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ABSTRACT

A theoretical and experimental investigation of the separation achieved
in a column crystallizer which utilizes a spiral conveyor was conducted to de-
termine the effect of variables associated with continuous flow operation. A
system which exhibits negligible solid solubility was used. Several feed mix-
tures containing less than 31,000 ppm wt cyclohexane in benzene were employed.
The principal variables evaluated in this study in a column of constant length
were the feed position, internal crystal rate, and flow rates of terminal
streams.

A mathematical model was developed which considers the transfer of im-
purity by axial dispersion in the reflux liquid, washing of impurity from the
adhering liquid which is associated with the crystal phase, and the presence
of impurity in the crystal phase due to either volumetric inclusion or slight
solid solubility. The model was developed by employing a component material
balance on an element of the reflux liquid and a balance embracing all streams.
Two forms of the model were obtained. In the first case the axial dispersion
term was included in both balances. The second form was obtained by including
the axial dispersion term only in the material balance which includes all
streams. This procedure is called the "transport equation approach" and has
been applied previously by both Powers and Gates for cclumn crystallizers op-
erating with total reflux. This procedure considerably reduces the complexity
of the final form of the model. A mathematical criterion.isestablished which

defines the conditions under which the form obtained by the transport equation



approach is applicable.

The experimental data are interpreted with the form of the model devel=-
oped by the transport equation approach. This model satisfactorily predicts
the influence of the variables associated with continuous flow operation on
the terminal stream compositions and axial composition profiles.

The slope of the enriching section composition profile is a measure of the
separation power of the column. The slope is determined by the internal crys=-
tal rate, pure end product rate, and the diffusional and mass transfer groups.
The diffusional group is DpAmn where D is the axial diffusion coefficient, p is
the liquid density, A is the column cross section area for flow, and n is the
volume fraction of the free liquid. The mass transfer group is a(a+l)/KaAp
where K is the mass transfer coefficient between the adhering and free liquid,
a is the specific surface area for mass transfer, and o i1s the adhering liquid-
crystal rate ratio.

The diffusional and mass transfer groups are assumed to be constant for
fixed spiral agitation conditions. The values of the two groups obtained from
continuous flow data are compared with values obtained for the same agitation
conditiong from the total reflux data of Albertins.

Axial dispersion was found to be the dominant mechanism which limits the
separation for continuous flow operation. Thils finding is consistent with the
previous work of Albertins. In fact, the dominance of the diffusional term is
more pronounced for the continuous flow cage due to an additional dependence
of the slope of the enriching section compogition profile on the flow rate of

the pure end product. The diffusional group obtained from the continuous flow

xvi



data is in reasonable agreement with the value determined from the total re-
flux data, i.e., for continuous flow operation DpAn = 6,54 * 1.94 gm-cm/min
and for total reflux operation the same term is 6.86 # 0.1l gm-cm/min.

Total reflux data provide a more severe test of the contribution of the
mass transfer term because of the increased dominance of diffusion for the con-
tinuous flow case. The mass transfer groups and their standard errors obtained
from continuous flow and total reflux data differ markedly, i.e., a(atl)/KahAp =
0.410 + 0.4k cm-min/gm and 0.910 + .08 cm-min/gm, respectively.

The ultimate purity that can be achieved in a single column crystallizer
is limited by the composition of the crystal phase, €. It was reasoned that
€ should be related to the mother liquor composition in the freezing section.
The mother liquor composition is equal to the stripping section product com-
position if the freezing section is perfectly mixed. The values of € calcu-
lated from the enriching section composition profile data are well correlated
by a linear dependence on the stripping section product composition, YS, i.e.,
e = 0,00142 YS° The values of ¢ ranged from 1 to 100 ppm wt CgHyo. It is
shown that YS is proportional to the feed composition when a very pure enrich-
ing section product is produced. Therefore the e(YS) dependence implies that
the purity which is attainable in a single pass is limited by the feed com-
position. There is no limit, however, to the purity that can be achieved if

multiple pass operation is employed.

xvii






CHAPTER I

INTRODUCTION

The demand for ultrapure materials for both laboratory and commercial ap-
plications has led to the further development of many of the less common sep-
aration processes in recent years. Fractional solidification is an example
of such a separation method. While fractional solidification has convention-
ally been carried out in staged crystallizer-solids recovery systems, the de-
velopment of a crystallizer that can achieve several stages of separation in
a single piece of equipment is relatively recent. This process which was pat-

6

ented by Arnold~ in 1951 is called column crystallization.

Column crystallization is based on the countercurrent contacting of the
crystals and crystal melt. Two column configurations 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 Phillips Petro-
leum Company. A center-fed column which utilizes a spiral conveyor wag de-

28

veloped by Schildknecht. A variety of systems having phase dilagrams of both
the eutectic and solid solution type have been separated by column crystalliza-
tion. Systems of the former type are of primary concern in this dissertation.
Most of the investigations of the Schildknecht column have been for total
reflux operation. Powers? suggested a model for the purification of systems
with negligible solid solubility which included consideration of impurity trans-

fer by axial dispersion and washing of the adhering liquid associated with the

crystal phase. He subjected this model to a preliminary check with a compositio



profile calculated from an experimental axial temperature profile. Powers
assumed that the crystal phase was free from the impurity. Albertins® found
in a later investigation where he measured the composition profile directly
for the benzene-cyclohexane system that it was necessary to include the im-
purity associated with the crystal phase in his model. Both Powers' and
Alberting' investigations were for total reflux operation.

Very little work has been done to evaluate the continuous flow operation
of a center-fed column. Schildknecht and Massg9 have separated solid solu-

7

tion systems by operating a column semicontinuously. Breiter' used a contin-
uous flow column to separate components of both solid solution and eutectic
systems. Most of his work was with systems which form solid solutions. Sea
water was the only system with negligible solid solubility which he investi-
gated. Only enough work was done with the sea water system to demonstrate the
gseparation. Breiter did not propose a model to represent the separation of a
eutectic system with continuous flow column crystallization.

In view of the minimal information available for the separation of sys-
tems which exhibit negligible solid soclubility (eutectic systems) by contin-
uous flow column crystallization such a study is the goal of this dissertation.
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
crystallizer, that is, feed position, terminal stream flow rates, etc. A math-
ematical model which includes the transfer of impurity by axial dispersion,
washing of impurity from the adhering liquid and the impurity associated with

the crystal phase is developed for the continuous flow case. Experimental data



obtained with continuous flow operation of a center-fed column are used to
evaluate the model. The bengzene-cyclohexane system was chosen so that com-
parisons could be made with the continuous flow data of this investigation

and the total reflux data of Albertins.



CHAPTER IT

REVIEW OF LITERATURE

Due to the relatively complex mechanical arrangement of a column crys-
tallizer a process description is presented prior to the discussion of pre-
vious investigations of column crystallization. This will facilitate the un-

derstanding of the later sections of this chapter.

A. DESCRIPTION OF THE PROCESS

A column crystallizer is a device for carrying out countercurrent crys-
tallization in a single piece of equipment. The process was patented by
Arnold6 in 1951. The major advantage of column crystallization is its cap-
ability to achieve separations equivalent to several stages in a single piece
of equipment.

A column crystallizer consists of three distinct sections which are il-
lustrated in Figure 1. Crystals 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 disperse phase.
The column can be operated at total reflux or with continuous feed and product
draw-off.

It is instructive to note the analogy of the process flows that occur in
column crystallization and distillation. The freezing section which produces

the crystal phase is analogous to the reboiler of a distillation column. The
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melting section is similar to a condenser; like the condenser it is the source
of reflux liquid. Finally the purification section which includes an enrich-
ing and stripping section is similar to a packed tower distillation column.

The hydrodynamics of the crystal slurry transport, however, are similar to the

two phase flow that occurs in a pulsed liquid-liquid extraction column.

1. Column Configuration

Following Arnold's invention, both end-fed and center-fed column crystal-
lizers evolved. The former has largely been developed by Phillips Petroleum
Company. The end-fed column is primarily used for large scale applications
such as the separation of p-xylene from its isomers. PFigure 2 shows a typical
process arrangement for the end-fed column. Findlay,ll McKay,l9 Thomas,52 and
WeedmanBuhavedescribed the construction, operation and performance of the
Phillips column. The crystal phase is conveyed by the action of a reciprocat-
ing piston.
The center-fed column shown in Figure 1 was developed by Schildknecht.28
The crystals are conveyed in this column by a spiral which is both rotated and
oscillated. Due to the fact that the Schildknecht column was used in this

study a detailed discussion of its mechanical design is presented in Chapter

Iv.

2. Process Flow in the Schildknecht Column
As Figure 1 illustrates, the column consists of two 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. 1In the case of a sys-
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Figure 2. Phillips end-fed column crystallizer operated
with feed and product draw-off.

tem of the eutectic type the crystals are below thelr melting point in the puri-
fication section, i.e., they are stable until they are melted.= The crystals are
melted at the top of the column and a portion of the liquid is returned as coun-
tercurrent reflux. Most of the liquid movement is countercurrent to the rising
crystals, but due to drag effects a small portion of the liquid stream rises with
the crystals. This stream is called the adhering liquid and is continually con-
tacted with countercurrent free ligquid of lower impurity content. Rather than

attempting to describe the complex hydrodynamic situation which occurs due to
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the oscillation of the crystal-liquid slurry, the adhering liquid associated with
the crystal phase is conceived as a distinct liquid phase. This is an idealiza-
tion because the free and adhering liquids are in fact one phase. This approach
facilitates visualization of* the washing process and will be used in Chapter III
to develop the model for the purification section. Figure 3 illustrates the move-
ment of the phases in the purification section and shows the adhering liquid as

an idealized distinct phase.

) Free
Liquid
)
Puritication
Section Adhering
\ /— Liquid
A" 1 ——Crystal

Figure 3. Crystals and melt in countercurrent contact.

The freezing section is an integral part of the column. The action of
the spiral provides the advantage of scraped surface heat exchange. Refrig-
erant is pumped through the jacket of the freezing section. Crystals are
transported to the purification section by the action of the spiral.

The purification section is immediately above the freezing section.
Feed introduction divides the purification section into an enriching section

above the feed point and a stripping section below. The crystals and adhering



liquid are transported countercurrent to liquid reflux of lower impurity con-
tent. The mass transfer between the countercurrent streams is enhanced by
both rotation and oscillation of the spiral conveyor. The oscillation of the
spiral conveyor also promotes axial dispersion of the impurity in a direction
which opposes the separation. Consequently the conveyor agitation level must
be chosen to strike a balance between increased mass transfer and axial dis-
persion. The melting section which is located directly above the purification
section contains a heat source. The heater can be an electrical heater or a

jacket around the column through which a heating fluid is circulated.

B. PUBLISHED REVIEWS

Several reviews of column crystallization which have appeared in the 1lit=-
erature are summarized below. The yearly reviews -of Palermo,25 while they
are comprehensive, contain little information specific to-column crystalliza-
tion and therefore they are not discussed here.

Albertins, Gates, and Powersh have reviewed the design, operation, and
the effect of the variables in column crystallization. They compared the
Schildknecht and Phillips columns. Their thorough review of the systems that
have been purified by column crystallization includes a summary of feed and
product compositions that resulted for the various terminal stream flow rates
that have been reported. Binary and multicomponent mixtures of both the eu-
tectic and solid solution type have been separated. These mixtures include
aromatic and aliphatic hydrocarbons, aqueous systems, and fatty acids.

Thege authors also summarized the effect of variables on column performance.
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Those variables affecting agitation of the crystal slurry have a critical ef-
fect on the performance of both the Schildknecht and Phillips columns. There
appears to be an optimum level of agitation for both columns, that is, fre-
quency and amplitude of oscillation of the spiral for the Schildknecht goliumn and
piston displacement and frequency for the Phillips column.

They also summarized several mathematical models for the Schildknecht
column; however, with the exception of Powers' determination of the axial
temperature profile and comparison with theory, the models were not subjected
to a test with an experimental composition profile. Gateslu has evaluated sev-
eral possible models for total reflux operation of the Schildknecht column.

The mathematical analysis of column crystallization by previous investigators

will be discussed in more detail in later sections.

C. OTHER LITERATURE RELATED TO COLUMN CRYSTALLIZATION

Considerable work on crystallization has been reported by the Office of
Saline Water. Sherwood and BrianBQ have investigated the washing of brine
from a static bed of ice crystals. They found that their data could be ex-
plained by a plug flow-axial dispersion model. Moulton and Hendrickson23
found that the salt associated with ice crystals was proportional to the ini-
tial salt concentration in the feed. Due to the fact that they also found
that the final mother liquor composition was proportional to the feed compo-
sition, the impurity associated with the crystal phase was equivalently pro-
portional to the final mother liquor composition.

There is also considerable information in the extraction literature that
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is pertinent to column crystallization. No attempt is made to present a re-
view here. Albertinsl summarized the literature of pulsed liquid-liquid ex-
traction and discussed the similarities with column crystallization. The
hydrodynamics of a pulsed extraction column are similar to the pulsing action
provided by the spiral in a column crystallizer. The effects of axial dis-

persion are similar in both processes.

D. EXPERIMENTAL AND THEORETICAL STUDIES FOR TOTAL REFLUX OPERATION

Most of the experimental results that have been compared with theoretical
models were obtained at total reflux. This is particularly true of the
Schildknecht column. Powers®! and Yagi35 have each postulated models for the
column crystalliger,

Powers proposed a differential countercurrent contacting approach. He
distinguiéhed between the mechanism of purification for eutectic and solid
solution systems. Only the model for the eutectic system is discussed here.
The model which includes mass transfer between the adhering and free liquid
and axial dispersion in the free liquid is based on the transport equation
approach. This approach involves neglecting the axial dispersion term in the
component material balance on an element of free liquid in the purification
section. The diffusion term is retained, however, in the material balance
which includes all streams in the purification section. The words "transport
equation approach” as used in the remainder of this dissertation imply the
assumption described above. The crystal phase was assumed to be pure, i.e.,

any inclusion or occlusion of impurity was neglected. The model was in
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qualitative agreement with data obtained for the purification of azobenzene
with a Schildknecht column. The purification section temperature profile that
was used for this comparison did not provide a basis for checking the assump-
tion that the crystal phase was pure. Powers neglected all heat transfer ef-
fects, i1.e., he assumed that all internal stream flow rates were independent
of position in the purification section. This is a reasonable assumption for
a nearly adiabatic column where refreezing of liquid on the subcooled crys-
tals leaving the freezing section is not significant. Refreezing is not an
important consideration in the Schildknecht column due to the small axial
temperature gradients that are common to production of ultrapure materials.

Yagi developed a model for the end-fed column that applies for purifica-
tion of eutectic systems with batch operation. He neglected impurity in the
crystal phase as well as axial dispersion in the liquid phase. He appar-
ently recognized the importance of refreezing of the reflux liquid in the
Phillips column due to the large axial temperature gradient that exists. Al-
though he included an energy balance in his analysis, he did not include the
term corresponding to the refreezing effect.

2 studied the separation of the eutectic system benzene-cyclo-

Albertins
hexane in a Schildknecht column crystallizer operated at total reflux. His
investigation included both theoretical and experimental considerations. In
fact, his results obtained at total reflux are extended to the continuous
draw-off case in this thesis.

Albertins' experimental data are based on the measurement of the axial

composition profile in the column. These data provided the first test of the
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assumption that the crystal phase is pure for the separation of a eutectic
system.  This was achieved by sampling the composition profile and analyzing
the samples with a calibrated gas chromatograph. The original theory of
Powers predicted that the free liquid composition profile should be exponen-
tial if the crystal phase were pure. Figure 4 shows a typical composition
profile obtained by Albertins. It is readily apparent that the profile is
not exponential in the upper half of the purification section. Alberting ex-
plained this deviation from the exponential profile by the existence of a
constant impurity level in the crystal phase.

Albertins also evaluated the influence of the major operating variables.
He found that it 1s necessary to provide sufficient agitation to keep the
phases well fluidized. This condition is necessary to obtain a good separa-
tion. Oscillation frequencies of 140 to 290 osc/min were required at an am-
plitude of 1 mm and a spiral rotation rate of 59 RPM. At these levels of
agitation the column plugged at a crystal rate of 5.4 gm/min. The column op-
erated smoothly at crystal rates below 5.4 gm/min. The charge composition had
no effect on the geparation other than that explained by material balance con-
siderations.

Albertins used a plug flow-axial dispersion model to explain his data.
This model also included a constant impurity level in the crystal phase. Al-
though he considered mass transfer between the adhering and free liquid, he
concluded that only axial dispersion played a role in the mass transfer mech-
anism. As pointed out by Gates,15 Alberting neglected the impurity in the

crystal phase when he considered the axial dispersion—mass transfer model



14

LR

O Experimental Data

Charge Composition
10,000 ppm wt, CgH>
Crystal Rate = 2.5 gm/min
Spiral Agitation: 59 rpm
290 osc/min.
I mm Amplitude

10,000

T 11 III

T
o v
O [,000
3 - O
E L
a i o
o
100 — \O\
- O~—0—o0
O 10 20 30 40 S50
Z,cm

Figure 4. Typical free liquld composition profile obtained by Albertinsl for
total reflux operation.
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(which he included in his axial dispersion-plug flow model) in order to reach
this conclusion.

