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Abstract 

 

Studying the flow field and mixing hydrodynamics in crystallizers is of paramount 

importance as this can affect local zones of cooling during crystallization and the final 

size distribution of product crystals. In traditional laboratory crystallisation studies, a 

Rushton turbine (RT) or a pitched blade turbine (PB) are the impellers of choice. 

Industrial scale processes often use retreat curve impellers (RCI) due to its good 

performance in minimizing crystal attrition and achieving well mixed characteristics 

compared to traditional impellers. Therefore, this work focuses on the flow field and the 

fluid hydrodynamics around the RCI type of impeller. In addition to the flow field 

study, this work uses Focused Beam Reflection probe (FBRM) to monitor the attrition 

and breakage of crystals, nucleation, crystal growth, and polymorphic transformation.  

Particle Image Velocimetry (PIV) measurements were conducted to study the 

flow pattern and extract flow quantities such as the turbulent kinetic energy (TKE) and 

the energy dissipation rates in a similar way to other studies that used either Laser 

Doppler Anemometry (LDA) or simulation techniques such as Computational Fluid 

Dynamics (CFD).    

The methodology of measurement acquisition using PIV is presented along with 

the technique used to correlate and validate the vector maps in order to obtain 3D 

measurements. Flow patterns measurements are discussed, and the interaction of flow 

with internal fixed internals such as baffles and FBRM monitoring probes was deeply 

investigated. 

The FBRM is a proven method to monitor real time evolution of crystal size and 

this was used to evaluate the contribution to secondary nucleation in batch 

crystallization. In this study, the emphasis was placed on measuring the attrition of 

glutamic acid, urea and copper sulphate crystals. Glutamic acid has been used as a 

model compound to represent key characteristics of many crystal materials found in 

pharmaceutical processes; the two polymorphic forms of L-glutamic acid are quite 

different in shape and hence present different behaviours when subjected to high-speed 

agitation as typically found in a batch crystalliser. Urea and copper sulphate were 

selected as materials for study because of the ready availability of data for these two 

crystals in the literature and to highlight the specific effect of both agglomeration and 
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crystal dissolution on their attrition; urea is highly prone to agglomerate and copper 

sulphate has a high dissolution rate because of its chemical nature as a hydrated 

compound. 

The present work compares also experimental results measured by the FBRM 

with the physical model proposed by Gahn and Mersman taking into account the 

influence of crystal size and shape on the resultant chord length distribution. Finally, the 

influence of mixing hydrodynamics on both crystal-impeller and crystal-crystal attrition 

caused by the turbulent flow was investigated, where the physical model of Gahn and 

Mersmann, developed originally for pitched blade impeller, was extended to include 

retreat curve impeller.  

 

Combining different instruments has often yielded new insights into 

crystallisation behaviour. In this work PIV data was combined with FBRM to give a 

more in depth analysis of the crystallisation of glutamic acid specifically the 

transformation of the instable α to the stable β polymorph. 

 

In addition to analysing phase transformation, the combined FBRM and PIV 

was used on a crystallising system and the velocity field of crystals acting as seeding 

particles was measured. 

  

PIV data was used to monitor mother liquor and crystal velocity profiles and 

TKE using the nucleated crystals and the subsequent growing ones as tracers rather than 

seeding the fluid. Moreover, the spatial attrition distribution rates of the two 

polymorphic crystals were determined accurately in the vessel instead of using global 

averaged rates based on the assumptions of well mixed vessel and isotropic turbulence. 

Adding to that, the influence of the baffle and the FBRM probe locations was 

successfully studied along with the effect of the retreat curve impeller which is the main 

source of crystal impacts causing crystal attrition. 
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Chapter 1 

Introduction 

 

 

Summary 

This chapter presents the motivation behind the thesis, where the crystal characterisation 

in terms of shape, size, and morphology is introduced along with the crucial importance 

of monitoring and controlling the different kinetics of crystallisation. On line and in situ 

techniques used in this study are introduced, giving an outline of issues and objectives 

of the thesis. Finally, the layout of the thesis is detailed with respect to each of the 

forthcoming chapters.   
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1.1 Background  

Accurate estimation of crystallization kinetics is of paramount importance in 

crystallization as they lead to a greater understanding of the final crystal size 

distribution and quality of crystals. This is also a critical aspect of ensuring that 

downstream separation processes such as filtration and milling are properly understood. 

In addition to crystallisation kinetics and characterisation, study of the flow field and 

mixing hydrodynamics in batch crystallizers is equally important for detailed modelling 

and prediction of final size distribution of product crystals.  

In recent times [1, 2] in-situ methods such as FTIR have been used successfully 

to monitor crystallisation and detect changes in the chemistry within the batch 

crystalliser. Focused Beam Reflectance measurement probe (FBRM) like other 

chemical based sensors are sample point specific and hence provides information in a 

specific region of the crystalliser. Provided the mixing is uniform, reliable data can be 

obtained for subsequent modelling. Unfortunately, studies have shown that in batch 

stirred tank crystallisers, mixing can be far from uniform [3-5] and further study of 

macro scale mixing is needed to properly describe the hydrodynamic processes inside 

mixing vessels.  

Optical techniques have found wide application in studying the flow field in 

crystallizers [6]. One common advantage of these techniques is their non-intrusive 

nature, which allows carrying out measurements without interfering with the flow. 

Particle image velocimetry (PIV) is a well-established optical technique for 

simultaneously measuring the velocities at many points on a plane of a fluid flow [7, 8]. 

The main advantage of using such a technique is that all the spatial and velocity 

information can be sampled instantaneously hence visualizing the flow and 

characterizing it quantitatively. This information is necessary to determine the 

dissipation of eddies and related phenomena generated by the impeller. 

Previous studies of kinetic energy dissipation rate, limited by single-point 

velocity measurement techniques, mainly focus on measuring the single-point local 

dissipation rate or averaged dissipation rate over a finite volume [3, 5]. The methods of 

turbulent kinetic energy balance, Taylor’s hypothesis, and dimensional analysis have 

been proposed to estimate the dissipation rate of turbulent kinetic energy, but they 

cannot provide the global distribution of dissipation rate over a large flow region. 

Kinetic dissipation rate is one of the terms used in population balance models describing 

the dynamics of crystal size distribution.  
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Particle image velocimetry provides spatial information of instantaneous velocity fields. 

Hence, spatial derivatives of the velocity fields and spatial covariance can be extracted 

directly from PIV measurements without Taylor’s hypothesis or isotropic turbulence 

assumptions. 

In addition to the flow field, another key variable to monitor in crystallisation is 

the evolution of crystal size. For many years sieving has been used to characterise the 

particle size distribution but this gives only a rough idea of the distribution and it is time 

consuming [9]. In batch crystallisation, extracting sufficient and representative samples 

from the crystalliser is difficult and introduces the risk of influencing the crystallisation 

behaviour itself. For instance, Laser Doppler Spectroscopy is based on a time-

consuming operation, where the samples must be taken out of the process and treated, 

by e.g. dilution or drying. These treatments can significantly alter the particle size 

distribution of the sample.  

To avoid sampling, other techniques have been developed such as turbidity 

probe and focused beam reflectance measurement probe (FBRM). Turbidity probe, for 

detecting onset of crystallisation, is suitable for low concentration applications only 

while FBRM can be used at high concentration and is suitable for online size analysis 

[10-13]. Moreover, there are other advantages of using FBRM such as fast measurement 

and that the method does not require calibration and is non-destructive. 

 

 

1.2 Motivation 

This study addresses the utilisation of in-situ and on line techniques to monitor 

crystallisation kinetics and to study the two-phase flow field around a retreat curve 

impeller at different stages of a real crystallisation system. The motivation behind the 

work covered in this thesis, originated from studies by Donnelly et al. [14], who 

modelled the mixing profile and distribution of L-Glutamic acid crystals formed during 

a cooling process in 20 and 250 litre crystallisers.  In their work, CFD and PEPT were 

used to predict the flow field inside a batch crystalliser and monitor the distribution of 

solids through a two phase approach. PEPT was used to provide qualitative validation 

data. Analysis of their work gave rise to several questions regarding the evolution of 

crystals in batch cooling crystallisation: 
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1. Crystallisation of materials such as L-Glutamic acid, result in long needle like 

crystals which are fragile and can easily break forming smaller crystals. No 

evidence of breakage was reported in Donnelly’s or related work.  

2. That retreat curve impellers used in their batch reactors produced highly 

localised turbulence close to the impeller and a relatively slow recirculation 

pattern transporting crystals from the bottom of the crystalliser up passed the 

colder walls and back down towards the impeller. 

3. During batch cooling crystallisation, the viscosity of the bulk liquor will change 

due to the temperature changes and due to the formation of solids. This aspect 

has not been looked at. 

 

Two techniques were used in this work to address the three points mentioned 

above; FBRM for crystal size and a modified PIV method for mixing and particle size. 

FBRM was used to record the chord length distribution and the chord counts number 

from which different crystallisation parameters such as crystal attrition, primary 

nucleation and crystal growth were evaluated during the crystallisation process. The 

different kinetics were characterised and the rate of each mechanism was found under 

different conditions of cooling, concentration and mixing hydrodynamics. Moreover, 

FBRM measurements were used for the first time to identify crystal polymorphs; the 

trend shape of the chord length distribution plot was used as an indicator of the formed 

polymorph and this was verified by microscopic images. This application of FBRM can 

be developed for on line real time control of crystallisation processes in order to 

produce a desired polymorphic form of crystals in addition to obtaining the proper final 

product CSD. 

FBRM was proved to be a useful PAT technique in the field of crystal attrition 

measurement[15] and nucleation event detection [13] and [9, 10] , whereas to date no 

study dealing with FBRM as an analytical tool to record crystal growth rate and classify 

the obtained polymorphic forms of crystals can be found. 

Particle image velocimetry was used for the first time to study the two phase 

flow field in a real time crystallisation process, where the appearing nuclei can be used 

as a flow pattern tracer. The influence of progressing crystallisation on the flow field 

was investigated and compared with the single phase flow field and the flow field at 

different stages of crystallisation, i.e. the on-set of nucleation and the growth stage. 
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Moreover, PIV was developed and implemented for the first time to correlate the spatial 

distribution of crystal attrition rate, detecting nucleation, recording the growth rate of 

crystals and finally monitoring the polymorphic transition of crystals in conjunction 

with the FBRM probe. 

The key issues of this study can be summarised as developing certain approaches of 

existing PAT techniques in order to include further applications in addition to their well 

known applications. PIV was extended from its conventional use studying a single 

phase flow field to include two phase flow study, crystallisation kinetics study and 

polymorphic transition of crystals. FBRM applications were extended to include crystal 

growth recording and polymorph recognition. 

The advantages of using an on-line two phase flow field tracking technique such 

as PIV during crystallisation over using a compartmental model of population balance 

(PBM) with computational fluid dynamics (CFD) can be highlighted as avoiding the 

complexity of solving the integral-differential equations which result from combining 

the flow field continuity equations in the population balance to take account of 

crystallisation kinetics. Moreover, it saves the time and additional computing cost of the 

standard method of moments or simulations. 

Finally, it can be concluded that the present work has potential importance from 

economic perspectives as it can establish a benchmark for on line and real time 

crystallisation monitoring and control. 

 

 

1.3 Objective of the project 

The objectives of the current study were:  

 

 To extend the single phase measurement technique of particle image velocimetry 

(PIV) to include two phase flow field study during real time crystallisation in 

order to reflect the interference of crystal growth and mixing hydrodynamics 

around the retreat curve impeller that is widely used in crystallisation 

applications for its relatively good mixing and suspending performance 

compared to traditional impellers such as pitched blade or Rushton turbine. 

 

 To measure the attrition of various pharmaceutical and chemical systems in a 

batch crystalliser using Focused Beam Reflectance Measurements (FBRM). L-
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glutamic acid has been used as a model compound that shares key characteristics 

with many crystals found in pharmaceutical processes. The two polymorphic 

forms of L-glutamic acid are quite different in shape and hence present different 

behaviours when subjected to high-speed agitation typically found in a batch 

crystalliser.  

Urea and copper sulphate were selected as materials for study because of the 

availability of data for these two crystals in the literature and to highlight the 

specific effect of both agglomeration and crystal dissolution on their attrition 

since urea is highly prone to agglomerate while copper sulphate has a high 

dissolution rate because of its chemical nature as a hydrated compound. 

The findings obtained by FBRM were compared with Gahn and 

Mersmann’s [16] physical model which reflects crystal attrition according to 

crystal mechanical properties. The mechanical properties of hardness and 

fracture surface energy were determined for all the examined crystals. 

 

 To improve understanding of the two types of crystal attrition; crystal-impeller 

attrition caused by the difference in relative velocity between the fluid stream 

and crystals, and crystal-crystal attrition caused by the turbulent flow. 

Crystal attrition and mixing hydrodynamics, studied earlier by PIV, were 

correlated to obtain the spatial distribution of attrition rate in different parts of 

the vessel and to reflect the influence of the moving impeller and the fixed 

obstacles (the baffle and the FBRM probe) on the net attrition rate of crystals. 

 

 To extend the application of FBRM from monitoring crystal attrition and 

detecting nucleation events to on line recording of crystal growth rate and 

recognition of the two polymorphic forms of L-glutamic acid crystallised under 

different cooling conditions. 

 

 To extend the conventional use of PIV from a flow field tracking technique to a 

PAT technique in the field of nucleation event detection, mass growth rate 

recording and most interestingly for on line monitoring of polymorphic 

transition of L-glutamic acid crystals by combining its measurements with those 

of FBRM. 
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1.4  Scope of Thesis 

A schematic representation of the thesis content is given in figure 1.1  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Illustration highlighting the contents of the thesis. 

 

Chapter 1:  Research Background, motivation, objectives and thesis layout 

 
Chapter 2  Review of crystals structure, crystallization process, crystals breakage  and attrition and in-

line method of measuring crystals size distribution (CSD) 

Chapter 3 Review of single phase flow field studies around a retreat curve impeller (RCI), the 

influence of hydrodynamics on crystallisation kinetics in two phases flow field, methods of kinetic 

energy dissipation rate estimation, and large eddy theory 

Chapter 5: Flow field and mixing hydrodynamics investigation around retreat curve impeller 

using PIV technique and large eddy method. 

Flow pattern measurements are discussed, and the interaction of the flow with the baffle and the 

FBRM probe are investigated. Finally, flow quantities, such as the turbulent kinetic energy and 

the energy dissipation rates, are extracted and discussed in detail. 

 

 
Chapter 6: (1) Instantaneous monitoring of crystal attrition by on line and in-situ FBRM. 

(2) Measuring the mechanical properties of crystals by indentation test. 

(3) Obtaining the shape factor of crystals by microscopic image analysis. 

(4) Comparing the physical model of Gahn and Mersmann with FBRM findings. 

(5) Reflecting the influence of crystal size and shape on attrition from the fracture surface 

energy perspectives 

(6) crystal-impeller attrition rate study by developing Gahn and Mersmann model to include 

retreat curve impeller. 

(7) crystal-crystal attrition rate investigation by applying Synoweic amodel.  

 

 

 

 

 

Chapter 7: Characterising the crystallisation of L-glutamic acid by FBRM and PIV techniques. 

(a) Nucleation event detection by FBRM and PIV. (b) Retrieving crystallisation and dissolution 

temperatures. (c) Metastable zone width and supersaturation. (d) Retrieving nucleation kinetics 

by FBRM using Nyvlt method. (e) Retrieving nucleation kinetics by FBRM directly using zeroth 

moment method. (f) Growth rate recording using FBRM and PIV. (g) Detecting polymorphic 

form and polymorphic transition of L-glutamic acid crystals using FBRM and PIV techniques. 

Chapter 8:  (1) Two phases flow field study using PIV technique in a real time 

crystallisation system of L-glutamic acid, where the flow pattern was compared at the on-set of 

nucleation and at growth stage in addition to the influence of cooling rate and polymorphic 

form. 

(2) Characterising the spatial distribution of crystal attrition rate of the two polymorphic forms 

of L-glutamic acid by using PIV. 

  

 

 

 

Chapter 9: conclusion of results and future work 
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Chapter 2 

Review of crystal structure, crystallization processes, crystal breakage 

and attrition, and in-line method of measuring crystal size distribution 

(CSD) 

 

Summary 

This chapter presents a summary of crystallographic structure, the mechanisms of 

crystallisation processes from supersaturated solutions, crystal breakage and attrition. In 

addition, this chapter presents an overview of techniques to monitor the evolution of 

crystal size distribution and shape concentrating on focused beam reflectance technique, 

which will be adopted in this study.  

The different terms used in the chemistry of crystals have been defined in the 

first part, while a review study explaining the parameters controlling crystallisation 

kinetics is introduced in the second part highlighting crystal breakage.  

Finally recent developments in crystal size distribution measurement are reviewed. 
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2.1 Introduction 

The scope of this chapter is to present an overview of the morphology of crystals and 

their structure from the chemistry point of view, and then the different aspects of 

nucleation and supersaturation are highlighted with an emphasis on crystal breakage 

from the perspective of crystal mechanical properties. Furthermore some important 

techniques that have been reported in monitoring crystal size distribution are 

highlighted with some definitions of the main terminologies used in this field such as 

the shape factor, median and mean diameter, mode of distribution etc. Finally, this 

chapter will conclude with a review of the FRBM method to measure crystal size and 

the conversion of chord length to the commonly accepted definitions of mean crystal 

size. 

 

2.2 Chemistry of Crystals 

2.2.1 Crystallographic structure 

A crystal comprises of a rigid lattice of atoms and molecules arranged in a distinct order 

repeated regularly in three dimensions within its internal structure. Crystals may have 

different sizes and shapes according to their growth kinetics during a crystallization 

process, for instance, a crystal that grows rapidly in the axial direction gives a needle 

shaped crystal while a stunted growth gives a flat plate like shaped crystal. Such crystals 

are common in pharmaceutical industry and represent significant challenges for 

downstream purification.   

The coordinate system adopted to describe crystallographic structured refers to 

the normally called the unit cell. In crystallography seven different coordinate systems 

are used. The unit lengths of the three axes of the coordinate system are given by a, b, c 

and the angles between them are given by , , . The systems are denoted as follows: 

triclinic (a b c, 90
o
, e.g. CuSO4) [1], monoclinic (a b c, = =90

o
, e.g. 

Oxalic acid) [2], orthorhombic (a b c, = = =90
o
, e.g. Glutamic acid) [3], hexagonal 

(a=b c, = =90
o
, =120

o
, e.g. Copper carbonate) [4], rhombohedral (a=b=c, 

= = 90
o
, e.g. Calcite) [4], tetragonal (a=b c, = = =90

o
, e.g. Urea) [5] and cubic 

(a=b=c, = = =90
o
, e.g. Sodium chloride) [6]. Figure 2.1 summarises the different axis 

systems. 
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Triclinic Tetragonal Orthorhombic 

Rhombohedral Hexagonal Cubic Monoclinic 

a 
b 

c 

 

 
 

 

Figure 2.1 Space lattices, demonstrated by their elementary cells [6]. 

 

 

2.2.2 Miller Indices 

Miller indices are planes cutting through the lattice used to describe different planes and 

directions in crystals. Each axis is divided into units of length that are equal to the 

corresponding lengths of the edge of the unit cell. The crystallographic Miller indices 

are determined in units of a, b, c, the lengths of the intercepts X, Y, Z which the plane 

makes with the three orthogonal axes x, y, z..  Miller stated that each face of a crystal 

could be represented by the indices h, k, l defined by: 

 

                                          

a b c
h = , k =   and  l =

X Y Z
                                       (2-1) 



Literature Review 1 

Chapter 2 

 

12 
 

Figure 2.2 shows some important planes in the cubic structure. In some cases a negative 

sign should be placed above the integer to demonstrate that the intercept of the plane is 

negative. 

 

Figure 2.2 Miller’s indices of planes in a cubic structure [7]. 

 

2.2.3 Polymorphism 

The term polymorphism refers to crystals having different crystalline forms of the same 

pure crystalline material i.e. the molecules have different arrangements and 

conformations. These polymorphisms have different elementary cells and exhibit 

different thermodynamic stabilities and different physical and mechanical properties.

 For example, L-glutamic acid exhibits different molecular conformational 

polymorphs (  and  form) [8, 9]. They have different unit cells and different physical 

and mechanical properties even though they possess the same space groups , both being 

P212121 orthorhombic [10].  

 

 

 

 

X 

Y 

Z 

(1 0 0) 
(1 1 0) 

(1 1 1) 
(1 1 2) 
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 -glutamic acid -glutamic acid 

Empirical formula C5H9NO4 C5H9NO4 

Molecular weight 147.13 147.13 

Crystal system[11] Orthorhombic Orthorhombic 

Space group [12] P212121 P212121 

Unit cell dimensions [3] a= 7.068 A
o
 

b= 10.277 A
o
 

c= 8.775 A
o
 

a= 5.159 A
o
 

b= 17.3 A
o
 

c= 6.948 A
o
 

Solubility in water (g/g 

water) [13, 14]   

Log s = -0.377+0.0174T 

T ranges 0-30 
o
C 

Log s = -0.461+0.0159T 

Density (kg/m
3
)   1.533 1.576 

Table 2.1  Crystal data for two polymorphs of L-glutamic acid. 

 

As mentioned in Table 2.1 the polymorphs of a substance can exhibit a variety 

of different physical properties. The physical properties that differ among polymorphs 

[15] are as follows: 

1. Packing properties: density, refractive index, and conductivity.  

2. Thermodynamic properties: melting temperature, structural energy, enthalpy, 

heat capacity, entropy, chemical potential, thermodynamic activity, vapour 

pressure and solubility. 

3. Spectroscopic properties: electronic (UV-visible absorption spectra), vibrational 

(infrared and Raman spectra), rotational (far infrared and microwave spectra) 

and nuclear spin transitions (nuclear magnetic resonance spectra). 

4. Kinetic properties: dissolution rate, rates of solid-state reactions and stability. 

5. Surface properties: surface free energy, interfacial tensions and shape. 

6. Mechanical properties: hardness, tensile strength and blending. 
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2.3 Crystallisation Mechanisms 

Crystallization is arguably the most important separation and purification process in 

both the chemical and pharmaceutical industries. Crystallisation concerns mainly 

solution, melt or reaction crystallisation and precipitation [16]. In the case of solution 

crystallisation, the main stages of the thermodynamic approach to crystallisation are as 

follows: 

 

 Supersaturation, which is the potential chemical driving force for the 

crystallisation process. 

 The existence of the metastable region (metastable zone width). 

 Nucleation where the process results in formation of nuclei which grow to form 

larger more stable crystals. 

  The supersaturated solution moves towards equilibrium by a combination of 

both nucleation and growth.  

 

2.3.1 Supersaturation 

A solution that is in equilibrium with the solid phase is described as saturated with 

respect to that solid. In order for crystallisation to take place a solution must be 

supersaturated. Supersaturation refers to a state in which the liquid solvent contains 

more dissolved solute than can be stably accommodated at that temperature. Cooling is 

one of the four most common methods of achieving supersaturation [17].  Cooling will 

only help to reach supersaturation in systems where solubility and temperature are 

directly related.   

The four most common methods of creating supersaturation in chemical and 

pharmaceutical industry processes are: cooling when the temperature dependence of the 

solubility is high enough to generate a suitable level of supersaturation for a given 

temperature range, solvent evaporation where the solvent can be evaporated by heating 

in order to increase the solute concentration, drowning out by addition of antisolvent 

and by  chemical reaction. 

Drowning out describes the addition of antisolvent to the solution, which 

decreases the solubility of the solid.  A chemical reaction can be used to alter the 

dissolved compound to decrease its solubility in the solvent, thus working toward 

supersaturation.  Each method of achieving supersaturation has its own benefits and 
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applications depending on the operational conditions and the product specifications. In 

cooling and evaporative crystallisation, supersaturation can be generated at moderate 

rates near a heat transfer surface and the crystal size distribution can usually be 

controlled in this case.  Drowning out or precipitation crystallisation allows for 

localized, rapid crystallization where the mixing mechanism can exert significant 

influence on the product characteristics. In the last case the control of particle size in 

precipitation is difficult because there is usually no method to significantly moderate the 

reaction that generates the supersaturation and it is used when fine crystalline product is 

desirable.   

In terms of modelling and describing crystallisation, the starting point is to use 

the chemical potential and the difference between solid and liquid:  

                                                                                         (2-2) 

Where µS and µL are the free energy of solid and solution respectively, represents the 

thermodynamic driving force for the phase transition to occur, and is known as the 

supersaturation. In the case of cooling crystallisation, supersaturation can be calculated 

as follows: 

                                           
* *

c c Δμ
Δμ = RTln ;S = = exp

RTc c
                                   (2-3) 

 c and *
c  are the actual and equilibrium concentrations of the solute. 

Supersaturations can also be expressed in terms of ΔP, Δc, ΔT or S (supersaturation 

ratio, 
*

c

c
), since all these quantities give a measure of the driving force for the particular 

phase transition concerned.  

Alternatively, in crystallisation from solution the relative supersaturation is defined as: 

 

                                                     

*

*

c - c
σ = S-1=

c
                                                       (2-4) 



Literature Review 1 

Chapter 2 

 

16 
 

2.3.2 Metastable Zone 

The main explanation of crystallisation for engineering applications uses the solubility 

curve. Figure 2.3 shows a part of the classical phase diagram of a two-component 

system for a solute with a positive temperature coefficient of solubility
*dc

> 0
dT

.   

 

 

 

 

 

 

 

 

 

Figure 2.3 Classical description of solubility curve with metastable zone.  

The diagram can be described in terms of three zones:  

(1) The stable (undersaturated) zone of unsaturated solution where 

crystallization is not possible at all. 

(2) The metastable zone where spontaneous crystallization is impossible but 

crystal growth on a seed occurs. 

 (3) The labile (unstable) zone where spontaneous nucleation takes place. 

Cooling a solution at concentration c from the initial point A leads to the point B 

on the solubility curve which is illustrated in Figure 2.3. At this point, the solution 

becomes saturated and can be in equilibrium with the solid.  

 Further cooling leads to a state where the concentration of the solute c is higher 

than the equilibrium concentration at a certain temperature and the solution becomes 

supersaturated. However, spontaneous formation of the solid phase does not take place 

in this region until a point C on the metastable boundary is reached. 

Unsaturated 

(Stable) 

 

Temperature 
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When crystallisation in a solution saturated at the temperature T
*
 starts at the 

temperature T, then the position of the metastable boundary can be expressed in terms 

of maximum under cooling. 

                        *

max
ΔT = T -T                                   (2-5) 

or the maximum absolute supersaturation  

                                                                   *

max
Δc = c -c                                            (2-6) 

 
max

ΔT corresponds to Metastable Zone Width (MSZW). 

The size of the MSZW is a significant process parameter as it will be determine 

the level of supersaturation required for unseeded crystallisation [18].  

The MSZW is a direct measure of the stability of the solution: larger zone width 

denotes higher stability [19]. A number of factors can influence the MSZW, including 

the rate of cooling [20], concentration, the stirrer speed, the stirrer material [21] or the 

presence of impurities [22]. Another parameter that characterizes the metastable zone is 

the induction time . It refers to the time during which the system can remain without 

spontaneous nucleation at constant supersaturation within the metastable zone. Further 

information on induction time in organic compounds can be found in Liang’s review 

[23].  

 

2.3.3 Nucleation 

The initial point where solute molecules come together to form a unit cell is often 

termed the nucleation point, the formation of a number of nuclei that act as centres of 

crystallisation. Nucleation may occur spontaneously or may be induced artificially, 

although it is usually difficult to determine the mechanism. The mechanisms of 

nucleation fall into two categories: 

1. Primary nucleation, which takes place spontaneously in the absence of solid 

interface. 

2. Secondary nucleation, which occurs in the presence of solute particle due to a 

mechanism such as attrition, breakage or seeding. 
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In modelling crystallisation, different mechanisms for nucleation are commonly used: 

Primary nucleation is the first step in crystal formation, simply defined as the generation 

of a new crystal.  

The mechanism of primary nucleation falls into two categories; 

 Homogeneous nucleation refers to nucleation of a species within a single 

component phase in a melt rather than in a solution. 

 Heterogeneous nucleation refers to nucleation of a species upon a foreign 

substrate. 

 

Classical Homogenous Nucleation 

Volmer [25] described theories of classical homogenous nucleation but these provide a 

base for heterogeneous nucleation. In this nucleation, only clusters of a size greater than 

the critical value will be stable. The overall free energy barrier required to form a stable 

cluster ΔG  is the sum of surface free energy
s

ΔG (free energy between the surface of a 

particle and bulk of particle) and the volume free energy
v

ΔG (free energy between a 

very large particle and solute in solution). 
s

ΔG is a positive quantity that is proportional 

to r
2
 and 

v
ΔG is a negative quantity proportional to r

3 
for supersaturated solution. For a 

spherical cluster, the overall Gibbs free energy becomes: 

                                  

3
2

s v

c

4πr Δμ
ΔG = ΔG +ΔG = 4πr γ -

3 ν
                                         (2-7) 

where: r is the radius of cluster, γ is the interfacial tension, Δμ is the chemical potential 

and 
c
ν  is the molecular volume of the cluster. 

Figure 2.4, a plot of ΔG  against r, shows a maximum G at r = r*, the radius of 

the critical nucleus, so that differentiating ΔG  with respect to r and equating to zero, 

i.e.: the Gibbs-Thompson equation [4] gives: 

                                          

2

c

dΔG 4πr Δμ
= 0 = 8πrγ -

dr ν
                                               (2-8) 

                                                    

* c
2γν

r =
Δμ

                                                                 (2-9) 



Literature Review 1 

Chapter 2 

 

19 
 

                                                   

2
*

*
4πγ r

ΔG =
3

                                                (2-10) 

Substituting *r into *ΔG gives the Gibbs free energy of formation of the critical nucleus 

in terms of the chemical potential as:  

                                                       

3 2
* c

2

16πγ ν
ΔG =

3 Δμ
                                                  (2-11) 

 

 

 

 

 

 

 

Figure 2.4 Free energy diagram for nucleation to determine critical nuclei [24]. 

 

The relation between chemical potential and supersaturation is given as follows:  

                                           
*

c
Δμ = κTlnS = κTln

c
                                             (2.12) 

where κ  is the Boltzman constant, which is equal to 1.38 x 10
-23

 J/K. 

Combining *ΔG and Δμ  the homogeneous nucleation rate can be written as: 

                                 

3 2*

c

2

16πγ νΔG
J = Aexp - = Aexp -

κT 3κT Δμ
                                 (2.13) 

                                         

3 2

c

23 3

16πγ ν
J = Aexp -

3κ T lnS
                                                 (2.14) 
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G 
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2
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where: A is known as the pre-exponential factor. A is not very dependent upon the 

supersaturation, compared with the exponential factor, and therefore A can considered 

to be nearly constant. Typical values of A are ~10
25

 -10
35

 cm
-3

s
-1

. 

The main assumptions of classical nucleation theory are: 

i) Equilibrium conditions and 

ii) That ascribing macroscopic properties such as surface tension to the critical nucleus 

is valid. 

-  

Classical Heterogeneous Nucleation 

Homogeneous nucleation is assumed to occur in a solution that is completely free of 

impurities, which is impossible. Impurities will be present in solution and act as hetero-

nuclei in the solution, hence nucleation of the solution will be considerably accelerated. 

The overall free energy change associated with the formation of a critical nucleus under 

heterogeneous conditions must be less than the corresponding free energy change 

associated with homogeneous nucleation, ΔG
*
het = . ΔG

*
hom. The Gibbs free energy of 

the critical nucleus (cluster) depends on the contact angle  which may be determined 

by treating the interfacial tensions as forces and balancing them in the plane of the 

substrate, leading to Young's equation.  

                                    

3 2 3
* c

het 2

16πγ ν 2 -3cosθ +cos θ
ΔG =

43 Δμ
                                   (2.15) 

For  = 180°, nucleation does not occur on the substrate and the homogeneous 

nucleation energy value is obtained.  

If  = 0°, complete wetting occurs and this model then predicts no nucleation barrier. 

For  = 0°, though, the critical nucleus will be a 2-D monolayer disc and so *

het
ΔG  will 

not be applicable for such cases of very strong adsorption of atoms onto the substrate. 

The main difference between homogenous and heterogeneous nucleation is that 

once all the foreign particles have been used to nucleate, heterogeneous nucleation 

terminates, unlike homogenous nucleation. The total nucleation rate can be defined as 

the sum of heterogeneous and homogenous nucleation. 
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2.3.4 Determination of Nucleation Kinetics: Nyvlt Method 

The classical theory of nucleation does not yield results that could be used directly in 

studying the kinetics of an actual nucleation process. A model which was developed by 

Nyvlt [25] can be justified  for industrial crystallisation in which the nucleation rate J is 

a function of maximum achievable supersaturation. 

                                                               
m

n max
J = K Δc                                       (2.16) 

where J is nucleation rate, 
n

K the nucleation rate constant, m the order of nucleation and 

*

max max
Δc = (c -c )  the maximum achievable supersaturation. Here c is solution 

concentration and c* is the equilibrium saturation concentration at a given temperature. 

In crystallisation work the exponent to the concentration driving force has no 

fundamental significance and it does not give any indication of the number of 

elementary species involved in the nucleation process. 

The nucleation rate may also be expressed in terms of the rate at which 

supersaturation is created by cooling: 

                                                         

dT
J = - q

dt  
                                                 (2.17) 

q is the mass of solid deposited per unit mass of free solvent present when the solution 

is cooled by one degree C. q is a function of solute concentration change and of the 

crystallising system. In general, 

                                                           

*dc
q = ε

dT
                                                          (2.18) 

If the solute crystallises in an anhydrous form (e.g.: urea, glutamic acid) then ε  

= 1. For hydrated salts (e.g.: oxalic acid di-hydrate and copper sulphate penta-hydrate)  

                                                      

R
ε =

1- R -1
                                                 (2.19) 

where R is the ratio of the molecular weight of hydrous to anhydrous salt and M is the 

mass of anhydrous solute per unit mass of solvent. 
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The maximum possible supersaturation 
max

Δc can be written as a function of maximum 

possible undercooling of the system as follows: 

                                                              

*

max max

dc
Δc = ΔT

dT
                          (2.20) 

where 
max sat crys

ΔT = T -T , 
sat

T and 
crys

T  being the temperatures of saturation (at zero 

heating rate
sat diss

T = T ) and crystallisation corresponding to MSZW. 
*dc

dT
 is the slope of 

the solubility curve. 

Combing equations 2.16 – 2.18 and 2.20 leads to:   

                                                      

m
* *

n max

dc dT dc
- ε = K ΔT

dT dt dT
                         (2.21) 

Taking logarithms of both sides and rearranging results in: 

                    

*

n max

dT dc
log - = (m -1)log - log(ε) + log(K ) +mlog(ΔT )

dt dT
             (2.22) 

which indicates that the dependence of MSZW on cooling rate is linear and the slope of 

the line is the order of the nucleation process, m.  

Nyvlt and co-workers [4, 18, 26] processed experimental data for more than 25 

inorganic salts using the above method and found that similar linear functionality 

between MSZW and cooling rate was obtained. This correlation also predicts that the 

probability of the formation 

of clusters in a solution increases with increasing concentration. For aqueous solutions 

the order of the nucleation process, m, ranges from about 2 to 9, lower values occurring 

with lower molecular weight compounds. 
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2.3.5 Crystal Growth 

Once the nucleus has been formed and has reached the critical size, crystal growth 

occurs,  involving a series of unit process steps: 

 Bulk transport: solute molecules move from the bulk of the solution towards the 

boundary layer surrounding the crystal surface; 

 Boundary layer diffusion where solute molecules have to diffuse through the 

boundary layer towards the adsorption site through a process facilitated by a 

concentration gradient that exists close to the surface because the solution is 

depleted in solute at the solid/liquid interface; 

 Adsorption of the solute molecule onto the crystal surface, in part releasing 

solvation molecules; 

 Multi-steps interfacial diffusion whereby the adsorbed molecules migrate 

towards the optimum incorporation site and undergo a variable degree of 

desolvation. 

 

Any of these four steps can potentially be rate-limiting and can be affected by changes 

in the crystal growth conditions (solvent, supersaturation). 

The first two steps are limited by the coefficient of mass transfer by diffusion 

while the other two steps are surface integration reaction control. 

Mass transfer can be affected by the hydrodynamics around the crystal surface, 

where it can be enhanced by increasing the degree of mixing due to decreasing the 

thickness of stagnant film between the bulk of solution and the crystal surface. Hence 

especially in industrial scale crystallisers, mixing has a significant impact on 

crystallisation behaviour. 

The driving force of the diffusion mechanism is the solute concentration 

difference between the bulk and at the crystal-solution interface, whereas it is the 

difference between the solute concentration at the crystal-solution interface and the 

equilibrium saturation concentration in the case of surface integration reaction kinetics.  

The diffusion stage can be defined as: 

                                                                                                 (2-23)                         

The integration process can be represented by: 

                                                                                                (2-24) 
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where Kd represents the mass transfer coefficient and it is dependent on the stagnant 

film thickness. Ki represents the rate constant for the surface integration process. The 

kinetic coefficient is proportional to the surface roughness and to the exponent of the 

activation energy of a unit lattice. 

Combining the last two equations results in a general semi-empirical growth rate 

equation that can address the dependence on both hydrodynamic conditions and 

supersaturation and can be used for crystalliser design.  

                                                                                                 (2-25) 

where  KG is the overall crystal growth coefficient and g is the growth order. 

In batch cooling crystallisation, supersaturation is governed by the temperature 

of the solution which in turn is also influenced by the mixing regime in process scale 

equipment. Although the equations describing nucleation and growth are written in 

terms of concentration, supersaturation, there are implicit in these equations the 

influence of mass and heat transfer which are influence by mixing. 

Classification of Crystal Faces 

Ultimately, the development and growth of a crystal depends on solute molecules 

attaching themselves to an existing surface or crystal face. The crystal faces with the 

lowest surface tensions typically are the most close-packed, atomically flat, with low 

Miller indices. A crystal face at a small angle to one of these low energy faces will not 

be atomically flat but will consist of terraces and steps. Therefore, crystal faces can be 

divided into three groups as follows: 

 F (flat) faces. Parallel to at least two dense atomic rows. 

 S (stepped) faces. Parallel to one dense atomic row.  

 K (kinked) faces. Not parallel to any dense atomic rows. 

 

Figure 2.4 shows a diagrammatic view of a crystal with F, S, and K faces. The F 

faces are generally atomically flat. As temperature is increased entropic factors become 

more important and the F faces undergo a surface roughening transition at a critical 

temperature known as the roughening temperature, Tr. 
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Figure 2.5 Crystal faces with their three groups [27]. 

 

The atomically rough crystal faces such as S, K and F faces at temperatures 

above Tr grow by a different mechanism to the atomically flat faces at temperatures 

below Tr. F faces are the slowest growing faces, followed by the S faces, while K faces 

grow rapidly. 

The mechanical stability and ultimate strength of a crystal depends on how well 

the face is constructed, inclusions and faults would weaken the shape and make the 

crystal more prone to breakage. 

 

2.4   Crystal Breakage and Attrition 

Attrition is the generation of fragments from crystals suspended in a fluid stream caused 

by collisions; collision of crystals with each other, collision with fixed parts in the 

crystallizer such as walls and baffles, collision with mobile parts like the crystallizer 

stirrer. Attrition may occur according to the breakage mechanism when the collision 

energy is significantly higher than that required for crystal fracture, or according to the 

abrasion mechanism when the collision energy is only capable of removing small 

amounts of material from the surface of the crystals. The results of both mechanisms are 

a reduction of the crystal size and a modification in the crystal shape and morphology. 

In many cases, breakage lead to formation of new growth faces thereby changing the 



Literature Review 1 

Chapter 2 

 

26 
 

rate at which supersaturation will need to change in order to maintain for example a 

fixed growth rate.  

Crystallisation processes are particularly prone to attrition due to the intrinsic 

fragility of crystalline materials, especially needle like crystals with large aspect ratios. 

The crystal-impeller in a stirred vessel depends on several parameters [30]. 

 Stirring intensity,  

 Applied impact energy per unit of energy needed to produce one attrition fragment 

from the crystal surface,  

 Target efficiency, which is similar to impact probability between a crystal of given 

size and an impeller,  

 Material properties of crystal and stirrer,  

 

Total number of parent crystals in the vessel which influences the relative 

contribution of crystal–crystal collisions (dominant with high densities of crystals) and 

crystal–rotor collisions. 

