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A theoretical and experimental investigation of the separation achieved in a col-
umn crystallizer which utilizes a spiral conveyor was conducted to determine the

effect of variables associated with continuous flow operation.

A system that ex-

hibits negligible solid solubility was used. Several feed mixtures containing less

than 31,000 p.p.m. weight cyclohexane in benzene were employed.

The principal

variables evaluated in this study in o column of constant length were the feed
positian, internal crystal rate, and flow rates of terminal streams. A mathematical
model is developed which considers axial dispersion and mass transfer between the

liquid adhering to the crystals and the bulk liquid.

The mode! satisfactorily ex-

plains the effect of the veriables associated with continuous flow operation and
shows that axial dispersion is more dominant in continuous flow than in total reflux
operation. It is shown that multiple pass or cascade operation is necessary to pro-
duce material of purity higher than a critical level which is related to the feed

composition.
likely caused by volumetric inclusions.

The demand for ultrapure materials for both laboratory
and commercial applications has led to the further develop-
ment of many of the less common separation processes in
recent years. Fractional solidification is an example of
such a separation method. While fractional solidification
has been carried out conventionally in staged crystallizer-
solids recovery systems, the development of a crystallizer
that can achieve several stages of separation in a single
piece of equipment is relatively recent. This process was
patented by Arnold (5) in 1951 and is called column
crystallization.

Column crystallization is based on the countercurrent
contacting of crystals and their melt. Two-column configu-
rations have evolved. An end-fed column which utilizes an
oscillatory flow of the liquid phase to transport the crystals
has been developed for commercial application by McKay
and Goard (16). A center-fed column, which utilizes a
spiral conveyor, was developed by Schildknecht (21). A
variety of systems having phase diagrams of both the
eutectic and solid solution types has been separated by
column crystallization. Systems of the former type are of
primary concern in this paper. Albertins, Gates, and
Powers (3) have reviewed the design, operation, and effect
of variables in column crystallization.

A center-fed column of the Schildknecht type was utilized
in this study. Figure 1 illustrates that there are three dis-
tinct sections in a column crystallizer of this type. Crys-
tals are formed in the freezing section and pass through the
purification section countercurrent to the liquid phase
which is produced by melting the crystals in the melting
section. The liquid phase is continuous while the crystal
phase is the discontinuous or dispersed phase. The column
can be operated at fotal reflux or with continuous feed and

product drawoff.
Most of the investigations of the Schildknecht column
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Fig. 1. Sections used in a column
crystallizer.

have been for total reflux operation. Powers (20) suggested
a model for the purification of systems with negligible
solid solubility which included consideration of impurity
transfer by axial dispersion and washing of the adhering
liquid associated with the crystal phase. He subjected
this model to a preliminary check with a composition pro-
file calculated from an experimental axial temperature pro-
file. Powers assumed that the crystal phase was free from
the impurity. Albertins (2) found in a later investigation in
which he measured the composition profile directly for the
benzene-cyclohexane system that it was necessary to in-
clude the impurity associated with the crystal phase to ex-
plain the observed concentration profiles. He concluded
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that axial dispersion and the impurity level in the crystal
phase together limited the separation that was achieved,
that is, he neglected the washing of the adhering liquid.
Gates (11) in a later study found that a model which incor-
porated the washing of the adhering liquid together with
axial dispersion and impurity associated with the crystal
phase provided a more consistent fit of Albertins’ data.

Very little work has been done to evaluate the continu-
ous flow operation of a center-fed column. Schildknecht
and Maas (22) have separated solid solution systems by
operating a column semicontinuously. Breiter (7) used a
continuous flow column to separate components of both
solid solution and eutectic systems. Most of his work was
with systems which form solid solutions. Seawater was the
only system with negligible solid solubility that he inves-
tigated. Only enough work was done with the seawater
system to demonstrate the separation. Breiter did not pro-
pose a model to represent the separation of a eutectic sys-
tem with continuous flow column crystallization.

The Benzole Producers (13) have used a bench-scale
center-fed column of the Schildknecht type for the purifica-
tion of benzene. Betts, Freeman, and McNeil (6) have re-
ported separation of variety of aromatic hydrocarbons with
the Schildknecht column. Newton Chambers Ltd. (18) have
announced that a crystallization process based on the
Schildknecht column is being developed. These investiga-
tors have not advanced a model for continuous flow opera-
tion nor did they obtain composition profile data that are
essential to the thorough evaluation of a model.

Player (19) has presented a model describing the continu-
ous flow operation of an end-fed column for purification of
systems of the eutectic type. Anikin () suggested using
the model already developed for packed fractionating col-
umns (8) for solid solution systems. Neither of these in-
vestigators subjected their models to a test with experi-
mental data.

