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Telephone Laboratones, Incorporated, New = York,

N. Y., a corporation of New Yerk ‘
- Application’ December 8, 1953, Serial No. 396,833
' ' 14 Claims. (CL 23—309)

“This' invertion relates ‘to processes for redistributing
ingredients of fusible solvent-solute systems.for the ‘pur-
pose of prodicing material of desired composition. In
their more usual apphcatlom ‘the processes of this in-
vention utilize variations'in solute solubility in adjacent

-solid and liquid phases in the material being treated to

segregate solutes and may be applied to systems of metals
and their alioys, to ‘salts and’salt solutions, both organic
and inorganic; and to other solvent-solute systems ‘which
can be caused-to undergo a liquid-solid transformation.
All of the processes of this invention are continuous in
the sense that materials may be continually fed in and
products drawn out.

For convenience the processes of this invention will
be described in terms of a’ binary- solvent-sclute system
in. which it will be assumed that the solute is the im-
purity to0 be removed aund that k, the distribution co-
eflicient, defined as the ratio of the solute concentration
in the solid freezing out of a molten zone to that in the
liquid in the zome, is constant’ and less than 1. It is to
be understood that the solute’ could just as well be con-
sidered to be the product. which it is desired to recover,
that the processes work equally well for systems having a
kvalue greater than 1 and further that the invention is
not to be limited to its application to binary systeins. It
should be noted that the constant % is identical to and
is here used in place of the lower case Greéek letter
gamma () which lattéy symbol has been used in several
of ‘my prior patent apphcatlons

Where the system undergoing treatmént is a semi-
conductive material such as; for example, silicon or ger-
manium alloyed with small portions of solute or selutes
to which present' theory ascribes the extrinsic semi-
conductive properties of the aforesaid materials, these
solutes are known as “significant impurities” or- “sig-
nificant solutes.” Due to the high order of purity: re-
quired in the production of semiconductive materials
such as those above set forih, and due to the favorable
separation censtants *which characterize such systems,
the processes of  this* invention are’ particularly - well
ad‘apted to the purification of these materials for use in

cctifiers, transistors and other’ semiconductive™ trans:
ducers

The processes of this invention utilize - the  principles
of what will be herein reférred to as “batch zone-refining”
which principles are amply set forth in my article “Prin-
ciples of Zoneé-Refining,” Journal of Metals, volume" 4;

page 747, 1952, and which  processes are described and
clalmed in'my copending application, Serial No, 256,791,
filed' November 16, 1951, In one form, batch zone-
reﬁmn_g consists of slowly passing a series.of miolten zones
through a long solid ingot or charge of imipure substance,
each moiten zone, for a system having a 4 value less
than 1, causing a net transfer of impurity toward the end
of the charge in" the' direction of travel of the'zone. 1t
has been shown that extremeiy high punty can be at-
tained by this process; For example, by batch zone:
refinifg, a’ concentration -of significant- donor impurities
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in- germanium  has' been* reduced to less than 2><10131
atoms per cubic centimeter of germanium which, in this
example was’ less than. one donor atom per; 1010 atoms -

of germanium. (W. G. Pfann and K. M, Olsen Physxcal- N

Rev1ew, volume: 39, page-322; 1953.)
1t is'wel{ known in ‘the*field of separation ‘methods that

'contmuous processes ‘have certain advantages over- batch

processes. It is-an object of this invention to perform
zone-refining’ ol & continuous basis in order to obtain
these advantages and’ in addition to increase’ “the scope
and-utility of the’ zone-refining method:

A particilar aspect-of Zone- separatlon with respect ‘to

which the use of a’contintious method increases the'scope. "

or field of the application of zone processes, is as follows:
In crystallization work, it is‘common’ practice to remove
an impurity B from a crystalling substance A, by dis-
solving both A-and'B in solveni C. Upon crystallizinig
solid from the solution of' A and B'in-C a separation-be-
tween A and B greater than that which would be ob-
tained- by crystallization in a binary systein’ AR frequently
results. If‘one were-desirous of using a common solvent
C inorder to improve thé separation generally obtainable
in batch zone-refining the binary system’AB; it ‘would
generally ‘be necessaty to introduce a fresh supply of sol-
vent C each'time a heated region entered’the beginning'
of a charge, and as a'result the operation- of ‘the process
would become more ‘cothplicated.. In a‘contintious proc-
ess, however, such as for example, any one of those of
the present invention, the solvent may bé continucusly
introduced as'part of the feed and may be continucusly
withdrawn -with ‘the top and bottom’products. ' Thus; in-
sofar’ as- eperation of thé refiner is: concerned,. handling
such' a ternary ‘or higher order system is‘just as sxmple
ashandling ‘a’ binary, syslem

Since” the ‘processes of ‘the présent invention'are- con-

- sidered to be-the coetinterpart in‘the’ field ‘of crystallization
“of " the- continuous fractionation” columnin" the field of

distillation, it'is convenient to miake refefence to"termi-
nology and methods used ‘in’ continueus’ fractional dis-
tillation” processes. It should b2 noted, however, that
although' a-similarity exists - between distillation methods
and zone-réfining méthods, there” are basic différences
between the two processes. These differences will be-

_come evident as thé déscription proceeds.

In batch zone-refining molten zones slowly: ‘travel
through' a’solid’charge ‘or ingot carrying impurities ‘with
them (for a system having-a % value less: than 1) and
thereby effecting a separation of selutes and solvent.
In geneéral, no matenal flows into or out of the apparatus
in whlch the charge is contained during: the separation
process

The presvnt process.accomplishés' the result of separat-
mg solute and solvent-just as in ‘batch zoné-refining, but
in” addition superimpeses;: on the motion of the zones,
the flows of feed, waste-and product. - The' container
may’ now’ be considered to be a column having an’en-
riching section- anda ‘stripping ‘section, -feed being ‘intro-
duced- intermediate the two' sections, and product and |
waste; or first and second’ product, -being” diawn- otit at
either end. In'such a process net material flow' is-awdy
from the feed inlet in both sections. - Tt will' bé shown
below” that the motion of the moltén zonés constitiites
reflux and that reflux-ratios can be defified and controlled
during the operation of the process.

The- processes: of the present invention ‘accomplish- both
forward -and countercurrent flow without“the use ef any’
mechanjcal’ means éxcept for the moving-of heatmg sur-
faces in a simple one-channgél column’

Although' the continous fractionation- column:-con-
tains a rectification section, a strlpplng section and'a
provision- for feed 1introduction.intermediate the two, and -
although' product: and: waste “are’ continueusly: withdeawn
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from either end of the column, it is apparent that the

principles of continuous fractionation may not be directly
applied to the process of zone meiting. In a liquid-vapor
transfer processes, such as fractional distillation, feed
may be readily introduced at any desired plate or posi-
tion in the column due to the compressibility of the vapor
phase. of the system and the non-adherence of the liquid
phase to the walls of the column. This is not, however,
so easily achieved in liquid-solid- transfer processes in
which the liquid phase is not compressible to any
appreciable extent and in which the solid phase, due to
adhesion to the walls of the column, may not be caused,
with facility, to slide away from the feed inlet and so
make room for the addition of the new material. Methods
of accommodating introduction of feed material include
the process by which the solid- material is caused to
adhere, not to a fixed portion of ‘the apparatus, but to
a moving track and in which a separate counterflow
of molten material is maintained such as is described
in my copending application, Serial No. 302,921, filed
August 6, 1942. Another means of accomplishing such
a result is by causing the processing to take place in
separate stages with each stage in a separate enclosure.
A continuous zone-refining process based on such a plan
is described and claimed in my copending application
Serial No. 298,553, filed July 12, 1952.

In essence, the processes of the present invention achieve
the above results by causing “voids,” that is, regions
in which there is a substantial deficiency of material of
the system undergoing treatment to pass through the
apparatus. These.voids are created by removing from
an end of the column an amount of liquid less than
the total contained within a molten region each time
the material at that end of the column is molten. These
voids may be gaseous or substantially evacuated regions
or may be filled with displaceable and substantially
immiscible fluids. The voids, which are generally asso-
ciated with molten zones so that there is one void for
each molten. zone generated, will then accommodate a
predetermined ' amount of feed which may be allowed
to flow in as the void passes the feed inlet. If the void
has been substantially evacuated, feed simply flows in
and fills up the entire space. -If, on the other hand,
the void is actually a fluid region, this fluid. is displaced
by feed. In the processes of the present invention this
displacement is accomplished by virtue of a difference in
density between the molten material of the feed and
the fluid in the void.

For convenience, the following description is in terms
of processes in which the molten material introduced at
the fed is of greater density than that contained in the
void so that in the general case the fluid in the void
will bubble through and will, therefore, be displaced
by the molten feed material. The process in which feed
material is caused to rise through and thereby displace
a heavier immiscible void fluid, however, also operates
according to. principles of  this invention and is con-
sidered to be part of it.

In the description of this invention the term “void”
is used to connote a substantial absence of material under~
going treatment. Voids may, therefore, be evacuated
regions or may contain material which is liquid or gaseous
at the operating temperatures. It is a general requirement
of the material in the void that it be substantially im-
miscible, if a liquid, with the molten phase of the sys-
tem undergoing treatment. However, where it is desired
that the void fluid have some effect on the composition
of the system, it may be' partially miscible or soluble in
the molten material undergoing treatment.

