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A systematic study of potassium chloride crystallization shows that 
constant tip speed, TIPS, is the agitation criterion for - scale-up. Three 
hydrodynamic regions are identified by a group MT TIPS3. - Thus, a new 
generalized kinetic equation is proposed: 6” = KG’(MT TIPS3)’. 

The values of the power index j are 0.7 and 1.2 for low and high 
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perature, e.g., it is 2.8 at 313.2 K. 
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Introduction 

The production of potassium chloride through crystallization 
is one of the most important processes in industrial crystalliza- 
tion. However, very few kinetic studies of this process have even 
been briefly reported (Randolph et  al., 1977, 1981), although 
there have been many papers on crystallization kinetics of vari- 
ous other systems. The operating conditions of most kinetic 
studies were rather narrow and far from industrial practice. The 
differences among the published values of the power indexes of 
suspension density and agitation speed in kinetic equations were 
pointed out in a review by Garside and Shah (1980). Some 
efforts have been made in the systematic kinetic study of potash 
alum and its scale-up (Garside and Jancic, 1979; Ottens and de 
Jong, 1973) and also of sodium chloride (Grootscholten et al., 
1982). In three papers dozens of tests were reported, but they 
were still not enough to obtain satisfactory confidence limits of 
every power index and the coefficient in the kinetic equations. 

In this paper a three-year study on the kinetics of potassium 
chloride crystallization from brine is reported. This work was 
done in two analogous mixed-suspension, mixed-product- 
removal (MSMPR) crystallizers, one of 2.5 dm’ volume and the 
other of 25 cm’. Five series of experiments were designed to 
study the individual effects of crystallization temperature T, 
suspension density M ,  agitation speed N ,  the scale of the crys- 
tallizer (impeller diameter) d ,  and their interaction. From these 
results the constant tip speed TIPS was found to be the scale-up 
criterion, and the hydrodynamic conditions can be defined by a 
group M T m ’ .  The nucleation rate B” and growth rate G cor- 
related well with this group in a general kinetic equation. 143 
tests were made to obtain satisfactory standard deviations of all 
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power indexes and the coefficient in the general kinetic equa- 
tion. 

Crystallizers and Hydrodynamic Experiments 
Crystallizers and procedure 

Two geometrically similar crystallizers are used, as shown in 
Figures 1 and 2, with active volumes of 2.5 and 25 dm’, respec- 
tively. In each there are a hollow draft tube, four baffles, and an 
impeller, all made of stainless steel. The vessels of the crystalliz- 
ers are made of Pyrex glass and Plexiglas, respectively, and they 
have streamlined bottoms and plastic covers. For clear liquor 
drawoff, a separator is used in the 2.5 dm’ crystallizer, while a 
settling zone is provided in the 25 dm’ crystallizer. The diame- 
ters of the vessel, draft tube, and impeller are respectively 0.147, 
0.068, and 0.060 m for the 2.5 dm’ crystallizer, and 0.300, 
0.140, and 0.120 m for the 25 dm3 crystallizer. The heights of 
the draft tubes are 0.120 and 0.294 m, and the distances 
between the bottom of the draft tube and that of the vessel are 
0.028 and 0.037 m, respectively. The cross-sectional area of the 
separator in the 2.5 dm’ crystallizer is 1.8 1 x lo-’ m2, and that 
of the settling zone in the 25 dm’ crystallizer is 1.19 x m2. 

The temperature of crystallization or saturation temperature 
of feed, the agitation speed, and the feed rate are controlled 
within e O . 1  K, f 1%, and 22%, respectively. The feed is satu- 
rated with KCl and nearly saturated with NaCl (NaCl 13-16 
wt. %, MgC12 2.0-3.5 wt. %, Ca++ 0.03-0.08 wt. %, and 
SO; 0.06-0.20 wt. a). 