In view of the minimal information available for the
separation of systems which exhibit negligible solid solu-
bility (eutectic systems) by continuous flow column crys-
tallization, such a study was undertaken and is presented
in this paper. The primary aim of the investigation is to
explain the effects of the variables specifically associated
with continuous flow operation of a center-fed column crys-
tallizer, that is, feed position, terminal stream flow rates,
etc. A mathematical model which includes the transfer of
impurity by axial dispersion, washing of impurity from the
adhering liquid, and the impurity associated with the crys-
tal phase is developed for the continuous flow case. Ex-
perimental data obtained with continuous flow operation of
a center-fed column are used to evaluate the model. The
benzene-cyclohexane system was chosen so that compari~
sons could be made with the continuous flow data of this
investigation and the total reflux data of Albertins (1).

THEORY

A mathematical model is presented for a center-fed col-
umn crystallizer operating at steady state with continuous
feed and product drawoff. Considerations are limited to the
purification of simple eutectic systems in the concentration
range below the eutectic compositions.

As Figure 1 illustrates, the column consists of two fixed
concentric tubes with a spiral conveyor in the annular
space between them. Crystals are formed in the freezing
section and are transported through the column. In the
case of the eutectic type systems, that is, the crystals are
stable until they are melted. The crystals are melted at
the top of the column, and a portion of the liquid is re-
turned as countercurrent reflux. Most of the liquid move-
ment 1s countercurrent to the rising crystals, but because
of drag effects a small portion of the liquid rises with the
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crystals. This stream is called the adhering liquid and
contains a relatively high level of impurity rejected from
the crystal phase. It is continually contacted with a coun-
tercurrent free liquid stream of lower impurity content.
Rather than attempting to describe the complex hydrody-
namic situation which occurs because of oscillation of the
crystal-liquid slurry, we conceived the adhering liquid as-
sociated with the crystal phase to be a distinct phase.
This is an idealization because the free and adhering
liquids are, in fact, one phase. Figure 2 illustrates the
movement of the phases in the purification section in view
of the idealization discussed above. The washing of the
adhering liquid can be considered as an interfacial mass
transfer process. The driving force for mass transfer is the
difference in composition between the adhering and free
liquids. This continual washing establishes an axial com-
position gradient in the purification section.

Axial dispersion in the free liquid acts to oppose the
separation. The axial dispersion is driven by the axial
composition gradient and is sensitive to hydrodynamic con-
ditions in the column.

It is possible for impurities to be associated with the
crystals. This can be caused by either volumetric liquid
inclusions or by the trapping of impurities on the irregular
surface of the crystals. Also, solid solubility may occur in
the parts per million range. The washing process men-
tioned above very likely has little or no effect on the level
of impurity associated with the crystal phase. Conse-
quently, the crystal composition is assumed to be essen-
tially constant in the purification section.

An axial temperature gradient is established in the puri-
fication section as a result of the progressive concentration
of the impurity toward the freezing section. The crystals
entering the purification section are at a temperature below
their melting point. In an adiabatic column the crystals
would exchange this sensible heat with the liquid by re-
freezing an appropriate quantity of the liquid. The axial
temperature gradients are sufficiently small so that refreez-
ing of this type is negligible; for example, the largest axial
temperature drop between the top and bottom of the purifica-
tion section encountered in this study was 8°C., which
would correspond to a 10% increase in the crystal rate in
the purification section. Most of the axial temperature gra-
dient occurs in the region near the freezing section below
the first sample tap. Hence any small increase in the crys-
tal rate because of refreezing occurs below the region
where the composition profile is sampled. Therefore any
heat transfer effects can be neglected, that is, the internal
crystal and liquid flow rates can be considered constant in
both the enriching and stripping sections. Both Albertins
(2) and Gates (J0) concluded that heat effects could be
neglected for columns operated at total reflux.

The mathematical model that is developed in this paper
includes the following considerations: (1) mass transfer of
the impurity from the adhering to free liquid; (2) mass trans-
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fer of impurity in the free liquid by axial dispersion; (3) a
constant level of impurity in the crystal phase resulting
from volumetric inclusion or other phenomena; (4) constant
internal flow rates.

Formulation of Model

Mathematical models for both the enriching and stripping
sections are presented. Much of the development that fol-
lows is based on the earlier work of Albertins (2) and
Gates (11). The model that Gates employed to analyze
Albertins’ data is the total reflux analog of the model that
1s developed here.

