Feedback Control of CSD in a KCI
Crystallizer with a Fines Dissolver

On-line crystal size distribution control in an 18 L KCI crystallizer,
equipped with a fines dissolver, was experimentally studied using infer-
ential control of nuclei density. The control algorithm used was propor-
tional control of inferred nuclei density by manipulation of fines removal
rate. A sudden 5-8°C drop in the temperature of the crystallizer was
used as a standard upset, which produced a fairly reproducible burst of
nuclei. Nuclei density was then estimated from the fine crystal distribu-
tion in the fines loop using a light-scattering instrument. The control
study was implemented by a computer program that used the current
value of nuclei density to cailculate updated set points of the fines
removal rate. Simple proportional control of nuclei density in response
to changes in fines removal rate was shown to be an effective way to
minimize fluctuations in the product crystal size distribution that are
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caused by nucleation disturbances.

Introduction

Crystal size distribution (CSD) is one of the most important
properties of a crystallization process; it often determines final
purity, based on dewatering ease, as well as handling and many
end use properties. Little work has been done in the area of
experimental feedback control of CSD, although there have
been several theoretical and numerical studies reported. These
studies include work by Beckman and Randolph (1977), Epstein
and Sowul (1980), Gupta and Timm (1971), Johnson et al.
(1985), Leiet al. (1971), and Rousseau and Howell (1982). The
lack of experimental CSD control studies is probably due to the
previous lack of convenient on-line techniques for particle size
analysis. Currently available light-scattering instruments have
made possible on-line measurement of fine-crystal populations
which may yield enough information to permit on-line CSD con-
trol.

The purpose of this paper is to describe an experimental study
of inferential on-line CSD control recently suggested (U.S.
Patent, 1981). The system used was a KCl crystallizer equipped
with a fines dissolver. The control algorithm used the inferential
estimation of nuclei population density n° from light-scattering
measurements in a continuous fines stream. The value of n° was
then controlled by manipulation of a fines dissolving stream.
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Previous Work

Recent studies (Randolph et al.,, 1981; Rovang and Ran-
dolph, 1980) have developed the technology for on-line estima-
tion of crystallization properties, e.g., nucleation rate B°, and
growth rate G, from fine-crystal populations. Manipulation of
both fines dissolver flow rate and dissolver temperature in
response to changes in estimated nuclei density has been used in
an attempt to control CSD in a KCl crystallizer (Randolph and
Low, 1982). Manipulation of fines dissolver rate apparently
upset fine crystal removal in the fines classifier and did not show
effective CSD control. However, partial dissolution of fines,
obtained by manipulation of dissolver temperature, did appear
to reduce the transient effects on CSD of imposed upsets in
nucleation rate. Neither partial fines dissolving nor manipula-
tion of fines removal rate gave a linear response of nuclei
destruction to the change in manipulated variable. In spite of
numerous theoretical studies of CSD control, the work of Ran-
dolph and Low (1982) is the only reported experimental study of
direct feedback control of CSD.

In the present study a linear response of nuclei removal was
maintained by keeping fines removal constant. The manipulated
variable was then the fraction of fines recycled back to the crys-
tallizer.

Theoretical Considerations

There are two types of dynamic modes that a crystallizer
experiences, CSD instability and CSD transients. Instability is
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caused by the interaction of system kinetics and process configu-
ration, whereas transients are caused by outside disturbances,
e.g., changes in flow rates, temperature, or agitation. Beckman
and Randolph (1977) presented a theoretical study of CSD
instability in which it was shown that an unstable CSD could be
stabilized by simple proportion control of nuclei density. In the
present study we only considered control of CSD transients since
our crystallizer was intrinsically stable. The current value of
nuclei density, #°, was estimated from on-line fines measure-
ment and control was attempted by manipulating the fraction of
the fines dissolver low rate actually sent to the dissolver, Q.
The proportional control algorithm used was simply given as

Or — QF n’ —n°
([252)- k55 0

where steady state variables are indicated by the overbar. The
choice of n° as an inferential control variable was made because
many types of upsets influence nucleation rate and hence nuclei
density. Further, at constant slurry density a constant value of #°
is necessary to maintain CSD constant. Finally, nuclei density
can be inferred on-line by process-feasible light-scattering in-
struments applied to a conditioned fines stream. Fines dissolving
rate was chosen as the manipulated variable since fines removal
is the most direct method of influencing nuclei population densi-
ty. The dimensionless gain K, was set at 0.5 based on a previous
theoretical control study (Beckman and Randolph, 1977).