Gateslu performed a thorough study of the models for the separation of
both solid solutions and eutectic systems at total reflux. In both cases he
compared his models with experimental data. He found for the case of eutec-
tic systems that when the mass transfer mechanism is considered simultaneously
with effects of a constant impurity level in the crystal phase, both the axial
dispersion and the mass transfer between the adhering and free liquid are
significant effects, but that axial dispersion is the larger effect. The de-
tailed mathematics of Gates' model for eutectic systems are not presented
here; his model is a special case of the model that is developed in Chapter III

for the continuous draw-off case.

E. PREVIOUS INVESTIGATIONS WITH CONTINUOUS FEED AND PRODUCT DRAW-OFF

Both the end-fed and center-fed column crystallizers have been operated
continuously. Most of the studies were experimental, and little effort was
made to compare the experimental data with a mathematical model. These in-
vestigations are summarized in this section together with theoretical models

that have been presented for continuous flow operation.

1. End~Fed Column

The basgis for the commercial application of the end-fed column is the
ability to operate it continuously. The major commercial application has
been the purification of xylenesago Most of the investigations of the end-

fed column have been pilot plant studies, e.g., McKay and Goard21 described
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the separation of xyleneg, methyl-vinyl-pyridine, methyl-ethyl-pyridine, organic
esters, and food stuffs such as beer.

One major difference between the performance of the end-fed and center-
fed columns is the fact that there appears to be a composition discontinuity
in the end-fed column when eutectic systems are purified. McKay and his co-
workers®? measured the axial composition profile for the separation of xylenes
and found that the p-xylene composition was constant throughout most of the
purification section and increased sharply in the vicinity of the crystal
melter. All of the enrichment occurred in a 2 in. region near the melting
section. The fraction of solids also increased sharply in this region. These
results confirm the occurrence of gignificant refreezing of the reflux liquid
on the crystal phase. No attempt was made in these investigations to incor-
porate the refreezing concept into a mathematical model that could be used to
predict the performance of an end-fed column crystallizer.

Player26 recently developed a mathematical model that included refreezing
considerations. While there are no experimental data in the public domain
which could be used to check his model (McKay's profile data mentioned above
did not include the internal flow rates), it did predict qualitatively the ex-

istence of a discontinuity in the region near the melting section.

2. Center-Fed Column
In order to obtain quantities of material larger than could be obtained
with total reflux operation, Schildknecht and Mass®? operated a center-fed

column semicontinuously. They fed and removed products at periodic intervals.
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Diphenyl, azobenzene, and sea water have been purified by this technique.
Typical feed and product quantities are 10 ml and 5 ml respectively, added
and withdrawn at 20 minute intervals.

In a later investigation Breiter! purified azobenzene-stilbene, caprolactam,
and sea water with fully continuous operation. The bulk of the work was done
on the former two systems which form solid solutions with their impurities.
Only enough work was done with the sea water system (the only eutectic system
investigated) to demonstrate the separation.

A typical separation for a solid solution system is described below. A
50:50 mixture of azobenzene-stilbene was fed to a column 70 cm long at a rate
of 132 gm./hr° The melting section product was 96.2 mol 9% azobenzene and the
freezing section product was 1.3 mol ¢ azobenzene. The product recovery was
L9 and the column was operated with a reflux ratio of 15.

Breiter used a model completely analogous to the McCabe-Thiele procedure
for binary distillation to interpret his data. The above separation required
1%.5 ideal stages which corresponds to a HETP of 4.7 cm. Schildknecht and
Breiter have made no attempt to use the differential countercurrent contact-
ing approach that was suggested earlier by Powers,27 It is interesting to
note that Breiter has found that he can obtain purer products with fully con-
tinuous operation than with periodic operation. Thus even for laboratory sep-
arations continuous draw-off is the most desirable mode of operation if more
than a few milliliters of product are required.

Anikin5 suggested using the mathematical model already developed for

packed fractionating columns8 because the physiocochemical processes which
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occur in both processes are similar. Axial digpersion in the liquid phase was
neglected. It is this author's opinion that this is the chief deficiency of
Anikin's model. He did not evaluate his model experimentally.

The Benzole Produceréﬁirrhave operated a bench scale Schildknecht column
for purification of benzene. They are currently designing a pilot plant that
will have a capaclty of 30 gal/hro They hope to apply the center-fed column
to the large scale production of benzene. They are not currently interested
in producing ultrapure benzene, thus, they are using very low reflux rates.
In fact, in some cases quantities of enriching section product were withdrawn
that exceeded the internal crystal rate. Such operating conditions correspond
to cocurrent flow of the free liquid and crystal phases in the enriching sec-
tion as opposed to conventional countercurrent operation of the column crys-
tallizer. They have demonstrated with countercurrent operation that benzene
with as 1little as 10 ppm impurities can be produced from a 10,000 ppm feed.
They made no attempt to model the system nor did they obtain axial composition
profile data thatare essential to the thorough evaluation of a model.

The Benzole Producers have indicated that the Schildknecht column may
find application for large scale production of benzene. Recently Newton Cham-
bers Engineering Ltd. have announced that a crystallization process based on
the Schildknecht column is being developed.2M

PowersLL presented a model for the purification of eutectic systems with
continuous feed and product draw-off that is similar to his model for total
reflux operation. He assumed that the mass transfer factor (defined later)

ig the same for both total reflux and continuous operation. As will be
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shown in Chapter III this is not the case. Powers did not subject his model
to an experimental check.

Danyi, Henry, and PowerslO have recently reported the production of ultra-
pure benzene (< 10 ppm impurities) with a center-fed column operating contin-
uously. They found that for such operations the length of the stripping sec-
tion should be minimized and that it is sometimes desirable to use multipass

operation. Further details of this work are presented in Chapter VI.

F. SUMMARY

There is a need to develop a model for the continuous draw-off case.
While center-fed columns have been operated continuously, data do not exist
for the purification of eutectic systems that could be used to evaluate a
model for such an operation. In view of the potential large scale application
of the center-fed column, an experimental and theoretical study of the contin-
uous flow case would be especially timely. It is also apparent that the con-

tinuous mode of operation will find increased application in the laboratory.



CHAPTER III

THEORETICAL DEVELOPMENTS

A mathematicel model is developed for a center-fed column crystallizer
operating with continuous feed and product draw-off. Considerations are lim-
ited to the purification of simple eutectic systems in regions below the eu-
tectic composition. Various mechanisms that might influence the separation
are discussed. A model is developed which includes those parameters which
are believed to be important. The implementation of the model by a numerical
technique is also summarized. The implications of the model are discussed,
i.e., predictions are made concerning various aspects of the performance of

a continuous flow column.

A. POSSIBLE MECHANISMS

In the case of purification of systems with negligible solid solubility
a high degree of separation occurs in the freezing section. The crystals
formed in the freezing section are relatively pure, but the adhering liquid
associated with them is impure due to the rejection of impurities from the
crystal phase during the freezing process. The purification section provides
a means of reducing the impurity content of the adhering liquid. This is ac-
complished by washing the adhering liquid with purer reflux liquid (henceforth
called free liquid) that is formed in the melting section. Figure % of Chapter
IT illustrates the movement of the phases in the purification section with the
adhering liquid idealized as a distinct phase.

It is convenient to think of the adhering liquid as a distinct phase and

20
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consider the washing as an interfacial mass transfer process. The driving force
for mass transfer is the difference in composition between the adhering and free
liquid. This continual washing establishes an axial composition gradient in the
purification section.

Axial dispersion in the free liquid acts to oppose the separation. The
axlial dispersion is driven by the axial composition gradient and is sensitive
to hydrodynamic conditions 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 im-
purities on the irregular surface of the crystals. Also solid solubility may
occur in the ppm range. The washing process mentioned above very likely has
little or no effect on the level of impurity associated with the crystal phase.
Consequently the crystal composition is essentially constant in the purifica-
tion section.

An axial temperature gradient is established in the purification section
as a result of the progressive concentration of the impurity toward the freez-
ing section. The crystals entering the purification section are at a temper-
ature below their melting point. In an adiabatic column the crystals would
exchange this sensible heat with the liquid by refreezing an appropriate quan-
tity of the liquid. The axial temperature gradients are sufficlently small,
so that refreezing of this type is negligible, for example, the largest axial
temperature drop between the top and bottom of the purification section en-
countered 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

gradient occurs in the region near the freezing section below the first sample
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tap. Hence any small increase in the crystal rate due to refreezing occurs
below the region where the composition profile is sampled. Therefore any heat
transfer effects can be neglected, i.e., the internal crystal and liquid flow
rates can be considered constant in both the enriching and stripping sections.
Both Albertins® and Gateslu concluded that heat effects could be neglected for
columns operated at total reflux.
The mathematical model that is developed below includes the following con-

siderations:

Mass transfer of the impurity from the adhering to free liquid.

Mass transfer of impurity in the free ligquid by axial dispersion.

A constant level of impurity in the crystal phase resulting from volu-

metric inclusion or other phenomena.

Constant internal flow rates.

B. FORMULATION OF MODEL
Mathematical models for both the enriching and stripping sections are pre-
sented below. A separate derivation is not presented for the total reflux case,

because it is a speclal case of the continuous flow model. Much of the devel-

2 14

opment that follows is based on the earlier work of Albertins“ and Gates.
The model that Gates employed to analyze Alberting data is the total reflux
analog of the model that is developed by the transport equation approach for
the continuous.fIOW'case in a later section of this chapter.

It is possible to operate the enriching section of a column crystallizer

with either countercurrent or cocurrent flow. Countercurrent flow 1is the
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normal case where free liquid is generated in the melting section which is used
to wash the adhering liquid. The model is developed here specifically for the
countercurrent case, but the differential equations that result are equally ap-
plicable to 'cocurrent flow. The application of this model to the cocurrent
case will be discussed in a later section of this chapter.

The process flows illustrated in Figure 3 are further idealized in Figure
5 which shows the internal flows in relation 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 respec-
tively. The compositions Y, Y', € represent the weight fraction of impurity
(cyclohexane in this study) of the free liquid, adhering liquid and crystal

phase respectively.

L,Y Mb LY CE€
A N A
—1— M

T Z

L,y Mp LY’

= - dy
MD— DPA'77 47
M= KaAP(Y'-Y)AZ
Figure 5. Elemental description of column crystallizer.

The impurity is transported by bulk flow, axial dispersion and mass trans-

fer. The bulk flow is represented by LY, L'Y', and Ce. The expression repre-
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senting the rate of axial dispersion,'Mb, is assumed to be of the form of

Fick's Law as presented in Eq. (1).

Mp = - DpAn — (1)
dz

D:.is the effective diffusivity which includes the contributions of molecular
diffusion, Taylor diffusion and backmixing; p is the free liquid density; A
is the area through which liquid and crystals flow; and n is the volume frac-
tion of free liquid in the purification section. Thé rate of mass transfer
between the adhering and free liquid, Mg, is assumed to be proportional to the
difference in composition of the adhering and free liquid as shown in Eq. (2).
Mg = KaAp(Y'-Y)Az (2)
K is the mass transfer coefficient; a is the interfacial area between the ad-
hering and free liquid per unit volume; and z is the axial position in the column
measured from the freezing section. The internal flow rates L, L', C; and the
factors A, K, a, p, D, n are assumed to be independent of the position in the
column.

A material balance on a differential element of the free liquid yields
Eq. (3).
L &L+ Kano(Y'-¥) + Doan 91-2—2 = 0 (3)
dz dz

This expression is general for both the enriching and stripping section. An-

other relation between Y and Y' is needed before Eq. (3) can be solved.

1. Enriching Section, (z>zy)

A material balance on the enriching section as shown in envelope I in
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Figure 6 yields a second relation between Y and Y' which is given in Eq. (L).
dy
Ce +L'Y' - LY - DpAn.E;. = IgYp (L)

where Ly and Yp are the pure end product rate and composition. An overall bal-
ance about envelope I gives Eq. (5).
L = L' +C - Lg (5)
Equations (3), (4), and (5) can be combined to give the following differ-
ential equation which relates the impurity content of the free liquid to the

position in the enriching section:

DnL' &y /1L’ ay
+ + DpAn ) == + (C-Ig)Y = - LgY
Ka dz% (:KaAp e i) dz ( E) Ce BE (6>

Equation (6) is a linear second order ordinary differential equation. Inspec-
tion of this equation shows that its particular solution is given by Eq. (7).
Yp = (Ce-LgYg)/(C-Ig) (7)
Tt was agssumed throughout the course of this investigation that the flow rate
of adhering liquid is proportional to the crystal rate as described by Eq. (8).
L' = of (8)

Using this expression the homogeneous part of Egq. (6) becomes,

2
acy | [KaAp s (a+l-RE)C} dv , (A-Rg)Ka . _ (9)

az® aC DpAn dz Dno

where Rg = Lgy/C. The definitions (10a) and (1O0b) are introduced to simplify

further manipulations.

+7] =
G = Kafp (a+1-RE)C (108)
acC DpAn
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Ka(1-Rp)
= ——= 10b
Qo D (10b)
Equation (9) then becomes Eq. (11).
a%y dy
— + - + =
2 Q1 = QoY 0 (11)

The complete solution of Eq. (6) is given by Eg. (12).
Y = Yp + Cie 17 + Cpe' 2 (12)
The roots r; and rs must satisfy the following characteristic equation:
r® +Qqr +Qx = 0 (13)

The roots of this quadratic equation are given by Eq. (1L).

ry,ro = Ql{}lf(l -qu/Qi)l/éL/; (1k)

2. Stripping Section, (z<zy)

The development of a relation between Y and Y' for the stripping section
and its combination with Eq. (3) is completely analogous to the preceding de-
velopment for the enriching section. A component material balance around en-

velope II of Figure 6 yields Eq. (15).
Ce + L'Y' - LY - DpAnq & LaY (15)
dz 55
An overall balance around the envelope gives Eq. (16).

L = L'+C+Ig (16)

The differential equation describing the stripping section that results from

combining Egs. (3), (15), and (16) is given in Eq. (17).
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DnL' 4%y  /LL' ay
+ + DpA - + + = +
ey <:KaAp Dp i) = (C+Lg)Y Ce + Lg¥g (17)

The particular solution of this equation is given by Egq. (18).

?% = (Cetlg¥g)/(CHLg) (18)

The homogeneous part of Eq. (17) can be simplified to:

Yy < ady
—s + — + =
P Q1 F QoY 0 (19)
where,
_ Kafp | (o*+l+Rg)C
= +
Q1 oC Dphn (20a)
- Ka(1+R
= 20b
Q2 B (20D)
Rg = Lg/C (20c)

The complete solution of Eq. (17) is presented in Eq. (21).

—_ - — I'oZ
Y = Tp+ e 22 + Tpe' (21)
The roots T; and T- are the characteristic roots given by Eq. (22).
- - ~ n 2y1/2
r1,T2 = Qu-1%(1-4 Qz/Q1) 2 (22)

3. Boundary Conditions
A boundary condition for both Egs. (12) and (21) can be obtained from the
fact that the free liquid composition is continuous across the feed point.

This boundary condition is given in Eq. (23).



z = zp, Y = Y (23)

where Y¢ is the composition of free liquid inside the column at the feed poimnt
(Y¢ in general is not equal to YF). This condition applies to both the en-
riching and stripping section composition profiles. In fact it is this re-
lation that couples Egs. (12) and (21).

In addition tothe above boundary condition the restriction that Y must
be between zero and one if compositions are expressed in weight fractions or
between O and 106 if compositions are expressed in ppm wt must be satis-

fied. This condition also applies to both Egs. (12) and (21).

L., Summary of Assumptions
Prior to further discussion of the model, all of the assumptions included

in its development are listed below:

The column is assumed to be at steady state.

All internal flow rates are constant; this is equivalent to neglecting

all heat transfer effects.

The impurity level associated with the crystal phase, e, is constant.

Radial variations in each phase are negligible.

All transport properties are assumed to be constant.

The flow rate of adhering liquid is assumed to be proportional to the

crystal rate.

C. SIMPLIFICATION OF THE MODEL

The model presented in the previous section can be simplified. Examina-
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tion of the roots of the characteristic equations leads to the elimination of
one of the characteristic roots. The resulting first order model has a form
that can be comparedwith the model that is developed by the transport equation
approach in a later section of thisg chapter. This comparison will facilitate

the interpretation of experimental data presented in Chapter V.

1. Enriching Section
The nature of the roots of Eq. (14) is governed by the magnitude and sign

of Qp/QF defined by Eq. (2k).

| ) 2
gi e (/) (18] E{;ﬁp . (ocDi;\f]iE)C] (24)

[\V

It can be shown that Qg/Qf has a maximum with respect to crystal rate. Dif-
ferentiating Eq. (24) with respect to C at constant Rp and setting the result

equal to zero yields:

<§f)uax oz:rl; ;E) (25)

The maximum occurs at a crystal rate of:

* ' 2 271/2
o = [&%_p_)_:l (26)

OC( Oé‘ﬂ.-RE

If one further examines Eq. (24) it is apparent that there is a family of
curves (Qg/Qf versus C) corresponding to different values of Rp. Each curve
has a maximum described by Eq. (25). It is clear that the largest value of

(Qg/Qf)maX < 1/k4, because o is greater than zero. Consequently both roots of
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Eq. (14) are real and negative for continuous flow and total reflux operation.
The relative importance of the two roots ri, ro (given by Eq. (1k4))de-

pend on their relative magnitudes. The roots are given by Egs. (27a) and (27b).

I\)l<®
L

[-1+(1-u az/a3)Y 2] (27a)

l\)lco
=

[-1-(1-u az/a2)" 2] (27v)

ro =

The ratio of the magnitude of the two roots, rg/rl is a minimum when Qg/Qf is

a maximum. Therefore (rp/ri)yin corresponds to total reflux operation (Rp =

z . riz
2%relative to Cie

0). When this ratio is a minimum the contribution of Cger
is maximized.

