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ABSTRACT 

A method for on-line sample dilution was developed 

and experimentally demonstrated for a borax crystallizer. 

The conditioned sample was analyzed on-line by a forward low-

angle laser light scattering device, in conjunction with a 

real-time computer to estimate crystallization parameters, 

i.e., nucleation rate, nuclei density, and growth rate (B°, 

n°, G). The ability of a sample dilution system equipped 

with a filter to process a sample that has a high level of 

insolubles was demonstrated. A kinetic model of the borax 

system was estimated from and compared to experimental data 

gathered during the sample dilution testing. 

The sample dilution system was shown to be a neces

sary and viable method for applying a forward low-angle laser 

light scattering device to industrial crystallizer control 

applications having high slurry densities with relatively 

small particles, e.g., borax. 

ix 



INTRODUCTION 

Crystallization is a widely used industrial separa

tion process that yields a product of high purity, usually 

with lower energy requirements than other separation proces

ses. The resulting product is in granular form, which is 

convenient for packaging and shipping without additional 

processing. Many of the crystallized products require a 

granular form to be used conveniently, i.e., sugar, salt, 

fertilizer chemicals. 

The crystal size distribution (CSD) of the product 

is an important specification that determines the handling 

properties, and sometimes the end use of the product. If the 

average crystal size is very small, dewatering of the slurry 

from the crystallizer can be difficult and may make the 

product unusable. Other important properties such as caking, 

dusting, spreading, plugging, and conveying are all functions 

of the product CSD. Poor performance in any of these cate

gories may make the product unsaleable or reduce its value. 

The esthetic characteristics of the product may also be a 

strong function of the CSD. 

The CSD not only affects the end use of the product 

but also the operation of the crystallizer. The rate of 

crystal growth is inversely proportional to the total crystal 
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surface area available. The rate of growth of the crystals 

affects the purity, strength, and crystal habit of the pro

duct. Also, high growth rates result in high fouling rates 

of the crystallizer. These problems may be compounded by 

cycling or instability of the CSD in the crystallizer. 

The ability to control the CSD in the crystallizer 

would be of value for improved crystallizer operation; how

ever, no automatic feedback control technologies currently 

exist to regulate CSD. Plant productivity might be increased 

by the reduction of recycled oversize or undersize material 

and extended crystallizer operation cycles, if CSD control 

were available. Stability of CSD would also result in 

improved control of downstream equipment such as dryers and 

conveying equipment. Variations in operation by shift due 

to differing operator philosophies would be reduced. The 

product would be improved, possibly having a narrower CSD 

around the desired crystal size, a reduction in wet or over-

dried material, and more consistent overall product quality. 

CSD Control 

In order to implement CSD control, a control variable 

that indicates the state of the distribution, a process vari-

able(s) that changes the distribution when manipulated, and 

a relation between the control variable and the process vari

able must be selected. The possible process variables that 



could be used include feed rate, double draw-off ratio (fines 

overflow and product rates), fines destruction rate, addition 

of seed crystals, and addition of chemical modifiers or 

inhibitors. Two possible control variables that could be 

used to control the CSD in the crystallizer are nuclei den

sity and supersaturation. 

Nuclei density estimation involves estimation of the 

number of embryo-size crystals existing in the crystallizer. 

It is assumed that the nuclei formed will not be destroyed and 

will populate the CSD of the crystallizer based on the size-

dependent residence time function of the crystallizer. By 

measuring and extrapolating the number of crystals at various 

sizes, the nuclei density at any time can be estimated. If 

the nuclei density is held constant by a controlled adjust

ment of a process variable, then the CSD of the crystallizer 

would also be constant. 

The driving force that causes crystallization to 

occur is supersaturation, the concentration of solute above 

the equilibrium concentration at a given temperature. Growth 

rate and nucleation rate can be directly related to super-

saturation. With an accurate model of the crystallization 

kinetics and measurement of supersaturation, the CSD might 

be predicted. Alternately, if an ion concentration in the 

liquor could be related to supersaturation, measurement of 

this ion could replace supersaturation as the control variable. 



An important aspect of a control variable is the 

response time, the time after a change has occurred before 

the control variable changes. Rousseau and Howell (1982) 

theoretically predicted that the supersaturation would 

respond instantaneously to variations, whereas nuclei density 

would be somewhat slower. Tighter control would be expected 

from control of supersaturation. However, a large fraction 

of industrial crysta11izers, Class II systems, operate with 

an almost negligible level of supersaturation, making accu

rate on-line measurement virtually impossible. Also, each 

crystallization system would require customized measurement 

techniques as the chemical being measured would be different. 

These difficulties do not exist with measurement of nuclei 

density. One standard instrument would be applicable to 

almost all crystallizers and crystallization systems. 

Measurement of CSD 

The technology to measure CSD on-line in crystalli-

zers is in the developmental stage. Two possible techniques 

are the use of electrical zone sensing instruments or forward 

low-angle light scattering instruments. Figure 1 depicts the 

principles of operation used by these two instruments. Zone 

sensing measures the size and counts each crystal as it 

passes through an orifice by the change in conductivity across 

probes on either side of the orifice. Different sized pulses 
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a) ZONE SENSING 

( \  &  
ELECTRODE M 

ELECTRODE 

A PARTICLE PASSING THROUGH ORIFICE CHANGES 
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b) LIGHT SCATTERING 

LASER BEAM 
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A PARTICLE PASSING THROUGH LASER BEAM 

SCATTERS LIGHT TO THE SENSOR 

Figure 1. CSD measurement techniques. 
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are added up in different channels of the instrument, giving 

a direct measure of the CSD. Forward low-angle light scat

tering infers the CSD from classical light scattering theory. 

The calculations are based on the intensity of light scat

tered at several forward angles. The entire distribution is 

passed in front of a laser beam. The light scattered by the 

particles is collected by a lens and is passed through a 

rotating optical mask to a sensor that "looks" at the light 

intensity at several different angles. The total decrease 

in light intensity caused by the particles is also measured 

and related to slurry density. From these measurements, the 

weight distribution of the CSD is calculated and output in 

discrete channel form. 

The accuracy, and certainly the precision, of zone 

sensing devices is in general better than light scattering 

instruments because the distribution is measured directly. 

However, applications are limited to conductive solutions. 

Also, the size of crystals measured is dependent on the ori

fice size, which in turn limits the slurry density that can 

be accurately measured. At a constant slurry density, the 

probability of two or more particles passing through the 

orifice at the same time increases rapidly as the orifice 

size is increased. Therefore, a large amount of sample con

ditioning must be undertaken for most crystallization systems 

to use these devices. Some sample conditioning is also 
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required for light scattering devices. Application of light 

scattering requires a relatively low slurry density due to 

inaccuracy caused by multiple scattering, light scattered 

by one particle that is rescattered by another particle. 

The size of the crystals measured is also limited to about 

300 ym because of lower scattering angles and intensities 

with larger particles. 

Previous CSD Control Work 

Rovang (1978) integrated an electronic zone sensing 

particle counter into the fines loop of a KC1 crystallizer. 

The data from the particle counter was analyzed by an on-line, 

real time computer. He was able to demonstrate on-line CSD 

measurement from which nuclei density and growth rates could 

be calculated with reasonable accuracy. However, the opera

tion of this instrument was found to require constant opera

tor attention because of plugging and scaling problems. In 

these experiments the slurry density of the fines loop was 

below 0.1 gm/liter. 

Low (1980) used the same experimental apparatus used 

by Rovang (1978) but replaced the zone sensing instrument 

with a forward low-angle light scattering instrument. He was 

able to demonstrate with reasonable accuracy on-line growth 

and nuclei density estimation and tracked upset conditions 

in a KC1 crystallizer. This instrument performed well with 
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negligible supervision. The slurry density of the fines 

loop was below 1.0 gm/liter. 

Based on the findings of Rovang (1978), application 

of zone sensing instruments for on-line control of industrial 

crystal1izers would be difficult and probably impractical. 

However, the light scattering instrument used by Low (1980) 

has real potential for industrial applications. The major 

problem with using this instrument is the relatively low 

slurry density needed for accurate measurement of the CSD. 

Development of a sample conditioning system that could be 

applied to industrial crystallizers is needed. Such a system 

should be able to provide on-line dilution as well as classi

fication of the particle slurry. 

Goals of This Study 

One goal of this study was to develop a sample con

ditioning system for industrial on-line light scattering 

instruments. Specifications were to dilute the fines sample 

to the required slurry density, reduce the effect of high 

insoluble loading in the crystallizer liquor, and control 

the maximum size of the crystals in the sample. The system 

was tested in a borax crystallizer where the amount of dilu

tion of the sample was varied and the effect of background 

reduction demonstrated. 

The other goal of this study was to estimate borax 

kinetics based on the above sample dilution study and work 
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by Puri (1980) . The resulting kinetic model was to be in 

a form that could easily be used for computer simulation for 

CSD control studies. 



