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 Attrition is the main mechanism that produces secondary nuclei in industrial 

crystallizers. This work helps to understand the attrition behavior and model the 

empirical equation to predict the nucleation rate from this mechanism. The 

experiments studied the effect of crystallizer geometry and operating conditions 

(impeller diameter, draft tube diameter, impeller type, impeller material, and impeller 

speed), crystal properties (type of parent crystal: sucrose, NaCl and size of parent 

crystal), and suspension and solution properties (suspension density, solution density, 

and solution viscosity) on the rate of generation and size distribution of attrition 

fragments with a batch process on a laboratory scale.  

Determination of the number of attrition fragments and attrition fragment size 

distribution was performed using a Multisizer 3 Coulter Counter and a Malvern 

Mastersizer S. The number of attrition fragment versus time was plotted to find the 

nucleation rate from the slope of the curve. The results of attrition rate show 

significant parameters for modeling of empirical correlation are impeller speed, 

parent crystal size, suspension density, and draft-tube impeller clearance. Then, the 

dimensionless groups were calculated and used for data fitting to get the empirical 

model. The dimensionless groups are attrition number, power number, Reynolds 
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number, parent crystal size number, suspension density number, draft-tube number, 

and off-bottom clearance number. The value of the nucleation rate from the 

experimental data was compared with an empirical power law model. The empirical 

model can fit the attrition rate for the two species (sucrose and NaCl) very well.  

The benefits from this work are the model of secondary nucleation from 

attrition and the improvement in the product quality, because knowledge of the 

attrition model will allow us to control the attrition rate in industrial crystallizers. 
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Bi = Secondary nucleation rate, nuclei/seed-min 

B    =  Nucleation rate, #/m3s 

B  = Baffles width, m 

C = Attrition coefficient, m3 J-4/3 

C    =  Solution concentration, kmol/m3 

C  =  Calibration constant of the viscometer, (mm2/s)/s 

C*  =  The equilibrium saturation at the given temperature, kmol/m3 

ΔC  = The concentration driving force, kmol/m3 

CD = Draft tube clearance, m 

OBC  = Off−bottom impeller clearance, m 

c    =  The solution concentration, kg/m3 

c*  =  The equilibrium saturation at the given temperature, kg/m3 

Δc  = Concentration driving force, kg/m3 

Db  = Size of the blade, m 

DD  = Draft tube diameter, m 

ID  = Impeller diameter, m 

DT = Crystallizer diameter, m 

d = Impeller diameter, m 

dp =  Crystal size, µm 

E = Young’s modulus, Pa 
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SYMBOLS AND ABBREVIATIONS (Continued) 

 

pE  = Impact energy, J 

F  = Force acting after complete loading of the cone, N 

H  = Hardness of brittle solid, N/m2 (Pa) 

HD  = Draft tube height, m 

HT  = Liquid height, m 

Hv = Vicker’s hardness, Pa 

c iJ −  = Secondary nucleation rate caused by collisions of particles with 

 impeller, m-3 s-1 

Kc  = Fracture toughness, N m-3/2 

Kr  = The efficiency factor in radial direction, - 

k′  = Coefficient, - 

Nk   =  A rate constant (dependent on many factors including stirring 

 speed, T, MT) 

'
Nk  = A rate constant (it is a function of temperature) 

L = Fragment size, m 

PL  = Parent crystal size, m 

3,0L  = Volume – number average size, m 

l  = A characteristic particle size, m 

MT = Suspension density, kg/m3 

m  = Mass of the colliding crystal, kg 

m  =  Mass of suspension, kg 
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SYMBOLS AND ABBREVIATIONS (Continued) 

 

N  =  Number of nuclei 

N  =  Impeller speed, rev/min (rpm) 

NAtt  = Attrition number, -  

NCF = Crystal density and fluid density ratio, - 

NDT = Draft tube impeller clearance and impeller diameter ratio, - 

NLp  = Parent crystal size and impeller diameter ratio, - 

NMT  = Suspension density and crystal density ratio, - 

NOB  = Off-bottom clearance and impeller diameter ratio, - 

NP = Power number, - 

NRe = Reynolds number, - 

NSF  = Suspension density and fluid density ratio, - 

TN  = Total number of attrition fragment 

n = Number density, #/µm 

n =  Impeller revolutions, min-1 

ns  = Number of seed crystals used to commence contact nucleation 

P = Power input, Watt 

p  = Number of impeller blades 

0 ( )q L  = Number density distribution, m-1 

S  = Supersaturation ratio, - 

T*  =  The solid-liquid equilibrium temperature, °C 

T    =  Temperature that is less than T*, °C 

TΔ  = Temperature driving force (supercooling), °C 

 

 

 

 

 

 

 

 



 
XXXIX 

 

SYMBOLS AND ABBREVIATIONS (Continued) 

 

t =  Mean flow time, s 

u  = Tip speed of impeller, m/s 

V =  Volume of solution, m3 

V  =  Volume of suspension, m3 

aV  = Total volume removed by attrition, m3 

Vc  = Tank volume, m3 

TV  = Total volume of attrition fragment, m3 

ν  = Impact velocity, m/s 

W  = A measure of mechanical agitation 

Wp = Impact energy, J 

AB  = The distance from A to B 

AC  = The distance from A to C 

AD = The distance from A to D 

ASTM = American Society for Testing and Materials 

CSD  = Crystal size distribution 

DI = De-ionized 

PSD = Particle size distribution 

SEM = Scanning electron microscope 

Γ = Fracture surface energy, J/m2 

α = Volume shape factor, - 

α = Proportionality constant, - 

η  =  Dynamic viscosity, mPa.s 
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SYMBOLS AND ABBREVIATIONS (Continued) 

 

η = Target efficiency, - (defined by Eq. 2.17) 

ηgeo  = Probability that the crystal is on a streamline moving towards 

 the impeller, - 

ηT  = Target efficiency, - 

µ  = Shear modulus, N/m2 

μ gN = Geometric mean of the number distribution, m 

μ gV =  Geometric mean of the volume distribution, m 

ν  =  Kinematic viscosity, mm2/s 

ξ  = Fractional loss from a particle, - 

ρ = Particle density, kg/m3 

σ  = Absolute or relative supersaturation  

σg = Geometric standard deviation 

φ  =  Volume concentration of the solid phase 

( )eff pdω  =  Effective collision frequency of particles per blade on the  

  frontside, s-1 

( )id pdω  =  Ideal collision frequency of particles per blade on the  

  frontside, s-1 

* = Equilibrium 

b = Parameters from curve fitting 

c =  Parameters from curve fitting 

d = Parameters from curve fitting 
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SYMBOLS AND ABBREVIATIONS (Continued) 

 

e = Parameters from curve fitting 

f = Parameters from curve fitting 

g = Parameters from curve fitting 

i = The exponents can be found from experimental data,  

j  = The exponents can be found from experimental data,  

Att = Attrition 

b = Blade 

c = Crystal 

D = Draft tube 

eff = Effective 

f = Fluid 

g = Geometric 

I = Impeller 

min = Minimum 

max = Maximum 

N = Number 

OB = Off-bottom 

P =  Parent crystal 

P = Power 

s = Seed crystal 

T = Total 

V = Volume 

 

 

 

 

 

 

 

 



 
 

CHAPTER I 

INTRODUCTION 

 

1.1  Background problem and significance of the study 

Crystallization is known as a separation process and as a polishing step. There 

are a lot of technologies and mature processes involving crystallization in the 

chemical industry (Seader and Henley, 1998). However some areas of crystallization 

are still not well understood. Secondary nucleation is one of the mechanisms that still 

need investigation. An overview of Japanese industrial crystallization research found 

that the problems in industrial crystallization are from four sources; equipment, 

operation, measurements, and quality of crystals. The largest problem is from 

operation and product quality as can be seen in Figure 1.1 (Kubota and Ooshima, 

2001). 

 

 

 

Figure 1.1 Distribution of nature of problems encountered. (Kubota and Ooshima, 2001) 
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Secondary nucleation can be produced by many mechanisms, especially from 

contact between crystals and crystallizer parts such as walls and the impeller. When 

secondary nucleation occurs in the crystallization processes, it will influence the 

product quality because the shape and the size distribution of the parent crystal 

change as well as producing larger populations of crystals and therefore smaller sizes. 

In many industrial crystallization applications, attrition is the major source of 

secondary nucleation. Thus, we should know the attrition behavior to identify the 

important crystal properties, crystallizer properties, and solution properties in order to 

minimize attrition. Attrition produces nuclei in industrial crystallizers, and needs to be 

very carefully controlled to avoid excess numbers of particles. 

The mechanisms occurring in the crystallizer that can produce fragments are 

not only attrition. For example, Beekman et al. (2002) proposed four mechanisms of 

breakage as shown in Figure 1.2. The mechanism depends on the direction and the 

magnitude of the force acting on the parent crystal. In fact, we cannot specify the 

exact mechanism in the crystallizer but we can separate the mechanisms into two 

groups. The very small fragment should be from attrition or abrasion mechanism but 

is usually known as attrition rather than abrasion. The big fragments are from 

fragmentation or breakage mechanisms. All the mechanisms are shown here because 

the name of the different mechanisms are not always clearly defined or correctly used. 

Several possible mechanisms of secondary nucleation were proposed by 

Strickland-Constable (1968) as well. They separated secondary nucleation 

mechanisms into four types, initial breeding, needle breeding, polycrystalline 

breeding, and collision breeding. Initial breeding occurs when crystalline dust is 

swept off a newly introduced seed crystal. Needle breeding occurs because of the 
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detachment of weak out-growths. Polycrystalline breeding occurs when a weak 

polycrystalline mass break into small pieces. Collision breeding occurs when the 

crystal contact with other crystals or with parts of crystallizer. 

 

                    

 

Figure 1.2 The influence of magnitude and direction of a force on the breakage  

  mechanism. (Beekman et al., 2002 and van Laarhoven et al., 2010) 

 

 Many investigators have studied the secondary nucleation behavior of 

crystals. For example, Melia and Moffitt (1964) proposed a study of secondary 

nucleation from aqueous solution; Cayey and Estrin (1967) studied secondary 

nucleation in agitated magnesium sulfate solutions; Denk and Botsaris (1972) 

presented the mechanism of contact nucleation and fundamental studies in secondary 

nucleation from solution; Ottens and De Jong (1973) proposed a model for secondary 

nucleation in a stirred vessel cooling crystallizer; Garside and Davey (1980) studied 

secondary contact nucleation (kinetics, growth, and scale-up); Offermann and Ulrich 

(1980a, 1980b, 1982, and 1983) proposed a secondary nucleation model and the 

mechanical attrition of crystals; Grootscholten et al. (1982) presented factors affecting 
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secondary nucleation rate of sodium chloride in an evaporative crystallizer; Yuregir et 

al. (1987) studied impact attrition of sodium chloride crystals; Mersmann et al. (1988) 

proposed attrition and secondary nucleation in crystallizer; Daudey et al. (1990) 

presented secondary nucleation kinetics of ammonium sulfate in a CMSMPR 

crystallizer; Ghadiri et al. (1991) studied the influence of processing conditions on 

attrition of NaCl crystals; Mazzarotta (1992) proposed abrasion and breakage 

phenomena in agitated crystal suspension; Biscans et al. (1996) also proposed 

abrasion and breakage phenomena in mechanically stirred crystallizers; Gahn and 

Mersmann (1997) presented theoretical prediction and experimental determination of 

attrition rates and proposed brittle fracture in crystallization processes in 1999; Marrot 

and Biscans (2001) studied about impact of single crystal in solution, on an immersed 

target, in condition which simulate impact attrition in crystallizer; Zhang and Ghadiri 

(2002) proposed impact attrition of particulate solids; Briesen (2007) showed model-

based analysis of the effect of particle and impact geometry on attrition of brittle 

material and proposed two-dimensional population balance modeling for shape 

dependent crystal attrition in 2009; and a mechanism influencing crystal breakage 

experiments in stirred vessels was proposed by Reeves and Hill (2012). Table 1.1 

shows the example sources of secondary nucleation and prevention. There are three 

cases of collisions between crystals and either other crystals or surfaces i.e. 

crystallizer.  

Attrition or collision breeding is the most important mechanism in industrial 

crystallizers because it can produce a lot of attrition fragments and it can occur in 

industrial crystallizers more than other mechanisms (Gharidi et al., 1991, Gharidi and 

Zhang, 2002, Yuregir et al., 1987, Zhang and Gharidi, 2002, and Bravi et al., 2003). 
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Generation of attrition fragments due to collisions between crystals and the internals 

of the crystallizer are an important source of secondary nucleation in industrial 

crystallizers. This phenomenon must be understood and be adequately modeled when 

designing industrial crystallization units in order to obtain a design that will produce a 

suitable particle size distribution. It has been suggested that attrition−based secondary 

nucleation is one of the key features in determining the process stability and product 

quality in suspension crystallizers (Kail et al., 2005). 

Theoretical models of attrition were proposed by many researchers. Fasoli and 

Conti (1976) and Nienow and Conti (1978) developed energy-impact models from the 

results of attrition and breakage studies in agitated vessels using crystals suspended in 

inert liquids. A generalized model of nucleation by mechanical attrition has been 

proposed by Kuboi, Nienow, and Conti (1984). They developed the model based on 

Rittinger’s law for the energy required for producing new surface and the additivity of 

two attrition processes due to crystal-crystal and crystal-impeller collisions.  

Jager et al. (1991) proposed an empirical attrition model which relates crystal 

attrition to crystal size and hold-up. They developed the model from data obtained 

with a 20 liter continuous evaporative crystallizer using ammonium sulphate. 

However, the models of attrition which have been proposed by these researchers are 

not accurate enough for industrial crystallization. The model needs more parameters 

to predict the attrition behavior such as crystallizer properties, crystal properties, and 

solution properties. A model developed by a study of all properties in crystallization 

processes will improve predictive capabilities. 
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Table 1.1 Sources of nuclei in industrial crystallization (Myerson, 2002) 

 
Source of Nuclei 

 

 
Type of Nucleation 

 
Prevention 

Crystal/crystallizer contacts 

1. Collisions with moving 

parts (impellers, pumps 

etc.) 

2. Collisions with crystallizer 

walls 

Secondary 

Adjust tip speed and design 

configuration, coat impellers 

with soft materials, reduce if 

possible magma density and 

mean crystal size 

Crystal/crystal contacts 

Crystal grinding in small   

clearance spaces 

(impeller/draft tube, pump 

rotator/rotor) 

Secondary, 

attrition 

breakage 

Carefully specify all 

clearances and 

hydrodynamics of two-phase 

flow therein 

Crystal/solution interaction 

Fluid shear, effect of 

impurities, etc. 

Primary or 

secondary 

Reduce jetting, get to know 

the effect of impurities for 

each particular system, 

prevent incrustation 

 

While there have been several attempts at creating fundamental models of 

attrition fragmentation (Biscans, 2004, Briesen, 2005, Briesen 2007, Gahn and 

Mersmann, 1997, Gahn and Mersmann, 1999a and 1999b, and Marrot and Biscans, 

2001), models created thus far have been difficult to apply to suspension crystallizers 

due to a lack of knowledge about the fluid and particle dynamics in the impeller 
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region which makes accurate prediction of the collision frequency and forces involved 

in the collision difficult. Gahn and Mersmann (1999) proposed an attrition model 

equation to explain the fracture behavior of crystalline solid for the attrition process in 

suspension crystallizers. Then, they developed a model equation for the processes of 

attrition and abrasion of brittle solid to predict the whole crystallization process in a 

quantitative manner. There are four groups of assumptions for the attrition model. 

They are the loading conditions, the material properties, the elastic stress field in the 

solid, and a law to describe the fracture process (Gahn and Mersmann, 1997, Gahn 

and Mersmann, 1999a and 1999b). This model can be used to estimate the correct 

values of abraded volumes of brittle solids which have the ratio of E/Hv (Young’s 

modulus/Vicker’s hardness) less than 100. So, the models which Gahn and Mersmann 

proposed are accurate for brittle substances only and the information for the model is 

not available, for example, the efficiency factor in radial direction and the fracture 

surface energy.  

 

1.2   Research Objectives 

This work is a project to describe attrition in industrial crystallizers using an 

empirical engineering model based on dimensionless groups (derived from 

Buckingham-Pi theory for example) describing crystal properties, suspension 

properties, mother liquor properties, and groups describing crystallizer geometry and 

operation. The aim of this study is to understand the attrition behavior and to model 

the crystal attrition equation. There are four objectives as follows 

 

1. To determine the parameters that have a significant effect on the attrition 

mechanism.  
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2. To determine the attrition rate and the size distribution of the attrition 

fragments. 

3. To determine the non-dimensional groups from parameters in the 

crystallization process to use in data fitting. 

4. To determine an empirical engineering model for calculation of the 

attrition rate. 

 

1.3   Scope and limitation of the study 

The work is separated into three parts; design the equipment and experimental 

conditions, determine the effect of parameters on the attrition rate by using the 

number of attrition fragment per unit volume and attrition fragment size distribution, 

and model the crystal attrition equation. 