These and other features of the invention will be
more readily understood from the following detailed
description. when read with reference to the -accompany-
ing drawings, in which:

Figs. 1A, 1B, 1C, 1D, 1E and IF are front: eleva-
tions of the bottom section of a rectification or enriching
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section, of one type of apparatus in which the processes
of this invention may be carried out depicting void genera-
tion and travel;

Figs. 2A, 2B, 2C, 2D, 2E and 2F are similar front
elevations of a bottom section of a stripping section of
an apparatus in which material is undergoing treatment
according to the teaching of this invention and showing
the manner in which a void is generated and caused to
travel; '

- Fig. 3 is a front elevation of the enriching section of a’
similar piece of apparatus; :

Fig. 4A and 4B are front and side elevations of a
column process according to this invention containing an
enriching and a stripping section together with a suitable
mechanical arrangement for controlling: the motion of
the heaters which are responsible for the molten regions;

Fig. 5 is a front elevation of a modified column-type
continuous refiner in which the motion of the heaters
is rotary;

Figs. 6A, 6B, 6C and 6D are cross-sectional views
of various column and heater configurations;

Fig. 7 is a perspective view of a column zone refiner
using strip heaters; :

Figs. 8A, 8B, 8C, 8D, 8E, 8F, 8G and 8H are diagram-
matic views of various types of void generators; ‘

Fig. 9A is a diagrammatic front view of a spiral-type
zone void refiner containing both enriching and stripping

~ sections;

30

Fig. 9B is a diagrammatic end view of the apparatus
of Fig. 9A;

Fig. 10 is an end view of a spiral drum void refiner
showing one type of void generator; .

Figs. 11A, 11B and 11C, showing an end view of the
stripping section of a spiral drum void refiner, depict
the motion of a void during one ¢omplete revolution of
the refiner; .

Fig. 12 is a diagrammatic front elevation of a column

. process in which the apparatus designed is such as to
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permit varying reflux ratios as the material progresses
through the column; and

Fig. 13 is a diagrammatic front elevation of a section
of an enriching or stripping column process which like
that of Fig. 12 has provision for varying the rate of reflux
as the feed inlet is approached. ‘

Referring again to Figs. 1A through IF, the equip-
ment depicted is 2 frontal elevation of a portion of the
enriching section of a column apparatus.

In the enriching section depicted, heaters 1 continually
move, in effect in an upward direction along column 2
so as to create molten zones 3 within the apparatus, The
material of regions 4 within columm 2 and not within
heaters 1 is solid. )

In these figures and also in Figs. 2A through 2F, Fig. 3
and Fig. 13, heating elements have been depicted sche-
matically as bars corresponding with non-solid regions
within the columns. Physically the heaters generally en-
compass the column and for a column having a circufar
cross-section are annular in cross-section. Further, the
correspondence of non-solid regions within the cclumn to
heaters without is not generally as exact as shown, the
former usually lagging behind the latter. The heaters
depicted may, therefore, be considered to be the effective
heating elements as seen from within the column. The
regular flat interfaces shown are not to be expected in
operation and are not essential, the idealized schamatics
being intended merely for ease of description.

The heating elements themselves may consist of any
conventional heating means such as resistance or high
frequency windings, or burners, or for a normally liquid
material may represent positions not occupied by cooling
elements. -

By means of the reentrant outlet tube 5, liquid is re-
strained from running out until the top of the lowest
heater 1 is above the top of the reentrant tube 5. There-
after, since heaters 1 are longer than reentrant tube 5,
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liquid- flows out as lowest-heater 1-advances until the
lower extremity of heater- 1. ceincides with -the: lower ex=
tremity of column 2. Further travel causes the lower end
of outlet tube 5 to freeze over and- to prevent. further

flow until the next cycle. Were it not-for reentrant tube 5,

all. of the molten material within a heater-would run out
of column 2:at-the bottom of the column until the lower
extremity of-each heater 1 coincided with the-lower ex-
tremity of column: 2 or until the lower opening: of the
column- was- otherwise, blocked: by solid- material: This
would result in a series. of voids traveling through the
rectification section, but since no-molten material would
be: present in the column.there would be-no-interphase
segregation of solute. The: Tesult would be a flow of
matter from the feed inlet, caused: by-.the displacement
of the material inside of each void by material under-
going. treatment, to the outlet- with no segrégation of
ingredients;

In Fig. 1A the apparatus is -just being. started  and

the lowest heater 1- has-advanced sufficiently to produce
some liquid in the annular-section about reentrant tube 5,
but has-not advanced far enough to permit any of the
molten material in the lowest moiten zone 3 to flow out
through the outlet tube.

In Fig. 1B, first heater 1 has advanced sufficiently so
that its lower extremity coincides with the lower extremity
of .column 2.- It is seen that a portion of the molten
material within this heater is allowed to flow out through
tube 5 so as to create void 6, having a height equal to
that of heater 1 minus that of reentrant tube 5. As has
been discussed, for: the purpose of this description, . this
void- represents - either an evacuated region or one con-
taining material which is fluid at the operating tempera-
ture of the apparatus and which has:a lower specific grav-
ity than that of the molten material contained in molten
zones 3. .

In Fig. 1C, heaters 1 have advanced-still: further up
the column:so that a:porticn of the-material within reen-
trant tube 5 has frozen over, thereby preventing the
escape of any more of the molten material within lower
molten zone 3. ‘ :

In Fig. 1D, travel of heaters 1 up column 2 has pro-
gressed so that an additional heater is about to encompass
tube 2. It is seen that passage of molten region 3 and
void 6 is coincidental with travel of heaters T so that both
regions are within the heater and so that there are at
all times interfaces 7 between the trailing edges of molten
zones 3 and leading edges of solid regions 4 which are
the- interfaces at which liquid-solid ‘transfer takes place.

As the heaters 1 advance, melting material from solid °

regions 4 drops through voids 6 and into molten zones 3.
This material then mixes with-the material already pres-
ent in molten- zones 3 which miaterial is- frozen out at
interface 7, thereby meeting the requirements for zone-
refining as described in my copending application Serial
No. 256,791, above mentioned. .

In Fig: 1E another heater 1 is now in a position. cor-
responding with that of the lower heater shown in Fig. 1A.

In Fig, IF this heater has advanced so that its lower
extremity is coincident with the lower extremity of tube 2
and so that a second void 6 has been produced. The
liquid flowing out of reentrant tube § in Fig. 1B and 1F
and for the system having a k value less'than 1, represents
material which is richer in solvent than that material at
the upper portion of the column. .

Whereas, in the enriching section' molten zones travel
toward and net flow of matter is away from the feed
inlet, as shown in Figs. 1A through-IF, in the stripping
section both the motion of the molten zones and the net
fiow of matter are in the direction of the outlet. Voids
in the stripping section may be created by a void generator
similar to the reentrant tube 5'shown-in Figs. 1A through
IF. Here the relative motions of voids and molten
regions are different, the molten regions being caused to
travel in a downward direction and voids bubbling up
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through them as they come into-contact with each. other,
Again. the: volume of the voids is determined by the
relative lengths of the heater and reentrant tube or other
type of void generator.  Void volume in the stripping and
rectification. sections. may be- controlled independently.
The creation and travel of voids in the stripping. sec«
tion may be seen more clearly by reference to Figs: 2A
through 2F. These views all depict the lower portion of .
a stripping column 7 with. succeeding views, showing: the
manner in which. the first-and second voids are produced

within the equipment as it is first put into operation. In . -

all of these views the motion of. the heaters 8 is down-
ward. “The voids are produced by an external outlet tube
type of void generator 9 which will be discussed in detail
in connection with Figs. 8A through 8H.

In Fig. 2A, as the equipment is started up there are
present only solid regions 16 and molten regions 11, the
latter coinciding. with heaters 8, No voids are present,
the molten material in lower region 11 being restrained
by the solid material in the lower extremity of tube 9.

In Fig. 2B; the heater has advanced so that its: lower
extremity coincides- with the bottom of tube 9 thereby
allowing a portion of molten ‘material to Tun out of the
column and thereby creating first void 12.

In Fig. 2C the heaters 8 have advanced in their down-
ward direction. It is seen that the only change that has
occurred- is the downward advancement of molten zones
11 and the consequent reduction in height of solid region
19 immediately above the first void 12 which void, being
unable to pass through the solid region immediately above
it, remains stationary. )

In Fig. 2D the bridge -of solid above void 12 of Fig.
2C has- been melted through and void 12 has. bubbled
through the molten region 11 immediately above-it so-that
in the view shown the void is directly above the molten
material of lower zone 11.

In Fig: 2E it is seen that further downward motion of
the heater causes void 12 to be entrapped within a solid -
region 10. but- that the lowest molten zone 11 has con-
tinued -to proceed in a downward direction.

In view 2F .the heater has again proceeded sufficiently
far to permit the escape of a portion of molten material
through tube 9§ thereby creating' a second void 12. ' Fur-
ther advance of heaters 8 causes successive advances of
liquid down and voids up the column in this section. The
broken views of Figs. 1.and 2 combine to show material
rich in solvent leaving the enriching section and material
rich in solute leaving. the stripping section, all for a
system having a & value less than 1, that is, for one in
which. the solute concentration. is greater in the molten
phase than. in the solid phase at the interface at equilib-
rium. : .

Fig. 3 is an elevation of either an enriching or stripping
section depending. on- the - direction of motion of the
heaters-and also shows a feed inlet.  In the processes here-
in described, there must be a net flow of matter from.
the feed inlet. to each of the enriching and stripping. out-
lets. It will now be assumed that it is desired to recover
purified solvent so that the outlet in the enriching secfion
will be considered to be the product outlet and the outlet
of the stripping section; the waste outlet. It is, of course,
understood that the outlet roles could well be reversed
or that they could both be considered to be product out-
lets. Liquid: flow is brought about by creating voids:in
the column-at the waste and product ends and by causing
these' voids to travel to the feed inlet whére they are -
filled with feed liquid. As has been discussed in connec-
tion with Figs. 1 and 2, voids are created by allowing
liquid to flow out of the refiner. The cycle of creating a
void, causing it to-flow to the feed imlet and filling it
with- feed liquid constitutes a net flow of matter through
the column in the direction of the void generators. The
rate of flow is controlled by the size, number and rate
of travel of the voids.

