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ABSTRACT 

The particle size or crystal size distribution (PSD or CSD) of a solid product 

from a crystallizer is important in handling the solid. CSD related properties might be 

imprOVed with larger particle size. The principle of particle size increase in continuous 

crystallization processes is to remove fine particles at a faster rate than large ones. 

Two technologies based on this principle are the Double Draw-Off (DDO) and the 

Fines Dissolving (FD) crystallizer configurations. 

Design charts were developed for the Fines Dissolving crystallizer. It was found 

that the particle size increase passes through a maximum value as the fines classification 

cut size is increased. Based on this information a design protocol was suggested for 

the FD crystallizer. A limited amount of data are required for this method of design. 

The modified DDO crystallizer configuration was developed in order to obtain 

particle size increase in processes with high natural slurry density for which a build-up 

of solid is impractical. This involved a recycle of a part of the overflow (in DDO 

operation) after further classification of particles to remove fines in a size range Lp1 to 

LF2 , thus controling the slurry density in the crystallizer. Design equations and design 

charts for this configuration were developed. Analysis showed that a stream with some 

fines in it might be more effective in decreasing the slurry density than a clear filtered 

liquor. 

Partcle size increase was demonstrated for sodium chloride crystallization in 

caustic liquor using the FD, DDO and modified DDO crystallizers. A fines/feed flow 
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modification as well as actual fines dissolution was used in the FD experiments. 

Significant size increase was observed in both cases. These experiments indicated that 

appreciable dissolution cost would be involved in FD operation. The DDO experiments 

produced large crystal particles with associated increase in slurry density. Slurry 

density information from large scale operations indicated that DDO operation would be 

possible for DDO ratios upto about 2.5. The modified DDO configuration also 

produced larger particles. However, size increases were less than expected. Loss of 

supersaturation outside the crystallizer might be the reason. Appreciable reduction of 

crystallizer vessel fouling was observed in the DDO and modified DDO experiments. 

Randolph et al. (1990) demonstrated significant particle size increase for calcium 

sulfite precipitation in flue gas desulfurization (FGD) liquor using a DDO crystallizer. 

Experimental particle sizes were appreciably larger than predicted values. A partial 

fines dissolving model was proposed to explain this behavior. It was shown that 

dissolution of particles smaller than 8 ",m in only about 2.8 % of the recycle stream was 

enough for the additional size increase. 
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The crystal size distribution (CSD) or particle size distribution (PSD) of a solid 

product is often important in many process operations. The size distribution determines 

the properties associated with the handling of the solid product, e.g. bulk density, 

filtration rate, drying rate, etc. In addition, the CSD can affect the operation of the 

crystallizer, e.g. crystallizer wall fouling, stability of operation, etc. A summary of 

these CSD related properties is available in Randolph and Larson (1988). It is 

important to note that many of these properties are improved if particle size is larger. 

For example, larger particle size will give better dewatering properties by enhancing 

filtration and drying rates. Larger particle size will also ensure less mother liquor 

entrainment, which is an important consideration, particularly in a process where the 

mother liquor is the final product. It is important to note that the CSD's or PSD's are 

often expressed as their central tendencies, e.g. mean, median, mode. The mean and 

the median of the mass distribution are the most popular sizes. However, Sauter mean 

size is used where the surface area of the solid product is the principal consideration. 

Definitions of these quantities are available in many standard texts (e.g. Randolph and 

Larson, 1988) and are provided in Appendix A for convenience. 

There are many processes which demand a large mean size of product crystals. 

Manufacturing units for large tonnage chemicals, e.g. ammonium sulfate, potassium 

chloride, and precipitation processes for the removal of sulfur dioxide from flue gas 
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(using lime), precipitation of heavy metals from waste water (as sulfides or hydroxides), 

concentration of alkali and removal of salt in chlor-alkali processes, etc. are examples 

where larger particle size is desired. A discussion of the importance of particle size 

increases and the potential techniques for this will be restricted to sodium chloride 

crystallization in caustic liquor (chlor-alkali process) and calcium sulfite precipitation 

in wet flue gas desulfurization (FGD) liquor. 

In the caustic soda and chlorine manufacturing processes (electrochemical), a 

sodium chloride brine is electrolyzed in electrochemical cells to produce chlorine and 

sodium hydroxide. The efficiency of the electrolysis is often low ( - 50%) and a dilute 

alkali containing dissolved sodium chloride is obtained. This dilute alkali is evaporated 

in multiple effect evaporators to concentrate the alkali and to crystallize the salt. In the 

final stage of concentration, the sodium chloride crystals formed are often small. This 

leads to difficulty in filtration as well as significant product (alkali) loss due to 

entrainment on the salt crystals. A larger particle size will improve filtration rate. 

Also, larger particles will have smaller surface area (per unit mass); therefore, less 

alkali will adhere to the crystal surface. 

There are several factors that influence CSD in a crystallizer. These include the 

physico-chemical properties of the solute and the solution as well as the operating 

condition of the crystallizer. Two important technologies, namely, the Double Draw

Off (DDO), and the Fines Dissolving (FD), are available for making large crystal 

particles. Both of these are based on the principle of size dependent particle residence 

time, i.e. removal of the smaller crystals at a faster rate. A stream of classified fines 
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are removed along with a mixed underflow in both of these designs. They differ in the 

way the fines are handled. In the FD crystallizer, the fines are dissolved and solute 

returned to the crystallizer, whereas in the 000 crystallizer, the fines are combined 

with the mixed underflow to form the final product. Either mechanism produces larger 

particle size, however, their relative advantages and disadvantages help select the 

appropriate configuration. These advantages and disadvantages are discussed in 

appropriate contexts later in this dissertation. 

There is an extensive literature on both of these technologies for crystal size 

augmentation. One objective of this work was to develop easy-to-use design charts for 

the fines dissolving crystallizer as well as to demonstrate the efficacy of the DDO and 

the FD crystallizer in NaCI crystallization in caustic liquor. Certainly, fines dissolving 

is efficient for particle size increases in this system. But salt dissolution in concentrated 

alkali is difficult to accomplish, especially under high vacuum operation. As a result, 

there is a significant penalty involved in fines dissolving in terms of the energy of 

dissolution. The Double Draw-Off crystallizer is effective for size increase in this 

system for low draw-off ratios (draw-off ratio is the ratio of the total outflow to the 

underflow). A further increase in size is possible by using higher draw-off ratios, but 

this leads to an inoperable level of slurry density in the crystallizer. A modified 

Double Draw-Off configuration was therefore developed to overcome this difficulty. 

In the modified configuration the slurry density can be adjusted to a desirable level by 

returning a portion of the overflow stream (at a lower cut size than the fines cut size 

at the withdrawal port). A lamella settler was employed to achieve this. A clear 
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filtered liquor may also be used. However, this would involve additional filtration cost. 

It was observed that the returned stream (with some fines in it) was more effective than 

a clear liquor in lowering the suspension density. Therefore, the advantages of the 

DDO configuration were accomplished without the problem of excessive slurry build 

up or fouling. This new configuration is operationally simpler than the fines dissolving 

configuration, especially in applications involving high vacuum. Also, this design will 

operate at a lower growth rate compared to the FD design, and hence there will be less 

vessel fouling. The design charts for this configuration were developed. This modified 

Double Draw-Off crystallizer seems to be particularly suitable for salt crystallization 

in caustic liquor and was experimentally demonstrated. 

Lime/limestone wet scrubbing for sulfur dioxide removal from waste gas is the 

most popular FGD process in the U.S. utility industry. The solid product obtained in 

this process is calcium sulfite, calcium sulfate, or a mixture of these two compounds. 

Under natural oxidation conditions, the product contains predominantly calcium sulfite 

(with about 10-15% calcium sulfate). Good dewatering and hence large particle size 

of this solid is required for disposal as landfill. Randolph et al. (1990) inv~stigated the 

size increase of calcium sulfite particles (under natural oxidation condition) using a 

Double Draw-Off crystallizer. They reported particle sizes significantly larger than 

predicted values. A model involving partial dissolution of fine particle in sulfur dioxide 

absorption tank was proposed in order to explain the unusual particle size increase. 
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Chapter 2 

THEORETICAL BACKGROUND OF CSD MODELLING: 

PRINCIPLES OF PARTICLE SIZE INCREASE 

2.1 Historical Perspectives of CSD Modelling 

The design and operation of a crystallization process requires a good 

understanding of the interaction of the crystal size distribution with the fundamental 

principles of heat and mass transfer, thermodynamics, kinetics, etc. as well as with the 

process constraints. The CSD is of importance irrespective of the crystallizer 

configuration, type of product (or even whether the crystals form an intermediate or the 

final product). Yet the formal study of the development of a solid scientific foundation 

of the interaction between CSD and crystallizer design and operation did not begin until 

the late 1920' s. Perhaps the first published effort to find an approximate method to 

predict the particle size distribution from a mixed crystallizer was that of Montillon and 

Badger (1927). Randolph (1979) provides an excellent review of the history of the 

development of CSD modelling. R. B. Peet was another pioneering investigator to 

analytically formulate the crystal size distribution in a continuous mixed crystallizer 

(Randolph, 1979, 1984; Hulburt, 1984). However, Peet's work was never published 

in the open literature. Another early research work in this area is that of Bransom, 

Dunning and Millard (1949), who deduced the exponential form of the CSD in a 

continuous mixed crystallizer and used the size distribution to calculate the nucleation 

rate and the growth rate in the crystallizer, a technique widely used for estimating 
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nucleation kinetics of the crystallization process. 

The exponential population density and gamma type mass distributions were also 

deduced by Saeman (1956). The technique of fines dissolution and its effect on particle 

size were also discussed in this paper. A formalized approach to CSD modelling was 

first advanced by Randolph and Larson (1962), who set forth ratiohal techniques for 

prediction of crystal size distribution based on a population balance. Another 

contemporary work to study the dynamics of CSD and its stability criterion in Mixed 

Suspension Mixed Product Removal (MSMPR) crystallizers was that of Hulburt and 

Katz (1964). The major difference in the CSD models advanced by these two groups 

of workers is in the way the mass balance was formulated. Hulburt and Katz and their 

coworkers use a rigorous mass balance, whereas, Randolph and Larson and their 

coworkers utilize the approximate growth rate constraint 

G(t) -
2oC(t) 

prA(t) 
(2.1) 

where, G = linear growth rate, (l.r l
), OC = concentration drop across the crystallizer, 

(m.l-3
), p = crystal density, (m.I-3

), r = retention time, (t), A = surface area of 

crystals per unit volume of suspension, (I-I), and t = time, (t). The model of Hulburt 

and Katz explicitly spells out the mass balance t = F(C, A, G) which coalesces to 

equation (2.1) for high yield systems. 

Hulburt and Katz further developed the moment transformation technique for 

CSD analysis. Computational solutions for the moments are simpler than for the 

distribution. Also, various moments are associated with different physical quantities 
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related to CSD. However, recovery of the particle size distribution from its moments 

is a difficult task and often results in an oscillating distribution (White, 1990). 

2.2 The Population Balance 

The population balance for a constant volume mixed magma crystallizer (Figure 

2.1) can be written as: 

an + a(Gn) = L Qknk + B(L) - D(L) 
at aL k v 

(2.2) 

where, n = population density, (1-4), L = crystal size, (1), Q = volumetric flow rate, 

(13 Xl), V = crystallizer volume, (13), B(L) = particle birth density, (r l.1-4), and D(L) 

= particle death density, (rl.1-4). The subscript k indicates that the quantity is 

associated with the kth stream. The associated mass balance and kinetic constraints are: 

(2.3) 

G = G(C) (2.4) 

BO = BO(C, m
p

' RPM, ..... ) (2.5) 

The pth moment, mp , is given by: 

(2.6) 
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Figure 2.1 Constant volume mixed magma crystallizer. 
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where, C = concentration of solute in the crystallizer, (m.l-3
), and kA = area shape 

factor (dimensionless). 

The slurry density (MT) and production rate (P) for this system are respectively, 

(2.7) 

00 

P = pk., f Qout(L)nL 3 dL (2.8) 
o 

where, kv= volumetric shape factor (dimensionless). 

These equations have been used to study many interesting problems involving 

stirred tank crystallizers. 

2.3 The MSMPR Crystallizer 

The formalization of the population balance approach to crystallizer modelling 

led to a large number of research activities to analyze different deviants of the MSMPR 

case. The ideal MSMPR model is based on the following assumptions: 

°No classification in the crystallizer vessel (Mixed Suspension), 

oNo classification during product removal (Mixed Product Removal), 

oNo breakage or agglomeration (B - D = 0), 

°The feed is unseeded. 

The steady state population balance for the MSMPR crystallizer, therefore, reduces to 
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(2.9) 

where, T = residence time, (t), and Go = linear growth rate, (l.rl). 

There is a controversy (Randolph and Cise, 1972; Rojkwoski, 1990; Tavare, 

1990) as to the nature of the correct initial condition for the population balance in an 

MSMPR crystallizer, specially when the growth rate is size dependent. However, for 

all practical purposes, the assumption of nucleation at zero (vanishingly small) size 

appears to be adequate. Incorporating the additional assumption of size independent 

growth rate (McCabe's AL-Law), the population balance takes the form 

(2.10) 

with the initial condition of nucleation at zero size: 

n(O) (2.11 ) 

where, Boo = nucleation rate, (r l.\-3). 

The population density distribution can be obtained by integrating equation 

(2.10) subject to initial condition (2.11): 

L 

n = (Bo"/G) e-u::r 
(2.12) 

Thus a semi-log plot of the population density vs. particle size is a straight line with 

a slope of (-lIGoT) and an intercept of (BoO /Go). A hypothetical semi-log plot along 

with the MSMPR configuration is shown in Figure 2.2. This straight line semi-log plot 
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Figure 2.2 (a) The MSMPR crystallizer configuration, and (b) semi-log population 

density plot. 
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is often utilized in calculating the growth and nucleation rate (Bransom, Dunning and 

Millard, 1949) and hence estimating the parameters of secondary nucleation kinetics 

of the power law form 

(2.13) 

where, kN= nucleation rate constant, i = response tendency from supersaturation 

changes, and j = response tendency from slurry density changes. 

The moments of the particle size distribution can be obtained from the 

exponential population density in the MSMPR crystallizer (as well as in the product): 

m = p'BOG P -D+l 
p • ° 0'" (2.14) 

Various averages for size are easily obtained from the moments. Thus the population 

mean, the Sauter mean, and the mass mean sizes, respectively, are: 

(2.15) 

(2.16) 

(2.17) 

Two other representative sizes often in use are the mode size (the dominant size, Ld) 

and the median size (L50) of the mass distribution: 
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(2.18) 

(2.19) 

2.4 Mechanisms of CSD modification 

The crystal size distribution in a crystallizer is the effect of complex interactions 

between supersaturation, growth rate, nucleation rate, etc. Figure 2.3 illustrates such 

interactions in an MSMPR crystallizer. The individual effects of the various 

mechanisms affecting particle size distribution have been discussed by Randolph and 

Larson (1988). The effects of residence time, supersaturation, suspension density, size 

dependent residence time, etc., on the particle size in a continuous MSMPR crystallizer 

and in its deviants have been analyzed. The following is a brief review of these 

mechanisms for the manipulation of the CSD. 

Effect of Residence Time: It is often argued that a longer retention time would 

allow crystals to grow to yield larger particles. The analysis shows that the increase 

in size with the increase in residence time is not appreciable. Depending on nucleation 

kinetics a degeneration of size is possible (Randolph, 1965). The dependence of size 

on the residence time may be calculated as: 

i +j-2 

L /L = (T
2
/T

I
)1"+'T" 

d.2 d.1 

(2.20) 

If j = 1, the expression reduces to (Randolph and Larson, 1988): 
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Figure 2.3 Interaction of various mechanisms determining the CSD in an MSMPR 
crystallizer (after Randolph and Larson, 1988). 
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;-1 

L IL = (""2/""t)i+'3' d,2 d,l I I 

(2.21) 

The variation of dominant particle size with the variation of retention time in an 

MSMPR crystallizer is displayed in Figure 2.4. It can be seen in the figure that for 

(i +j) < 2, the dominant size will decrease with an increase in residence time. This 

is because growth rate decreases more than nucleation rate. 

Effect of Supersaturation: A necessary condition for crystallization from 

solution is that the solute concentration exceeds the solubility, or in other words, the 

solution is supersaturated. There are several ways of generating the supersaturation in 

a crystallizer and the level of supersaturation can affect the CSD in an MSMPR 

crystallizer. One can correlate the variation of the particle size with the variation of 

supersaturation, if the growth rate-supersaturation relation is expressed as: 

(2.22) 

where, kg = growth rate constant, s = supersaturation, and a = order of the growth 

kinetics (often unity). Thus, 

(3 +;)8 

Ld,/Ld,1 = (S/S2)-:r 
(2.23) 

For a = I, supersaturations may be replaced by growth rates (Randolph and Larson, 

1988): 
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Figure 2.4 Variation of dominant particle size with retention time in an MSMPR 

crystallizer. 
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Ld,2/Ld.l = (G1 IG2) "4 
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(2.24) 

For a=1, (i) when the kinetic parameter i=1, the CSD and the dominant size is not 

affected by a change in supersaturation, although the growth rate changes. (ii) If i > 1, 

higher supersaturation (shorter residence time) leads to smaller particle size. (iii) For 

i < 1, the mean crystal size increases with increase in supersaturation. 