It is necessary to obtain numerical values of r; and rp in order to ex-
amine the relative contributions of the terms ClerlZ and Cgerzz in Eq. (12).
The terms involving the axial diffusion coefficient, DpAn, and the mass trans-
fer coefficient; KaAp, must be known before the values of r; and r, correspond-
ing to (rz/rl)min can be calculated. The empirical results derived from the
total reflux data of Albertinsl are used to determine the diffusional and mass
trangfer terms. The values of r; and ro that correspond to the minimum ratio
of rp/ry are -0.284 em™! and -0.676 cm™L, respectively. The details of these
calculations are presented in Appendix F. Consequently ergZ decays more rapidly
than erlZ

The term involving r, cannot be neglected in Eq. (12) until the relative

magnitudes of C; and Cs are established. At this point the following boundary

condition is applied to the expression for the enriching section composition
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profile (Eq. (12)):
z = zp, Y = Y, (23)

Utilizing the values of rj;, rs and the above boundary condition for a feed

position of 4.0 cm above the freezing section, Eq. (12) becomes:
Yy - ¥Yp = 0.321 C; + 0.0669 Cy (28)

The argument now proceeds by making the hypothesis that the relative

2% is significant to the

magnitudes of C; and Cs are such that the term Cger
degree that its effect could be observed experimentally. It will be shown
that such a hypothegis leads to a physically intractable result.

In order to experimentally detect the presence of Cgerzz, this term must

T
be at least 10% of Cie 12 at a position two sample taps above the feed point,

consequently, it is assumed that

rsz
2Zes
Coe

o Tizs = 0.1 (29)
1€

where zg (the subscript denotes the sample tap number) is the position of the
second sample tap above the feed point (17.75 cm in this case). The values
of r; and r, presented above can now be used to calculate the value of C2/01
corresponding to the original hypothesis (Eq. (29)). The calculation yields
Cz/Cy = 103.

Equation (12) must also account for the level of impurity in the free
liquid in the upper portion of the enriching section, for example at the top

sample tap, z,, whose position is L47.5 cm above the freezing section. Equa-
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tion (12) reduces to Eq. (3%0) when the values of zi, rj, rs and Co = 103 C,

are gsubstituted.
Y, - Yp = (/722,000 (30)

It is convenient to establish the minimum value of C; in order to check
if the original hypothesis of the magnitude of the term involving C, is con-

sistent with the expression for the enriching section profile evaluated at Z

=

(Eg. (28)). The magnitude of C; is 722,000 (Y;-Yp). Examination of the ex-
perimental composition profile data (Appendix C) in view of Eq. (30) indicates

that for many cases
Yo < 722,000 (Y1-Yp) (31)

This is an empirical observation. Consequently Y, is a conservative estimate
of the minimum value of C;.
The validity of the original hypothesis of Eg. (29) can now be checked.

Using the value of C; = Y, and the identity Cp = Cp/C1 Y4 Eq. (28) becomes:
C
- z2
Yy, - Yp = 0.321 Y, + 0.0669 oo Yo (32)

Substituting C5/C; = 103 into.Eq. (32) and rearranging gives Yy = -Yp/6.21.
Inspection of the defining relation for Yp shows that it is positive in many
cases. Consequently the above relation predicts that Y4, is negative which
contradicts the restriction stated earlier that O§¥5106° Therefore the orig-

. r
inal hypothesis of Eq. (27) concerning the relative magnitude of Coe 2% and

ClerlZ is not valid. Th= r...iition that Y must be greater than zero requires

that
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Thus neglecting the term in Eq. (12) involving Czerzz is justified in view of
the fact that its presence cannot be detected experimentally.

Tt is recognized that the validity of neglecting this term is based on con-
sideration of a special case, i.e., particular values of r; and ry were used.
It is pointed out, however, that the values of r; and r, were chosen to maximize
the contribution of the term involving ro, i.e., the values of r; and rso cor-
responding to (rg/rl)min were used. Therefore it is wvalid to reduce the ex-

pression for the enriching section composition profile (Eq. (12)) as follows:

Y = Yp + Cpe t? (34)

The constant C; can be evaluated by using the boundary condition presented in
Eq. (23). Finally, the free liquid composition profile in the enriching sec-

tion can be represented by Eq. (35).

(35)

2. Stripping Section

The simplification of Eq. (21) to a form similar to Eq. (34) can be justi-
fied by arguments similar to %those presented above. In this case the group
Qs|QF governs the nature of the characteristic roots T; and To. Like the cor-
responding group for the enriching section (Qé]@f)max is less than l/h. There-
fore Ty and Ts are real and negative. Also, arguments similar to those used
Toz Tz

in the enriching section case Jjustify neglecting Coe relative to Cie
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Equation (21) therefore reduces to Eq. (36).

Y = ?P +-(-jle-flz (56)
7, o= %—* [—1+(1-L+ 5./ 2] (37)

Applying the boundary condition described by Eg. (23), Eq. (%6) becomes:

Y :? = efl(ZF-Z) 8
e (38)
3. Summary of the Resulting Model
The final expressions for the composition profiles in the enriching and
stripping section are now obtained by introducing the definitions of Qi, Qo,

Q1 Qé, Yp and ?f. It is convenient to introduce two additional definitions:

Vg = - 1/ry (39)

ws = - l/?l (uO)

The expressions for the two composition profiles now become:

Enriching Section

Y-(Ce-LEYE)/(C-1E)  _ _-(z-zp)/¥ ]
Yo-(Ce-Lg¥g)/(C-Lg) E (41a)

where,

_ 2 (41b)
Vg T l:KaAp . a+1-RE)c:l | . L(Ka/Dno) (1-Rg)
aC DpAn [KaAp . (oz+l-RE)C:|2
oC DpAn

Stripping Section
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Yo-(Cetlg¥s) /(C+Lg) _  _-(zp-2)/¥
Y-(CetlgYg)/(C+lg) e T S (Loa)

where,

2

alp + (a+1+Rg)C : ) L (Ka/Dna) (1+Rg) (kob)
[KQC DpAn ] N Kahp . (a+l+Rs)C]2
[ oC DpAn

It can be seen that the parameters yp and g determine the geparation power of
a continuous flow column crystallizer operating at specified conditions. Hence-
forth these parameters will be referred to as mass transfer factors. Equations
(b1a) and (42a) show that as the mass transfer factors yp and yg increase the
slope of the axial composition decreases, 1l.e., the separation decreases.
Therefore the masgs transfer factors are inverse measures of the separation

power of the enriching and stripping section respectively.

D. TRANSPORT EQUATION APPROACH

Expressions for the enriching and stripping section composition profiles
can also be obtained by employing the transport equation approach. This method
utilizes the sme mechanisms previously discussed, but involves a mathematical
simplification of the material balance on an element of free liquid, Eq. (3),
in the purification section. Impurity transfer by axial diffusion is neglected
in this balance. The diffusion term DpAn %g is retained, however, in the mate-
rial balances, Egs. (4) and (15). The transport equation approach was first
used by Furry, Jones and Onsager12 to model thermal diffusion columns and later

applied by Powers27 to column crystallization.
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Neglecting the diffusional term Eq. (3) becomes:
L g% + KaBp(Y'-Y) = O (43)

This relation can be combined with Egs. (4) and (15) to obtain a first order,
ordinary differential equation describing the enriching and stripping sections.

Enriching Section

LL' dy
+ A — 4 - = -
<:§aAp Dp.n‘ % (C-Lg)Y Ce - Lp¥p (Lk)

Stripping Section

LL' dy
—_— — + = +
<:KaAp DoAn) — + (C Lg)Y Ce + Lg¥g (45)

These equations are readily solved by applying the following boundary condi-

tion to each.

Enriching Section

Y-(Ce-LgYR)/(C-Lg) _ _-(z-z_)/v}
Y¢-(C€-LEYE)/(C-LE) e F/YE (L6a)

! a(atl)C®  olLEC
VB T ¢l [épA" Y T kehp  Kahp (L6b)
Stripping Section
Yo-(Cetlg¥g)/(CHlg) _  -(zp-2)/¥] (478)

Y-(C€+L3YS)/(C+L3)
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1 ala+l)c® | olgC
y!o= + +
Vg CHg [%QA” Kahp Kahp (47p)

It is instructive to compare the expressions for the composition profiles
listed above that were developed by the transport equation approach with the
corresponding relations that were developed in the previous section without
neglecting the diffusional term in Eq. (3) as subsequently simplified by con-
sideration of limiting cases. Comparison of Eqs. (46) and (L47) with Egs. (L1)
and (L2) developed earlier show that both procedures result in enriching and
stripping section profiles of the same form. The mass transfer factors for

the enriching and stripping section profiles are different, however, i.e.,

Wt (48)

and

Vg T g (L9)

These parameters can be related by further manipulation. The square root

terms in Eqs. (L1b) and (L2b) are expanded in a Taylor series as follows:

B = (2n-2)! n
Jisx'= 1 -2 nzi o (a1 X (50)
where,
xg = (Ka/Dna)(1-Rg) [ Kao , lot1-Rp)c(® (51)
Kaho  (oH1+Rg)C |2
Xg = (Ka/Dna) (14Rg)[ | == DeAn (52)

Rearrangement of Eqs. (Llb) and (42b) using the above relations yields:
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Vg = vl/e(Xs) (54)
where,
_ 5 . (en-2)% 2)! _.n-1
6(X) = 1 +X +2X% + 5X° +... 21 o ()t (55)

The mass transfer factors, Vg and wS’ predicted by the original model are re-
lated to those predicted by the transport equation approach by the correction
factors 6(Xgp) and 6(Xg).

The mass transfer factors obtained by the transport equation approach be-
come the same as those predicted by the original model when Xy and Xg are small,

for example,

Xg < 0.1, Xg <O0.1

(56)
o(xg) = e(Xg)
therefore,
U & (57)
Vg T Vg (58)

A demonstration that Xp and Xg are less than 0.1 requires calculation of these
parameters from their defining expressions (Egs. (51) and (52)). The validity
of the approximation of Eq. (56) and the limitations involved with calculating

1h assumed that Xy < 0.1 (the sub-

Xp and Xg are discussed in Chapter V. Gates
script O refers to total reflux operation) when he analyzed the total reflux

data of Albertins.t As shown above this is equivalent to using the transport
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equation approach.

Finally, one mathematical peculiarity of the expression for the enriching
section profile (Egqs. (46)) is noted. When Ry = 1 (Lp = C) Egs. (L46a) and
(L6b) reduce to 1 = 1 which prevents its application. If Eqs. (L6) are re-

derived setting Ly = C the following relation results:

(LEYR-Ce)

H € Py

KalAp

(59)

It can be seen that in this special case the free liquid composition 1s linear

with position z.

E. IMPLEMENTATION OF THE MODEL

Models have been developed for the enriching and stripping sections, but
before they can be utilized for column calculations the free liquid composi-
tions at both ends of the purification section (z =& and z = 0) must be re-
lated to the terminal compositions Yp and Yg. Once this is achieved an iter-

ative procedure i1g presented that can be used to perform column calculations.

1. End Compositions for the Purification Section

The relationships between the compositions at the ends of the purifica-
tion section and the terminal compositions are established by modeling the
melting and freezing sections. Both sections are assumed to be perfectly
mixed as illustrated in Figure 7.

The enriching section can be operated either countercurrently or co-

currently. The direction of the free liquid flow is determined by the
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relative magnitudes of overhead product draw-off rate and the mass flow rates
of the crystal phase and adhering liquid. The following two relations deter-
mine whether the flow in the enriching section is countercurrent or cocurrent:

Countercurrent Flow

Ip <L' +¢C (60)

Cocurrent Flow

Ly > L' +C (61)
Countercurrent operation is the normal mode, i.e., the purpose of the enrich-
ing section is to wash impurities from the adhering liquid which requires
generation of a countercurrent free liquid stream, L, in the melting section.
For countercurrent operation the composition at the top of the enriching sec-
tion, =z =ci; is the same as the terminal composition YE because both streams
are outputs from a perfect mixer; therefore for conventional countercurrent
operation:
z =& Y = Y (62)
The cocurrent case is more complicated. With this type of operation the
direction of free liquid is the opposite of that shown in Figure 7. This
stream is now an input to the perfectly mixed melting section, and in general
Y + Yp at the top of the purification section. It is noted that there is min-
imal separation occurring in the enriching section with cocurrent operation,
because a portion of the feed stream passes cocurrently up the column with the
crystals and adhering liquid. It 1s therefore reasonable to assume %% =0 at

z =& This condition can be combined with Eqs. (4) and (43) to obtain the

following relation for cocurrent operation:



B _ LEYE-Ce
2= Y o= LT (63)

The composition of the free liquid at the bottom of the stripping sec-
tion, Yy, can be related to the bottoms product composition Yqo Due to the
perfect mixing conditions that are assumed in the freezing section Y' = Yg.
Also it is reasonable to neglect impurity transfer by the crystal phase at
the bottom of the purification section, i.e., Lg¥g >> Ce. Equations (15),
(18), (36), and (L40) can be combined utilizing the above conditions that pre-
vail at the bottom of the stripping section to obtain the following relation

between YO and YS:

Yo _ L' +Lg=-DpAn LS/‘J"é(LS+C) (61)
Yg L'+LS+C-DpAn/¢é

The dependence of Yy on Yg therefore depends on the ratio pDAn/q;éo It can be
shown that when axial diffusion is the dominart mechanism determining V& that

~

Eq. (6L4) reduces to YO/YS 1. Consequently the following relation will be
used to facilitate column calculations:
z = 0, Y = ¥, (65)

It is shown in Chapter V that cclumn calculatiuis nsing this relation are in

good agreement with experimental data.

2. Column Calculations
- The fcllowing parameters are specified befure calculations are started:
¥, Y, Lg, C,;fgand zg. Also ¢Fﬁ WS and ¢ are sp=cified either from experi-

mental data or from correlaticns btained from the appropriate experimental
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data. The terminal compositions Yy, Yg, and the composition profile Y(z) can
then be calculated by the following iterative procedure
Assume Yg.
Calculate Yg from the overall material balance,
FYp = LgYg + LgY¥g (66)
Calculate Y¢; from the mathematical model for the enriching section.
Calculate Y¢o from the stripping section model.
Increment Yp and repeat the calculations until Y4, = Y¢o i.e., until
a convergence criterion 1s satisfied. This matching procedure sat-
isfies the requirement that Y be continuous across the feed point.
. Calculate the composition profile Y(z) from the converged values of
Yy and Yg.
A Fortran IV program has been written which implements the above proce-
re. The program listing, definition of symbols and typical output are pre-

sented in Appendix D.

F. IMPLICATIONS OF THE MODEL

The mathematical model developed earlier for the enriching and stripping
section (see Egs. (4la) and (L2a)) can be used to predict the performance of
a center-fed column crystallizer. Equations (4la) and (L2a) when solved simul-
taneously will predict the influence of product draw-off rates (LE and LS),

feed position (zF), and the internal crystal rate on the purity of the over-

head product (YE). Such predictions require a knowledge of wE, WS’ and € or
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equivalently Ka, Dn, o, and ¢ from experimental data on the particular system

J‘study for total reflux operation were

of interest. The results of Albertins
used to estimate the above parameters. The iterative column calculation proce-
dure can then be used to make the predictive calculations.

Examination of Eq. (kla) indicates that the ln(Y-YP) should decrease lin-

early with the position z in the enriching section. Recalling Eq. (7), Yp is

defined as follows:

_ Ce-LgYE
ot o (7)

The important property of Yp is that it can change sign depending on the rel-
ative magnitudes of the amount of impurity transported by the crystal phase,
Ce, and the amount of impurity in the overhead product LpY¥p. When Yp is
positive, zero, and negative the enriching section composition profile (1nY
vs z) is respectively concave upward, linear, and concave downward. Figure
8a illustrates these three distinct enriching section profile shapes.

Similarly Eq. (L2a) shows that 1n(Y-§P) should also decrease linearly
with the position in the stripping section. In this case however ?P is always
positive as indicated by Eq. (18).

Yp = (CetLg¥g)/(C+Lg) (18)

Due to the relative large magnitude of YP the free liquid composition in the
stripping section can decay rapidly to Yp and then remain essentially constant
until the feed position is reached. This effect is particularly noticeable
when the feed position, Zs is well above the freezing section. Figure 8b

qualitatively illustrates the flat portion of the stripping section profile
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relative to the profile in the enriching section. Both Figures 8a and 8b rep-
resent profile shapes that were obtained by applying theory via the column
calculation procedure presented earlier. It is desirable to avoid such a flat
region in the stripping section profile, because this type of profile indicates
that a portion of the column does not contribute to the separation. Column
calculations show that the flat portion of the stripping profile can be elim-
inated by moving the feed point closer to the freezing section, that is, by
decreasing the length of the sgtripping section.

A closer inspection of the mass transfer factor in the enriching section
(WE) shows a strong dependence on the ratio of the overproduct draw-off rate
to internal crystal rate (RE). The mass transfer factor is a minimum (which
corresponds to a maximum separation power) at total reflux and increases as
RE is increased. Due to the exponential dependence of the free liquid com-
position on wE, the separation that can be achieved in a column is extremely

sensitive to Ry, i.e., as Ry increases Yp increases.

G. APPROXIMATIONS

Finally, several approximations are introduced that result from the rel-
ative magnitudes of the various parameters that are determined from the ex-
perimental data. These relations will be applied in Chapter V to facilitate
analysis of the data.

