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SCOPE 
The quantitative evaluation of fines dissolving tech- 

niques for increasing crystal size in crystallizers is nec- 
essary for proper design of such systems. Previous theo- 
retical analyses have predicted the effect of such tech- 
niques, but industrial systems have only shown a qual- 
itative response to the imposition of fines dissolving. The 
present work involved the operation of a laboratory 
mixed-suspension mixed product removal (MSMPR) crys- 

tallizer with and without fines segregation and destruc- 
tion. The effects of different flow patterns in the fines 
trap were examined, and the crystallization kinetic param- 
eters for potassium nitrate were determined under both 
conditions. The purpose of this work was to determine, 
under carefully controlled conditions, if CSD could be 
accurately predicted under fines segregation and dissolv- 
ing conditions. 

CONCLUSIONS AND SIGNIFICANCE 
The crystal size distributions predicted by analysis 

using the population balance accurately reflect the ac- 
tual size distribution obtained in an MSMPR crystallizer 
if the flow pattern in the system is well known. The size 
distribution of the smalI crystal portion of the size range 
can be accurately predicted with a knowledge of the 
midrange distribution, the recirculation flow rates, and 
the settling velocities of crystals. Experimental growth 
kinetics were unchanged under conditions of fines dis- 
solving, but experimental nucleation kinetics obtained 
under conditions of fines dissolving were of higher order 
than without fines dissolving. This suggests that secondary 

nucleation is not well understood, and apparently ob- 
served kinetics are intimately related to nuclei survival. 

Laminar flow in a fines trap, such as that used in the 
draft tube baffle (DTB) crystallizer, will have a distinct 
effect on the trap’s ability to achieve a distinct crystal 
size cut at a predetermined size. Moreover, nonideal flow 
patterns in the crystallizer body itself can lead to class- 
ified product removal as well as nonideal fines removal. 

Careful analysis of flow patterns in industrial crystal- 
lizers, along with a good knowledge of settling velocities 
of the crystalline material, can lead to improved design 
of fines destruction units in continuous crystallization. 

One of the most common methods for controlling crys- 
tal size distribution in continuous crystallizers is by 
continuous destruction of fines. The first published theo- 
retical analysis of the effect of fines dissolving on crystal 
size distribution (CSD) was presented by Saeman ( 1956). 
This analysis was later extended by Randolph and Larson 
(1971). The basic analysis technique of these authors 
was the use of the crystal population balance to develop 
a model for the CSD relating CSD to process configura- 
tion and crystallization kinetics. 

In modeling the fines dissolving influence on CSD in 
an MSMPR crystallizer, they assumed an ideal fines trap 
through which part of the suspension is removed from 
the crystallizer as shown in Figure 1. The upward flow 
in this fines trap is such that all crystals exceeding a cut 
size L p  are held and returned to the crystallizer body, 
permitting only crystals less than size LF to be removed. 
The fines suspension removed can be used for subsequent 
treatment, or the fines can be dissolved by heating and 
the liquor returned to the crystallizer. The imposition of 
fines dissolving and subsequent liquor return, while at 
the same time maintaining a given net crystal produc- 
tion rate, causes an increase in supersaturation. This - 

Correspondence concerning this paper should be addressed t o  M. A. 
Larson. Pawel Juzaszek is at the Institute of Chemical Engineering, 
Polytechnical University of Warsaw, Warsaw, Poland. 

results in higher nucleation and growth rates and reduces, 
to some degree, the desired effect of fines dissolving. 

P 
Fig. 1. Fines destruction crystallizer. 
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CRYSTAL SIZE, L 
Fig. 2. Effect of fines destruction on CSD. 

A number balance over the above described system, 
assuming McCabe's A L  law appplies, gives the following 
expression for the population density distribution: 

RL 
n =  noexp [-=I L < LF 

n = noexp [ - ( R - l l ) L F  ] .XP[ --&I L > L F  
Gr 

The comparison of the size distribution of crystallizers 
with and without fines destruction is shown in Figure 2. 

The value of fines destruction has been demonstrated 
industrially in a qualitative way, especially by the draft 
tube baffle (DTB)  design. Unfortunately, the distribu- 
tions obtained, while improved, are not represented by 
Equation (1) and, it is, therefore, difficult to design 
these crystallizers through the direct use of theoretical 
equations. There is insufficient, carefully obtained, ex- 
perimental data to  confirm that Equation (1) does in 
fact represent an obtainable size distribution. 

