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ABSTRACT

The change fu cryseal size of the evaporator pan salt with
changes in circulation pump speed are explained from the
standpoint of modern crysiallization theory for rests run in
pilot scale equipment,

INTRODUCTION

The production of sodium chioride, postasium carbon-
ate, sugar (Bennett, 1369}, urea (Bennett and van Buren,
1969}, sodium sulfate and many other inorganic and or-
ganic chemicals is commonly achieved in forced circula-
tion crystailizers emploving either adiabatic or controlled
evaporation. The dislinction between an evaporator and a
crystallizer may seem somewhat arbitrary in many situa-
tions however, for purposes of this discussion, an evapora-
tor which produces a solid phase ar constant temperature
by means of evaporation will be called an cvaporative—
crystalhizer.

Since 1962 the theoretical size distribution {(Randolf
and Larson, 1962} of the product expected from a forced
circulation crystallizer has been derived assuming only
that the crystallizer is thoroughly mixed, producing the
equilibrium size distribution and that the growth follows
the Delta L law of McCabe. The Amer. Inst. Chem. Engi-
neers {AIChE) has published three bound volumes of pa-
pers dealing with various aspects of the theoretical crystal
size distribution under various conditions in crvstalliza-
uon equipment, These are symposium volume Numbers
95, 110, and 121. Drs. Randolph and Larson, the carliest
workers in this field, have written an excellent book which
contains most of the important theoretical informarion.,
Chapter 4 deals particularly with the type of equipment
discussed here.

Drs. Randolph and Larson (1971) developed the con-
cept of a numbers balance 10 deal with systems of this

general type, They introduced the concept of a term called
papulanion density, n, which represents the number of
particles per unit length per anit volume of shurry. For an
unseeded, forced circulation crystallizer operating with-
out product classification this population density is:

f; = pile T {1}

i
i

# where G equals the growth rate and T equals the retention

time, which for a system of this type i5 the volume divided
by the discharge rate. The nucleation rate can be calcu-
lared directly from this information and is:

BO = 0 G ()

For this system a plot of the natural log of the population
density versus b for a representative sample should be a
straight line. The intercept at size L == 0 is n®. The slope
of the ine = 1 /GT. It is important to recognize thart this
straight line indicates that the assumed conditions are
fulfilled. Peviations from this line do nor invahdate the
basic concept of the population balance, but indicaie the
nature and extent of the deviations.

While the particle size distribution may be calenlated
from the population density it is perhaps mare vseful to
recognize that the coefficient of variation for a forced
circulation systemn operating af equilibrium should be
50%%. The coefficient of variation €.V, is defined as

PD,c - I'D, ,
v o= —5 22 % o6 (23

PDs,

The particle diameters (PDY) are the mrercepts corre-
sponding to the cumulative weight plotted on a log proba-
bility scale. It is important to point our that in this
discussion we are talking about the coefficient of variation
in a crystallizer where there is not a clussified discharge.
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In salt equipment it 15 quite common 1 include a pendant
elutriation leg beneath the crystallizer which classifies the
discharge product, Such a leg distoris the crystal size dis-
tribution both in the body and out of the lfeg.

It is also important to point out that in rthe relatons
discussed above the crystal size distribution s character-
ized as a function of the growth rate, nueleation rate and
retention fime. These theoretical relations do not include
the effects, if any, of the crystallizer on the nucleation or
growth rates.

In a previous paper (Bennett, 1962) the resulis of a
large number of systems were reparted along with their
coeficients of variations. In general these coefficients were
lower than the 509 expected in a theorerical mixed sus-
pension system of the forced circulation tvpe. Attrition
and segregation duning growth in the actual equipment
were given as the probable causes for the deviatons.

Historically {Young, 1911; Buckley, 1931} nucleation
was known to be caused by mechanical shocks in super-
saturated sclutions, The mechanical effects of changes in
circulating pump speed and the introduction of ultrasonic
energy (Van Hook, 1961) into a crystallizer which is
supersatirated can cause increased nucleation with many
products. Experiments by the author confirmed that
sodium chloride was susceptible to nucleation from hoth
of these causes.