After the system has reached the steady state, samples are 
taken, quickly filtered, washed once with 70% and then 100% 
ethanol in succession, and dried. Wet screen analysis is made in 
KC1-saturated ethanol, using 13 calibrated sieves from 16 to 400 
mesh. Micrographs of crystals on each sieve are taken. When 
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Figure 1. 2.5 dm' crystallizer with clear liquor overflow. 
I .  &me 5. Pcrspcxcover 
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Cipro 2. 25 dm' crystallizer with clear liquor overflow. 
1. Plasticbottom 5. Motor 
2. &me 6. Plastic cover 
3. Impeller 7. Plexiglas vessel 
4. Draft tube 8. Plexiglas bafRc 
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the tip speed is less than 3.1 m/s, the crystals are regular cubes 
in shape except those larger than 18 mesh. The linear relation- 
ship between In nand L given by the population balance (Larson 
and Randolph, 1969) holds well in the whole size range except 
as indicated later. Correlation coefficients are better than 0.975, 
usually 0.99. 

Hydrodynamic experiments 
Experiments on residence time distribution (RTD) of solution 

give the dimensionless invariance 0.89 at a tip speed of 1.7 m/s. 
The turnover time is 2.6 * 0.2 s at a tip speed of 2.6 m/s. The tip 
speed must be 2 m/s to have a quasihomogeneous state of glass 
beads-brine suspension, and 2.6 m/s for a well-mixed suspension 
in both crystallizers. The separation factors of -20 to +28 
mesh glass beads and mixed glass beads (- 18 to + 160 mesh) 
are 0.97-1.03. These results show that all crystallization kinet- 
ics experiments described below were made in MSMPR crystal- 
lizers. 

Experimental Results 
Efect of crystallization temperature 

Thirty-eight tests for crystallization kinetics in four series 
were run in the 2.5 dm' crystallizer at 298.2, 313.2, 323.2, and 
338.2 K, respectively. The tip speed was 2.58 m/s, i.e., the revo- 
lution speed was 13.67 rps. Temperatures in the saturator were 
10.0 K higher than those of crystallization, i.e., 308.2, 323.2, 
333.2, and 348.2 K, respectively. In every series, three sets of 
runs were done with different retention times. Duplicate runs 
were usually done in every set. No clear liquor was withdrawn, 
and the suspension density MT were 15-20 kg/m'. 

The results are given by Eqs. 1-4. At a crystallization temper- 
ature of 338.2 K, some very fine crystals formed during the fil- 
tration of samples. The regression of In n vs. L is made only in 
the size range down to 100 pm. 

The kinetic equations by regression of In Bo/MT vs. In G are 
as follows: 

At 298.2 K 

Bo/MT = 98.3 correlation coefficient 0.961 (1) 

At 313.2 K 

B O / M T  = 1.12 G2.59 correlation coefficient 0.964 (2) 

At 323.2 K 

B'/MT = 5.15 G2.09 correlation coefficient 0.964 (3) 

At 338.2 K 

Bo/MT = 15.3 correlation coefficient 0,981 (4) 

The plot of In Bo/MT vs In G is shown in Figure 3. 
By comparing the growth rates G and nucleation rates Bo at 

the same tip speed and retention time, as shown by the four dot- 
ted lines in Figure 3, we conclude that G increases and 
decreases with an increase in crystallization temperature from 
298.2 to 338.2 K. The slope of the dotted lines is -3, as pre- 
dicted by theoretical calculation. 
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Figure 3. Effect of temperature on kinetics. 

From Eqs. 1 - 4 ,  the power index of growth rate varies in the 
range of 298.2 to 338.2 K and has a maximum value of 
313.2 K. 

Effect of suspension density 
In this series of experiments the crystallization temperature 

was 313.2 K, and the temperature in the saturator 343.2 K. The 
suspension density in the 2.5 dm' crystallizer was controlled by 
the ratio of flow rates of clear liquor drawoff to product with- 
drawal. An inverted pearlike bottle with a baffle near its inlet, 
which was immersed slightly below the level of suspension, was 
used as a separator. Large crystals in suspension were rejected 
by the baffle, fine crystals settled in the separator, and clear 
liquor was drawn off from the top of the separator. No crystals 
could be found in the clear liquor with a magnifier under strong 
light. The effect of the clear liquor drawoff on crystal size distri- 
bution (CSD) over the size range studied was negligible. The 
suspension density varied from 50 to 147 kg/m' in three levels. 