           Ottens et al. [31] developed a mechanistic description of the mechanical 

interaction of the crystals with the crystallizer hardware in which the nucleation rate of 

the crystals is assumed to be proportional to the product of collision energy and 

frequency of collision. Evans et al. [32] distinguished additional collision mechanisms 

like crystal impeller collisions due to turbulence, and crystal-crystal collisions induced 

by gravity. 

According to Evans, it is assumed that crystals driven by turbulence will follow any 

eddy of size greater than their size but will not follow an eddy of smaller size. Thus, 

smaller crystals will follow a greater range of eddy sizes and collide with larger crystals. 

A consequence of the basic hypothesis is that the crystals will move relative to each 

other and collide only if they are crystals of different size.  

Gahn and Mersmann [33-35] developed a more fundamental approach to the generation 

of secondary nuclei based on material properties and physical concepts. An important 

assumption of this model is that in particular the crystal corners contribute to the 

generation of attrition. 

           Kougoulos et al. [36] studied particle disruption of an organic fine compound 

using Lasentec focused beam reflectance monitoring (FBRM) in agitated suspension. 
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They found that the shift in the crystal size distribution that was observed with an 

increase in the specific power input was largely due to micro-attrition effects rather than 

particle breakage. FBRM results matched the population balance model proposed by the 

authors who included both disruption and agglomeration. Attrition was only monitored 

against time at different power input rates but the authors have not reported the 

influence of crystal size, shape or mechanical properties on the attrition rate. Marco et 

al. [37] addressed the comparison of the attrition behaviour of different crystalline 

materials exposed to similar fluid dynamics conditions produced by a marine impeller. 

The size distribution was monitored off-line by a traditional sieving technique where the 

results might be affected by the time consuming measurement method and by the 

associated processes required for sampling such as filtration, drying, etc. They 

attributed the attrition results to both the crystals’ morphology and their mechanical 

properties. 

Crawley et al. [38] presented an in-line study of fragmentation of potassium 

sulphate crystals in a stirred reactor using a turbidity probe. They investigated the 

influence of the concentration of suspended crystals and the stirring rate produced by a 

four–bladed impeller. A model has been reported but neither the mechanical properties 

nor the crystal shape factor have been reported in their work. Several models have been 

reported in the literature by many authors. The most recent ones take account of both 

the effect of crystal size and shape factor on attrition [39] and [40].  

2.4.1 Contribution of crystal breakage and attrition to secondary nucleation. 

During crystallization processes where breakage takes place, a supersaturated solution 

nucleates much more readily (at a lower level of supersaturation) when crystals of the 

solute are already present or deliberately added (seeding crystallisation). The term 

secondary nucleation is used for this particular pattern. So, secondary nucleation results 

from the presence of crystals in the supersaturated solution. Several mechanisms exist 

for the attrition process. The most important are the result of crystal collisions with 

other crystals or with parts (impeller, wall) of the crystallizer [41]. The production rate 

of attrition fragments depends on the fluid dynamics of the suspension, on the 

mechanical properties of the solid material and on the physico-chemical properties of 

the liquid medium. 
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Modelling studies on secondary nucleation all yield a dependence of the secondary 

nucleation rate on three core parameters; the stirrer rotation rate (or the power input), 

the solid content of the slurry and the supersaturation level. 

One type of crystal ageing is Ostwald ripening, where large particles grow larger 

at the expense of smaller particles dissolving in a saturated solution. Ostwald ripening 

poses an obvious concern to the experimentalist researching particle breakage. If a 

significant quantity of small particles is formed, these could dissolve and significantly 

change the shape and size of the larger particles. 

While using non-solvents prevents other phenomena, such as crystal 

agglomeration and crystal ageing, from occurring simultaneously, it does not always 

adequately represent real crystallization conditions [41, 42]. This is because of the 

difference in properties of saturated solution and in a non-solvent. Only a few systems 

have been studied in the past using a saturated solution [43]. Consequently, very little 

experimental data is available on crystal breakage behaviour in saturated solutions.  

Breakage experiments carried out in a non-solvent (like those of Shamlou et al. [42] or 

Mazzarotta [41]) or in saturated solution (Synowiec et al. [30]) are in general directed at 

decoupling of supersaturation, growth and dissolution from the purely hydrodynamic 

effects on secondary nucleation. It was found that the fact that growth occurs in 

supersaturated solutions implies that damaged edges and corners on the crystals will 

heal again. Moreover, characteristic growth features (macro steps, growth spirals) 

initially present on the crystal surfaces will be eroded completely after some time in a 

non-solvent. The healed parts on a previously damaged crystal may lead to regions that 

are broken off more easily because of the formation of inclusions and stressed regions at 

the interface on which re-growth occurs. 

 

2.4.2 Growth of fragments in crystallization from suspension 

The attrition and breakage kinetics cannot be fully understood without introducing some 

important terms related to the other mechanisms occurring simultaneously in the 

crystallization system such as secondary nucleation, crystal growth from both solution 

and fragments and agglomeration and aggregation of crystals. 
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Gahn and Mersmann [33] found that the growth of fragments is size dependent and they 

developed a quantitative model to describe the rates of kinetics involved in the process. 

They focussed on the formation of attrition fragments as the main source of the newly 

formed nuclei with their subsequent growth. The authors found that the driving force for 

solute Integration into the crystal lattice in the supersaturation. 

                                                          ΔC = C – C
*                                                                            

(2.26) 

They further suggested that the saturation concentration in the case of growth 

behaviour from attrition fragments is not constant but it is a function of the strain energy 

stored in fragments [44]. 

Thus:                                              C
*
real = C

*
exp (Ws/RT)                                        (2.27) 

where C
* 

is now the solubility of a perfect crystal only, Ws is the strain energy stored in 

crystals. 

Thus, the molar strain energy stored in the crystal will increase its solubility, leading to 

a decrease of the driving force for growth or even to the dissolution of fragments (C
*
real 

> C
*
). 

One fundamental equation in the attrition model proposed by Gahn and 

Mersmann is Rittinger’s law, where the strain energy experienced by a particle is 

inversely proportional to its size (L). 

The molar strain energy may be stored in the core of the fragment, however, it is more 

likely to be stored in the vicinity of the fracture surface, since the local stresses during 

fracture are higher there [33]. The strain energy stored due to a misfit of the plastically 

deformed fracture region and the inner core may therefore be roughly proportional to 

the ratio of fracture surface (ГS) and volume of the fragment. Therefore the real 

saturation concentration according to Rittinger’s law can be expressed as follows: 

                                               C*real= C* exp (ГS L
2
/R T)                                          (2.28) 

Thus, the average growth rate of fragments decreases with decreasing initial size 

as fragments below a certain size will dissolve. This is by far the most significant aspect 

in the whole description of the growth and dissolution of fragments. 
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2.4.3 Mechanical properties dependent crystals breakage model 

Crystal mechanical strength has been the key parameter in determining attrition 

coefficients in many researches. Gahn and Mersmann measured mechanical properties 

such as Vickers hardness and surface fracture energy by an indentation test for several 

brittle materials. 

Later on, they determined the attrition and abrasion coefficients for the same 

brittle solids and they developed a physical model of attrition based on a set of 

assumptions and on the material properties of hardness, fracture resistance and the 

quasi-isotropic elastic constants. Gahn and Mersmann included the influence of crystal 

size or shape on the attrition parameters. 

A model which can take account of the influence of crystal size and shape factor on 

crystal attrition and relate this to crystal properties has been proposed for the first time 

by Asakuma et al [45]. They developed the physical model proposed by Gahn and 

Mersmann to include crystal size and shape effect. But they depended on sampling and 

off-line traditional sieving method to measure crystal size distribution where the 

breakage or agglomeration of crystals could affect the distribution results. 

Gahn and Mersmann Model 

Gahn and Mersmann cited that the highest impact velocities of particles in a suspension 

are experienced when they collide with the impeller. This impact may occur with the 

crystal faces, corners or edges. Because of turbulence in the suspension motion, the 

crystals are randomly oriented in the vicinity of the impeller. The authors found that the 

possibility of impact with impeller results in higher local shear due to the smaller 

contact area. Consequently, repeated contact will result in rounded-off crystals of a 

reduced size, provided there is no competing mechanism of crystal growth. They also 

found that when frequency of crystal-impeller contacts remains low, the crystals will 

have sufficient time to grow after each impact, thereby redeveloping their corners. 

If all dimensions of the impeller are larger than the crystal then the contact can be 

assumed to be equivalent to the impact of a crystal corner on another flat target (Fig. 

2.6). 
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F 

Figure 2.6  Deformation caused by contact of harder and softer material according to 

Gahn and Mersmann [35]. 

Where, F is the loading force and θ is the angle of impact. 

The most important assumptions of the Gahn and Mersmann fracture model are 

as follows: 

(1) For attrition processes, the crystal corner impacting on the harder target is 

replaced by a cone having a semi-apical angle of θ = 060 .
 

(2) The pressure required for plastic deformation is high; this plastically deformed 

region is assumed to be under hydrostatic pressure which corresponds to the 

hardness of the material. 

(3) Fracture is assumed to initiate after complete loading. The formation and 

propagation of cracks occurs instantaneously and is caused only by this quasi-

static stress field. 

(4) The mechanical properties of the crystalline substance can be replaced by 

average isotropic values, which are assumed to be independent of the strain rate.  

(5) The newly created surface caused by the formation of a fragment is proportional 

to the elastic strain energy stored in the volume of this fragment. (Rittinger’s 

law). 

(6) When Rittinger’s law is applied, the characteristic size of a fragment in one 

given direction Li will depend on the strain energy per unit volume according to 

the following equation: 

 

                                                                W.Li.ki = 2Г                                                (2.29) 
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where: Г is fracture surface energy, ki are efficiency constants, which take two facts into 

account; only a small proportion of the total work of deformation is transformed into 

elastic strain energy and from this elastic strain energy, again only a proportion is 

available for fracture, since fracture can only be caused by tension or shear, not by 

compression. 

 The energy necessary for plastic deformation is obtained from geometric 

considerations. 

                                                               Wp = 0.25.π.H.a
3
                                         (2.30) 

This is the pressure H multiplied by the volume displaced at the corner of the cone. 

The force acting after complete loading of the cone is equal to the contact pressure 

multiplied by the contact area: 

 

                                                                   F = H. a
2

. π. sin
2
 θ                                   (2.31) 

 

Thus:                                                          Wp = 0.05. ( F
3
/ H )

0.5                                            
(2.32) 

 

 

2.5 Particle Size Characterization Methods 

 Particle size distribution can affect basic unit operations including size reduction, 

classification, mining, filtration, crystallisation and flowability. In many industries it is 

important to know size distribution at each stage from raw materials to final products. 

The average value of the distribution can take various forms: 

D [1, 0] = Number mean = 
n

i
i 1

1
d

n
                             (2.33) 

D [2, 0] = Number-surface mean = 
n

2

i
i 1

1
d

n
                            (2.34) 
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D [3, 0] = Number-volume mean =
n

33
i

i 1

1
d

n
                            (2.35) 

D [3,2] = surface mean diameter = 

n
3

i
i 1

n
2

i
i 1

d

d

                             (2.36) 

D [4,3] = volume mean diameter =

n
4

i
i 1

n
3

1
i 1

d

d

                            (2.37) 

where n is the number of particles sampled. 

Two other statistical diameters are encountered, the mode and median diameter 

D50. The mode is the highest point of frequency curve, while the median diameter is the 

particle size 50% of the distribution above this value and 50% below. For normal or 

Gaussian distributions the mean, median and mode are the same. However for bimodal 

distributions, the mean diameter may be between the two peaks, the median divides the 

distribution exactly into two and the mode will lie at the top of the higher peak [46]. 

This section has mainly focused on an equipment review for measuring particle 

size. However, most of these methods can provide useful data only from dilute systems. 

Dilution changes the system and affects the size distribution compared with 

concentrated systems. But in industry, concentrated systems occur frequently. 

Therefore, it is necessary to measure the distribution for those systems. UAS and FBRM 

technologies can be used at high concentration and are suitable for online or offline 

analysis. UAS can propagate through concentrated systems, without any dilution. 

FBRM measures chord length very close to the probe tip. The techniques such as LDS 

and turbidity are off-line methods suitable for low concentration applications only. 

There are other advantages of using UAS and FBRM methods such as fast 

measurement, no calibration required and non-destructive measurement.   

 

2.5.1 Laser Diffraction Spectroscopy (LDS) 

There are many theories to explain how light is scattered by particles. A suspension of 

particles, in either liquid or gas, may be measured by using Fraunhofer or Mie light 

scattering theories to describe the diffraction patterns. The angles at which particles 
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diffract light are related to their sizes. Large particles scatter light at narrow angles [47] 

and small particles scatter at wide angles. 

Elastic scattering of light occurs when particles are very small compared to the 

wavelength of the incident light. The scattered light is at the same wavelength as the 

incident laser light, and the intensity is inversely proportional to the fourth power of the 

incident wavelength. This theory is difficult to apply in particle-laden flows or near 

solid surfaces. Light scattering measurements are very fast and simple using modern 

instruments; they measure scattering from particles in dilute suspensions of liquid or 

gas. 

The feature of these theories is that knowing the size of the particle and its 

structure, then it is possible to predict the way it will scatter light. Laser diffraction 

methods are the favourite choice in many applications [48], although dilution is 

necessary for concentrated systems.  Laser diffraction is a low angle light scattering 

principle that can measure particle size from approximately 0.05 to 9000 µm and is not 

dependent on refractive index of the particle at large sizes. For this reason, today this is 

the most popular method for offline particle sizing techniques [49]. Laser diffraction 

can be used to get particle shape information along with particle size distribution. This 

method gives the size of particles, regardless of their shape with volume-based 

distribution using mathematical model algorithm. A recent publication highlights the 

limitations of this instrument when non-spherical particles are measured [50]. 

 

2.5.2 Ultrasonic Attenuation Spectroscopy (UAS)  

Ultrasound is sound with a frequency above the human hearing range. Humans can hear 

sound with frequencies between 20 Hz (Hertz) and 20,000 Hz. Ultrasound is all sound 

above 20,000 Hz and cannot be heard by humans. The main features of ultrasound are 

as follows: 

 High frequency corresponding to short wavelength. 

 Ultrasound waves attenuate more quickly than audible sound waves. 

 

In this technique the fundamental equations of mass, momentum and energy are 

used to describe the interaction between an acoustic wave and a suspended particle. The 
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theory is well defined by Epstein and Carhart [51], Allegra and Hawley [52] and is 

named the ECAH model.  

Ultrasound can propagate through concentrated suspensions and allows their 

characterisation without any dilution. UAS is less sensitive to contamination compared 

to LDS because the high sample concentration dominates any small residue. The 

advantages of Ultrasonic Attenuation Spectroscopy for Particle Sizing can be 

summarised as follows: 

1. No dilution or calibration required. 

2. Can measure particle size in mixed dispersions as well as in structured dispersions. 

3. Suitable for polydisperse systems. 

4. Possible to allow for multiple scattering. 

5. Short data acquisition intervals. 

 

2.5.3 Focused Beam Reflectance Measurement (FBRM) 

Focused beam reflectance measurement technology provides a chord length distribution 

instead of particle size distribution. A chord length is a straight line between any two 

points on the edge of a particle. Figure 2.7 shows the operating principal of chord length 

measurement using Lasentec FBRM probe (Mettler Toledo). The concept behind the 

FBRM is that a laser beam is focused through the window at the probe tip. The lens is 

rotated parallel to the axis of the probe, so the beam is focused along a circular path. 

When the beam hits a particle, it is reflected back through the probe window where 

reflected intensity is measured. The instrument calculates the chord length from the 

duration of the reflected optical pulse and the principal components of the instrument 

are shown in Figure 2.8. This is widely used in crystallisation processes [53] for 

measuring the chord length distribution. The FBRM allows online and in-situ [54, 55] 

measurements even in systems with high concentrations and opaque systems. 

This instrument can be used in applications such as aggregation [56] and the 

sizing of emulsions [54, 57, 58]. Researchers have developed a model of this 

technology to predict the particle size distribution from chord length distribution [59-
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62]. Simmons et al. [63] used two methods, probability apportioning and the finite 

element method, to convert FBRM chord length into the particle size distribution. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Schematic diagram of chord length. 
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Figure 2.8 Principal components of the FBRM technology. 
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2.6   Conclusion 

This chapter presented the main aspects of crystallisation from pure chemistry 

perspectives and from the different crystallisation kinetics points of view, where the 

emphasis was spotted to the crystal breakage and attrition. In addition, this chapter 

introduced an overview of techniques to monitor the evolution of crystal size 

distribution and shape concentrating on focused beam reflectance technique. Moreover, 

nucleation theory and crystal growth were deeply tackled as the latter will form the 

benchmark for a real crystallisation study in the core of this thesis.    
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Chapter 3 

Review of single phase flow field studies around retreat curve 

impellers (RCI), the influence of hydrodynamics on crystallisation 

kinetics in two phases flow field, methods of kinetic energy dissipation 

rate estimation, and large eddy theory 

 

 

Summary 

Studying the flow field and the mixing hydrodynamics in batch type crystallizers is of 

paramount importance as this can affect the final size distribution of crystals and the 

local zones of cooling during crystallization processes. Of the standard industrial 

impellers is the retreat curve impeller which is perhaps one of the more widely used 

ones in the field of mixing and in crystallisation. This impeller design has proved to 

achieve good mixing and suspension characteristics although these very much depend 

on the settling behaviour of particular solids.  

Pitch blade and Rushton turbine type impellers are commonly used in laboratory 

studies and represent a mixing profile which is not common in industry. In this thesis, a 

major objective of the work was to study crystallisation with an industrially relevant 

mixer and hence an in depth review of the retreat curve impeller was undertaken. . 

 Moreover, studies of the influence of hydrodynamics on crystallisation kinetics 

were reviewed. 

Methods to determine kinetic energy dissipation rate will be reviewed alongside 

a discussion of the relevance to large eddy theory often applied in mixing studies. 
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3.1   Review of studies with Retreat Curve Impeller (RCI) 

Stirred tank reactors with retreat curve type impeller are a common mixing 

configuration widely used in the pharmaceutical and speciality fine chemical industries. 

Due to their rounded shape, retreat curve impellers can be readily fabricated as a glass-

lined unit. Also, standard retreat curve impellers (sometimes called Pfaudler impellers) 

are constructed with a larger diameter than other common agitators; their diameter can 

be varied from 60 to 90 % of the reactor tank diameter [1].  

The advantage of using such type of impellers over the other common types is 

that the RCI can be placed at a relatively small bottom clearance in a dished-bottom 

tank. This arrangement aids the agitation of solids and hence reasonable solids 

dispersion can be achieved. Notwithstanding its importance, information on the mixing 

performance of RCI type of impellers is limited in the literature. 

Single-phase flow generated by a standard retreat curve impeller together with 

power consumption and mixing time characterization was studied by Liang et al. [2] 

using Laser Doppler Anemometry (LDA) . The authors found that more power was 

consumed by RCI in a baffled reactor and that power consumption was increased by 

increasing the degree of baffling. They compared the power number of RCI with that of 

radial flow impellers such as Rushton turbine (RT), mixed flow impellers such as 

Pitched blade turbine (PB) and axial flow impellers such as Marine propeller (MP). 

They found that the power number of RCI is slightly lower than that for the PB in the 

turbulent regime and is far less than that of the typical radial flow turbine RT, while the 

axial flow impeller MP showed 50% power consumption less than that consumed by 

RCI. In terms of the RCI vs RT and MP comparison, the RCI is a 3 bladed unit where as 

the number of blades in a RT is approximately 6. The effect of mixing Reynolds 

number on the power number of RCI was studied as well and the LDA measurements of 

the flow field and both were found to be in good agreement with Computational Fluid 

Dynamics (CFD) simulation.  

An appraisal of the fluid dynamic efficiency of impellers in Industrial-Size 

crystallizers was carried out by Campolo and Soldati [3]. The objective of their work 

was to compare the fluid mechanical efficiency of an industrial reactor (nominal 

capacity of 12500 L) equipped with two different impellers and two beaver-tail baffles. 

They considered two different impellers that can be used to stir the fluid in the vessel, a 

traditional Retreat Curve impeller and a newer Turbofoil Impellers (TI). They examined 

macroscopic indicators of fluid mechanical efficiency, namely, pumping capability, 
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power consumption, and pumping efficiency. First, the authors performed three-

dimensional, time-dependent numerical simulations of the flow fields generated in the 

industrial reactor by the two impellers. They were able to quantify the discharge 

flowrate and the circulation flow generated in the RCI and TI configurations. Secondly, 

it was found that the off-bottom clearance, and its effect on the discharge jet, might be a 

first cause of the different fluid dynamic behaviours.Work was required to evaluate the 

effects of geometric variables, such as impeller clearance and impeller/vessel diameter 

ratio on impeller efficiency. 

In the RCI configuration, the pumping efficiency peaks in the range Re = 2500-

5000 and becomes steady around a value of 0.40 in the fully turbulent regime, 

corresponding to Re > 10
4
. In the TI configuration, the value of the pumping efficiency 

increases and becomes steady around a value of 0.55 for Re > 10
4
. 

 For Re <10
4
, the RCBI is capable of generating a larger discharge at lower power 

compared to the TI. 

 Campolo and Soldati further observed that, at lower Reynolds numbers, the 

retreat curve impeller generated fluid jets near and almost parallel to the bottom of the 

vessel. These jets were deflected upward by the curved bottom, giving rise to a large 

vertical circulation loop, hence the great ability to generate secondary circulation for Re 

<10
4
. At higher Reynolds number, the vertical circulation was observed to extend to a 

large region to the upper part of the tank. The authors also noted that, due to the very 

low off-bottom clearance of the retreat curve impeller and the curved shape of the tank 

bottom, the flow can expand only on the upper side. As a result, its ability to entrain the 

surrounding fluid is reduced.  

Campolo et al. [4] carried out another study to evaluate the influence of scaling-up the 

vessel on the efficiency of the retreat curve impeller defined as the ratio between the 

flow number to the power number, where it was found that the impeller efficiency 

reached a maximum value in the Reynolds number range of 10
3
-10

4
 and a systematic 

dependence of the power number on the tank size was observed as well. 

            Dohi et al. [5] carried out a suspension study using a multi-baffles with a 

Pfaudler impeller. They explained the choice of this type of impeller by its efficiency in 

accomplishing off-bottom suspension of solid. The Pfaudler impeller diameter to tank 

diameter ratio was equal to 0.6. The impeller was placed as close to the tank bottom as 

possible. Due to its angled blades, the impeller was thought to be most suitable for use 

in a tank with a dished bottom. Li et al. [6] conducted detailed LDA measurements of 
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the flow field generated by a retreat curve impeller in a 20-L glass reaction vessel 

equipped with a finger baffle for a range of turbulent flow conditions. The results 

showed that across the impeller speed range used, the flow field appears to be scalable 

based on impeller tip speed. A complex flow pattern with strong axial flow close to the 

wall and impeller shaft, and strong radial flow from the impeller was observed. A 

localized vortex caused by interaction of the blades and finger baffle was also observed.  

Using a 1D laser system to measure 3 velocity components required rotation of 

the laser probe head and reorientation of the stirred tank. Translation errors are therefore 

higher than would normally be anticipated from a 2D LDA system. In making 

tangential velocity measurements, the LDA traverse moved varying distances in air and 

water compared with the axial and radial velocity measurements when these two 

distances are fixed. Because of the refractive index change between air and water, the 

measurement volume locations were more difficult to determine accurately. The error in 

re-locating the measuring volume is therefore greater when recording the tangential 

component. Large differences were also obtained in turbulent kinetic energy prediction. 

Comparison of the computational results with the experimental data showed that levels 

of the turbulent kinetic energy are significantly under-predicted in the vessel due to the 

finite size of the measurement interval that affects the rms velocity values.  

A further study of retreat curve impeller stirred tanks using LDA measurements 

and CFD simulation was undertaken by the same authors [6], concentrating on issues 

surrounding scale up; predicting the mixing profiles in three geometrically similar 

laboratory scale vessels of 0.5, 2 and 20 L with retreat curve impellers and cylindrical 

baffles. This configuration was designed to mimic reactors widely used in the 

pharmaceutical and fine chemical industries. Three dimensional, time-dependent CFD 

computations were conducted to ensure the simulations reached quasi-steady state. CFD 

results were then validated against LDA measurements and empirical power 

consumption from literature data. Power number, discharge flow number, secondary 

circulation flow number and pumping efficiency at three different scales were found to 

reflect the influence the scale up on mixing performance. 

In order to avoid the problems associated with LDA measurements such as that 

of estimating the tangential components of velocity or evaluating the micro-mixing 

indicator such as the turbulent kinetic energy and the kinetic energy dissipation rate, 

Buonacucina [7] continued the work of Li et al. using 3D-PIV measurements. She 

carried out 2D and 3D-PIV measurements of the flow field around a retreat curve 
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impeller at a relatively laminar flow mixing condition in order to investigate the macro 

mixing structure.  

A multi-block technique was adopted to ensure sufficient resolution of the flow filed by 

the PIV cameras. Reactor configurations were similar to those used by Li et al. The 

findings of Buonacucina were in good agreement with the simulated CFD results of Li, 

showing that 3D-PIV is a useful tool in validating the mixing hydrodynamics 

simulations in stirred tank reactors. 

 

 

3.2 The influence of hydrodynamics on crystallisation kinetics  

Liiri et al. [8] used a combination of computational fluid dynamics (CFD) and multi 

blocks model for modelling crystal growth in a 100 dm
3
 suspension crystalliser 

equipped with two turbine impellers. Local hydrodynamics and crystal suspension 

densities were compared with experimental results to verify flow profile and slip 

velocities. Results from CFD simulation were then translated to a suitable form for 

input to the developed multi blocks model. 

            Kulikov et al. [9] used a compartmental model for modelling crystallisation of 

ammonium sulphate in a wall-cooled tube. They tested models with different numbers 

of compartments; mixture properties were assumed to be constant. Slip and particle drag 

were not considered and gravitational forces and molecular diffusion were considered to 

be negligible compared to convective transport. They used FLUENT and Parsival for 

the modelling of fluid dynamics and crystallization, respectively. 

 Liiri et al. [10] used computational fluid dynamics (CFD) to evaluate the diffusion-

controlled growth rate of potassium dihydrogen phosphate (KDP). Parameters of the 

crystal growth model were estimated using a non-linear optimization package KINFIT. 

Experimental data on growth rate of the (101) face of a KDP single crystal and 

simulated data on the thickness of a diffusion layer at the same crystal face were used in 

parameter estimation. The surface reaction model was implemented into the CFD code 

and finally the model was used to study the effect of flow direction on growth rate of 

the whole crystal with various slip velocities and solute concentrations. Kougoulos et al. 

[11] applied CFD as an engineering insight tool to determine the influence of 

hydrodynamics within an agitated vessel and the effect of scale-up on the mixing, 

energy dissipation, and heat transfer using different impeller configurations and 

operating conditions was successfully analysed using CFD. They found suspension 
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mixing improves with a reduction in energy dissipation and shear distribution, which 

will allow for reduced crystal breakage and secondary nucleation and more 

homogeneous suspensions being produced. gPROMS was used as a powerful 

commercial process-modelling tool for crystallisation and predicting the particle size 

distribution based on using crystallisation kinetics and solubility for both batch and 

continuous laboratory crystalliser. 

           Kulikov et al. [12] introduced a framework for the simulation of mass 

crystallisation considering the effect of fluid dynamics. FLUENT and Parsival were 

used as software integration tools in solving of  population balance models and fluid 

dynamics. The population balance and crystallisation kinetics are formulated in the 

coarse scale compartments while the fluid dynamics are solved on the fine CFD grid. 

The influence of mixing on crystal suspension density distribution and on crystal 

size distribution was evaluated by Sha and Polosaari [13] using a compartemental 

model. 

Barrett et al. [14] introduced a combined study on in-line real time measurement 

tool (PAT) of FBRM and ATR-FTIR and CFD in order to investigate the application of 

CFD to the multi-scale characterization of anti-solvent addition crystallisation. FBRM 

was used to monitor key properties relating to the size and number of crystals and 

measure solubility and metastable zone width (MSZW) data, while Attenuated Total 

Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) was used to measure 

the concentration of both the solute and anti-solvent in solution. They could optimize 

the agitation rate, feed point locations and addition rate. 

 

3.3 Review of methods of dissipation rate estimation 

Local energy dissipation is thought to be an important parameter in modelling localised 

crystallisation events within the mixing vessel. Previous studies of estimating the 

kinetic energy dissipation rate focus mainly on measuring the single-point local 

dissipation rate or averaged dissipation rate over a finite volume. The methods of 

turbulent kinetic energy balance, Taylor’s hypothesis, and dimensional analysis have 

been proposed to estimate the dissipation rate of turbulent kinetic energy, but the main 

issue is that they cannot provide the global distribution of the dissipation rate over a 

large flow region. 

The problems associated with the determination of energy dissipation rate have 

been highlighted by Ng and Yianneskis [15], who employed the Reynolds-Averaged 
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Navier Stokes (RANS) computational fluid dynamics (CFD) approach and the k-ε 

model to predict dissipation values. The range of values reported in their work indicates 

that knowledge of the distribution of energy dissipation is subject to significant 

uncertainties. 

 Sheng et al. [16] estimated ε employing a large-eddy PIV method to overcome 

the resolution limitations. Energy dissipation at the smallest scale was approximated by 

the sub-grid energy flux. 

 Sharp and Adrian [17], Baldi et al. [18-20] measured ε using Particle Image 

Velocimetry (PIV) but they showed that the minimum and the maximum values of 

dissipation may be over and underestimated respectively in such flows. Both authors 

used dimensionally based relations, assuming locally isotropic turbulence. 

The RANS CFD methods were found to under-predict the total amount of ε by 

around 50% [15], whereas LES prediction methods provide more accurate values with 

an overestimation of only 15%  [21]. 

PIV was employed as a technique that can be used to measure the instantaneous 

gradients of Reynolds stresses [17] and [22], provided that the gradients can be 

measured over volumes sufficiently small and comparable to the Kolmogorov scales. 

Baldi and Yianneskis [20] provided improved quantitative knowledge of dissipation 

through direct measurement of the fluctuating velocity gradient terms in the definition 

of ε.  In turbulent flows, the large-scale structures are the ones that absorb energy from 

the mean flow and are strongly flow-dependent. These structures tend to be highly 

anisotropic and vortical in nature, and are responsible for most of the transport in 

turbulent flows.  

On the other hand, small-scale structures mainly dissipate the energy provided 

by larger eddies, and are more universal (i.e., flow-independent) than the large scales 

eddies. For this reason, in CFD large eddy simulation attempts to overcome the 

limitations of DNS by resolving only the large scales. Small scale eddies are assumed to 

be universal and are modelled by sub grid-scale (SGS) models. Like DNS, LES solves 

the Navier–Stokes (NS) equations directly for the large scales.  

The sub grid scales begin at the cut-off wave number, kc, chosen to lie in the inertial sub 

range of the energy spectrum.[23]. 

 Figure 3.1 shows a schematic sketch of the large eddy approach in terms of the 

energy spectrum. 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4135Y7H-4&_user=273788&_coverDate=10%2F15%2F2000&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1459376328&_rerunOrigin=scholar.google&_acct=C000015798&_version=1&_urlVersion=0&_userid=273788&md5=5cc4ae91d7653cd0bde6753ecce6ba5b&searchtype=a#fig1
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Figure 3.1 Schematic model of turbulent kinetic energy transport (taken from [16]). 

 

 In this figure, kl   is the integral length scale wave number, and kη is the 

Kolmogorov scale wave number. 

In LES, a low pass filter (LPF) is applied to the NS equations to separate the 

resolved scales from the sub-grid scales. In real space, the filtering is defined as a 

moving spatial average and the band width is defined by Δ=2π/kc. This filtering process 

introduces the SGS stress, τij, which must be modelled. Several SGS models have been 

proposed and applied in high Reynolds number simulations, including eddy-viscosity 

(Smagorinsky model), the similarity model , the gradient model and the dynamic 

models ( more details can be found in [16] ). 

For high Reynolds number flows, the turbulent kinetic energy is generated at (flow-

dependent) large scales and cascades to (universal) small scales where it dissipates in 

the viscous sub-range. By examining the production and dissipation as a function of the 

wave number (Figure 3.2), it can be shown that turbulent kinetic energy is mainly 

generated at the integral scale, and then the same amount of energy is dissipated near 

the Kolmogorov scale. In between, there is a large region (inertial sub range) where 

turbulent kinetic energy is neither generated nor dissipated. The major role of turbulent 

structures in the inertial sub-range is thus to transfer energy from large to small-scale 

structures. Hence, when the sub-integral scales are in dynamic equilibrium, the flux of 

turbulent kinetic energy through the inertial sub-range will be equal to the turbulence 

dissipation rate. 

 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4135Y7H-4&_user=273788&_coverDate=10%2F15%2F2000&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1459376328&_rerunOrigin=scholar.google&_acct=C000015798&_version=1&_urlVersion=0&_userid=273788&md5=5cc4ae91d7653cd0bde6753ecce6ba5b&searchtype=a#bib15
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4135Y7H-4&_user=273788&_coverDate=10%2F15%2F2000&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1459376328&_rerunOrigin=scholar.google&_acct=C000015798&_version=1&_urlVersion=0&_userid=273788&md5=5cc4ae91d7653cd0bde6753ecce6ba5b&searchtype=a#fig2
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Figure 3.2 Schematic model of production and dissipation of turbulent kinetic energy 

(taken from [16]). 

 

Based on this physical model and since only the length scales within the inertial 

sub-range are needed to estimate the flux of turbulent kinetic energy, the LES method 

does not require the velocity field to be resolved down to the Kolmogorov scale.  

In conclusion, in the large eddy PIV method and under the dynamic equilibrium 

assumption, the turbulence dissipation rate   can be estimated by the SGS energy flux 

〈    〉 at the cut-off scale corresponding to the PIV resolution. The SGS flux is 

obtained from the strain-rate tensors,   ̅   , computed from the PIV measured 

(resolved) velocity fields and the modelled SGS stress,      . 

When the PIV system resolves down to the Kolmogorov scale, the SGS stress is 

replaced with the viscous shear stress. In other words, the resolved velocity fields give 

the dissipation rate directly. 

In order to compare with CFD, care must be taken while using PIV as its 

measurements are limited to finite grid sizes, which often exceed the smallest eddy sizes 

that dominate the turbulence dissipation rate. To overcome this limitation, a large eddy 

analysis method has been adopted throughout this study in order to overcome the 

resolution limitation of the PIV technique [24-26].  

When PIV measurements resolve down to the Kolmogorov scale, the resolved 

velocity fields can directly give the energy dissipation rate. PIV techniques can be used 

to measure the fluctuating velocity directly [22] and hence estimate the gradients of the 

Reynolds stresses comprising the main unknowns in the ε equation, provided that such 

gradients can be measured over volumes sufficiently small (high resolution). 
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     (3-1)  [24]      

 

Equation 3-1, defines   is in terms of the fluctuating velocity components and 

the kinematic viscosity and takes into account that stereoscopic 3D-PIV is going to be 

utilized throughout this study. Hence, all the spatial components should be resolved 

when PIV system resolves down to the smallest eddy scale (Kolmogorov length scale) 

and Equation 3-1 will be enough valid to retrieve the energy dissipation rate in this case. 

PIV measurements are limited to finite grid sizes, which often exceed the smallest eddy 

sizes that dominate the turbulence dissipation rate. In order to extract the kinetic energy 

dissipation rate from PIV data, a large eddy PIV method for dissipation rate estimation 

was devised and adopted. 

Based on a dynamic equilibrium assumption for the sub-grid scale (SGS) flux 

between the resolved scale and the sub-grid one, the large eddy method dictates the sub-

grid scale energy flux. Thus, it estimates the turbulence dissipation rate. 

The SGS energy flux can be obtained from the strain rate tensor computed from 

velocity fields and the modelled SGS stresses. While the smallest resolved length scale 

with the PIV system can be obtained as follows [6]: 

                                                                 
   

    
                                                  (3-2) 

where Lr  is the smallest resolved length scale with the PIV system, 



Literature Review 2 

Chapter 3 

 

51 
 

L : The length scale taken equal to 1/10 of the vessel diameter, 

LIC : The dimension of the interrogation cell (pixel), 

LCCD : The dimension of the CCD array (pixel). 

Kolmogorov length scale can be obtained at different power inputs, different 

Reynolds numbers as follows  [18]: 

                                                (
  

 
)
    

                                             (3-3) 

where ν is the kinematic viscosity of the working fluid (water) taken equal to 10
-6

 

m
2
/sec, 

 ε :The averaged specific power input calculated from the power input as follows [2]: 

                                                                
 

   
                                                        (3-4) 

where P is the power input (W/kg), 

ρ: The density of water (kg/m
3
), 

V: The vessel volume (m
3
). 

 The power input for the retreat curve impeller used in this study can be 

evaluated from the power number of as [6]: 

                                                          
 

      
                                              (3-5) 

where NP is the power number of the retreat curve impeller, P: the power input, n: the 

stirrer revolution rate (rps), and d: the stirrer diameter. 

The kinetic energy dissipation rate can be estimated from the spatial instantaneous 

derivative strain rates and the modelled Reynolds stresses as follows [24]:  

                                                                                                    (3-6) 
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where      is the resolved scale strain rate tensor extracted from the derivatives of the 

velocity gradients as follows [24]: 

                         
     

     
                                     (3-7) 

 
where the terms inside the brackets are the filtered rates of strain tensor components in 

the radial (U), axial (V), and tangential direction (W) respectively.  

For instant, each strain tensor can be given as follows:                                                      
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                                    (3-11) 

      is the Reynolds stress, which can be modelled using the eddy viscosity model, or 

Smagorinsky model, as follows [24]: 

                                                                                                      (3-12) 

where Vsgs is the viscosity sub-grid scale and can be obtained as follows [24-26]: 

                                                         
       

                                  (3-13) 

where CS is the Smagorinsky constant taken equal to 0.17 throughout this study and Δ is 

the applied PIV filter width. 
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3.4 Conclusion 

This chapter tackled the flow field and mixing hydrodynamics review around retreat 

curve impeller (RCI) as this will form a benchmark for a single phase flow pattern study 

in the first part of the thesis. Adding to that, the large eddy simulation theory was 

deeply reviewed as the approach will be used in the core study to overcome the 

resolution limitation of the PIV technique and give an access to the small scale structure 

of the flow field. The latter is quite useful when dealing with the influence of flow field, 

mixing and eddies on both crystal breakage and growth in the last part of the thesis.  
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Chapter 4 

Materials and Experiments set-up 

 

 

Summary 

This chapter presents a detailed description of the experimental apparatus, materials and 

techniques used to characterise the systems studied in this work including the principle 

of the technique, experimental set-up and procedure. 
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4.1 Introduction 

In this study, the emphasis is placed on measuring the attrition of glutamic acid, urea 

and copper sulphate crystals in a batch crystalliser. Glutamic acid has been used as a 

model compound with key characteristics representative of many crystal materials 

found in pharmaceutical processes. The two polymorphic forms of L-glutamic acid are 

quite different in shape and hence present different behaviours when subjected to high-

speed agitation as typically found in a batch crystalliser.  

Urea and copper sulphate were selected as materials for study because of the 

ready availability of data for these two crystals in the literature and to highlight the 

specific effect of both agglomeration and crystal dissolution on their attrition since urea 

is highly prone to agglomerate and copper sulphate has a high dissolution rate because 

of its chemical nature as a hydrated compound. 

 Three sequences of measurements were conducted for this work; the first was 

related to determining the strength and hardness of crystals formed from and L-glutamic 

acid, urea, and copper sulphate. A technique based on hardness testing was adopted to 

measure the breakage strain on carefully grown crystals. The second sequence of 

measurements was related to measuring, in-situ, the changes in crystal size distribution 

when the same crystals were exposed to mixing at different impeller speeds. The third 

and final sequence of experiments measured the velocity profile generated within the 

batch crystalliser. For this, a 3D PIV system was used to measure the velocity profile 

present before crystallisation took place and for a short period when formed crystals 

began to grow. In addition to measuring the flow field of only the liquor, the PIV was 

used to measure the flow field while crystallisation was taking place. 

