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1.0 INTRODUCTION

Beginning in 1965 at Kansas.Staté University, a study éf the application -
of fractional crystallization to the separation and purification of materials
was initiated with the long range objective of applying the knowledge gained
to the separation and purification of nuclear fuels and materials,

Separation and purification by crystallization is based on the phase
equllibria between solid and liquid. In general two types of equilibria
exist, solid-insoluble eutectic type and solid-solution type. Independent of
the type of equilibria, the fractional crystallization-purification process
has been considered to depend on the growth and dissolution of crystals.

1
1’12, emphasis was placed on

In the earlier étudies by Meyer and Shen
determining which transport properties would significantly affect the
separation of materials by continuous countercurrent crystallization. Meyer
and Shen, not being able to include the high temperature and costly sophis-
ticated equipment that would be required for work with nnucleaf fuels and
materials, studied the organic solid-insoluble eutectic systems benzene-
naphthalene and p-xylene-m-xylene. In this earlier work countercurrent
crystallization equipment was developed as were experimental techniques
and procedures, From their studies of the solid-insoluble eutectic system
experimental concentration and temperature profiles for the free liquid,
Meyer and Shen suggested that a mass transfer iimiting with latent heat
effect mathematical model was suitable for correlating the purification
process data.

11,12

As noted by Powerszs, Gatesé, and Meyer and Shen , the behavior

of crystals formed from chemical mixtures of the solid-insoluble eutectic



type and the sdiid solution type would be diffefent. Thus the mathematical
models which are applicable in correlaging.the performance of soliduinsoluble
eu;ectic systems and solid solution systems wcqld probably be different.
Meyer and Shen expected that the mass transfer limiting model would govern
the separation processes for solid-solution systems, and they Suggested
further studies of solid=-solution systems.to confirm or invalidate this
conclusion. The study reported in this thesis was undertaken with this
purpose. The goal waé to test Which.mathematic#l‘model is suitable in
correlating the performance of solid-solution systems in column purifica-
tion processes,

In this study, the mathematical models chosen to be tested were the
mass transfer limiting with latent heaﬁ effect model developed by Meyer and

enll’lz, and the mass transfer limiting model developed by Gates6. The

Sh
reasons for limiting mathematical models to these two include: first,
they are the latest developed; second, they are proved experimentally with
confidence by the autﬁors; and third, both are regarded by the authors as
applicable to both solid-insoluble eutectic systems and solid solution
systems.

In this study, a low melting organic solid-solution system indole-indene

was chosen because of the temperature limitations of the available equipment

and the fact that the phase equilibrium data were available for this system.



2.0 LITERATURL REVIEW

Seﬁaration hy.cryétaliization has been used by man to improve his living
standard for thousands of yeafs. Before written reéords, crystallizafion was
used to separate salt_f:om sea water. Conventional crystallization processes
were all batch operations, multiple step batch crysfallization with recombi-
nation of fractions of about the same melting point were used for difficult
geparations., One of the reésons fér this deyelopment was the batchwise
equipment required to separate crystals from the occluded mother liquor.

A countercurrent continuous fractional crystallization process analogous

: 5 % ; ; ; 22
to continuous fractional distillation was first patented by P. M. Arncld
in 1951.
Cryvstallizztion has two advantages over distillation and solvent extras—

tion as a separatiosn xsthod: Heats of fusion are much lower fhan heats of
faporization and for solid-inso;uble eutectic systeﬁs only one theoretical
stage is required for separating a 1007 pure component from a binary mixture,
no other separation process offers this possibility, even in theory.
Subsequent to Arncld's patent, two significant different modifications
of column crystallization have evolved. The first one deriving from the
patent of Arnold is called the Philips column crystallizer; this device
is primarily used in the industriai scale production of materials. The
other type of crystallizer_is that developed by Schildknecht; it is used
in the laboratory to produce materials of high purit?.
An analysis of separation and purification in a Schildknecht crystal-
lization column (Figures 1 and 2) of both euteétic and solid-solution

systems by the theory of differential countercurrent contacting has been



A

discussed by quer523. The operation variable considered were feed rate

and rate of crystal formation, as well as speed, frequency, and amplitude

of spiral rotation. This work was continued by Henry?, Albertinsl, and
Gatess. Efforts have been made by these workers to develop mathematical
models to predict the performance of crystallization colummns. The resulting
mass transfer limitiné“models for both eutectic and solid-solution systems
confain undetermined column parameters which can only be evaluated from.
experimental data. The energy transfer and latent heat effects related

ﬁo the interfacial mass transfer were not considered in the development

of these models.

References to the Philips columm by Weedman, and McKajrg’lo’z4 have
dealt with improvements in its operation and contrxol. This process has been '
applied to the system p-xylene--m~xylene to recover p-xylene of high purity
(99.5%) by both piston type (Figure 3) and pulse type (Figure 4) columns.

The controlling factor determining product purity is the temperature of the
liquid in the melting zone. The other process variables are feed compqsition,
rate of removal of mother liquor by filtration, control of the crystal phase
movement, and heat transfer in the melting section. The capability of scaling~
up pilot plant size columns to commercial size has been reported. The column
can be used for separating many other chemical systems than those for which it
is now commercially applied. However, the purification mechanisms controlling
~ the. continuous crystallization process and the mass transfer characteristics
have not been elucidated fully by that work.

A mathematical analysis of the separation of a eutectic system,
p-xylene~-n-xylene, based on the end-fed Philips column has been presented

14
by Player”™ . The calculations were based on the total mass and heat balance
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between solid and reflux streams. Doth calculation and experimental data
showed a sharp change in concentvation and temperature profiles at the inter-
face of the purificaticn and compactiun'zonesi These results iﬁdicated the
importance of recrystaliization of the reflux liqﬁid and thermal equilibrium
in the solid and liquid phases as limiting factors in the colummn purificétion
process,

Separation and purificatidn in an end-fed crystallization column by the
theory of differential countercurrent contacting have been discussed by Meyer

and Shenll’12

. Eutectic systems naphthalene-benzené and p-xylena-—m-xylene‘
were used in experimental studies. The operation variasbles considered were
selid phase mass flow rate and fhe rate of heat input at the melting zoune.