THEORY 

CSD Measurement and Estimation of G, n°, B° 

The development of particle size measurement via for

ward low-angle light scattering was well documented by Low 

(1980). A Leeds and Northrup Microtrac Particle Analyzer®1 

was used by Low, as well as in this study. Measurements are 

based on Fraunhoffer diffraction for particles in the size 

range of 2 to 200 ym. The theory, developed by Wetheimer and 

Kilcock (1976), assumes a low particle density such that 

multiple scattering is negligible. Light scattering data are 

reduced in the Microtrac instrument to generate a complete 

size-weight percent histogram. 

The size-weight percent data can readily be converted 

to particle number-size frequency data by 

Mt Aw n (L) = ;V— (1) 
pkyL AL 

where 

n(L) = number density of particles at average size 

no. 
' unit volume-unit size 

Mt = slurry density of the sample, wt./unit volume 

Aw = weight fraction in channel of average size E 

p = crystal density, wt./unit volume 

ky = volumetric shape factor 

10 
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r = average channel size, length 

AL = range of sizes measured in channel, length 

Crystal growth and nucleation rates are then obtained by 

regressing these population data to the well known solution 

of a steady state mixed suspension mixed product removal 

(MSMPR) crystallizer (Saemon, 1956), 

n(L) = n° exp (-L/GT) (2) 

where 

T = residence time of sample crystals, time 

n° = nuclei density = B°/G, number/unit volume, 

unit size 

G = growth rate, length/unit time 

B° = nucleation rate, number/unit volume, unit time 

It can be seen that a linear relation exists between ln[n(L)] 

and L. From the known values of n(L), L, and t, values of 

n° and G can be estimated. Then B°, the nucleation rate, is 

calculated from B° = n°G. 

These calculations assume the growth rate is indepen

dent of size and a quasi-steady-state exists in the crystal 

size region chat is being measured. Beckman and Randolph (1977) , 

Rovang (1978), and Low (1980) demonstrated that the quasi-

steady-state assumption was reasonable in the size range meas

ured by the Microtrac, 1.9 to 176 vim, even during upset 

conditions in the crystallizer. However, as noted by 
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Randolph, White and Low (1981), at least five percent of the 

weight of crystals had to be contained in the channel for the 

data to be reliable. 

CSD Dynamics 

CSD dynamics of crystallizers can be the result of 

outside disturbances (transients) or may be caused by insta

bility resulting from interaction of system kinetics with 

process configuration. A continuous crystallizer operates 

as a natural feedback loop, as shown in Figure 2. The mater

ial balance, system kinetics, and population balance are all 

intimately related. Under certain conditions, crystallizers 

may operate with sustained -1imit-eyele behavior as demonstra

ted in Figure 5. 

Analytical work on CSD dynamics began in the early 

1960s. At this time population-balance models were developed 

concurrently by Randolph and Larson (1962) and Hulbert and Katz 

(1964) . These models predict CSD instability only for very high-

order relationships between nucleation rate and system driving 

forces (high-order cycling) or when the crystallizer has 

classified product withdrawal (low-order cycling). A com

plete review of CSD dynamics, stability and control is given 

in a recent C.E.P. symposium volume (Randolph, 1980). 

As theory developed to model CSD dynamics, work began 

on CSD control. Han (1967) investigated theoretical control 
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and stability of a Class I MSMPR crystallizer. The control 

variable was supersaturation with feed rate as the manipula

ted variable. Although the controller did not reduce 

sustained-limit-cycle behavior, good control was predicted 

in the stable region. Timm and Gupta (1970) studied stabil

ity control of a Class II MSMPR crystallizer using the zeroth 

and second moments of the population distribution. By con

trolling the zeroth moment, sustained-limit-cycle behavior 

could be eliminated. Lei,Shinnar and Katz (1971a, 1971b) 

studied control of a Class I MSMPR crystallizer with a point fines 

trap. An unstable CSD could be stabilized by manipulating 

throughput rate. Beckman and Randolph (1977) studied control 

of an unstable fines removal and classified product crystal

lizer. Control of nuclei density by manipulation of the 

fines destruction flow rate was found to completely stabilize 

the system. Beckman (1976) and Sibert (1982) simulated low-

order cycling and tested nuclei density control by varying 

fines destruction flow rate. Sibert also simulated manipu

lating the amount of nuclei destroyed using partial fines 

dissolving. Both control schemes were able to eliminate low-

order cycling. 

This study estimated the borax system kinetics for 

use in future control studies. 



DESCRIPTION OF EXPERIMENTAL EQUIPMENT 

The experimental apparatus used in this study was a 

laboratory double draw-off crystallizer with fines destruc

tion capabilities. Surface cooling was used to reduce the 

temperature of the saturated borax feed solution by 20°F and 

cause crystallization. A simplified overall block diagram 

of the experimental apparatus is shown in Figure 4. The 

apparatus has been divided into five subsystems, i.e., crys

tallization, fines destruction, sample dilution, cooling, and 

CSD measurement. The crystallization system was first built 

by Dr. E. P. K. Ottens in 1974. Beckman (1976) modified 

this system for his work on KCl crystallization. Rovang 

(1978) added a zone sensing CSD measurement system for the 

study of CSD in a KCl crystallizer. This included communi

cation with a real time computer for on-line data analysis. 

Low (1980) continued work on KCl crystallization but replaced 

the zone sensing instrument with the Leeds and Northrup 

Microtrac , a forward low-angle light scattering device. The 

modifications for the present study included the addition of 

another fines trap, fines destruction system, and sample 

dilution equipment. 

16 
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Figure 4. Overall block flow diagram of laboratory crys-
tallizer. 
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Crystallization System 

The crystallization system is designed for relatively 

low-temperature crystallization of aqueous solutions in a 

closed loop. Figure 5 is a diagram of the system. The feed 

tank supplies saturated solution at a constant temperature 

to the crystal1izer. Cooling coils in the crystallizer main

tain the temperature below that of the feed tank. The over

flow and product streams from the crystallizer are returned 

to the feed tank where the crystals formed are redissolved 

to complete the closed loop. 

The feed tank is an epoxy fiberglass tank with a 

capacity of 200 liters. To ensure clear saturated feed solu

tion, the tank is divided into two equal volumes by a dough

nut shaped baffle. An excess amount of solids are maintained 

in the lower chamber, which is the dissolving section of the 

tank. Clear saturated solution flows upward through the 

baffle to the upper chamber of the feed tank. This section 

acts as a feed reservoir for the crystallizer. The tank is 

mixed by both an internal stainless steel marine impeller 

driven by a 1/15 horsepower variable-speed Dayton Gearmotor 

and an external peristaltic pump that circulates saturated 

feed solution from the top chamber to the lower chamber. The 

temperature of the feed tank is controlled by an on-off 

temperature controller reading the upper chamber temperature 

via a thermocouple and controlling a solenoid valve on a 10 
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psig steam line. The steam line is connected to a stainless 

steel coil in the lower section of the feed tank. 

Feed is supplied to the crystallizer by a variable-

speed peristaltic pump taking suction from the discharge of 

the feed tank circulation pump. A six-foot heating section, 

3/8" stainless steel tubing wrapped with heating tape and 

controlled by a rheostat, is used to slightly desaturate the 

feed to the crystallizer. This ensures clear feed. A rota

meter measures the flow rate just before the feed enters the 

crystal 1i zer. 

The crystallizer is an 18-liter (working volume) epoxy 

fiberglass tank. Inside are two concentric stainless steel 

cooling coils. The outer coil is made of 3/8" tubing with an 

inside diameter of 8"; the inner coil is 1/2" tubing with a 

4" inside diameter. The outer coil is wound around a stain

less steel draft tube, and is held in place by three vertical 

baffles attached to the coil and resting against the fiber

glass tank. Three vertical baffles also divide the annulus 

between the two coils. A 1/4-horsepower motor drives a 

stainless steel impeller located within the inner coil. The 

impeller forces fluid down the inside of the inner coil and 

up the outside of the outer coil. A fines trap designed with 

a cut size of approximately 150 to 200 ym is located in the 

annulus between the two coils. Clear liquor overflow and 

fines destruction streams both leave the crystallizer from 
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this fines trap. The clear liquor overflow is returned to 

the bottom of the feed tank. Product is withdrawn from the 

crystallizer via a timed peristaltic pump taking suction from 

inside the crystallizer. The pump operates on a timed cycle 

to prevent classification of the product. In this study, the 

pump operated for two seconds out of every minute. The pro

duct is also returned to the lower section of the feed tank. 

Fines Destruction System 

One way to modify the crystallizer CSD is to decrease 

the residence time of small crystals. A fines destruction 

system performs this function by removing a stream from the 

crystallizer containing only small crystals, dissolving the 

crystals, and returning the liquor to the crystallizer. 