The columnar section 13 depicted in Fig. 3 serves as




an enriching section if the motion of heaters 14 is up-
ward, Assuming the heater length % in the direction of
travel and sufficient heat interchange so that any solid
within ‘the heater is molten and any material outside of
the. heater is solid, it is seen that the upward motion of
heaters produces molten regions i4a, solid regions 15 and
voids 16, the latter of a height equal to h—I, where [ is
the length of a molten zone. Where reentrant tube 121
is ‘of negligible cross-sectional area as compared with
that of the column, the length of this tube may be con-
sidered to be equal to that of a molten zone. This simpli-
fying assumption will be made throughout. this description
so-that the symbol [ will be used to denote either molten
zone length or void generator tube length. - As each void
16 passes under feed inlet 17, molten material of the
system undergoing treatment flows into and fills the void,
any material in the void, being of lesser density than the
feed material, bubbling up through the feed inlet."

With heaters 14 moving in a downward direction, the
section depicted in Fig. 3 functions as a stripping section
and voids 16 behave in the manner described in connection
with Figs. 2A through 2F, bubbling through molten zones
14 in intermittent fashion, rising toward feed inlet 17

10

and being filled in turn by molten material passing through

that orifice.

Figs. 4, 5 and 7 depict three different types of column
zone-void refiners. Before describing these in detail, va-
rious general requirements of such zone-void apparatus
will- be briefly noted. Since flow of material from the

feed inlet into the voids is usually brought about by the <

influence of gravity, the column is either vertical or in-
clined. In general, if the void is evacuated or contains
material of a lesser density than that of the molten ma-
terial undergoing treatment at the operating temperature,
the feed inlet is higher than the product and waste outlets,
If, on the other hand, the density of the material in the
voids is greater than that of the molten material under-
going treatment at the operating temperature, the feed
inlet must be lower than the two outlets and the feed
material will rise through the void fluid instead of falling
through it at the entrant point.

Jn the design of any apparatus suitable for carrying
out the processes of this invention, it is-necessary that
the exit fiows of molten material be limited in such a way
as to maintain molten zones in the column at all times.
Means by which this may be accomplished have been dis-
cussed briefly and will be considered in more’ detail in
connection with the views of Fig. 8.

. In general, since it is desired to maintain any of the ma-
terial undergoing treatment within the heaters in a molten
state and any such material not within the heaters in a
solid state, the walls of the column are wniformly thin
and the heaters are closely fitted. It may be found ad-
vantageous to cool the surfaces of the column not within
the heaters where columns of large diameter are used,
where the melting point of the material undergoing treat-
ment approximates the ambient temperature or where heat
transfer is otherwise inefficient.

In- describing the operation of the various types of
apparatus herein. described, it is assumed not only that
the material undergoing treatment within a heater-is
molten and that the other material within the column is
solid, but also that the material in the feed inlet is at all
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times in ‘a molten state or, in any event, that it isin a

molten state during a period sufficient to allow feed to
flow into edch void as it passes under the inlet. -1t is also
necessary that all zone-void apparatus be designed so that
the walls of the outlet tube do not permanently remain
cool and thereby block the system.

It may be here noted that it is not necessary that a 7

void accupy the entire cross-section of the column as
has been. indicated in Figs. 1, 2 and 3. In general, in
a vertical column of circular cross-section, a small void
will tend to be annular in shape. Where the column is

inclined the major portion of the void containing material ° ’
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which is lighter than the molten material on which it
floats in the enriching section and through which it bub-
bles in the stripping section will tend to travel adjacent
that portion -of -the columnar wall which is uppermost
in displacing its:own volume from the top portion. of an,
given molten zone. :

Fig. 4A is a front elevation and 4B a side elevation
of a simple. column-type zone-void refiner comprising
rectification section 18, stripping “section 19, feed tank
122 with associated heater windings 123, product outlet
28, waste outlet 21, heaters 22, and means of actuating
these heaters. ' It is seen from Fig. 4A that there are
two sets of four heaters each, each set being attached
in fixed -positions on a heater plate 23 or 24. - In opera-
tion, -heater plate 23 is actuated in a gradual upward
motion and plate 24 in a downward motion by virtue of
belt 25 which belt passes over pulleys 26, being driven
by motor 27 and motor pulley 28. In operation, heaters

22 move upward in the enriching section and downward

in the stripping section of the apparatus.

VWhen the heaters have advanced an integral number
of intervals, where an interval is the distance equal to
the spacing between corresponding portions of adjacent
heaters, arm 29, shown in Fig. 4B and attached to heater
plate 23, actuates clutch release switch 30 thereby re-
leasing magnetic clutch 31. Load weight 32 causes a
rapid reverse travel until cam 29 actuates clutch bind
switch 33 thereby. causing the clutch to engage again
whereupon the cycle is repeated. In order for the ap-
paratus of Figs. 4A and 4B to be operative, it is neces-
sary that there be molten material in feed tank 122 and
that the uppermost: position -of top heater 22 in each of
the columns 18 and 19 be close enough to tank 122 so
that there is free interchange of the molten material with-
in the heater with the feed material, and so that the
voids within these heaters may pass into the feed tank.
‘The feed tank may be heated by means of heater wind-
ings 123 and a current source not shown or by other
conventional means, If the material being processed is
easily contaminated and if the feed tank is open, a pro-
tective layer may be floated on the molten feed. In the
processing of tin, a layer of lampblack has proved to be
adequate. ’

In apparatus of the type depicted in Figs. 4A and 4B,
corresponding points on the heaters are spaced at equal
intervals and advance slowly a total distance equal to an
integral number of these intervals. When the heaters
have advanced-an integral number of intervals, for Ex-
ample 1, they are reversed rapidly an equal distance so
that each heater coincides with the molten region which
was previously behind it after which forward travel is
then resumed. The heater should reverse rapidly enough
to prevent substantial freezing of the material with the
molten zones.

The minimum number of heaters in which a complete
column of the type shown in Figs. 4A and 4B can be
operated is two, one for the enriching section and one for
the stripping section. As will be described below, it is
possible with extremely simple apparatus to obtain the
effect of a large number of stages of separation with this
minimum number.

A saving in time is obtained, however, by placing a
maximum anumber of heaters as close together as is feasi-
ble, the spacing being determined by the efficiency of
heat transfer within the column. In the enriching sec-
tion, the minimum spacing between heaters is determined
by the requirement that a bridge of 'solid material be con-
trollably maintained between the molten zones corre-
sponding with adjacent heaters. In the stripping section,
however, it is necessary that two solid bridges with a void
between them be maintained between successive molten
zones during part of the cycle so that the minimum heater
spacing in this section of the apparatus is greater than
for the enriching section, ranging in the order of twice
the void height.
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The practical number of heaters-is-a matter of design
economics and is usually a compromise between minimum
separation time-and minimum -apparatus cost.

When reciprocating heaters are used there must be
a sufficient number so that extreme positions of the first
and last heaters in either section.in a given direction are
separated by at least the length: of the section.

5

- An advantage of this reciprocating type of heater is -

that the apparatus design is somewhat simpler than that
in which a continuous heater path is established.. Heaters
may be rigidly and permanently attached to a heater plate
as shown in Figs 4A and 4B and may be of any. com-
plete ring-type since there is no necessity. of passing. them
by the feed inlet.

Fig. 5 is a front elevation of a column-type zone-void
refiner. in which- there is established ‘a continuous rotary
path for the heaters. In this apparatus heaters 34 are
attached -to a rotating member. 35. The heaters 34 are
tightly fitted about the inverted Y-column 36 and are so
shaped that their passage will not be obstructed by feed
inlet 37. Void generators 38 and 39-operate in a manner
which has already been described. Feed 40 is main-
tained in a molten condition by heater windings 41 ad-
jacent feed tank 42. For a solute-solvent system having
a k of less than 1, product flows out tube 38 and waste
out tube 39 with member 35 rotating in a counter-clock-
wise direction.

In the equipment shown in Fig. 5, Y-tube 36 is bent
or formed in a circular arc approximating 180 degrees
and motion of heatfers 34 is continuous. If desired, how-
ever, the reciprocating principle of the apparatus of Figs.
4A and 4B may be utilized on the apparatus of Fig. 5
in which event, since it would not be necessary to cause
heaters 34 to pass feed inlet 37, they may be of the ring-
type. With continuous heater- motion on the apparatus
of Fig. 5 rectification and stripping action may be realized
with a minimum of one heater,

In all of the column apparaius shown, the material of
which the column is constructed is selected according to
the needs of the system undergomg treatment. It may be
glass, quartz, plastic, ceramic, graphite, metal or other
material or may have a cross-sectiog of duplex construc-
tion being largely of metal or other material and partly
of glass, quartz, mica or other transparent material to
permit viewing of the processing operation. " Duplex
structures may also avoid possible difficulties due. to the
expansion of the contents with melting or freezing of
the material being processed, although with proper pre-
cautions a column composed entirely. of brittle substance
may be used. To prevent sliding of the solid zones down-
ward especially for substances which contract upon freez-
ing, the interior of  the column may: be roughened,
threaded or otherwise provided with projections, support
rods or indentations upon- which the solids may key.
Alternately, solids may be supported by a chain, .cord,
wire or tube suspended within the column. If a tubular
support of a relatively deformable material is used, it

- cylinders ‘52 and 53 with strip-shaped-heaters 54 mountéd
‘on a rotating drum or frame not shown. Feed is passed
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will take up expansive strains produced by-solidification -

or melting of the material undergoing treatment and
thereby allow the use of a brittle material in the column
wall which is not coexpansive with the: matérial under-
going treatment.

Cross-sectional views of - various” column tubes and
heaters are shown in Figs. 6A, 6B, 6C and 6D.

In Fig. 6A, heater 43 is tubular and is provided with
windings at intervals (windings not shown). It moves
within annular column 44 in which latter the material
undergoing treatment is passed. Annular column 44 may
be surrounded by heat insulation 45.

Fig. 6B is-a section of a more conventional type tube
refiner with the material passing. through tube 46 and ring-
type heater 47 sliding along its outer surface:

Fig. 6C is a section showing a- U-type heater 48 fitted
to a rectangular-shaped column:49. Such a. configura-
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tion is useful where. it is necessary to pass -the-heater by
the féed intake. or supporting. structure.