 

 

4.2 Materials 

 (L)-glutamic acid  

(L)-glutamic acid (formula C5H9NO4, molecular weight 147.13) is a small amino acid, 

existing in two polymorphic crystal forms α and β. The crystal structures of these two 

forms are both orthorhombic, P212121 with: a = 0.706 nm b = 1.03nm c = 0.875nm for 

α-form and: a = 0.517nm b = 1.734nm c = 0.695nm for β-form. In these polymorphic 
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forms, (L)-glutamic acid molecules adopt a different conformation responsible for the 

large difference in the dimensions of the unit cells. Molecules crystallise as zwitterions 

with the molecular packing of both forms dominated by intermolecular hydrogen 

bonding and electrostatic interactions. Figures 4.1 and 4.2 present the two polymorphic 

forms of L-glutamic acid crystals. The α-form of (L)-glutamic acid has a distinctive 

prismatic morphology, generally preferred for industrial purposes, whereas the β-form 

is needle-like. The β-form however is more commonly found (and purchased) as it is 

more thermodynamically stable when formed by cooling aqueous solutions. Each 

polymorph can be produced from aqueous solution under different operating conditions 

in batch crystallisers. The crystal data for the two polymorphic forms of L-glutamic acid 

are summarised in table 4.1. 

Experiments on crystallisation of (L)-glutamic acid were carried out by cooling 

an aqueous solution of (35g/1000g water) at 0.2°C/min from 75°C down to 20°C, in 

order to obtain the α-form of (L)-glutamic acid. The β-form of (L)-glutamic acid was 

obtained by leaving the resulting slurry stirred over 48h at 20°C. 

 -glutamic acid -glutamic acid 

Empirical formula C5H9NO4 C5H9NO4 

Molecular weight 147.13 147.13 

Crystal system Orthorhombic Orthorhombic 

Space group P212121 P212121 

Unit cell dimensions  a= 7.068 A
o
 

b= 10.277 A
o
 

c= 8.775 A
o
 

a= 5.159 A
o
  

b= 17.3 A
o
 

c= 6.948 A
o
 

Solubility  Log s = -0.377+0.0174T  

T ranges 0-30 
o
C 

Log s = -0.461+0.0159T  

Density 1.533 1.576 

 

Table 4.1   The crystal data for the two polymorphic forms of L-glutamic acid [1]. 
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Figure 4.1 The polymorphic form diagram of β-(L) glutamic acid. 

 

   

 
Figure 4.2 The polymorphic form diagram of α-(L) glutamic acid. 

 

 

Urea Crystals 

Urea (NH2CONH2, M.W: 60.07, density: 1.33 kg/m 3 ). Urea crystallises from aqueous 

solution in the form of long needles, which are in a tetragonal lattice. The longest axis is 

of the order of 40 to 50 times the length of shortest axis of the crystal (figure 4.3). 

However, habit modification can be achieved by crystallisation from aqueous solution 

in the presence of biuret (up to 6.3 % w/w resulting in elongated prisms that stop 
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growing in [001] direction while growth in [110] continues. It is widely used in the 

fertilizer and plastic industries. In modern technology, urea is one of the few organic 

crystals which have been used in non-linear optics (NLO).  

 

Figure 4.3 Crystal intermolecular packing diagram of urea [1]. 

 

Copper Sulphate Pentahydrate Crystals 

Copper sulphate pentahydrate (CuSO4.5H2O, (CuSO4. 5H2O, M.W: 249.68, density: 

2.28kg/ m 3 ) is used in agriculture as a mineral additive to animal food and as an 

intermediate in the electronics industry. It has been used as a model compound in many 

studies on nucleation and growth kinetics because of well-defined literature data. The 

main reason copper sulphate was chosen to benchmark the system was that, 

unlike organic crystals, inorganic crystals are usually well-characterised in term of 

their physical properties. All physical parameters were known for the copper 

sulphate pentahydrate crystals and it was assumed that the influence of 

temperature on each of these parameters was negligible.  
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4.3 Flow field study using particle image velocimetry (PIV) technique 

Particle Image Velocimetry (PIV) is a non-intrusive flow measurement technique that 

allows measurement of the instantaneous velocities at many points in a planar (2D) 

cross-section of a flow. The fluid in the reactor is seeded with particles of tiny sizes of 

micron magnitude and of a similar density to that of the working fluid, so that their 

movement can be assumed to follow the flow. Polyamide particles having a diameter of 

20m and a density of 1.03 g/cm
3
 and a concentration of 0.03% wt/wt were used as a 

tracer throughout this study. 

 A plane in the flow is illuminated by a pulsed-laser sheet and image-pairs are 

captured by two high sensitive cameras (stereoscopic PIV) in rapid succession. The 

short duration of the pulses will result in freezing the seeding particles on the captured 

images. The property measured by PIV is the particles displacement during the known 

time interval, Δt, between the two laser pulses, so that the instantaneous velocities can 

be obtained. 

Camera images are divided into smaller interrogation areas, where the average 

displacement is calculated numerically by image processing called cross-correlation, 

which is generated by Fast Fourier Transform (FFT) processing of the image and then 

scanned to find the position of two high signal peaks. Cross-correlation is applied to 

corresponding interrogation areas in the first and second frames. The location of the 

highest peak in the cross-correlation plane corresponds to the average particle 

displacement vector between the two laser pulses in the interrogation area. Further 

details about PIV can be found in the manufacture user guide [3]. 

 

 

4.3.1    PIV Requirements 

Notwithstanding the relative simplicity of its measurement principle, correct application 

of the PIV technique is crucial and requires a great amount of care. The theory of the 

PIV was introduced by Adrian [4] and was implemented shortly afterwards by Kean and 

Adrian [5-7] 

The spatial resolution, accuracy and reliability of particle image velocimetery 

have been the subject of numerous studies (e.g. Kean and Adrian, [5], Adrian [8] ). 

There are some general requirements that should be satisfied in order to be able to 

acquire PIV measurements that are meaningful and as accurate as possible. This is a 

very important feature of the PIV technique since with PIV any input data are processed 
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regardless of their validity. Among the parameters that should be considered to optimize 

the measurement are the particle seeding density, the relative in-plane particle 

displacement, the relative out-plane displacement, the velocity gradient, and the particle 

diameter.  

Tracer particle density is a very important factor in the accuracy of PIV since the 

measurement of the average displacement of particles within an interrogation area will 

be accurate if a sufficient number of particles contribute to it. Keane and Adrian [7] 

carried out a series of Monte Carlo simulations to study how the measured and actual 

particle displacement differ at different particle seeding densities and recommended a 

minimum of five particles per interrogation area for cross-correlation. 

Tracer density is closely related to the actual in-plane particle displacement as 

cross-correlation would be biased if the particles did not remain in the same 

interrogation region during the time interval between two pulses. The case when either 

the initial or the final particle position is outside the interrogation area is known as 

‘loss-of-pairs’. To reduce this phenomenon to the minimum, Adrian [4] stated that the 

maximum particle displacement should be less than one quarter of the length of the side 

of the interrogation area. Satisfaction of this requirement can be ensured by adjusting 

the time interval between the laser pulses and by changing the size of the interrogation 

area. The probability of finding particle pairs within one interrogation area can be 

increased by overlapping the interrogation areas or offsetting the interrogation areas of 

the second image of the cross-correlation pair. An overlap of at least 25% is usually 

recommended while ideally the offset corresponds to the average particle displacement. 

However, this requires the average bulk velocity in the flow to be known. The 

interrogation method assumes that the flow within an interrogation area is 

homogeneous. Thus, velocity gradients within an interrogation area should be kept as 

low as possible. Kean and Adrian [7] found that the largest deviation from the particle 

average displacement within one interrogation area should be less than or equal to  1 

particle diameter if the calculated velocity is to be kept within  1% of the true value. In 

practice, a variation of less than 5-10% from the average is recommended (Flow Map 

PIV users guide [9]). This can be ensured by selecting suitable dimensions for the 

interrogation areas once the scaling factor is fixed. The particle size in this case refers to 

the particle image size. It has been predicted by Raffel [10] that, for cross-correlation, 

the optimum particle image diameter should be between 2 and 3 pixels in order to 
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enable estimation of the correlation peak on the correlation plane with minimum bias. 

The particle image diameter can be increased by increasing the sampling rate or by 

defocusing the image. 

The number of particles in an interrogation area also depends on the magnitude of the 

out-of-plane displacement. In 2D PIV, the latter should not affect the measurement of 

the in-plane velocities. In order to achieve this, a very thin laser sheet is used. 

Conversely, in 3D PIV the laser sheet thickness is increased to account for the third 

component. A suitable laser thickness can be estimated if the flow velocity 

perpendicular to the light sheet is known and based on the interrogation area size used 

in the image processing. As in the case of in-plane displacements, the out-of-plane loss-

of-pairs can also be minimised by reducing the time interval between recordings. 

Where these requirements are not satisfied, spurious vectors (also called 

outliers) appear in the velocity field. These are vectors that originate from a wrong 

cross-correlation and are usually readily recognisable, as they appear as longer vectors 

with random directions. The number of outliers should be minimised during recording 

by improving the experimental set-up (illumination, seeding, time interval between 

pulses, etc.). This often involves some trial and error routine. Outliers can also be 

removed and/or substituted during post-processing by using validation algorithms. 

Examples of validation methods are: velocity range validation, which validates vectors 

having magnitudes within a specified range; moving average validation, which validates 

and/or replaces vectors according to the continuity equation; and peak height validation, 

which validates vectors based on the values of the peak heights in the correlation plane. 

Alternatively, spurious vectors can be eliminated manually. 

In stereoscopic view (figure 4.4), camera lens, image and light sheet planes can 

be tilted with respect to each other such that they intersect in a common line in order to 

have the whole plane in focus [11]. This arrangement introduces perspective distortion 

causing the image to be seen as a trapezoid on the camera sensor. These distortions are 

corrected during calibration. 
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Figure 4.4 Stereoscopic principles of Particle Image Velocimetry. 

 

4.3.2 PIV system set-up 

The measurements were conducted using a Dantec Flowmap PIV system. Figure 4.5 

shows a photograph of the PIV system in stereoscopic arrangement. The system 

includes: a New Wave Solo Nd: YAG laser (C), two Hi-Sense CCD cameras (A+B), 

Polyamide PSP-20 seeding particles, a rectangular glass tank (D), a reactor tank (E), a 

stirrer motor with encoder (F), the Dantec Flow Map processor and Flow Manager 

software for recording and analysis of the images.  
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Figure 4.5 Photograph of the PIV rig for the study of the 

hydrodynamics in a stirred tank reactor. 
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The reactor vessel (in figure 4.5) can be seen located inside a rectangular tank. This tank 

held water in order to partially correct for the curvature and refractive index change of 

the laser light as it passed from the laser into the tank and into the curved portion of the 

vessel. The two cameras seen in figure 4.5 were positioned to view either a small area 

within the reactor or a half section of the reactor. The Hi-Sense cameras are fitted with 

50mmf/1.8D Nikon lenses and band-pass filters at 532 nm. They have CCD arrays of 

1280 x 1024 pixels and can work at a maximum frame rate of 9 Hz. The cameras sit on 

Scheimpflug camera mounts, which allow rotation of the camera body (and thus the 

sensor) with respect to the lens for image distortion correction. The laser operates at a 

wavelength of 532 nm and a repetition rate of 8Hz. Its maximum energy is 100mJ for a 

5 ns pulse and 10 mm beam diameter. 

Before the PIV system can be used, the exact location of the laser sheet and the 

optical alignment of the two cameras have to be determined through a calibration 

procedure. This procedure involves inserting a calibration grid, a “target”, into the 

measuring space. Both cameras see this image and from the dimensions of this target a 

calibration mapping can be created.  

The calibration is a set of polynomial equations that map locations between a 

camera pixel location and physical world location within the measuring volume. 

Calibration is performed using a calibration target containing a two-level grid of white 

dots on a black background of known spacing. Two images of the target are taken from 

the two cameras with the target aligned with the laser in the area of interest. Figure 4.6 

shows an example of calibration images. If the calibration is successful, each point of 

the area has a distinctive set of displacement factors. These indicate the relation between 

the particle displacements and the motion of the particles in all three directions in the 

acquired images. 

Along with a good raw image quality, good calibration is fundamental for the 

accuracy of the measurements. The target is aligned with or placed near the laser plane 

in the measurement area. Each camera takes an image of the target. The images are 

processed to find the markers locations. Quality of the calibration can be verified by 

checking the number of dots counted and the accuracy with which the positions of the 

dot centres are located. Illumination and the cameras’ focal lengths are adjusted until a 

good picture is obtained. 
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Figure 4.6 Example of calibration target images as viewed from the right and left 

cameras. 

 

During the PIV experiments, post processing the images revealed that improved 

resolution of the velocity profiles within the rector were obtained from smaller image 

sizes. This meant that the cameras had to focus on small parts of the reactor. In order to 

obtain a complete picture of the velocity field within the reactor, the position of the two 

cameras had to be changed, to move vertical or horizontally to scan across the reactor 

area. In order to achieve accurate positioning, the two cameras were mounted on a 

computer controlled traverse system that could move both cameras together at a 

resolution of micros. In this manner, repositioning of the cameras could be repeated 

with high accuracy. Once the images were stored, software code was developed to stitch 

these images together. This is crucial when using the multi-block approach method as 

the positions of the small areas must be known with high accuracy to obtain precise 

flow reconstructions. Moreover, calibration time was reduced by keeping laser-sheet 

position, cameras distance away from the laser sheet, and imaging planes fixed. Also, 

with this method no further errors due to calibration variations were introduced between 

experiments.  

Having the cameras fixed firmly to the traversing support was also important as 

any small change in position to the set-up would have made the calibration invalid.     

The PIV experiments carried out in this research used a method similar to that 

described in Khan et al. [11]. Their ‘multi-block approach’ exploited the idea that, for a 

given interrogation grid, spatial resolution can be increased by using long focal length 

lenses and small fields of view: in practice, smaller areas are imaged at higher 
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resolution. Their aim was to obtain velocity vector maps with a spatial resolution which 

is high enough for an accurate estimation of the turbulent parameters, such as turbulent 

kinetic energy and local energy dissipation rate. With the multi-block approach, the 

measurement plane is divided into a number of blocks or rectangular areas, and each 

area is individually imaged at high resolution. These blocks should overlap by a certain 

extent and can be stitched together to form a complete velocity vector map of the entire 

liquid region. In this process, PIV measurements are taken in all smaller blocks 

separately and an average vector map is produced for each of them. By knowing the 

exact position of the individual blocks, results can be plotted to construct a single 

average velocity vector map for the original measurement plane. In this way, a high 

spatial resolution can be maintained. Where the areas overlap, some post-processing 

may be needed; the outlying regions of the blocks may be prone to cross-correlation 

errors. The continuity condition must be satisfied at the boundaries of small vector 

maps. 

The drawback of this technique is that it sacrifices the ability to provide global 

instantaneous flow maps, as individual recordings are not acquired simultaneously for 

the entire field of view.  

For the work described in this thesis, the measuring plane was divided into four 

blocks of approximate size 75mm (h) x 68mm (v) .The coordinate system used had its 

origin at the centre of the dished bottom of the tank, the radial coordinate is defined as 

positive in the direction towards the cylindrical tank wall, the axial position is defined 

positive vertically upwards in the tank, and the tangential coordinate is perpendicular to 

the plane and positive in the impeller rotation direction (pointing into the plane).  

The size of the measurement areas for the multi-block approach was chosen so 

that each area was large enough to contain meaningful flow structure, but small enough 

to be imaged in high resolution. The dimensions of the measurement areas in the radial 

and axial directions were normalised with the tank diameter and height, respectively. 

The origin of the normalised axes is at the centre of the bottom of the tank, so that the 

radial dimension ranges from -0.5 to 0.5 between tank walls, and the axial dimension 

ranges from zero at the bottom of the tank, to one at the top of the tank. 

All experiments were carried out in a 2.3 L cylindrical reactor tank with a dished 

bottom fitted with a retreat curved impeller and a vertical cylindrical baffle that mimic 
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the ATR-FTIR probe used commonly in real crystallisation process. The working fluid 

was tap water of 2L working volume. As the PIV experiments were designed to 

measure the velocity field in the reactor with the FBRM, a second cylindrical baffle was 

inserted into the reactor to mimic the disturbance caused by the FBRM probe. Details of 

this second baffle in relation to the first are found in figure 4.7 while the corresponding 

specifications are summarized in Table 4.2. 

 

 

 

 

 

 

  

 

 

 

 

 

 

Parameter Dimensions 

Reactor volume (litre) 2.3 

Reactor diameter, T (mm) 150 

Liquid height, C (mm) 150 

Stirrer diameter, D (mm) 90 

Reactor-to-stirrer diameter ratio, T/D 1.6 

Bottom clearance, C (mm) 15 

Reactor diameter to bottom clearance ratio, T/C 10 

Blade height, b (mm) 30 

Blade width, t (mm) 20 

Blade angle,  (Degrees) 15 

Stirrer shaft diameter, d (mm) 10 

Stirrer hub height H (mm) 23 

Baffle diameter, BD (mm) 25 

Probe diameter, PD (mm) 20 

Table. 4.2 The corresponding specifications of the retreat curve impeller and the 

cylindrical reactor. (DIN, 1984) 

Figure 4.7 Schematic illustrations of the retreat curve impeller and the cylindrical 

reactor. 
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A number of problems arose while using the stereoscopic PIV configuration normally 

related to the reflections of the laser from surfaces of the reactor and from internals. One 

particular issue arose when images were taken of the base of the vessel, due to the 

curvature of the glass wall. To deal with reflections, where possible surfaces were 

coated in black paint or a black wrapping put round the parts causing the reflection e.g. 

black tape was placed round the impeller shaft and over the blades of the impeller. In 

order to tackle the curvature of the vessel walls, the reactor was placed inside a 

rectangular tank (1000x500x500 mm) and the laser sheet fired through the flat sides. 

Unfortunately, there was no remedy to tackle the curvature of the glass at the base of the 

vessel and data points here were artificially masked during image processing to avoid 

erroneous measurements such as: 

 The laser light reflections as the laser light hits the tank walls and the stirrer, 

where the cameras positions were in backscatter and forward scatter view. It was 

difficult to take measurements in the area of the tank bottom where images are 

blurred due to the glass curvature, i.e. the glass is thicker at the base of the 

vessel. 

 Reflections were found to be present as spots of light of various sizes visible in 

different places within the measurement area. 

 The main reflections were due to the Perspex impeller blades so it was thought 

of applying black lining to the impeller including the shaft. The result was rather 

satisfactory and the improvements brought about by the lining were evident, 

where the black blades became part of the dark background. 

 The other glossy surfaces that seemed to cause the bulk of the reflections were 

the walls of the outer square tank and by exploiting the same idea; the walls 

were coated with matt black boards. 

 

4.3.3 Cameras and laser light sheet set-up 

The two cameras were mounted on the horizontal platform on the traverse on special 

camera mounts that allowed rotation of the camera body to satisfy the Scheimpflug 

condition. The cameras were positioned on the same side with respect to the laser sheet 

at the same distance from the measurement area. They viewed the same area of the flow 

both at an angle α of 26° with respect to the normal to the laser plane. A tilt angle δ of 
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approximately 1° was used to obtain the best focus on the particles within the camera 

field of view. 

 Figure 4.8 shows the layout of the experimental set-up. In this configuration the right 

camera is in forward-scatter position while the left camera is in back-scatter position 

relative to the laser sheet. In back-scatter position and at an angle of 26°, the particles 

appear bright and distinct in the left camera images. In forward-scatter, where light-

scattering is maximised, the contrast with the background was poorer and the camera 

aperture was reduced to decrease the amount of light hitting the CCD sensor, thus 

improving particle image quality. 

 

 

Figure 4.8  Schematic illustration of stereoscopic PIV set-up . 

 

The laser light-sheet was positioned to illuminate a cross-section of the tank, 

where the laser plane is aligned with the impeller shaft (and therefore with the tank 

centreline) to illuminate the area of the flow under study. The multi-block approach 

requires that the system has to be calibrated for all 4 small overlapping areas of the 

plane.  In order to map the vertical of the measuring plane, the computer system would 

move the camera traverse upwards and the laser moved by hand. In order to calibrate 

the small area viewed by the cameras, a smaller calibration target was fabricated by 
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Heriot-Watt University workshop for easy insertion into the reactor. The calibration 

target was designed to suit the calibration procedure of the Flow Map software. As with 

the larger target supplied with the Dantec system, the fabricated target consisted of a 

black rectangular plate, with white dots positioned at equal distances and at alternating 

depths. A larger dot at the centre of the plate identifies the origin of the calibration 

coordinate system, and four smaller dots around it set the direction of the x and y axes. 

The two depth levels of the dots on the plate are used to calibrate the z direction (depth). 

The calibration program uses the dimensions of the target to automatically establish the 

magnification factor and perspective correction parameters. 

In order to select the blocks and know their positions with accuracy, a graph paper grid 

on a rigid support was aligned with the laser plane. Using the traverse, a sequence of 

continuous overlapping images of the grid was recorded until the entire plane was 

mapped. The use of graph paper proved valuable to help focusing the lenses and as a 

check of the calibration quality. The calibration target was then placed at the location in 

the field of view of the cameras corresponding to the first block. The laser sheet was 

then aligned to illuminate the measurement area. When the laser light evenly skimmed 

the surface of the target, the alignment was considered satisfactory. The target was 

illuminated using a desk lamp. The cameras were focused on the target and calibration 

images were taken by both cameras. The target was then moved along with the cameras 

to the next block, and the calibration images acquisition process was repeated until the 

entire plane had been covered. Each time care was taken to ascertain that the calibration 

was not upset by accurately realigning of the laser with the impeller shaft. 

Each set of calibration images was processed using the Imaging Model Fit 

feature of Flow Manager, which processes the images and determines the parameters of 

the calibration model that best fit them. When the operation was not successful and no 

parameters could be determined, a new set of calibration images for that block was 

acquired. This involved altering the lighting, laser and cameras alignment, and target 

position. The successful application of Imaging Model Fit completes the calibration 

process for one block. The computed parameters were automatically saved and used 

upon acquiring flow data. Calibration was carried out twice in order to have a measure 

of the accuracy and repeatability of the calibration method. 
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In the set up used in the experiments, the tangential component of velocity is 

perpendicular to the laser light-sheet. Given a laser plane thickness, it must be ensured 

that the seeding particles remain on the plane during the time interval between the two 

laser pulses. An indication can be given by the impeller tip velocity, which is the 

maximum possible.  Following the recommendation of Keane and Adrian [6], the in-

plane and off-plane displacement should be less than 25% of the length of the 

interrogation area and the laser sheet thickness, respectively. Sample images were 

acquired and processed to optimise the pulse time separation and a time separation of 

450 microseconds was found to give the smaller number of outliers. 

A typical PIV system used where the flow field is generated from a rotating impeller 

can gather velocity profiles in one of two modes; phase locked where the images 

recorded are triggered by the position of the impeller, and ensemble averaging where a 

series of successive images are taken.  

For phase-locked measurements, an encoder was fitted to the impeller shaft. The 

encoder generated 360 TTL pulses per revolution of the shaft which were used by the 

Dantec PIV processor as an external trigger to synchronise the laser and the cameras 

with the passage of the impeller blades at a preset rotation angle with respect to the 

measurement plane.  

In both modes, the number of image pairs required to establish the mean flow 

pattern was found by using increasingly larger samples to compute it, and by observing 

the discrepancies in average velocity magnitude between corresponding points. The 

smallest sample size that produced discrepancies smaller than 2% was used to calculate 

mean flow maps.  

PIV measurements were carried out in selected vertical planes of the flow. Detailed 

measurements of the flow structures were obtained for the planes at 0° centreline of the 

baffle, -90° upstream of the baffle, -135° centreline of the FBRM probe and at 180° on 

the plane opposite the baffle. For all planes, measurements were carried out at both 

phase-locked impeller positions and ensemble-averaged measurements at random 

impeller positions were obtained for the four planes.  
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4.3.4 Data acquisition 

In both phase-locked and ensemble average modes, five image sequences of 100 image 

pairs (952x872 pixel
2
) were acquired. In phase-locked mode, acquisitions were 

triggered by the encoder at a rate of 5Hz (200 ms). The ensemble averages were 

obtained by triggering the acquisition asynchronously from the rotation of the impeller 

at 4Hz (250 ms). In both cases, the time separation between image pairs was set to 450 

microseconds. A timing diagram of the acquisitions is shown in Figure 4.9. 

 

 

 

 

 

 

 

 

 

 

 

 

      4.3.5 PIV data processing 

After acquisition was completed, and prior to image analysis, digital image masking 

was applied to areas outside the flow; these included the area covered by the 

impeller and to those areas where light reflections were present in all measurements 

(e.g. close to the rotating impeller shaft and impeller blades). The cross-correlation 

analysis was carried out with an interrogation area size of 64x64 pixel
2
 with 75% 

overlap. The size of the interrogation area was determined by processing the images 

with correlation window sizes ranging from 16x16 pixel
2
 to 128x128 pixel

2
 and 

selecting the minimum window size that produced the smallest number of obvious 

 

 

Figure 4.9 Illustration of the image acquisition settings for phase-

locked and ensemble-averaged measurements. 
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spurious vectors. This size for the interrogation area is also close to what might have 

been estimated based on the impeller tip speed and following the guidelines 

proposed by Keane and Adrian [6].  

After cross-correlation, the 2D instantaneous vector maps contained a small number 

of outliers, so in the validation process, all vectors derived from cross-correlation 

peaks with a signal to noise ratio of less than 1.2 were rejected. The spurious vectors 

were removed and not replaced. After validation, the instantaneous vector fields of 

both cameras were combined using the calibration to obtain instantaneous three-

dimensional velocity fields. When combining data from the two cameras, the 

software automatically applies a spatial moving average filter. The filter size is fixed 

and not modifiable by the user. Further details about the theory of PIV data 

processing and post processing can be found fully detailed  in literature [3, 4, 8] and 

[5-7]. 

 

4.4 Crystals size distribution measurements using FBRM Lasentec technique 

With the development of small compact laser technology, obtaining on-line, real time 

measurements of particle size within a system where the particle size is always 

changing, has become a reality. Without the need to extract samples, an in-situ method 

for measuring size distribution of crystals provides an ideal way of interpreting the 

formation and growth of crystals without interference from external sources.  Focused 

beam reflectance measurement technology provides a chord length distribution (CLD) 

instead of particle size distribution. A chord length is a straight line between any two 

points on the edge of a particle.  

 The FBRM instrument used in this research was developed by Lasentec and 

measures the CLD of particles in 1324 primary channels with size bins from 0-1024 

m. It is suitable for concentrated and opaque systems. The FBRM instrument consists 

of a probe, electronics unit and data acquisition analysis unit. The titanium probe body, 

which enters the suspension under analysis, has a sapphire window at the tip enabling 

the scanning beam to enter the suspension and be reflected back into the probe. The 

electronic unit contains various sources of supply, the preamplification, and the count 

and motor control cards. The data analysis unit consists of a microcomputer for data 

acquisition, data display and processing. 
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With this instrument, larger particle size can be measured by increasing the scanning 

speed. The size range from 0-1024 m is measured with the standard scanning speed of 

2 m/s. If the scanning speed is increased to 4 m/s, the measurement size range increases 

to 0-2048 m. The laser has a wavelength of 791 nm. The lens rotates at a frequency of 

75 Hz around the probe axis. Compressed air supplies the air bearing supporting for the 

rotating lens; air pressure for the laser probe should be an around 3.5 to 4 bar. 

Homogeneity of the suspension is achieved by stirring with a retreat curve impeller, 

which rotates at 0-500 rpm. This instrument hardware provides 1324 primary channels 

and can be switched between fine and coarse discrimination electronics. The size bins 

are divided into two ranges, 0-100 m and 100-1024 m. The first 400 channels are in 

the range 0-100 m have 0.25 m resolution. The next 924 channels from 100-1024 m 

have 1 m resolution.  The fine range is suitable for individual particles due to high 

resolution and the coarse one is suitable for aggregates. 

From the FBRM’s acquisition module the necessary menu items such as 

measurement time (60s), number of measurements (20 measurements), timing average 

(moving average), electronics sensitivity (fine or coarse) and beam scanning speed 

(2m/s) were selected for measurement. The measurements are obtained for a period of 

1minute by default. The results were calculated for the average of 20 measurements per 

sample. With this technique, the CLD was obtained, unlike PSD obtained from 

Ultrasonic Attenuation Spectroscopy and Laser Doppler Spectroscopy. 

Further details about fbrm can be found in the manufacture user guide [12]. 

 

4.5   Preparing crystals for breakage experiments 

One of the objectives of this thesis was to investigate the potential link between 

mechanical strength of crystals and their tendency, if any, to fragment inside the batch 

crystalliser. Experiments were therefore devised to first grow crystals and then to 

determine the crystal hardness. This section discussed the technique used to prepare 

crystals for hardness testing.  

4.5.1 Crystallisation set-up 

To prepare crystals for breakage experiments, crystals first had to be grown from the 

material supplied. In order to grow sufficient mass of crystals, several batches were 
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prepared using a 2.3 litre jacketed glass vessel. The schematic diagram of the rig 

including the integrated temperature control system is presented in figure 4.10. In order 

to reduce evaporation losses, a Perspex plate was attached with a silicone grease seal to 

the top of the 2.3 litre vessel. The retreat curve impeller was used to obtain sufficient 

homogeneity and good heat transfer performance. The agitator was placed 20 mm from 

the bottom of the crystallizer. The diameter of agitator is 90mm and one vertical 

cylinder baffle of 25mm diameter was installed to avoid vortex formation and promote 

mixing. The agitation speed was maintained at 150rpm throughout the crystallisation 

process. The experimental rig was connected to a thermostatically controlled water bath 

(Haake-F3) with a platinum resistance thermometer (Pt 100) to control the 

crystallisation temperature. A PC running Lab-view controlled the heating and cooling 

rate within the chamber. The temperature of the crystalliser solution was recorded every 

30 seconds. The solution temperature was adjusted automatically by the Lab-view 

control system to achieve a linear cooling rate. For the purpose of selectively producing 

a certain polymorphic form, i.e. α-L-glutamic acid or β- L-glutamic acid, a proper 

cooling rate was applied, 0.9cpm for the production of α-L-glutamic acid and 0.1cpm 

for the production of  β- L-glutamic acid. Further microscopic images were taken to 

confirm the formed polymorph. 
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Figure 4.10 Schematic diagram of the experimental rig including the integrated 

temperature control system. 

 

The Crystallisation experimental protocol was as follows: 

Step 1: heating at constant rate to 10
o
C above saturation temperature 

Step 2: temperature maintained for 30 minutes 

Step 3: cooling at constant rate to 15
o
C below saturation temperature 

Step 4: temperature maintained for 90 minutes 

Step 5: crystallisation terminated. 

 

4.5.2 Crystal washing 

The crystals generated from the above procedure were found to be agglomerates which 

made shape measurement difficult and so the crystals were separated from the mother 

liquor on filter paper using a Buckner filter and dried for 30-45 minutes at 50
o
C in an 

oven. The dried crystals were washed with either methanol or ether in order to avoid 

agglomeration. Methanol was used for washing L-Glutamic Acid (LGA) crystals, ether 
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was used for washing Urea and Copper Sulphate (CS) crystals were washed using 

acetone, as these chemicals are very slightly soluble or insoluble. Washing was repeated 

four to five times. Crystals were extracted from the liquor filtered under partial vacuum 

before segregated into different size ranges 180-250 µm, 250-500 µm, and 500-850 µm 

and used in subsequent breakage experiments.  The dried product was collected in a 

sample container for storage.  

The crystallisation and washing batches were repeated several times at the same 

conditions of cooling/heating rates and solution concentrations. Thus a sufficient mass 

of crystals was collected and used for shape and size analysis by different techniques. 

 

4.5.3 Crystal Size classification using traditional Sieving method 

The samples generated from the crystallisation method outlined in 4.4.2, were separated 

with sieves (20, 36, 45, 63, 90, 180, 250, 500 m) in an Octagon 2000 sieve shaker. The 

sieving method used in this study is a simplified version of the method described in the 

British Standard [13]. These sieves were assembled in order, placing the sample 

material in the top sieve and fitting the lid with the clamp. The sieve shaker was then 

operated for 40-45 minutes and the size fractions were stored in polythene bags for 

subsequent analysis. All the crystalline materials were sieved into different size ranges 

in order to be used in the crystal attrition and breakage experiments. 

 

4.6   Breakage experiments 

Two forms of breakage experiments were conducted, those where formed crystals into 

the reactor were added and stirred – non crystallising and the mean size decrease was 

monitored, and those experiments where crystals were grown at the same time as 

looking at the CSD. 

For the experiments into breakage of crystals, the crystal samples prepared using 

the methods described in section 4.4. All breakage experiments were carried out in the 

same 2.3 litre glass laboratory scale jacketed vessel, fitted with a single cylindrical 

baffle and a three bladed retreat curve impeller (90mm diameter); baffle and impeller 

were scaled from a standard 250 litre glass lined reactor.  



Materials and Experiments set-up 

Chapter 4 

 

79 
 

(a) For LGA - Breakage experiments were carried out in isothermal conditions at 20 
0
C 

using crystals of either α or the β polymorph form of glutamic acid, in saturated 

solutions from distilled water. The two polymorphs were produced in a separate set of 

experiments with the desired polymorphic form controlled by setting a specific cooling 

rate. Liquid volume in the crystalliser was kept constant with a depth to vessel diameter 

ratio of 1. A range of impeller speeds were applied from 400 to 800 rpm with the 

duration of each test lasting initially 1 hr but subsequently increasing to 4 hrs stirring to 

ensure consistency. For each breakage test, 100g of either polymorph was added to a 

saturated solution prepared from the actual polymorph; 10.3 g of α-glutamic acid /100 g 

of distilled water or 11.7 g of β-glutamic acid /100 g distilled water according to 

solubility curve of L-glutamic acid in water in literature. 

(b) For CS – For Copper Sulphate crystals were prepared from the method described in 

section 4.4.1 and was added to saturated solutions of CS in water at 20°C. To prepare 

the saturated solution, 30g of CS was added to 100g distilled water and agitated using a 

magnetic stirrer for 1 hr.  

(c) For Urea crystals, these were added to a saturated solution prepared with 103g Urea 

in 100g distilled water.  

To monitor any changes in crystal size, the Lasentec D600 FBRM probe, 

described in 4.3, was located inside the crystalliser continually measuring the evolution 

of the chord length distribution of crystals during the breakage tests. The FBRM tip was 

located in a region of high turbulence above the impeller zone and at 15
o
 to the impeller 

shaft.  

During the breakage experiments, it became apparent that the impact of the 

saturated solution may cause a change in the growth faces of the crystals and 

phenomena such as Ostwald ripening may be present. In order to eliminate this and 

concentrate on pure breakage, breakage experiments in non-crystallisation liquor were 

devised. These experiments used a non-solvent, usually a light mineral oil to limit the 

chemical interaction between the crystal and the liquor. Results of these experiments are 

designed in chapter 6. 
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4.7 Microscopic Image Analysis 

Throughout the research, images of crystals extracted from the reactor, or formed prior 

to breakage experiments were studied under the microscope to determine their size and 

shape. In particle analysis, sphericity is one of the most common ways to express the 

deviation of an image shape from spherical, measured by the ratio between the area of 

the image and of an equivalent circle of diameter Dp. The shpericity S is defined in this 

work as:  

                                                                                                        (4-1) 

Da -- equivalent area diameter. 

Dp -- equivalent perimeter diameter.  

The aspect ratio (AR) is also used to define shape and is defined here as the ratio 

of the maximum Feret’s diameter, Fmax of a crystal to the largest width, Wmax measured 

at right angles.  

                                                              AR= Fmax / Wmax                                                                  (4-2) 

 

4.7.1 Instrument Specification 

Although the FBRM was used to monitor CLD during breakage experiments, samples 

extracted before and after the experiment were analysed off line and the change in a 

crystal’s shape factor such as sphericity and aspect ratio due to breakage and attrition 

was monitored For this a Leica optical microscope with a magnification equal to 6.4 

times was used, connected to a CCD JVC coloured camera with a high resolution. CCD 

camera with 752 x 582 pixels to capture particle images. This system captured images 

in a computer using a Scion CG-7 capture card. Images were focused to get a clear view 

of edges and it took 30-60 seconds per image to capture. Images were eight bit with 256 

grey levels and 752 x 582 pixel sizes. Images were edited with Aequitas software and 

exported for image processing.  

Low magnification of images results in low resolution in shape and size 

measurement. But high magnification gives fewer particles in an image. The 

magnifications used in this study were 2.5x, 5x, 10x, 20x and 40x magnified images.  
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The microscope was adjusted to a magnification giving 7 to 15 particles per image. This 

compromise avoided much loss of detail on the image particles. On an average the 

number of particles captured per sample through this procedure was almost 1000 

particles and only mean shape factors with an acceptable standard deviation were 

considered.  

4.7.2 Image Processing 

The images obtained from the Lecia microscope were processed with the commercially 

available Aequitas image analysis software. In order to analyse the saved images and 

use the Aequitas software for calculating the diameter, sphericity and aspect ratio, each 

image was corrected for noise elimination, for hole filling and segmentation The first 

step in the image processing process was background cleaning, achieved by Paintbrush, 

to remove any artefacts in the image that were clearly not crystals. The next stage was 

noise elimination by applying filters such as averaging and Gaussian noise reduction; 

this resulted in some blurring and manual observation of the impact of changing filter 

parameters was needed. 

To improve the contrast between the particle and the background, Segmentation can be 

used [14] using a filter that converts a grey scale image to binary format (all pixel 

values set to 0 or 1).   

In order to get the real particle shape, hole filling is particularly useful [15]. Finally the 

classification of objects can be automated using a macro program to obtain parameters 

such as area, circularity etc. Objects, which fell on the boundary or were touching 

others, were omitted. 

 

4.8 Crystal hardness testing 

In order to determine the mechanical properties of the crystals used in the breakage 

experiments, Nano-hardness testing machine supplied by Muttoyo was used. Crystal 

specimens were prepared by casting 3g of the selected crystals in a cylindrical mould by 

using a certain proportion of resin and hardener (4:1 respectively). The specimens were 

left for 24 hrs for curing, then the casted samples were moved out of the mould and 

polished, using a mechanical polishing machine with a polishing paper of smooth grade 
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(No.40), in order to keep the surface as smooth as it is possible and the crystals to be 

exposed directly to the indenter. 

The standard technique of Mersmann involves growing a single crystal to a big 

size and applies macro indentation tests. In this study, a standard nano indentation 

testing system was used to avoid the need of growing large crystals. 

Polishing may cause stress to crystals. Therefore, a careful choosing of the 

undamaged crystals, based on microscopic images, was considered first then the nano-

indentation test was performed. 

The indenter head point, diamond, was loaded to 25g (0.25 N) against the 

samples at a specific loading rate so that the total indentation time covered 20s. The test 

was repeated 7 times for each sample and the mean values with an acceptable standard 

deviation were selected in the physical model calculations. 

The Nano-hardness testing machine was calibrated before every use using a 

diamond associated with the machine, which has a specific hardness value at specific 

load conditions with a permitted error value of   1%. 

 

4.9 Crystallisation Characterisation using FBRM 

The Lasentec FBRM described in section 4.4 was used to measure the change in chord 

length distribution for experiments involved in breakage, and for monitoring the growth 

of crystals. Figure 4.11 shows the experimental setup consisting of  

a) The FBRM probe 

b) The 2.3 litre reactor vessel (working fluid volume of 2L) 

c) A PC to display the FBRM results 

d) A water bath to provide heat and cooling to the jacket round the reactor. 
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Figure 4.11 Experimental set-up for on-line crystallisation study using FBRM 

technique. 

 

4.9.1 FBRM in breakage experiments 

For each breakage experiment, the reactor was filled up to a desired level and the 

agitator turned on. The FBRM system was turned on and the signal monitored to make 

sure the equipment was working. The water bath was turned on and the reactor allowed 

to reach the desired operating temperature. A known mass of the desired crystal was 

then added into the reactor, the reactor lid attached and sealed.  

During these three steps the CLD was measured automatically by the FBRM 

every minute and data files stored on the FBRM PC. The time clocks on both PC’s were 

synchronised to ensure that the FBRM reading that corresponded to a specific point in 

the breakage process could be determined. To ensure reproducibility, three breakage 

experiments were carried out each time with the maximum error not exceeding 5%.  A 

range of conditions were tested as follows: 
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a) The effect of stirring rate, where three different rates were applied, i.e. 

400rpm, 600rpm, and 800rpm. 

b) The effect of initial size range of crystals stirred in the saturated solution 

and non-dissolved medium, where three different size ranges were used, i.e. 

180-250 µm, 250-500 µm, and 500-850 µm. 

c) The influence of supersaturation in saturated solution. 

d) The influence of the suspending medium, where a pure breakage rate 

needs to be isolated and discussed apart from the other crystallisation kinetics 

involved in saturated solution. 

e) The influence of the polymorphic form of l-glutamic acid, i.e. α-L-

glutamic acid or β- L-glutamic acid 

f) The influence of high agglomeration rate of Urea crystals. 

g) The influence of hydrated crystals on their breakage such as cooper 

sulphates. 