This paper describes a n  attempt to  experimentally in- 
vestigate the influence of fines dissolving on CSD and 
also gives an analysis using results from crystallization 
kinetics research for prediction of crystal size distributions 
in a crystallizer with fines destruction. 

EXPERIMENTAL APPARATUS A N D  PROCEDURE 

The research apparatus was a laboratory MSMPR crystal- 
lizer with a cooling system with an operating capacity of 10 1 
as described by Helt (in press). For the purpose of this in- 
vestigation, the device was additionally equipped with a fines 
trap and fines destruction system. The modified process flow 
diagram is shown in Figure 3. 

1 .  TEMPERATURE CONTROLLED TANK 
2. STIRRER 
3. FEE0 TANK HEATING CONTROL 
4 .  FEED PIMP 
5. FEED L I N E  ROTAMETER 
6. CRYSTALLIZER VESSEL 
7. WITHDRAWAL PUMP 
8. L I Q U I D  LEVEL REGULATION SYSTEM 
9. STIRRER W T O R  
1 0 .  STIRRER VARIAC SYSTEM 
1 1 .  CRYSTALLIZER COOLING COIL 
12.  COOLANT SUPPLY TANK 
13. COOLANT PUMP 

14. 
1 5 .  
16. 
1 7 .  
18. 
19. 

20. 
2 1 .  
22. 

23. 

1 7  

F I N E S  TRAP 
F I N E S  SAMPLE WITHDRAWAL PORT 
ELECTRIC HEATER 
STAINLESS STEEL WATER HEATER 
ELECTRIC HEATER 
F I N E S  DISSOLVING TEMPERATURE 
CONTROL SYSTEM 
CIRCULATION PUMP 
F I N E S  REMOVAL L I N E  ROTAMETER 
WATER COOLING DEVICE (HEAT 
EXCHANGER) 
COOLING C O I I  

Fig. 3. Experimental apparatus. 

MSMPR Crystallizer 
With reference to Figure 3, an overheated aqueous solution 

of potassium nitrate prepared in the temperature controlled 
tank ( 1 )  was pumped to  the crystallizer ( 6 ) .  The feed flow 
was measured with a rotameter ( 5 ) .  The crystal suspension 
was removed from the crystallizer with a pump ( 7 ) ,  which was 
controlled by a liquid level regulation system (8) ,  and was 
returned to the feed tank. 

The crystallizer was a cylindrical vessel of Plexiglas with a 
propeller type of agitator, three baffles, and a stainless steel 
cooling coil that also served as a draft tube. The tube for 
isokinetic removal of suspension was placed between the draft 
tube and the crystallizer wall at a height approximately equal 
to half the level of suspension in the crystallizer. 

Fines Dissolving System 
The fines dissolving system consisted of the fines trap. (14) ,  

an electric heater ( l a ) ,  a stainless steel water heater ( 1 7 ) ,  a 
circulation pump ( 2 0 ) ,  a rotameter ( 2 1 ) ,  and a water cooling 
device ( 2 2 ) .  The liquor containing fines was passed through 
the trap, heated in heaters (16,18) until fines were dissolved, 
and then cooled in a heat exchanger ( 2 2 )  to a temperature 
1/2"C greater than the crystallizer. It was then returned to the 
crystallizer. A detail of the fines trap is shown in Figure 4. The 
fines trap contained three compaitments so that various upward 
suspension velocities could be obtained by merely moving the 
flexible part of the tube ( 2 ) .  The temperature in the fines 
dissolver was kept at more than 4°C higher than the crystal- 
lizer in order to assure that the nuclei and small crystals were 
destro) ed. Because secondary nucleation is known to be the 
prime source of nuclei, no nucleation was experienced in the 
return cooler of the fines removal syatcni. Secondary nncleation 
requires the presence of macrosized crystals. This was confirmed 
by Coulter counter analysis of the return stream. 