Fig. 6D shows a rectangular-shaped -column 50 heated
by a plate heater 51. The heaters may-be resistance wind-
ings; gas flames, mductmn coﬂs, or other means known -
to the art.

A zone-void refiner of. large cross-section ‘is- shown in
Fig. 7. Tt consists essentially. of two concentric “half-

in inlet 55 and with effective continuous counter-clock-
wise heater motion, produced either by constant counter-
clockwise heater travel or reciprocating travel. with con-
trolled refining rate countér-clockwise and rapid réturn
an integral number of heater spacings in the opposite di-
rection, product is drawn out of outlet and void generator
56 and waste out of outlet and veid generator 57. By~
keeping the. thickness of the -column, that is, the space

- between half—cyhnders 52 and 53 small, the zone lengths

measured in the direction of travel ‘may be kept small,
thereby permitting a laige number. of zones or stages to
exist concurrently. - -As will be discussed further on, the
degree of separation attainable. increases with the length
of the column expressed in molten zone lengths.

In all of the methods discussed herein, it may be ad-
vantageous to provide cooling between-the zones especial-
ly for substances having a low melting point or_ high
thermal conductivity. This may be accomplished by
blowing cooling gas at the region between the heaters, by
submerging the apparatus in a cool liguid, or by providing
heat exchangers in tubular form encircling the column.
If the latter is used, some of the heat may be returned
to the system in ways well known to tho.,e skllled in the
chemical fields.

As has been mentioned, the type of void generator de-
scribed in connection w1th Figs. 1A through IF is ex-
emplary only. Other types of void generators are shown
in Figs: 8A through 8H. The chief requirement of the
void generator is that it restrict the flow of molten ma-
terial, and in the usual case; that it replace that portion
of the molten zone which has been allowed to- flow
out with some material which is fluid at the operating
temperature of the apparatus. - In the case of a system
utilizing a void fluid of a density less than- that of the
molten material undergoing treatment, this may be ac-
complished by keeping the void generators immersed in
the void material, or, where. the voids are to contain .
gaseous material, the entire apparatus may be operated
in an atmosphere of such material. - An example of the
latter is in the refining of germanium or silicon where
operation is conveniently carried out in a protective
atmosphere of nitrogen or hydrogen.

As previcusly stated, for pedagogical reasons, the in-
vention is being described in terms of a void fluid which
is of a density less than that of the material undergoing
treatment when the latter is in the molten phase.

It is mecessary that the heater path be such that the
material -at the extremity of the exit tube be molten dur-
ing some part of each cycle to allow flow and further
that it be frozen during some part of each cycle to
prevent flow. It may. be desirable to provide means for
cooling the exit tube at appropriate intervals to the latter
end.

Fig. 8A is a schematic cross-sectional elevation of an
external outlet type of void generator. In this view it is
seen that outlet tube 58 having closely- fitted cooling fins
59, is cemented by means of adhesive layer 60 or other-
wise attached to the lower extremity of column 61. The
purpose of fins 59 is to promote heating .and cooling in a
lateral direction so that the outlet. tube can sense the
positiOn of .the: heater and in- order to discourage heat
flow in a longitudinal :direction. The walls of -outlet tube
58 are preferably thin,

Figs.- 8B and 8C operate in-a fashion identical to that
of the- generator depicted in Fig. 8A, their designs vary-
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ing only slightly; Fig. 8B in the placement of the cooling
fins and Fig. 8C in the shapeof-the outlet tube. The
configuration of Fig. 8B comprises collar 62, external
outlet tube 63 and-fins 64. The generator of Fig. 8C
comprises ‘collar 63, outlet tube 66 and fins 67. - Either
configuration is connected to column 61 by adhesive 60.
Fig. 8D is a view of an outlet tube type of a void
. generator in its simplest form comprising simply column

68 and outlet tube 69. :

Figs. 8E and 8F are views of void generators provided
with vent tubes to promote the flow of liquid through the
outlet. These vent tubes may be vented to the air, to a
protective atmosphere or may be’ connected to a source
of gas or liquid under pressure. Such a vent is sometimes
desirable when handling a substance of low density or
high surface tension. ' The generator depicted in Fig. 88
is of the reentant tube type and comprises coliar 78, out-
let tube 71 and vent tube 72.” Collar 70 is shown attached
to column 61 by means of adhesive 49.

In the apparatus of Fig. 8F the vent tube 73 projects
from the side of column 74 and is bent upward so that the
distance bétween the point at which it enters column 74
and its opening to the atmosphere or other fiuid is greater
than the maximum vertical dimension of a molten zone.
As in Fig. 8E actual generation of voids is by virtue
of reentrant tube 75.

Figs. 8G and 8H are diagrammatic views of columns
76 and 78 having outlet tubés 77 and 79 entering the
sides of the respective columns at appropriate height.

The only requirement of a void generator is that it
remove a controlled portion of the material in each suc-
cessive molten zone, in the usual case displacing it with
a “void fluid” of a density different from that of the mate-
rial undergoing treatment. Other means of achieving
this purpose will suggest themselves to a person familiar
with the chernical processing art. For example, in place
of any one of the types of void generators depicted in
Figs. 1A or 8A through 8F, valves or stoppers actuated
by the moving heaters and arranged so as to allow only
a portion of the material within the molten zone to escape,
can be used. )

To achieve small values of the ratic of void-volume to
molten zone-volume it may be desirable to reduce the
diameter of a portion of the column adjacent the void
generator. Furthermore, it is not necessary that the ma-
terial be removed, and the void be formed, at the time
when the heater is at the end of the column, although this
will usually be the case. The void may be formed when
the heater is some distance from the void generator, which
may in such case be a separate, stationary heater winding
at the end of the column actuated by the position of the
heater.

There is an important factor to be considered in the
choice of void gemerator design for use in refiners of
the type described herein. In general, since, as will be
shown, the degree of separation to be realized is propor-
tional to the column length expressed in zone lengths, it
is always preferable to use a gemerator which draws
molten material from the extremity of the column there-
by utilizing the entire column length. The generators
depicted in views A, B, C and D of Fig. 8 fuifill this re-
quirement. In the reentrant type of generator such as
shown in Figs. 8E through 8H, the effective length of the
cclumn is reduced by the length of the reentrant tube.

Tn the stripping section or column this factor is of
special significance. Here, there being no fresh mate-
rial ahead of the molten zone, as it reaches the waste
cutlet, the material within the last zone length may be
expected to freeze by normal freezing so that the final
portion of this zone to freezé will have a greater concen-
tration of solute than any other. Drawing out this final
portion by an outlet type of generator will therefore result
in more efficient stripping. In fact, as will be shown,
since for some systems the: greater part of the stripping
action is dependent on the segregation brought about by
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normal freezing within the final zone in the direction of
molten zone travel, use of a reentrant tube type of gen-
erator may materially reduce the effectiveness.

Certain advantages of zone-void refiners of the type
described in conjunction with Figs. 4A and 4B, 5 and 7
are evident. The apparatus is very simple, the column in
its simplest form being a U-tube or semicircular tube with
one inlet port. - The column itself contains no moving
parts and has no moving solids within it. Within the
column all motion is due to gravity and occurs in the
liquid phase. No valves or flow controls are required as
the solid zones block the flow of liquid and the flow rates
and reflux ratios are varied simply by varying heater rate
and capacity and by altering void generator dimensions.

A typical small refiner of one of the types shown in
Figs. 4, 5 and 7, suitable for laboratory scale work, may
have a column of, for example about ¥ inch or more
in diameter and aa outlet tube of from 14g to ¥& inch or
more in diameter. Zone lengths may be about an inch
in length with spacing between zones of the same order.

The processes of “this invention may sometimes be
carried out more expeditiously on spiral or helical ap-
paratus such as that depicted in Fig. 9A. Advantages of
spiral apparatus are that: only one source of heat is re-
quired for all zones thereby simplifying the heating prob-
lem, many molten zones can be produced in a short space,
and the motion required is a simple rotation about the
axis of the spiral. Heating and cooling may be by means
of immersion of the lower portion of the spiral in a bath,
although as will be seen it is sometimes necessary to resort
to other heating means. The use of spiral apparatus for
solid-vapor interchange has been described by A. F. Reid,
Industrial and Engineering Chemistry, volume 43, page
2151, 1951.

Spiral apparatus may be formed of a coiled tube or
if larger cross-section is desired, may comprise spiral
ramps between inner and outer concentric cylinders.
Such cylindrical apparatus may have but a single helical
‘wall separating succeeding stages or may have a double
wall so that heating or cooling fluid may make contact
between turns thereby improving the heat transfer effi-
ciency.

Spiral refiners can be operated with their axis in any
position, horizontal, vertical or inclined, the principal
requirement being that the portion of the helix in which
the molten material and the void-fluid are in contact be
inclined from the horizontal to ‘a sufficient degree to
expedite the flow of materials.

Voids may be generated in spirals as in columns by
arranging to have a controlled portion of a molten zone
at the end of a spiral run out the outlet tube of a void
generator. As in column refining, the void generator may
operate on the principle of blocking the outlet tube with
solid material when the desired portion of a molten zone
has been allowed to escape. This principle may be used
on spirals in any position. -Another principle of con-
‘trolled void generation which may be used on horizontal
or inclined spirals and is particularly suited for use on
spiral refiners of the .cylindrical type, discussed below in
connection with Fig. 10, makes use of an outlet tube
which is open at all times (that is hot enough to maintain
the material in it molten) of such a shape or position as
to allow a portion of the molten material within a molten
zone to escape during each revolution.

Figs. 9A and 9B are front and end schematic views of
a complete spiral zone-void refiner of the tubular type
consistifig of enriching section 81, stripping section 80 and
feed section 82. Void generators at the outer extremities
of sections 89 and 81 are not shown.