 

1.3.1  Design the equipment and the experimental conditions 

The crystallizer is made from glass and stirred by an impeller. The 

detail of the crystallizer is shown in Figure 3.1. The base of the crystallizer is a 

profiled bottom. The design of crystallizer is adapted from Bauer et al. (1974). We 

will do the experiment on the laboratory scale and use a batch process to operate the 

crystallizer. The detail of experimental condition is in section 3.3.1. There are three 

groups of parameters; (1) crystallizer geometry and operating conditions, (2) crystal 

properties, and (3) solution and suspension properties. 
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1.3.2  Determine the effect of parameters on the attrition rate 

The effect of all parameters will be studied in the same crystallizer by 

a partial factorial design, with standard conditions (low value : high value). The 

attrition fragment size distribution will be used two techniques to measure.  

1. Using the Malvern Mastersizer S, and 

2. Using the Multisizer 3 Coulter Counter. 

The attrition fragment will be measured in the unit of number of 

attrition fragments per unit volume. Then, the number of attrition fragment per unit 

volume and experimental time will be used to calculate the attrition rate in the unit of 

number of attrition fragments produced per unit volume per time. The number of the 

parent crystal will be considered too, because the number of the parent crystal will 

change if the breakage mechanism occurs in the crystallizer so if we found that the 

size and number of parent crystal are not change that mean only attrition mechanism 

occurs in the system. The size distribution of the fragment can be determined directly 

from Malvern Mastersizer S and Multisizer 3 Coulter Counter and we will use the 

SEM photograph to check the average size of the fragment and parent crystal as well. 

 

1.3.3 Modeling of crystal attrition equation 

There are two parts of the modeling; (1) to determine dimensionless 

groups of significant parameters on attrition rate by using dimensional analysis 

(Buckingham Pi Theorem) and (2) to develop the empirical engineering model. We 

will use only the data from parameters that have an effect on the attrition behavior to 

model the equation to calculate the attrition number. A power law model will be used 

and SigmaPlot will be used to help fitting the equation. 
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1.4  Output 

According to the objectives of the work, this research expects to obtain the 

effect of parameters from crystallizer geometry and operation conditions, crystal 

properties, and solution and suspension properties on the attrition rate and the effect 

of each parameter on the size distribution of the attrition fragments. The data from 

experiment of attrition rate will be used to determine the suitable dimensionless 

groups to use in the data fitting. Finally, the dimensionless groups will be used to 

develop an empirical engineering model to calculate the attrition number. 

 

 

 

 

 

 

 

 



 
 

CHAPTER II 

LITERATURE REVIEW 

 

2.1 Industrial Crystallization  

 

 2.1.1  General considerations 

  There are a lot of different methods of crystallization in industrial 

crystallization, for example, crystal growth from melts, crystal growth from solution, 

crystal growth from the vapor phase (for instance desublimation), crystal growth from 

supercritical fluids, and liquid or vapor phase epitaxy (Flood, 2009). In this research, 

we consider only crystallization from solution. A general schematic of a 

crystallization process can be drawn as in Figure 2.1. For a particular crystallizer, any 

of the streams may be present, or absent. The example of crystallization processes are 

continuous, steady-state crystallizer, batch crystallizer, seeded crystallizer, non-

solvent and salting-out crystallizations, cooling and heating crystallization, 

evaporative crystallization, precipitation (Flood, 2009). 

  In this research, we consider only batch crystallizer because we want to 

know attrition rate as a function of time without it being made more complex by 

presence of outflow streams (which would remove parent crystals and/or fragments) 

and we want to minimize other mechanisms (true nucleation, growth, agglomeration, 

etc.). For batch crystallizer from Figure 2.1, neither the inflow nor the outflow 

streams are present but at the beginning and at the end of operation of the batch we 

need to fill the raw material and to remove the product (Flood, 2009). 
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Figure 2.1 General schematic of a crystallization process. (Flood, 2009) 

 

 2.1.2  Supersaturation 

  In crystallization process, supersaturation is one of the most important 

parameters because it is the driving force for the nucleation and crystal growth 

processes. There are a lot of expressions of supersaturation or supercooling. The most 

common expressions of supersaturation are the concentration driving force, Δc, the 

supersaturation ratio, S, and the absolute or relative supersaturation, σ (Mullin, 2001). 

Supersaturation or supercooling is usually defined by 

 

c c c∗Δ = −  (2.1) 

 

cS
c∗=  (2.2) 

 

1c S
c

σ ∗

Δ
= = −  (2.3)  
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where c    =  the solution concentration 

c*  =  the equilibrium saturation at the given temperature 

 

  There are several ways to create supersaturation, for example, cooling, 

evaporation, salting out, and chemical reaction (Nyvlt, 1992). Figure 2.2 shows the 

popular techniques of supersaturating creation for crystallization from solution. From 

Figure 2.2, path AB is cooling process, path AC is evaporation process, and path AD 

is salting out by addition of non-solvent. 

 

Figure 2.2 Method of supersaturation creation in solution crystallizations. (Flood, 2009) 
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Another expression of supersaturation is the supercooling, that is defined by 

 

T T T∗Δ = −  (2.4) 

 

where T*  =  the solid-liquid equilibrium temperature 

 T    =  the temperature that is less than T* 

 

The commonly used definitions of driving force in crystallization 

processes are shown in Table 2.1. It is shown that the driving force of secondary 

nucleation is supersaturation (σ) (Mersmann, 2001). In this research, we focus on 

secondary nucleation by attrition; attrition is the only source of secondary nuclei that 

does not depend on supersaturation (McCabe et al., 2001). By the way, generation of 

fragments may not depend on σ, but survival of fragments does depend on σ. 

 

Table 2.1 Driving forces for growth and nucleation. (Mersmann, 2001) 
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2.1.3  Nucleation  

  There are two types of nucleation in crystallization processes. They are 

primary nucleation and secondary nucleation as shown in Figure 2.3. J.W.Mullin said 

if there are no crystals in the crystallizer, the nucleation that occurs is by primary 

nucleation. There are two mechanisms of primary nucleation. They are homogeneous 

for spontaneous nucleation and heterogeneous nucleation where nuclei are induced by 

foreign particles (Mullin, 2001). When solute crystals are present in the 

supersaturated solution, secondary nucleation is likely to occur. The nucleation 

phenomena depends on these parent crystals, and thus, nucleation occurs at a lower 

supersaturation than needed for spontaneous nucleation. There are many 

investigations on secondary nucleation but the mechanisms and kinetics are poorly 

understood (Myerson, 2002). 

 

 

Figure 2.3 Mechanism of nucleation (Randolph and Larson, 1988) 
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  Figure 2.4 shows the appearance of good and inferior crystals and 

variation of product quality at various supersaturation for MgSO4.7H2O. As can be 

seen, at ΔT < 4 °C is the best operation region but attrition can still occur. If the 

operation is at ΔT > 4 °C, secondary nucleation is very easy to occur. This is the 

reason that the most industrial crystallizers need to operate at low supersaturation and 

using only well-designed and operated pumps and agitators (McCabe et al., 2001). In 

this research, we consider only secondary nucleation by attrition which is the most 

important mechanism in industrial crystallizers. 
 

 
 

Figure 2.4 Example of growth regimes for magnesium sulfate heptahydrate. (Clontz 

and McCabe, 1971) 
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2.2  Secondary Nucleation  

  

2.2.1  Origin of secondary nucleation 

  From the mechanisms of secondary nucleation discussed in the 

previous section it can be seen that secondary nuclei originate either from the parent 

seed crystal or from the solute in the liquid phase around or adsorbed to the parent 

crystal. 

  Powers (1963) is the first person who proposed the presence of an 

adsorbed layer as a source of secondary nuclei. Later, several investigators (Clontz 

and McCabe, 1971 and Strickland-Contable, 1972) performed experiments to verify 

this hypothesis. They slid a crystal along a solid surface, and studied the nucleation 

and crystallization behavior. They found that generation of nuclei needs a growing 

crystal. The nucleation rate was a function of the contact energy and degree of 

supersaturation. 

  The experiment for study secondary nuclei was performed by Denk 

and Botsaris (1972). They performed an experiment which used the optical activity of 

the sodium chlorate crystals to investigate the origin of nuclei. They grew a crystal 

from aqueous solution in the presence of seed crystals with and without the presence 

of impurities. Figure 2.5 shows the results for crystals grown from pure stagnant 

solutions. If the resulting crystals have the same form as the parent crystal, it means 

the solid phase was the source of the secondary nuclei. If the ratio of optically 

different nuclei is similar to the ratio obtained during spontaneous nucleation, the 

liquid or transition phase was the source of the secondary nuclei. As shown in Figure 

2.5, the source of nuclei changes around a supercooling of 3 ºC and the ratio 
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approached to that of spontaneous nucleation at higher supersaturation. So, we can 

conclude that there is more than one mechanism to explain secondary nucleation. 

Supersaturation, ΔT
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Figure 2.5  Differentiation of the secondary nucleation mechanisms using 

 enantiomorphous crystals. The fraction of the crystals with the 

 same modification as that of the parent crystal is denoted as  

 percent. (Denk and Botsaris, 1972a) 

 

 An experiment was developed by Garside et al. (1979) to study the contact of 

crystal with a fixed energy. The results are shown in Figure 2.6. They are the crystal 

size distribution (CSD) in a potassium-alum system as a function of population 

density. Similar equipment was used by Larson and Bendig (1976) to determine the 

dependence of nucleation on contact frequency. It was found that the adsorbed layer 
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requires time for regeneration and the nucleation rate declines by several orders of 

magnitude if proper regeneration times cannot be met. 
 

 
 

Figure 2.6 Nuclei size distribution from contact nucleation. (Garside et al., 1979) 
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 2.2.2  Mechanism of secondary nucleation 

  Several mechanisms have been proposed to explain secondary 

nucleation. Randolph and Larson (1988) described sources of secondary nucleation by 

six mechanisms, but we mention only five mechanisms here, because the initial 

breeding mechanism occurs only in seeded systems and secondary nuclei from this 

mechanism are not from parent crystals, it is the fragment that comes with parent 

crystal so it is easy to remove by washing. Hence, we will not discuss it. 

 

1. Fracture; if we have the production of brittle crystals in a system 

where the suspension is very dense and it is subjected to violent agitation or high-

velocity pumping, nucleation will occur in the system by the fracture process. The 

shape of the crystalline product usually has a rounded appearance and usually shows a 

deficiency of crystals in the large size range. This is because of the high rate of 

fracture in the system. The most damage is done by crystal-impeller interaction or 

sharp changes in the flow path. Fracture by impact between crystals probably does not 

occur to any significant extent. 

 

2. Attrition; this mechanism happens by crystal-crystal collision or 

crystal-apparatus contact at high suspension densities. The effect of this mechanism to 

the shape of crystalline product is limited. The visible damage on the parent crystal is 

usually slight. The main sources of attrition are from agitation or pumping, suspension 

density, and crystallizer walls and impeller. If agitation or pumping is reduced and 

suspension density or soft linings and coverings are used on the crystallizer walls and 

impeller, the attrition mechanism can be reduced. 
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3. Needle breeding; this mechanism occurs because of a crystal habit 

that is called ‘dendritic’ [It is branching growth of crystals usually on a surface or as 

an inclusion that forms plant-like patterns]. Dendritic crystals will break at high 

agitation so we can reduce needle breeding by reducing agitation, and we can control 

by reducing the driving force for growth such as supersaturation or using appropriate 

additives to change the crystal habit or tendency to form dendrites. 

 

4. Fluid shear; nucleation by fluid shear is due to the effect of the 

relative velocity between fluid and crystal. The adsorbed layer is removed when the 

fluid velocity relative to the crystal velocity is large. This mechanism is not an 

important source of nuclei because Sung, Estrin, and Youngquist (1973) showed that 

the shear created nuclei must be contained in a much higher supersaturation than the 

one in which they were created, in order to grow. 

 

5. Contact; contact nucleation is the most important source of nuclei in 

mixed suspension for the system that has high supersaturation. It occurs when the 

crystal contact with the agitator, pump, flow lines or other crystals. Contact nucleation 

can occur at very low impact energies compared to fraction or attrition.  

 

2.2.3  Parameters Affecting Secondary Nucleation Rate 

 

2.2.3.1 Supersaturation 

   The critical parameter to control the nucleation rate is the 

degree of supersaturation. At high supersaturation, the number of nuclei is very large 

because the absorbed layer is thicker and when the supersaturation increase the size of 

nuclei will decrease, so the chance of a critical nucleus surviving to form crystals is 
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higher. The microroughness of the surface of the crystal increases at high 

supersaturation: thus, the number of nuclei is high because it is generated from the 

crystal surfaces. 

 

2.2.3.2 Temperature 

   The effect of temperature on secondary nucleation is not fully 

understood. However the temperature is very important to kinetic processes. Genck 

and Larson (1972) studied a potassium chloride system and a potassium nitrate 

system. They found that the nucleation rate decreased when temperature increased in 

the potassium nitrate system but for the potassium chloride system the nucleation rate 

increased when the temperature increased. In 1981, Nývlt showed that the nucleation 

rate is not sensitive to temperature variation. 

 

2.2.3.3 The degree of agitation 

   It was found by Sikdar and Randolph (1976) that for smaller 

crystals of magnesium sulfate (8-10 µm), the nucleation rate increased with the degree 

of stirring and the degree of agitation had no effect on nucleation rate for larger 

crystals. 

   Melia and Moffitt (1964a, 1964b) studied the secondary 

nucleation of potassium chloride. Their results are shown in Figure 2.7. It was found 

that when the supersaturation, the degree of supercooling and agitation were 

increased, the nucleation rate also increased. 
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Figure 2.7 Dependence of number of secondary nuclei produced on stirrer speed and 

supercooling in secondary nucleation of potassium chloride. (Melia and 

Moffitt, 1964a) 

 

The influence of the stirring rate was proposed by Biscans et al. 

(1996). They studied monosized sodium chloride crystals (500–560 µm) at low 

concentration crystal suspensions (3 kg m-3) for two different stirring rates (960 and 

1154 rev min-1). The results are shown in Figure 2.8. It is clear that the extent of the 

attrition phenomena increases with the agitation. 
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Figure 2.8  Trend of volume percentage of fine fragments (less than 32 µm) vs. time 

at two different stirring rates: symbols, experimental data; line, 

calculated curves. (Biscans et al., 1996) 

 

2.2.3.4 The hardness of the contact material 

   Several investigators studied the effect of hardness of the 

contact material and the crystal hardness on the secondary nuclei generation. A harder 

material usually increases the nucleation rates (Myerson, 2002). Ness and White 

(1976) studied the effect of agitator speed on secondary nucleation rate for steel and 

plastic impellers as shown in Figure 2.9. They found that a polyethylene stirrer 

reduced the nucleation rate by a factor of 4 – 10, depending on the stirring. 
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Figure 2.9  Effect of agitator speed on secondary nucleation rate for steel and plastic  

         impellers. (Ness and White, 1976) 

 

2.2.4  Secondary nucleation kinetics 

Ploß and Mersmann (1989) have proposed a model for secondary 

nucleation rate with the mechanism of contact nucleation. The secondary nucleation 

by attrition occurs when crystals collide with each other or crystallizer parts and fine 

particles are abraded. The main affecting parameters are (Ploß and Mersmann, 1989):  

- geometry and volume of the crystallizer, 

- type of stirrer, 

- operating parameter such as tip speed velocity, 

- physical properties of solution and crystals, 
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- suspersaturation and kinetics of growth. 

  Several mechanisms are involved in secondary nucleation and the 

behavior is not well understood. The nucleation rate cannot be predicted because a 

general theory does not exist (Myerson, 2002). Most experimental data is explained 

by correlations that are based on the power law model. From the Decker-Doering 

relationship, the power law is shown as 

 

n
N CkB Δ=                                                 (2.5) 

 

where  B    =  the nucleation rate in units of #/m3s 

Nk   =  a rate constant (dependent on many factors including stirring speed,  

 T, MT) 

ΔC =  the degree of supersaturation.  

 

If the adsorption layer mechanism is the source of the nucleation, we 

can use equation (2.5) to calculate the nucleation rate but this equation is not suitable 

for other mechanisms because only the adsorption layer mechanism has the nucleation 

rate independent of the suspension concentration. 

  From section 2.2.2, contact nucleation is the primary source of new 

crystal formation in mixed suspension crystallizers. Crystals are generated very fast at 

measurable sizes. Bennett, Fiedelman, and Randolph (1973) proposed that the rate of 

nucleation can be correlated with the degree of agitation as expressed by the tip speed 

of a pump impeller or vessel agitator. 

  The correlation for calculating the nucleation rate in the case where 

most of the nuclei are generated by contact nucleation is 
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nj
T

i
N CMWkB )(' Δ=                                      (2.6) 

 

where the rate constant '
Nk  is a function of temperature, W is a measure of 

mechanical agitation, MT is the suspension density, and ΔC is the degree of 

supersaturation.  

The size distribution must be taken into account in the equation if it is 

wide. The exponents can be found from experimental data, but j is usually 1 and i is 

usually from 1 to 3. 