Experiment 
Crystallization of potassium nitrate was initially carried out 

without fines removal until steady state was reached. This 
usually rcquired ten to twenty retention times. The crystal size 
distribution was determined. Fines renioval and destl-uction 
were then imposed, and after stwdy state was reached, the size 
distribution of the fines and the product were determinecl. Diir- 
ing the experiment the following quantities were measured: 
feed flow, fines dissolver flow, and temperatures of all vessels 
and streams. 

To obtain size distributions, siispensions were taken from the 
crystallizer and the fines trap using a vacuum bottle. The 
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1 FINES TRAP 
2 FINES REMOVAL TUBE 

3 A I R  REMOVAL PORT 
4 SAMPLING PORT 

Fig. 4. Fines trap. 

crystals were separated from the liquor with a buchner filter, 
washed with acetone, dried and sized using sieves. 

EXPERIMENTAL RESULTS 

In order to determine the fines dissolving influence on 
crystal size distribution, the experiments were carried 
out so that CSD could be determined with and without 
fines destruction, keeping all other operating conditions 
constant. While the sequence of runs with differing proc- 
ess conditions was optional, in all cases the nonfines dis- 
solving data were taken immediately prior to the corres- 
ponding fines dissolving run. The variables that changed 
from one set of experiments to another were mean re- 
tention time and recirculation ratio R. The cut size LF 
was changed by regulating the recirculation rate and the 
active flow area in the fines trap. The temperature in 
the crystallizer was not changed, but the fines dissolving 
temperature was changed for some experiments. 

Typical CSD’s, both with and without fines dissolving, 
are shown in Figures 5 through 9. The straight line 
semilog population density plots show that the data for 
the runs conducted in the absence of fines dissolving 
agree with the distribution function predicted by the 
analysis of Randolph and Larson (1971) for the case 
when McCabes AL law holds. Only in the large sizes, 
sizes greater than 600 pm, is there a distinct deviation 
from a straight line. That this effect appears also in the 
fines dissolving experiments indicates the existence of 
internal classification in the crystallizer. This effect will 
be discussed in detail later. In the fines dissoIving ex- 

100 OOO( 
RUN 7 

W I T H  F I N E S  DISSOLVING 

PLUG FLOW MODEL 

LAMINAR FLOW MODEL MT = 40 91’ 
Gfd = 9.827 pm/min 

WITHOUT F I N E S  
D I S S O L V I N G  8 i f  = 4478 N O / l S  

W I T H  F I N E S  By f  = 6210 N o / l s  
OISSOLVING 3 . 2 9  

+ SAMPLE 11 m r t  
0-- F I N E S  SAMPLE 

WITHOUT F I N E S  D I S S O L V I N G  

SAMPLE 22 rnrt 

zoo 400 600 800 1000 1200 0 
CRYSTAL S I Z E ,  urn 

Fig. 5. CSD from run 7. 

periments, the distribution deviates from a straight line 
in the small size range in accordance with the theoretical 
predictions of Randolph and Larson (1971). The devia- 
tion, however, is not a sharp intersection of two straight 
lines with a distinct cut size L F .  It is spread over a fairly 
wide range of sizes. Nevertheless, an evident relationship 
between CSD and trap operation parameters can be ob- 
served. In all experiments, this deviation appears in the 
area of the predicted cut size L F .  Comparison of the 
slopes of the product crystals with and without fines 
removal shows that the growth rate in the former case 
is greater. This is the expected result, because when fines 
are dissolved and net production rate is held constant 
supersaturation must be higher. 

Cut Size LF 
The cut size LF, the largest crystal withdrawn in the 

fines trap, was calculated assuming plug flow. The linear 
velocity of the suspension in the fines trap is therefore 
defined by 

In an ideal system, only crystals that have a terminal 
settling velocity less than up will be carried out of the 
crystallizer through the trap. Thus, the cut size LF is 
that size which has a terminal velocity up. The terminal 
settling velocities in the mother liquor of potassium ni- 
trate crystals of various sizes were determined experiment- 
ally and are given in Table 1 along with the ratio of 
the size z to the equivalent spherical diameter. These 
data are plotted in Figure 10 along with the calculated 
spherical particles’ terminal velocities. These latter ve- 
locities were determined using standard friction factor 
correlations. With a knowledge of the linear veIocity 

up = Q R / A  (2) 
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RUN 4 

W I T H  FINES DISSOLVINI 

T = 18 min 

y = 5 g / l  
Gfd = 9.028 m/min 

R = 3.29 

-b- SAMPtE 6 mrt 
-0- S A W L E  9 m r t  

0 200 400 600 800 1000 1200 
CRYSTAL SIZE, wn 

Fig. 6. CSD from run 4. 