A mass transfer limiting with latent heat effect mathematical model was
.developed to predict the performance of crystallization columns. The
experimental results showed that the stable range of operation and the

extent of purification are limited by the rate of thermal equilibrium in

the melting zone at the bottom of the purification column.
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3.0 THEORY

3.1 Review of Mathematical Models

Two mathematical models applicable to column crystallizatibn based on
the theory of differential countercurrent contacting were chosen to be
tested in this study. They are the mass transfer limiting with latent heat

11’12, and the mass transfer limiting

effect model developed by Meyer and Shen
model developéd by GatesG.

In the development of these two models the following assumptions are
common: (1) the occluded liquid is in equilibrium with the pure crystalline
phase, (2) the composition within each phase is uniform in the plane perpen-
dicular to flow, (3) the free liquid rising in the column is at its freezing
point, (4) effective diffusivity D, wass transfer coefficient Ka, the column
cross section area A, and the volume fraction of the column occupied by
liquid &, as well as the liquid and solid mass flow rates V and L, are
independent of position in the column.

Fxamination of a binary mixture indicates that the high melting com-
ponent will concentrate in the melting section, Thus as a crystal moves
toward this section, it moves into a region of increasingly high temperature
and composition of the high melting component. As the solid phase, which is
a composite of crystals and occuluded mother liquor, is completely melted in
the melting section, a part of the melt will be drawn off as bottom product,
and the rest of the melt will be refluxed back up the column as the free
liquid. The free liquid will pass into a ragion of lower temperature and
lower concentfétion in the occluded liquid. The temperature and concentra-
tion differences between the upward flowing free liquid and downward flowing

solid stream may lead to a simultaneous transfer of both heat and mass between
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the streams., The descending solid phase is heated and becomes unstable.
This inétability must be relieved by a change in composition. The probable
process will be melting of a portion of the crystals by the absorbed enerpy;
followed by the formation 5f new crystals and mother liquor purer in high
nmelting component.

The different authors considered the same mechanisms to be involved in
the develepment of these two models for column crystallizationﬁ’ll’lz.
However, they treated the problem using different analytical procedures.
Gates reasoned that the inclusion of both mass and heat transfer coefficients
in a general mathematical description would be too complex. Cbnsequently,
he -split the problem into two simplified cases. In the first simplified
model, he assumed that the heat transfer coefficient was large and that the
rate of mass transfer thus is limited by a mass transfer coefficient, This
analysis resulted'in the mass transfer limiting mp&el. In the second, it
was assumed that the mass transfer coefficient ﬁas large and that the
interphase transfer was restricted by a heat transfer coefficient. This
results in the heat transfer limiting model. Finally he concluded that of
the two models the mass transfer limiting model was in agreement with his
eiperimental results,

The mass trénsfer limiting model assumes the changes in composition
which occur in the solid phase as it passes toward the melting section are
limited (controlled) by the rate at which mass transfer can occur, and that
neither intraphase diffusion nor interphase heat transfer control the
observed effects. Thus the resulting mass transfer limiting model is simpli~

fied by neglecting heat transfer effects. In the case of a solid solution
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system Cates concluded that thae mass transfer limiting model leads to the
pradiction ¢f a linear c:mpmsihiom profile.

Mever and Shen]”l’l2 assumed that heat transfer was a much faster process
than mass transfer in column crystallization. quaver, they considered that
the heat tvansfer, in addition to mass transfer, may be a limiting or rate
controlling process. Heat transfer between the free liquid and solid streams
includes a latent and sensible heat energy exchange. They found experimentally
that the interfacial heat transfer coefficient, which is in comnection with the
sensible heat energy exchange between free liquid and sclid streams, was
limited te a theoretical maximum value on tbe-order of l(]i--l+ cal/cmz, secl°C.
Thus they concluded that the interfacial heat transfer was negligible compafed
to the latent heat effect. The resulting mass transfer limiting with latenc
heat effect wodel is simply the coupling of mass and energy continuity

equaticons but ueglectiny the interfacial heat transfer, -

3.2 Mass and Energy Continuity Equations

A diagram illustrating solid and liquid phases relationships in columnar
crystallization proausses are shown in Figure 5. The transport of matter
through a fluid flowing in a porous medium may depend on both molecular
diffusion and mixing of different portions of the fluid caused by their
dissimilar relative motions. The vertical motion of eddies within the body
of the fluid may physically transport dissolved seolute in bulk. This mixing
'is generally called eddy diffusion and is treated in terms of a diffusivity
in a manner analogous to Fick's first law for molecular diffusion. According
to Fick's first law of diffusion5, the total axial dispersion of high melting

component at z is written as:



13

TOP PRODUGT

b] LIQUID CHECK

. VALVE

FLOATING BALL
SOLID CHECK

VALVE P
Seil  PAGKED GRYSTAL BED
SOLID

ENLARGED CRYSTAL
PARTICLE WITH
OCCLUDED LIQUID

PHASE ——— | {7

FREE LIQUID FLOW

e LIQUID PHASE
MELT L 4 4 BT
Vo LIQUID CHECK
- L VALVE
\ L tl-——t BOTTOM
| f T—

4 _ 1 PRODUCT

FIGURE ©5: DIAGRAM ILLUSTRATING SOLID AND . LIQUID
PHASES RELATIONSHIP IN COLUMNAR
CRYSTALLIZATION PROCESS



1
N, =y, + N_) ~-p €D QX-. (1)
A A B dz
. In the radial direction, material transfers from thg solid to the
liquid phase primarily as a result of melting and refreezing. The mass
transfer is assumed to be proportional to a mass transfer coefficient Ka and
to the displacement from equilibrium between phase (y - ys). From thé shell
balance of high melting components, the net leakage rate in the z direction
is:

an, |
5= = -p Ka(y - y)) . (2)