4.9.2 FBRM in Crystallisation Experiments 

Batch cooling crystallisation experiments from aqueous solutions were carried by 

forming crystals in the 2.3 litre reactor used for the breakage experiments (section 4.5).  

The reactor jacket was connected to a water bath (Haake-F3) which was fitted with an 

external Pt 100 platinum resistance thermometer (Pt 100). This Pt100 probe was 

inserted into the reactor in order to get precise control of the crystalizing liquor. 

Controlling the set point of the water bath was achieved by connecting the bath to a PC 

running LabView. A LabView programme was written specifically to adjust the 

temperature of the bath either as one jump or at a designated rate. The temperature of 

the crystallising solution was recorded every 30 seconds. the procedure for all 

crystallisation experiments was to: 

a) First, a known mass of solid crystal was added to distilled water inside the 

reactor at room temperature.  

b) Next, the LabView programme instructed the bath to heat up to 10 

degrees above the saturation temperature and to hold the reactor at that 

temperature for 30 minutes.. Then it was cooled down to 15
 o

 C below the 

saturation temperature at a fixed cooling rate. The solution was kept at this 

temperature for a minimum of 90 minutes in order to consume all the 

supersaturation left.  These are the steps used in this experimental protocol: 
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During these three steps the CLD was measured automatically by the FBRM every 

minute and data files stored on the FBRM PC. The time clocks on both PC’s were 

synchronised to ensure that the FBRM reading that corresponded to a specific point in 

the crystallisation process could be determined. . To ensure reproducibility, three 

crystallisations were carried out. A range of conditions were tested: 

a) Different cooling rates – Cooling a dissolved saturated system at different 

rates will result in i) a different temperature when crystals begin to form 

(nucleation point) and ii) crystals of different size due to the number of primary 

nuclei and/or different growth rates. 

b) Different concentrations. 

c) Different stirring rates. 

 

4.10 Crystallisation Characterisation using PIV 

Section 4.3 described the PIV system used to measure the flow field within the 2.3 litre 

crystalliser. This was done using water and for when crystals were forming within the 

solution.  

4.10.1 Experiments – Non Crystallising System 

The PIV system was set up as outlined in section 4.3. The 2.3 litre reactor vessel was 

filled with water; the rectangular tank surrounding the reactor was also filled with water. 

Next the PIV cameras were moved to view a small window located to the bottom left 

hand portion of the vessel. Once the location of the cameras had been fixed, the cameras 

were calibrated by inserting the small calibration grid into the reactor. Once the system 

had been calibrated the lid of the rector was attached and the location of the baffle and 

simulated FBRM probe fixed. Seeding particles were then added into the water. The 

impeller was turned to the desired speed and a few minutes elapsed before PIV images 

taken. Once sufficient images were taken, the PIV cameras were positioned to a new 

section and recording re-started.  

Once all the cameras had completed their scans, the PIV software was used to post 

process the images, and a data file containing velocity vectors for each camera window 

were transferred to another PC for further processing. Visual Basic code was written to 

stitch together the velocity files to make a complete file for the vessel. 
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4.10.2 Experiments – Crystallising System 

Normally, PIV uses seeding particles which are sufficiently small to follow the flow 

paths inside the crystalliser. In effect, the PIV does not measure the velocity of the 

liquid but the velocity of these small seeding particles. In the research work described 

here, the PIV system was used to monitor the flow field while the batch crystalliser was 

in cooling mode, the theory being that as nucleation occurs, the small crystals formed 

would initially act similar to the seeding particles. As these crystals would grow, the 

PIV software would eventually have problems differentiating between the solids and the 

software would stop producing viable flow field maps. Due to the camera configuration 

and the plane in focus, the smallest detectable crystal was calculated from:  

                                     (4-3) 

The dimensions of the images captured by the two Hi-sensitive CCD cameras 

were 75 x 68 mm while the spatial resolutions of the cameras were 952 x 872 pixels. 

Thus, the smallest detectable crystal was 78μm. The scanned volume by the PIV in this 

case is 75x68x10 mm
3
, where the beam diameter of the laser sheet illuminating the 

images was equal to 10 mm as described in the laser configurations. This meant that the 

laser sheet for detection would illuminate parts of the crystal. It is worthy to note that 

seeding particles supplied by Dantec are polyamide particles of 20µm size and 1.03 

g/cm
3
 density. With this arrangement, the PIV not only records the initial flow field 

experienced by the crystals but also the chance to measure the slip velocity, the 

difference in velocity for the pure liquid in the reactor to the crystals.  

For all the PIV-Crystallisation experiments, a 2 wt% L-glutamic acid solution 

was prepared and added to 2litres of distilled water in the 2.3 litre reactor. A 

heating/cooling coil was placed into the water within the rectangular tank surrounding 

the 2.3litre reactor. Using a PC controlled water bath, the water surrounding the reactor 

was heated to 55 deg C and held there for a minimum of 30minutes to ensure a full 

dissolution. Saturation temperature of a 2 wt% solution was 45 deg C, meaning that 

evaporation losses from the reactor were kept to a minimum. The 2.3 litre reactor vessel 

was then cooled down using a pre-determined cooling rate. Simultaneously, images 

were captured continuously by the two PIV CCD cameras at intervals of 1 frame per 

minute for a maximum period of 300 minutes. 
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Due to the limited capacity of the flow map processor hardware, images for PIV 

analysis were taken during the cooling cycle. Meanwhile, enough information on the 

heating cycles and the full dissolution assurance can be retrieved from FBRM 

measurements as discussed in a previous section. 

Once the recording was completed samples of liquor were extracted from the 

reactor and filtered to obtain samples of formed crystals. As soon as the sample was 

extracted, it was filtered under vacuum, and then dried using an electrical oven for 24hrs 

before weighed and images taken using the microscope. Care must be taken when 

extracting mass of crystal to determine growth rate using this method. 

 

4.11 Conclusion 

The material, instruments and experimental techniques used in the thesis were deeply 

characterised in this chapter. In addition to that, spots were highlighted to the 

experimental set up for preparing crystals, crystal breakage, measuring the mechanical 

properties and surface energy of crystals, and acquiring microscopic images of crystals, 

where those are going to form a considerable part of the thesis. 

Real crystallisation processes were studied in the core of this study. Therefore, 

crystallisation set –up accompanied by a detailed description to the heating/ cooling 

cycle stages and the main methodologies for characterising crystallisation kinetics using 

FBRM and PIV techniques. 

Single flow field and two phase flow field in a real crystallisation formed the 

third part of the thesis. Therefore, the methodology of using PIV images to study the 

flow pattern in a single phase was described along with the approach of PIV adaptation 

to record the slip velocity components of both crystals and the mother liquor in 

crystallisation systems.     
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Chapter 5 

 Flow field and mixing hydrodynamics investigation around retreat 

curve impeller using PIV technique and large eddy method 

  

Summary 

Studying the flow field and mixing hydrodynamics in crystallisers is of paramount 

importance as this can affect local zones of cooling during crystallization and the final 

size distribution of product crystals. Retreat curve impellers (RCI) have recently been 

used in crystallization processes due to their good performance in minimizing crystal 

attrition and achieving well mixed characteristics compared to traditional impellers such 

as Rushton turbine (RT), Pitched blade turbine (PB) and Marine propeller (MP). 

Therefore, this work focuses on the flow field and the fluid hydrodynamics around this 

type of impeller. 

Particle Image Velocimetry (PIV) measurements were conducted to study the 

flow pattern and extract flow quantities such as the turbulent kinetic energy (TKE) and 

the energy dissipation rates, where the findings were compared to those obtained by 

either other on-line and in-situ fluid flow techniques such as Laser Doppler 

Anemometry (LDA) or simulation techniques such as Computational Fluid Dynamics 

(CFD).    

The methodology of measurement acquisition using PIV will be presented in the 

first part of this chapter along with the technique used to correlate and validate the 

vector maps in order to obtain 3D measurements. Flow pattern measurements are 

discussed, and the interaction of flow with internal fixed parts such as baffles and 

Crystal Size Distribution (CSD) monitoring probes (specifically the FBRM), used to 

monitor the changes in crystal size distribution as a function of cooling rate and 

agitation speed. 
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5.1 Introduction 

Optical techniques have found wide application in studying the flow field in 

crystallizers. One common advantage of these techniques is their non-intrusive nature, 

which allows carrying out measurements without interfering with the flow. Particle 

image velocimetry (PIV) is a well-established optical technique for simultaneously 

measuring the velocities at many points on a plane of a fluid flow [1, 2]. The main 

advantage of using such a technique is that all the spatial and velocity information can 

be sampled simultaneously hence making it possible to visualize the flow and 

characterize it quantitatively [3]. 

           Since PIV is capable of providing multi-point instantaneous measurements of a 

flow field, it is more suitable for examining the dissipation rate distribution [1-5] while 

other techniques such as Laser Doppler Anemometry (LDA), hot wire anemometry and 

hot-films have been used to measure velocities quantitatively at single or several points 

in the flow requiring much higher sampling frequencies. 

In the past few years, the basic technique of PIV has developed rapidly. The 

replacement of the original photographic method with high resolution digital imaging 

has made its image analysis more rapid; nowadays, faster cameras with high resolution 

are continuously being developed.  

PIV is an especially useful technique for the validation of numerical flow 

simulations such as computational fluid dynamics (CFD). Buonacucina [6] studied the 

flow patterns generated by an RCI in a 2 litre reactor using PIV and attempted to 

validate Large Eddy Simulations of the same system. Her work also reported on the use 

of steady-state Reynolds-averaged Navier Stokes (steady-state RANS), transient-RANS, 

and Large Eddy Simulation (LES). Each of the three types of numerical simulations 

used applies different simplifying assumptions to solve the Navier-Stokes equations of 

fluid motion. In a steady-state RANS simulation, it is assumed that the mean flow does 

not change with time and so for a mixing reactor, the flow is predicted for a fixed 

impeller position and is assumed to be periodic with the passage of the impeller blade. 

Alternatively transient-RANS simulations take into account the transient interaction of 

the flow across the rotating and stationary domains of the modelled flow field. Using a 

completely different approach, LES simulation attempts to solve the Navier-Stokes 
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equations by using a spatial filter. The large scale flow structures are solved 

numerically, while the smaller scale structure (below the filter length) is modelled with 

the Smagorinsky eddy-viscosity turbulence model. 

The effect of inserting two probes in the crystallizer, the configurations of the reactor 

and its internals, was rather simple. While in the following work, one vertical baffle, 

which mimics the ATR-FTIR probe used in crystallization systems, accompanied by a 

FBRM probe positioned 15
0
 from the impeller shaft was studied. Therefore the effect of 

both, internal fixed-parts on the flow pattern and the subsequent energy dissipation rate 

was deeply investigated in order to obtain a complete insight into the flow field and 

mixing hydrodynamics around retreat curve impellers. 

In order to compare with CFD, care must be taken while using PIV as its 

measurements are limited to finite grid sizes, which often exceed the smallest eddy sizes 

that dominate the turbulence dissipation rate. To overcome this limitation, a large eddy 

analysis method has been adopted throughout this study in order to overcome the 

resolution limitation of the PIV technique [7-9]. Full details about the large eddy 

method of the PIV are reported in chapter 3, section 3.3. 

Kinetic energy dissipation rate is one of the principle variables used in CFD and 

one that describes the state of mixing within the reactor. Previous studies of kinetic 

energy dissipation rate have been limited by taking single-point velocity measurements 

and post processing has focussed mainly on measuring the single-point local dissipation 

rate or averaged dissipation rate over a finite volume.  

Particle image velocimetry provides spatial information of instantaneous 

velocity fields. Hence, spatial derivatives of the velocity fields and spatial covariance 

can be extracted directly from PIV measurements without Taylor’s hypothesis [7] or 

making isotropic turbulence assumptions.  

 

 

 

 

 



Flow field and mixing hydrodynamics investigation around retreat curve impeller using PIV technique 

and large eddy method 

Chapter 5 

 

92 
 

5.2 Methodology 

As outlined in section 4.3, to improve the resolution of the flow field in the 2.3 litre 

reactor, a multi-block method was adopted. This meant that the 3D-PIV technique was 

used to analyse four measurement areas, each covering a quarter of one vertical plane 

across the experimental reactor. Then, the four measured areas were stitched together 

using the features of the graphing software Tecplot 10 software to extract the different 

components calculated by the PIV’s flow map software. In the graphs and related 

profile plots, the positional axis are normalised by the vessel diameter and the velocity 

components were normalized by the impeller tip velocity.  

Other key parameters, such as turbulent kinetic energy, strain rate tensor, 

Reynolds stresses and the rate of kinetic energy dissipation, were extracted from the 

spatial velocity components using a visual basic code which is presented in detail in 

appendix A.  

The code was developed to model the smaller scale structure (below the filter 

length) according to the Smagorinsky eddy-viscosity turbulent theory in the LES 

approach, while the large scale flow structures were solved numerically in the same 

code. It is consisting of the following sub-routines: 

1. Import the raw instantaneous phase locked or ensemble averaged PIV files.  

2. Calculate normalised coordinates for the plane. 

3. Calculate the velocity magnitude. 

4. Calculate the mean velocity components.  

5. Calculate the fluctuating components of velocity. 

6. Calculate the variances for the velocity components. 

7. Calculate the mean standard deviations for the velocity components.  

8. Calculate the mean turbulent kinetic energy TKE. 

9. Calculate the rate of energy dissipation using the Large Eddy PIV method. 
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The instantaneous spatial velocities were normalized by the impeller tip velocity given 

by: 

                                                                                                                           (5-1) 

where n is the stirrer speed (rps), d is the stirrer diameter (m). 

The turbulent kinetic energy and Reynolds stresses were normalized by Vtip
2
, 

and the kinetic energy dissipation rate was normalized by the term n
3
.d

2
. 

Directly importing PIV results from the Dantec system led to issues in bringing 

together adjacent measurement areas where there was a gap between the connected 

regions. This was resolved by overlapping the measuring areas rather than exactly 

positioning the areas one after the other. 

The results were promising as the discontinuity was removed from the stitched 

planes. The main reason for the improved stitching quality was related to exploiting the 

idea of focussing the two PIV cameras on the middle blocks, where the loss-of-pairs 

phenomenon was dominant. The latter is due to biasing the velocity components 

towards zero by the resolution limitation of the PIV technique. 

The influence of changing the stirring rate and hence Reynolds numbers was 

investigated using three stirring speeds of 400, 600 and 800 rpm corresponding to 

Reynolds numbers  of  5.4x10
4
, 8.2x10

4
 and 10.8x10

4
  respectively 

                                                     
      

 
                                                          (5-2) 

where ρ is the working fluid density and μ is its dynamic viscosity, n is the impeller 

rotational speed and d is the impeller diameter. 

The supplied PIV software allowed for evaluation of the standard deviations of 

the spatial velocity components in order to ensure good reproducibility of the technique 

[10]. The option that was found suitable in analysing the results was the adaptive cross 

correlation method using the central differential option. The resultant vectors were 
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filtered using a Gaussian window of a filter width equal to 1/k
2
=1.8, where a default 

value of k=0.75 was chosen. An overlapping of 75% was applied using an interrogation 

area of 64x64 pixels to extract the 3D vectors. The spatial resolution was equal to 1mm 

in all the sets of experiments covering a measurement area of 75x68 mm, which means 

that a resolution of 13 pixels/mm was used. The interpolation accuracy was adjusted to 

the default value of 1x10
-3

 pixel with a mapping accuracy of 1 pixel. 

All sequences of experiments were repeated twice and averaged, and finally, all 

the vector maps were averaged using the mathematical features of the flow map 

software before extracting the averaged data file to Tecplot.10 software, where all the 

other spatial derivations were extracted and normalized using the visual basic code 

mentioned earlier. 

The vectors were validated using a default ratio of 1.2 between the two highest 

peaks, and a maximum vector length of 16 pixels was chosen in order to exclude 

outliers and minimize the error caused by the technique to the lowest possible level 

[10]. 

As mentioned in section 4.3, the PIV system was operated in two modes; phased 

locked and ensemble averaging. In phased locked, laser firing and image capture is 

triggered at repeated positions of the impeller blade. For each PIV experiment, the 

condition chosen gave the impeller blades at an angle of 15 degrees to the laser sheet.  

An Ensemble averaging was also used as a measuring technique to gain insight to the 

averaged flow field. In this mode the PIV system takes successive images and combines 

these together and is therefore independent of the impeller position 

In phase locked and ensemble averaged capturing techniques, the spatial 

derivatives such as turbulent kinetic energy, strain rate tensor, Reynolds stresses, sub-

grid viscosity scale and kinetic energy dissipation rate were extracted directly from the 
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fluctuating velocity components. An algorithm based on the CFD-LES method was 

devised in order to extract these components from the PIV data. 

Both the time averaged velocity components and the fluctuating velocity rms 

(root mean square) can be extracted from the instantaneous velocity components as 

follows [11]: 

                                          ̅  ∑
∑       

 
 

   

 
                                      (5-3) 

                                              ̅  ∑
∑       
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∑       

 
 

   

 
                                   (5-5) 
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∑      ̅     
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                                           ́  ∑
∑      ̅     

 
 

   

 
                               (5-7) 

                                          ́  ∑
∑      ̅     

 
 

   

 
                           (5-8)

 

         are the instantaneous velocity components provided directly by the PIV 

technique, 

 ́  ́  ́ are the fluctuating velocity components, 

 ̅  ̅  ̅  are the time averaged velocities. 
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N represent the total number of images per one measurement sequence and it is equal to 

500, while n is the total number of repeated measurement at the same conditions and  is 

equal to 3. I and j are equal to 1. 

The purpose of converting the instantaneous components to the fluctuating ones is to 

avoid the chaotic nature of the flow field resulting from the instantaneous vector maps 

[6] and to have an access to the other spatial derivatives such as the turbulent kinetic 

energy and the kinetic energy dissipation rate. 

 

5.3 Mean velocities and flow pattern 

The mean velocities were derived from the instantaneous spatial velocity gradients as 

explained in the previous section (equations 5-3 to 5-8), with the coordinate system 

normalized by the vessel diameter and the mean velocities normalized by the blade tip 

velocity. In the 2.3 litre batch reactor, the use of a single baffle and the FBRM probe 

implies that the flow field is not symmetrical and therefore to obtain a representation of 

the flow, PIV images were taken on four planes: 180
0 

(opposite the baffle and upstream 

of the FBRM probe), -135
0
 (the centreline of the FBRM probe), 0

0
 (the centreline of the 

baffle) and -90
0
 (upstream of the baffle). Figure 5.1 shows the four selected 

measurement planes. 

 

 

Figure 5.1  The four selected measurement planes from the centreline of the baffle. 
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For each impeller speed, a minimum of 500 image pairs were acquired by each camera. 

Masking was applied to each image so that the fixed parts and the reflections caused by 

the glass curvature at the vessel bottom were excluded from the measured flow field and 

subsequent post-processing of the data. Adaptive cross correlation was then applied to 

all image pairs thus obtaining 500 raw vector maps. For each measurement sequence, 

the images were analysed using a grid of 64x64 pixels interrogation area with an 

overlap of 75%. In order to refine the quality of the images, a Gaussian window with 

default filter band was applied along with a central difference formula of subsequent 

order [12]. After cross correlation, most outliers, visible as relatively large vectors with 

random directions, were rejected using peak validation and refinement grid to eliminate 

the remaining outliers. Finally, time averaging was applied for the 500 maps.    

Figure 5.2 shows the 3D velocity vector maps obtained from the measurements 

in four planes from the centreline of the baffle as described earlier, where the headings 

refer to the ensemble averaged capturing technique followed by the measuring plane 

position and the stirring rate applied. The vector maps represent mean velocity profiles, 

with the velocities normalized with an impeller tip speed of 1.8 m/sec corresponding to 

the stirring speed of 400rpm.  

The coloured contours indicate the magnitude of the tangential components. 

Superimposed on the plots in figure 5.2, are the images of the FBRM probe and the 

baffle. Note that in each case, the velocity profile in line with the impeller and below the 

impeller is not shown. 
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Figure 5.2 The coloured contours of the normalized tangential components of 3D 

velocity vector maps obtained from the measurements in four planes from the centreline 

of the baffle. 

The flow was found to be characterized by two circulation loops; a large 

circulation loop expanded from the discharge stream of the retreat curve impeller to 

different locations along the height of the vessel, depending on the measurement plane 

and the positions of the baffle and the FBRM probe, and next to the impeller hub and 

above the blades, i.e. the vicinity between either the baffle or the probe and the impeller, 
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where the flow becomes almost axial. A smaller circulation loop is observed in the 

upper zone of the vessel near the fluid surface. 

The large radial jet is directed slightly upwards in the centreline of the baffle (0
0
 

plane) and upstream of the baffle (-90
0
) compared to that formed in the planes of the 

probe centreline (-135
0
) and upstream of the probe (180

0
). In the planes 0

0
 and -90

0
 it is 

centred at a position of (r/T=0.25, z/T=0.3) compared to its centre at (r/T=0.25, 

z/T=0.25) in the -135
0
 and 180

0
 planes. It is also worth noting that the small radial jet 

near the surface of the liquid is larger in the 0
0
 and -90

0
 planes compared to the -135

0
 

and 180
0
 planes. 

The last findings are in good agreement with those of Li et al. [13] who used 

both LDA and CFD to extract information about the flow field in a stirred tank reactor 

agitated by a retreat curve impeller. 

The formation of a circulation loop can be explained by the flow directed 

outwards from the impeller hitting the walls where its direction changes towards the 

shaft and the impeller in the fluid bulk. 

From the same figure and at the four measurement planes, a trailing vortex was 

seen to form in the discharge stream from the impeller. The vortex formed is shrinking 

and its core is moving radially outwards from the impeller blade surface towards the 

walls of the vessel when moving from the baffle planes, i.e. the baffle centreline (0°) 

and the baffle upstream (-90°), to the probe planes, i.e. the probe centreline (-135°) and 

its upstream (180°). 

It may be concluded from the above discussion that both the baffle and the probe 

play a significant role in the nature of the flow field by forming radial loops by 

converting tangential velocity components to radial. They also contribute to the size of 

the formed loops, where the size is larger in the baffle planes, i.e. the baffle centreline 

and its upstream, than in the probe planes. Meanwhile, it is worth noting that the baffle 

has a stronger effect on formation of a trailing vortex than the FBRM probe, where the 

vortex formed in the baffle planes is larger than that formed in the FBRM probe planes. 
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The last finding can be attributed to either the geometry of the fixed parts, i.e. the baffle 

and the probe, where the baffle has a bigger contact surface than the probe due to its 

larger dimensions. The baffle is positioned vertically and parallel to the impeller shaft 

while the probe is inclined 15
0
 to the impeller shaft. So the probe contributes more than 

the baffle to shrinking both the radial loop and the trailing vortex by the effect of its 

position in spite of its smaller dimensions. 

Figure 5.3 shows a contour plot of the axial velocity component in the four 

measurement planes. It was found that the flow is purely axial beside the vessel walls 

and is the dominant component in the vicinity of the baffle and the probe, which is in 

good agreement with the finding of Campolo et al. [14] who observed that axial flow 

was noticed in un-baffled systems and was found to increase with increasing baffling. 

Generally, the magnitude of the axial velocities is smaller than that of the radial ones, 

confirming the nature of the retreat curve impeller as a radial impeller.   
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Figure 5.3 The coloured contours of the normalized axial components of 3D velocity 

vector maps obtained from the measurements in four planes from the centreline of the 

baffle. 

 

5.4 The influence of Reynolds numbers on the flow pattern 

Figure 5.4 shows the coloured contour of normalized tangential components of velocity 

at three Reynolds numbers experienced in the vessel, where the measurements were 

taken using the phase locked capturing technique (PL) explained in section 4.3. 

The flow pattern looks similar to that discussed in section 5.3 where the flow is 

characterized by the large radial jet expanding from the discharge stream to different 

heights in the vessel.  
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This circulation loop is centred in almost the same position at different Reynolds 

numbers. The small circulation loop formed at the surface of the fluid looks negligible 

at Re=5.4x10
4
 compared to that at Re=10.8x10

4
. The trailing vortex is still formed in 

the discharge stream while the magnitude of tangential velocities is increased at higher 

Reynolds numbers. 

 

Figure 5.4 The coloured contour of normalized tangential components of velocity at 

three Reynolds numbers experienced in the vessel, i.e. 5.4x10
4
 (left)

 
, 8.2x10

4
 (middle) 

and 10.8x10
4
 (right). 
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Figure 5.5 shows the three normalized components of the spatial velocities at different 

heights in the vessel, i.e. the discharge stream, the middle of the impeller, the suction 

stream, the vicinity between the fixed parts and the upper part of the vessel. 

 

Figure 5.5 The three normalized components of the spatial velocities at different heights 

in the vessel, i.e. the discharge stream, the middle of the impeller, the suction stream, 

the vicinity between the fixed parts and the upper part of the vessel (0° measurement 

plane).  
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The horizontal axes represent the normalized radial position from the centre of the 

impeller shaft to the walls of the vessel. The vertical axes represent the different 

components of velocity normalized by the tip velocity, i.e. 1.8, 2.7 and 3.6 m/sec 

corresponding to the rotational speeds of 400, 600 and 800rpm respectively. Appendix 

B shows the complete set of flowmaps for the three different impeller speeds, while 

those in figure 5.5 are for a location at 0deg. (centreline of the baffle) 

The fluctuation in the tangential gradient values at the discharge stream 

(z/T=0.09) and along the radial axis is an indication of vortex formation, while the 

change in the radial velocity magnitude at r/T=0.25 and along the height of the vessel 

reveals the formation of radial circulation loops. 

It is worth noting that the normalized tangential velocity magnitude is higher 

than that of the radial component in the discharge stream, the middle of the blade and 

the suction stream, where no interference effects of the baffle and the probe can be 

noticed, which is in good agreement with our earlier findings. Meanwhile, the radial 

velocity magnitude increases in the vicinity of the baffle, suggesting that the baffle 

contributes to directing the circumferential velocity to a radial direction. The same 

findings can be noticed at the other measurement planes as, generally, it is found that 

the tangential and the radial components are significantly higher than the axial 

component along the axial height of the vessel. The axial component increases in the 

vicinity of the baffle and beside the walls, confirming earlier findings. 

 It can be concluded that generally, the magnitude of the different gradients of 

velocity increases by applying higher Reynolds numbers while maintaining nearly the 

same spatial distribution shape. 
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5.5 Turbulent kinetic energy 

The turbulent kinetic energy is a measure of the variability of the flow from the mean 

and it is defined as: 

                                                     
 

 
   

    
    

                                  (5-9) 

Where σ is the standard deviation of velocity components u, v, and w in the radial, 

axial, and tangential directions respectively.  

 For example, for N measurements of the radial velocity component, the standard 

deviation is calculated as: 

                                                    
 

 
∑ √     ̅  

 

   
                                        (5-10) 

Where Ui   is the instantaneous velocity and  ̅ is the mean velocity. 

In order to derive the distribution of turbulent kinetic energy, the fluctuating 

components of velocity were extracted from the time averaged mean values using 

equations 5-6 to 5-8. More details can be found in the visual basic code presented in the 

appendix. 

TKE was then normalized with Vtip
2 

and the distribution of dimensionless 

turbulent kinetic energy is illustrated in the coloured contour plot of figure 5.6. 

 Figure 5.6 shows that the turbulent kinetic energy level in this reactor vessel is 

far from isotropic. The results reveal that the zone of the highest values of the turbulent 

kinetic energy occurs in the discharge region of the vortex and the outflow region of the 

radial jet. 

 Values were obtained in these two zones of 0.3 Vtip
2
 in the formed vortex and 

0.21 Vtip
2
 in the radial jet, compared with values in the bulk of the vessel of 0.08 Vtip

2
 

and the fluid surface area of 0.04 Vtip
2
, which constitutes a range of approximately 8 or 

10 to 1. 
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The analysis shows that the trailing vortex contributes the high values for turbulent 

kinetic energy in the discharge stream region, where it was found that the flow is 

characterized by circumferential movements in this zone as a result of the high 

magnitude of the tangential component of velocity. Similar attribution of high values of 

the turbulent kinetic energy in the outflow of the radial jet is given as a result of the 

radial flow in this region, where the radial component of velocity was dominant. The 

high magnitude of either tangential or radial component contributes to high values of 

TKE with an intense effect of the tangential velocity. While the axial velocity has a 

negligible effect compared to the other components, which is in good agreement with 

the findings of the flow pattern explained earlier and the radial type flow of the retreat 

curve impeller. 

Figure 5.6 Normalized TKE obtained from measurements in four planes from the 

centreline of the baffle. 

 As the measurement planes, according to the position of either the baffle or 

the FBRM probe, were changed the intensity of the turbulent kinetic energy changed. It 

was found that levels of turbulent kinetic energy are higher in the measurement plane in 
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the centreline of the baffle (0
0
) compared to that in the centreline of the FBRM probe (-

135
0
). The latter conclusion supports the findings of the flow pattern in those two 

measurement planes, where it was found that the baffle has more effect on forming a 

trailing vortex than the probe and the size of the formed radial jet is also affected by the 

positions of the baffle and the probe.  

 Normalized turbulent kinetic energy distribution was higher at higher 

Reynolds numbers. Figure 5.7 illustrates the contour plot of the TKE, where the 

normalized turbulent kinetic energy was doubled when Reynolds number changed from 

8.2x10
4
 to 10.8x10

4
. This is attributed mainly to the higher magnitude of the different 

components of the spatial velocity at higher Reynolds numbers as discussed in a 

previous section. 

 

Figure 5.7 Normalized TKE obtained from measurements in the baffle plane and at two 

Reynolds numbers of 5.4x10
4
 and 8.2x10

4
. 

 Generally speaking, the findings of TKE were in good agreements with 

Buonacucina’s study of both PIV and LES simulation when comparing the locations of 

higher TKE while the magnitude is different as a result of using higher agitation speeds 

in this work. The key difference is the presence of the additional probe. 
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5.6 Kinetic energy dissipation rate 

According to the Reynolds numbers used in this work and from equation 3-3, the 

estimated Kolmogorov length scale, was found to be equal to 35, 25 and 20 μm 

corresponding to the applied Reynolds numbers of 5.4x10
4
, 8.2x10

4
 and 10.8x10

4
. 

It is clearly seen that the ratio between the spatial resolution of the PIV and smallest 

Kolmogorov length scale is almost 48 times, so an alternative method is needed to 

extract further information from the PIV data sets.  

In the present work, the kinetic energy dissipation rate in the four measurement 

planes, i.e. 0
0
, -90

0
,-135

0
 and 180

0
 from the centreline of the baffle, was calculated 

based on the large eddy method using the visual basic code presented in detail in 

appendix A, where an algorithm was devised based on PIV measurements and the 

equations 3-1 to 3-13. More details can be found in sections 3.3 and 5.2. Finally, the 

values of the energy dissipation rate were normalized by the stirring rate and the 

impeller diameter as follows: 

                                                     
 

     
                                   (5-11) 

Figure 5.8 illustrates coloured contour plots of the kinetic energy dissipation rate 

at the four measurement planes mentioned earlier and for the three Reynolds numbers, 

i.e. 5.4x10
4
, 8.2x10

4
 and 10.8x10

4
, It is worth noting that the kinetic energy is highly 

dissipated in the following regions; the discharge stream, the outflow of the impeller 

and in the vicinity between the impeller blades and the fixed parts of the vessel, i.e. the 

baffle and the FBRM probe. This finding is in a good agreement with what is found 

earlier in this study as the above mentioned regions are dominated by the trailing vortex 

and the radial circulation loops. 

The magnitude of the kinetic energy dissipation rate in those regions varied 

between 0.9 n
3
. d

2
 and 1.7 n

3
. d

2
, while it decays rapidly away from the impeller in the 

bulk of the fluid and near the liquid surface to 0.2 n
3
. d

2
 at Reynolds number of 5.4x10

4
. 

The trend of the spatial distribution of the kinetic energy dissipation rate was 

found to be similar to that noticed for the turbulent kinetic energy, which can be 
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attributed to the regions of higher levels of the tangential and radial velocity 

components due to the presence of the baffle and the probe, i.e. the trailing vortex and 

the circulation loop regions. 

Similarly, the influence of the applied Reynolds number on the kinetic energy 

dissipation rate was investigated and it was found that the magnitude of the dissipation 

rate increases at higher experienced Reynolds numbers, i.e.  ε/n
3
.d

2
 = 4.7 at Re 

=10.8x10
4
 compared to that of  ε/n

3
.d

2
 = 1.7 at Re =5.4x10

4
. 
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Figure 5.8 Contour plots of normalized kinetic energy dissipation rate at the four 

measurement planes mentioned earlier and for the three Reynolds numbers, i.e. 5.4x10
4
, 

8.2x10
4
 and 10.8x10

4
.  
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To fully reveal the influence of the baffle and the FBRM probe on the local spatial 

distribution of the kinetic energy dissipation rate, the normalized axial distribution 

along the height of the vessel must be evaluated quantitatively. Therefore, the 

normalized kinetic energy dissipation rate was plotted along the axial height of the 

vessel at a specific radial position of the outflow stream of the impeller, i.e. r/T =0.35 in 

figure 5.9, on the measurement plane of -135
0
 to the centreline of the probe. 

 

Figure 5.9 The influence of Reynolds number on normalized kinetic energy dissipation 

rate along the axial height of the vessel at a specific radial position of the outflow 

stream of the impeller, i.e. r/T =0.35 on the measurement plane of -135
0
 to the 

centreline of the probe .   

It is worth noting that the spatial distribution of the kinetic energy dissipation 

rate is characterized by two peaks located in the discharge stream and the impeller 

outflow while the distribution starts to decline in the vicinity between the impeller and 

probe. The magnitude of the highest peak shows the increment of the energy dissipation 

rate as a result of applying higher Reynolds numbers, where the highest peak values are 

9 n
3
.d

2
, 15 n

3
.d

2
 and 18 n

3
.d

2
 at  Reynolds numbers of 5.4x10

4
, 8.2x10

4
 and 10.8x10

4
 

respectively. The axial positions of the characterized peaks are very similar, suggesting 

that the spatial distribution of the energy dissipation rate is not much affected by 

Reynolds number, but Reynolds number plays a key role in the magnitude of the 

distribution. 
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Estimating the influence of the baffle and the FBRM probe on the flow field nature in 

general and on the local spatial distribution of the kinetic energy dissipation rate is 

crucial as the latter was used to correlate crystal attrition rates in a subsequent study of 

crystal attrition in turbulent flow. Therefore, the normalized kinetic energy dissipation 

rate was estimated along the axial height of the vessel again at the same radial position 

of the impeller outflow in figure 5.10 at four measurement planes. It was found that the 

highest values of the energy dissipation were obtained at the probe centreline plane (-

135
0
) and upstream of the baffle (-90

0
), followed by upstream of the probe zone (180

0
) 

and finally in the baffle centreline plane (0
0
). 

 

Figure 5.10 The influence of changing the measurement planes on normalized kinetic 

energy dissipation rate along the axial height of the vessel at a specific radial position of 

the outflow stream of the impeller, i.e. r/T =0.35 at a Reynolds number of 5.4x10
4
 . 

The findings were not in good agreement with those of the spatial velocity 

components distribution and the turbulent kinetic energy distribution, where it was 

noticed that the baffle has a stronger effect on increasing the velocity gradients 

magnitude and consequently, obtaining higher levels of TKE. 

Investigation of the local spatial distribution of energy dissipation rate, using the 

large eddy method, revealed that the FBRM probe contributes more than the baffle to 

the magnitude of the dissipation rate 
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The latest findings can be attributed to the application of the more accurate large eddy 

method to analysing PIV measurements, suggesting that this method can deliver a 

clearer picture of what is happening in the smallest eddies (micro-mixing structure), 

while the earlier findings of the resolved structure can only reveal the macro-mixing 

structure. Therefore it is important to use the large eddy method to overcome the 

limitation of PIV resolution in investigating the kinetic energy dissipation rate in the 

unresolved smallest eddies. 

It can also be noted from figure 5.10 that the dissipation rate is characterized by 

two peaks in the centreline of the FBRM probe plane compared to a single peak in the 

baffle centreline plane, suggesting that the shape of the spatial distribution of the energy 

dissipation rate is affected by the presence of the FBRM probe in the flow field. The 

peak of the dissipation rate distribution formed in the baffle centreline plane looks 

similar to that formed in the discharge stream of the probe centreline plane, while the 

latter reveals higher magnitude, suggesting that the fixed parts locations play a key role 

in increasing the magnitude of the dissipation rate regardless of the dimensions and the 

contact surface effect of the parts. This can be validated by looking at the bigger contact 

surface of the baffle compared to the probe, which is oriented at 15
0
 to the impeller 

shaft compared to the parallel position of the baffle to the impeller shaft. Therefore a 

higher magnitude of the energy dissipation rate can be obtained by using a fixed part 

located at a different angle from perpendicular with the flow field. 

The probe affects not only the dissipation rate magnitude, but also the spatial 

distribution of the energy dissipation rate. Therefore the energy is re-dissipated in a 

higher axial position, i.e. the middle of the impeller outflow, forming a secondary high 

peak in the probe plane. Re-dissipation is not seen in the baffle plane, which can be 

similarly attributed to the angle between the fixed part and the flow field explained 

earlier. 
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5.7 Conclusion 

PIV was successfully applied in studying the single phase flow field by seeding the 

fluid with polyamide tracer of similar density to the working fluid, using a large eddy 

approach to have access to the turbulent energy dissipation rate and other spatial 

derivatives of velocity such as Reynolds stresses, tension strain rate, and viscosity sub-

grid scale. The large eddy approach was proved to overcome the limitation of the spatial 

resolution of PIV technique. 

The flow field was characterised at different measurement planes using different 

capturing techniques in order to reflect the influence of both the moving and fixed parts 

of the vessel on the nature of the flow. Measurements were focused on the vicinity of 

the baffle and the FBRM probe in order to be used in a subsequent study while finding 

the spatial distribution of crystal breakage in the area of interest. 
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Chapter 6 

 Characterising Crystal Attrition and Breakage by in-situ FBRM and 

Crystal’s Mechanical Properties Indentation Measurements 

 

 

Summary 

The aim of this chapter is to present the work that was done to monitor crystal attrition, 

instantaneously, in a stirred tank using FBRM and to evaluate the contribution of crystal 

attrition to secondary nucleation in real crystallization processes. In this study, the 

emphasis is placed on measuring the attrition of glutamic acid, urea and copper sulphate 

crystals in a batch crystalliser. Glutamic acid has been used as a model compound with 

key characteristics representative of many crystal materials found in pharmaceutical 

processes. The two polymorphic forms of L-glutamic acid are quite different in shape 

and hence present different attrition probability when subjected to high-speed agitation 

as typically found in a batch crystalliser. Urea and copper sulphate were selected as 

materials for study because of the ready availability of data for these two crystals in the 

literature and to highlight the specific effect of both agglomeration and crystal 

dissolution on their attrition since urea is highly prone to agglomerate and copper 

sulphate has a high dissolution rate because of its chemical nature as a hydrated 

compound. 

The present work compares experimental results measured by the FBRM with 

the physical model proposed by Gahn and Mersman [2, 3] taking into account the 

influence of crystal size and shape on the resultant chord length distribution.  

Finally, the influence of mixing hydrodynamics on both crystal-impeller and 

crystal-crystal attrition caused by the turbulent flow was investigated, where the 

physical model of Gahn and Mersmann developed originally for pitched blade impeller 

was extended to include retreat curve impeller.  
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6.1 Introduction 

The models that describe the formation and growth of crystals in a batch reactor depend 

on knowing the kinetic expressions for the various processes that yield the formation of 

new solid and the changes that occur to the formed solids. Accurate estimation of 

crystallization kinetics is, therefore, of paramount importance in crystallization as they 

lead to a greater understanding of the final crystal size distribution and quality of 

crystals. Knowing how the crystal size is controlled is of significant benefit in reducing 

problems in subsequent processes such as filtration and milling. Apart from nucleation 

and growth, attrition is one part of the more important kinetic processes. Attrition is the 

generation of fragments from crystals suspended in a fluid stream through collisions; 

collision of crystals with each other, collision with fixed parts in the crystallizer such as 

walls and baffles and collision with mobile parts like the crystallizer stirrer. Most of 

these features depend on the mixing and local velocity and turbulence within the stirred 

crystalliser. Moreover, studying the flow field and mixing hydrodynamics in 

crystallizers is important as this can affect local zones of heat transfer during 

crystallization and the final size distribution of product crystals.  