The terminal stream material balance (Eq. (66)) can be simplified when
the column is operated such that a very pure overhead product is obtained. In

this case the amount of impurity leaving the column in the overhead stream is
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negligible compared to that contained in the feed and bottoms streams, that

is, LgYg << LgYg and FYp. Under these conditions Eq. (66) reduces to Eq. (67).

~ F
YS = ——‘YF (67)

The expressgion for §P (Eq. (18)) which determines the shape of the strip-
ping section composition profile can be obtained in a form that facilitates
the calculation of ?P from experimental parameters. The amount of impurity in
the crystal phase is much smaller than that in the bottoms stream, i.e., Ce <<

LSYSO The relation for ?P becomes:

- LY
o= (68)

If Lg, C, and Yg are known from experiments, Yp can be calculated, but Eg. (68)
is very sensitive to errors in Lg. Equation (68) and the modified terminal

stream balance (Eq. (67)) can be combined to give:

- _ Fip
P 7 g (69)

which is less sensitive to experimental errors in Lg.

The equations developed earlier which relate the mass transfer factors
wﬁ and wé to the operating parameters (see Egs. (46b) and (L7b)) can be com-
bined to yield an expression for Wé in terms of wé. Considerable simplifica-
tion results from neglecting the mass transfer terms in relation to the dif-

fusional term.

, . (c-1p)
A CE) (70)

This relation is only valid when axial diffusion is the dominant mechanism
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determining the mass transfer factors. It can be used to calculate mé from

experimental values of Wé when experimental values of wé are not available.



CHAPTER IV

EXPERIMENTAL INVESTIGATION

The details of equipment construction, operating procedures, variables
studied and experimental data are discussed in this chapter. Much of the ex-
perimental equipment and procedure are common to the previous study of Alber-
tins. His equipment was modified for use in this investigation. While the
description of equipment presented below is intended to be complete, many as-
pects of the fabrication, etc. are presented in more detail in Albertins'

thesis.l
A. DESCRIPTION OF EQUIPMENT

1. The Column Proper

A center-fed column crystallizer of the Schildknecht type was used in
this study. A sketch of the column and pertinent dimensions are given in Fig-
ure 9. Figure 10 is a photograph of the column. The column was constructed
from a 32 mm O.D. pyrex tube 70 cm long. A 1.1 cm 0.D. stainless steel tube
was placed ingside the glass tube to define the annulus which contained the
stainless steel spiral. The spiral of lenticular cross section and 1 cm pitch
wags provided by Speciality Design Company.31 The area normal to the flow of
the crystal slurry defined by two spiral turns, the stainless steel tube, and
the glass tube was 0.6 em®.  Six copper-constantan thermocouples were mounted
in 1/16 in. holes in the wall of the steel tube with epoxy resin. The seventh

thermocouple is located in the freezing section. Eight sample taps were fused

50
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Figure 10. Photograph of the column crystallizer used in this investigation.
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in the glass column. The taps consisted of'al/kin. glass sleeve which could
hold a rubber septum; interior to the glass sleeve was a 1/32 in. pinhole
that minimized communication of the column contents with the tap area.

The freezing section was at the lower end of the glass column as shown
in Figure 9. It consisted of a glass jacket mounted in two nylon rings.
Methanol coolant was circulated through the jacket. All nylon-glass seals
were formed by neoprene O-rings.

The annulus between the glass and steel tubes at the bottom of the column
was closed with a nylon plug. In this case Viton O-rings, which are resist-
ant to benzene, were used for the glass-nylon and nylon-steel seals.

The melting section was defined as that portion of the column occupied
by the internal heater. The melting section heater was a G.E. Calrod car-
tridge heater (240 ohms) mounted with its lower end 2.5 cm above the top sam-
ple tap as shown in Figure 9.

In addition to the internal melting section heater, two auxiliary heat-
ers were placed above and external to the melting section. Each consisted of
several turns of resistance wire wrapped around the glass column. Auxiliary
heater No. 1 was used to flush the gap between the melting section and the
overhead draw-off line. This procedure is described more fully in a later
section of this chapter. The second auxiliary heater was used to melt back
any crystals that inadvertently go® past the melting section and draw-off
line in the case that insufficien®t power was supplied to the melting section

heater or auxiliary heater No. 1.
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2. Feed and Product Draw-Off System

The installation of a feed and product draw-off system represented the
most significant modification of Albertins' equipment. Both the feed and bot-
toms product were transported and controlled by proportiotrning pumps. Both
pumps were coupled to the same drive. The stroke of each side of the pump
could be adjusted for a flow rate range of 0.6 - 7.0 ml/min. The pump speci-
fication was Hills-McCanna UM2 Feed size 2(MLE)33 catalog No. 117147. The
feed and product streams were pumped through 1/8 in. copper lines equipped
with Swagelok fittings. It was necessary to place the pump above the liquid
level in the column to prevent benzene from flowing through the pump on the
open stroke due to the liquld head driving force. The pump stroke-flow re-
lationship was linear. A calibration curve is presented in Appendix B.

The feed material was cooled prior to introduction into the column. The
feed cooler was a hairpin double pipe exchanger. The shell side was a 3/8 in.
copper tube and the tube side was constructed of 15 ga stainless steel hypo-
dermic tubing. Benzene was cooled on the tube side and methanol coolant was
circulated on the shell side. The exchanger was 3.8 ft long which provided
sufficient area to allow the temperature of the benzene effluent to approach
that of the coolant within 0.5°C. A thermocouple was installed in the benzene
effluent line to measure the feed temperature. This was accomplished by
soldering the thermocouple bead in the wall of the hypodermic tubing.

It was possible to introduce the feed at any of the sample taps. This
was accomplished by terminating the 1/8 in. copper line from the feed cooler

with a Swagelok plug. The plug was drilled and fitted with a 25 ga hypodermic
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needle. This arrangement made it possible to simply plug in the feed through
any of the rubber septums in the various sample taps. Figure 11 shows the feed

introduction assembly.

Outer Glass Tube of
Purification Section

Sample Tap

25 Gauge
Hypodermic —_|
Needle

178" Swagelok
Plug

Rubber Septum

Figure 11. Feed introduction assembly.

The bottoms product was withdrawn through & drain in the plug at the
bottom of the column. As mentioned previously both the feed and bottoms streams
were transported by the proportioning pump. Consequently the overhead product
was allowed to trickle through the overhead line. The overhead product was re-
moved through a 3/8'in. glass tube that was fused into the wall of the column.
It was inclineéd at L45° to prevent build up of liquid above the draw-off point.
The overhead product flowed to a receiver through 3/8 in., I.D. teflon tubing.

The bottoms product was collected in a receiver at the level of the pump outlet.

3. Spiral Drive Mechanism
The spiral was both rotated and oscillated by the drive mechanism shown

in Figure 10. The power was provided by two 1/3 H.P. motors. It was possible
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to vary the oscillation and rotational speed independently from O-LLO cycles/
min using two ZERO-MAX variable speed reducers. The spiral was connected to

the drive by a 2-1/2 in. long nylon coupling.

4. Column Environment

The column itsgelf was insulated on three sides with 1 in. thick styrofoam.
The front was left open so the interior of the column could be observed. The
entire column was placed in a constant temperature air bath shown in Figure 10.
The temperature was controlled at 5.5°C, the melting point of benzene. The
air bath was an insulated plywood box equipped with a cooling coil. The front

door of the box had a window that permitted inspection of the column.

5. Refrigeration System

Three levels of coolant were required to operate the column crystallizer.
These include the coolant to the freezing jacket, feed cooler, and the constant
temperature air bath. The system consisted of a primary refrigerant bath that
provided methanol coolant at -30°C and three secondary baths which were used
to control the secondary refrigerant (also methanol) by on-off control of the
primary refrigerant pumps. The coolant temperatures to the freezing jacket
and feed cooler were controlled by Foxboro model 5041-15 on-off controllers.
Since these were originally designed for high temperature sgervice, thermopiles
were used to obtain the necessary signals. The coolant to the alr bath was

controlled by an American Instrument Company bimetallic thermoregulator.
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B. OPERATING PROCEDURES

1. Start-Up

The column was charged with 300 ml of the feed material prior to begin-
ning 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 established by adjusting the stroke of each side of
the proportioning pump, i.e., the feed and stripping section product rates
were set. The terminal flow rates were determined by collecting and weighing
the various streams. The remaining steps of the start-up procedure are listed
below in the order in which they were performed:

« The coolant flow to the coil in the air bath that surrounds the column
was turned on. The air bath temperature was maintained at 5.5°C.

. The spiral rotation and oscillation were started.

. The coolant to the freezing section was turned on. The coolant tem-
perature was decreased from 2°C to the desired temperature at a rate
of approximately 20°C/hr. This was done to avoid plugging of the
freezing section.

. The feed and bottoms product pump was started.

. Coolant flow to the feed cooler was initiated. In most cases the feed
temperature was controlled at a level 1-2°C above the freezing point

of the feed.

The crystals were allowed to rise through the purification section to the

melting section. At this point sufficient power was applied to the melting



58

section heater to cause the crystal slurry-liquid interface to equilibrate at
a position near the top of the melting section heater.

The column was operated with the crystal interface: in this position for
approximately an hour prior to flushing the region above the melting section.
As Figure 9 illustrates there is a 2.5 cm gap of liguid between the melting
section and overhead draw-off line. Note that crystals do not normally enter
this region. Prior to start-up this gap contains liquid of feed composition.
In order to accelerate the rate at which the composition of this region ap-
proached the melting section composition, this gap was flushed in the manner
described below. The melting section heater was turned off and the crystal
slurry was allowed to rise to a position just below the overhead draw-off
line, The interface was controlled at this point for 15 min by adjusting the
power to auxiliary heater No. 1. The No. 1 auxiliary heater was then turned
off and the melting resumed with the melting section heater to reestablish
the position of the crystal-liquid interface in the melting section. This

procedure was employed twice in the first few hours of each run.

2. Operation

Once the crystal slurry position was reestablished after the flushing
procedure, adjustments were made in the coolant temperature to the freezing
section to achieve the desired crystal rate. Except during the first hour
after start-up, 1t was not difficult to determine the power necessary to just
melt the crystals entering the melting section.

The temperatures of the coolants to the freezing section and feed cooler
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were controlled at set pointsestablished by calibrated thermometers in the
secondary refrigerant baths. The cold bath temperature was controlled at a
set point established by a thermometer in the bath itself. No difficulty was
experienced in controlling the various temperatures or the position crystal

slurry interface as the column approached steady state.

3, Flow Measurements

As mentioned earlier the terminal stream flow rates were determined by
rollecting and weighing the overhead and bottoms products. These rates were
constant within +10% during a run in the range 0.6 to L gm/min. An experi-
ment was designed to check the overall material balance. The feed material
was placed in a 100 ml graduated cylinder and the two product streams were re-
turned to the cylinder. If there are no leaks in the system, i.e., if the
overall material balance closes, the liquid level in the graduated cylinder
should remain constant. At an overhead rate of 2.15 gm/min and a bottoms rate
of 3,01 gm/min the interface remained constant for 1 hr 15 min. Consequently,
it is concluded that there were no leaks in the system and that the overall
material balance closed. The constant interface also implies that there was
no appreciable moisture pickup by the products.

The crystal rate was calculated from the power required to melt the crys-
tals entering the melting section. The voltmeter used for the crystal rate
measurement was calibrated by Mr. C. H. Eichhorn at the Electrical Measure-
ments Laboratory of The University of Michigan., This procedure involves the

assumption that the overhead product is at its melting point. An experiment
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was performed to check the validity of the assumption. It was not readily
possible to install a permanent thermocouple in the column in the vicinity of
the overhead draw-off line, consequently, the following scheme was used. The
spiral and the melting section heater were turned off and a thermocouple was
pushed into position through the overhead line. The temperature was measured
in this manner several times. The overhead product temperature was T7.5°C
(2.0°C above its melting point) for a run where the crystal rate was 5.7 gm/
min, and the overhead product rate 1.01 gm/min. Therefore the sensible heat
provided by the melting section heater to the product stream is negligible

(0.5%) compared to latent heat required to melt the crystals.

4. Temperature Measurements

All thermocouple potentials were measured with a digital voltmeter (United
Systems Corp., 40 m.v. full scale, 0.1% accuracy). The primary reference tem-
perature was that of a vigorously stirred eight gallon bath. As recommended
by Albertins® the temperature of the benzene at the top sample tap which was
at least 0.999 pure was used as a secondary reference. This was also the cage
for this investigation for all runs where the temperature profiles were meas-

ured. Copper constantan thermocouples were used in all cases.

5. Sampling Technique

The overhead and bottoms products were sampled periodically throughout
each run. Since these samples were obtained external to the column, its op-
eration was not disturbed. As will be described in the next section these sam-

ples were used to verify the existence of steady state prior to taking the
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composition profile samples.

Albertins developed a reliable profile sampling technique which was used
in this study. After steady state was achieved the spiral was stopped and the
power to all heaters was turned off. The coolant to the freezing section was
left on. The alr bath door was opened and a 0.5 ml sample was withdrawn from
each sample tap with a separate syringe. The feed introduction assembly was
removed from the septum (see Figure 11) before the free liquid at the feed
position was sampled. The order of sampling was from the top of the purifica-
tion section to the bottom. Typically 90-100 sec were required to withdraw

the eight samples.

6. Approach to Steady State

Due to the fact that the mathematical model of the column crystallizer
was restricted to steady state, it is essential to show that the column was
at steady state. The overhead composition decreases with time until steady
state is achieved. The column was considered to be at steady state when the
overhead product composition did not change with time. Figure 12 shows typ-
ical data of this type.

This hypothesis was checked by duplicate Runs 11 and 13. In both runs
the overhead product composition became constant after 7 hrs. The internal
composition profile was obtained after 7 hrs in Run 11 and 9.5 hrs in Run 13%.
No disturbances occurred during this 2.5 hr period. As Figure 1% illustrates
both experimental profiles can be represented satisfactorily by the one smoothed

line.
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T. Analytical Method

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

analytical method are presented in Appendix A.

C. VARIABLES INVESTIGATED
The following variables asgsociated with continuous draw-off operation
were studied in this investigation:
. Terminal stream flow rates
—Feed rate: 2.0 - 5.6 gm/min
—Bottoms product: 0.48 - 3.6 gm/min
—Overhead product:  0.30 - 3.3 gm/min
. Internal crystal rate: 1.46 - 6.95 gm/min
. Peed composition: 1500, 10,000, 28,000 ppm wt CgHiso
. 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 column. In all cases a
liquid feed 1-2°C above its melting point was fed to the column.
The primary goal of this study was to determine the effect of parameters
agsociated with continuous flow operation, consequently many possible variables

were not studied. The following variablegs were held constant:
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. Length of the purification section of the column: 50 cm.
. Rate of rotation, frequency and amplitude of oscillation of the spiral:
59 rpm, 290 Minnl, 1 mm, respectively.

. Configuration and length of the freezing section.

. Coolant circulation rate to freezing section.

. Amount and configuration of insulation,

. The temperature of the air bath: 5.5°C.

The size and nature of the individual crystals in the slurry inside the
purification section were not investigated. Attempts to measure the size of
the crystals in the purification section were not successful. Crystals were
withdrawn from one of the sample taps but sufficient melting occurred in trans-
ferring them to the cold stage of a microscope (in a chilled container) to
render the observations meaningless. Photographs were taken of the crystal
liquid slurry in the column by Mr. G. G. Davenport of the Office of Research
Administration of The University of Michigan. The lighting conditions were
such that high speed (plus-X) film had to be used. The grain in the resulting
enlarged photographs was so coarse that individual crystals could not be dis-

tinguished. No further attempts were made to photograph the crystals.

D. SYSTEM TO BE INVESTIGATED

The benzene-cyclohexane system wag chosen for this investigation because
it affords many advantages. Chief among these is the fact that Albertins used
this system; therefore it was possible to make comparisons with his results ob-

tained at total reflux. Benzene-cyclohexane has a phase diagram of the simple
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eutectic type.33 The system is also amenable to straightforward analyses by
gas chromatographic techniques. Lastly, as mentioned earlier, there is evi-
dence that commercial incentives to purify benzene by column crystallization
may exist,

The starting material for preparing all feed materials was Phillips pure
grade benzene. This material contained several impurities. An analysis is
presented in Table I. The details of the identification and determination of
the composition of the various impurities are discussed in Appendix A, Phillips
99.5 wt% cyclohexane was added to the benzene to obtain the 10,000 and 28,000
prm wt feed stocks. In all runs the cyclohexane content of the feed was de-

termined by the gas chromatograph.

TABLE I

IMPURITIES IN PHILLIPS PURE GRADE BENZENE

Component ppm  wt
Cyclohexane 1500
Methylcyclopentane 1081
Toluene L75
Hexane 267
2-Methylpentane 215
3-Methylpentane 218
Cyclopentane 151
Unidentified materials 139

Total impurity Loké
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E. EXPERIMENTAL RESULTS

The experimental data are tabulated in Appendix C. The operating condi-
tionsg, terminal compositions and composition profiles are shown for each run.
The overhead product-crystal rate ratio was varied from 0.1 to 1.69. Crystal
rates ranging from 1.4 to 6.95 gm/min were employed. The column was inopera-

ble due to plugging at crystal rates higher than 6.95 gm/min.