Substitute equation (1) into equation (2). If the temperature gradient along
the column is small, the free liquid density, p, can be assumed to be inde-

pendent of column height z., The mass continuity equation can then be written

as:
g d
pED**%-VE;*KaQ(Y"Y“)io . (3)
dz z N

The transfer of mass also represents a transfer of energy between solid
and liquid phases. The total change in enthalpy of the free liquid will be
due to a latent and sensible heat energy exchange with the descending com-
posite solid stream. The loss of heat energy by the rising free liquid can
be described in terms of a simultaneous exchange of heat and mass between
the two passing streams. If viscous dissipation heat of mixing and axial
heat conduction in the liquid phase are neglected, the differential heat
balance can be derived similarly for the high melting component in the free

liquid as:

dT
Cp V It ha(T - Ts) + pA Ka(y - ys) =0 , (4)



3.3 Mass Traosfer Limiting

El

With Latent Hear Effect Model
The mass transfer iliwiting with latent heat effect model is the result
of the coupling of mass and energy continuity equations, but neglecting the
; ; 11,12
interfacial heat transfer., Meyer and Shen™ observed that the degree of
mixing of the solid aad liquid phases does not change the measured free

liquid concentraticn prufiles} They also found that the calculated maximum

interfacial heat transier cosfficient is neglegibly small compared to the
: g P

15

lstent heat effect. Based on these facts, they concluded that the interfaeial

heat transfer does not acs as a limiting factor in the purification process.
The differential heat balance equation (4) is then reduced to the following
expiessicn,

¢
Cp V%—-l—pk Ka(y - y.) = = (5)

- The resulting differential equation obtained by the coupling of the

mass and energy continuity equations is free from the solid phase variables

as noted below

2
42, _E,_Ez Splar_ g . (6)
dzz eD dz  ApeD dz

Equation (6) which describes the mass transfer limiting with latent heat
effect model contains two variables, y (free 1liquid concentration) and T
(free Iijuid tewperature}). The problem would be simplified if these two
variables were not independent of each other.

The assumption that the free liquid is always saturated has been
menticied. Thervefore, it is assumed that y's and T's are related by the
solubiiity data for the system being separated. Generally thé solubility
function is approximately linear (particularly over a narrow concentration

range); therefure, y can be expressed as a linear equation in T:
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y=b +m T . @
Thus equation (6) can be reduced to a one variable second order linear

differential equation:

2 #
dy , Vv . p dy _
+ ¢ - 1) =0 . (8)
dzz peD lml dz
The boundary conditions are:
Y™, at z =0 (9)
y =Yg at z>e (10)

Meyer and Shenll’l2

assumed, as shown in equation (10), that the free
liquid concentration at the top of a sufficiently long columm (z =.m) should
approach the initial occluded liquid concentration, Vs where ;he concentra-
tion gradients im both the axial direction and interfacial film have vanished.
Thus Ve is dependent on the feed concentration and freezing temperature
according to the phase diagram of the system being separated.

The solution of equation (8) which describes the free liquid concentra-—

tiont in the liquid phase is:
_ ~Az
y =yt (v, - ype (11)
where

v C
A = w— -..-._E.....l)
peD A my

. (12)

The mass transfer limiting with latent heat effect model thus predicts

an exponential free liquid concentration profile. A plot of the experimental
y =¥,
data in the form of ln("*":—é—) vs. z should be a straight line with slope
_ o £ '
(-A). It has been shown above that the results are independent of solid

phase variablesy thus the model may be applied to both solid-insoluble

eutectic and solid-solution systems.
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From the experimehtally measuféd'slope (=A), the effective axial

diffusivity can be evaluated from the following eqpation:

. (13)

3.4 Mass Tranéfer Limiting Model
| The basic equation, describing the physical phenomena, is a differential
mass Ealance equation in a differential volume of the column analogous to
equation (3) derived in thé previous section. To solve this equation the
occluded liquid concentration, Yg» must be eliminated or expressed in terms
of system physical constants and variables. This is done by total mass
balance and end point mass balance (Figure 6) of high melting component in
all flows, i.e., solid crystal, occluded liquid, and free liquid streams.

For a column operating at total reflux

- 2
_ s
png—%—-VEﬁ--—Kap(y—ys) =0 (3
dz
L-V=0 (14)
EpD%+LX—VY=O . (15)

The solution of equations (3), (14) and (15) requires another relation—
ship between the dependent variables. Solid-liquid phase equilibrium data
serve to relate ¥ and X. In ggneral, the phase equilibrium relation is a
linear function over a reasonable range of compositions (particularly for
a solid solution system which has a small separation factor). Therefore

X=b, +m (16)

2 2ys
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Values for b2 and m, can be determined for the range of composition
which applies in a given separation. Combining eqﬁations (3) and (14)
through (16), and introducing the definitions given by equations (17), omne

obtains a differential equation describing the concentration profile achieved

in a column crystallization process involving a solid solution system is

=L 4 Kap
R, = o5t In, (17a)
Ka 1
RZ_BE(I-E;) (17b)
2 b .
dy g v _ 2y
o2 M d Rply +o7p) =0 . (18)
z 2
The solution to equation (18) has the form:
by
2E m —— ’ b)
v ) + Ciexp(q z) + C, exp(q,z) . (19}
The constants dq and q, must satisfy the characteristic equation:
®-Rq-R, =0 (20)
1 2 *

Appfoximate values of the groupings Rl and R2 can be obtained by estimating
values of the parameters comprising the groups. Values of m, and p are obtained
from physical data on the system being investigated. Values of D and Ka can be
approximated from data on liquid extraction in pulsed columns, and reasonable
values of ¢ have been reported (see Table 1). By applying such estimated
values it has been established that the particular grouping 4R2/Ri was less
than:O.l for all runs made in the course of this investigation. Under these
conditions, the roots of equation (20) can be closely approximated as:

9 =R’y (21

R,
- -2 (22)



Table I. Values of Effective Diffusivity, Mass Transfer
Coefficient and Void Fraction

Diffusivity Mass Transfer

o = e
cmzfsec Coefficient, sec 4 ROBED

{Naphthalene-Benzene)

4.1 0.93 x 10”3 Meyer and Shenlz
3.9 0.91 Meyer and Shen
7.1l - 0.91 Meyer and Shen
5.2 0.58 Meyer and Shen
4,2 1.20 Meyer and Shen

