and para xylene, cis-trans
isomers, etc.)

Binary i’nd ternary organic mixtures (cetane and cumene,
benz u.e and n-heptane, etc,)

(*.1 fractionations (talloil, white oil, paraffinic oils, etc.)
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Isotopic solutions (D,0 from H,0, G*%s, from c**s%%s,

2':"SUF() from 238UF6, etc.)

Molten salt solutions

Liquid metal solutions

Gas Phase Separation
4 16, 18

Isotopic mixtures (D2 from HZ' 3He from "He, O

2
from 1602, etc.)

Various gas mixtures (Brz and Clz from noble gases,
argon from neon, etc.)

Ortho and para hydrogen

In Appendix D a comprehensive bibliography of a large number of specific

separations that have been reported in the literature is given,
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Section 4
OPERATIONAL PARAMETERS OF CONVENTIONAL CD CELLS

[
.

General Relationships

The theory developed in the early 40s by Furry, Jones, and Onsager

(FJO) (Ref. 3) for CD cells can serve to give a general, qualitative '"feel" for

' what degrees of separation, in what time intervals, are possible. It should

be emphasized, however, that the FJO theory is only as valid as the validity

T of its assumptions. Probably the most important experimental control that

must be maintained, if the FJO theory is to apply, is that of the convective

flow pattern. The FJO theory assumes a laminar, unicell type of convection.

- Deviations from this type flow pattern can have either pronounced deleterious
{parasitic) or possibly desirable effects depending on the particular deviation.
On carth CD operation is notoriously sensitive to parasitic effects. Enhance-
ment of separation efficiencies by flow patterns other than laminar unicellular,
on the other hand, occurs spuriously and has not as yet been conclusively
demonstrated experimentally. The question of flow pattern on separation has
been considered only cursorily in the literature. Experimental and theoretical
work conducted in the course of the present study, as well as some reports in

, the literature of improved separations as the result of turbulence, however, in-
dicate that flow patterns other than unicellular may result in better separations.
Both of these aspects of CDS are considered further in a following section,
In the present section the FJO theory will be utilized to indicate generally how
conventional CD cells work with different material systems and how parameters

i such as column length, temperature difference, slit width, and gravity level

affect separation levels and times.

,M.....

The separation parameters that are of present primary interest are

the following:

g <a
.
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q transient separation factor

9 separat:mn factgr at st:eady .state or maximum
separation attainable in a given cell

t time to reach a separation factor of q

ty relaxation time to reach l/eth of the steady

state factor 9,

The separation factors q and Te 2T€ defined by the following relationship:

o - c, (1- cs)
o (1- ce)

where <, is the mole or weight fraction of a given component in the enrichiung

part of the cell, and g is the corresponding concentration in the stripping

part of the cell, If q is rewritten as

(ce/l -ce)

Q= fcs7l-cs)

it is readily seen that q represents a relative separation. The following
simple example illustrates further the meaning of q. Suppose a solution
containing 4% by weight of solute is separated so that at the enriching end
a 6% solution is obtained and a 2% solution is obtained at the stripping end.

The q factor for such a separation would be 6.

The lighter cumponent of a bicomponent mixture usually concentrates at
the tu,. of a cell and the heavier at the bottom, i.e., the mixture is enriched
at the top with lighter component and stripped of the lighter component at the
bottom, The separation factor can vary from one, which indicates no separa-
tion, to values in the millions or more. However, as will soon be seen, extra-
ordinarily huge values of q are generally accompanied by huge values of
relaxation times. Practical values of q, which give reasonable separation
times, range from about 1.00! to 3000. The range 2 to 5, however, appears
as the most favorable for achieving reasonable separations in reasonable

times,
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The separation factors and relaxation times depend on a number of

factors, including cell geometry and construction. The theoretical depend-

- Eoa |

encies of the separation factors and the relaxation times on the various

column, operational, and material parameters are outlined in Appendix B.
With the aid of the theoretical relationships presented in Appendix B it is
possible to define optimum values of various operating parameters. For

&< g
g

example, for a given solution and a given temperature difference, the spacing,
d, between the hot and cold wall which will result in optimum separation at