Attrition may occur by either breakage or abrasion: breakage when the collision 

energy is significantly higher than that required for crystals to fracture, or abrasion 

when the collision energy removes small amounts of material from the surface of the 

crystals. The results of both mechanisms are a reduction of crystal size and a 

modification in the crystal morphology. For organic materials common in the 

pharmaceutical industry, the low intrinsic strength of the crystal lattice and 

morphological differences between polymorphs makes attrition an important aspect of 

crystallisation. In addition to size reduction via fragmentation, in situations of high 

specific stirrer power, attrition is a primary source of secondary nucleation leading to 

increasingly varied product size distribution. As an experimental technique, Focused 

Beam Reflectance Monitoring (FBRM) is one of a range of on-line tools to monitor 

changes in the size distribution during crystallisation. FBRM, ATR-FTIR, PVM and 

other on-line techniques in either cooling or precipitation crystallization have been used 

separately or combined [4-16]. 
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6.2 Attrition rate derivation  

Attrition rate can be defined either by the positive change in the number of daughter 

crystals resulting from breaking the parent crystals by crystals-impeller collision or by 

crystals-crystals collision, or by the reduction in the parent crystals size. Practically, 

attrition rate can be expressed by the positive change in the chord counts during the 

stirring time and measured by counts per time. Attrition rate was found to be dependent 

on stirring rate, supersaturation levels and the initial size of crystals [18]. 

The great advantage of using the FBRM technique is that the change in the 

crystal size distribution (CSD) for different particle size classes (fine, intermediate and 

coarse) can be monitored directly whilst stirring the reactor. However the output data 

delivered by FBRM still cannot be used directly to evaluate the attrition rate and to 

produce a model for the disruption kernel.  

For general applications, Population Balance Models (PBM) are widely used to 

validate crystal attrition studies using particle volume or size as an internal coordinate. 

Kougoulos et al. [7, 8] used a discretized form of the Population Balance Equation 

(PBE) in which crystal disruption and agglomeration were the main components of the 

crystallization kinetics. Solutions of the Kougoulos PBM depended on the work by 

Wojick and Jones [18]. The simulated disruption kernel found by Kougoulos was of the 

same magnitude as that found experimentally by Synowiec et al. [19], showing a 

dependency of the attrition rate on the specific agitation power input. Zauner et al. [20] 

used the method of moments to solve a PBM for precipitation of calcium oxalate 

validated experimentally by off-line sampling and measuring of the CSD. 

As mentioned above, the FBRM measures chord lengths as total counts confined 

in specific size bands or channels and to convert this into quantitative data a population 

density function is used in order to compensate for the physical properties of the system 

and geometrical properties of crystals. Population density distribution in terms of 

specific size bands of width ΔL is defined as a function of the initial crystal size and the 

suspension density as follows [7]: 

                                                    
LLK

CLM
Ln

VC 


...

.
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3                                                (6-1)
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where M is the suspension density, [kg (crystals) / m
3
(slurry)]. 

CL: the total chord counts per scanned slurry volume, [number/ m
3
(slurry)]. 

Kv: the volume shape factor of the crystals. 

ρc: the crystal density, [kg (crystals) / m
3
 (slurry)]. 

L: the chord length in a specific channel boundary i.  

ΔL: the change in the chord length between two adjacent channel boundaries i and i+1. 

Therefore, the population density distribution should have a unit of number of crystals 

per volume of slurry per size of crystals, [number/ m
3
 (slurry). (m)]. 

The above formula was programmed for all the 38 channel boundaries of the 

Lasentec FBRM and a quantitative value of the population density distribution was 

calculated. 

Figure 6.1.b depicts the population density distribution of β-glutamic acid 

crystals initially in the size range 250-500 micron after 1 hr of aging at different stirring 

rates (data presented in figure 6.1.a).  

The slight increment in the population density from 2x10
7 

to 2.25x10
7 

is a result 

of the generation of new fragments as a result of increasing the agitation rate and hence 

the specific power input to the crystallising liquor. The change percentage in population 

balance is exactly similar to that of the mean chord length, i.e. 11.1%, confirming the 

attrition incurred in the system and supporting the reproducibility of FBRM as a process 

analytical tool.
 
 

In order to extract the attrition rate, knowledge of time-varying crystal size distribution 

is needed [18]. The method of moments is applied as it transfers the particle size 

distribution data into moments form, giving a statistical view of the population of 

crystals [21].
 

                                                                                            (6-2)                                           

Hence, the average linear dimension of the population of crystals in terms of moments 

can be written in the form:  

                                                                                                                 (6-3) 
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where m1 is the first moment of the particle size distribution, m0 is the zeroth moment of 

the same distribution. 

The distinction between FBRM chord length distribution and crystal size 

distribution is not important for this work as the attrition is mainly calculated by the 

change in the moments of CLD in this study and accurate particle sizing is not 

specifically required. Methods to extract size distributions from chord lengths have been 

reported elsewhere [1].
 
 

Adopting a similar process for converting size distributions, chord lengths can 

be represented in moment form as: 

                                                                                            (6-4)

 

The population balance for an isothermal seeded batch attrition system in which no 

primary nucleation, crystal growth or agglomeration is likely to happen in is given by 

Randolph and Larson as follows [21]: 

                                                                                                            (6-5)
 

where B is the birth term of attrition and D is the death term of attrition due to other 

phenomena occurring in the saturated solution. Other attrition phenomena are most 

likely due to dissolution of tiny generated fragments, Ostwald ripening, and/or the 

growth of fragments as a result of small fluctuation in the system temperature. For 

breakage experiments where crystals of LGA were added to saturated solutions of their 

respective solutes was assumed to be a similar case to that was described by equation 6-

5. 

The important note that should be taken into account is that the birth and death 

term of crystal attrition can’t be separated and hence the right side of equation 6-5 refers 

to the net attrition rate. While the death term of crystals due to other kinetics incurring 

in the system can only be isolated experimentally when carrying out the experiments in 

non-saturated solution. As a saturated system was used, the likelihood of primary 

nucleation was minimised hence a change in size distribution was assumed to be via 

breakage. Thus, according to the previous assumptions, attrition rate can be defined as 
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the positive change in the chord counts during the stirring time. Therefore, the gradient 

of the plot between the zeroth moments of chord length distribution and the 

instantaneous measurement time represents the overall attrition rate expressed by 

counts/sec (see equation 6-6). 

The moments form of the population density of attrition system can be written as 

follows: 

                                                                                                         (6-6) 

In order to simplify subsequent analysis, the integrated form of the chord length 

moment expression was converted to a sum and the method of moments was applied in 

the 38 channels measured by the FBRM. 

 

6.3 FBRM Data Analysis  

6.3.1 FBRM Data Analysis on Glutamic Acid in Saturated Solutions 

Breakage experiments were carried out isothermally at 20 
0
C using crystals of either α 

or β polymorph of glutamic acid, in saturated solutions with distilled water. The two 

polymorphs were prepared following the procedure outlined in sections 4.5;  the desired 

polymorphic form was generated by controlling the cooling rate. To summaries, 

glutamic acid was added to distilled water in a crystalliser and heated until all dissolved. 

Cooling at a pre-set rate was applied and the resulting liquor filtered under partial 

vacuum. Crystals were dried then sieved into two size ranges, 180-250 µm and 250-500 

µm, and used in subsequent breakage experiments. For the breakage experiments, the 

critical Reynolds was determined to be greater than 10
4 

for turbulent flow. In order to 

give mixing that was fully turbulent, Reynolds numbers in the range 5.4x10
4
 to 

10.8x10
4
 were selected. The reason behind choosing a fully turbulent flow is to make 

the crystal breakage the dominant studied mechanism compared to other crystallisation 

kinetics incurring in the crystallisation system.  

In order to isolate the effects of growth, the first series of breakage experiments 

was performed in which sieved crystals were added to an already saturated solution; this 

was intended to minimize crystallization (nucleation, growth and agglomeration), 

DB
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dissolution and Ostwald ripening effects. To fully suspend the crystals, a 400rpm 

stirring speed was chosen preventing the largest initial size crystals from resting on the 

bottom of the vessel for longer than 1-2 sec (as calculated according to Zwietering 

correlation [17]). The best signals from the FBRM probe were found if the FBRM tip 

were located in a region of high turbulence above the impeller zone and at 15
0
 to the 

impeller shaft. The full experimental set-up and the conditions applied in this study can 

be found in chapter 4 section 4.6. Figure 6.1.a shows the chord length distribution of β-

glutamic acid crystals after 1 hr of agitation at different stirring rates as given by 

FBRM. The x-axis represents the channels boundaries (fine: 1-10μm, intermediate: 10-

100μm and coarse: 100-1000μm) while the y-axis represents the percentage counts of 

crystals per each channel.   It is worth noting that a slight change of the distribution 

trend towards smaller values is observed as a result of increasing the stirring rate from 

400 to 800 rpm. One might still wonder if the observed small differences in size 

distribution are due to instrument error; therefore the set of experiments were repeated 

three times in order to insure the result repeatability and instrument reproducibility and 

an error of less than 0. 2% was obtained. 

 

(a)                                                                   (b) 

Figure 6.1 Effect of stirring rate on chord length distribution of β-glutamic acid [250-

500 µm] crystals agitated in saturated solution for 1hour. (a): typical CLD, (b): 

Population density. 
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An increase in stirring rate resulted in attrition of the crystals and formation of small 

fragments, which in turn shifted both the median and mean chord length of the agitated 

crystals to smaller values and consequently moved the mode of the distribution from the 

initial range 150-200 µm to 100-150 µm. The higher the stirring rate, the more the 

generated fragments result in smaller mean chord length values and more substantial 

shift in the mode of the monitored distribution of the crystals size. The final product 

contains more fine particles than the source, supporting probability of crystal attrition as 

outlined in [18] and [6]. The mean chord length distribution was plotted against the 

applied stirring rate (figure 6.2), where the mean chord length changed from 225 to 200 

micron (almost 11.1%) as the stirring rate was increased from 400 to 800 rpm. This plot 

shows clearly the reduction in mean size for increased agitation speed. 

 

Figure 6.2 Effect of stirring rate on the mean chord length distribution of β-glutamic 

[250-500 µm] crystals agitated in saturated solution for 1 hour. 

 

 

6.3.2 The main variables affecting the attrition rate of β-glutamic acid 

Attrition rate is also related to the particle volume as a measure of the crystal size. 

Synoweic et al. [22] determined that a 3
rd

 order dependency of crystal size on attrition 

signifies shearing on crystals due to turbulent flow and particle-impeller collisions. 

Breakage experiments were continued to cover size ranges 180-250 and 250-500 

microns with the calculated zeroth moment suggesting a noticeable difference in 
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attrition rate for the larger size range. Figure 6.3 shows typical attrition rates of different 

initial sizes of β-glutamic in saturated solution. 

 

Figure 6.3 Attrition rates of different initial sizes of β-glutamic in saturated solution 

during the crystallisation. 

Estimating the overall attrition rate shows a 3 fold difference from 8.29x10
-3 

to 

3.27x10
-3

 counts/s when using smaller initial crystal sizes. The attrition is related to the 

impact probability between crystals-impeller or crystals-crystals for the larger crystal 

sizes, which is higher than that of the smaller ones. Therefore the number of generated 

fragments will be higher. The latter finding can be related to the surface energy of 

smaller sizes of crystals from the mechanical properties point of view or to the fact that 

small crystals will follow the flow field leading to lower crystal–crystal attrition as will 

be further seen in the core of this study. Moreover very tiny fragments below a certain 

size will dissolve and will not survive and hence, will not contribute to the total chord 

counts. 

 Microscope images of crystals extracted before and after agitation can be 

quantified by finding out the shape factor of crystals as seen in table 6.1, where the 

figures show that the aspect ratio of bigger crystals is higher than that of smaller ones. 

The higher values of aspect ratio of crystals the higher probability of crystal breakage. 

Figure 6.4 shows that for the larger size range, there are more crystal fragments after 

attrition than before, compared to the same images for the smaller size range. From the 

images, there appears to be an aspect ratio change in the larger crystals suggesting 

fragments come from the longer edge of the crystals. From the images before the 

experiment, the crystals appear shorter than expected which could mean a degree of 
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fragmentation occurred during the preparation stage before the samples were put into 

the crystalliser. However, accurate determination of where crystals break is difficult due 

to uncertainty in handling samples extracted from the crystalliser.  

 
(a)  [180-250 µm] before 

 
(b) [180-250 µm] after 

 
(c) [250-500 µm] before 

 
(d) [250-500 µm] after 

Figure 6.4 Microscope images of extracted β-glutamic acid microscope before and after 

attrition for 4 hours at 400rpm. 

Attrition was believed to be affected by supersaturation. Therefore, a series of 

breakage experiments was carried out for two different supersaturation levels, where 

attrition rate was lower when using higher supersaturated system. The latter finding is in 

a good agreement with Wojcik and Jones [18] who reported that attrition is inversely 

proportional to supersaturation. The findings can be related to the fact that high 

supersaturation levels lead to high crystal growth rate, and reduced crystal breakage. 

Moreover, the phenomenon of growing from fragments is dominant in the case of 

higher supersaturation levels experienced in the system, where formation of attrition 

fragments is the main source of the newly formed nuclei with their subsequent growth. 
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The growth of crystals is a two-step process as shown earlier. The solute must diffuse 

from the bulk solution to the interface, after which the integration of solute into the 

crystal lattice takes place. By assuming that the growth kinetic is determined by the 

integration step as the very high mixing rate in attrition processes can minimize the 

mass transfer resistance in the diffusion step, and consequently the driving force for 

solute integration into the crystal lattice will be the supersaturation. 

Comparing gradients of fits of the moments of CLD versus attrition time, it can 

be seen in figure 6.5 that increasing the supersaturation level from 1 to 1.07 leads to 

decreasing the attrition rate by almost three times from 8.3x10
-3

 to 2.4x10
-3 

counts per 

second. 

The offset in the plots represent the moments of the initial size distribution of 

crystal samples added to the crystalliser. Therefore, the offset values will differ for 

different size ranges of crystals or by changing the mass of crystals and will not be 

constant for different batches of crystals. 

 

Figure 6.5 The influence of supersaturation on the attrition rate of β-glutamic acid 

crystals. 
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6.3.3 FBRM Data Analysis on β-Glutamic Acid in Non-saturated Solutions 

In order to isolate changes in crystal size from supersaturation effects and assure that 

size changes are solely caused by crystal attrition, glutamic acid crystals were 

suspended in a non-crystallisation solvent in a series of breakage experiments. This 

isolated crystals from interfering of other phenomena incurring in the system such as 

secondary nucleation and subsequent crystal growth. Pure attrition due to crystal-crystal 

impacts and impacts with the agitator, baffles, and other internals depend on the solvent 

viscosity which governs the dissipation of shear forces from the impeller. Attrition 

experiments were therefore repeated using Shell Turbo mineral oil T32 as a dispersing 

medium (5cp viscosity, 850kg/m
3 

density). This was heated up to 50 C to make its 

viscosity similar to that of saturated solution and to have a temperature similar to the 

saturated systems discussed in section 6.2. Though density can be still different and thus 

the flow field and energy dissipation rate can be different.  

Figure 6.6 shows the influence of suspending medium on the attrition rate of β-

glutamic acid crystals. It was found that the moments of CLD in a non-solvent medium 

was slightly higher than that in saturated solution for the same agitation input, although 

the change in attrition rate as a function of specific power input was of similar order. 

There would be variations throughout the mixture within a saturated solution even in 

batch crystallisers of the size used in laboratory systems.  

Although solution temperature may be considered uniform, regions of high shear 

would impact on local diffusion and mass transfer behaviour leading to regions of 

differential crystal growth and dissolution.  

In non-solvent systems, fragments will be unaffected by local saturation 

changes. The observed difference between oil and saturated solution would suggest 

accompanied phenomena taking place in saturated solution such as growth from 

fragments or Ostwald ripening, which is resulting in lower moments of CLD at the same 

mixing conditions. 

0
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Figure 6.6 Effect of suspending medium on the attrition rate of β.L.G.A. crystals. 

 

 

6.3.4   FBRM Data Analysis on α-Glutamic Acid in saturated Solutions 

In order to investigate the influence of polymorphic crystalline form on crystal attrition, 

all the above set of experiments for β form glutamic acid were repeated for the α form. 

Figure 6.7 shows the chord length distribution trend and the population density 

distribution of α-glutamic acid of 250-500µm size rang stirred at 400-800 rpm stirring 

rate conditions. Theoretically, the α form appears less prone to attrition compared to the 

β form from the aspect ratio perspectives due to the rounded crystal shape compared to 

the needle-like shape of β form. 

Even though, the figure 6.7 looks similar to 6.1 (for β-glutamic acid) stirred at 

the same conditions suggesting no difference in breakage. Therefore, applying the 

moments model was needed to retrieve the attrition rate of crystals rather than relying 

solely on the raw CLD data retrieved by FBRM.  
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(a)                                                                    (b) 

Figure 6.7 Effect of stirring rate on crystals breakage and attrition of α-glutamic [250-

500 µm] in saturated solution. (a): typical CLD, (b): Population density. 

 

Rhombic form of glutamic acid is not immune from attrition within the 

hydrodynamics covered, where table 6.1 figures out the effect of initial crystal size of α-

glutamic acid on attrition rate compared with that of the β form. For both forms the 

attrition rate increases with initial size but the β form is more prone to damage. The 

attrition rate was taken as the gradient of the moments of CLD plotted against the 

stirring time as mentioned in section 6.3. 

Polymorphic form 

Crystal 

Size (µm) 

Attrition rate 

counts/s 

β-glutamic  180-250 3.27x10
-3 

β-glutamic  250-500 8.29x10
-3 

α-glutamic  180-250 0.86x10
-3 

α-glutamic  250-500 1.77x10
-3 

Table 6.1 Comparing the attrition rate of the two polymorphic forms of glutamic acid of 

different initial crystals size in saturated solution. 

The effect of supersaturation on the rates of crystals attrition of α-glutamic acid 

is also similar with the β form, where decreasing attrition rate accompanies increases in 
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supersaturation levels. The relative difference between the two polymorphs is probably 

due to the mechanical stability. However the successive change with increasing 

supersaturation suggests a feature more related to the alignment of crystals within the 

solution or reaching a minimum size. Figure 6.8 compares the attrition rate of the two 

polymorphic forms of glutamic acid as a function of supersaturation where the β form is 

more prone to attrition than the α one at the same supersaturation levels which means 

that the crystal-crystal attrition has stronger effect on the β form. 

 

Figure 6.8 Comparing the influence of supersaturation on the attrition rate of the two 

polymorphic forms of glutamic acid in saturated solution. 

 

Microscope images from α-glutamic acid experiments support the FBRM findings in 

that there appears a general reduction in overall size of crystals without the formation of 

stable smaller fragments (figure 6.9).  
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(a)  [180-250 µm] before 

 
(b) [180-250 µm] after 

 
(c) [250-500 µm] before 

 
(d) [250-500 µm] after 

Figure 6.9 Microscope images of extracted α-glutamic acid before and after attrition. 

Figure 6.10 shows that at the same specific power input, β-glutamic acid crystals 

are more prone to attrition than α form as the change in the moments of CLD for β-

glutamic acid crystals is almost double that of α-crystals. Suggesting that attrition is 

very sensitive to power input as a slightly change in the order values from 1.46x10
-2

 for 

β-crystals to 1.28x10
-2

 for   α-crystals resulted in almost double the change of the 

moments of CLD, i.e. 1.08x10
3
 for β-crystals compared to 0.45x10

3
 for α-crystals . 
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Figure 6.10 Attrition rates of the two polymorphic forms of glutamic acid as a function 

of the specific power input. 

 

The difference in attrition rates between the polymorphic forms can be seen 

from the aspect ratio of the crystals. Table 6.2 shows the aspect ratios from observations 

of approximately 1000 crystals before attrition. Full details of the procedure of 

measuring the sphericity and aspect ratio of crystals using microscopic imaging can be 

found in section 4.7. 

Crystal Size (µm) 
 Sphericity Aspect Ratio 

β-glutamic 250-500 Mean 0.2169 5.5676 

 st.dev 0.0106 0.1032 

β-glutamic 180-250 Mean 0.2239 4.7631 

 st.dev 0.0008 0.1463 

α-glutamic 250-500 Mean 0.4716 1.3046 

 st.dev 0.0860 0.2817 

α-glutamic 180-250 Mean 0.8778 1.1421 

 st.dev 0.0173 0.0291 

Table 6.2 Shape factors of the two polymorphic forms of glutamic acid. 

It is worth noting that the aspect ratio of β-glutamic acid crystals is higher than 

that of α-glutamic acid at the same parent crystals size, i.e.5.56 and 1.30 respectively for 

initial crystals size of 250-500µm. The FBRM measurements also show that the needle 

form β compared to the rhombic α form are more likely to produce a reduced mean 

chord length for the same stirring speed. Meanwhile the attrition rate for the same 

polymorphic form was higher as the mean size of the crystals increased.  
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6.3.5 Monitoring the attrition rate of urea by FBRM 

FBRM instrument was used in this investigation to monitor the shift in crystal size 

distribution at various specific power inputs and to model attrition. Details of the 

experimental method were outlined in section 4.6. The Reynolds numbers for the Urea 

were similar to those used L-glutamic acid crystals i.e. ranging from 5.4x10
4
-10.8x10

4
. 

Figure 6.11.a shows the chord length distribution of urea crystals after 1 hr of stirring at 

different rates. It is worth noting that a relatively large change of the distribution trend 

towards smaller size is observed as a result of increasing the stirring rate from 400 to 

800 rpm. 

 

(a)                                                                    (b) 

Figure 6.11 Effect of stirring rate on crystals breakage and attrition of urea [850-1000 

µm] in saturated solutions. (a): typical CLD, (b): Population density. 

 

An increase of the stirring rate resulted in attrition of the crystals and hence 

formation of small fragments, which in its turn shifted the mean length of the agitated 

crystals to small values and consequently, changed the mode of the distribution from the 

channel boundaries range of 200-300 µm to the boundaries range of 100-200 µm. The 

population density distribution was derived from the chord length distribution by 

applying equation 6-1, where figure 6.11.b depicts the population density distribution of 

urea crystals after 1 hr of stirring at different rates. It is worth noting that a considerable 
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increment in the population density from 1x10
7 

to 2x10
7 

is a result of new fragment 

generation as a result of increasing the specific power input. The doubling value of the 

population balance as a result of increasing Reynolds number from 5.4x10
4
 to 10.8x10

4
 

is most likely due to crystal breakage. 

The mean chord length (CL) distribution was plotted against the applied stirring 

rate in figure 6.12, where the mean chord length changed from 450 to 300 micron by 

increasing the stirring rate from 400 to 800 rpm giving a CL change percentage of 

33.3%. Comparing the change percentage in the chord length between urea and L-

glutamic acid crystals (figure 6.2) shows that urea is more borne to breakage by almost 

three fold, which can be related and attributed later on to the mechanical properties and 

fracture surface energy of different crystals. The order of the dependency of mean CLD 

on the stirring rate is 0.56 as seen in figure 6.12 compared to that of 0.15 for glutamic 

acid crystals in figure 6.2. The trend can’t be fitted to a linear curve, which means that 

the breakage is still not a simple function of agitation speed and another phenomenon 

might be affecting the system.  The latter was found to be the agglomeration of urea 

crystals caused by the highly turbulent flow experienced for a relatively long agitation 

time as seen from microscopic images. 

 

Figure 6.12 Effect of stirring rate on the mean chord length distribution of urea [850-

1000 µm] crystals agitated in saturated solution. 

 

Breakage experiments were also carried out on smaller urea crystals, i.e. 500-

850µm and 250-500 µm. Figure 6.13 presents breakage rate of urea at different initial 

sizes. A linear fit was applied to the moments of the CLD to give the breakage rate. It 
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was found that reducing the initial crystal size from 850-1000 µm to 250-500 µm 

reduces the breakage rate from 3.82x10
-2   

to 1.1x10
-2

 counts/s. 

 

Figure 6.13 Breakage rates of different initial sizes of urea in saturated solution. 

 

 

6.3.6 Monitoring the attrition rate of copper sulphate by FBRM 

Figure 6.14 shows the chord length distribution of copper  sulphate of initial crystal size 

850-1000µm, where it is clear that the distribution shifts towards smaller size  range 

(50-100 µm) as the stirring rate is increased from 400 to 800 rpm.  

 

Figure 6.14 Effect of stirring rate on crystal attrition of copper sulphate [850-1000 µm] 

in saturated solution. 
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Figure 6.15 shows the mean chord length for copper sulphate in a saturated solution to 

prevent further growth. Comparing this data set with the same size of Urea crystals 

(figure 6.11), there seems a relatively lower change in mean chord length with stirring 

rate. This suggests that urea crystals are more prone to breakage than copper sulphate.  

 

Figure 6.15 Effect of stirring rate on the mean chord length distribution of copper 

sulphate [850-1000 µm] crystals agitated in saturated solution. 

 

The trend can’t be fitted to a linear curve, which means that the attrition is still 

not the only incurred mechanism and another phenomenon might be affecting the 

system. The latter was thought to be the high dissolution rate of the pentahydrated form 

of copper sulphate crystals. The pure attrition phenomenon is still not clear in spite of 

changing the studied model from highly soluble crystals, i.e. urea, to less soluble copper 

sulphate crystals. Thus it is necessary to study further the systematic breakage 

experiments in non- solvent medium in order to isolate the attrition mechanism from 

other phenomena occurring in the system.  

Figure 6.16 shows a comparison between the apparent breakage rate in saturated 

solution and the pure one in oil for both urea (6.16.a) and cooper sulphates (6.16.b) 

crystals, where it is worth noting that lower apparent breakage is obtained due to the 

accompanied agglomeration in the case of urea (by 15%) and the high dissolution rate in 

the case of cooper sulphates (by 23%) crystals. The last two phenomena are thought to 

cause a reduction in the total chord counts and consequently, a decrease in breakage rate 

is expected. Such a considerable deviation was not found in the case of L-glutamic acid 

crystals in spite of the change in the chord counts in saturated solution and oil (see 
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figure 6.6), suggesting that other phenomena such as dissolution and agglomeration do 

not play a significant role as was the case in urea and cooper sulphates crystals. 

 

(a) 

 

                                                                         (b) 

Figure 6.16   The influence of agglomeration and high dissolution rate on the apparent 

disruption kernels of urea (a) and cooper sulphates (b) crystals respectively. 

 

 

6.4   Attrition resistance and mechanical properties of crystals 

The mechanical strength of a crystal will be a function of the crystal lattice and the 

bonds between molecules in the lattice structure. Gahn and Mersmann [2, 3] first 

proposed a model that relates the attrition rate of crystals to the mechanical properties 

normally associated with materials including mechanical hardness. This model was 
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adapted to the attrition experiments conducted with glutamic acid, urea and copper 

sulphates crystals. 

 

6.4.1 The Methodology of measuring crystals hardness and fracture surface energy 

Vickers hardness testing is a standard method to determine one of the mechanical 

strengths of metals; a diamond tipped indenter is pressed into the surface of the metal 

and the deformation produced is used as a measure of hardness. The hardness of a solid 

is usually considered to be its resistance to local plastic deformations and it can be 

caused by the indentation of a Vickers pyramid. The hardness is obtained by dividing 

the indentation load by the area of the formed diagonal: 

                                                  
2

.
d

F
AHV 

                                                         (6-7)
 

where : The factor A results from the geometry of the indenting diamond and it is equal 

to 1.845. 

  d: the average diagonal diameter. 

        F: the applied load. 

 

According to Gahn and Mersman when the Vickers pyramid loads a brittle 

substance like a crystal, cracks will occur around the indenter and a diagonal with radial 

and lateral cracks will be formed. The new surface created by these cracks should be 

proportional to the work of indentation (Rittinger’s law).  

The work required to form cracks is equivalent to the impact energy between 

crystals and the impeller in an attrition process within a batch stirred crystalliser. The 

work is given by: 

                                                   

5.0
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.05.0 
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H
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                                            (6-8) 

The elastic properties of an isotropic material have two independent elastic 

constants, the shear modulus μ and the Poisson’s ratio ѵ, from which all the other 

possible constants can be calculated. According to Gahn and Mersman, cracks can only 

become visible when the work of indentation exceeds a critical value. This critical work 

can be related to the fracture surface energy as follows: 
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K r : an efficiency constant taking into account the stress field stored in the crystals 

exposed  to  indentation test,  related to the nature of stresses (shear or tension but 

cannot be compression). 

Г : the surface fracture resistance. 

The volume of fragments as a function of the impact energy can be given as:
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                                                  (6-10) 

where C is the attrition coefficient given by:    
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                                        (6-11) 

Gahn and Mersman studied a range of organic and inorganic crystals and 

classified five main groups based on the hardness values, where silicon, Germanium, 

and Quartz was found to have the highest hardness values (9712x10
6
, 7338x10

6
, and 

9810x10
6
 N/m

2
 respectively). While inorganic salt crystals, such as silver chloride, 

potassium bromide, sodium chloride, and rubidium bromide, have the lowest hardness 

values ranging between 59x10
-6

 and 167x10
-6

 N/m
2
. Hardness values for potassium 

sulphates of 1502x10
6
 N/m

2
, 649x10

6
 N/m

2
 for magnesium sulphates, and 335x10

6
 

N/m
2
 for ammonium sulphates were reported as well. Hardness values of organic 

crystals are very rare in the literature, where a value of 1030x10
6
 N/m

2
 for tartaric acid 

and 454x10
6
 N/m

2
 for citric acid were reported in Mersmann’s study. 

 

6.4.2 Measuring the mechanical properties of crystals 

As no information was found on glutamic acid in the literature, an indentation test was 

devised to measure the hardness of the alpha and beta forms of glutamic acid. Details 

about the indentation test conditions and the method of preparing samples for test were 

outlined in Section 4.8. 

 Figure 6.17 shows microscopic images of the diagonals formed at the surface of 

the two polymorphic forms of L.glutamic acid crystals after indentation. It is clear that 

the dimensions of the diagonal formed on the beta form surface are slightly  bigger than 
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those formed on the alpha form at the same applied load which indicates that the beta 

form is softer than alpha. Therefore the fracture surface energy of β.glutamic acid will 

be lower than that of α.glutamic acid and is more prone to breakage than the alpha 

crystal. 

             

A. α.L.G.A                                                        B.   β.L.G.A 

Figure 6.17  Microscopic images of  L.G.A. crystal  forms after indentation test. 

 

Table 6.3 contains the hardness results obtained from Vickers hardness 

indentation tests according to the loading and unloading conditions mentioned in section 

4.8.  These tests were repeated 7 times for each sample in order to ensure good 

reproducibility where the mean values of an acceptable standard deviation were 

considered. Meanwhile the work necessary for breakage, structure fracture energy was 

evaluated according to the equations of Mersmann’s model. Thus the volume fractions 

and the attrition coefficients can be easily calculated.  

Crystal 

forms 

Crystal 

population 

density 

Vickers 

hardness 

Hvx10
6
 

(N/m
2
) 

Shear  

Modulus 

(GPa) 

Critical 

work 

W(J).10
-7

 

Fracture Surface 

Energy(J/m
2
) 

Attrition 

coefficient 

C.10
-6

 

α.L.G.A 2.539x10
+2 

145 8 5.19 4.021 5.72 

α.L.G.A 3.743x10
+2 

156 8 5.01 4.465 5.40 

β.L.G.A 1.041x10
+3 

127 8 5.55 3.295 6.39 

β.L.G.A 1.055x10
+3 

135 8 5.37 3.622 6.06 

Table 6.3 Mechanical properties of the two forms of L.glutamic acid crystals. 

 

It was found earlier from FBRM measurements that both the initial crystal size 

and the crystal polymorphic form affect the attrition rate (table 6.1), where higher 

attrition rates were obtained for β glutamic acid crystals compared to α crystals and the 

crystal attrition rate increased when using larger crystals (lower population density). 

This finding can be attributed to the lower fracture surface energy for β-.glutamic acid 
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crystals compared to α. Figure 6.18 depicts the surface fracture energy of α and β-

glutamic acid as a function of initial crystal size.  

 

Figure 6.18 Attrition rate and fracture surface energy of the two forms of L.glutamic 

acid crystals as a function of different crystal size. 

 

Finally it can be seen that measuring the mechanical properties of crystals 

provides a reasonable indication of their rate of attrition. Ultimatly, collisions between 

crystals and between crystal and impeller which is governed by the fluid dynamics will 

determine the rate of attrition. Therefore the mechanical properties can be useful only 

qualititively and give interpretation of potential reasons for crystal attrition from the 

surface fracture energy and attrition resistance perspectives. 

In order to fully understand the effect of shape factor on the attrition results 

delivered by FBRM, it is necessary to consider the mechanical properties of the crystals 

in an attempt to link both the crystals shape and their hardness. Therefore the fracture 

surface energy of crystals was plotted against their aspect ratio of different initial size of 

the two polymorphic forms of glutamic acid in figure 6.19. 
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Figure 6.19 Fracture surface energy as a function of the aspect ratios of the two forms of 

L.G.A. crystals. 

 

It is clearly seen from the figure that crystals of higher aspect ratios (needle-like 

β-crystals) have lower fracture surface energy and hence easy to break compared to the 

rounded shape of α-crystals. Moreover, the larger crystals of the same polymorph 

(higher aspect ratio) possess lower fracture surface energy as well resulting in higher 

attrition rate according to the previous discussion. 

 

The Vickers hardness test for both urea and copper sulphate crystals of different 

initial crystal sizes was measured according to the same procedure followed with L- 

glutamic acid crystals. 

Figure 6.20 shows microscopic images of the diagonals formed at the surface of 

urea and copper sulphate crystals. For the same load applied, the dimensions of the 

diagonal formed on urea surface are smaller than those formed on copper sulphate 

indicating that urea crystals are softer than copper sulphate. Therefore the fracture 

surface energy of urea crystals will be lower than that of copper sulphate and the 

consequence is a higher tendency of urea crystals for breakage than copper sulphate. 
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             Urea crystals                                                      Copper sulphate crystals 

Figure 6.20 Microscopic images of urea and copper sulphate crystals after indentation 

test. 

Table 6.4 contains the hardness results for urea and copper sulphate crystals 

respectively resulting from Vickers hardness indentation test. Meanwhile the work 

necessary for breakage and surface fracture energy were evaluated according to the 

equations 6-7 to 6-11 of Mersmann’s proposed model. Thus the attrition coefficient was 

calculated.  

It was found that both the initial crystal size and the crystal form strongly affect 

the rate of crystal breakage, with higher breakage rates obtained for urea crystals 

compared to copper sulphate and the crystals breakage rate increases when using bigger 

seeded crystals. 

Crystal  

Crystal 

population 

density 

Vickers 

Hardness 

Hvx10
6
 

(N/m
2
) 

Shear  

Modulus 

(GPa) 

Critical 

Work  

W(J).10
-7

 

Fracture Surface 

Energy(J/m
2
) 

Attrition 

Coefficient 

C.10
-6

 

Urea 1.56x10
+3 

299 43 3.62 2.21 3.13 

Urea 1.36x10
+3 

289 43 3.69 2.11 3.25 

Urea 7.74x10
+2 

268 43 3.82 1.88 3.43 

CS 2.34x10
+2 

143 1.18 5.23 2.66 5.80 

CS 2.29x10
+2 

130 1.18 5.49 2.31 6.28 

CS 1.45x10
+2 

116 1.18 5.81 1.94 6.91 

Table 6.4 Mechanical properties of urea and copper sulphate crystals. 

The earlier findings can be attributed to the fracture surface energy, where urea 

crystals have lower fracture surface energy than copper sulphate, and thus it has higher 

breakage rate which is in good agreement with the results delivered by the FBRM 

technique. Similarly, bigger crystals will be more prone to breakage as their fracture 

surface energy will be lower, and that also was observed while monitoring attrition by 
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FBRM earlier. Therefore, fracture surface energy can play a key role in terms of crystal 

breakage and attrition from the crystal mechanical properties point of view. 

Microscopic images of both urea and copper sulphate crystals were taken in 

order to further investigate the influence of crystal shape on breakage. Microscopic 

images of almost 1000 crystals before the breakage experiments were analysed to 

determine mean values of the crystals ‘shape factor. Table 6.5 contains results for both 

the sphericity and aspect ratio of urea and copper sulphate using the procedure 

explained earlier in section 4.7 

Crystal Size (µm) 
 Sphericity Aspect   Ratio 

Urea- 850-1000μm mean 0.5493 1.7215 

 sd 0.1059 0.3749 

Urea- 500-850μm mean 0.5753 1.6577 

 sd 0.0937 0.1547 

Urea- 250-500μm mean 0.6413 1.5804 

 sd 0.1339 0.2640 

Urea-180-250μm mean 0.7781 1.5037 

 sd 0.0893 0.2896 

CS- 850-1000μm mean 0.6021 1.5959 

 sd 0.0699 0.3455 

CS- 500-850μm mean 0.6427 1.4499 

 sd 0.0306 0.1210 

CS- 250-500μm mean 0.7310 1.4008 

 sd 0.1784 0.4025 

Table 6.5  Shape factor of urea and copper sulphate crystals before breakage 

experiments. 

The sphericity of urea crystals increases as the initial crystal size decreases. 

Thus, they have more rounded crystals at small size and the result will be lower 

breakage rate compared to that of bigger crystals, which have less rounded shape and 

possess more edges and corners. The same observation was found for copper sulphate 

crystals at different initial crystal sizes but with an essential difference that is generally, 

copper sulphate crystals are more rounded than urea at the same initial crystal size and 

consequently, breakage is lower for copper sulphate, which is in good agreement with 

the FBRM outputs. 
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6.5 Investigating the influence of mixing hydrodynamics on both crystal-impeller 

and crystal-crystal attrition caused by the turbulent flow 

 Most of the published works on crystal attrition are concerned only with the impeller-

crystal impact and ignore crystal-crystal attrition caused by turbulent flow because of its 

negligible contribution to the net attrition rate compared with the first type of attrition. 

Including the influence of mixing and fluid hydrodynamics on the local attrition rate 

distribution is very rare in the literature, whereas the two appear linked in modelling 

crystallization kinetics. Liiri et al. [23] were the first to study secondary nucleation due 

to crystal-impeller and crystal-vessel collisions by using the population balance in CFD 

modelling. Logashenko et al. [24] developed a numerical technique to simulate the 

system with the crystal population dynamics fully coupled with the flow in the tank. 

In the following section, the physical model of Gahn and Mersmann on the 

influence of impact energy on crystal-target attrition rate will be developed further to 

include the effect of mixing around a retreat curve impeller.  

 

6.5.1 Crystal-impeller attrition rate  

The physical model of Gahn and Mersmann on the influence of impact energy on 

crystal-target attrition rate was extended to include the effect of mixing around a retreat 

curve impeller.  

In order to determine the crystal-impeller attrition rate, the principle assumption 

is that crystals follow the macroscopic flow pattern of the liquid phase and hence, 

considering three main aspects: 

 

1. Mass flow of crystals moving towards the impeller. 

2.  Probability a crystal is on a streamline. 

3. Probability that crystals impact with the impeller. 

4. Probability of a collision.  

Taking each of these in turn; 

 The mass flow of crystals moving towards the impeller is governed by the 

number of turnovers per time which is a function of stirring speed. 
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  The probability that a crystal is on a streamline moving towards the impeller 

(ηgeo) comes from the geometrical probability factor, ranging from 1 to 1, 

defined as follows: 
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where a is the number of blades, 

d : the impeller diameter, 

D:vessel diameter, 

Te/b: dimensionless term that reflects the ratio between the dimensions of the impeller 

blades and given by the following equation: 
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where β is the angle of the impeller blade and equals to 15
0
, 

e: the height of the impeller blade and equals to 0.02m, 

b :the width of the impeller blade and equals to 0.03m, 

α :the angle of approach and given as follows: 
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where Vaxi is the axial velocity, a function of the flow number of the retreat curve 

impeller used in this study as follows: 
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where Nv is the flow number of the  retreat curve impeller, equal to 0.53. [26] 

 n:the stirrer speed (rps), 

Vrad: the radial velocity of the retreat curve impeller which can be given by the 

following formula: 

                                                                 dnVrad ..
                                              (6-16) 
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 The probability that a crystal on a particular streamline collides with the 

impeller, the impact probability factor ranging from 0 to 1, is given empirically 

by Stokes number as follows: 
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where ψe/b is Stokes number and given as follows: 

                                                          
beL

relLC

be
T

LV

/

2

/
.18

.).(









                                 (6-18) 

where ηL is the dynamic viscosity of the liquid, 

  ρC and ρL : the densities of the crystals and the liquid respectively, 

  Vrel: the relative velocity between the crystals and the target which is the impeller in 

this case, and can be given as follows: 

 

                                                                 5.022 )( radaxirel VVV 
                                  (6-19) 

The axial velocity can be ignored due to the nature of the used impeller and the relative 

velocity can be expressed in terms of the radial one which can be calculated directly 

from the specific power input and both the flow and power numbers as follows: 
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where P0 is the power number of the retreat curve impeller, a function of the power 

input P0 given by: 
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So the specific power input can be obtained as follows: 

                                                                        
V
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where V is the crystallizer volume. 
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 Finally, the probability of collision will be a function of the geometrical 

efficiency and the target efficiency and can be expressed as: 

 

                                                      
bebegeoT //, . 
                                      (6-23) 

The impact velocity is a function of the relative velocity and the target efficiency and 

given as follows: 

                                                                    berelcoll VV /.
                                        (6-24)

 

Crystals collide at a certain frequency which, in turn, depends on the crystal impact 

probability and is expressed as: 

                                                                    
V

V
LZ T

*
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where V
* 

is the volume of the liquid passed by the stirrer blade in one rotation and it is 

dependent on the flow number of the retreat curve impeller given by the following 

relationship: 

                                                                      3* .. dnNV V
                                       (6-26)

 

The crystal volume fraction resulting from attrition due to crystal-impeller collisions is 

a function of the attrition coefficient found earlier which reflects the dependence of 

crystal attrition on their mechanical properties, and the impact energy between crystals 

and the impeller. It is given by Gahn and Mersmannas follows: 

 

                                                              3/4))(.()( LECLV kinatt 
                            (6-27) 

where Ekin is the kinetic impact energy which is proportional to the mass of crystals and 

given as follows: 

 

                                                            23..5.0)( collCkin VLLE 
                            (6-28) 

Thus, the attrition rate due to crystal-impeller collisions is the product of the frequency 

of collision, the impact energy and the total probability of collision and can be given by 

the following relationship: 

 

                                                               )().()( LVLZLA attimp 
                               (6-29) 
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The crystal-impeller attrition rate of both β and α glutamic acid crystals was calculated 

according to equation 6.29 for different initial crystal sizes; more details are contained 

in table 6.6. 