For every level of suspension density, three sets of different 
retention time experiments were run a t  a constant tip speed of 
2.58 m/s. The results were obtained from 32 runs. Multiple 
regression of these runs gives the following equation 

B" = 0.126 G2," Mk'O correlation coefficient 0.924 (5) 

The F, Fi, and Fl are  84.7, 151.4, and 59.0, respectively, being 
greater than 10F0,01(3, 32 - 3), 10Fo.ol(l, 32 - 3), and 10Fo,os 
(1 ,32 - 3), respectively. Hence, the model and its power index i 
are highly significant and the power index j is significant. 

Comparing Eq. 5 with Eq. 2, we find that the power index of 
the growth rate is 2.78 * 0.18 a t  313.2 K. It is independent of 
suspension density in the range 15-147 kg/m3. 

Effect of tip speed 
In the 2.5 dm3 crystallizer the effect of tip speed was studied 

in the range of 2.04 to 4.01 m/s, i.e., 10.83 to 21.27 rps of the 
impeller. The temperature of the crystallizer was 313.2 K and 
that of the saturator was 343.2 K. The suspension density was 
controlled a t  a level of 133-175 kg/rn' by clear liquor withdraw- 
al. The retention time was 3,610-3,680 s. These operating con- 
ditions are not far from those used in industrial crystallizers. 

At tip speeds higher than 3 m/s coarse crystals were severely 
rounded. The regression of In n vs. L was made only in crystal 
size ranges from 33 up to 810 pm for TIPS 3.08 m/s, 680 pm for 
TIPS 3.58 m/s, and 480 pm for TIPS 4.01 m/s. The results 
show that the scattering of data occurs a t  4.01 m/s. Because 
crystals are severely rounded a t  that tip speed, only data in the 
tip speed range of 10.83 to 19.00 rps are correlated in Eqs. 6, 7, 
and 8. 

The equations of nucleation rate B" and growth rate G with 
respect to tip speed TIPS are as follows: 

B" = 1.946 x IOs(TIPS)z~'o correlation coefficient 0.963 (6) 

G = 67.0( TIPS)-o.62s correlation coefficient 0.952 (7) 

By regression of In (B0/G2.78 Mk2') vs In TIPS the kinetic 
equation can be expressed as: 

B" = 0.00381 G2.78 Mk21(TIPS)3.79 (8) 

The power index 2.78 of growth rate G has already been 
pointed out. The power index of suspension density M ,  does not 
play an important role in the narrow M ,  range of 133-175 
kg/m'. However, the average value of 1.10 and 1.3 1, given by 
Eqs. 5 and 10, respectively, is used. The plot of In (B0/G2.'* 
M i Z ' )  vs. In TIPS is shown in Figure 4. The correlation coeffi- 
cient is 0.958. The F factor of 260 is greater than 10Fo,o,( 1,25 - 
2), which equals 78.8. 

Equation 8 is valid in the range of suspension density 133-175 
kg/m' and tip speed 2.04-3.58 m/s a t  313.2 K in the 2.5 dm' 
crystallizer. 

Effect of suspension density ut low tip speed 
At a tip speed of 2.04 m/s, i.e., impeller speed 10.83 rps, the 

suspension in the 2.5 dm' crystallizer was under a quasi-homo- 
geneous condition. The fine and intermediate crystals circulated 
through the draft tube, while the coarse crystals circulated in 
the annular space between the draft tube and the vessel. The 
product was withdrawn from the middle of the annular space. 
The straight-line relationship between In n and L holds well. 

The temperature of crystallization and that in the saturator 
was 313.2 and 343.2 K, respectively. Retention times varied in 
the range of 1,200 to 5,200 s. Three levels of suspension density 
of 53-171 kg/m' were controlled by different ratios of clear 
liquor drawoff to product removal. The results of this series of 
18 runs and 10 runs of TIPS 2.04 m/s in the last series give the 
effect of suspension density a t  tip speed of 2.04 m/s. 

Using multiple regression of these 28 runs, we have 

B" = 1.51 G2." M0+lo correlation coefficient 0.949 (9) 

The F, Fi, and Fj are 112.4,224.3, and 37.0, respectively. The 
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Figure 4. Effect of tip speed  on kinetics. 

model and power index i are highly significant. Fj is a little less 
than 10Fo.05(l, 28 - 3)  but much greater than F0,,(1, 28 - 3). 