Effect of Suspension Density: The slurry density in an MSMPR crystallizer is 

another important quantity affecting the particle size. Larson et al. (1968) presented 

a quantitative analysis of the effects of slurry density on the particle size where the 

suspended solid is not a source of nuclei as well as where secondary nucleation is 

important. Thus for the former case, 

1 

Ld,iLd,l = (~,iMT,l) J+i 
(2.25) 

This means for systems where secondary nucleation is not important, operation under 

increased slurry density will produce larger crystals. When secondary nucleation is 

important, however, several situations may arise depending on the value of the response 

tendency from slurry density changes, j. Thus, 

l-j 

Ld,2 /Ld,1 = (MT,2 /MT,1)J+i 
(2.26) 

Thus (i) if j = 1, the particle size will be unaffected by any suspension density changes. 

(ii) For j < 1, increased slurry density will give increased particle size. (iii) If j > 1, 

a degeneration of particle size will be observed if the crystallizer is operated under a 
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higher slurry density. 

Size Dependent Product Removal Rate: It is important to note that the mean 

particle size cannot be increased appreciably by changing the residence time, 

supersaturation or suspension density. While some size increase might be achieved by 

such a change, it is often at a high cost in production rate. The most efficient way of 

changing the CSD is to have a size-dependent product removal rate (Randolph, 1984). 

Size dependent product removal could be the result of an inadvertent or a deliberate 

classification at the point of slurry discharge. A generalized population balance for a 

crystallizer with size dependent product removal can be written as: 

G dn + h(L) ~ = 0 
dL T 

(2.27) 

where, h(L) incorporates the effect of size dependent particle residence time. 

Evidently, h(L) = 1 for the MSMPR configuration. 

Techniques involving a deliberate classification are Fines Dissolving (FD), 

Classified Product Removal (CPR), Double Draw-Off (DDO), and a combination ofFD 

and CPR configurations. In general, FD and DDO configurations yield solid products 

with larger mean size compared to the MSMPR configuration. CPR makes smaller 

crystals and can introduce an instability in crystallizer operation. CPR is used in 

conjunction with fines dissolving to obtain a narrower distribution without degenerating 

particle size. All the configurations mentioned above can be realistically modelled with 

the so-called R-z crystallizer configuration (Randolph, 1965; Larson and Randolph, 

1969). In the R-z configuration, the fines and the product removal rates are 
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respectively Rand z times the MSMPR removal rate. This model was later generalized 

as numerical CSD simulators (Nuttal, 1971; Shamez, 1987). 

It is interesting to note that one or more of the above mentioned mechanisms of 

CSD manipulation (e.g. residence time, supersaturation, slurry density) are manifest in 

some way in the size increase techniques based on size-dependent product removal rate. 

For example, the DDO configuration operates under a higher slurry density, the FD 

crystallizer operates with a higher level of supersaturation, etc. 

2.S Principles of Particle Size Increase 

Both the FD and the DDO crystallizer configurations are widely used in industry 

and have been thoroughly researched. Both of these configurations are based on the 

principle that fines should be removed at a faster rate than the large particles in order 

to get larger mean particle size (compared to the MSMPR). If the fines are removed 

at a sufficiently small classification cut size, an increase in mean size will be obtained 

irrespective of whether the fines are dissolved and returned to the crystallizer or report 

to the final product (Randolph and Larson, 1988). In effect, the crystallizer operates 

with a lower nucleation rate. 



Chapter 3 

REVIEW OF DOUBLE DRAW-OFF ANn FINES DISSOLVING 

CRYSTALLIZERS 

3.1 The Double Draw-Off Crystallizer. 
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The Double Draw-Off crystallizer was originally developed for increasing the 

per-pass yield in systems with low concentration of solute in the feed. Later it was 

revealed that the same design is useful in increasing the particle size (Randolph et al., 

1984; Chang and Brna, 1986). This configuration (compared to MSMPR) is also 

predicted to require higher order nucleation/growth kinetics to produce cycling 

(Randolph, 1980). The faster rate of fines removal in this configuration allows a longer 

residence time for the large particles. This operation also allows a lower level of 

supersaturation. As a result, the overall growth rate diminishes. This configuration 

gives less vessel fouling, a property which makes it particularly suitable for systems 

with acute fouling problems. Also, crystal habit modification (chunkier crystals) is 

often observed in the DDO crystallizer. 

A particle balance model for the DDO crystallizer was first developed by 

Hulburt and Stefango (1969). The special case of clear liquor advance was also 

addressed. However, the work was primarily concerned with the stability of the 

crystallizer operation. Particle size increase studies using the DDO crystallizer were 

first done for gypsum precipitation from limellimestone wet flue gas desulfurization 

(FGD) liquor. Etherton (1980) and Randolph and Etherton (1981) used a CSD 
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simulator (Mark I: Nuttal, 1971) to model the DOD configuration and predicted a 

particle size increase in gypsum crystallization from simulated flue gas desulfurization 

liquor. Vaden (1983) and Randolph et al. (1984) experimentally demonstrated the size 

increase of gypsum crystals in FGD liquor using the DOD configuration. For the 

commonly used MSMPR configuration for such systems having a weak feed 

concentration, product crystals of mass mean size of - 60 Jlm is usually obtained. The 

corresponding slurry density typically is - 6 gil. Considerable vessel fouling is 

observed. Using DOD operation with a draw-off ratio, R= 10, and a fines cut size, 

LF=27 Jlm, the mean particle size was increased to 200 Jlm and the slurry density 

increased to 60 gil. The crystallizer vessel was reported to be free of fouling. Chang 

and Bma (1986) also demonstrated the efficacy of the DOD configuration for gypsum 

crystallization in FGD systems of a pilot scale. Randolph et al. (1990) demonstrated 

the efficacy of the DOD crystallizer for calcium sulfite hemihydrate precipitation from 

FGD liquor in a bench scale operation. Using a draw-off ratio, R=21.4 and a fines 

cut size, LF :::: 20 Jlm, a product mass mean size of 81.4 Jlm was obtained (ca. 32 Jlm 

with the MSMPR crystallizer). The performance of an industrial ODD crystallizer 

(DuPont) for gypsum crystallization has also been reported by Randolph et al. (1990). 

3.1.1 Population Balance in the DDO Crystallizer 

A schematic of the DOD crystallizer configuration is shown in Figure 3.1. An 

overflow stream containing fines (cut size, LF) is removed at a rate, Qo=(R-l)Qu. along 

with a stream of mixed underflow. Qu. The two streams are later combined to form the 
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Figure 3.1. (a) The Double Draw-Off crystallizer, (b) population density distribution 

in the crystallizer, and (c) population density distribution in the product. 
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product. R is called the DOD ratio. A value of R> 1 allows a faster removal of the 

fines compared to the large particles (R= 1 indicates MSMPR operation). Both Rand 

LF influence the product mean size. The population balance in the ODD crystallizer 

for size independent growth rate can be written as 

G dn + h(L) ~ = 0 
dL T 

(3.1) 

with the size dependent removal function, h(L), expressed as 

h(L) = 1, for L < LF (3.2a) 

h(L) = lIR, for L> LF (3.2b) 

The initial and continuity conditions are 

n(O) = B o/G (3.3) 

(3.4) 

where, BO = nucleation rate, (11.1-3. rl), and G = growth rate, (Ixl). Solution of 

equation (3.1) subject to the initial (3.3) and continuity (3.4) conditions give the 

population density distribution in the crystallizer as: 

(3.5) 

where, 
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(3.6) 

(R-l)Lp L 

~ = (B°/G)e -~ e-lmT (3.7) 

The population density distribution for the product is: 

n = n1 + ~/R (3.8) 

The CSD in the crystallizer is piece-wise continuous exponential in nature, but 

the CSD in the product is discontinuous. Typical population density distributions are 

presented in Figure 3.1. The mass density distribution in the product from a DDO 

crystallizer is bimodal in nature, which may be an advantage or a disadvantage, 

depending on the property desired. This will be discussed in the next section. A 

hypothetical mass density distribution from a DDO crystallizer is shown in Figure 3.2. 

3.1.2 Design of the DDO Crystallizer 

A CSD simulator (e.g. Mark I: Nuttal, 1971) may be used in order to 

theoretically predict the size increase and other quantities in a 000 crystallizer. CSD 

simulators are costly and need trained personnel to use them. Also, they are fairly big 

computer programs and usually take significant computing time. A design oriented 

000 model and easy-to-use design charts were developed by White and Randolph 

(1989). 
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Figure 3.2. Hypothetical mass density distribution in the product from a DDO 

cry s tali izer. 
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The method used by White and Randolph involves expressing the CSD in terms 

of its moments. The mean sizes and the slurry density can also be expressed in terms 

of the moments of the distribution. Computations were made easier by expressing the 

various quantities as their ratios to the respective MSMPR values. Thus, 

where, 

L43 Y4 
= r- Ci-

4.3.0 Y3 

L3.2 Y 3 = Ci-
L 3.2.0 Y2 

p 

+ e- X Lxi (RP-i - l)/i! 
i ·0 

x 

The fractional per-pass yield is given by 

1 

!; = 1 - (1 - !;jCi· 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

L4,3 and L3•2 are respectively the mass mean and the Sauter mean sizes, MT is the slurry 
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density, r is the fractional yield and a is the order of the growth rate-supersaturation 

law (often unity). The subscript 0 indicates the MSMPR value. Representative results 

are discussed here. 

Particle Size Increase: Since the growth rate, G (and hence the dimensionless 

fines cut size, x) is a dependent variable, computations become easier if various 

quantities are expressed in terms of the dimensionless fines cut size (with respect to 

MSMPR growth rate Go) defined as Xo = LpI(GoT). The corresponding design charts 

also become easy to use. Figure 3.3 shows the variation of the ratio of mass mean 

sizes, (L4,3/L4,3,J, with the dimensionless fines cut size, Xo, and with the DDO ratio, 

R, for two sets of values of i and j. These plots apply to both high and low yield 

systems (for a= 1). It may be observed that the ratio of mass mean sizes passes 

through a maximum with respect to the dimensionless fines cut size, which suggests an 

upper limit for Xo' Increase in R enhances the size increase. The condition Xo = 0 

indicates the case of clear liquor advance. For the combinations of i and j in Figure 

3.3, there is a size increase for the case of clear liquor advance. However, size 

increase will not be observed if i = j. For i < j, there will be a degeneration of the mean 

particle size (Randolph and Larson, 1988). 

Slurry Density: A plot of the ratio of slurry densities vs. dimensionless fines 

cut size for both high and low yield systems is shown in the Figure 3.4. For high yield 

systems, if the fines cut size is sufficiently low (ca. clear liquor advance), the slurry 

density increase is approximately proportional to the draw-off ratio. This increase in 

slurry density often limits the extent to which DDO operation can be applied to a 
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Figure 3.4. Suspension density changes for 000 operation (after White and Randolph, 

lEe Research, 28:276, 1989). Ratio of slurry densities == MT/MT .o' 
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crystallizer because too high a suspension density adversely affects agitation and the 

suspension is lost. As a matter of fact, ODO operation is not advisable if the system 

normally has a high slurry density. 

Per-Pass Yield in the DDO Crystallizer: Both DOO ratio and fines cut size 

have significant effect on the solute recovery in low yield systems. Variation of the 

solute recovery with the fines classification size is presented in Figure 3.5. It is noted 

that largest solute recovery is obtained using clear liquor advance, although clear liquor 

advance is not the best condition for size increase. 

Growth Rate in the 000 Crystallizer: The effects of cut size and draw-off 

ratio have been displayed in Figure 3.6. There is an appreciable decrease in the 

operating growth rate in the crystallizer for low values of the fines cut size as well as 

for an increase in the draw-off ratio. However, at the optimum cut size the growth rate 

reduction is not as large (White and Randolph, 1989). 

3.1.3 Use of Design Charts for the 000 Crystallizel' 

The above results presented for the DDO crystallizer show changes relative to 

mixed suspension mixed product removal (MSMPR) results. If the MSMPR (Go, MT .o) 

conditions are known, these graphs can be used to predict the effect of ODO operation. 

In order to use the graphs one should have information for nucleation and growth 

kinetics (the parameters i, j and a) and the MSMPR yield era). These can be obtained 

from simple laboratory experiments with an MSMPR crystallizer (Randolph and 

Larson, Chap. 4, 1988) or may be obtained from crystallizer vendors who might 
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Figure 3.5 Solute recovery in the DDO crystallizer for low yield systems (after White 

and Randolph, lEe Research, 28:276, 1989). 
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Figure 3.6 Growth rate in the DDO crystallizer (after White and Randolph, lEe 

Research, 28:276, 1989). 
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perform large scale crystallizer experiments to evaluate the kinetic parameters. Various 

design examples were discussed in White and Randolph (1989). 

3.2.1 The Fines Dissorving Crystallizer 

The widest application of fines dissolving crystallizers is in the large tonnage 

fertilizer industry, e.g. potassium chloride, ammonium sulfate, etc. which demand large 

particle size as well as product uniformity. Swenson Process Equipment Company 

developed a draft tube baffle (DTB) crystallizer with fines dissolving in the 1950's 

(Bennett, 1984). Particles smaller than a certain size are removed at a fast rate from 

the crystallizer, dissolved and then returned to the crystallizer (this is also called a 

configuration with fines destruction and solute recycle). This action allows the same 

production rate on a smaller number of particles and thus leads to an increase in mean 

particle size. This means that the operating growth rate is forced to a higher level in 

this type of crystallizer. Hence, there is a risk of crystallizer vessel fouling. There is 

no possibility of slurry density increase in this type of crystallizer. The fines dissolving 

crystallizer, unlike the DDO crystallizer, is suitable for high natural slurry density 

systems. However, there is a penalty involved in the form of dissolution cost, unless 

the process uses an unsaturated feed to dissolve the fines. This configuration should 

not be used if the solute is sparingly soluble. 

The technique for and the consequences of increasing particle size by fines 

dissolving was first analyzed by Saeman (1956). Since then there has been a growing 

interest in the study and the modelling of the effect of fines dissolving on the CSD (Lei, 
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Shinnar a.nd Katz, 1971; Randolph, B~er and Keener, 1973; Juzaszek and Larson, 

1977). Larson and Randolph (1969) presented a general popUlation balance for 

particles in an arbitrary suspension and illustrated the principles in the context of 

classification and fines destruction systems. 

Nauman and Szabo (1971) characterized the steady state performance of 

continuous crystallizers with nonselective fines destruction in terms of productivity and 

CSD. Nauman (1971) analyzed the case of selective fines destruction. Fines 

destruction has also been shown to improve the final CSD in a batch crystallizer (Jones, 

Chianese and Mullin, 1984; Zipp, 1986; Zipp and Randolph, 1989). A rigorous 

analysis of the effect of fines destruction is available in Randolph and Larson (1988). 

3.2.1 Population Balance in the FD Crystallizer 

A schematic diagram of fines destruction with solute recycle is shown in Figure 

3.7. Similar to the ODD crystallizer, an overflow stream containing fines (cut size, Lp) 

is withdrawn at a flow rate Qo = (R-l)Q, where the mixed underflow (product) rate is 

Q. R is called the draw-off ratio. Both Rand LF are adjustable parameters and the 

size increase is influenced by both. The fines are dissolved by adding heat and/or 

solvent (or a part of the feed if the feed is unsaturated) and returned to the crystallizer. 

Fines classification is usually achieved by using an internal fines trap, a skirted baffle 

or an external hydroclone. 

The steady state population balance for the FD configuration can be expressed 

as: 
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G~ + h(L)E. = 0 
dL T 

(3.16) 

where, the size dependent removal function, h(L), is given by 

h(L) = R, for L < LF (3. 17a) 

h(L) = 1, for L> LF (3.17b) 

The initial and the continuity conditions are 

n(O) = B O/G (3.18) 

(3.19) 

Solution of equation (3.16) subject to conditions (3.17)-(3.19) gives the 

population density function. Unlike the DDD crystallizer, the population density in the 

crystallizer and in the product are the same and is a piece-wise continuous line on a 

semi-log plot (Figure 3.7). Thus 

where, 

RL 

n. = (B o/G)e -Or 

(3.20) 

for L < LI' 
(3.21) 
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Figure 3.7 (a) The Fines Dissolving crystallizer configuration, and (b) population 

density distribution in the FD crystallizer. 
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(R-I)L, I. 

n
2 

= (B o/G)e -~ e-'ITT for L> Lp 
(3.22) 

3.2.2 Design of the FD Crystallizer 

A simplified model to predict size increase in FD crystallizers was presented by 

Randolph and Larson (1988), who expressed the size increase with fines destruction as: 

I 

L /L = (l/(3)M 
",2 ",I 

(3.23) 

where, 

(3.24) 

The principal assumption behind equation (3.23) was that the mass of fines destroyed 

is negligible compared to the production rate. Thus fines destruction does not 

appreciably perturb the form of the exponential distribution. For efficient operation, 

the separation of fines should be of large enough size to materially decay the popUlation 

density (Randolph, 1970; Mullin, 1972). 

A generalized equation was presented by Kraljevich (1977) and Kraljevich and 

Randolph (1978) as: 

I 
M 

(3.25) 
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where, 

A = -lnf3 (3.26) 

I 

w(t) = ~ J e -Pp 3dp (3.27) 
o 

The results were graphically expressed for various values of i from which size increase 

was predicted for potassium chloride crystallization. 

3.3 Advantages and Disadvantages of the DDO and FD Crystallizers 

The advantages and disadvantages of the DDO and FD crystallizers have been 

described by many authors in different contexts and are summarized here. The 

principal advantages of the DDO crystallizer over the MSMPR crystallizer are: 

-increased mean size of product, 

·higher per-pass yield of solute, 

-low vessel fouling, 

-habit modification (chunkier crystals), and, 

-stable crystallizer operation. 

Among the disadvantages of the DDO configuration are: 

-inapplicability to high natural slurry density systems, and, 

-bimodal form of product mass density distribution. 