It was found that both the initial crystal size and the crystal polymorphic form affect the 

rate of crystal-impeller attrition. Higher attrition rates were obtained for β glutamic acid 

crystals compared to α crystals (almost ten times) and the crystal attrition rate increases 

when using larger seed crystals. 

The findings are in good agreement with those found earlier in section 6.3 and can be 

attributed to the fracture surface energy since lower fracture surface energy will result in 

higher attrition coefficients and therefore higher volume fraction. It is worth noting that 

generally, β.glutamic acid crystals have lower fracture surface energy than α.glutamic 

acid and show higher attrition rates . Similarly, bigger crystals will be more prone to 

attrition as their fracture surface energy will be lower (see table 6.3).  

In the next section, crystal-crystal collision will be discussed in detail in an 

attempt to find the total net attrition rate in order to quantitavely compare it with that 

obtained by FBRM. 

 

 

6.5.2 Crystal-crystal attrition rate 

Impact energy is much less in the case of crystal-crystal collisions compared to crystal-

impeller collisions due lower relative velocity between crystals compared to that for 

crystals-impeller, but the total collision frequency may be so high that the net effect 

cannot be neglected. 

In  turbulent flow, the crystals will follow any turbulent eddy larger than their 

size but will not follow smaller size eddies. Thus, smaller crystals will follow a greater 

range of eddy sizes and collide with larger crystals. 

The total turbulence collision rate is the sum of inertia and sub-range turbulence 

collisions assuming local isotropic turbulence theory, and  is given by Synoweic et al.  

as follows  [22]:
  

 

                                  LVLCVturb LKLKLA 
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The relative velocity was calculated using the theory of local isotropic turbulence 

according to Imran et al. [27]  as follows: 
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where CD is the drag coefficient calculated for spherical crystals using Evans’s 

correlation [28]: 
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where the drag coefficient is inversely proportional to the 0.6 power of particle 

Reynolds number calculated as follows: 
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Thus, the relative velocity can be expressed as: 

 

                                                                       3/212/5 .LVrel 
                                   (6-34) 

The turbulent attrition rates for both polymorphic forms of glutamic acid crystals were 

calculated at different specific power inputs and compared with crystal-impeller attrition 

rates for the same crystalline materials of the same initial crystal size in order to 

evaluate the contribution of  crystal-crystal attrition to the total attrition rate and 

therefore to the total rate of secondary nucleation. This data is also shown in table 6.7.  
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L 

(μm) 

AR 

Aspect 
ratio 

Cx10-6 

Attrition 
coefficient 

Power 
input 
(w) 

Specific 
power input 
(w/kg) 

 Vrel ψ ηe/b ηgeo,e/b ηt Vcol Va(L) Z(L) 

Aimp 

[μm3/s] 

β.L.G.A 
250 5.56 6.39 2.012 0.875 1.994 0.1994 0.1339 0.4701 0.0630 0.2670 

5.29E-
17 0.527 27.8 

β.L.G.A 250 
5.56 

6.39 
6.791 2.952 3.663 0.3663 0.2675 0.4701 0.1258 0.9799 

1.69E-
15 0.790 1340 

β.L.G.A 250 
5.56 

6.39 
16.096 6.998 5.639 0.5639 0.3891 0.4701 0.1829 2.1944 

1.46E-
14 1.053 15300 

α.L.G.A 250 
1.3 5.72 2.012 0.875 1.994 0.1845 0.1209 0.4701 0.0569 0.2411 

5.01E-
18 0.527 2.6 

α.L.G.A 250 
1.3 

5.72 
6.791 2.952 3.663 0.3389 0.2476 0.4701 0.1164 0.9067 

1.71E-
16 0.790 135 

α.L.G.A 250 
1.3 

5.72 
16.096 6.998 5.639 0.5218 0.3663 0.4701 0.1722 2.0656 

1.54E-
15 1.053 1620 

Table 6.6  Crystals-impeller attrition rate of the studied crystals at different specific power inputs. 
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L 

(μm) 

AR 

Aspect ratio Power input (w) 

Specific power 
input (w/kg) 

 

Vrel  A  turb[μm
3/s] 

β.L.G.A 250 5.56 2.012 0.875 3.75E-03 6.09E-04 

β.L.G.A 250 5.56 6.791 2.952 6.23E-03 2.35E-03 

β.L.G.A 250 5.56 16.096 6.998 8.93E-03 6.14E-03 

α.L.G.A 250 1.3 2.012 0.875 3.75E-03 7.57E-05 

α.L.G.A 250 1.3 6.791 2.952 6.23E-03 2.92E-04 

α.L.G.A 250 1.3 16.096 6.998 8.93E-03 7.63E-04 

Table 6.7 Crystals-crystals attrition rate at different specific power inputs.
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 Figure 6.21.a and b shows a comparison between the contribution of impeller attrition 

and turbulent attrition to the total attrition rate at different specific power inputs for β 

glutamic acid crystals (a) and α glutamic acid crystals (b). 

 

 
                                                                            (a) 

 

(b) 

Figure 6.21 Individual contribution of impeller and turbulent attrition to the total 

attrition rate of both β and α glutamic acid crystals; 6.21.a (β),6.21.b (α). 

 

It is worth noting that generally, attrition due to  crystal-impeller collisions is 

almost 10
5
 to 10

7
 times higher than that caused by crystal-crystal colloision in the 

turbulent flow, and the net attrition rate of β-glutamic acid crystals is almost 10 times 
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higher than that of α form at the same specific power inputs, which is again in good 

agreement with the findings of FBRM measurements. 

For a quantitative comparison, the net attrition rate was correlated with the 

specific power input and the following semi-impirical correlations were found. 

For β glutamic acid crystals:       

 

                                          (6-35)                                            

For α glutamic acid crystals: 

                                                                                          

                                                             
1.311042.0  xA                                          (6-36) 

Where the two forms has the same order of attrition while the disruption kernel for β-

crystals is ten times higher than that for α-crystals. 

 

6.6  Conclusion 

FBRM was used to monitor the attrition of two polymorphic crystalline forms of 

glutamic acid crystals. The β form showed more tendencies for attrition than α crystals. 

The effects of both the initial crystal size distribution and the crystal shape factor were 

investigated and it was concluded that the crystals are more prone to break at higher 

crystal size and also at higher aspect ratio which is the case of the β form. 

 

 FBRM was used also to monitor crystal attrition of organic and non-organic 

crystalline materials. The organic material, urea, was prone to agglomeration 

while the non-organic, copper sulphate, was characterized by a high dissolution 

rate. 

 A mechanical method was developed to prepare specimens of different crystal 

size in order to measure their mechanical properties precisely in spite of the 

close range of crystal size. Mechanical properties such as crystal hardness and 

fracture surface energy were found to play a significant role in determining 

attrition parameters such as the attrition coefficient by adopting the Gahn and 

Mersmann physical model.  

04.321044.0  xA
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 The results of micro-hardness testing were in good agreement with those offered 

by both FBRM and microscopic images techniques where FBRM was proved to 

be a powerful on-line attrition monitoring technique. 

 The influence of mixing hydrodynamics on both crystal-impeller attrition rate 

and crystal-crystal attrition rate caused by the turbulent flow was studied 

whereas most of the published works on crystal attrition are concerned only with 

the impeller-crystal impact and ignore crystal-crystal attrition, caused by 

turbulent flow. 

 Moreover, the physical model of Ghan and Mersmann was extended to include 

retreat curve impeller when it was originally developed for the pitch blade 

turbine.   

 Finally, although there are many publications on crystal attrition, there is little 

published material dealing with the instantaneous monitoring of attrition kinetics 

as shown in this study. 
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Chapter 7 

Characterising the crystallisation of L-glutamic acid by FBRM and 

PIV techniques 

 

 

Summary 

Developing certain approaches of existing PAT techniques in order to include further 

applications in addition to their well- known ones can establish a benchmark for on-line 

and real-time crystallisation monitoring and control. 

This chapter addresses the utilisation of in-situ and on line techniques to monitor 

crystallisation kinetics. Focused Beam Reflectance probe (FBRM) was used in 

recording the crystal growth rate and identifying crystal polymorph during real 

crystallisation processes. 

Moreover, PIV is reported for the first time detecting nucleation events and 

monitoring growth rate of crystals. 

Finally, both techniques were combined together to extract useful on-line 

information about α polymorphic transition of crystals. 
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7.1 Introduction 

Chapter 6 discussed the attrition of three types of crystals using the FBRM probe to 

monitor the change in chord length distribution in saturated and non-saturated solutions. 

The breakage of crystals was shown to be related to the hardness as measured by a 

standard impaction method. Also from this study, Glutamic acid was shown to be 

susceptible to breakage. As breakage produces small fragments, which aids secondary 

nucleation, a study was performed using the FBRM to investigate if breakage at an early 

stage could influence the crystallisation of glutamic acid formed from during cooling of 

an hot solution. This study also allowed an estimation of the nucleation and growth 

kinetics for glutamic acid to be made. Accurate estimation of crystallization kinetics is 

of paramount importance in crystallization as they lead to a greater understanding of the 

final crystal size distribution and quality of crystals and hence affect subsequent 

processes such as filtration and milling. Conventional models for nucleation and growth 

relate the supersatuation in the solution to the growth rate of crystals and is today 

measured by recording both the change in crystal size by instruments such as FBRM, 

and instruments such as in-situ ATR-FTIR to measure solute concentrations.  

FBRM has been used recently to monitor nucleation kinetics [1], where the  

crystallisation and dissolution temperatures were determined experimentally along with 

the solubility curve and excellent correlation was obtained between experimental data 

and literature values. 

FBRM has been widely used in the last five years in detecting nucleation [1, 2], 

monitoring MSZW  and induction time [3]. Whereas ATR-FTIR was the only practical 

technique used up to date to measure solute concentration in real time, it should be 

combined with another technique that can measure a CSD such as ultrasonic 

spectroscopy (USS) [4], or focused beam reflectance measurement [1,5, and 6]. The 

correlation between supersaturation measured by ATR-FTIR and CSD retrieved by USS 

or FBRM can give some insight into the possible mechanism of growth in a form of the 

common semi-empirical correlation: 

 

                                                                                                                          (7-1) 

Where σ is the supersaturation level 

FBRM is a point type instrument where the detector sits at a specific location in 

the crystallising solution. Whilst this is useful for small scale, well mixed systems, 

moving to large scale reactors implies that locating the FBRM in a position that is 
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representative of the entire batch is important. Larger field measurements such as those 

obtained through video analysis may provide an alternative strategy. In this study the 

PIV system described in chapter 4 and 5 was modified to record images during the 

crystallisation process. While analysis of the PIV images for the velocity of crystals will 

be discussed in chapter 8, it was found that the PIV was able to detect the formation of 

crystals by looking at the number of valid velocity measurements recorded. This idea 

was based on the work by Simon et al. [7] ,Woo et al. [8], Brown and Ni [9, 10] and 

Golanbi [11],who reported the utilisation of CCD video imaging in crystallisation, and 

enabled the development of the PIV technique from its traditional use to include 

crystallisation kinetics monitoring. Similar principles of using CCD video imaging by 

Brown and Ni [9, 10] were applied in this study to retrieve the growth rate, whereas the 

authors were not dealing with a polymorphic type of crystals such as the one used in 

this study (L-glutamic acid of the two polymorphic forms, i.e. the needle-like β-form 

and the rhombic α-form). A discussion on the use of PIV to obtain nucleation and 

growth rate data is included in this chapter. 

A complication with glutamic acid was the two polymorphic forms of L-

glutamic acid, i.e. the rhombic like α-polymorph and the needle-like β-polymorph [12-

18] are quite different in shape and hence present different behaviours when subjected 

to different speed agitation and cooling rate as typically found in a batch crystalliser.  

Moreover, this study addresses for the combination of PIV and FBRM in polymorphic 

transition recognition, where a certain approach, based on the relationship between 

linear and mass growth rates, was developed in order to retrieve information about the 

crystallised shape of crystals.  To date, no study has been reported distinguishing 

polymorphic forms of crystals using the PIV technique.  

 

 

7.2 Nucleation event detection by FBRM 

In-situ measurement of dissolution temperature, crystallisation temperature, 

supersaturation, solubility; and nucleation were performed using FBRM. A schematic 

diagram of the experimental set-up was given in chapter 4, where figure 4.7 described 

the integrated reactor system. The experimental procedure to determine nucleation 

kinetics was followed using two methods: zeroth moment and Nyvlt method depending 

on MSZW. 
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The nucleation kinetic parameters, i.e. nucleation order and nucleation constant, were 

retrieved along with supersaturation at different stirring intensities, cooling rates, and 

concentrations as described in chapter 4. Experiments were conducted and repeated at 

least twice to ensure good reproducibility. To minimize the amount of material 

consumed, the same saturated solution was recycled from batch to batch although 

eventually the batch was replaced with fresh material.   

 

7.2.1 Example of FBRM Data during Heating/Cooling of Glutamic Acid 

As an example of the procedure, a solution of L-glutamic acid of a concentration of 

2g/100g of distilled water was heated to 55 
0
C and held for 30 minutes to ensure full 

dissolution. A stirring rate of 100rpm was applied and the solution was then cooled 

down to 10 
0
C at a cooling rate of 0.1 

0
C/min and maintained at this temperature for 90 

minutes. The heating and cooling procedure was repeated for three consecutive cycles 

using the same solution. Figure 7.1 shows typical FBRM data with temperature profile 

against time for three such consecutive cycles, where chord counts was recorded at four 

different boundaries, i.e. fine, middle, and course bands, in addition to the total 

cumulative counts in the size range of 1-1000μm. 

Some crystals are counted at the beginning of the heating cycle, where the 

crystals are not fully dissolved at a starting point temperature of 30 
0
C, followed by a 

rapid decrease in the chord counts at the saturation temperature of 55 
0
C, where the 

crystals are believed to be fully dissolved. Even though there are no crystals at the 

saturation temperature, FBRM is still reading some counts suggesting the existence of 

air bubbles in the vicinity of the probe. Therefore, the reading of CL counts at the 

saturation temperature was considered as a reference point of pure liquor, and only the 

change of the CL counts from the initial values, i.e. values at 55 
0
C, was taken into 

account at the different heating/cooling cycles. 
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Figure 7.1 Typical FBRM data of chord counts with temperature profile against time for 

three consecutive cycles. 

 

MSZW is one of the first fundamental parameters that can be extracted from 

FBRM cooling/heating cycle data. In this study the point of dissolution and the onset of 

crystallisation were determined from chord counts measurements using the definitions 

[19]: 

During cooling, 

                       (NCL,experimental – NCL,background ) / (NCL,max – NCL,min ) > 5%                   (7-2) 

During heating, 

                        (NCL,experimental – NCL,background ) / (NCL,max – NCL,min ) < 5%                  (7-3) 

The points of crystallisation and dissolution are not the same from batch to batch 

but vary slightly by ± 2 
0
C. Therefore, each experiment was repeated twice to ensure 

good reproducibility and the average values of the measured temperatures were 

considered. At points during the cycles, samples of liquor with crystals was extracted 

and examined under the microscope to determine which type of polymorph was present. 

This protocol was applied to retrieve crystallisation and dissolution temperature at 

different conditions of concentration, cooling rate, and stirring speed. Similarly, figures 

7.2 and 7.3 show typical FBRM data of chord counts and temperature profiles against 

time for L-glutamic acid for different cooling rates at which different dissolution and 

nucleation points can be clearly seen.  
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Figure 7.2 Typical FBRM data of chord counts with temperature profile against time for 

three consecutive cycles. 

 

 

 

Figure 7.3 Typical FBRM data of chord counts with temperature profile against time for 

three consecutive cycles. 

 

For cooling rates greater than 0.3 
0
C/min, the alpha form of glutamic acid was 

found to be present. Extrapolating the dissolution temperature towards an infinitely 

slow heating rate approaches the saturation temperature at a particular concentration. 
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Figure 7.4 shows the temperature of dissolution against heating rate with extrapolation 

of data to determine saturation temperature of L-glutamic acid at different stirring rates. 

 

Figure 7.4 the influence of heating rate on the dissolution temperature of 2% (w/w) L. 

glutamic acid at different stirring rates. 

 

Theory states that the saturation temperature is a function of the solute 

concentration only [20]. Therefore, it is not expected that saturation temperature will 

vary as a result of varying stirring rate and the slight deviation (±1 
0
C) is attributed to 

experimental errors caused by slight fluctuation of experimental temperature. An 

average saturation temperature was selected to ensure good reproducibility. 

Plotting the saturation temperature with respect to initial solution concentration 

used enables finding the solubility curve as shown in [1], where good agreement 

between experimental solubility curve and that reported in literature was found using 

FBRM as a process analytical technique (PAT). Similarly, crystallisation temperature 

was retrieved by extrapolating the onset of crystallisation temperature towards the 

infinitely at slow cooling rate giving the crystallisation temperature at a specific 

condition of solute concentration, cooling rate and stirring rate as shown in figure 7.5. 
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Figure 7.5 The influence of cooling rate on the crystallisation temperature of 2% (w/w) 

L. glutamic acid at different stirring rates. 

 

The metastable zone width (MSZW), Δtmax, is calculated by: 

 

                                                                                                       (7-4)  

                

where      is the saturation temperature and      is the crystallisation temperature 

retrieved by FBRM as detailed in a previous section. 

The effects of cooling rate and stirring rate on MSZW are presented in figure 

7.6. It is seen that at a specific cooling rate, MSZW decreases as stirring rate rises 

suggesting that nucleation is enhanced due to higher agitation intensity in the stirring 

rate range studied in this work i.e. 100-300 rpm.  
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Figure 7.6 The influence of stirring rate on MSZW during the crystallisation of 2% 

(w/w) L.glutamic acid at different cooling rates. 

 

The latter finding is in good agreement with Liang et al. [19, 21], where similar 

MSZW magnitude, when using turbidity probe, were obtained. Even though, FBRM 

was detecting the onset of nucleation later than the turbidity probe. The slight change is 

due to the smallest detectable size of nuclei (1μm in the case of FBRM compared to 

0.5μm for turbidity probe), suggesting a delay in  nucleation event detection using 

FBRM probe. 

The dependence of MSZW on cooling rate at a specific stirring rate can be 

examined in the same figure. It is seen that the faster the rate of cooling (or the greater 

the rate of supersaturation generation), the wider the MSZW becomes at all stirrer 

speeds studied. This is seen in both figures 7.7 and 7.8, which present the dependency 

of the rate of supersaturation generation on the cooling rate and the stirring speed 

respectively. 

 

Figure 7.7 the influence of cooling rate on supersaturation generation during the 

crystallisation of 2% (w/w) L.glutamic acid. 
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Figure 7.8 the influence of stirring rate on supersaturation generation during the 

crystallisation of 2% (w/w) L.glutamic acid. 

 

It is clearly seen from the previous figures that the cooling rate effect on 

supersaturation generation is more pronounced than that of stirring speed as the 

magnitude of supersaturation generation changes as a function of cooling rate is 5-6 

times higher than that reported for different stirring speeds. 

Nucleation theory states that longer relaxation time is required to achieve a 

quasi-steady-state distribution of molecular clusters and formation of a stable nucleus 

with higher rate of supersaturation generation (higher cooling rate) [22]. Consequently, 

the onset of nucleation is delayed by higher cooling rate. 

Table 7.1 shows the different values of MSZW found at different experimental 

conditions of stirring speed, cooling rate, and solute concentration. The results retrieved 

by FBRM are in good agreement with those found by previous studies using different 

techniques such as ultrasonic spectroscopy [4, 23, 24] and turbidity measurements [19, 

21, 25]. 
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Stirring 
rate 

(rpm) 
H/C rate 
(°C/min) Tdiss (°C) Tcrys (°C) 

MSZW 
(°C) 

100 0.1 51.7 22.9 29 

100 0.5 52.2 12.1 39.8 

100 0.9 52.7 10.2 41.7 

200 0.1 51.7 23.9 28 

200 0.5 52.1 13.8 38.1 

200 0.9 51.9 10.9 41 

300 0.1 52.7 24.4 27.5 

300 0.5 53.2 15.1 36.8 

300 0.9 52.9 11.7 40.2 

Table 7.1 MSZW at different experimental conditions of stirring speeds and cooling 

rates during the crystallisation of L.glutamic acid. 

 

 

7.2.2 Retrieving Nucleation order  

Nucleation kinetics parameters (nucleation order, nucleation constant) were calculated 

from measured MSZW data according to Nyvlt [26]; the detailed method is described in 

chapter 2, section 2.3.3.2. The main purpose was to find a relationship between 

nucleation kinetic parameters and stirring speed at different cooling rates 

(supersaturation levels). 

A plot of logarithm of the MSZW versus logarithmic cooling rate allows the 

determination of nucleation kinetic parameters, where the gradient of the straight line 

relationship gives the nucleation order as shown in figure 7.9. The nucleation constant 

was calculated using the intercept of the same figure. 

 

Figure 7.9 retrieving the nucleation constant and order of L.glutamic acid by Nyvlt’s 

method. 
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Figure 7.10 shows both nucleation order and nucleation constant as functions of stirring 

rate retrieved by FBRM by applying Nyvlt method, where it is clearly seen that values 

of nucleation order are largely independent of the stirring rate. 

 

 

Figure 7.10  The relationships between nucleation constant and nucleation order of 

L.glutamic acid and stirring rate. 

 

Nyvlt pointed out that the nucleation order depends neither on the presence of 

solid phase, nor on temperature, but is approximately inversely proportional to the 

molecular weight of the solute [26]. In other words, the nucleation order is one of the 

fundamental physical properties of a crystallising system. The order of nucleation varies 

from 4.8 to 5.4 for different stirring rates ranging from 100-300 rpm, which is 

comparable with literature reported values for the same type of impeller (retreat curve 

impeller) [19]. 

The numerical value of nucleation order has a physical significance as the 

independence of nucleation order from stirring rate means according to Liang et al. [21] 

that MSZW is nucleation kinetics controlled and independent of cooling rate. It implies 

that a system of low nucleation order can be easily scaled up to industrial scales in 

which much slower cooling rate is applied due to the limitation of cooling capacity 

since the MSZW will be the same as those measured at smaller scales which could be 

cooled at a much faster rate. 

According to the above discussion, it therefore can be concluded that nucleation order is 

an important benchmark parameter for scale-up representing the cooling rate 

dependence of MSZW. 
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The nucleation constant was also calculated using the intercept of figure 7.9 as 

explained previously. Nucleation constants were calculated to be 3.1x10
-4

, 4.1x10
-4

, and 

7.2x10
-4

 for crystallisation of L-glutamic acid of concentration of 2g/100g water at 

different stirring rates of 100, 200, and 300 rpm respectively. Therefore, the nucleation 

constant can be increased by increasing the stirring rate, which agrees to an earlier study 

conducted by Liang et al. [19].  

 

7.2.3 Retrieving Nucleation rate 

Results of in-situ cooling crystallisation experiments were analysed to determine the 

nucleation rate using moments of the chord length distribution. This method has been 

developed to obtain the moments of chord counts in a manner analogous to methods 

using moments of population density. 

Based on population density function, a chord density distribution function C(L) 

is defined as follows [1]: 

           ( )         
  ( )

     
                                          (7-5) 

 

Where    ( ) is the number of chord counts with length between L and L+   in the 

volume of slurry sampled by the FBRM probe,   . 

The j
th

 moment of the population density function, for instance, is: 

                 ∫         
 

 
                                          (7-6) 

Randolph and Larson [27] have shown that the zeroth moment of the population 

density function is related to the total number of particles per unit volume. 

Using the FBRM’s chord count function allows it to do the same, since the 

number of chords registered by the FBRM should be identical to the total number of 

crystals in a specific scanned volume. Hence: 

 

   ∫     
 

 
 ∫                                               

 

 
         (7-7) 

 

It is recognised that the nucleation rate J0 in a batch crystalliser is given by the 

expression: 

 

           
       

  
 
   

  
                                           (7-8) 
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Similar approach was used previously by Kashchiev et al. [31] to find out the nucleation 

rate time dependent. Moreover, mass balance, based on the number concentration, was 

carried out at the end of nucleation to make sure that we are getting the same chord 

count distribution trend compared to that obtained initially at the beginning of the 

nucleation cycle. By considering CLD data from the FBRM, where counts per second 

are reported in specific chord length bands, a simple spreadsheet can be developed in 

which the zeroth moment is calculated based on the effective scanned volume. The 

derivative of this zeroth moment over time will give the nucleation rate of the system.  

It is much more difficult to get an estimate of the effective volume scanned by 

the laser beam in the FBRM apparatus. An estimate of the scanned volume can be 

obtained by recognising that the laser effectively penetrates the slurry sample by 

distance λ, has width b, and moves along its path at velocity Vs. Then the volume 

scanned over any period of time Δt can be approximated by the equation: 

 

                                                                         (7-9) 

 

Values used in this work for the aforementioned variables were λ=1.5x10
-3

m, 

b=5.8x10
-6

m and Vs=2m/s. 

The specific zeroth moment, which represents the total number of crystals 

detected per unit scanned volume and its derivative with time are presented in figure 

7.11 which shows two cycles of batch cooling crystallisation in order to check for 

reproducibility. 

 

Figure 7.11 retrieving the nucleation rate of L.glutamic acid by applying zeroth moment 

method. 

-3.E+08

-2.E+08

-1.E+08

0.E+00

1.E+08

2.E+08

3.E+08

0.0E+00

5.0E+10

1.0E+11

1.5E+11

2.0E+11

2.5E+11

3.0E+11

3.5E+11

0 20000 40000 60000 80000 100000

d
e
ri

v
a

ti
v
e

 o
f 

n
u

m
b

e
r 

o
f 

p
a
rt

ic
le

s
 p

e
r 

u
n

it
 

v
o

lu
m

e
,#

/m
3
.s

 

n
u

m
b

e
r 

o
f 

p
a
rt

ic
le

s
 p

e
r 

u
n

it
 

v
o

lu
m

e
,#

/m
3
 

Time in seconds 



Characterising the crystallisation of L-glutamic acid by FBRM and PIV techniques 

Chapter 7 

  

172 
 

When the nucleation of a stable crystalline phase directly in a supersaturated old phase 

is greatly retarded, the crystal nuclei might nucleate within faster-forming particles of 

an intermediate phase. Kashchiev et al. [31] presented a theoretical investigation of the 

kinetics of two-step nucleation of crystals and derive general expressions for the time 

dependence of the number of crystals nucleated within the particles of the intermediate 

phase. The linear part of the time dependence of the number of nucleated crystals was 

determined by the formation rate of the intermediate particles. This is in contrast with 

the one-step nucleation of crystals when this linear part is determined by the rate of 

crystal nucleation directly in the old phase. Criteria were proposed for distinction 

between the one- and two-step nucleation mechanisms, based on the supersaturation 

dependence of the delay time for nucleation. 

The nucleation was considered to occur at the peak of primary nucleation, while 

the negative values of derivatives of number of particles per unit volume can be an 

indicator of agglomeration and any fluctuation could indicate attrition or secondary 

nucleation. The nucleation rates determined for different stirring speeds and cooling 

rates of L-glutamic acid are summarized in table 7.2. 

Stirring 
rate 

(rpm) 
H/C rate 
(
0
C/min) 

nucleation rate 
x10

-8
 

(counts/m
3
.sec) 

100 0.1 2.08 

100 0.5 5.15 

100 0.9 5.52 

200 0.1 2.24 

200 0.5 5.32 

200 0.9 5.68 

300 0.1 2.38 

300 0.5 5.49 

300 0.9 5.81 

 

Table 7.2 Nucleation rate of L-glutamic acid at different conditions of cooling and 

stirring rates retrieved by applying zeroth moment method. 

 

 

Dependence of nucleation rate on stirrer speed is illustrated in figure 7.12, where 

the nucleation rate was found to increase with stirring rate indicating that stronger 

agitation is capable of promoting nucleation. This finding can be interpreted by 

reflecting that strong turbulence, generated by stirring in the vicinity of nuclei, would be 

able to displace solution that has desupersaturated and continuously replace it with fresh 

saturated liquor. Consequently, the probability of survival of nuclei is much higher. 
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Therefore, mass transfer will be enhanced as stirrer speed increases to reach a maximum 

value at 300rpm. Liang et al. [19] pointed out that nucleation rate is independent of the 

agitation beyond 400rpm. Thus, mass transfer rate is not the only controlling factor and 

other factors must be considered to explain the reduction of nucleation rate at high 

stirrer speed, i.e. more than 400 rpm, that subsequently contributes to the hindered 

nucleation as stirring rate further raises. They attributed their findings to the influence of 

the central vortex causing aeration. Continuous birth and death of air bubbles entrained 

in the vortex may have a profound impact on diffusive mass transfer in the vicinity of 

the nuclei and hence possibly disrupt critical molecular clusters that play such an 

important role in the hindered nucleation process. In order to prevent the influence of 

central vortex and have a vortex-free system, the maximum stirring rate selected in this 

study was lower than the critical speed found previously [19]. 

       

Figure 7.12 the influence of   Reynolds numbers on nucleation rate of L.glutamic acid at 

different cooling rates. 
 

 

The dependence of nucleation rate on cooling rate is depicted in figure 7.13, 

where it is worth noting that higher nucleation rates can be obtained at higher cooling 

rates as the rate of supersaturation generation increases. 
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Figure 7.13 the influence of supersaturation level on nucleation rate of L.glutamic acid 

at different stirring rates. 

 

According to classical nucleation theory, high supersaturation results in greater 

nucleation rate since supersaturation is the driving force of phase transformation. Thus, 

these results are in accordance with the theory. So the nucleation rate is controlled by 

two competing factors, i.e. hydrodynamic and cooling rate. 

 

 

7.3 Nucleation event detection by PIV 

The method developed using the PIV to detect nucleation was based on capturing large 

area images than viewed by the FBRM. Chapter 4 discussed the PIV system which 

consisted of two high speed cameras to record the solution 

In post processing, recorded images were converted to the grey (8 bit) format 

and loaded to Matlab, where an image processing algorithm calculated the mean grey 

intensity index (MGI) (see appendix B). These images were a two dimensional matrix 

(width x length) containing grey intensity values ranging from 0 to 255. The mean grey 

intensity index can be calculated straightforwardly by the PIV’s Flow Map software, 

based on the image histogram. A special MatLAB programme was created to process a 

number of images and calculate the MGI value for each frame. 

A series of experiments were then conducted with the PIV system recording the 

solution at the same time the FBRM recorded its measurements. PIV images were 

analysed to extract the MSZW following the techniques described in chapter 4, section 

4.10.  To recap, a solution of L-glutamic acid of concentration of 2g/100 g water was 

heated up to 55 
0
C and held for 30 minutes to ensure full dissolution (the FBRM probe 

was used to verify that no crystals of any appreciable size were present in the solution). 
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The solution was then cooled down to 10
 0

C at specific cooling rate values of 0.1, 0.5, 

and 0.9 °C/min while keeping the stirring rate constant. This procedure was repeated at 

a constant cooling rate, where the influence of hydrodynamic mixing was investigated 

by selecting three stirring rate values of 100, 200, and 300 rpm. 

 

In order to ensure good reproducibility and robustness of the developed method, 

experiments were conducted and repeated at least once, with camera calibration 

performed every time prior to the crystallisation runs. 

  Due to capacity limitation of the Flow Map processor, the maximum period of 

PIV operation during a cooling cycle was 300 minutes which was too short for some of 

the cooling experiments. 

 As mentioned earlier, the heating and cooling cycles were repeated three times 

using the same solution, to verify the robustness of using the PIV in detecting the 

nucleation event. As a validation check, the FBRM values of the number of chord 

lengths was used as a cross reference, while the area (expressed by pixel
2
) of the image 

histogram curve is the main parameter in achieving the same purpose. 

In processing the PIV images, the background was taken in order to subtract this from 

the recorded images. Images taken during the first 5 minutes when the reactor had 

reached the highest temperature were averaged and used as a common background.  The 

TIFF file of recorded images by the PIV were loaded into Matlab, where a program 

code was applied in order to extract pixel summation, area under image histogram curve 

and standard deviation. Full details of the Matlab code can be found in appendix. 

The onset of nucleation was detected from the image histogram curve area 

measurements using the definition: 

       
             

         
                                           (7-10) 

 Figure 7.14 shows images captured by PIV at different times. As time 

progresses, the images become opaque or milky, indicating crystal formation and 

subsequent crystals growth; the number of white pixels increasing in each frame due to 

the reflection of light back to the camera. 
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t=100 min                                                                         t=150min

  

t=200 min                                                                           t=250 min 

 

t=300 min 

 

300/0.1°C/min, beta 
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t=100 min                                                                                   t=150 min 

   

t=200 min                                                                              t=250 min 

 

t=300 min 

300/0.9°C/min, alpha 

 

Figure 7.14 Images captured by PIV at different time intervals at two different cooling 

rates. 

 

Figure 7.15 (a-e) depicts on line image histogram curve area represented by 

pixel summation as a function of cooling crystallisation running time. The points of 

nucleation are not the same from batch to batch but vary slightly by ±3 
0
C. Therefore, 

each experiment was repeated twice to ensure good reproducibility and the average 

values of the measured temperature were considered. The figure index a-e indicates 

different crystallisation conditions of cooling rate and stirring speed similar to those 

used while making FBRM measurements. 
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(a) 

   

                                         (b)                                                                        (c) 

   

                                                 (d)                                                                         (e) 

 

 

Figure 7.15 (a-e) on line image histogram curve area , represented by pixel summation, 

as a function of cooling crystallisation running time. 
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Table 7.3 summaries the detected MSZW using the PIV together with the cooling rate, 

agitation speed and detected crystallisation temperature. 

 

Cooling rate. 

(°C/min) 
Stirring 
rate,rpm Tcrys(°C) 

MSZW(°C) 

PIV 
MSZW (°C) 

FBRM 

MSZW(°C) 

Turbidity 
probe 

0.1 100 28.1 24.1 29 27.6 

0.1 200 29.3 22.9 28 25.3 

0.1 300 32.2 20 27.5 24.1 

0.5 300 16.8 35.4 36.8 36 

0.9 300 15.5 36.7 40.2 37 

Table 7.3 crystallisation temperature, MSZW retrieved by applying PIV measurements 

at different conditions of cooling rates and stirring rates. 

 

 

7.4 Comparing FBRM and PIV measurements 

In all cases, nucleation onset was considered to occur when the FBRM or PIV signal 

has changed more than 5% from what it was prior to the event; in the case of PIV, when 

the pixel area due to white pixels increased by 5% over the background count. It is 

worth noting that setting 5% was arbitrary and the nucleation onset detection can be 

earlier than measured here. For instance, for a crystallisation run at a cooling rate of 0.1 

°C/min and a stirring rate of 100 rpm, the FBRM signal was observed to start to 

increase when the temperature approached 22.9 
0
C. Meanwhile PIV signal started to 

increase when it approached 28.1
0
C implying the PIV detected crystal formation earlier 

than the FBRM 

One of the difficulties in applying the PIV as a crystallisation detection tool was 

interference by air bubbles formed when the solution was heated up. The slight 

fluctuations observed in a typical PIV analysis (figure 7.15) can be attributed to the 

presence of bubbles. After the bubbles were eliminated and the temperature decreased, 

the PIV pixel area value decreased close to the original baseline value. 

 A similar problem was found with the FBRM where the recorded counts 

sometimes exceeded expected values due to bubbles in the bulk of the liquid and on the 

FBRM probe window. One disadvantage in using the FBRM was the presence of 

bubbles attaching themselves to the optical window in the FBRM probe, on a semi-

permanent basis.  

A major advantage of using PIV over the in-situ FBRM probe was seen by 

analysing heat/cool cycles; after the fast heating cycle had removed the majority of the 

dissolution air, the PIV gave consistent results in subsequent heat/cool cycles. The 
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FBRM probe was found to trap bubbles created as a result of the fast heat/cool cycle 

and hence affect all the subsequent cycles.  

 

Some general observations on the PIV and FBRM techniques are: 

 The baseline (threshold) in the case of PIV measurement is very similar at 

different crystallisation run conditions with a small fluctuation only indicating 

the presence/removal of bubbles, whereas the FBRM shows significant change 

in the number of counts due to the presence of bubbles on the probe sometimes 

leading to misinterpretation of the data by considering false nucleation events. 

 Since FBRM is an invasive probe, it may act as an initiator for nucleation 

whereas the PIV method can be used as an external non-invasive monitor 

eliminating the aforementioned problems related to the FBRM. Although 

observations during the experiments did not show signs on encrustation on the 

FBRM probe. 

 The measurements obtained by PIV as a non-invasive technique, which can be 

installed externally, can be carried out through an observation window. Hence 

there are no contamination issues, which can be significant in the food and 

pharmaceutical industries. 

 Being a bulk monitoring device, PIV shows relatively lower sensitivity to the 

mixing conditions especially when dealing with high viscosity solutions. 

 Narrower MSZW or shorter induction time can be retrieved by PIV method 

than by FBRM especially at high cooling rate, where large numbers of very 

small nuclei can be formed. 

Despite the visually observable cloudiness of the solution, the FBRM only detects 

nucleation after a minimum detectable size of 1µm has been reached. Therefore, the 

faster the cooling rate, the smaller the crystals forming at nucleation, and the larger the 

delay between the times when PIV and FBRM detect the nucleation event. 

In comparison to in-situ video microscopy, external on line imaging or flow-

through cell based imaging technique [28], the PIV may not be suitable to monitor 

particle size characteristics accurately as it is limited by its low resolution, where the 

depth of field is large as shown in chapter 4. 
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7.5 Growth rate recording using FBRM 

 

7.5.1 Methodology to record growth rate of L-glutamic acid using FBRM 

Two approaches can be adopted to give an estimation of the growth rate during the 

crystallisation of L-glutamic acid. The first approach evaluates chord length (size) with 

time to determine the overall linear growth rate ( 
  

  
), where L is a characteristic size of 

the crystals (chord length). The disadvantage of using such a method is that size 

variations may be the result of crystal breakage, nucleation, or attrition and does not 

reflect purely crystal growth. 

As FBRM measurement of size is very sensitive to the orientation of crystals in 

the vicinity surrounding the probe due to the nature of the sizing technique, the 

aforementioned method of estimating the growth rate is not suitable to be used with 

FBRM. 

Another approach based on the mass of crystals is needed to compensate the 

shortcomings of the first approach. Therefore, the approach of Mougin et al. [4], which 

was used with ultrasonic attenuation spectroscopy, was adopted after applying some 

modifications to suit the FBRM technique. 

The modified FBRM approach consisted of calculating the overall linear growth 

rate RG (mass deposition rate per unit surface area) from the correlation between solid 

concentration and particle size data hence deriving the overall linear growth rate. 