- In the spiral type of zone-void refiner having both
enriching and stripping sections, as in the columnar type
of equipment, it is necessary to generate voids at the
waste and product exits and to cause the voids in both
sections to travel toward the common feed inlet between
‘the two sections. As in the column refiner, in the enrich-
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g séction the voids™and molteir zones Mitist moVe in-the
same- direction while in'the strlppmg section they must
move i opposite diréctions.

“The' directions in which- vGidsaiid zones w111 travel in
spirals depends upon-whether: the' splrval \is ‘left- or right-
hand and on whethéi-the diréétion of rotation‘is clock-
wis¢ or cousterclockwisé. For spirals-having a horizontal
axis, the location and extentof the' angiilar sector which
comprises the heated regién i§ of imiportance, - For spirals
having a vertical axis; the héatérs’may be located any-
where about the periphery of the turns. _

In constructing'a spiral fefinef; various combinations of
hands; direction of rotation and heater location will work
successfully, These are summarized in Table 1 below
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a horizontal spiral with-the molten région-ift the positior
and’direction of rotation shown in Fig. 10 since the void
fluid: being: lighter than' the molten phase of ‘the material
undergoing treatment will continue to float on the surface
of the molten zone.

‘As is shown schematically in Figs. 11A 11B and 11C,
strippitig- may- be accomplished by displacing the heater
from the Horizontal. In this configuration moltén zone
95 ‘shown in Fig. 11A is produced by vertical heater 96.
In this view it is assumed that void. 97 has already been
generated according to one of the methods which hag
beenr dés¢ribed. The other regions visible are solid region
98 in the front turn of the helix and solid region 99 shown
through a broken section of the helix and present in the
neéxt succeeding:turn into the page. - As the spiral rotates,
the: direction now- being clockwise as the refiner is seen
from the waste end, void 97 becomes trapped in sclid 99

- as shown in Fig. 11B. - Molten zone 100 is in the turh of

20

which' also shows the heater location for horizontal.
spirals.
TABLE 1
Section of Hand of Dlreetlon of Pogition of
Refiner Splral Rotation 1 Heaterl .
Enriching_ .| Right-Hand...| CounteF-clockwise. . A’{t ‘left, bottoni or -
0op.
Do_-._. Left-Hand__..{ Clockwise .. ........ ~At right,- bottom
or top. ..
Stripping.._| Right-Hand.. | ..o @0_.io . zooill On left.
Do._... Left-Hand.... Oountel clockmse_. On rlght

1 As viewed from the exit end of the section.

With the apparatus. of 9A and 9B rotating in-a clock-
wise direction as viewed from the right; product rich in
solvent flows out the right and waste rich in solute out
the left. Feed inlet 82 is fixed in a vertical position and
maintained in a heated condition so that the material
within ‘it is at.all times moltén: Connections between
feed inlet 82 and stripping and enriching sections §0 -and

81 are made by mszans of sliding jcints- 83 and 84..

Although heating in the enricking section may be by
means of a hot bath into which the lower part of the
spiral is: kept immersed, for a'system-having a. k& value
iess than 1, heating in thé stripping settion must be by
other means. Heater 85 shown in:end view 9B, dis-
placed from the horizontal tothe left, produces the -desired
effect in the stripping section.. Heater 83¢ is- shown
properly positioned for the enriching section: - This .will
be discussed in connection with Fig. 11.

Fig. 10 is an end view of a spiral drum void generaxor
" suitable for use as the enriching section of ‘a- spiral ap-
paratus for zone-void refining. - Within the annular region
between concentric cylinders 92 and 93, there is-a molten
region 87, produced by heating bath 88, and a solid region
89. With the cylinder in- the position shown, a portion
of molten material -within region 87 has flowed out
through outlet tube 9 which is fixed with respect to the
drum so as to produce void 91.  As the cylinder rotates
" in a counterclockwise direction; solid 89 melts; falls into
molten region §7 and molten material at trailing interface
94 freezes intc the solid at that turn ‘of the helix adjacent
and immediately behind the turn depicted.. At each com-
plete rotation of the cylinder a new void 91 is generated
these voids being caused to travel with molteii zones 87 in
a direction away from the viewer until the void reaches
a feed inlet which performs the function' of inlet $2
shown on Fig. 9A. At the inlet, not shown, feed is caused
to displace whatever fluid is present in- the void, the mo-
tion thereby corresponding to that in the enriching section
of the column refiner described in connection with Fig 1.

Veid generators in-equipment such as depicted in Fig.
10 may be directed radially through a sidewall as shown
or may project axially through the end of the drum.

In the stripping section of a zone-void refiner, it is
necessary that void travel be in a direction opposite to
that of molten zone travel.” This is accomplished in
column refiners by causing the heaters, and consequently
the molten zones to travel in a downward direction while
the lighter void material being displaced by molten ma-
terial bubbles through. This cannot be accomplished on

25

3b

45.

50

60

65

5

‘turfi-of - the hélix:

the helix adjacent that containing molten zone 95 and
solid région 101 is that solid which is present in the third
In-Fig: 11C void: 97 has enteied the
next molten zone 100 and has bubbled up through it to
solid region 101 thereby causing molten zone 100 to travel
in a direction opposite that of void 97. As in Fig. 10,
void 97 continues to travel into the page until it reaches
the feéd inlet, new voids being generated with each com-
pleté turn of the helix.

Operation of the enriching section with a vertical mo-
tion zone is similar to that of Fig. 10, rotation now being
counterclockwise as viewed from the enriching end of the
apparatus with the solid and molten regions in the same
rélative positions shown in Figs. 114, 11B and 11C.
Heré the solid material, as it melts; fails through the void
and" into the molten region so- that the void is never
trapped in the. solid matérial and so that -the void and
riiolteni zone fravel if the samie direction,

It"is well known in the field of separation methods that
wiien & desired component undergoes a high Jpercentage
of entichmeént, ‘the net flow through the various stages
should différ “for é&fféétive’ operation; see. for example,
H. D: Smyth, “Atomic Energy for Military Purposes,”
Princeton University Press, 1945, at page 167. Stated an-
other 'way, the downflow should vary, being greater for
sticcéssive stages approachmg ‘the-feed inlet. The effect
of variable downflow cah be achie¢ved quite simply in.the
zone-void process by virying the volume of the molten
zOhes' as they travel. - This may be done either by vary- -
ing the-cross-séction of the zones while keeping the zone
léngth’ constant as in Fig. 12, or by vaerg the zone length
in & column'of constant cross-séction as in Fig. 13 or by
a combination of thée two méthods. Zone length may
bevaried by varying the amount of heat transferred from
the heaters to the maierial undergomg treaiment as by
varying thé heater aréa as showd in Fig. 13, by varying
the temperature of the heaters, etc. )

The apparatus of Fig. 12 operates in a manner identical
to that of Figs. 4A and 4B, feed passing in through feed.
inlet' 112, product passing out void generator 192 and
waste being withdrawn through void generator 103. In
the apparatus shown the motien of heaters 1984 is re-
ciprocating, travelmg gradually up in enriching section
105 and down in stripping secétion 106 and then rapidly
in’ the opposue "directioft to' complete the cycle of heater -
motion. - Motion of the hedters 104 may be brought about
by apparatus -such as that shown in Figs. 4A and 4B.

The broken section shown in Fig. 13 is of a column
107 having heaters 108 varying in surface area and con-
taining solid. regions 109, molten regions 119 and voids
111 produced by void generators not shown. In such an
apparatus motion - of the heaters 108 is reciprocal. If
travel is' gradual in an upward direction, the section de-
picted is that of an’ enriching column, whereas if it is
gtadual in-a’downward direction, the process representet
is'stripping for a’system havirig'a & value less than 1.

The following relatés to the theoretical corisiderations
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involved in the design and operation of apparatus suit-
able for the processes of this invention. The basic char-
acteristic of the . zone-void processes will be described
largely by analogy. to the well-known muliistage process,
distillation. However, basic differences between the zone-
void processes and distillation will become apparent.
Then mathematical equations will be given for the exit
concentrations in terms of the feed concentration -and
significant parameters of the apparatus. Finally, an illus-
trative calculation and a discussion of general design con-
siderations will be presented.

Consider a distillation column operating at total reflux,
that is, under the condition that no waste .or product is
withdrawn. When the steady state is reached, there is a
rising stream of vapor and a descending stream of liquid.
The number of stages which such a column must contain
to separate feed into tops of composition yp arnd bottoms
of composition xs is given by Fenske’s equation:

Typ(1=28)].
: log, m__—)
Minimum number of stages= B Yo
log, )
' (1)
where .

« is the separation factor defined as a=t—2)

‘ z(1—y)
(2)

where .

x=mol fraction of lighter component in liquid phase

y=mol fraction of lighter component in vapor phase
and where both values x and y are taken for a given
stage. The number of stages given by Fenske's Equation
1 is the minimum number which can perform the indi-
cated separation for operation at total reflux. In practice,
since flows of feed, waste and product must be main-
tained, the process must be operated at partial reflux
giving somewhat less separation per stage. The minimum
number of stages for practice operation at partial reflux
may be in the range of from 1.5 to 3 times the minimum
number of stages given by the Fenske equation.

In a distillation column the number of stages is pro-
portional to the number of plates in a bubble plate col-
umn or to the height in a packed column.

The above discussion on the theory of distillation and

much of the general theory which will not be discussed
at length has been excerpted from “Multistage Separation
Processes” by Manson Benedict, Transactions of the
American Institute of Chemical Engineers, volume 43,
pages 41 through 60, February 1947.

Since Fenske’s equation gives essentially the number
of factors of «, the separation factor Equation 2 contained
in the ratio. of the exit concentrations, Equation 1 may
be rewritten as ’

yp(l—zxp) N
z5(1—yp) 3

where

Nm=the minimum number of stages.

It will be shown that the separation which can be pro-
duced by zone-void refining under conditions correspond-
ing to total reflux can be expressed in an equation similar
to Equation 3.