 

2.3  Attrition Models 

 

 2.3.1  Offermann and Ulrich model 

   Offerman and Ulrich (1981) studied secondary nucleation empirical 

model by attrition both in mixed-suspension crystallizers and in a stirred fluidized 

bed. In the mixed-suspension crystallizer work the authors used a dimensional 

analysis approach similar to the approach used in this study. For a range of salts 

(NaCl, MgSO4·7H2O, KAl(SO4)2·12H2O, and K2SO4) undergoing attrition in a 

mixed-suspension crystallizer they predicted the following relationship (where 

variable names have been adjusted to agree with those in the current study): 

 

 

(2.7) 

 

where NAb is the number of attrition fragments generated, V is the volume of the 

suspension, LP is the size of the parent crystals, ρC and ρS are the densities of the 
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crystal and solution respectively, N is the impeller speed, tR is the time period the 

parent crystals are under stress conditions, Re is the impeller Reynolds number, φ is 

the crystal volume fraction, and HV is the hardness of the crystal. This equation is the 

first case of the use of dimensionless groups as an aid to model attrition in a 

crystallizer. 

To develop this correlation, they investigated the effect of impeller tip 

speed, impeller diameter, volume concentration of the solid phase, the crystal size, 

and temperature (simulated by variation of density and viscosity) on number of nuclei 

generated per unit volume of solution. They suggested that the information beyond 

these experiments is required for a qualitative equation of design and operation in real 

crystallizers (Offermann and Ulrich, 1981). 

 

2.3.2  Gahn and Mersmann model 

  Gahn and Mersmann (1997) proposed a physical attrition model 

equation to explain the fracture behavior of crystalline solid for the attrition process in 

suspension crystallizers. Then, they developed a model equation for the processes of 

attrition and abrasion of a brittle solid to predict the whole crystallization process in a 

quantitative manner (Gahn and Mersmann, 1999). There are four groups of 

assumptions for the attrition model. They are the loading conditions, the material 

properties, the elastic stress field in the solid, and a law to describe the fracture 

process (Gahn and Mersmann, 1997). The major simplifying assumptions are listed 

below. 

A1. Only the contact between a crystal corner and a much harder and flat object is 

considered. Figure 2.10 shows examples of attrition process, the crystal corner 

impacting on the harder target is replaced by a cone having a semi-apical angle of Θ = 
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60º (Figure 2.10a). If a cone is harder than a flat surface, an abrasion occurs as shown 

in Figure 2.10b. 

A2. The force is acting in the normal direction to the contact area and there is no 

sliding contact or rotation of the crystal. 

 

 

 

Figure 2.10 Contacts of a harder and softer material: a) a cone being deformed by a  

hard plate, b) a hard cone contacting a softer material. (Gahn and  

Mersmann, 1999) 

 

A3. It is assumed that ductility is restricted to a region limited by the area of contact 

and that the deformation is linear elastic elsewhere because the plastic deformation 

required high pressure. This plastically deformation region is assumed to be under 

hydrostatic pressure, which corresponds to the hardness of the material. 

A4. After complete loading, fracture of the corner is assumed to begin. The formation 

and propagation of cracks occurs instantaneously and is only determined by this 

quasi-static stress field. 
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A5. The average isotropic values which are assumed to be independent of the strain 

rate are used as the mechanical properties of the crystalline substance. 

A6. From Rittinger’s law, the newly created surface cause by the formation of a 

fragment is proportional to the elastic strain energy stored in the volume of this 

fragment. 

A7. The elastic field at a distance r > a is calculated as if the load was acting as a 

point force at a = 0. The elastic field of this loading condition is given by Michell 

(1900), in which the point force caused stresses and strains proportional to 1/r2. 

 

 

 

Figure 2.11 Representation of theoretical attrition process. (Gahn and Mersmann, 1997) 

 

A8. The attrition model is based on a simple energetic consideration, and does not 

consider the influence of the strain rate on plastic deformation. 

A9. It is assumed that the characteristic size a is only determined by the hardness of 

the crystal and not by the ratio of the hardness to shear modulus. 
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The following equations are attrition model that proposed by Ganh and Mersmann 

(1999). 

 

Total volume of fragments as a function of the impact energy, Wp 

 

3/4
pa CWV =  (2.8) 

 

Attrition coefficient C: 

 

Γ
=

μ
rKHC

3/2

3
2  (2.9) 

 

where  H is the hardness of brittle solid (N/m2) 

 Kr is the efficiency factor in radial direction (-) 

 µ is the shear modulus (N/m2) 

Γ is the fracture surface energy (J/m2) 

 

The energy of impact can be approximated by 

 

H
FWp

3

05.0≈  (2.10) 

 

where  F is the force acting after complete loading of the cone. (N) 

 H is the hardness of brittle solid (N/m2) 

 

The impact energy below which material removal will not occur is given by 
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35

33

min, 64
r

p KH
W Γ

=
μ  (2.11) 

 

The smallest size of the fragments produced is given by  

 

rKH
L 2min 3

32 Γ
=

μ  (2.12) 

 

The maximum size of fragments produced is given by 

 

9/4
3/13/2

max 2
1

p
r W

KH
L ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Γ

=
μ

 (2.13) 

 

The number density distribution of the fragments produced is given by 

 

25.3
25.2

max
25.2

min
0

25.2)( −
− −

= L
LL

Lq  (2.14) 

 

The total number of fragments produced is given by 

 

p
r W

LL
KHN ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

Γ
= 25.2

max
25.2

min
4/34/3

4/32/1 11
21αμ
π  (2.15) 

 

where α is the volume shape factor, which is dimensionless 

The total number of fragments for the case Lmin<<Lmax is given by 
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Γ
×= −

αμ
 (2.16) 

 

There are two figures to show the accuracy of the attrition model. 

Figure 2.12 is the theoretical and experimental values of abraded volume for all 

substances that used in the experiment of Gahn and Mersmann (1999). Figure 2.11 

shows the brittle fracture (E/H < 100). 

 

 

 

Figure 2.12 Theoretical and experimental values of abraded volumes. (Gahn and 

Mersmann, 1999a) 

 

As can be seen in the Figure 2.10, we can separate the substances into 

four groups. There is only one group which this model can be estimate the correct 

values of abraded volumes. They are the brittle solid which have the ratio of E/Hv less 
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than 100. So, the models which Gahn and Mersmann (1999a) proposed are accurate 

for brittle substances as can be seen in Figure 2.13. 

 

 

 

Figure 2.13 Theoretical and experimental values of abraded volumes. The substances 

 meet the requirement for the brittle fracture. (Gahn and Mersmann, 1999a) 

 

  Briesen (2007) improved the predictive capabilities of the attrition 

model according to Gahn and Mersmann (1997, 1999a, 1999b) by dropping some of 

the assumptions and by making an extended derivation of the attrition model. There 

are three extensions to improve the model: 

1. The force acting to the contact surface is assumed to be any direction that 

is not perpendicular to the symmetric axis of the contact surface. 

2. The polar angles have the effect on strain energy distribution the same as 

the radial coordinate. 

3. The breakage plane is along the constant energy line. 
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He obtained a new attrition constant which is compared to the attrition 

constant from Gahn and Mersmann in Figure 2.14. His results show the extended 

model is better than the original one. 

 

 

 

Figure 2.14 Comparison of experimental results with the prediction of the original 

model by Gahn and Mersmann (with original, non-tuned material 

properties) and the proposed extended model. (Briesen, 2007) 

  

2.3.3  Yokota et al. model 

  Yokota et al. (1999) proposed an empirical rate equation of contact 

nucleation caused by collision of crystals with an impeller. They assumed the contact 

nucleation rate is a function of collision energy and collision frequency. The target 

efficiency model was used to develop the contact nucleation rate equation and the 

definition of the target efficiency is 
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( )
( )

( )
( )

eff p

id p

effective contact frequency d
dideal contact frequency

ω
η

ω
= =  (2.17) 

 

where ( )id pdω  is the ideal collision frequency per blade. By assuming a homogeneous 

suspension of particles, the ideal collision frequency per blade can be calculated from 

the following equation 

 

( ) ( )( )id pd volume sweeping rate with a blade particle number densityω = ×  

 

2( ) ( / )id p b s cd pD u n Vω =  (2.18) 

 

where p is the number of impeller blades, Db is the size of the blade, u is the tip speed, 

ns is the number of seed crystals used to commence contact nucleation, and Vc is the 

tank volume. 

The obtained rate equation of contact nucleation is  

 

41 −+
− ⋅⋅⋅⋅⋅′= b

NN
psic DudnpkJ  (2.19) 

 

where k’ is the coefficient, p is the impeller blade number, ns is the crystal number, dp 

is the crystal size, u is the tip speed of an impeller, and Db is the impeller blade size. 

This equation is successful to determine the contact nucleation rate of potassium alum 

where the unknown parameter (N) was equal to 3. 

 

2.3.4  Gharidi and Zhang model 
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  Gharidi and Zhang (2002) proposed a theoretical model of chipping for 

particulate solids. They used indentation fracture mechanics approach and impact 

damage analysis to develop the model. They defined a dimensionless attrition 

propensity parameter in the form: 

 

2

2

cK
lHρνη =  (2.20) 

 

where ρ is the particle density, ν is the impact velocity, l is a characteristic particle 

size, H is the hardness and Kc is the fracture toughness. 

The fractional loss from a particle is derived as 

 

2

2

cK
lHρνααηξ ==  (2.21) 

 

where α is the proportionality factor 

  They used a single particle impact testing to check the accuracy of the 

model. The ionic single crystals of MgO, NaCl, and KCl were used as model 

materials which have a semi-brittle failure mode. They studied the dependence of the 

fractional loss on material properties, impact velocity, and particle size and influence 

of rigidity of target materials on attrition rate. Their results show the trend of the 

experimental data agrees with the predictions of the mechanistic model of impact 

attrition. There are some mistakes in this paper. The values of the proportionality 

factor should depend only on the experimental condition because the material 

properties are in the propensity parameter. But the experimental results show that the 
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proportionality factor still depend on material properties so it not fair to conclude that 

the fractional loss per impact is proportional to propensity parameter. 

 

2.4  Case study of attrition experiment 

 Several investigators studied the behavior of attrition in the crystallization 

processes. They found that there are a lot of causes which influence attrition in a 

crystallizer. This section explains some important results of the attrition behavior. For 

example, the repeated impact of crystal, the collision of crystal with crystallizer parts 

and crystal-crystal contact, the impact energy and the shape of crystal, and the crystal 

properties such as crystal hardness and type of crystal. 

 

2.4.1  The effect of repeated impacts of individual crystals 

  The work of Biscans (2004) attempted to understand the mechanism of 

attrition in suspension crystallizers with analysis of repeated impact events of 

individual crystals. Figure 2.15 shows the results which were an example of data 

obtained from sodium glutamate, at an impact velocity of 7.00 ms-1 on a steel target. 

From the figure it can be seen that two mechanisms occurred. In the first period, the 

mass of parent crystal decreased slowly because the amount of material loss was very 

small. When the number of impact increased to reach some values, the parent crystal 

broke. So, the mass of crystal in the figure rapidly decreased. The reason for these 

mechanisms was explained by the effect of repeated impact. At a small number of 

impact, the crystal absorbed the stress inside and loss of mass was from critical areas 

such as corners and edges. When the number of impact increased, the accumulation of 

stress in crystal increased also. Then the breakage occurred with the crystal, if the 

stress accumulation is high enough.  
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Figure 2.15 Influence of the number of impacts on the attrition of sodium glutamate  

 crystals at an impact velocity of 7 ms-1. (Biscans, 2004) 

  

2.4.2 The effect of crystal-wall or crystal-stirrer impact  

Biscans et al. (1996) proposed the study of attrition due to the impact 

between crystal and crystallizer parts. Their results can be discussed in two ways, 

crystal size distribution and evolution of crystal shape. Figure 2.16 shows the crystal 

size distribution before and after the impact occurs. After the crystal contact with the 

wall or impeller the mean size of the crystal decreased. Thus, the attrition can occur 

when the crystal contacts with the part of crystallizer or impeller. The attrition has an 

effect on the crystal size distribution. If we observe the shape of the crystal in Figure 

2.17, after the impact the shape of crystal changed. The mass of crystal at the edges 

and corners are lost from parent crystal. These results confirmed that the contact 

between crystal and crystallizer parts or impeller effect to attrition rate. 
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Figure 2.16 Comparison between the size distribution (in number) of the NaCl  

 crystals before and after the impact (pressure 2 bars, inject-target 

 distance 8 cm). (Biscans et al., 1996) 

 

 

 

Figure 2.17  Picture of examples of NaCl crystals before the impact (a) and after the  

           impact (b) (pressure 2 bars, inject-target distance 8 cm). (Biscans et al.,  

          1996) 

   

2.4.3  The effect of impact energy and shape of crystal 
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  Gahn, Krey, and Mersmann (1996) studied the volume and mass of 

attrition fragments produced by a single impact. They calculated the impact energy of 

crystal-impeller contacts according to the Ploss and Mersmann (1989) equation. 

 

Tgeop mvE ηη2
2
1

=  (2.22) 

 

where m is the mass of the colliding crystal, v is the impact velocity, ηgeo is the 

probability that the crystal is on a streamline moving towards the impeller, and ηT is 

the target efficiency. 

  From their results, it was found that the attrition fragment is 

proportional to impact energy as can be seen in Figure 2.18 and Figure 2.19. Both the 

volume of attrition fragments and mass of attrition fragments increased when the 

impact energy increased. The results in the paper are different from the results from 

Biscans (2004) who studied the effect of repeated impact of individual crystals. 

Biscans (2004) found that when the number of impact increased, the crystal will 

finally break. In this paper, they found when the number of impact increased, the 

attrition rate decreased because the shape of the crystal changed to a rounded shape 

and this had resistance to attrition. The differences of these two papers may be from 

the magnitude of the impact in the experiment is not equal. Biscans (2004) used the 

higher value of impact energy so the crystal can be easy to break when the numbers of 

impacts increase. 
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Figure 2.18 Mass of attrition fragments as a function of impact energy. (Gahn et al., 1996) 

 

 
 

Figure 2.19 Volume of fragments as a function of impact energy. (Gahn et al., 1996) 

 

2.4.4  Mechanical properties of the crystal 

  The mechanical properties of the particle are very important because 

several models use them to predict the attrition behavior of the particle. This section 
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will explain two mechanical properties that are used in many attrition models. They 

are Young’s modulus and Vickers hardness. 

 

2.4.4.1 Young’s modulus 

   The Young modulus (E) has the units of N/m2. The Young 

modulus of a single crystal can be obtained by performing a compression test. The 

compression test will apply a given load on the object and analyze its deformation. 

The size of the object must be large enough to apply the force on it. The characteristic 

dimension of the crystals used in this test was around 3 or 4 mm. The example of the 

determination of the NaCl crystal’s Young modulus is shown in Figure 2.20. An 

elastic deformation is observed at the starting region, then, the slope changes because 

the strain increases and the crystal shows the plastic deformation. If the crystal 

breakage occurs after the elastic deformation, it means the plastic deformation is not 

important. From Figure 2.20 the Young modulus of NaCl crystal is 25.0 GPa. 

 

2.4.4.2 Vickers hardness 

   The resistance of the solid to local plastic deformation can be 

predicted from the hardness of the solid. The Vickers hardness test uses a Vickers 

pyramid as an indentation apparatus. The objective of this technique is to consider the 

fracture surface and the work of indentation after the test. The fracture surface will 

form after indentation by the Vickers pyramid. Dividing the load applied by the area 

of indentation formed, the hardness is obtained with a unit of pressure (N/m2). For the 

small crystal, it is not possible to use the Vickers hardness test to measure the 

hardness of the crystal because the size of the crystal is less than the characteristic 

dimension. The microhardness test was used for these crystals because it concerns a 
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weak load (5 x 10-3 to 2 kg). The indentation geometry is a pyramidal type, with a 

square base having an angle of 136º at the top as shown in Figure 2.21. 
 

 
 

Figure 2.20 Compression profile obtained for NaCl single crystal. (Marrot and 

   Biscans, 2001) 

 

The equation for the lateral surface of the pyramidal print made 

on the crystals is  

 

2/sin2

2

α
dS =  (2.23) 
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This feature of the surface can be measured by observation 

under a microscope.  

The Vickers hardness, Hv can be calculated from the following 

equation. The hardness is a function of the load and the depth of penetration. 

 

2854.1
d
FH v =  (2.24) 

 

   The indentation can be performed at different positions on the 

surface of the crystal. The crystal that is used to measure the hardness should have a 

smooth surface. The example of Vickers hardness for NaCl crystal at different size 

and different positions of the indenter are shown in Table 2.2. 

 

 

 

Figure 2.21 Geometry of the indentation in the Vickers test and obtained pattern on a 

         single crystal surface with 1 N load. (Marrot and Biscans, 2001) 

  

Table 2.2 Hardness values for NaCl crystals (Marrot and Biscans, 2001) 

 

 

 

 

 

 

 

 

 



 
 

CHAPTER III 

REASEARCH PROCEDURE 

 

3.1  Instrumentation 

The main equipment used in this research are a crystallizer, a Coulter 

Multisizer 3 particle sizer/counter, a Malvern Mastersizer S particle sizer, a wireless 

rotary torque transducer, and a scanning electron microscope. The details of these 

pieces of equipment are described below. 