Comparing Eq. 9 with Eq. 5, we conclude that the power 
index i of growth rate is 2.78 + 0.18 and is independent of tip 
speed, but the power index j of suspension density differs, from 
1.10 to 0.70. Thus, the power indexj is dependent on the hydro- 
dynamic conditions. 

Scale-up of crystallizers 
Two agitation criteria were considered for scaling-up crystal- 

lizers: constant tip speed and constant energy input per unit vol- 
ume. Three series of experiments were designed to match these 
two criteria: two series of kinetic studies at tip speeds of 2.6 and 
2.0 m/s in the 2.5 dm3 crystallizer, and one series at a tip speed 
of 2.6 m/s in the 25 dm3 crystallizer. The first two series have 
been described above; here, the third series of experiments is 
reported. The temperature of crystallization and that in the 
saturator were 3 13.2 and 343.2 K, respectively. The tip speed of 
the impeller was 2.61 m/s, corresponding to 6.93 rps of the 
impeller. The range of retention time was 3,610 to 9,480 s. 
Three levels of suspension density of 55-146 kg/m' were con- 
trolled by the rate ratio of clear liquor overflow from the settling 
zone to the flow of product withdrawal. The results of this series 
were obtained from 30 runs. Multiple regression of these results 
gives the following kinetic equation 

B" = 0.193 G2.60 Mk3' correlation coefficient 0.916 (10) 

The F, Fi, and Fj are 70.0, 139.6, and 57.4, greater than 
10F0.01(2, 30 - 3), 10Fo,ol(l, 30 - 3) and 10Fo.os(l, 30 - 3), 

respectively. The model and its index i are highly significant and 
j is significant. 

A constant energy input per unit volume was designed for the 
pair of experiments in the 2.5 drn' crystallizer at  2.04 m/s tip 
speed and in the 25 dm' crystallizer at 2.61 m/s tip speed. Com- 
parison of Eq. 10 with Eq. 9 shows that their power indexe? of 
growth rate agree well and have an average value of 2.59, but 
their power indexes of suspension density are 1.31 and 0.70, 
respectively, the wide difference of which implies that a constant 
energy input criterion is invalid for scale-up. 

The pair of experiments in the 2.5 dm' crystallizer at  a tip 
speed 2.58 m/s and in the 25 dm3 crystallizer at tip speed 2.61 
m/s matches the constant tip speed criterion. Both power 
indexes of growth rate and suspension density in Eq. 5 agree 
with those in Eq. 10. The average values of these indexes are 
2.78 for growth rate and 1.21 for suspension density. Thus, the 
constant tip speed criterion is valid for the scale-up of 
crystallizers. 

Comparing Eqs. 5 and 10, we find that growth rate G and 
nucleation rate B" are almost independent of crystallizer scale. 
Using the average power indexes of 2.78 and 1.21 for i and j ,  all 
data for Eqs. 5 and 10 can be correlated in the following equa- 
tions: 

For the 2.5 dm3 crystallizer 

For the 25 dm' crystallizer 

The standard deviation of coefficients in Eqs. 1 1  and 12 is 
0.041 and i0.042, respectively. 
In accordance with a power index of tip speed 3.79 from Eq. 

8, the coefficients corrected to the tip speed of 2.60 m/s are 
0.157 for the 2.5 dm' crystallizer and 0.176 for the 25 dm' crys- 
tallizer. The z test on their difference of 0.019 shows that the 
effect of crystallizer scale may be neglected. Therefore, at the 
tip speed of 2.60 m/s the following equation 

Bo = 0.166 G2.78 Mk2' (13) 

can be used for either the 2.5 dm3 or the 25 dm' crystallizer. 
Considering the power index of tip speed for 3.79, we have 

B" = 0.00444 G2.78 Mk2'( (14) 

Equation 14 is valid in the range of suspension density of 50- 
147 kg/m' in either the 2.5 or 25 dm' crystallizer at 31 3.2 K and 
tip speed near 2.60 m/s. Similarly, the difference between the 
coefficients of Eqs. 14 and 8 is considered to be within the limit 
of experimental error by t test. 

