Model for Secondary Nucleation in a Suspension
Crystallizer

Ruain O. Meadhra, Herman J. M. Kramer, and Gerda M. Van Rosmalen
Laboratory for Process Equipment, Delft University of Technology, 2628 CA Delft, The Netherlands

A model that makes it possible to evaluate the secondary nucleation rate in a pilot-
scale industrial crystallizer is presented. It relates the secondary nucleation rate directly
to the volume rate of attrition of large parent crystals. Two other terms are included in
the equality, one that expresses the distribution formed by the attrition fragments, and
the other that expresses a survival efficiency accounting for the percentage of attrition
fragments that grow out after the attrition step. The model is further tested on a 970-L
draft-tube-baffled evaporative crystallizer with ammonium sulfate as the model material
used for crystallization and having an on-line crystal size-distribution measuring device.

Introduction

The task of modeling secondary nucleation, has, in the past,
been made difficult by the fact that very few experimental
data were available over sustained periods of time with which
quantitative relationships could be derived between the rate
of secondary nucleation and the rate of attrition of the par-
ent crystals.

Because of this, the rate of secondary nucleation was mod-
eled as an “effective” nucleation rate and was related empiri-
cally to parameters describing the energy input to the crystal-
lizer, the growth rate of crystals, and a parameter represent-
ing the crystal size distribution (CSD), such as the second or
third moment of the distribution. These correlations do not
perform accurately (see Results section), when modeling the
dynamics of crystallizing systems, and also the fact that these
correlations are empirical in nature, means that they give lit-
tle insight into the mechanism of secondary nucleation.
Moreover, they miss the vital link with the process of attri-
tion from which the nuclei originate. Further, they also use
the “effective” nucleation rate as a boundary condition de-
positing the total number of secondary nuclei at one point
along the crystal length axis, ignoring the fact that a distribu-
tion of fragments is produced.

Much experimental work has been done in evaluating the
rate of production of attrition fragments for several different
materials under nongrowing conditions. To allow an accurate
measurement of the attrition rate to be made, sharp crystal
fractions were suspended in either saturated solutions or in-
ert liquids and mixed using any one of a number of suspen-
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sion impellers (Mazarotta, 1991; Jager, 1990). Using this
method, a length dependent attrition function could be built,
including parameters accounting for the effects of the im-
peller type and power input to the crystallizer. This approach
assumes that the rate and source of attrition fragment pro-
duction, as well as the distribution formed by the fragments
under conditions of nongrowth, will satisfactorily reflect the
same quantities under conditions of growth in a suspension
crystallizer. This is highly unlikely as the crystals loose their
sharp edges and corners under nongrowing conditions.

The main objective of this article is to show that it is possi-
ble to model secondary nucieation in a suspension crystallizer
using only CSD data obtained from a continuous crystalliza-
tion of ammonium sulfate. This is done by assuming a
length-dependent attrition function and by directly relating
the volume of attrited particles to the secondary nucleation
rate via a survival factor. Two parameters are also incorpo-
rated to describe the position and spread of the attrition par-
ticle distribution. The model is a first attempt at defining a
general procedure for the modeling of secondary nucleation
in a crystallizer. The model is validated only for the case of
ammonium sulfate crystallization in this contribution.

Theory of Secondary Nucleation Models
Empirical power law

The notion of modeling the CSD in a crystallizer using the
model assumptions associated with the mixed-suspension—
mixed-product-removal (MSMPR) concept has been used by
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many workers to simulate the CSD present at steady state in
a crystallizer (O’Dell and Rousseau, 1978; Rojkowski, 1993).
This concept results in a straight-line function by plotting the
logarithm of the population density function [n(x) (#/m*)]
against the crystal size [x(m)]. The slope of this line is deter-
mined by the growth rate of the crystals (G,;,) and the resi-
dence time (7) of the suspension in the crystallizer, according
to the MSMPR equation

o))

