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Preliminary Section 

Mes pensées et réflexions 

Mais, qui sommes-nous? Première question qui demeure sans 

réponse, non que je sois le premier à y réfléchir! Sans réponse 

ou réponse que mon esprit scientifique et cartésien ne veuille 

accueillir? 

Mais de quel point de vue devons-nous réfléchir à cette question? 

De celui de l'individu, de l'humanité, de l'univers? Mais quel 

est notre intérêt en tant qu'individu, en tant qu'humanité? 

S'enrichir ... ? Est-ce si mauvais ou simplement mal perçu? Est-ce 

simplement dire qu'on veut évoluer, évoluer vers quoi? 

En tant qu'humanité, comme toute race, on veut survivre? Mais 

pourquoi survivre? Pour se rendre compte que nous sommes 

éternels? Ou peut-être pour comprendre que la vie est un jeu, un 

jeu dont il faut apprendre les règles? Les ai-je apprises? 

Sûrement pas toutes, mais j'ai toute la vie devant moi pour les 

apprendre! 

Mais ce jeu, il faut le vivre au moment présent, non pas dans les 

regrets du passé ou les appréhensions du futur car seul le moment 

présent existe. De là, faut-il apprendre à faire confiance à la 

vie. Il faut apprendre à se connaître, à découvrir qui nous 

sommes. Chacun a sa place dans l'univers. L'immensité de 

l'univers est le miroir de notre intérieur et de toutes les 

choses qu'il y a à découvrir. Tout comme toutes les merveilleuses 

richesses que recèle l'univers, notre for intérieur comprend de 

multiples surprises. Parfois, nous devons illuminer d'amour un 

nuage de noirceur pour découvrir que le bonheur est si près de 

nous. 

La seule obligation que nous avons face à la vie et la chance que 

nous avons d'être ici sur terre, c'est d'être soi-même, mais 

surtout le meilleur de soi-même. Le jour où chacun prendra sa 

place dans l'humanité et connaîtra qui il est, l'univers s'en 

portera bien mieux. Toute situation et toute personne placées sur 

notre chemin le sont pour nous permettre de grandir et de nous 

comprendre. Ce travail m'a permis de grandir en compagnie de gens 
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formidables que j'aime beaucoup, et maintenant, je peux dire que 

je me connais un peu mieux. Cela m'a permis de forger ce que je 

suis et de bâtir des fondations pour ce je serai. Merci aux 

personnes qui ont cru en moi; leur présence à mes côtés a été un 

réel privilège. 

Que la vie nous apporte paix, amour et lumière! 
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Rés1.U1:1.é 

Les comprimés pharmaceutiques sont produits en comprimant un 

mélange de poudres sur une presse. Un mélange peu homogène de 

poudres pharmaceutiques pourrait aboutir à des comprimés de poids 

et de composition non-uniformes. Dans le but de préparer un 

mélange pharmaceutique, Merck utilise des mélangeurs à rubans 

dans lesquels une vis rotative effectue le mélange dans un 

contenant en forme de U. Le but de cette étude est d'évaluer 

1' effet des paramètres opérationnels sur la qualité du mélange, 

aussi appelée l'uniformité du mélange. 

Dans un mélangeur à rubans à l'échelle de laboratoire, des 

mélanges composés de cellulose microcristalline (MCC) blanche et 

bleue ont été effectués. La qualité du mélange a été évaluée en 

utilisant une approche statistique sous plusieurs conditions 

opératoires comme le profil de chargement, le degré de 

remplissage, la vitesse de la vis du mélangeur et le temps de 

mélange. Le mélangeur a été périodiquement arrêté pour extraire 

des «carottes» dans plusieurs positions. Les échantillons ont été 

analysés en utilisant une technique calorimétrique pour en 

déterminer la concentration de MCC bleue. Le volume du mélangeur 

a été divisé en régions tridimensionnelles dont les 

concentrations ont été comparées. L'uniformité du mélange 

correspond à une répartition équitable de la MCC bleue au travers 

du volume du mélangeur et est basée sur un critère de fin de 

mélange provenant des normes USP. 

Le contenu du mélangeur était uniquement uniforme 

degrés de remplissage. A haute vitesse rotative de 

aux hauts 

la vis, le 

mélange n / a jamais été uniforme. Il a finalement 

qu'en variant les conditions de chargement du 

mélange axial est plus lent que celui radial. 

été démontré 

mélangeur, le 

Suite au profil de chargement, le degré de 

mélangeur est le paramètre qui influence le plus 

remplissage du 

le procédé de 

mélange de poudres. A bas degré de remplissage dans les régions 
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où la quantité de poudre est moindre, il semble que l'inégalité 

de la surface du lit du mélangeur cause une mauvaise qualité de 

mélange. A haut degré de remplissage et à vitesse élevée de la 

vis rotative, la poudre située dans les coins de la surface du 

lit (où elle est normalement soulevée) demeure relativement non-

mélangée. 

Les conditions optimales de mélange sont atteintes avec un profil 

de chargement en couches, ce qui favorise le mélange radial. De 

plus, le mélange était plus uniforme à haut degré de remplissage 

du mélangeur et basse vitesse de la vis rotative du mélangeur 

testés. 
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.Abstract 

Ef fects of Operational Parameters on Blend Uniformity in 
Ribbon-Blenders 

Purpose: Blending of powders is an essential step in the 

production of pharmaceutical dosage forms. Incomplete mixing of a 

pharmaceutical blend could result in tablets of non-uniform 

content. While various blenders are used in the pharmaceutical 

industry, this particular project focuses on the performance of 

ribbon blenders. Ribbon blenders consist of a rotating impeller 

installed wi thin a U-shaped tank. The overall purpose of the 

study was that of evaluating the ef fect of ribbon blender 

operational parameters on the product mixture quality. Mix 

quality or blend uniformity limits are determined by regulatory 

bodies. These limits served as targets for blending end-points. 

Methods: In a laboratory-scaled ribbon-blender, powder mixtures 

composed of white and blue microcrystalline cellulose (MCC) were 

blended. Blend uniformity was evaluated using a statistical 

approach under various operating conditions such as loading 

patterns, blender fill heights, impeller rotational speeds and 

mixing times. The loading pattern served to isolate differences 

between radial and axial mixing. Fill heights were to the shaft 

of the impeller (low), to the edge of the inner ribbon (mid-

point) and to the edge of the outer ribbon (high) . The blender 

was periodically stopped to collect core samples at multiple 

locations. For analysis, the blender was divided into three-

dimensional regions, where concentrations of blue MCC within 

samples were compared using a colorimetric technique. 

Results: It was demonstrated that axial mixing was slower than 

radial mixing. It was also found that blender contents mixed 

completely only at the highest filling heights studied. At high 

impeller rotational speed, blending end-point was not reached. 

Discussion: Blender loading pattern had the greatest impact on 

blend uniformity. Within a filling pattern, fill height was the 

most influential parameter on blend uniformity. At the low fill 
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height, bed unevenness caused the blend uniformity to be 

unsatisfactory in the low powder heights regions. 

Conclusion: Optimal mixing conditions occur when the ingredients 

are loaded into the blender in layers to enhance the effects of 

radial mixing. Additionally better blend uniformity was achieved 

with filling heights equal to the outer ribbon height and at the 

slowest impeller rotational speed tested. 
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List of abbreviations and symbols 

ANOVA: Analysis of Variance 

cGMP: current Good Manufacturing Practices. These are regulations 

to which pharmaceutical companies must comply for the 

manufacturing of products. 

c.p.: centre-point 

Curv.: curvature 

D10 : 1oth percentile particle size 

D50 : median particle size 

D90 : 90th percentile particle size 

Exp.: Experiment 

ft: feet 

Fr: Fraude number 

in: inch 

Inv.sqrt: Inverse square-root. Transformation applied to some of 

the statistical design responses. 

L.of F.: lack of fit 

m: meter(where µm - micrometer, mm - millimetre, cm - centimetre) 

MCC: microcrystalline cellulose 

min: minute 

ml: millimetre 

NTW: Normalized total weight 

Po: Power number 

Prob > F value: probability above F value. Feature in statistical 

design tables 

Re: Reynolds number 

rev: revolution 

RH: Relative Humidity 

RPM: revolution per minute. It abbreviates impeller rotational 

speed within statistical tables 

RSD: Relative Standard Deviation 

s or sec: second 

StDev (or a): standard deviation 
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Sum of sq: sum of squares 

Transf.: transformation. Feature in statistical design tables 

where a transformation can be applied to the response results to 

fit better an eventual model 

T-test: statistical student test 

USP: United-States Pharmacopeia 

UV-Vis: Ultraviolet-visible spectroscopy 

%: percentage 

% w/w: mass percentage 

%LC: percentage label claim 

#turns: number of impeller turns 

<: below 

>: above 

1t: pi number (3 .1415 ... ) 
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CHAPTER 1 INTRODUCTION 

1.1 Context of the study 

Many aspects of finely divided solids processing are poorly 

understood and their use is rather empirical. A better 

fundamental understanding and knowledge of the behaviour of such 

systems would have beneficial impacts on a nurnber of industries 

because of the need for consistent predictions, design and 

results. Much of the work in this area has been previously 

reviewed [BRIDGWATER, J., 1976,JAEGER, H. M. et al., 1992]. 

In the pharmaceutical industry, manufacturing processes are 

largely based on "powder technology". Tablets and capsules 

manufacturing is involved in more than 80% of pharmaceutical 

products. Particulates handling is a major part of the 

manufacturing process directed towards production of structured 

pharmaceutical products [MUZZIO, F. J. et al., 2002]. 

The phenomena involved in mixing, segregation and flow of 

particulate materials are quite complex and presently, are 

inadequately understood from the fundamental standpoint. Powder 

mixing is an operation of central importance for industries 

handling particulate matters and a good review of this field can 

be found in the following references: [BRIDGWATER, J., 1976,FAN, 

L. T. et al., 1990,JAEGER, H. M. et al., 1992,POUX, M. et al., 

1991]. The ultimate goal of a routine solids mixing is that of 

obtaining a uniform blend by evenly distributing the multiple 

ingredients throughout the mixture volume. 

Lack of blend uniformity indicates problems with the mixing 

process. In 1993, a court ruling, known as the "Barr Decision", 

established some regulatory specifications required to be closely 

followed regarding the blending and sampling of pharmaceuticals. 

The court ruling highlighted a lack of understanding of the 

mixing process and the use of inappropriate methods to assess 

blend uniformity. In response to this ruling, many projects have 

subsequently been undertaken, principally by the pharmaceutical 
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industry itself, in order to improve their understanding of the 

mixing and sampling operations. 

In mixing processes three main mechanisms are present: 

convective, shear and diffusive mixing [RHODES, M., 1998]. The 

relative importance of these mechanisms depends both upon the 

physico-chemical properties of the particulate matter and the 

mechanical features; i.e. the geometry and dynamic behaviour of 

the mixing vessel and its mobile mixing components. Ribbon 

blenders are most commonly used in drug formulation processes, 

thus there is particular interest in the investigation of the 

mixing efficiency and optimization of granular materials blending 

by these devices. 

The purpose of the present in-depth study is that of evaluating 

the effect of ribbon blender operational parameters on the 

resulting mixture quality, where the main operational parameters 

studied are: blender filling height; mixing time; impeller 

rotation speed; loading pattern. 

This project was held through a collaborative research program 

established between Merck-Frosst Canada and Co. and the 

Université de Sherbrooke. 

1. 2 Methodology overview 

Different sizes of ribbon blenders are available in-house: 0. 5 

ft 3 , 5 ft 3 , 10 ft 3 and 100 ft 3 • The smallest size corresponds to 

the bench-scale unit used in the formulation laboratory. Mixing 

experiments were performed using the above mentioned bench-scale 

ribbon-blender unit. 
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The specific objectives of the work were to: 

1. Scale-down the laboratory-unit impeller dimensions to match 

those of the geometry of the production unit impeller 

2. Define the solid mixture to be used and characterize it 

3. Define the sampling technique to be used to extract samples 

f rom the powder bed 

4. Define an analytical method to quantify the concentration 

of the ingredients within samples 

5. Build experimental statistical design to evaluate the 

effect of the blender operating parameters on the mixture 

quality 

Figure 1-1 depicts the main steps to be undertaken during 

performance of the overall study. 

Dimensions of 
ribbon blenders 

Literature overview 

Impeller design 

Mixing Experiments 

Results analysis 
& Interpretation 

Analytical method 

Figure 1-1 Main steps of the overall study 
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There are two main mixing displacements in ribbon-blenders: 

radial convective mixing and axial mixing in the direction of the 

axis of the rotating shaft. The case of radial mixing in ribbon-

blenders is examined through a statistical experimental design 

approach by varying the values of the operating parameters. Few 

steps were taken towards a better understanding of the effects of 

the operational parameters on radial mixing. The case of axial 

mixing analysis was also examined through comparison pictures 

with radial mixing at the higher blender filling level. 

A mixture of equal parts of the white and blue microcrystalline 

cellulose was used to evaluate blend uniformity in a formulation 

ribbon-blender. On completion of the radial mixing period, 

samples were extracted from within the mixer vessel for 

determination of the mixture quality. The UV-Visible spectroscopy 

technique was used to quantify the amount of blue MCC within the 

core extracted samples by reference to a calibration curve. The 

core sampling method used, along with the sampling template 

built, was the preferred method for taking 3-D samples from the 

ribbon blender mixes during this study. 

This work is organized as follow. Chapter 2 reviews relevant 

literature related to mixing of granular systems. Chapter 3 

reviews the types of solid mixers and focuses on ribbon-blender 

mixing features and mechanisms. The geometric scaling-down of the 

dimensions of the bench-scale blender impeller is described 

within the second part of Chapter 3. Physico-chemical data of MCC 

and the method used for its analysis are detailed in Chapter 4. 

Chapter 5 reviews the different sampling issues and techniques 

and focuses on the core sampling method used. Chapter 6 details 

the analytical method developed as well as an overview of the 

relevant techniques used to assess blend uniformity of solid 

mixtures. Chapter 7 describes the radial and axial mixing 

experimental study methods. Chapter 8 describes both radial and 

axial mixing results. Conclusions of this study and proposed 

future work are covered within the last section of this work. 
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CHAPTER 2 MIXING OF GRANULAR SYSTEMS 

This chapter discusses mixing theory relevant to this study. 

Due to the wide variety of industries affected by particulate 

mixing, there is a substantial amount of literature on the 

subj ect. In addition, it seems that from industry to industry, 

specific equipment, mixing methods and vocabulary has been used. 

Much of the recent work in this area has well been reviewed by 

[BRIDGWATER, J., 1976,FAN, L. T. et al., 1990]. This section is 

divided into three portions: 

1. Process of mixing 

2. Segregation phenomenon 

3. Cohesive and free-flowing powders and the forces that apply to 

particles 

2.1 Process of mixing 

In multi-component mixing, the objective is to form a homogeneous 

product from two or more materials. It is essential to establish 

how homogeneity will be evaluated. 

The different types of powder mixes may be divided into two main 

groups: those formed by randomisation and those formed by 

mechanisms other than randomisation. The second group can be 

subdivided into those formed by ordering and by other non-random 

mixing mechanisms. Linking the two main di visions there exist 

mixes which owe their homogeneity to a combination of 

randomisation and processes other than random mixing. These 

systems include partial ordered random mixes and total mixes 

[STANIFORTH, J. 1982]. 

Random mixing is a statistical process in which the bed of 

particles is repeatedly split and recombined until there is an 

equal chance of any individual particle being at any given point 

in the mix at any one time. Mixing of bulk solids begins from a 

static powder bed in which all the particles are in spatial 

equilibrium, under the force of gravity. The first step in any 

mixing process is a dilatation (expansion) of the powder bed. The 
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function of dilatancy in random mixing is to allow relative 

particle motion [STANIFORTH, J., 1982]. 

The most widely accepted mechanisms of mixing that have been 

identified are the following [GOTOH, K., 1997,MIYANAMI, K., 

1997,RHODES, M., 1998, STANIFORTH, J., 1982]: 

Diffusive: The random motion of powder particles that roll 

through mixing causes this mechanism. Its rate of mixing is 

fairly low but essential for microscopie homogenization (ref er to 

Figure 2-1 (a)). 

Convective: The rotational motion of a mixer vessel or of an 

agitating impeller usually causes the flow. It contributes mainly 

to macros copie mixing1
, where there is a deliberate movement of 

packets of powder around the powder mass. However, its 

contribution to microscopie mixing2 is rather limited and 

difficult to predict (refer to Figure 2-l(b)). 

Shear: Shear stresses give rise to slip zones and mixing takes 

place by interchange of particles between layers within the zone 

(refer to Figure 2-l(c)) 

1 Reference Appendix A - Glossary 
2 Reference Appendix A - Glossary 
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(cl 

Figure 2-1 Mixing mechanisms 

Figure 2-1 represents the mixing mechanisms [LIEBERMAN, A. et 

al•/ 1990] • 

The theory of random mixing is based on assumptions that there 

are no interparticulate attractive forces. Conversely, the theory 

of ordered mixing requires that adhesion must occur between 

particles from each component powder. 

The phenomenon of ordered mixing was used to explain the mixing 

of cohesive or interacting fine particles [STANIFORTH, J., 1982]. 

Figure 2-2 gives the essential distinction between the two states 

of an ordered mix and a random mixed system, respectively 

represented by "a" and "b"[VERRAES, J. et al., 1980]. 
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b 

Figure 2-2 Types of mixture 

Unlike the process of random mixing, ordered mixing does not 

progress to an ideal state by a method analogous to statistical 

randomisation [STANIFORTH, J., 1982]. The main advantage of an 

ordered mixed system is that it allows the possibility of better 

homogeneity than a random mixture. The homogeneity is dependent 

on the cohesion properties of the drug and the nature of the 

excipient. 

It is acceptable f rom a practical standpoint that both ordering 

and randomisation are produced in dynamic equilibrium. Staniforth 

(1982) derived a theory of "Total Mixingn designed to account for 

variances in powder mix arising from situations in which some 

particles of either component adhered to the other set of 

particles. The theory of total mix ing also accounted for 

particles mixed randomly, non-randomly, by ordering, by partial 

ordered randomisation or by any combination of these mechanisms 

[STANIFORTH, J., 1982]. 

The theory of ordered systems has been questioned by many authors 

[CARTILIER, L.H., 1991; EGERMANN, H., 1991]. It is extremely 

unlikely, if not impossible, for ordered mixtures to be produced 

by actual mixing operations, which, fundamentally, are processes 

of disordering rather than ordering [EGERMANN, H., 1991]. 

Cartilier (1991) suggested classifying mixtures on the ground of 

their physical properties that is interactive or non-interactive 

mixtures. 
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Once a blend is considered uniform, other phenomenon for 

heterogeneous mixture opposed to mixing are called segregation. 

The processes of mixing and segregation occur simultaneously; 

they are two extremes of one phenomenon. Since the two conditions 

exist in dynamic equilibrium, it is essential to consider both 

mechanisms to achieve mixture uniformity of a heterogeneous 

mixture [STANIFORTH, J., 1982]. 

2. 2 Segregation 

Segregation mechanisms can be considered according to the process 

producing segregation or by the forces acting on the particles 

[STANIFORTH, J., 1982]. From the second approach, the main four 

segregation mechanisms of powders identified in the literature 

are [GOTOH, K., 1997,RHODES, M., 1998,VAN DER WEL, P., 1999]: 

1. Trajectory segregation 

2. Percolation of fines particles 

3. Elutriation segregation 

4. Rise of coarse particles on vibration. 

Segregation also occurs in ordered mixes where two distinct types 

were identified: ordered unit segregation and constituent 

segregation, where fine and coarse particles form agglomerates. 

Ordered unit segregation occurs in mixes containing multi-sized 

carrier particles When ordered unit segregation occurs, carrier 

particles of different sizes, with different number of adherent 

particles, move to a specific area of the powder bed [STANIFORTH, 

J., 1982]. 

The main factors that affect segregation (demixing} are the 

difference in particle size, density and shape. As particles get 

larger and less cohesive, it is then possible for smaller 

particles to move into the voids between the larger particles. 

The contact area between two particles (function of the particle 

shape) influences segregation as well as the movements between 

particles. Depending on the density of the particles, small 

particles will move between the gaps of the larger particles. 
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Heavy small particles will move faster than light ones [GOTOH, 

K., 1997,RHODES, M., 1998,VAN DER WEL, P., 1999]. 

2.3 Cohesive and free-flowing powders 

Depending on the relative strength of the interparticulate forces 

based on material properties, powders tend to demonstrate either 

a cohesive or a free-flowing character. The cohesiveness of the 

mixture depends on the material properties such as particle size 

and distribution defined later in Chapter 4 of the present work. 

Usually, a convective mixing mechanism can produce adequate 

mixing for free-flowing (non-cohesive) powders [RHODES, M., 

1998]. Because of the aeration of free-flowing powders, particles 

mix all together without any resistance to mixing but it can lead 

to gross segregation caused by both diffusive and shear mixing. 

For a non-cohesive binary mixture, randomization is the best 

mixing state that can be obtained [HARNBY, N., 1993). 

For cohesive powders, the inter-particle forces are strong enough 

to keep particles together in a structured manner during handling 

of the product [VAN DER WEL, P., 1999]. Because of the particle 

size and distribution of the powder used in this work, the 

material is cohesive (refer to Chapter 4). 

Unlike a Newtonian fluid, solid particles have no intrinsic 

mobility; they are constrained to remain in their relative 

positions by interparticulate forces and the force of gravity 

[STANIFORTH, J., 1982]. 

The most significant interparticulate forces of interest to be 

considered in solid blending of heterogeneous cohesive mixtures 

are [HARNBY, N., 1993]: 

electrostatic forces: These forces arise as solids rub each 

other, then producing static electric charges. Mixing often 

creates friction between particles but the effect is usually not 

beneficial since they increase the static discharges. Certain 
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materials such as antistatic agents or glidents can be used to 

reduce the electrostatic forces 3
• 

van der Waals forces: This is a short-range electromagnetic 

force interaction between two molecules (or atoms). The particles 

do not have to touch but the forces decrease with the square of 

the distance between them. 

The mild forces developed during convective mixing do not allow 

the breakage of microscopie aggregates due to cohesiveness. It 

means that after the completion of the convective mixing process, 

the product is only mixed at a macroscopic level. At microscopie 

level, it is noticed that the cohesive structures remain 

unchanged. Addi tional mixing forces are necessary to break up 

these cohesive structures. Mixing will become more intensive by 

the application of such extra forces and the addition of more 

energy. The energy required to break-up these structures can 

either be provided by high speed impact forces, which simply eut 

the structures in the powder into pieces, or by shear forces, 

which deform the structure enough to break them [VAN DER WEL, P., 

19 99] . 

None of these forces are necessary to be considered in the 

present work since the experiments were held with two ingredients 

having the similar physical characteristics (refer to Chapter 4 

of the present work) . 

3 Refer to Appendix A - Glossary 
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CHAPTER 3 GRANULAR MIXERS AND IMPELLER DESIGN 

In general, solid mixers are classified based on the predominant 

mode of operation. This chapter will overview the types of 

granular mixers in Section 3 .1 and presents the characteristics 

of ribbon-blender in Section 3. 2. Finally, Section 3. 3 details 

the design of the laboratory-scale impeller in an attempt to 

scale-down the production unit impeller based on geometric 

similarity principles. 

3.1 Granular mixers overview 

The four types of mixers described in the literature [GOTOH, K., 

1997] are: tumbling, convective, fluidized bed and high-shear 

mixers. 

A tumbling mixer comprises a closed vessel rotating around its 

axis. Common shapes for the vessel are cube, double cone and V. 

The dominant mechanism is diffusive mixing. Since this can give 

rise to segregation in free-flowing powders the quality of the 

mixture achievable with such powder in tumbling mixers is limited 

[RHODES, M., 1998]. 

In convective mixers, circulation patterns are set up within a 

static shell by rotating blades or paddles. The main mixing 

mechanism is convective as the name of the type of mixer suggests 

(some diffusive and shear mixing are also present) One of the 

most common convective mixers is the ribbon blender. 

Fluidized bed mixers rely on the mobility of the particles in the 

fluidized bed. The mixing is largely convective with the 

circulation patterns set up by the bubble motion within the bed. 