General kinetic equation 
The traditional general form of the kinetic equation is 

B" = KI G' M i  Nh dk (15) 

where N is revolutions per second of the impeller and d is the 
impeller diameter. There are five parameters in Eq. 15. 

That the criterion for scale-up is constant tip speed implies 
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that the power indexes h and k are identical. Equation 15 then 
simplifies to 

B" = K G' M i  (TIPS)h (16) 

In this equation, the power index i is independent of the sus- 
pension density, tip speed, and crystallizer scale. But both power 
indexes j and h increase when either the suspension density or 
the tip speed is increased. For example, from Eqs. $9 ,  and 10, j 
increases from 0.70 to 1.21 in the suspension density range of 
50-171 kg/m3 when the tip speed rises from 2.04 to 2.60 m/s. 
And comparing B" and G in the series of TIPS 2.04 m/s with 
those of 2.58 and 2.61 m/s at each of the three suspension den- 
sity levels of 50-55, 100-1 10, and 150-170 kg/m3, we also find 
that the power index h increases with increase in the suspension 
density. However, the ratio of h to j is approximately 3 in the 
wide ranges of M ,  and TIPS; e.g., in Eqs. 8 and 14 this ratio is 
3.13. Thus, Eq. 16 may be simplified to the following equation 
with only three parameters, 

- 
B" = K G' (MT TIPS')' (17) 

This is the general kinetic equation we have obtained. To 
prove the - validity of this equation, In (So/C') is plotted against 
In (MT TIPS'), and the values of j and K can be obtained by 
regression. 

At a crystallization temperature of 313.2 K, 112 runs were 
done. As shown in Figure 5 ,  almost all the runs can be correlated 
well by the following equation: 

8" K C2." (MT TPS')' (1 8 4  
- 

For the first region, where MT TIPS' < 7.1 kg/s' 

B" - 0.162 G2." (MTTPS')'.'' 
correlation coefficient 0.776 (1 8b) 

The F factor of 94 is greater than 10Foa,(l, 64 - 2). which is 
70.7. 

For the second region, where 9 > MT TIPS3 z 7.1 kg/s' 

Bo == 5.00 X G2"* ( M T ~ 3 ) " 2 0  

correlation coefficient 0.928 (1 8c) 

* t -  ' I " "  I " "  I " '  

J" "i 

o 2.5 dm* CRYSTALLIZER 
25 dma CRYSTALLIZER 

2 0 0  

6 7 8 g 

In ( MT . m) ( kg/s3) 
Figure 5. Kinetics in different hydrodynamic regions. 
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The F factor of 250 is greater than 10Fo.o,(l, 43 - 2), which is 
73.0. In this region some large crystals are rounded. 

For the third region, where M, TIPS' is greater than 9 kg/s3, 
many crystals are severely rounded, and breakage of crystals 
occurs; j is even larger and scatters. 

The F values of Eqs. 18b and 18c show that these equations 
are highly significant. Eq. 18a is valid at 313.2 K with suspen- 
sion density in the range of 15-1 75 kg/m', tip speed 2-4 m/s, 
and crystallizer volume 2.5-25 dm'. In Eq. 18a the effects of 
various factors, including retention time, suspension density, tip 
speed, and crystallizer scale, have been cross-checked well by all 
the series of experiments, Eq. 2 and Eqs. 5-14. 

Discussion 
Efect of temperature 

The temperature effect on crystallization in some systems has 
been studied in a few works (Helt and Larson, 1977) and has 
been discussed by Wey and Terwilliger (1980). In this work, the 
dependence of the power index i on crystallization temperature 
shows a maximum i value of 2.78 at 31 3.2 K and lower values of 
1.74, 2.09, and 1.67 at 298.2, 323.2, and 338.2 K, respectively. 
The physical meaning of this dependence is not yet clear, but 
one possible explanation may be that it is due to the considerable 
change occurring in the structure of the aqueous solution in this 
temperature range (Chernov, 1973; Wojciechowski, 1981). 

The value i of 2.78 at 3 13.2 K agrees well with 2.77 at 31 1 K 
(Randolph et al., 198 l), but not with their previously obtained 
value of 4.99 at 305 K (Randolph et al., 1977). 