of liquid in the fines trap, the cut size LF was determined 
from Figure 10 and used in Figures 5 to 9 to determine 
the intersection of the distribution of the fines and the 
product crystals. Growth rate was determined from the 
slope of the distribution of the large crystals, and the 
slope of the distribution of the fines was determined using 
this growth rate and a knowledge of the flow rate through 
the fines trap. Good agreement with the data was ob- 
tained, The curved portion of the experimental curve 
near the cut size LF is expected because a precise cut 
is normally not possible owing to the velocity profile 
in the fines dissolver. 

Internal Classification Influence on CSD 
In all experiments with and without fines dissolving, 

the population density plots change slope rapidly near 
crystal size L, - 660 pm. Beyond this point, the dis- 
tribution becomes linear again with the slope about 1.7 
times the slope of the central part of the distribution 
curve. This phenomenon reflects the conclusion of Ran- 
dolph (1965) for classified product removal on CSD. 

TABLE 1, POTASSIUM NITRATE TERMINAL SETTLING VELOCITIES 
IN MOTHER LIQHOR AT 20.3% 

180-200 189.74 2.07 0.759 
160-180 169.70 1.745 0.761 
150-160 154.92 1.52 0.763 
125-150 136.93 1.28 0.7565 
112-125 118.32 0.995 0.763 

t = 20.3 OC 

T * 28.9 min 
= 26.8 g/1 

6, * 5.183 pm/min 

+ S A W L E  10 mrt 
WITH FINES DISSOLVING 

100 000 8; = 588 M f L S  

y - 35.3 g/1 

Gfd 8.776 pm/min 10 OOO 

5 - 
2 e 

1000 

B 5 
B 

100 

CRYSTAL S 1 Z E . m  
Fig. 7. CSD from run 6. 

The Randolph model (see Figure 1) assumes that the 
crystals in the product stream are sized such that all 
crystals greater than size L, are permanently removed, 
but a representative fraction of crystals smaller than 
size L, are returned to the crystallizer. The large crystals 
are removed 2 times faster than the smaller crystals. 
An analogous situation is suggested by the distributions 
presented in Figures 5 and 6. 

The curves in Figures 5 and 6 are represented by 
Equation (1)  for sizes less than L, and for sizes greater 
than L, by 

(3) 

The value C1 is implied by the necessity for continuity: 

] (4) 
(Z - l )Lc  - ( R  - 1)LF 

Gr 
C1 = no exp 

From the above analysis, it appears that crystals greater 
than about size 660 pm were removed 1.7 times faster 
than crystals smaller than 660 pm. Usual observations of 
the suspension movement in the region surrounding the 
suspension removal points confirmed the potential for 
this phenomenon to occur, The intensity of stirring was 
sufficient to keep crystals in suspension because no crystals 
collected on the bottom of the vessel; nevertheless, it 
was observed that an ideal slurry distribution was not 
obtained. In the space between the baffles, wall, and 
draft tube, where the suspension was moving upwards, 
dead zones occurred and had the form of stable circu- 
lation loops of concentrated slurry containing more large 
crystals than the flow stream. The main flow stream passed 
through the center of these zones with a relatively homo- 
geneous suspension of crystals. Figure 11 illustrates the 
CSD in a sample taken from such a dead zone in an 
experiment without fines dissolving. As shown in the 
plot, the distribution is well approximated by a straight 
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Fig. 8. CSD from run 1. 

line up to around 600 pm; then the increase in large 
crystal population density becomes evident. Such a dis- 
tribution corresponds to the solution of the total popula- 
tion baIance for a product stream with classified product 
removal. The hypothetical shape of this crystallizer dis- 
tribution resulting from this classified removal is shown 

RUN 14 

WITH F I N E S  DISSOLVING 
tc - 18.5 OC 
td - 22.05 OC 

7 = 19 mln 
Gfd = 8.753 vm/min 

B;f - 1501 M/ls 
BYf - 1684 b / l s  

60 - 2106 b/ls (from cqu. 27) 