SRS |

ricaae g
P

steady state is given by
k9
9:\l/6 [ KDy, 17
d t = (—2'—) D
oP PgBAT

Alternatively, to calculate an optimum gravity level for a given annular spacing.
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the following relationship applies (Appendix B)
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{' In order to maintain the required unicellular flow pattern, the cell should

¥

not have parameters which would result in a Reynolds number. Re. more than :

25. If the Re exceeds 25, turbulence ensues. Turbulence in a conventional
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CD cell would mean remixing and decrease separation efficiency, The condi-

tion that Re < 25 can be restated (Appendix B) as

—B_ <125
Eopt

Practically, values of g/gopt less than about 5 should be sought to be on the
safe sidc. The present study, however, for calculational convenience sets

"he value of g/gopt tha: is not to be exceeded at 10. Interesiingly enough,

L o
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more efficient operation ensues at larger g/gopt values than at smaller values
(Ref. 3, p. 173).

In the following subsections example calculations for both single stage
and multistage CDS are given. Production CDSs are usually continuous,
cascade operations, i.e., a number of separation cells are arranged in some
sort of a pyramid fashion and continuously fed at one end and products and
stripped solutions taken out at the other end. Although single stage CD cells
are usually used for research or laboratory purposes, they may be considered

production units if the amount of product required is small,

Example Calculations Illustrating Single Stage Operation

In Table 1 some examples of single stage CDS are presented for instruc-
tive and comparison purposes. Single stage operation can be conducted in a
variety of cells which may or may not include reservoirs. In the present study
only two types of single stage cells are considered. One type is a flai plate
cell without reservoirs, (ln Appendix B the modification that must be made to
the mathematics of a flat plate cell to render them suitable for cylindrical cells
without reservoirs is briefly indicated.) The other type cell considered is a
flat plate cell with an infinite reservoir attached to the stripping end of the
cell. Mathematical formulas for both type cells are given in Appendix B, The
important difference between the two types of cells to be considered for present
purposes is that the cell with an infinite reservoir at one end is capable of main-
taining the concentration at that end at some constant, initial value. In the cells
without reservoirs, concentrations vary throughout the cell as separation pro-
ceeds until a steady state condition is reached. The cell with an infinite
reservoir attached to one end represents a somewhat more realistic case for
large production type operations, as will be subsequently evident, The cell

without reservoirs is of interest for small scale laboratory type operations.

The material properties used in the calculations of Table 1 are given
in Table 2.

12
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One feature of the calculations presented in Table 1 which should be
immediately apparent is that very large separation factors are impractical
because of very large accompanying relaxation times. Practical values of
q or q fall in the range of about 1.00 to 4.00. From the cases in which L,
the length of the column, and AT, the temperature difference between the hot
and cold walls, have been varied, it is seen that L and AT exert but a minor
effect on separation efficiencies and relaxation times. The most important
parameter is d, the wall spacing. Even a minute change in this parameter
exerts a profound effect on the separation factors and relaxation times. Of
lesser, but still significant, effect is the gravity level. Tkis aspect of CDS

is discussed further in Section 5,

Although the example cases are not strictly comparable, it is fairly
evident that gases are most adapteble to CDS, allowing relatively large sepa-
rations in relatively short time periods with relatively large wall spacings.
Liquid metals probably have to be considered as least adaptable, especially

with regard to wall spacings.

It is interesting to consider the results for UF6 because of its historical
importance. As mentioned earlier, CDS was first applied on a large scale in

235U from238U. The uranium was in the form UF6' The

the separation of
values of wall spacings and temperature difference (222°K), column length

(1460 cm) in Case G3 are those which were used in producing 2351.’ by thermal
diffasion during the war (Refs.4 and 5). The separation factors achieved with
such columns were on the order of 1.117 to 2.72. It is interesting to note, there-
fore, that present calculations show that the flow at a gravity level of 1g (980
cm/secz) in a 1460 c¢m long cell and 0.025 cm wall spacing across which 222°K
is applied is turbulent. The numbers given in parentheses in Table 1 for this
case are those calculated ignoring the condition that g should not exceed gopt