In[n(x)]=In(n,)~ G

where n, is the population density in the first size class
formed by a secondary nucleation process. When comparing
the function predicted by the MSMPR theory with the real
distribution measured in a crystallizer at steady state, several
deviations are apparent. In the large particle size ranges (Fig-
ure 1), a downward curvature is seen, which indicates that,
assuming a well-mixed system, there is a reduction in growth
rate at these sizes. This reduction in growth rate has been
attributed to crystal attrition and has been modeled as a neg-
ative growth rate [G,, (x)] (Jager et al., 1991). In the small
particle-size ranges, an upward curvature is observed in the
In[7(x)] vs. x plot. This deviation has been attributed to the
observation that in reality, crystals are born over a distribu-
tion of sizes and exhibit size-dependent growth (SDG) and
growth rate dispersion (GRD) up to sizes of 80 to 100 pm,
giving rise to this upward curvature (Rusli et al., 1980;
Rojkowski, 1993). To account for these phenomena, accurate
knowledge of such a birth function and also of the initial
growth rates of secondary nuclei is required. As this informa-
tion is in most instances not available, the problem is over-
come by assuming that all particles grow at the same rate,
and an “effective” nucleation rate is used [B, . (#/m*-s)]
whereby crystals are born at a size close to zero as in the
MSMPR concept. Over the years, many correlations have
been proposed for the effective rate of secondary nucleation,
which are related to properties of the crystallizing solution,
such as the supersaturation or growth rate [o, G,(a)], the
mechanical agitation in the crystallizer (impeller speed or
power input, N, €), and a property representing the crystal-
size distribution (CSD), such as the mass holdup (Mp),
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Figure 1. Plot of In (population density) vs. crystal
length, MSMPR, and deviations.
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Empirical in nature, these correlations give poor descrip-
tions of the dynamics of the systems (see Results section) on
which they are modeled. The power law has also been used
as scale-up criteria, but judging from the volume of published
data on the subject (see, for example, Grootscholten et al.,
1982; Garside and Jancic, 1979; Bourne and Hungerbuehler,
1980), no rigorous method has yet been developed to use the
equation to predict the secondary nucleation rate of different
materials on different scales based on information regarding
vessel geometry and propertics of the materials. Also, being
empirical, the power law gives little insight into the mecha-
nism behind secondary nucleation.

Mechanistic models

In early descriptions of secondary nucleation, Ottens et al.
(1972) and Botsaris (1976) proposed that the secondary nu-
cleation rate could be related to three factors:

B, =E,F,F,, 3

where (E,) represents the rate of energy transfer to the crys-
tal, F, is the number of attrition entities produced per unit
of collision energy, and F, is the fraction of entities that sur-
vive to become nuclei.

Later, Mersmann et al. (1988) attempted to make a more
precise estimate of the volume of material attrited from a
parent crystal by introducing material parameters into the
modeling procedure. To do this, the theory of Herz-Huber
(Landau and Lifschitz, 1986) for the elastic interactions be-
tween two bodies was used, thus enabling the attrited volume
to be calculated. Another notion introduced in this work was
the idea of target efficiencies, whereby the probability of a
collision between a crystal and the impeller could be calcu-
lated based on considerations of particle size and impeller
geometry and rotational speed. By evaluating all these fac-
tors, the volume rate of attrition (V,,,.) could be calculated,
which could then be related to the effective nucleation rate
(B, ), by the following expression:

Mg et I)allr (@)
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Bo,eff =

The second group of terms in Eq. 4 represents the number
of all loose fragments produced by attrition (E, F,), while the
first represents the fraction of the total mass of produced
particles that act as effective secondary nuclei (F,).

In reality, then, this work also consists of a two-step proc-
ess similar to those proposed by Ottens et al. (1972) and Bot-
saris (1976).

In 1990, Daudey et al. proposed a more detailed three-step
model to describe secondary nucleation, which was consistent
with experimental observations of the growth behavior of sec-
ondary nuclei and also attempted to account for the forma-
tion of surface growth structures of crystals in suspension.
They defined two sources of nuclei, the first leading to the
production of nuclei by attrition of macrosteps or other
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growth formations (F) on the crystal surface, a mechanism
that they termed surface breeding, and the second related to
the attrition of portions of the crystal lattice, which could not
previously have been identified as possible sources of nuclei.
This manner of production they termed mechanical breeding,
and would be the category into which previous modeling of
secondary nucleation would fall. Further, they suggested that
the surface-relief-related nuclei and the mechanical frag-
ments would exhibit different (survival and outgrowth
(Moutgrowm)) kinetics, as mechanical fragments may be more
stressed than surface-relief fragments (Garside and Larson,
1978). In equation form, then, the effective nucleation rate is
given by

Bo,eff = ncutgrowlhnrcmuvalF' (5)

In this equation again, the last two terms (9,0 F) can be
lumped together to express the total number of attrition par-
ticles released by the parent crystals, while the first term
(Moutgrowrn) €Xpresses the fraction of these particles that grow
out to larger sizes.