It is possible to operate the enriching section of a col-
umn crystallizer with either countercurrent or concurrent
flow. Countercurrent flow is the normal case where a por-
tion of the liquid that is generated in the melting section is
used to wash the adhering liquid. The model is developed
here specifically for the countercurrent case, but the differ-
ential equations that result are equally applicable to co-
current flow. The application of this model to the cocur-
rent case has been discussed by Henry (14).

The process flows illustrated in Figure 2 are further
idealized in Figure 3, which shows the internalflows in re-
lation to a differential element of the purification section.
The flows are denoted by L, L’, and C, which represent the
mass flow rates of the free liquid, adhering liquid, and
crystals, respectively. The compositions Y, Y, and € rep-
resent the weight fraction of impurity (cyclohexane in this
study) of the free liquid, adhering liquid, and crystal phase,
respectively.

The impurity is transported by bulk flow, axial disper-
sion, and mass transfer. The bulk flow is represented by
LY, L’Y’, and Ce. The expression representing the rate of
axial dispersion Mp is assumed to be of the form of Fick’s
Law as presented in Equation (1).

Mp = —=Dp An(dY/d2) (1)

The rate of mass transfer between the adhering and free
liquids, Mg is assumed to be proportional to the difference
in composition of the adhering and free liquids as shown in
Equation (2),

Mk = KadAp(Y' - Y) Az (2

The internal flow rates L, L, and C and the factors KaAp
and Dp An are assumed to be independent of the position in
the column.

A material balance on a differential element of the free
liquid yields Equation (3).

L(dY/dz) + KaAp(Y’ - Y) + DpAn(d?Y/dz?) =0 (3)

This expression is general for both the enriching and strip-~
ping sections. Another relation between Y and Y’ is
needed before Equation (3) can be solved. A material bal-
ance on the enriching section as shown in envelope I of
Figure 4 yields a second relation between Y and Y  which
is given in Equation (4).

LY Mp LY cCe
‘L T T T — Z+42
~1— M
—z
P
LY Mp LY Ce€

Fig. 3. Elemental description of column
crystallizer,
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Ce + LY - LY -~ DpAn(dY/dz) = Lg Yg (4
An overall balance about envelope I gives Equation (5).
L=L +C-Lg (5)

Considerable simplification results if the diffusional
term is neglected in the free liquid balance [Equation (3)].
This simplification, which is called the transport equation
approach, was first used by Furry, Jones, and Onsager (9)
to model thermal diffusion columns and was later applied
by Powers (20) to column crystallization. With the diffu-
sional term neglected, Equation (3) becomes

L(dY/dz)} + KaAp(Y" ~Y) =0 (6)

Henry (74) has discussed the validity of this assumption for
continuous flow operation.

Equations (4), (5), and (6) can be combined to give the
following differential equation describing the enriching
section:

LL’ dy
DpAn| — -Lp)Y = -
[KaAp +Dp 77:| s +(C E) Ce —-LgYg (D)

which can be solved with the following boundary condition
z2=2zp, Y=Yy (8

where Y4 is the free liquid composition inside the column
at the feed point zg to give the following expression for the
enriching section composition profile.

Y -Y
— P e ~(-zp/ Ve (9a)
Y¢ -Yp
Yp =(Ce - LgYg)/(C -Lg) b
ala + DC* aLgC
Ve = DpA - 9e)
o c_LE[””+ KaAp KaAp] ¢

where ¢ is the ratio of the adhering liquid to crystal rates
and is assumed to be independent of position in the purifi-
cation section.

An expression can be obtained for the stripping section
composition profile by combining a material balance around
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the stripping section (see envelope Il of Figure 4) with
Equation (6) and applying the boundary condition given in
Equation (8). The following relations are-obtained:

Yo Y
%—T}:}P = eXp”(ZF_Z)/ly‘S (10a)
Yp =(Ce + LsYS)/(C + Lg) (105)
ol + DC* aLgC
Vg = — {D A (10¢)
ST oL P TRaAp +Kﬁp} ¢

Prior to further discussion of the model, all of the as-
sumptions included in its development are listed: (1) The
column is assumed to be at steady state. (2) All internal
flow rates are constant; this is equivalent to neglecting all
heat transfer effects. (3) The impurity level associated
with the crystal phase & is constant. (4) Radial variations
in each phase are negligible. (5) All transport properties
are assumed to be constant. (6) The flow rate of adhering
liquid 1s assumed to be proportional to the crystal rate.

(7) The transport equation approach was employed; that is,
axial dispersion was neglected in the free liquid material
balance but retained in the material balance around the end
of the column.