A root mean square (RMS) measure of CSD fluctuations was
used as a performance index to evaluate control. Thus,

(PI)? = — Z

i=1

AW, — AW,
(~————) (2)

AW,

where AW, is the weight fraction of crystal product in sieve
range i and N is the number of samples. CSD data were also
converted to particle number density, and plotted as a function
of time to directly observe the control of crystal population. The
population density was calculated from the weight fraction by
the following equation:

MAW(L)

[y - 27
ML) = TAL

3)

where M refers to slurry density in the crystallizer (grams of
solid per liter of clear liquid) and k, is the shape factor convert-
ing size cubed to particle volume.

The steady state solution of the population density function
for an mixed-suspension, mixed-product removal (MSMPR)
crystallizer is given as:

n(L) = n®exp (%TE) 4)

Equation 4 also holds for the mixed-removal fines distribution
up to classification size Ly, where 7 is now the mean retention
time of the fines, 7, = V/(Qr + Q). If the fines distribution is
essentially of exponential form, i.e., the majority of the numbers
in the distribution are given by Eq. 4, then a simple technique
for estimating nuclei density #° is shown as follows.
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The mass density of the fines distribution is given as:
My, = pk, [“nL*dL (5)

Bringing Eq. 4 to Eq. 5 and integrating gives the fines slurry
density as:

Mz, = 6pk,n®(Grp)* (6)

The mass-weighted average size for the fines distribution is
given as:

(Leg)r = 4(Gn)p = 3 LAW, / 2_ AW, (7

Bringing Eq. 7 to Eq. 6 and solving for #° yields:
n = 4*M 7./ 60k, (z4,3)4p 3

Nuclei density was estimated directly from Eq. 8. It is noted
that Eq. 8 represents an integral, rather than a differential,
technique for calculating nuclei density. A standard differential
technique would be to graph n = AN/AL on a semilog plot and
extrapolate to L = 0 to obtain #° as the intercept (Beckman and
Randolph, 1977; Randolph and Low, 1982).

Experimental Apparatus and Technique

The apparatus used was the same KCl crystallizer that has
been described previously (Randolph and Low, 1982). Fines
CSD measurement and data reduction were obtained on a Cilas
Granulometer 715 light-scattering particle analyzer in connec-
tion with a Hewlett Packard 85 minicomputer.

The KClI crystallizer consists of a well-mixed, draft-tube-baf-
fled crytallizer as described in Table 3, with an associated fines
dissolution system, as diagramed in Figure 1. The crystallizer is
0.31 m in diameter and 0.42 m long, with a working volume of
18 x 107> m?. Two stainless steel cooling coils are arranged con-
centrically within the crystallizer: a 10.2 ¢cm (4 in.) dia. coil of
1.3 cm (Y4 in.) tubing, and a 20.3 cm (8 in.) dia. coil of 0.95 cm
(3& in.) tubing. Three vertical baffles attached to the coils rest
against the tank walls. Three other baffles divide the annulus
between the coils. The impeller, located within the inner coil, is a
three-blade marine-type propeller of 3.7 x 10~? m radius.