Working within the same framework, Van der Heijden et
al. (1994), assuming a spiral growth mechanism, refined this
theory by introducing parameters accounting for the height
and the number density of steps on the crystal surface. They
also pointed out that the amount of impurities present in the
suspension are of great importance in determining the rate of
production of secondary nuclei. The adsorption of such im-
purities would lead to weak points in the crystal lattice be-
tween successive layers of macrosteps, making them more
susceptible to attrition processes. Also, the level and type of
impurities in the suspension effects the number and height of
steps on the crystal surface. Both of these effects support the
notion of a surface breeding mechanism suggested by Daudey
et al. (1990). It has already been shown that such growth enti-
ties are responsible for the formation of secondary nuclei
(Van der Heijden and Elwenspoek, 1990). In a separate arti-
cle (Van der Heijden et al., 1989), they showed that a distri-
bution of fragments was produced by contacting a stationary
crystal surface with a steel rod. The distribution of fragments
took the form of a log-normal distribution with a median size
of about 9 pwm. Nienow and Conti (1978) detected distribu-
tions having a lower limit of 1 um and a mean size of 5 um
in abrasion experiments using copper sulfate crystals. Other
workers (Youngquist and Randolph, 1972) have shown that
by suspending samples of crystals in a crystallizer, secondary
nuclei in the size range <3 pm were produced. A lower
limit to the size of secondary nuclei produced could not be
detected due to restrictions in the range of the CSD measur-
ing instrument. Similar measurements for potash alum con-
tact nuclei (Rusli et al., 1980) have shown similar results,
where a large number of nuclei smaller in size than 4 um
were detected. These crystals were further shown to grow very
slowly or not at all.

Assuming that attrition fragments are distributed over a
range of sizes [ H(x)], Eq. 5 becomes:

Bo,eff(x) = noulgrowlhnremovalH(x)F' (6)

Note that the secondary nucleation rate is given in terms of
number density (#/m*s), being a length-dependent function,

AIChE Journal

unlike in the literature references given carlier, where it is
given as the total number of attrition particles (#/m>s), and
used as a boundary condition.

New Model

Keeping the framework described in the preceding section
in mind, an example of how to determine the secondary nu-
cleation rate is given below, for the specific case of ammo-
nium sulfate crystallization for which much kinetic informa-
tion regarding attrition is available.

Many correlations for the attrition rate [G,,, (x)] exist that
are normally taken as functions of particle length only. It has
been shown that the following expression satisfactorily de-
scribes the attrition rate in the draft tube crystallizer under
study in this work (Eek et al., 1995) for ammonium sulfate
crystallization:

Gaae(¥) = K1 - {1/[ 1+ 5" }). (7)

The length term x in this equation could also be expressed
as the surface area ( a x?) or the volume of the crystal ( o x?),
thus reducing the power in the attrition function appropri-
ately.

The deviation in the MSMPR In [#(x)] vs. x line due to
attrition of large particles is shown in Figure 1.

The correlation in Eq. 7 contains three unknown parame-
ters (K, X,, 1), which must be evaluated from experimen-
tal CSD curves obtained under growing conditions. The term
Kl (= Ko Memoval) 18 the product of two terms. For the
case of ammonium sulfate crystals, the value of 7, .. IS
unity, therefore it is lumped together with the attrition rate
constant K. Evidence for making the assumption of
Tremoval = 1 Was gathered by examining the surfaces of ammo-
nium sulfate crystals, which were sampled in the product line
from the crystallizer under study in this work. The pho-
tographs showed that no loose or partially loose attrition
fragments were located on the crystal surfaces, even though
there was clear evidence of attrition on the crystal corners
and edges (see results and discussion of photographs). Very
often, these parameters are determined independently of the
crystallizing system by suspending a prespecified distribution
of crystals in either a saturated or inert solution. According
to the models discussed carlier (Van der Heijden et al., 1994;
Daudey, 1990), using this method it would only be possible to
gain information about the mechanical breeding mechanism
of nuclei production, as under normal crystallizing circum-
stances, the renewable growth structures on the crystal sur-
faces, would yield more attrition fragments. There is also a
possibility that the distribution resulting from such experi-
ments would be different. On top of this, little account is also
taken of the properties of the suspending liquid and its possi-
ble effect on the attrition rate.

Analogous to Eq. 5, the volume rate of production of attri-
tion fragments is given by the product of the formation and
removal terms (V,,, = Tyemovat #)- I Eq. 5, this was calculated
from first principle considerations of the mechanics of parti-
cle collisions. Here, it is suggested that from the method of
moments, the production rate of attrition fragments can be
calculated by Eq. 8, from knowledge of the attrition rate
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function (G,,,) of parent crystals and the second moment of
the CSD as follows:

Vaww = || GOm0 x e ®

The growth rate of all crystals is then expressed as the sum
of the kinetic growth rate [G;(x, o)] less the growth rate
caused by particle attrition,

Geff(x,a')= Gkin(a)—Gattr(x)' (9)
A constraint must also be included at this point,
Vx> 0= Gu(x)> 0.