(p~xylene~--m-xylene)

0.13 x 10"3 Meyer and Shen12

2.9
3.1 0.15 Meyer and Shen

{Cyclohexane-Benzene)

3.5 Albertinsl

(m~Chloronitrobenzene—-
m~-Bromonitrobenzene)

4.6 17.6 x ].0“3 Gates6

4,2 2.84 Gates

1.7 3.00 Gates

(Indole~Indene)

14.8 Figure 17

10.0 Figure 18

6.5 -3 Figure 19

4.0 1.1 = .10 Figure 22

Void Fraction Source
12
0.46-0.53 Meyer and Shen

0.479 McKay and Goardlo
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By applying the values of the approximate parameteérs, it can be
established that

Ry »» RZ/RI_ (23)

and that

th >> 1.0 , : (24)

therefore eqguatien (19) can be approximated as:

b

o 2 .
7 = e + Ciexp(RyZ) + Chexp(-R,/R;) Z (25)

The constants Cl and 02 in equation (25) can be evaluated by using
appropriate boundary conditions. The first boundary condition 1s the
solution must be applicable at all conditions of operation. Specifically,

the value of y must be between zero and one for all values of L. The second

boundary corditicr iz ihe composition of the liquid at Z = 0, i.e. vy = yd

{yo can be messured experloenitally),
Examinaticn of equation (17a) indicates that Ry becomes very large as

L incressas or approaches zero. Because Rl appears in the argument of the

exponential, rhe term Clexp(R,h) would become exceedingly large under either
of these conditions unless Cl were small, In fact Cl must be zero if y is
to remain finite as L approaches zero. Application of the boundary conditions

to equation (25) requires that:

C1 = ( (26)
and
b2 .
C2 = yo + '];1“-_‘1 N : (27)
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- Coupling equations (25), (26) and (27), the following relation is obtained

b b R
2 2 2 i
Y e + (y -+ '_*-""-:—'Jexp[“ T Z] . (28)
m2 1 0 m, 1 Rl

Equation (28) also predicts an exponential variation in composition
with position in the crystallization column, but dﬁes not necessarily
predict that y should approach a constant value at the upper end of a
sufficiently long column.

Further simplication of equatipu (28) is possible for‘(Rlel)h << 1,
Under these conditions, with the further restriction that the equilibrium

relation 15 a linear, equation (28) reduces to:

- 2
y= YO = (mzyo + bz"yoj 'ﬁ (29)
m,L
_ EDp , 2~ ¢
H = I + X0 (39

This simplified expression, equation (29), predicts, subject to the
assumptions incorporated in the development, that the composition of the
liquid in a column crystallizer will vary linearly with position.

If the expression for H is multiplied by L, then the following linear

relation between L2 and HL results:
‘ 2
HL = eDp + mZL [Kap (31)

- Thus the intercept and slope of a plot of HL vs. L2 can be used to evaluate

D and Ka.
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4.0 EXPERIMENTAL STUDY

4.1 Equipment Description

The equipment‘used in this study is the same as that described by Meyer
and Shenli’lz. Its main components are the columﬁ, a cooler-crystallizer,
a stirrer, and a pulsing device (Figure 7).

The column was assembled from 15.24 cm sections of 5.08 cm ID Pyrex
glass pipe separated by stainless steel sample and thermometer plates. Fixed
to the lower end of the column was a-stainless steel chamber which included a
mercury seal. _This seal prevented mixing of the column contents with the
.fluid in the.hydraulic line connecting the column and the pulsing device. At
the top of‘the column was a reservoir, in which the frozén discharge-from the
cooler~crystallizer was primarily separated. Excess liquid in the reservoir
can be drawn off through a siphon at the top of the reservoir. The melting
section was at the bottom; the necessary heat was supplied by heating tapes
wrapped around the lower part of the column. Between the reservoir and the
melting section, the purification section separated the two components of the
binary mixture fed to the column.

Below the reservqir was a one way solids check valve which permitted
concentrated slurry to be drawn into the purification section by a negative
pressure pulse from the pulsing device. The combined action of the one way
valve and pulsing device are shown schematically in Figure 8. During the
positive pulse (pressure increasing in the column) melt (bottom product) is
expelled from the bottom of the column while mother liquor and free liquid
are forced out at the top of the column. Perforated members (20 by 150 mesh
stainless steel screens) at both top and bottom held the crystals in the

column while letting fluids escape.
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The cooler-crystallizer made of stainless steel, uses a helical ﬁonveyor
to scrape both walls of the annular chamber it occupies to keep'the walls free
of crystals and to carry the newly formed crystals to the upper outlet of the
unit. Alcohol circulated through the ccoler-crystallizer as a coolant to
remove latent heat of fusion from the feed stream. Coolant temperature is
adjusted indirectly by the sublimation of dry ice in an alcohol bath, and the
coolant rate is adjusted by a variable speed pump. A thermometer is installed
upstream cof the circulating pump to measure the coolant temperature. To
facilitate the formation of a packed crystal bed in the column, two auxiliary
cooling coils are wrapped around the bottom and 40 cm above the bottom,
respectively. These are used only during column start up.

Operation of the column under approximately adiabatic conditions is
achieved by insulating the glass colump with no less tharn a 4 cm thicknesé
of fiberglass.

The stirrer is driven by an outside variable speed motor. The stirrer
operating at the axis of the column extends about 40 cm down to the bottom

of the column.

4.2 Data Measurement Procedure

Liquid of the Binary mixture being studied is charged to the column,
and both stirrer and pulsing device are turned on. Coolant at a known tem—
perature below the fréezing point of the mixture is circulated through the
two auxiliary ccoling coils to form crystals in the lower part of the column.
Crystals formed are agitated by the action of the stirrer and the pulsing
device, About 30 minutes after initiation of operations the column will
contain a slurry of crystals and liquid. The coolant is then switched to

the cooler—crystallizer, and the binary feed solution is charged to the
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cboler~crystéllizer at a_reducad‘feed rate. Soon after crystals are formed
in the cooler-crystallizer and are discharged to the crystallization célumn;
the feed rate is adjusted step by step until the desiredlfeed rate is
reached,

‘The rates df both bottom product withdrawal and reflux liquid circula-
tion ére adjusted as desired; the sum is equal to the feed rate. About two
hours after the normal feed rate, and at least two hours subsejuent to any
significant adjustment in operating conditions, samples of the liquid in the
column are removed through the sampling taps using a hﬁpodermic needle and

syringe., The weight of each sample is measured by difference on a Mettler

type HS5 electronic scale (NE 696).