Benedict also gives equations for the minimum down-
fiev,, Lmin. at which a cascade just ceases to separate
and peints cut the following features of Lmin.: .

1. It is inversely proportional to the enrichment factor,
a1, so that Lmin. must increase as o approaches unity.

2. 1t increases as the difference in concentration be-
tween the material in the stage and the product increases.
For this reason the downflow as either terminus of the
equipment is approached from the feed plate, may be
reduce, - Examples of means by which such reductions
may become effective are depicted in Figs. 12 and 13.
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Minimum downflow is also commonly expressed in
terms of a minimum reflux ratio, L/D, where L is the
downflow and D is the flow of tops. (For the use of
this terms ‘see, for example, Badger and McCabe “Ele-
ments of Chemical Engineering,” 2nd edition, 1936, at
page 351.) - It will be shown below that the ratio of
molten zone length to void length in the zome-void re-
finer is analogous to reflux ratio.

Certain analogies between zone-void separation and
distillation and other well-known separation processes
foliow:

’ Relationship between o and k

The relationship between distribution coefficient k,
used in zone refining and separation factor «, used in
distillation follows:

In binary systems involving the liquid-solid transfor-
mation, it has been customary to think of one component
as the solute, the other as the solvent, and to express the
ratio of solute concentration in the freezing solid to that
in the liquid from which it freezes by the distribution co-
efficient k above discussed. - Methods by which equilib-
rium values of k can be computed by reference to the
constitutional diagram of this system, and also methods
by which these values may be obtained from thermo-
dynamic considerations are well known. See, for exam-
ple, A. Hayes and J. Chipman, Transactions A. 1. M. E.
volume 135, at page 85. Effective values of £ under ac-
tual solidification conditions deviate from the equilibrium
values. The effective value, where it does deviate, in-
variably has the effect of lowering the value of the quan-
tity 1—k. In brief, deviation from the equilibrium value
is brought about by poor diffusion of the sclute in a
molten region or any diffusion of the solute in the solid
region. Various means of causing the effective value of
k to approach the equilibrium value and thereby of im-
proving separation efficiency are; mixing the molten re-

‘gion, maintaining a sufficiently slow rate of crystalliza-

tion: so that there is little entrapment of .solute in the
solid region, and increasing the temperature gradient at
the liquid-solid interface.

The effective k values for various binary systems have
been reported in the literature. - See, for example, Hayes
and Chipman, supra, for k values of varicus scluics in
iron; W. G. Pfann, Journal of detals, volume 4, page
861, and R. N. Hall, Physical Review, volume 38, page
139, for solutes in germanium; and R. H. McFee, Journal
of Chemical Physics, volume 15, page 856 for solutesin
sodium- chloride.

The relationship between k and « is brought out by the
following illustrative calculation:

Ilustrative calculation 1

It is desired to purify germanium containing arsenic as
an impurity solute. A k value of 0.1 is assumed. - Puri-~
fied germanium is considered as the product emerging in
the top of the column. ‘Hence,

vyp==mol fraction of germanium at the tops
xp=mol fraction of germanium at the bottoms

where ¥ refers to the solid phase and x to the liquid phase.
Assuming the very low concentration of arsenic of less
than 1 per cent, such materials now finding widespiead
use in transistor manufacture, yp, yx and xg are all very

_ closeto 1.

As has been discussed above:

arscnic concentration in the
ke solid leaving a molten zone
arsenic concentration in the liquid in the zone

=1y
=1, =0.1
According to Equation 2 above:

_y(l—a) | .
mon- 0

T a(l-y)
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‘In:general then, for zone-void"reﬁniir'g: o
el
Tk
In zone-vord processmg the drrectlon m whrch the
components ‘travel is-as follows::
1. For a system in which the % value of a solute ina
solvent is less than 1, that is, for -a system-iii which the
presence of solute loWe'rs the ‘melting .point,-the -concen-

tration of solute is ‘greater in the moltén zone than'in the -

solid region at the interface -and, therefore, the solute
travels with the molten zones, solvent traveling m the
opposite direction.

2. For a systent having a & valee greater than 1, that
is, for one in which the melting point of ‘the solutxon is
higher than that of the pure solvent, solvent travels with
the molten zonés and ‘solute in the opposite direction.

:Since 'in ‘the preceding portion of the specification the
refining process has been déscribed ‘in terms of récovery
of a purified solvent from-a soliition in which the % Value
of'the  solute ‘under consideration is less than™ 1, ‘the
molten zones enter the column at the end from ‘which: the
product is withdrawn (the “top” ‘of the column).

Relationship between length of dzstllla;zon column und
: length of zone-refining. column

The -condition in zone refining which corresponds to
the steady -state ‘at total  reflix in distillation isia : steady
state reached after' a large number (theoretically: aii in-
~ finite number) of Zones passes through the ingot. Fur-
thérmore, this is the- steady 'state in zone-void refining at
total reflux since when no flows. of feed or product oceur;
Fonevoid wefinihg rediices-to” “batch-zohe ‘refining. “The

ultimate  distribution as’ given in “Pmncrples 'of - Z01ié
. Refining,” supra, gives the solute concentration C as a
- function of distance x from a starting end of an mgot or
char ge as follows

B C=deme @y
where ,
BZ L
| = ®)
and - .
CyBL .
, A=73i (6)
where :

I=zone length
L=ingot or column length
Ci==mean soliite. concentration

It is seen from Equation 4 that at x==0 (that end of the
column at which the molten zones enter) the constant, A,
is equal to the solute concentration. In zone-void refin-

ing the ration. A/Co, which is a purification ratio, .avay, -

therefore, be written as Cp/Cy, the ratio of the solute’cons
centration of product to the solute concentration. of teed
in the enriching section.of the refiner.

By solving Equatron 6.for-a wide range of values of
k, 1, and L, it is found that A/ Co can be empmcally Iep-
resented as follows:

A/co=cp/cf=kﬂv Sy
where P . '
f is a factor given'in Table II
and ‘
N =—Ii——the number of molten zone- lengths in the mgot

l -or column section; -

Equation 7 has the same form as the rewritten -Fenske
Equation 3 and tells us that fN is the number of stages

of separation. Which can be produced by zone-void. sefin-

ing at total reflux'in a column section of length N,
Values of factor f in.Equation 7 correspondlng ‘with

18
fout: different mumbers '6f molten zone lengths N and five
different values of  distribution: coeﬁierent 'k, are glven in
the following table:
TABLE 1

- {Values of f in: Equatmn 7.

N=2

1
L
L
1
1

OO
B e gt
(TS TR IS TN

the counter-current or reﬂux aspects of the pro S8,
processes such as dlstrllatlon, for example, these ﬂow
readrly dlstrngurshable as ‘actual amounts of m
ing 'up ‘or ‘down the column, the flow rates of which are
readrly measurable. .
“Th the zone-void” process, the net ﬂows of feed wa e
and’ product desrgnated F, W and P, ate detéimined by the
voluine ‘flows of Voids and are related” by ‘the” materral
balance equatlon. )

20

25

F= W+P

volume flow ‘rate “of v01ds from- product outlet to feei:l
inlet as grven by the equatlon RESR

A 3
e  P= _ﬂh__ll_
35 - ‘ D L :
"rnwluch : s . e
A-—cross-sectlonal aréa of column : '
va=linear velocrty of void mouon L

Ch<rly==Tenigth ‘of a void D :
de=Ilength between successive void-fronts T

40

A sumlar equation may be - derived for the stnppmg
secﬁon'

Asbal('h—l):z

’d’.,"'

W= a0)
In. Equatron 9 subscrrpt e stands for enrlchmg sectlon
whilée the subscript s in Equation 10 stands for stripping.
These parameters may be mdependently controlled An
each of the two sections. -Anothér way to ‘desciibe the
flows of waste and.product is to recall that one void
travels through a column section, each time a_ heater
padsses‘the €iid of the séction.

In distillation, a counter-current flow exists betweeh Fiss
ing vapor and falling liquiid ‘and “talculations of column
performance involve these flows in the form of the reflux
ratio. In the zone-void" process' the effects of counter-
current flow between solid and liquid phases are achieved
by the traveling molten:zon¢s. While the liquid of the
z6nes does not flow in ‘the Sam& sénse as the liquid in the
d1stxllat10n column the eﬂ?ect on solute distri

50

65

60

th lumn’ equrhbratlng itself with the.solid as it trave, ed
65 in’ zone-void reﬁmng the quantity ‘analogons-fo ﬂle
nﬁ w in distillation is essentiaily thé voluiné Tate ‘of
W ten' regions ‘down’ the coliimn, that. is, to

€ ex1t

to's Teflux rauo, ‘the ratio being determmed by’ the. effectl :
heater length %, and temperature and by the effective
length ! of the outlet tube - of the void generator. Thus
1/(h~—I) may be regarded as a reflux. ratio, for:purposes

75
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of understanding the process. The operating equatlons
below will not use the reflux ratio as such.

Another unique aspect of molten zones as reﬁux medla
is the degres of contfact between the counter-current
phases. In distillation practice the approach to ideal
equilibrium is limited by the degree of contact, that is,
the interfacial area between solid and vapor and by the
diffusion of components in the liquid. In molten zone
reflux or, zonal reflux, the degree of contact may be re-
garded as perfect in that the solid phase is completely
melted into the liquid phase throughout the cross-section
of the refiner.  Diffusion in the liquid remains a limita-
tion although this effect may be minimized by using a low
rate of travel or by introducing stirring means as has been
discussed elsewhere. .An important aspect of the perfect
degree of contact afforded by zonal reflux is that column
construction is greatly simplified, there being no need to
resort to the use of bubble caps or packing media.

The volumé flows of feed, waste and product in the
rectification and stripping sections will now be described
after which the exit solute concentrations of the zone-void
refiner will be given in terms of feed concentration and
other significant parameters of the process. Separate
equatlons for the ennchmg and stripping sections will be
given.