A diagram of the fines destruction system used in 

this study is given in Figure 6. A variable-speed peristaltic 

pump circulates the fines stream from the crystallizer through 

the dissolver, cooler, and back to the crystallizer. The 

fines stream comes from a fines trap located between the 

cooling coils in the crystallizer. This fines trap has a 

classification cut point of 150 to 200 ym. The dissolver 

vessel is a 2-1/2 foot long 4" steel pipe with a pipe cap on 

one end and blind flanges on the other. A 1/2" stainless 

steel coil 20 feet of straight tubing) is inserted into 

it with the fines stream flowing through the coil. The 
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outlet temperature of the dissolver is controlled by a 

temperature controller that opens a solenoid valve on a 10 

psig steam line to the dissolver shell. The cooler is con

structed exactly like the dissolver and cooled v/ith tempered 

water from the cooling system. A rotameter measures the flow 

rate between the dissolver and cooler. The system is also 

equipped with two Microtrac sample locations. 

Sample Dilution System 

The sample dilution system was added to the experi

mental apparatus to condition the fines samples for the 

Microtrac. An accurate measurement of CSD requires a maximum 

crystal size, a slurry density of less than 1.0 gm/liter, and 

a method by which the insolubles concentration can be reduced. 

A fines trap was added to the system to limit the crystal 

size in the sample. A recirculation scheme was devised to 

reduce the slurry density and, when filtered, the insolubles 

of the sample. Using such a sample dilution system, the 

Microtrac might feasibly be applied to industrial crystal-

l'izers. 

A diagram of the sample dilution system as used in 

this study is shown in Figure 7. The sample is taken from 

the crystallizer via a fines trap located between the cooling 

coils. The fines trap was designed to have a 150 ym cut-size 

at a 200 ml/min sample rate. The sample is mixed with 
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recycled liquor that has been filtered and maintained at the 

crystallizer temperature. The combined stream makes up the 

suction of the variable speed peristaltic circulation pump. 

This pump circulates the sample through the dissolver and 

cooler, of identical design as in the fines destruction system 

described above (see Figure 8a), and returns a controlled por

tion to the crystallizer while recycling the rest to dilute 

the sample. A Cuno cartridge filter, capable of removing 

particles larger than 5 ym, was installed between the dis

solver and cooler to remove any insolubles that are present 

in the sample. The flow rate of the circulating system is 

measured by a rotameter between the dissolver and cooler. At 

this location the solution is unsaturated. 

Continuity demands the flow rate of the sample to be 

exactly the same as the flow rate of return liquor to the 

crystallizer. Since the return stream has been through the 

dissolver, it has no crystals at this point. This stream was 

considered a better flow control point than the sample stream. 

However, because of the cooler this stream is slightly super

saturated. A conventional flow meter would easily foul in 

this application; therefore, a Micro Motion mass flow meter, 

model C12AF, was chosen to measure the return stream flow 

rate. The accuracy of this mass flow meter is unaffected by 

crystallization on the flow tube of the instrument. The 



Figure 8. Sample dilution system equipment. 

a. Dissolver and cooler with filter. 

b. Return liquor flow control, from left to right: two-
mode flow controller, I/P transducer, and mass flow 
meter. 
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theory and operation of this type of meter is described in 

the March 1979 issue of Mechanical Engineering (Plache, 1979). 

The mass flow meter outputs both a digital flow read

ing and a 4-20 MA signal. The current signal is fed into a 

Fisher Controls Company two-mode process controller, which 

in turn sends a 4-20 MA signal to a current to pneumatic 

transducer (see Figure 8b). The transducer supplies a 3-15 

psig air pressure signal to a pneumatic pinch valve that con

trols the return flow rate, and therefore, the sample flow 

rate. This control loop can be tuned to maintain the sample 

flow rate to within +_ 2 ml/min at a 100 ml/min flow rate. 

There are three Microtrac sample locations in this 

system. One is located at the discharge of the circulation 

pump and is the crystal slurry sample for CSD measurement by 

the Microtrac. The other two sample locations are used to 

hot flush the Microtrac cell, set the Microtrac background, 

and check for crystals forming in the recycle stream. 

This system is capable of diluting the sample by as 

much as 12 to 1 at sample flow rates of 100 ml/min. The 

background is also reduced by this same ratio if the filter 

is in service. Therefore, the slurry density and background 

levels seen by the Microtrac can be reduced by any chosen 

amount. 
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Cooling System 

The crystallization system for this study used sur

face cooling to create supersaturation of the borax liquor. 

If the temperature gradient across the cooling surface is 

great, the surface will foul rapidly. In an effort to mini

mize this temperature gradient, this system was designed to 

circulate a large amount of cooling water that is nearly the 

same temperature as the crystal1izer. The system also pro

vides cooling for both the fines destruction cooler and the 

sample dilution cooler. 

The cooling water is circulated from the tempered 

water tank through the two crystallizer cooling coils or the 

two coolers and back to the tank by two staged centrifugal 

pumps, as shown in Figure 9. The temperature controller for 

the crystallizer controls the flow of cold (70°F) water to 

the tempered water tank. The excess water overflows the tank 

to the drain. The circulation flow rate is sufficient to 

keep this tank well mixed. 

In this study the crystallizer was operated at 105°F. 

The tempered water operated at 104°F to maintain crystallizer 

temperature. Because of the slow response time of the crys

tallizer temperature, a hand control valve was added to the 

cold water supply line to maintain the sample dilution cooler 

outlet temperature to within -1°F of the crystallizer temper

ature . 
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CSD Measurement System 

The CSD measurement system gives on-line analysis 

of CSD data from the Microtrac and prints out estimated 

crystallization parameters n°, B°, and G. A peristaltic 

pump supplies a sample from the sample dilution system at a 

400 ml/min flow rate (see Figure 10). The sample flows down

ward through the Microtrac sample cell. A laser is directed 

through two windows in the cell. The diffracted light is 

collected by a lens and passed through a slit in front of a 

rotating optical mask. The light is then refocused on a 

photocell detector. The relative intensities of the light 

collected at various angles is used to calculate the weight 

distribution via a microprocessor in the Microtrac instru

ment. Because the distribution is calculated from relative 

measurements, the results are independent of sample time and 

velocity through the cell; however, the accuracy of the data 

is better at longer sample times. Sample times of 200 sec

onds were used for the data presented in this study. 

The data output from the Microtrac is printed on a 

paper tape, as a back-up for the real time computer, and 

stored by the KIM-1 microprocessor. The KIM-1 ships the 

information for analysis to the SPC-16, a real-time minicom

puter, on request by the SPC-16. The SPC-16 converts the 

13-channel weight percent distribution and slurry density 

data to a number density distribution and calculates n°, B°, 
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and G. These values, the raw data, a semi-log plot of n(L) 

vs L, and some statistical parameters are all printed out on 

a LA-36 Decwriter terminal. A typical printout is presented 

in Appendix A. 

Summary 

An overall laboratory flow diagram, excluding the CSD 

measurement system, is included in Figure 11 for completeness. 
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EXPERIMENTAL PROCEDURE 

Experimental technique is always an important factor 

in research. It is particularly important when working with 

two-phase systems such as crystallization. This section 

details some of the experimental procedures developed and 

used in this study. 

Calibration of Microtrac 

The calibration of the Microtrac involves only the 

relationship between the sample slurry density, My, and the 

reduction of light intensity caused by the particles passing 

in front of the laser. The Microtrac computes this as d , 

differential volume. As shown in Equation (1), the estimated 

Mj is used to calculate the number density distribution from 

the weight percent distribution generated by the Microtrac. 

A linear relationship exists between My and dv until multiple 

scattering at high slurry densities causes a significant 

error in the measurements. This relationship must be experi

mentally determined for each crystallization system. 

Both off-line and on-line calibration techniques were 

tested. The off-line technique involves adding known weights 

of screened -100 mesh borax crystals to a known volume of 

saturated borax solution circulating through the Microtrac 
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sample cell and reading the resulting dy. In this fashion 

a curve of My vs d can be generated. Figure 12 shows the 

calibration curve from the off-line technique. The linear 

portion of this curve ends at slurry densities over 1.0 gram/ 

liter. The slope was found to be 6.28, with an intercept of 

- 0 . 1 1 .  

The on-line calibration was taken with the entire 

apparatus operating at conditions expected for the experi

ments. A three-way valve was added to the return line at the 

bottom of the sample cell. This technique involves the fol

lowing steps. The dy is read, and a sample of the crystals 

passing through the cell are collected in a vacuum filter. 

The volume of the liquor in the sample is measured, and the 

crystals are washed with isopropyl alcohol, left to dry over

night, and then weighed. The My vs dy curve generated in 

this fashion is shown in Figure 13. A slope of 3.20 and an 

intercept of 0.0083 was determined by linear regression. 

The slopes of the two techniques are a factor of two 

apart. In order to determine which was the better calibra

tion curve, the fine-crystal CSD was compared with a Particle 

Data Inc., PDI, zone sensing CSD measurement instrument. 

Crystal samples were taken using the on-line calibration tech

nique. The dry crystals were then added to a borax and 

lithium chloride saturated isopropyl alcohol solution, and 

analyzed on the PDI instrument. The estimated B° and G 
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values computed by both the Microtrac using on-line calibra

tion values and the PDI are plotted as a function of time in 

Figure 14. The agreement between these two instruments 

indicates that the on-line calibration is correct. The reason 

the off-line method gave a different value may be due to 

different surface characteristics between dried product versus 

slurry crystals; or the actual distribution in the crystalli-

zer fines sample may have been substantially different from 

the borax crystal distribution used in the off-line test. 