The expressions for the enriching and stripping section
profiles, Equations (9) and (10), can be solved simultane-
ously with the following constraint resulting from a material
balance on the terminal streams:

FYp = LgYg + LsYs an
using the following end conditions for the purification
section:

z=0, Y=Ys (12)
2=2, Y=Yg (13)

The applicability of these conditions has been demon-
strated (14). An iterative procedure based on matching the
internal free liquid composition at the feed point can be
used to calculate the terminal composition and composition
profiles. The operating conditions F, Y Lg, C, &, and
z2p are needed to constrain the problem. Also, the mass
transfer factors ¥Yg and ¥s and the crystal phase composi-
tion &€ must be specified from experimental data or from
correlations based on experimental data.

Implications of the Model

The model developed above can be used to predict the
performance of a center-fed column crystallizer. The shape
of the enriching and stripping section profiles is deter-
mined by the parameters Yp and Yp, respectively. The
separation power of the column is largely determined by the
mass transfer factor in the enriching section Yg.

Examination of Equation (9@ indicates that In (Y - Yp)
should decrease linearly with the position z in the enrich-
ing section. Yp is defined by Equation (9b). The impor-
tant property of Yp is that it can change sign, depending on
the relative magnitudes of the amount of impurity trans-
ported by the crystal phase C¢ and the amount of impurity
in the overhead product Lg Yg. When Yp is positive, zero,
and negative, the enriching section composition profile
(In Y versus 2) is, respectively, concave upward, linear,
and concave downward. -

Similarly, Equation (10a) shows that In (Y - Yp) should
decrease linearly with position in the stripping section. In
this case, however, Yp is always positive as indicated by
Equation (10b). Because of the relatively large magnitude
of Yp, the free liquid composition in the stripping section

can decay rapidly to Yp and then remain essentially con-
stant until the feed position is reached. This effect is
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particularly noticeable when the feed position zg is well
above the freezing section.

A closer inspection of the mass transfer factor in the
enriching section Y5 shows a strong dependence on the
overhead product drawoff rate (Lg) and the internal crystal
rate C. The mass transfer factor is a minimum (which cor-
responds to a maximum separation power) at total reflux and
increases as R (Rg = Lp/C) is increased. Because of the
exponential dependence of the free liquid composition on
WYE, the separation that can be achieved in a column is ex-
tremely sensitive to Rg; that is, as RE increases Yg
increases.

EXPERIMENTAL STUDIES

Experimental data were obtained from a center-fed column of
the Schildknecht type to test the model presented above. The
column used by Albertins (2) for total reflux operation was modi-
fied for continuous flow operation.

Equipment

The column was constructed from a 32-mm. O.D. Pyrex tube.
A 1.1-cm. O.D. stainless steel tube was placed inside the glass
tube to define the annulus which contained a stainless steel
spiral of lenticular cross section and l-cm. pitch. Albertins (2)
presented a schematic diagram of the column and described the
construction of the freezing and melting sections. The freezing,
purification, and melting sections were 8, 50, and 3.8 cm. long,
respectively. The purification section was equipped with eight
sample taps. The spiral was rotated and oscillated by a drive
mechanism mounted above the column. The column was enclosed
in a constant-temperature air bath to minimize heat transfer with
surroundings.

The column was modified for continuous flow operation by
placing an overflow outlet 2.5 ¢m. above the melting section and
a drain in the Nylon plug which served to form & seal between the
stainless steel and glass tubes below the freezing section.
These provided for the overhead and bottoms streams, respec-
tively. It was possible to introduce the feed at any of the eight
sample taps located in the purification section. The feed was
cooled prior to introduction in the column with a hairpin double
pipe exchanger located in the air bath surrounding the column,
The feed and bottoms flow rates were established and controlied
with coupled proportioning pumps.

System Investigated

The benzene-cyclohexane system was chosen for this study
because it forms a system of the eutectic type (23). Also, this
system was used by Albertins (2) for his investigation of total re-
flux operation; consequently it was possible to make comparisons
with his results. All experiments were conducted below the
eutectic composition with cyclohexane as the minor component.,
Phillips pure grade benzene was used to prepare all feedstocks.
This material contains several impurities of which cyclohexane
was present in highest concentrations (1,500 p.p.m. weight). The
methylcyclopentane and toluene compositions were 1,100 and 500,
respectively; all other impurities were present at levels less than
300 p.p.m. (14). Phillips 99.5 wt. % cyclohexane was added to
the benzene to obtain feedstocks containing 10,000 and 28,000
p.p.m. cyciohexane.