The data of B", G, and MT from the 38 above-mentioned tests 
for the effect of crystallization temperature and the i values 
from Eqs. 1-4 are correlated in a general equation, using the 
Simplex algorithm on the computer as follows 

12.5 2,777 . -5,858 
B" = ___ Gi M$70 exp [ - I - -1 R T  (19) (6,067)' R T  

where the power index 0.70 of the suspension density is given by 
Eq. 18b, and the gas constant per mole R is 1.9865 cal/mol - 
K. 

When the crystallization temperature rises at constant super- 
saturation, the growth rate G increases, as indicated by 
exp (-2,777/RT). This tendency agrees with that published in 
most works, as mentioned by Wey and Terwilliger (1980). The 
nucleation rate B", however, decreases at constant supersatura- 
tion when temperature Trises as indicated by exp (5,858/RT). 
This relationship has also been reported by Helt and Larson 
(1977) for potassium nitrate, as well as by Sikdar and Randolph 
(1976) for magnesium sulfate. This reveals the complexity of 
the secondary nucleation. 

Effects of suspension density and tip speed 
The effect of mechanical contact on the nucleation rate of 

growing crystals was first investigated by Clontz and McCabe 
(1971). In crystallizers this effect for a given system depends 
mainly on the suspension density and agitation, besides supersa- 
turation. In some works (Bennett et al., 1973) the second or 
fourth moment was used instead of the suspension density. But 
we,find that our data correlate better with the suspention den- 
sity than with these moments. Agitation can be expressed by 
specific energy input (Ottens and de Jong, 1973; Ploss et al., 
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1986), tip speed (Bennett et al., 1973; Bourne and Hunger- 
buehler, 1980), or revolution speed of the impeller. As men- 
tioned above, the expression with tip speed is the best. The power 
indexes of the suspension density or tip speed in published 
kinetic equations do not agree with one another (Garside and 
Shah 1980). However, in most works, the indexes j and h are not 
far from 1 and 3, respectively. Either of these values was used 
for the derivation of kinetic equations (Ottens and de Jong; Ben- 
nett et a].). Only in a few works (Juzaszek and Larson, 1977; 
Randolph et al., 1981; Grootscholten et al., 1982) were the orig- 
inal data and correlation coefficients of the kinetic equations 
published. But the deviations of individual power indexes are 
still unknown, and the individual indexes often contradict the 
corresponding series of data or the indexes estimated by multi- 
ple regression. No connection between indexes j and h was con- 
sidered in the limited ranges of suspension density and agitation 
speed in previous works. 

In this work we find a good correlation of nucleation rate B" 
and growth rate G with the group (M, TIPS'). The standard 
deviations of i a n d j  in Eq. 18a are 0.2 and 0.1, respectively. The 
relative standard deviation of K is 25%. Even the equations 
obtained by multiple regression agree fairly well with Eqs. 18b 
and 18c. They are as follows: 

For the first region 

For the second region 

The indexes in Eqs. 20a and 20b differ from the corresponding 
indexes in Eqs. 18b and 18c by only 20% or less. 

The increase of j in Eq. 18a from 0.70 in the first region to 
1.20 in the second region seems to reflect the nucleation mecha- 
nism changing from crystals-crystallizer collision to crystals- 
crystals collision. It may also explain that the divergence of pub- 
lished j and h values is not only due to experimental error but 
also to the different regions in which the experiments were 
done. 

Dimensionless group for the hydrodynamics in 
crystallizers 

The secondary nucleation rate is sensitive to the hydrody- 
namic condition, which depends on three factors: flow of suspen- 
sion, gravity force, and probability of collision. The flow of 
suspension is usually characterized by the Reynolds number of 
particles, Re,. The Froude number of particles, Fr,, is used, as in 
fluidization, to characterize the suspension of crystals. The 
probability of collision can be expressed by the volume fraction 
of crystals in suspension as (1 - e), where e is voidage of suspen- 
sion. A new dimensionless group x is now introduced 

x = (1 - e)FrpRep (21) 

The velocity of suspension flow is in proportion to the tip 
speed TIPS, and TZPS is used as the characteristic velocity in 
Fr, and Re,. Therefore, 

(22) 
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The group x is also proportional to the collision power on the 

Thus, x i s  in proportion to the group (MTTIPs3)  and seems to 
be a dimensionless group, characteristic of the hydrodynamic 
condition of crystallizers. Equation 17 can then be expressed as 
the dimensionless equation 

unit surface area of crystals. - 

B” 
K’G‘ xi -= 

wherej  is 0.70 in the first region and 1.20 in the second region. 