Little information exists on the form and location of the
distribution assumed by the attrition fragments. For the most
part, this is due to reasons of practical difficulty. The pres-
ence of a very wide distribution of sizes in a suspension crys-
tallizer (1-2,000 wm) makes it difficult to focus in on a par-
ticular size range with conventional on-line measuring de-
vices. The accuracy of sieving techniques is sensitive to errors
introduced during the sampling and drying steps. As men-
tioned in the previous section, experiments carried out under
a microscope have shown that by contacting a growing crystal
surface with a steel rod, a log-normal distribution of particles
is produced (Van der Heijden ct al., 1989).

During the attrition process, stress will enter the crystal
Jattice (Bhat et al., 1987). Because of this, and subject to the
supersaturation level in the crystallizer, some of these parti-
cles will tend to grow out while some will not, and the parti-
cles that do grow out will show a distribution in growth rates
(Rusli et al., 1980). Many literature references report this
phenomenon from small-scale suspended single-crystal exper-
iments to larger scale experiments where the nuclei are pro-
duced in suspension. In the mode} presented here, as yet no
account is taken of SDG or GRD. Implementation of a model
for either GRD or SDG has been planned based on observa-
tions of the growth rate of small sub-300 wm ammonium sul-
fate crystals, less than 300 pm, in the crystallizer. Instead of
an SDG/GRD function, an efficiency factor is defined,
Toutgrowth» Which is defined as the ratio of the volume of attri-
tion fragments that grow out to the total volume of attrition
fragments produced:

volume of fragments that grow out

Tloutgrowth ™ Y01 volume of attrition fragments produced ’
10

Here, 7ouigrown 18 assumed to be a constant factor. In real-
ity, it will be a function of the supersaturation, as a high su-
persaturation will encourage crystals with a higher stress to
grow out, thus,

noutgrowth = k outgrowth g. (1 1)

By uSing 7,uegrowtn, @ CETtain growth rate is imposed on a
fraction of the crystals, while the remaining crystals are as-
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Figure 2. Growth rates based on a SDG [f(x)] mechi
nism and also on an outgrowth efficienc

(noutgrowth) basis.

sumed not to grow at all. Such a mechanism is more akin to
fast growers/slow growers theory found in some literatur
references (Garside and Larson, 1978; Daudey et al., 1990
where it was shown that particles less than 10 pm, produce
by contacting a crystal surface with a steel rod, grew with
very low or even zero growth rate, while crystals greater tha
10 pm grew with a growth rate that was five times greate
than the crystals less than 10 wm. On the other hand, usin
an SDG rate function imposes a range of growth rates on th
crystals as a function of crystal size (Figure 2).

At this point, it is now possible to derive an expression fo
the rate of secondary nucleation based on the preceding con
siderations. Such an expression is as follows:

Bo,eff(x) = noutgrowthH(x)l)z;l(r‘ (12

This is subject to a condition of mass conservation
[ HGOxdx=1.
0

Assuming a log-normal distribution for the attrition frag
ments, two parameters have to be specified, that is, the posi
tion (x,.4) and spread (x,) of the distribution,

Population balance

In this form (Eq. 12), the nucleation function can be incor:
porated into the population balance (Randolph and Larson
1988) equation to yield the following form:

n(x,t) . 3G, i (x,0)n(x,t) . Q,n(x,t)
at dx |14

nix,t

+ 91_(7__21”(,‘) =B, (x). (13

Several important assumptions are made to arrive at this
form.

1. The crystallizer is well mixed.

2. “Fines” are removed from an annular zone around the
crystallizer. A predetermined classification function [4/(x)]
and a removal rate (Q/) characterizes the fines removal sys-
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Figure 3. 970-L crystallizer.

tem (Prins, 1992). The ‘“fine” crystals are completely dis-
solved in the fines dissolution system by heating the stream
10°C above the normal operating temperature, and returning
the dissolved fines to the crystallizer as saturated feed at this
higher temperature.

3. Crystal-free saturated feed enters the crystallizer at the
same temperature as the operating temperature of the crys-
tallizer.