The calibration parameters determined by the on-line tech

nique were used for data analysis in the remainder of the 

study. 

Calibration of Sample Dilution 
System Rotameter 

The sample dilution system flow rate cannot be checked 

independently of the rotameter while the apparatus is opera

ting. Sample dilution flow rate was varied in this study to 

prove the viability of the sample dilution system. Therefore, 

extra effort was made to accurately calibrate the rotameter. 

The procedure used was to calibrate with a saturated borax 

solution at the operating temperature of the rotameter. This 

reduced the variations due to temperature and solution vis

cosity . 
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Start-up and Shut-down 

Prior to the operation of the experimental apparatus, 

some advance preparation is required. This includes making 

up the feed solution. The 200-liter tank must be emptied 

and cleaned. Then, for this study, 110 pounds of borax, 4.5 

pounds of sodium carbonate, and 1.2 grams (10 ppm) of sodium 

oleate were added to the tank. The feed tank was then filled 

with distilled water. The carbonate was added to approximate 

excess N^O (1.01) and CC^ (1.09o) concentrations found in 

industrial crystal1izers. The sodium oleate was added to 

modify the borax crystal habit, i.e., reduce the natural 

multi-crystal tendencies of borax to produce a more single-

faceted habit. The tank was then heated to 150°F and allowed 

to cool overnight. This was done to dissolve the granular 

borax added to the tank and recrystallize it as large crys

tals on the sides and bottom of the vessel. 

The start-up steps are listed in Table 1. Start-up 

is gradual in an effort to prevent premature scaling of the 

cooling coils. The time of crystallizer operation is usually 

determined by the ability of the cooling coils to maintain 

the crystallizer temperature. The coils do eventually foul, 

and the run must then be abandoned. It requires three to 

four hours to complete the start-up. 

The shut-down steps are listed in Table 2. The goal 

during shut-down is to ensure that no borax crystallization 
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Table 1. Start-up sequence. 

1. Start feed tank stirrer and feed tank circulating pump. 

2. Fill crystallizer with cold liquor from the feed tank 
using feed pump. 

3. Set feed rate to crystallizer, and turn on feed heating 
section and crystallizer impeller. 

4. Start cooling water system. 

5. Drain steam line. Turn on both crystallizer and feed 
tank temperature controllers. Start steam to feed 
tank. 

6. Add = 200 grams of borax crystals to crystallizer. 
Turn on product pump. 

7. Operate crystallization system until slurry has devel
oped in crystallizer, and the feed tank is at operating 
temperature (about three hours). 

8. Put sample dilution fines trap in crystallizer, and 
turn on sample dilution system. Let dissolver warm up 
for 5 minutes before starting flow. Set sample flow 
rate. 

9. Turn on fines destruction system. 

10. Set Microtrac sample connection to flush stream from 
dissolver, and turn on sample pump. 

11. Set Microtrac background. Load KIM-1 and initialize 
data from the terminal. 
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Table 2. Shut-down sequence. 

1. Reverse flow of feed pump and feed tank circulating 
pump. Shut off feed heating section. Flush tubes 
with a small amount of distilled water. 

2. Isolate sample dilution system, and circulate dis
tilled water for 15 to 30 minutes. 

3. Isolate fines destruction system, and circulate dis
tilled water for 15 to 30 minutes. 

4. Siphon contents of crystallizer into feed tank. Shut 
off product pump. Fill crystallizer with distilled 
water. 

5. Shut off Microtrac, printer, terminal, KIM-1, and 
Microtrac cell heating tape. 

6. Shut off crystallizer impeller, feed tank impeller, 
and cooling system pumps. 

7. Turn off steam to system and open vent valve. 

8. Turn off sample dilution system and leave full of 
distilled water. 

9. Turn off fines destruction system and leave full of 
distilled water. 
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can occur in the system as it cools down. Distilled water 

is circulated through the entire system for 15-20 minutes. 

Care must be taken to isolate the feed tank from dilution 

during shut-down. The entire process takes about 30-45 

minutes. 

Sampling Techniques 

Sampling of any two-phase system is inherently diffi

cult. Care must be taken to insure that a representative 

sample is seen by the Microtrac and that the flow rate of 

the product from the crystallizer is high enough to prevent 

classification. 

Although the Microtrac measures the CSD based on 

relative light intensities, the slurry density of the 

sample is estimated by direct measurement of the total 

intensity. The reduction in light intensity caused by the 

cell windows, lens diffraction, dust on the lenses, clear 

liquor diffraction, and insolubles in the sample, account 

for the background seen by the Microtrac. These factors must 

be subtracted from the measurements to get an accurate result. 

The background level is set by operating the cell with clear 

liquor sampled from the system beyond the dissolver and 

storing this reading in the Microtrac microprocessor. The 

background can be checked and reset at any time during a run. 

The data taken during an experimental run included 

information from product crystal samples. These samples give 
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an alternate and independent measurement of the kinetic 

parameters estimated by the Microtrac. The product pump 

operated for two seconds every minute at a flow rate of 150 

ml/min; therefore, a 150 ml sample could be conveniently 

collected without risking classification. The sample was 

immediately vacuum filtered in a sintered glass filter, and 

the filtrate volume was measured. The crystals were washed 

once with a 50/50 mixture of isopropyl alcohol and water and 

once with isopropyl alcohol. They were then air-dried for 

two hours and put in sample bottles. The following day the 

crystal samples were screened using an Allen-Bradley sonic 

sifter. The resulting weight-size distribution was converted 

to a number-size distribution via Equation (1), and a semilog 

plot of n(L) vs L was made. A typical plot is contained in 

Appendix B. The kinetic parameters can be calculated by 

applying Equation (2) to this plot. 

Problems Encountered with Sample 
Dilution System 

The application of the sample dilution system to the 

experimental apparatus required a period of adaptation. The 

initial data from the Microtrac was erratic, and the direc

tion of change was often in conflict with that expected. 

The following list of problems was identified: 

1. Loss of sample in transfer lines 

2. Dilution liquor temperature fluctuation 



3. Crystals fouling Microtrac cell 

4. Fouling of fines trap 

The first problem was solved by reducing the transfer 

line size, relocating the recycle mixing point as close to 

the fines trap as possible, and adding a separate pump to 

circulate the sample through the Microtrac. 

Dilution liquor temperature fluctuation was the most 

difficult problem. The dilution liquor temperature must be 

less than the crystallizer temperature, or the sample will 

dissolve. But, if the dilution temperature is more than 1°F 

less than the crystallizer temperature, the supersaturation 

increases, and crystals form in the transfer lines. Tempera

ture control of the cooler outlet was regulated by the crys

tallizer temperature controller. If the crystallizer 

temperature increased, the controller added cold water to the 

tempered water tank, as shown in Figure 9. By the time the 

crystallizer temperature responded, however, the sample dilu

tion cooler outlet temperature was 4 to 5°F below that of the 

crystallizer. A hand control valve was therefore added to 

the cold water supply line and was used to regulate a contin

uous flow of water into the tempered water tank. A tempera

ture indicator was also added to the outlet of the cooler for 

monitoring the temperature. With these additions, it was 

possible to maintain the cooler outlet temperature within -1° 

of the crystallizer temperature. 
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A related problem was caused by cooling of the 

sample at the walls of the Microtrac sample cell. Crystals 

formed on the sample cell windows and caused erroneous read

ings. The problem was alleviated by heating the cell walls 

to equal the crystallizer temperature. This was done by 

wrapping the cell with an electric heating tape controlled 

by a rheostat. It was also necessary to flush the sample 

cell with hot liquor from the dissolver outlet for approxi

mately ten minutes every hour. 

The final problem, fouling of the fines trap, was 

dealt with by changing the material of construction from 

glass to teflon. The crystals still eventually built up 

in the teflon fines trap, but the time span was long enough 

to obtain the data needed for this study. This solution 

may not be feasible for an industrial application; however, 

the problem will be of less importance as the size of the 

fines trap increases, i.e., to commercial scale. 



EXPERIMENTAL RESULTS 

Sample Dilution Testing 

The main goal of the experimental work was testing 

the sample dilution system. Since the sample is diluted, 

all the parameters calculated per unit volume must be in

creased by the ratio of dilution to sample, the dilution 

factor (DF) . This includes B°, and n°. By multiplying 

these estimated values by DF, the actual values for the 

sample can be computed. The growth rate, G, should remain 

unchanged by the dilution factor. 