The enriching and stnppmg sections meet at the feed
inlet or tank and have in common feed concentration Cr.
Feed which enters the system may be regarded as-dividing
into two portions, one of which travels through each sec-
tion.” The action of the molten zones in the enriching
section 'is to remove solute from the portion of the feed
which travels through that section and to transfer this
solute to the feed tank. The action of the stripping sec-
tion is to remove solvent from the portion of the feed
which travels through that section and to transfer :the
solvent to the feed tank. In order for the feed tank to
remain at concentration Ct, it is therefore necessary .to
balance the flows of waste W-and product P.so as to leave
Ct unchanged. The ratio of P to W will depend upon
the vales of Cp and Cw as follows:

Let , -
w Cp=DLCj ' (11)
Cuw=8C7 (12)
where « and g are constants.
The overall material balance for the refiner is:
F=W-P (13)
where F=flow rate of feed.
The overall solute balance is:

FCt=WCu+PCp

or, substituting the values of Cp and Cw of Equations 11
and 12:
FCy=WgCs+PaCt
or
F=Wg+-P«

=)
W \1—

Consequently, if the concentration of thé solute in the
feed is known and it is desired to get some given solute
concentrations in waste and product, the values of « and 8
may be determined by substitution in Equations 11 and
12. These values may, in turn, be substituted in Equa-
tion 15 to give the required ratio of product-to-waste
(volume) flows. This product-to-waste ratio may be ob-
tained in various ways, for example, by varying the cross-
sections of the two sections of the column, by varying the
void lengths, by varying the spacing of the heaters or by
otherwise varying the rates at which the material is swept
by molten zones.

(14
or

(15)

Enriching section equations
The following events occur when a molten zone travels

&t
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through the ennchmg section from the product exit to the
feed inlet:

(1) A void is formed by drawing out a length (h—I)
of molten material at the product end of the column.
.:(2) :As. the void travels through the section, the net
effect is to shift the sohite distribution in the section a
distance- (h-~I) or one. void length toward the exit.

. (3) 'As the molten zone travels through the section it
transports solute toward the feed inlet or in a direction
opposite of the shift caused by the void concentration.

(4) When the molten zone arrives at the feed inlet
or tank, the liquid in the zone mixes in the feed liquid and
thereby attains the constant concentration Cr. In the
system which has been assumed for the purpose of this
discussion, that is, one in which the %k value of the solute
in the solvent is less than 1, the concentration from the
molten zone just before it reaches the feed inlet is greater
than Ct so that the effect is that of a transfer of solute
from the product outlet to the feed inlet.

When the steady state has been reached, the sequence
of steps 1 to 4 leaves the solute distribution in the column
section unaltered. Because of the discontinuity in con-
centration at the feed inlet, the steady state distribution
will actually fluctuate about a mean value during opera-
tion of the column. Such fluctuation will be of negligible
importance except when the section length is very small,
insofar as the equations which follow are concerned. It
can be shown that the section length, L., required for
a separation ratio « in the enriching section is given by:

. v_
L‘_0.434B.1°g w(a 1) (16)

where B , o, and y are constants depending on 4, /, and %,
and are given by:

eB*h=1+B,(ﬁl) an
. N
w=.(T:k_)_E_l[1._IBe(h n] (18)
hk—1 '
ll/=m (19)

The length L - of the enriching section in Equation 16,
where subscript ¢ denotes enriching section, is defined as
the distance from the exit end to the point at which
the solute concentration in the: solid is ¥Cr. In practice
this length will usually be about one heater length less
than the actual section length.

Design of enriching section

Determination of the proper column section length
from Equations 16 through 19 will be shown by the fol-
lowing calculation:

Hlustrative calculation 2

Given ¢ =Cp/Cs = 001, k = 05, h = 1, ] =
find L..
From (17):
(0.8)
B(—
e +B.(0 5
7 B,=0.87
From (18):
e 05 osra—0m
w=T05 08N om L T
w=—0,27
From (19):
o (1)(0.5)—-08_
Y="1_038 L5

From (15):

1 (—1.5) -
L.=mlog[(—0.27) oD —-1‘]—-4.2

' These' equations place certain limitations on the ratio
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Iy whlch dre somewhat analogous to-‘the' EXiStenics 6f
the concept of: mxmmum reflux Fatio in distillxtion. THUS;
foi ks less thian waity; there =xists no lower limit on the
aftainable vaIue of ‘& provided that I/% is greater than k.
Jf% 18 1ess than unity and 144 i§ less than k, theré will be
a ‘minimuini value of « even for a column section of infinite
length,  If % is greater -than--one (for. which -ease - ¢’s
greater than oné are desm:d) ‘thefs i§'fio Upper lmnt on'a:

Stripping section equations .

- The following events oceur when d molfen zone tr avels
through the stripping Section from the feed inlet to the
waste outlet where the void generator is of the outlet type?

(1) The heater at its starfing position adjacent the feed
liquid, x == 0, mielts solid from:0 to %, h being the heater
length, allowing the nietied poition fo mix with the feed
liquid. The soluté coneéntration of the Hquid within
the heatér is; thereforé; identical with-that of the feed
liguid. (Cr). This resulis-ifr the: introductich. of $olute
into-the:stripping section since Cr.is greater than the mean
concentration: which: -is réplaced.

(2) The molten zone travels throtgh the strlppm’g ‘secs
tion, the -first concentration to freeze out at position
X == 0-being kCr.

(3) The material- within the final zone léngth of the
molten zone in it§ ultimate position within the stripping
section freezes by normal freezmg This final Zone length
is defined as (Ls—h), where Ls is the length of the-strip-
ping section.-

(4) - When thé solid: mterface reaches Lg=sh 4], where
1 is-the length of the outlet tube of the void geherator:
the: remaining” liquid runs- out-ds waste:; This liquid: is
highly concentrated: solute due to the strxppmg action-in

" of the hquld which s ejected 4
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the 'section and the normal freezifig action ‘over the last .

zoune: length,.  Its concentratioh. thay. be readx!y calcu-
lated as will be shown. :
(5) The void which is:formied each time the heater
passes’the exit tube travels through the stripping section
to the feed tank, rising through each molten zone as it i$
encountered. - The average rate of travel of the voids de-

“to 1nﬁn1ty For k's léss than one; the approximate eq

40

pends on the heater length and on the spacing between

heaters. )

(6) In its travel, the molten Zone encotinters-a num:
mer of voids. Each encounter advances thé zone one
void length (h—I). One encounter occurs for each
heater ahead of the heaterat the feed tark, because each
such heater in effect produces one void which eventually
must pass the heater in question: These advances shorten
the effective length of the section for refining.

- As in-the enriching. section, a fluctuating steady state
is reached. It can be shown that the section-length Ls
required to produce a separation, 8=Cw/Cjy, is given by:

RN N - Ll ] ,
s e [ 2+ (20)
where Bs; «, and 4 are constants depending on A, %,
and g, and are given by:

L=

eB's"=1+B;<%) (21)
SN IR .
a=k(@-—1)‘ (223
o (h—=1B=h(1—k)
I+ Bh—eshy B (28)
The length Ls of the stripping section in Equatlon 20

" is defined by:
Le=L's=h~ny(h=l) Coz4)

wheré L’s is the actual section length and nv is the num-
Ber of void encounters.

The qiiantity 5 in Equatxon 20 represents the contribi-
tion of the solute concentration produced by norinal
freezmg ‘action when' thie molten Zone reaches the end of
the section, Its valug is- the ‘ratio of the concenfration
in thé solid 4t the start of normal fiéeZing action to thit
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' Waste at some 1lafer
diiing " the “hofal fréézing process;” [
conditions the normal freezitig
ma]or part of the $olufe coricentratifig aetion in’ thé strlp-
ping section. In sich casgs, it miay be desirable foi réa:
sons of mmphmty of apparatus to hiave & very short strip:
ping-section; ‘one heater lemgth lonig, in “Which notmal
freezing constitiites the enfire ‘action.

“Hlustrative caleulation 3

Given h==1, 1==0.9, k=0.5; ﬁ—Cw/Cf—SS find L%
From (21):

. (1)
093, —1+B 0
Bis 10
From (22):
s=(0;5)(%‘?>°‘5”_~‘-0.1‘58
From (23)'
0.1)(8.5) <1(0.5
((1¥1 2 =% )(1 40y=+0.127
From (20):
1 T(8)(.158)—05
L =oa3a) (1.90) %8 [ 0.127 +1]“+° 26
From (24): :
Li=L,+h=126

(The séctioft length is too short to have more than one
heater. Heiice rivis zero.)

In‘ ‘general a-lintited range of B valués is p0531b1e ‘fot
cértain ranges of h; 1, ‘and %, as Ly fs-varied from zéré

tions which have been gwen show that g will lie between

thé valies:

5 i
=)
as Lsis varied frori Zeto to mﬁmty
It has' ow beer shown how to calculate the lengths
of the eéntiching dnd stripping ‘sections for ‘given ‘values
of Ci, Cp, Cw, h and L. Asstithing void léngth ‘and tHe
numiber, spacmg and rate of advance of the heaters to'be
the Saime in each sectlon, the relative cross-section areas
of the sections will be given by
P

w

and

in Equatlon 15. For the examples cotisidered ‘above,
which are consistent with one another,

P

w

is found to equal 2.52- and (h—I), 2=, whlch
means that for the example given, the cross-sectional area
of the enriching sectlon is five times that of the stnppmg
section.

Certain practlcal design matters will now be con51dered

Smce the degree of separatlon for given ¢olimin di-
mensions depends only on the number of zone leng A's'
in the column section, any degree of separatlon descrlbed
by the eqiiations abové can be accomplished by a mlm-
mum of one heater in each’ sectiont, ‘Howeéver, -
cussed éatlier, 4 time saving will be realized if the heaters
are’ spaced together as closely as posmble A limiitation
on minimum mter-heatmg spacing in- addition “to’ that
indicated edrlier cccufs when the diffusion rafé of the
solute’ in- the $olid’ is - high, it the ‘ektréie case beiiig
compérable to the diffusion tate i the liquid. - When
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such systems are undergoing treatment, it may be advis-
able to cool the solid between the heaters and to increase
the length of the solid zones.