F. REPRODUCIBILITY OF THE DATA

The reproducibility of the composition profile data is demonstrated by
Figures 13 and 20. The profiles for duplicate Runs 11 and 13 given in Figure
1% can be represented by one smoothed line. A similar pair of runs (1L and
15) are shown in Figure 20 of Chapter V. An error analysis of the various ex-

perimental parameters is presented in Chapter V.



CHAPTER V

INTERPRETATION OF RESULTS

Both the theory of column crystallization and the experimental investiga-
tion have been discussed in previous chapters. Two forms of the mathematical
model based on the same mechanisms were developed in Chapter III. One form
was obtained by simplification of the second order model, and the other form
was obtained by employing the transport equation approach. The details of the
experimental investigation were presented in Chapter IV and tables of data for
each experimental run appear in Appendix C.

The purposes of this chapter are threefold. First, the experimental re-
sults are used to test the model. Second, the limits of operation of the cen-
ter-fed crystallizer are discussed. Third, an error analysis of the experimen-

tal parameters is presented.

A. EVALUATION OF THE MODEL

The mathematical model is subjected to eight tests in this section. The
first seven tests treat the data that were obtained with the enriching section
operating countercurrently. The eighth test considers the enriching section
product-crystal rate ratio, RE, and includes a discussion of the cocurrent mode
of operation.

It was shown in Chapter III that the two forms of the model that were ob-
tained differ only in the expressions used for the mass transfer factors (y and

¥', see Eqs. (53) and (54)) The first five tests presented below are concerned

68
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with the parameters other than the mass transfer factors. Hence these tests
do not distinguish between the two forms of the model, but rather illustrate
other quantitative aspects of the theory. The discussion of the mass transfer
factors, the sixth test, treats the two forms of the model. The seventh test
conglders the application of the correlations obtained from earlier tests to
predictive column calculations. Finally, the eight test discusses the effects

of the parameter, Rg.

1. Enriching Section Composition Profile Shape

The first test compares the enriching section profile shapes that were
predicted by the theory with the experimental profiles. It was shown in Chap-
ter III that the enriching section composition profiles could have three char-
acteristic shapes. As shown in Figure 8a, Eq. (35) which describes the enrich-
ing section profile predicts that plets of the natural log of the free liquid
composition (Y) versus the position in the column (z) can give profiles that
are concave upward or downward or a straight line. The shape determining group,
YP, is the particular solution of the differential equation which describes the
enriching section profile (Eq. (6)). The enriching section profile shape de-
pends on the sign and magnitude of YP (see discussion in Chapter III) which is
governed by the relative magnitudes of Ce and LpYp as shown in Eq. (7).

The results from three experimental runs which were designed to test this
prediction are presented in Figure 14. Comparison of these profiles with Fig-
ure 8a demonstrates that the theoretical development is qualitatively consist-

ent with the shapes of the experimentally determined profiles.
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Equation (%35) also predicts that a semi-logarithmic plot of Y - Yp vs
7z should be linear. The modified composition profilegs for Runs 2, %3, and 7
are presented in Figure 15. The profiles are linear for all three cases as
predicted by the theory. The values of Yp were chosen such that the modified
profiles were linear. In Run 7 the raw data Y vs z (Figure 14) was linear in-
dicating that Yp = O.

The values of Yp were chosen by assuming values and inspecting the result-
ing mcdified profile for linearity. This procedure was checked for Run 5 by
perfoerming a linear regression analysis for various assumed values of YP on
the ln(Y—YP) vs z data., The composition profile for Run 5 is shown in Figure
2l and is of the convave downward type. The value of Yp (-82 ppm) which cor-
responded to the minimum sum squared deviaticn was chosen (see Figure 16).

The value obtained by inspection as described above was =80 ppm. Therefore
the more tedious regression analysis method was not used for the other runs.

The values of Yp for each run are given in Table X in Appendix C.

2, Stripping Section Profile Shape

This test considers the stripping section profile shape. It was also
shown in Chapter III that the stripping section composgition profile has a
characteristic shape. The expression for the stripping section profile (Eg.
(38)) predicted that the composition profile would be flat as illusirated by
Figure 8b. The results of experiments designed to test this prediction are

presented in Figures 17 and 18. These data confirm the existence of the flat

o~

or inactive region in the stripping section profile. ."Danyiy participated in
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this experimental study.

The shape determining group for the stripping section, ?P, is the partic-
ular solution of the differential equation which describes the stripping sec-
tion composition profile (Eq. (17)). The values of Yp obtained from the strip-

ping section composition profiles (? is the composition where the profile be-

P
comes flat) are compared in Table II with those calculated from Eq. (69) which

relates Yp to F, C, Lg and Yg.

TABLE IT

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF THE SHAPE DETERMINING
GROUP FOR THE STRIPPING SECTION

Run Yp, from Eq. (69) Yp, from Figs. 17 & 18 % error
6 14,750 1%,200 11.7
16 16, 500 13,300 2h.1
17 11,800 12,200 3,3
18 17,940 15,000 19.6

In view of the experimental confirmation of the flat reglon in the strip-
ping section profile, and the reascnable agreement of the experimental and
calculated values of §P} it is concluded that the model satisfactorily explains
the ghape of the stripping section profile.

Difficulty was encountered in selecting operating conditions that would

produce a non-flat profile in the stripping section. The relation for ?P
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(Eq. (68)) can be rearranged to yield the following equation which suggests op-
erating conditions that might give a stripping section profile with an appreci-
able negative slope:

Yp/Yg = LS/(C+LS) (71)
The slope of the profile should increase as the value of ?é/YS decreases. There-
fore in Runs 16, 17, 18 the column was operated with large crystal rates and
small bottoms product rates. Figures 17 and 18 demonstrate, however, that the
stripping section profiles for these runs remained flat. This can be explained
by noting that the stripping section mass transfer factor probably decreases
when the crystal rate is increased (this can be seen by examining Eq. (47b) for
the case when the diffusional term is domin&nt). A decrease in the stripping
section mass transfer factor corresponds to a more rapid exponential decay of
the composition Y to Yp thus cancelling the effect of the decreased value of
Yp/Yg.

The slicht positive slope of the stripping section profile for Run 16
(Figure 18) is attributed to slow sampling of the composition profile for this
run. The longer sampling *“ime very likely allowed some of the crystals to
melt and tilute the liquid “hat was withdrawn fram the lower sample taps (the

upper sample taps were sampled first).

3. Impurity Assoclared with the Crystal Phase
The mathematical model includes the effect of impurity transport by the
crystal phase. It was argasd that impurities could be entrapped in the crys-

tal or on their irvegular surtace. The impurity associa®ed with the crystal
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phase, e, is assumed to be independent of position in the column. This assump-
tion is tested in this section with € values calculated from the experimental
data.

The impurity composition in the crystal phase, ¢, can be calculated from
the values of YP obtained from the composition profile data. Rearrangement of

the expression which relates YP to €, C, and.LE (Eq. (7)) yields:

¥p(C-Lg) +LEYE, (72)

C

The values of ¢ calculated from Eg. (72) are tabulated in Table X of Appendix
C. It is emphasized that these values were calculated from experimental values
of Yp, C, and Lp. In no case was the crystal composition, e, measured directly.
Gates15 suggested that € should increase when the mother liquor composi-
tion in the freezing section increases. Other parameters such as the agitation
level are not considered because the spiral oscillation and rotation rates were
held constant in this study. The mother liquor composition in the freezing
section 1s assumed to be equal to the bottoms composition, YS' This is equiv-
alent to assuming that the freezing section is perfectly mixed. Figure 19 il-
lustrates that ¢ does increase with YS. The e(YS) dependence is linear. A

least squares fit of the values of ¢ and YS gives the following relation:
e = 0.00Lk2 ¥ (73)

Figure 19 reveals considerable scatter of the values of e calculated from
Eq. (72) from the line predicted by Eq. (73). It is noted, however, that both e
and YS varied fifty-fold. Therefore the dependence described by Eq. (73) is consid-

ered to be significant. The coefficient of determination, which is interpreted
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as the fraction of the systematic variation of ¢ that is explained by Eq. (73),
is 0.986. Correlating expressions which assumed that ¢ was proportional to
Yg°9, Yé°% ete. did not give significantly better correlations. The data of
Run 7 was excluded from the final correlation because the value of ¢ contra-
dicted the trend that e increases when Yg increases (see Table X). The data
from Runs 16, 17, 18 are excluded from the correlation due to the minimal num-
ber of point compositions in the enriching section profile which could be used
to determine Yp (or equivalently ).

The linear e(YS) dependence has been found by other investigators. Moul-
ton and Hendrickson®d found a linear dependence of the crystal phase composi-
tion on the mother liquor composition for the crystallization of ice from sea
water., A linear dependence is consisgtent with the occurrence of volumetric
liquid inclusions, but it does not rule out the possibility of slight solid
solubility in the ppm range.

The validity of the assumption that ¢ is independent of position in the
purification section is implied by the correlation of ¢ with YS’ The expres-
sion used to calculate ¢ from Yp (Eq. (72)) is based on this assumption. The
three enriching section composition profile shapes presented in Figure 14 are
further indications of the validity of the constant ¢ hypothesis.

The fact that e 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 reflux, because Yg is largest due to the concentration of

impurities in the freezing section. When the column is operated continuously

the impurity level in the freezing section is reduced due to the removal of
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impurities in the bottoms stream. Thus it is possible to produce purer mate-
rials with continuous draw-off of product (when Rgp is sufficiently small) than
can be produced with total reflux operation. This effect is illustrated by
the following experimental results: at a feed composition of 28,000 ppm wt
Celiz, Rp = 0.354, and Zp = 4.0 em (Run 2); the overhead product composition,
Yr, was 57 ppm wt CgHip; the ultimate purity that could be achieved with total
reflux operation is approximately 100 ppm wt CgHio (see Appendix E).

The e(YS) dependence algo implies a restriction on the ultimate purity
that can be achieved with a continuous flow column crystallizer for a particular
feed composition. The simplified form of the terminal stream balance, Eq. (67)
is employed. The minimum value of Yg occurs when the stripping section is
flushed with feed material or when the enriching section is operated at condi-
tions approaching total reflux, i.e., %; = 1. Equation (67) therefore suggests

that (YS) = Yp. Therefore the equation below gives the minimum level of

min

impurity assoclated with the crystal phase that can be attained.

€pig = 0-001h2 Yp (74)

The ultimate purity that can be achieved in a column crystallizer, €min’

would occur when the washing of the adhering liquid is complete.

4, Effect of Feed Composition
Three feed compositions were used in this investigation: 1500, 10,000,
and 28,000 ppm CgHio. The experiments show that the feed composition has the

following two effects:
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» Increasing Yp increases Yg and in turn ¢ as suggested by Egs. (69) and
(72).

. The impurity composition in other streams are related to Yp by material

balance considerations.

The separation factor WE is independent of feed composition. This condi-
tion was implied in Chapter III by the assumption that the transport properties
are constant. Figure 20 shows that for comparable operating conditions, with
the exception of the feed composgition, the composition profiles are parallel.
This is equivalent to Vg being the same for both feed compositions.

Composition profiles for the lowest feed composition that was used (1500
ppm CgHyo) are given in Figure 21. The feed stock for these runs was Phillips
pure grade benzene. It can be seen that very pure materials were obtained.

The production of ultrapure benzene is discussed in more detail in Chapter VI.

5. Column Calculations with Experimentally Determined Parameters

A further test of the model is accomplished by comparing experimental
profiles with those calculated using experimental values of the mass transfer
factor,wE, and crystal phase composition, €.

The iteratlve calculation procedure described in Chapter IIT has been
used to calculate the terminal compositions and composition profiles for the
experimental runs. The appropriate operating parameters,ciz Zps F, Yp, Lg and
C were gpecified for each run. In addition experimental values of the enrich-
ing section mass transfer factor,wE,and the crystal composition, €, were used

in the calculations. Experimental values of the stripping section mass trans-
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fer factors could not be obtained because the composition profiles in this sec-
tion were essentially flat, i.e., the slope could not be measured. Therefore
the values of WS were calculated from Vg It is assumed that the results of
the transport equation approach are applicable in order to relate WS to WE’
i.e,, wE = wé and WS = wéu The following relation that was developed in Chap-

ter IIT is employed:

. _ ., (C-1g)
Ve = Vg (carg) (70)

The calculations were facilitated by the computer program described in Appendix
D.

Figure 22 compares the calculated profiles with two sets of experimental
data. It 1s concluded that the mathematical model satisfactorily explains the
form of the experimental data. The calculations also reflect the internal con-
sistency of the flow rate, profile, and terminal composition data. It is em-
phagized that these calculations are not completely predictive, because experi-
mental values were used for Vg and € which are strictly dependent variables
once &, zp, F, Yp, Lg, and C are specified.

Table III compares the experimental values of the terminal compositions

YE and Y, with the values calculated by the above procedure. The reasonable

S
agreement again illustrates the consistency of the data. Further,it experi-

mentally confirms the validity of the end conditions that were specified in

Chapter IIT, i.e.,
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TABLE IIT

COMPARISON OF EXPERIMENTAL AND CALCULATED VALUES OF THE TERMINAL COMPOSITIONS

Run Yg, Experimental Yr, Calculated Yg, Experimental Yg, Calculated
-------------- ppm wt Cglis - = = = = = = = = ~ = = - =
2 60 57 37,000 37,800
3 370 440 37,000 56, 200
5 16 21 2,090 2,460
6 101 111 72,000 64,300
7 300 403 43,400 41,800
9 1 1 2,140 1,640
11 62 69 39,600 39,000
13 55 58 41,200 41,400
1k 29 28 14,200 14,500
15 29 28 14,300 14,000
16 65 80 186,000 165,000
17 84 84 225,000 180, 000
18 107 105 153,000 136,000
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These conditions were used in the column calculations discussed above.

6. Mass Transfer Factors

The only difference between the two forms of the model developed in Chap-
ter III is the expressions that represent the mass transfer factors (see Egs.
(41b), (42b), (46b), and (L7b)). The purpose of this section is to correlate
the experimental mass transfer factors with an appropriate mathematical ex-
pression developed earlier.

It was shown earlier that the mass transfer factors which result from
the transport equation approach can be related to the more complicated expres-
sions which result from the original form of the model that includes the axial
diffusion term in the free liquid material balance. The mass transfer factors
derived by the two approaches differ by a factor 6(X) as shown in Egs. (53)
and (54). The experimental mass transfer factors will be correlated by assum-
ing that ©(X) £ 1. Using this approximation, the mass transfer factors de-
veloped by the two methods become identical, i.e., WE = Wé and.ws = wé, Thus
the simpler expressions, V', can be used. If a satisfactory correlation of
the data 1s obtained by this method, no attempt will be made to fit the data
with the more complicated expressions for ¢ (Egs. (41b) and (42b)).

Experimental values of Wﬁ and.wé can be obtained by measuring the slope
of the modified composition profiles, e.g., the slope of ln(Y—YP) vs z is the
negative reciprocal of mﬁ (see Eq. (%9)). Total reflux mass transfer factors,
wé, are available from Albertins' data.® Only experimental values of wﬁ are

avallable for the continuous draw-off case. The stripping section mass trans=-
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fer factor wé could not be determined due to the flat region that occurred in
the experimental profiles. Hence only experimental values of Wé and wé are
correlated.

It is important to reemphagize the assumption that the parameters Dn, Ka,
etc., are assumed to be constant for fixed spiral agitation conditions. This
agsumption implies that the mass transfer factor data for different feed com-
positions, feed positions, terminal stream flow rates and internal crystal
rates can be correlated by single values of Dn, Ka, etc., for either total
reflux or continuous flow operation. Consequently the expression that relates

Wﬁ to C and L_ (Eq. (46b)) can be transformed to Eq. (75a) which suggests that

E

a multiple linear regression analysis of the experimental data will yield the

correlation constants:

Up = DXy * baXe * baXs (752)
where,
by = DpAn (75b)
by = alo+l)/Kahp (75¢)
bs = - o/Kabp (75d)
X1 = 1/(C-Ly) (75e)
Xz = C®/(C-Ig) (75¢)
Xg = CLE/(é-LE) (752)

Note that the expression for Wé for total reflux operation is a special case
of the above equations, that is, when Lp = 0 the total reflux separation fac-

tor becomes:
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Wé = bi1Xy + boXo (76)

It is emphasized that the constants bi, bs, and bg have physical significance.
They are determined by the physical parameters of the system (see Egs. (75b),
(75¢) and (754)).

Albertins’l total reflux data wé vs C are tabulated in Appendix E. Thesge
data were obtained with the same spiral rotation speed, oscillation frequency
and amplitude as employed in the present study. A regression analysis of hig

data employing Eq. (76) yields the following expression:
vy = 6.862/C + 0.9096 ¢ (77)

where C and wé are expressed in gm/min and cm, respectively. Gatesl3 obtained

the same constants by correlating Alberting' data with the following expression:

e = byt bp €2 (78)

Utilizing Egs. (75b) and (75c) the following relations are evident:
DpAn = 6.862 gm-cm/min (79)
alatl)/KaAp = 0.9096 cm-min/gm (80)

Equation (77) predicts the experimental values with a maximum deviation of
5.5% The accuracy of the correlation is considered to be excellent and im-
plies that using Wé rather than y, (or equivalently taking G(XO) to be one) is

consistent with the data.