The coeficient of kinetic equations 
The coefficient K i n  Eq. 15 is highly sensitive to the structure 

and dimensions of crystallizers. The published values of K differ 
widely (Garside and Shah, 1980). The great influence of the 
clearance between the impeller and the draft tube was pointed 
out by Scrutton et al. (1982) and Grootscholten et al. (1985). 
Our value of K in Eq. 18a is much less than that reported by 
Randolph et al. (1981). 

A series of 13 tests was done in another 25 dm’ crystallizer. 
At a tip speed of 2.61 m/s, suspension density 16-19 kg/m3, 
crystallization temperature 3 13.2 K, and retention time between 
1,020 and 3,980 s, we find the i value to be 2.74. It again agrees 
well with 2.78 +0.2 in Eq. 18a. However, K is found to be only 
one-sixth of that in Eq. 18a. The correlation coefficient is 0.917. 
Thus, geometrical analogy is necessary for the scale-up of crys- 
tallizer~. 

The effects of physical properties on the coefficient K in Eq. 
I7 or K‘ in Eq. 23 cannot now be predicted. To tackle this prob- 
lem, a precise method for determining suspersaturation in crys- 
tallizers is required, and then the nucleation rate and growth 
rate can be correlated with supersaturation. From this point of 
view, the kinetic equation that can correlate different systems 
would not be established until the precise measurement of super- 
saturation for various systems was developed. 

Conclusions 

expressed more reasonably by the equation 
1, The general kinetic equation for secondary nucleation is 

B” = K C i ( M T m ’ Y  

rather than by the traditional empirical equation 

B” = K,G‘M$Nhdk 

2. The power index i is independent of MT, N ,  and d; however, 
it depends on the crystallization temperature. 

3. The constant TIPS is the scale-up criterion for geometri- 
cally similar crystallizers. The hydrodynamic conditions of crys- 
tallizer~ are identified by the group M T m 3 .  The three hydro- 
dynamic regions are found to correspond with the three levels of 
MTTIPS3. The power indexj  is larger in the second region than 
in the first region. In the third region, where M , m ’  exceeds 
a certain limit, many crystals are rounded, breakage of crystals 
occurs, and the value o f j  tends to be divergent. 

4. When the crystallization temperature T rises, the growth 
rate G increases, while the temperature effect on the nucleation 
rate B” is quite the reverse, i.e., when T increases, B” decreases. 

___ 
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Notation 
B O  = nucleation rate, no./m3 , s 

d = impeller diameter, m 
e = voidage of suspension 
F = F factor of the regression equation 

Frp = Froude number of particle, u2/LDg 
F,, Fj - F factor with respect to power indexes i, j 

G = growth rate, nm/s 
g = acceleration of gravity, m/sz 
h = power index of impeller revolution in kinetic equation 
i = power index of growth rate in kinetic equation 
j - power index of suspension density in kinetic equation 
K = coefficient, Eqs. 16, 17, 18a, no./m3 . s(nm/s)‘(kg/s3)’, no./ 

K‘  - coefficient, Eq. 23, no./m‘-’:(nm/s)’ 
K, = coefficient, Eq. 15, no./m3 . s(nm/s)’(kg/m3)’(s-‘)* - mr 

m3 s(nm/s)‘(kg/m3)’(m s 

k - power index of impeller diameter in kinetic equation 
L = crystal size, m 

LD = dominant crystal size, m 
MT = suspension density, kg/m3 

N - revolutions per second of impeller, s-’ 
n = population density, no./m4 

T = crystallization temperature, K 

u = velocity of suspension, m/s 

Re, = Reynolds number of particle, uLD/u 

TIPS = tip speed of impeller, m/s 

Greek letters 
u = kinetic viscosity of solution, m’/s 

ps = density of crystals, kg/m’ 
7 = retention time, s 
x - dimensionless group, Eq. 21 
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