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A Note on Modeling Laboratory Batch Crystallizations 

T. J.  McNEIL, D. R. WEED and J. ESTRIN 
Chemical Engineering Department 

Clarkaon College of Technology 
Pahdam, New York 

The classic analysis of Randolph and Larson (1962, 
1971) serves as the basis for characterizing suspension crys- 
tallization systems. In particu!ar, laboratory experiments 
employing well-mixed suspension crystallizer techniques 
yield crystal size distributions which are very revealing of 
those characteristics through application of the analysis. 
This has been well demonstrated with the steady state 
operation of the laboratory crystallizer (Randolph and 
Larson, 1971). The analysis of distributions from batch 
crystallizations is not so informative, Yet, there is a good 
reason for designing and carrying out experiments batch- 
wise, For example, laboratory batch crystallizations are 
much more easil performed than continuous ones, espe- 
cially when sampKng distributions during the active crystal- 
lization period are not considered. This type of operation 
is particularly relevant for consideration when working 
with chemical systems difficult to process, for example, 
owing to toxic or highly viscous properties, or considera- 
tions of monetary expense; or when time to develop appro- 
priate apparatus for continuous operation is not available; 
or as a first step in preparing for continuous operation in 
the laboratory in order to obtain experimental design in- 
formation. 

A particular characteristic of batch generated size dis- 
tributions which appears to be encountered when the seeds 
charge is not too great is the plateau or hump within the 
domain of the distribution. This characteristic appears in 
the published distributions of Baliga (Randolph and Lar- 
son, 1971) and Weed (Wey and Estrin, 1973). One ap- 
parent explanation for this peculiar behavior of the distri- 
bution is size dependent growth; successful reproduction 
of the experimental distributions was demonstrated using 
this hypothesis for the potassium sulfate-water system. 
Other reasons for such distributions may be attrition-ag- 
glomeration phenomena and surface energy effects which 
may become significant at low supersaturations when the 
sizes influenced are within the readily measurable range. 

Another reason for this behavior may be inherent in the 
nucleation law and typical batch operation which is asso- 
ciated with decreasing supersaturation as the batch pro- 
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ceeds. Qualitatively, the process may be described as fol- 
lows: nucleation occurs initially owing to the reIatively high 
levels of supersaturation despite low concentrations of 
suspended solids; in the mid period of operation, the 
plateau in the distribution is generated because a decrease 

I I I I I 

Fig. 1. Experimental size distribution: population density vs. nom- 
inal size. 
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Fig. 2. Population density vs. nominal size. 0 represents experi- 
mental data as in Figure 1. Curves represent computed results, 
k ~ ,  kz, k3 # 0; a = 2.52 x 10-3  cm; - 206 min; --- 150 

min; -- - 120 min; - - - - 60 min; - - - 30 min. 

in nucleation rate due to lower supersaturation and a less 
than heavy suspension. In the later period of active crystal- 
lization, even though supersaturation level has decreased, 
the suspension density is large enough to effect an increase 
in nucleation and subsequently increasing population den- 
sity values. This explanation qualitatively calls upon no ad- 
ditional mechanisms, other than a straightforward growth 
model, and, say, power law nucleation behavior to influ- 
ence the population-size distribution of crystals. 

Recent exhaustive nucleation and growth data for the 
magnesium sulfate-water system have been obtained and 
described by Sikdar and Randolph (1976). These were 
obtained using the steady state, well-mixed crystallizer- 
Coulter counter techniques successfully employed by Ran- 
dolph and co-workers in the past for other systems. Batch 
data for the magnesium-sulfate water system have been 
obtained by Weed (1972). He determined long time size 
distributions by sieving the contents of a Couette flow 
crystallizer. His major independent parameter was the 
rotational velocity of the inner wall of the crystallizer, 
but this is not of relevance here except to note that a 
dependence of nucleation upon revolutions per minute was 
observed but was far from conclusive. However, Weed's 
distributions did exhibit the characteristic hump. Of sig- 
nificance i s  that the nucleation and growth rate results of 
Sikdar and Randolph were revolutions per minute inde- 
pendent. Furthermore, the growth rate was size indepen- 
dent over the range 15 to 70 and probably greater, and 
the nucleation rate was dependent upon suspension den- 
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Fig. 3. Population density vs. nominal size. 0 represents experi- 
mental data as in Figure 1. Curves represent computed results: - kl, k2, k3, k4, # 0; a = 3.11 x 10-3 cm; --- ki, kz,  

= 0; a = 3.78 x 10-3 cm. 

sity. The expressions obtained by Sikdar and Randolph for 
the magnesium sulfate system, for growth, G, and nuclea- 
tion Bo rates are reproduced here: 

G = exp (4.895) s2.29 (1) 
Bo = exp (-56.05) s2.59 exp (21 346 /T)  MTO.~' (2) 

Weed's data are shown graphically in Figure 1. The 
avai:ability of both these sets of data provides an oppor- 
tunity to evaluate the hypothesis noted earlier concerning 
the reason for the plateau in the batch-generated distribi- 
tion. 