by ten. The present simple calculations, are of course, not strictly applicable
to the real case, considerations such as cylindrical corrections and pressure
having been ignored. The real case, however, oduced many puzzling features
and inconsistencies (Ref.6), arising undoubtedly from deviations from a strictly
unicellular flow pattern. In Section 6 the =ffect of flow patterns on separation

efficiency is considered further.
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Another aspect of CDS that emerges from consideration of Table 1 is
that sizeable separations of aqueous solutions are achievable with moderate
temperature differences. The method, as a matter of fact, will probably find
its greatest application in biological separations where molecules and ultra-
microscopic particles to be separated are quite large, structurally complex
and therefore possess large a factors. It may be worthwhile to mention that
the atsolute values of temperature can be as low as is practical from the

viewpoint of freezing avoidance,
Furthermore, it can be seen from Table 1 that separation times for cells
without reservoirs are quite short so that CDS for small scale laboratory or

industrial applications should be very feasible.

Continuous Multistage Operation

Any production type CD cell would almost certainly be one which is
continuously operated, i.e., unseparated solution would be fed in continuously
at one point of the cell and product and stripped solution collected continuously
at other points. Figure 2 illustrates schematically an arrangement for con-

tinuous CD operation

--—p Enriched Solution
of Concentration ¢

CD Cell

Feed from Scrubber »
of Concentration <

Fig. 2 - Schematic of a Continuous Single Stage CD Cell

18
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A scrubber is an additional continous column run in the following fashion.

1
Ay -9 Enriched Solution of
Concentration <,

NN e

o e v
Becr .

* Scrubber

? Original Solution ——==i
of Concentration <,

Stripped Solution of
. —=pp Concentration c¢

. Fig. 3 - Schematic of a Scrubber CD Cell

Flow from the scrubber serves the purpose of maintaining the solution at the
entry of the separating column at a constant concentration. It is usually de-
1T sirable to adjust the rates of flow in the separation cell and in the scrubber

.- so that the concentration at the entry of the separation column is the same as
the concentration of the original solution, i.e., c;, =¢, A more complete dis-
i cussion of the details of scrubber design is given in Ref.3. A sample calcula-

tion illustrating how a continuous rate affects separation is given in Appendix C.

From the viewpoint of multistage cell design the parameters of interest
’3 are d/H and 2AL where o is the flow rate in grams per sec and the other

terms are as discussed in Appendix B, The term 0/H can be viewed as a

B

yield factor and the term 2AL as a length factor. The quotient of the two terms,

§ R oy

L]

i.e.,

o/H _ oK
2AL HZL

S !

is called the efficiency inasmuch as the cost of cell construction and operation

is proportional to 2AL and the yield to 6/H. Obviously, the efficiency is the

quantity to be maximized. In Ref.3 tables of most efficient values of 6/H and

19
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2AL for various q values are given, Furthermore, it is shown in Ref.3 that.

under widely varying conditions, the most effective value of 2AL is given by
2AL =2 m q, (two-log -q rule)
In addition to being continuously operated most commercial CDSs are

operated on the cascade or multistage principle for the twofold reason of in-

creased capacity and separation. A simple cascade (Ref.7) is sketched below.

Ct

Hoang

1 -

Fig. 4 - Schematic of a Simple Cascade (Ref. 7)
Much the same considerations as are discussed for single stage operation
apply to the multistage case. The reader is referred to Ref. 3 for theory
development. The points to be made here are that a cascade, assuming that

all the cells are identical, can increase the separation factor and decrease

20
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the separation time compared to the same quantities for a single column.
These effects are best illustrated by a simple example. Taking the case of
sulfur (Case E3, Table 1), we have the following values of q, and t; for a

single cell

1.56

qe

ti' 24 days

Suppose we s¢* the production rate of enriched solution at one gram, day and
the cascade construction at three stages beyond the scrubber, i.e., scrubber ~
8 cells, first stage — 4 cells, second stage — 2 cells, third stage — 1 cell, &
cell width (B) of 10 cm is further assumed (see Appendix B for discussion

of influence of cell width in batch and continuous cells). Utilizing the relation-

ship for most efficient multistage operation, (Ref. 3):

tnhq = AL,

where & is the total length of the cascade (not counting the scrubber) we obtain

a separation factor of 1.95, i.e.,

inq = 3.702x 1073 x 180
= 0.6664
q = 1.95

To obtain the characteristic time, i.e., the time before product can start to

be withdrawn at a constant rate the following formula is applied.