4,3 Choice of System

| The system chosen for this study was the solid-solution system indole-
indene (Figure 9).. The selection of this system was made because of the
temperature limitation of thé available equipment. Also phase equilibrium
data were available for this system.

The indole-indene system has a very small separation factor. A feed
containing 40 weight percent indole was fed to the cooler crystallizer;
this composition was chosen based on the near room temperature saturation
peint (19.5°C). The kn;wn physical properties of indole-indene system are

shown in Appendix A.

o4 Quantitative Analysis of Column Samples
The samples removed from the crystallization column were analyzed

quantitatively by a Packard Model 3375 Tri-Carb Scintillation Spectrometer.
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High melting component indole was tagged with radioactive Carbon-14 (a beta
emitter with maxiﬁum disintegration energy of 156 Kev and half life of 5730
years) for counting purpose; the amount of tagged material used was 0,1 mCi
(millicurie) of indole-2-C-14 in hexane added to the feed tank. To carry
out the quantitative analysis, 0.1 gram samplés were taken from the purifi-
cation column and mixed with 15 ml of a commercially preparéd organic
seintillation counting solution in a special low background glass counting
vial,

The vverall counting efficiency of the liquid scintillation spectrometer
is defined as the ratio of net counting rate CPM (counts per minute) to the
sample true nuclide DPM (disintegrations per minute), An automatic external
standardization system (AES ratio) is contained within the scintillation
spectiometer to determine for any sample counted the counting efficiency.
The net counting rate can be converted to DPM (normalized) as follows

- Observed mean CPM
AFC indicated counting efficiency

oPM

A standardized calibration curve of the chemical system used in this

study is shown in Figure 10.
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5.0 EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Experimental Results

The experimental results obtained in this study are summarized in
Figures 11 through 16. These figures are plots of liquid coﬁposition vs,
column position. The positions indicated are the location of sampling taps
in the crystallization column: 0, 20, 60, and 80 cm above the bottom of the
column., Figures 11 to 16 also show data at 90 cm above ﬁhe bottom of the
column; these data are based on analyses of the top product. Three samples
were taken during sampling at each tap, The results shown are the arith-
metical mean of the three measurements. The standard error cg the
arithmetical mean of the experimental was calculated as + ET;%ETQ where
Ri is the deviation of the ith measurement from the calculated arithmetical
mean and n is the total number of samples taken at a particular sample tap
during a pgrticular measurement.

The operation variables pertaining to each data set are listed on the
figures. The free liquid reflux rate was changed only slightly for the
different runs described in the varicus graphs,

Within the limitation of the cooling capacity of the cooler-crystallizer
unit, the separation achieved in the crystallization column increased with
an increase in the free liquid reflux rate. At low free liquid reflux rates,
the free liquid concentration profiles were rather flat.

5.2 Test of Experimental Column Performance with the Mass Transfer

Limiting With Latent Heat Effect Model

The mass transfer limiting with latent heat effect model developed by

11,12

Meyer and Shen is the result of the coupling of mass and energy con-

tinuity equations (3) and (4), but neglecting the interfacial heat transfer.
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The mass transfer limiting with latent heat effect model (see equations
(11) and (12)) predicts an exponential variation of free liquidlcomposition
with position. A plot of the experimental data in the form of ln{z—::fég}
vs. z should be a straight line with slope (-A). The data of FigurZs 17
through 19 were fitted by a least squares method. .

¥ the 1i4uid denatey b, sEfestive ULFEUalylty D, -sad Void Erectich 3
of equation (12) are not dependent on free liquid reflux rate for a column
operating at total reflux (this is the assumption also made by Gatess), and
if the specific heat Cp’ the latent heat of fgsion A, and the slope of the
temperature~concentration relation oy, for the indole~indene mixture are
constant over a small range of composition, then the free liquid reflux

rate will be the only factor affecting the value of A, Thus the experi-

mentally determined A divided by V will be a constant, i.e.,

AV = L [—~E— - l] = constant . (32)
eDo A ml

Figure 20 shows the results obtained when A, determined from Figures 17
through 19 is divided by V. A/V rather than being independent of free liquid
flow rate appears to be an inverse linear functional of V. This result is in
conflict with the mass transfer limiting with latént heat effect model, unless
the assumption that the void fraction e is independent of free liquid reflux
rate is not true,

In developing the mass transfer limiting with latent heat effect model,
the unknown mass transfer coefficient was eliminated from the mathematical
formulation of the model by coupling the mass and energy continuity equations.

Thus this model contains only the unknown axial effective diffusivity.
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In the mass transfer limiting with latent heat effect model, the effective
éxial diffusivity may be deternined from the experimental concentration profile
y-y ' ' '

by plotting -ln[ : } against the column height as shown in Figures 17

yo - yf

through 19. From the measured slope A, the effective axial diffusivity can
be evaluated by equation (13). However, to separate and evaluate the axial-
effective diffusivity, the specific heat and the latent heaf of fﬁsion of the
binary mixture being studiéd must be known. Unfortunately, this Information
for indole was not available, Thererare methods available to estimate the
specific heat and the latent heat of fusion. Among them the additivity rules
bleenson27 and the estimation method suggested by Bauman30 were used for the
estimation of the specific heat aﬁd the latent heat of fusion of indﬁle,
respectively (see Appendices 3 and 4).

The measured effective diffusivities are shown in Table 1. The resulting
diffusivities, 6.5 to 14.8 cmzlsec, are in fair agreement with the results
obtained in pulsed extraction c:olumnss’16 and also by Albertinsl, Gatesﬁ, and

11,12

Meyer and Shen » which are ranged from low 0.5 to high 30 cmz/sec.