In 1969, McCabe and his co-workers (Clontz and
MceCabe, 1971} at North Carolina State University re-
ported before the AIChE on a phenomena which they
called contact nucleation. They were able to measure, by
very clever experimental procedures the actual number of
nuclet produced by steiking a crystal with a hammer under
controlled conditions, They also measured the nuclel pro-
duced by contact when striking twa crystals together un-
der controlled conditions. Not only was the degree of
supersaturation in the solution flowing past the crystal
measured, but alse determined were the actual striking
force and the arga of contact. From this they developed
relations which basically indicated that the number of
nuclel per contact when a crystal is struck by an anvil is
propartional to the energy of contact and the supersatura-
tion. A similar finding was made when crystals are struck
with crystals except the degree of nucleation was higher.
.Based on this work it is clear that some techmigue for
taking into account the probable number of contacts be-
tween the crystals themselves and between the impeller
and the crystals which are pumped through it must be
incorporated into the theoretical equations which describe
nucleation in a mixed suspension systemn. Based on the
physics of the problem it seems reasonable that the nucle
formed by contact will be proportional to the total number
of particies in the system weighed by the appropriate size
factor which influences the input siress.

In the following development, assume a foreed circala-
tion evaporative-crystallizer operating at steady state and

TO

constant temperature wherein the femperature rise
through the heat exchanger is suffictently low so that little
or no disselving of fine crystals in the magma pumped
through the heat exchanger occurs. If the feed is a satu-
rated, or slightly unsaturated solution, without seed erys-
tals, the total number of particles created should be equat
to the algebraic sum of the birth rate due te homogenecus
and secondary mechanisms. Algebraicaily rhis may be ex-
pressed as in equation 4

BU = BSS t Be t BC {4)
The term B, is used to denote nuclei created due to crystab
impeller contacts and the term B, to denote crystal-crystal
contacts. By v the homogeneous nucleation rate due to
supersaturation driving forces. Among these influences it
seems safe {0 assume, based on much indusirial expert-
ence, that the nuclel ereated due to homogenecus nuclea-
tion in a well-designed commercial machine is relatively
fow. The two remaining rerms deal with crystal-crystal
contact and crystal-impeller contact. In most systems the
velocity with which two crystals can strike each other is
low simply beeause movement of particles within the k-
quor phase is severely restricted by viscous drag. The
upper limit of such velocities, even with relatively large
granular crystals s i the order of 0.5 ft /second (fps). The
expected impact veloeity of crystals with metal parts,
however, s much higher. Normal pumping velocities
range from about 3 fps to 10 fps and it is likely that
particles being pumped would experience cither glancing
or direct blows with impact velocities of this magnitude.
Axial flow pumps used for circulation in a crystallizer of
this type have tip speeds that range from about 20 to 60
fps. Clearly crystal-impeller contacts from his source
should have the most pronounced influence on the nuclea-
tion as suggested by recent secondary nucleation mecha-
nism studies by McCabe,

CRYSTAL-IMPELLER CONTACTS

The number of particles created by contact with the
mmpeller per unit time will be proportional to the number
of passes the shurry makes through the pump per unit time
times the number of particles per unit volume weighed by
an appropriate size factor representing the energy of im-
paci. Assume thaf the growth rate is proportionad to the
supersaturation in the case under consideration and the
energy per contact is simply the energy required to accel-
erate the particle to the impeller up velocity. We define the
following terms.

{Secondsy _  Gal. Crvstallizer Volume .

pre =5 Sl - £
{(Furnover)  Gal/min. Circulation Rare 50

Pump Passes 3600 yee /r,
Hr. TO see/turnover
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The equation proposed by McCabe may be simplified to
the form:

po= KGU2mdu’) afn? =
i : -
(7}

gk G ('_.'.\"Ji:l.g particles/contact

Where P, is the number of secondary nuclei created per
crystal-impeller contact of a crystal of size L;, The highest
velocity in the systemn is assumed to be the tip of the
circulating pump impeller. If the tip of the impeller strikes
a crystal whose movement is axial with respect t¢ the pipe
entering the pump then the maximum striking energy is
proportional to the tip speed squared (TIPS).