 

3.1.1  The crystallizer 

  There are two scales of crystallizer used in this study, 500 mL and 

2000 mL. The crystallizers are made from Borosilicate glass. Details of the geometry 

of the crystallizers are shown in Table 3.1. Figure 3.1 shows a schematic diagram of 

the experimental set-up. It consists of a batch crystallizer equipped with four vertical 

baffles, a draft tube, and an up-flow impeller connected to a wireless rotary torque 

transducer and a variable speed overhead stirrer. The two crystallizers are 

geometrically similar based on the ratio of the draft tube diameter to crystallizer 

diameter, the ratio of impeller diameter to crystallizer diameter, and the ratio of off-

bottom clearance to crystallizer diameter. 

There are two types of the blades in this study. They are a marine 

propeller and a 45° pitch blade impeller as shown in Figure 3.2. To study the effect of 

impeller material, we selected a marine propeller as the standard condition, so the 

marine propellers are made from stainless steel and resin. 
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Table 3.1 Dimensions of the crystallizers 

 

 
Small scale 

 
Large scale 

 
 
Diameter (mm) 
 

90 
 

150 
 

 
Diameter of draft tube (mm) 
 

64 and 75 
 

110 
 

 
Diameter of impeller (mm) 
 

50 
 

85 
 

 
Off-bottom clearance (mm) 
 

10 and 20 
 

15 
 

 

 

 

 

Figure 3.1 Schematic diagram of a crystallizer used in the study and experimental set-up 

      Key: (1) motor, (2) wireless rotary torque transducer, (3) data recording, 

      (4) impeller, (5) draft tube, (6) baffles, and (7) crystallizer. 
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a) marine propeller 

 

 

 

b) pitch blade impeller 

 

Figure 3.2 The types of the impeller in the study. 

 

3.1.2  Multisizer 3 COULTER COUNTER® 

    This equipment is used for the measurement of the size distribution of 

the attrition fragments and also to count the number of the attrition fragments. Figure 

3.3 shows a schematic illustration of the Coulter Principle applied in the Multisizer 3, 

and the basic set-up of the electrical sensing zone technique. The Coulter Counter 

measures the number based size distribution of the particles suspended in a suitable 
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electrolyte. The particles will be forced to pass through the orifice of the aperture 

tube. When the particles pass through the sensing zone, it will change the aperture 

resistance and generate the voltage pulses (Garside et al., 2002). The Coulter Principle 

states that the amplitude of the voltage pulse is directly proportional to the volume of 

the particle that produced it (Beckman Coulter Inc., 2000 - 2011). The Multisizer 3 

COULTER COUNTER® is shown in Figure 3.4.  

 

 
 

Figure 3.3 Diagrammatic illustration of the Coulter Principle applied in the Multisizer 

       3 and electrical sensing zone technique. (Adapted from Garside et al., 

       2002 and Malvern Instruments Ltd., 2012) 
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Figure 3.4 Multisizer 3 COULTER COUNTER®. (Beckman Coulter Inc., 2000 - 2011) 

 

3.1.3  Malvern Mastersizer S 

   In this study, we used the small volume stirred cell of the Malvern 

Mastersizer S to measure the particle size distribution of the attrition fragments. The 

small cell stirs the cell contents with a magnetic bead operated from an external 

magnet rotated by the unit. It is controlled by a knob to adjust the stirrer speed. Figure 

3.5 shows the Malvern Mastersizer S and its accessories. The Malvern Mastersizer S 

was also used to infer the counts of the attrition fragments using the combination of 

the volume based particle size distribution and the suspension density measurement. 

The method is described in section 3.3.1.1. 
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Figure 3.5 The Malvern Mastersizer S and its accessories Key: (1) the optical unit, 

          (2) one or more sample preparation accessories, and (3) a computer  

          system. (Malvern Instruments Ltd. 1995, 1997) 

 

3.1.4   Wireless Rotary Torque Transducer 

To measure the power input into the crystallizer a torque transducer 

was used to measure the torque in the shaft, and then the power was calculated from 

the torque. Figure 3.6 shows the schematic diagram of the rotary torque transducer 

and wireless force indicator. The connection between the motor and the torque 

transducer is shown in Figure 3.1. We can measure the torque in the crystallizer in 

real time mode and the results can be recorded by the computer. 
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Figure 3.6 Rotary torque transducer and wireless force indicator. 

 

3.1.5  Scanning Electron Microscope (SEM) 

The parent crystals and attrition fragments are observed by the SEM 

model JCM-5000 NeoScope. When we measured the size distribution of the attrition 

fragments by the Coulter Counter and the Malvern Mastersizer, we also checked the 

shape of the attrition fragments again by SEM. 

 

 

 

 

3.2  Materials 
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3.2.1  Sucrose 

  The sucrose in this study is refined sugar (commercial grade (~99.8%)) 

from Mitr Phol, Thailand. There are three size ranges of parent crystal, 300 – 425, 425 

– 600, and 600 - 850 µm, which were prepared by sieving with ASTM sieves. An 

example of a parent crystal of sucrose is shown in Figure 3.7. There are some 

fragments on the surface of parent crystal so it is necessary to wash the crystal with 

saturated solution before the attrition experiment to avoid the initial breeding 

mechanism by add the crystals in the clean saturated solution for three times. 

 

 

 

Figure 3.7 SEM micrograph of a sucrose parent crystal size range 300 - 425 μm. 

 

3.2.2  Sodium Chloride 
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 The sodium chloride (NaCl) in this study is refined salt from Thai 

Refined Salt Co., Ltd. It has a maximum moisture content equal to 0.15%. Salt 

crystals were sieved into three size ranges, 150 – 300, 300 – 425, and 425 – 600 µm 

using ASTM sieves. A picture of a typical parent crystal is shown in Figure 3.8. The 

edges and corners of the parent crystals are quite sharp so they are useful for a study 

of the attrition. They were washed by a slightly supersaturated solution to remove 

surface impurities and fine particles (to avoid initial breeding). 

 

 

 

Figure 3.8 SEM micrograph of a NaCl parent crystal size range 300 - 425 μm. 

 

 

 

3.2.3  Cellulose Acetate Membrane  
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 For preparation of the clean electrolyte solution, we need to remove all 

impurities and parent crystals from the solution. For this, cellulose acetate membranes 

of pore size 0.45 μm and a vacuum pump were used to filter the electrolyte solution. 

 

3.2.4  Methanol 

  The methanol used in this study is commercial grade methanol from 

The Shell Company of Thailand Limited. It has 99% purity. The methanol was used 

for preparation of electrolyte solutions, saturated solutions, and supersaturated 

solutions of the solutes. 

 

3.2.5  Lithium Chloride 

  Lithium Chloride was used for the preparation of the electrolyte 

solution for the study of sucrose attrition using the Coulter Counter. The electrolyte 

solution was 5% LiCl in methanol. After we prepared the electrolyte solution, we 

used the electrolyte solution for preparation of saturated solutions of sucrose. 

 

3.2.6  Deionized water (DI water) 

  DI water was used to vary the viscosity and density of the solution; by 

changing the solvent composition (the ratio of DI water to methanol, for example) the 

solubility of sucrose and sodium chloride in the solution can be varied, thus varying 

viscosity and density. The DI water for the experiments was produced from a 

MembraPure Aquinity unit at SUT.  

 

 

3.3  Experimental Methods 
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 3.3.1  Determination of significant parameters on attrition rate 

We separated sources of parameters into three groups, crystallizer 

geometry and operating conditions, crystal properties, and solution and suspension 

properties.  

 

The parameter from crystallizer geometry and operating conditions 

1. Diameter of the impeller (mm)  

2. Diameter of the draft tube (mm)  

3. Impeller clearance (mm)  

4. Impeller speed (rpm)  

5. Type of material used in the blade  

6. Diameter of the crystallizer (mm)  

 

The parameter from crystal properties 

1. Average size of the parent crystals (µm)  

2. Density of the parent crystals (g/mL)  

3. Type of parent crystals (sucrose and NaCl) 

 

The parameters from solution and suspension properties 

1. Supersaturation (-)  

2. Viscosity of the solution (cP)  

3. Density of the solution (kg/m3)  

4. Suspension density (kg/m3) 

In order to minimize crystal growth or dissolution during the 

experiment, the crystals were suspended in slightly supersaturated solution (2°C sub-
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cooling). A small supersaturation was used because it is very difficult to create an 

exactly saturated solution (because the temperature control cannot be exact 

throughout the experiment); since growth is a much slower process than dissolution, 

having a small supersaturation is the safest option.  

Presently, there are many methods to determine the particle size 

distribution, but in this study two methods are used. The first method uses the 

Malvern Mastersizer S and the second one uses the Multisizer 3 Coulter Counter. 

 

3.3.1.1 Determination of attrition fragment by Malvern 

Mastersizer S (Sucrose is the model material) 

   All experiments in this study were performed in a 500 mL 

batch crystallizer equipped with four vertical baffles, draft tube, and an upflow 

impeller connected to a variable speed overhead mixer. A schematic figure of the 

crystallizer is shown in Fig. 3.1. Experiments were performed via a partial factorial 

design, with standard conditions (low value : high value) for the experiments being:  

Crystallizer geometry and operating conditions 

• Diameter of draft tube = 64 : 75 mm 

• Diameter of impeller = 50 mm 

• Impeller clearance = 10 : 20 mm 

• Type of blade = marine type propeller : 45° pitch blade impeller 

• Material of blade = stainless steel : resin 

• Impeller speed = 800 : 1000 : 1200 rpm 

Crystal properties 

• Size range of parent crystals (L) = 300 – 425 : 425 – 600 : 600 – 850 μm  
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• Type of parent crystals = sucrose 

 

Suspension properties 

• Parent crystal suspension density (MT) = 10 : 15 g of crystal/100 mL 

• Saturated solution (25 ºC, sucrose in 100% MeOH : 90% MeOH : 80% 

MeOH)   

• Reynolds Number = 14,400 : 36,700 : 43,900 

 

The conditions for the standard case (all variables at the base level in 

the factorial design) are indicated by the use of italics. Other conditions were also 

studied where extra points appeared necessary for model fitting.  

When a sampling time was reached the impeller speed was lowered 

to 200 rpm, which is low enough that the parent crystals (which had sizes in the order 

of hundreds of micrometers) settled out while attrition fragments (which were of the 

order of 1 – 5 micrometers) remained suspended. 20 mL of suspension was sampled 

using a pipette for analysis of the suspension density by determination of the weight 

of particles left after filtration through a 0.45 μm filter. Samples were also taken for 

particle sizing, which was performed with a Malvern Mastersizer S with a 300 mm 

lens and a beam length of 14.3 mm.  

 

 

 

3.3.1.2 Determination of attrition fragment by Multisizer 3 Coulter 

  Counter (Sodium Chloride is the model material) 
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   In this case, we need an electrolyte solution for the 

measurement using the Multisizer 3 Coulter Counter. The electrolyte solution is a 

mixture of 80% methanol and 20% water saturated with NaCl at 27°C and subcooled 

to 25°C. A water bath was used to control the temperature of the crystallizer. 

Experiments were performed via a partial factorial design, with standard conditions 

(low value : high value) for the experiments being:  

 

Crystallizer geometry and operating conditions 

• Diameter of draft tube = 64 : 75 mm 

• Diameter of impeller = 50 mm 

• Impeller clearance = 10 : 20 mm 

• Type of blade = marine type propeller : 45° pitch blade impeller 

• Material of blade = stainless steel : resin 

• Impeller speed = 800 : 1000 : 1200 rpm 

 

Crystal properties 

• Size range of parent crystals (L) = 150 – 300 :300 – 425 : 425 – 600 μm  

• Type of parent crystals = NaCl 

 

Suspension properties 

• Parent crystal suspension density (MT) = 2.5 : 5 : 10 g of crystal/100 mL 

• Slightly supersaturated solution (2°C sub-cooling).  

The standard conditions are indicated by the use of 

italics. Other conditions were also studied where extra points appeared necessary for 

model fitting. 50 g of the parent crystals and 500 mL of slightly supersaturated 
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solution were added in the crystallizer at 25°C and agitation begun. After 5 minutes, 

the agitation was stopped. The whole suspension in the crystallizer was poured 

through 75 µm and 38 µm sieves (using wet-sieving) to separate the parent crystals 

and attrition fragments.  

The Multizer 3 Coulter Counter is better than the 

Malvern Mastersizer S for a study of the attrition rate. This is because directly 

measuring counts (as done via the zone sensing method in the Coulter Counter) gives 

a more accurate answer for the number of particles than inferring this value from a 

light scattering measurement. The sample of suspension was diluted with a slightly 

supersaturated solution. The resulting suspension was analyzed using the Beckman 

Coulter Multisizer 3 with a 50 µm aperture tube. The number based distributions were 

converted to total number of attrition fragment per unit volume. This experiment was 

repeated using the same procedure as above for 15 minute and 30 minute samples for 

the standard condition. The background counts of particles (the clean electrolyte 

solution at 0 minute) were also measured using the Beckman Coulter Multisizer 3.  

 

3.3.2  Determination of the attrition fragment size distribution and 

number per unit volume 

  The size distribution of attrition fragments and parent crystals was 

studied by several investigators who were interested in the behavior of attrition in 

crystallizers. If we compare the size distribution before and after impact in the 

crystallizer, we can predict whether attrition occurs in the crystallizer. We can also 

predict the mechanism of the attrition, because if the breakage mechanism occurs the 

size of fragment will bigger than the fragment from an abrasion mechanism. 
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3.3.2.1 Malvern Mastersizer S 

The result from the Malvern Mastersizer S is a volume based 

PSD. The volume based PSDs found were log-normal (See Figure), indicating that the 

number based PSDs were also log-normal. The conversion to the number of attrition 

fragments could then be calculated from the Malvern data and the suspension density 

via the equations (Allen, 1997) 

 

ln(μ gN) = ln(μ gV) – 3(ln(σg))2 (3.1) 

 

3 2
0,3 )ln5.4ln3exp( ggNL σμ +=  (3.2) 

 

3
0,36

L

VN T
T π
=  (3.3) 

 

3.3.2.2 Multisizer 3 Coulter Counter 

The result from the Multisizer 3 Coulter Counter is a number 

based PSD so we can convert to total number of attrition fragment per unit volume 

directly. The results should be checked with another method to confirm the accuracy 

of the measurement. We used an SEM to observe the shape of attrition fragments and 

we also compare the result from the Multisizer 3 Coulter Counter with Malvern 

Mastersizer S. After separation of parent crystals from the attrition fragments, the 

suspension was filtered by a 0.45 μm cellulose acetate membrane to separate the 

attrition fragments and the slightly supersaturated solution. We then collected the 

attrition fragments from the membrane to observe by SEM. 
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The parameters varied in the study are parent crystal size ( PL ), 

off−bottom impeller clearance ( OBC ), impeller−draft tube clearance ( D ID D− ), 

impeller speed ( N ), impeller type (-), impeller material (-), and suspension density (

TM ). Sufficient measurements to characterize the attrition rate and other variables 

required for the dimensionless group correlation of the attrition in the system were 

measured. Experiments were replicated at least three times at all conditions in order to 

estimate uncertainty of the measurements. An example of the time progression of the 

number-based and volume-based particle size distribution for a single replicate is 

shown in Figure 3.9. The particle size distribution at 5 and 15 minutes have the same 

mode at 1.7 micron for volume-based distribution but at 15 minutes produced more 

attrition fragments therefore a higher peak is shown.   
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Figure 3.9 Changes in the number-based and volume-based particle size distributions 

 for a sample taken from the 500 mL batch crystallizer (slightly 

  supersaturated solution of NaCl in 80% methanol; 300-425 μm NaCl 

  parent crystals; suspension density 0.1 g/mL; stainless steel marine  

 upflow impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; 

 draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom  

 clearance 10 mm). 

 

3.3.3  Determination of attrition rate 

For constant conditions for a slightly supersaturated solution, the 

number of counts increases linearly with time for a short period of time (ca 20 min) 

after the commencement of attrition and then the number of counts plateaus due to 

reduced attrition as the edges of the parent crystals become rounded. We can calculate 

the attrition rate from the slope of the relationship between number of attrition 

fragment per unit volume and time as show in Figure 3.11. 
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Figure 3.10 Increase in number counts with respect to time for a sample taken from 

 the 500 mL batch crystallizer (slightly supersaturated solution of NaCl 

 in 80% methanol; 300-425 μm NaCl parent crystals; suspension 

density 0.025, 0.050, and 0.100 g/mL; stainless steel marine upflow 

  impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; draft 

  tube diameter 64 mm; impeller diameter 50 mm; off-bottom clearance  

 10 mm). 

                

The results from the particle counts at small times can be used to 

estimate the attrition rate of ‘well-shaped’ (i.e. growing) crystals under similar 

conditions. In an industrial crystallizer, the parent crystals in the supersaturated 

solution are growing after the attrition mechanism occurs, and hence the parent 

crystals will be well-shaped.  