An important feature of the fluidized bed mixer is that several 

processing steps may be carried out in the same vessel. 

In the high shear mixers, the emphasis is on breaking down 

agglomerates of cohesive powders rather than breaking individual 

particles. The dominant mechanism in high shear mixers is shear 

mixing. 
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3.2 Characteristics of a ribbon blender 

The mixer used in this work is a ribbon blender, a convective 

mixer type (refer to Figure 3-1). It can handle various materials 

ranging from powders to slurries [FULLER, W. O. et al., 1998]. 

The ribbon mixer typically has a U-shaped trough with a rotating 

single-shaft, double-helix agitator (also called ribbons) and a 

top cover. The agitator's shaft is mounted in the trough centre 

and has welded spokes. Inner and outer sets of ribbons are welded 

to the spokes, fitted to the trough shape. An inlet is located in 

the trough caver; a discharge valve is typically located in the 

trough's bottom centre, but can also be at either end of the 

trough [FULLER, W. o. et al., 1998]. 

The inner ribbon is wider than the outer ribbon because the 

linear veloci ty of the inner ribbon is lower and requires more 

surface area to push the material. Thus, the closer the spacing 

between the inner and the outer ribbons, the less width the inner 

ribbon requires for the same volume of powder to be displaced 

through time. To perform quicker mixing in practice, one can 

increase the ribbon width, but this will also increase the 

mixer 1 s horsepower requirements and operating costs [PRESNELL, 

D., 1995]. 
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The most important characteristics of a mixer are [FAN, L. T. et 

al•/ 1970] : 

• contact surface characteristics(surface roughness) 

e mixer and impeller geometry 

• length-to-width ratio 

e ribbon pitch (distance between the spokes supporting the 

ribbons) 

e ribbon width and spacing 

e working volume 

o ribbon assembly speed (units: ribbon's tip speed [m/s] where 

most of the mixing action occurs) 

e power requirements 

o cover and discharge geometry and location 

o necessity of thermal jacketing (for example for heat-sensitive 

pharmaceutical mixture) 

The blender used was an S. Howes S-50 mixer (refer to Figure 3-1 

and Figure 3-2) consisting of a U-shaped trough with internal 

dimensions, 16in long (0,406m), lüin (0,254m) wide, and 12.Sin 

( 0, 318m) deep at the centreline, constructed of mirror finished 

SS-316. It was fitted with a lid and a central discharge valve 

at the bottom and had a nominal working capacity of 0.5ft3 

(0,015m3 ). A manually operated wheel activates the discharge 

valve. A rotating impeller inside the vessel induces the mixing 

motion (refer to Figure 3-1) . 

Pascal Côté 14 Master thesis 



Chapter 3 Granular mixers and impeller design 

Figure 3-1 0.5 ft 3 Formulation Ribbon-blender 
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Figure 3-2 Ribbon-blender detailed parts 
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The impeller rotational speed controlled using the control panel 

can go up to 88 RPM. There are two inner and outer ribbons per 

blender side respectively pushing the powder towards the ends and 

the centred discharge. Each of the ribbons does one complete turn 

(refer to Table 3-3 for ribbon dimensions) 4 . 

3.2.1 Mixing in ribbon blenders 

For a ribbon blender, the principal mixing mechanisms are 

o convective mixing, responsible for the transfer of groups of 

particles from one location to another; and 

o shear mixing, which creates slip planes within the solid 

mass. Opposing helixes provide the axial flow (which is 

slow) and prevent build up of material in one direction or 

position within the ribbon blender. 

The ribbon shaft moves relatively slowly and the material is 

pushed back and forth [COX, B. D.' 2000,FULLER, W. o. et al. f 

1998]. 

ll 
Figure 3-3 Axial mixing patterns in ribbon blenders 

This produces a constant end-to-end (refer to Figure 3-3 [FULLER, 

W. O. et al., 1998]), side-to-side mixing action as the ribbons 

4 Mixing method steps are found in Appendix F Section F-2 
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move through the particles, dividing, 

redistributing them behind the ribbons. 

separating, and 

The convective mixing powder behaviour is different on each sides 

of the rotating axis where it is lifted (aerated) on one side and 

de-aerated on the other one, depending on the rotation direction 

of the impeller. 

Aeration is a property of many bulk materials of small particle 

size. Through agitation, an adsorbed cushion of air separates the 

particles. The bulk density is lowered and the mixture of 

material particles and air temporarily takes on many of the 

properties of a fluid. 

Usually, an increase of the aeration of the powder through 

agitation increases proportionally its fluidity. The agitation of 

the material may be accomplished by: 

• Mechanical stirring like ribbon-blenders 

• Vibration 

• Pneumatically by streams of air introduced into the material 

mass. 

The possibility that a given bulk material may be so aerated 

{that it behaves much like a fluid) increases inversely with 

particle size. CEMA provides a simple standard test for material 

aeration and resulting fluidity [CONVEYOR EQUIPMENT MANUFACTURERS 

ASSOCIATION {CEMA), 1997]. 

Ribbon blender blades cause the solids to build up on one side, 

until a layer cascades down the other. This sliding action is 

responsible for much of the mixing that occurs, but it can also 

be a source of demixing, particularly if the solids are sensitive 

to sifting and segregation due to angle-of-repose induced 

avalanching. 

Sifting takes place as fines move down through the layer of 

sliding material to concentrate in the non-sliding material 

below, not reaching the bottom slope or the blender' s outside 

wall. When the material at the periphery rotates up to the top 

again, the cycle repeats to concentrate more fines in the centre, 
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until the spaces in between the larger particles are filled. The 

longer the mixing time, the more fines can concentrate. For 

example, increasing cohesion makes particles stick together thus 

reducing the potential demix by any mechanism. Specifying a 

different particle-size range, higher moisture content may also 

help to increase cohesion. Figure 3-4 represents the typical 

demixing phenomenon in a ribbon blender [COX, B. D., 2000]. 

Figure 3-4 Typical demixing in a ribbon blender 

In Figure 3-4, arrow A shows how solids slide down the top of the 

pile. In Area B, the fines sift from the sliding layer into the 

coarse particles below, and collect in Area C due to angle-of-

repose and sifting demixing. Area D shows how extreme fines 

fluidize and collect on the top surface. Finally, in Area E, it 

is where fines sift into open void spaces between the larger 

particles in the clearance between the ribbon and the wall [COX, 

B.D., 2000]. 

3.2.2 Scale-up and down criteria 

As wi th many other pro cesses in which solids play the dominant 

role, the knowledge base for the scaling up batch mixers is 

rather limited. This is because product's properties can be 

recorded with considerable difficulty. In Rudolf von Rohr and 

Widmer article [RUDOLF VON ROHR, PH. B. et al., 1986], it is 
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stated that there are still no correlations for ribbon blenders 

in respect of mixing times [WEINEKÔTTER, R. et al., 2000]. 

Schofield (1977) has stated that for a ribbon mixer, the rate of 

mixing is described by a first order equation [ SCHOFIELD, C. , 

1977]. 

In the absence of further information, it is reasonable, as a 

first approximation, to use a similar approach on scale-up as 

discussed for tumbler mixers. When scaling-up, it is particularly 

important to ensure similar loading methods. 

According to R.H.Wang (1974), the important concept for scaling-

up is the principle of similarity. Three types of similarities 

have to be considered: geometric, kinematic and dynamic [WANG, R. 

H. et al., 1974]. 

Two systems are considered being geometrically similar when the 

linear dimensions ratios of the prototype and the scale-up system 

are kept constant through all the design. 

Kinematically, two systems are being considered similar when the 

velocity between corresponding locations in the two mixers is 

equal. 

For dynamic similarities, two systems are considered similar when 

the force ratios between corresponding locations are kept 

constant. 

Tawashi (1972) has applied the similarity principles in a 

practical study with a TURBULA mixer. 

Ribbon mixers should be scaled up maintaining constant Froude 

number [WANG, R. H. et al., 1974]. It is considered as a 

criterion of a dynamic similarity. 

17' N2D; 
rr=---

g 

where in Equation 3-2, 

Di= impeller diameter (m) 
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N= impeller speed (Hz) 

and g= gravitational acceleration 9.8 m/s2 

To produce solid-solid mix, work must be done to overcome the 

influence of gravity on the particles [STANIFORTH, J., 1982]. 

Gravitational forces govern particles above 1000 µm in diameter. 

In general larger particles f low faster than smaller ones 

[HOWARD, S. A., 2002]. 

Despite the fact that there should be more experiments to support 

this statement, it is also suggested that mixing time is 

proportional to the linear dimension squared, provided that the 

large mixer is loaded in the same way as the bench unit [WANG, R. 

H. et al., 1974]. 

3.3 IMPELLER DESIGN 

As a starting point, it was assumed that the mixing behaviour of 

a small blender would be similar to that of a larger one if the 

geometric similarity is respected5 [WANG, R. H. et al., 1974]. 

Nevertheless, significant geometrical differences were observed 

between the different size ribbon blenders available in-house and 

mainly between the industrial and the 0,5ft3 laboratory units. It 

was then decided to scale down the industrial impeller. The 

dimensions of the 0.5 ft 3 and 100 ft 3 ribbon blenders available on 

site are reported in Table 3-1. 

Figure 3-5 represents the old impeller before scaling. 

5 Refer to Section 3.2.2 
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Figure 3-5 Old impeller detailed parts 

3.3.1 Impeller length, surface and volume 

The shape of the ribbon blender impeller corresponds to a helix . 

It can be defined as a curve for which the tangent makes a 

constant angle with a fixed line. 

(refer to http://mathworld.wolfram.com/helix.html ) 
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Figure 3-6 Helix shape 

Ribbon pitch is defined as the horizontal distance for the ribbon 

to complete one turn (refer to Figure 3-6). As per a circle, the 

circumference can be calculated from the impeller ribbon diameter 

(refer to equation 3-2). 

Ribbon Circumjèrence = 1l * Ribbon diameter (3-2) 

From there, mathematical relations describing helixes were used 

and derived. As per a 3-D square triangle, the hypotenuse is 

measured to determine the ribbon length6 [OBERG, E. et al., 1969]. 

6 Refer to equation 3-4 and Figure 3-7 
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Figure 3-7 Distance diagram 

Projected radial distance 
=citcum fer en ce 

Projected axial 
distance=pitch 

dütanc =ribhff1 length 

Ribbon Length = ~Circumference 2 + Pitch 2 * number turns per ribbon (3-3) 

From there, the ribbon surface can be calculated, considering 

only the one side of the blade, moving the powder (refer to 

equation 3-4). 

Ribbon surface = ribbon length * width 

Considering the ribbon surface, 

calculated (refer to equation 3-5). 

(3-4) 

the ribbon volume can be 

Ribbon volume = ribbon surface* thickness 

(3-5) 

Refer Table 3-1 for all the dimensions and calculations of the 

ribbons. 
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3.3.2 Scaling ratios 

Scaling factors were calculated (volume, surface and length) and 

kept constant through scaling-down the production unit impeller 

to the laboratory unit one. These ratios were calculated in the 

following manner. The impeller occupies a certain volume, defined 

as the « volume occupied by the impeller », represented by a 

cylinder (refer to Figure 3-8) 

Figure 3-8 Volume occupied by the impeller (cylindrical shape) 

The impeller diameter corresponds to the outer ribbon diameter. 

The impeller length is calculated by subtracting the two end-

clearances values to the tank length dimension. From there, the 

volume occupied by each of the impellers was calculated (ref er to 

equation 3-6). 

· 1C * (Impeller diameter 2
) volume occupied by the impeller = * lmpeller length 

4 
(3-6) 

Volume factor was derived from equation 3-7 and is defined as: 

17 1 fi volume occupied by the 1 OO ft 3 impeller 
r o urne actor = ------------------

volume occupied by the X ft 3 impeller 
(3-7) 

Equation (3-7) can be used for any type of mixer, enabling 

scaling down to any desired impeller size. X corresponds to the 
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type of mixer and has a value 1 in our case, of 0. 5ft3 for the 

laboratory-sized ribbon blender. 

The length factor is calculated by taking the cubic root of the 

volume factor (refer to equation 3-8). 

Length factor = 'Jjvolume factor (3-8) 

For the last factor, the surface factor, it is the square of the 

length factor as shown by the equation (3-9). 

Surface factor = (length factor )2 (3-9) 

Having the dimensions of the 100 ft 3 (refer to for Table 3-1 

dimensions), their values were divided by the length factor to 

obtain the 0. 5 ft 3 impeller dimensions (refer to Table 3-2 for 

scaling factors). The surface and volume factors could be used to 

determine the surface and volume of components for the 

laboratory-unit, like the length factor. 

3.3.3 Volume comparison ratios 

The impeller itself has a volume of "metal" defined as the volume 

of the impeller. The volume ratio is the "volume occupied by the 

impeller" over the "volume of the impeller'' (refer to equation 3-

10). 

TT l . volume occupied by the impeller "'o ume ratw = ( 3 -1 O ) 
volume of the impeller 

From the volume of each of the impeller components, ratios were 

calculated7
• 

7 Refer to Tables 3-5 to 3-7 for volume calculations and ratios 
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3.3.4 Steps taken to build the impeller 

Spokes were welded on the shaft at their appropriate positions. 

Then, the inner and outer ribbons were welded on the spokes at 

their appropriate positions. 

From the calculations of the length of the ribbons, a new 

equivalent diameter was derived for the ribbons to be eut (refer 

to Equation 3-11). 

. Calculated length of the ribbons 
Dtameterequivalent = --------------.. 1C (3-11) 

Refer to Table 3-1 for the values of the thickness of the 

ribbons. 

3.3.5 Comparison with CEMA standards of ribbon flight conveyors 

After discussing with ribbon-blender suppliers, it was found that 

the ribbon blender designs would be based on the ribbon flight 

conveyor screws design. Figure 3-9 represents the CEMA (Conveyor 

Equipment Manufacturers Association) standard for ribbon flight 

conveyor screws. 
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LENGTH -1/16" 

120· SPAClNG OR 3 TO 
LUGS PER PITCH Ulî 

USTED A B D F G H 
SCREW CPLG. 

PIPE lENGTH BUSHING 
OIA. S!ZE SIZE 011\1.!ETER FUGHT SPACING CENTERS NOM. 

ANO DIA. DESIGN- SCH. FEET TOLERANCE SIZË SORE 1ST BOU 2ND BOLT BOLT 
ATION 40 AND !NSIO!'. DIA. HOlE 

PfTCH 
INCH ES tNCHES PLUS MINUS THlCK. WIOTH MIN. MAX. 

HOLE HOLE SIZE 
INCH ES lNCHES 

6 1 1/2 6R312 2 9'-10" 1/16 3/16 3/16 1. 1.505 1.516 7/8 3 17/32 
9 1 1/2 9R.316 2 9' -10· 1/16 3/16 1/4 1 1/2 1.505 1.516 7/8 3 17/32 

2 12R416 2 1/2 1 r-10· 1/8 5/16 1/4 2 2.005 2.016 7/8 3 21/32 
12 2 12R424 2 1/2 11'-10" 1/8 3/8 3/8 2 1/2 2.005 2.016 7/8 3 21/32 

2 7/lfJ 12R524 3 11'-9" 1/8 3/8 3/8 2 1/2 2.443 2.458 15/16 3 21/32 

14 2 7/16 14R524 3 11'-9" 1/8 3/8 3/8 2 1/2 2.443 2.458 15/16 3 21/32 
3 14R624 3 1/2 11'-9" 1/8 3/8 3/8 2 1/2 3.005 3.025 1 3 25/32 

\6 3 t6R6l6 3 1/2 11'-9" 1/8 3/8 1/4 2 1/2 3.005 3.025 l 3 25/32 
3 t6R624 3 1/2 11·-9• 1/8 3/8 3/8 2 1/2 3.005 3.025 1 3 25/32 

l& 3 t8R624 .3 1/2 11•-9• 3/16 3/8 3/8 3 3.005 J.025 1 3 25/32 
20 3 7/16 20R724 4 t 1'-8" 3/16 3/8 3/8 3 3.443 3.467 1 1/2 4 29/32 
24 3 7/16 24R724 4 1r-s· 3/16 3/8 3/8 3 3.443 3.467 1 l/2 4 29/32 

Figure 3-9 CEMA standard N0.300-006 

Based on Figure 3-9 [Conveyor Equipment Manufacturers Association 

(CEMA) 1999], a comparison of these standards with the 

laboratory-sized dimensions is done in Section 3.3.9 . 
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3.3.6 Available ribbon blender dimensions 

Table 3-1 Data on blenders 

S-50 S-488 

0,406 2,438 

0,248 0,140 1,215 1,016 

0,019 0,016 0,038 0,051 

0,077 0,114 0.31 0,050 

0,005 0,005 0,013 0,009 

0,25 2,2 1 

6 2 4 4 

0,206 1, 141 4,006 3,415 

0,004 0,018 0,153 0,173 

1,87E-05 8,63E-05 1,94E-03 1,59E-03 

1,238 2,282 16,023 13,661 

0,024 0,036 0,610 0,694 

1, 12E-04 1,73E-04 7,75E-03 6,35E-03 

0,564 0,836 

6 8 

fiat bar 0,044 

0,069 0,302 

0,037 0,164 

0,003 0,006 

0,003 0,002 
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The following feature dimensions can be found in Table 3-1: tank, 

outer and inner ribbons, end-disks holding the impeller to the 

mixer, spokes, shaft and bot tom and end-clearances. The 

production unit is the only mixer having disks holding the 

impeller to the blender. All their dimensions have been shown 

since each of these cornponents contributes to the impeller 

volume. 

are their 

nurnber of 

The main features of the outer and inner ribbons 

diameters, pitches, number of turns per ribbon, 

ribbons, widths and thickness. From there, their 

surfaces and volumes of the ribbons using equations 3-4, 

3-6 were calculated. 

lengths, 

3-5 and 

The length-to-width ratio respectively for the laboratory-sized 

blender and the production unit are equal to 1. 6: 1 and 2 . 0 : 1, 

where the literature states that this ratio is typically from 2:1 

to 3:1. [BARTHOLOMEW, L. c., 1994, POUX, M. et al., 

1991,PRESNELL, D., 1995]. The length-to-width ratio is not 

varying with the new design of the impeller. 

Spokes are holding the ribbons to the shaft of the impeller. The 

supplier provided laboratory-sized old impeller having flat bars. 

The remaining ribbon blenders have cylindrical spokes. 
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3.3.7 Scaling ratios 

Once the dimensions of the available blenders on site were 

compiled, the new laboratory-sized impeller, respecting the 

geometric similarities from the production unit, was built using 

the scaling factors. 

Table 3-2 Scaling factors 

When scaling down from the 100-ft3 to the calculated ( 0. 5) -ft3 

impellers, the volume, surface and length factors were 

respectively: 145.98, 27.72 and 5.27 8 • 

From there, the new impeller was built 9 , matching the geometric 

similarities of the large production unit. 

8 refer to Section 3.3.2 for calculation method 
9 refer to Table 3-3 and Figure 3-10 
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3.3.8 New impeller dimensions and comparisons 

Table 3-3 Dimensions of the new impeller 

0,086 

0,140 0,250 0,192 

0,019 0,016 0,008 0,008 

0,077 0,114 0.032 0,044 

0,005 0,005 0,003 0,003 

0,25 2,2 1 1 

6 2 4 4 

0,206 1, 141 0,811 0,636 

0,004 0,018 0,007 0,005 

8,63E-05 1,96E-05 1,60E-05 

2,282 3,245 2,544 

0,024 0,036 0,026 0,021 

1,73E-04 7,83E-05 6,39E-05 

0,564 0,767 

6 8 

fiat bar 0,0096 

0,069 0,051 

0,037 0,038 

0,003 0,003 

0,003 0,002 
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Table 3-3 compares the dimensions of the old and new impellers 

The main differences between the old and new laboratory-sized 

impeller are (refer to Table 3-1 and Table 3-3): 

1. Inner and outer new impeller ribbons widths and thickness 

values are smaller than the old impeller. 

2. For respectively the old impeller, the new impeller and the 

production unit impeller, the outer ribbon ratios of the 

width over its diameter are: 0.077, 0.032 and 0.031. 

3. For respectively the old impeller, the new impeller and the 

production unit impeller, the inner ribbon ratio of the 

width over its diameter is 0.114, 0.044 and 0.050. 

4. The old impeller has two inner ribbons of 2. 2 turns each 

where the new one has four ribbons of 1 turn each, as per 

the production unit impeller. 

5. The old impeller has six outer ribbons of 0. 25 turns each 

where the new one has four ribbons of 1 turn each, as per 

the production unit impeller. 

6. Where as the production unit ratio of the diameters of the 

inner ribbon over the outer ribbon is 0.84, this value goes 

from 0. 56 for the old impeller to 0. 77 for the new one, 

since the inner ribbon diameter value is larger. 

7. The new laboratory-sized impeller has cylindrical spokes, 

such as the production unit. 

The laboratory-sized old impeller had a bottom clearance of 1/8 

inch where the new design laboratory-sized impeller has a bottom 

clearance of 1/16 inch, such as the production unit. The whole 

purpose of having a tight clearance (bottom and end) is to limit 

powder not being swept by the impeller, creating a dead zone, 

more important with a higher clearance. From the literature, the 

clearance between each ribbon' s outer edge and the wall ranges 

from 3 / 16 to ~inch [BLANCO, M. et al., 1999,FULLER, W. O. et al., 

1998] where as [PRESNELL, D., 1995] states that it ranges in-

between 1 
/ 8 to 3 

/ 16 inch. 
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The old and new impellers are respectively on top and at the 

bottom of Figure 3-10. 

Figure 3-10 Old and new impeller comparison 

3. 3. 9 Comparison of dimensions with CEMA standards of ribbon 

f light conveyors 

The outer and inner diameters of the new impeller are 

respectively 9. 625 and 7. 76 inches 10 • From Figure 3-9, diameters 

of 9 and 6 inches respectively for the outer and inner ribbons 

can be used. 

10 refer to Appendix B Table B-1 
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Table 3-4 Dimensions comparison using CEMA standards 

From Table 3-4, observations can be made that all the dimensions 

for the old and new impellers are larger when compared with the 

CEMA standards values. However, the old impeller dimensions 

provided by the supplier more closely match the dimensions 

suggested by CEMA standards than the ones of the newly designed 

impeller. Geometric similarities from the production unit would 

not be kept if CEMA standards were used. 

This same verification can not be done for the production unit 

impeller having an outer ribbon diameter of 4 7. 50 inches since 

Figure 3-9 covers for a maximum ribbon diameter of 24 inches. 

Apart from comparison with CEMA standards found in Table 3-4, no 

information is available in the literature to compare the 

dimensions of the ribbon blenders. Delaplace (2000) has proposed 

ratios for helical ribbon impellers for liquids but since the 

shape of the agi tator is mainly vertical other than horizontal 

like sol id ribbon blenders, this study is not applicable for 

solids ribbon-type mixer [DELAPLACE, G. et al., 2000]. 
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3.3.10 Volume comparison ratios 

Table 3-5 details the impeller parts volumes for the old and new 

laboratory-sized impeller, along with those of the production 

unit. 

Table 3-5 Impeller parts volume calculations 

51,31 
Spokes 13,05 
lnner ribbon 6,35 
Outer ribbon 7,75 
Disks 12,59 

Total volume of the impeller 0,89 0,73 91,05 
Volume occupied by the impeller (cylinder) 19,270 19,637 2813,002 

Units in Table 3-5 are in dm3 ( liters) . 

The different volumes found in Table 3-5 are derived from the 

dimensions found in Tables 3-1 and 3-3. The volumes of the shaft 

and the spokes are defined as cylinders. The volume of the disks 

of the production unit is defined as a cylinder minus the 

internal volume of the shaft going through it. The volume 

occupied by the impeller is def ined as a cylinder as described in 

Section 3.3.2 . 

In Table 3-6, ratios are built of each of the impeller parts 

volumes over the total impeller volume, to know each component 

contribution to the total impeller volume. 
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Table 3-6 Impeller parts volume ratio over the impeller volume 

Shaft 
Spokes 
lnner ribbon 
Outer ri bbon 
Disks 

Units in Table 3-6 are in %. 