4. The phenomena of growth rate dispersion and size-de-
pendent growth do not occur.

This equation takes the form of a first-order partial differ-
ential equation (PDE) to which there is no analytical solu-
tion. Instead, it is transferred into a set of first-order ordi-
nary differential equations using the so-called “method of
lines” and solved using a second-order Runga-Kutta routine.
For this purpose, the length axis is discretized into 300 classes
over the range 1 to 2,000 pm.

The model is completed with a set of relations for the con-
centration, mass, and heat balances that are listed in the Ap-
pendix. The symbols are marked in Figure 3.

Experimental Studies

Experiments were carried out in a draft tube baffled crys-
tallizer with a volume of 970 L. This type of crystallizer con-
sists of an inner draft tube, around which the slurry is contin-
uously being pumped by a variable-speed rubber-coated ma-
rine propeller operating at a constant speed of 317 rpm.
Around the central zone, there is an annular zone through
which small or fine crystals can be withdrawn and dissolved
in an external vessel before being returned to the crystallizer

regulated to hold the suspension volume constant. The initial
CSD was generated by supersaturation buildup in the crystal-
lizer, after which a primary nucleation event took place. A
representation of the plant is given in Figure 3, which shows
the point at which the composition of the suspension (F1,
density measurement) and the CSD (M1) is evaluated. Mass
and energy balances are set up around the entire unit and
also around the two subblocks (the crystallizer and fines recy-
cle system). The system has two inputs, the crystallizer feed
and the heat of evaporation (to the fines dissolution vessel
and to the crystallizer itself), and two outputs, the vapor flow
and the product stream containing the contents of the crys-
tallizer. The CSD is measured on-line in the product stream
with a frequency of 1 measurement/2 minutes (Boxman,
1992).

The operation of the crystallizer along with CSD measur-
ing equipment and process monitoring and control comput-
ers, have been optimized over a number of years to enable
the crystallizer to be run over long periods of time and to be
able to suppress process disturbances such as line blockages
quickly.

With this setup, three experiments were carried out (Runs
1, 2 and 3). After the initial primary nucleation event, the
population was allowed to grow and develop over a time of
30 h (Run 1) and 15 h (Runs 2 and 3). Run 1 was carried out
with fines removal being applied at a rate of 1 L/s, while
Runs 2 and 3 were carried out without fines removal.

The impeller speed for Runs 1 and 2 was 317 rpm, while
for Run 3, it was 370 rpm. Table 1 gives all the details regard-
ing the operating conditions of the experiments.

Results and Discussion

Only the results of three experiments have been used for
validation of the new model, which may seem like very few
results on which a new model can be accurately validated,
but it should be kept in mind that the results shown here
result from the startup behavior of a crystallizer, directly af-
ter a nonsteady-state CSD has been produced due to a pri-
mary nucleation event. As such, the CSD first undergoes a
dynamic phase in which the CSD, supersaturation, and crys-
tal mass and total crystal surface area are continually chang-
ing, before they eventually arrive at a steady state. This, in
effect, represents infinitely more data points to validate the
model than the traditional approach of estimating a number
of steady states achieved by varying the operating conditions
over a number of experiments.

The results of Runs 1, 2 and 3 are shown in Figures 4, 5
and 6. The results are presented in terms of three character-
istic sizes of the CSD (on a volumetric basis), that is, the 25%
(X25), 50% (X50 or median size), and the 75% (X75) quar-

Table 1. Operating Conditions for Small-Scale 970-L
Experiments

as saturated feed. The model material used for crystallization Heat Residence Fines Impeller
was ammonium sulfate. Experiments were carried out in the Input Time Flow Temp. Duration Speed
evaporative mode, with the suspension held at a constant Run (kW) (min) (L) (O (h) (rpm)
temperature of 50°C and a constant heat input to the crystal- 1 120 75 1 50 30 317
lizer of 120 kW (Run 1 and 2) and 150 kW (Run 3). The § gg ;g 3 gg g g%
crystallizer was fed with crystal-free saturated feed that was
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Figure 4. Run 1 (120 kW, 75 min, 1 L/s fines, 317 rpm):
measured and simulated startup trends.