The rotal generation of nuctei would then be found by
samning the collisions of all particles over size range delta
L in the suspension. The number of crystals of size L, in
a differential size range dL is given as n{L)L. Thus the
contribution to total nucleation of erystals of size L would
be given as

48 3600

[

And for all sizes in the distribution asseming the collision
velocity is proportional to tip-speed gives:

= K, (9—;_56-.-—; (TIPS 2 (pr “al*dl (%)

&

Or, recognizing the integral term as the fourth moment of
the distribution,

B, = kpG [Tﬁ] g (10}

A mixed suspension, mixed preduction removal crystal-
Hzer (MSMPR) which is theoretically expected is:

mg =/ TalL = 4! 00 (GT)° an
‘Therefore
B, = knu [;f_w] (GTY (12)
TO
but since
Lp = 3GT (13)

for this digtribution

o 18§t
B, = kn®0GC [ = ,j Lyt {14

These eguztions derived by the writer based on the
resuits of McCabe's mechanistic studies, indicate that sec-
ondary nucleation caused by impeller-crystal collisions
should correlare with approximately the first power of the

= K (= o ) oG {an i a(ly 4L (8)
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driving farce (as represented by the growth rate G) the
fourth moment of the parent distribution and ar least the
square of the impeller tip speed.

In a later paper McCabe (Jobnson et al., 1972) found
that nuclet generated per impeller contagt was propor-
tional to supersaturation and contact pressure only up o
certain levels. Beyond that point increases in supersatura-
tion or increased contuct pressure did not increase the
number of nuclei generated. This critical point may be
close to the level of contact energy generated with NaCl
on this scale of test equipment. McCabe's work was with
epsem salts and, therefore, the critical point, if it exists,
would nat be expected to be the same for the different
systems. This observation would predict powers of the
guantity (TIPS?/TOQ) lower than that expected by squa-
tion. In this limiting case the number of nuclet generated
por contact with the impeller would be mdependent of the
impeller speed as well as orystal size; however, the number
of eontacts would be proportional to the number of parti-
cles present times the number of trips they make through

" the pumnp per unit tirne, Thus the erystal-impelier collision

nucleation would be expected to correlate as

km o
B, :?_6“ (15)

Depending on the level of input energy the nucleation
from impeller contacts would be expected to be a function
of tip speed to powers ranging from 0 to 3. The third
power is introdoced because

...,»I.” . Ly o
("i‘"'ij) (16}

is proportional to TIPS {tip spead} in a fixed geometry
system where the speed is varied.

CRYSTAL-CRYSTAL CONTACTS

For a complete derivation of the McCabe type contact
nucieation applied to this system see Benmett, Fiedelman
and Randolph (1973). The derivation is complex and leads
to the conclusion that crystal-crystal nucleation is proba-
bly of such a small order of magnitude in this sysiem that
it can be neglected.

EXPERIMENTAL

The applicability of the previcus equations was demon-
sirated in a mixed suspension-mixed product removal
crystallizer similar to that shown mn Figure 1. In a series
of three tests the crystallizer was operated at constant
temperature, retention time and slurry density. The tip
speed of the circulating purnp was set at different values
by a varied speed drive. The equipment was not shuidown
during the test program and changes in the drive speed
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Figure 1. Diagrem of Crystallizer.