The crystallizer was operated in a double draw-off 

configuration without fines destruction. The operating con

ditions were: 

Feed rate 200 ml/min 

Product rate 150 ml/min 

Overflow rate 50 ml/min 

Sample rate 100 ml/min 

Fines destruction rate 0 ml/min 

Feed temperature 125°F 

Crystallizer temperature 105°F 

Sample dilution H5°F 
dissolver temperature 

Crystallizer impeller 6Q() RpM 

speed 

47 
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The crystallizer ran for 12 hours before data was 

collected. The experimental procedure consisted of choosing 

a DF, taking Microtrac data for an hour, flushing the Micro-

trac sample cell for 10 minutes, and then changing the DF to 

another value and repeating the cycle. Product crystal 

samples were also collected every hour. Both sets of data, 

from Microtrac and product sample sieve analysis, were used 

to compute G and B° via Equations (1) and (2). 

The growth rates obtained from both sieve and Micro

trac data are plotted as a function of time in Figure 15. 

Seven sets of Microtrac data at five different dilution fac

tors are given. The crystallizer growth rate increased 

slowly during the experiment; however, there is no indication 

of any relationship between the estimated growth rate and the 

dilution factor. The sieve data yielded growth rates con

siderably higher than those calculated with the Microtrac 

data. Also, the calculated fines and product growth rates, 

which are theoretically equal, were widely disparate. 

There were two sets of M^ data, that of the crystal

lizer slurry and that of the Microtrac fines sample stream. 

Both slurry densities were determined as a function of time. 

B° and My are calculated per unit volume and must be correc

ted for the amount of sample dilution. All values were 

adjusted by the applicable dilution factor and are plotted 

in Figure 16. To test the accuracy of the Microtrac slurry 
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density estimate, a comparison between the expected fines M^ 

based on the total crystallizer M^ (assuming an ideal 

Stokes' Law fines trap with a cut-point of 105 pm) and the 

Microtrac values was made and is presented in Figure 17. The 

good agreement indicated in Figure 17 shows the accuracy of 

the Microtrac calibration at a DF of ten. However, in Figure 

16 there is a slight variation in the My of the sample with 

variation of the dilution factor. This error is reflected 

in the B° data as well. Also, as with the growth rate, there 

is a discrepancy between the sieve data B°'s and the Micro

trac B°' s. 

Reduction of Background 

One of the major differences between laboratory exper

iments and industrial operations is the loss of control over 

concentrations of foreign materials in industrial systems, 

i.e., insolubles, trace chemicals. The Microtrac is sensi

tive to changes in the background caused by a change in 

concentration of insolubles. Beyond a given concentration, 

in this study 0.3 grams/liter of insolubles, the Microtrac 

will not give reasonable results. The purpose of this 

experiment was to prove that the sample dilution system with 

a filter would not only reduce the slurry density but also 

lower the background to measurable levels proportional to 

the dilution factor. 
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The experiment was done under the same conditions as 

those given for the sample dilution testing but with a con

stant DF of ten. Data was recorded for three different 

cases : 

1. Clean filtered dilution with sample 

2. Unfiltered dilution with insolubles and sample 

3. Filtered dilution with insolubles and sample 

The procedure was to operate the crystallizer until reason

ably steady conditions existed. Then data without the addi

tion of insolubles was taken as the base case. Next, the 

concentration of insolubles in both the feed tank and the 

crystallizer was increased by 0.34 grams/liter. This amount 

was calculated to increase the background level by 0.100 d , 
V 

the level which activates the excess background warning light 

built into the Microtrac. The insolubles added were ground 

glass screened to -200 mesh. The Microtrac data was then 

taken, first with the filter bypassed and then with the 

filter on-line. The data collected are presented in Table 3. 

The background recorded for all three cases was as 

expected. The unfiltered result was 0.103 dy greater than 

the base case and the filtered case was 0.016 d higher. The 
V 

unfiltered data was completely unreliable. The regression 

fit of the ln[n(L)] versus L data from the Microtrac, using 

2 
a total of four data points, had a low R correlation coeffi-
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Table 3. Reduction of background test results 

Clean Filtered Unfiltered Filtered 
Dilution Plus Dilution Dilution 

Sample With Insolubles With Insolubles 
(Base Case) Plus Sample Plus Sample 

Background d^ 0.031 0.134 0.047 

G ym/min 0.246 0.255 0.282 

B° no./ml-min 1052 317 1321 

My gm/1 3.3 1.8 4.31 

R2 0.9960 0.8037 0.9874 
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cient of 0.80 as compared to the 0.99 values normally recor

ded. The Mj value was also erroneous, indicating an over

correction for the background. The filtered case gave 

2 
reasonable results. The R value was reduced only slightly 

in comparison to the base case. The increases in G, B°, and 

Mj from the base case results can in part be attributed to 

the dynamics of the crystallizer at this time. Once the 

insolubles had been added, however, there was no way to 

recheck the base case data. Nonetheless, the results are 

reasonable and believed accurate enough for control applica-

t i ons. 

Criteria for Minimum Weight 
Percent in Channel 

The number of channels from the Microtrac with use

able information is limited because of the interaction 

between channel size widths in the upper size ranges and the 

form of the crystal size distribution being measured. Only 

a few of the channels, in this case 9 through 13, have any 

mass displayed in them, with most of the mass represented by 

three channels. The linear regression must be done only on 

those channels with a large enough fraction of the CSD to 

give reliable results. The purpose of this experiment was to 

determine a reasonable criteria for the elimination of chan

nels from the regression analysis. As mentioned earlier, 

Randolph et al. (1981) indicated that about five percent of 



the weight distribution must be found in the channel for 

reliable data. 

This test was made by analyzing results from sample 

dilution Microtrac data with both 3 and 5 weight percent as 

the cut-off criterion. The estimated values of B° fluctuate 

more and thus demonstrate the accuracy more graphically than 

do G or n° values. The results for both of these criteria 

are given in Figure 18 in the form of a plot of B° versus 

time. It is obvious from the figure that both the amount of 

scatter and the absolute value of B° are affected by the 

cut-off criteria. The lower values of B° for the 3 percent 

cut-off point is due to an unexpectedly low n(L) value, rela

tive to the other channels, for one channel which contained 

less than 5 but greater than 3 weight percent of the sample. 

? 
This causes low R~ regression values and lower estimates of 

n°* Therefore, a minimum of five weight percent of the sample 

must be contained in a channel for the data to yield accurate 

estimates of n°, B° and G values. All experimental data are 

included in Appendix C. 
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ANALYSIS AND DISCUSSION OF 
EXPERIMENTAL RESULTS 

Sample Dilution Testing 

The results given in both Figures 15 and 16 show 

discrepancies between the analyzed sieve data and Microtrac 

data. There is an offset between the values of G as deter

mined by the Microtrac, the fines, and the product sieve 

data. Possible explanations for these results are: 

1. Sieve data analysis is incorrect. 

2. The Microtrac sample is not representative of the 

crystallizer slurry. 

3. The assumption that growth rate is independent of 

crystal size is incorrect. 

The first possibility was eliminated by trying more 

careful sample handling techniques and finding the results 

were unchanged. Further, Beckman (1976) analyzed KC1 samples 

in a similar fashion and did not report these problems. 

There was some fluctuation in the fines sieve data, probably 

due to the loss of material during sieving. Static charges 

cause the fine crystals to stick to the sides of the sonic 

sieves or to other larger crystals. This results in a higher 

than expected G and may explain part of the difference 

between the G value calculated for the fines and that esti

58 



59 

mated by the Microtrac. This does not, however, explain the 

gap between the fines and product G values. 

The comparison between the Microtrac results and the 

zone sensing PDI CSD measurement instrument results presented 

in the experimental procedure section (see Figure 14) indi

cates the Microtrac measurement is correct. There is the 

possibility, however, that the sample to the Microtrac is 

being classified in some way that substantially changes the 

fines CSD. This was checked by gathering data at three 

sample flow rates, i.e., 63, 78, and 100 ml/min. The result

ing histograms generated by the Microtrac for each flow rate 

are plotted in Figure 19. At the lower flow rates the smaller 

size channels were expected to be filled because of a reduc

tion in the fines trap cut-size (given by Stokes' Law as 105, 

98, and 84 ym respectively for the flow rates mentioned 

above). However, as can be seen in Figure 19, the channels 

containing data remained the same, but the weight percent 

given in the last channel varied substantially. Comparing 

the fines trap, Stokes' Law cut-points to the average crystal 

size in the channels, it can be seen that there is a loss of 

information in the thirteenth channel. This is a result of 

the fines trap cut-point falling inside this channel. This 

loss of information in the large size range causes a lower 

value of G to be predicted. In an attempt to fill the four

teenth channel, a fines trap with a cut-point of 200 ym was 
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tested. The G values predicted by the Microtrac did in

crease, but this last channel remained at zero. A summary 

of the experimental results is given in Table 4. 

Table 4. MSMPR run with two fines trap sizes. 