A regression analysis of the Wﬁ data obtained in this investigation re-

sulted in the following expression:
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, _ 6.538 , O.h102 c®  0.4185 CLg

o (c-1g)  (c-Lg) ~ (C-LIg) (81)

The experimental values of Wﬁ are given in Table X. The data of Runs 9 and
10a were excluded from the correlation due to uncertainties in the experimental
values of the crystal and overhead product rates C and Lg. Runs 16, 17, and
18 were deleted due to the minimal number of data points that were obtained in
the enriching section profile. In these runs & larger number of the sample
taps were below the feed point.

The calculated values of the mass transfer factors are in reasonable

agreement with the experimental values. Figure 23 compares the experimental

O Continuous Flow, ‘I’E'
Calculated Values
From Eq.77

A Total Reflux, ‘/’0'

Calculated Values
From Eq.81I
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EXPERIMENTAL ¥/, cm

Figure 23. Comparison of calculated and experimental values of the mass trans-
fer factor.

and calculated values. As mentioned earlier the maximum error between the
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predicted and experimental values for the total reflux case was 5.5% The
errors were larger for the continuous flow case. The average error between
the predicted and experimental values of the enriching section mass transfer
factors was 17%. The uncertainity in the experimental values of wé used in
the correlation was 12%.

The correlation results indicate that axial diffusion is the dominant
effect in determining the mass transfer factor. The relative contribution
of the mass transfer terms was determined for each run by calculating the
magnitude of all three terms with Eq. (81). The average contribution of the
second two terms in Eq. (81) to wﬁ was 18%. The maximum contribution of the
mass transfer terms was 29% in the case of Run 1.

Table IV compares the values of the constants obtained from the contin-

TABLE IV

COMPARISON OF THE MASS TRANSFER AND DIFFUSION GROUPS OBTAINED FROM
TOTAL REFLUX AND CCNTINUOUS FLOW DATA

Grou Total Reflux Continuous Flow Data
P Data of Albertins of this Study
b1 = DpAn, gz;;m 6.862 = .1134 6.538 * 1.936
bs = alotl)/Kado, %@E 0.9096% . 0770 0.4102F 0.4439
-mi
bs = -0/Kahp, Ef;_m_m_ﬂ N -0. 4185F 0.4192

uous draw-off and total reflux data. In both cases the diffusional term DpAn
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is dominant and the agreement between the values obtained from the two sets of
data is satisfactory. Also the mass transfer terms obtained from the contin-
uous flow data bs and bg have the signs that are suggested by the theory (see
Egs. (75c) and (75d)). These constants, however, differ markedly. It is also
noted that the standard errors of by and bz given in Table IV for the contin-
uous draw-off case are large. These errors coupled with the dominance of the
diffusicnal term illustrate the insensitivity of the continuous flow data to
the mass transfer terms b, and bs. This insensitivity of the continuous flow
data relative to the total reflux data can be explained by rearranging the ex-

pression for Wﬁ (Eq. (46b)) and comparing it with the corresponding relation

for wé.
[ __l__ 2 '
Vo = o Do+ gy [(or)eRcrgl) (62)
, oo 1L alatl)c®
LA EJpAn My J (83)

It can now be seen that the dependence of wﬁ on the overhead product rate, LE’
dampens the sensgitivity of the continuous flow data to the mass transfer ef-
fect. Therefore it is evident that the total reflux data provides a more
severe test than continuous flow data of the relative importance of the dif-
fusional and mass transfer terms.

It must be remembered that the mass transfer factor data have been cor-
related using the expressions that result from the transport equation approach,
that is, 6(Xp) and 6(Xp) were assumed to be one. A direct check of this hy-

pothesis would require a calculation of Xy and Xy from the constants obtained
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from the above correlations. Comparison of the defining relation for Xp (Eq.
(51), Xp is a special case of this equation for Ry = O) with the definitions
of by, bs, and by (Egs. (75b), (75c), and (75d)) reveals that o must be sep-
arated from the constants in order to calculate XE or XO’ i.e., o must be
known individually. The adhering liquid-crystal rate ratio,q, cannot be ob-
tained from the total reflux data. It is grouped with the parameters KahAp as
shown in Eq. (80). 1In principle ¢ can be obtained from the correlation con-
stants obtained from the continuous flow data, i.e., combination of Egs. (75c)

and (75d) yields:

a = (%j +9 (81)

Unfortunately the standard errors of bs and bs given in Table IV do not per-
mit the application of thils relation. Therefore ¢ cannot be obtained from
either the total reflux or continuous flow data. Consequently X or Xp can-
not be calculated or equivalently the validity of the approximation 6(X) =1
cannot be directly determined.

The justification for using the mass transfer factors obtained by the
transport equation approach is the excellent correlation of the total reflux
data mentioned above. The approximation, 6(X) = 1, should be even more ac-
curate for the enriching section, because Xy < Xo. In view of the above con-
siderations it is concluded that the model summarized in Egs, (46) and (L7)
provides a satisfactory representation of the experimental data. Henceforth
in this dissertation all discussions that refer to the "model" will be in ref-

erence to the expressions that result from the transport equation approach.
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f. Predictive Column Calculations

The model is subjected to its severest test in this section. The correla-
tions developed in the earlier section.of this chapter are used in conjunction
with the model to perform column calculations. The results are compared with
experimental data.

The composition profiles and terminal compositions are calculated by
the iterative procedure presented in Chapter III by specifying only the column
operating conditions: o, zp, ¥, Yp, Lg and C. The mass transfer factors and
the crystal compositions can be caléulatedAfrom the correlations developed
earlier. The enriching section mass transfer factor is related to the flow

rates by Eq. (81).

6.538  0.4102 ¢ 0.4185 CLg
- - 8
Vg (C-Ig) i (C-Ig) (C-Ig) (81)

The stripping section mass transfer factor is calculated using the same con-

stants in conjunction with Eq. (L47b) as shown in Eq. (86).

_ 6.538  0.b102 ¢®  0.4185 CLg
Vs T (eg) | (chg) | (Ctlg) (85)

Finally, the impurity composition of the crystals e is given by Eq. (73).
e = 0.0014k2 Yg (72)

It is emphagized that these relations are peculiar to the benzene-cyclohexane
systems and the spiral agitation conditions employed in this study.

Figure 24 compares experimental data with composition profiles calculated
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by this method. The deviation between the calculated and experimental values
of the point compositions for Run 3 (one of the worst cases) are as large as
200%. Errors of this magnitude can be explained by errors in the predicted
values of wﬁo It was mentioned above that the values of Wﬁ predicted by Eq.
(81) show an average error from the experimental values of 17% It is further
noted that the calculated values of Wé enter the calculation in an exponential
term (see Eq. (46)) which magnifies the error and thus results in the discrep-
ancy between calculated and experimental values of the point compositions.
While the point compositions calculated from the model are in considera-
ble error the predictive calculations do qualitatively predict the influence

of variables.

8. Effect of the Enriching Section Product-Crystal Rate Ratio, Rp

As pointed out in Chapter III the separation that is achieved in a column
crystallizer decreases with increasing Rp. Experimental data are presented in
this section which illustrate this effect. The operation of the enriching sec-
tion with cocurrent flow is also discussed.

The effect of Rp is illustrated by Runs 2, 3 and T shown earlier on Fig-
ure 14, The relative position of the enriching section composition profiles
indicate that increasing RE decreases the gseparation. The enriching section
product composition, Yg, for Run 2 was 60 ppm wt CgHip for a value of Rp of
0.354. The corresponding prodﬁct composition for Run 3, where Ry was 0. 782,
was 370 ppm wt CgHise The bottoms product rate was approximately the same for

each run (see Table IX of Appendix C). The increase of Yy with Rg, which is
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exponential when Yp > ¢, occurs due to the exponential dependence of the free
liquid composition on the enriching section mass transfer factor. The column
calculations presented in the previous sectlon demonstrate that the model pre-
dicts the influence of REa

When Rp is further increased the separation continues to decrease as shown
in Figure 25. In Run 10A Rp is 0.99. The enriching section profile is observed
to have a small slope which corresponds to a large value of Wﬁ‘ In the limit
when Rp 1is one, the composition profile in the enriching section is described
by Eq. (59) which predicts a linear relationship between Y and z. The mass
transfer factor increases sharply as Rp approaches one. The individual flow
rates Ly and C are only known within 10%, consequently the true value of Ry
is between 0.8 and 1.2, The sensitivity of wﬁ to RE can be demonstrated for
the crystal rate employed in Run 10A by calculating values of Wﬁ for RE = 0.8
and 0.99. Equation (81) which relates wﬁ to C and LE gives Wﬁ = 11.0 cm for
RE = 0.8 and wﬁ = 197.0 cm for RE = 0.99. In view of this range of possible

enriching mass transfer factors there is no justification to assume that Ry =

1.0 for Run 10A in order to test Eq. (59).

When RE is greater than one, the flow in the enriching section can be
cocurrent depending on the magnitude of the adhering liquid rate (see Egs. (60)
and (61)). Run 10b was obtained with Ry = 1.69 and a feed composition of 26,400
ppm wt CgHis. The overhead product composition YE was 12,400 ppm wt CgHyow

The corresponding value calculated from the model using the end condition for

cocurrent operation given by Eq. (63) was 11,870 ppm.
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The overhead product purity obtained for cocurrent operation of the en-
riching section is compatible with the purity obtained by dilution of the
portion of the feed that rises through the enriching section with the crys-
tals from the melting section. This can be illustrated by a simple calcula-
tion. In Run 10b 5.3 gm/min of 26,400 ppm CgHio feed was fed to the column,
but due to the fact that LE was greater:thanC, 1.35 gm/min of feed passed co-
currently up the column with 1.95 gm/min of crystals. These gtreams were com-
bined in the melting section to give an overhead product rate of 3.3 gm/min,
Now if it is assumed that the ﬁorﬁion of the feed and the crystals are trans-
ported through the enriching section without interacting, i.e., with no sep-
aration in this section, the overhead product composition Yp can be calculated
by considering only the dilution effect of melting the pure crystals in the
melting section. Such a calculation gives Yp = 10,800 ppm wt CeHio.

The experimental results and calculations for Run 10b are summarized as
follows:

. The experimental enriching section product composition is 12,400 ppm

wt CgHiow

. The value of Yp calculated with the model using the end condition for

cocurrent flow is 11,870 ppm wt CgHyo.

. The value of Yp calculated considering only the dilution in the melt-

ing section is 10,800 ppm wt CgHis.
The purity that was obtained in Run 10b can be explained by the dilution ef-
fect alone. Consequently, it is apparent that the purification section of the

column crystallizer does not contribute to the geparation when the enriching
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section 1s operated with cocurrent flow. Thus this mode of operation is not
of further interest and the cocurrent enriching section model is not discussed

further.

B. LIMITS OF OPERATION
The limits of operation of the center-fed column crystallizer are consgid-
ered in this section. The internal crystal rate, and the ratio of overhead

product rate to crystal rate are discussed relative to the operability of the

column.

1. Crystal Rate

The capacity of a column crystallizer is determined by the maximum crys-
tal rate that can be achieved. The experimental results discussed below show
that the column plugs and becomes inoperable afi a crystal rate higher than
6.95 gm/min. At this crystal rate cavities started to form in the freezing
section indicating the onset of plugging. When the crystal rate was increased
beyond 6.95 gm/min the column plugged. Albertins® found that with total re-
flux operation the same column plugged at a crystal rate of 5.4 gm/min° Ac=
cording to Albertins® the spiral may have been binding slightly with the glass
wall in the lower region of the column. Other than this effect which may
have limited the crystal rate which he obtained, no attempt is made to explain
the differences in the observed plugging crystal rates.

The experimental results deviated from the mathematical model when the
plugging crystal rate was approached. Figure 26 shows an enriching section

composition profile for a crystal rate of 6.95 gm/min. It can be seen that
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the profile deviates from any of the three characteristic profile shapes dis-
cussed earlier. The dashed line indicates the profile shape that would be
expected for the value Rp =0.21 which wasused in this run. At crystal rates
below the plugging level no such deviation was observed, for example, in Run
17 (Figure 18) when the crystal rate was 6.8 gm/min the enriching section pro-

file was consistent with the model.

2. Overhead Product-Crystal Rate Ratio, Rg

The column was found to be operable for all the values of Rp that were
used (RE was varied from 0.1 to 1.69). This range of Rp embraces both counter-
current and cocurrent operation of the enriching section. There were no ob-
servable differences in the nature of the fluidized crystal liquid slurry in

the purification section over the range of Rp studied.

C. ERROR ANALYSIS
The results of an error analysis of the various experimental parameters
that were determined in this study are presented below:
The point compositions canbe in error as much as 8%. This includes
errors in the analytical method (3%) and the effect of back diffusion
while the profile is being sempled (5%).1 The maximum uncertainity
in the position of the syringe tip during sampling was 0.5 cm. This
could occur if the hypodermic needle were deflected by the spiral.
The terminal stream flow rates (F, Ly, and Lg) are known within + 10%
The magnitude of this error was obtained by repeated measurement of

the flow rates during each run.
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The terminal stream material balance, Eq. (6L), closes within + 10%.
This was established by comparing calculated and experimental values
of the feed composition.
The internal crystal rate in the purification section is known within
15% This error is based on a consideration of refreezing of crys-
tals due to the axial temperature gradient, errors in reading the
voltmeter which was used to determine the power input to the melting
section (this was the basis for determining the crystal rate), and
the heat gain to the purification section from the surroundings.
The mass transfer factors, Wﬁ’ are obtained from the negative reciprocal
of the slopes of the enriching section composition profiles. Multiple
values of Wﬁ were calculated for Run 2 by using all possible combina-
tions of the experimental point compositions to calculate the slopes.
The values of wé were found to flu +12% around the mean value.
The procedure used to estimate the error associated with measuring the
internal crystal rates requires clarification. The estimate was made for a
crystal rate of 2.6 gm/min. The percentage error that results increases as
the magnitude of the crystal rate decreases. iny four éf the experimental
runs employed crystal rates below this level. Possible refreezing on the crys-
tals due to the axial temperature drop in the purification section (4.9°C) was
estimated as 6% of the 2.6 gm/min crystal rate. The error in reading the
voltmeter could have been as much as 0.5 volt; this corresponds to a * 3% of
the crystal rate. The heat gain ¢f the purification section was determined

by Albertinsl for total reflux ouperation. He found that the heat gain in the
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purification section corresponded to a decrease in the crystal rate of 0.L8
gm/min° This provides a conservative estimate for continuous flow operation
because the temperature difference with the surroundings is larger for total
reflux operation. For a crystal rate of 2.6 gm/min this heat gain would de-
crease the crystal rate 18%. The errors due to refreezing and heat gain tend
to cancel one another. Therefore the net uncertalnity in the measured crystal

rate is 15%

D. CONCLUSIONS

On the basis of the comparisons in earlier sections of this chapter of
the experimental data with the mathematical model it is concluded that the
form of the model developed by the transport equation approach (Egs. (L6) and
(47)) is consistent with the experimental data. It provides a satisfactory
explanation of the influence of the variables that were studied in this in-
vestigation. The model breaks down as the plugging crystal rate is approached.

The concept that the level of impurity in the crystals is independent of
position in the purification section was subjected to more tests than could
be applied with total reflux. The variable profile shapes that occur in the
enriching section, the e(YS) dependence, and the fact that purer material can
be obtained with continuous draw-off (for small values of RE) than with total
reflux operation all support the constant € hypothesis.

Finally the internal flow rates were assumed to be constant in the math-
ematical analysis. The crystal rate was only measured at one position (the

melting section), i.e., the validity of the assumption of constant flow rates
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was not verified by direct experiments. The error analysis presented above
which considers the heat effects in the purification section shows that the
crystal should not vary more than 15%. This in conjunction with the linearity
of the modified enriching section composition profiles (Figure 15) justifies
the assumption of constant internal crystal rate, i.e., the constant slope,
'l/Wé: implies that the crystal rate is constant. Both Albertins2 and GraﬂcesllF

found that their data for total reflux operation were consistent with this

assumption.



CHAPTER VI

DISCUSSION OF CONTINUOUS FLOW COLUMN CRYSTALLIZATION

This chapter discusses continuous flow column crystallization in view of
the theoretical and experimental results that were compared in the previous
chapter. The mathematical model is used to predict the influence of some of
the variables in ranges that were not evaluated experimentally. Also the ap-
plication of continuous flow column crystallization to the production of ultra-
pure benzene 1s discussed.

All of the calculations presented in this chapter are based on the model
derived from the transport equation approach (Eqs. (46) and (47)). The mass
transfer factors Wﬁ and‘wé are calculated using the correlations given by Egs.
(81) and (85). The impurity level in the crystal phase, €, is represented
by Eq. (73). All column calculations were performed using the iterative pro-
cedure described in Chapter III which is implemented by the computer program

given in Appendix D.

A. PARAMETER STUDIES

The influence of the feed position, feed rate, enriching section product-
crystal rate ratio and product recovery are discussed in this section. No
ttempt 1s made to exhaust all the possible combinations of the parameters.
The intent 1is to i1llustrate *he effect of these variables rather than map the

entire region of interest.

107



108

1. Feed Position

The separation that is achieved in a column is a function of the feed
position. It was demonstrated both theoretically and experimentally in Chap-
ters IV and V that a flat portion can exist in the stripping section composi-
tion profile (see Figures 17 and 18). A flat region of this type corresponds
to inefficient utilization of the purification section. The flat region of
the profile can be eliminated by decreasing the length of the stripping sec-
tion.

Figure 27 illustrates the effect of feed position on the enriching sec-
tion product composition for fixed feed composition, Yp, crystal rate, C, and
terminal stream flow rate, F, Ly, and Lg. There is a feed position which cor-
responds to a maximum product purity. The plot of the composition of the free
liquid at the feed point, Yy, vs zp shown on the same figure illustrates that
the maximum separation that is achieved occurs when there is a feed match, i.