. 5,3 Test of Experimental Column Performance with tﬁe ﬂ;és Transfer

Limiting Model

The mass transfer limiting model by Gates6 (see equations (29) and (30))
predicts a linear variation of free liquid composition with position for a
column operating at total reflux. The line drawn on Figure 21 is the least
squares line through the data points,

The mass transfer limiting model contains the term (mzy0 + b2 - yo).
As expressed in equat;on (1e), (mzyO + b2) may be regarded as the composition

- v )

of an imaginary solid phase in equilibrium with ¥ The term (mzyo + b2 %
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relatesﬁthe difference in composition.ﬁetween phases in equilibrium of.an
imaginary solid phase at tﬁe bettom of the column. Val#es of (mzyo + b2 - yo)
can be determined from the phaae'diagram together with the expefimentally
determined values ofuyo. The -inclusion of the term (mzyo + b2 - yo), the
phase separation factor as defined hy Gatesﬁ, predicts that the actual
separation achieved in a c?ystallization column is proportional to the phase
separation factor. The results as shown in Table II are comparable to those
obtained by Gatesﬁ. |

From equation (29), if the expression for H is multiplied by L; a linear
relation between L2 and HL resultS'(seerequation (31)).,-Tﬁe intercept and
slope of a plot of HL vs. L2 can be used to evaluate D and Ka. Figure 22
illustrates such a plot. The data have been analyzed by a least squares
method. Together with the estimated value for € and calculated value for

m, and p, the resultant value of D and Ka are shown in Table 1. The

2

. . 2 s . . : ;
calculated diffusivity, 4.0 en"/sec, is in fair agreement with published
values for diffusivity determined in pulsed-column, liquid-liquid extraction

58’16’17 and also by Albertinsl, Gétess, and Meyer and Shenll’lz.

column
The mass transfer limiting model predicts the influence of the crystal

rate on the separation, At very low and very high rates, H is very large,
and as a result, the separation is small., The separation passes through a
maximum at some intermediate crystal rate, Due to the limitation of the
cooling capacity of the cooler-crystallizer unit, the optimum crystal rate
was not determined in this work, Within the range of the crystal rates which
could be achieved, H decreased as the crystal flow rate increased (Figure 23).

“The observation is consistent with the fact that axial diffusion as represented

by the group (eDp/L) is more important than interphase mass transfer included
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in the group (mleap). This conclusion is consistent with that obtained by

Albertinsl and Gatesﬁ.

Figure 23 is also a ceﬁparison of experimental and calculated values of
H as a function of crystal flow rate for the system indole-indene. The
effective diffusivity, D, and the mass transfer coefficient, Ka, detEfmined
from Figure 22 together with equation (28) are adequate to represent the

behavior of the columns as illustrated in Figure 23.

5.4 Effect of Reflux Ratio on Free Liquid Concentration Profile,

To examine the effect of the liquid phase on the purification process,
experiments were conducted in which the free liquid reflux ratio was wvaried.
The reflux ratio is defined as:

_ _Weight of liquid forced up the cclumm
Weight of bottom product at zero reflux

The experimental results as illustrated in Figures 11 through 16 showed
that the concentration profile of the free liquid is flatter the lower the
reflux ratio. The separation achieved is also smaller for smal reflux ratios.

The mass téansfer limiting model assumes the crystallization column is
operated at total reflux. The model cannot be applied to explain the
behavior of the column operated at partial reflux.

The mass transfer limiting with latent heat effect model is independeﬁt
of solid phase variables. This model predicts an exponential variation in
the free liquid composition with position. The free liquid reflux rate as
a variable is contained in the parameter A in the exponential term of
equation 12. Thus the observed flatness of the free liquid concentration
profile at a low reflux ratio operation is also qualitatively in agreement

with the mass transfer limiting with latent heat effect model.



Table 1II. Influence of Difference in Phase Compositions on

‘Separation
Phase Separation Separation Crystal Rate Source
Factor g/sec, cm2

0.0235 0.022 0.027 ' Figure 15

0.0235 0.017 0.019 Figure 16

0.0235 ' 0.013 | 0.012 | Figure 17
~0.01 0.015 | o.oao_' Gates run 13
0.037 0,089 ~0.076 Gates run 29
0.039 0.089 0,066 Gates run 30
0.039 0.070 0.050 Gates run 31
0.057 0.055 0.072  Gates run 14
0.057 0.080 0.072 Gates run 15
0.058 0.106 0.054 Gates run 16
0.059 | 0.072 0.036 Gates run 17
n0., 01 ' 0.005 0.024 Gules vun &
| 7

0,01 - e ~0.005_ 0.018 -Gates -run- -
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The free liquid concentratibﬁ:profiles as illustrated in Figures 11
through 16 indicate that a sharp change in concentration gradients was noted
at the top of the column under partial reflux operations. The sharp discon-
tinuity in the concentration and temperature profiles have been reported bﬁ
Playerlé, %;yer and‘Shenl2 and Dthers10 who have studied the end-fed type
Philips purification cplumn for the seﬁaration of m-xylene—-p-xylene.

The sharp change in the concentration and temperature profiles is a
phenomena only cbserved in end-fed columns. This phenomena was not reported
in center-fed columms.

Mechanisms involved iﬁ the operation of the crystallization column are
expected to be washing and refreezinglg.' Washing is the mechanism by which
the impurities in the liquid adhering to the crystals are reduced fﬁr transfer
into the free liquid. Refreezing is the mechanigm by which impufities are
removed from the crystals (as the result of repeated phase changes in the
free liquid and in the solid phase).

Player implied that the sharp change in the concentration and temperature
profiles is related to the refreezing of the reflux liquid. He suggested that
there will be a restriction on the quantity of reflux which will produce such
a discontinuity. Schildknecht type center-fed columms are not operated with a
compact bed of crystals, and in a column operated under total reflux conditions,
the reflux rate is clearly in excess of that maximum which could be refrozen to
form a sharp discontinuity in temperature and composition. Player expected
that these factors are among the reasons why a sharp change in the concentration
and temperature profile is not observed in center fed columns.