105 ym 
Cut - Point 
Fines Trap 

200 ym 
Cut-Point 
Fines Trap 

Calculated Values for 
G = 0.18(1 + 0.04L)0.7 

Size-Dependent 
Growth Model 

G 0.2168 0.2996 0.3470 

o 
n 6032 3933 3632 

B° 1308 1178 1259 

R2 0.9988 0.9818 0.9931 

The third possibility, that growth rate is indeed a 

function of the crystal size, was tested by operating the 

crystallizer in an MSMPR configuration. If growth rate is 

independent of size, a semi-log plot of n(L) versus L would 

be a straight line, as shown by Equation (1). Product crys

tal samples were taken from the crystallizer after twelve 

hours of continuous undisturbed operation, i.e., steady 

state. A typical semi-log plot of an analyzed sample is 

given in Figure 20. The resulting curve indicates a strongly 

size-dependent growth rate for borax. The data in Figure 20 

were fit to the Abegg-Stevens-Larson (1968) model for size-

dependent growth. The best fit values for the model param-



62 

10,000 

n°= 11,330 

1000 

100 

G=G.(1*aL)D 

FITTED CURVE 
WHERE: 

Go» 0.18 
as 0.04 
b= 0.7 

1.0 

0.1 
400 700 300 600 800 100 200 SOO 

L (Mm) 

Figure 20. MSMPR crystallizer data fit to Abegg-Stevens-
Larson size-dependent growth rate model. 



eters are given in Figure 20. Using this model the n(L) 

values were calculated at the average sizes of the Microtrac 

channels to be used for a linear regression. The linear 

regression was performed on the calculated n(L) data, and G, 

2 
n°, B° and R were computed. The results are tabulated in 

Table 4. 

The reasons that a crystallization system exhibits 

size-dependent growth rates are not well understood. Two 

possibilities are as follows. Bujac (1976) studied broken 

crystals and normal crystals growing under the same super-

saturation conditions. He was able to demonstrate vast 

differences between their growth rates; e.g., the broken 

crystals grew much more slowly than the normal crystals. 

If this same phenomena occurs in a crystal1izer, a size-

dependent growth rate would result. Or perhaps a change in 

the growth mechanism occurs as the crystal grows to larger 

sizes. This would be true size-dependent growth. 

The borax system was studied by Puri (1980) in a 

mininucleator. He found borax to exhibit growth rates 

independent of size over a fairly narrow size range. A sim

ilar study in a mininucleator with magnesium sulphate 

heptahydrate by Sikdar and Randolph (1976) was also reported 

to have size-independent growth. Rousseau and Parks (1981) 

studied magnesium sulphate heptahydrate in a larger laboratory 

crystallizer, however, and found that the growth rate was 



size-dependent. The results of the above studies and this 

one indicate that mininucleator data cannot distinguish 

size-dependent growth because of the narrow range of sizes 

measured. Kinetics from mininucleator studies might be 

suspect when used to predict full-scale crystallizer CSD. 

In summary, the discrepancy between the values of G 

calculated by the Microtrac and those from fines sieve data 

analysis was a result of the loss of information in the 

thirteenth channel. This was due to the fines trap cut-point 

falling within the channel size width. One way to eliminate 

this problem would be to redefine the Microtrac channels to 

increase the amount of information available in the size 

range of 22-125 ym and discard the channel containing the 

fines trap cut-point. However, in an industrial control 

application the relative rather than the absolute value is 

important. Therefore, this error in the absolute value would 

be expected to have no effect on the control of the crystal

lizer. Also, the offset of fines and the product sieve data 

G's was found to be a result of the overall size-dependent 

growth rate exhibited by the borax system. Since B° = n°G, 

the above also applies to the B° data. When overall size 

dependence is taken into account, e.g., from the Abegg-

Stevens-Larson model, then fines and product sieve G values 

agree. 
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Background and Minimum Weight Percent 
Cut-off Experiments 

The background reduction as a result of using the 

filtered sample dilution system was quite dramatic. A 

sample stream that otherwise could not be analyzed was con

ditioned so that it gave accurate results. Similarly, the 

experiments determining the minimum weight percent cut-point 

for channel data were conclusive. At least five weight per

cent of the sample is required in a channel for repeatable 

results. 



ESTIMATION OF BORAX KINETIC PARAMETERS 

A computer simulation of CSD requires a complete 

description of the kinetics of the system to be studied. 

Thus relationships between G and L, B° and G, B° and and 

G and s must be defined. As noted in the previous section, 

borax has a size-dependent growth rate. The Abegg-Stevens-

Larson model provided the relationship between G and L. B° 

can be related to G and via power law kinetics. Power law 

kinetics are defined by three parameters, i.e., K , i, and 

j. The powers, i and i, should be functions only of the 

crystallization system. Puri (1980) determined these for 

borax with the habit modifier sodium oleate. He used approxi

mately the same concentrations of modifier as were used in the 

previously described experimental study. Therefore, the values 

found by Puri should be good estimates for this study. K , 

however, includes the dependence of nucleation rate on crys-

tallizer impeller speed and slurry density. It must there

fore be determined experimentally for each crystallizer. 

Data gathered during the sample dilution testing was used to 

estimate the value of Kn in the following manner. The crys

tallizer slurry density and Microtrac B° values were smoothed 

by linear regression over a 200-minute time period. For each 

data point taken during this same time period, Gq values were 
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estimated from Microtrac G values. This was done by multi

plying Gq by the ratio of Microtrac MSMPR G values to the 

Gq determined by fitting the Abegg-Stevens-Larson model to 

MSMPR sieve data. The resulting GQ values were smoothed by 

linear regression as seen in Figure 21. Sets of GQ, My, and 

B° data were then used at twelve different times, and K 
n 

values were calculated from each data set. The resulting 

values ranged from a high of 2744 to a low of 2573. The 

average, 2550, was taken as a good estimate of K . 

The dvnamic data values of G and M™ used to estimate 
o I 

K were also used to determine the relationship between G 
n 1 

and s. The unrelieved supersaturation was calculated from 

Equation (3) using the known feed concentration and its 

respective My (assuming fouling was negligible). 

c•F• - MtF_ 
s = C - C = c 1 * ' P - C (3) 

s Fi - (MtF /p) s 

where 

C = crystallizer borax concentration 

= feed borax concentration, 0.1829 gm/ml at 

125°F 

Cg = borax saturation concentration at crystallizer 

temperature, 0.0960 gm/ml at 105°F 

My = crystallizer slurry density 

F^ = feed flow rate 

F = product flow rate 
* 

p = crystal density 
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The calculated values of s and smoothed values of G are 

given in Table 5. The values of Go and the corresponding 

values of supersaturation were regressed to give values of 

2 
K and a. The regression coefficient, R , was 0.9756. 
o 

The resulting kinetic relationships estimated for 

borax are summarized in Table 6. These relationships com

pletely describe the borax system. A trial calculation using 

these values with the MSMPR configuration data given in 

Figure 20 was done with a typical computer program for a 

complex crystallizer, the MARK-V (Sibert, 1982), to test the 

fit of this model. The computer-generated CSD is plotted 

with the experimental data in Figure 22 and shows a good fit. 



T in 
minu 

0 

19 

34 

53 

72 

87 
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114 
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Dynamic values of s and GQ. 
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0.2014 

0.2028 

0. 2040 
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0.2103 
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Table 6. Estimated borax kinetic model. 

Size-Dependent Growth: (Abegg-Stevens-Larson model) 

G = GO (l + aDb = Gq (1 + 0.04II)0-7 

Nucleation Parameters: 

Bv K gX n o 1 
K 
n T 

where 

K = 2550 
n 

Growth Dependence on Supersaturation: 

(Puri, 1980) 

(Dynamic data) 

(Dynamic data) 

G = K sa = 0.2727 s0-067 
° g 
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SUMMARY AND CONCLUSIONS 

Sample Dilution System 

In this study the slurry density in the crystallizer 

was about 95 grams/liter and the fines sample slurry density 

was about 7 grams/liter. Industrial borax crystal1izers 

operate with slurry densities above 300 grams/liter, and 

therefore the expected fines sample slurry density would be 

above 22 grams/liter. In order to measure the CSD of either 

of these fines streams, sample dilution must be used. Adding 

a filter to the sample dilution system also allows the 

reduction of the background insolubles, in proportion to the 

amount the sample is diluted. The techniques developed in 

this study for on-line sample dilution should prove adequate 

for scale-up to larger industrial systems having higher slurry 

densities, as dilution factors as high as 12:1 were success

fully tested. 

The sample dilution system proposed and tested in 

this study was shown to give reliable results. Microtrac 

data were checked with a zone sensing device and showed 

excellent agreement. However, the values of growth rate 

estimated by the Microtrac were lower than actual values in 

the crystallizer. This was because one of the Microtrac channels 

contained the cut-size of the fines trap. The decrease of 
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particles in the channel(s) tilts the population curve, 

giving it a larger negative slope, and results in a lower 

value of G being estimated. In an industrial control appli

cation, careful design of the fines trap may eliminate this 

problem by completely filling the channels of interest. The 

quality of the Microtrac data was shown to be almost totally 

unaffected by changes in the amount of dilution. The small 

errors observed were believed to be a result of the non-

linearity of the Microtrac calibration curve. Again, in 

control applications the dilution factor would not be a 

variable, and no error would result. A dramatic example of 

background reduction via the filtered sample dilution system 

was demonstrated. The amount of dilution required in an 

industrial setting may well be determined by the amount of 

background reduction required. On-line filtering would 

require that the filter elements be routinely cleaned and/or 

replaced. This would add to the cost and complexity of an 

installation. The criterion that five weight percent of the 

sample be in a channel to obtain valid data was demonstrated 

experimentally. A sample dilution system was shown to be a 

necessary and viable method for applying the Leeds and 

Northrup Microtrac instrument to industrial crystallizer 

control applications having high slurry densities with rela

tively small particles, e.g., the borax system. 
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However, the use of this technology will require 

special attention to some sensitive system variables. First, 

the cut-point of the fines trap should have a narrow range. 