Saturated KCl solution at 54°C was fed from a 200 L (0.2 m%)
feed tank. A double draw-off product removal system was used,
giving crystal product residence times of 180-240 min, depend-
ing on the ratio of overflow to underflow streams. Suspension
densities ranged from (30-120) x 107> kg of crystals per liter of
clear liquor. The fines stream was removed from an internal
fines trap that classified the crystals with a cut size of about
180 x 107® m. A separate fines classifier having a cut size
adjustable between (100-200) x 10~% m was used to condition
the sample stream continuously flowing through the sample cell
of the Cilas particle-sizing instrument (the maximum crystal
size detected by the instrument was 192 x 10~* m). The sample
window was a rectangular slit about 25 mm x 25 mm (2in. x 2
in.), having a flow thickness of 1 mm. No plugging of this sam-
ple window was observed due to particles in the sample stream.
However, the sample window was flushed on a two-hour basis
with the dissolved fines stream to prevent salt encrustation.
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C-Crystallizer L-Laser
CT-Cooling Tank  MP - Micro Processor
CW - Cold Water P-Pump (Q)

D-Drain PA - Particle Analyzer

F -Flowmeter S- Steam
FT-Feed Tank TC- Temperature
HT - Heating Tape Controller

Figure 1. Flow diagram of 18 L crystallizer.

Crystal dissolution was achieved by raising the fines stream
temperature to 54-60°C. This fines stream was then cooled and
returned to the crystallizer. The system was assumed to be at
steady state when the changes in AW, with time for each sieve
were minimal.

The crystallizer was first brought to steady state and then
challenged with a sudden nucleation pulse obtained by upsetting
the temperature. The temperature was upset by shutting off the
cooling water until the temperature was raised by the incoming
feed brine by the desired amount (~5-8°C). The cooling water
was then opened to initiate temperature control. The sudden
drop in the crystallizer temperature resulted in a fairly repro-
ducible burst of nuclei. The CSD was measured throughout the
experiment, on an hourly basis, by sieve analysis as well as by
on-line measurement of #°. Each run was 30-50 h in length. The
control study was implemented by a program on the computer
{HP-85), which used the current value of n° to calculate
updated setpoints of O for the next sample period, as per Eq. 1.
A three-point running time average of n° was used in the control
algorithm. Thus,

A= (), + 2h,_, + ”?)/4 %)

where the overbar represents the time average and (), represents
the value at sample period . A sampled data time of 10 min was
used, which permitted manual adjustment of the fines dissolver
flow Qr. A sampled data time as low as 1 min would be possible
with the system if Qr were adjusted automatically. The sampled
data time of 10 min was still short compared to the product resi-
dence time 7, = 180-240 min. An important aspect of the exper-
imental apparatus was that the fines dissolver stream was
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adjusted by recycle of a portion directly back to the crystallizer.
The purpose of this recycle was to vary Qp without changing the
cut size of the fines being removed from the crystallizer. Figure
2 shows the variation of n? with time as calculated by the mini-
computer. The value of n{ was then used to calculate the next
value of the controlled dissolver rate Q.

The nuclei density, given by Eq. 8, is a function of both the
fines slurry density and the average particle size:

n° o =15 (10)

It was expected that both (—1:4'3)F and M;,_would change signifi-
cantly after a nucleation upset. To observe these changes, varia-
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Figure 2. Representative computer output: time-aver-
aged nuclei density vs. time.
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tions of the average particle size and the slurry density of fines
passing through the particle analyzer were followed with time.
Figure 3 shows the variations of (Lys)pand M 1, With time before
and after a typical nucleation upset (run 36). It can be seen that
aside from random fluctuations in the value of (L, ;)5 that occur
throughout a run, there was no recognizable disturbance in
(L, 3)r due to the nucleation upset. For fines slurry density, on
the other hand, there was a dramatic change. (It is not known if
the outlying point shown at t = 3 h was real or was an artifact of
the counter /printer system. This outlier is also evident in Figure
2). Following the upset in the temperature of the crystallizer,
there is a decrease in M, followed by a sudden jump in its value.
it is apparent that the fines slurry density, not the fines linear
size, drives the value of nuclei density. In other words,

HO«MTF (11)

The large changes in M, vis-a-vis (L) appear to be real. (The
computed fines histograms for runs 36 and 33 are discussed in
detail in the Appendix.) The inferential n° control study dis-
cussed in this paper could have been done with a simpler instru-
ment measuring only total suspended solids concentration of the
fines.