The bimodal mass density distribution, however, is an advantage if a higher product 

bulk density is desired. But a less than expected (based on the mean size) filtration rate 
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might be observed. The advantage of the FD design over the MSMPR is mainly 

increased mean particle size. The major disadvantages of the FD crystallizer are: 

.Increased vessel fouling, 

.bimodal form of product mass density distribution, 

·increased cost of operation (dissolution cost), and 

·inapplicability to low yield systems. 

It is important to note that the FD design is more effective to increase size compared 

to the DDO crystallizer for the same draw-off ratio. 

The DDO design has another advantage over the FD design in that there is no 

penalty of fines dissolving. In fact, DDO operation is feasible even if the solute does 

not have appreciable solubility. To the contrary, the FD design requires that the solute 

should have a substantial solubility. An advantage of the FD configuration is that it can 

be used for high slurry density systems because the slurry density remains invariant in 

this configuration. 
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Chapter 4 

DESIGN OF THE FINES DISSOLVING CRYSTALLIZER 

The FD configuration can be successfully simulated using existing CSD 

simulators (Mark I: Nuttal, 1971 or Crystal. Ball: Sharnez, 1987) but, as has been 

mentioned earlier, these simulators are costly and need trained personnel to use them. 

Development of easy-to-use design charts was first attempted by Kraljevich (1977) and 

Kraljevich and Randolph (1978). Their procedure used an approximation for the 

dominant size in the crystallizer. A design procedure was advanced in the above work 

to predict size improvement for a given fines cut size. Selection criteria for fines cut 

size was not attempted. In the present work, a set of design charts were prepared (in 

the spirit of CSD analysis and/or improvement by the operating engineer) without 

having to resort to detailed simulation or process modelling. Such charts might also 

be helpful in discussions with crystallizer vendors. Criteria for the selection of a fines 

classification cut size were investigated. Applicability of the FD configuration in low 

yield systems was also examined. 

4.1 Development of Design Charts for the FD Configuration 

Following the method of White and Randolph (1989), the CSD was expressed 

as a series of its moments: 



where, 

p 

Yp = 1 + e -Rx L (RX)i(Rp+l-i - l)/i! 
iaO 

The dimensionless fines cut size, x, has been defined in equation (3.13). 
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(4.1) 

(4.2) 

Ratios of mass mean and Sauter mean sizes to corresponding MSMPR values 

were expressed respectively as: 

L4,3 = 
a Y4 (4.3) 

L 4,3,0 R Y3 

L 3,2 = 
a Y3 (4.4) 

L 3,2,0 R Y2 

The quantity a, the dimensionless growth rate, was defined in equation (3.14). The 

rate of dissolution of fines relative to the product rate, <P, is given by 

where, 

Y 
<P = (R-l)~ 

Y3 

p 

- e- Rx L (Rx)i/i! 
i .0 

(4.5) 

(4.6) 

Equations (4.1)-(4.6) are expressed in terms of the draw-off ratio, R, the 

dimensionless growth rate, a, and the dimensionless fines cut size, x. The fines cut 
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size, x is a dependent variable and has therefore been expressed as: 

(4.7) 

where, 

(4.8) 

The dimensionless fines cut size, x" (based on the MSMPR growth rate), is an 

independent variable. The ratio of growth rates, a, may be obtained from an iterative 

solution of the dimensionless form of the mass balance equation: 

I 

[{I - (l - r.)a"}/rJ ' -i = a3+iY3/R4 (4.9) 

An algorithm to solve these equations together with a computer program is available 

in Appendix C. 

4.1.1 Particle Size Increase in High Yield Systems 

White and Randolph (1989) showed that the ODO contiguration exhibits an 

optimum tines classification cut size for an increase in mean particle size. The present 

work shows that the FO design also has an optimum fines cut size. Figures 4.1 and 

4.2 show the effects of fines cut size and the draw-off ratio on the mass mean and the 

Sauter mean sizes respectively in the FO crystallizer. As in the case with 000, the 

size increase is larger for larger fines draw-off ratio. However, unlike the ODO 

configuration, performance of the FD configuration is insensitive to the 'response 
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Figure 4.2 Effects of fines cut size and draw-off ratio on Sauter mean size for high 

yield systems for the FD contiguration. Ratio of Sauter mean sizes == ~.2/L3.2.o· 
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tendency from slurry density changes' (the parameter j) for high yield systems. In fact, 

for such systems, slurry density remains invariant. 

4.1.2 Fines Dissolution Rate in High Yield Systems 

Figure 4.3 shows the variation of the amount of fines to be dissolved in the 

overflow stream with the fines cut size. It can be seen that the amount increases 

sharply with an increase in cut size. Dissolution of the fines is often costly and may 

sometimes be difficult. Therefore, a fines cut size lower than the optimum or a lower 

draw-off ratio may have to be chosen, depending on the dissolution cost and capacity. 

4.1.3 Growth Rate in the FD Crystallizer for High Yield Systems 

It has already been discussed that the growth rate in the fines dissolving 

crystallizer is forced to a higher level in order to achieve a particle size increase. Such 

increases in growth rate are displayed in Figure 4.4. The growth rate increases with 

an increase in both the fines cut size, L", and the draw-off ratio, R. The increase in 

growth rates (more fouling and/or poor crystal habit) and the increase in the rate of 

fines dissolution often limit the extent of particle size increase in a fines dissolving 

crystallizer. 

4.2 Fines Dissolving in Low Yield Systems 

The effects of fines cut size and draw-off ratio on the mass mean size of the 

product crystals for low per-pass yield systems are shown in the Figures 4.5 and 4.6. 
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Figure 4.5 Effects of initial (MSMPR) per-pass yield on mass mean size and actual 

per-pass yield in low yield systems in the fines dissolving crystallizer (for R = 3). 
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For low yield systems the size increase is influenced by both the 'response tendency 

from supersaturation increases', i, and the 'response tendency from slurry density 

changes', j. Variations of the yield (n with the fines cut size and the draw-off ratio 

for such systems is presented in the following figures. Unlike the DDO configuration, 

the yield decreases as a result of fines dissolution. If the initial (MSMPR) yield is low, 

the results could be devastating as the yield would diminish to a negligible value even 

for a low classitication size and draw-off ratio. However, a significant size increase 

might be attained. 

4.3 Use of Design Chm1s for the FD Configuration 

As in the case of the 000 crystallizer (White and Randolph, 1989), the results 

for the FD contiguration also are expressed relative to the MSMPR contiguration. If 

the kinetic parameters (i, j and a) and the initial (MSMPR) yield are known, these 

charts can be used to predict the size improvement for a given set of conditions. An 

optimum design strategy can be formulated following the procedure mentioned below. 

4.3.1 High Yield Systems 

In this case, the suspension density and the external production rate remain 

unaltered. Draw-off ratio and fines cut size can be obtained from a balance of pump 

cost and availability, dissolution cost, and product handling cost. 

Consider a high yield system with i=j=2. Product mass mean size obtained 

from an MSMPR experiment is 100 J,tm (i.e. GuT = 25 J,tm). Existing facilities allow 



68 

a dissolution rate corresponding to cP = 0.8. The corresponding draw-off ratio giving 

a maximum in mass mean size is approximately equal to 7. Using an interpolation in 

Figure 4.1, it is found that the optimum fines cut size (dimensionless) is 3.8. This 

means that the actual fines cut size should be Lp= GoTXo = 95 ILm. The expected 

product mass mean size is 291 ILm. The system would operate with an apparent growth 

rate - 3.6 times the MSMPR value. Thus fouling problems might be encountered. It 

can be seen in Figure 4.1 that close to the maximum, the change in mass mean size is 

insensitive to fines cut size. Without a large sacrifice in particle size improvement a 

fines cut size (dimensionless), Xo= 3.0 may be chosen for this case. The corresponding 

fines classification size is 75 ILm. The mass mean size would be 285 ILm and the 

system would operate at a growth rate - 3.1 times the MSMPR value. 

4.3.2 Low Yield Systems 

For a low yield system (e.g. S'o < 50%) the use of fines dissolving is not 

advisable because of a drop in production rate as a result of fines destruction. 

However, if S'o is moderate (> 75 %), the FD design may be used for size increase with 

some sacrifice in per-pass yield. 

Assume the system mentioned above (i =j =2) has an initial yield of only 80%. 

Suppose a maximum 10% decline in per-pass yield could be allowed (any unrelieved 

supersaturation of course is not 'lost', but recycled upstream to the feed). If the fines 

classification system can operate only for Xo ~ 1.0, it is observed from Figure 4.6 that 

the permissible recycle ratio is =:;3.0. By interpolation from Figure 4.6 it is found that 
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the maximum size increase is for a draw-off ratio - 1.5. The corresponding fines cut 

size would be -75 j.Lm. The expected mass mean product crystal size would be - 119 

j.Lm. If the amount of fines to be dissolved is within the range of dissolution capacity, 

these numbers are acceptable. Otherwise, a lower fines cut size and/or a lower draw

off ratio should be chosen. Note that in many cases a small increase in particle size at 

the cost of significant fines dissolution may not be attractive. For low yield systems 

application of fines dissolving design is limited. 
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Chapter 5 

THE MODIFIED DOUBLE DRAW-OFF CRYSTALLIZER 

Double Draw-Off (DDO) and Fines Dissolving (FD) crystallizers are widely 

used in industry for crystal size increase. Both DDO and FD models have been 

discussed in earlier sections in this dissertation. There are distinct advantages and 

disadvantages of either configuration. For example, the FD configuration requires 

substantial solubility of the solute, whereas the DDO configuration can be used for 

sparingly soluble solutes. DDO operation reduces crystallizer vessel fouling whereas 

fines dissolving increases fouling. In the DDO configuration there is an increase in 

slurry density in the crystallizer which makes it unsuitable for processes having a high 

natural slurry density. These relative advantages and disadvantages are considered 

when a configuration is to be selected for particle size increase in a crystallization 

process. Thus in the precipitation of calcium sulfate from flue gas desulfurization 

liquor the DDO configuration is chosen; the reason is that calcium sulfate has a very 

low solubilty and a weak slurry is normally obtained in MSMPR operations (Randolph 

et aI., 1984). Example of the application of the FD configuration is Bisphenol-A 

crystallization (Moyers, 1986). 

There are, however, processes with high natural slurry density in which fines 

dissolution is difficult or uneconomical. Therefore, either of the above mentioned 

configurations appear to be unsuitable. An example of this type of processes is sodium 

chloride crystallization in caustic liquor. The crystallization occurs in multiple effect 
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evaporators under high vacuum during the concentration of alkali in the electrochemical 

process of caustic soda manufacture. After the first stage of concentration, the liquor 

is always near saturation. Therefore, fines dissolution is difficult and costly. Since the 

process operates with a high slurry density, DDO operation is limited. However, an 

increase in particle size is necessary in order to improve the economy of the process. 

A modified Double Draw-Off crysatllizer configuration has been developed for 

application in these processes. This configuration allows a control of slurry density 

along with DDO operation. This model also operates on the principle that fines are to 

be removed at a faster rate than large particles in order to increase mean particle size. 

However, fines are removed without removing as much liquor as would be removed 

in a DDO operation. This is accomplished by using an additional fines classification 

unit (a hydrclone or a lamella settler) which operates at cut size lower than the cut size 

at the withdrawal port from the crystallizer. The fines in the overflow stream from the 

crystallizer are concentrated in the second classification unit and the overflow from this 

unit (clear liquor or liquor containing fewer fines at a lower cut size) is returned to the 

crystallizer in order to prevent slurry density building. 

5.1 Population Balance in the Modified DDO Crystallizer 

A schematic of the modified DDO crystallizer is shown in Figure 5.1. The 

overflow stream from the crystallizer (fines cut size Ln) is sent to an inclined settler 

where most of the fine particles are allowed to settle (fines cut size 41). A hydroclone 

can also be used instead of an inclined settler in large scale operation. A part of the 
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Figure 5.1 Schematic diagram of the modified DDO crystallizer. 
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liquor flow from the top of the inclined settler (having little or no solid) is recycled 

back to the crystallizer. The rate of this recycle stream can be controlled to control the 

slurry density in the crystallizer. The remaining liquor flow from the settler and the 

underflow from the crystallizer are combined to form the product. 

with 

The population balance for this configuration may be written as: 

G d n + h(L) ~ = 0 
dL T 

h(L) 1 for L < LpI 

h(L) = 
R 

R-R' 
for LpI < L < LI"2 

h(L) = -
R-R' 

for L> LI"2 

The initial and continuity conditions are: 

n(O) = B o/G 

n(Lp1 +) = n(Lp1 -) 

(5.1) 

(5.2a) 

(5.2b) 

(5.2c) 

(5.3) 

(5.4) 

(5.5) 

Equations (5.1) and (5.2) subject to initial and continuity conditions (5.3)-(5.5) may be 

solved to obtain the CSD in the crystallizer as well as in the product. Thus, the CSD 
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in the crystallizer is given by: 

(5.6) 

with 

(5.7) 

R 1-
R-}{'GT (5.8) 

(5.9) 

The product CSD is given by: 

R n + 1 n n = n1 + 2 3 
R-R' R-R' 

(5.10) 

Hypothetical semi-log plots of population densities in the crystallizer and in the product 

are shown in Figure 5.2. 

5.2 Development of Design Equations for the Modified 000 Crystallizer 

Design charts for the modified 000 crystallizer were developed following the 

method of White and Randolph (1989). The detail of the development is described 

below. 

CSD Moments: The popUlation density distributions in the product slurry 

(equation 5.10) and in the crystallizer (equation 5.6) can be expressed as their moments 
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Figure 5.2 Hypothetical semi-log population density plots for the modified DDO 

crystallizer; (a) in the crystallizer, (b) in the product slurry. 
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respectively, as: 

mp(P) = p' B °G PrP + 1 Y . p,(p) (5.11) 

m(e) = p'BoGPrP+iy 
P' p,(e) (5.12) 

where, 

yp,(P) = 
(5.13) 

P R p+l-i Xi 
R'x,-Rx., p 

1 + e-
X'L[(l-_,) -1]~ 

i=O R 1. 

+ e if:RT"" L [(R - R ')P+I-i 
i·O (5.14) 

. i R p+I-, X2 

- (1--) ]-, 
R' I! 

with XI = Lpi/(Gr) and X2 = Lr'2/(Gr). It is noted that 

yp,(e) = yP+I.(P) (5.15) 

Product Mass Mean Size: The product mass mean size is the ratio of the 

fourth moment to the third moment of the product population density distribution and 

can be expressed as: 

m
4
(P) y 
=4Gr~ (5.16) 

m3
(P) y 

3,(p) 
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Slurry Density in the Crystallizer: This is the weight of all the crystals in unit 

volume of slurry in the crystallizer and can be expressed in terms of the third moment 

of crystallizer population density distribution. Using equation (5.15), the slurry density 

in the crystallizer can be expressed as: 

(5.17) 

Mass Balance: The mass balance in the modified DDO crystallizer can be 

obtained by equating the supersaturation drop to the product slurry density. Thus 

(5.18) 

where, Sj = available supersaturation at inlet, s = operating supersaturation in the 

crystallizer, and r = fractional solute recovery. 

Equation (5.18) can be expressed in a more convenient form by incorporating 

the nucleation/growth kinetics in it. Thus 

(5.19) 

where, Y3 and Y4 stand for Y3,(p) and Y4,(p) respectively. 

Equation (5.19) can be solved to obtain the growth rate in the crystallizer. It 

is important to note that Y3 and Yo; are functions of growth rate/supersaturation. 

Therefore an iterative solution will be required. 

Ratio to MSMPR Values: Solution of the mass balance equation (5.19) is the 

key step in the computation of product mass mean size, crystallizer slurry density, etc. 
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It has been mentioned that an iterative solution of equation (5.19) is possible. 

However, this requires the knowledge of the nucleation (~) and growth rate (kg) 

constants. These can be eliminated if the equation is expressed as a ratio to the 

MSMPR mass balance equation. Thus 

I 

[{I-(l- to)a l }/ tJ I - j = a3
+

i yjytj (5.20) 

For a high yield system (to ~ 1) the dimensionless mass balance can be written as: 

(5.21) 

In this case the knowledge of the growth rate-supersaturation parameter, a, is not 

necessary. For convenience of solution, the quantities like mass mean size, slurry 

density, etc., may also be expressed as ratios to the respective MSMPR values. Thus 

L4,3 Y4 = a-
L Y3 4,3,0 

(5.22) 

MT = Y4. t -- (5.23) 
MT,o Y3 to 

5.3 Results and Discussion 

Computation of the variations of suspension density and mass mean size with 

variations of DDO ratio (R), recycle ratio (R'), fines cut sizes (x1,o=Lr/GoT and 

x2,o=LI'2/GoT) using the above equations is possible for any set of kinetic constants (i, 

j and a). Results for the case of NaCI crystallization kinetics (in caustic liquor) will be 
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presented here. As in the case of the development of the 000 and FD crystallizer 

design charts, the dimensionless mass balance equation was solved iteratively to obtain 

the dimensionless growth rate, a. Slurry density and mass mean particle sizes (as 

ratios to their respective MSMPR values) were then calculated using equations (5.22) 

and (5.23). 