 

3.3.4   Scale-up crystallizer study 

 To apply the information in this research to industrial crystallization, 

we have to study the effect of scale-up. The experiments were carried out in two 

geometrically similar crystallizers with diameters of 80 and 145 mm (Figure 3.11). 

The crystallizers featured a hemispherical base, four baffles and a draft tube. 

Agitation was with stainless steel marine impeller pumping downward and driven by 

a variable speed motor. The crystallizer dimensions and characteristics are given in 

Table 3.2. The scale up factor for the design of the large scale crystallizer is about 2.  

Commercial sugar crystals were used for the experiments. Three size 

ranges of parent crystals were sieved, using ASTM sieves. They are 250 – 355, 355 – 
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450, and 450 – 560 μm. Then the parent crystals were washed using a saturated 

solution of sucrose in methanol to separate the small particles from the parent crystals.  

The experimental conditions for the current study vary two parameters, 

parent crystal size and impeller speed (1400, 1700 and 2000 rpm). The suspension 

density of parent crystal was 10% weight per volume, which corresponds to a 

reasonable value for a crystallizer, obtained by mixing 37.5 g of parent crystals and 

350 mL of saturated solution for the small scale and mixing 200 g of parent crystal 

and 1875 mL of saturated solution for the large scale. The operating temperature was 

20 °C. The experimental condition for the large scale was calculated from the 

constant tip speed criteria (Geisler, 1993). Therefore the impeller speed for the large 

scale which compares to the small scale crystallizer at 1700 rpm was 850 rpm. 

After stirring for 5 min, the suspension was discharged and filtered by 

160 μm sieves to separate the parent crystals out from the attrition fragments. Then 

the whole suspension was filtered under vacuum using a cellulose acetate membrane 

with a pore size of 0.45 μm to collect the attrition fragments. After drying in a hood 

overnight, the mass of attrition fragments was measured to obtain the attrition 

fragment suspension density. The experiments were also performed for particle sizing, 

which was carried out by a Malvern-Mastersizer 2000 (Hydro S). The attrition 

fragment concentrations are quite low so the suspensions were kept at 20 °C overnight 

to concentrate the suspension and took the sample at the bottom of the bottle before 

measuring with the Malvern-Mastersizer 2000. So the concentration was in the right 

range for measurement. 

The particle size distributions based on the volume of the attrition 

fragments varied from approximately 0.3 – 100 μm and the volume based PSD was 
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log-normal indicating that the number based PSD was also log-normal (See Appendix 

B). The conversion to the number of attrition fragments could then be calculated from 

the Malvern data and the suspension density via the equation 3.1 to 3.3 (Allen, 1997 

and Randolph and Larson, 1988). Equation 3.1 in section 3.3.2.1 is used for 

calculating the geometric mean of the number distribution from the volume 

distribution. Then the volume-number mean size of attrition fragments based on 

number distribution which is used for calculating the total number per unit volume 

can be determined from Equation 3.2. The total volume concentration of attrition 

fragments (VT) and the volume-number mean size of attrition fragments will be used 

to calculate the total number of attrition fragments per unit volume by Equation 3.3. 

The attrition rate was calculated by dividing the total number of attrition fragments 

per unit volume with the experimental time. 

 

Table 3.2 General dimensions and characteristics of crystallizer. 

 
 Dimensions and characteristics 
 

  
Large scale (2000 mL)
 

 Small scale (375 mL)

  
Crystallizer diameter (DT, mm) 
 

145 80 

  
Draft tube diameter (DD, mm) 
 

100 57 

  
Impeller diameter (DI, mm) 
 

50 25 

  
Draft tube height (HD, mm) 
 

75 45 

  
Liquid height (HT, mm) 
 

145 80 

  
Draft tube clearance (CD, mm) 35 17.5 

 

 

 

 

 

 

 

 



 
67 

 

 
  
Baffles width (B, mm) 
 

12 7 

  
Impeller clearance (COB, mm) 
 

27 15 

 

 
 

Figure 3.11 Schematic diagram of the crystallizer for scale up study. 

 

3.3.5  Determination of power input in the crystallizer and suspension 

properties 
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  For each condition, we measured the torque of the impeller to calculate 

the power input. The schematic diagram of the torque measurement is shown in 

Figure 3.1. The torque measurement used a wireless rotary torque transducer with a 

maximum capacity range 0.5 N-m and has a digital monitor connected to computer. 

We can measure the torque inside the crystallizer in real time mode. The power input 

of each condition was calculated from the torque and impeller speed. We measured 

the torque of the impeller using a wireless torque transducer. Then the calculations 

were based on the equation below. 

 

  2Power Torque nπ= × ×  (3.4) 

 

where n is a rotational speed (revolutions per second). The unit of torque is Newton-

meter (N.m) and the unit of power is Watt (W). 

There are two suspension properties which we have to measure, the 

suspension viscosity and density. For the viscosity, we used a capillary tube 

viscometer, type Cannon-Fenske, which is routine for transparent liquids. The 

viscometer is a no. 25, Cannon-Fenske tube (C = 0.00220225 mm2/s) and the 

kinematic viscosity range is from 0.5 to 2 mm2/s. The equation for the calculation of 

kinematic viscosity is 

 

*C tν =  (3.5)  

 

where  ν  =  kinematic viscosity, mm2/s 

C  =  Calibration constant of the viscometer, (mm2/s)/s 

t  =  Mean flow time, s 
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The dynamic viscosity can be calculated from 

 

310−∗∗= ρνη  (3.6) 

 

 

where  η  =  dynamic viscosity, mPa.s 

ρ  =  density, kg/m3, at the same temperature used for the determination of    

the kinematic viscosity 

ν  =  kinematic viscosity, mm2/s 

 

The solution density is measured using a density bottle of volume 50.898 cm3. The 

density was calculated from the equation below. 

 

Vm /=ρ  (3.7) 

 

where ρ  =  density, kg/m3 

m  =  mass of suspension, kg 

V  =  volume of suspension, m3 

 

3.4  Data analysis method and empirical modeling procedure 

 

3.4.1 Determination of dimensionless groups  

A method called dimensional analysis along with Bukingham’s Pi 

Theorem is used to identify the dimensionless groups in this study. The first step of 

dimensional analysis is to identify all independent parameters for the study. The 

second step is to determine the number of basic dimensions involved. The next step is 

 

 

 

 

 

 

 

 



 
70 

 

to determine the number of dimensionless groups. Buckingham’s Pi Theorem states 

that if there are n variables in a problem and these variables contain m primary 

dimensions (for example M, L, T) the equation relating all the variables will have (n-

m) dimensionless groups.  There are 12 variables (n = 12) in this work. They are 

attrition rate (B), number of parent crystal per volume (#P/V), impeller speed (N), 

power input (P), diameter of impeller (DI), density of solution (ρf), viscosity of 

solution (µf), suspension density (MT), density of crystal (ρc), parent crystal size (LP), 

draft tube diameter (DD),  and off-bottom clearance (COB). The number of primary 

dimensions is 4 (m = 4, number, mass, length, and time) so we will get 8 

dimensionless groups as follows 

 

1. Attrition number (NAtt)  

 

(# / )Att
P

BN
V N

=
⋅

 (3.8) 

 

2. Power number (NP)  

 

3 5P
I f

PN
N D ρ

=  (3.9) 

 

3. Reynolds number (NRe)  

 

2
I f

Re
f

D N
N

ρ
μ

=  (3.10) 

 

4. Suspension density and fluid density ratio (NSF)  
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T
SF

f

MN
ρ

=  (3.11) 

 

 

5. Crystal density and fluid density ratio (NCF)  

 

C
CF

f

N ρ
ρ

=  (3.12) 

 

6. Parent crystal size and impeller diameter ratio (NLp)  

 

P

P
L

I

LN
D

=  (3.13) 

 

7. Draft tube impeller clearance and impeller diameter ratio (NDT)  

 

( )D I
DT

I

D DN
D
−

=  (3.14) 

 

8. Off-bottom clearance and impeller diameter ratio (NOB)  

 

OB
OB

I

CN
D

=  (3.15) 

 

From the dimensionless groups above, we can reduce the number of 

dimensionless groups by multiplying or dividing two dimensionless groups. In this study, 

we divided equation 3.11 by 3.12 and we get the new dimensionless group below. 
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9. Suspension density and crystal density ratio (NMT)  

 

T

T
M

C

MN
ρ

=  (3.16) 

3.4.2 Determination of the empirical model 

A simple power law model was chosen initially as the function between 

the output dimensionless group (NAtt) and the other groups. If this was found not to fit 

the data adequately then it is possible to find a new empirical function to fit the data 

using the same dimensionless groups. 

 

( , , , , , )
T PAtt p Re M L DT OBN f N N N N N N=  (3.17) 

 

T P

b c d e f g
Att P Re M L DT OBN aN N N N N N=  (3.18) 

 

where a, b, c, d, e, f, and g are the parameters from curve fitting. 

 

From a dimensional analysis of the variables expected to be significant 

in attrition it is expected that the following dimensionless groups should reflect the 

mechanism best; the Impeller Reynolds number (NRe), which is varied in the current 

study by variations in impeller speed; the Power Number (NP); the parent crystal size 

and impeller diameter ratio (NLp); the off-bottom clearance and impeller diameter 

ratio (NOB); the impeller-draft tube clearance and impeller diameter ratio (NDT); and 

the ratio of suspension density to crystal density (NMT). The rate of attrition is 

characterized by the attrition number (NAtt), which is original (to the best knowledge 

of the authors). The experimental data will be fitted by a simple power law model to 
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get an empirical engineering model for the attrition number as shown in equation 

3.18.

 

 

 

 

 

 

 

 



 
 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

In this chapter, there are two main parts. The first section shows the 

experimental results, for example, the attrition fragment size distribution, SEM 

photographs of attrition fragments, number of attrition fragment per unit volume 

versus time, and attrition rate. From the information in the first part, we will know 

which are the significant parameters affecting attrition rate. Thus, we can select the 

suitable parameters for the empirical engineering model. The second part is the data 

analysis and modeling. In this part we show the dimensionless groups as a function of 

the significant parameters and the empirical engineering model for crystal attrition. 

 

4.1  Attrition of sucrose crystal in a mixed-suspension crystallizer 

The current section describes attrition of sucrose crystals in a small scale 

mixed suspension crystallizer, varying the following parameters: impeller diameter; 

draft tube diameter; impeller clearance; impeller speed; blade type; blade material; 

parent crystal size; suspension density; solution viscosity; and solution density. In all 

experiments it was found that the attrition fragments had a finite particle size 

distribution (PSD), and in particular had relatively wide PSDs. The fragments 

typically had geometric mean sizes in the order of 5 μm, and geometric standard
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deviations of approximately 0.8-0.9.  The initial rate of generation of attrition 

fragments was far higher than a latter rate of ‘steady’ attrition. This initial rate is 

presumably higher due to the sharp edges on the particles at the start of the 

experiment; after the edges becomes rounded the rate of attrition drops off 

significantly, but then stays at a constant rate for the remainder of the batch run. The 

most parameters varied during the study had a strong effect on the attrition rate, and 

some parameters also had a significant effect on the PSD of the attrition fragments. 

 

4.1.1  Parent crystal and attrition fragment size distribution 

  In each experiment the number of attrition fragments was measured as 

a function of time, based on the output from the Malvern Mastersizer S, the measured 

suspension density of fragments, and equations (3.1) – (3.3).  The PSD of the attrition 

fragments was essentially constant with respect to time during the experiments 

indicating that the attrition only occurred to the parent crystals added to the vessel 

(not occurring again to fragments) and that the mechanism was maintained throughout 

the process. Average sizes over time and in triplicate experiments did vary slightly but 

randomly, and values were taken as averages of the nine PSDs; triplicate experiments 

over three time periods. The example of attrition fragment size distribution is shown 

in Figure 4.1. The number of attrition fragments vs. time is shown in Figure 4.2.   
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Figure 4.1 Changes in the volume-based and number-based particle size distribution 

for a sample taken from the 500 mL batch crystallizer. (Saturated solution 

of sucrose in methanol; 425 - 600 μm NaCl parent crystals; suspension 

density 0.1 g/mL; stainless steel marine upflow impeller; impeller speed 

1200 rpm; crystallizer diameter 90 mm; draft tube diameter 64 mm; 

impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

 

 

 

 

 

 

 



 
77 

 

88,686 #/mL.min

46,602 #/mL.min

Time (min)

0 20 40 60

N
um

be
r o

f a
ttr

iti
on

 fr
ag

m
en

t p
er

 m
L

0

1e+6

2e+6

3e+6

4e+6

5e+6

6e+6

512.5 mm
725.0 mm

88,686 #/mL.min

46,602 #/mL.min

 

 

Figure 4.2 Number of attrition fragments as a function of time for calculation of  

attrition rate. (Saturated solution of sucrose in methanol; 425 – 600 and 

600 - 850 μm NaCl parent crystals; suspension density 0.1 g/mL; 

stainless steel marine upflow impeller; impeller speed 1000 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 

 

  Although the size of the fragments produced is constant during an 

experiment under a particular set of conditions, it varies strongly depending on the 

condition being investigated, which makes the system more difficult to analyze in 

terms of the attrition rate. For a particular volume rate of production of attrition 

fragments the number rate of attrition varies strongly with the size of the fragments 

produced. Figure 4.3 shows the average size of fragments at standard conditions in the 

crystallizer as the impeller speed is increased from 800 to 1200 rpm. Higher agitation 

rates (and therefore higher power inputs) clearly produce larger attrition fragments. 

 

 

 

 

 

 

 

 



 
78 

 

Figure 4.4 shows how the suspension density of the attrition fragments (on the basis 

of volume fragments per suspension volume) increases over the course of an 

experiment, for the conditions shown in Figure 4.3. Although the increase in the 

suspension density at 1200 rpm occurs at a higher rate than at the lower stirrer speeds, 

the average particle size (and also the value of L3,0 for the fragments) is also much 

higher. These effects balance each other out to some extent when the number rate of 

attrition is calculated from the data. 

  After analyzing data from the Malvern Mastersizer S, we observed the 

parent crystal and attrition fragments with SEM photograph to confirm their shape 

and size. The SEM photographs of the attrition fragments and parent crystals are 

shown in Figure 4.5 and Figure 4.6 respectively. The size of parent crystal did not 

change very much. It only lost mass from the surface, edges and corners. This result 

confirms that the mechanism of secondary nucleation occurring in the system is 

attrition, because if breakage occurs the parent crystal size will reduce significantly, 

and the size of fragments will be larger than 50 µm. However, Figure 4.6 shows that 

the size of the attrition fragments is very small, around 1 to 10 µm. 
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Figure 4.3 Attrition fragment geometric mean versus time and average size as a  

function of impeller speed. (Saturated solution of sucrose in methanol; 

425 – 600 μm NaCl parent crystals; suspension density 0.1 g/mL; 

stainless steel marine upflow impeller; impeller speed 800, 1000, 1200 

rpm; crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 
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Figure 4.4 Rate of increase in fragment volume per mL suspension. (Saturated  

solution of sucrose in methanol; 425 – 600 μm NaCl parent crystals; 

suspension density 0.1 g/mL; stainless steel marine upflow impeller; 

impeller speed 800, 1000, 1200 rpm; crystallizer diameter 90 mm; draft 

tube diameter 64 mm; impeller diameter 50 mm; off-bottom clearance 

10 mm) 
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a) Parent crystals before the experiment 

 

b) Parent crystals after the experiment 

Figure 4.5 Parent crystals of sucrose; size range 300 – 425 μm. 
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Figure 4.6 Attrition fragment of sucrose for a sample taken from the 500 mL batch 

crystallizer.  (Saturated solution of sucrose in methanol; 300-425 μm 

parent crystals; suspension density 0.1 g/mL; stainless steel marine 

upflow impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; 

draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom 

clearance 10 mm) 

 

 4.1.2  Effect of impeller speed on attrition rate 

  The effect of the impeller speed on the attrition rate (at standard 

conditions) is shown in Figure 4.7. It is clear that the increased volume rate of 

production of the attrition fragments more than compensates for the increased size of 

the attrition fragments at higher speeds, and thus the number based attrition rate 

increases as the impeller speed increases.  
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Figure 4.7 Attrition rate as a function of impeller speed at standard conditions.  

(Saturated solution of sucrose in methanol; 425 - 600 μm parent 

crystals; suspension density 0.1 g/mL; stainless steel marine upflow 

impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; draft 

tube diameter 64 mm; impeller diameter 50 mm; off-bottom clearance 

10 mm) 

 

 4.1.3  Effect of parent crystal size on attrition rate 

  Figure 4.8 shows the attrition rate as a function of the size of the parent 

crystals used in the experiment. Although it is expected that the larger parent crystals 

are more likely to impact the impeller because they have more momentum than the 

small crystals, and therefore more likely to undergo attrition, it was found that smaller 

parent crystals resulted in higher attrition rates at a particular suspension density of 

parent crystals. This is due to the much larger number of the smaller parent crystals 
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compared to the larger parent crystals at a constant value of the suspension density (in 

this case 10%).  
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Figure 4.8 Attrition rate as a function of parent crystal size at standard conditions. 