L = 4de

oK [(c.l + e -2 ¢, cf) Ing -2 (cf-ci)
c 3

", H c; (- ci)

where m is the number of cells in t! first stage. For the conditions here
defined tc is calculated to be 1.7 days. Thus, separation can be increased
from 1.56 to 1.95 and the separation times decreased from 24 to 1.7 days by

utilizing a three stage cascade.
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e
i, It is stated in Ref.3 that for a separation factor of 105 the single-stage -
apparatus can have a characteristic time about 2000 times that of an ideal
31 multistage apparatus. In practice a desired product concentration and pro-
o duction rate is specified and the cascade is then designed to optimize effi-
Pl ciency. One drawback of cascades is the expense of the hardware. Especially
E ‘. expensive is the construction of columns with the very narrow slit or annulus

widths. One tremendous advantage of low-g operation would be the lower cost
of hardware because wider slit or annulus widths could be utilized. This aspect

of CD operation is discussed further in Section 6.

Power Requirements

As mentioned previously the large amounts of power required for CDSs
of isotopes and petroleum fractions has been the chief deterent to commercial
exploitation of the method. One experimental study of the efficiency of the
method in petroleum separations (Ref,8) reported experimental efficiencies
of about 10-5. The experimental efficiency, Ee' is defined in the cited study

by the following set of relationships .

£ = actual rate of separative work
e ~ actual rate of heat input

OAZRdT

8Mcl c27tLB(TH - Tc)

where

and < and c, are the mole fractions of components 1 and 2 in the original
mixture, and ¢ is the rate of separation in grams per second. The other
terms are defined in the notation section. The experimental efficiency €e
can be viewed as an energy conversion efficiency (Ref.9,p.192). As can be
appreciated, actual conversion efficiencies of conventional CDS cells are
quite low. Table 3 illustrates this point dramatically. In Table 3 the energy

requirements per unit separative work (USW) per year for various methods

C—_——. e

for uranium isotope separation are given,
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Table 3

COMPARISON OF ENERGY REQUIREMENTS FOR VARIOUS
METHODS OF URANIUM ISOTOPE SEPARATION (Ref. 10)

Specific Energy Consumption

Process kw/kg USW/yr
Theoretical Practical
Minimum*
CDS with UF, 61
Gaseous Diffusion 0.073 0.266
Distillation >0.62
Redox Ion Exchange >0.71
Electromigration in UC14 1817
Molecular Distillation >0.073
>>0.073

Isotope Chopper

* . .
See Section 6 for discussion.

A USW as used in the preceding context is not work or energy but a term that

indicates the degree of separation achieved, i.e.,

ce/[l - €. 2

cs7ll-cs| -1 /4

sSw

where W is one-half of the amount of feedstock. Furthermore,
SW = W V(ce) +W V(cs) -2 W V(cf)
where ct is the mole fraction of desired component in the feedstock and the

V(c) functions are defined as

V(c) = (2¢-1) m(c/l-c)
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The units of SW are kilograms (Ref.11). Thus, a SW of 4.306 kg/hr gives
1 kg/yr of 3% Uz:"5 from 5.479 kg/yr feedstock consisting of 0.711% U235

(Refs. 11 and 12).

Another study done in 1957 is of interest in connection with power require-
ments. Powers and Wilke (Ref. 13) estimated the costs and power requirements
for processing 1000 bbl/day of 50 mole % n-heptane-benzene mixture to give
products of 70% purity. Such a separation is indicative of separations involving

aromatics and aliphatics and hence petroleum oils. The heat load for this ap-

paratus design calls for 5.27 x 10° Btu/hr (5.56 x 10'! Joules/hr, 3.33 x 107

kilowatts)., It is worthwhile to mention, however, that relatively low tempera-

tures were assumed, i.e., Tc = -8°C and TH = 92°C.