Figures 5.3 and 5.4 display the changes in slurry density in a modified 000 

crystallizer with changes in the fines cut sizes (LF1 , LF1), the draw-offratio (R), and the 

recycle ratio (R'). As expected the slurry density decreases with increase in the recycle 

ratio (for the same values of R, LF1 , and LF1). Interestingly, there is a minimum of 

slurry density with respect to the fines cut size at the recycle point (LFl)' This means 

that a recycle stream with some fines in it might be more effective in decreasing the 

slurry density in the crystallizer than a clear liquor return. The reason behind the 

slurry density having a minimum with respect to Xl.o (i.e. the fines cut size LF1 ) is as 

follows. Having no classitication before recycle (i.e. xl.o=x1.o) essentially gives a 000 

operation with a 000 ratio equal to (R-R'). A value of x1.o < X2.o means more fines are 

removed from the crystallizer (initially). Consequently, there is a decrease in slurry 

density (Figures 5.3 and 5.4). The additional removal of fines also leads to an increase 

in mean particle size in the product slurry (Figures 5.5 and 5.6) as well as in the 

crystallizer. In other words, the relative amount of large particles in the crystallizer 

increases (as a result of growth of large particles and removal of small particles) as the 

cut size LFI decreases. Because of the dominance of large particles in the magma, there 

is a decrease in the mass of fines removed with the overtlow (relative to the production 
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Figure 5.3 Effects of draw-off ratio, recycle ratio and fines cut sizes on slurry density 

in the crystallizer. Both Rand R' varied to keep R-R' constant. 
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Figure 5.4 Effects of draw-off ratio, recycle ratio and fines cut sizes on slurry density 

in the crystallizer. R' varied with constant R. 
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rate) below a certain Lpl (see Appendix D, Table D.1). Therefore, there is an increase 

in slurry density after an initial decrease. It is noted that for certain combinations of 

the above mentioned process variables, suspension densities lower than MSMPR values 

might be observed. This behavior was experimentally observed and is discussed in 

appropriate context later. 

As in the case of DDO opertaion, there is an optimum fines cut size (X2,a> for 

the overflow from the crystallizer (see Appendix D, Table D.l) for particle size 

increase. Variations of mass mean particle size with variations of recycle ratio and 

fines cut size at the recycle point are presented in Figures 5.5 and 5.6. It is observed 

that the mass mean size increases as xl,o decreases if x2,o is less than its optimum value. 

For x2,o larger than its optimum value, with a decrease in XI,o, the mass mean size first 

decreases and then increases. 

Although by adjusting the fines classification size at the reeyle point, the slurry 

density could be decreased to its minimum, such a condition is not desirable from a 

particle size increase stand-point. A clear liquor return would lead to the largest 

particle size, because maximum fines removal is achieved under that condition (without 

removing a proportional amount of mother liquor). 

That faster rate of fines removal (not necessairily associated with mother liquor 

removal) is the clue to particle size increase can be understood from this analysis 

(Figure 5.5). Depending upon the amount of fines recycled, the growth rate may be 

forced to a value higher than the MSMPR. Growth rate enhancement is observed 

particularly for clear liquor return to the crystallizer. Therefore, an optimization 
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Figure 5.5 Effects of draw-off ratio, recycle ratio and fines cut sizes on mass mean 

particle size. Both Rand R' varied to keep R-R' constant. 
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Figure 5.6 Effects of draw-off ratio, recycle ratio and fines cut sizes on mass mean 

particle size. R' varied with Constant R. 
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would actually be needed for a process design. 

A technique for solving the associated equations in order to generate the design 

charts is described in Appendix D. A computer program together with a set of results 

are also attached in Appendix D. The modified DDO configuration will find 

application in many processes where particle size increase without slurry density 

increaselfines dissolution is desired. The mathematical model described above will be 

adequate for many processes. However, some modification might be necessary in 

certain cases. An example is evaporative crystallization in which cooling of liquor may 

also relieve supersaturation. As the modified DDO involves liquid residence time 

outside the crystallizer, an associated heat loss would have appreciable effect on the 

mass balance. Proper modification of the design equations would be needed for such 

cases. 
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Chapter 6 

SODIUM CHLORIDE CRYSTALLIZATION IN CAUSTIC LIQUOR 

6.1 The Chlor-Alkali Process 

The chlor-alkali industry is one of the most important heavy chemical industries 

in the u.s. The manufacture of chlorine and caustic soda is done almost entirely by 

an electrolytic method in which pre-treated brine is electrolyzed in specially designed 

cells (e.g. diaphragm cell, mercury cell) to produce sodium hydroxide, chlorine and 

hydrogen. The overall chemical reaction may be written as: 

2NaCI + 2H20 = 2NaOH + H2 t + Cl2 t (6.1) 

The decomposition efficiency of the cells is usually low (approx. 50%, Shreve and 

Brink, 1977) and the catholyte contains approximately 9% NaOH and 16% NaCl. This 

weak sodium hydroxide solution containing unreacted NaCI is evaporated to about 50% 

NaOH in a multiple effect evaporator system (e.g. in Dow's operation at Freeport, 

Texas). A schematic diagram of a triple-effect evaporator/crystallizer system is shown 

in Figure 6.1. The caustic concentration increases as the liquor passes counter

currently to the steam now. The final product from the triple-effect evaporator 

typically contains about 50% (by weight of solution) sodium hydroxide. The solubility 

of sodium chloride decreases as the alkali concentration increases. Consequently, most 

of the unreacted salt crystallizes out during evaporation. Solubilities of sodium chloride 

at different temperatures and different sodium hydroxide concentrations are presented 
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Figure 6.1 Schematic diagram of a triple effect evaporator/crystallizer for 

concentrating caustic soda in chlor-alkali process. 
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in Figure 6.2. The salt so recovered is filtered off and usually reused. The crystal size 

distribution (CSD) of NaCI in the product is of importance because caustic losses and 

production rate depend on filter-cake entrainment and filtration (or centrifuge) rate, 

respectively. 

It is observed that as the caustic concentration increases, the average salt crystal 

size decreases (Scrutton, 1985). Of particular concern therefore is blinding of the 

screens due to small size particles. specially for the product from the first effect 

evaporator (highest alkali concentration). A larger particle size would result in higher 

production rate and less product losses. 

6.2 Objective of the Present Research 

The objective of this research was to demonstrate particle size increases in 

different crystallizer configurations and suggest a configuration that would be 

economically attractive. The work was done in two parts. The first part consisted of 

experiments using an MSMPR (Mixed Suspension Mixed Product Removal) crystallizer. 

These experiments were necessary as a basis for comparison of results from size 

increase studies. Also. MSMPR experiments were used to estimate nucleation kinetics 

for NaCI crystallization in caustic liquor. The parameters of the nucleation kinetics 

were used to predict the particle size increase using the design charts developed by 

White and Randolph (1989) and Sutradhar and Randolph (unpublished research). Feed 

composition similar to that for the first effect evaporator in Dow's operations at 

Freeport (31 % NaOH. 8 % NaCl) was used in all experiments. 
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Figure 6.2 Solubilities of sodium chloride at different concentrations of sodium 

hydroxide. 
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In the second part of the investigation, particle size increase studies were 

performed using (a) a Fines Dissolving (FD) crystallizer, (b) a Double Draw-Off 

(DDO) crystallizer, and (c) a modified Double Draw-Off (modified DDO) crystallizer 

configuration. Results from the fines dissolving experiments were compared with 

values predicted from design charts in order to find the usefulness of the design charts. 

6.3 Previous Research on NaCI Crystallization in Caustic Liquor 

Salt crystallization is one of the oldest unit operations, practised since the dawn 

of civilization. Naturally, the area of sodium chloride crystallization has been 

extensively researched. However, most of these research works were on the 

evaporative crystallization of aqueous brine, where sodium chloride is the product of 

the process. Study of the effect of NaOH on the crystallization of NaCI was probably 

first reported by Orlov in 1896 (Scrutton, 1985). Orlov studied the habit modification 

of NaCI crystal influenced by NaOH. Influence of NaOH on the habit of NaCI crystals 

was done by a few more researchers (Saylor, 1928). However, most of these studies 

were done in very small scale, e.g. in a watch glass or a petridish. A systematic 

investigation on the effect of sodium hydroxide on sodium chloride crystal habit was 

undertaken by Scrutton and his co-workers (Scrutton, 1985; Scrutton et al., 1982). 

Scrutton et al. (1982) also reported the nucleation kinetics for salt crystallization from 

alkaline solutions. Scrutton (1985) observed that there was a decrease in particle size 

with increase in caustic concentration, as would be expected. 

Generation of fines during the crystallization of sodium chloride in concentrated 
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sodium hydroxide solution is of concern in processes such as electrochemical process 

of sodium hydroxide production. However, no information on sodium chloride particle 

size increase studies in caustic liquor medium is available in the literature. 

6.4 MSMPR Experiments: Nucleation Kinetics 

A schematic diagram of the experimental apparatus is shown in Figure 6.3. The 

metal(Ni)/glass crystallizer was equipped with a heating coil (fitted to the bottom metal 

part) to supply the heat needed for boiling. The heating coil also served as a draft tube. 

As the heating capacity of the coil was limited, additional heat was supplied by 

preheating the feed liquor. The product was withdrawn iso-kinetically using a 

Chrontrol-operated peristaltic tube pump. A two-chamber glass container connected 

through an 8 mm hole stopcock (see Figure 6.3) was used to collect product samples 

with no disturbance to the system vacuum. The vapor was condensed in a condenser 

placed between the crystallizer and the vacuum pump. The crystallizer was equipped 

with a closed system vacuum adapter to prevent any leakage through the propeller shaft 

entrance. A 2" diameter marine propeller was used to provide agitation. Temperature 

of the crystallizer was monitored using a temperature indicator (thermocouple type). 

The temperature in the feed tank was maintained (within ± SoC) using a temperature 

controller/indicator . 

A feed solution containing 31 % NaOH and 8 % NaCI (by weight of solution) 

was used in all the experiments. The liquid level in the crystallizer was maintained 

constant by manually adjusting the feed and/or product flow rate(s). The effective 
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Figure 6.3 Schematic diagram of experimental set-up used for the MSMPR 

experiments. 
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volume of the crystallizer was 1460 ml. Approximately 6-8 residence times were 

allowed in order to attain steady state. The residence time was a dependent variable 

and was actually calculated at the end of the experiment. Steady state samples were 

collected and used to determine the slurry density and the crystal size distribution 

(CSD). A sonic sifter was used to obtain the CSD from the filtered, washed and dried 

solid sample. Saturated NaCI solution was used for washing. Nine successful 

experiments were performed for the kinetic analysis. The residence times investigated 

range from 40 to 86 minutes. The temperatures in all the experiments were within 78 

± 2°C, except in Exp. #K2 in which case the temperature was 89°C (low vacuum). 

Process conditions in the experiments are summarized in Table 6.1. 

Nucleation Kinetics: Growth rates were calculated from the median sizes in the 

cumulative mass distribution using the relationships L50 = 3.67Gr and L4,3 = 4Gr. 

Growth rates were also calculated from a semi-log plot of the population density 

distribution vs. particle size (average). These values are summarized in Table 6.2. 

It was observed that agreement of the values of growth rates obtained by the 

three methods were good except in Exp. #K5. In this experiment considerable 

aggregation of crystals during drying resulted in a larger contribution of the large sizes. 

For the determination of kinetic parameters the values obtained from the semi-log plots 

were used. The intercepts of the semi-log plots were used to calculate the nucleation 

rate, BO (= nOG). All the results used for parameterization are summarized in Table 

6.3. A kinetics correlation for nucleation often used is: 
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Table 6.1 : Summary of Process Conditions for the MSMPR Experiments 

Exp. 

# 

K2 

K3 

K4 

K5 

K6 

K7 

K8 

K9 

KI0 

Vacuum, 

inch Hg 

19 

24 

24 

24 

24 

24 

23 

25 

24 

Temp., 

°C 

89.0 

79.5 

79.5 

80.2 

80.0 

78.0 

80.0 

76.0 

78.0 

Res. Time, 

min. 

78.7 

81.2 

64.4 

70.0 

86.2 

58.5 

46.4 

40.4 

53.6 

Boil-up 

Ratio· 

0.132 

0.400 

0.412 

0.342 

0.471 

0.280 

0.208 

0.246 

0.175 

• Boil-up Ratio == (rate of evaporation)/(flow rate of product withdrawal). 

RPM 

230 

395 

370 

335 

515 

385 

395 

405 

385 



Table 6.2 : Comparison of Growth Rates from Different Methods 

Exp. 

# 

K2 

K3 

K4 

K5 

K6 

K7 

K8 

K9 

KlO 

G from 

",m/min. 

0.77 

0.94 

1.06 

1. 71 

0.84 

1.31 

1.38 

1.97 

1.79 

G from 

",m/min. 

0.95 

1.09 

1.07 

1.72 

0.97 

1.46 

1.63 

2.25 

1.81 

G from Semi

log Plot, 

",m/min. 

0.78 

0.91 

1.10 

1.08 

0.86 

1.33 

1.64 

2.02 

1.77 

95 



Exp. 

# 

K3 

K4 

K5 

K6 

K7 

K9 

KlO 

Table 6.3 : Summary of Results used for Regression 

#/cc.min. 

178.3 

231.0 

100.4 

213.5 

172.3 

201.2 

78.7 

G, 

JLm/min. 

0.91 

1.10 

1.08 

0.86 

1.33 

2.02 

l.77 

gil 

81 

76 

61 

100 

67 

64 

51 

Boil-up 

Ratio, b 

0.400 

0.412 

0.342 

0.471 

0.280 

0.246 

0.175 

96 
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(6.2) 

However, no successful parameterization of this correlation was possible with the above 

mentioned data. An alternative technique was adopted. Following a method described 

in Randolph and Larson (1988, Ch. 5) an initial estimate of i = 2 was obtained by 

plotting In BO vs In G for experiments with the same (close) slurry density, MT• A plot 

of In (Bo/G2
) vs In MT was made to estimate j (the slope of the plot, Figure 6.4). All 

the points plotted a straight line of slope - 5.2 (except the point from Exp. #K2. The 

deviation of the point from Exp. #K2 was possibly due to the different temperature. 

Since one different temperature was not enough to use temperature for another variable 

this experiment was dropped from the subsequent analysis). 

The value of j estimated in the above process was much too high suggesting that 

some mechanism associated with the slurry density is a strong variable. It was 

observed that the boil-up ratio (b = rate of evaporation/rate of product flow) in all 

these experiments varied significantly. Further, MT is dependent on the boil-up ratio. 

A plot of In (Bo/G2MT) vs In b showed that seven out of the eight points plotted a 

straight line of slope - 2.0 (Figure 6.5). This indicated that the nucleation rate for this 

system has a strong dependence on the boil-up ratio. Thus a new correlation was 

proposed for the nucleation kinetics in this system: 

(6.3) 
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The seven good points were used for a multiple regression yielding 

i::: 1.53±0.54; j::: 1.45±0.79; k::: 1.24±0.71; and kN::: 1.02 

The correlation coefficient for the regression was 0.89. The final regression 

BO/G1.53MT I.45 was plotted against b on log-log paper (Figure 6.6). The slope of the 

mean line was found to be - 1.2 (value of k). 

Particle sizes from the MSMPR experiments provided a basis for comparison 

of results from the size increase experiments. Thus a summary of the particle sizes 

obtained from all the MSMPR experiments is presented in Table 6.4. 

6.S Particle Size Increase: The FD Crystallizer 

The fines dissolving crystallizer is suitable for particle size increase in salt 

crystallization from aqueous solutions, because NaCI can be dissolved easily in water. 

Also, salt crystallization is carried out with high suspension density. Crystallization of 

NaCl in caustic liquor is performed with a high slurry density too. However, 

dissolution of fines is difficult in concentrated alkali (see solubility chart in Figure 6.2). 

The objective of the present experiments was to explore the particle size increase 

as well as to estimate the amount of water to dissolve the fines for different process 

conditions. Particle size increases (with respect to MSMPR experiments) for various 

draw-off ratios (R) and fines cut sizes (Lr) were estimated from the design charts 

developed by Sutradhar and Randolph (unpublished research). The design charts are 

shown in Figures 6.7 and 6.8. It was observed that for an optimum fines cut size, 
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Figure 6.6 Final regression for the estimation of the parameters of nucleation kinetics, 

i, j and k. 



Table 6.4: Summary of Particle Sizes Obtained from the 

MSMPR Experiments 

Exp. 

# 

K2 

K3 

K4 

K5 

K6 

K7 

K8 

K9 

KlO 

Res. Time, 

min. 

78.7 

81.2 

64.4 

70.0 

86.2 

58.5 

46.4 

40.4 

53.6 

p.m 

222 

282 

250 

440· 

267 

282 

228 

292 

352 

• - noticeable aggregation of particles during drying. 
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about 40% increase in mass mean particle size (23 % increase in Sauter mean) should 

be obtained for a draw-off ratio as low as 2. For the range of growth rates obtained 

in the MSMPR experiments, the optimum fines cut size (for R=2) was found to be in 

the range 150-300 /Lm. In order to obtain this increase in mean particle size, the rate 

of fines to be dissolved was predicted to be - 23 % of the production rate of salt. A 

higher draw-off ratio will produce particles of even larger mean size with a 

corresponding increase in the amount of fines to be dissolved. 

6.5.1 Fines Classification/Removal in Boiling Magma 

In laboratory experiments fines classification is conveniently accomplished by 

using a fines trap of the type shown in Figure 6.9. The flow of liquid in the trap is 

quiescent; thus the large particles are allowed to settle under the action of gravity. 

However, if the magma is under boiling conditions, such gravity settling of particles 

is prevented by the agitation provided by boiling. Also, a vapor-liquid mixture is 

normally withdrawn through the fines trap, which leads to fluctuations in the rate of 

slurry removal. 

These problems were solved by cooling the fines trap so that boiling was 

suppressed locally inside the trap. The arrangement is shown in Figure 6.10. Ice-cold 

water was circulated through a U-tube fitted inside the trap (see Figure 6.10). This 

allowed a quiescent flow inside the trap and desired fines classification was obtained. 