To demonstrate that comparable control actions would have
ben taken with or without measurement of the fines CSD, nuclei
density was calculated as a function of time using two different
methods. In the first method nuclei density was directly calcu-
lated from Eq. 8. In the second method an average value of
(Zu) r (designated 24'3) £ was inserted into Eq. 8 as a constant.
The two estimates of n° thus calculated are compared in Figure
4. Values of nuclei density obtained by the two methods track
each other closely except at the nuclei density peak. (The data
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Figure 3. Variations of average particle size and fines
slurry density due to a temperature upset.
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Figure 4. Nuclei density vs. time as a function of size and
slurry density, and as a function of slurry den-
sity only.

point at 7 = —3 h can be neglected. At that time the values of
(L43)r dropped, due to plugging in the sampling system flow
lines). Note that at the disturbance peak, the nuclei density,
obtained by assuming n° « M, is sufficient to saturate the con-
troller. For the given gain used, a fines destruction flow rate Qr
greater than 2,000 mL/min (0.002 m?/min) was calculated,
corresponding to saturation of the control action. Therefore, the
assumption #° « M, would have resulted in essentially identical
control actions. A total suspended solids fines slurry density sen-
sor would have been sufficient for estimation of nuclei density,
using Eq. 11.

Results

The performance index was evaluated for three runs: one with
and two without feedback control. For each run a value of PI,
was calculated for the steady state region before the tempera-
ture upset as well as a value after the upset, PI,. PI, was calcu-
lated starting immediately after the nucleation upset and con-
tinuing until termination of the run. Termination of a run
occurred when the disturbance had grown through the largest
screen size or when operator fatigue or equipment failure man-
dated shutdown. The same average values AW, were used for PI,
as for PI, since AW, refers to the average value of AW, in the
steady state region. The PI; and PI, values for runs 35 and 37
are averages of the two runs, averaged for each size range. The
fluctuation in CSD caused by the temperature upset can be eval-
uated by comparing the PI; and P/, values for the two regions.
Table 1 shows values of PI, and PI, with and without feedback
control. There was a marked decrease in PF, values in run 36
when feedback control was implemented.
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Table 1. Performance Index from Runs
with and without Control

Average for Runs 35

and 37* Run 36**

Size, m x 107¢ (PL)ag B (PL) oy % PL % PL%
1,000 19.1 68.7 21.3 419

841 7.5 62.1 45 23.1

707 9.3 37.3 5.2 6.3

595 7.1 90.6 5.4 26.5

500 7.7 158.2 8.6 46.6

1500 14.9 248.2 10.0 78.8

*No feedback control.
**Feedback control.

Table 2. Ratio of Performance Indices
with and without CSD Control

PI, without Control

Size,m x 107° '~ PI, with Control

1,000 1.6
841 27
707 59
595 3.4
500 3.4

1500 32

R=3,AWR, = 3.45.

Several other runs were attempted in addition to the three
completed runs compared in Table 1. These runs are described
as follows. Run 33 was intended as a run without control imple-
mentation. However, the run was stopped due to mechanical
failure three hours after the temperature disturbance to the
crystallizer. This amount of time was not sufficient for observ-
ing the effect of the nucleation pulse in large size ranges
(>300 x 107° m). Therefore, data obtained from this run were
not used for calculation of performance indices. In run 34 the
nucleation upset failed. The operating conditions and the nature
of the temperature upset were similar to other runs, but no
noticeable disturbance in the population density or the weight
fraction of particles was observed. Consequently, the data from
this run were discarded. A possible explanation is that extra-
neous flushing water, used routinely to keep lines open, was
added to the crystallizer. A second run with feedback control
was attempted but failed mid-run due to pump failure.

The values of PI, for runs with no CSD control can be com-
pared to PI, values with control as a ratio given by Eq. 12.
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Figure 5. Reduction in slurry density with time.

Thus

PI, without control
e PI, with control

(12)

where PI, again refers to the period following the nucleation
upset. This ratio gives an idea of how well the control system has
performed. Note that R;is for a given size range AL; with weight
fraction AW,.. A mass-weighted average value R is given by Eq.
13.