Note the poor performance of the power law model in pre-
dicting the dynamic behavior.

tile. Based on the model outlined, and the mass and energy
balances carried out around the crystallizer and the fines dis-
solution system, the entire crystallization system was simu-
lated. Model parameters for growth, attrition, and nucleation
(Moutgrown) WerE Optimized by comparing the simulated and
measured CSD responses, using a quadratic convergence cri-
terion, for the best parameter fits. The resulting optimized
parameters are listed for all three experiments in Table 2.
The optimized fits of the CSD, in terms of the characteristic
sizes, are also shown in Figures 4, 5 and 6. Figure 7 shows the
growth rates, birth rates, and the supersaturation profile,
throughout all the experiments for all three runs as calcu-
lated by the simulation. In addition to showing the fit pre-
dicted by the new model proposed in this work, the response
predicted by using a power-law correlation for the secondary
nucleation rate is also included. The following correlation,

1200} —— — measured data |
— —— new model
1100} =77~ """~ old model 1
-~ 1000 1
£
= g00f
8
N 800 1
L
5 700 1
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Figure 5. Run 2 (120 kW, 75 min, 0 L/s fines, 317 rpm):
measured and simulated startup responses.
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Figure 6. Run 3 (150 kW, 75 min, 0 L/s fines, 370 rpm):
measured and simulated startup responses in
the crystallizer.

resulting from the experiments of other workers for the am-
monium sulfate/water system in evaporative mode was used
{Daudey et al., 1990; Jager, 1991):

B, o~ Giiams. (14)

The constant of proportionality was set so that the simulated
nucleation rate was the same as the nucleation required to
give the same median size as was measured by the Malvern
for the crystallizer CSD.

By comparing the measured responses of the three experi-
ments in terms of the characteristic sizes, it can be said that
the responses of Runs 2 and 3, where no fines removal was
applied, display a less oscillatory behavior than Run 1, where
fines were removed at a rate of 1 L /s (previously reported by
Eek et al., 1995). It was only necessary to run the crystallizer
for 16 hours after the primary nucleation before the system
reached an apparent steady state for Runs 2 and 3, while it
took a much longer time (30 h) for Run 1 to reach a steady
state. The difference in dynamic behavior between Run 1 and
Runs 2 and 3 can be explained by considering what happens
when fines are removed from the crystallizer. All of the crys-
tals that are removed in the fines stream from the crystallizer
are dissolved and recirculated back to the crystailizer as a
supersaturated solution. This has the effect of raising the su-
persaturation level in the crystallizer and thus the growth rate
above the value that it would have, if no fines removal was
applied. This effect can be seen by examining the results of
the simulation for the growth rate and supersaturation trends
(Figures 7a and 7¢), which indeed show that for Run 1 the
supersatyration was higher throughout the entire experi-
ment, and that it also assumes a higher steady-state value in
Run 1 than in Runs 2 and 3.

One expects that the outgrowth efficiency of the attrition
fragments would also be directly effected by the level of su-
persaturation in the crystailizer. According to the theory de-
scribed previously, a higher supersaturation would allow at-

AIChE Journal



Table 2.

Optimized Parameters for Runs 1, 2, and 3

Run Attrition Growth Survival Nucleation
Symb01 K;ttr xg Kkin Xmed
Dimensions m/s pm n m/s n Noutgrowth pm &
1 2e¢ —09 750 13 S5e—06 1 0.50 10 0.20
2 2e —09 750 10 5e—06 1 0.08 10 0.20
3 2e —09 750 10 S5¢ —-06 1 0.07 10 0.20

trition fragments with a higher level of internal strain to grow
out. This is confirmed by the much higher outgrowth effi-
ciency obtained for the simulation of Run 1 at an efficiency
of 0.50, which means that 50% by volume of all attrition frag-
ments produced grow out, as opposed to a 0.07 and 0.08 out-
growth efficiency for Runs 2 and 3, respectively, reflecting
the lower supersaturation present in these experiments.

The large difference in outgrowth efficiencies between Run
1 and Runs 2 and 3 also yields a much higher birth rate for
Run 1, as is seen in Figure 7b.

Figures 4 to 6 show that reasonably good fits can be ob-
tained with the new model (Eq. 12) by optimizing the fit pa-
rameters to the measured CSD response. Given the accuracy
of the model to predict the dynamic behavior and steady state
reached by the CSD, validates the link between the volumet-
ric attrition rate and the secondary nucleation rate proposed
in this article. The results for the simulation of the CSD us-
ing the secondary nucleation correlation of Eq. 14 is also
shown in Figures 4, 5 and 6. The results show that it is only
possible to introduce a very small amount of dynamics into
the CSD by using Eq. 14 at the start of the experiment, and
that the system reaches a steady state much quicker than is
observed in the measured CSD for the three experiments.