The rate of flow of the fines slurry could also be maintained constant. 
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6.5.2 Fines Dissolution: The Inclined Settler 

A cost-effective way of accomplishing fines dissolution would be to concentrate 

the fines and handle a smaller volume of slurry for dissolution while the supernatent 

liquid is returned directly to the crystallizer. This would involve a particle 

classification device for segregating the fines. Common commercial equipment used 

for particle classification includes hydroclones, centrifuges, cone classifiers, sieves or 

screens, etc. Particle classification may also be accomplished by exploiting differences 

in particle settling velocities under the action of gravity. Classifiers using gravity 

settling are simple in design. They exert very little shear on the particles. However, 

the sedimentation process is often slow, especially when the particles are small. 

Settling rate can be enhanced considerably in vessels having inclined walls (Acrivos and 

Herbolzhiemer, 1979). Lamella settlers are built using this principle. Lamella settlers 

are composed of one or more narrow channels that are inclined from the vertical. As 

such, the particles settle onto the upward facing side of each plate and then slide down 

to the bottom of the settler where they are collected. 

The review of Davis and Acrivos (1985) described the operation of these 

inclined settlers along with mathematical models and experimental verifications. In 

particular, the coarse fraction contains particles of all sizes, enriched in the larger 

particles. The fine fraction is essentially free of the larger particles. For our 

experiments a simple cylindrical inclined settler (12" long, 4" diameter and inclined at 

30° angle from the vertical) was used. The classification was good and the liquor from 

the top of the settler contained practically no particles. 
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6.S.3 Experimental 

Efficacy of the FD configuration for particle size increase was demonstrated in 

the following way. In the FD configuration, the fines are dissolved and the resulting 

solution is fed back to the crystallizer. It was found that the composition of this 

solution was comparable to (or could be adjusted to) the composition of the feed 

solution. Thus a modification of the feedlfines withdrawal was used. Fines were 

removed and an equivalent amount of feed solution was added to the crystallizer. The 

arrangement is shown in Figure 6.11. One advantage of this arrangement was that the 

flow rate of fines withdrawal could be measured continuously. Also, the amount of 

solid in the overtlow stream (to be dissolved) could be measured. 

Further experiments were performed to have an estimate of the amount of water 

to be added for fines dissolution (hence estimate additional heat load). An inclined 

settler (described in section 6.5.2) was used in order to concentrate the fines and 

thereby facilitate dissolution. The experimental set-up is shown in Figure 6.12. 

For both these arrangements, the crystallizer used was that described in the 

context of MSMPR experiments. It was equipped with the fines classification/removal 

device described in section 6.5.1. Steady state samples from the underflow stream 

were used for particle size and slurry density measurements. As in the case of MSMPR 

experiments, 6-8 residence times were allowed before collecting the sample for 

analysis. Treatment of the sample before CSD analysis and slurry density measurement 

was done as described in the context of MSMPR experiments. A summary of process 

conditions for all the fines dissolving experiments is given in Table 6.5. 
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Exp. 

# 

SlOl 

SlO5 

SlO7 

SlO9 

SI13 

SI14 

Table 6.5 : Summary of Process Conditions for the Fines Dissolving 

Experiments 

Temp., 

°c 

75 

79 

78 

83 

81 

78 

Vacuum, 

inch Hg 

26.0 

25.0 

25.0 

22.8 

23.0 

23.2 

RPM 

275 

395 

430 

360 

325 

310 

Boil-up 

Ratio 

0.402 

0.286 

0.195 

0.162 

0.216 

0.182 

112 

JLffi 

280 

238 

175 

193 

187 

185 
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6.5.4 Results and Discussion 

Table 6.6 provides a summary of all the size increase experiments involving this 

fines dissolving configuration. Of these experiments, #SI01 was performed using the 

configuration shown in Figure 6.12 and the rest of the experiments were performed 

with the modified arrangement shown in Figure 6.11. 

The rate of fines to be dissolved in experiments #SI05, #SI07, #SI09 and #SI13 

were found to be respectively, 56, 65, 66 and 89% of the corresponding production 

rate. These are higher than theoretically predicted values. Additional release of salt 

from the mother liquor due to cooling might have contributed to these high values. 

However, theoretically calculated values also were high (e.g. 50% for Exp. #SI05). 

A significant size increase was observed in experiment #SI01, in which fines 

dissolution was accomplished using an inclined settler. In spite of the use of the settler 

to concentrate the fines before dissolution, an appreciable amount of water was required 

(approx. 18% v/v of the feed flow rate). This seemed unacceptable. Lower 

proportions of water were tried, but complete dissolution of fines could not be achieved 

due to flashing of water under high vacuum. Efficient dissolution (lower proportion of 

water) can be achieved under low vacuum, in which case the temperature can be 

increased to aid better dissolution. However, this is impracticable in a small unit like 

ours, although in large scale operation this would be feasible. The problem of flashing 

may also be reduced significantly if the unsaturated liquor from the electrolytic cell 

(feed to the third effect evaporator, 9% NaOH 16% NaCI) is used to dissolve the fines. 

A plot of the particle sizes obtained from fines dissolving experiments against 



Table 6.6 : Summary of Results from the Fines Dissolving Experiments. 

Exp. 

# 

SIOI 

SI05 

SI07 

SI09 

SID 

SI14 

Res. Time, Draw-Off 

min. Ratio 

75 5.5 

65 2.3 

65 2.33 

58 1.85 

65 2.76 

65 2.77 

317 

310 

365 

400 

405 

300· 

ILm 

222 

250 

250 

282 

250 

250 

% Size 

Increase 

43 

24 

46 

42 

62 

20 

• This experiment had fluctuating fines flow rate due to pump problem. 
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the sizes predicted from the design charts is shown in Figure 6.13. There was good 

agreement between experimental and predicted values in three experiments (#SI07, 

#S109 and #SI13). Deviation in experiment #S114 was mainly due to disturbances 

during the experiment. In experiments #S101 and #SI05, less than expected particle 

sizes were obtained. 

6.5.5 Modified Flow Arrangement in the Triple Effect Evaporator 

It is important to note that additional evaporation would be required in order to 

maintain the product quality (alkali concentration) if fines are dissolved using water (or 

unsaturated feed) in this stage of evaporation/crystallization. The following 

arrangement may be used in order to avoid any additional heat load in the evaporator 

of interest (first effect). From sample calculations it is found that if the concentrated 

fines at the bottom of the settler is dissolved using the unsaturated feed (9% NaOH 

16% NaCl) , the resulting solution has a composition comparable to the feed to the 

second effect evaporator. Therefore, a flow arrangement as shown in Figure 6.14 is 

suggested in order to use the FD crystallizer configuration for particle size increase. 

Appropriate flow rates may be obtained from actual triple effect evaporator experiments 

or from a complete computer simulation of the evaporator/crystallizer system. Both of 

these options, however, were beyond the scope of the present investigation. 
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Figure 6.13 Comparison of experimental particle size increases with predicted values 

for the fines dissolving experiments. 
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Figure 6.14 Modified flow arrangement for a triple effect evaporator/crystallizer. 
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6.6 Particle Size Increase: The DDO Crystallizer 

The 000 configuration would not normally be chosen for particle size increase 

in NaCl crystallization from caustic liquor. The main reason being that this process 

operates with a high slurry density. However, there is some provision of slurry density 

increase in the process for which these size increase studies will be applied (T. 

Gambrell, Freeport Operations, Dow Chemical Company, personal communication). 

Therefore, DDO operation might be performed up to a certain limit of 000 ratio. The 

objective of the following experiments was, therefore, to investigate the range of draw

off ratios which can be used for particle size increase in the above mentioned process. 

000 design charts were first prepared using the nucleation kinetics obtained in 

the first part of the experimental study (following the method of White and Randolph, 

1989). The charts for mass mean size and slurry density are presented in Figures 6.15 

and 6.16. Preliminary experiments indicated that for the range of operating conditions 

to be studied, a fairly low fines cut size (ca. - 50 J-Lm) could be obtained in the 

overflow stream. The optimum fines cut size is, however, in the range 150 - 250 J-Lm. 

Based on the information provided on slurry density (T. Gambrell, personal 

communication) in large scale operation, the maximum value of the 000 ratio to be 

studied was decided to be 3.0. From Figure 6.15 it was found that -25% increase in 

mass mean particle size could be obtained for a dimensionless fines cut size as low as 

0.5 « 50 J-Lm) for a draw-off ratio of R = 3. 
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Figure 6.15 DDO design charts using NaCI crystallization kinetics (in caustic liquor). 

Effects of fines cut size and DDO ratio on mass mean size (after White and Randolph, 

lEe Research, 28:276, 1989). 
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Figure 6.16 DDD design charts using NaCl crystallization kinetics (in caustic liquor). 

Effects of fines cut size and DDD ratio on slurry density (after White and Randolph, 

IEC Research, 28:276, 1989). 
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6.6.1 Experimental 

The crystallizer from the fines dissolving experiments (together with the 

improved fines trap for fines classification) was used for the DDO experiments. The 

experimental set-up is schematically shown in Figure 6.17. The arrangement was 

similar to that in fines dissolving experiments with feed/fines flow modification (Figure 

6.11) except in this case the overflow (collected in the fines collector) and the 

underflow (through Chrontrol-operated pump) are combined tigether to form the 

product. At steady state, the two streams were collected for the same length of time 

and the combined slurry was used for particle size measurement. The steady state 

underflow stream was used to measure the slurry density in the crystallizer (note: mixed 

product withdrawal at the underflow). About 6-8 residence times were allowed before 

sample collection for analyses. Experiments were begun with the mixed magma from 

the previous experiment in the crystallizer. This enabled attaining steady state in a 

relatively short time. 

Treatment of the samples for use in CSD analysis and/or slurry density 

measurement was done in the same way as was described for the MSMPR experiments. 

The range of residence time investigated was 56.8-82 minutes and the range of DDO 

ratios was 2.20-2.95. Other process conditions used for the DDO experiments are 

summarized in Table 6.7. 
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Table 6.7 : Summary of Process Conditions used for the DDO Experiments 

Exp. # 

SI20 

SI21 

SI22 

SI23 

SI24 

Temp.,oC RPM 

77 335 

86 320 

81 305 

80 355 

80 300 

Vacuum, inch Hg 

25.0 

23.2 

23.9 

24.0 

23.8 

Boil-up Ratio 

0.206 

0.200 

0.228 

0.294 

Table 6.8: Summary of the Results from the DDO Experiments. 

Exp. Res. Time, DOD Ratio 

# min. JLm JLm 

SI20 82.0 2.85 285 282 

SI21 78.5 2.20 273 222 

SI22 64.9 2.85 335 250 

SI23 56.8 2.95 392 282 

SI24 81.0 2.60 362 282 

% Size 

Increase 

1 

23 

34 

39 

28 

gIl gIl 

64 81 

102 50 

174 76 

164 67 

163 81 
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Figure 6. 17 Experimental set-up for the DDD experiments. 
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6.6.2 Results and Discussion 

Five experiments were performed using the DOD configuration for different 

residence times and ODD ratios. The results are summarized in Table 6.8. Except in 

experiment #SI20, appreciable particle size increases were observed in all experiments. 

The size increases were accompanied by suspension density increases. However, the 

suspension densities in these experiments were well within operating limits. Suspension 

densities in large scale operation, however, will be higher than those obtained in our 

experiments for both MSMPR and ODD operations, because of higher boil-up ratios. 

The relative suspension density increases should be similar to those obtained in our 

experiments. Experiment #SI20 suffered from disturbances in boiling due to leakage 

through a worn out vacuum seal in the vacuum adapter. As a result, there was 

practically no particle size increase and the slurry density was lower than the MSMPR 

value. However, crystallizer vessel fouling was less than that in the corresponding 

MSMPR experiment. Less fouling of the crystallizer vessel was observed in other 

DOD experiments also. Additionally, it was found that the DOD experiments produced 

crystals with significantly less caking property than those obtained from the MSMPR 

and the FO experiments. 

Since no proper estimate was possible for the fines cut sizes in the ODD 

experiments, comparison of experimental and predicted values could not be done. 

Uncertainty in fines cut size measurement can be visualised from the semi-log 

population density plots. 
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6.7 Particle Size Increase: The Modified DDO Crystallizer 

Crystallization experiments using a Fines Dissolving crystallizer gave significant 

particle size increases of NaCl. However, this operation would incur fines dissolution 

costs (dissoltuion of fines under vacuum is difficult). This limits the applicability of 

the FD crystallizer for NaCI particle size increases in caustic liquors. Results from 

DDO experiments show that the DDO configuration can be used to a certain extent. 

The principal difficulty with DDO operation is slurry density increase. In order to 

avoid this difficulty, a modified DDO crystallizer configuration was developed. The 

theory behind this configuration was discussed in Chapter 5. 

6.7.1 Experimental 

A schematic diagram of the equipment used for modified DDO experiments is 

shown in Figure 6.18. The same crystallizer from the FD and the DDO experiments 

was· used for modified DDO experiments. An inclined settler (at 45° to the vertical) 

was used in order to obtain a second classification of fines in the overflow stream. The 

settler was equipped with electrical heating tape in order to compensate any heat loss. 

The concentrated fines were collected in a flask placed underneath the settler. The 

content of the flask was kept uniformly suspended using a magnetic stirrer. A stream 

was pumped from this flask and combined with the underflow from the crystallizer to 

form the product. As in the case of DDO experiments, a steady state sample of this 

product was used for size analysis. A steady state underflow was used for slurry 

density (in the crystallizer) measurements. 
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Pump 

"8--
Product Sample 

I: Crystallizer, 2: Fines Dissolver, 3: Lamella Settler, 4: Feed Pre-heater, 5: Underflow Collector, 

6: Vapor/Liquid Separator, 8: Vacuum Gouge, 9: Chrontrol, 10: Condenser, II: Condensate Collector, 

12,13: Temperature Controller/Indicators, 14: Temperature Indicator, 15: Hot Plate/Stirrer, 

16: Hot Plate, 17,18,19,20,21: Peristaltic Tube Pumps, 22: Closed System Vacuum Adapter, 
24: Fines Trap. 

Figure 6.18 Experimental set-up for the modified DDO experiments. 
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6.7.2 Results and Discussion 

Three successful experiments were conducted using the modified DDD 

crystallizer configuration. A summary of process conditions used for the modified 

DDD experiments is given in Table 6.9. A summary of the experimental results is 

presented in Table 6.10. Particle size increases were observed in all the experiments. 

However, the extent of the size increase was not large, possibly because there was 

appreciable supersaturation loss in the inclined settler due to cooling. Also, the 

combination of draw-off ratio, recycle ratio and fines classification sizes might actually 

be such that the slurry density was lower than the MSMPR value. Since fines cut size 

measurement was not possible in our experiments, this could not be resolved. Large 

draw-off (and recycle) ratios were necessary to obtain a sufficiently large fines cut size 

at the crystallizer overflow. However, the corresponding supersaturation loss outside 

the crystallizer was large. For small draw-off ratios the internal fines cut size was not 

appreciable. Such an internal cut size must be appreciably larger than the lamella 

settler cut size to achieve significant particle size increases. These difficulties were 

encountered mainly because of the small scale operation (for which flow rate 

adjustments were restricted). Flow adjustments should not be difficult in large scale 

operation and large draw-off ratios and an appropriate fines cut size could easily be 

maintained. In large scale operation insulation would minimize heat loss from the 

lamella settler and thereby achieve a further particle size increase. Loss of 

supersaturation in the settler, however, had one advantage. The crystallizer operated 

with practically no fouling in all the modified DDO experiments performed. 
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Table 6.9 : Summary of Operating Conditions for the Modified DDO 

Experiments. 

Exp. # 

SI17 

SI18 

SI19 

Temp.,oC 

82 

81 

85 

RPM 

305 

355 

315 

Vacuum, inch Hg 

23.0 

25.5 

24.0 

Boil-up Ratio 

0.105 

Table 6.10 : Summary of the Results from the Modified DDO Experiments. 

Exp. Res. Time, Draw-Off 

# min. Ratio, R 

SI17 44 10.4 

SI18 89 3.6 

SI19 56 4.7 

Recycle 

Ratio, R' 

6.5 

1.8 

0.8 

/-tm /-tm 

245 228 

273 267 

312 282 

gil gil 

58 68 

42 100 

70 67 
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These experiments, however, succesfully demonstrated that the slurry density 

in the crystallizer can be controlled (during DDO operation) by recycling a part of the 

overflow stream from which fines have been partially removed. Appreciable particle 

size increase could also be obtained vis-a-vis slurry density control. 
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Chapter 7 

CALCIUM SULFITE PARTICLE SIZE INCREASE IN FLUE GAS 

DESULFURIZA TION LIQUOR 

Acid rain control has been an important issue in the U.S. for some time. One 

of the major pollutants linked to acid rain is sulfur dioxide. This calls for efficient and 

cost effective S02 removal methods. The rapid growth of coal-tired power plants has 

provided incentives to work in this area. This resulted in the development of a number 

of flue gas desulfurization processes, which include both dry processes and traditional 

wet scrubbing processes. Of these, the most widely used method (in the U.S. utility 

industry) is the wet scrubbing process using lime or limestone. 

The limellimestone wet scrubbing process involves absorption of sulfur dioxide 

in water followed by reaction with lime or limestone suspended in the liquor. A solid 

product containing calcium sulfite and/or calcium sulfate is obtained. The amount of 

sulfate formed depends on the degree of oxidation. Associated chemical reactions are: 

(7.1) 

(7.2) 

1 1 I 
CaSO.·- HoO + -;;,02 + I-HoO = CaS04 '2HoO 

J 2 - 1. 2 - -
(7.3) 
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Several processes (e.g. Chiyoda Thoroughbred) use forced oxidation to obtain 

gypsum as the predominant solid product. However, in the U.S., this solid has limited 

value (e.g. in the manufacture of wall-board) and is disposed of as landfill. A 

predominantly calcium sulfite product with good dewatering property is desirable 

because the cost of oxidation is absent in such a process. An increase in particle size 

gives better filtration property. Randolph et al. (1990) used a Double Draw-Off 

crystallizer to study calcium sulfite particle size increase in FGD liquor (under natural 

oxidation condition). Significant particle size increases were obtained in their 

experiments. A summary of their experimental results is presented in Table 7.1. 