Analyses were made using an F&M Model 5750 gas chromato-
graph with flame ionization detectors. The analyses were repro-
ducible within +3%. The analytical method for cyclohexane in
benzene was confirmed independently by gas chromatographic and
mass spectrographic techniques by Professor E. A. Boettner of
the School of Public Health at the University of Michigan.

Variables Investigated

The following variables associated with continuous drawoff
operation were studied in this investigation: (1) Terminal stream
flow rates: feed rate, 2.0 to 5.6 g./min.; bottoms product, 0.48 to
3.6 g./min.; overhead product, 0.30 to 3.3 g./min.; internal crys-
tal rate, 1.46 to 6.95 g./min. (2) Feed composition: 1,500,
10,000, 28,000 p.p.m. weight C¢H,,. (3) Feed position: 4.0,
23.75, 29.75 cm. above the freezing section.

The only variable associated with the continuous flow problem
that was not studied was the state of the feed entering the col-
umn. In all cases a liquid feed 1° to 2°C, above its melting point
was fed to the column.

The primary goal of this study was to determine the effect of
parameters associated with continuous flow operation; conse-~
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quently many possible variables were not studied. The spiral agi-
tation conditions were not varied. The rate of rotation and fre-

quency of and amplitude of oscillation were 59 r.p.m., 290 min,”?,
and 1 mm., respectively. Albertins (2) and Gates (1) evaluated
spiral agitation conditions with total reflux operation for eutectic

and solid solution systems, respectively.

Procedures

The column was charged with 300 ml, of the feed material prior
to beginning each run. When the feed composition was changed
from run to run, the column, pump, and lines were flushed with the
new feed material. The desired terminal flow rates were estab-
lished by adjusting the stroke of each side of the proportioning
pump. The terminal flow rates were determined by collecting and
weighing samples of the various streams. The following sequence
was used to start up the column: The air bath temperature was set
and maintained at 5.5°C.; the spiral rotation and oscillation were
started; the temperature of the coolant to the freezing section was
decreased from 2°C. to the desired temperature at a rate of
20°C./hr. in order to avoid plugging of the freezing section; the
feed and bottoms product pumps were started; and finally coolant
flow to the feed cooler was initiated.

The crystals were allowed to rise through the purification sec-
tion to the melting section. At this point sufficient electrical
power was applied to the melting section heater to cause the crys-
tal slurry~liquid interface to stabilize at a position near the top of
the melting section heater. Adjustments of the refrigerant temper-
ature were then made to obtain the desired crystal rate. By mea-
suring the voltage applied to the melting section heater of known
electrical resistance, one can determine the crystal rate (14).

Once the crystal rate was established and the column had been
operating for approximately 1 hr., a purging procedure was ini-
tiated which-accelerates the approach to steady state. The melt-
ing section heater was turned off, and the crystals were allowed
to fill the column up to the overflow tube, at which time an exter-
nal heater was turned on to melt these crystals. This procedure
flushed the bulk of impurities in the top of the column and was re-
peated once during the unsteady state period. Samples of the en-
riching section product were collected in glass vials every 30 to
60 min. The samples were immediately analyzed with the gas
chromatograph until two consecutive samples were of the same
composition, indicating that steady state had been achieved. It
was shown that the entire column was at steady state when the
overhead product composition became constant (14).

Results

Both the terminal stream compositions and the composition pro-
file were determined for the variety of operating conditions pre-
sented above., These data have been presented elsewhere (14),
The ratio of the overhead product to the internal crystal rate RE
was varied from 0.1 to 1.69. Crystal rates ranging from 1.4 to
6,95 g./min. were employed. The column was inoperable because
of plugging at crystal rates higher than 6.95 g./min. (11.6 g./
sq. cm.-min.), The experimental composition profiles are repro-
ducible. Profiles obtained from different experiments with the
same operating conditions could be represented by a single
smoothed line (I4). The results of an error analysis (I14) are sum-
marized below. The terminal stream flow rates are known within
+10%. The internal crystal rate in the purification section is
known within 15%, The experimental point compositions can be
in error as much as 8%.

INTERPRETATION OF RESULTS

The mathematical model presented earlier is subjected to
a test with the experimental data obtained in the course of
this study. Another goal of this section is to illustrate the
effects of the variables associated with continuous flow op-
eration of a column crystallizer.