€.y Y¢ = YF’

2. Enriching Section Product-Crystal Rate Ratio, Rgp

Figure 28 illustrates that the product purity reaches a limiting value
as Ry is decreased. When Rp 1s decreased to a value where Yp = € (complete
washing), a further decrease does not effect the product purity. Decreasing
RE beyond this point decreases the mass transfer factor, Wﬁ’ but does not nec-
essarily increase the enriching section product purity. As mentioned in Chap-
ter IIT the washing process does not reduce the level of impurity associated

with crystal phase. Consequently in applications where maximum purity is
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desired, Rg should be chosen so that Yg is just equal to ¢, i.e., so there is
not a flat region in the enriching section composition profile.

Figure 28 also illustrates that the product purity decreases as the

200 Calculated
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Figure 28. The effect of the enriching section product-crystal rate ratio and
product recovery on the enriching section product purity.

recovery, LE/F, is increased. The crystal phase composition, ¢, increases
when the recovery is increased. This can be explained by Eq. (67) in Chapter
ITT which shows that for a given feed composition Yg is determined by the value
of F/Lg which is uniquely determined by the value of Lg/F. Also, it was shown

in Chapter V that e is determined by Yg (see Eq. (73)). Note that the maximum
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value of RE which corresponds to YE = ¢ (the break point in the curves on

Figure 28) increases as the recovery is decreased.

%. The Relation Between Continuous and Total Reflux Operation

The expressions for the enriching and stipping section composition pro-
files each reduce to the expression for the composition profile for total re-
flux operation when Rp and Rg are zero and Y, is replaced by the free liquid

composition at z = 0, Yp. Figure 29 shows the effect of the feed rate on the
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Figure 29. Comparison of the purity achieved with continuous flow and total
reflux operation.
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enriching section product composition. Total reflux operation corresponds to
F = 0. The continuous flow calculations (F % 0), however, do not predict the
correct pure end composition for total reflux operation when F is made arbi-
trarily small. This occurs because the end conditions (see Eqs. (62) and (65))
for continuous flow operation do not apply for the total reflux case. The
corresponding relation for total reflux is an initial condition, i.e., the
total mass of impurity initially charged to the column must be equal to the
sum of the masses of impurity in the melting section, purification section,

and freezing section at steady state.

B. PRODUCTION OF ULTRAPURE BENZENE

It has been demonstrated in the previous chapter that it is possible to
greatly reduce the cyclohexane content of benzene by column crystallizatio.
Figure 21 illustrates that the cyclohexane content of Phillips pure grade
benzene can be reduced three orders of magnitude.

There are many other impurities besides cyclohexane in Phillips pure
grade benzene (see Table I). These impurities are identified on the chromato-
gram presented in Figure %0. The chromatogram of the overhead product for
Run 9, algo given in Figure 30, illustrates that all of these impurities were
removed to a level where they could not be detected by the gas chromatograph.
The lower limit of detection of the chromatograph used for this analysis, which
was equipped with a non-polar Squalane packing, was less than 10 ppm for each
of the impurities. The cyclohexane content of the Run 9 overhead product was

approximately 1 ppm as determined by a chromatograph equipped with a polar
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Carbowax packing.

It is apparent that column crystallization provides an effective means of
reducing the impurity content of benzene. The benzene product purities ob-
tained by column crystallization are comparable to those of zone refined benzene,

18

e.g., zone refined benzene is commercially available® containing ten, one hun-
dred, and ten thousand ppm impurities. Column crystallization, however, pro-
vides a means of producing much larger quantities of very pure materials than
can be obtained by zone refining techniques. The remainder of this chapter is

devoted to discussion of operating conditions and methods that could be used

to produce ultrapure benzene.

1. Multiple Pass Operation
There is a limit to the purity that can be achieved in a column crystal-

lizer with one pass operation. As discussed in Chapter V the minimum level of
any impurity that can be obtained for & given feed composition is €min® The re-~
lation for ep;, (Eq. (7L4)) indicates that the minimum impurity level is deter-
mined by the feed composition, Yp. With multipass operation the feed composi-
tion to the second and aﬁy subsequent passes is reduced, i.e., the pure procduct
from the first pass becomes the feed to the second pass, etc. Therefore the-
oretically there is no limit to the purity that can be ébtained by multiple

pass operation. The same effect could be achieved for large scale applications
by staging column crystallizers in series with the product from one column
becoming the feed for the next.

Another advantage of multiple pass over single pass operation is the

fact that higher production rates can be achieved if sufficiently large quan-
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tities of product are required. This results from operating the first pass
and second pass at higher overhead product rates than could be achieved with

single pass operation.

2. Design Example

An example is presented to illustrate the conditions under which there is
a production time advantage of two pass over one pass operation. The discus-
sion concerns the determination of operating conditions that will minimize
the operating time of the existing laboratory column (described in Chapter IV)
to produce benzene containing 3 ppm wt CgHj;o from Phillips pure grade benzene.
This purity was chosen because it can be attained by either single or two pass
operation.

The problem of determining the operating conditions was congtrained so
that only the overhead product rate from the first pass and the quantity of
final 3 ppm wt CgHis product could be varied independently. The feed and crys-
tal rates were set at 5 gm/min for each pass. The cyclohexane content of the
feed to the first pass was 1500 ppm wt.

Column calculations were performed for the first pass for a variety of
overhead product rates. Similar calculations were done for the second pass
for several feed compositions obtained from the first pass. The results of
these calculations were used to determine the time required to produce vari-
ous quantities of 3 ppm product by both one pass and two pass operation. The
calculation of time required included consideration of start up time (5 hr

for each pass), and steady state running time for both passes. Figure 31
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illustrates the effect of the feed composition to the second pass on the
processing time for the production of 2000 gm of 3 ppm product. The optimum
(minimum productioﬁ time) second pass feed composition was 75 ppm which cor-
responds to a first pass enriching section product rate of 4.6 gm/min. Fig-
ure %2 compares one pass and two pass operation. It can be seen that two

pass operation becomes advantageous when more than 2000 gm of 3 ppm product
are required. The curve for two pass operation in Figure 32 represents the
time required for producing the various quantities of product with the optimum

second pass feed composition for each product weight shown.

401~ 1 Pass

2 Pass

W
o
l

Feed and Crystal Rate
5.0gm/min for both
Passes

TIME, hr.
no
o

2 Passes
le— Recommended —

10

{ Pass
- Recommended»:

| 1 | |
OO I000 2000 3000 4000 5000

WEIGHT OF 3PPM WT. CgHj» PRODUCT, GM

Figure 32. Comparison of one pass and two pass operation.




CHAPTER VII

SUMMARY AND CONCLUSIONS

A theoretical and experimental investigation of the component separation
of a system of the simple eutectic type by column crystallization illustrated
the effects of the variables associated with continuous flow operation. Ter-
minal composition and axial composition profile data were obtained to study
the column performance.

The effects of the variables associated with the continuous flow problem
are satisfactorily explained by a mathematical model which includes considera-
tion of mass transfer by axial dispersion of impurity in the free liquid, mass
transfer of impurity from the adhering liquid to free liquid, and the presence
of impurity associated with the crystal phase which 1s assumed to be constant
throughout the purification section. The model was derived using the trans-
port equation assumption which greatly simplified the final form of the ex-
pressions for the mass transfer factors (parameters which are an inverse mea-
sure of the separation power of the column).

The model satisfactorily explains the shape of the experimental composi-
tion profiles in both the enriching and stripping sections. The variable pro-
file ghape in the enriching section and the correlation of the impurity com-
position of the crystal phase, ¢, with the stripping section product composi-
tion, Yg, are further justifications beyond Albertins'Qinvestigation for total
reflux operation that e is independent of position in the purification section.

The e(YS) dependence implies that purer material can be obtained with continuous
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flow than with total reflux operation (at low values of RE)°

The interpretation of the mass transfer factors obtained from both con=~
tinuous flow and total reflux data show that axial dispersion i1s the dominant
mechanism determining the extent of separation, but that mass transfer between
the adhering and free liquids is significant. The average values of the diffusioc
terms DpAn obtained from the continuous data flow of this study and total re-
flux data of Albertins are in excellent agreement. The values of the mass
transfer terms, a(a+l)/KaAp, obtained from these two data sources differ by a
factor of two (see Table IV). The deviation is explained by the relative
insensitivity of the enriching section mass transfer factors to the mass trans-
fer terms, i.e., the melting section product rate Lp reduces the contribution
of the mass transfer terms as shown by Eqs. (82)and (83).

The computer program developed for column calculations can be used to
predict the influence of variables associated with continuous flow operation.
The agreement between calculated and experimental compositions is excellent
when experimental values of the mass transfer factors are used. When values
of the mass transfer factors are calculated using the values of the diffusional
and mass transfer groups (DpAn, a(atl)/KeAp, and a/Kahp) obtained from the
correlation of wﬁ with C and Lp given by Eq. (81), there is considerable dis-
crepancy between the calculated and experimental composition. In Run 3, for
cxample, scme of the calculated point compositions were 200% less than the
experimental values. This occurs due to the exponential nature of the model,
i.e., its sensitivity to relatively small errors in the predicted values of

the mass transfer factors. The model does a reasonable job of predicting
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point compositions in view of the tremendous separations that are achieved;
the cyclohexane composition of the free liquid was typically decreasged one to
three orders of magnitude in the enriching section.

Both countercurrent and cocurrent operation of the enriching section were
investigated both experimentally and theoretically. Countercurrent operation
is the conventional case in which reflux is provided to wash impurities from
the adhering liquid. The calculated and experimental results obtained for
the cocurrent case indicate that the separation which is achieved can be ex-
plained by the dilution effect of melting the crystals in the melting section.
Therefore it is apparent thatthepurification section does not contribute to
the separation when the enriching section is operated cocurrently.

The experimental data demonstrate the capability of producing ultrapure
benzene. The column crystallizer removed all of the impurities in Phillips
pure grade benzene to a level comparable to cyclohexane. The separation that
is achieved is very sensitive to the enriching section product-crystal rate
ratio, Rp. There is no advantage, however, in operating a column with Ry less
than that value corresponding to Yp = € (see Figure 28). The ultimate purity
that can be achieved is limited by impurities associated with the crystal
phase. Calculations show that the separation is maximized when the feed posi-
tion is such that there is a feed match. In most cases with relative dilute
feeds such as used in this study the feed match will occur at a feed position
close to the freezing section.

The capacity of the center-fed column is limited by the maximum internal

crystal rate that can be achieved. The column plugged and became inoperable
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when the crystal rate was greater than 6.95 gm/min. The mathematical model

breaks down when the plugging crystal rate is approached.



CHAPTER VIII

RECOMMENDATIONS FOR FUTURE INVESTIGATION

The results of this investigation as well as previous th:ud:'Lesz’lbr

sug-
gest several topics that may be profitable for future investigation.

The experimental data of this and Albertins' investigation indicate that
the impurity associated with the crystal phase can limit the separation ob-
tained in a column crystallizer. While there 1s considerable evidence that
the crystal phase composition is not affected by the washing that occurs in
the purification section, experimental data do not exist that permit a posi-
tive identification of the mechanism by which the impurity becomes associated
with the crystal phase. It is of interest to know whether the phenomena is
caused by volumetric inclusion of impurity or by a slight solid solubility in
the ppm CgHio range. One method of experimentally distinguishing between the
two effects would be to determine the composition profile of two impurities
(a second impurity such as methylcyclopentane could be added to the feed).
€ could then be calculated for each impurity from the composition profiles.
Both impurities should be present in the feed at the 30,000 ppm level to per-
mit convenlent analysis of the profile samples with a gas chromatograph. It
has been shown that the impurity composition of the crystal phase, €, for
cyclohexane is proportional to the cyclohexane composition of the stripping
section product (see Eq. (73)). If the impurities in the crystals are due to
volumetric inclusion then the proportionality constant in Eq. (73%) should be

the same for each impurity. If the proportiocnality constant for cyclohexane
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is significantly larger than that for methylcyclopentane, the occurrence of
solid solubility is 1likely, i.e., one would expect cyclohexane to have a

higher solid solubility than methylcyclopentane.

Locating the freezing section at the top rather than at the bottom of
the column should have two desirable effects for systems where the specific
gravity of the crystals excéeds that of the liquid (this is the case for
cyclohexane-benzene). First, the crystal flux that can be achieved is in-

16

creased due to the effect of gravity, e.g., the Benzole Producers—- achieved
higher fluxes for the CgH;o-CglHg system with the freezing section at the top
of the column than were obtained in this investigation. ©Second, increasing
the crystal flux also tends to minimize the effect of axial dispersion which
opposes the separation. A limited experimental investigation utilizing a
column with the freezing section at the top should be performed to determine
whether the effects of the variables are the same as those demonstrated by
the results of this study. The key to comparing the experimental data from
each configuration is the assumption that the hydrodynamics of the crystal-
liquid movement are similar in both cases which must of course be determined
experimentally.

Before commercial scale column crystallizers could be designed confidently,
the effect of column size on the diffusional and mass transfer parameters
(D, m, K, and a) must be determined. Also any volumetric inclusion that occurs

is certainly a function of the configuration of the freezing section. These

problems suggest a scale-up study.
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It was shown in Chapter V that it is necessary to know the ratio of the
adhering liquid to crystal rate, o, to obtain a direct verification of the
validity of the assumption that 6(X) £ 1 (see Egs. (51) and (53%)) which would
directly prove that the transport equation approach applies. It was pointed
out also that o could not be calculated with any confidence from the correla-
tion coefficients obtained from the enriching section mass transfer factors.
Therefore the only approach would be to determine ¢ experimentally. This is
indeed a difficult problem and no approaches are obvious to the author.

The mathematical model developed for cocurrent operation of the enriching
section included an assumed boundary condition, dY/dz = 0 at z =&, which was
based on the concept that little separation occurs in the enriching section
with cocurrent operation. The model predicts results that agree with experi-
mental data. There is little incentive from a practical point of view to de-
velop a more rigorous boundary condition because the enriching section would
seldom be operated cocurrently. The question then is largely an academic one;
can a rigorous boundary condition for the cocurrent case be obtained from

strictly diffusional considerations?



APPENDIX A

METHODS OF ANALYSTIS

1. DETERMINATION OF CYCLOHEXANE BENZENE COMPOSITIONS

An F and M Research Gas Chromatograph, Model 5750, was used to determine
the cyclohexane-benzene compositions of the composition profile and terminal
stream samples that were withdrawn from the column. The instrument was
equipped with a flame ionization detector. Benzene and cyclohexane were
separated with a column packed with a 10% solution of Carbowax 20M on a LO/45
mesh Chromosorb support phase. The column was constructed from 1/8 in. stain-
less steel tubing six feet in length. The carrier gas was Matheson prepurified
nitrogen. Matheson dry air and prepurified hydrogen were used to support and
maintain the flame.

The operating conditions for the chromatograph are presented below:

injection port temperature ....cveeeirvricoceroocsocosos 110°C
column temperature........ e e ... 82°C
detector temperature....... et te e e 220°C
carrier gas rate (Nitrogen)......ieeeiiviniininreneennas 30 ml/min
alr rate ..., P 600 ml/min
hydrogen rate....c.ooevuunevnnnsns e L0 ml/min

The chromatograph heaters and carrier gas were turned on at least three hours
prior to the analysis. The flame was turned on one hour in advance of the
analysis.

A Hamilton syringe, type 701, was used to introduce 0.6 pml of liquid

125



126

sample into the injection port. The chromatogram was recorded with a Brown
(Model 153X12-X-30) recorder which has a range of 0-2 millivolts and a re-

sponse of one second full scale. A typical benzene-cyclohexane chromatogram

is shown in Figure 33.

T

CeHi2 CeHs
peak peak
height height

Y UL \

TIME —

Figure 33. Typical cyclohexane-benzene chromatogram.

The chromatograph was calibrated using standard samples that were pre-
pared by weighing and successive dilution. The response of the flame detector
to cyclohexane and benzene is a function of the hydrogen, alr, and carrier

gas rates; the shape of the flamej; and the injection port, column, and detector
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temperatures. Consequently the response factor was calculated from Eq. (86)
with the peak height data from the chromatograms of the standard samples each

time unknown samples were analyzed.

(10° parts CeHg) (CeHis peak height) (CeHio attenuation)
(86)
(parts CgHio) (CgHg peak height) (CgHg attenuation)

Table V gives the response factors calculated from Eq. (86) for the standard

TABLE V

RESPONSE OF THE FLAME DETECTOR TO BENZENE-CYCLOHEXANE MIXTURES

Ratio of CgHis/CelHs, pPPm Response Factor, F
162 1.97
1,459 1.9k
6,997 2.02
30, 900 1.96
55,858 2.00

samples. The fact that the response factors are constant + 3% illustrates
that the response of the detector was linear. The reproducibility of the re-
sponge factors indicates that the compositions of the unknown samples can be
calculated from Eq. (86) within + %%. These results are comparable to those
obtained by Albertinsl for cyclohexane-benzene with the same chromatograph.
The analytical method for cyclohexane was confirmed independently by Professor

E. A. Boettner of the Public Health School of The University of Michigan by
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both gas chromatographic and mass spectrographic techniques.