Particle sizes were estimated for their experimental conditions using the kinetic 

parameters of Keough (1983) and the design charts developed by White and Randolph 

(1989) using the kinetic parameters of Keough (1983). A comparison of the predicted 

and the experimental particle sizes is shown in Table 7.2 and Figure 7.1. It was noted 

that the experimental particle sizes were appreciably larger than the predicted values. 

The difference might have resulted from size dependent growth rate, particle 

aggregation or partial dissolution of fine particles while recirculated through the S~ 

absorption tank. Of these, partial tines dissolving seems to be the most likely 

mechanism. 

7.1 Crystallizer-Absorption Tank Arrangement 

Figure 7.2 shows the crystallizer-absorption tank arrangement used in the 

experiments of Randolph et al. (1990). Lime slurry (3% CaO) was fed directly to the 



132 

Table 7.1 Summary of Experimental Results for Calcium Sulfite Particle Size 

Increase (after Randolph, et al. 1990). 

Exp. 

# 

16 

25 

31 

33 

26 

23 

24 

20 

19 

28 

21 

22 

27 

Res. Time, 

min. 

80 

70 

70 

70 

60 

60 

60 

60 

60 

45 

45 

45 

30 

DDO Ratio 

J.'m 

9.0 53.2 

9.0 59.9 

11.0 72.6 

16.0 69.9 

21.4 81.6 

16.0 74.0 

12.8 72.6 

11.3 75.5 

9.0 57.3 

13.0 58.7 

11.0 71.2 

9.0 59.8 

9.0 55.0 
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Table 7.2: Comparison of Experimentally Obtained Mean Particle Size with 

Predicted Values for Calcium Sulfite Precipitation using a DDO crystallizer 

(after Randolph et al., 1990). 

000 Ratio 

9.0 

11.3 

12.8 

16.0 

21.4 

Di mensionless 

Fines Cut Size 

2.86 

3.10 

2.92 

3.48 

2.75 

L4,3 (predicted), 

""m 

43.1 

44.4 

45.7 

46.4 

50.7 

L4,3 (experimental), 

/Lm 

57.3 

75.5 

72.6 

74.0 

81.6 
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Figure 7.1 Comparison of experimental particle size with predicted values for calcium 

sulfite crystallization. 
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Figure 7.2 Experimental set-up used for calcium sulfite particle size increase in FGD 

liquor. 
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crystallizer. Absorption of sulfur dioxide was done in a separate tank. Classified 

liquor from the crystallizer was recirculated through the absrption tank. The pH of the 

crystallizer was maintained at 7.0±0.2 by controlling the rate of SDz bubbled in the 

absorption tank. A recirculation rate of 2.9 l/min. was used in all the experiments (ca. 

169 mllmin. total outflow from crystallizer for T = 60 minutes). It was assumed that 

the recirculation through the absorption tank does not affect the CSD in the stream. 

The experimental arrangement shows that the pH at the absorption tank must have been 

appreciably less than 7. O. At this low pH a fraction of particles in the recirculation 

stream is likely to dissolve (especially the fine particles). Therefore, a partial fines 

dissolving was operating along with the 000 operation. Thus the 000 design charts 

were not adequate to predict size increase in this process. 

7.2 The Partial Fines Dissolving Model 

A schematic of the partial fines dissolving (along with the DDO) model is shown 

in Figure 7.3. It was assumed that particles smaller than size ~;l in a fraction (d) of 

the flow rate (QI) through the absorption tank were dissolved. The steady state 

population balance for this model can be written as: 

where, 

G dn + Qn = 0 
dL V 

(7.4) 
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Figure 7.3 Schematic diagram of partial fines dissolving (with DDO) configuration. 
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for (7.5a) 

for (7.5b) 

for (7.5c) 

The initial and continuity conditions given by equations (5.3)-(5.5) apply. 

The population balances were solved for the population density distributions in 

the three size ranges: 

RII L 

n, = noe- lrnT 

(It-R")!". L 
R(JT e-o,: 

The population density in the crystallizer is given by 

and the population density in the product is given by 

Semi-log plots of the population densities are shown in Figure 7.4. 

(7.6) 

(7.7) 

(7.8) 

(7.9) 

(7.10) 

Following the method of White and Randolph (1989) CSD moments in the 

crystallizer (mp(C) and in the product slurry (m,,(P) were obtained. Thus, 
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Figure 7.4 Hypothetical semi-log population density distributions for partial fines 

dissolving with DDO model; (a) in the crystallizer and (b) in the product slurry. 



140 

(7.11) 

m (1') pi BOG Prl'+ I Y 
p' P.(p) 

(7.12) 

where, 

Yp.(P) 
(7.13) 

(7.14) 
R - R" P I 

+ e I<'x,-x, L [RP-i+' - 1] ~~ 
i.O 1. 

For a high yield system, the mass balance can be written as: 

3+iyi yl-i - 1 
Ol 3. (c) 3. (p) -

(7.15) 

Following the technique of White and Randolph (1989) these equations were solved 

simulatneously to obtain the dimensionless growth rate, Ol and the values of Y p.(c) and 

yp.(P)' Changes in mass mean size relative to the MSMPR value were calculated using 

the following equation: 

L-t.3 

L-I.3.o 

(7.16) 
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7.3 Results and Discussion 

Particle size increases were calculated for different values of d and LFI for the 

values of L1.'2 used by Randolph et al. (1990). It was found that for d= 1 the Lp1 values 

were less than 0.1 J.'m. This indicated that a small dissolution of fines was enough to 

bring about a significant increase in particle size for such a large recirculation rate (e.g. 

2.9 IImin.). However, the value of Lp1 obtained for d = 1 seems to be low for all 

practical cases. Therefore, further trials with different combinations of d and L.'I were 

performed. A value of d =0.028 gave a value of LFI ::: 8 J.'m for all the five cases 

investigated. Comparison of predicted values for d=0.028 and LFI = 8 J.'m with 

experimental values of Randolph et al. (1990) are presented in Figure 7.5. 

For a value of LI'I = 8 J.'m the semi-log plots were not expected to show, since 

the smallest particle counted by the particle counter was 8.1 J.'m. Further experiments 

to estimate the extent of fines dissolution in the absorption tank need to be performed 

in order to support this model. A more realistic model should use nonselective 

dissolution of particles in the absorption tank. However, for the range of dissolution 

under consideration the present model seems to be adequate. 

Partial fines dissolution with DDO can be used in large FGD units for particle 

size increase. This would require separation of absorption and cryatallization. Lime 

or limestone should be added to the crystallizer in order to achieve a lower pH at the 

absorption tank than at the crystallizer. However, a decrease in S02 absorption 

efficiency might be encountered. Further investigation in this area is required. 
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Figure 7.5 Comparison of experimental particle sizes with predicted values for calcium 

sulfite crystallization (using partial fines dissolving model). 
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Chapter 8 

CONCLUSIONS AND RECOMMENDATIONS 

Various aspects of the techniques for particle size increase in crystallization 

processes were discussed in this dissertation. Crystallizer configurations, DDO and 

FD, are known in industry and have been thoroughly researched. It has been shown 

that fines dissolving with solute recycle is an important tool for particle size increases 

for high yield systems with high slurry density. The solubility and dissolution cost may 

in some cases be limiting factors. 

White and Randolph (1989) presented design charts for the DDO crystallizer and 

showed that the DDO crystallizer configuration exhibits an optimum fines classification 

cut size. In this work, easy-to-use design charts for the FD crystallizer were developed 

in the spirit of CSD analysislimprovement by the operating engineer without having to 

resort to detailed simulation or process modelling. Such charts might also be helpful 

in discussions with crystallizer vendors. The present work shows that the FD 

configuration also has an optimum fines cut size. Based on this criterion, a design 

protocol has been suggested for the FD crystallizer. A limited amount of information 

obtainable from simple MSMPR experiments is required for the use of these design 

charts. 

The analysis underlying the graphs and charts assumes a sharp fines 

classification cut size which may not be achieved in many cases. Thus the results may 

differ slightly from those obtained from charts. The simple nucleation kinetics model 
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B 0 = kNGiMTi is not a given for every crystallization process and the results presented 

could only be expected to hold for systems where the nucleation kinetics can reasonably 

be forced into the power-law form shown above. Larger scale crystallization tests in 

collaboration with a crystallization vendor may be appropriate. 

For processes in which the density of the solid particles is comparable to the 

liquid density or in which the liquid is highly viscous, selective fines destruction is 

difficult to accomplish. In such cases nonselective fines destruction may be applied 

(Moyers, 1986). Future work is recommended for the development of design charts 

for nonselective fines dissolving. 

The modified DDO model has been developed for processes in which the 

application of DDO and FD configurations is limited. Control of slurry density in 

DDO operation can be accomplished by feeding a stream of clear filtered liquor to the 

crystallizer. However, this would involve filtration cost. Moreover, the design charts 

show that a liquor containing some fines is more effective than a clear liquor in 

decreasing the slurry density in the crystallizer. The reason being that the recycle 

stream does not merely dilute the magma; the particles in the stream participate in the 

growth/nucleation process. It was noted that for certain combinations of the process 

variables, suspension densities lower than MSMPR values might be observed. It is 

emphasized that for particle size increase, the largest possible slurry density should be 

used. This design, like DDO, avoids a costly dissolution process. But this 

modification incurs the cost (operating/capital) of a second fines classification unit 

(hydroclonellamella settler). 
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The mathematical model used for developing the design charts for the modified 

000 crystallizer did not account for any supersaturation loss outside the crystallizer 

(in the second fines classification unit). Therefore, these design charts will not be 

adequate for crystallization processes in which considerable supersaturation loss is 

possible due to, say, heat loss in the second classification device. The supersaturation 

is not acually lost, but produces nuclei and perhaps growth of fines in the classification 

unit, and is not available for growth of particles in the crystallizer. Therefore, mean 

particle size might be decreased. 

Efficacy of the three configurations FD, DDO, and modified 000, for particle 

size increase in NaCI crystallization from caustic liquor has been experimentally 

demonstrated. It was shown that appreciable increase in particle size is possible by 

using the FD crystallizer. But the size increase involves a considerable amount of 

water for fines dissolving. Therefore, there is a risk of product (alkali) quality 

degeneration (note: this is the final stage of evaporation/crystallization). Therefore a 

flow modification in the triple effect evaporator/crystallizer system involving the use 

of unsaturated feed to dissolve fines was suggested in order to avoid extra heat load in 

the final stage of evaporation. There was considerable crystallizer vessel fouling in all 

the FD experiments. Particle size increases in the fines dissolving experiments were 

compared with the values predicted from the design charts (Sutradhar and Randolph, 

unpublished research) and agreement between them was good. 

Increase in NaCI particle size using the DDO configuration was associated with 

an increase in slurry density. Information on slurry density in large scale operation 
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indicated that the DDO crystallizer can be used for particle size increase with low DDO 

ratios (e.g. 2.5). A considerable decrease in crystallizer vessel fouling was observed 

in the DDO experiments. This should be an added advantage. Operational limitations 

made the fines cut sizes low in the DDO experiments. Large scale processes could be 

operated with the optimum fines cut size. Thus larger particle sizes could be obtained 

with slightly lower slurry densities. 

The modified DDO experiments demonstrated that the slurry density in the 

crystallizer can be decreased by using a recycle stream. Particle size increases were 

observed in all the operationally successful experiments. However, the size increases 

were not as large as possible. Heat loss (and supersaturation loss) in the inclined settler 

might be responsible. Also, the experiments could not be adequately designed because 

of the small size of the equipment. Therefore, future work in this area should be 

devoted to experiments under properly designed conditions in a large crystallizer with 

adequate insulation of the inclined settler. Experiments to demonstrate the efficacy of 

the modified DDO crystallizer are recommended for other high yield systems, e.g. 

adipic acid, Bisphenol A, as well as for low yield systems. 

Partial fines dissolving with the DDO configuration could account for the 

unusual particle size increase described by Randolph et al. (1990). It was shown that 

dissolution of particles smaller than 8 I-tm in only about 2.8% of the recycle stream 

through the absorption tank was enough for the additional size increase. Experiments 

to demonstrate dissolution of particles need be performed. A more realistic model 

should use nonselective dissolution of particles in the absorption tank. However, for 
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the range of dissolution under consideration the present model seems to be adequate. 

Partial fines dissolving can be taken advantage of in commercial operations. 

Separation of absorption of S02 and precipitation of CaS03eli2H20 is required. 

Limellimestone should be added directly to the crystallizer. However, this arrangement 

could result in decreased S02 absorption efficiency in the absorption tank. Thus the 

applicability of partial fines dissolving in large operations should be further 

investigated . 
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Appendix A 

DEFINITIONS OF CSD RELATED PROPERTIES 

A solid product from a crystallizer does not contain crystals of the same size. 

A distribution of particles over a size range is normally obtained. The nature of the 

distribution often influences the end-use of a solid product. Many analytical 

formulations are available to present the size distribution. CSD data can be presented 

as cumulative totals or cumulative fractions of a measured quantity (number, mass, etc.) 

versus size. The distribution is also formulated as a density distribution. 

Although the distribution (CSD or PSD) as whole is important, it is not always 

the most convenient form to use. Instead its central tendencies are used to express 

various properties of the distribution. Following are the definitions of different 

representative averages. 

Population mean particle size, LI,o 

f Ln(L)dL 
o (A. 1) 

f n(L)dL 
() 

Sauter mean particle size, L3,2 (A.2) 
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co 

Mass mean particle size, L4,3 = 

f L 4 n(L)dL 
mol 0 = 

co m3 f L 3 n(L) d(L) 

(A.3) 

0 

Two other averages often used are the dominant size (LJ and the median size of the 

mass distribuition (Lso). Dominant particle size is the mode size of the distribution(Le. 

size corresponding to the maximum of the distribution). Median size (Lso) is the size 

corresponding to cumulative mass fraction M(L) = 0.5, where, M(L) can be expressed 

as: 

co co 

M(L) = f m(L)dL = pkv f L 3n(L)dL (A.4) 

o 0 

The function m(L) is the mass density. For an MSMPR crystallizer, the CSD is a 

gamma distribution (of order 3). Thus Ld and L50 can be expressed as: 

Dominant particle size, LJ = 307 (A.5) 

Median size, L50 = 3.6707 (A.6) 
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Appendix B 

SOLUTION OF DESIGN EQUATIONS FOR THE DDO CRYSTALLIZER 

Detailed derivation of the design equations for the DOD crystallizer can be 

found in White and Randolph (1989). Calculation of the ratio of mean sizes requires 

the knowledge of ~, the dimensionless growth rate which can be obtained by solving 

the dimensionless mass balance given by: 

I 1-i 

[{ 1 - (1 - ro)~jj}lrJ = a 3>iYjyti (B.O 

For high yield systems, equation (B.l) simplifies to: 

(B.2) 

Solution of the mass balance equation requires the knowledge of Yp's which are 

functions of~. Therefore, an iterative solution is required. That a DOD operation 

decreases the growth rate indicates that 0 < ~ < 1. Using this information an interval 

in ~ containing the solution is isolated. Then bisection technique is used to obtain an 

accurate solution. Following is an alogorithm for the iterative solution. 

Solution Algorithm: Choose Rand Xo' Express mass balance equation as: 

I 

F(~) = ~3>iY.tYJI-j - [{I - (1 - rJ~a}/rJI-j (B.3) 

Then proceed as follows: 
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1. Choose a = 1. 

2. Calculate x = xja. 

3. Calculate Y3 and Y1 using equation (3.12). 

4. Calculate F(a} = Fl' 

5. Choose a' = -ve fraction (say 0.1). 

6. Calculate a = I + a'. 

7. Repeat steps 2 and 3. 

8. Calculate F(a) = F]. 

9. Is FIF] > 0 ? 

10. Choose another a'. 

11. Repeat steps 6-8 until F I F2 < O. 

12. Use bisection technique to solve for a. 

13. Calculate Y2> YJ , Y.j. 

14. Calcualate ratio of mean sizes, ratio of slurry densities, etc. 

Following is a computer program (FORTRAN) to solve the 000 design 

equations using the above algorithm. A description of the variable names used in the 

program is given below. 

a = a; ai = i; aj = j; al = a; all, al3 = intermediate values of a; 

air = L4,3/L,l.3.o, f = F(Ci); fl, f3 = intermediate values of F(a); fac 

= j!; r = R; rmt = MT/MT,o; x = x; xO = xo; yk = Yk ; y3 = Y3; 



c Program ddo.for 

c Written by Bhagya C. Sutradhar @ The University of Arizona 

c 

c This program calculates the changes in mass mean size, 

c slurry density, etc. in 000 crystallizers 

c using White and Randolph's method 

c 

c Create input and output files 

open(3,file= 'inpuLdat' ,status = 'old') 

open(5 ,file = 'outpuLdat' ,status = 'new') 

c Input initial yield (zO) and a 

read (3 , *) zO,a 

write(5,23) zO,a 

23 format(5x, 'zO=' ,f6.3,5x, 'a=' ,f6.3) 

c Input nucleation kinetic parameters, i,j and 000 ratio, R 

read(3, *) ai,aj,r 

write(5, 10) ai,aj,r 

10 format(l /5x, 'i =' ,f6.2,5x, 'j =' ,f6.2,5x, 'R=' ,f6.2// 

1 6x, 'alpha', llx, 'x' ,8x, 'xO', lOx, 'z', 14x, 'MT/MTo', 11x, 

2 'L43/L430'/84('-'» 

c Loop for xO values 

do 500 ix=I,15 

152 
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xO=f1oat(ix-l) 

al= 1. 