In Table 3-6, the shaft volume contributes to the most to the 

total impeller volume for each of the blender sizes. Other than 

the shaft, the contribution to the total volume of the different 

parts of the new impeller is closer to the one of the production 

impeller. 

Table 3-7 represents each component volume over the volume 

occupied by the impeller. 

Table 3-7 Impeller parts volume ratio over the volume occupied by 

the impeller 

Shaft 
S okes 
lnner ribbon 
Outer ribbon 
Disks 

ratio of the volume of the impeller I 
volume occupied by the impeller 

Units in Table 3-7 are in %. 

4,60 3,71 3,24 

From Table 3-7 for all the blenders, the shaft volume ratio 

contributes the most to the total volume ratio. In comparison 

with the values of the old impeller, the volume ratios of the 

ribbons for the new impeller are much more alike the production 

values. The ratio of the total volume of the impeller over the 
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volume occupied by 

production unit value 

impeller (3.71%). 

the impeller 

(3. 24%) from 

decreased almost to 

the old (4. 60%) to the 

the 

new 

In conclusion, geometric scaling-down principle between in-house 

ribbon-blenders was respected to build the new bench-scale unit 

impeller. 
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CHAPTER 4 :MATERIAL 

There are a wide variety of excipients, also k:nown as non-

therapeutic ingredients, available for pharmaceutical drug 

formulations. An excipient may be a gaseous, liquid or sol id 

substance, more or less inert, which is incorpora ted wi th the 

active ingredient of a drug formulation to facilitate its 

preparation, administration and handling. Some common uses for 

excipients are as diluents, binders, flow aids or glidents, 

adsorbents, disintegrants and lubricants. Excipients 11 can also be 

used to improve bioavailability, control drug release, antistatic 

agent and for taste masking. 

Microcrystalline cellulose (MCC) is widely used in 

pharmaceuticals, primarily as a binder/diluent in oral tablet and 

capsule formulations; it is used in both wet granulation and 

direct-compression processes [AMERICAN PHARMACEUTICAL 

ASSOCIATION, 1994]. 

The MCC has been chosen for this study because it covers a large 

variety of real industrial applications. 

MCC Avicel PH101 supplied by FMC Biopolymer was chosen since this 

grade12 is also available in-house in another colour (blue) . A 

mixture of white and blue MCC PH101 in a 1:1 ratio, corresponding 

to 50wt% of each ingredient, was used throughout the mixing 

experiments. 

Blue MCC PH101 was provided in-house and proved uniform by 

quality standards. An aqueous solution of the blue dye indigotine 

FD&C #2 (CAS 860-22-0) is sprayed onto white MCC and dried to 

produce blue dyed fibres. The final concentration of dye with the 

white MCC is approximately 0.088 wt%. 

The starting hypothesis is that the mixture is homogeneous 

because the two MCCs have exactly the same material 

characteristics. Blending of a binary homogeneous mixture is 

11 refer to Appendix A Glossary for some excipient definitions 
12 refer to Appendix C Section C-1 
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simpler than heterogeneous mixture since inter-particles forces 

between compounds do not differ. 

The main goals of the material characterisation are: 

• Have a rough indication of the material properties 

e Compare the characteristics of white and blue MCC 

If the white and blue MCC have the equivalent material 

characteristics, the mixture will be considered homogeneous. 

4.1 Characterisation of the material 

Many characteristics needed for the optimum selection, design 

and/or operation of many processes and equipment suffer from 

inadequate investigation. Particle size distributions do not 

provide quantitative information on how the powder will behave in 

handling, storage, transport or processing operations [DE SILVA, 

S. R. I 2000]. 

Sorne characteristics of a powder system impact the mixing process 

[FAN, L. T. et al., 1970,GOTOH, K., 1997]. These include: 

• particle size and distribution 

• Mass concentrations (%w/w) of each component 

e Physical and mechanical characteristics of the mixture 

components 

o Particle shape (sphericity and rugosity) 

o Electrostatic properties 

o Elastic properties 

• Bulk and particles densities 

e Flow properties 

• moisture content 

• Rheological properties 

o Apparent viscosity 

o Yield and ultimate stress 

o Stiffness or brittleness (fragility) 

o Adhesiveness or cohesiveness cohesive strengths 

(function of consolidating pressures) 

e Interparticle forces (refer to Chapter 2 Section 2.3) 

Pascal Côté 39 Master thesis 



Chapter 4 Material 

Table 4-1 shows some more important characteristics identified by 

the US Conveyor Equipment Manufacturers Association as being 

necessary for the selection and/or dimensioning of conveying 

equipment. 

Table 4-1 Powder characteristics required for the selection of 

conveying equipment 

Dustiness Stability/Reactivity 

Aeratability Hygroscopicity 

Explosivity Combustibility 

Erosivity Compressibility 

Coating tendency Hardness 

Corrosivity Frictional properties 

CEMA also provides a classification of bulk materials based among 

others on the properties found in Table 4-1. This table gives a 

list of materials together with their loose density and code 

classification. The characteristics delineated by the code 

designations are those that are commonly encountered in average 

conditions13 [CONVEYOR EQUIPMENT MANUFACTURERS ASSOCIATION (CEMA), 

1997]. 

Even if there are a large amount of material characteristics to 

consider when handling solid material, a restriction to particle 

size and distribution and flowing properties will be done in the 

next portion of the thesis. 

13 refer to Appendix C Table C-2 for GEMA Material Classification Code chart 
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4. 2 MA.TERI.AL PROPERTIES MEASUREMENTS 

Since material properties are an important aspect to consider 

when doing solid mixing, the particle size analysis and the flow 

properties of the white and blue MCC are evaluated in the next 

portion of this work. 

As it was mentioned before, 

affecting flowability and 

distribution, morphology 

the three main particle properties 

mixing are its particle size and 

and density. From these particle 

properties, particle size distribution is the most important for 

this study because the mixture is done with the same density and 

morphology material (MCC) . Particle size analysis will be covered 

in the next portion of the thesis. As it was discussed 

previously, particle size is a direct indication on the 

cohesiveness of the particulate system. As cohesiveness 

increases, the potential segregation decreases. It is also an 

indication of the flow properties of the material. 

Cartilier (1989) has related the mixing kinetics of some types of 

lactose with their flowing properties. 

available for MCC. 

No such study was found 

The flowability of 

different techniques, 

the excipients will be done using two 

arching test (Flodex) and density-ratio. 

Density and arching tests each produce a simple numerical index: 

a tapped-to-poured-density ratio and an arching threshold 

diameter, respectively. The goal of the flowability measurements 

is not to anticipate the mixing kinetics of MCC but simply to 

characterise our compound. 

4.2.1 Particle size and distribution 

The particle size of a drug has a fundamental effect on two 

important concerns in solid dosage formulation: 

o Dose uniformity, 

o Dissolution rate. 
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Srnall particles are particularly important in low dose, since 

large particle populations are necessary to assure adequate blend 

hornogeneity. Small particles are also important for any drug 

whose aqueous solubility is poor, since dissolution rate is 

directly proportional to surface area (particle size- 1
) . Cohesion, 

adhesion and powder flow are also dependent [WELLS, J. I., 1988]. 

There are numerous methods available of particle sizing. The 

Coulter Counter, a conductivity method, based on electrolyte 

displacement volumes of sampled particles drawn through a small 

hole, and laser-light scattering, using the principle of particle 

area extinction between a laser source and detector, are widely 

used for routine bulk analysis and research. Other techniques 

such as microscope and traditional sieving are available. From 

these four techniques, the main advantage of microscopy over the 

other techniques is that it evaluates better the particle size 

for non-spherical particles than the other approaches (but it is 

time consuming) [WELLS, J. I., 1988] When it cornes to process 

control, many people consider the use of laser diffraction 

technique since it is more rapid and results are more 

reproducible than the other techniques [DE SILVA, S. R., 2000]. 

Malvern Laser Diffraction and traditional sieving particle size 

analysis techniques were used despite their limitations. The 

methods, results and interpretation are found in the next portion 

of this section. 

a Malvern Laser diffraction technique 

Laser diffraction particle size analysis is based on the 

scientific phenomenon that particles in a laser beam scatter 

laser light at angles that are inversely proportional to the size 

of the particles (www.malvern.com). 

The in-house method used is based on the technique recommended by 

the supplier of the instrument (Malvern) . Laser diffraction 

analyses were made using the Mal vern Drop let & Particle Sizer 

(Series 2600c) and the PS64 dry powder feeder. The tray of the 

latter was connected to a compressed air supply (pressure set at 
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20psi) and the air induced tray vibration. The latter was 

responsible for granules distribution into the air jet across the 

laser beam. 

Samples of approximately 20g were poured into the feed tray. Feed 

rate was controlled to provide an acceptable obscuration value, 

which consists of a correct quantity of powder crossing the beam. 

A vacuum pump was connected to the f eeder so that all the powder 

was expelled. Such a technique is destructive, implying that no 

recirculation of the sample was possible. 

The focal lens length used was 300mm and the 'particle-in-air' 

(pia) mode was used. Each batch was analysed in triplicate. 

Results were given in cumulative frequency. 
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Figure 4-1 Comparison of white and blue MCC size distribution 
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Figure 4-2 Comparison of cumulative size of white and blue MCC 
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The median particle size (D50 ) for the white and blue MCC was 

respectively equal to 63.56 and 57.57 µm, when using the Malvern 

Laser Diffraction technique. 

Table 4-2 Particle size T-test results using Malvern Laser 

diffraction technique 

23,84 21,33 

2,78 

63,56 57,57 
6,76E-05 

2,78 

139,87 124,52 
2,48E-04 

2,78 

The median particle size and size distribution of the blue MCC is 

slightly lower than the mean of the white MCC · but it is not 

considered statistically different at a 95% confidence level. The 

t-test is the statistical technique used and the details are 

found in Table 4-2. The D10 and D90 particle size results of the 

white and blue MCC can also be found in Table 4-2. 

The assumption could be made that the blue dying process has 

"broken" a few MCC fibers but it does not significantly change 

the average value. 

Since MCC is composed of fibrous needle-like particles and not 

spherical, the results obtained cannot be used as absolute 

values; they are only to be used comparatively. The equivalence 

of white and blue MCC has been shown. 

Also, since curves on Figure 4-1 and Figure 4-2 almost overlap, 

there is no signif icant dif ference in particle size distribution 

of the blue and white MCC. 
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b Sieve analysis 

Even if other methods are available such as ASTM, the in-house 

technique was used, with its limitations. Sieve analysis was done 

using a Gibson sieve shaker model SS-R8, vibrated for 15 minutes. 

Eight sieves of different size were used: 80, 100, 120, 170, 200, 

230, 325 and 400 Mesh sieve plus the pan (where all the remaining 

fines are collected). The conversion in µm is respectively: 180, 

150, 125, 90, 75, 63, 45, 38 and O. 

The target weight of material scooped from the drum is 100-110 g. 

The D50 (median particle size) value for white and blue MCC was 

respectively 41 and 35µm (refer to Figure 4-4 and raw data14
). 
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Figure 4-3 Comparison of size distribution of white and blue MCC 

14 refer to Appendix C Section C-9 for raw data 
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Figure 4-4 Comparison of cumulative size of white and blue MCC 

Since the trials were not replicated, it is not possible to draw 

any statistical conclusion on the dif ference between the particle 

size distribution of white and blue MCC. 

The particle size results obtained using either technique cannot 

be used as absolute values but as a rough idea and comparative 

values between white and blue MCC. MCC has particles fairly 

small. Particles below 38 µm cannot be accurately measured with 

this technique since the smallest available sieve was 400 mesh. A 

large portion of powder ends in the pan. The resul ts obtained 

using the sieving technique are not as good as the ones obtained 

using the Malvern Laser Diffraction technique. Because of the 

above reasons, the Laser Diffraction technique results are 

privileged throughout this document. 

Pascal Côté 46 Master thesis 



Chapter 4 Material 

c Interpretation 

The main factors that affect segregation are the difference in 

particle size, density and shape. Sorne authors attempted to 

explain how the mixing behaviour of different powders is 

influenced by the particle size distribution [GOTOH, K., 

1997,RHODES, M., 1998,VAN DER WEL, P., 1999]. 

Large (sieve size range > 60 mesh - 250 µm) dry particles have a 

tendency to flow better than the small dry particles (refer to 

Table 4-3). Smaller particles (< 100 mesh - 150 µm) may create 

mixing problems because surface areas are very great and may give 

ri se to strong electrostatic forces as a resul t of processing 

and/ or inter-particle friction from movement. These forces may 

prevent the desired distribution of these smaller particles 

throughout a mixture because of fine particle agglomeration 

[LIEBERMAN, A. et al., 1990]. It is accepted that cohesive 

powders with particle size below 75-micron display strong enough 

cohesive character to limit the potential for segregation. 

As the particle size approaches 10 µm and below, van der Waals 

forces or cohesive forces also begin to affect the powder flow. 
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Table 4-3 Effect of particle size on powder flow from Lieberman 

(1990) 

Flow b•~.::omr:a u 
~nos.t 3UiJfi1. ttJ,:~ic:"i:& -sn.~-~~ f~:iitC~ "'r~n~,;:;.•' vt:J f")tt~~:r1. 

li~ weU as st ~.tfh~ 
t::f}t:':t:'t:ric~ b-rf~~~~>:"::"' rt'::-ln:.tÏ\'-t'<:-

Gravitational forces govern particles above 1000 µm in diameter. 

In general larger particles flow faster than smaller ones 

[HOWARD, S. A., 2002]. 

In this case, MCC with an average measured particle size of 

60.6µm using the Malvern Laser Diffraction equipment, the powder 

should have a poor flow with important cohesive forces (refer to 

Table 4-3). Previous statement must be considered as an 

indication only since particles are not spherical. 

In Section 4.3 of this work, the actual flow properties of both 

white and blue MCC are examined. 

4.3 Flow properties 

The second most important factor to be considered in solid mixing 

after the particle size analysis is flowability [DE SILVA, S. R., 

2000]. Many ideas, methods and testers exist to measure the 

flowability of bulk solids. The primary intent is the 

characterisation of bulk solid's flow properties, but most often 
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the measured data are used to design equipment for storage, 

transportation or general handling of bulk solids. Flowability 

testing is also needed to compare the flowability of similar or 

competing bulk solids, to determine whether a product fulfils the 

requirement of quality control, to model processes with the 

finite element method or to judge any other process in which the 

strength or flowability of bulk solids plays an important role 

[SCHWEDES, J., 2000]. 

A review of the flowability methods expresses that the four most 

commonly reported methods for testing powder flow rate are: angle 

of repose, compressibility index or Hausner ratio (also called 

density-ratio measurements), flow rate through an orifice, and 

shear cell [AMIDON, G. E. et al., 1999]. SCHWEDES (2000) also 

provides a review of the dif ferent shear cell instruments 

available [SCHWEDES, J., 2000]. 

Among these techniques, the densi ty-ratio measurements will be 

covered in this thesis along with another technique called Flodex 

(arching threshold diameter) . 

4.3.1 Density-ratio measurements 

Neumann (1967) and Carr (1965) developed a simple test to 

evaluate flowability by comparing both the initial (fluff) and 

final ( tapped) bulk volumes and the rate of packing down. They 

were defined as Carr's compressibility index. 

C .b .1. (01 ) tapped density - flujf density * 100 ompressz z zty 10 = · · 
tapped density 

(4-1) 

This simple index interpretation is shown in Table 4-4. 
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Table 4-4 Interpretation of Carr's index for powder flow 

5-15 Excellent 

12-16 Good 

18-21 Fair to passable 

23-35 Po or 

33-38 Very poor 

Above 40 Very very poor 

A sirnilar index has been defined by Hausner (1967). 

rr . tapped density nausner ratzo = ------
jlujf density 

(4-2) 

Table 4-5 Interpretation of Haunser ratio for powder flow 

1-1.11 Excellent 

1.12-1.18 Good 

1.19-1.25 Fair, with vibration 

1.26-1.34 Passable 

1.35-1.45 Po or 

1.46-1.59 Very Poor 

Above 1.60 Very, very poor 

Using a Vankel tap density apparatus (rnodel 50-1000) / 

rneasurernents of bulk (also called loose or fluff) and tapped 

densities of white/blue MCC were perforrned in order to establish 

whether or not the white and blue MCC rnaterials have different 

flow behaviour15 • A lOrnl glass cylinder was filled with 4g of 

blend to perforrn the test 1 6 • The volume of the sarnple within the 

15 refer to Appendix C Section C-6 
16 refer to Appendix C-5 for detailed method 
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glass cylinder was measured after 0, 100, 200, 300, 400, 500, 

1000, 2000, 3000, 4000 and 5000 taps. Zero taps corresponds to 

the volume considered in the calculations of the bulk density. 

The test is complete when the volume values remain constant three 

times in a row. For e x ample where the volume would be the same 

after 500, 1000 and 2000 taps, the test would cease after 2000 

taps. 

In 

Table 4-6, the bulk and tapped densities, measured by means of a 

Vankel Tap Density Apparatus, are tabulated. 

Table 4-6 Densities of white and blue MCC 

0' 2 6 0,44 0,30 0,52 
0,26 0,44 0,30 0,52 

0,003 0,003 0.003 0.005 
1,32 0,75 1,02 0,88 

From the literature [AMERICAN PHARMACEUTICAL ASSOCIATION, 1994], 

it was found that the MCC Avicel PH101 has a bulk and tapped 

density of 0.32 and 0.4 g/cm3 respectively. 

The results indicate that the density of the blue MCC is 15-20% 

higher than that of the white MCC. This is probably due to the 

different density measurement method used by the American 

Pharmaceutical Association. 

Table 4-7 Carr's index and Hausner ratio values for white and 

blue MCC 

41.36 1. 71 
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Carr's index and Hausner ratio values (refer to Table 4-7 17 and to 

Carr' s index and Hausner ratio profiles18 ) , were calculated from 

the densities obtained after the last tap. When the Hausner ratio 

value and Carr's compressibility index are respectively above 1.5 

and 40, as in this case, the flow is considered to be very poor 

[WELLS, J. I., 1988]. The conclusion is that there must be no 

significant difference between the white and blue MCC flow 

behaviour. 

4.3.2 Flodex flowability index 

Flodex flowability index provides an indication of the flow 

properties of the compound under test. It incorporates the effect 

of most of the physical characteristics affecting flowability 

without a direct measurement of any of them. The flodex 

determination of intrinsic flowability is based upon the ability 

of a powder sample to fall freely through a hole in a plate. The 

flowability index is given as the diameter, measured in 

millimetres, of the smallest hole that the powder falls through 

freely, without arching, over three successive trials (refer to 

Flodex Instrument manual from Hanson Research) . 

The equipment used was a Flodex™ powder flowabili ty instrument 

(model 21-101-050) supplied by Hanson Research, with 75 g of 

blend19 , both for white and blue MCC. 

Flodex flowability index corresponds to an arching threshold 

diameter which is represented by the minimal funnel diameter 

before arching. Values obtained for white and blue MCC were 

respectively 19 and 20mm. It indicates that the flowing 

properties of white and blue MCC are quite similar. 

From both the density-ratios and Flodex index flowability 

measurements, it was found that there is no signif icant 

difference between the flowing properties of both the white and 

17 refer to Appendix C Section C-6-1for raw data of the bulk and tapped densities 
18 refer to Appendix C Section C-6-2 for Carr's index and Hausner ratio profiles 
19 refer to Appendix C Section C-7-2 for detailed rnethod 
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blue MCC. Therefore, 

be considered to be 

properties. 

Pascal Côté 

a binary mixture of white and blue MCC can 

homogeneous wi th respect to their mixing 
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CHAPTER 5 SAMPLING 

The physical characterisation of pharmaceutical solids is an 

integral aspect of the drug development process. Achieving 

homogeneity and good characterisation for mixtures of powders is 

extremely important in the manufacture of tablets. A major 

concern is the lack of effectiveness in the powder characterising 

techniques[MUZZIO, F. J. et al., 1999]. 

gives 

Then, 

relevant sampling background information in 

Section 5. 2 describes the sampling technique 

This chapter 

Section 5 .1. 

called "core 

used. 

sampling" and Section 5.3 covers the sampling method 

5. 1 BACKGROUND 

The characterisation of the homogeneity of a solid mixture is 

usually executed by collecting and analysing discrete samples. 

The two main classes of thief samplers are the side-sampling and 

end-sampling devices. 

Thief probes introduce errors in two ways. Firstly, the mixture 

is disturbed extensively when a thief probe is inserted into the 

powder bed. Secondly, particles of various sizes flow unevenly 

into the thief probe cavities on Figure 5-1 [CARSTENSEN, J. T. et 

al• J 1996] • 

Figure 5-1 Side-thief sample perturbation 
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Figure 5-1 describes the action of a side-thief where: 

a) the powder directly outside the thief is disturbed 

b) the powder gets caught in the space between the shell and 

the core at the sarnpling port 

c) the powder that enters the sarnpling port is of perturbed 

nature 

d) the sarnple is rernoved 

To rernediate to these difficulties, a new thief called core thief 

has been designed and used by Muzzio (1999). It consists of a 

cylindrical tube, one end of which is tapered to a sharp angle. 

In using this thief device, a nearly undisturbed colurnn of powder 

is isolated inside the core sarnpler [MUZZIO, F. J. et al., 1999]. 

Figure 5-2 illustrates the bed perturbations that can be found in 

a powder bed using different types of sarnpler[MUZZIO, F. J. et 

al•/ 19 9 9 J • 

Figure 5-2 Bed perturbations caused by thief sarnpling 

As shown on Figure 5-2, particles frorn upper layers were dragged 

deeply into the lower layers as the thief penetrated the powder 

bed. Once the probe opened, the sarnple flowing into the thief was 

contarninated with particles frorn all positions along the path of 

insertion and did not necessarily reflect the true composition of 
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the system at the intended sampling locations [MUZZIO, F. J. et 

al., 1999] . 

A recently developed pneumatic sampling device permits the taking 

of small samples from specified locations within the powder 

mixer. However, this sampler does not always provide satisfactory 

results [KAYE, B. H. et al., 2000,KAYE, B. H., 2001]. Thus, the 

suction mechanism of the pneumatic sampling device could bias the 

sampling by preferentially withdrawing a disproportionate amount 

of fines [KAYE, B. H., 2001]. 

5. 2 Core sampl ing 

Samples ta ken using the traditional end- and side-thief 

techniques might not appropriately represent the bed since some 

samples may only contain the smaller sized particles because of 

segregation problems during sampling. 

The core sampling technique uses open tubes, which permit the 

taking of large samples from the top of the bed to the bottom of 

the mixer vessel. Then, recovered samples are extruded outside 

the tubes at lengths depending on the desired sample size. Using 

this technique, the whole blender can be mapped out in 3D by 

appropriately choosing the sampling locations. For the above 

reasons, and because the core sampling apparat us was available 

in-house, core sampling [MUZZIO, F. J. et al., 1999] was used for 

the series of radial mixing experiments, as covered in chapter 8. 

Tubes of dif ferent types of material can be used such as 

stainless steel and transparent acrylic. Transparent acrylic 

tubes were used having respecti vely a 5 / 8 " and %" internal 

diameter (I.D.) and outer diameter (O.D.). The choice was 

dictated by the need to visually inspect the collected samples 

through the tubes. Also, since MCC is not a free flowing powder, 

thus not easy to sample with a side-thief sampler; there would be 

important weight variations in the samples weight, and 

consequently an added source of variation in the content 

measurement. 
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5.2.1 Sampling template 

A sampling template was built to ensure that sampling would 

always be performed at the same location in order to have the 

possibility of obtaining comparable results between different 

batches. 

Ten sampling locations, numbered f rom L. 1 to L. 10 ( ref er to 

Figure 5-4), were chosen in order to cover the dead zones in the 

mixer as proposed in the li terature represented by the shaded 

areas on Figure 5-3. In order to determine the sampling 

locations, the chosen and built impeller (refer to Chapter 3) was 

rotated and stopped at multiple positions. The best impeller 

position was found for the optimal desired tube insertion 

sampling locations and an indicator was then installed on the 

mixer shaft to insure the impeller would always stop at the exact 

same position. If the impeller was in a slightly different 

position, sampling tubes could bit the ribbons and would prevent 

sampling to be done all the way down to the bottom of the tank. 