(Saturated solution of sucrose in methanol; 300 – 425, 425 – 600, 600 - 

850 μm parent crystals; suspension density 0.1 g/mL; stainless steel 

marine upflow impeller; impeller speed 1000 rpm; crystallizer diameter 

90 mm; draft tube diameter 64 mm; impeller diameter 50 mm; off-

bottom clearance 10 mm) 

 

 4.1.4  Effect of suspension density on attrition rate 

  The attrition rate as a function of suspension density is shown in Figure 

4.9. The increase in suspension density had a larger than anticipated effect on the rate 

of production of attrition fragments; much larger than the 50% increase anticipated 

from the relative magnitudes of the number of parent crystals. It is likely that this 
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increased effect is due to a much larger number of crystal-crystal interactions in the 

zone of the impeller.  
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Figure 4.9 Attrition rate as a function of suspension density at standard conditions.  

(Saturated solution of sucrose in methanol; 425 – 600 μm parent 

crystals; suspension density 0.1 and 0.15 g/mL; stainless steel marine 

upflow impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; 

draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom 

clearance 10 mm) 

 

 4.1.5  Effect of impeller material on attrition rate 

  As anticipated, the material of construction of the impeller had a 

significant effect on the rate of fragment generation (Figure 4.10), although this effect 

may be difficult to include in a general model, as it seems unlikely to be entirely due 

to the differences in hardness of the two materials. The resin material gave smaller 
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average size of attrition fragment compared to stainless steel impeller so the number 

of attrition fragment is higher than the number from stainless steel material. 
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Figure 4.10 Attrition rate as a function of impeller material at standard conditions.  

(Saturated solution of sucrose in methanol; 425 – 600 μm parent 

crystals; suspension density 0.1 g/mL; stainless steel and resin marine 

upflow impeller; impeller speed 1000 rpm; crystallizer diameter 90 

mm; draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom 

clearance 10 mm) 

 

 4.1.6  Effect of impeller type on attrition rate 

  Figure 4.11 and Figure 4.12 show the effect of the impeller speed on 

the attrition rate for a marine impeller and a pitch blade impeller respectively. In both 

cases the attrition rate increases strongly with the impeller speed, however the effect 

of the impeller speed is far more pronounced for the pitch blade impeller. The pitch 
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blade has 4 blades so it can contact with the parent crystals more than marine 

propeller. This characteristic also produces difficulty for an entirely general model for 

the system.  
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Figure 4.11 Attrition rate as a function of impeller speed for the marine impeller.  

(Saturated solution of sucrose in methanol; 425 – 600 μm parent 

crystals; suspension density 0.1 g/mL; stainless steel marine upflow 

impeller; impeller speed 1000 and 1200 rpm; crystallizer diameter 90 

mm; draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom 

clearance 10 mm) 
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Figure 4.12 Attrition rate as a function of impeller speed for pitch blade impeller.  

(Saturated solution of sucrose in methanol; 425 – 600 μm parent 

crystals; suspension density 0.1 g/mL; stainless steel pitch blade 

upflow impeller; impeller speed 1000 and 1200 rpm; crystallizer 

diameter 90 mm; draft tube diameter 64 mm; impeller diameter 50 mm; 

off-bottom clearance 10 mm) 

 

 4.1.7  Effect of impeller and draft tube clearance on attrition rate 

  Figure 4.13 shows the effect of the impeller and draft tube clearance on 

the attrition rate for the standard conditions. The attrition rate decreases strongly as 

the diameter of the draft tube increases with respect to the impeller diameter. This is 

presumably due to the added clearance between the impeller tip and the draft tube, 

allowing more parent crystals to avoid contact with the impeller.  
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Figure 4.13 Attrition rate as a function of draft tube diameter and impeller clearance  

at standard conditions. (Saturated solution of sucrose in methanol; 425 – 

600 μm parent crystals; suspension density 0.1 g/mL; stainless steel 

pitch blade upflow impeller; impeller speed 1000 rpm; crystallizer 

diameter 90 mm; draft tube diameter 64 and 75 mm; impeller diameter 

50 mm; off-bottom clearance 10 mm) 

 

 4.1.8  Effect of off-bottom impeller clearance on attrition rate 

  Figure 4.14 shows the effect of the off-bottom impeller clearance. An 

increase in the off-bottom clearance for the impeller also greatly reduces the attrition 

rate, presumably also because increased clearance allows for a greater proportion of 

parent crystals to escape contact with the impeller.  
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Figure 4.14 Attrition rate as a function of off-bottom impeller clearance at standard  

conditions. (Saturated solution of sucrose in methanol; 425 – 600 μm 

parent crystals; suspension density 0.1 g/mL; stainless steel pitch blade 

upflow impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; 

draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom 

clearance 10 and 20 mm) 

 

  Although increased clearance between the impeller and the wall of the 

draft tube, and increased clearance between the impeller and the crystallizer vessel 

wall (at the base of the crystallizer) improves the performance of the crystallizer with 

respect to attrition, it is not possible to allow these parameters to take on any value. 

These parameters will also have a strong effect on the efficiency of mixing in the 

crystallizer, and also on the ability of the impeller to fully suspend the particles in the 

vessel. There is almost certainly a trade-off between improved design with respect to 

attrition, and improved design with respect to solution and suspension flow within the 
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crystallizer. CFD studies are likely to enable a better understanding of this trade-off, 

and overall optimum values for clearance and draft tube diameter.  

 

4.2  Attrition of Sodium Chloride crystals in mixed suspension 

 crystallizers 

Similar to previous section (sucrose results), in this section the results of NaCl 

crystal attrition experiments will be presented. Firstly, parent crystal and attrition 

fragment size distribution will be shown. Secondly, the effect of parameters affecting 

attrition rates will be presented; the experimental condition (for instance the impeller 

speed) and suspension properties; the geometry of the crystallizer (off-bottom 

clearances, draft tube diameter, impeller material, and impeller type), and the 

properties of the crystals.  

  

 4.2.1  Parent crystal and attrition fragment size distribution  

  Figure 4.15 shows the SEM photographs of parent crystals and attrition 

fragments from NaCl experiments. If we consider the parent crystal, we will see the 

loss of mass of the parent crystal from edges, corner and surfaces. The sizes of parent 

crystals are quite similar before and after the experiment. Therefore the main 

mechanism of the secondary nucleation is attrition. The size of attrition fragment is 

around 1 to 10 micrometers which confirms that the mechanism occurs in the 

crystallizer is attrition more than fragmentation or breakage. If breakage occurs the 

size of the parent crystal will be decrease significantly or the parent crystal will 

disappear and the size of attrition fragment will be very large (larger  than 50 µm. 
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   a) Before      b) After     

 

c) Attrition fragments 

 

Figure 4.15 SEM photographs of parent crystals before and after the experiment and 

attrition fragments. (Slightly supersaturated solution of NaCl in 80% 

methanol; 300 - 425 μm NaCl parent crystals; suspension density 0.1 

g/mL; stainless steel marine upflow impeller; impeller speed 1000 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 
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4.2.2  The effect of impeller speed on attrition rate 

The effect of the impeller speed on the attrition rate is shown in Figure 

4.16. As the impeller speed increase the attrition rate increase. This is because at 

higher impeller speeds it makes more sweeps of impeller region per second therefore 

the parent crystals are more likely to contact with the impeller blade. The attrition 

fragments were produced from contact between parent crystals and crystallizer parts 

or other crystals. So if we have more contacts at higher impeller speeds, we will get 

higher attrition rates. After 1000 rpm, the result shows attrition rate stops increasing 

may be because extra turbulence helps the particles avoid contact with the impeller or 

the source of attrition fragment (parent crystal edges or corners) is already used so the 

parent crystals are rounded. If we increase the impeller speed, it does not increase the 

attrition rate. 

 

4.2.3  The effect of parent crystal size on attrition rate 

The effect of parent crystal size is shown in Figure 4.17. The attrition 

rate sharply decreases as the parent crystal size increases from the 150-300 µm 

particles to the 300-425 µm particles, and then sharply increases again as the parent 

particle increase up to 425-600 µm. The reason for the initial decrease is due to the 

decreasing number of parent crystals as the average particle size is increased at 

constant suspension density. As the parent crystal size increases further the number of 

parent crystals continues to decrease, hence the increase in the attrition rate must be 

due to higher numbers of impeller crystal contacts (perhaps the larger crystals do not 

follow fluid streamlines as well as the smaller crystals and hence have a higher 

probability of colliding with an impeller blade rather than passing around it with the 
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fluid streamlines. It may also be due to the increased momentum of the contacts when 

the parent crystals are larger. 
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Figure 4.16 The attrition rate as a function of impeller speed. (Slightly supersaturated  

solution of NaCl in 80% methanol; 300-425 μm NaCl parent crystals; 

suspension density 0.10 g/mL; stainless steel marine upflow impeller; 

impeller speed 800, 1000, 1200 rpm; crystallizer diameter 90 mm; draft 

tube diameter 64 mm; impeller diameter 50 mm; off-bottom clearance 

10 mm) 
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Figure 4.17 The attrition rate as a function of parent crystal size. (Slightly  

supersaturated solution of NaCl in 80% methanol;150 – 300, 300-

425, 425 - 600 μm NaCl parent crystals; suspension density 0.10 

g/mL; stainless steel marine upflow impeller; impeller speed 1000 

rpm; crystallizer diameter 90 mm; draft tube diameter 64 mm; 

impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

4.2.4  The effect of suspension density on attrition rate 

Figure 4.18 shows the attrition rate as a function of the suspension 

density used in the experiment. When the suspension density increases (at constant 

levels of the other variables) the number of crystals in the system rises proportionally. 

The attrition rate increases because there are a higher number of contacts between 

parent crystals and the impeller or other crystallizer parts. These results agree with 

other investigators because the most models for secondary nucleation are consisted of 

suspension density (Grootscholten et al., 1982, Ottents et al., 1972, Ottens and De 
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Jong, 1973, Ó Meadhra et al., 1996, van Der Heijden et al., 1994, and Reeves and 

Hill, 2012).  
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Figure 4.18 The attrition rate as a function of suspension density. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm 

NaCl parent crystals; suspension density 0.05, 0.10, and 0.15 

g/mL; stainless steel marine upflow impeller; impeller speed 1000 

rpm; crystallizer diameter 90 mm; draft tube diameter 64 mm; 

impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

4.2.5  The effect of draft tube impeller clearance on attrition rate 

Figure 4.19 shows the effect of impeller-draft tube clearance on the 

attrition rate. The attrition rate decreases strongly as the impeller-draft tube clearance 

increases. This is due to the added clearance between the impeller tip and the draft 

tube, allowing more parent crystals to avoid contact with the impeller. 
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Figure 4.19 The attrition rate as a function of draft tube impeller clearance. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm NaCl 

parent crystals; suspension density 0.10 g/mL; stainless steel marine 

upflow impeller; impeller speed 1000 rpm; crystallizer diameter 90 mm; 

draft tube diameter 64 and 75 mm; impeller diameter 50 mm; off-bottom 

clearance 10 mm) 

 

4.2.6  The effect of impeller type on attrition rate 

The effect of impeller type is shown in Figure 4.20. Pitch blade 

impellers and marine propellers were chosen for the study. The result shows there is 

no significant effect of impeller type on attrition rate. The type of impeller has the 

effect on attrition rate in some literature (Ottens and De Jong, 1973). The attrition 

fragments are generated from contact between parent crystals and crystallizer parts so 

it means that the pitch blade impeller has a smaller contact area between crystal and 
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impeller than marine propeller, but marine and pitch blade impellers also have 

different flow patterns, so the flow pattern for marine propeller should force the 

particle to contact with impeller more than pitch blade. In this study the effect of the 

impeller type is very small so we will neglect this parameter from the model. 
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Figure 4.20 The attrition rate as a function of impeller type. (Slightly supersaturated  

solution of NaCl in 80% methanol; 300-425 μm NaCl parent crystals; 

suspension density 0.10 g/mL; stainless steel marine upflow impeller 

and pitch blade; impeller speed 1000 rpm; crystallizer diameter 90 mm; 

draft tube diameter 64 mm; impeller diameter 50 mm; off-bottom 

clearance 10 mm) 

 

4.2.7  The effect of impeller material on attrition rate 

Figure 4.21 is the effect of the impeller material on the attrition rate of 

NaCl crystals. The impeller made from resin gives a slightly higher average attrition 
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rate (22,821 #/mL.min) than stainless steel impeller (22,756 #/mL.min) but the 

standard errors are in the same region. In any case, it is difficult to include the 

material of impeller in an empirical model and the results show there is no significant 

effect so we will not add this parameter in the model. 

Impeller materials

Stainless steel Polyester Resin

A
ttr

iti
on

 ra
te

 (#
/m

L.
m

in
)

0.0

5.0e+3

1.0e+4

1.5e+4

2.0e+4

2.5e+4

3.0e+4

 

 

Figure 4.21 The attrition rate as a function of impeller material. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm 

NaCl parent crystals; suspension density 0.10 g/mL; stainless steel 

and resin  marine upflow impeller; impeller speed 1000 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 

 

4.2.8  The effect of off-bottom clearance on attrition rate 

Figure 4.22 shows the effect of the off-bottom clearance on attrition 

rate of NaCl but from the figure there is no significant effect of off-bottom clearance 
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so we will not include this parameter in the attrition model. The reason that there is no 

effect of off-bottom clearance and impeller diameter ratio is the source of contact is 

the impeller if we move the impeller up or down in the draft tube it does not matter to 

the attrition rate and this result confirms that the suspension in the crystallizer is very 

good. In this study, the crystallizer is very small so it is difficult to vary this parameter 

more than two points. 
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Figure 4.22 The attrition rate as a function of off-bottom clearance. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm 

NaCl parent crystals; suspension density 0.10 g/mL; stainless steel 

marine upflow impeller; impeller speed 1000 rpm; crystallizer 

diameter 90 mm; draft tube diameter 64 mm; impeller diameter 50 

mm; off-bottom clearance 10 and 20 mm) 
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4.3  The effect of scale-up on attrition rate  

 This section is the study of scale-up effect on attrition rate, however we used a 

slightly different system in the study because this part of experiment was performed 

in Germany and we cannot find the same crystallizer that we used in Thailand. The 

details of the experimental method and condition are in section 3.3.4. The results of 

this study are divided into two parts. They are the effect of parent crystal size for the 

small scale crystallizer and the effect of parent crystal size for large scale crystallizer. 

 

 4.3.1  The effect of parent crystal size for small scale crystallizer 

  From Figure 4.23 the particle size distributions based on the volume of 

the attrition fragments varied from approximately 0.3 – 100 μm but higher parent 

crystal sizes show more than one peak. This effect makes the explanation of attrition 

fragment size distribution more complicated. If the larger attrition fragments and the 

small fragments agglomerate, there will be a loss of the small fragments in the system.  

  However, the first peaks of all distributions are in the same range so 

when the distribution was fitted by log-normal 3 parameters the mean size of attrition 

fragments are the same. Therefore, the size of parent crystals appears to have no effect 

on the size of attrition fragment based on number. The second peak of which the size 

is around 50 μm when the distribution is converted into a number distribution is 

negligible. The equation of log-normal 3 parameters for curve fitting is shown below. 

 

 
2
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x x
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where  a is the constant, xg,V is the geometric mean of volume distribution, and σg is 

the geometric standard deviation 
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Figure 4.23 Attrition fragment size distribution for different the parent crystal size.  

(Saturated solution of sucrose in methanol; 250 – 355, 355 – 450, 450 - 

600 μm parent crystals; suspension density 0.1 g/mL; stainless steel 

marine impeller; impeller speed 1700 rpm; crystallizer diameter 80 mm; 

draft tube diameter 57 mm; impeller diameter 25 mm; off-bottom 

clearance 15 mm) 
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Figure 4.24 Illustration of log-normal 3 parameters fitting for volume distribution.  