R -} RAW, (13)

Table 2 shows values R; for the average of runs with and without
control as well as the total mass-averaged performance index
ratio for all runs. The application of feedback control signifi-
cantly reduced mass-weighted PI, values by approximately a
factor of 3.5 compared to runs without control.

A gradual reduction in slurry density was observed in all runs,
Figure 5. This was due to fouling on the cooling coil. The slurry
density for run 35 was markedly less than the other runs because
the ratio of Q,/Q, for this run was set at 2 rather than 3. This
change was made to possibly reduce the time it would take the
crystallizer to reach steady state. However, no significant
change in this time period was observed and the remaining runs
were made at Q,/Q, = 3. Table 3 lists the range of variables
used in this study.

The performance index ratio R is a quantitative measure of
CSD controller performance. However, a better way to visualize
the effect of CSD control is to follow the progression of the

Table 3. Range of Variables and Crystallizer Specifications

Temperature, °C

Fines Crystall.
Run Feed* oy Destruction Temp. Rise
No. m’/min x 107¢ Q./0Q. m®/min x 107¢ RPM Feed Crystall. Loops During Upset °C
33 300 3 1,000 500 54 37.8 54 5
34 300 3 1,000 500 54 37.8 54 8
35 300 2 1,000 500 54 37.8 54 7.2
36 300 3 Control 500 54 37.8 54 8
37 300 3 1,000 500 54 37.8 54 8

*Feed concentration for all the runs: 300 kg KCL/m’, 30 kg NaCl/m’, 10 kg MgSO,/m’.
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Figure 6. Population density vs. time at an average size
of 458 x 10~% m with and without control.

nuclei pulse (the disturbance), with or without control, as the
disturbance grows down the particle size axis. Figures 6 and 7
plot population density vs. time for particle sizes of 458 x 107¢
m and 651 x 107% m with and without CSD control. Note that
the population pulse is greatly attenuated in the run with CSD
control (run 36). The vertical axis (population density) is
repeated to allow superposition of the two runs. The tempera-
ture upset is alsc shown at the top of the figures.

The same information is plotted in Figures 8 and 9 as weight
fraction on a given screen, AW, vs. time for uncontrolled and
controlled runs. Again, the large weight fraction disturbance
that grows down the particle size axis is greatly attenuated when
CSD control is implemented. However, it is apparent—as in
Figure 9—that disturbance particles that escape the corrective
action of the fines dissolver will ultimately show up as distur-
bances in the larger particle size ranges. Supposedly the weight
fraction disturbance shown in the upper curve of Figure 9 would
ultimately return to its original value, as no permanent changes
in run conditions were made.
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Figure 7. Population density vs. time at an average size
fo 651 x 107° m with and without control.
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Conclusions

Calculated PI, values indicate that RMS CSD fluctuations
due to a nucleation upset were reduced by a factor of 3.5 with
implementation of feedback control. Thus a significant improve-
ment in CSD performance should be realized by application of
this control technology. Nuclei density was estimated using both
slurry density and particle size measurements from a well-con-
ditioned fines stream. It was shown that only the former mea-
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surement (slurry density of fines) is needed to estimate nuclei
density.

The addition of a recycle line to the fines dissolver stream
enabled the flow @y to vary without introducing any upsets in
the crystallizer, e.g., changing the cut size of the fines being
removed. This permitted linear changes in fines destruction to
be achieved via linear changes in the manipulated variable.