Deviations in the simulated and measured responses do ex-
ist, however, for the model proposed here, especially in Run
2. In this experiment, the measured response reaches an ap-
parent steady state after 8 hours. At that time, the response
of the simulated CSD is still oscillating. This difference could
be caused by an internal classification effect where the larger
particles have a longer residence time in the draft tube, thus
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Figure 7. Simulated trends of the growth rate (top), nu-
cleation rate (middle), and supersaturation
(bottom) with time.
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being measured less frequently, giving a bias in the CSD
measurement toward smaller sizes. This effect may then re-
sult in a lower measured median size than is actually present
in the crystallizer. This effect is not seen in Run 3, as the
impeller speed was higher at 370 rpm, compared to 317 rpm
for Run 2. Run 1, also carried out at 317 rpm, may also be
effected by internal classification, as there is a static devia-
tion in X75 throughout the experiment between the mea-
sured and simulated responses. Unless reliable information is
available on the extent of the internal classification, it cannot
be taken into account in the model, as both internal classifi-
cation and attrition affect the CSD in a similar way. A sepa-
rate function should therefore be estimated for internal clas-
sification.

It was found that the size at which the attrition fragments
were born had very little effect on the dynamic behavior or
eventual steady state reached by the CSD within the range 5
to 12 wm. This range is also consistent with the observations
of other workers, as discussed in the Theory section. For this
reason, an arbitrary value of 10 wm was chosen for the posi-
tion and a standard deviation of 0.20 was chosen for the dis-
tribution of secondary nuclei.

There is very little difference between the kinetic parame-
ters evaluated from the three optimizations. The largest dif-
ferences were in the values for the survival efficiency that
were discussed earlier. The only other appreciable difference
was between the value estimated for the power in the attri-
tion correlation (Eq. 7), which is 10 for Runs 2 and 3 and 13
for Run 1. A diagram of the attrition function is given in
Figure 8, using values ranging from 1 to 15. The resulting
plot shows that below a size of 500 wm, the attrition rate

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Crystal Size [microns)

Form of the attrition function (Eq. 7) for vari-

ous values of the exponent n.

Length parameter is taken as the value obtained from the
simulations, that is, 750 wxm.

Figure 8.
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Figure 9. Optical micrograph of the internal structure of
an ammonium sulfate crystal removed from
the crystallizer toward the end of Run 1.
Projection is of the (110) face.

reduces to zero. Independent measurements by Jager (1990)
showed that for ammonium sulphate crystals suspended in
ethanol in a 20-L DTB crystallizer similar in design to the
970-L crystallizer, the onset of attrition was very sharp and
began to take effect at a size of 400 wm. Further proof that
attrition fragments are formed by parent crystals when they
exceed a certain minimum size, was provided by examining
the internal structure of ammonium sulfate crystals, removed
from the product slurry of Run 1. The crystals were placed in
an organic fluid having the same refractive index as ammo-
nium sulfate. Figure 9 shows a photograph taken of a crystal
internal structure using an optical microscope projected onto
the (110) face. The black areas between the growth sectors
are inclusions, which have formed due to the overgrowth of
damaged corners and edges. In the photographs, blunt edges
and corners are seen that have obviously been chipped away
by an attrition process. Inside a diameter of about 500 wm in
Figure 9, there are no inclusions present, which leads one to

Figure 10. Optical micrograph of the internal structure
of a crystal taken near the end of Run 1.
Projection shows the (101) face.
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the conclusion that attrition was not prominent below this
size. Figure 10 shows another crystal, but this time the photo-
graph is taken of the (010) face. The same features can be
made out, the inclusions between the growth sectors as well
as other inclusions in each sector.

Conclusions

By coupling the secondary nucleation rate to the attrition
rate, via a (survival and) outgrowth efficiency term, it is possi-
ble to obtain a good representation of the CSD dynamic be-
havior in a crystallizer. The new model presented here per-
forms much better than traditional power-law correlations for
the secondary nucleation rate.

Fines removal results in a higher supersaturation level in
the crystallizer throughout the entire experiment, resulting in
a higher survival efficiency of attrition fragments and thus a
higher nucleation rate.

From the results of the parameter estimation procedures
for Runs 1, 2 and 3, and from the evidence of the internal
and external crystal structure, it is shown that the onset of
attrition occurs quite suddenly above a certain minimum size,
and can be described satisfactorily by an attrition rate func-
tion having crystal length as the only parameter.

Internal classification due to inadequate suspension of the
crystal slurry may introduce a bias into the measurement of
the CSD toward smaller sizes. A classification function should
be estimated for the crystallizer to account for this effect in
the simulation model.