- 14435 
:f - 11546 

n i f  - 10283 
; = 7387 

R - 3.36 
LF - 70 vm 
LkX - 100.7 wn 

+SAWLE 13 mrt 
MT 30 g/1 

P 

I I 
100 200 

CRYSTAL S I Z E ,  urn 
Fig. 10. Settling velocity o f  potassium nitrate crystals. 

by the dashed line in Figure 11. It was observed that, 
fortuitously, the crystallizer was constructed in such a 
way that the suspension removal point was located in 
the proximity of a dead zone but not in the zone. Hence, 
the removed suspension was enriched with large crystals 
but to a less extent than is implied by Figure 11. 

It is not the intent of this paper to go into details of 
the classified suspension removal problem; however, it 
is possible to address this problem in the context of the 
crystallizer design and explain the deviations from the 
MShlPR distribution observed. In all of the runs, the 
size L, remained substantially the same because the with- 
drawal location was unchanged. In a Krystal Crystallizer 
or other type of crystallizer which exhibits nonisotropic 
flow, the size of crystals dominating the distribution 
changes with height. In these experiments, withdrawal 
was always at the same height. 

After preliminary experiments in which the classified 
removal effect was noticed, sampling was done at  various 
heights and positions. In these instances, different Lc)s 
were obtained, but the results were always consistent 
for a given location. 

From the observation described in the previous para- 
graphs, the following conclusions can be drawn: 

1. Sampling in these experiments produced predicted 
size distributions for crystals smaller than L,. Therefore, 
the crystallizer as a whole can be considered to be an 
ideal MSMPR crystallizer with classified product removaI 
at size L, = 660 pm. 

2. The linear distribution in the range free from fines 
removal and classification effects indicates McCabe's AL 

law holds, In addition, the crystal size range below 660 
pm can be considered free from classification effects and 
the distribution dependent only on the nucleation and 
growth rates and fines removal effects. This assumption 
is fundamental to the evaluation of the results given in 
subsequent paragraphs. 

MSMPR Kinetic Data 
The kinetic relationships for nucleation and growth 

were determined from size distribution data taken from 
experiments which did not employ fines dissolving, The 
CSD results from a screen analysis of suspension samples 
laken in the final moments of an MSWPR run were 
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TABLE 2. MSMPR KINETIC DATA 

Effective 
population 

Bo Mean Process Suspension density of Effective 
Run retention tempera- density Growth rate G, nuclei no nucleation 

number time 7, min ture t, "C MT, g/l pm/min No/pml rate B O ,  No/ls M T ~ , ~  

1 
2 
3 
4 
7 
8 
9 

10 
11 
6 

12 
17 
16 
15 
14 

13.8 
17.3 
18 
18 
19 
19 
19 
19 
19 
28.9 
29.3 
19 
19 
18.6 
19 

20.2 
20.2 
20.3 
20.4 
20 
20 
19.8 
20.3 
20.3 
20.3 
20.3 
18.5 
18.5 
18.1 
18.5 

14.1 
12.7 
15.8 
17.6 
40 
33.6 
21.6 
19.2 
18.4 
26.8 
10 
14.5 
17 
20 
27.1 

analyzed to obtain the population density as a function 
of size. These data were plotted as shown in Figures 
5 to 9. Data for sizes below 500 pm were used to 
evalriate the nucleation and growth rates with the aid 
of a computer. The parameters no and G were deter- 
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Fig. 11. Distribution of crystals in a dead zone. 

7.93 
6.67 
7.43 
6.94 
7.26 
6.81 
6.74 
6.48 
6.72 
5.18 
4.61 
6.23 
6.55 
7.09 
7.02 

8 530 
6 710 
5 530 
6 500 

10 280 
11 100 
6 800 
7 430 
6 300 
6 800 
3 170 
6 030 
5 830 
5 926 
7 390 

1130 
750 
690 
750 

1 240 
1 260 

760 
800 
710 
590 
240 
630 
640 
700 
864 

300 
209 
172 
179 
195 
217 
164 
182 
164 
113 
17 

164 
154 
156 
165 

mined by a least-squares fit. These results are shown in 
Table 2. The results were then correlated using the 
equ a t' ion 

Bo = kNGiMTj ( 5 )  
The data were best correlated using i = 0.5 and a 

least-squares technique to determine k ,  = 3.65 and i = 
2.06. The resulting plot of this kinetic relationship is 
shown in Figure 12, where the coordinates are B0/MT0.5 

and G, respectively. The slope of the line is 2.06. 