The refreezing of liquid reflux at the top of end-fed columns operating
at a reduced free liquid reflux rate leads to the assuﬁption by Player that

the free liquid reflux rate and the value of the void fraction would decrease
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along the column., Free liguid reflux rate is closely related to the value

of the wvoid fraction and would be in direct pfoportion to the void fraction.
Based on this observation, ﬁhe mass transfer limiting with latent heat effect
model could well explain the results shown in Figure 20. If the value of the
void fraction decreases with a decrease in free liquid reflux rate, the value
of A divided by V will increase with a decrease in the free liquid reflux

rate. TFigures 24 and 25 give qualitative illustration of the relation.
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6.0 COUCLUSIONS

The experimental concentration profiles measured for the free liquid
in a countercurrent column crystallizer operating at total reflux on the
solid- solution svstem indole-indene are in fair agreement with predicticns

made by both the mass tyransfer limiting with latent heat offsct aund the

mass transfer Limdifing mathematical models. The measured effective

diffusivities obtainad by applicaticn of these twe models are also in

- 7 ; ; ; ; 8,16
agreement with the vresulis obtained in pulsed extraction columas * and

U & 11,1
also by Albertins™, Gates , and Meyer and Shen 7’ 2.
The mechanisms invelved in the operation of a crystallizaticn separation

column arc = U3 he washing and refreezing; washing is a hydrodvoanic

nrocess., - Rel 1¢ the result of phase changes in the free liquid and

=
G
i
=t
i
i
&1
.
i
e
=

in the solid phs

Toar transfer effects are expected to be much more

important for refreezing than for wasbing. In the case of 2 crvstallization

y i . . 4
column operating at total reflux, Player™ suggested that if the reflux rate

= G

were iv aysess of that meximum which could be refrozen, washing will be the
dominant mechanisn leading to separation irn the crystallization column.

The mnporixpentally measured separation of the solid solution system
indole-indene wus low, thus the concentration of the binary mixture along
he ooluna was abour the same, Under these conditions the values of the
specific heat and the latent neat of fusion of the binary mixture would he
expected fte remain essentially constant along the column and thus no signifi-
cant heat transfer effect would be pres sent 1n the crystallization-separation

process. Therefore at total reflux operacion the mess transfer limiting with

Latent heat effect nmodel : the wmass transler limiting model would he

grieciively the eame {(hcoh wmedels are Jorived from the same mass continuity



equation). Thus, both the maés transfer limiting with latent heat effect
model and the mass transfer limiting model are suitable for correlating the.
experimental concentration profile obtained for the solid solution system
indole-indene operated at total reflux.

The mass transfer limiting model by Gates6 fails to predict the sharp
change in cqncentration profilé at the top of the column under partial reflux
operations, Playerl4 expected that the sharp change in concentratién preofile
is related to the refreezing of the reflux liquid. The observation of the
‘sharp change in conéentration and temperature profiles indicated to Playerl
that the assumed constancy of the free liquid reflux rate along the column

was not actually present.

a5
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Appendix A

Physical Properties of Indole-~Indene System.

1.

3.

Denisity of Indole in Indene
Indole 20°C 0.9968 gram/cm-
Indene 20°¢C 0.9915 gram/cm3
For an indole-indene hixture, the density of the mixture is
calculated by the following equation which assumes a linear
relation between composition and density:
dnd0

d = s
5 dnC + (l-C)d0

ds, dn and do are the density of the system, pure indene and pure
indole respectively and C is the weight fraction of indole in the
system, For C = 0.4, d = 0.9936 gramfcmB.'

Reference: R. C. Weast, "Handbook of Chemistry and Physics,"

48th Ed.
Heat Capacity
Indene 20.63 to 64.37°C 0.393 cal/g. °C
Reference: A Zielenkiewiez, PRZEMYST CHEM. 44/12, 664 (1965).
Heat of Fusion
Indene 19.9 cal/gram
Reference: Klatt, Z, Physik. Chem. ALl71 454 (1934),
Heat of Vaporization
Indene 8.50 Kcal/g-mole

Reference: A, Zielenkiewicz, PREZEMYST CHEM. 44/12, 664 (1965).
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Indole 17.9 Kcal/g-mole

‘Reference: V. V. Serpinskii, et al., Zhur. Fiz. Khim, 28, 810

(1954).

Heat of Sublimation

Indole 16.73 Keal/g-mole

Reference: A. Aihara, J. Cheﬁ. Soc. Japan, Pufe Chem. Sect., 76,
497 (1955).

Vapor Pressure

Indole log p (mm Hg) = 10.334 - 3655.4 ™1 (°R)
Reference: A, Aihara, J. Chem. Soc. Japan, Pure Chem. Sect.,

76, 497 (1955).



Appendix B

Pnase Equilibrium Data of Indole-Indene Systele

Mole Fractioﬁ
Indole

1,000
0.895
0.808

1 0.707
0.592
0.494

2,332

0.248

0.203

0.151

0.071

0.000

Weight Fraction
~ Indole

1,0000
0.8960
0.8096
0.7090
0.5940
0.4964
0.3610
0.2494
0.2041
0.1515
0.0718
0.0000

°C

9249
46.5
42
36
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16
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Appendix C
Estimation of Heat Capacity of Liquids by the Additivity Rules

The additivity rules are due to Bensonsz. He observed that the
contribution to heat capacity is due to chemical groups rather than atoms.
Benson and coworker533 derived and analyzed groups from organic compounds
with known heat capacity. Group value was calculated by the use of a least
squares regression program. Table III is a compilation of the group value
used to calculate constant-pressure heat capacities for liquids at 25°C and
1 atmosphere by Shaw27; He observed that the precision of the application
of the additivity rules in estimating heat capacity of liquids is +1.5 cal
mﬂlem1 deg.hl, and in most cases is better than +1 cal. mole.wl deg.-l.