The foregoing discussion of CDS efficiency has dealt primarily with the
experimental or actual efficiencies achieved. The question of the limiting or

thermodynamic efficiency is dealt with in Section 6.
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Section 5
ADVANTAGES OF SPACE ENVIRONMENTS FOR CDS

Constant Low-g Values

In a spacecraft or on the surface of the moon steady low-g values are
readily attained or already prevail. In a spacecraft the level of gravity de-
sired can be achieved by controlled rotation, either of the spacecraft or of

the apparatus in which the gravity is to be controlled.

Values of 9. 9 t.and t for various g levels are presented in Table 1.
It can be seen that lowering g levels allows an increase in wall spacings by
one to two orders of magnitude. To appreciate the practical advantage this
fact affords, it will be well to reconsider the optimmum wall spacings for sepa-

rations at one-g. These are given in Table 4.

Table 4
SUMMAERY OF WALL SPACINGS AT OPTIMUM G LEVEL OF ONE
System d (cm)
Copper Sulfate 0.0154
Sugar in Water 0.0189
Cetane-Cumene 0.0092
Mercury 0.0074
Sulfur 0.2013
Methane 0.5271
Uranium Hexafluoride 0.01104

Powers and Wilkes (Ref. 13) set a wall spacing of 0.0793 cm as a
practical design limit. Commercial laboratory cells (see Appendix E) are
available with wall spacings down to 0.01 cm. However, a comparison of the

work of various investigators (Ref. 14) in which d ranged from about 0.6 to
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to about 0.04 cm reveals conflicting results and large deviations from theory.
In further study of the effect of cell variables on performance it was concluded
that the descrepancies probably arose in the critical nature of the wall spacing
(Ref. 14). Other instances of anomalous or puzzling results can be cited (Refs.
4 and 15) which also undoubtedly have their origins in small variations in the
wall spacing. The present study also noted ananomolous result at wall spacing
of 0.01 cm (Appendix E). Small wall spacings have the further disadvantage of
smaller processing volumes. Obviously, if the wall spacing can be increased
in low-g, small wall imperfections will have less effect, More reliable cell

performance and larger processing volumes will be possible as a result,

The beneficial effects of reducing gravity on cell performance have been
noted previously. In one study (Ref.13) a flat plate cell was tilted so that the
force of gravity could be reduced according to the relationship g = gg cos®

where 0 is the angle between the cell and the gravity vector, i.e.,

gg
y

Hot
CD Cell

Cold

Fig.5 - Tilted Flat Plate Cell

Whether the full benefit of reduced gravity can be realized from this arrange-
ment is doubtful because studic3 currently in progress show that a layer ot
fluid can be tilted only so far. Further tilting results in a breakdown of the
unicellular flow pattern into a multicellular one. The question of flow pattcrn
however, is considered further in Section 6. Also, gravity stresses on the

cell as a whole would have a deletericus effect on maintenance of the critical

wall spacing.
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In a number of other studies (Refs. 16 through 25) CD cells were packed
with various packings such as glass wool, metal turning, etc, Such cells
showed impressive separation at relatively large wall spacings, It was gen-
erally concluded that the increased separation resulted from a decreased
convective velocity. However, the space taken up by the packing and the
get erally larger times to reach a given level of separation generally can-
celled the larger wall spacing benefit. It should be noted that packing offers
an immense advantage for small batch or laboratory separations. Fairly crude
cells can be used., For example, a 3% copper sulfate solution could not be
separated in an unpacked cylindrical cell made of glass (0.721 ¢cm annulus,
Case Al, Table 1). Essentially complete separation, however, occurred in
ahout four hours when the column was packed with glass wool. No special
materials or procedures were utilized to ensure that cell annulus spacing was
precise. Cell variation and misalignment were undoubtedly great. Appendix E
gives the experimental details for this and other separations performed during

the present study,

In summary, a space environment offers all of the advantages of con-
vective velocity reduction with none of the disadvantages noted for reduced

convection operation on the ground.