Weed's apparatus and experimental procedure are de- 
scribed elsewhere ( 1972). Briefly, the apparatus consisted 
of a crystallizing volume located in an annulus between 
stainless cylinders 7.62 and 9.55 cm in diameter; the length 
of the outer wall was 33.0 cm. The effective volume of the 
suspension reported upon here was 0.928 1. Both rotor and 
stator surfaces exposed to the active volume were cooled 
by circulating coolant. The rotor velocity for the run re- 
ported upon here was 1000 rev/min. This run was typical 
of a total of four made at the same conditions. These crys- 
tallizations were isothermal (33.9"C) in the sense that 
the coolant temperature was held constant, and the initial 
supersaturation was 1.1"C for all. The supersaturated so- 
lution was seeded with one well-formed crystal whose 
short dimension was 0.0865 cm. The run described here 
was typical of four made at  the same conditions, for which 
observed agglomeration effects were minimal. Population 
density-size data are shown in Figure 1 for a typical run. 
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The batch process described above was mathematically 
modeled using the moments procedure described by Hul- 
burt and Katz (1964) .  The problem solved is given par- 
tially by the population balance as follows: 

The functions G [ s ( t ) ]  and B o [ S ( t ) ,  M T ( t ) ,  T B ( ~ ) ]  are 
given by Equations (1) and (2) and 

MT(t) = P3(t)Pc * kv ( 6 )  
The material balance may be formed to give the bulk con- 
centration of solute 

(7) 

and the energy balance, to sufficient accuracy, may be ex- 
pressed as 

+ UL AL (TSR - TB) + P v } / { ( 1  - k V ~ 3 )  x ( P S  - CB) 

CPW + ( 1 - k v ~ 3 )  CE CPC + ~ P ~ P ~ C P C )  (8) 

The initial conditions required for CB and TB are known 
experimental values corresponding to the initial super- 
saturation. 

Aside from an estimate of p,(O), discussed further be- 
low, and several operating condition parameters, no ad- 
justable constants are involved. Ordinary differential equa- 
tions for successive moments were generated from Equa- 
tion (3)  together with the initial and boundary conditions 
(4) and (5) and the material and energy balances; these 
were solved by fourth-order Runge-Kutta integration. The 
moments resulting permitted recovery of the distribution 
as described in Hulburt and Katz (1964) and discussed in 
Randolph and Larson ( 1971). The value for po(  0) above 
was an arbitrary value; Weed had shown in his preliminary 
modeling (1972) that the final distributions were not sen- 
sitive to po (0) .  Although experimentally one seed of finite 
size was introduced, this was considered only as providing 
initially bred secondary nuclei of size, L + 0, so that po(  0) 
was the only nonzero moment at zero time. 

For recovery of the moments, the distribution was ex- 
pressed as an expansion in orthogonal polynomials about 
the weighting function exp ( - L / a )  . The population den- 
sity functions becomes 

( 9 )  
where 1 represents the moment of highest order considered, 
where a was determined by extrapolating the data dis- 
played in Figure 1 to L = 0, and 

F,, (experimental) 
n( t, 0) (from extrapolation) 

a =  

In this way, we considered the weighting function to be 
forced to roughly estimate the experimental distribution 
but showing no structural details (particularly the pla- 
teau), Actually, we also applied the Laguerre series as de- 
scribed by Hulburt and Katz, in which kl and kz are made 
to equal zero by appropriate choices of a and the second 
parameter in the r-distribution weighting function. The 
resulting distributions were equivalent to those given here. 
The k, are functions of the moments derived from the solu- 
tions in time of the differential equations; for example, 
ko = p0. 

The results are shown in Figure 2 as population density 
vs. size. The expansion included the k3 L3 term. The solid 
curve shown represents Weed's data as shown in Figure 1. 
The location of the plateau did not change with different 
choices for a, although the qualitative appearance did 
somewhat. Figure 3 shows the distributions obtained when 
different a values and truncation choices were employed. 
However, the use of higher moments did result in distri- 
butions which were not as good as those exhibited here. 

It appears evident from Figures 2 and 3 that the plateau 
in the population density-size distribution may well be 
due to the competition between growth and nucleation for 
dissolved solute. I t  is not necessary to call upon other 
mechanisms or complicated growth functions to explain this 
characteristic of the distribution. If one considers that this 
is an acceptable explanation, then a modeling procedure 
devised to simulate this characteristic can be useful in 
revealing nucleation and growth expression parameter 
values from batch crystallization experiments. 
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parameter in expansion for n(t ,  L ) ,  (cm)-' 
heat transfer area, system to coolant, per unit ac- 
tive volume (cm) -1 

heat transfer area for heat loss to surroundings 
per unit active volume, (cm) -l 
nucleation rate, (No.) (cm3) -l (s- l )  
volume concentration of solute, (g)  ( cm3) -l 
heat capacity of solids, (J)  (g)-l  ("C)-l  
heat capacity of water, ( J )  (g)  -l ("C) - l  
growth rate, (cm) (s) -l 