Notation

B(x) =length-dependent birth rate, #/m*-s
¢, =specific heat, kJ/kg-K
=fluid phase concentration, kg/m?
h,, =product classification function
k' = growth rate constant, m/s
K, =attrition rate constant, m/s
K . =attrition rate constant, m/s
M, o =Mmass of attrition fragments that grow out, kg
M40 10 = total mass of attrition fragments produced, kg
M, =product density, kg/m*
P, . =heat input, kW
Py, =power input via impeller, kW
P,,ss =heat loss to the environment, kW
R, =enthalpy of evaporation, kl/kg
t =time, s
T =temperature, °C
V =vessel volume, m>
X, =average size of attrition particles, m
x, =attrition function size parameter, m
p =density, kg/m?

Superscripts and subscripts

b,h,j,i,k =exponents in the power law
¢ =crystal
d =dissolved fines stream
f, F =fines stream
i =feed stream
p = product
v =vapor stream
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Appendix: Model for an Evaporative Crystallizer

A well-mixed crystallizer is considered and the assump-
tions given in the population balance section are applied in
setting up the balances for the system defined in Figure 3.
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Four balances are considered: the crystal population bal-
ance, the dissolved and crystalline salt balance, the energy
balance, and an overall mass balance. General equations for
the system described in Figure 3 are formulated below.

Population balance
an(x,0 )V Vo"n(x,I)G(x,t)
at T ox

—(Q h,+ QrhpIn(x,)+ B(x)V. (A1)

By multiplying each term in Eq. Al by kx>, and by defining
the voidage fraction in the crystallizer as € =1— k,m;, and
substituting for the third moment wherever it occurs, the
crystal mass balance over the crystallizer results, giving

WV -V = vy [ Gnetar - 0 (1
— p— — —_.—=+ 7 — —
ot T o7, O Q,(1-¢,)

~ 01— )+ 01~ )+ k¥ [ Blx’de (A2)
0

Salt balance
J
—&?[EVC +(1-eVp ]=0,leC+(1-¢€)p 1+ 0Q,C,

—Q,le,C+(1—¢€)p. ]~ QpleC+(1—€)p.] (A3)

Energy balance

d
ZT[GVPCP +(1 - E)Vp(‘cp('] = Ql[ €; picpi + (1 - Ei)PCCI,(.]T}
+ @ PuCpaTat Pimp + Prc = Ploss

-Q,le,pc,+(1—-€,)p.c, 1T

- QF[ercp +(1- €F)pccpc]T - Qu[ pURU + pUCpL)T]' (A4)
Total mass balance

d

E[V(ep+(1— )pIl=Qile pi+(1—€)p ]+ Qup,
~Q,lep+(1—€)p]—Qplepp + (1= €)pl-Q,p,. (AS)

By partial differentiation of the lefthand side of Egs. A3, A4
and A5 and substitution with Eq. A2, the following expres-
sions are derived for the salt energy and total mass balances.

Salt balance
ac
eV:it— =0,C,~0Q0,C—0,C+Q,C

—(pr~C)[3kquman2dx]. (A6)
0
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Energy balance

Q4 pdcpde +Q.T; PiCpi — Qp PCpT - QFTpCp
- Qv[ puRu + pvcpuT] + Pimp + Phc - Ploss

~[Tp.c,. — Tpc,) [Sk UVf(:anzdx] =0. (A7)

Total mass balance
Qups—Q,p—Qrp+Qip— 0,0,

—(p— p)[3k,yf0 manzdx] —0. (A8)

Equations A6, A7 and A8 form a system of three linear equa-
tions that completely define the system in terms of in- and
outgoing flows and quantities. The equations must be solved
to give expressions for the three unknowns, that is, the growth
rate (G), the feed flow rate (Q;), and the vapor flow rate
(Q,), assuming a Class IT system (dc/dt =0 and C =
saturation concentration).

Derivation of the growth rate function for a Class I System

For a class I system, an extra expression can be introduced
into the system of equations for the growth rate as a function
of the supersaturation:

n

o (AC
G =kAC =k(€k—)‘ (A9)

Description of the fines removal system

Q,C;=QxrleC+(1-€:)p,]
Qupa=Qrlepp+(1~e€p)p.].

Other definitions
g=1-k,ms;
m; ;= fn{x)x'dx
n,(x) =h,n(x)

np(x)=hpn(x).

By assuming initial conditions for the concentration in the
fluid phase and a distribution of crystals present in the crys-
tallizer after the primary nucleation step, Egs. A6, A7, A8,
A9 and the population balance Al can be solved at regular
time intervals to give the development in the CSD and con-
centration of ammonium sulfate in the fluid phase.
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(i = fines/product /crystallizer contents)