Provided that no nucleation, dissolution, or attrition occurs, the overall linear growth 

rate is given by: 

 

             
  

  
  
 

  
 
   

  
                                       (7-11) 

 

where    ,    are the volume and area shape factor respectively, As is the total surface 

area of crystal, ms is mass of crystal, and t is the time. 

The previous equation can be rewritten in terms of solid volume fraction Cs as 

follows: 
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                 (7-12) 
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where    is the crystal density,  ̅: the surface mean diameter, and Cs: the solid volume 

fraction. 

Our approach in utilising FBRM technique in extracting information about the growth 

rate is based on certain assumptions as follows: 

 

(1) The surface mean diameter can be replaced by the square of mean chord length 

(FBRM Manual-Statistical analysis) 

(2)  The solid volume fraction can be expressed by the number concentration of 

total number of counts in the scanned volume by FBRM, which can be written 

as: 

 

                   
      

        
                                           (7-13) 

 

Under these assumptions, the overall linear growth rate GL can be derived from RG as 

follows: 
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[
      

        
]
 
 [

      
        

]

  
                        (7-15) 

 

where M is the square mean chord length.  

      

        
 is the  number concentration retrieved by FBRM. 

 

The variables RG and G as defined above are equal to the overall mass and linear 

growth rates in absence of nucleation, dissolution, or attrition. 

 

7.5.2 Characterising the growth rate of L-glutamic acid using FBRM 

It is commonly known from literature that the linear cooling rate can be utilised to 

influence the crystal polymorphic form. Mougin et al. [4] found that linear cooling rates 

of 0.9 °C/min and 0.5 °C/min yield entirely the α-polymorph, whereas a linear cooling 
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rate of 0.1 °C/min is found to yield entirely the β-polymorph. This was evident from the 

nucleation experiments mentioned in section 7.2 above.  The next two sections separate 

results obtained from the FBRM into the alpha and beta form.  

 

7.5.2.1 Crystallisation of L-glutamic acid α-form  

The cooling crystallisation protocol explained in detail in chapter 4 (sections 4.5 and 

4.9) was applied at two fast cooling rates of 0.9 °C/min  and 0.5°C/min and the crystals 

collected and analysed by optical microscopy.  

 

Plots of mean chord length and chord number counts with time were produced to show 

the shift in mean chord length during crystallisation. Three trend curve fittings were 

applied as three stages were observed suggesting similar crystallisation kinetics of 

crystal using FBRM to those found using ultrasonic attenuation spectroscopy by 

Mougin et al. [4]. This plot is presented in figure 7.16 and 7.17 for the crystallisation of 

α-glutamic acid at two cooling rates of 0.5°C/min and 0.9 °C/min respectively. 

 

  

Figure 7.16 on line monitoring of mean chord length during the crystallisation of α-

glutamic acid at a cooling rates of 0.5°C/min. 
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Figure 7.17 on line monitoring of mean chord length during the crystallisation of α-

glutamic acid at a cooling rates of 0.9°C/min. 

 

The results from the aforementioned figures show three distinctive phases in 

which CLD50 sharply decreased in stage 1, suggesting FBRM detected some air bubbles 

at the start of the experiment, then nuclei have formed and consequently the measured 

mean length has deceased. For the purpose of growth rate determination, stage 1 will 

not be considered and only stage 2, at which the mean chord length increased, will be 

taken into account. In the third stage, the chord length decreases even though the liquor 

is under cooling. This suggests the presence of small crystals formed either by 

secondary nucleation or by crystal attrition caused by a sufficiently long stirring time.  

 

Figure 7.18 shows the growth rate of α-glutamic acid crystals retrieved by FBRM, 

presented cooling cycle temperature. It is clear that linear growth rate increases as 

temperature decreases until it reaches a maximum value after which it starts to decrease 

again towards its origin value recorded at the beginning of the experiment.  
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Figure 7.18 Growth rate of α-glutamic acid crystals retrieved in real time by FBRM. 

 

Two phenomena associated with temperature changes can affect the crystal 

growth process. First, a decrease of temperature can decrease the diffusivity, which in 

turn would affect the diffusion step during which solute molecules are transported from 

the bulk of the solution to the boundary layer and then to the crystal surface. Second, a 

decrease of temperature affects the surface roughness of the crystal surface by making it 

smoother. The latter in turn affects the adsorption step in which the solute molecules are 

integrated onto the crystal surface. Both phenomena can therefore explain the sudden 

drop in the growth rate recorded earlier at almost 23°C during the cooling cycle. 

 

7.5.2.2 Crystallisation of L-glutamic acid β-polymorph 

To crystallise out the β-polymorphic form of L-glutamic acid, a slow linear cooling rate 

of 0.1 °C/min was used[4]. The cooling crystallisation protocol explained in detail in 

chapter 4 (sections 4.5 and 4.9) was applied.  

Figure 7.19 shows the mean chord length obtained by FBRM during the 

crystallisation of β-glutamic acid, which was recorded from the onset of nucleation and 

onward. 
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Figure 7.19 On-line monitoring of mean chord length during crystallisation of β-

glutamic acid at a cooling rate of 0.1°C/min. 

 

 The results showed similar distinctive stages of crystal growth. In stage 1, CL50 

decreased rapidly to a minimum of 5µm, followed by a period of gradual growth in 

stage 2.  

 Figure 7.20 shows the Number concentration retrieved by FBRM based on total 

chord count number per scanned volume against duration of crystallisation of α-

glutamic (a) and acid β-glutamic acid (b). It is worth noting that the profile is slightly 

different from that obtained for the α-polymorph, where an exponential increment of 

total count number was followed by invariant mode (at 475 minutes). 

Mono-modality can be seen at an early stage of nucleation, suggesting the birth 

of α form nuclei, followed by less gradient distribution that is an indication of 

polymorph transformation from the meta-stable α form to the thermodynamically stable 

β form. The latter is in good agreement with the theory of polymorphic crystallisation of 

L-glutamic acid, which states that α form is kinetically preferred while β form is 

thermodynamically more stable. Thus, FBRM measurements show a polymorph 

transformation at 475 minutes  rather than purely birth of β-polymorph.  
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Figure 7.20.a Mono-modal distribution of α- glutamic acid crystals at different 

boundaries ranging from fine to coarse.  
 

 

Figure 7.20.b Bi-modal distribution of β- glutamic acid crystals at different boundaries 

ranging from fine to coarse.  

 

Based on discussions by Mougin et al [24], this feature is thought to be the result 

of the initial transformation of alpha into beta crystals. Mougin et al. [24] characterised 

a bimodiality in the crystal size distribution from their ultrasonic attenuation 

spectroscopy experiments suggesting the presence of both polymorphs at this point in 

the crystallisation.  
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7.6 Growth rate recording using PIV technique  

PIV was implemented to record the growth rate of L-glutamic acid crystals after its 

successful performance in detecting nucleation events seen earlier in this study.  

The basic concept of using the CCD camera to capture images of the crystallisation 

vessel was applied, where the two cameras start recording from the onset of nucleation 

onwards. There was a point where the PIV stopped recording useful images, the point 

where the solution became too cloudy (milky) to distinguish individual crystals.  

The same experimental set-up, camera calibration protocol, data acquisition procedure, 

and image analysis steps mentioned in chapter 4 (section 4.9) and in section 7.3 for 

nucleation detection by PIV was followed in order to record growth rate of crystals on 

line and in a real time using the same technique. The MatLAB code was modified to 

extract the growth rate of crystals detected in the captured images. When using PIV for 

growth rate purposes, the output of the Matlab algorithm was pixel summation based on 

the mean grey intensity index (MGI) of the resultant image histogram, which was 

compared to a threshold image whereas determination of growth rate using PIV is based 

on the following definition [9, 10]: 

 

            
  [

      
         

]

  
                                         (7-16) 

 

where G: crystal growth rate (pixel
2
/sec). 

A: the instantaneous image summation area (pixel
2
). 

Amin: minimum image summation (threshold image) (pixel
2
), i.e. corresponding to 

crystal concentration of 0g/g water. 

Amax: maximum image summation. 

 

The crystallisation protocols for obtaining the two polymorphic forms of L-

glutamic acid individually were exactly as described earlier while monitoring crystal 

growth by FBRM. A suitable cooling rate was again the key parameter in obtaining a 

dominant crystal form i.e. 0.5 °C/min and 0.9 °C/min for α-polymorph and 0.1 °C/min 

for β-polymorph. Once the crystallisation run was stopped, the solution was filtered and 

the wet crystals were dried for 2 hrs using an oven temperature of 50 
0
C, and finally the 

dried crystals were examined using microscopic image analysis to verify the polymorph 

formed. Table 7.4 shows an example of data retrieved by PIV for recording the growth 
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rate of L-glutamic acid crystallised at 0.1 
0
C/min cooling rate and 300rpm stirring rate, 

while the rest are shown in appendix D at the different cooling rates.  

Figure 7.21 shows the pixels summation against time since cooling started, 

obtained using the developed Matlab algorithm explained in appendix D, for the growth 

rate of L-glutamic acid crystallised at 0.1  
0
C/min cooling rate and 300rpm. 

Time (min) Image number Image area 

Pixel
2
 

Growth rate 

Pixel
2
/sec 

1 120 1.47E+07  

2 121 1.47E+07 1.25E+02 

3 122 1.48E+07 3.43E+02 

4 123 1.48E+07 4.34E+02 

5 124 1.49E+07 5.39E+02 

6 125 1.49E+07 6.32E+02 

7 126 1.50E+07 7.68E+02 

8 127 1.51E+07 9.83E+02 

9 128 1.51E+07 1.00E+03 

10 129 1.51E+07 1.01E+03 

11 130 1.51E+07 1.04E+03 

12 131 1.51E+07 1.09E+03 

13 132 1.51E+07 1.10E+03 

14 133 1.51E+07 1.11E+03 

15 134 1.52E+07 1.22E+03 

16 135 1.52E+07 1.32E+03 

17 136 1.52E+07 1.37E+03 

18 137 1.52E+07 1.44E+03 

19 138 1.53E+07 1.51E+03 

20 139 1.53E+07 1.54E+03 

21 140 1.53E+07 1.64E+03 

22 141 1.54E+07 1.76E+03 

23 142 1.54E+07 1.97E+03 

24 143 1.54E+07 1.99E+03 

25 144 1.55E+07 2.17E+03 

26 145 1.55E+07 2.23E+03 

27 146 1.56E+07 2.28E+03 

28 147 1.56E+07 2.30E+03 

29 148 1.56E+07 2.33E+03 

30 149 1.56E+07 2.51E+03 

31 150 1.57E+07 2.71E+03 

32 151 1.57E+07 2.76E+03 

33 152 1.57E+07 2.78E+03 

34 153 1.58E+07 3.00E+03 

35 154 1.59E+07 3.17E+03 

36 155 1.60E+07 3.40E+03 

37 156 1.61E+07 3.74E+03 

38 157 1.62E+07 4.12E+03 

39 158 1.63E+07 4.40E+03 

40 159 1.63E+07 4.44E+03 

41 160 1.63E+07 4.44E+03 

42 161 1.64E+07 4.75E+03 

43 162 1.64E+07 4.84E+03 
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44 163 1.65E+07 4.96E+03 

45 164 1.65E+07 5.00E+03 

46 165 1.65E+07 5.14E+03 

47 166 1.67E+07 5.48E+03 

48 167 1.67E+07 5.59E+03 

49 168 1.67E+07 5.73E+03 

50 169 1.69E+07 6.32E+03 

51 170 1.70E+07 6.65E+03 

52 171 1.71E+07 6.83E+03 

53 172 1.73E+07 7.51E+03 

54 173 1.75E+07 8.15E+03 

55 174 1.75E+07 8.22E+03 

56 175 1.75E+07 8.28E+03 

57 176 1.76E+07 8.53E+03 

58 177 1.80E+07 1.01E+04 

59 178 1.82E+07 1.07E+04 

60 179 1.82E+07 1.07E+04 

61 180 1.85E+07 1.16E+04 

62 181 1.86E+07 1.22E+04 

63 182 1.88E+07 1.30E+04 

64 183 1.91E+07 1.40E+04 

65 184 1.97E+07 1.63E+04 

66 185 2.00E+07 1.77E+04 

67 186 2.01E+07 1.79E+04 

68 187 2.12E+07 2.31E+04 

69 188 2.17E+07 2.52E+04 

70 189 2.18E+07 2.57E+04 

71 190 2.20E+07 2.68E+04 

72 191 2.25E+07 2.94E+04 

73 192 2.31E+07 3.21E+04 

74 193 2.43E+07 3.88E+04 

75 194 2.43E+07 3.91E+04 

76 195 2.50E+07 4.28E+04 

77 196 2.66E+07 5.25E+04 

78 197 2.67E+07 5.33E+04 

79 198 2.87E+07 6.71E+04 

80 199 3.29E+07 9.93E+04 

81 200 3.34E+07 1.04E+05 

82 201 3.59E+07 1.27E+05 

83 202 3.85E+07 1.53E+05 

84 203 4.26E+07 1.98E+05 

85 204 4.58E+07 2.37E+05 

86 205 5.30E+07 3.37E+05 

87 206 5.94E+07 4.42E+05 

88 207 6.35E+07 5.16E+05 

89 208 6.60E+07 5.64E+05 

90 209 6.74E+07 5.90E+05 

Table 7.4 Growth rate recorded by PIV for L-glutamic acid crystallised at 0.1 
0
C/min cooling 

rate and 300rpm stirring rate.  
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(a) 

 

(b) 

 

(c) 

Figure 7.21 Pixels summation throughout the growth stages of L.glutamic acid crystals 

retrieved by PIV. 
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Each region of white pixels was counted and the area (px
2
) of the regions was evaluated. 

From this the on line pixel based growth rate was recorded as seen in figures 7.22.  

 

Figure 7.22 Pixel based growth rate of L.glutamic acid crystals at different cooling 

rates. 

 

It is worth noting that the growth rate increases against the progression time of 

the cooling cycle until it reaches a maximum value at which the solution becomes 

milky, where no useful images can be captured at this point. 

No crystal shape or polymorph is clearly seen in the PIV images as competitive 

nucleation between the two polymorphs of crystals is not obvious in the PIV images as 

was the case when using FBRM because the data retrieved by PIV were based on the 

mass of crystals rather than the size. Hence, the growth rate recorded for L-glutamic 

acid crystallised at lower cooling rate (β-crystals) is lower than that obtained when 

crystallising α-polymorph. The latter is in good agreement with crystal growth theory as 

a higher cooling rate will lead to higher supersaturation generation rate, which is the 

driving force for solute transfer from the crystallisation bulk to the surface of crystals.  

It can be concluded that valuable growth rate data can be obtained by PIV 

technique even though it lacks the image processing tools needed to acquire CSD or 

polymorphic characteristic information. 
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7.7 Detecting polymorphic transition of L-glutamic acid crystals  

Polymorph control is important especially within the pharmaceutical sector, where 

polymorphism may result in changes of physico-chemical properties of the active 

ingredient and may affect the drug bioactivity; hence the need for in-situ polymorph 

identification technique is of particular importance.  

If the undesired polymorph can be identified in real time during the 

crystallisation process, it is possible to re-dissolve the suspension and attempt further 

crystallisation to yield the desired polymorph, rather than produce a batch of undesired 

and potentially unusable product [28].  

A qualitative polymorphic transformation of crystals was reported recently using 

FBRM probe [30]. Up to date, there is no quantitative study dealing with monitoring 

polymorphic transition of crystals such as the one introduced in the present paragraph.  

A study of identifying the polymorphic form of crystals was reported recently 

was reported By analysing the chord length distribution (CLD) obtained during the 

crystallisation process, it is clearly seen that certain trends in the CLD were unique to 

the crystallisation of α-glutamic acid, with a generally smoothed CLD produced during 

the crystallisation process, whereas in the crystallisation of β-glutamic acid, different 

characteristics of the CLD are obtained, with a more stepped pattern present. The 

difference in CLDs is believed to be contributed by the difference in crystal shape hence 

it is found from the study that FBRM appears to successfully demonstrate its potential 

as a means of on line polymorph identification in the crystallisation of glutamic acid.  

Figure 7.23 shows typical evolution of FBRM chord length distribution of α 

glutamic acid crystallised at 0.9 °C/min. 
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Figure 7.23 Typical FBRM chord length distribution of α glutamic acid crystallised at 

0.9 °C/min. 

 

It is worth noting that the chord length distribution produced in this figure is 

relatively smooth throughout. There was an initial gradual increase from the background 

count at 140 minutes with 20% of the counts less than 3µm after 150 minutes. This was 

likely to be due to the onset of nucleation and the level of fines counts associated with 

the formation of new crystals. No further notable shifts in the cumulative % CLD during 

the crystallisation occurred from 150 minutes to 165 minutes, in which the same general 

smoothed shape was maintained. 

During the aforementioned period, the generalised profile moved to a higher 

chord length, suggesting that growth of previously nucleated fines is the dominant 

mechanism. Therefore, it can be clearly seen that 20% of the counts of a chord length 

less than 3µm at 150 minutes can be shifted to 6µm and 80 % of the total number of 

chords counted were ≤ 40µm. This further increased until 170µm minutes where 20% of 

the particles counted were ≤ 8µm and 80 % of the total counts were ≤ 30µm suggesting 

a further growth phase accompanied by crystal attrition, where the rate of growth is 

higher than that of attrition.  

The distinct trend of the chord length distribution is clearly smoothed throughout the 

studied period of cooling crystallisation, which can be expected due to the rhombic 

shape of α-crystals.  

Figure 7.24 shows the typical FBRM chord length distribution of β-glutamic 

acid crystallised at a slow cooling rate of 0.1 °C/min.  
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Figure 7.24 Typical FBRM chord length distribution of β-glutamic acid crystallised at 

slow cooling rate of 0.1 °C/min. 

 

The steep gradient shown in figure 7.24, which was believed to be due to the 

presence of competitive β-crystals, was seen earlier in this case in the boundary of 1-

10µm, showing a large number of chords to be counted over relatively few bins. These 

were not evident in figure 7.23 (α-glutamic acid) and may therefore be key 

characteristics of the CLD of β-glutamic acid during crystallisation.  

As the CLD obtained by FBRM is a function of particle size, number and shape, 

it is highly probable that this difference in CLD profile is due to the difference in crystal 

shape between α and β-glutamic acid. 

At 320 minutes, the CLD was a smooth profile of the type previously 

established as a background CLD before the onset of crystallisation. At 320 minutes, 20 

% of the chords counted have 5µm chord length. This length will be shifted towards 

lower value of 1µm at the onset of nucleation suggesting the birth of fine crystals, 

where the distribution profile is still smooth corresponding to the birth of α-crystals. 

At 330 minutes, the profile changed significantly with an elbow corresponding 

to 65 % of the particle chords measured being less than 2.2µm in length. 5 minutes later, 

335 minutes into the cooling cycle, this steep gradient moved further, with 81 % of 

measured particle chords being less than 3µm in length. This would have corresponded 

to an increase in the number of fine particles during nucleation. The steep profile will be 

the same as the crystallisation proceeds, suggesting a full polymorphic transition to β 

form as discussed earlier. At 350 minutes, 20 % of chords counted are shifted to 4.1µm 
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compared to those of less than 2µm at 325 minutes, confirming a growth stage of the 

nucleated crystals. A further growth step can be noticed at 355 minutes, where 20 % of 

counted chords will be shifted from 4.1µm to 5µm, suggesting an additional growth 

stage with lower rate. 85 % of chords counted at 345 minutes are of a chord length of 

less than 5µm compared to that at 335 minutes of 10µm, suggesting a crystal attrition 

stage. 

In order to check the robustness of FBRM as a PAT technique to monitor 

polymorph transition and to ensure good reproducibility, a crystallisation batch of α 

form formed at high cooling rate of 0.9 °C/min was left over 14 hours and FBRM was 

operated to take measurements at 1 hour intervals.  

The findings were promising as the smooth profile was noticed over the first 8 

hours followed by a steep trend of CLD, suggesting a polymorph transition over a 

relatively long period of time. The latter finding can be seen in figure 7.25, where good 

agreement can be found with the literature that states: if a meta-stable solution of 

glutamic acid containing α form crystal is left for a sufficient period of time, the crystals 

will transform to the thermodynamically stable β form. 

 

Figure 7.25 Typical FBRM chord length distribution of α-glutamic acid crystallised at a 

cooling rate of 0.5°C/min over a sufficient period of time to allow polymorphic 

transformation. 
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7.8 Combining PIV and FBRM 

By combining the PIV images of pixels that represent the area of crystals product with 

the size from FBRM, it is possible to retrieve the shape factor (aspect ratio) of crystals. 

The shape factor information enables monitoring the potential polymorphic 

transformation from α to β crystals when when crystallising L-glutamic acid.   

Brown et al. [10] reported an approach of finding CSD of paracetamol crystals 

obtained by anti-solvent crystallisation utilising a video imaging technique similar to 

that used in this study, where each region of white pixels in the captured images was 

counted and the area (px
2
) and perimeter (px) of the regions evaluated. From this the 

hydraulic mean diameter of each region was then determined via  [10] : 

 

            
    

         
                                           (7-17) 

 

The resultant diameter in terms of pixels was further converted to an equivalent 

diameter of crystals by multiplying by the resolution of the video imaging. 

Wang et al. [29] described a new approach for on line crystal morphology 

measurement and control based on the integration of on line imaging, multi-scale image 

analysis and crystal morphology modelling, where quantitative information from 

images through image segmentation and image analysis can be obtained to calculate 

shape descriptors and perform polymorph and morphology recognition. 

To date, no study has been reported distinguishing polymorphic forms of 

crystals using PIV technique. Therefore, we will try to find whether combining PIV data 

of mass of crystals with CL retrieved by FBRM can yield any information on 

polymorphic transformation habit of crystals. 

The novelty of this step is altering the utilisation of PIV from flow field study to include 

nucleation event detection, growth rate recording and moreover to polymorphic 

transition detection in combination with FBRM. 

Correlating the mass of crystals retrieved by PIV and the chord length found by FBRM 

can yield shape factor as follows: 

 

         
 

 
          

                                         (7-18) 
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where M : mass of crystals,  :density of crystals , 
 

 
      : the equivalent volume of 

crystal expressed by a volume of spherical particles, CL: chord length of crystal and kf: 

the shape factor expressed by aspect ratio of crystal. 

 

The mass of crystals can be found as follows: 

 

       
      

         
                                            (7-19) 

 

where M: Mass of crystals calculated using the PIV images. 

A: the instantaneous image summation area (pixel
2
). 

Amin: minimum image summation (threshold image) (pixel
2
), i.e. corresponding to 

crystal concentration of 0g/g water. 

Amax: maximum image summation. 

m: mass of recovered L-glutamic acid as crystals (g/g water). 

Once the crystallisation run was stopped, the solution was filtered and the wet 

crystals were dried for 2 hrs using an oven temperature of 50 
0
C, and finally the dried 

crystals were examined using microscopic image analysis to verify the polymorph 

formed and weighted to find out the recovered mass of crystals. 

Higher values of kf ( >1) indicate the formation of the needle like β-polymorph, 

while smaller values of  kf ( <1) indicate the formation of rounded α-crystals. Therefore, 

plotting    
 

   
  against time should yield on line values of aspect ratio ( kf ), where 

  
 

 
 
 

    
 . 

High values of aspect ratio can be obtained in figure 7.26 for the crystallisation 

of β-glutamic acid at slow cooling rate of 0.1 °C/min. 
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Figure 7.26  Aspect ratio of growing β-crystals retrieved by correlation between mass of 

crystals obtained by PIV and the mean chord length found by FBRM. 

 

It is clear from the same figure that initial lower values of kf suggests the 

formation of α –polymorph followed by polymorph transition after 45 minutes. Whereas 

figure 7.27 shows a mixture of α and β polymorphs formed by crystallisation at 0.5 

°C/min cooling rate, where bimodal distribution of the aspect ratio against time can be 

seen. β-crystals can be formed as a result of an early transition from α-polymorphs 

approximately 10 minutes after the onset of nucleation, whereas the majority of the 

formed crystals can be of α form without further transition between 15 minutes from the 

onset of nucleation towards the end of crystallisation run at 70 minutes. 
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Figure 7.27 Aspect ratio of growing (α+β)-crystals retrieved by correlation between 

mass of crystals obtained by PIV and the mean chord length found by FBRM. 

 

 

The figures are in good agreement with the theory of competitive nucleation 

explained earlier. Further reduction of shape factor with time (35-70 minutes) can be 

attributed to an attrition stage that can result in smaller crystals than the initial ones.  

Pure formation of α-crystals can be seen in figure 7.28 as the maximum shape 

factor is 0.65. Similarly, the reduction of the shape factor with time can be related to 

further attrition in the continuing crystallisation process. 

 

 

Figure 7.28 Aspect ratio of growing α-crystals retrieved by correlation between mass of 

crystals obtained by PIV and the mean chord length found by FBRM. 
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7.9 Conclusion 

FBRM was successfully implemented in characterising the crystallisation of L-glutamic 

acid by detecting crystallisation temperatures, dissolution temperatures, and MSZW at 

different conditions of mixing and cooling rates. The method of zeroth moment was 

applied and integrated by the traditional method of Nyvlt to find out the nucleation 

kinetic.  

FBRM technique was utilised for the first time in recording growth rates of L-

glutamic acid crystals, where all the growth stages were detected and identified using 

the typical mean CLD. Moreover, the trend of changing the CLDS by crystallisation 

proceeding time was proved to be a good reference for the purpose of recognising 

polymorphic transition of L-glutamic acid crystals. Therefore, FBRM was considered to 

be relatively a good analytical tool in characterising crystallisation kinetics when 

compared to other techniques such as ultrasonic attenuation spectroscopy and turbidity 

probe. 

PIV was used for the first time in detecting nucleation and recording crystal 

growth rate whereas it has previously been used only as a flow field study technique. 

Results delivered by PIV were compared and combined with those of FBRM in order to 

develop a new approach of detecting the polymorphic transition of L-glutamic acid 

polymorphs. 
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 Chapter 8 

Two phase flow field study using PIV technique in a real time 

crystallisation process 

 

 

Summary 

Studying the flow field and mixing hydrodynamics in crystallisers is important as this 

can affect local zones of cooling during crystallization and the final size distribution of 

product crystals. PIV is one method used to measure the flow field of large sections and 

sometimes the entire fluid region where crystallisation is taking place. Due to the ability 

of PIV to resolve all 3 velocity components and turbulence parameters, PIV is often 

used to validate CFD models.  

Although PIV has been used to measure flow fields in 2 and 20 litre batch 

crystallisers with retreat curved impellers, it has not been used in the presence of 

crystallisation. This chapter reports on experience where the PIV system and the FBRM 

were combined to capture the crystallisation of L-Glutamic acid. Therefore, the two 

phase flow field study can be conducted at the same time as studying crystallisation 

kinetics using the same online and in-situ FBRM and PIV techniques to evaluate the 

influence of hydrodynamics on crystallisation kinetics and quality of products (CSD). 

PIV data were used to monitor mother liquor and crystal velocity profiles and TKE 

using the nucleated crystals and the subsequent growing ones as tracers rather than 

seeding the fluid.  

Moreover, the spatial attrition distribution rates of the two polymorphic crystals 

were determined accurately in the vessel instead of using global averaged rates based on 

the assumptions of well mixed vessel and isotropic turbulence. Adding to that, the 

influence of the baffle and the FBRM probe locations was successfully studied along 

with the effect of the retreat curve impeller which is the main source of crystal impacts 

causing crystal attrition. 
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8.1 Introduction 

Crystal growth from solution involves two steps: (1) diffusion of the solute from the 

bulk solution to the crystal solution interface and (2) surface reaction, i.e. integration of 

the solute to the crystal surface. Therefore, good mixing of the solution on both local 

and global scales is required to enable sufficient mass transfer, which is controlled by 

the relative velocities of the fluid and the suspended crystals, to achieve the desired 

growth rate. The single phase flow field study shown previously in chapter 5 revealed 

inhomogeneous mixing characteristics hence crystallisation even in the 2 litre reactor 

may not be homogenous even though the mixing Reynolds number is high. Therefore, 

there will be localised zones of high and low 

supersaturation, and regions where high shear may lead to attrition. 

In terms of attrition and agglomeration, Lindenberg et al. [1] showed that the 

agglomeration rate is a complex function of shear rate as the latter can affect both the 

frequency and the efficiency of particle collisions. 

            Gahn and Mersmann [2] defined the attrition kinetics of particles as a function 

of impact energy and target efficiency for particle-impeller collisions which depend on 

the relative velocity of the particle and local streamlines around the impeller blade. The 

impact velocity also governs the attrition and breakage phenomena for particle-bottom, 

particle-wall, and particle-particle collisions [3]. In the breakages experiments covered 

in chapter 6, it was shown that the breakage of glutamic acid was dominantly caused by 

collision with impeller compared to that which resulted from crystal-crystal collision. 

 In different crystallisation processes the effect of mixing on crystallisation is 

considered in different ways. For instance, in precipitation, the effect of micromixing is 

usually taken into account. The reason for this is that precipitation involves fast 

chemical events whose reaction time is of the same order of magnitude as the 

characteristic time for the mixing steps leading to homogenization of concentration in 

the crystalliser. Under such conditions it might be presumed that micromixing effects 

would be significant in determining the distribution of supersaturation at the micro-level 

and so influence the size distribution of the resulting crystal product. 

         Micromixing does not play a crucial role for other types of mass crystallisation 

like cooling crystallisation, where fluid dynamics phenomena act on a much smaller 

scale (micro-scale) compared to crystallisation phenomena which are usually solved on 

the macro-scale [4, 5]. Therefore, at a constant mixing intensity different particle sizes 

have different suspension density distribution along the height of the crystalliser [6].  
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Hence it can be concluded that studying the two phase flow field pattern and 

determining the velocity profile of both the fluid and the crystals suspended in the bulk 

of the mother liquor is of paramount importance. 

 The experimental set-up and practical protocol of conducting two phase study of a 

real crystallisation system of L-glutamic acid is similar to that discussed for studying 

nucleation and growth of the two polymorphic forms of L-glutamic acid crystals. 

FBRM was used to record the chord length distribution of crystals at specific stages of 

growth simultaneously with PIV measurements (section 7.5 and 7.6). The same image 

capturing and data analysis were applied exactly as those used previously to investigate 

a single phase flow field by PIV 

with two main exceptions: 

 

(1) Seeding particles as a tracer were not used as the crystals formed at the onset of 

nucleation were assumed to follow the flow field, and the subsequent growing 

crystals represented the particle velocity profile. 

(2) Measurements in the two phase flow field study were focused on the zone 

between the FBRM probe plane and the baffle plane rather than studying four 

planes as seen in the single phase study. 

 

 Unlike previous studies, PIV was used for the first time in a real time 

crystallisation process, where the crystals were acting as a tracer rather than using 

seeding particles. Therefore, the two phase flow field study can be conducted at the 

same time as studying crystallisation kinetics using the same online and in-situ FBRM 

and PIV techniques to evaluate the influence of hydrodynamics on crystallisation 

kinetics and quality of products (CSD).  

 

 

8.2 Mean velocities and flow pattern of the Mother liquor 

This study is based on the assumption that at the onset of nucleation, the small crystals 

nucleated in the solution will follow the small eddies of the liquid. Hence the flow 

pattern studied will refer to the mother liquor. Meanwhile, at the growing stage of 

crystals, the previous assumption is not valid anymore and the velocity components 

measured by PIV will refer to crystals rather than the mother liquor. 
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The mean velocities were derived from the instantaneous spatial velocity gradients as 

explained earlier in section 5.3 (equations 5-3 to 5-8), with the coordinates normalized 

by the vessel diameter while the mean velocities were normalized by the blade tip 

velocity. The flow pattern was studied in the FBRM probe plane as seen in figure 5.1 

(section 5.3), where images were captured using a phase locked capturing technique 

synchronized with impeller position. 

The laser light was triggered at the same position of the impeller blades, hence 

ensuring a specific angle of 15
0
 of the impeller blade throughout the experiments. PIV 

measurements were taken at 100rpm stirring rate at the onset of nucleation, with a 

cooling rate of 0.1°C/min applied. 

 Figure 8.1 shows the radial component of velocity at four locations along the 

height of the vessel, i.e. the discharge stream, middle of the blade, suction stream and 

the vicinity of the impeller and the FBRM probe. 

 The flow was found to be characterized by a radial circulation loop expanding 

from the discharge stream of the retreat curve impeller to different locations along the 

height of the vessel, i.e. middle of the blade, suction stream. The radial jet is centred at a 

position of (r/T=0.2-0.25). The formation of a circulation loop can be explained by the 

flow directed outwards from the impeller hitting the walls where its direction changes 

towards the shaft and the impeller in the fluid bulk.  

The tangential components of the velocities in figure 8.1 reveal the formation of 

a small trailing vortex in the discharge stream of the impeller while the magnitude of the 

tangential components is smaller than that of the radial jet especially in the vicinity of 

the FBRM probe, suggesting similar key roles of the fixed parts in the vessel in 

converting the circumferential velocities into radial ones.  

The radial components are higher than the tangential ones in the impeller 

discharge, confirming the radial flow nature of the retreat curve impeller. While the 

axial components increase in the vicinity of the FBRM probe and beside the sidewalls. 

These findings of this study of the flow field of the mother liquor at the onset of 

nucleation, based on the nucleated crystals as a flow tracer, are similar to those for 

single phase flow using seeding particles, confirming the validity of this developed 

approach of utilising PIV as an in-line and in-situ technique to monitor the flow field 

during a real crystallisation process.  
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Figure 8.1 The radial components of velocity of the mother liquor at five locations 

along the height of the vessel. 
 
 

8.3 Comparing Mean velocities of particles and Mother Liquor 

Since crystals are born and grow differently under various hydrodynamic conditions, 

the behaviour of suspended crystals in fluid has to be taken into consideration. 

Moreover, the interaction between the dispersed phase and the turbulent fluid field has 

to be defined. 

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

0.050 0.150 0.250 0.350

N
o

rm
al

iz
e

d
 M

e
an

 V
e

lo
ci

ty
 

Normalized radial position 

Z/T =0.09 

U/Vtip V/Vtip W/Vtip

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.050 0.150 0.250 0.350

N
o

rm
al

iz
e

d
 M

e
an

 V
e

lo
ci

ty
 

Normalized radial position 

Z/T =0.21 

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

0.40

0.050 0.150 0.250 0.350

N
o

rm
al

iz
e

d
 M

e
an

 V
e

lo
ci

ty
 

Normalized radial position 

Z/T =0.37 

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

0.050 0.150 0.250 0.350

N
o

rm
al

iz
e

d
 M

e
an

 V
e

lo
ci

ty
 

Normalized radial position 

Z/T =0.44 



Two phase flow field study using PIV technique in a real time crystallisation process 

Chapter 8 

 

209 
 

PIV was used to examine the crystal mean and turbulent velocities as measured in-situ 

during the cooling crystallisation of L-glutamic acid from aqueous solution at 100 rpm 

stirring rate and 0.1 °C/min cooling rate. 

 Figure 8.2 shows a comparison between the radial velocity of the mother liquor at 

the onset of nucleation and that of the crystals 20 minutes after the onset of nucleation, 

i.e. in the growing stage. The measured components were taken at four vertical 

positions similar to those mentioned earlier. 

 

 

Figure 8.2 Comparing the radial velocity of the mother liquor at the on-set nucleation 

and that of the crystals 20 minutes after the onset of nucleation, i.e. in the growing 

stage. 
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It is clear that similar mean radial velocity profiles for both crystals and mother liquor 

phases were recorded at all the vertical levels. The difference between particle mean 

radial velocity and that of the mother liquor near the crystalliser wall was quite small 

suggesting that, in the area where the fluid velocity was fairly slow, the growing 

crystals could follow the fluid closely regardless of their size distribution.  

Within the impeller volume (r/T<0.25), the particles are seen to move faster than 

the fluid. The difference of mean radial velocities is more pronounced in the discharge 

stream (Z/T=0.09), where it is suspected that larger crystals are found due to 

segregation by gravity. 

 Similar comparison was carried out for the axial mean velocity of the crystals 

and the mother liquor at the same aforementioned vertical locations as shown by figure 

8.3. 

 In the bulk of the fluid, in the vicinity of FBRM probe, and near the liquid 

surface, small apparent relative velocities can be recorded and the particles fall behind 

the fluid in up-flow due to gravity whereas in the wall jet, the crystals seem to lead the 

mother liquor in up-flow regions. 

 Comparing the axial particle velocity profiles in the discharge zone at Z/T=0.09 

and middle of the blades at Z/T=0.21 reveals that the crystals lead the fluid in down-

flow regions. A similar finding was reported in the suction stream at Z/T=0.37, where 

an up-flow region is dominant. 

 All the aforementioned findings of the axial components comparison can be 

attributed to particle inertia in the region where the particles meet the wall and change 

direction. Subsequently, the particles accelerate due to gravity and eventually lead the 

fluid, in particular the large particles. These phenomena are in good agreement with 

Liang et al. [7] who carried out a similar study using LDA with glass beads as the solid 

phase in a two phase flow field investigation, where it was found that the particles 

lagged or led the bulk fluid when the flow direction was downwards and upwards 

respectively. 
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Figure 8.3 Comparing the axial velocity of the mother liquor at the onset nucleation and 

that of the crystals 20 minutes after the onset of nucleation, i.e. in the growing stage. 

 

 

8.4 Turbulent kinetic energy of crystals and Mother Liquor 

Crystal turbulent kinetic energy at each measuring point was calculated using rms 

velocities according to equation 5-9 and normalized with Vtip
2
. The distribution of the 

dimensionless turbulent kinetic energy is illustrated in figure 8.4 at different vertical 

positions along the height of the crystalliser. The results were compared with those for 

the mother liquor in the same figure. 
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Figure 8.4 Comparing TKE of the mother liquor at the onset nucleation and that of the 

crystals 20 minutes after the onset of nucleation, i.e. in the growing stage. 

 

As in the mother liquor, the weakest particle turbulence is observed in the 

vicinity of the impeller blades while higher turbulent kinetic energy values are found in 

the rest of the bulk. It is also noted that the mother liquor turbulent kinetic energy is 

generally more intense than that of crystals, by up to 100% in the impeller stream (high 

fluid turbulence region). A similar trend was observed by Liang et al [7]. 

 Crystal TKE is much higher near the sidewall and bottom where crystals are re-

entrained into the bulk flow by the upward fluid motion. 

 It is believed that the concentration of small crystals in the sidewall and bottom 

region is higher as the smaller crystals are more readily lifted up compared with the 

larger ones. Therefore, stronger crystal TKE was achieved because of more significant 

particle-particle interaction and possible particle-wall collision. 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.050 0.150 0.250 0.350

TK
E 

Normalized radial position 

Z/T =0.09 

Mother liquor crystals

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.050 0.150 0.250 0.350

TK
E 

Normalized radial position 

Z/T =0.21 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.050 0.150 0.250 0.350

TK
E 

Normalized radial position 

Z/T =0.37 

0.00

0.02

0.04

0.06

0.08

0.10

0.050 0.150 0.250 0.350

TK
E 

Normalized radial position 

Z/T =0.44 



Two phase flow field study using PIV technique in a real time crystallisation process 

Chapter 8 

 

213 
 

Similar trend of TKE was reported by Nouri and Whitelaw [8], where the authors found 

that the turbulence levels in the presence of particles were in general lower than those of 

the single phase flow levels especially in the impeller stream. 

 

 

8.5 Influence of cooling rate and polymorphic form on the two phase flow field 

pattern   

 L-glutamic acid was crystallised at different cooling rates, i.e. 0.1°C/min and 0.9 

°C/min, where the dominant polymorph formed at 0.1 °C/min was β polymorph 

compared to that of the α form obtained at 0.9 °C/min as previously seen in chapter 7. 

 Further details about the crystallisation protocol and the experimental set-up can 

be found in chapter 4. PIV measurements were taken in-line and in-situ during 

crystallisation at the two applied cooling rates. 

 Figure 8.5 presents a comparison between the radial velocity of growing crystals 

at a cooling rate of 0.1 °C/min and those crystallised at a fast cooling rate of 0.9 °C/min. 

The velocity components were measured at the same four vertical positions mentioned 

earlier in this study. 
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Figure 8.5 Comparing the radial velocity of growing crystals at cooling rates of 0.1 

°C/min and 0.9 °C/min. 20 minutes after the onset of nucleation. 

 

Similar velocity profiles are obtained at all vertical levels while the magnitude 

of the radial velocity of crystals formed at faster cooling rate is slightly higher. Looking 

at the chord length distribution retrieved by in-line focused beam reflectance 

measurement in figure 8.6 provides one possible explanation of the latter findings as the 

chord length of crystals formed at slower cooling rate (β polymorph) are bigger than 

that of crystals obtained at faster cooling rate (α polymorph). 
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Figure 8.6 The typical CLD measured by FBRM of the two polymorphic forms of L-

glutamic acid crystals obtained at different cooling rates. 