2. ANALYSTS OF IMPURITIES IN PHILLIPS PURE GRADE BENZENE

As mentioned in Chapter VI there are gseveral impurities in Phillips pure
grade benzene begides cyclohexane. An analysis of this material is given in
Table I and a chromatogram is shown in Figure 20. These impurities were iden-
tified and thelr compositions determined because the Phillips pure grade benzene
was the starting material for preparing the feed stocks used in this investiga-
tion.

Professor Boettner and his staff isolated most of the individual impurities
with a gas chromatograph (Beckman GC-2A) equipped with a stream splitter up-
stream of the detector. The column was packed with Squalane on Chromosorb-P.
Approximately 80% of each impurity exiting the column was diverted to a cold
trap. The impurities that were collected in this manner were identified by
comparing their mass spectra with the mass spectra of known compounds. An
Associated Electrical Industries, Ltd. (Type MS10) mass spectrometer was used.
Calibration standards were prepared for the impurities that were ldentified
and the composition of the impurities in the Phillips pure grade benzene were
determined with the same chromatograph that was used to isolate the impurities.
The results of this analysis are summarized in Table I of Chapter IV. The
compositions of the impurities for the compounds that were not identified were

obtained from the peak area ratios.



APPENDIX B

CALIBRATIONS

Pertinent calibrations are summarized in this section. The sample tap
and thermocouple positions are also presented. Other column dimensions are
given in Chapter IV.

The feed pump described in Chapter IV was calibrated by determining the

flow rate-stroke length curve. Figure 34 illustrates that the flow rate

—

7
O Left Plunger Q
A Right Plunger

FLOW RATE, mL/min.
N W H ($)] ()] ~
I
[

I R
OO 0.25 0.50 0.75 .00

STROKE LENGTH INDICATED BY THE SCALE
POSITION ON EACH PLUNGER , inches

Figure 34. Calibration curve for the feed and bottoms pumps.

stroke length response i1s linear. A scale which was machined on each plunger

by the manufacturer was used as an indication of stroke length. The zero
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position on the scales did not correspond to a zero stroke length, consequently,
Figure 34 does not have a zero intercept. This curve was used to choose the
stroke length for various flow rates, but the actual flow rates reported in
Appendix C were obtained by collecting and weighing products during the course
of each experiment.

The voltmeter used to measure the power input to the internal melting
section heater was calibrated against a standard voltmeter (# 0.1% accuracy)
at the Electrical Measurements Laboratory of The University of Michigan. Table
VI illustrates that the YEW voltmeter used in this study is within + 0.3% of

the standard voltmeter.

TABLE VI

VOLTMETER CALIBRATION

YEW Voltmeter, volts Standard Voltmeter, volts
10.0 10.00
20.0 20.0kL
30.0 30.08
40.0 40.08
50.0 50. 05
70.0 69. 99

The locations of the sample taps and thermocouples in the column are given

in Tables VII and VIII. The sample tap positions shown in Table VII are the
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TABLE VII

LOCATIONS OF THE SAMPLE TAPS IN THE PURIFICATION SECTION

Location in the purification section,

Sample ta b
mp~e bap number cm above the freezing section

1 47.5
2 h2.0
3 36.0
L 29.75
> 23-75
6 17.75
7 11.5
8 4.0
TABLE VIII

LOCATIONS OF THE THERMOCOUPLES IN THE COLUMN

Location in the purification section,

Th
ermocouple number cm above the freezing section

1 L7.5

2 575

3 27-5

L 17.5

5 15

6 inside the freezing section

T refrigerant in the jacket about the

freezing section
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values of the positions in the purification section that correspond to the
sample tap numbers given in Table IX of Appendix C. These sample tap and
thermocouple positions are the same as those used by Albertins.l These meas-

urements were checked at the beginning of this investigation.



APPENDIX C

EXPERIMENTAL DATA AND CALCULATED PARAMETERS

The experimental data cobtained in this investigation are summarized in
Table IX. The steady state terminal stream and internal crystal mass flow
rates, terminal stream compositions, and free liquid composition profile are
presented for each experimental run. The purification section temperature
profile was not measured for each run, but is shown for those runs where it
was obtained.

The parameters that were calculated from the free liquid composition pro-
file data are given in Table X. The shape determining group for the enriching
section profile, Yp, was chosen so the modified composition profile, 1n(Y-Yp)
ve z would be linear. The impurity asscclated with the crystal phase, ¢, was
calculated from the experimental values of Yp and their defining relation (Eq.
(72)). The shape determining group for the stripping section profile (§P) is
the value of the free liquid composition in the flat region of the profile
(Yﬁ was obtained only for the runs where zp > 4.0 em). The enriching secticn
mass transfer factor, WE’ is the negative reciprocal of the slope of the mod-
ified enriching section composition profile. The procedures used to calculate

Y, & §P and WE were described in Chapter V.

P’
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Notes for Table IX

The gap above the melting section was not completely flushed for this
run. The enriching section product composition was 282 ppm wt CgHio.
Run 4 is not shown. The purpose of this run was to check the overall
balance. A description of thils experiment appears in Chapter IV.

There were two Runs 5 (5A and 5B). Run 5A is denoted as Run 5 through-
out the dissertation. The Run 5B composition profile data are not shown
because the septum in the No. U4 sample tap failed while the profile was
being sampled, i.e., the column contents drained from the column.
Cavities were observed in the freezing section. When the crystal rate
was increased above 6.95 gm/min the column became plugged and was in-
operable.

Run 12 is not shown because the benzene on the tube side of the feed
cooler was frozen solid before the column reached steady state.

This total reflux run was performed to obtain a value of € for a moderate
value of the mother liquor composition in the freezing section. The
value of € and the mother liquor composition are 10 and 11,700 ppm wt

CgHio respectively.
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TABLE X

PARAMETERS CALCULATED FROM THE COMPOSITION PROFILES

Run —-f? ---------- ppm wi Celip =mmmmmmma ff-— Vg o (1)
1 Lo Lo (1) - 3.22
2 54 5T - L. L2
3 -1070 57 - 15.82
5 - 82 2 - 20.41
6 100 100 13,200 L. 62
7 0 140 - 11.56
9 0.9 0.9 - 6. 47

11 61 63 - 5:253
13 50 52 - 5.81
1k 27 28 - 3. 53
15 27 28 - 3.53
16 108 86 13,300 1.94
17 90 88 12,200 1.80
18 90 105 15,000 1.46

(1)The value of ¢ for Run 1 was taken as the value of Yp because the enrich-
ing section composition profile became flat at 4O ppm wt CgHis. See note
(1) of Table IX,



APPENDIX D

COMPUTER PROGRAM FOR COLUMN CALCULATIONS

A Fortran IV program was written to implement the iterative procedure for
column calculations summarized in Chapter III. The computer symbols are de-
fined in Table XI. The program listing is presented in Table XII, and typical
computer output for one column calculation is shown in Table XITIT.

Two options are available with respect to data input. Simplified input-
output -areused; the namelists FIXED and VARY include all of the required input
data (see statements 5 and 6 of the program listing). Statements 23 and 24
allow the predicted values of the mass transfer factors to be used in the col-
umn calculations, i.e., they override the mass transfer factors that are spe-
cified as data. If it 1s desired to specify the mass transfer factors directly
(for example, when experimental data are available) statements 23 and 24 must
be deleted. Similarly if it is desired to sgpecify the impurity composition
of the crystal phase rather than calculating it, statements 30 and 38 must be

deleted.
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TABLE XI

DEFINITIONS OF COMPUTER SYMBOLS

Program Thesis s
Symbol Symbol Description
Physical Parameters
A -Yp defined by Eq. (7)
B Tp defined by Eq. (18)
C ¢ crystal rate, gm/min
F F feed rate, gm/min
HE wﬁ enriching section mass transfer factor, cm
HS wé stripping section mass transfer factor, cm
L L length of purification section, cm
LE Lg enriching section product rate, gm/min
LS Lg stripping section product rate, gm/min
RUN - run number
X € composition of crystal phase, ppm wt CgHio
Y Y free liquid composition, ppm wt CgHio
YFEED Yp feed composition, ppm wt CgHio
YO Y enriching section product composition, ppm wt CgHis
YPHI Yo free liquid composition at the feed point, ppm wt CgHio
YS Yg stripping section product composition, ppm wt CgHis
Z z position above freezing section, cm

ZFEED Zp feed position, cm
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TABLE XI (Concluded)

g;;izim Description
Artifical Parameters Associated with Numerical Calculation
Al defined by statement 21
A2 defined by statement 22
A3 defined by statement 31
Bl defined by statement 25
B2 defined by statement 26
cl defined by statement L45
DERIV slope of Y4 vs Yy response; it is used to calculate incremented
value of Y, defined by statement 63
EPS1 convergence criterion for Y,
I subscript associated with position in stripping section, z(I)
ITER counter for iterations
ITMAX maximum number of iterations
J subscript associated with position in enriching section, z(J)
PHI subscript used to specify feed position
STEP initial incrementation of YE
TEST 1 defined by statement 36
TEST 2 defined by statement Lk
YE initial assumption for YO
YFEW free liguid composition at feed point calculated from stripping
section model
YFOLD free liquid composition at feed point calculated from enriching

section model
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TABLE XIT

PROGRAM LISTING

FORTRAN IV G COMPILER PRJIFILE

G001 INTEGER PHEI, RUN

Uc02 REAL LSyLEsL

0uv03 DIMENSION Z(3),Y(8)

0uGa DATA Z /3409l 1u5017a75923 75923759364 942e94T745 /
6CC5 NAMELIST/FIXZ3/LyYEs EPS1y STEP, ITMAX

uooo NAMEL IST/VARY/RUNPHIZ YFEEDyHEyHS o XyCyFyLS
cue7 61 FORMAT(Y ITMAX ITERATIONS, N CONVERGENCE *)
Lui8 62 FOURMAT(* CPERATING CONDITIONS *)

G609 63 FURMAT('Y CCLUMN PARAMETERS ANND TERMINAL COMPUSITIONS ')
0ul0 64 FORMAT (Y COMPOSITIUN PROFILE Y(8)eeWaY 1) ')
0011 NAMELIST/CUTA/CLsTESTYLTEST2,DERIV,YFEW,YFOLD
0012 NAMELIST/CUT3/RUN

U013 NAMELIST/CUTC/L+ZFEEDyYFEEDICyFyLEZLS

0014 NAMELIST/CUTO/HEsHSy X9 YO YPHIHYS

Cul5 NAMELIST/CUTE/Y

0016 READ (54 FIXED)

o017 101 ITER=D

guls READ (5, VARY,END=998)

Q016 LFEED=Z{PFI)

0020 LE = F -LS

€021 Al = C- LE

bu2e A2 = € + LS

U023 HE=(5e53E/(C~LE) }+(0e4102%CkC/(C-LE)I-{0.4185%C*LE/(C~-LF))
0024 HS={64533/{C+LS) )+ (0.4102%CkC/{C+LS) 1+ {4185%C*LS/{C+LS))
6025 Bl = {L- ZFEED)/HE

VU 26 82 =ZFEEC/HS

co27 102 YO = YE + STEP + .0001

vo28 ITER = ITER + 1

cCe9 YS = {FXYFEED - LE*YE)/LS

0030 X = 400142%YS

ou31 A3= C*X

0032 A = (LE*YE -A3)/Al

0033 3 = (LS*YS + A3)/A2

0034 YFOLC= (YE+A)/EXP{-B1l) -A

0035 YEEW=(YS-B)¥EXP{-B2) +8

0u3e TEST1 = YFCLD —-YFEW

U037 YS = (FXYFEED - LE*Y0)/LS

0038 X = 400142%YS

GG 39 A3= C*X

0040 A = (LE*YO —A3)}/Al

0041 3 = (LS*YS + A3)/A2

G042 YFOLD=({YC+A) /EXP(-Bl)~-A

0043 YFEW=(YS-EB)*CXP(-B2) + B

U044 TEST2 = YFUOLD -YFEW

0045 Cl = TEST2/YFGLD

0046 IF (ABS(C1l) .LT. EPS1) GO TO 106

0047 IF (ITER LLT. ITMAX]) GO TQ 105

00438 WRITE (064611}

0049 YPET = (YFDOLD +YFEW)/2,

0050 DO 103 I = 1,PHI

U051 103 Y{I)=B+{YS~-BI*EXP{-Z(1)/HS)

0052 DU 104 J = 1,8

0053 104 Y(Jd)= —A+{YPHI+A)*EXP(~1Z(J)-ZFEED)/HE)

0054 WRITEL6,CUTA)

0055 WRITELGCLTE)
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TABLE XII (Concluded)

- 0056 WRITE (6462)
0057 WRITE(6,CUTC)

0058 _WRITE{6,63).

0059 WRITE(S65,0UTD)
_CC60 WRITE(5,64%)

0061 WRITE{6,0LTE)
. 0g62 .60 T0O 101_ . .

0063 105 DERIV = {TEST2 -TEST1)/{(YD -YE)
0064 _ YE = YO ~-TEST2/DERIV

0065 STEP =8TgP/2.

U066 GO 10 102

oot 106 YPHI = (YFOLD +YFEW)/2,.

0068 _ 00 167 I = 1,PHL

U0E€9 107 Y{I)=B+(YS-B)I¥EXP(-Z{(I)/HKS)

0070 DO 108 J = 1,3 e
0071 108 Y(J)= =A+(YPHI+A)*EXP(-(Z{J)-ZFEED)/HE)
o072 WRITE(6,CUTB)

G073 WRITE (04.62)

0074 WRITE(B,CLTC) =

00175 WRITE(6,63)

u0 176 WRITE(6,CUTD)

o717 WRITE(H5464)

0078 _WRITE(6,CUTE)

0079 GG TG 191

cCcs8o 998 CONT INUE

€08l END
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APPENDIX E

TOTAL REFLUX DATA

Some of Albertins' experimental and calculated data were included in the
previous chapters of this thesis. These data are tabulated here for the con-
venience of the reader. The detalls of Albertins' investigation are available
in his thesis.l All of the data reported below is for the benzene-cyclohexane
system and spiral agitation conditions of 59 rpm, 290 osc/min, and 1 mm ampli-
tude. These conditions are the same.as those used in the continuous flow study

of this thesis.

1. IMPURITY ASSOCIATED WITH THE CRYSTAL PHASE

Alberting determined ¢ from the total reflux composition profile data.
The values of € were chosen such that the modified composition profiles for
total reflux operation, ln(Y-YP) vs z, would be linear. Yp is equal to e for

total reflux operation. Table XIV illustrates that the pure end composition

TABLE XIV

ULTIMATE PURITY THAT CAN BE OBTAINED BY COLUMN CRYSTALLIZATION OF A
30,000 PPM CYCLOHEXANE-BENZENE MIXTURE WITH TOTAL REFLUX OPERATION

Crystal Rate, gm/min Pure End Composition, ppm wt CeHis
1.99 98
2.65 101
3.92 106
h.35 103

1hh
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(equivalently e) is independent of crystal rate at large values of the crystal
rate. A composition of ~ 100 ppm CgHi;s corresponds to the ultimate purity
that can be achieved by total reflux column crystallization of a 30,000 ppm
CegH1o charge. The charge composition was reported as the nominal value (+5%).
Consequently these total reflux data were obtained for a charge composition
that is comparable to the feed composition of 28,000 ppm for Run 2 of this

study.

2. TOTAL REFLUX MASS TRANSFER FACTOR, Vo
Albertins calculated the total reflux mass transfer factors from his
modified composition profile data. These values are tabulated in Table XV.

They were used in Chapter V to obtain the wé vs C correlation (Eq. (77)).

TABLE XV

TOTAL REFLUX MASS TRANSFER FACTORS

Crystal Rate, gm/min Vs CM
0. 73 10. 00
0.79 9.28
0.90 8.65
1.02 T.71
1.20 6.88
1.95 5. 00

2. 54 5.12




APPENDIX F

CALCULATION OF THE CHARACTERISTIC ROOTS OF EQUATION (13)

The values of the characteristic roots ry; and rs of Eq. (13) which cor-
respond to the minimum ratio of r2/rl were used in Chapter III to show that
the term Co ergz in the expression for the free liquid composition profile
(Eq. (12)) could be neglected relative to Ci e"*?.  The case corresponding
to the minimum value of rz/rl was used because it is the most conservative,
i.e., the contribution.of C e 2? is maximized relative to C; erlz. This
occurs when Qg/Qf is a maximum with respect to crystal rate and for total re-
flux operation, Rp = O. For total reflux the relation for (QZ/Q§>max (Eq.

(25)) becomes:

02/ = o) (87)

The value of Q; which corresponds to (Qg/Qf)max is given by Eq. (88).

1/2
A +1
g - 2| 2(D) )

This expression can be simplified further by introducing the correlation con-

stants b; and by obtained from the total reflux mass transfer factor data.

1/2

(1), = 2[&1&} (89)

bibs

The characteristic roots for these values of Qi and Qg/Q% become:

146
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ry = (@ )i [=l+(1=h(Q /Q5) )l/2 (90)
) 2 max B .

~ (Q1)min 1-(1-1(Q/Q2 1/2] 1\

ro = 5 =l=(1= 2/Q1>max) (91)

The values of by and by are 6.862 gm-cm/min and 0.9096 cm-min/gm, re-
spectively (see Table IV). The value of o was assumed to be 0.2 for these

calculations. The values of (Q; and <Q2/Q§)max can be calculated from

)min

Egs. (87) and (89).

(Qr), 4. = 0.561 e
l jmj)n o

i

0.8%3, dimensionless

(Q2/Q%) o

The roots ro and r; are now calculated from Egs. (90) and (91):

=1
0. 28k em

I

Iy

0. 676 emml

I

o
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