(Saturated solution of sucrose in methanol; 355 – 450 μm parent 

crystals; suspension density 0.1 g/mL; stainless steel marine impeller; 

impeller speed 1700 rpm; crystallizer diameter 80 mm; draft tube 

diameter 57 mm; impeller diameter 25 mm; off-bottom clearance 15 

mm) 

 

  Figure 4.25 and Figure 4.26 show the normalized volume 

concentration and attrition rate, respectively. The calculation was normalized by 

parent crystal number because the experiments were performed with the same mass of 

parent crystals. The trends of both curves are quite similar. This confirms the size of 

the parent crystals has no effect on the size (based on number) of the attrition 

fragments. The normalized attrition rate increases with the parent crystal size because 

the mass of the individual crystals of bigger sizes is higher than the small parent 

crystals so they can produce higher numbers of attrition fragments. 
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Figure 4.25 Normalized volume concentrations of attrition fragments as a function of  

parent crystal size for the small scale crystallizer. (Saturated solution of 

sucrose in methanol; 250 – 355, 355 – 450, 450 - 600 μm parent crystals; 

suspension density 0.1 g/mL; stainless steel marine impeller; impeller 

speed 1700 rpm; crystallizer diameter 80 mm; draft tube diameter 57 mm; 

impeller diameter 25 mm; off-bottom clearance 15 mm) 
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Figure 4.26 Normalized attrition rate per seed crystal as a function of parent crystal  

size for the small scale crystallizer. (Saturated solution of sucrose in 

methanol; 250 – 355, 355 – 450, 450 - 600 μm parent crystals; 

suspension density 0.1 g/mL; stainless steel marine impeller; impeller 

speed 1700 rpm; crystallizer diameter 80 mm; draft tube diameter 57 

mm; impeller diameter 25 mm; off-bottom clearance 15 mm) 

 

 4.3.2  The effect of parent crystal size in case of the large scale 

   crystallizer 

  Figure 4.27 shows the attrition fragment size distribution from the 

large scale crystallizer. The same size distributions of attrition fragments are 

produced. The small scale shows a different size distribution because there are two 

peaks for larger parent crystal sizes (Figure 4.23). The size distributions of attrition 

fragments show different trends which could be caused by agglomeration. 
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Figure 4.27 Size distribution of the attrition fragments for the large scale crystallizer.  

(Saturated solution of sucrose in methanol; 250 – 355, 355 – 450, 450 - 

600 μm parent crystals; suspension density 0.1 g/mL; stainless steel 

marine impeller; impeller speed 850 rpm; crystallizer diameter 100 mm; 

draft tube diameter 57 mm; impeller diameter 50 mm; off-bottom 

clearance 27 mm) 
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 Figure 4.28 and 4.29 show the normalized volume concentration and attrition 

rate as a function of mean parent crystal size for large scale crystallizer, respectively. 

The calculation was normalized by parent crystal number because the experiments 

were performed with the same mass of parent crystals the same as small scale 

crystallizer. The trends of both curves are increase with parent crystal size increase. 

The normalized attrition rate increases with the parent crystal size because the mass of 

the individual crystals of bigger sizes is higher than the small parent crystals so they 

can produce higher numbers of attrition fragments. 
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Figure 4.28 Normalized volume concentrations as a function of parent crystal size for  

the large scale crystallizer. (Saturated solution of sucrose in methanol; 

250 – 355, 355 – 450, 450 - 600 μm parent crystals; suspension density 

0.1 g/mL; stainless steel marine impeller; impeller speed 850 rpm; 

crystallizer diameter 100 mm; draft tube diameter 57 mm; impeller 

diameter 50 mm; off-bottom clearance 27 mm) 
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Figure 4.29 Normalized attrition rate as a function of parent crystal size for the large  

scale crystallizer. (Saturated solution of sucrose in methanol; 250 – 355, 

355 – 450, 450 - 600 μm parent crystals; suspension density 0.1 g/mL; 

stainless steel marine impeller; impeller speed 850 rpm; crystallizer 

diameter 100 mm; draft tube diameter 57 mm; impeller diameter 50 mm; 

off-bottom clearance 27 mm) 

 

  The results of large and small scale show in principle the same results 

but are different in magnitude. The large scale has an attrition rate lower than that in 

the small scale. This is because the same sizes of parent crystals in the larger 

crystallizer have a reduced chance to hit the impeller or crystallizer parts. From the 

work of Vauck and Müller (1969), the volume flow rate inside the crystallizer can be 

calculated to compare the different phenomena between small scale and large scale. 

For this work the volume flow rate of small scale is 10,625 mL/min and the volume 

flow rate of large scale is 42,500 mL/min. When multiplied with the volume flow rate 
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of the experimental time per suspension volume, the result gives the chance of a 

parent crystal to hit the impeller which can be compared to the circulation time. The 

numbers of the volume flow rate multiplied by the experimental time per suspension 

volume ratio for small and large scale are 141.67 and 106.25, respectively. These non-

dimension numbers of small and large scale show normalized volume flow rates with 

the experimental time and volume of the suspension. Thus, this data confirms the 

results of the attrition rates from both scales. 

 

4.4  A study of power input and solution properties 

 The power input and solution properties are very important in this work 

because we need them to develop the empirical engineering model. The power input 

of each condition was calculated from the torque and impeller speed. The following 

results are the effect of varied parameters in this study on the torque. An example of a 

torque measurement result is shown in Figure 4.30. 

 

 4.4.1  Torque measurement for NaCl system 

 

  4.4.1.1 Effect of impeller speed 

   It is clear that when we increased the impeller speed the torque 

will increase. Figure 4.31 shows three results of three suspension properties, all of 

them show similar trends when impeller speed increase the torque increase. 
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Figure 4.30 The relationship between torque and time for a standard condition.  

(Slightly supersaturated solution of NaCl in 80% methanol; 300-425 

μm NaCl parent crystals; suspension density 0.050 g/mL; stainless 

steel marine upflow impeller; impeller speed 800, 1000, 1200 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 
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Figure 4.31 The effect of impeller speed on torque. (Slightly supersaturated solution  

of NaCl in 80% methanol; 300-425 μm NaCl parent crystals; suspension 

density 0, 0.025, 0.050 g/mL; stainless steel marine upflow impeller; 

impeller speed 800, 1000, 1200 rpm; crystallizer diameter 90 mm; draft 

tube diameter 64 mm; impeller diameter 50 mm; off-bottom clearance 

10 mm) 

 

  4.4.1.2 Effect of suspension density 

   Interestingly, the relationship between torque and suspension 

density shows no significant change when we increased the suspension density. The 

reason that it shows the same result for torque is the values of suspension density in 

this work is too low to see any large effect on the torque measured in the experiments. 
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Figure 4.32 The effect of suspension density on torque. (Slightly supersaturated  

solution of NaCl in 80% methanol; 150-300, 300-425, and 425-600 

μm NaCl parent crystals; suspension density 0.025, 0.050, and 0.100 

g/mL; stainless steel marine upflow impeller; impeller speed 1000 

rpm; crystallizer diameter 90 mm; draft tube diameter 64 mm; 

impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

  4.4.1.3 Effect of parent crystal size 

   The result for effect of parent crystal size is the same with the 

effect of suspension density. The reason is the same; the amount of parent crystals in 

this work is not enough for changing the torque. 
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Figure 4.33 The effect of mean parent crystal size on torque. (Slightly supersaturated  

solution of NaCl in 80% methanol; 150-300, 300-425, and 425-600 μm 

NaCl parent crystals; suspension density 0.025, 0.050, and 0.100 g/mL; 

stainless steel marine upflow impeller; impeller speed 1000 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 

 

  4.4.1.4 Effect of off-bottom impeller clearance 

   For the effect of off-bottom clearance, when we increase the 

off-bottom clearance the torque is decreasing. This mean at high off-bottom clearance 

we use less energy in the system. 

 

 

 

 

 

 

 

 



 
114 

 

Off-bottom clearance (mm)

0 5 10 15 20 25 30

To
rq

ue
 (N

-m
)

00.000

0.005

0.010

0.015

0.020

600 rpm
800 rpm
1000 rpm

 

 

Figure 4.34 The effect of off-bottom impeller clearance on torque. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm 

NaCl parent crystals; suspension density 0.025 g/mL; stainless steel 

marine upflow impeller; impeller speed 800, 1000, and 1200 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 

 

  4.4.1.5 Effect of draft tube diameter 

   Similar results as the effect of off-bottom clearance are found 

for effect of the draft tube diameter and these results are similar to the effect of draft 

tube diameter on attrition rate too. 
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Figure 4.35 The effect of draft tube diameter on torque. (Slightly supersaturated  

solution of NaCl in 80% methanol; 300-425 μm NaCl parent crystals; 

suspension density 0.025 g/mL; stainless steel marine upflow impeller; 

impeller speed 800, 1000, and 1200 rpm; crystallizer diameter 90 mm; 

draft tube diameter 64 and 75 mm; impeller diameter 50 mm; off-

bottom clearance 10 mm) 

 

 4.4.2  Torque measurement for sucrose system 

 

  4.4.2.1 Effect of impeller speed 

   Figure 4.36 shows three results of the impeller speed variation 

at different suspension densities. All torque measurements are increasing when the 

impeller speed is increased. 
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Figure 4.36 The effect of impeller speed on torque. (Saturated solution of sucrose in  

methanol; 425 – 600 μm sucrose parent crystals; suspension density 0.1, 

0.15, 0.2 g/mL; stainless steel marine upflow impeller; impeller speed 

800, 1000, 1200 rpm; crystallizer diameter 90 mm; draft tube diameter 

64 mm; impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

  4.4.2.2 Effect of suspension density 

   From Figure 4.37, the relationship between torque and 

suspension density shows no significant change when we increased the suspension 

density. The reason for similar values of torque is the varied values of suspension 

density in this work are too small so we cannot see the change of torque in the 

experiments. 
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Figure 4.37 The effect of suspension density on torque. (Saturated solution of sucrose  

in methanol; 425 – 600 μm sucrose parent crystals; suspension density 0.1, 

0.15, 0.2 g/mL; stainless steel marine upflow impeller; impeller speed 

600, 800, and 1000 rpm; crystallizer diameter 90 mm; draft tube diameter 

64 mm; impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

  4.4.2.3 Effect of parent crystal size 

   From Figure 4.38, the results for the effect of parent crystal size 

are similar to the effect of suspension density and the reason should be the same too. 

The amount of parent crystals in this work is small so the crystals do not have a strong 

effect on the torque measurement. 
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Figure 4.38 The effect of mean parent crystal size on torque. (Saturated solution of 

sucrose in methanol; 300 – 425, 425 – 600, 600 - 850 μm sucrose 

parent crystals; suspension density 0.1 g/mL; stainless steel marine 

upflow impeller; impeller speed 600, 800, and 1000 rpm; crystallizer 

diameter 90 mm; draft tube diameter 64 mm; impeller diameter 50 mm; 

off-bottom clearance 10 mm) 

 

  4.4.2.4 Effect of off-bottom impeller clearance 

   From Figure 4.39, the effect of off-bottom clearance on the 

torque. There is no change that can be observed. The condition in this work is not 

enough to see the different in the torque measurement. 
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Figure 4.39 The effect of off-bottom impeller clearance on torque. (Saturated solution 

of sucrose in methanol; 425 - 600 μm sucrose parent crystals; suspension 

density 0.1 g/mL; stainless steel marine upflow impeller; impeller speed 

600, 800, and 1000 rpm; crystallizer diameter 90 mm; draft tube 

diameter 64 mm; impeller diameter 50 mm; off-bottom clearance 10 and 

20 mm) 

 

  4.4.2.5 Effect of draft tube diameter 

   From Figure 4.40, it shows decreasing torque when the draft 

tube diameter is increased. When we increased the diameter of the draft tube the 

clearance between impeller and draft tube are also increased so this requires less 

energy to move the impeller.  
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Figure 4.40 The effect of draft tube diameter on torque. (Saturated solution of sucrose  

in methanol; 425 - 600 μm sucrose parent crystals; suspension density 

0.1 g/mL; stainless steel marine upflow impeller; impeller speed 600, 

800, and 1000 rpm; crystallizer diameter 90 mm; draft tube diameter 64 

and 75 mm; impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

 4.4.3  Power input calculation results 

  We can calculate the power input by using equation 3.4. The results of 

power input are shown in Table 4.1 and 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 



 
121 

 

Table 4.1 Power input and torque from NaCl experiment 

 
Parameter 

 

 
Torque (N-m) 

 
Power input (Watt) 

Impeller speed (rpm) 

800 

1000 

1200 

 

0.0039 

0.0064 

0.0088 

 

0.3267 

0.6702 

1.1058 

Suspension density (g/ml) 

0.025 

0.050 

0.100 

 

0.0064 

0.0064 

0.0065 

 

0.6702 

0.6702 

0.6807 

Parent crystal size (µm) 

150 – 300 

300 – 425 

425 - 600 

 

0.0058 

0.0064 

0.0068 

 

0.6074 

0.6702 

0.7121 

Off-bottom clearance (mm) 

10 

20 

 

0.0064 

0.0075 

 

0.6702 

0.7854 

Draft tube diameter (mm) 

64 

75 

 

0.0064 

0.0035 

 

0.6702 

0.3665 
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Table 4.2 Power input and torque from sucrose experiment 

 
Parameter 

 

 
Torque (N-m) 

 
Power input (Watt) 

Impeller speed (rpm) 

800 

1000 

1200 

 

0.0088 

0.0144 

0.0219 

 

0.7380 

1.5117 

2.7520 

Suspension density (g/ml) 

0.10 

0.15 

0.20 

 

0.0144 

0.0172 

0.0173 

 

1.5117 

1.8028 

1.8130 

Parent crystal size (µm) 

300 - 425 

425 - 600 

600 - 850 

 

0.161 

0.0144 

0.0162 

 

1.6897 

1.5117 

1.6954 

Off-bottom clearance (mm) 

10 

20 

 

0.0144 

0.0091 

 

1.5117 

1.5189 

Draft tube diameter (mm) 

64 

75 

 

0.0144 

0.0081 

 

1.5117 

1.2672 
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 4.4.4  Solution properties 

  Determination of dimensionless groups such as power number and 

Reynolds number need the solution properties, for example, solution viscosity and 

solution density. In this research, there are no suspension properties available in the 

literature so we have to measure them in the laboratory. The method of measurement 

is shown in section 3.3.5. There are two solution properties, viscosity and density, that 

we need to measure. The results of viscosity and density are shown in Table 4.3. 

 

Table 4.3 Viscosity and density of the solution in this work 

Type of solution Viscosity at 25°C (mPa.s) Density at 25°C (kg/m3) 

Water 

(Korson et al., 1969) 
0.8903 997.0751 

Water 

(measured) 
1.1276 996.0594 

Slightly supersaturation 

(NaCl in methanol water) 
1.5286 868.2214 

Saturate solution 

(Sucrose in methanol) 
0.9246 811.3867 
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4.5  Data analysis for modeling of crystal attrition 

 

 4.5.1  Dimensionless groups 

  

  4.5.1.1 Power number 

   Figure 4.41 shows the relationship between attrition number 

and power number for standard conditions, varying impeller speed (800, 1000, and 

1200 rpm). As we expected, the high power number should give a high attrition rate 

because the attrition rate strongly depends on energy from the crystallizer unit to the 

parent crystals. 

 

  4.5.1.2 Reynolds number  

   Reynolds number is one of the most important parameters 

affecting attrition rates because it represents the hydrodynamic of the system, so high 

Reynolds number should give high attrition rate similar to the power number. Figure 

4.42 presents the relationship between attrition number and Reynolds number but the 

maximum Reynolds number does not give the highest value of the attrition number. 

The reason is there is a maximum limit of attrition in this system because when the 

parent crystal undergoes attrition the surface will be rounded, so it can reduce the 

attrition rate. 
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Figure 4.41 The attrition number as a function of power number. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm 

NaCl parent crystals; suspension density 0.10 g/mL; stainless steel 

marine upflow impeller; impeller speed 800, 1000, 1200 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 mm) 
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Figure 4.42 The attrition number as a function of Reynolds number. (Slightly  

supersaturated solution of NaCl in 80% methanol; 300-425 μm NaCl 

parent crystals; suspension density 0.10 g/mL; stainless steel marine 

upflow impeller; impeller speed 800, 1000, 1200 rpm; crystallizer 

diameter 90 mm; draft tube diameter 64 mm; impeller diameter 50 

mm; off-bottom clearance 10 mm) 

 

  4.5.1.3 Parent crystal size and impeller diameter ratio 

From Figure 4.43, the dimensionless group of attrition rate and 

parent crystal size is considered. As can be seen, if we focus on the parent crystal size, 

the large one has a higher attrition number compared to the small particle. This results 

show the effect of parent crystal size is very significant for attrition rate. 
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Figure 4.43 The attrition number as a function of parent crystal size and impeller  

diameter ratio. (Slightly supersaturated solution of NaCl in 80% 

methanol;150 – 300, 300-425, 425 - 600 μm NaCl parent crystals; 

suspension density 0.10 g/mL; stainless steel marine upflow impeller; 

impeller speed 1000 rpm; crystallizer diameter 90 mm; draft tube diameter 

64 mm; impeller diameter 50 mm; off-bottom clearance 10 mm) 

 

  4.5.1.4 Draft tube impeller clearance and impeller diameter ratio 

Figure 4.44 shows the effect of impeller-draft tube clearance 

and impeller diameter ratio on the attrition number. The attrition number decreases 

strongly as the impeller-draft tube clearance and impeller diameter ratio increases. 
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This is due to the added clearance between the impeller tip and the draft tube, 

allowing more parent crystals to avoid contact with the impeller. 
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Figure 4.44 The attrition number as a function of draft tube impeller clearance and  

impeller diameter ratio. (Slightly supersaturated solution of NaCl in 

80% methanol; 300-425 μm NaCl parent crystals; suspension density 

0.10 g/mL; stainless steel marine upflow impeller; impeller speed 1000 

rpm; crystallizer diameter 90 mm; draft tube diameter 64 and 75 mm; 

impeller diameter 50 mm; off-bottom clearance 10 mm) 
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  4.5.1.5 Off-bottom clearance and impeller diameter ratio 

   From Figure 4.45, there is no significant difference between 

two values of off-bottom number, so this parameter will not be in the modeling of 

attrition rate in NaCl system. 
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Figure 4.45 The attrition number as a function of off-bottom clearance and impeller  

diameter ratio. (Slightly supersaturated solution of NaCl in 80% 

methanol; 300-425 μm NaCl parent crystals; suspension density 0.10 

g/mL; stainless steel marine upflow impeller; impeller speed 1000 rpm; 

crystallizer diameter 90 mm; draft tube diameter 64 mm; impeller 

diameter 50 mm; off-bottom clearance 10 and 20 mm) 
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  4.5.1.6 Suspension density and crystal density ratio 

For the dimensionless group of suspension density, it shows the 

attrition number decreases when the suspension density and crystal density ratio 

increases. In fact, the attrition number should be approximately the same because the 

calculation of attrition number is divided by number of parent crystals, but at the 

suspension density and crystal density ratio equal to 0.01 there is a higher attrition 

number. This is because the attrition rate is high compared to other conditions. 
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Figure 4.46 The attrition number as a function of suspension density and crystal  

density ratio. (Slightly supersaturated solution of NaCl in 80% 

methanol; 300-425 μm NaCl parent crystals; suspension density 0.05, 

0.10, and 0.15 g/mL; stainless steel marine upflow impeller; impeller 

speed 1000 rpm; crystallizer diameter 90 mm; draft tube diameter 64 

mm; impeller diameter 50 mm; off-bottom clearance 10 mm) 
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  The following tables summarize the dimensionless groups of NaCl 

system and sucrose system (Table 4.4 and 4.5). 