10 ooc 

$8 ,s' 

0 1  
Qa 
I 

f 0 I I 

I 

WITHOUT FINES 
0 20.3 OC 

6 18.5 OC 
I 

OISSOLV I NG 

,oo- t, WI: ,FINES OISSOIVING , 
4 HIGH TEMPERATURE DISSOLVING 
0 MIDDLE TEMPERATURE OISSOLVINE 
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I 

2 4 6 8 1 0  20 40 6 

GROWTH RATE, d m i n  

fig. 12. Nucleation kinetics correlation. 
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Kinetic Data with Fines Dissolving 
Unlike the distributions discussed above, CSD'S for 

processes with fines dissolving are distinguished by a re- 
gion which deviates from a straight line on a semilog 
plot. This deviation is not a sharp change in slope pre- 
dicted by theory but is a transition region around the 
cut size LF. This region, shown as a dotted line in 
Figures 5 to 8, has no a priori boundary. It is assumed 
that all conclusions concerning the influence of fines 
liquor removal velocity, drawn from Randolph and Lar- 
son's model, remain valid, and, hence, the spreading of 
the transition region in the CSD is caused only by devia- 
tions from suspension plug flow in the fines trap. 

Because of deviation from plug flow in the trap, not 
all crystals larger than LF were held and returned to the 
crystallizer; some of these larger crystals, those carried 
in that portion of the stream with a velocity greater than 
average, were removed from the crystallizer through the 
trap, On the other hand, the existence of a portion of 
the liquor stream with a velocity lower than average 
caused a less than expected removal of small crystals. 
Such an explanation has validity because the ReynoIds 
number for flow on the trap was of order 650. Clearly, 
the flow length of the trap was insufficient for the charac- 
teristic parabolic laminar velocity profile to form. How- 
ever, this very low Reynolds number suggests that a 
certain degree of velocity deviation from plug flow did 
exist. I R  fully developed laminar flow in pipes, the max- 
imum linear velocity is twice the mean flow velocity. 
Therefore, the maximum size of crystals carried, L,,,, 
should have a settling velocity equal to twice the mean 
flow velocity. Values of Lma, calculated for this condition 
are given in Table 3 and indicated on Figures 5 to 9. In 
all cases, the distribution deviation from theory does not 
exceed the calcuIated L,,,. The effects of fines classifica- 
tion and product classification could be removed, there- 
fore, by considering the range of sizes between L, and 
L,,,,. From this size range, the growth rate G could be 
determined. Values obtained are given in Table 3. Two 
values for the nucleation rate were determined using 
Equation (l),-assuming plug flow and laminar flow in 
the fines trap. 

Nucleation Rate Assuming Plug Flow 
To determine nucleation rate, values G, LF and R were 

assigned and substituted into Equation (1). Growth 
rate G was determined from the slope of the middle 
portion of the distribution; LF was calculated from flow 
velocities as previously described, and R, the fines liquor 
recirculation rates, was calculated by 

QR + Q 
Q R =  

The value of n(Lp), the ordinate of the middle straight 
line portion of the distribution at LF, was obtained from 
the plot of the data. The nuclei population density npfo 
was found by transforming the first part of Equation (1) 
and evaluating at L = LF: 

The nucleation rate was calculated from 

Bo = npt0G ( 8 )  
Values obtained for Bo are given in Table 3. From the 
calculated value of n,,f and the known values of 7, G, 
and R, the portion of Equation (1) describing the CSD 
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less than LF was drawn on Figures 5 to 9. This calculated 
curve is in excellent agreement with the actual experi- 
mental CSD for this size range. It should be emphasized 
that the parameters for this portion of the curve were 
determined from known flow rates, calculated settling 
velocities, and from the analysis of the CSD of the larger 
sizes. Only in one case (Figure 7)  was an alternate 
procedure used to determine the slope and intercept of 
the small crystal size range. There were too few experi- 
mental points to determine the slope precisely; theref ore, 
the nucleation rate was determined by curve fitting both 
portions of the CSD curve. For this purpose, Equation 
(1) was transformed to 

where 
Y = Y , + S X  (9) 

Y = h n  ( 1 0 )  

Yo = In npj0 (11 )  
R 

GT 
s=-- 

and 
X = L  L <  LF 

(13) 
L 

x = ( = L F + - )  R R L > L F  

n,fo and G were determined using the method of least 
squares. 