Figure 5-3 represents the potential dead spots in a ribbon 

blender [PBE, 1993]. 

Figure 5-3 Potential dead zones in ribbon-blenders 
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Four different types of locations on the blender volume were 

covered: shaft-ends, discharge, corner and interrnediate location, 

respectively represented as yellow, red, green and white on 

Figure 5-5. The second colurnn of Table 5-1 details each location. 

Figure 5-4 Sarnpling ternplate 

• • 
IMPELLER ROTATING SHAFT 

• • 
Figure 5-5 Sarnpling ternplate locations 
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5.2.2 Reg ions 

Regions were proposed in order to do the analysis of the results 

and to establish which sections of the blender mixing are less 

efficient. Regions a, b, c and d stand for regions parallel to 

the rotating shaft (refer to Figure 5-6) and were used to do the 

analysis of radial mixing. 

a ~) L.3 
-...._/ 

'.Shaft 
·rotàting 

..--------------~--------,----! ......... _ 
c 'Cliiection 

~~~~~~~~~~~~~~- · ;~ 

l 
1. ·_/ 

Figure 5-6 Regions (parallel to the rotating shaft) 

Regions (a, c) and (b, d) redefined as e and f were combined two 

by two t o compare the global results of the powder mix ed bed in 

lifting (aeration) and pushing (de-aeration) conditions. The 

powder was pushed and lifted respectively within regions (a, c & 

e) and regions (b, d & f) in the radial convective mix ing of the 

powder bed. 

Region comparisons using results from: 

• regions by the mixer wall a with b 

• regions by the shaft c with d 

• regions combined e with f 

were done to evaluate statistically the differences in weights 

and blend uniformity (RSDs). 

There are ten sampling locations, as defined in the sampling 

template section (refer to Section 5. 2 .1 and the Table 5-1 

represents to which regions each of the locations belong to. 
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Table 5-1 Regions assignation to the sampling locations 

Sajnplirig 
\. "'"· 

.lÔd~tiôµs 

L.1 

L.2 

L.3 

L.4 

L.5 

L.6 

L.7 

L.8 

L.9 

L.10 

Typè ·o:f 

Loc~,ti6ri · 

Regions·. 

/··· 
·1 •. ,,. 

,· .,,· 

Corner a 

Intermediate a 

Intermediate a 

Corner a 

Corner b 

Corner b 

Shaf t c 

Discharge c 

Intermediate d 

Intermediate d 

Co~ined ~ Distance . froiir 

Rë~iôns . 
!,' 

., . Rot.a.tiJ:>:g j':· 
li• 

, ,,. shaft · (cm.). 
, ... 

e 10.0 

e 9.5 

e 9.5 

e 10.0 

f 9.0 

f 8.0 

e 2.0 

e 3.0 

f 5.0 

f 2.0 

Table 5-1 describes to which region and combined region each of 

the ten sampling locations belong to. The last column represents 

the distance from the centre of the location on the template to 

the centre of the rotating shaft . For an even bed of a U-shaped 

symmetrical tub at equal distance from the rotating shaft, core 

sample heights and weights should be similar. The average 

distance in centimetres for regions a, b, c, d, e and f is 

respectively 9.7, 8.5, 2.5, 3.5, 7.3 and 6. These distances are 

similar when comparing average distance of regions a&b, c&d and 

e&f and their core weights are expected to be similar as well for 

an even bed. 

5.3 Sampling method 

Using an impeller position indicator on the rotating shaft, the 

blender was halted after mixing in the exact same position. 

Sampling template was placed over the mixer (refer to Figure 5-

4). Core sample tubes were inserted into the mixture from 

location L.1 up to L.10 (refer to Figure 5-5). 
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For short length samples, the plunger rod was inserted into the 

tube before removal of the tube from the bed (refer to Figure 5-

7). For the remaining samples, the end of the tube was plunged 

manually to hold the core sample within the tube. Once the tube 

was connected to the extruder, samples having a length of 

approximately 0. 4 in. were pushed out in a 2 Oml scintillation 

vial each until tube was ernptied (refer to Figure 5-8) . Sample 

weights to 4-decimal-digits were measured and tabulated. The de-

aeration hole within the plunger, permitting release of the air 

in the tube while extruding, was blown using an air duster after 

each core extrusion to prevent sarnples being blown out frorn the 

tube. 

Figure 5-7 Sampling with plunger rod 

Figure 5-8 Vial sample filling 
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CHAPTER 6 ANALYTICAL METHOD 

Once samples are 

sampling technique, 

extracted using the previously defined core 

an analytical method had to be developed to 

quantitate the amount of blue MCC within the sample as described 

by the overall study steps diagram (refer to Figure 1-1). 

This portion of the thesis covers, in Section 6.1, the relevant 

background information on the techniques for measuring 

homogeneity. Section 6.2 details the solid-state characterization 

attempts (Raman, NIR and FT-IR spectroscopie techniques) and 

finally, Section 6.3 describes the UV-Vis spectroscopy analytical 

method developed. 

6.1 Techniques for measuring homogeneity 

Two types of measurement technique may be used to determine the 

quality of a mixture and have been reviewed by [POUX, M. et al., 

1991]. Physico-chemical measurements can be obtained on small 

volumes of a mixture, either in situ or after withdrawal from the 

mixture. A sample must be removed from the mixture wi th an 

instrument known as a "thief" probe, however, for most of the 

time it produces very inaccurate results [MUZZIO, F. J. et al., 

1999]. Sampling techniques are reviewed and described in previous 

Chapter 5. 

Other in si tu methods, for example optical methods, are still 

under development. Optical probes are inserted into the mixture 

and the evolution of the composition is obtained [SAITO, F. et 

al., 1986]. Image analysis is also a promising technique 

[CROWDER, T. M. et al., 2000]. In addition to the "traditional" 

spectroscopie techniques of IR, Raman, and ssNMR (solid-state 

Nuclear Magnetic Resonance spectroscopy), time-of-flight 

secondary ion mass spectroscopy (TOF-SIMS) has recently been 

added to the arsenal of solid-state spectroscopie techniques for 

characterization of pharmaceutical solids [BUGAY, D. E., 2001]. 

There is also wide use of near infrared spectroscopy, ranging 

from excipient identification to samples or on-line analysis of 
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blend uniformity 

1997,CIURCZAK, E. 

[BLANCO, M. et al., 1999,CHO, 

W., 1991,DE MAESSCHALCK, R. et 

J. et al., 

al., 1998, EL 

HAGRASY, A. S. et al., 2001,PATEL, A. D. et al., 2000,PLUGGE, W. 

et al., 1996,SEKULIC, S. S. et al., 1996,WARGO, D. J. et al., 

1996]. 

Probably the most important aspect for any of these techniques 

lies in sample preparation. Typically, a non-intrusive analysis 

is required for the physical characterization of such 

pharmaceutical solids. The sensitivity and the selectivity of 

each solid-state spectroscopy technique are important issues to 

consider when choosing a method [BUGAY, D. E., 2001]. UV-Visible 

spectroscopy in the liquid state was then used to quantify the 

amount of blue MCC within the extracted samples. 

6.2 Characterization of the solid-state 

The possibility of using Solid-state, non-destructive analytical 

techniques has been initially investigated. Raman, FT-IR and NIR 

spectroscopie techniques have been tested but they proved to be 

inefficient in quantifying the concentration of the blue MCC in 

the analyzed sample. The reason is that the concentration of the 

targeted blue dye molecules in the sample is low for the 

sensitivity level of the tested analytical techniques; e.g. the 

dye concentration is less than 0.088wt%. Thus, these techniques 

were unable to differentiate between two samples containing 10 

and 20 % of blue MCC respectively20
, requiring more development 

beyond the scope of this work. The solution came from the UV-

Visible spectroscopy in solution. 

20 refer to Appendix D for details on FT-IR, Raman and NIR 
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6. 3 UV-Vis spectroscopy 

6.3.1 Methods 

a Reagents and Instrumentation 

t'ilhite MCC was obtained from FMC Biopolymers. 

Blue MCC was prepared in-house in bulk quantity by the Merck 

Frosst Production Department. 

Purified Water used for sample extraction is collected from a 

Millipore Super-Q filtration system. The final product had a 

minimum resistance of 18MOhms and was filtered with a 0. 22µm 

membrane. Its total organic car bon (TOC) content was less than 

O.lppm. 

Borosilicate glass scintillation vials of 20mL were purchased 

from Fisher. 

A Brinkmann 10/50 Bottletop Dispenser was set to deliver a volume 

of 15mL and was installed on a 4L bottle. 

Sartorius 2007MP analytical balance 

Vario-Mag 60-position stirring plate with programmable stir 

module. 

HP 8453 UV-Visible spectrophotometer, controlled with the aid of 

the ChemStation software installed on a personal computer running 

under the Microsoft Windows NT 4.0 environment. The 

spectrophotometer is equipped with both a deuterium lamp and a 

tungsten-halogen lamp. 

Quartz 3mL quartz cells with lem path length were purchased from 

Agilent Technologies. 

Octagonal stirring bars 7.9 x 13 mm were purchased from Fisher. 

b Sample Extraction 

Thief samples were extracted from the bed and extruded as 

aliquots of 0. 8-1. Og into 20mL glass scintillation vials. The 

exact weight of each sample was obtained from a Sartorius 2007MP 

calibrated analytical balance. A volume of lSmL of Purified Water 

was added to each sample using a Brinkmann 10/50 Bottletop 
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Dispenser21
• The samples were stirred at approximately lOOOrpm on 

a Vario-Mag 60-position stir plate for a period of 10min22 • The 

rotation was interrupted after each minute, for a period of Ss, 

and then rotation was restarted in the opposite direction. The 

stirred samples were left to settle for a period of lümin and SmL 

of the supernatant liquid were aspirated into a SmL plastic 

syringe23 • The suspension was filtered through a 0.45µm disposable 

filter and 2mL of the filtrate was used to wash a quartz W 

vial 2 4 • A volume of 3mL of filtrate was then transferred to the 

W-vial for spectrophotometric analysis. The dilution factor and 

the calibration curve were used to relate the concentration of 

blue MCC with the absorbance value. 

Figure 6-1 Sample dissolution with purified water 

21 refer to Figure 6-1 
22 refer to Figure 6-2 
23 refer to Figure 6-3 
24 refer to Figure 6-4 
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Figure 6-2 Stirring plate 

Figure 6-3 Syringe solution filling 
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Figure 6-4 Quartz cell solution f illing 

The dilution factor is the calculated ratio of the dilution 

volume (15ml) over the sample weight, multiplied by 100%. Because 

of the targeted sample weight, the dilution factor value usually 

ranges between 2000 and 3000 (refer to equation 6-1 below). 

(
ml * % J ( 15 ml J dilution factor = . * 100% 

g sample wezght (g) 
(6-1) 

c Standard Preparation 

An eight point standard curve was prepared each day from blue MCC 

of increasing dye concentrations, ranging from 0% to 0.09% 

(within the 100% blue MCC standard) . The standards were prepared 

in solid state by mixing white MCC and blue MCC to obtain the 

final desired concentrations, as described in Table 6-1 below. 

Aliquots of approximately 0.8g of each standard were weighed and 

transferred to 20mL scintillation vials and extracted, along with 

the samples to be analysed. 
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Table 6-1 Standards target weights 

Target weight of Target weight of 
WhiteMCC Blue MCC 

Standard (g) (g) 
0% 20.0 0.0 
1% 19.8 0.2 
5% 19.0 LO 
10% 18.0 2.0 
25% 15.0 5.0 
50% 10.0 10.0 
75% 5.0 15.0 

100% 0.0 20.0 

6.3.2 Results 

a Investigation on the extraction technique 

Because measurements by UV-Visible spectroscopy are made on 

samples in liquid form, the blend mixtures had to be extracted. 

Different trials using solvents were attempted. 

Acetonitrile and methanol are two widely used organic sol vents, 

easily accessible from the Merck laboratories along with purified 

water. Ammonium acetate O.OlN was another solvent proposed, 

already used for the indigotine25 identification. Acetonitrile was 

discarded since the dye has proved to be insoluble due to the 

sulphate (NaS03) groups present in the indigotine [AMERICAN 

PHARMACEUTICAL ASSOCIATION, 1994]. Ammonium acetate 0.0lN and 

methanol gave acceptable solubility results but purified water 

gave the best ones. MCC is practically insoluble in water and lg 

of indigotine is soluble in 63ml of water at room conditions 

[AMERICAN PHARMACEUTICAL ASSOCIATION, 1994], which are the 

operating conditions. For a lg blue MCC sample dissolved in 15ml, 

0.0088g of soluble dye is expected; whereas, up to 0.238 g of dye 

could be dissolved. 

Various extraction and clarification techniques were 

investigated. Ultrasonically induced extraction, centrifugation 

25 refer to Appendix C Section C-4 
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and vortex mixing have all been tested; they did not give good 

results. The presence of no-dissolved MCC in the suspension 

caused some spectra background ef fect due to the light scattering 

losses [SKOOG, D. A. et al., 1994]. 

In the case of centrifugation, when transferring the supernatant 

from the centrifugation tube into a vial, there was still 

presence of suspended particles in the liquid. It has been 

decided to use a traditional stirring technique and filter the 

insoluble MCC particles out of the liquid (aqueous phase) . This 

technique gave excellent results. 

The optimal stirring time had to be calculated experimentally. A 

rotating stirrer bar at 1000 RPM bas been used and stirring times 

of 5, 10, 15, 20, 30, 45 and 60 minutes have been assessed. 

Table 6-2 Results from the tests performed to define the optimal 

stirring time 

0.00022 0.00017 0.00086 0.00005 0.00002 0.00025 0.00010 
0.010530085 0.009097 0.020707 0.005162 0.002767 0.011072 0.007193 

2.11% 1.82% 4.14% 1.03% 0.55% 2.21% 1.44% 

Units in Table 6-2 header are in minutes. 

The standard samples contained 0.4997g of blue MCC /g of sample, 

and, for statistical reasons the tests were performed in 

triplicate. 

The relative standard deviation (RSD) was calculated as: 

RSD = O" c 

f(c-cJ 
t=l ()"= 

N-l 

Pascal Côté 
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Where N is the total number of samples (3 in this case) in one 

experiment, C is the theoretical average ( 0. 4 9 9 7) and Ci the 

sample' s concentration measured using UV-Visible spectroscopy. 

The relative standard deviation (RSD) was calculated and 10 

minutes was determined to be a good extraction time26 , having a 

RSD of 1. 82%. This error is considered acceptable for applying 

the method to the next steps of the work, as explained in Figure 

1-1 of this work. 

4,50% 
4,00% 
3,50% 

~ 
~ 

3,00% 
2,50% 

c 2,00% en a:: 
1,50% 
1,00% 
0,50% 
0,00% 

5 10 15 20 30 45 60 

Extraction time (min) 

Figure 6-5 Concentration RSD profile vs extraction time 

b Response Linearity 

Spectrophotometric absorbance measurements are ordinarily made at 

the wavelength where the absorption peak is maximized. At this 

point the sensitivity of the method (change in absorbance per 

unit of concentration) is also at its maximum [SKOOG, D. A. et 

al., 1994]. A spectrum obtained from a standard solution made up 

of 100% Blue MCC shows that this maximum is at 610nm; therefore; 

all measurements were made at 610nm. 

Standard solutions absorbance was measured against pure water 

'blank' at 610nm. A linear calibration curve was calculated, 

using the absorbance of standards versus the concentrations of 

26 refer to Table 6-2 and Figure 6-5 
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the blue MCC. The sample absorbances were measured against water 

and the resulting concentration of blue MCC calculated, using the 

standard curve. 

The R2 value of the standard response curve is above 0.999, which 

demonstrates a very good linearity of the calibration curve. 

Equation 6-4 27 calculates the blue MCC concentration as function 

of the measured Absorbance. 

Blue MCC concentration=2.8428E-2* DilutionFactor* Absorbance (6-4) 

c Reproducibility and Instrumental Error 

The instrument's error was estimated using 5,0541g of 50wt% 

standard of blue MCC in 150ml of purified water. The extraction 

was performed using the same protocol, previously described for 

the O,Sg samples. Ten such samples from the same container were 

extracted and analyzed. All masses and volumes are multiplied by 

10 while the stirring time was fixed at lOmin. Samples were named 

using letters from A to J and their blue MCC content 

concentrations can be found in Table 6-3. 

Table 6-3 Reproducibility calculations 

0.5067 
0.5083 
0.5068 
0.5065 
0.5048 
0.5036 
0.5041 
0.5041 
0.5047 
0.5055 
0.0003 
0.0060 
1.20% 

From Table 6-3, it can be seen that the RSD has a value of 1.20%; 

this is lower than but of the same order of magnitude as the 

27 refer to Appendix E Section E.1 for data 

Pascal Côté 71 Master thesis 



Chapter 6 Analytical method 

systematic error of 1.82% of the experimental protocol (refer to 

Equation 6-2 and 6-3 for RSD mathematical relations) . 

d Calculating the stability of the solution 

The stability of blue MCC samples in water solution over two days 

was evaluated. Ten samples of a 50% standard were taken and each 

analyzed 3 times, the f irst immediately, the second after 24 

hours and the last one after 48 hours. 

Table 6-4 Sample stability studies using a 50% standard 

0.5185 0.5139 0.4741 
0.5002 0.4956 0.4619 
0.5078 0.5021 0.4946 
0.5053 0.5007 0.4760 
0.5011 0.4954 0.4712 
0.4946 0.4843 0.4517 
0.5043 0.4980 0.4689 
0.5139 0.5053 0.4889 
0.5022 0.4946 0.4690 
0.5127 0.5019 0.4834 
0.0008 0.00055 0.008217 

0.00965 0.00782 0.03022 
1.93% 1.56% 6.04% 

From the first column at day 0 of Table 6-4, the total analytical 

method error of 1.93% was obtained. It appeared that samples are 

stable over a period of 24h but not over 48h where the 

theoretical RSD28 increased from 1. 5 6% to 6. 04%. The blue dye 

concentration was decreasing over time and this is probably due 

to the dye being light sensitive [AMERICAN PHARMACEUTICAL 

ASSOCIATION, 19 94 J ; samples were not protected from light. No 

stabili ty study was done wi th samples kept away from light. To 

avoid this stability problem, all samples, once in solution, were 

always analysed the same day. 

Following this development it can be concluded that the developed 

UV-Visible spectroscopy method was proven to be both efficient 

28 refer to Equations 6-2 and 6-3 for mathematical relations 
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and reliable. The method provided an accurate determination of 

the sample blue MCC concentrations, with an analytical method 

error of 1.93%. It was possible for one persan to analyze around 

150 samples per day, including the preparation of the related 

calibration curve. 

Pascal Côté 73 Master thesis 



Chapter 7 Mixing experimental study 

CHAPTER 1 MIXING EXPERIMENTAL STUDY 

This chapter details the two sets of experimental studies carried 

out through this research project for radial and axial mixing. 

They are respectively covered in Sections 7.1 and 7.2. 

The ribbon-blender characteristics and design of the impeller 

used for the experiments are defined in Chapter 3 . The blender 

was loaded wi th the proper weight for each of the ingredient 

(refer to Chapter 4) (different pattern depending on the type of 

mixing assessed) . Once the mixing of the ingredients in the 

blender was finished, two different paths were taken depending 

whether radial or axial mixing was considered. For radial mixing, 

samples were extracted from the mixer ( refer to Chapter 5) and 

weight of each sample was compiled. Samples were then analysed 

using UV-Vis spectroscopy (refer to Chapter 6) to quantitate the 

amount of blue MCC within the samples. The mixing end-point 

evaluation was done once the concentration was calculated. From 

the calculations of the relative standard deviation (RSD) of the 

concentrations and normalized total weight (NTW) of the samples, 

statistical experimental designs were built to see if there exist 

trends of the effect of operational parameters on the blend 

quality. 

For axial mixing evaluation, pictures of radial and axial mixing 

were taken to visually compare both types of mixing and estimate 

when uniform mix was achieved. 
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7 .1 Radial mixing 

This section details six elements: 

1. environment in which experiments were held 

2. pattern how the blender was loaded for the radial mixing 

experiments 

3. mixing end-point criteria to which a batch of mixture must 

comply to be considered homogeneous 

4. definition of the three operational parameters 

5. experimental designs 

6. description of the statistical approach used to analyse the 

results 

7 .1.1 Environment 

Experiments were carried out in a non-cGMP formulation laboratory 

environment. Room conditions were being controlled basically for 

the comfort and safety of the employees, not regarding the 

integrity of the product, as in cGMP environments. There were 12 

changes of air per hour, so each 5 minutes. The targeted room 

temperature and relative hurnidity were respectively 20°C and 

between 40-55% RH. These room conditions are subject to 

fluctuations, based on the outside conditions, where the 

environmental air is taken from. 

7 .1.2 Loading pattern 

In production scale, ingredients are loaded from hoppers defined 

as spot loading either at the centre or one end of the mixer. The 

powder is not evenly layered in the mixer and is more likely to 

form a pile. Depending on few parameters, since production mixing 

can be relatively poor, a pre-blend step of the minor ingredients 

(in tumble blender) can be added. 

There are different ways of loading the mixer but the most comrnon 

ideal one in research is when the powder is evenly spread out 

over the surface of the blender. To evaluate convective radial / 

convective mixing, blue MCC was also layered loaded on top of the 

evenly spread out white MCC (refer to Figure 7-1). 
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Figure 7-1 Loading pattern of white / blue MCC in a 1:1 ratio 

To evaluate axial mixing where the experimental pictures can be 

found in Chapter 8 Section 8.2, the blender was loaded side-to-

side instead of being layered on top of each other as per the 

evaluation of radial mixing29 • 

29 The loading method steps are found in Appendix F Section F.1 
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7 .1. 3 Mixing end-point criteria 

Usually, the quality of a powder mixture is quantified by 

comparing the standard deviation of the actual state of mixing 

with the initial state of mixing and the best possible state of 

mixing by defining mixing indexes [VAN DER WEL, P., 1999d]. Over 

40 mixing indexes have been proposed by different authors [POUX, 

M. et al., 1991]. 

A RSD below 5% of the sample concentrations is normally used in-

house for mixing end-point. For this study, mixing end-point 