 

Table 4.4 Dimensionless groups for NaCl system. 

Parameters 
NAtt NP NRe NMT NLp NOB NDT 

Impeller speed 

800 rpm 0.0130 0.5080 18,933 0.023116 0.00725 0.2 0.28 

1000 rpm 0.0250 0.5336 23,666 0.023116 0.00725 0.2 0.28 

1200 rpm 0.0221 0.5095 28,399 0.023116 0.00725 0.2 0.28 

Suspension density    

0.025 g/ml 0.0365 0.5336 23,666 0.011558 0.00725 0.2 0.28 

0.050 g/ml 0.0250 0.5336 23,666 0.023116 0.00725 0.2 0.28 

0.100 g/ml 0.0229 0.5419 23,666 0.046232 0.00725 0.2 0.28 

Parent crystal size   

150 – 300 µm 0.0102 0.4835 23,666 0.023116 0.00450 0.2 0.28 

300 – 425 µm 0.0250 0.5336 23,666 0.023116 0.00725 0.2 0.28 

425 – 600 µm 0.1981 0.5669 23,666 0.023116 0.01025 0.2 0.28 

Off-bottom clearance   

10 mm 0.0467 0.5336 23,666 0.023116 0.00725 0.2 0.28 

20 mm 0.0331 0.6253 23,666 0.023116 0.00725 0.4 0.28 

Draft tube diameter   

64 mm 0.0467 0.5336 23,666 0.023116 0.00725 0.2 0.28 

75 mm 0.0321 0.2918 23,666 0.023116 0.00725 0.2 0.5 
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Table 4.5 Dimensionless groups for sucrose system. 

Parameters 
NAtt NP NRe NMT NLp NOB NDT 

Impeller speed  

800 rpm 0.1346 1.2279 29,252 0.063012 0.01025 0.2 0.28 

1000 rpm 0.1895 1.2878 36,565 0.063012 0.01025 0.2 0.28 

1200 rpm 0.1904 1.3567 43,878 0.063012 0.01025 0.2 0.28 

Suspension density  

0.100 g/ml 0.1895 1.2878 36,565 0.063012 0.01025 0.2 0.28 

0.150 g/ml 0.7018 1.5358 36,565 0.094518 0.01025 0.2 0.28 

0.200 g/ml 0.1205 1.5444 36,565 0.126024 0.01025 0.2 0.28 

Parent crystal size   

300 – 425 µm 1.1678 1.4394 36,565 0.063012 0.00725 0.2 0.28 

425 – 600 µm 0.1895 1.2878 36,565 0.063012 0.01025 0.2 0.28 

600 – 850 µm 0.2818 1.4443 36,565 0.063012 0.01450 0.2 0.28 

Off-bottom clearance   

10 mm 0.1895 1.2878 36,565 0.063012 0.01025 0.2 0.28 

20 mm 0.0232 1.2939 36,565 0.063012 0.01025 0.4 0.28 

Draft tube diameter   

64 mm 0.1895 1.2878 36,565 0.063012 0.01025 0.2 0.28 

75 mm 0.0267 1.0795 36,565 0.063012 0.01025 0.2 0.5 
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 4.5.2  Empirical engineering model 

  Firstly, we analyzed attrition rate as a function of many parameters in 

the crystallization system which we separated into three groups (crystallizer geometry 

and operation condition, crystal properties, and solution and suspension properties). 

When we got the suitable parameter for modeling of empirical correlation, we 

reduced the parameter by dimensional analysis. We calculated the dimensionless 

groups by using Buckingham’s Pi Theory. The next steps for modeling of empirical 

correlation are shown below. 

 

  4.5.2.1 Power law modeling of NaCl 

From the previous section, we calculated the attrition number 

and other dimensionless groups from suitable parameters which had an effect on the 

attrition rate. Then, we fitted the power law model with the dimensionless groups to 

determine the empirical constants. Figure 4.47 shows the comparison of the results 

obtained by the empirical model with the experimental data (eight points). The 

empirical engineering model from curve fitting is  

 

7 8.536 1.424 0.4339 4.222 8.080
Re2.095 10Att P MT Lp DTN N N N N N−= ×  (4.2) 

 

As can be seen in Figure 4.47, the empirical model fits the 

experimental results very well (for detail vales of experimental data and empirical 

model see Table 4.6). The R-squared from the curve fitting is 0.9971. The root-mean-

square deviation (RMSD) is 0.0034. Therefore the attrition rate or secondary 

nucleation rate can be calculated from this empirical model. In Figure 4.47, there is 

one point that deviate from the straight line. It is the estimated value of the attrition 
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number for 7.5 cm diameter of the draft tube which we use to compare with the 6.4 

cm diameter of the draft tube (standard case). This is shows the limitation of this 

empirical model because we have only two conditions for studying the effect of draft 

tube impeller clearance on the attrition rate, so the estimated value is not accurate. 

Therefore when we use simple power law model with all parameters it can make some 

mistakes in the empirical model but the overall standard error shows very good 

results. 
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Figure 4.47 Comparison of experimental attrition number with the empirical attrition  

number estimated by power law model (for NaCl system). 
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Table 4.6 Attrition number from experiments and empirical model for NaCl system. 

Parameters 
NAtt, Exp. NAtt, Eq.4.2 NAtt, Eq.4.4 

Impeller speed (rpm) 

800 0.0130 0.0129 0.0131 

1000 0.0250 0.0269 0.0248 

1200 0.0221 0.0235 0.0220 

Suspension density (g/ml)    

0.100 0.0365 0.0364 0.0360 

0.150 0.0250 0.0269 0.0248 

0.20 0.0229 0.0228 0.0228 

Parent crystal size (µm) 

300 - 425 0.0102 0.0016 0.0099 

425 - 600 0.0250 0.0269 0.0248 

600 -850 0.1981 0.1950 0.1979 

Off-bottom clearance (mm) 

10 0.0250 0.0269 0.0248 

20 0.0331 0.0269 0.0248 

Draft tube diameter (mm) 

64 0.0250 0.0269 0.0248 

75 0.0171 0.0169 0.0171 
 

   

  4.5.2.2 Power law modeling of sucrose 

Similar to previous section, we fitted the power law model with 

the dimensionless groups to determine the empirical constants. For the sucrose system 
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we have seven dimensionless groups. They are attrition number, power number, 

Reynolds number, suspension density number, parent crystal size number, draft tube 

number, and off-bottom clearance number. Figure 4.48 shows the comparison of the 

results obtained by the empirical model with the experimental data (eight points). The 

empirical engineering model from curve fitting is  

 

4 10.2327 1.5821 1.0763 2.1264 4.0728 0.6119
Re4 10Att P MT Lp OB DTN N N N N N N− − − − − −= ×   (4.3) 

 

From Figure 4.48, the empirical model is fitted with 

experimental results very well. The R-square from the curve fitting is 0.9977 and 

the root-mean-square deviation (RMSD) is 0.0184.  
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Figure 4.48 Comparison of experimental attrition number with the empirical attrition 

number estimated by power law model (for sucrose system). 
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Table 4.7  Attrition number from experiments and empirical model for sucrose. 

Parameters 
NAtt, Exp. NAtt, Eq.4.3 NAtt, Eq.4.4 

Impeller speed (rpm) 

800 0.1346 0.1561 0.1467 

1000 0.1895 0.1785 0.1798 

1200 0.1904 0.2281 0.2425 

Suspension density (g/ml) 

0.100 0.1895 0.1785 0.1798 

0.150 0.7018 0.6999 0.7006 

Parent crystal size (µm) 

300 - 425 1.1678 1.1648 1.1663 

425 - 600 0.1895 0.1785 0.1798 

600 -850 0.2818 0.2762 0.2711 

Off-bottom clearance (mm) 

10 0.1895 0.1785 0.1798 

20 0.0232 0.0111 0.0125 

Draft tube diameter (mm) 

64 0.1895 0.1785 0.1798 

75 0.0267 0.0206 0.0169 

 
 

  4.5.2.3 Power law modeling for both system (sucrose and NaCl) 

From both system sucrose and NaCl, we can fit the data 

together to get the general empirical model. The dimensionless groups for curve 

fitting are attrition number, power number, Reynolds number, suspension density 
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number, parent crystal size number, draft tube number, and off-bottom clearance 

number. The empirical engineering model from curve fitting is  

 

5 10.0968 1.2449 1.0308 2.1554 3.9113 1.0053
Re1.031 10Att P MT Lp OB DTN N N N N N N− − − − − −= ×  (4.4) 

 

From Figure 4.49, the empirical model is fitted with 

experimental results very well. The R-square from the curve fitting is 0.9691 and 

the root-mean-square deviation (RMSD) is 0.0151. There is one point deviated from 

the straight line in Figure 4.49. It is the condition at 1200 rpm of sucrose system. We 

varied the impeller speeds to determine the effect of them on attrition rate and the 

result showed at 1200 rpm the attrition rate increased but it is not high enough to get 

the straight line compared to 800 and 1000 rpm. I think this is the experimental error. 

If we make more experiments, we can reduce this error. 
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Attrition number (Empirical model)
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Figure 4.49 Comparison of experimental attrition number with the empirical attrition  

number estimated by power law model (for sucrose system and NaCl 

system). 

 

 

 

 

 

 

 

 



 
 

CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1  Conclusions 

Attrition of macroscopic crystals in industrial crystallizers is a significant 

problem not only due to its degradation of the product crystals, but also due to the 

creation of large numbers of particles acting as secondary nuclei, thus greatly 

reducing the mean particle size in the crystallizer. The aim of this study is to 

understand the attrition behavior and to model the crystal attrition rate equation. The 

conclusions of this work are presented below. 

 

5.1.1  The attrition fragments size distribution 

 There are two substances and systems presented in this research to 

study the attrition. For sucrose, the attrition fragment size distribution had a finite 

particle size distribution (PSD), and in particular had relatively wide PSDs. The 

fragments typically had geometric mean sizes in the order of 5 μm, and geometric 

standard deviations of approximately 0.8-0.9. For sodium chloride, it also had a finite 

particle size distribution but the mean size is lower than for the sucrose fragments. 

The mean sizes of NaCl fragment were around 2 μm, and they had geometric standard 

deviations of approximately 0.4-0.7. 
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5.1.2  The effect of parameters from crystallizer properties, crystal 

properties, and solution properties on the attrition rate 

 For this section, we have to conclude separately between sucrose and 

NaCl because the effect of solution properties and type of parent crystal are quite 

different. All parameters varied during the study of sucrose system had a strong effect 

on the attrition rate. The highest attrition rate is from the condition of resin impeller 

but unfortunately we cannot take this parameter into the empirical model because we 

need more investigation about the hardness of the material (resin) and other 

properties. The same as for the pitch blade impeller, it is difficult to include in a 

general model because we need the information about the hydrodynamics of different 

impeller type. So, the parameters that we can use for the model are impeller speed, 

suspension density, parent crystal size, off-bottom clearance, and draft tube diameter. 

 The second part, for the sodium chloride system, the effect of 

parameters on attrition rate is a little bit different from the sucrose system. The 

highest attrition rate for this system is the condition of highest suspension density (0.1 

g/ml). Similar to the sucrose system, resin and pitch blade impeller cannot be included 

in an empirical model, but for the sucrose system these two parameters show no 

significant effect on the attrition rate. Another parameter which showed no effect on 

the attrition from the standard condition is the off-bottom impeller clearance. 

Therefore, the parameters that we will select for the empirical model are impeller 

speed, suspension density, parent crystal size, and draft tube diameter. 
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5.1.3  The effect of scale up on attrition rate 

 The reason that we should know about the effect of scale up on 

attrition rate is that we need to ensure that a model based on the current data can be 

suitably scaled up to an industrial sized crystallizer. From the results and discussion in 

section 4.3, it has shown that the size of crystallizer has an effect on attrition rate but 

there are similar trend between the small scale and the large scale. So if we investigate 

more about the scale of crystallizer and use a better scale up rule we will have the 

scale-up factor that is suitable for crystallizer design. 

 

5.1.4  The suitable dimensionless groups for data fitting 

 In section 4.4 and 4.5, the results of the calculation show that the 

suitable dimensionless groups for modeling of empirical model are attrition number, 

power number, Reynolds number, parent crystal size number, suspension density 

number, draft tube number, and off-bottom clearance number. These dimensionless 

groups are useful for modeling of crystal attrition in industrial crystallizers, but there 

are a lot of crystallizer types so we have to select the right dimensionless groups for 

the system. 

 

5.1.5  The empirical engineering model for nucleation rate 

  The empirical engineering model fits the experimental results very 

well. Therefore this method can be used to calculate the secondary nucleation in 

industrial crystallizers of similar geometry to those used here. For the sucrose system 

and the sodium chloride system in this research, the power law model is very good for 

modeling because the empirical correlations have very good R-squared and RMSD. 

There are three empirical models presented in this work. The first one is for the NaCl 
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system, the second one is for the sucrose system, and the third one is for a 

combination of both systems. 

 

5.2  Recommendations 

 

 5.2.1  Experimental design for study of secondary nucleation 

  There are a lot of mechanisms of secondary nucleation in 

crystallization processes. We have to determine the mechanism of secondary 

nucleation that can occur in the system first and then we can use the best experimental 

design to study about the secondary nucleation. In this work, we consider other 

attrition mechanism which always occurs in the crystallization process if the parent 

crystal is moving and has a chance to contact with other crystal or crystallizer parts. In 

a real system, we cannot study only one mechanism like attrition because other 

mechanisms also occur simultaneously so if we want to study the attrition mechanism, 

we have to separate attrition from other mechanisms, for example, using saturated or 

slightly supersaturated solution or non-solvent to avoid the effect of supersaturation 

and dissolution of parent crystals.  

 

 5.2.2  Parameters for further study of secondary nucleation 

  The models for secondary nucleation have been proposed by many 

investigators but those models are for only one mechanism so it is very difficult to 

apply in industrial application. If we want to generate the model for secondary 

nucleation, we should include all mechanisms in the model, for instance, contact 

nucleation, attrition nucleation, fluid shear nucleation, and fracture nucleation. This 

research tried to model the attrition nucleation by counting the attrition fragments, 
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which is the best way to calculate the attrition rate. This method should be used to 

study other mechanisms and combine all mechanisms to develop a general model for 

secondary nucleation. 

 

 5.2.3  The general equation for secondary nucleation 

  As we know, a general theory of secondary nucleation to predict the 

secondary nucleation rates does not exist (Myerson, 2002). This research was studied 

about only one mechanism of secondary nucleation (the attrition mechanism). The 

general model needs more investigation about secondary nucleation mechanisms, for 

instance, contact nucleation, shear, and fracture. If we define the overall mechanisms 

of secondary nucleation as micro-attrition mechanism (MA) and boundary-layer 

mechanism (BL) (Grootscholten et al., 1982), the general equation for secondary 

nucleation should be given by 

 

0
MA BLB B B= +  (5.1) 

 

where  BMA =  secondary nucleation from attrition, fracture, contact, and needle 

 BBL =  secondary nucleation from shear and initial breeding 

 

  In industrial crystallizers we cannot separate one secondary mechanism 

from the others, so we have to know every mechanism in the crystallizer because 

every types of secondary nucleation can be dominant depending on the properties of 

the crystallization process, for example, for slightly supersaturation and good crystal 

growth the most important mechanism should be attrition. 
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