Indole, a heterocyclic compound, contains too many unknown groups to
estimate the heat capacity by the additivity rules. However, one can borrow
the principle of the additivity rules. If one assumes that the compound
pyridine ﬁiy to Pyrrole E;g is gimilar to the compoﬁnd quinoline

Cjiﬂ to indole iﬁ i . The heat capacity difference between
N
pyridine and pyrrole can be estimated by the difference between quinoline
and indole, 1If the heat capacity of all but indole is known, the heat
capacity of indole can be closely approximated as:
Cp(l)(indole) = Cp(l)(Pyrrole) + Cp(l)(Quinoline) - Cp(l)(pyridine)

where Cp(l)(pyrrole) = 30.35 cal/mole, °029

Cp(l)(quinoline) = 47.6 cal/mole, °02?

CP(I)(pyridine) = 32,04 cal/mole, °028



then

Cp(l)(indole

= 45,91 cal/mole, °C

= 0.392 cal/g. °C.
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25°C and 1 atm, Cal, mole_l, deg. .

Table TII

Group Values Used to Calculate Constant—Pressure Heat Capacity of Liquids at

1

Group Value Group Value
Alkane Olefin
C-(C)(H)3 8.80 er-(H)z 8.2
C-(C)Z(H)2 7.26 Cd-(C) (H). 3.1
C-(C) y(B) 5.00 cd-(C), 3.8
C—(C)4 1.76 Cd-{Cd) (H) 9.6
Aromatics cd--(cd) (C) 7.9
CB-(H) 5¢3 C"(Cd)z(H)2 14.3
CB—(C) 2.9 C-(Cd)(C)(H)2 9.8
C—(CB)(C)(H)2 6.3 C-(Cd)(C)z(H) 9.4
Halogen Ct-(C) 9:9
C--(Br)(C)(H)2 16.1 Cis-Corr -1.3
C~(Cl)3(C) 25.6 Rings
cd~{£1),, 21.4 Cyclopentana ~4,8
CB—F i 8.6 Cyclopentens -7.7
CB—Cl 8.4 Cyclohexane -6.5
CB—Br 10.6 Cyclohexene -8.7
S$ilicon _ Cyclooctatetraene  -32.8
Si—-(D)(C)3 0.0 (assigned) Decaline ~13.1
0—(Si)2 21.6 Tetraline -2.5
Oxygen Sulfur
0-(C) (H) 10.7 S—~(C) (H) 12.5
0-(C)2 8.5 S—(C)2 10.7
0-(CO(H) 13,6 S—(CB)(H) 12.6
0-(C0) (C) 8.5 S-{8)(C) 9.2
0---(CB)2 11.2 _ C--(S)(C)(H)2 5.8
Co-(0) (1) 10.0 {assigned) c-(s)(c}z(n) i
CcO-(0) (C) 7.0 C—(S)(C)3 2.9
GO—(C)2 12.6 CB—(S) 0.0 (assigned)
C—(O)(C)(H)2 F % (CH2)3 - S -2.5
c-(o)(c)z(}{) 8.8 | (CH2)4 - 8 -3.3
16.1 or 5.1 -5.1

C-(0) (C) 4

(CH2)5 *,b



Table III (cont'd)

C—(O)(CB)H)2 12.0
CB -0 0.0
Nitrogen

N—(N)(H)2 11.1
N—-(N)(C)2 10.5
N~ (N) (C) (H) 7.6
N-(CB)(H)2 19.7
CB—N U0
Cd~(CN) (H) 21.3

28.7

0-(C) (NO,)

(assigned)

(assigned)
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Appendix D
Method for the Estimation of the Latent Heat of Fusion 

At the present time, there is no generally satisfactory method applicable
for the estimation of the latent of fusion. A method suggested by BaumanSO,
however, seems useful. He observed that the latent heat of fusion in calories
per gram mole divided by the freezing temperature in °K is about 9 to 11 for
organic compounds. Accofdingly, the latent heat of fusion of indole is
estimated to be approximately in the range of 25 to 30 cal/g. The following
is a test of-ﬁhe Bauman estimation method for several materials for which the
heat of fusion is known. The results are scattered indicating that great

confidence can not be placed in the above results.

Organic Molecular M.P. Heat of Fusion AHffo °K
Compound Weight “B K cal/g cal/mole
Benzene 78.11 5.5 278.7 30.1 2348 8.42
Naphthalene  128.16 80 353.2 36.0 4608 13.05

Indene 116.16 =2 271.2° - 19.9 2312 8.52
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ABSTRACT

Iwo established mathematical models were introduced to test the experi-
mental peffofmance of the separation and pprifiCation of the solid solutien
inq?le—indene sysfem'by'the continuous countercurrent columnar crystallizacico
process.. These models are fhe mass transfer limiting with latent heat effect
model, by Meyeé and Shen, and the mass transfer limiting model, by Gates.

Implicit in both of these models is the assumption that the purification
crystallization process involves a simultaneous transfer of heat and mass
between the countercurrént free liquid phase and solid phase streams. Thé
mass transfer limiting with latent heat effect model is the result of the
coupling of mass and energy continuity equations but it neglects interfacial
mass transfer. While the mass transfer limiting model is simplified by
considering only mass transfer effect.

The experimental concentration profiles obtained for indole-indene systenm
operated under tétal reflux conditions were flat; the separations achieved
. in the érystallization column were small. The results showed that both of
the models were applicable to the continuous columnar crystallization process
for the solid splution indole-indene system. The measured effective axial
diffusivities by the both models have values in the range 1.3 to 4.0 cmzlsec;
literature data are ranged from low 0.5 to high 30 cmzlsec. The overall
-mass transfer coefficient calculated by the mass transfer limiting model has
value 1.1 x 10-—3 sec—l; literature data are raﬁged from low 0.13 x l()"3 to high
3.0 x 10“3 secﬂl. These values are comparable with literature data.

The indication that a sharp change in concentration profile at the top

of the crystallization column obtained for indole-indene system operated



under partial reflux condition is qualitativel& in agreement with that of
Meyer and Shen and Player, they studied the separation-and purification of
p-xylene -- m~xylene. Player assumed that this sharp change in concentration
profile at the top of the crfystallization colummn is due to the refreezing

of the refluxed free.liquid, which is a process associated with latent heat
effect. This phenomena leads to the assumption by Player that the constancy
of the sclid and free liquid mﬁss flow rates along the column would be

inadequate.