100 call fmom(xO,al,r,4,y4) 

call fmom(xO,al,r,3,y3) 

call func(zO,a,ai,aj,y3,y4,al,f) 

if(al.eq.1.) f1 = f 

if(f1*f.1LO.) go to 300 

all =al 

f1 =f 

al=al-O.l 

go to 100 

300 al3 =(al +all)*0.5 

if(abs(aI3-al).le.0.0000l) go to 450 

call fmom(xO,aI3.r,4,y4) 

call fmom(xO,aI3,r.3,y3) 

call func(zO,a,ai,aj ,y3,y4,aI3, f3) 

if(f*f3.lt.O.O) go to 400 

al=al3 

f=f3 

go to 300 

400 all =a13 

fl=f3 



lS4 

go to 100 

4S0 x=xO/al 

alr=al*y4/y3 

z= 1.-(1.-z0)*al**(1./a) 

rmt=(z/zO)*(y4/y3) 

write(S,200) al,x,xO,z,rmt,alr 

200 format(2x,e 12.S ,Sx, f6. 2 ,Sx, fS. 2,3(Sx,e 12.S» 

SOO continue 

stop 

end 

c 

c Subroutine to calculate the function value 

subroutine func(zO,a,ai,aj ,y3 ,y4,al,t) 

f=(al**(3. +ai»*(y4**aj)*(y3**(l.-aj»-

1 « 1. -( 1. -zO)*al **( 1./a»/zO)**( 1. -aj) 

return 

end 

c 

c Subroutine to calculate yk values 

subroutine fmom(xO,al,r,k,yk) 

x=xO/al 

sum=O. 
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do lOj=I,k 

call factU, fac) 

sum 1 =(x**j)*(r**(k-j)-I.)/fac 

sum=sum+suml 

10 continue 

yk= 1. +exp(-x)*(sum+r**k-1.) 

return 

end 

c 

c Subroutine to calculate j! 

subroutine fact(i,fae) 

jfae= I 

do 10 j = l,i 

10 j fae = j fae*j 

fae = tloatU fae) 

return 

end 
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Note 1: For high yield systems (ro--+O) a is eliminated from the mass balance equation 

(8.2). So, any value of a (say 1) can be chosen to run the program for high yield 

systems. For low yield systems, however, exact value of a is required. 

Note 2: In the program instead of keeping a fixed and varying a' (as described in the 

algorithm), a was moved keeping a' constant. 
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Table B.1: Results from program ddo.for for sodium chlol"ide crystallization in 

caustic liquol" 

1= 1.53, 1.45, t., = 1, a = unknown (used value = 1). 

R 

2 0 0.50 1.01 2.00 

0.61 1.20 1.98 

.., 
0.70 1.28 1.85 

J 0.77 1.27 1.65 

4 0.84 1.22 1.45 

5 0.89 I. 15 1.29 

6 0.93 1.10 1.18 

7 0.96 1.06 1.10 

8 0.98 1.03 1.05 

9 0.99 1.02 1.03 

10 0.99 1.01 1.01 

11 1.00 1.00 1.01 

12 1.00 1.00 1.00 
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Table B.l (continued) 

R 

5 0 0.20 1.02 5.00 

0.34 1.68 4.90 

'1 0.45 1.98 4.39 

3 0.55 1.99 3.63 

4 0.64 1.84 2.89 

5 0.72 1.65 2.31 

6 0.79 1.46 1.86 

7 0.85 1.32 1.56 

8 0.90 1.20 1.34 

9 0.94 1.11 1.19 

10 0.96 1.06 1.10 

II 0.98 1.03 1.05 

12 0.99 1.01 1.02 
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Appendix C 

SOLUTION OF DESIGN EQUATIONS FOR THE FD CRYSTALLIZER 

Generation of design charts for the FD crystallizer followed the same procedure 

as in the case of the DDO crystallizer (Appendix B). An iterative solution of the mass 

balance equation (4.9) was used to obtain a. In this case the growth rate is forced to 

a higher value than the MSMPR growth rate. Therefore, a is larger than unity. 

Following is an algorithm for the iterative solution. 

Solution AlgOl'ithm: Choose Rand Xo' Express the mass balance equation 

(4.9) as 

F(a) 
(C.l) 

Then proceed as follows: 

I. Choose a = I. 

2. Calculate x = xJa. 

3. Calculate Y2 and Yl using equation (4.2). 

4. Calculate F(a) = Fl' 

5. Choose at = +ve quantity (say 1.0). 

6. Calculate a = I + at. 

7. Repeat steps 2 and 3. 
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8. Calculate F(a) F2• 

9. Is F
J
F2 > 0 ? 

10. Choose another a'. 

1l. Repeat steps 6-8 until FIF2 < O. 

12. Use bisection technique to solve for Ci. 

13. Calculate Y2, Y), Y~ and YJ.F using equations (4.2) and (4.6). 

14. Calcualate ratio of mean sizes, rate of tines dissolution, etc. 

Following is a computer program (FORTRAN) for solving the FD design 

equations using the above algorithm. A description of the variable names used in the 

program is given below. 

a = a; ai = I; aj = j; al = a; all, al3 = intermediate values of a; 

aim = a",,,,; aid = Lu/Ln.u, alr4 = L.u/L.u.", f = F(a); fl, f3 = 

intermediate values of F(a); fac = j!; phi = <1>; r = R; x = x; xO 

= x,,; ykf = Yk.I:; y3f = Yu '; yk = Yk ; y2 = Y2; y3 = Y,; y4 = 

Y 4; z = r; zO = roo 

Note: In the program instead of keeping a fixed and varying a' , a was moved forward 

and a' was kept constant. 



c Program fd.for 

c Written by Bhagya C. Sutradhar @ The University of Arizona 

c 

c This program calculates the changes in mass mean size, 

c Sauter mean size, etc. in FD crystallizers 

c 

c Create input and output files 

open(3,file= 'inpuLdat' ,status= 'old') 

open(5, tile = 'outpuLdat' ,status = 'new') 

c Input initial yield (zO) 3.nd a 

read(3, *) zO,a 

write(5,23) zO,a 

23 format(5x, 'zO=' ,f6.3,5x, 'a=' ,f6.3) 

c Input nucleation kinetic parameters, i,j and draw-off ratio, R 

read(3, *) ai,aj,r 

write(5,1O) ai,aj,r 

10 format(/ /26x,'i =' ,f6.2,5x,'j =' ,f6.2,5x,' R =' ,f6.2/ 

I 26x,34('-')//7x, 'alpha', 12x, 'z' ,8x, 'xO' ,8x, 'phi' ,12x, 

2 'L32/L320' ,9x, 'L43/L430' /87('- ')) 

c Loop for xO values 

do 500 ixO=1,15 

al= 1.0 

161 
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x = float(ixo-l) 

100 call fmom(x,r,3,y3) 

call func(zO,a,r,ai,aj,y3,al,t) 

if(al.eq.I.O) fl =f 

if(abs(fl *t).le.O.) go to 450 

if(fl *f.ILO.) go to 300 

all =al 

f1 =f 

al=al+ 1. 

x = tloat(ixO-1 )/al 

go to 100 

300 al3 =(al +all)*0.5 

x = float(ixO-1 )/a13 

if(abs(l.-aI3/al).le.0.0000l) go to 450 

call fmom(x,r,3,y3) 

call func(zO,a,r,ai,aj ,y3,y2,aI3,f3) 

if(f*f3.It.O.) go to 400 

al=al3 

f=f3 

go to 300 

400 all =a13 

f1=f3 



go to 300 

450 call fmom(x,r,4,y4) 

z = I. -( I. -zO)*al **( l.fa) 

if(z.ILO.) stop 

alr4 =al *y4/y3/r 

call fmom(x,r,2,y2) 

alr3 =al *y3/y2/r 

call fmom f(x. r.3.y 3t) 

phi =(r-I. )*y3f/y3 

xO = tloat(ixO-I) 

write(5,200) al,x,z,phi,alr3.alr4 

200 format(3x.e 12.5 .5x, f6.2.5x. f5 .2.3(5x,e 12.5» 

500 continue 

stop 

end 

c 

c Subroutine to calculate the function value 

subroutine func(zO.a. r.ai,aj ,y3.al, t) 

f=(al**(3. +ai»*(y3/(r**4»**(l.f( I.-aj))

I «1.-( l.-z0)*al**(I./a»1z0) 

return 

end 
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c 

c Subroutine to calculate yk values 

subroutine fmom(x,r,k,yk) 

sum=O. 

do 10 j = I,k 

call factU, fac) 

suml =«r*x)**j)*(r**(k+ l-j)-l.)/fac 

sum = sum + sum I 

10 continue 

yk = I. +exp( -r*x)*(sulTI + r**(k + I)-I.) 

return 

end 

c 

c Subroutine to calculate ykf values 

subroutine fmomf(x,r,k,ykt) 

sum =0. 

do IOj=l,k 

call factU, fac) 

sum 1 =«r*x)**j)/fac 

sum = sum + sum 1 

10 continue 

ykf= I.-exp(-r*x)*(l. +SUl11) 
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return 

end 

c 

c Subroutine to calculate j! 

subroutine fact(i ,fac) 

jfac= I 

do 10 j = l.i 

10 j fac = j fac*j 

fae = tloat(j fac) 

return 

end 
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Note: As in the case of program ddo.for use any arbitrary value of a (say 1) for high 

yield systems. The form chosen for F(a) in the program would lead to computational 

difficulty if j = 1 (indeterminate form). For j = I. the mass balance simplifies to: 

(C.2) 

Hence, one should use 

(C.3) 
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Table C.l: Results from program I'd. for for sodium chloride crystallization in 

caustic liquor 

1 = 1.53, J = 1.45, t, = I, a = unknown (used value = 1). 

.., 
0 1.00 1.00 0.00 

1.20 1.20 0.01 

2 1.37 1.34 0.09 

3 1.51 1.40 0.23 

4 1.63 1.38 0.41 

5 1. 71 1.29 0.59 

6 1.77 1.18 0.75 

7 1.81 1.08 0.86 

" 8 1.83 1.01 0.93 

" 9 1.84 0.97 0.97 

10 1.84 0.94 0.99 

1 1 1.84 0.93 0.99 

12 1.84 0.93 1.00 
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Table C.l (continued) 

R 

5 0 1.00 1.00 0.00 

1.69 1.68 0.02 

'") 2.21 2.16 0.15 

3 2.66 2.47 0.44 

4 3.05 2.57 0.89 

" 5 3.38 2.45 1.49 

" 6 3.65 2.14 2.18 

" 7 3.86 I. 73 2.85 

8 4.00 1.34 3.38 

9 4.08 1.08 3.72 

10 4.12 0.93 3.89 

II 4.13 0.87 3.96 

" 12 4.14 0.84 3.98 



169 

Appendix D 

SOLUTION OF DESIGN EQUATIONS FOR THE MODIFIED DDO 

CRYSTALLIZER 

The design equations for the modified DOD crystallizer were discussed in 

Chapter 5. The method of solution of the equations in order to obtain the slurry density 

and mean sizes is similar to that for the DOD and FD configurations. The amount of 

tines removed (relative to production rate) with the overtlow less the amount recycled 

(<1>') and the amount of tines (relative to the production rate) returned to the crystallizer 

with the recycle stream (<I>' I() can be calculated as: 

where, 

<1>1 
(R - R I - 1) Y 31'1 + (R - 1) Y 31'2 

(R-R / )y3.(p) 

<pI I( 

Yr"l 

R I Y
3F1 

Y 3.(I') 

P i 
Xl 

- e -", "'"' -L..J ., 
i=O I. 

I' ,I(' -', - I(x, I' i 
X -- X~ 

Y _ = e- X
''''"' (l_RI/R)P-i+l~ - e 1(-1(' "'"', (l-RI/R)P-i+I-:--=., 

1'1-2 L..J - , L..J 
,=0 I • ,=0 1 • 

(0.1) 

(0.2) 

(0.3) 

(0.4) 

An algorithm similar to that in the DOD and FD crystallizers was used. In this 

case the growth rate may be higher or lower than the MSMPR growth rate depending 
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on process conditions. Therefore. a value of a=O.OOI was chosen for the first 

iteration. Any small value can be used, but too small a value for a might lead to 

computational difficulty. Alternatively, one can start at a = I and search in both 

directions in order to isolate the interval containing the solution. 

Solution algorithm: Choose R, R', xl,o and X2.o' Express the mass balance 

equation (high yield systems) as: 

(0.5) 

Then proceed as follows: 

1. Choose a = 0.001. 

2. Calculate XI = xl)a and x] = x])a. 

3. Calculate Yh Y~. 

4. Calculate F(a) = FI 

5. Choose a' = +ve quantity (say 0.1). 

6. Calculate a = I + a'. 

7. Repeat steps 2 and 3. 

8. Calculate F(a) = F,. 

9. Is FIF! > 0 '? 

10. Choose another a'. 

II. Repeat steps 6-8 until FIF] < O. 

12. Use bisection technique to solve for a. 
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13. Calculate Y2 , Y), Y 1, Ym and Y Wl ' 

14. Calcualate ratio of slurry densities, ratio of mean sizes, etc. 

A computer program to solve the design equations is presented below. The 

program is written for high yield systems but can be easily modified for low yield 

systems. A description of the variable names used in the program is given below. 

ai i; a.J = j; al = ex; all, al3 = intermediate values of ex; air = 

L.u/Ln.", f = F(ex); fl, f3 = intermediate values of F(ex); fae = j!; 

phi = <p'; phir = <p'Il; r = R; rl = R'; rmt = MT/MT.,,; xl = XI; 

x2 = x2; xOI = xl.,,; x2 = xl .o ; yk = Yk ; y3 = Y3; y4 = Y~; y3fl 

= YJFI ; y3f2 = YW2 ' 

Note: In the program instead of keeping ex fixed and varying ex', ex was moved forward 

and (x' was kept constant. 



c Program mddo. for 

c Written by Bhagya C. Sutradhar @ The University of Arizona 

c 

c This program calculates the changes in mass mean size, 

c slurry density, etc. in modified 000 crystallizers 

c for high yield systems 

c 

c Create input and output files 

c 

c 

open(3, file= 'input.dat' ,status = 'old ') 

open(5, file= 'output.dat' ,status = 'new') 

c Input nucleation kinetic parameters, i,j, draw-off ratio, R 

c and recycle ratio R I 

C 

read(3, *) aj,aj,r.rl 

write(5, 10) ai,aj,r,ri 

10 format(l 126x, 'j =' ,f6.2,5x,'j =' ,f6.2,5x,' R =' ,f6.2,5x,' R 1 =' ,f6.2) 

do 500 i 1 = 1 ,3 

x02 = tloat(i 1) 

write(5, 19) x02 

19 format(l 15x, 'x02 =' ,f4. 21 18x, 'alpha', 12x,xO l' , lOx,' MT/MTo' ,9x, 
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1 'L43/L430' ,I2x, 'phi', 14x, 'phir'/lOO('-')/) 

c 

c Loop for xOl values 

c 

do 500 it=l,il*5+1 

xOl =0.2*(it-l) 

al =0.001 

100 call fmom(xOI,x02,al,r,rl,4,y4) 

call fmom(xOI,x02,al,r,rl,3,y3) 

call func(r,rl,ai,aj,y3,y4,al,t) 

if(f.eq.O.) go to 450 

if(al.eq.O.OOl) fl =f 

if(fl *f.ILO.) go to 300 

all =al 

fl =f 

al=al+O.1 

go to 100 

c 

c Start bisection technique 

c 

300 al3 =(al +all )*0.5 

if(abs(aI3-al).lc.0.000l) go to 450 



400 

450 

call fmom(xOI.x02.aI3.r,rl,4,y4) 

call fmom(xOI ,x02,aI3,r,rl ,3,y3) 

call func(r,rl ,ai,aj,y3,y4.aI3,tJ) 

if(f*tJ.ILO.) go to 400 

al=al3 

f=tJ 

go to 300 

all =a13 

f=f3 

go to 300 

alr=al*y4/y3 

rmt=y4/y3 

call fmomfl(al,xOI ,y3fl) 

call fmomf2(al,xOI ,x02,r,rl ,y3f2) 

phi = «(r-r I-I. )/(r-I ))*y3fl + «r-I. )/(r-r I ))*y3f2)/y3 

phir=rl *y3fl/y3 

write(5,200) al,xOI ,rmt,alr,phi,phir 

200 format(5x,e 12.5 ,5x ,f6. 2,4(5x,e 12.5)) 

500 continue 

stop 

end 

c 
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c Subroutine to calculate CSD moment upto size LF 1 

subroutine fmomfl (al,xO 1 ,y3fl) 

c 

xl =xOllal 

y3f1 = 1. -( 1. +x 1 + x 1 *x 112. + (x 1 **3)/6)*exp( -x 1) 

return 

end 

c Subroutine to calculate CSD moment in size range LFI ,LF2 

subroutine fmomf2(al,xO 1 ,x02, r, r 1 ,y3f2) 

xl =xOllal 

x2=x02/al 

suml =«r-rl)/r)**4 

sum2 = sum 1 

do 10 j = 1,3 

call factO, fac) 

sum I =sllml +«(r-rl )/r)**(4-j»*(x I **j)/fac 

sum2 = sum2 + « (r-r I )/r) **( 4-j) )*(x2 **j)/fac 

10 continue 

c 

y3f2 =exp( -x 1 )*sum l-exp«rl *x l-r*x2)/(r-rl »*sum2 

return 

end 
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c Subroutine to calculate the function value 

c (for high yield systems) 

c 

subroutine func(r,rl ,ai,aj,y3,y4,al,t) 

f=(al**(3. +ai»*«y4/y3)**aj)*y3-1. 

return 

end 

c Subroutine to calculate yk values 

subroutine fmom(xOI ,x02.al,r,rl ,k,yk) 

xl =xOI/al 

x2=x02/al 

suml =«r-rl)/r)**k-I. 

sum2 = (r-rl )**k-«r-r 1 )/r)**k 

do lOj=l,k 

call fact(j ,rac) 

sum II = (x 1 **j) *«r-rl )/r)**(k-j)-I. )/fac 

suml =suml +sumll 

sum21 = (x2 **j )*( (r-r 1) **(k-j )-«r-r 1 )/r) **(k-j»/ fac 

sum2 = sum2 + sum21 

10 continue 

yk = I. +exp( -x I) *suml +exp( (r I *x l-r*x2)/(r-rl »*sum2 

return 
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end 

c 

c Subroutine to calculate j! 

subroutine fact(i,fac) 

jfac= 1 

do 10 j = 1 ,i 

10 j fac = j fac*j 

fac = tloat(j fac) 

return 

end 
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Table D.l: Results from program mddo.for for sodium chloride crystallization 

in caustic liquor 

i = 1.53, j = 1.45, to = 1, a = unknown (used value = 1), R = 10, R' = 7. 