were made while the unit was in operation. Later a series
of & additional tests were performed at different retention
times and slurty densities to confirm and amplify the data
reported as tests 1, 2 and 3. The material crystatlized was
socium chloride from a water solution. The feed was pre-
pared by dissolving commercial sodivm chloride {without
additives) in Lake Mickhigan water. A summary of the
operating conditions during the test program is shown in
Table I. The operating temperature of 161°F. was chosen
to be sure the growth was Hnear with supersaturation as
outlined by the work of Rumford and Bain {1959).
Shown in Figure 2 are the equilibrium size distributions
for the various tips speeds used. These distributions repre-
sent a narrower thun ideal distribution for a forced circu-
lation crystallizer and do not plot as straight lines on a log
n versus L plot. The calcolated C.V.’s range from 22.2 to
239%. The C.V. for an ideal forced circwlation crystailizer
of this type should be 50%. The nucleation rate. the noclef
population density and the total number of particles per
liter can be calculated from this distribution by extrapolat-
ing a straight line on the plot of log n versus L through
the three largest sizes in the distribution which represent
%59 or maore of the mass of the product (Fig. 3). However,
it is imporiant to recognize that these properties as well
as the mass per unit volume and mean size all calculared
usinng the wdealized distribution form will not be exact;
these properties depend upon the form of the distribution,
Nucleation rate and growth rate values calculated from

TABLE |
Summary of operating condition for NaCl Nucleation Study
Test Number 4 2 3 4 6 7 9 10
Data 1071471 1671471 10415/71  4/18/72 &/20/12 4720712 4/21/12  4/21/72
Pump Speed—-RPM 450 875 526 480 530 B76 529 878
Tip Speed—Ft/Min, 1350 2020 1580 2040 1680 2032 1587 20256
Sec/Turnover 53 25 28 2% C 2 24 32 29
Retentian Time—Hrs, 1.80 1.82 1.80 1.0 2.5 2.5 1.95 1.95
Slurry Bensity--GM/L 80 116 90 70 1856 180 167 179
TIPS /TO 3.44X10°  1.63X10° 8.92X10% 1.67X10° 9.02X10" 1.71X10° 7.87X10°  1.47X10°
Product Size {Ave.) Tyler
+ 35 20 2 5 16 7.6 1.0 10 6.0
+ 48 75 45 60 62 63 52 59 50.6
+ €5 95 8 89 92.2 90 92 g1 g2 88
+100 g8.3 97.6 ug8.5 96.76 98.5 88.8 o8 g5.4
+150 g9.7 98,55 ag.6 93.53 99,6 a0.7 g0y 99.8
+200 89.9 98.85 99.88 08.47 99.8 29.9 99.9 99.9
in n° {Extrapolated) 18.7949 23.0 21.228 19.6 222 2275 221 22.8
B; {Extrapolated), 1.8 60.3 14.3 6.3 20.9 50.9 34.1 59.7
na/ce-sec
Growth Rate, G, mm/hr.  0.0457 D.0227 0.0313 0.0704 0.0172 0.0204 0.6311 06270
N
B: =2 "1-:'= no./cc-sec 0.3213 0.7248 0.456 1.89 0.83 6.77 0.815 1.049
Bi'=% S > 1580 mesh)
oo 0.215 0.512 0.32 0.495 0.53 0.606 0.625 0.854

na.fco-sac.
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Figurs 2, Cumutative NaCt C8D from a forced gireultation crystaliizer,

this straight line extrapolation of the data are shown in

LRLLEE Tabile 1. En this particular case, the ideal distribution com-
pletely fails to predict the distribution at the finer sizes.

Y\g While there are alternative methods for determining the
i nucleation rate, as will be discussed later, the growth rate

AN calculated by the above technique was used in all correla-

N . tions. Figure 4 shows the nucleation rate By obtained by

N this correlation versus tip speed of the circulating pump.

h The data show a steep increase in nucleation rate for a ;
small change in circulating pump speed.
The crystallization driving forces (as represented by the
/v\\\\ ACTUAL PLOT growth rate, {3) and circulation rate were changed during
\ OF Lnnavsl these runs. Thus, no correlation of Bf values is possible

without using a muoltiple regression of all significant fac-
tors that change during the runs. The date in Figure 4 is
presented to qualitatively iflustrate the strong dependence
of apparent nucleation rate of the circulating pump RPM,
Figure 3 is typical of most of the data fram these runs.
This plot of log n versus L shows a curved line rather than
\\ a straight line which would be expected from MSMPR
\ theory. In this particular case the curve has an 8 shape

no/mm

inn
17
._i
b4 |
=
$
-
-
o=
gm
vy

\ which unexpectedly shows a dip in the range of 0.1 to 0. 15

N ma. The change in form of the plot of log n versus 1. due

to size dependent growth rates has been the subject of
several papers.