Ideally the trap should fully populate the channels without 

a large amount of over-sized crystals. Second, temperature 

control of the dilution stream to within -1°F of the crystal-

lizer temperature is critical to CSD measurement for borax. 

Fortunately, the crystallizer temperature changes slowly 

and adequate control of dilution temperatmre may be rela

tively easy to maintain with standard temperature control 

loops. Third, a cleaning cycle for the Microtrac sample cell 

is necessary. A ten-minute flush with unsaturated borax 

liquor was required once an hour in the laboratory apparatus. 

Calibration of the Microtrac should be done using on-line 

techniques for accurate results. 

Estimation of Borax Kinetic Parameters 

Borax was found to exhibit strongly size-dependent 

growth rates. The Abegg-Stevens-Larson model for size-

dependent growth gave a good fit to experimental data. The 

relationship between Gq and supersaturation indicates borax 

is a Class I, low-yield system, i.e., it operates with meas

urable supersaturation. Puri's (1980) power law kinetics 

model for borax was assumed, and a new Kn value was estimated 

for the experimental apparatus used in this study. The 
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resulting kinetic model was used in the Mark-V computer pro

gram to simulate a steady state MSMPR crystallizer. The 

resulting calculated CSD gave a good fit to the experimental 

CSD data. 



APPENDIX A 

TYPICAL MICROTRAC PRINTOUT 
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The Microtrac communicates on-line with the SPC-16 

minicomputer. The SPC-16 analyzes the weight distribution 

data from the Microtrac. The raw data, slurry density, 

estimated crystallization parameters, some statistics, and 

a semilog plot of n(L) versus L can be printed. A copy of 

this printout for borax from a typical run is included here. 



79 

4»t gpl « A.rorr 01 

**» RAW MICROTRAC PSM DATA FROM LAST RUN 

DV 3 5 

1.910C-01 
2 

O.OOOE-Ol 

O.OOCC-Ol 
4 

O.OOOE-Ol 

O.OOOF-Ol 
6 

1«300E400 

O.OOOE-Ol 
0 

O.OOOE-Ol 

O.OOf!E-Cl 
10 

3*700E+00 

2.540E+01 
1? 

2.300E+01 

13 

3.3*/or:4oi 
J4 

2.;GOC+OI 

tf* RESULTS AT 10:5?: 6 ON 11/16/02 

TAU AT 7.200C401 MIM'JTE^ 
VOLUME AT 1.800r*04 CC 
LOWER bOVNV AT CHANNEL 10 
UPPER FOUND AT CHANNEL 13 

REGRESSION EON! 

N - 136 * 34 * EXP ( -0.3139GE-01 • L AVE ) 

WHERE: N IS IN «/CC-HICRON L AVE IS IN MICRONS 

0*44235 
60*310 

MICPONS/MIN 
#/CC-MIN 

R-SOUARED • 0*94343 

COEFFICIENT 

00 
PI 

VALUE 

136*34 
-0.31398E-0X 

12.M4 
-5*775.? 

*** L AVE 

34.932 
52.230 
73*865 
104.68 

ACTl'AL W 

33.676 
35*791 
13.539 
4.7057 

p R c r u n F n  n  

42.753 
26.449 
13.409 
5.0637 

ERROR 

-9.0013 
9.3414 
0.12953 
-0*35799 

ANAt V31S OF VARIANCE 

SOURCE OF 
VARIANCE 

DEGREES OF 
FREEDOM 

CUM OF 
SQUARES 

MEAN 
SQUARE 

F 
RATIO 

TOTAL 
MEAN 
TOT(CORRECTED) 
REGRESSION 
RESIDUAL 

ru.ir*; 
31 ..'.34 
7.7214 
2*3674 
0,15395 

2.5*74 
0.76977E-01 

33.353 



80 

t»*RT0S-16r REV.71 PLOTTER 

POPULATION DFNSITY v*. AVEftAfT i.ri'fiTH 

1MNPOF > 

< X 10** 1 ) 

42. 

38. 

34. 

30. 

26.  

16. 

14. 

10. 

• 

I 
x 
Imx 
I KM 
4 
I 
I 
i 
I 
I 
4 
I 

1 
1 
I 
* 
J 

3.0 

I * 

-*>:• 

NX 
; mx 
J X 
t 

KK I 

y.<! 

I >tx 

> .x  I  

---- • 

4.0 5.0 6.0 7.0 

Lav* Uicron*) 

< X 10** -1 ) 

•** LOG AVERAGE SET POINT OF 7 VALUES ISt ••384?E40Z •/CC-HICRON 

8.0 9.0 10. 

I 

1 1 .  



APPENDIX B 

PICAL SONIC SIEVE DATA AND ANALYSIS 
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This appendix contains an example of the borax sieve 

data collected during the experiments. These data were ana

lyzed to estimate the fines and product growth rates and the 

nucleation rate. 



Typical borax sieve data collected during run #6, 11/5/82, 
sample #9, 5:00 PM. Sample weight: 12.30 grams. Slurry 
density: 82 grams/liter. 

Sieve Sieve L, Aw, n(L) (calc.) 
Mesh no. Size ym grams no./ml ym 

20 841 - 0.75 -

30 595 718 2.10 0.14 

40 420 507. 5 2. 56 0.67 

50 297 358. 5 2.77 2.94 

60 250 273.5 1. 03 6.45 

70 210 230.0 0.71 8.78 Product 

80 177 193. 5 0.56 14.10 i 

100 149 163. 0 0.47 23. 33 
4-

140 106 127.5 0.65 43. 90 Fines 

170 88 97.0 0.21 76.94 

200 75 81.5 0.19 162.50 

250 63 69.0 0. 08 122.15 

270 53 58. 0 0.08 246.79 

325 45 49.0 0.04 255.80 

400 38 41.5 0.01 120.30 

Total 12.21 

Error = 0.7% 

Regression Analysis 

Fines Product 

R2 0.98 0.99 

Intercept 826 81 

Slope -0.0224 -0.0091 

T , min 72 120 

G, ym/min 0.62 0.92 
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All the experimental data used in this study are 

presented here. These include data for analysis of the 

sample dilution system performance, data to determine cri

teria for minimum weight percent in a channel, data from the 

MSMPR crystallizer study, and data for generation of the 

estimated borax kinetics model. 



Sample Dilution System Performance Data 

This data was collected to verify the sample dilution 

system. Run #7, 11/13/82. 

Microtrac data (note: Mj and B° have been multiplied by DF). 

T ime DF 
Mj (fines) 
gram/liter 

G 
ym/min 

B° 

no./ml-min 
? 
R" 

8 : 00 8 4 . 04 0.237 2008 0.9981 

8:15 8 4.34 0. 243 2080 0.9986 

8:23 8 4.55 0.247 2040 0.9983 

8:30 8 4.96 0.442 480 0.9434 

8:38 8 5.09 0.257 2048 0.9980 

8:45 8 5.09 0. 256 2120 0.9982 

9:18 9 5.99 0. 254 2502 0. 9999 

9:24 9 6.08 0.249 2628 0.9972 

9:30 9 6.05 0.251 2556 0.9978 

9:38 9 6.16 0.253 2538 0.9975 

9:45 9 6.19 0.252 2637 0.9996 

9:49 9 6.44 0.250 2781 0.9979 

10:15 7 6.27 0.251 2688 1.0000 

10:23 7 6.25 0.259 2429 0.9983 

10:30 7 6.54 0.257 2555 0.9952 

10:38 7 6.54 0.258 2534 0.9944 

10:45 7 6. 79 0. 268 2359 0.9974 

11:07 10 8.45 0. 256 3370 0.9996 

11: 22 10 8.35 0. 253 3500 0.9992 

11:27 10 8.32 0. 256 3330 0.9995 

11:33 10 8.41 0.257 3340 0.9994 

11:38 10 8.29 0.253 3480 0.9997 

11 :46 10 8.45 0. 256 3420 0.9997 

11: 53 10 8.77 0.259 3460 0.9983 

12:12 8 7.66 0.258 3064 0.9992 
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My (fines) G B° 

T ime DF gram/liter m/min no./ml-min R2 

12:18 8 7 .83 0.258 3088 0.9986 

12:23 8 7.55 0.255 3104 0.9999 

12 : 31 8 7.98 0.258 3200 0.9997 

12 : 38 8 7 . 86 0.257 3168 0.9993 

12:47 8 7 . 96 0.258 3168 0.9998 

1: 07 11 10. 03 0. 265 3740 0.9982 

1:16 11 9.65 0.258 3872 0.9995 

1: 23 11 9.82 0.264 3652 0.9992 

1:31 11 9. 86 0.269 3487 0.9994 

1:38 11 9.78 0. 268 3476 0.9994 

1:46 11 9. 54 0. 276 3102 0.9997 

2:20 7 8.16 0.284 2457 0.9960 

2:24 n 
I 7.64 0.276 2492 0.9974 

2 : 28 7 7.62 0.278 2464 0.9999 

2 : 32 7 7.60 0.281 2352 0.9955 

2:43 7 7 .88 0 .283 2443 0.9993 

Sieve data. 