Enriching Section

Typical enriching section composition profiles are pre-
sented in Figure 5. It can be seen that increasing the en-
riching section product-crystal rate ratio Rg decreases the
separation that is obtained. This figure also illustrates the
three characteristic enriching section profile shapes pre-
dicted by the theoretical development. The values of Yp,
the shape determining parameter, are 54, —1,070, and 0
p.p.m. CH,, for runs 2, 3, and 7. The expression which
represents the enriching section composition profile pre-
dicts that In (Y - Yp) versus z should be linear. Figure 6

Vol. 16, No. 6 AIChE

100,000

10,000

1,000

Y,ppm wt. CgHi2

-
100
-
n O—0—0o-
i F Y¢ Le c
- Run gm/min  ppm CgHia gm/min gm/min
O 2 4.02 28,000 1.04 2.94
T A3 5.30 32,000 2.30 2.94
a7 1.98 28,000 .68 1.46
10 A 1 | 1 i
0] 10 20 30 40 50
Z,cm

Fig. 5. Effect on the crystal-overhead product rate ratio on the
impurity level in the enriching section.
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Fig. 6. Modified enriching section composition profiles.
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shows the modified composition profiles. The profile is lin-
ear for each case as predicted by the model.

When REg is increased further, the separation continues to
decrease as shown by Figure 7. This occurs because most
of the melted crystals are withdrawn as product, that is, 1it-
tle reflux is provided to wash the crystals. In run 10B, Rg
was greater than 1, which actually corresponds to concur-
rent operation., With this mode of operation, a portion of the
feed rises through the enriching section with the crystal
phase. The slight purification that is achieved can be ex-
plained by the dilution effect of melting the relatively pure
crystal phase in the melting section (14).

Very high purity product can be obtained when most of the
crystal rate is returned to the column as reflux. Figure 8 il-
lustrates the composition profiles obtained for the purifica-
tion of Phillips pure grade benzene. When the column was
operated to produce product of the highest purity (run 9), the
enriching section product composition was 1 p.p.m. weight
CH,,. Other trace impurities were also removed to level
where they could not be detected by chromatographic analy-
sis (I4) in run 9. The lower limit of detection of the chro-
matograph was less than 10 p.p.m. for each of the
impurities.

Impurity Associated with the Crystal Phase

The effect of impurity transport by the crystal phase is
included in development of the mathematical model. It was
argued that impurities could be entrapped in the crystals,
on their irregular surface, or possibly as the result of slight
solid solubility. The impurity associated with the crystal
phase € is assumed to be independent of position in the
column. This assumption is tested in this section with €
values calculated from the experimental data.

The impurity composition in the crystal phase € can be
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Fig. 7. Enriching section composition profiles for large values of
enriching section product-crystal rate ratio.
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Fig. 8, Enriching section composition profiles for the purification
of Phillips pure grade benzene.

calculated from the experimental values of Yp. Rearrange-
ment of the expression which relates Yp to €, C, and LEg
[Equation (9b)iJ yields

Yp(C - Lg) + LgY
L g*EE (14)

The values of € calculated from Equation (14) are plotted
versus the stripping section composition in Figure 9. It is
emphasized that these values were calculated from experi-
mental values of Yp, C, and Lg. In no case was the crys-
tal composition & measured directly.

Gates (12) suggested that € should increase when the
mother liquor composition in the freezing section increases.
Other parameters such as the agitation level are not consid-
ered because the spiral oscillation and rotation rates were
held constant in this study. The mother liquor composition
in the freezing section is assumed to be equal to the bot-
toms composition Ys. This is equivalent to assuming that
the freezing section is perfectly mixed. Figure 9 illustrates
that € does increase with Ys. The €, Ys data exhibit a
linear relationship. A least square fit of the data gives the
following relation:

e =0.00142 Yg (15)

A linear &(Yg) dependence has been found by other in-
vestigators. Moulton and Hendrickson (17) found a linear
dependence of the crystal phase composition on the mother
liquor composition for the crystallization of ice from sea-
water. A linear dependence is consistent with the occur-
rence of volumetric liquid inclusions, but it does not rule
out the possibility of slight solid solubility in the parts per
million range.
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The validity of the assumption that € is independent of
position in the purification section is implied by the corre-
lation of € with Ys. The expression used to calculate &
from Y p is based on this assumption.

The fact that € decreases with Ys leads to an interesting
consequence. For a given feed or charge composition, €
would be largest when the column is operated at total re-
flux, because for this method of operation the impurities
tend to concentrate in the freezing section. When the col-
umn is operated continuously, the impurity level in the
freezing section is reduced because of the removal of im-
purities in the bottoms stream. Thus it is possible to pro-
duce purer materials with continuous drawoff of product
(when R g is sufficiently small) than can be produced with
total reflux operations. This effect is illustrated by the
following experimental results: at a feed composition of
28,000 p.p.m. weight CH,,, Rg = 0.354 and zp = 4.0 cm.
(run 2); the overhead product composition Yg was 57 p.p.m.
weight C H,,; the ultimate purity that could be achieved
with total reflux operation is approximately 100 p.p.m.
weight C.H,, (1),

The &(Ys) dependence also implies a restriction on the
ultimate purity that can be achieved with a continuous flow
column crystallizer for a particular feed composition. The
minimum value of Ys occurs when the stripping section is
flushed with feed material or when the enriching section is
operated at conditions approaching total reflux, that is,
F/Lg = 1. Such conditions correspond to (Ys)pin = YF.
Therefore Equation (16) gives the minimum level of impurity
associated with the crystal phase that can be attained.