criteria was established based on the USP regulations to 

determine if the mixture is homogeneous. 

The content uniformity for tablets complies with the requirements 

of USP <905> Uniformity of dosage units if for assay of 10 units 

(samples) 

All 10 units are within 85-115% LC (label claim) & Relative 

Standard Deviation (RSD) < 6% 

Or if these conditions are not met, an extra 20 units are 

required, and 

1-A) All 30 units are within 75-125 %LC and 

1-B) At least 29 units are within 85-115 %LC and 

RSD < 7.8% 

Then, blend uniformity mixing end-point criterion can be derived 

for each set of 30 samples 

1-A) All 30 units are within 75-125 %LC (between 37.5% and 62.5% 

of blue MCC) and 

1-B) At least 29 units are within 85-115 %LC (between 42.5% and 

57.5% of blue MCC) and 

RSD < 7.8% 

for eg.: 120 samples allowing 4 samples 

within 75-125 %LC range & RSD < 7.8% 
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7 .1. 4 Operational Parameters 

Among others, L.T. Fan (1970) has suggested the critical 

operational parameters. Tawashi (1972) has established that there 

is a direct relation of the rotational speed on the mixture 

quality in TURBULA mixers. Also, the filling level in the mixer 

or the resulting residual space has a major influence on the 

mixture quality and on mixing time. 

Three operational parameters were varied: 

impeller rotational speed and impeller number 

filling volume, 

of turns. After 

their respective values, a symbol was inserted in brackets, which 

defines their position in the experimental design defined in 

Section 7.1.5 . 

= lower limit 

0 = center point 

+ = upper limit 

a Filling level 

From the literature, the mixer is typically filled from 40 to 85% 

of its capacity [FULLER, W. O. et al., 1998]. 

Filling level refers to a height of MCC in the blender. 
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-----....... 
]\.fixer co'\te:r lVIixet wall 

Figure 7-2 Mixer side-view (AUTOCAD) 

It was defined as a categorical parameter. The powder bed height 

was filled in alignment with the main features of the impeller, 

then transf erred into percentage of the blender capacity. 

Throughout this work, when referring to the filling height / the 

name of the impeller feature was only given (for example Shaft 

(S), Inner ribbon (I) and Outer ribbon (0)) 3 0 • 

[%total blender volume]: categorical parameter 

• 47 just above shaft 

• 72 inner ribbon height 

• 81 outer ribbon height 

Based on the blend density of MCC previously calculated, 1960, 

3200 and 3685 g of each of the two ingredients were poured in the 

blender when the filling height was respectively over the shaft, 

the inner ribbon and the outer ribbon. 

30 refer to Figure 7-2 
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b Impeller rotational speed: numerical parameter 

Different dimensionless numbers are used in liquid agitation or 

mixing such as Reynolds (Re), Power number (Po) and Froude number 

(Fr) [SCRAGG, A., 1988]. Re and Po are however not used in solid 

mixing. Ribbon mixers should be scaled up maintaining constant 

Froude number considered as a criterion of a dynamic similarity 

[WANG, R. H. et al., 1974]. 

Froude number is defined as (refer to equations 3-2 and 7-1): 

( N1
2

D1 J 
Fr = N 2 D; => 1 = g = N1 2 Di 

g ( N,:D, J N,' D, 

(
20rev/minJ

2

*1.219m 
60 s/min -------- = 0.73Hz = 43.8RPM 

0.254m 

where in Equation 7-1, 

Di= impeller diameter (m) 

Ni= impeller speed (Hz) 

g= gravitational acceleration 9.8 m/s2 

(7-1) 

The "i" sub-script takes the value either "1" for the production 

unit and "2" for the bench-scaled unit. In-house ribbon blenders 

are usually operated at 20 RPM, regardless of the ribbon-blender 

size (thumb-rule) (N1 ). D1 and D2 values within Equation 7-1 can 

be found in Table 3-1. 

The maximum rotational speed allowed by the drive of the blender 

is 88 RPM. Knowing that an engine should not be operated at more 

than 80 percents its maximum capacity, the maximum impeller 

rotational speed was chosen to be at 60 RPM. 
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From there, the impeller rotational [rpm] speed was defined to 

be: 

@ 20 (-) 

@ 40 (0) 

@ 60 {+) 

Froude numbers varied (for the outer ribbon diameter of the 

bench-scaled impeller) from 2. 87 *10-3 to 8. 64 *10-3 (20 to 60 RPM) . 

The centred value 40 RPM responds to the dynamic scaling 

principle where Froude number remains constant through scaling. 

c Impeller #turns: numerical parameter 

From the literature, the mixing time is usually 15 and 20 minutes 

with a 90 to 95% homogeneity [FULLER, W. O. et al., 1998]. The 

end use of a particle mixture will determine the quality of 

mixture required. The end use imposes a scale of scrutiny31 on the 

mixture. The smaller the scale of scrutiny demanded by a product 

application, the greater the difficulty the mixer will have in 

achieving a satisfactory mixture. The residence time should not 

be exceeded to avoid demixing. For this experimental study, it 

was demonstrated that the flowing/mixing properties of both white 

and blue MCC do not differ, representing a homogeneous mixture, 

where demixing will not occur. The shorter the mixing time, the 

more critical it is to balance the mixer parameters [FULLER, W. 

o. et al., 1998,POUX, M. et al., 1991]. 

Three levels for the parameter impeller number of turns were 

studied. 

e 40 { - ) 

e 100 (0) 

e 160 (+) 

Experimental results are compared at constant number of impeller 

turns. Mixing time is not constant with the variation of the 

impeller rotational speed. Table 7-1 gives the mixing time 

31 refer to Appendix A Giossary 
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correspondence for each of the impeller rota tional speeds and 

number of turns. 

Table 7-1 Mixing times correspondence with impeller #turns 

i •• <'·?:r;~····· 0.2~ ·.·.~.- ~ .~§:.';~~F.~·~ >.~.· ·10 ::'~;7;~·?:.;~i·:~~~~~J·~~. 1 <1:·~<;~: (·.~ ~.g'.t· ~;-~:r:~:s>- ·'. 
2 0 2min Smin 8min 

40 lm in 2min30s 4min 

60 40sec lm40sec 2min40s 

7 .1. 5 Experimental designs 

This section describes the three 22 experimental designs over each 

of the blender filling heights. Then, tables of the operating 

conditions to which radial mixing experiments were held are 

available. The last part of this section describes the steps 

taken that have leaded to the statistical analysis of the two raw 

data sample weights and concentration. 

A-20RPM 
A: Rev/min 

B+ 160turns 

B: #impeller 
turns 

8- 40turns 

A+ 60RPM 

Figure 7-3 22 +2 c.p. experimental design 

2 2 + 2 centre points (c.p.) designs for each of the three filling 

heights were built to evaluate radial mixing for a total of 18 
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experiments32
• The experimental error and reproducibility of the 

results is evaluated by duplicating the centre point experiments 

of the designs. From there, Tables 7-2 to 7-4 detail the radial 

mixing operating conditions. 

a List of radial mixing experiments 

Table 7-2 List of experiments over the shaft filling height 

3 20 160 
4 60 160 
5 40 100 
6 40 100 

Table 7-3 List of experiments over the inner ribbon filling 

height 

11 40 100 
40 100 

32 refer to Figure 7 -3 

Pascal Côté 83 Master thesis 



Chapter 7 Mixing experimental study 

Table 7-4 List of experiments over the outer ribbon filling 

height 

14 60 40 
15 20 160 
16 60 160 
17 40 100 
18 40 100 

A total of 18 experiments were performed and reported here. 

Around 2500 samples were taken and analysed. To avoid an eventual 

bias from the core sampling procedure during these experiments, 

the entire batch was discarded after the sample extraction and 

the run was retaken from the beginning. Thus: i.e. Experiments 1, 

7 and 13 were distinct batches and not the same batch sampled 

three times as function of the number of impeller turns. 
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b Experimental results calculations 

Over the 18 radial mixing experiments, two types of samples raw 

data were tabulated: 

e sample weights33 

0 sample concentrations 34
• 

The weight raw data was used in: 

e The calculations of the sample concentration 

e The Analysis of the ef fect of the blender operating 

parameters and the regions over the bed height 

e The analysis of the bed height effect over the mixture 

quality 

The concentration raw data were used in analyzing the effect of 

the blender operating parameters on the mixture quality. Figure 

7-4 depicts the main steps to be undertaken during statistical 

analysis of the experimental results for both the weights and the 

concentrations. 

33 refer to Appendix G Tables G-1 to G-18 
34 refer to Appendix H Tables H-1 to H-18 
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v\teights ra1,:i;.· data 
S- Tables G-1 to G-6 
I- Tables G-7 to G-12 

0- Tables G-13 to G-1& 

Tof.al.we ig~1ts glo ba1&1·egions 
. Table G-19 

>··-..___~uation 6-1 
~~ilùt.ion factor 

-~---

Gonc ent:ration raw data 
S-" Tables H-1 to H-6 
l". Tables H-7 to H.:.f 2 

0- Tables ff-13 to H-18 . 

Nonnalized totat 1.r..·eights 
Tables 8-1 ----_. __ 

. J~L statistical· de.signs 
S- Tables J-1 
I- .Table J-3 
0-Table J~S 

Effe et. cfüi.:g,ra:ms · 
r. Fig. J-12 to J-15 

0- Fig. J-31 

i 
Sumiua.t~:r of ' eff e ct.s 

· · I- Table J-4 
0-Table J-7 

-~ 

2~ stat:ist.ic al designs 
S- Tables J-2 
I- Ta1::1le J-4 
0- Table J.:.6 

Effe c:t. ctiag,t:arns 
S- Fig. J-5 to J-7 

I- Fig. J-12 to J-15 
0- F~g.t38 

Sun:~maty of .:f!'ects 
:;;- Tables. ~-.J 
1- Tablé 8-3 
0- Table .8-4 

Ei~uation 6-4 

Vlhole core 
Bottorn Depth analysis (3-D) 
Niidclle 
To :• 

G6ncentrat:ion HSDs glob·al&regioùs-
S- Tables 8-5 
I- -Tables 8-8 

o.:. _Tables 8-11 

Depth amlysis (3-D) 

22 st.at.istical designs 
S- Tables J-1 
I- Table J-3 
0- Table J-6 

Effect. diagra:ms 
S- Fig. J-1 fo .T-4 

I- Fig. J-16 to J-24 
~) F " J ·:;>~1 t J ..... ., 
l. - ig. -.J+. 0 -.:'.• ) 

Sumrna.t".,r of effeGt.s 
S- T ~ble &-6 . 
I~ Table 8-9 

O:. Table 8-12 

~ .... 
~ .... 

~-~~ ..... ~.,."hôle coie only (2-D) 
··-...... .. "'.À;. . 

23 stat.ist.ical designs 
S- Tables J-2 
I- Table J-5 
0- Table J-8 

Effe et. c!ïai=r,rat'ns 
S- Fig . .T-8 tè1 .T-11 

I- Fig. J-28- to J-30 
0- Fi,,. J-39 to J-41 

Co' • 

Surnttuliy of_effec:t.s 
S- Tables 8-7 
I- Table 8-10 
0- 'l\illle 8-13 

Figure 7-4 The main steps of the results analysis 
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Figure 7-4 also indicates where to find the tables and figures 

related to each step. On Figure 7-4, the letters S, I and O stand 

respectively for the three filling levels over the Shaft, 

Inner ribbon and Outer ribbon. Conclusions were drawn from tables 

and figures found in Chapter 8 but not those found in Appendices. 

i Sample weights 

The analysis of the effect of the blender operating candi tions 

and the regions over the bed height used the NTW obtained from 

the total weight value. Both values were obtained for the regions 

and the whole batch (global). There was no bed depth analysis for 

the weights (2-D}. 

The total core weight was proportional to the core height by 

making the simplification that all the samples have the same 

density through the core. The core sample height was equal to the 

one of the bed when the core compaction through extraction was 

negligible. 

The total core weight was calculated by adding up all the sample 

weights in a single core. The same exercise was done for a region 

(so called total region weight) by adding related total core 

weights within the specified region35 • The total global weight was 

defined as the total weight sampled in a batch36
• 

Total weight values were then divided by the number of cores 

composing the region to normalize the total weight results37 • The 

weight of region a, for example, composed of four cores cannot be 

compared adequately with weight results in region b cornposed of 

only two sample cores without proper normalization. 

35 refer to Chapter 5 for region definitions 
36 refer to Table G-19 
37 refer to Table 8-1 
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ii Sample concentrations 

Sample concentration was calculated by using the dilution factor 

(refer to equation 6-4), as its value changes with the sample 

weight (refer to equations 6-1) . 

From data taken in tables of sample concentration, theoretical 

RSD of the sample concentration was calculated as defined by a 

deviation from the blue MCC targeted concentration of 0. 5000. 

Smaller its value was, closer it was to reach the mixing end-

point. The RSD value of the sample concentrations is a good 

indication of the mixture quality. The relative standard 

deviation mathematical relation used is the same as the one used 

in the analytical method calculations38
• 

RSD was calculated for the entire batch and per region as per the 

weight analysis and under different core depths for 3-D analysis 

such as39 : 

e the global RSDs 40 

e region RSDs of regions a, b, c and d 41 

• combined region RSDs of regions e and f 

and for the core depths 

e for all the core (as per the weight calculations) 

e bot tom ( first two samples42 ) 

• top (last two samples) 

e middle (remaining samples after bottom and top samples were 

used) 

Because of the U-shape vessel tub and the different filling 

levels, the extracted cores did not have the same lengths. For 

example, if the sample core had only 3 samples, the first two at 

38 refer to equations 6-2 & 6-3 
39 refer to Appendix H Section H-2 for a typical example how reg ions are divided for RSD calculations 
40 refer ta equations 6-2 & 6-3 
41 refer to Figure H-1 for example of region definition for RSD calculations 
42 numbered 1 and 2 samples in Tables H-1 to H-18 
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the bot tom of the core were used first. Since there was not 

enough remaining sample (only one left after the bottom samples 

were taken) / there was not any RSD calculation of the region or 

batch over the top and the middle because of incomplete core. 

In RSD tables 8-5, 8-8 and 8-11, if RSD values do not respect the 

%label claim or RSD mixing end-point criteria43
, RSD values are 

respectively in green or in red . The %LC criteria is always the 

one first assessed where the RSD mix ing end-point criteria is not 

evaluated if the %LC one is not met. In both cases, if RSD values 

are either in green or in red , the mixing end-point criterion is 

not respected44 • The remaining values in the table are in black 

when the mixing end-point criterion is respected. Excel cells in 

beige refer to the most important RSD value, the overall one for 

the entire batch. Six such cells are found within each RSD table, 

one per batch analysed that compose the tables. 

7 .1. 6 Statistical approach for radial mix ing experimental 

results 

Using the experimental design software Design-Expert version 

6.0.1 (refer to [MONTGOMERY, D. C., 2001]), statistical analysis 

were done to evaluate whether operational parameters, or the 

region where the sample was taken, have an effect on the two 

responses, core sample NTWs and concentration RSDs. 

Statistical tables output the Prob > F obtained from ANOVA 

calculations using design-expert software. Prob > F represents 

the probability value that is associated with the F-Value of this 

term. The F-value is used to test the significance of adding new 

model terms to those terms already in the model. For instance, 

the significance of the linear terms is tested after removing the 

effect of the average and the blocks. Then, the significance of 

the quadratic terms is tested after removing the average, block 

and linear effects. 

43 refer to Section 7 .1.3 
44 refer to section 7 .1.3 
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value less than 0.05 would be considered a significant effect at 

a 95% confidence level. A probability value greater than 0.10 is 

generally regarded as not significant at a 90% confidence level. 

At 95% confidence level, a significant model means that the 

experimental error is less than 5%. 

For each of the filling heights, 22 statistical designs were 

built using the total normalized weight and concentration RSDs 

results. The two parameters varied were the operational 

parameters impeller rotational speed and number of turns 45
• The 

statistical response Prob > F values for each of the factors are 

tabulated in Appendix J. Most of the non significant Prob > F 

value rows were removed of the statistical results tables for 

clarification purposes46 • 

From there, effect diagrams 47 of the effect of the variation of 

the operational parameters on the response were used to built 

statistical results summarizing tables 48
• 22 statistical designs 

are built using the whole core for the total normalized weight 

responses. For the sample concentration RSDs, 22 statistical 

designs also consider the depth of the samples as defined by: 

• The whole core, 

• Bottom of the bed, 

• Middle of the bed, 

• And top of the bed. 

Summary tables of 22 statistical designs detail the results of 7 

experimental designs for the NTW response where the number of 

designs changes for the concentration RSD response. 

statistical designs of the NTWs do not bring any valuable results 

to the study. 

For each of the filling heights, 23 statistical designs were also 

built using the two responses. Added to the two operational 

parameters used in 22 statistical designs, total normalized 

45 refer to Figure 7-3 
46 refer to Tables J-1, J-3 and J:.5 
47 using Design-Expert software 
48 refer to Tables 8-3& 8-5 for normalized weights and Tables 8-8, 8-11 & 8-14 for concentrations RSDs 
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weight and concentration RSDs results are compared between 

regions two by two 49 • As per 2 2 designs, summary tables of 23 

design significance are built using effect diagrams 50 • Three 

independent statistical designs are made for regions a&b, c&d and 

e&f in each of the summarising statistical tables found in 

Chapter 8. Other than there was no depth analysis for the 23 

statistical designs of the concentration (where the whole core is 

always used), the same approach developed for the 2 2 designs of 

both the weights and concentrations is used. 

Using the whole core results only of the 23 statistical designs 

(2-D) of both the total normalized weight and concentration RSDs, 

a comparison between the effects depicted in the statistical 

design summaries was done. This was done to establish whether or 

not there was any relation between the bed height and the mixture 

quality. 

Cells (in the summary tables) are divided in two for significant 

categorical parameter such as the region comparison in 23 

experimental designs. In this case, the (-) signs indicates that 

the response was lower than in the other region ( +) . The (--) 

sign indicates that it was much lower than the other region with 

the ( ++) sign. This description is also valid for a numerical 

parameter that has a signif icant interaction effect on the 

response (different at certain levels of the parameter), then 

processed as a categorical parameter. 

For a numerical parameter without interaction, the (-) sign means 

that the response value is inversely proportional with the 

variation of the value of the parameter. The (+) sign means that 

the response value is proportional with the variation of the 

value of the parameter. The (--) sign indicates that it was much 

more inversely proportional and the (++) sign much more 

proportional. For example, using a (--) sign for the impeller 

rotational speed would mean that the response decreases a lot as 

49 refer J-2, Table J-4 and Table J-6 for Prob > F values of the 23 designs 
50 refer to Tables 8-2, 8-4 & 8-6 for normalized weights and Tables 8-9, 8-12 & 8-15 for concentrations RSDs 
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the impeller rotational speed increases. A (+/-) sign means that 

the model does not display a clear trend even if statistically 

significant. 

For the summary tables of 22 statistical designs, the first 

column details the 2 factors used in the design where A (RPM) and 

B (#turns) standing respectively for the impeller rotational 

speed and number of turns. 

For the summary tables of 23 statistical designs, the first 

column details the 3 factors used in the design where A (region) , 

B (#turns) and C (RPM) respectively standing for the regions and 

for impeller number of turns and rotational speed. 

Incomplete designs and non-significant factors are respectively 

represented by cells in gr<:cv and blue in the summarising tables51 

found in Chapter 8 and in Appendix. Blue cells also represent 

significant model that has not a clear trend where no clear 

conclusion can be drawn. 

51 refer to Appendix 1 Statistical Protocol Example for detailed statistical approach 
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7 • 2 Axial :mixing 

The goal of this study was to demonstrate that for the studied 

system, axial mixing was slower than radial mixing. 

As previously in radial mixing experiments, a mixture of equal 

parts of white and blue MCC Avicel PH101 was used. 

Two loading patterns were studied supported by digital pictures. 

The loading pattern served to isolate differences between radial 

and axial rnixing. For radial mixing visual evaluation, blue MCC 

was layered on top of white MCC. For axial rnixing visual 

evaluation, side-to-side loading was done when looking at the 

front view of the mixer. All the pictures taken represent top 

views of the mixer. 

The blender was filled to its maximum, over the outer ribbon 

height. Since it seemed that radial mixing is better under the 

slowest impeller rotational speed, these experiments were held at 

20 RPM. 

Pictures were taken at various impeller numbers of turns: 

• 10 [30seconds] (during mixing) 

• 20 [1 minute] 

• 40 [2 minutes] 

• 100 [5 minutes] 

• 160 [8 minutes] 

• 320 [16 minutes] (for side/side only) 

• 640 [32 minutes] (for side/side only) 

For radial mixing, pi et ures were taken only up to 8 minutes 

pictures since the mixture was uniform, as it is shown in Chapter 

8 Section 8 .1. Since bed through axial mixing was visually not 

uniform, mixing continued until the blend visually seemed to be 

uniform. 
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CHAPTER 8 EXPERIMENTAL RESULTS 

This section is subdivided into three parts. The first one 

details radial mixing experimental results. Thereafter, digital 

pictures are compared for axial and radial mixing over the outer 

ribbon filling height. The last section gives an overview and 

interpretation of the mixing experiments. 

8. 1 Radial mixing 

This section is divided into two major parts. Section 8.1.1 

details the results of the normalized sample weights and Section 

8.1.2 the sample concentration RSDs. 

The calculation steps for the raw data of the weights and 

concentrations leading to the statistical analysis are detailed 

in Chapter 7 Section 7 .1. 5 b. It details all the figures and 

tables related to the radial mixing results. The summarising 

tables included in this portion have all the same format and 

nomenclature. 

8 .1.1 Normalized sample weights 

This section is divided in two parts: the first one details the 