Nucleation Rote Assuming Laminar Flow 
The model described below is proposed for use when 

flow in the fines trap deviates from plug flow. For the 
liquor in the trap, the parabolic velocity distribution 
is given by - 

2 U 

urnax 
Moreover - 

u,,, = 2u (15) 
Clearly, the above assumed flow profiles are symmetrical 
around the axis, and the flow velocity u is related to its 
radial position by 

D 0.5 
r = - ( 1 - - )  

Urnax 2 

At r = D / 2 ,  u = 0 and at r = 0, u = urnax. The volu- 
metric flow rate can be expressed as a function of r by 

dQR = 2nTUdt' (17) 
and the part of the suspension that flows through the 
trap with a velocity greater than u ( T )  is equal to 

Solving and incorporating Equation (16),  we get 

or, using Equation (15), we get 

Now, let crystals of size L be the largest crystals that 
will be removed in a stream with velocity u. This velocity u 
would then necessarily be the settling velocity of crystal 
of size L. By approximating the relationship between 
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settling velocity and size by 
u = kLL" 

an expression describing removal velocity of particles of 
size L can be obtained by combining Equations (19) 
and (20) as follows: 

Including Equation (21) in the population balance for 
an MSPrlrK crystallizer with fines dissolving gives 

with the following solution: 

( 2 3 )  . .  
L 

n =  czexp[  -=I L > & ,  

The function [ ( L )  in Equation ( 2 3 )  has the form 

( ( L )  = 1 - (kLA>' Lzm (24 )  
4(2m + l ) R ( R  - l ) Q  

In the analysis of experimental results for the purpose 
of calculating nlfo, A and R were taken from experimental 
conditions, and Cz and G were obtained from the straight 
line representing the middle portion of the experimental 
distribution. lcL and rn were determined from the settling 
data given in Figure 10. For the purpose of this analysis, 
two equations were used to describe the settling velocity 
of the crystals: 

( 2 5 )  
and 

( 2 6 )  

It was found that the assumption of laminar flow gives, 
in effect, a better correspondence with the data only over 
the narrow range from L,,, to LF, while for small crystal 
sizes it predicts higher numbers than were observed. 
The results of these computations are also given in Table 
3 and are shown as dotted lines on the size distribution 
plots shown in Figures 5 to 9. 

u = 4.68 x 10-4L1.6 

u = 1.29 X 10-4L1.9 

70 pm < L < 250 pm 

30 pm < L < 130 pm 

DISCUSSION OF RESULTS 

The experimental results presented in this paper con- 
firm the CSD model developed by Randolph and Larson 
for continuous crystallizers with fines removal and de- 
struction systems. These results also show that the model 
can be modified to account for nonideal fines separation 
and removal. The accuracy of measurement was adequate 
to establish the effect of fines dissolving and showed that 
theoretical predictions could be realized by experiment. 
The cut size LF predicted from independent settling 
velocity data was confirmed by experiment, as was the 
slope of the small crystal size distribution determined a 
piiori from the recycle ratio R .  Repeated sampling dur- 
ing runs gave good consistency of results. Samples taken 
from the body of the crystallizer gave CSD in good agree- 
ment with samples taken from the fines removal system 
for the small crystal size range. Only when sampling from 
the fines removal system was done very slowly was in- 
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consistency found, This inconsistency can be attributed 
to dissolution of fines during sampling, because the sam- 
pling reservoir was normally 6°C warmer than the crys- 
tallizer body. In these instances, the populatiolls of all 
sizes were reduced proportionally. 