€ min = 0.00142 Yp (16)

This also represents the ultimate purity that can be
achieved in a column crystallizer, that is, Yg = & i would
occur when the washing of the adhering liquid is complete.
The ultimate purity that can be obtained with complete
washing is the crystal phase composition. This implies in
view of the restriction given by Equation (16) that multiple
pass or cascade operation would be necessary to produce
material purer than €;,. Henry, Danyi, and Powers (15)
have presented a study of cascade operation to produce
ultrapure benzene.
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Stripping Section

It was shown earlier on the basis of theoretical consider-
ations that the stripping section profile has a characteristic
shape. Figure 10 illustrates the flat or inactive region in
the stripping section profile that is predicted theoretically
and verified experimentally. The flat region occurs because
of a mismatch of the feed composition Y and the internal
free liquid composition at the feed point Y4 .

The separation that is achieved in a column is a function
of the feed position. Calculations which were made using
values of the mass transfer factor predicted by a correlation
presented in the next section of this paper illustrate that
enriching section product composition is a function of the
feed position. As shown in Figure 11, the maximum product
purity is achieved when there is a feed match.

Mass Transfer Factors

The separation power of the column is determined by the
mass transfer factor. For example, the slope of the modi-
fied enriching profile (see Figure 6) is the negative recipro-
cal of the enriching section mass transfer factor ¥Yg. Ex-
amination of Equation (9¢) indicates that Yg is determined
by both mass transfer and diffusional groups.

oL EC ] (9c)

ala + HC?
KaAp  KaAp

1
VYp= ———— | DpA
E C—LE[‘OT“

The diffusional group DpAn and mass transfer groups

ala + 1)/KaAp and o/Ka Ap are assumed to be constant for
all experimental runs of this study because the spiral agita-
tion conditions were not varied. Equation (9¢) reduces to
the expression for total reflux operation when L g is zero.
The diffusional groups could also be determined from Equa-
tion (10¢); but unfortunately experimental values of the
stripping section mass transfer factor ¥ are not available
because of the flat nature of the stripping section profile.

F Ye Lg (o
Run gm/min  ppm CgHj2 gm/min gm/min
O 6 2.40 26,300 1.42 3.30
H 18 3.74 30,225 2.91 547
100,000
10,000
N
s o]
&
]
g - Zp=23.75¢cm
a
> 1,000
;
-
- A
100 - ‘ '
0 10 20 30 40 50
Z,cm

Fig. 10. Enriching and stripping section composition profiles.
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The values of the diffusional and mass transfer groups
were obtained from experimental values of the mass transfer
factors of Albertins® investigation (I) and of this study.
The values were obtained by a multiple linear regression
using the variables suggested by Equation (9¢), that is,
1/(C -Lg), C¥(C - Lg), and CLE/(C ~ Lg). The resuits
of the correlation are presented in Table 1.

TaBLE 1. COMPARISON OF THE MASS TRANSFER AND
DirFFUSIONAL GROUPS OBTAINED FROM TOTAL
REFLUX AND CoNTiNUOUS Frow Darta

Continuous flow

Total reflux Data of this
Group Data of Albertins (1) study

DpAn,

(g./cm.)/min. 6.9 +0.1 6.5 +1.9
olo+ 1)/KaAp,

(cm./min.)/g. 0.91 £ 0.08 0.41 £ 0.44
— o/KaAp,

(em./min.)/g. — ~-0.42 £ 0.42

The agreement between the values for the diffusional
group obtained from both modes of operation is satisfactory.
The values for the one mass transfer group that could be
compared differ markedly, however. Inspection of the last
term of Equation (9¢) indicates that the contribution of the
mass transfer group is lower for continuous flow than total
reflux operation. This is evidenced by the fact that the
average deviation between the experimental and predicted
values of Vg, using Equation (9¢), and the continuous flow
constants of Table 1 was 17%, while the maximum deviation
for the total reflux case was only 5.5% (14). It is clear that
total reflux data provide the more severe test of the relative
importance of the mass transfer group.