A shorter inter-heating spacing results in less hold-
up and in lower start-up time, that is, it will take less
time to reach the steady state. Small zone length /, as
indicated above, permits more siages of purification in
a given column length and also reduces start-up time.

The approach to the steady operating state will be
more rapid the greater the deviation of segregation con-
stant & from unity. An analogous situation prevails in
other continuous processes such as distillation. This
fact emphasizes the value of a continuous zone refining
method, for, once the steady state is reached, all ma-
terial processed receives the maximum separation; and
the time required to pass a quantity of feed through the
refiner is relatively short compared to the time to attain
the steady state.

In common with batch-zone refining, the zome-void
process is particularly ‘applicable to crystallization from
the melt and to systems in which bulk solids can be read-
ily frozen with a smooth liquid-solid interface and with-
out entrapment of liquid. With respect to crystalliza-
tion from solvents, the zome-void process has a distinct
advantage over batch methods in that fresh solvent can
be continuously introduced and removed. For solute-
solvent systems having a tendency to freeze out fine
crystals either process can still be used to advantage,
even though the situation is somewhat less ideal.

Due to the high degree of purity control required in
the manufacture of semiconductor devices the processes
described are, particularly useful in the preparation of
materials for use in such devices. These materials in-
clude the elemental semiconductors such as silicon 'and

germanium and compounds having similar properties ;

10
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such as aluminum phosphide, aluminum arsenide, alumi- -

num antimonide, gallium phosphide, gallium arsenide,
gallium antimonide, indium phosphide, indium arsenide
and indium antimonide.

The invention has, of necessity, been described in terms
of specific embodiments. Various modifications will !Je
apparent to those skilled in the art. For exam_ple, while
complete refiners have been discussed, it is evident tt}at
refiners with only one section, either rectifying or strip-
ping, in which the feed inlet is adjacent either of.the
exits, can also be operated on the void-zone principle.
1t is also evident that reciprocating heater motion may be
used with spiral zone columns and that this may be ad-
vantageous from the design viewpoint for a particular
apparatus, The description above is intended to be illus-
trative of, but not necessarily to constitute a limitation
upon, the scope of the invention.

In the following claims wherever the term “column”
_is used it is to be understood that the term is meant

to include horizontal as well as vertical columns, those
inclined in any intermediate angle from the horizontal,
those which are in spiral form and all types of chambers
having openings at either end of any cross-sectional shape
whatsoever.

What is claimed is:

1. The process of redistributing the ingredients of a
fusible material containing at least two ingredients within
a column comprising causing relatively hot and cold re-
gions alternately spaced to progress in one direction from
one end of the column to the other, the fusible material
being molten within the hot regions and solid within the
cold regions, removing material from an end of the col-
umn in an amount less than the amount contained within
a hot region each time the material at that end of the
column is molten and adding at another point along
the column fusible material of the system undergoing
treatment in an amount equal to the amount withdrawn.

2. The process of redistributing the ingredients of a
fusible material containing at least two ingredients within
a column comprising causing relatively hot and cold
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60

24

regions alternately spaced to progress in one direction
from one end of the colum to the other, the fusible ma-
terial being molten within the hot regions and solid with-
in the cold regions, removing material from each end
of the column in an amount less than the amount con-
tained . within a hot region each time the material at an
end of the column is molten and adding, as feed, fusible
material of the system undergoing treatment in an amount
equal to the total amounts withdrawn.

3. The process of redistributing the ingredients of a
fusible material containing at least two ingredients with-
in a column at an angle of more than 0 degrees from the
horizontal comprising causing relatively hot and cold re-
gions alternately spaced and in fixed relative positions
to progress upwardly from one end of the column to
the other, the fusible material being molten within the
hot regions and solid within the cold regions, removing
as product each time the material at the top of the col-
umn is molten an amount of material less than the total
contained in the uppermost hot region at its maximum
volume, withdrawing from. the bottom of the column an
amount of material less than the total amount. contained
within a hot region at its maximum volume each time
a hot region is coincident with the bottom of the col-
vmn and adding, as feed, at the top of the column, an
amount of material of the system undergoing treatment
equal to the total of the amounts withdrawn from the
top and bottom.

4. The process of redistributing the ingredients of a
fusible material containing at least two ingredients with-
in a column at some angle greater than O degrees from
the horizontal comprising causing relatively hot and
cold regions alternately spaced in fixed relative positions
to progress downwardly from the top of the column to
the bottom, the material in the hot regions being molten
and the material within the cold regions being solid,
removing .from each end of the column an amount: of
material less than the maximum amount contained with:
in ‘a hot region and adding, as feed, at the top of the
column material. of ‘the system undergoing treatment in
an amount equal to the total of amounts withdrawn.

5. The process of redistributing the ingredients of a
fusible material containing at least two ingredients within
a column having a feed inlet at a position intermediate
the ends and having outlets at either end comprising
causing relatively hot and cold regions alternately spaced
to progress in one direction from one end of the column
to the other, the fusible material being molten within
the hot regions and solid within the cold regions, each
time the material within either end of the column is
within a hot region removing a portion of said material,
and adding, through the feed inlet, material of the sys-
ter undergoing treatment in an amount equal to the
amonnts withdrawn at both ends of the column through
the feed inlet.

6. The process of redistributing the ingredients of a
fusible material containing at least two ingredients with-
in a U-shaped column, having a product outlet at each
end and a feed inlet at an intermediate position, com-
prising causing relatively hot and cold regions alter-
nately spaced to progress in one direction from one end
of the column to the other, the fusible material being
molten within the hot regions and. solid within the cold
regions, removing from each hot region in its initial
position at one end of the column material in an amount
less than the total contained within a hot region, remov-
ing from each hot region in its final position in its direc-
tion of travel through the column material in an amount
less than the total contained within a hot region and
adding, through the feed inlet, material of the system
undergoing treatment in an amount equal to the total of
the amounts withdrawn from both ends of the column.

7. The process of claim 5 in which the feed inlet is
at a different elevation from either outlet and in which
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all other parts of the column are at intermediate eleva-
tions.

8. The process of claim 5 in which the column is in
the forin of a spiral and in which the motion of alternate
hot and cold regions is brought about by rotation of the
spiral about its axis by fixed position heat exchangers.

9. The process of redistributing the ingredients of a
fusible material containing at least two ingredients within
a U-shaped column having a feed inlet at the closed
end of the U and an outlet at either end of the column

comprising causing molten zones to travel through the

column from one end to the other, each time a molten

10

zone is at its initial position at an end of the column

producing a void within the molten zone by removing an
amount of molten material less than the total contained
within the zone, each time a molten zone is at its final
position in its direction of travel through the.column
creating a void within said zone by removing an amount
of molten material from the zone less than the total
contained within the zone and adding, as feed through
the feed inlet, fusible material of the system undergoing
treatment by causing it to fill up each void as it passes
by the feed inlet.

10. The process of redistributing the ingredients of a
fusible material containing at least two ingredients within
a U-shaped column having a feed inlet at the closed end
and an outlet at each of the open ends and in which the
plane of the column is at an angle of more than 0 degrees
from the horizontal comprising causing spaced molten
regions to traverse the colummn from one end to the
other, the dimensions and spacing of said molten region
being such that they include the entire cross-section of
the column and such that they are bridged at all times
by solid material, removing from each molten zone at
its position at each end of the column a portion of material
in an amount less than the total amount contained within
said molten zone and adding, as feed through the feed in-
let, molten material of the system undergoing treatment in
an amount equal to the total amounts withdrawn.

11. The process of redistributing the ingredients of a
fusible material containing at least two ingredients within
a hollow receptacle having openings at either end and
a feed inlet at an intermediate position, comprising caus-
ing relatively hot and cold regions alternately spaced in
fixed relative positions to traverse the receptacle from one
end to the other, the fusible material being molten within
the hot regions and solid within the cold regions, remov-
ing material from one end of the receptacle in an amount
less than that contained within a hot region in its posi-
tion at that end of the receptacle, replacing the amount
withdrawn with a void material substantially immiscible
with the material undergoing treatment, causing this void
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material to traverse the receptacle in the same direction
and at the same rate as the hot region travel, removing
material at the other end of the receptacle in an amount
less than that contained within a molten region in its
position -at that end of the receptacle, replacing the ma-
terial withdrawn with an additional amount of the said
void material, causing voids so generated to travel in a
direction opposite to that of hot region travel and, each
time a void reaches the feed inlet, displacing the material
therein contained with additional fusible material of the
system undergoing treatment. .

12. The process of claim 11 in which the feed inlet
is at a different elevation from. that of either outlet and
in -which void travel is effected by gravity. :

13. The process of claim 1 in which hot region travel
is produced by corresponding motion of heat sources,
which heat sources are caused to progress in the direc-
tion of hot and cold region travel for a distance equal
to a digital number of cold regions after which said heat
sources are caused to travel in the opposite direction an -
equal number of cold region lengths at such a rate as
to permit the material in the hot regions to remain molten
and as not to render a significant amount of additional
material molten during their reverse travel and at least
once repeating the aforesaid series of steps.

14. The process of redistributing the ingredients of a
fusible material containing at least two ingredients com-
prising causing relatively hot and cold regions alternately
spaced to progress in one direction from one end of the
column to the other; the fusible material being molten
within the hot regions and solid within the cold regions,
hot region travel being produced by corresponding motion
of heat sources, which heat sources are caused to progress
in the direction of hot and cold region travel for a dis-
tance equal to a digital number of cold regions after

. which said heat sources are caused to travel in the oppo-
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site direction an equal number of cold region lengths at
such a rate as to permit the material in the hot regions
to remain molten and as not to render a significant amount
of additional material molten during their reverse travel
and at least once repeating the aforesaid series of steps.
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