processed data used in the statistical design tables, the latter 

is found in the second part of this section. 

a Processed data 

Processed data of the NTWs were obtained from the weight of each 

of the sample of the 18 batches. 

Weights in Table 8-1 below are the normalized values taken from 

total weight Table G-19 found in Appendix G. 
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Table 8-1 Normalized global/region sample weights 

1 19 
2 3,15 7, 11 
3 1,64 8,01 
4 3,60 6,75 
5 2,24 8,22 
6 3,64 6,34 

7 10,40 7,85 10,26 13,48 12,56 9,68 11,41 
8 10,37 7,43 9,99 13,46 13,67 9,44 11,83 
9 9,38 7,41 9,06 10,34 12,68 8,39 10,87 
10 9,43 6,94 9,82 11,30 12,14 8,39 10,98 
11 9,68 6,82 9,20 12,57 12,99 8,73 11,09 
12 9,52 7,24 9,22 11,21 12,67 8,57 10,95 

13 12,20 10,96 9,97 14,73 14,36 12,22 12, 17 
14 11,21 9,75 10,89 11,32 14,34 11,28 12,64 
15 12,49 11,44 10,34 14,77 14,46 12,55 12,40 
16 12, 14 10,68 11,32 14,14 13,90 11,83 12,61 
17 11,88 9,70 11,82 14,37 13,83 11,25 12,82 
18 12,52 10,56 11,26 15,44 14,76 12, 19 13,01 

Values in Table 8-1 are in grams per region/global (batch) . The 

normalization was done by dividing the actual region/global total 

weight by the number of cores within the region/global. Within 

regions a, be Ce d, e and f, there are respectively 4, 2, 2, 2, 6 

and 4 core sampling locations. 

There was an average of 7 5, 125 and 150 samples per batch 

respectively for experiments (1 to 6), (7 to 12) and (13 to 18). 

It is obvious that the NTW values increased proportionally with 

the blender filling level. 

For each of the three filling heights, the calculated RSD of the 

NTW for the batches ranged between 3.5 and 4.8%. Since the RSD is 

below 5% (limit of acceptance), the difference of the total 

weight per batch is not considered significant. Sampling 

technique gave reproducible results for each of the filling 

level. 
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b Statistical designs 

The results detailed in this section are divided in three parts 

for each of the three filling heights. 

Tables 8-2, 8 - 3 and 8-4 of 23 statistical results each summarises 

the ANOVA resul ts of three experimental designs for the reg ion 

comparisons a&b, c&d and e&f. 

i Shaf t f illing height 

Summarising results of 23 statistical designs are found in Table 

8-2 for the bed unevenness. 

Table 8-2 Weight ef fect summary for 23 experimental designs over 

the shaf t f illing height 

From the results found in Table 8-2, the NTW was higher ( +) 

within regions b and d than respectively regions a and c (-). It 

was much higher in combined region f (++) than e (--). It means 

that there was a signif icant dif ference in the bed height where 

it was much higher where the powder was lifted by the impeller in 

region e than where it was pushed in region f. In this case, the 

operating parameters did not play a signif icant role in the bed 

height variations. 
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ii Inner ribbon filling height 

Summarising results of 23 statistical designs are found in Table 

8-3 for the bed unevenness. 

Table 8-3 Weight effect summary for 23 experimental designs over 

the inner ribbon filling height 

From results found in Table 8-3, the sample normalized weights 

was a lot less in the regions by the mixer wall a (--) than in 

reg ion b ( ++) . For combined regions, the weight was lower in 

region e (-) than f (+). The regions a and b by the blender wall 

mainly contributed to the behaviour observed in regions e and f. 

iii Outer ribbon filling height 

Summarising results of 23 statistical designs are found in Table 

8-4 for the bed unevenness. 

Table 8-4 Weight effect summary for 23 experimental designs over 

the outer ribbon filling height 

From results found in Table 8-4, there was only one significant 

model for the combined regions comparison e with f of the NTW 
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response. In this case, the NTW of region e was found to be lower 

(-) than in region f (+). 

In summary of the weights analysis, the NTW results (bed height) 

were always lower in region e than f. The influence of the 

regions (a, b, c & d) on the bed unevenness decreased with the 

increase of the filling height. It could clearly be observed that 

when the blender was filled over the shaft, 

mixer wall (a&b) and by the rotating shaft 

both regions by the 

(c&d) contributed to 

the behaviour found in regions e and f. Over the inner ribbon 

filling height, only the regions by the mixer wall (a&b) 

contributed to the behaviour displayed in regions e and f. Over 

the outer ribbon filling height, there was no statistically 

supported contribution from results found in regions a, b, c & d 

to the trend displayed in regions e and f. The difference in bed 

height from the two sides of the shaft decreased with the 

increase of the filling height, the bed becoming more even. 

8 .1. 2 Sample concentration RSDs 

The results detailed in this section are divided in three parts 

for each of the filling heights. 

a Shaft filling height 

The results detailed in this section are divided in three 

portions. The first part details the RSD data, 

third ones summarise respectively the 2 2 and 

designs results. 

i Processed data 

the second and 

23 statistical 

Sample concentration RSDs in Table 8-5 are calculated from sample 

concentration values found in Tables H-1 to H-6. 
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Table 8-5 Sample concentration RSDs over the shaft filling height 

Bottom 3,00% 
Middle 4,44% 2,42% 2,19% 

Top 3,68% 3,03% 2,90% 

6,94% 5,07% 5,15% 
Bottom 8,48% 6,02% 5,61% 

Middle 3,71% 5,04% 4,27% 

Top 6,90% 5,90% 5,94% 

6,08% 2,82% 3,87% 

Bottom 3,43% 3,61% 3,61% 
Middle 5,26% 2,51% 3,39% 

Top 4,71% 3,97% 4,51% 

8,17% 3,41% 4,68% 
Bottom 12,25% 4,00% 4,69% 

Middle 4,21% 3,61% 4,58% 

Top 8,36% 3,38% 4,30% 

8,05% 3,14% 4,88% 
Bottom 8,84% 3,52% 4,76% 

Middle 4,24% 2,10% 1,83% 

Top 2,99% 1,44% 2,03% 

6,49% 3,57% 4,30% 

Bottom 8,31% 3,36% 4,59% 
Middle 5,10% 3,97% 4,32% 

When considering the overall sample concentration RSDs of the six 

experiments in Table 8-5, the mixing end-point was never reached 

at the end of the mixing sequence. Most of the unmixed samples 

that created a high RSD value were mainly concentrated at the 

bot tom of the blender by the mixer wall in reg ion a. Region a 

poor mixture quality contributed to the high RSD values found in 

reg ion e. There were also mixing problems wi thin reg ion b more 

particularly at higher impeller rotational speed. It occurred 
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more often at the bottom of the mixer but also at the top. Region 

b poor mixture quality contributes to the high RSD values found 

in reg ion f. This study over the shaft filling height revealed 

good mixture quality within regions c and d by the rotating 

shaft. 

Using values found in Table 8-5, 22 and 23 statistical designs 

were built over the shaft filling height. 

ii 22 designs 

Table 8-6 below summarises the results extracted from ANOVA and 

effect diagrams of 21 independent statistical designs. 

Table 8-6 RSDs ef fect summary for 22 experimental designs over 

the shaft f illing height 

Because of the short core samples 52 , statistical designs of the 

whole cores in regions a and e were not done. 

At the bot tom of the mixer within reg ions b, d and f, the RSD 

increased a lot with the increase of the impeller rotational 

speed. Within region f at the top (surface) of the bed, the RSD 

proportionally increased not so much with the impeller rotational 

speed. 

52 refer to Tables H-1 to H-6 
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iii 23 designs 

Table 8-7 summarises the results from three statistical designs 

on the mixture quality . 

Table 8-7 RSDs ef fect summary for 23 e x perimental designs over 

the shaf t f illing height 

In Table 8-7, the mixture quality was poorer in region a and e 

than regions b and f (-), where the bed height was higher53 • For 

regions c and d by the rotating shaft, the RSD increased (+) as 

the impeller rotational speed was increased. 

b Inner ribbon f illing height 

The resul ts detailed in this section are di vided in three. The 

first part details the RSD data, the second and third parts 

summarise respectively the 2 2 and 23 statistical designs results. 

i Processed data 

Sample concentration RSDs in Table 8-8 are calculated from sample 

concentration values found in Tables H-7 to H-12. 

53 refer to Table 8-2 
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Table 8-8 Sample concentration RSDs over the inner ribbon filling 

height 

8,30% 5,84% 4,90% 5,84% 
Middle 4,81 % 5,45% 5,24% 4,56% 4,34% 4,97% 4,66% 

Top 4,68% 5,07% 6,28% 5,45% 3,10% 4,95% 4,58% 
10,00% 12,97% 8,73% 9,51% 11,60% 11 ,14% 10,44% 

Bottom 11,56% 17,23% 7,32% 7,93% 6,12% 14,36% 6,25% 
Middle 9,69% 8,19% 5,69% 10,17% 12,57% 9,17% 10,34% 

Top 10, 14% 10,61% 17,10% 7,26% 6,57% 9,27% 11,99% 
5,08% 9,41% 2,34% 2,96% 3,74% 6,96% 3,16% 

Bottom 10,78% 17, 17% 1,96% 3,69% 5,53% 13,83% 3,84% 
Middle 2,62% 2,19% 2,30% 2,91% 3,07% 2,50% 2,77% 

Top 2,86% 2,86% 2,82% 3,76% 3,27% 3,01% 2,83% 
6,45% 6,23% 13,36% 2,52% 2,35% 4,63% 8,85% 

Bottom 5,39% 8,17% 3,93% 3,18% 1,70% 6,73% 2,80% 
Middle 2,91 % 4,14% 2,67% 2,35% 2,40% 3,32% 2,48% 

Top 13,44% 4,36% 32,88% 3,43% 2,54% 3,91% 21,59% 
3,51% 5,56% 3,23% 3,25% 2,87% 4,49% 2,97% 

Bottom 5,04% 7,66% 3,04% 2,21% 3,15% 6,22% 2,86% 
Middle 3, 11 % 4,06% 2,76% 3,39% 2,39% 3,65% 2,49% 

Top 3,20% 2,98% 4,02% 2,62% 4,90% 2,72% 4,15% 
4,53% 7,98% 2,62% 4,37% 2,18% 6,37% 2,34% 

Bottom 8,01 % 10,65% 3,49% 11, 17% 2,25% 10,31% 2,72% 
Middle 3,68% 6,44% 2,21% 2,06% 2,08% 4,77% 2,10% 

When considering the overall batch RSD in Table 8-8, the mixing 

end-point of the overall batch was reached in experiments ID 7 

along with the two centered point e x periments ID 11 and 12. 

However, none of the e x periments displayed a mix ing end-point 

reached all over the batch volume. After 40 impeller turns and 60 

RPM (Exp. ID 8), the mix ing end-point was not reached all over 

the batch. After 160 impeller turns(Ex p. ID 10), the top of the 
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bed seemed to be the main zone with incomplete mixing. This was 

observed more particularly in region b (then also combined region 

f at the bottom of the mixer) . 

Over the centre points, poor mixture quality occurred at the 

bot tom of the blender in the regions a&c (Exp. ID 11 & ID 12) 

(then also combined region e). 

Overall, the mixture quality over the inner ribbon filling height 

was af f ected by the impeller rotational speed, especially after a 

shorter mixing time. 

ii 2 2 designs 

Table 8-9 summarises the effect of the operational parameters of 

the responses using the Prob > F value and their correspondent 

effect diagrams. 

Prob > F values found in Table J-1 were extracted from the ANOVA 

of 28 statistical e xperimental designs. 

Table 8-9 RSDs effect summary for 22 ex perimental designs over 

the inner ribbon f illing height 

When considering the whole sample core in Table 8-9, the RSD 

increased ( +) in reg ion f wi th the increase of the impeller 

rotational speed, which complies with the conclusions drawn from 

the RSD table analysis. 

At the bottom of the blender within region b and region f, the 

blend was much more uniform (--), as the impeller number of turns 

(mixing time) was increased. At the middle of the blender of 

region b, the RSD decreased (--), as the impeller number of turns 

(mix ing time) was increased. For region d at the middle of the 
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mixer and low impeller number of turns, the RSD increased ( ++) 

with the increase of the impeller rotational speed. At the top of 

the blender, the global RSD increased with the increase of the 

impeller rotational speed and not so much within region f. In 

region c, the RSD slightly decreased as the impeller number of 

turns was increased. 

In summary, the blend un if ormi ty increased proportionally wi th 

the mixing time. The mix ture quali ty also got poorer wi th the 

increase of impeller rotational speed in regions b, d and f where 

the powder bed was lifted. 

iii 23 designs 

Using values found in Table 8-8, 23 statistical designs were also 

built over the inner ribbon filling height. Table J-2 summarises 

the Prob > F values ex tracted from ANOVA of 3 independent 

statistical designs. Table 8-10 summarises the effects of each 

parameter and region on the mixture quality . 

Table 8-10 RSDs effect summary for 23 e xperimental designs over 

the inner ribbon f illing height 

For the sample concentration RSDs over the inner ribbon filling 

height in Table 8-10, the region factor did not play a 

significant role on the response. When comparing regions c and d, 

it appeared that there was an interaction of the impeller 

rotational speed and the number of turns on the RSD response. In 

fact, at higher rotational speed, the mixture quali ty improved 

with the increase of the impeller number of turns (--). When 

comparing regions e with f, the blend was less uniform with the 

increase of the rotational speed (+). 
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c Outer ribbon filling height 

The results detailed in this section are divided in four parts. 

The first one details the RSD data and the second one adds some 

supplementary observations to the high filling height radial 

mixing experiments. The third and fourth ones finally summarise 

respectively the 22 and 23 statistical designs results. 

i Processed data 

Sample concentration RSDs in Table 8-11 are calculated from 

sample concentration values found in Tables H-13 to H-18. 
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Table 8-11 Sample concentration RSDs over the outer ribbon 

f illing height 

Bottom 3,19% 3,62% 2,94% 4,18% 2,80% 2,66% 
Middle 6,98% 3,27% 3,80% 7,81% 10,84% 8,77% 

Top 3,16% 3,34% 3,89% 2,88% 3,75% 3,03% 3,53% 
7,90% 6,73% 16,16% 2,06% 4,39% 5,32% 10,84% 

Bottom 2,22% 3,42% 0,54% 1,62% 0,92% 2,86% 0,70% 
Middle 4,21% 5,40% 2,38% 1,88% 4,83% 4,39% 4,04% 

Top 18,20% 8,99% 43,46% 2,88% 3,46% 7,32% 28,54% 

4,60% 6,66% 4,13% 3,60% 4,20% 5,56% 4,14% 

Bottom 4,23% 5,22% 4,04% 3,45% 4,65% 4,54% 4,04% 
Middle 4,52% 5,58% 3,91% 3,30% 4,32% 4,75% 4,12% 

Top 5,75% 7,93% 5,76% 4,34% 3,27% 6,72% 4,33% 

6,48% 8,14% 8,91% 4,82% 5,03% 6,78% 7,02% 
Bottom 9,15% 13,76% 3,57% 5,87% 6,35% 11,40% 4,77% 

Middle 5,00% 5,20% 5,08% 4,79% 5,13% 5,00% 5,05% 

Top 9,98% 4,65% 23,22% 4,64% 4,40% 4,43% 15,47% 

4,41% 4,42% 5,06% 4,55% 5,16% 4,45% 5,07% 
Bottom 6,35% 5,12% 11,62% 4,87% 5,92% 4,81% 8,54% 

Middle 4,04% 3,36% 3,04% 4,38% 5,24% 3,83% 4,33% 

Top 4,13% 4,02% 4,48% 5,48% 4,49% 4,30% 4,16% 

3,60% 6,15% 2,43% 2,78% 2,21% 4,87% 2,28% 

Bottom 6,46% 9,92% 2,22% 4,70% 2,70% 8,29% 2,29% 
Middle 2,97% 4,17% 2,40% 2,36% 2,10% 3,44% 2,20% 

Top 2,96% 3,75% 3,13% 2,20% 2,85% 3,20% 2,77% 
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Mixing end-point of the global sample concentration RSDs was 

reached in Exp. ID 15, at high number of impeller turns and low 

impeller rotational speed. It was also reached over the two 

centre points of the experimental design. For Exp. ID 13, most of 

the unmixed samples causing the high RSD seemed to corne from 

regions c and d at the middle of the core. Global RSD was always 

higher at higher impeller rotational speed (Exp. ID 14 & 16) , 

causing important unmixed samples at the top of the bed wi thin 

region b. It could be that a higher rate of agitation puts the 

powder in a kind of fluidized state. In that case, individual 

characteristics of particles influence the state of the mixture. 

A few microns of difference are enough to bring some segregation. 

However, it was shown in previous section that the difference in 

particle size of the white and blue MCC is not statistically 

significant. Also, the quantity of colorant adsorbed by white MCC 

in the blue MCC has not been studied in function of particle 

size. Thereby, it is not possible to discard the possibility of 

the segregation of "ordered units". This aspect is going to be 

developed in the next section. 
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ii Supplementary observations 

At 60 RPM, over the inner and outer ribbon filling heights at the 

surface of the bed, samples in core L.5 54 were not mixed5 5 • White 

MCC from the bottom of the bed was in the first inch of the top 

of the core. Because Core L.6 could not be closer to the blender 

corner because of the impeller geometry limitations, results did 

not demonstrate this behaviour. However, the same phenomenon in 

the blender corner samples by core L.5 was visually observed for 

the opposite corner, near core L.6 5 6 • 

Figure 8-1 Exp . ID 14 Sampling sequence 

From Figure 8-1, the two-unmixed areas at the corners in region b 

could be observed where the bed is being lifted by the rotating 

impeller. Core L.5 sampled appropriately this dead zone but Core 

L. 6 did not. 

54 refer to Table 5-1 
55 refer to Table 8-8 Exp. ID 8&10 and Table 8-11 Exp. ID 14&16 
56 refer to Figure 8-1 and Figure 8-2 
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L.4 L.5 

Figure 8-2 Exp. ID 14 Cores L.5 (left) and L.6 (right) 

From Figure 8-2, the unmixed samples were observed at the top of 

Core L.5, where white MCC cannot be seen in Core L.6. 

Usually, powder can be mixed, even if it is not in the path of 

the impeller [COX, B. D., 2000,PRESNELL, D., 1995] when it falls 

into the actual path. However, powder out of the path of the 

impeller (such as the top of core L.5 at high impeller speed) did 

not move with the mixing bed and remained static. White MCC was 

first pulled from the bottom of the vessel by the rotating bed. 

It then remained static once the impeller had reached its steady 

state rotational speed. It explains poor mixture quality in 

region b when operating at 60 RPM over the inner or outer ribbon 

filling heights. This phenomenon was not observed at lower 

impeller rotational speed of 20 and 40 RPM. 

CEMA has stated that the fluidity of the aerated mass increases 

proportionally with the increase of the aeration [CONVEYOR 

EQUIPMENT MANUFACTURERS ASSOCIATION (CEMA), 1997] . The powder 

would become more aerated ( lowering the bulk densi ty) as the 

impeller rotational speed increases and would cause the solid to 

behave like a fluid (refer to Section 3.2.1 ) . The interparticles 

forces exerted by the liquid-type behavioural solid would not be 

high enough to carry particles out of the path of the impeller 

such as the powder at the surface of the bed within region b. 
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iii 22 designs 

Table 8-12 summarises the results of 28 statistical experimental 

designs and their correspondent effect diagrams. 

Table 8-12 RSDs effect summary for 22 experimental designs over 

the outer ribbon filling height 

From Table 8-12, there was no significant effect for the entire 

batch and over the middle of it for the sample concentration 

response of the operational parameters. 

For the sample concentration RSD response, there was an 

interaction of the factors for the global RSD at the bottom of 

the mixer. After a larger number of impeller turns (B+) , the 

mixture quality became poorer as the impeller rotational speed 

was increased. 

For mixture quality at the top of the bed, the RSD increased (+) 

as the impeller rotational speed was increased (+) within region 

b and f. 
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iv 23 designs 

Table 8-13 summarises the results ex tracted from ANOVA of 3 

independent statistical designs. 

Table 8-13 RSDs effect summary for 23 experimental designs over 

the outer ribbon filling height 

For the sample concentration RSD of region a and b found in Table 

8-13, the RSD response increased as the impeller rotational speed 

did. At low rotational speed (C-), there is an interaction 

between the factors of region c and d, where the RSD decreased a 

lot (--) with the increase of the impeller number of turns. 

8 . 2 Axial mixing 

This section details the results obtained for the comparative 

study of radial and a x ial mixing e xperiments. Figure 8-3 to 

Figure 8-5 and Figure 8-9 to Figure 8-11 are pictures taken when 

the blue MCC was layered on top of the white MCC. Figure 8-6 to 

Figure 8-8 and Figure 8-12 to Figure 8-16 are pictures taken when 

the white MCC was loaded on the side of the blue MCC . 
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Figure 8-3 Layered loading 

Figure 8-4 30s mix layered 

loading 

Figure 8-5 lmin layered 

loading 
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Figure 8-6 Side/side loading 

Figure 8-7 30s mix side/side 

loading 

Figure 8-8 lmin side/side 

loading 
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Figure 8-9 2rnin layered 

loading 

Figure 8-10 Srnin layered 

loading 

Figure 8-11 8rnin layered 

lbading 
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Figure 8-12 2rnin side/side 

loading 

Figure 8-13 Srnin side/side 

loading 

Figure 8-14 8rnin side/side 

loading 
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Figure 8-15 16min side/side loading 

Figure 8-16 32min side/side loading 
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Table 8-14 Radial and axial mixing comparison pictures 

Radial ~ial Co;p:d.it.iona 
Figure 8-3 Figure 8-6 Loading 

Figure 8-4 Figure 8-7 After 30 sec while mixing 

Figure 8-5 Figure 8-8 After 1 minute of mixing 

Figure 8-9 Figure 8-12 After 2 minutes of mixing 

Figure 8-10 Figure 8-13 After 5 minutes of mixing 

Figure 8-11 Figure 8-14 After 8 minutes of mixing 

Figure 8-15 After 16 minutes of mixing 

Figure 8-16 After 32 minutes of mixing 

The bed seemed visually homogeneous after eight minutes of mixing 

on Figure 8-11 (even after two minutes on Figure 8-9). The 

blender was operated under the optimal radial mixing conditions 

over the outer ribbon f illing height and low impeller rotational 

speed 20 RPM as explained in Chapter 8. The mixing end-point was 

visually not reached for axial mixing experiments also after 

eight minutes on Figure 8-14. The bed seemed to be mixed after 32 

minutes in the axial mixing experiments, a mixing time four times 

greater than radial mixing experiments. From Figure 8-3 to Figure 

8-16, it was shown that axial mixing was significantly slower 

than radial mixing under the same conditions. The literature 

states that a ribbon-blender does an excellent and fast blending 

mixing work in the vertical plane, but is slow when mixing along 

the shaft axis [JOHANSON, J. R., 2000] which supports the 

conclusions made of this study. 

As for the future work, these observations should be supported by 

sampling and analysis of the samples over time to have a more 

exact evaluation of axial mixing for this system. 

The diameter and pitch values of the impeller outer ribbon are 

rather similar. Radial and axial movements induced to the solid 

particles is assumed to be proportional to the physical 

components of the impeller, respectively the circumference (n*D) 
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and the pitch. Thus, radial mixing would be expected to be three 