<1>' 

0.0 0.79 2.31 2.93 0.024 0.000 

0.2 II 0.73 2.12 2.90 0.034 0.001 

0.4 II 0.67 1.93 2.86 0.045 0.017 

0.6 II 0.61 1.74 2.85 0.050 0.061 

0.8 II 0.54 1.56 2.87 0.042 0.126 

1.0 " 0.47 1.38 2.95 0.017 0.181 

0.0 2 1.12 2.91 2.59 0.136 0.000 

0.4 II 1.03 2.45 2.39 0.204 0.020 

0.8 II 0.93 2.05 2.21 0.263 0.183 

1.2 II 0.82 1. 78 2.17 0.277 0.537 

1.6 II 0.70 1.63 2.33 0.225 0.931 

2.0 II 0.57 1.54 2.69 0.103 1.077 
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Table 0.1 (continued) 

0.0 3 1.42 2.93 2.07 0.311 0.000 

0.5 1.32 2.30 1.75 0.416 0.035 

1.0 1.20 1.81 1.51 0.497 0.302 

1.5 1.08 1.54 1.43 0.524 0.862 

2.0 II 0.95 1.42 1.50 0.500 1.617 

2.5 0.81 1.43 1.77 0.410 2.301 

3.0 II 0.67 1.53 2.31 0.231 2.422 
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SOLUTION OF DESIGN EQUATIONS FOR THE PARTIAL FINES 

DISSOLVING WITH DDO MODEL 
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A listing of a computer program to solve the design equations for this 

configuration is given below. In this configuration, depending upon the extent of 

dissolution, growth rate may increase or decrease. Therefore, a value of a=O.OOl was 

chosen to start the iteration. The algorithm was similar to that described in the case 

of the modified DOD crystallizer. The mass balance equation used was that for a high 

yield system. A description of the variable names used in the program is given below. 

ai = i; aj = j; al = a; all, al3 = intermediate values of a; aIr = 

L4.3/Lo .o , f = F(a); fl, f3 = intermediate values ofF(a); fac = j!; 

r = R; r2 = R"; xl = XI; x2 = x2; xOl = X 1.0; x2 = x2•o; yk = 



c Program pfdddo. for 

c Written by Bhagya C. Sutradhar @ The University of Arizona 

c 

c This program calculates the changes in mass mean size and 

c amount of fines dissolution in partial fines dissolving 

c (with 000) crystallizers for high yield systems 

c 

c Create input and output files 

c 

c 

open(3,file= 'input.dat' ,status = 'old') 

open(5, file = 'output.dat' ,status= 'new') 

c Input nucleation kinetic parameters, i,j and Rand R" 

c 

read(3, *) ai,aj,r,r2 

write(5, 10) ai ,aj, r, r2 

10 format(l/5x,'i =', f6.2,5x, 'j =' ,f6.25x, 'R=' ,f6.2,5x, 'R2 =' ,f6.2// 

1 8x, 'alpha', lOx, 'xlo' ,8x, 'x20' ,9x, 'L43/L430'/60('-'» 

do 500 N= 1,5 

c 

c Input dimensionless fines cut sizes, x 10 and x2,0 

c 
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read(3, *) xO 1 ,x02 

al=O.OOl 

100 call fmomc(xOl,x02,al,r,r2,3,y3c) 

call fmom(xOI,x02,al,r,r2,3,y3) 

call func(r,r2,ai,aj,y3,y3c,al,t) 

if(f.eq.O.) go to 450 

if(al.eq.O.OOl) fl =f 

if(fl *f.ILO.) go to 300 

all =al 

fl =f 

al=al+O.1 

go to 100 

c 

c Start bisection technique 

c 

300 al3 =(al +all)*0.5 

if(abs(a13-al).le.0.000l) go to 450 

call fmomc(xOI,x02,aI3,r,r2,3,y3c) 

call fmom(xOI,x02.aI3,r,r2,3,y3) 

call func(r,r2,ai,aj ,y3,y4,aI3. tJ) 

if(f*tJ.ILO.) go to 400 

al=al3 



f=f3 

go to 300 

400 all =a13 

f=f3 

go to 300 

450 alr=al*y4/y3 

write(5,200) al,xOI ,x02,alr 

200 format(5x,eI2.5 ,5x, f6.2,5x,f6.2,5x,e 12.5) 

500 continue 

stop 

end 

c 

c Subroutine to calculate yk values 

subroutine fmom(xOI,x02,al,r,r2,k,yk) 

xl =xOl/al 

x2 =x02/al 

suml = 1.-(r/r2)**(k+ I) 

sum2 = r**k-I 

do 10 j = l,k 

call facto, fac) 

sum II = (1. -(rIr2) **(k-j + I) )*(x I **j)/fac 

suml =suml +sumll 
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sum21 = (r**(k-j)-I.) *(x2 **j)/fac 

sum2=sum2+sum21 

10 continue 

yk=(r/r2)**(k+ 1) +exp(-r2*xllr)*sum1 + 

1 exp(xl-r2*xllr-x2)*sum2 

return 

end 

c 

c Subroutine to calculate ykc values 

subroutine fmomc(xOI ,x02,al,r,r2,k,ykc) 

xl =xOl/al 

x2=x02/al 

suml = 1.-(r/r2)**(k+ 1) 

sum2 =r**(k+ 1 )-1. 

do 10 j = l,k 

call fact(j ,fac) 

sum 11 = (1. -(r/r2)**(k-j + 1) )*(x 1 **j)/fac 

sum 1 =sum 1 +sum 11 

sum21 =(r**(k-j + 1 )-I.)*(x2**j)/fac 

sum2=sum2+sum21 

10 continue 

yk=(r/r2)**(k+ 1) +exp( -r2 *x lIr)*sum 1 + 
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I exp(x l-r2*x IIr-x2)*sum2 

return 

end 

c 

c Subroutine to calculate the function value 

c (for high yield systems) 

subroutine func(r,r2,ai,aj ,y3,y3c,al, t) 

f= (al**(3. +ai»*«y3c/y3)**aj)*y3-1. 

return 

end 

c 

c Subroutine to calculate j! 

subroutine fact(i, fac) 

jfac= I 

do IOj=l,i 

10 jfac=jfac*j 

fac = tloat(j fac) 

return 

end 
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Table E.I: Results from program pfdddo.for for calcium sulfite crystallization 

in FGD liquor 

R 

9.0 

11.3 

12.8 

16.0 

21.4 

R" 

13.32 

16.81 

18.97 

23.62 

31.70 

2.05 

2.05 

2.05 

2.05 

2.05 

2.86 

3.10 

2.92 

3.48 

2.75 

0.43 

0.42 

0.39 

0.40 

0.32 

2.09 

2.21 

2.31 

2.30 

2.66 
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Appendix F 

PARTICLE SIZE ANALYSIS DATA 

Table F.l: Sieve Analysis Data for the MSMPR Experiments 

Average Mass retained in different experiments, g 
Size, 
J.i1l1 K02 K03 K04 1(05 K06 K07 K08 K09 K10 

917 0.58 0.67 1.58 1.07 0.58 0.74 1.12 0.53 

771 0.54 0.82 1.60 0.95 0.62 0.51 0.98 0.52 

649 0.56 0.91 0.51 3.08 1.52 0.65 0.62 0.98 0.74 

545 0.62 0.95 0.68 2.50 1.94 0.83 0.68 1.09 1.30 

458 0.89 1.66 1.25 2.24 3.28 1.87 0.97 1.85 2.89 

386 1.04 2.21 1.79 1.62 3.50 2.76 1.25 2.58 2.37 

324 1.63 3.07 2.74 1.65 4.95 3.92 2.37 4.08 1.82 

273 1.60 2.80 2.21 1.19 4.81 3.26 3.11 3.21 1.03 

229 1.44 2.33 1.59 0.92 4.44 2.42 2.92 1.92 0.62 

193 1.20 1.65 0.95 0.36 2.75 1.48 2.21 1.08 0.35 

162 1.32 1.23 1.15 0.59 2.83 1.21 2.07 1.03 0.44 

136 1.15 0.69 0.88 0.49 1.88 0.65 1.47 0.80 0.40 

115 0.65 0.24 0.56 
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Table F.I (continued) 

Average Mass retained in different experiments, g 
Size, 
J..'ITI K02 K03 K04 K05 K06 K07 K08 K09 KlO 

96 0.54 0.10 0.63 

81 0.46 

68 0.33 

57 0.35 

48 0.29 

40 0.15 

Fines 0.12 0.10 1.35 1.00 1.61 0.62 2.05 1.47 1.46 

Total 15.46 19.43 16.29 18.82 35.53 20.87 20.97 22.19 14.47 
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Table F.2: Sieve Analysis Data for the FD Experiments 

Average Mass retained in different experiments, g 
Size, 
Ilm SlOl SI05 SI07 SI09 SI13 SI14 

917 1.28 1.89 2.07 1.91 0.93 1.65 

771 0.91 0.46 1.10 1.95 1.26 1.08 

649 0.96 0.63 0.85 1.46 2.34 1.17 

545 1.09 1.23 0.76 1.05 3.35 1.16 

458 I. 72 2.50 1.23 1.05 4.98 1.47 

386 2.25 3.26 1.72 1.06 3.40 1.54 

324 3.09 4.92 1.67 1.21 2.63 2.02 

273 2.40 3.99 1.30 1.0 I 1.53 1.90 

229 1.66 2.38 0.84 0.80 0.90 1.59 

193 0.82 0.98 0.47 0.44 0.44 1.05 

162 0.59 0.19 0.46 0.60 0.43 1.15 

136 0.29 0.06 0.32 0.46 0.28 0.80 

Fines 0.18 0.00 0.35 1.11 0.49 1.24 

Total 17.24 22.30 13.14 14.11 22.96 17.82 
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Table F.3: Sieve Analysis Data for the 000 Experiments 

Average Mass retained in different experiments, g 
Size, 
J.tm SI20 SI21 SI22 SI23 SI24 

917 1.13 0.83 3.90 6.13 3.39 

771 LIS 0.55 1.45 1.51 1.05 

649 0.96 0.75 2.17 2.09 1.64 

545 0.74 1.03 2.38 3.30 2.45 

458 0.77 1.92 3.36 5.82 3.91 

386 0.71 2.70 3.28 5.02 4.13 

324 0.81 4.26 4.58 3.55 4.01 

273 0.82 3.41 3.89 3.60 3.93 

229 0.87 2.77 2.72 2.26 2.39 

193 0.65 2.08 1.56 1.18 0.85 

162 0.93 1.68 1.20 1.08 0.22 

136 0.74 1.15 0.65 0.57 0.04 

Fines 2.01 0.79 0.41 0.39 0.01 

Total 12.32 23.92 31.54 36.50 28.02 
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Table F.4: Sieve Analysis Data for the Modified DDO Experiments 

Average Mass retained in different experiments, g 
Size, 
J.Lm SI17 SI18 SI19 

917 1. 81 2.31 1.39 

771 1.58 0.47 1.06 

649 1.20 0.35 1.06 

545 0.83 0.28 1.62 

458 0.75 0.30 4.69 

386 0.64 0.30 5.56 

324 0.70 0.40 6.19 

273 0.74 0.46 5.44 

229 0.81 0.51 3.32 

193 0.73 0.40 1.90 

162 1.18 0.68 1.47 

136 1.29 0.73 0.86 

Fines .1.85 1. 81 0.86 

Total 16.11 9.00 35.42 
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NOTATIONS 

a order of growth kinetics, (dimensionless) 

A surface area of crystals per unit volume of the crystallizer, (I-I) 

AT surface area of crystals per unit volume of the crystallizer, (I-I) 

b boil-up ratio, ratio of the rate of evaporation to the product flow rate, 
(dimensionless) 

B particle birth density, (rl.I-I) 

BoO nucleation rate, MSMPR value. (l-3. r l) 

C concentration, (m.l-3
) 

Ck concentration of kth stream, (m .1.3) 

C· concentration at the outlet, (m.I--l) 

d fraction of recycle rate through absorption tank participating in dissolution of 
tines, (dimensionless) 

G growth rate, (lxl) 

Go growth rate, MSMPR value. (I. rl) 

h(L) size dependent removal function, (dimensionless) 

growth sensi ti vi 1 y parameter, (d i mens ion less) 

J slurry density sensitivity parameter, (dimensionless) 

k boil-up ratio sensitivity parameter, (dimensionless) 
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k,\ area shape factor, (dimensionless) 

kg growth rate constant, (m".II+olu.rl) 

kN nucleation constant, (n'-'.I.ljoi-.l.ti-') 

k" volumetric shape factor, (dimensionless) 

L particle size, (I) 

Ld dominant particle size, (I) 

Ld. 1 dominant particle size for residence time 71, (I) 

L,1.2 dominant particle size for residence time 7~, (I) 

L,; tines cut size in the crystallizer, (I) 

LFI fines cut size in the settler (in Chapter 5), particles smaller than this dissolve 
111 the absorption tank (in Chapter 7), (I) 

LF2 fines cut size for the overtlow from the crystallizer, (I) 

Ll.lJ population mean particle size, (I) 

L~.2 Sauter mean particle size. (I) 

Lu.u Sauter mean particle size, MSMPR value, (I) 

L.l.2. 1 Sauter mean particle size for residence time 7 1, (I) 

L302.2 Sauter mean particle size for residence time 72, (I) 

L4.) mass mean particle size, (I) 

L.u ." mass mean particle size, MSMPR value, (I) 

L~ . .l., mass mean particle size for residence time 7 1, (I) 

LU.2 mass mean particle size for residence time 7], (I) 

LSD median size of mass distribution, (I) 
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Lso,o median size of mass distribution, MSMPR value, (I) 

mp pth moment of CSD, defined in equation (2.6) 

mp(e) pth moment of CSD in the crystallizer 

mp (P) pth moment of CSD in the product slurry 

M cumulative mass fraction, (dimensionless) 

MT slurry density, (mY) 

MT,o slurry density, MSMPR value, (m.l-3
) 

MT,I slurry density, (mXI) 

MT,2 slurry density, (mY) 

n population density, (1-4) 

nk population density in the kth stream, (1-4) 

nl population density in the particle size range (0, LFI ), (1-4) 

n2 population density in the particle size range (LF1 , LF2), (1-4) 

n3 population density in the particle size range (LFI> 00), (1-4) 

n° nuclei density, (1-4) 

P production rate, (m.rl) 

Q volumetric flow rate, W.rl) 

Qo recycle rate through absorption tank, (l 3.r1
) 

Qk flow rate of kth stream, (13.1'1) 

Qo overflow rate, W. 1'1) 

Qout rate of flow leaving the crystallizer, (13.1'1) 

Qo' part of overflow recycled, (13.r1) 
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Qu underflow rate, (13.rl) 

R draw-off ratio, (Qo +QJ/Qu for DDO and (Qo +Q)/Q for FD, (dimensionless) 

R' recycle ratio (relative to underflow), (dimensionless) 

R" defined in equation (7.5a), (dimensionless) 

s supersaturation, (m.l-3
) 

Sj inlet supersaturation, (m.l-3
) 

Sl supersaturation, (m.l-3
) 

S2 supersaturation, (m.l-3
) 

time, (t) 

V volume of the crystallizer, (e) 

x dimensionless fines cut size, Lp/(Gr) 

Xo dimensionless fines cut size, Lp/(Gor) 

XI dimensionless fines cut size, Lp/(Gr) 

X2 dimensionless fines cut size, LP2/(Gr) 

xI.o dimensionless fines cut size, LPI/(Gor) 

x2•o dimensionless fines cut size, LP2/(Gor) 

Y p dimensionless part of CSD moment 

Y P.P dimensionless part of the moment of fines CSD 

YpPI dimensionless quantity, defined in equation (D.3) 

Y pP2 dimensionless quantity, defined in equation (D.4) 

Y p.(e) dimensionless part of CSD moment (in the crystallizer) 

Y P.(P) dimensionless part of CSD moment (in the product slurry) 
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a ratio of growth rates, GIGo, (dimensionless) 

(3 dimensionless quantity, defined in equation (3.24) 

BC available supersaturation, (m.l-3
) 

S frational per-pass yield, (dimensionless) 

So frational per-pass yield, MSMPR value, (dimensionless) 

A dimensionless quantity, defined in equation (3.26) 

p density of particle, (m.l-3
) 

7 residence time, (t) 

7. residence time, (t) 

72 residence time, (t) 

<1> rate of dissolution of fines relative to production rate, (dimensionless) 

<1>' rate of removal of fines with overflow relative to production rate, 
(dimensionless) 

<1>' R rate of fines return with recycle relative to production rate, (dimensionless) 

w dimensionless quantity, defined in equation (3.27) 
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