 

 Smaller particles are able to follow the fluid closely so the radial velocity of α 

crystals is higher than that of β crystals. Here it is assumed that the fast cooling rate 

system results in alpha crystals, the lower cooling rate gives beta crystals.  

 Comparing the TKE of the two polymorphic forms shows that the TKE of α form 

crystallised at faster cooling rate is higher than that of the β form in all the axial 

positions as seen in figure 8.7. The latter findings concur with the theory of energy 

dissipation which states that the part of the energy consumed to suspend bigger crystals 

is higher than that required to suspend smaller ones[8, 9]. Therefore, TKE of the bigger 

β crystals will be less than that of α form. Moreover, the probability of crystal attrition 

of β form is higher than that of α one due to the bigger size and the needle-like shape. 

Therefore, an extra part of TKE will go for particle attrition. 
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Figure 8.7 Comparing TKE of growing crystals at cooling rates of 0.1 °C/min and 

0.9°C/min. 20 minutes after the onset of nucleation. 

 

 

8.6 Characterising the spatial distribution of crystal attrition rate of the two 

polymorphic forms of L-glutamic acid by using PIV 

Using FBRM measurement in a certain region of the vessel does not provide sufficient 

information about local attrition rates, because crystal particles are circulated and mixed 

throughout the vessel and mixing times are most likely smaller than characteristic 

breakage times, in terms of significant fraction of crystals being broken in a given local 

region in a single pass through that region. Therefore, spatial distribution of crystal 
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attrition rate in different parts of the vessel was obtained by correlating crystal attrition 

rates with the local kinetic energy dissipation rates measured by PIV technique. The 

spatial distribution of attrition rates of the two polymorphic forms of L-glutamic acid 

was determined in the vessel instead of using the global averaged rates based on the 

assumption of the well mixed vessel and isotropic turbulence theory. Moreover, the 

influence of the baffle and the FBRM probe locations can be studied along with the 

effect of the retreat curve impeller which is the main source of crystal impacts that 

cause crystal attrition. 

The frequencies and velocities of particle impacts on impeller blades in a mixing 

tank were determined by Kee and Rielly [10] during solid-liquid mixing processes. 

They found that the distribution of the impact velocities of particles is a function not 

only of their mass and size, but also of the local hydrodynamic conditions within the 

flow adjacent to the impeller blades. The authors used a thin coating of plasticine on the 

impeller blades to record craters formed by particle impact.  

 

 

8.6.1 Introduction to the adopted methodology 

In order to find the local attrition rate of crystals in different parts of the vessel, the 

attrition rate can be correlated with the local energy dissipation rates using the large 

eddy PIV method for investigating flow field and the mixing hydrodynamics around the 

retreat curve impeller (see section 5.7). 

The two semi-empirical correlations found earlier in chapter 6 (section 6.5) for 

the overall attrition rates of β and α glutamic acid crystal as a function of specific power 

input were programmed in the visual basic code presented in the appendix to find the 

local energy dissipation rate. So the spatial attrition distribution rates of the two 

polymorphic crystals can be determined accurately in the vessel instead of using the 

global averaged rates based on the assumption of the well mixed vessel and the 

isotropic turbulence theory. Moreover, the influence of the baffle and the FBRM probe 

locations can be studied along with the effect of the retreat curve impeller which is the 

main source of crystal impacts that cause crystal attrition. 

In this spatial correlation, both the attrition resulting from impact with fixed parts and 

that caused by the turbulent flow can be presented in addition to that caused by impact 

with the impeller.  
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The potential importance of finding such a spatial distribution of the attrition rate is to 

establish the accuracy in finding local attrition rates. Previous studies relating crystal-

crystal attrition to turbulent flow of the suspending fluid assume isotropic flow and 

hence a constant global averaged kinetic energy dissipation rate. This assumption 

affects the predicted turbulent attrition and the relative velocity between the crystals 

which is the driving force of such attrition as seen earlier in chapter 6. Thus, turbulent 

attrition is more or less a function of the smallest eddy size. 

As mentioned earlier, the findings of the spatial distribution of crystal attrition 

rate are based on the large eddy PIV method overcoming the resolution limitations of 

PIV that might prevent it resolving down to the viscous sub-range and the smallest 

eddies in the flow and hence, enable accurate determination of the spatial attrition rate 

distribution that have mostly been ignored or globalized in previous studies in the 

literature. 

As the baffle and the FBRM probe influence the flow field and the spatial 

kinetic energy dissipation rate, they alter the rates of turbulent attrition in the vicinity of 

the baffle, the FBRM probe and the impeller in addition to their contribution in 

generating additional impact energy that can be added to that caused by crystal 

collisions with the impeller. 

Finally, it can be concluded that it is important to correlate the attrition rate 

spatially as a function of the kinetic energy dissipation rate by using PIV images of the 

flow field around a retreat curve impeller rather than adopting the assumption of 

isotropic turbulence in order to calculate precisely the turbulent attrition rate 

contribution to the net attrition caused by crystal collisions with the fixed parts of the 

vessel, baffle and FBRM probe, along with that originally resulting from the collisions 

with the retreat curve impeller. 

In the next section, the spatially correlated attrition rate distribution will be 

discussed from the relative velocity gradients and the kinetic energy dissipation rate 

points of view. 
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8.6.2 Discussion of Findings 

Figure 8.8 shows the spatial distribution of the attrition rate of β glutamic acid crystals 

at four vertical planes relative to the baffle centreline, i.e. 0
0
,-90

0
,-135

0
 and 180

0
, and at 

three Reynolds numbers similar to those used in the course of this study, i.e. 

5.4x10
4
,8.4x10

4
 and 10.8x10

4
. 

It is worth noting that the magnitude of the attrition rate increases almost four times 

from 1.6x10
-3

 to 7x10
-3 

counts/s while doubling Reynolds number from 5.4x10
4
 to 

10.8x10
4
 for the four studied planes. This can be attributed to the increment of the 

normalized energy dissipation rate magnitude from 1.7 to 4.7 at the same Reynolds 

numbers as seen in a previous study of the flow field. Increasing Reynolds number will 

result in increasing the magnitude of  velocity gradients especially for that of tangential 

and radial components leading to an increment in the relative velocity of crystals and 

the consequence is higher turbulent attrition rate values. 

The frequency of impact with the impeller is proportional to Reynolds number 

and the impact velocity will be higher in this case as it is related to the radial tip 

velocity and the consequence will be higher crystal-impeller attrition rate values. 

Therefore, the net attrition rate will be higher while applying higher Reynolds numbers. 

While studying the flow field, it was found that both the baffle and the FBRM 

probe can play a key role in the flow field in the vessel by affecting the formation of a 

radial jet as a result of converting tangential velocities to radial ones. 

It was found that the radial jet expands to higher locations along the axial height 

of the vessel in the baffle centreline plane and upstream of the baffle compared to that in 

the centreline of the probe plane and upstream of it. Therefore, the previous observation 

will result in higher magnitude of radial velocity components, and yield higher values of 

relative velocity of crystals in the stream of the flow consequently leading to higher 

rates of crystal-crystal attrition at higher level along the axial height of the vessel in the 

baffle plane compared to that in the probe plane. 

Two zones of higher attrition rate can be seen in the same figure located in the 

baffle centreline plane and upstream of the baffle at r/T=0.1 and r/T=0.4, which are 

absent in the FBRM probe planes and this is again in good agreement with the earlier 

discussion. 
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Figure 8.8  The spatial distribution of the attrition rate of β glutamic acid crystals, at 

four vertical planes relative to the baffle centreline, i.e. 0
0
,-90

0
,-135

0
 and 180

0
, and at 

three Reynolds numbers similar to those used in the course of this study, i.e. 

5.4x10
4
,8.4x10

4
 and 10.8x10

4
. 
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It is not only the effect of the location of the baffle and the probe that can play a main 

role affecting the net attrition rate, but also the dimensions of these two fixed parts and 

their positioning relative to the impeller shaft that can add additional crystal-impeller 

attrition to the net rate of crystal attrition where the secondary target dimension, i.e. the 

baffle and the probe, and the angle of impact are the main driving force of such 

additional attrition. 

Figure 8.9.a shows the effect of increasing the applied Reynolds number in a 

specific measurement plane, i.e. -135
0
, on the spatial attrition rate distribution of β 

glutamic acid crystals, where the distribution is characterized by two peaks at each 

Reynolds number. The values of the maximum peak give an indication of the effect of 

increasing the applied Reynolds number on increasing the magnitude of the attrition 

rate, where its value increases from 5.3x10
-3 

counts/s at Re=5.4x10
4
 to 8.2x10

-3 
counts/s 

at Re=10.8x10
4
 which is again in good agreement with the earlier findings from the 

coloured contour plots of the attrition rate distribution from the general increment 

principle point of view, but discrepancies were found in the degree of increment. In the 

2D representation, at a fixed radial position of r/T= 0.35 (figure 8.9.b); the increment is 

only one and half time of the original magnitude at Re=5.4x10
4
,  while in figure 8.8,  

the contour  representation, it was found to be four times which means that an accurate 

estimation can only be achieved by plotting the local attrition rate distribution against 

the height of the vessel at a specific radial position, though contour plotting can give a 

rough idea about the global spatial distribution. 

As mentioned earlier regarding the secondary target dimensions, i.e. the baffle 

and the probe, and their angle of positioning, i.e. impact angle, it is expected to have a 

higher ratio of additional impact energy and consequently, higher values of net attrition 

rate resulting from baffle impact compared to that caused by the FBRM probe impact as 

the baffle has larger dimensions than the probe. The findings of figure 8.9.a do not 

match this hypothesis as it can be seen that higher magnitude of the attrition distribution 

rate can be achieved at the probe plane than at the baffle centreline. 

The latter can be attributed to the higher influence of the secondary target angle 

compared to that of the target dimensions. Therefore, the value of the net attrition rate 

distribution is 5.3x10
-3 

counts/s in the probe centreline compared to 2.3x10
-3 

counts/s at 

the baffle centreline, while the distribution is still characterized by two peaks in the 

probe plane compare to a single one in the baffle plane. 
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a 

 

b 

Figure 8.9: 8.9.a shows the effect of increasing the applied Reynolds number in a 

specific measurement plane, i.e.-135
0
, on the spatial attrition rate distribution of β 

glutamic acid crystals. 8.9.b shows the effect of the measurement planes and the 

position of the fixed parts. 

 

It is clearly noticed from the last two figures that in general, the effect of 

increasing Reynolds number on the net attrition rate is higher than that of the position of 

the fixed parts; the first effect can influence the turbulence attrition rate while the 

second one can affect only the secondary impact attrition rate. 

The coloured contour of the spatial attrition rate distribution of β glutamic acid 

crystals in figure 8.8 shows that generally, the highest rate of crystal attrition is located 

in the discharge stream of the retreat curve impeller expanding to include the impeller 
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stream and the vicinity between the impeller and the two fixed parts in the vessel, i.e. 

the baffle and the FBRM probe. Again that is in good agreement with the findings of the 

distribution of kinetic energy dissipation rate studied earlier, where the flow is found to 

be characterized by a trailing vortex in the above mentioned zones as the magnitudes of 

the tangential and radial components of the velocity are higher than the axial one. Thus, 

both the impact velocity between crystals and the impeller and the crystal-crystal 

relative velocity can be enhanced in these regions and consequently, the attrition rate is 

expected to have higher values in these regions compared to that in the bulk of the 

liquid and the surface of the vessel. The magnitude of the attrition rate in the bulk of the 

liquid is of the order 10
-4 

compared to that of 10
-3 

in the discharge stream, impeller 

stream and the vicinity between the impeller and the fixed parts of the vessel. 

Comparing the spatial distribution of the attrition rate of the two polymorphic 

forms of glutamic acid crystals, it can be found that the magnitude of the attrition rate of 

β glutamic acid is higher than that of the α form at the same Reynolds numbers, (figure 

8.10). Values of attrition rate  between 1.6x10
-3

 to 7x10
-3

  counts/s can be obtained for β 

glutamic acid compared to values of 0.6x10
-3

 to 2.5x10
-3 

counts/s for the α form at 

respective applied Reynolds numbers of 5.4x10
4
 to 10.8x10

4
. The latest findings are still 

in good agreement with the FBRM results and both the proposed model of the 

mechanical properties of crystals and the shape factor studied earlier. 
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Figure 8.10  The spatial distribution of the attrition rate, of α glutamic acid crystals, at 

four vertical planes relative to the baffle centreline, i.e. 0
0
,-90

0
,-135

0
 and 180

0
, and at 

three Reynolds numbers similar to those used in the course of this study,i.e. 

5.4x10
4
,8.4x10

4
 and 10.8x10

4
. 
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Similarly, the same characteristic shape of the local distribution of the attrition rate is 

found for α glutamic acid crystals, which means that the distribution of the crystal 

attrition rate is affected by the kinetic energy dissipation rate of the dispersing fluid 

while the magnitude of this distribution is directly dependent on the disruption kernel, 

which in its turn is related to the solid phase properties, i.e. crystals. The values of this 

kernel varied from 2.1x10
-3

 to 3.3x10
-3

 for α glutamic acid (figure 8.11.b ) compared to 

5.3x10
-3

 to 8.2x10
-3

 for the β form at  applied Reynolds numbers of 5.4x10
4
 to10.8x10

4
 

and at the FBRM probe plane and a specific radial position of r/T=0.35. 

The effect of the secondary target impact, mentioned earlier for β glutamic acid 

crystals impacting with the baffle and the probe, is still valid in the case of α glutamic 

acid crystal (figure 8.11.a) while the net  impact attrition rate is higher in the case of β 

glutamic acid crystals. This effect cannot be attributed to the flow field as the 

distribution shape is still the same, but it is due to the disruption kernel that depends on 

the mechanical properties and the shape of the studied crystals. 
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b 

Figure 8.11: 8.11.a shows the effect of increasing the applied Reynolds number in a 

specific measurement plane, i.e.-135
0
, on the spatial attrition rate distribution of α 

glutamic acid crystals. 8.11.b shows the effect of the measurement planes and the 

position of the fixed parts. 

 

It can be concluded that such a spatial distribution study of the attrition rate of 

crystals is of crucial importance as all the previous studies in the literature only focus on 

the crystal-impeller attrition rate and mostly ignore crystal-crystal attrition in turbulent 

flow, neglecting the effect of crystal-fixed parts impact, while in this study, all the 

previous phenomena were investigated and their individual contributions to the total 

attrition rate have been evaluated. 

 

 

8.7 Conclusion 

The two phase flow field was investigated in a real time crystallisation process, PIV was 

developed and adopted for the first time to monitor mother liquor and crystal velocity 

profiles and TKE using the nucleated crystals and the subsequent growing ones as 

tracers rather than seeding the fluid. 

 Crystal mean velocity and crystal TKE of the two polymorphic forms of L-

glutamic acid were characterised and compared; the latter study will play a key role in 

further work combining PIV and FBRM to characterise the crystallisation of the two 

polymorphic forms of L-glutamic acid crystals and their polymorphic transition. 
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Particle image velocimetry (PIV) was reported for the first time to be a useful tool in 

finding the crystal attrition rates at different locations in the vessel by adopting a 

suitable correlation between the attrition rate of crystals and the spatial kinetic energy 

dissipation rate around a retreat curve impeller. Therefore, the spatial attrition 

distribution rates of the two polymorphic crystals were determined accurately in the 

vessel instead of using global averaged rates based on the assumptions of well mixed 

vessel and isotropic turbulence. Moreover, the influence of the baffle and the FBRM 

probe locations was successfully studied along with the effect of the retreat curve 

impeller which is the main source of crystal impacts causing crystal attrition. 
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Chapter 9 

Concluding Remarks and Proposals for Future Work 

 

 

Summary 

This chapter provides an overview of the conclusions obtained from the work presented 

in this thesis. A suggestion is made for future work on possible improvements of 

instantaneous control of crystallisation kinetics for the purpose of optimizing shape, 

product size distribution, and morphology of crystals. 
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9.1 Conclusions 

The conclusions drawn from the experimental results obtained can be summarised as 

follows: 

 

 Single and two phase flow field study around retreat curve impeller by 

using PIV and large eddy approach: 

 

PIV was successfully applied in studying the single phase flow field by seeding the 

fluid with polyamide tracer of similar density to the working fluid, using a large eddy 

approach to have access to the turbulent energy dissipation rate and other spatial 

derivatives of velocity such as Reynolds stresses, tension strain rate, and viscosity sub-

grid scale. The large eddy approach was proved to overcome the limitation of the spatial 

resolution of PIV technique. 

The flow field was characterised at different measurement planes using different 

capturing techniques in order to reflect the influence of both the moving and fixed parts 

of the vessel on the nature of the flow. Measurements were focused on the vicinity of 

the baffle and the FBRM probe in order to be used in a subsequent study while finding 

the spatial distribution of crystal breakage in the area of interest. 

The advantage of using PIV in a single or two phase flow field study over a 

simulation technique such as CFD is to avoid complexity especially in investigating 

multiphase flow fields, where it is essential to use a compartmental model in order to 

include the influence of hydrodynamics on crystallisation kinetics.    

 

  Crystal  attrition study using FBRM and measuring the mechanical 

properties of crystals: 

 

FBRM was used to monitor the attrition of two polymorphic crystalline forms of 

glutamic acid crystals. The β form showed more tendencies for attrition than α crystals. 

The effects of both the initial crystal size distribution and the crystal shape factor were 

investigated and it was concluded that the crystals are more prone to break at higher 

crystal size and also at higher aspect ratio which is the case of the β form. 
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 FBRM was used also to monitor crystal attrition of organic and non-organic 

crystalline materials. The organic material, urea, was prone to agglomeration 

while the non-organic, copper sulphate, was characterized by a high dissolution 

rate. 

 A mechanical method was developed to prepare specimens of different crystal 

size in order to measure their mechanical properties precisely in spite of the 

close range of crystal size. Mechanical properties such as crystal hardness and 

fracture surface energy were found to play a significant role in determining 

attrition parameters such as the attrition coefficient by adopting the Gahn and 

Mersmann physical model.  

 The results of micro-hardness testing were in good agreement with those offered 

by both FBRM and microscopic images techniques where FBRM was proved to 

be a powerful on-line attrition monitoring technique. 

 The influence of mixing hydrodynamics on both crystal-impeller attrition rate 

and crystal-crystal attrition rate caused by the turbulent flow was studied 

whereas most of the published works on crystal attrition are concerned only with 

the impeller-crystal impact and ignore crystal-crystal attrition, caused by 

turbulent flow. 

 Moreover, the physical model of Ghan and Mersmann was extended to include 

retreat curve impeller when it was originally developed for the pitch blade 

turbine.   

 Finally, although there are many publications on crystal attrition, there is little 

published material dealing with the instantaneous monitoring of attrition kinetics 

as shown in this study. 

 

 

 

 Developing different approaches to monitor crystallisation kinetics and 

polymorphic transition of crystals by FBRM and PIV:  

 

FBRM was successfully implemented in characterising the crystallisation of L-glutamic 

acid by detecting crystallisation temperatures, dissolution temperatures, and MSZW at 

different conditions of mixing and cooling rates. The method of zeroth moment was 
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applied and integrated by the traditional method of Nyvlt to find out the nucleation 

kinetic.  

FBRM technique was utilised for the first time in recording growth rates of L-

glutamic acid crystals, where all the growth stages were detected and identified using 

the typical mean CLD. Moreover, the trend of changing the CLDS by crystallisation 

proceeding time was proved to be a good reference for the purpose of recognising 

polymorphic transition of L-glutamic acid crystals. Therefore, FBRM was considered to 

be relatively a good analytical tool in characterising crystallisation kinetics when 

compared to other techniques such as ultrasonic attenuation spectroscopy and turbidity 

probe. 

PIV was used for the first time in detecting nucleation and recording crystal 

growth rate whereas it has previously been used only as a flow field study technique. 

Results delivered by PIV were compared and combined with those of FBRM in order to 

develop a new approach of detecting the polymorphic transition of L-glutamic acid 

polymorphs. 

 

 

 Two phase flow field study during a real time crystallisation process: 

 

The two phase flow field was investigated in a real time crystallisation process, PIV was 

developed and adopted for the first time to monitor mother liquor and crystal velocity 

profiles and TKE using the nucleated crystals and the subsequent growing ones as 

tracers rather than seeding the fluid. 

 Crystal mean velocity and crystal TKE of the two polymorphic forms of L-

glutamic acid were characterised and compared; the latter study will play a key role in 

further work combining PIV and FBRM to characterise the crystallisation of the two 

polymorphic forms of L-glutamic acid crystals and their polymorphic transition. 

Particle image velocimetry (PIV) was reported for the first time to be a useful 

tool in finding the crystal attrition rates at different locations in the vessel by adopting a 

suitable correlation between the attrition rate of crystals and the spatial kinetic energy 

dissipation rate around a retreat curve impeller. Therefore, the spatial attrition 

distribution rates of the two polymorphic crystals were determined accurately in the 

vessel instead of using global averaged rates based on the assumptions of well mixed 

vessel and isotropic turbulence. Moreover, the influence of the baffle and the FBRM 
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probe locations was successfully studied along with the effect of the retreat curve 

impeller which is the main source of crystal impacts causing crystal attrition. 

 

 

9.2 Recommendations for future work 

Useful future work would be along the lines of: 

 

 To carry out more detailed studies of CLDS from FBRM for open loop process 

analytical control of crystal size, shape and morphology. 

 

 Try to carry out further investigation for measuring the mechanical properties of 

crystals, where is it useful to know whether it needs to be improved or 

abandoned. 

 Combining PEPT with FBRM and PIV that can enable measuring the slip 

velocity of crystals. 

 

 To develop an approach to find CSD directly utilising PIV video imaging. 

 

 

 To characterise crystallisation kinetics for other model compounds especially for 

highly soluble systems such as urea and high viscosity systems such as MSG. 

 

 To scale up the crystallisation vessel and work on large scale vessel for PIV and 

FBRM so that the influences of the FBRM are not as pronounced as they are 

with a 2 litre vessel.   

 

 

 To develop a new approach for on line crystal morphology measurement and 

control based on the integration of on line imaging using PIV and CLDS trends 

retrieved by FBRM measurements. 
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Appendix A 

 

THE VISUAL BASIC CODE USED IN DATA ANALYSIS OF PIV TECHNIQUE 

 

Folder = "H:\PIV flow field and spatial attrition rate distribution" 

k = 1 

filepath = folder & "NORMALIZED PIV_ DATA\L0_400.dat" 

piv_file = folder & "instantaneousPL PIV_DATA\L0_400.dat" 

zonename = "L0_400" 

X1 = 0 

Y1 = 0 

n = 53 

m = 43 

Call Process_nazir(piv_file, zonename, filepath, X1, Y1, m, n) 

k = 2 

filepath = folder & "NORMALIZED PIV_ DATA\L0_600.dat" 

piv_file = folder & "instantaneousPL PIV_DATA\L0_600.dat" 

zonename = "L0_600" 

X1 = 0 

Y1 = 0 

n = 53 

m = 43 

Call Process_nazir(piv_file, zonename, filepath, X1, Y1, m, n) 

k = 3 

filepath = folder & "NORMALIZED PIV_ DATA\L0_800.dat" 

piv_file = folder & "instantaneousPL PIV_DATA\L0_800.dat" 

zonename = "L0_800" 

X1 = 0 

Y1 = 0 

n = 53 

m = 43 

Call Process_nazir_(piv_file, zonename, filepath, X1, Y1, m, n) 

MsgBox ("finished everything") 

End Sub 

'Calculate normalised coordinates for the plane 

delta_x = -(Abs(X(1)) - Abs(X(2))) / 1000 

delta_y = (Abs(Y(1)) - Abs(Y(2))) / 1000 

For i = 0 To n 

X_norm(i) = 0 

X_norm(i) = -(X1 + i * (delta_x * 1000)) / 150 

Next i 

For j = 0 To m 

Y_norm(j) = 0 

Y_norm(j) = (Y1 + j * delta_y * 1000) / 150 

Next j 

'calculate the mean velocity components U_mean, V_mean and W_mean and mean 

velocity magnitude len_mean 

For j = 0 To m 

For i = 0 To n 

U_mean(i, j) = 0 

V_mean(i, j) = 0 

W_mean(i, j) = 0 

len_mean(i, j) = 0 

Next i 
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Next j 

For j = 0 To m 

For i = 0 To n 

U_sum(i, j) = 0 

V_sum(i, j) = 0 

W_sum(i, j) = 0 

len_sum(i, j) = 0 

U_counter(i, j) = 0 

V_counter(i, j) = 0 

W_counter(i, j) = 0 

len_counter(i, j) = 0 

For k = 1 To nsamples 

'calculate the fluctuating components of velocity U_fl, V_fl, W_fl 

For j = 0 To m 

For i = 0 To n 

For k = 1 To nsamples 

U_fl(i, j, k) = 0 

V_fl(i, j, k) = 0 

W_fl(i, j, k) = 0 

If U(i, j, k) <> 0 Then U_fl(i, j, k) = U(i, j, k) - U_mean(i, j) 

If V(i, j, k) <> 0 Then V_fl(i, j, k) = V(i, j, k) - V_mean(i, j) 

If W(i, j, k) <> 0 Then W_fl(i, j, k) = W(i, j, k) - W_mean(i, j) 

Next k 

Next i 

Next j 

'calculate the variances for the velocity components var_U, var_V and var_W 

For j = 0 To m 

For i = 0 To n 

var_U_sum(i, j) = 0 

var_V_sum(i, j) = 0 

var_W_sum(i, j) = 0 

For k = 1 To nsamples 

If U(i, j, k) <> 0 Then var_U_sum(i, j) = var_U_sum(i, j) + ((U_fl(i, j, k)) ^ 2) 

If V(i, j, k) <> 0 Then var_V_sum(i, j) = var_V_sum(i, j) + ((V_fl(i, j, k)) ^ 2) 

If W(i, j, k) <> 0 Then var_W_sum(i, j) = var_W_sum(i, j) + ((W_fl(i, j, k)) ^ 2) 

Next k 

If (U_counter(i, j) - 1) > 0 Then var_U(i, j) = var_U_sum(i, j) / (U_counter(i, j) - 1) 

If (V_counter(i, j) - 1) > 0 Then var_V(i, j) = var_V_sum(i, j) / (V_counter(i, j) - 1) 

If (W_counter(i, j) - 1) > 0 Then var_W(i, j) = var_W_sum(i, j) / (W_counter(i, j) - 1) 

sum_var(i, j) = var_U(i, j) + var_V(i, j) + var_W(i, j) 

Next i 

Next j 

'calculate the mean standard deviations for the velocity components st_dev_U, st_dev_V 

and st_dev_W 

For j = 0 To m 

For i = 0 To n 

std_dev_U(i, j) = (var_U(i, j)) ^ 0.5 

std_dev_V(i, j) = (var_V(i, j)) ^ 0.5 

std_dev_W(i, j) = (var_W(i, j)) ^ 0.5 

Next i 

Next j 

'calculate the mean turbulent kinetic energy TKE 

For j = 0 To m 

For i = 0 To n 

TKE(i, j) = 0.5 * ((std_dev_U(i, j)) ^ 2 + (std_dev_V(i, j)) ^ 2 + (std_dev_W(i, j)) ^ 2) 

Next i 

Next j 
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'Calculate the rate of energy dissipation using the Large Eddy PIV method 

'set the smagorinsky constant Cs 

Cs = 0.1 

'density(kg/m3) and kinematic viscosity (Pas^-1) of tap water at 17 DegC 

rho = 998 

nu = 0.00000108243 

'calculate the filter width 

delta = (Abs(delta_x) * delta_y) ^ 0.5 

' Start a loop to go through each sample "k" 

For k = 1 To nsamples 

Application.StatusBar = "Processing section " + CStr(k) 

'calculate dU/dx (call it dudx) 

For j = 0 To m 

For i = 0 To n 

If i < 1 Then 

If U(i, j, k) <> 0 And U(i + 1, j, k) <> 0 And U(i + 2, j, k) <> 0 Then _ 

dudx(i, j, k) = (-3 * U(i, j, k) + 4 * U(i + 1, j, k) - U(i + 2, j, k)) / (2 * delta_x) 

ElseIf i > n - 1 Then 

If U(i, j, k) <> 0 And U(i - 1, j, k) <> 0 And U(i - 2, j, k) <> 0 Then _ 

dudx(i, j, k) = (3 * U(i, j, k) - 4 * U(i - 1, j, k) + U(i - 2, j, k)) / (2 * delta_x) 

Else 

'Use central difference formula of second order 

If U(i + 1, j, k) <> 0 And U(i - 1, j, k) <> 0 Then _ 

dudx(i, j, k) = (U(i + 1, j, k) - U(i - 1, j, k)) / (2 * delta_x) 

End If 

Next i 

Next j 

'calculate dU/dy (call it dudy) 

For j = 0 To m 

For i = 0 To n 

If j < 1 Then 

If U(i, j, k) <> 0 And U(i, j + 1, k) <> 0 And U(i, j + 2, k) <> 0 Then _ 

dudy(i, j, k) = (-3 * U(i, j, k) + 4 * U(i, j + 1, k) - U(i, j + 2, k)) / (2 * delta_y) 

ElseIf j > m - 1 Then 

 

If U(i, j, k) <> 0 And U(i, j - 1, k) <> 0 And U(i, j - 2, k) <> 0 Then _ 

dudy(i, j, k) = (3 * U(i, j, k) - 4 * U(i, j - 1, k) + U(i, j - 2, k)) / (2 * delta_y) 

Else 

'        'Use central difference formula of second order 

If U(i, j + 1, k) <> 0 And U(i, j - 1, k) <> 0 Then _ 

dudy(i, j, k) = (U(i, j + 1, k) - U(i, j - 1, k)) / (2 * delta_y) 

End If 

Next i 

Next j 

'calculate dV/dx (call it dvdx) 

For j = 0 To m 

For i = 0 To n 

 

If i < 1 Then 

If V(i, j, k) <> 0 And V(i + 1, j, k) <> 0 And V(i + 2, j, k) <> 0 Then _ 

dvdx(i, j, k) = (-3 * V(i, j, k) + 4 * V(i + 1, j, k) - V(i + 2, j, k)) / (2 * delta_x) 

ElseIf i > n - 1 Then 

If V(i, j, k) <> 0 And V(i - 1, j, k) <> 0 And V(i - 2, j, k) <> 0 Then _ 

dvdx(i, j, k) = (3 * V(i, j, k) - 4 * V(i - 1, j, k) + V(i - 2, j, k)) / (2 * delta_x) 

Else 

'        'Use central difference formula of second order 

If V(i + 1, j, k) <> 0 And V(i - 1, j, k) <> 0 Then _ 
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dvdx(i, j, k) = (V(i + 1, j, k) - V(i - 1, j, k)) / (2 * delta_x) 

End If 

Next i 

Next j 

'calculate dV/dy (call it dvdy) 

For i = 0 To n 

For j = 0 To m 

If j < 1 Then 

If V(i, j, k) <> 0 And V(i, j + 1, k) <> 0 And V(i, j + 2, k) <> 0 Then _ 

dvdy(i, j, k) = (-3 * V(i, j, k) + 4 * V(i, j + 1, k) - V(i, j + 2, k)) / (2 * delta_y) 

ElseIf j > m - 1 Then 

If V(i, j, k) <> 0 And V(i, j - 1, k) <> 0 And V(i, j - 2, k) <> 0 Then _ 

dvdy(i, j, k) = (3 * V(i, j, k) - 4 * V(i, j - 1, k) + V(i, j - 2, k)) / (2 * delta_y) 

Else 

'Use central difference formula of second order 

If V(i, j + 1, k) <> 0 And V(i, j - 1, k) <> 0 Then _ 

dvdy(i, j, k) = (V(i, j + 1, k) - V(i, j - 1, k)) / (2 * delta_y) 

End If 

Next j 

Next i 

'calculate dW/dx (call it dwdx) 

For j = 0 To m 

For i = 0 To n 

If i < 1 Then 

If W(i, j, k) <> 0 And W(i + 1, j, k) <> 0 And W(i + 2, j, k) <> 0 Then _ 

dwdx(i, j, k) = (-3 * W(i, j, k) + 4 * W(i + 1, j, k) - W(i + 2, j, k)) / (2 * delta_x) 

ElseIf i > n - 1 Then 

 

If W(i, j, k) <> 0 And W(i - 1, j, k) <> 0 And W(i - 2, j, k) <> 0 Then _ 

dwdx(i, j, k) = (3 * W(i, j, k) - 4 * W(i - 1, j, k) + W(i - 2, j, k)) / (2 * delta_x) 

Else 

'        'Use central difference formula of second order 

If V(i + 1, j, k) <> 0 And V(i - 1, j, k) <> 0 Then _ 

dwdx(i, j, k) = (W(i + 1, j, k) - W(i - 1, j, k)) / (2 * delta_x) 

End If 

Next i 

Next j 

'calculate dW/dy (call it dwdy) 

For i = 0 To n 

For j = 0 To m 

If j < 1 Then 

If W(i, j, k) <> 0 And W(i, j + 1, k) <> 0 And W(i, j + 2, k) <> 0 Then _ 

dwdy(i, j, k) = (-3 * W(i, j, k) + 4 * W(i, j + 1, k) - W(i, j + 2, k)) / (2 * delta_y) 

ElseIf j > m - 1 Then 

If W(i, j, k) <> 0 And W(i, j - 1, k) <> 0 And W(i, j - 2, k) <> 0 Then _ 

dwdy(i, j, k) = (3 * W(i, j, k) - 4 * W(i, j - 1, k) + W(i, j - 2, k)) / (2 * delta_y) 

Else 

'Use central difference formula of second order 

If W(i, j + 1, k) <> 0 And W(i, j - 1, k) <> 0 Then _ 

dwdy(i, j, k) = (W(i, j + 1, k) - W(i, j - 1, k)) / (2 * delta_y) 

End If 

Next j 

Next i 

N_impeller = 400 / 60 

D = 0.09 

E_Norm_factor = ((N_impeller) ^ 3) * (D ^ 2) 

'For j = 0 To m 
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'    For i = 0 To n 

''multiply normalised E value by factors to compensate for missing terms 

''use factor 9/4 as in Sheng et al 

'        E_average_filtered_2_normalised_sheng(i, j) = (9 / 4) * 

E_average_filtered_2_normalised(i, j) 

''use factor 12/6 as in Khan et al 

'        E_average_filtered_2_normalised_khan(i, j) = (12 / 6) * 

E_average_filtered_2_normalised(i, j) 

''use extra terms and factor 12/8 

'        E_average_filtered_2_extra_normalised_me(i, j) = (12 / 8) * 

E_average_filtered_2_extra_normalised(i, j) 

'    Next i 

'Next j 

'calculate the sub-grid kinematic viscosity Vsgs 

For j = 0 To m 

For i = 0 To n 

Vsgs_instantaneous_filtered(i, j, k) = ((Cs * delta) ^ 2) * _ 

(((1 / 2) * (( _ 

((dudx(i, j, k) + dudx(i, j, k)) * (dudx(i, j, k) + dudx(i, j, k))) + _ 

((dudy(i, j, k) + dvdx(i, j, k)) * (dudy(i, j, k) + dvdx(i, j, k))) + _ 

((dvdx(i, j, k) + dudy(i, j, k)) * (dvdx(i, j, k) + dudy(i, j, k))) + _ 

((dvdy(i, j, k) + dvdy(i, j, k)) * (dvdy(i, j, k) + dvdy(i, j, k))) + _ 

((dwdx(i, j, k) + dwdx(i, j, k)) * (dwdx(i, j, k) + dwdx(i, j, k))) + _ 

((dwdy(i, j, k) + dwdy(i, j, k)) * (dwdy(i, j, k) + dwdy(i, j, k))) _ 

))) ^ 0.5) 

If Vsgs_instantaneous_filtered(i, j, k) <> 0 Then vsgs_fil_counter(i, j) = vsgs_fil_counter(i, j) + 

1 

Vsgs_fil_sum(i, j) = Vsgs_fil_sum(i, j) + Vsgs_instantaneous_filtered(i, j, k) 

If vsgs_fil_counter(i, j) <> 0 Then Vsgs_mean_filtered(i, j) = Vsgs_fil_sum(i, j) / 

vsgs_fil_counter(i, j) 

Next i 

Next j 

For j = 0 To m 

For i = 0 To n 

E_instantaneous_filtered(i, j, k) = (Vsgs_instantaneous_filtered(i, j, k)) * (1 / 2) * ( _ 

((dudx(i, j, k) + dudx(i, j, k)) * (dudx(i, j, k) + dudx(i, j, k))) + _ 

((dudy(i, j, k) + dvdx(i, j, k)) * (dudy(i, j, k) + dvdx(i, j, k))) + _ 

((dvdx(i, j, k) + dudy(i, j, k)) * (dvdx(i, j, k) + dudy(i, j, k))) + _ 

((dvdy(i, j, k) + dvdy(i, j, k)) * (dvdy(i, j, k) + dvdy(i, j, k))) + _ 

((dwdx(i, j, k) + dwdx(i, j, k)) * (dwdx(i, j, k) + dwdx(i, j, k))) + _ 

((dwdy(i, j, k) + dwdx(i, j, k)) * (dwdy(i, j, k) + dwdx(i, j, k)))) 

If E_instantaneous_filtered(i, j, k) <> 0 Then E_fil_counter(i, j) = E_fil_counter(i, j) + 1 

E_fil_sum(i, j) = E_fil_sum(i, j) + E_instantaneous_filtered(i, j, k) 

If E_fil_counter(i, j) <> 0 Then E_average_filtered(i, j) = E_fil_sum(i, j) / E_fil_counter(i, j) 

Next i 

Next j 

End Sub 

 

Appendix B 
 

Matlab code for pixels summation approach of PIV measurements for the purpose 

of nucleation event detection 

 

close all %closes all previous matlab windows 

 

clear all %clears all variables 
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n=1; %Counter for each minute 

 

m=1; %Temporary counter for standard deviation calculation 

 

 

 

K(n,1)=n; %Creates an array, K, where row n column 1 is equal to n 

I=imread('C:\Documents and Settings\mcecb2\Desktop\/exported PIV growth rate 

images/300.0.5.2%.a.tif',4); %Read the image file and required frame 

C=sum(I,1); %Summate the image along the x-axis (columns) 

A=trapz(C); %Use trapezoid rule to calculate area underneither the curve of C 

K(n,2)=A; %Places the calculated area in to row n column 2 of array K 

D(m,1)=A; %Places the calculated area in to row m column 1 of array D 

 

 

I=imread('C:\Documents and Settings\mcecb2\Desktop\/exported PIV growth rate 

images/300.0.5.2%.a.tif',2); %Read the image file and required frame 

C=sum(I,1);%Summate the image along the x-axis (columns) 

A=trapz(C);%Use trapezoid rule to calculate area underneither the curve of C 

D(m,2)=A;%Places the calculated area in to row m column 2 of array D 

 

 

I=imread('C:\Documents and Settings\mcecb2\Desktop\/exported PIV growth rate 

images/300.0.5.2%.a.tif',6);%Read the image file and required frame 

C=sum(I,1);%Summate the image along the x-axis (columns) 

A=trapz(C);%Use trapezoid rule to calculate area underneither the curve of C 

D(m,3)=A;%Places the calculated area in to row m column 3 of array D 

 

K(n,3)=std(D); %Calculate the standard deviation of array D and place into row n 

column 3 of array K 

n=n+1 %Increase minute counter by 1 

%By this point there should be an array K with 3 columns. First column is 

%the time in min. Second column is the image area, Third column is the 

%standard deviation of the image area (based on 10 frames before and after 

%the desired image). 
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K(n,1)=n; 

I=imread('C:\Documents and Settings\mcecb2\Desktop\/exported PIV growth rate 

images/300.0.5.2%.a.tif',4*n+2) 

C=sum(I,1); 

A=trapz(C); 

K(n,2)=A; 

D(m,1)=A; 

 

I=imread('C:\Documents and Settings\mcecb2\Desktop\/exported PIV growth rate 

images/300.0.5.2%.a.tif',4*n); 

C=sum(I,1); 

A=trapz(C); 

D(m,2)=A; 

 

I=imread('C:\Documents and Settings\mcecb2\Desktop\/exported PIV growth rate 

images/300.0.5.2%.a.tif',4*n+4); 

C=sum(I,1); 

A=trapz(C); 

D(m,3)=A; 

K(n,3)=std(D); 

n=n+1 

x=K(:,1); 

y=K(:,2); 

plot(x,y); 
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