Simple proportional control of nuclei density in response to
changes in fines removal rate was shown to be an effective way
to minimize the effect of disturbances in nucleation rate on the
product CSD.
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Nomenclature

CW = cold water
F = flow meter
G = linear growth rate, length/time
H = heating tape
K, = control gain
K, = shape factor
L = linear size, length
M = slurry density, mass/volume of filtrate
Mgz,, My, = slurry density of fines, mass/volume of filtrate
n(L) = population density, number/volume of filtrate per length of
particle
n° = nuclei density, number/volume of filtrate per length of par-
ticle
P = peristaltic pump
PI = performance index
volumetric flow rate of fines destruction loop, volume/time
., = volumetric feed rate, volume/time
Q, = volumetric clear liquor overflow rate, volume/time
Op, Q. = volumetric flow rate of product, volume/time
x = volumetric flow rate of recycle, volume/time
W, = weight fraction of crystal product in sieve range i
T, = crystallizer temperature, degrees
C = temperature controller
p = crystal density, mass/volume
7 = residence time, Q/Q,, time
7p = fines residence times, V/(Qr + @, + Q,), time

©
I

Subscripts and superscripts

()7 = fines stream
(); = ith size range
(), = value at sample period ¢
(7) = steady state or time-averaged value

Appendix

A representative nucleation disturbance is shown in Figure
Al as plots of fines slurry density in individual channels of the
particle analyzer vs. time. Each channel corresponds to a given
size range, as listed in Table Al. Figure A1 shows such a plot for
run 36. Due to the initial rise in the crystallizer temperature
caused by the shutdown of the cooling water valve, the amount
of particles in all size ranges was reduced, i.e., small particles
were dissolved in the crystallizer. Then as the cooling water
valve reopened there was a burst of nuclei in the crystallizer and
therefore a sudden increase in the number of small particles
detected by the particle analyzer in all channels. Eventually the
distribution returned to its previous form prior to the tempera-
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Slurry Density (kg/m°) in Channels
8 to 15 of Particle Analyzer vs. Time
After Upset, Run #36 (w Control)
(MT)T is the totai slurry densityin
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Figure A1. Variation of slurry density in channels 8-15 of
particle analyzer vs. time after upset.

Table Al. Average Particle Size in Channels 8-15
of Particle Analyzer
L
Channel m x 107°

8 14

9 20

10 28

11 40

12 56

13 80

14 112

15 160
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ture disturbance. The fines slurry density Mr,, as measured by
the Cilas instrument, is shown above each weight-channel histo-
gram in Figure A 1. Note that for run 36 the fines slurry concen-
tration goes from practically nil (0.045 kg/m?®) to 2.24 kg/m? in
the first 35 min after the temperature disturbance. Also note
that the time ¢ = + 35 min corresponds to the maximum value of
n® shown in Figure 2. Time zero is measured from the initial
cutoff of cooling water; the 35 min time to the peak in fines den-
sity thus includes the crystallizer warmup and cool-down time.
Figure A2 shows similar histograms for a run without control
implementation (run 33). Data were taken every 5 min, there-

Slurry Density (kg/m3) in Channels
8 to 15 of Particle Analyzer vs. Time
After Upset, Run #33 (w/0 Control)

(MT)T is the total slurry density in
ali channels (O-15) combined.

(MT)T= 0272 0.8l 0.104
kg/m?>
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Figure A2. Variation of slurry density in channels 8-15 of
particle analyzer vs. time.
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Population Density, n(L), #/m3 m
vs. Size, L (m), Combined Data for

Runs 33, 36, 37 at Steady State
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Figure A3. Population density vs. size for average steady
state size distribution before upset.

fore allowing closer observation of the reaction of the particle
analyzer to the nucleation upset. Again, due to the initial rise in
the crystallizer temperature small particles were dissolved (see
t ~ +10 min). Starting at 7 = +15 min there is a burst of new
small particles moving down the size axis as a wave reaching
larger sizes. Since no permanent changes in the operating condi-
tions of the crystallizer were made, the distribution eventually
returned to its steady state form. The difference in the times for
peak M;—and hence peak calculated n® values—between runs
33 and 36 is due solely to the different AT’s and hence different
times for warmup and cool-down of the crystallizer (see Table
3). Figures A3 and A4 show the average steady state distribu-

Cumulative Weight Fraction vs. Size,
Combined Data for Runs 33, 36, 37
at Steady State
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Figure A4. Average steady state distribution for all runs
taken before any upsets.
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tion of the crystallizer before any upsets expressed as population
density and cumulative weight fractions. These steady state val-
ues did not vary appreciably among the various runs.
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