Comparing the experimental distributions with those 
produced by assuming plug flow or laminar flow in the 
fines trap did not conclusively show which flow model 
was best suited. For the smallest size range, the plug 
flow model gave the best prediction. For the size range 
in the region near I,,,,, the laminar flow model gave 
the best prediction, but for the smaller sizes it pre- 
dicted greater populations than observed, although the 
slope of the distribution curve was the same as the 
experimental data line. Clearly, the fines trap used was 
of insufficient length for the full parabolic flow profile 
to be established, and it must be concluded that the 
velocity profile deviated only slightly from plug flow. 

It is also possible that classirication in the crystallizer 
occurred, which resulted a high concentration near the 
point of discharge, of the larger crystals from the middle 
portion of the size range. This concentration would re- 
sult in a greater fraction of these crystals being removed 
than is predicted by the crystallizer retention time, T. 
The resulting bias would iesult in a calculated growth 
rate smaller than the actual rate. On the other hand, 
classification such that the populalion of large crystals 
was low in the region of discharge would give calculated 
growth rates larger than actual, In some instances this 
phenomenon would give a curved semilog CSD plot, 
prompting a false conclusion that growth was size de- 
pendent. It was clear, however, that in these experiments 
the above effects were imperceptible in the size range 
from L,,, to Lc, and it was from this size range that 
growth rate was determined. It should also be noted 
that even if some error were introduced because of these 
effects, it would apply equally to both fines dissolving 
runs and MSMPR runs. Thus, the conclusions drawn in 
regard to the fines dissolving model remain unchanged. 

The nucleataion kinetics correlation in Figure 12 shows 
that the experimental results for fines dissolving runs 
give higher nucleation kinetic rates than did RlSMPR 
runs. The combined correlation of the results of both 
kinds of experiments gives a kinetic relationship 

The MSh4PR data taken alone give an order of nuclea- 
tion of 2.06 rather than 2.65. As is shown in Tables 2 
and 3, the growth rates and therefore the supersaturation 
in the fines dissolving runs were substantially higher. 
This suggests that the power law kinetics may not be 
suitable for a wide range of supersaturations and that 
for design purposes the range acceptable for applica- 
tion of experimental data is limited. This lack of agree- 
ment apparently lies in our lack of understanding of the 
secondary nucleation phenomenon. Net secondary nu- 
cleation rate is closely related to nuclei survival which 
in turn is very sensitive to supersaturation level. 

The recirculation of undissolved crystals could also 
cause an appparent higher nucleation rate under condi- 
tions of fines destruction. The data presented here, how- 
ever, arc only for those runs where total destruction of 
fines in the fines removal was achieved. The matter of 
partial dissolution of the fines in the fines removal sys- 
tem will be considered in a separate paper. 
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NOTATION 

value of an active flow area in a trap 
nucleation rate, No/ls 
nucleation rate calculated from laminar flow 
model 
nucleation rate calculated from plug flow model 
constant in Equation (3)  defined by the ex- 
pression /4/ 
constant in Equation (23) 
diameter of a trap 
spherical particIe dhmeter 
linear giowth rate of crystals 
exponent on G in power law nucleation kinetics 
expression 
exponent on M in power law nucleation kinetics 
expression 
proportionality rate constant in expression (20) 
proportionality rate constant in nucleation kin- 
etics expression 
crystal size, function described by (24) 
average crystal size 
limit size of classified product removal 
limit size fines removal 
biggest size of fines removal in the laminar flow 
model 
exponent on L in expression (20) 
density of suspension, g / l  
crystal population density, N o / l  pm 
population density of nuclei 
population density of nuclei calculated from 
laminar flow model 
population density of nuclei from plug flow model 
mixed discharge flow rate, feed flow rate 
volumetric velocity of fines removal 
radius 
ratio of fines removal to mixed discharge rates, 
L < LF 
Reynold’s number for flow through a trap 
constant defined by expression (12), negative 
slope 
mean linear velocity of a suspension flow in a trap 
linear velocity of flow 
average sedimentation velocity of potassium ni- 
trate crystals with size 
maximum linear velocity of fluid for laminar flow 
total volume of suspension 
abscissa in Equation (9) 
ordinate in Equation (9) 
constant in Equation (9) 
ratio of oversize product discharge rate to mixed 
discharge rate, L > L, 
nieaii drawdown time of crystallizer 
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