times faster (factor rr) than axial mixing for our impeller. There 

is no need to execute an overview of the forces applied to the 

powder by the rotating impeller without considering the 

interparticle forces, which are hardly physically measurable. 

Such an overview of forces would be of great help and could 

eventually be done using computational fluidized dynamics (CFD). 
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8.3 Overview of mixing results 

The most important and valuable results of the whole mixing study 

are gathered in this section. 

At the outer ribbon filling height, the loading pattern was the 

most important feature and should be considered first. Filling 

level of the blender was the next most important operational 

parameter. Greathead (1957) work using a helical-flight dry-solid 

mixer arrived at similar results, without taking loading pattern 

into considerations [GREATHEAD, J. A. A. et al., 1957]. Then, the 

main parameter affecting the quality of the blend depends on the 

blender filling level. 

When blender filled at the shaft filling level, the mixing end-

point for the entire batch was never reached. The mixing end-

point of the overall batch was reached once over the inner ribbon 

(after 40 impeller turns) and once over the outer ribbon filling 

levels (after 160 impeller turns) both at 20 RPM. This finding 

goes against some authors conclusions for their respective 

systems [COX, B. D., 

filling levels above 

2000,PRESNELL, D., 1995]. They state that 

the mixer shaft created regions that the 

ribbons do not pass through, reducing their effectiveness, such 

as over the inner and outer ribbon blender filling heights. The 

blend quality was never adequate at high impeller speed, 

independently from blender filling level57 • 

57 refer to Figure 8-17 
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Figure 8-17 Flowchart of operational parameter effect on blend uniformity 

Pascal Côté 118 Master thesis 



Chapter 8 Experimental results 

From Figure 8-17, red dashed lines indicate the sample mixture 

quality is poorer than the other one at the same hierarchical 

level in the chart. The lecture of the chart can be done from top 

to the bottom, as the importance of the effect of the operational 

parameter on the mixture quality decreases. 

The blend was also found uniform over the centre points of the 

two filling levels ( inner and outer ribbons) . When the mixing 

end-point was reached, the batch sample concentration results 

respected the %LC and relative standard deviation criteria, 

established in Section 7 .1. 3 When the mixture quality was 

evaluated within 3-D regions separately, none of the 18 batches 

reached the mixing end-point. 

8.3.1 Shaft f illing height 

Except when the blender was filled at the shaft filling height, 

there seemed to be no correlation between the bed height and the 

mixture quality. Phenomena where the powder slides along its 

dynamical angle of repose in ribbon-blenders were reported by 

other authors such as [COX, B. D., 2000]and [JOHANSON, J. R., 

2000] . Authors have not been specific to which filling level 

avalanching phenomenon would take place. For the studied system, 

avalanching could be observed at lower shaft fill level whereas 

it was not at higher ones. The movement of blades at low fill 

level created avalanching phenomena and caused a difference in 

bed height from side to side of the rotating shaft. At shaft 

filling level, avalanches were generated from region b (where the 

powder was lifted) to region a (where the powder was pushed) 

resulting in changing the bulk density of the bed. From 2 3 

statistical design, the region factor itself played a more 

important role than the operational parameters. Over the shaft 

filling level, the most important mixing problems occurred in 

region a at the bottom of the blender, where 1-2 inch samples 

were extracted. It was also observed that the blend was less 

uniform where there was less powder in the bed. No matter what 

was the impeller rotational speed or mixing time, design of the 
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mixer never allowed good rnixing over the shaft filling level 

within region a for that system. A scaling evaluation using 

different formulations and mixer sizes could be made in future 

work. 

From 2 2 statistical design results, the uniformity of the mixture 

quality at the bottom of the mixer (where powder was lifted) 

decreased (with the increase of the concentration RSD) as the 

impeller rotational speed was increased. 

8.3.2 Inner ribbon filling height 

The rnixing end-point was reached at 20 RPM after 40 irnpeller 

turns and not after 160 as expected at first glance. The two sets 

of experiments gave a similar value of global concentration RSD 

but the %LC criterion was not respected. However, the blend was 

not dernixing since a homogeneous mixture was used. It seemed that 

some unmixed powder found in dead zones moved towards a sampling 

location. 

It appeared that over the inner and outer ribbon filling heights, 

the mixing end-point was 

the two sets of centre 

irnpeller turns) 

reached in a reproducible manner over 

points experiments (40 RPM and 100 

From 2 2 experimental design ANOVA results at high rotational 

speed, some unmixed powder was found at the surface of region b 

by the mixer wall (where powder was lifted) . Previous work of a 

free-flowing mixture using a ribbon-blender found that the 

surface rate of mixing was eight times faster than subsurface 

locations [GREATHEAD, J. A. A. et al., 1957]. These results are 

in contradiction with those found in our study, where the surface 

mixture quality at certain locations can be significantly lower 

at high impeller rotational speed. The importance of the impeller 

rotational speed effect (to proportionally decrease the 

concentration RSDs) is not as significant after longer mixing 

time (for region comparison by the rotating shaft). 
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8.3.3 Outer ribbon filling height 

It took 16 0 turns to reach the overall bat ch mixing end-point 

over the outer ribbon filling height at 20 RPM. 

As the inner ribbon filling height, some unmixed powder was found 

at the surface of the bed at high impeller rotational where 

powder was lifted (region b by the mixer wall) . 

Sorne authors investigated the ef fect of the rotational speed on 

the quality of the mixture. It was determined that mixture 

quality for a mono-disperse free-flowing grains was independent 

of the rotational speed in a V and double-cone blenders [SUDAH, 

O. S. et al., 2002]. That was also reported by Greathead (1957) 

who used a helical-flight mixer [GREATHEAD, J. A. A. et al., 

1957]. On the other hand, while it was still deterrnined that 

mixture quality of free-flowing material in a tote-blender was 

independent of rotational speed, it was dependent using a 

cohesive mixture [SUDAH, O. S. et al., 2002]. Work using a 

Turbula mixer with different types of lactose and low dosage 

active has leaded to the similar conclusions [CARTILIER, L.H., 

1989]. The effect of rotational speed of a cohesive mixture using 

a ribbon-blender has not been investigated in depth in the 

literature. However, results found using tote-blender comply with 

those found in this study. 
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Conclusions 
This work is the result of a collaborative research proj ect 

between Merck-Frosst Canada & Co. and the Université de 

Sherbrooke. This master thesis addresses mixing of granular 

materials with the ultimate goal of determining the effect of the 

blender operational parameters on the mixture quality. In 

particular, the case of radial mixing in ribbon-blenders was 

examined through a statistical experimental design approach. 

Axial mixing was also addressed as a preliminary step of other 

future studies. While the main focus has been on mixing in 

ribbon-blenders, many of the tools and techniques developed in 

this work are of a more general nature and can be used into other 

particle processing applications. 

The impeller designed respects the geometric similarities of the 

production unit. 

The white and blue microcrystalline cellulose cohesive powder 

mixture is homogeneous with respect to the mixing behaviour. The 

effect on the mixture quality of different types of mixtures 

could be evaluated in a future work. 

Even if somewhat time consuming, the core sampling method is 

adequate to extract samples from the bed at the small-scale 

level. The perturbation caused by sampling on the bed should be 

assessed in depth in future works, to evaluate if the use of 

multiple sampling sequences would be possible after different 

mixing times of the same batch. The sampling template developed 

allows the taking of samples at reproducible locations. 

The UV-Visible spectroscopie analysis method developed enables 

the analyst to accurately quantify the amount of blue MCC within 

the recovered samples in a reproducible manner. This method could 

also be used for an in-depth axial mixing study in future work. 

It was visually demonstrated that radial mixing at low impeller 

rotational speed (20 rpm) and high filling level (outer ribbon 

level) is much faster than axial mixing. The loading pattern 

seems to be the most important feature but has not been evaluated 

in depth at this stage. It would be interesting to consider this 
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aspect in future works through complete experimental design 

testing and analysis. Even if not yet possible for solids, it 

would also be of great help to execute a computational fluid 

dynamics (CFD) model. These trials could cover different types of 

mixtures, blender geometries and operational conditions. 

A complete experimental testing and statistical analysis was done 

for the radial mixing experiments. The blender filling height 

seems to be the most important operational parameter for the 

system studied in depth. The mixing end-point was never reached 

at shaft filling height, whereas it was reached once at both the 

inner and outer ribbon filling heights. 

At the shaft filling height, no matter what impeller rotational 

speed or mixing time that was used, the blend was never 

homogeneous in the region by the mixer wall (where the powder was 

pushed). 

At high filling height (inner and outer ribbon filling heights), 

the impeller rotational speed seems to play a role more important 

than mixing time for the range studied. Powder at the surface of 

the bed is never uniform at high impeller rotational speed (at 

the region where powder is lifted) . The mixing time does not play 

a major role once a certain threshold has been reached. A larger 

blender that would have allowed a higher tip speed (that induces 

higher linear velocities to the solid particles) could be of 

great help in future work to allow a better evaluation of the 

effect of the impeller rotational speed on the quality of the 

blend. 
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APPENDIX A GLOSSARY 

Antistatic agent: Reducing static electric charges by retaining 
enough moisture to provide electrical conduction. 

Binders/Diluents: Binders/diluents are grouped together as a 
functional class, as many of these excipients have multiple 
functionalities. The distinction between a binder and diluent for 
a multifunctional excipient is based more on the use level in the 
formulation. 

Glidents: Glidents are used to improve the flow properties of 
powders. The mechanisms responsible for enhancing flow include 
reducing surface roughness, reducing interparticulate friction, 
reducing cohesive forces, reducing electrostatic forces, and 
acting as moisture scavengers. Glidents are typically added as an 
additional blending step just prior to lubrication. 

Lubricants: Lubricants are used to reduce friction and prevent 
material from sticking to tooling. These materials are typically 
fine powders that coat particles and tooling during tableting and 
encapsulation. 

Macroscopic mixing: It is often referred to as convective mixing. 
This process causes an overall mixing of the ingredients. 

Microscopie mixing: The microscopie mixing level is looked at the 
single particle scale. 

Optimum blending time: It can defined as the time beyond which 
blending improvement becomes less signif icant than demixing and 
consequently one observes loss in uniformity with additional 
time. 

Perfect blending in a mixture: It means that the individual 
particles of each component are distributed uniformly in space. 

Random blending: It is defined as a process during which the 
probability of a single particle being in one location is just as 
great as being in another one. How close the random blend cornes 
to a perfect blend can be related to a scale of scrutiny. 

Scale of scrutiny: It is defined as the minimum size of the 
regions of segregation that would cause it to be regarded as 
insufficiently mixed. 

Tip speed: This is the speed at the outer edge of a wheel or of a 
propeller, in this case of an impeller. 
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APPENDIX B DIMENSIONS OF RIBBON-BLENDERS 

Table B-1 General ribbon blender information and dimensions 

9.2 
9.938 9.625 47.500 
0.291 0.317 1.500 
0.029 0.033 0.032 
0.097 0.118 0.500 

0.25 1 1 1 
6 4 4 4 

8.13 32.55 31 .28 156.60 
6.09 9.47 9.92 234.90 
1.14 0.92 1.17 117.45 

48.76 130.20 125.11 626.41 
37.88 39.66 939.62 

4.68 469.81 

8.0 47.500 
5.500 7.758 7.554 40.000 
0.625 0.388 0.330 2.000 
0.114 0.050 0.044 0.050 
0.188 0.070 0.118 0.360 

2.2 1 1 1 
2 4 4 4 

44.91 26.05 25.04 134.34 
28.07 10.11 8.26 268.68 
5.26 0.71 0.98 96.73 

89.83 104.22 100.17 537.37 
40.42 33.06 
2.82 3.90 
0.78 0.78 

8 8 
0.34 0.38 1.75 
2.3 2.0 11.875 

1.44 1.44 1.50 6.44 
0.13 0.24 0.13 0.24 

0.125 0.0625 0.0625 0.0625 

Dimensions in Table B-1 are in inches. 

Pascal Côté 130 Master thesis 



Appendix C Material properties 

APPENDIX C MA.TERI.AL PROPERTIES 

C.1 Available grades of MCC 

Table C-1 Available grades of Microcrystalline cellulose 

Narne Grade Bulk p Mean particle Distribution 
[g/crn3

] size (µrn) 
Avicel PH-101 0.29 50 60 rnesh :::.:; 1. 0% 
(fibrous) 200 rnesh:::.:; 30.0% 

PH-301 0.42 50 60 rnesh :::.:; 1.0% 
200 mesh:::.:; 30.0% 

PH-102 0.30 90 60 mesh:::.:; 8.0% 
200 mesh 2 45.0% 

PH-302 0.44 90 60 mesh :::.:; 8.0% 
200 mesh 2 45.0% 

PH-200 0.32 180 60 rnesh 2 10.0% 
100 rnesh 2 50.0% 
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C.2 CEMA Classification of powders 

Table C-2 CEMA classification of powders 

Density 

Size 

Flowabilîty 

Abrasiveness 

Miscellaneous 

Prcpert:ies 

Or 

Hazard.s 

Pascal Côté 

$ullc Density, Loose 

No. 200 Sieve (.0029"} And Um!er 
Very Fine No. iOO Sieve (.0059") And Under 

No. 40 SieVè (.016") And UndeT 

Fine No. 6 Sieve (.132") And Under 

*"And Under 
Gramllar 3" And Under 

7" And Under 

l 6" Ami Under 
Lump y Over !6" 'to Be Specified 

X=Actual Maximum Sîze 

breguliu Stringy, Fibrous, Cylindrical, 
Slabs., Etc, 

Very Free Aowing • Flow Function) lO 
Free FJowing ·Flow function) 4.But ( 10 
Average Flowability - Flùw fonction} 2 But ( 4 
Sluggish • Flow function ( 2 

Mildly Abrasive - Index 1-17 
Moderately Abrasive • Index 18-67 
Extremely Abrasive - index 68416 

Builds Up and Hardens 
Generates Static Electricity 
Decomposes - Deteriurates ln Storage 
Flammability 
Becomes Plastic or Tends to Soften 
Very Dusty 
Aerates and Becomes Fluid 
E:xplosiveness 
Stic!ciness·Adhesion 
Cont11minable, Affecting Use 
Degrndable, Affecting Use 
Cives Off Harmful ot Toxic Gas or Fumes 
High!y Corrosive 
Mildly Corrosive 
HygroScOpic 
Interlocks, Mals or Agglomerate~ 
Oils Présent 
Packs Under Pressure 
Very Light and Fluffy - May Be Windswept 
Elevated Température 

132 

DlEFlN11lON 
&. îEST 

REFE!ŒNCE 

A-17 

A·12 

A-1 

B-3 
B-5 
B-7 
B-ll 
B-2 
B-8 
IM 
B-lO 
B-i8 
B-19 
B-6 
B-12 
B-4 
B4 
B·l3 
8-14 
B-lS 
B-16 
B-20 
A-H 

CODE 
DESIGNATION 

AC'fUAL 
LBSJCF 

E 

1 
2 
3 
4 

s 
6 
7 

F 
G 
H 
J 
K 
L 
M 
N 
0 
p 
Q 
R 
s 
T u 
V 
w 
X 
y 
z 
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C. 3 MCC Avicel PH101 

C.3.1 Chemical Name and CAS Registry Number of MCC PH101 
(from Excipient Handbook) 
Cellulose [9004-34-6] 

C.3.2 Molecular formula 
(C6H100s)n where n » 220. 

C.3.3 
» 36 000 

C.3.4 

Molecular weight 

Structural formula 

Figure C-1 Structural formula of MCC 

C.3.5 Other typical Properties 
Angle ofrepose: 34.4° for Emcocel 90M.<9

) 

Density (bulk): 
0.29 g/cm3 for Emcocel 90M. 
Density (tapped): 
0.35 g/cm3 for Emcocel 90M 

C.3.6 Solubility 
Slightly soluble in 5% w/v sodium hydroxide solution; practically insoluble in water, 
dilute acids, and most organic solvents. 

C.3.7 Description 
Microcrystalline cellulose is a purified, partially depolymerized cellulose that occurs as a 
white, odorless, tasteless, crystalline powder composed of porous partiel es. It is 
commercially available in different particle sizes and moisture grades that have different 
properties and applications. 

C.3.8 Specific surface area 
1.06- 1.12 m2/g for Avice/ PH-101. 

C.4 Indigo Carmine 

C.4.1 
C16HsN2Na20sS2 

Pascal Côté 
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C.4.2 
466.37 

C.4.3 
[860-22-0] 

Molecular weight 

CAS number 

C.4.4 Synonyms 
2-(l,3-dihydro-3-oxo-5-sulfo-2H-indol-2-ylidene)- 2,3-dihydro-3-oxo-lH-indole-5-
sulfonic acid disodium salt; disodium 5,5~-indigotin disulfonate; El32; FD&C blue #2; 
indigotine; sodium indigotin disulfonate; soluble indigo blue. 

C.4.5 Structural formula 
0 

0 
NaS03 

Figure C-2 Structural formula of Indigotine 

C.4.6 Appearance 
dark blue powder. Aqueous solutions are blue or bluish-purple colored. 
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C.4.7 Solubility 

Solvent at 25°C unless otherwise stated 
insoluble 

1 in 100 
1in1000 

1 in 125 at 2°C 
1 in 63 at 25°C 
1 in 45 at 60°C 

C.4.8 Comments 
Indigo carmine is an indigoid dye used to color oral and topical pharmaceutical 
preparations. It is used with yeUow colors to produce green colors. Indigo carmine is also 
used to color nylon surgical sutures and is used diagnostically as a 0.8% w/v injection. 

C.4.9 Incompatibilities 
Poorly compatible with citric acid and saccharose solution. Incompatible with ascorbic 
acid, gelatin, glucose, lactose, oxidizing agents, and saturated sodium bicarbonate 
solution. 
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C.5 Bulk and tapped density detailed method 

C.5.1 Bulk Density 
Weight a certain amount of powder and record the weight. 
• Gently pour the powder into a graduated cylinder held at an 
angle of approximately 45° to the vertical. 

• Place cylinder on a horizontal surface. 

• Record volume. 

Divide the mass by the volume to obtain the bulk density. 

C.5.2 Tap Density 
Use the Vankel tap density apparatus Madel 50-1000: 
• Use the switch at the back of the machine to put the power 
on. 

Put the appropriate plate post in the opening on top of the machine. 
Secure the graduated cylinder containing the powder on the plate. 
Enter the desired number of taps using the numbered keys and press "enter" key. 
Press the start button to begin the test. The machine will stop automatically once the taps 
are done. 
Record the volume. 
Tap density is obtained in the same manner as in Section C.5 .1 

Pascal Côté 136 Master thesis 



Appendix C Material properties 

c. 6 Loose and taped density data 

C . 6 . 1 Raw da ta 

a White MCC 

Table C-3 Trial 1 white MCC 

0 
1.53 34.6 
1.56 35.8 
1.59 37.1 
1.61 37.7 
1.62 38.4 

1000 1.66 39.6 
2000 1.67 40.3 
3000 4.70 1.69 
4000 4.70 1.69 
5000 4.70 1.69 

Table C-4 Trial 2 white MCC 

0.26 
2.1 

Hausner ratio Carr's index 
1 0 

1.59 
1.60 
1.64 
1.67 
1.69 
1.71 
1.71 
1.71 
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Table C-5 Surnmary of white MCC bulk and tapped densities 

b Blue MCC 

Table C-6 Trial 1 blue MCC 

0.30 
2.1 

Hausner ratio Carr's index 
0 1 0 

100 1.61 37.9 
200 1.67 40.0 
300 1.67 40.0 
400 1.71 41.4 
500 1.71 41.4 

1000 1.73 42.1 
000 1.75 42.9 
000 1.75 42.9 

4000 1.75 42.9 

Table C-7 Trial 2 blue MCC 

Hausner ratio 
1 

1.57 
1.60 37.68 
1.62 38.41 

4.20 1.64 39.13 
4.15 1.66 39.86 
4.10 
4.05 
4.05 
4.05 
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Table C-8 Surnmary of blue MCC bulk and tapped densities 

C.6.2 Density-Ratio profiles 

44 .0 

42.0 

>< 40.0 
Q) 

"O 38 .0 .E 
(/) 36.0 -... 
"-CU 

(.) 34.0 

32.0 

30.0 
0 2000 4000 

#taps 

Figure C-3 Carr's index profile for white/blue MCC 

1 . 8 0 
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Figure C-4 Hausner ratio of white/blue MCC 
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C.7 Flodex flowability index 

C.7.1 Equipment 

The Flodex powder flowability instrument is composed of 
base 
post 
cylinder assembly 
loading funnel, funnel ring and ring stand 
cap screw 
• disks stand and disk kit 

• mounting screw 

Cylinder assembly 
The cylinder assembly is the core part of the instrument, where all observations are done. 
It is composed of the following elements: 
stainless cylinder 
• cylinder-mounting clamp 

cylinder-retaining screw 
disk-retaining ring 
• flow measurement disk 

ring-retaining screw 
closure plate fixed on a release bar 
release lever 
shoulder screw 

C.7.2 Method 

a Preparation 

• Put the funnel in the funnel ring. 

• Adjust the funnel by moving the funnel ring stand so the 
bottom is centered with the cylinder and about 2-cm above the 
cylinder. 

Unscrew the ring-retaining screw and place a flow disk in the disk retaining ring. Start 
with the 16-mm disk for an unknown material. 
Close the opening in the disk with the closure plate. 
Tum the release lever until the release bar drops. If it is oscillating, adjust resistance with 
the shoulder screw. 

b Operation 
W eight 7 5 g of the material un der test. 
Pour the material in the funnel so it fills the cylinder in the same manner during each 
experiment. If the powder stays in the funnel opening, use a spoon to gently push it 
through the opening. The funnel must not touch the funnel ring while doing this. 
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0 If 75 g of material overflow in the cylinder, discard the 
powder and use a smaller quantity of powder. Record its weight. 

The cylinder should be approximately 75% full when the material is inside. If this is not 
the case, empty the cylinder and use a different quantity of powder. Record its weight. 
Wait for 30 seconds to allow the possible formation offlocculi. 
Tum the release lever until the closure plate opens. 

c Results 
It is a positive test when the powder flows and forms an inversed cone with an even 
surface or a cylinder (rat hole). 
The test is negative when the powder flows and stops to flow or 
does not flow (arching) . 

A positive test has to be repeated two times and continue it (by reducing ring diameter) 
until the test becomes negative. If all three tests are positive, perform another test using a 
ring with a smaller opening. Between an tests, reweigh powder. Adjust weight if 
necessary. 
The Flodex index is the diameter of the last ring in which the test was positive three 
consecutives times. 
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C.8 :Malvern laser diffraction 