In addition to the foregoing advantages the further advantage of alleviating
the "forgotten effect' will be realized at low-g levels., The 'forgotten effect"
occurs when the components of the solution are such that the density of the
solution concentrating at the hot wall becomes greater than surrounding fluid,
An overturning as remixing of the solution eventually occurs. In low-g en-

vironment greater concentration can be achieved before the overturning occurs,

Gravity Gradient

Control over gravity levels in a space orbital environment will be
achieved either by spacecraft rotation or cell rotation. In such situations
the further option exists of having a sizeable gravity gradient. Consider the

gravity gradient shown on the following page:
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g(z)

Hot Cold

Fig.6 - Schematic Showing One Possible Direction of a Gravity Gradient

Tne convective flow inside the CD cell would certainly be different than if the
gravity level were independent of column height. In the posed situation, the heat
flow would encounter lesser gravity as it rises, and the cold flow would en-
counter greater gravity as it falls. A mathematical analysis for CDS in a

cell subjected to considerable gravity gradient does not exist at present. It

is not possible, therefore, to evaluate gravity gradient ef{ects realistically.

A speculation, however, may be offered. The following equation is given for
heat transfer from an isothcrmal vertical plate, i.e., Fig. 7 , in the presence

of a gravity gradient (Ref, 26):

bx
a

15

.
= 140
e 24

where Nu is the Nusselt number in the presence of the gravity gradient, Nu
the Nusselt number in the absence of a gravity gradient, b the gravity gradient
at x, and a the gravity level at x = 0, Depending on the values of a,b and x,

Nu can be greater or less than Nu. If Nu is less than Nu, convective velocities
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Flat Plate at Temp~~~ture, T

— Convective
% Streamlines

/—)(:0

g(x) §

Fig.7 - Schematic of Gravity Gradient Situation
Analyzed by Catton (Ref. 26)

are obviously reduced as the result of a gravity gradient. Thus, one use of

a gravity gradient may be to move onset of turbulence to gravity levels greater
the 10 x 8opt allowing cell operations at gravity levels greater than 10 x gopt'
It will be recalled that operation at ~10 x gopt gives greatest efficiency, i.e.,
most scparation work in the shortest period of time, Presumably, even greater
efficiency would accrue at values greater than 10 x Bopt if turbulence could be
avcided., Whether such a possibility is realistic, however, requires more de-

tailed consideration of the operational mathematics,

Utilization of a gravity gradient in one-g, though possible, would appear
to b. a complicated affair, necessitating vibration free mountings. special
electrical connections, etc. Rotation of a spacecraft or of a cell in space, on

the other hand, appears relatively easy,

Solar Heating and Outer Space Cooling

On earth the power requirements for commercially processing sizable

amounts of materials in a CD column are huge and expensive, especially in
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cases of isotope separations. The idea of utilizing solar energy to heat one
surface of a CD column and the blackness of outer space to cool the cther,
therefore, promises a real low-g benefit, A couple of like:ly concepts for ac-
complishing solar heating and nuter space cooling is shown in Fig. 8, Whether
the situation depicted in (b) in Fig. 8 is desirable for separations is undecided

at present. See Section 6 for further discussion,

With ingenuity as to the arrangement and size of focusing parabolic
mirrors, a variety of temperature ranges and cell configurations can be
achieved. In earth orbit the solar energy intensity is of the order of 0.14
W/cm2 or 2 cal/cmz-min. (Ref.27). This amount of heat would raise the
temperature ol a cubic centimeter volume of water 2°C in one minute. The
assumed th2rmal conditions shown in Fig.9 {or the separation of aqueous
solutions in a rectangular cell of the dimensions and materials indicated
would require a 2 32 fold concentration of natural solar rad’ation. Such a
level of solar energy concen. ‘tion would require a parabolic concentrator
of 2.7 square meters in area. 1 large concentrator in space should present
no major problem for without gravity stress aluminized plastic umbrella
collectors can be utilized. Design of a thermal radiator to dissipate the 0,073
t:‘.a.l/sec-cm2 required to maintain a 50°C temperature gradient will present

more of a problem bet not ann unsolvable one.

Radiation Effects

It is well known that the various radiations encountered in space environ-
ments can produce pronounced effects on materials, One, of course, would not
suggest goirg to spacc just to utilize the radiation environment, However, if
one is contemplating conducting CDS in space, it is a reasonable question to

ask what further advantages might result from radiation exposure.
Two material areas suggest themselves Ior further investigation. The
first involves radioisotope production by both CDS and radiation and the second

chemical synthesis ar.d subseguent purification. Upon radiation with certain

energy nuclear particles or electromagnetic waves, a nucleus ca