Time 
G, Product 

ym/min 
G, Fines 
ym/min 

B° 

no./ml-min 
Mj Crystallizer 

grams/liter 

8:10 0.84 0.62 635 86 

9:05 0.88 0. 52 599 88 

10:05 0.83 0.42 1338 94 

11:05 0.85 0.44 1483 102 

12:05 0.90 0.47 1193 102 

1:05 0.81 0.41 2506 111 

2:00 0.78 0.44 1907 105 

3:00 0.77 0.44 1925 104 
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Dynamic Data 

This data was used to estimate the borax kinetic 

model. Collected during run #6, 11/5/82. 

T ime 

G 
Time Microtrac 
roin ym/min 

G0 
Estimated 
ym/min 

Mj 
Crystal1i zer 
grams/liter 

B° 

Microtrac 
no./ml-min 

8:07 111 

8 : 23 0 0.253 0.2095 2968 

8:42 19 0. 249 0.2062 3192 

8 : 57 34 0. 244 0.2021 3416 

9:00 105 

9 :16 53 0.250 0.2070 3216 

9:35 72 0.251 0.2079 3168 

9: 50 87 0.250 0.2070 3208 

10: 00 93 

10:05 102 0.252 0.2087 3144 

10:17 114 0.255 0.2112 3024 

10:32 129 0.252 0.2087 3008 

10:55 152 0.256 0.2120 3048 

11:00 88 

11:15 172 0.261 0.2162 2792 

11:32 189 0. 260 0.2153 2872 
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Variation of Sample Rate Data 

These data were used to illuminate the loss of 

information in the fines trap cut-size containing Microtrac 

channel . The data was collected at the end of run # 7 J  

11/13/82. Both B° and Mj have been multiplied by DF • 

Time DF 
M-p, Fines 

grams/liter 
G 

ym/min 

B° 

no./ml-min R2 

Sample rate of 100 ml/min 

4 : 28 7 6.29 0. 276 2114 0. 9981 

4 : 34 7 7.62 0. 290 2163 0. 9891 

4 : 39 7 7.15 0. 276 2324 0. 9935 

Sample rate of 78 ml/min 

4 :44 9.26 5.89 0.233 3119 0. 9975 

4 : 50 9.26 6. 01 0. 239 2971 0. 9986 

4 : 54 9.26 6.01 0. 240 2944 0. 9989 

Sample rate of 63 ml/min 

4: 59 11.7 3. 32 0.180 3872 0. 9925 

5:05 11.7 4.89 0.207 3627 0. 9929 

5:09 11.7 4.97 0. 216 3334 0. 9992 

5:13 11.7 4.82 0.214 3240 0. 9961 

Sample rate of 100 ml/min 

5:17 7 8.13 0.291 2401 0. 9983 

5:22 7 8.04 0.289 2415 0. 9983 

5:27 7 7.93 0.300 2093 0. 9886 

5:32 7 7.91 0.300 2114 0. 9947 

5:36 7 7.95 0.294 2177 0. 9814 



91 

MSMPR Crystallizer Data 

The crystallizer was operating near steady state 

when these data were taken. Run #8, 12/5/82. Sample No. 1, 

9:00. Sample weight: 17.66 grams. Slurry density: 98 

grams/liter. 

Sieve 
Mesh no. 

Sieve 
Size 

L 
ym 

Au; 
Grams 

n(L) 
no./ml-ym 

20 841 - 2.27 -

30 591 718.0 2.44 0.14 

40 420 507.5 2.17 0.48 

50 297 358.5 2.91 2.59 

60 250 273.5 1.47 ' 7.72 

70 210 230. 0 1.13 11.72 

80 177 193. 5 0.95 20.06 

100 149 163.0 0.99 41.22 

140 106 127.5 1.49 84.41 

170 88 97.0 0.46 141.38 

200 75 81.5 0.39 279.82 

230 63 69.0 0.24 307.40 

270 53 58.0 0.06 155.27 

325 45 49.0 0.09 482.82 

Total 17.06 

Error = 3.4% 
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Comparison of Microtrac and PDI 

Run #4, 10/27/82. 

Microtrac data (note: My and B° multiplied by DF). 

T ime DF 
My, Fines 
grams/1 iter 

G 
ym/min 

B° 

no./ml-min R2 

3: 30 10 8. 34 0.408 2290 0.953 

3:50 10 7.83 0.421 2090 0.947 

4:07 10 6. 59 0.377 2640 0.983 

4 : 32 9 7.37 0.393 2349 0.957 

4:50 9 6. 39 0. 352 3069 0.989 

5:15 9 6.7 5 0.364 2826 0. 986 

5:38 8 6.34 0. 388 2184 0. 959 

5:51 8 6.87 0.348 2856 0.983 

6:08 8 6. 83 0.341 3320 0. 992 

6:32 7 6.10 0. 350 2730 0.971 

6:51 7 6.16 0.344 2849 0.971 

7:10 7 6.68 0. 318 3703 0.994 

PDI data (note : B° multiplied by DF). 

T ime DF 
G 

ym/min 

B° 

no./ml-min R2 

3:30 10 0.43 1740 0.84 

5:15 9 0.40 2439 0.83 

6:32 7 0.33 3374 0.79 
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Criteria for Minimum Weight 
Percent in a Channel 

Run #6, 11/5/82. 

T ime 
Mj, Fines 
grams/1 iter 

G 
ym/min 

B° 
no./ml-pm R2 

5% Cut -off criteria 

8 : 23 7.19 0.253 2968 0.9987 

8:42 7. 32 0.249 3192 0.9975 

8:57 7. 34 0. 244 3416 0.9983 

9:16 7. 37 0. 250 3216 0.9991 

9: 35 7.42 0.251 3168 0.9996 

9:50 7. 34 0.250 3208 0.9995 

10:05 7.55 0.252 3144 0.9984 

10:17 7. 34 0.255 3024 0.9994 

10 : 32 7. 32 0.252 3008 0.9968 

10:55 7.45 0. 256 3048 0.9983 

11:15 7.40 0. 261 2792 0.9993 

11:32 7.32 0. 260 2872 0.9979 

3% Cut -off criteria 

8 : 23 7.19 0.277 2176 0.981 

8:42 7. 32 0. 268 2496 0.988 

8:57 7. 34 0.274 2288 0.970 

9:16 7.37 0. 271 2420 0.985 

9:35 7.42 0.273 2376 0.985 

9:50 7.34 0. 282 2152 0.969 

10:05 7.55 0.270 2485 0.989 

10:17 7.34 0.300 1800 0.941 

10:32 7.32 0.278 2176 0.978 

10:55 7.45 0. 281 2240 0.980 

11:15 7.40 0.299 1840 0.961 

11:32 7. 32 0.284 2184 0.983 
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a Size-dependent growth parameter in the Abegg-Stevens-
Larson model 

b Size-dependent growth parameter in the Abegg-Stevens-
Larson model 

B° Nucleation rate, no./cc-ym-min (Ref. Eqn. 2) 

C Crystallizer borax concentration (Ref. Eqn. 3) 

Feed borax concentration (Ref. Eqn. 3) 

Cg Borax saturation concentration at crystallizer 
temperature (Ref. Eqn. 3) 

d Uncalibrated sample volume 

DF Dilution factor, i.e., ratio of dilution to sample 

F^ Feed flow rate (Ref. Eqn. 3) 

Fp Product flow rate (Ref. Eqn. 3) 

G Growth rate at zero size, ym/min 
o 

G Growth rate, ym/min (Ref. Eqn. 2) 

i Kinetic order of suspension density in power-law 
model 

j Kinetic order of growth rate in power-law model 

Kg Growth rate/supersaturation proportionality constant 

K Secondary nucleation rate constant in power-law 
n model 

ky Volumetric shape factor (Ref. Eqn. 1) 

L Crystal size, ym 

L Mean crystal size, ym (Ref. Eqn. 1) 

Mt Slurry density, gm/liter (Ref. Eqn. 1) 

n° Nuclei population density, no./ml-ym (Ref. Eqn. 2) 

n(L) Population density at size L, no./ml-ym (Ref. Eqn. 1) 

s Supersaturation, gm/ml (Ref. Eqn. 3) 



Kinetic order of supersaturation 

Crystal density, gm/ml (Ref. Eqn. 

Weight fraction (Ref. Eqn. 1) 

Residence time, min (Ref. Eqn. 2) 
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