The contribution of the mass transfer terms was calcu-
lated for each run using the continuous flow correlations
constants and flow rate data (C, Lg). The average contri-
bution of the mass transfer terms was 18%. Thus the corre-
lation results indicate that axial diffusion is the dominant
effect in determining the mass transfer factors. It is empha-
sized that the above correlation results are specific to the
benzene-cyclohexane system and the spiral agitation condi-
tions used in this study.
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Fig. 12, Comparison of experimental and calculated
composition profiles.

The composition profiles can be calculated using mass
transfer factors predicted by Equations (9¢) and (10¢) with
the continuous flow constants presented in Table 1. The
crystal phase composition can be calculated from Equa-
tion (15). Because of the fact that the predicted values of
¥p show an average error of 17%, the calculated results
can be in error as much as 200%. This occurs because ¥
enters the calculation in an exponential term and is conse-
quently magnified [see Equation (9a)]. Figure 12 compares
calculations of this type with experimental data. The cor-
responding profiles calculated from experimental values of
Vg and € are also shown on Figure 12, This agreement
with the experimental results illustrates the internal con-
sistency of the data and the model.

CONC LUSIONS

On the basis of the above comparisons of the experimen-
tal data and model, it is concluded that the model based on
axial dispersion and mass transfer, together with considera-
tion of impurity content of the crystal phase, provides a
satisfactory explanation of the influence of the variables
associated with continuous flow operation. The model
breaks down when the plugging crystal rate (11.6 g./sq.
cm.-min.) is reached.

Axial dispersion was found to be the dominant mecha-
nism which limits the separation for continuous flow opera-
tion. This finding is consistent with the previous work of
both Albertins (2) and Gates (11). In fact, the dominance of
the diffusional term is more pronounced for continuous flow
operation because of an additional dependence of the mass
transfer factor on the flow rate of the enriching section
product.
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Fig, 13, The effect of the enriching section product-crystal rate
ratio and product recovery on the enriching section product
purity,

The assumption that the level of impurity in the crystal
phase is independent of the position in the purification sec-
tion was subjected to more tests than could be applied with
total reflux. The variable profile shapes that occur in the
enriching section, the €(Ygs) dependence, and the fact that
purer material can be obtained with continuous flow (for
small values of Rg) than with total reflux operation all sup-
port the constant € hypothesis.

The primary variable which determines the product purity
is the enriching section product-crystal rate ratio Rg. Fig-
ure 13, however, illustrates that the product purity reaches
a limiting value as Rg is decreased. When REg is de-
creased to a value where Yg = & (complete washing), a fur-
ther decrease does not affect the product purity. Decreas-
ing Rg beyond this point decreases the mass transfer fac-
tor ¥g, but does not necessarily increase the enriching
section product purity. As mentioned earlier, the washing
process does not reduce the level of impurity associated
with crystal phase. Consequently, in applications where
maximum purity is desired, R g should be chosen so that Yg
is just equal to €, that is, so there is not a flat region in
the enriching section composition profile.
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NOTATION

A = cross-sectional area of column measured perpendicu-
larly to flow of crystal-liquid slurry, sq. cm.

area available for interphase mass transfer per unit
volume of column, sq. cm./cc.

= internal crystal rate, g./min.

= coefficient of eddy diffusion, sq. cm./min.

= liquid phase mass transfer coefficient, cm./min.

- mass flow rate of free liquid, g./min.

-- mass flow rate of adhering liquid, g./min.

a =

Sexoa
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LE = mass flow rate of enriching section product, g./min.
Ls = mass flow rate of stripping section product, g./min.
£ - length of purification section, cm.
Mp = mass transfer rate of impurity because of axial dis-
persion, g./min.
Mg = mass transfer rate of impurity from the adhering liquid
to free liquid, g./min.
RE = ratio of enriching section product rate to crystal rate,
Lg/C
Y = free liquid impurity composition, p.p.m. weight
Y’ = adhering liquid impurity composition, p.p.m. weight
Y g = enriching section product composition, p.p.m. weight
Y = feed composition, p.p.m. weight
Y p = collection of terms as defined by Equation (7)
Yp = collection of terms as defined by Equation (18)
Y s = stripping section product composition, p.p.m. weight
Y = free liquid composition inside the column at the feed
point, p.p.m. weight
z = position in column measured from the freezing sec-
tion, cm.
= feed position, cm.

Greek Letters
o = ratio of the adhering liquid to crystal rates
impurity composition of crystal phase, p.p.m. weight
7 = volume fraction free liquid
= free liquid density, g./cc.
enriching section mass transfer factor
= stripping section mass transfer factor

m
i

i

< g
nm
[
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