Because of the deviation in the population density from

G the expected MSMPR. form there are serious problems in

0 2 4 8 arriving at a suitable definition of nucleation rate which

L ) can be used for confirmation of the theoretical equations

LY presented earlier. One alternative method of caleulating

Figure 3, Sotof Lnn versus L. the nucleation rate in an MSMPR unit under steady con-

A 4




452 Fourth Internations! Symposium on Ssit~Northern Ohio Geological Socisty

60 ’t 0
o7
40
]
(‘.’J Q
3
S,
g 20 4
o [+ 3.
Q
ox ot
@ ¢ '
O
O 00O 2000
TIPSPEED, FT/MIN

Figure 4. Apmerent nuckeation rate calcufated by extrapolation of
three CSD data potnts,

ditions is to divide the total number of particies per unit
volume by the retention time. Thus we define BY as

N, ALTndL 0m
3 L C » i)
B = _,Tum = - = (17)

Table [ lists the calculated B§ values.

In Figure 5 83 values are plotted against tip speed for
the various runs. [t can be seen that in runs of the same
slurry density (I, 2 and 1) this results in a straight line
change with tip speed. In runs of higher shorry density {9
and 10) there is a similar relation. Unfortunately, the data
from runs 7, & and 4 do not fit neatly into this arrange-
ment. Examination of the data indicates that variations of
the population density in the smaller sizes appear to cause
a difference s can be seen from Figure 3 for run 1. The
number of particles in the sizes below 150 mesh contribute
very largely to the total number of particles. Since these
two fractions only account for about 0.3% of the rotal
mass of the sample it is apparent that inclusion of these
last few screen sizes introduces the probability that large
errors in the calcalated nucleation rate can oceur during
screening and weighing of the samples. The simplest way
to obviate this difficulty is to inclede only the particles
greater than 150 mesh in size thus calculaning an equiva-

+ values listed in Table I represent only the number of parti-

[

B, « £ Nu/T, no/cc— sec
0
1

a

> 1000 2000
TIPSPEED, FT/MIN

Figura 5. Nucleation rete versus tip speed,

lent number rate representative of the particular condi-
tions. This technigue was used and, therefore, the Bf

cles greater than 150 mesh. These values were used on :
subsequent kinetics correlations. o

It is felt that the BY values are more representative of .
the NaCi system than the B} values for the purpose of
illustrating kinetics calculation forms, due to the extreme
deviation of particle distribution from the MSMPR form,
However, method 1 (BY and G values from the extrapola-
tion on 2 In n versus L curve) was used to obtain & measure
of the driving forces {given by () in the system. Neither |
BY nor BY' exactly represents the nucleation rate in this
system. o

Randolph and Cise {1972) postulated that a size depen-.
dent variation in growth rate-supersaturation kinetics re- -
lationship can result in a variable particle washout rate of
nuclei relative 1o the product-sized crystals as a function
of retention time. As a crystallizer retention is varied the .
overall driving forces change, thus changing the relative
log-population decay rate given by 1/GT between large
and small crystals. This effect appears superficially as a .
smaller-than-expected increase or decrease in apparent
nucleation rate as a function of time increases and resulis
in a lower (or negative) apparent dependency of nuclea-
tion rate on the driving forces, G. This effect has been
widely observed in the interpretation of nucleation rate
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data from MSMPR crystallizers. In order to suppress the
distortion of the results at differing retention times, a lin-
ear regression analysis was performed for runs 1, 2, 3, 9
and 10 which are essentially at the same retention time of
1.8-1.95 hours. The results of this analysis for BY values
are given as follows:

Bg’ = 5.4 X 10" [:I—Ig] .97m 0.84 . 098 (15

TO 4 !
Where 12 = 0.998 and F-ratio equals 173. Even though
there was only one degree of {reedom in the variable fit the
T-test levels suggest that (TIPS2/TO) and m, variables are
significant at the 86 and 95% confidence levels, respec-
tively. G values which varied only slightly for the constant
retention runs were not significant in the correlation. The
r! correlation coefficient and F-ratio indicate that a corre-
lation among these variables docs exist although the high
degree of fit is probably fortuitous due to the limited num-
ber of data.

Jote thai the coefficients on the corresponding vari-
ables approach unity as one would expect based on equa-
tion 10. Thus, the assumptions underlying equation 10
appear valid in this case. The less than unity coefficient of
the variable term my also indicated that nucleation was
caused by crystal-impeller {or crystal-wall) impacis rather
than crystal-crystal collisions.

DISCUSSION OF RESULTS

This paper attempts to show through derivations the
reasonableness of expressing the McCabe type secondary
nucleation using emperical power-law nucleation kinetics
expressions as currently practiced. In addition mechanical
design features of a crystallizer are incorporated into the
kinetics expression. The sodium chloride system used in
the testwork has a poar it in terms of crystal size distribu-
tion, however, this is probably the result of the high level
of nucleation in the system caused by mechanical effects.
Because of the deviation from the ideal form, the defini-
tion of nucleation rate which is used in this system
bedomes somewhat arbitrary.

Although the relations developed were specifically
aimed at an axial flow pump which is the common type
of pump used in this equipment the actual test unit had
a centrifugal pump and, therefore, shiding type crystal-
impeller contact may have predominated over the direct
impact contacts developed during the theory. Prefiminary
data from arge scale installations indicate that the level
of nucleation in this work with the centrifugal pump is
probably far greater than the level of nucleation in large
equipment with axial fow pumps.

The data analysis in this paper assumes that the source
of secondary nucleation is essentially due to crystal-
impelier contacts. While it is possible to have contacts due
to impingement of shurry on metal surfaces within the
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crystallizer, such as at elbows and tabesheets, the velocity
of such contacts would be proportional to the tip speed
and would also correlate as linear functions of the particle
population. Thus crystal-metal caused secondary nuclea-
tion would correlate like, and be included with, the more
likely crystal-impeller source. The number and intensity
of the impingements will vary with the system layout, If
this impingement type contact were indeed a significant
source of nuclei then scale-up of a system of this type
would prove most difficnit. Assuming that crystal-
impeller contacts represent the predominant source of nu-
clei, then a constant ratio of

Tips® (19)
TO

should be maintained in scale-up of equipment,

CONCLUSIONS

1. The commonly held impression that nuclestion is
increased by higher circulating pump speed secems justi-
fied.

2. The greafest source of nuclel in a sodium chloride
forced circnlation crysizfiizer is the circulating pump.

3. The log n versus L curve for the sodium chioride
system deviates greatly from an ideal distribution.

4, Sodium chloride crystals of small size (under 0.1
mm) grow more slowly than larger crystals, however, the
growth rale apparently fails off again at much larger parti-
cle sizes due to attrition thus producing a narrow weight
distribution. The data for different runs must be compared
at consiant retention time to avoid: differences i relative
washout rate between fine and coarse crystals. This differ-
ence in washout rate would be accounted as an apparent
change in aucleation rate with retention time and lower
than expected dependency on supersaturatiom

5. McCabe’s contact nucleation mechanism  ade-
guately explains the correlations reported in this paper.

6. Scale-up tests ar transiation of test data in this type
of system should be done at constant (TIPS2/TO) values
using the same slurry density and retention time. Accept-
able Jevels of retention time would be determined by fac-
tors other than particle size, Le., fouling rate, crystal
purity, crystal appearance.
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