vohmetric shape factor, dimensionless 
expansion coefficient in Equation ( 9 )  
total mass of solute charge to crystallizer per unit 
volume, (g)  (cm3)-1 
characteristic size of crystal, (cm) 
suspended solids concentration, (g)  ( cm3) -l 
population density, (No.) ( cm3) -l  (cm) 
power dissipated by agitation per unit volume, 

supersaturation, (g anhydrous solute) (g  water) -l 
time 
absolute temperature (OK) 
suspension temperature ( "C) 
coolant temperature ("C) 
surroundings temperature ( "C) 
heat transfer coefficient for heat transfer surface 
of active volume, ( J )  ( s ) - l  (cm2)-l ("C)- l  
heat transfer coefficient for heat transfer surface to 
surroundings, (J)  (s) -l ( cm2) --I ( "C) 
density of solids, ( g )  ( om3) -l 
density of solution, (g)  (cm3) - 1  

heat of solution, ( J )  (g)  - l  

ith moment, pi = s," LhdL 

( J )  ( s ) - I  (cm3) 
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Vapor Pressures of High-Boiling Liquid Hydrocarbons 
J. d 

A. B. MACKNICK 
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Berkeley, California 

Owing to the rising importance of coal-derived fluids 
and heavy petroleum in emerging technology, the vapor 
pressures of heavy hydrocarbons are becoming of increas- 
ing interest in chemical process design. In this note we 
consider how limited liquid vapor-pressure data, obtained 
at near-ambient temperatures, can be used to predict 
vapor pressures at elevated temperatures where industrial 
processes often occur but where it is difficult to make 
experimental measurements. 

We consider four methods for extrapolating vapor pres- 
sures P to higher temperatures T :  

1. The linear method, wherein a plot of log P vs. T-1 
is assumed to be a straight line. 

2. The method of Riedel (1954) which requires criti- 
cal temperature, critical pressure, and one vapor-pressure 
datum. 

3. The method of Zia and Thodos (1974) which also 
requires critical temperature, critical pressure, and one 
vapor-pressure datum. 
4. The SWAP method (Smith et a]., 1976) which re- 

quires only approximate information on the molecular 
structure of the hydrocarbon and one vapor-pressure 
datum. 

Critical temperatures and pressures can be estimated 
using the method of Foreman and Thodos as described in 
Reid and Shenvood (1966), provided the molecular struc- 
ture of the hydrocarbon is known. Particularly important 
is the number of carbon atoms per molecule. 

Detailed consideration was not given to the Antoine 
equation because a preliminary study showed that when 
the Antoine parameters were determined from limited 
vapor-pressure data, the resulting equation, while good for 
interpolation, is extremely poor for extrapolation. 

For our study we used five representative hydrocarbon 
liquids that have been studied experimentally. They are 
eicosane ( I ) ,  1,l dicyclohexyl heptane (II), 2,2,4,10,12,12 
hexamethyl-7- (3,5,5,-trimethylhexyl) -6-tridecane (111) , 
perhydrochrysene (IV) and 9-N-butylanthracene (V)  . 

Table 1 gives the measured temperature corresponding 

Jack Winnick is at the University of Missouri, Columbia, Missouri 
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to a vapor pressure of 0.01 Torr. This temperature, al- 
ways above the melting point, is the experimental datum 
used in all four extrapolation methods. 

Table 1 also gives estimated critical temperatures and 
pressures and, where appropriate, the fraction of carbon 
atoms which are aromatic ( F A ) ,  naphthenic (FAT), or 
branched (FB) . These fractions are required in the SWAP 
method. 

Calculated and experimental vapor pressures are com- 
pared in Table 1 which gives the percent error at two 
temperatures: T1 and Tlo where the subscript refers to 
the observed pressure in torr. All experimental data are 
from American Petroleum Institute Projects 42 and 44, 
except To.ol for eicosane which was measured in our 
own laboratory. 

The simplest manner for using the linear method, log P 
vs. T - l ,  is to interpolate between To.ol and the estimated 
critical point. However, this procedure calculates pres- 
sures in error by an order of magnitude. Instead, several 
experimental data in the region 0.001 to 0.01 torr were 
fit to a straight line. The equation of this line was then 
used to estimate TI and Tlo. 

Calculations using the method of Riedel are described 
by Reid et al. (1977). Calculations using the method of 
Zia and Thodos are described by those authors (Zia 
and Thodos. 1974). 

Calculations using the SWAP method are essentially 
those described by Smith et al. (1976) but require, in 
addition, an empirical relation between T78o and To.01 
for normal paraffins. From available experimental data, 
this relation is 

Equation (1) above replaces Equation (13) in the ar- 
ticle by Smith et al. ( 1976). 

The results in Table 1 indicate that the linear method 
is poor; the other three methods are consistently better, 
but it appears that of these three, no one method is 
significantly better than the others. However, the method 
of Riedel and that of Zia and Thodos require detailed 
information on molecular structure, in particular, the num- 
ber of carbon atoms per molecule; this information is 
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