C.8.1 Raw data of Malvern laser Diffraction 

a White MCC 

Table C-9 White MCC PH101 Malvern particle size raw data 

Mean RSD 
Cum% % detected 

OO 0.0 0.0 
100 0.0 
100 0.0 
100 0.0 
100 0 0.0 
100 0 0.0 
100 0.1 0.1 
99.9 0 339 0.1 0.1 0.1 0.1 

315 99.8 0.2 315 0.1 0.1 0.1 0.1 
293 99.7 0.1 293 0.2 99.7 0.1 0.2 0.1 
273 99.5 0.3 273 99.6 0.2 99.6 0.1 0.2 0.1 
254 99.3 0.3 254 99.4 0.3 99.3 0.1 0.3 0.1 
236 98.9 0.4 236 99.1 0.4 99.0 0.1 0.4 0.0 
219 98.5 0.5 219 98.7 0.6 98.6 0.1 0.6 0.1 
204 97.9 0.8 204 98.1 0.7 98.0 0.1 0.8 0.1 
190 97.1 1.1 1 190 97.4 1 97.3 0.2 1.0 0.1 
176 96 1.4 1.2 176 96.4 1.3 96.2 0.2 1.3 0.1 
164 94.6 1.7 95.1 1.6 164 95.1 1.6 94.9 0.3 1.6 0.1 
153 92.9 2.1 93.5 1.9 153 93.5 2 92.6 1.0 2.0 0.1 
142 90.8 2.5 91.6 2.3 142 91.5 2.3 90.5 1.2 2.4 0.1 
132 88.3 2.8 89.3 2.7 132 89.2 2.7 88.0 1.4 2.7 0.1 
123 85.5 3.1 86.6 3 123 86.5 3 85.2 1.6 3.0 0.1 
114 82.4 3.5 114 83.6 3.4 114 83.5 3.5 82.0 1.8 3.5 0.1 
106 78.9 3.7 106 80.2 3.7 106 80 3.8 78.4 2.0 3.7 0.1 
98.6 75.2 3.9 98.6 76.5 4 98.6 76.2 4 74.6 2.2 4.0 0.1 

71.3 4.1 91.7 72.5 4.1 91.7 72.2 4.1 70.6 2.3 4.1 0.0 
67.2 4.1 85.3 68.4 4.2 85.3 68.1 4.2 66.5 2.3 4.2 0.1 
63.1 4.2 79.3 64.2 4.2 79.3 63.9 4.1 62.4 2.3 4.2 0.1 
58.9 4 73.8 60 4.1 73.8 59.8 4 58.2 2.2 4.0 0.1 
54.9 4 68.6 55.9 4 68.6 55.7 3.9 54.2 2.2 4.0 0.1 
50.9 3.7 63.8 51.9 3.9 63.8 51.7 3.8 50.2 2.1 3.8 0.1 
47.2 37 48 3.8 59.3 47.8 3.7 46.4 2.1 3.7 0.1 
43.5 3.5 44.2 3.7 55 44 3.6 42.7 2.1 3.6 0.1 
40 3.5 40.5 3.6 51.3 40.3 3.6 39.1 2.1 3.6 0.1 

36.5 3.4 36.9 3.4 47.7 36.7 3.4 35.5 2.1 3.4 0.0 
33.1 3.4 33.5 3.4 44.4 33.1 3.2 32.1 2.1 3.3 0.1 
29.7 3.2 41.2 30.1 3.3 41.2 29.7 3.1 28.8 2.0 3.2 0.1 
26.5 3.1 38.4 26.8 3.1 38.4 26.5 2.9 25.6 1.9 3.0 0.1 
23.4 2.9 35.7 23.7 3 35.7 23.4 2.7 22.5 1.8 2.9 0.2 
20.5 2.6 33.2 20.7 2.7 20.5 2.4 19.7 1.6 2.6 0.2 
17.9 2.4 30.8 18 2.4 17.8 2.1 1.5 2.3 
15.5 15.6 2.2 15.4 
13.4 1.9 13.3 

1.7 11.4 
1.4 
1.3 
1.1 
1 

0.8 
0.6 
0.6 
0.5 
0.4 
0.4 
0.4 
0.3 
0.2 
0.2 
0.1 
0.2 
0.1 
0 

0.1 
0.1 
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Appendix C Material properties 

b Blue MCC 

Table C-10 Blue MCC PH101 Malvern particle size raw data 

315 
0.1 293 1 

99.7 0.2 273 0.1 
99.5 0.2 254 99.7 0.1 
99.3 0.2 236 99.6 0.3 
99.1 0.4 219 99.3 0.3 

0.4 98.7 0.5 204 99 0.4 0.4 
0.6 98.2 0.7 190 98.6 0.7 0.4 0.1 
0.9 97.5 0.8 176 97.9 0.8 97.9 0.5 0.1 

96.7 1.2 164 97.1 1.2 97.1 0.4 0.0 
95.5 1.4 153 95.9 1.4 95.4 0.9 0.1 
94.1 1.7 142 94.5 1.7 93.9 1.0 0.1 
92.4 2.1 132 92.8 2.2 92.0 1.2 0.1 
90.3 2.5 123 90.6 2.7 89.6 1.5 0.1 
87.8 2.9 114 87.9 3.1 0.1 

3.4 84.9 3.3 106 84.8 3 
3.6 81.6 3.7 98.6 81.3 3.8 
4 77.9 4 91.7 77.5 4 76.5 

4.2 73.9 4.2 85.3 73.5 4 72.5 
4.3 69.7 4.2 79.3 69.5 4.1 68.3 2.5 
4.3 65.5 4.3 73.8 65.4 4.1 64.2 2.4 4.2 

68.6 4.2 61.2 4.2 68.6 61.4 4.1 59.9 2.3 4.2 0.1 
63.8 57.1 4 57 4.1 63.8 57.3 4.1 55.8 2.2 4.1 0.1 
59.3 53.1 4 59.3 52.9 4 59.3 53.2 4.1 51.7 2.3 4.0 0.1 
55.2 49.1 3.8 55.2 48.9 3.8 55.2 49.1 3.9 47.7 2.3 3.8 0.1 
51.3 45.3 3.8 51.3 45.1 3.9 51.3 45 3.9 43.8 2.4 3.9 0.1 
47.7 41.5 3.8 47.7 41.2 3.7 47.7 41.1 3.6 40.0 2.4 3.7 0.1 
44.4 37.7 3.7 44.4 37.5 3.6 44.4 37.2 3.5 36.3 2.3 3.6 0.1 
41.2 34 3.6 41.2 33.9 3.5 41.2 33.6 3.2 32.7 2.2 3.4 0.2 
38.4 30.4 3.4 38.4 30.4 3.3 38.4 30.1 3 29.2 2.0 3.2 0.2 
35.7 27 3.2 35.7 27.1 3.2 35.7 26.9 2.8 26.0 1.8 3.1 0.2 
33.2 23.8 2.9 33.2 23.9 2.9 33.2 23.9 2.6 22.9 1.6 2.8 0.2 
30.8 20.9 2.6 30.8 21 2.6 30.8 21.1 2.4 20.1 1.4 2.5 0.1 

2.3 28.7 18.4 2.4 28.7 18.5 2.1 17.6 1.3 2.3 0.2 
1.9 26.7 16 2.1 26.7 16.1 1.9 15.3 1.2 2.0 
1.8 24.8 13.9 1.9 24.8 14 1.7 13.4 1.1 1.8 

23.1 12 1.6 23.1 12.1 1.4 11.6 1.0 1.5 
21.4 10.4 1.4 21.4 10.4 1.2 10.1 0.9 1.3 
19.9 9 1.2 19.9 9 1.1 8.7 0.8 1.2 
18.5 7. 1.1 1 .5 7.8 o. 7.5 0.7 1.1 

6.5 0.6 
16 5.8 0.9 5.8 0.8 5.5 0.5 

14.9 4.9 0.8 4.9 0.7 4.6 0.4 
13.9 0.7 4.1 0.7 3.8 0.4 
12.9 3.4 0.6 3.1 0.4 
12 2.7 0.4 2.4 0.3 

2.1 0.3 2.0 0.3 
1.7 0.2 

0.2 0.3 
1.1 0.2 0.3 0.2 
0.9 0.3 0.1 

0.3 0.2 
0.3 0.1 
0.3 0.1 0.1 

0.2 
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Appendix C Material properties 

C.8.2 Typical instrument settings output 

Figure C-5 Instrument settings output 

Pascal Côté 144 Master thesis 



Appendix C Material properties 

C. 9 Sieve analysis 

C.9.1 White MCC 
Sample mass: 134.9 g 
Shaking time: 15 minutes 
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Appendix C Material properties 

Table C-11 White MCC sieve analysis raw data 

80 180 329.7 329.8 0.1 0.001 90 0.1 180 100.0 
100 150 413.6 414.0 0.4 0.003 165 0.00002 0.3 150 99.9 
120 125 319.1 320.5 1.4 0.010 137.5 0.00008 1.0 125 99.6 
170 90 396.4 407.0 10.6 0.079 107.5 0.00073 7.9 90 98.6 
200 75 307.2 321 .2 14.0 0.104 82.5 0.00126 10.4 75 90.7 
230 63 304.1 324.0 19.9 0.148 69 0.00214 14.8 63 80.3 
325 45 306.2 343.2 37.0 0.275 54 0.00509 27.5 45 65.6 
400 38 271 .8 295.0 23.2 0.172 41.5 0.00415 17.2 38 38.1 
pan 0 349.1 377.2 28.1 0.209 19 0.01098 20.9 0 20.9 

TOTALS 134.7 1.000 0.02445 
dp,a\/g = 41 (um) 

C.9.2 Blue MCC 
Sample mass: 116.3 g 
Shaking time: 15 min 

Table C-12 Blue MCC sieve analysis raw data 

80 180 329.6 329.7 0.1 0.001 90 0.00001 0.1 180 100.0 
100 150 413.6 413.8 0.2 0.002 165 0.00001 0.2 150 99.9 
120 125 319.0 319.3 0.3 0.003 137.5 0.00002 0.3 125 99.7 
170 90 396.4 400.2 3.8 0.032 107.5 0.00030 3.2 90 99.5 
200 75 307.2 315.5 8.3 0.071 82.5 0.00086 7.1 75 96.3 
230 63 304.1 319.3 15.2 0.129 69 0.00187 12.9 63 89.2 
325 45 306.2 338.2 32.0 0.272 54 0.00504 27.2 45 76.3 
400 38 271 .7 294.8 23.1 0.197 41.5 0.00474 19.7 38 49.0 
pan 0 349.1 383.6 34.5 0.294 19 0.01545 29.4 0 29.4 

TOTALS 117.5 1.000 0.02830 
dp,avg = 35 
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Appendix D Solid-state spectroscopy data 

APPENDIX D SOLID-STATE SPECTROSCOPY DATA 

D.1 FT-IR 
A substance or a test article can be identified by infrared spectrometry (IR). Using the 
appropriate samphng accessories and sample preparation technique, a spectrum is 
obtained. A positive identification is obtained with an infrared absorption spectrum of a 
sample that matches closely to that of a suitable reference standard. A pre-established 
library may be used to automate the identification process (Ref: SOP M0190 and Spectral 
ID User's Guide). 

D.1.1 Equipment 
Suitable FT-IR spectrometer, such as a Bornem Michelson FT-IR spectrometer 
Suitable sample preparation accessories: 

(The appropriate accessory to be used is indicated in the sample 
preparation section) 
A TR module such as SPECAC Silver gate A TR. 
Amalgamator such as a Crescent Dental Mfg Co. Wig-L-Bug, Model 3110-3A 
Hydraulic press such as a Carver Laboratory Press, Model No. C 
IR Cardboard masks 
Stainless steel blocks 
Agate mortar and pestle 
Sample holder 
NaCl (Sodium Chloride) optical disks 
Polyethylene or PTFE (Polytetrafluoroethylene) films such as Spectra-Tech ST-IR 
Cards TM. 

D.1.2 Reagents and solvents 
1. Potassium Bromide, KBr IR grade 
2. Mineral oil (Nujol) or Polymer (Fluorolube) or paraffin IR grade 
3. Appropriate dissolving/extracting solvent HPLC or IR grade 
Appropriate reference standard for the substance being identified 

D.1.3 FT-IR spectra 
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Resofution 4cm-1 ; Avicel101 Blue/white 100% 
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Appendix D Solid-state spectroscopy data 

D.2 NIR 

Phannaceutical compounds or tablets packaged in Blister Cards or HDPE bottles (that we 
used) can be identified by Near Infrared (NIR) Reflectance Spectroscopy. Using the 
appropriate sampling accessories, an absorbance spectrum is obtained. The spectral 
wavelength range available for these measurements is 1100 nm to 2500 nm. Through the 
use of pre-established operations file, the spectrum generated is automaticaHy compared 
and matched with spectra in a pre-established and validated library of various 
phannaceutical compounds. 

D.2.1 Equipment 
1. Near Infrared Spectrometer, Foss NIRSystems Model No. 6500 

(System I- Monochromator) Serial 3875 equipped with the 
following accessories and software: 

1.1. Rapid Content Sampler Sampling Module 

FOSS NIRSystems NSAS acquisition software (Version 
3.53) and IQ2 

1.2. Chemometrics Software (Version 1.23) for DOS (6.20) 

2. Kimwipes and Anti-Static Brush for cleaning quartz window of 
the NIR Spectrometer Modules. 

D.2.2 NIR spectra 
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Appendix D Solid-state spectroscopy data 

D.3 Raman 

Raman spectroscopy observes shifts in the wavelength of light scattered ( emitted) by 
molecules following irradiation with the visible/near-infrared laser source. The 
wavelength shifts correspond to vibrational transitions of certain chemical groups. For 
example to be raman active, it must have a change in polarizability tensor during 
vibration, hence molecules must have a symmetric charge distribution. Symmetric 
stretching occurs in conjugated systems such as C=C or phenyl rings while C-C and S-S 
contain symmetric charge distributions. Raman is a complementary technique to infrared 
spectroscopy (i.e. unsymmetrical stretching required for a molecule to be IR active). 
Equipment 
Bruker RFS 100/S FT-Raman Spectrometer running OPUS NT software from Bruker 
Raman sample holder mount, san1ple packing funnel, and aluminum packing rod 
Agate mortar and pestle 

D.3.1 System Suitability 
Instrument performance should be verified prior to sample measurements using a sulfur 
standard sample. Signal counts between 20,000-25,000 should be obtained at the 
interferogram position of ""58500 for the sulfur standard (using an effective laser power 
of80mW). 

D.3.2 Instrument Parameters 
Raman analysis was performed using a Bruker RFS 100/S FT-Raman Spectrometer with 
a laser power of 250m W and aperture setting of 3.5mm. Spectra were collected using a 
scan range of 0-3500cm·1

, scan resolution of 4cm·1
, and a scan number of 64. 

D.3.3 Sample Preparation 
Physical blends of different concentrations of white and blue MCC were prepared were 
prepared by grinding together appropriate amounts of each respective component in an 
agate mortar and pestle. 
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D.3.4 Raman spectra 
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Figure D-1 Raman spectra 

Aperture Setting 3.5 mm 
Beamsplitter Setting Quartz 
Measurement Channel Front 
Detector Setting Raman 
Low Pass Filter 1 ; 16 KHz 
Source SettingLaser; 9394.75 cm-1; 500mW 
Raman Laser Power(m W) 250 
Scanner Velocity 4 ; 5. 0 KHz 
Signal Gain, Sample 1 
Signal Gain, Background 1 
Raman Flags 1 

Operator Name Pascal 
Sample Form powder 

1550 

Sample Name Avicel PH-101Mixture1 % blue duplicata 250mw, 64scans 1 Av. of 2 

Apodization FunctionBlackman-Harris 4-Term 
End Frequency Limit for File9394.750000 
Start Frequency Limit for File 5894.750000 
Phase Resolution 32.000000 
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Phase Correction Mode 
Stored Phase Mode No 
Zero Filling Factor 2 

Power Spectrum 

Acquisition Mode Double Sided,Forward-Backward 
Correlation Test Mode Full Igram length 
Delay Before Measurement 5 
Stabilization Delay 0 
Wanted High Frequency Limit 
W anted Low Frequency Limit 
Sample Scans 64 

15 000. 000000 
0.000000 

Result Spectrum Raman Spectrum 
Resolution 4.000000 
To do list 32 

D.3.5 Interpretation of the Raman 
Loo king at the Raman spectrum of different concentrations of blue MCC, there is only 
one peak specific to the dye FD&C blue #2, which occurs in the 1610-1560 cm-1 region. 
Referring to the structural formulas ofMCC (refer to Appendix C Section C-3) and 
indigotine (refer to Appendix C Section C-4), conjugated stretches such as C=C were 
looked at. There is no such thing in MCC and there are quite of few of them in the dye 
structure. Looking at the available chart (add Raman reference) in the frequency 1620-
1540 cm-1 region, to the three or more coupled C=C stretches vibration refers to the 
polyenes class of compounds. However, we cannot detect the dye for concentrations 
below 25 % (refer to the Raman spectrum), caused by the low concentration of dye 
within the blue MCC. Therefore, we cannot use this technique since we want to have a 
sensitivity around 1-2%. Under a Raman laser power of250 mW, samples were "bumed" 
because the technique at high power is more suitable for white compounds, not blue like 
ours. To remediate to this situation, we should have lowered the laser power but would 
have decreased the sensitivity of the instrument. Even if this technique is non-invasive, 
we can always question the homogeneity of the sample, since it's in the solid state. It's 
why we usually do ten replicates of the same sample. 
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Appendix E UV-Vis spectroscopy 

APPENDIX E UV-VIS SPECTROSCOPY 

E.1 Calibration curve 

Page 1 of · 2 

La;st . update: Date 2/ 12i03 Tin1e . 
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Appendix E UV-Vis spectroscopy 

=d======~===~===~~============================= ========================= 
Quantificat:iè:m Method Oate 2/12/03 Time 11:18:31 Page 2 of 2 

S:?-l:i9_:r::~!.~9.Q _ _cut-y~ :..c ~"-~-~-- _________________ _ _ 

.~ a: 

2 ~ : 

1.7$ 'i 
1.5 _] 

1.25 J 
1 11 

0.75 ~ 

0.5 ~ 
0.25 . 

-~--····· 

---· 

Correlation coefficient: 0.99995 

_ . .--
·--~ -

calibration equation Cane. = 2.842BE-2 %blue * Abs 

# standard Në1.me Weight(%blue) Purity Volume 

1 1136:170:8:.E:O% 0.00000 1. 00000 15.00000 
2 i 13 6 : 17 0 : 8 : E : 1% 8.6091E-' 3 1.00000 15 . 00000 
3 1136 ~ 170:8:E:5% 4.1346E-2 1.00000 15.00000 
4 1136:170:81E:iO% 8.1878E-2 1. 00000 15.00000 
5 1116:170:8 : E : 25% ·0.18347 i . 00000 15.00000 
6 113(?: J;70 !~: E i 59% 0 _; 3 79,44 1 ; ooo,oo 15 .0 0000 
7 li3f5:170;8:E:75% 0 ; 56322 1.00000 . 15.00000 
8 1136:170:8:E:100 0.80480 1.00000 15 .00000 

# standard Name FD&C #2 (%b1Ue) Abs <610hm> %Ertor 
.::.. ·_ - - - ........... _ ~ : ~ :.::_ - .... - -- - - - - - - - - - - ~:~ _ -.~ -· - - - - ~--- - _, - - - - - - - --~ : - - - - - - - - _. -- ...; ,__ 

1. .113 6 ~ l 7 0 : 8 ! E ~ 0 % 
2 Ü3f: l70;S : E: 1% 
3 1136-:170 : 8:E:5_% 
4 1136 i170:8:~:~0% 

•.· 5 Ù36 : 170:8:E:25% 
_ 6 113~~ 1~Q:8:E:50% 
. . f il$€i:p_9:a:_E:15% 

.a · 113~ i 170:8:E:l00 

.. ___ . •-• o . . ooboo 
5 /739.4E-"4 . 
2 ; 7564E"-3 
5AS85E-3 
1. 2231B-2 -
2 : 5296E -:- 2 
3.754BE-2 
5 .• 3653B-2 

1 ; 865 .~E--:> 
2.l290E~2 

9.Si16E:.2 
0 .1$914 
0.43025 
0. 89661 
l.30610 
l.89460 

-100:00 
-5 ; 17 
1. 94 
l. 52 
0.00 

- 0.76 
1.13 

- 0.39 

- ~ ·--· -

Calibr~t:ed at r Date 2 / 12/03 Time 11 :14:51 AM Operator: Darryl Marsh 

*** End Quantification Method *** 
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Appendix E UV-Vis spectroscopy 

==========================;============== ========= ==== === =============== 
Quantification Report Date 2/12/03 Time 11:32:59 Page 1 of 1 
~~======== = ===========~=====~==~~~===~==~~===========~~=====: ===~ ~====== 

Method file 

Information 

Data File 

AVICEL.M ( modified 
11 : 14:57 AM 
Default Method 

<Untitled> 

Last update: Date 2/12/03 Time 

1 
·~----, 

Analyte name FD&C #2 
Calibration equation: Cane. = 2.8428E~2 %blue * Abs 

Calibrated at Date 2/12/03 Time 11:14:57 AMOperator: Darryl Mar 

# Name Dilut . Factor FD&C #2(%blue) Abs<610nm> 

1 1136:170:E!7:14 1686.90000 50 . 02800 1.04320 
2 ll36:170:E:7:15 1628. 50000. 48.55300 l. 04880 
3 1136:170:E:7:16 1651.30000 49.05'.300 1. 04490 
4 1136:l70:E:8:1 1720.60000 51 . 03000 1.04330 
5 1136:170 :E : 8 : 2 1807.00000 50 . 73700 0.98769 
6 1136:l70:E:8:3 1826.40000 51. 3450 0 0.98889 
7 l136:170:E:8:4 1890.10000 51.15000 0.95195 
8 1136:170:E:8:5 1859.70000 50.04100 0.94652 
9 1.13 6 : 17 O: E: 8 : 6 1716.20000 50.85500 1. 04240 

10 ll36'.170:E!8 : 7 1881.80000 50.94500 0.95232 

Report generated by Pascal Cote Signature : 

. ~ ---- --- --------- - --- ----- -- --- -- - ------ - ----- ----- ---- -----~-----------
*** End Quantification Report *** 

~~------- -- ------- - -- --- - ----- --- -- -- -- --------- - -- - -- - -- - -- - --- - - - - - -- -

E.2 Example for standard calculations 

There are 8 typical standards, 0, 1, 5, 10, 25, 50, 75 and 100% of blue MCC. The first 
step was to exactly weigh white and blue MCC an approximate total weight of20.0000 g 
(refer to Table E-1 for typical example) for all the concentrations other than 0 and 100 
concentration% of blue MCC. 
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Appendix E UV-Vis spectroscopy 

Table E-1 Standards preparation for inner ribbon experiments 

Then, from each of the 20.0000g standards, approximately 0.8000g standards samples 
were taken(as per the experimental samples) to build the calibration curve (refer to Table 
E-2 for typical example ). 

Table E-2 Measured standard sample weight for each sampling sequence 
for inner ribbon experiments 

Values in Table Table E-2 are in grams. 
In order to build the calibration curve, knowing the proportions ofblue MCC within the 
standards, it was possible to calculate the amount ofblue MCC within each of the 
standard samples. 

Table E-3 Exact sample weight for each sampling sequence for inner 
ribbon experiments 

Values in Table Table E-3 are in grams. 
The next portion describes an example ofblue MCC weight calculation for a 5% standard 
sample. 
Calculate the% ofblue MCC within the standard (refer to Table E-1 -value in color red) 
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Appendix E UV-Vis spectroscopy 

1.0005 
% blue mec= = 5.0037 

(18.9946+ 1.0005) 
Multiply the % of blue MCC by the standard sample weight to obtain the blue MCC 
weight within the standard sample (refer to Table E-2 - value in colour red) 

blue mec weight = 5.0037% * 0.7579 = 0.0379g of blue mec 

For value confirmation, refer to Table E-3, value in red in the table. Each of the standard 
samples blue MCC weights was inserted into the UV-Vis software to build the calibration 
curve. 
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Appendix F Loading and mixing method steps 

APPENDIX F LOADING AND MIXING METHOD STEPS 

F.1 Loading method 

The following method was used to load the blender before doing both the radial and axial 
mixing experiments. 
A 4-digits balance Sartorius (Model: 2007 MPGE Serial: 3206017) was used to weigh the 
samples. 

1. Insure the impeller is in the appropriate position that is when the (2) scrappers of 
the impeller are in the "up" position by jogging it if necessary. The split indicator 
on the shaft has to be aligned with the mark on the lexan plate down the "non-
drive" end of the shaft (refer to Figure F-1). You also must insure the blender 
electric source is not connected for safety. 

2. Tare a metal container, which is big enough to contain the desired quantity of 
powder, using a balance allowing measurements with an error of+/- 0.1 g 

3. Using a scoop, fill the container with the white microcrystalline cellulose (MCC) 
Avicel PH101 until the desired weight is reached 

4. Fix the house vacuum hose on the blender to insure the fine particles will not be 
spread out all over the place during loading 

5. Load the blender of white MCC evenly spread out over the surface of the blender 
as represented on Figure F-2. 

6. Using a paint brush, broom the powder inside the mixer to insure the powder is 
evenly levelled (remove any remaining powder sticking on the blades and the 
shaft) as represented on Figure F-3 . 

7. Clean the metal container and the scoop 

Repeat steps 2 to 7 for Blue MCC Avicel PHlOl 

Figure F-1 Impeller position indicator 
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Appendix F Loading and mixing method steps 

Figure F-2 Blender loading using house vacuum 

Figure F-3 lmpeller brooming during loading 
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Appendix F Loading and mixing method steps 

F. 2 Mixing method 

Having the impeller aligned with the mark down the non-drive end of the shaft (refer to 
Figure F-1), connect the blender to the 600 V electric source 
Put the plastic cover on top of the blender, covering the safety switch 
Put the clamp on the safety switch corner to insure proper pressure is applied on it in 
order to operate the mixer 
Adjust the impeller rotational speed [ rpm] to the desired value on the control panel (you 
must insure you are in "F orward" mode as well, not "reverse") 
Insure the red emergency button is in the "out" position (pulled out) 
Push simultaneously the start button on the control panel along with the start button of 
the timer to start impeller 
Push the stop button on the blender control panel when the desired mixing time (#tums) 
is reached 
Jogg the impeller for a maximum of 1 tum until the impeller is in the right position for 
sampling. As for the loading of the blender, the split indicator has to be aligned with the 
mark on the shaft 
Once the mixing steps are completed, switch to the sampling steps. 

Sp~:(e .d. 
ihâi.c.ator: 

FOR\/V.A.RD and REVERSE ... 
lh d ftafors._· 

ST.A.RT 
button . 

Figure F-4 Ribbon-blender control panel 
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Appendix G Weights raw data 

APPENDIX G WEIGHTS RAW DATA 

G.1 Weights raw data 
There are 11 columns in weight raw data tables. The first one represents the number of 
the sample (#) which is a direct indication of the bed depth. There are at the most 20 
samples per core. The remaining ten columns represent the results from each of the ten 
locations numbered from L.1 to L.10. Sample # 1 is always the one taken at the bottom of 
the mixer and the last sample number on top of the mixed bed. Results in Tables G-1 to 
G-19 are given in grams. 

G.1.1 Shaf t 

Table G-1 Exp.#1 Sample weights 
Exp. 1 D 1 1"f1t;,,@~~~~~~{~~~~;?~{~i~if~;~0-i~:~Y:!;:l;f~~'.ci:~at\f.1il'~;'.~~;~~;t~~t-~;t:~~î~tfJ!:'~~~y t~!~~~t:{~,:~~~ 

Ml:t1fü~4t~~~,~û~ ;~,ili1Fi:' i!J}~~~1§ 5:j{~~?lil ,'~~_çt&~~ rB!i&~~ ;_,::;;~~6{ft ~i,:,~î~~;~ Jt~]~~;~: ~ùf4~9-"~J '.f'~hi.,19-~ 
0.5148 0.9399 0.5436 0.5977 0.6367 0.6925 0.8934 0.8865 0.9685 0.6585 
0.4442 0.6675 0.5742 0.8741 0.9153 0.7709 0.9246 0.8042 0.8512 0.6300 

0.4469 0.8798 0.8550 0.8926 0.6600 0.7617 0.7826 0.7760 
0.9299 0.6994 0.7283 0.7917 0.9466 0.8517 
0.8220 0.8826 0.9255 0.8124 0.9821 0.7475 
0.7031 0.8365 0.6309 0.7939 0.7991 0.8956 
0.6549 0.7147 0.8883 0.8774 0.8053 0.7800 

0.7860 0.8152 0.7891 0.8278 
0.8603 0.8754 0.8325 
0.9325 0.8566 0.9171 
0.7854 0.8181 0.8485 

0.7512 0.9121 
0.7175 0.9463 

0.8908 
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Table G-2 Exp.#2 Sample weights 

Exp. 1 D 2 :;., ., ;;:' :-:'~;;;. lY·~'~; }H) ;;2'f~ t:-;~~-'~t\')~~/': ~~i'{f :~~}tL:6~~tlQO~~~~~:{Z:?.ii~f~c;'l;j;~~-:_;~- t.i:'û:~:;:::J.t~i.~a:-~z~:i~i~j~· 
S_àmpl~~tN:::i ~~%Js·1~;~/ tfü~J~:_,~.!X~ ~:~J~~~~ ~~ ~~-~K~~1,~~ :,~::;~;s_::\ ~:~f~"W,:;t. 'il~~J!:~7.·t~~ ~~~:J~\:~}:~ '::-::~~ .it~ ?s~!4~1J~Ji~ 
!:! .;:{ ;;_:,' 0.7372 0.6910 0.6217 0.7829 0.8202 0.7686 0.8548 0.8314 0.7742 0.7221 

if;'c'. _Y' 0.6472 0.7306 0.9545 0.9223 0.8262 0.8969 0.8808 0.8305 0.9168 0.8483 
0.9177 0.8229 0.9137 0.7928 0.8600 0.9482 0.7111 0.8093 0.7408 0.8262 

i;-f!-°"°' ~- 0.7059 0.7295 0.8250 0.8217 0.8007 0.8135 0.8089 0.7741 0.8800 0.8150 
,;;,_" ·"":"- " "" 0.8196 0.8786 0.8310 0.8945 0.8226 0.8220 
~t}~_,/{ ~ '., ::; 0.7797 0.7904 0.7876 0.7629 0.7882 0.8223 

0.6941 0.8702 0.8984 0.8073 0.8085 0.7708 
'2:~:);'\ ·-\f':i~i:~)8 0.8434 0.7250 0.6949 0.8838 0.8168 
i"f~t~'-::~'~"- }j[/~°g 0.8252 0.8163 0.8908 0.8220 
;: "~:-~~~~;r .. '.i.\~~;'_ZJ_Q 0.9933 0.8352 0.8134 
;,:t~-'.-i"~Xi!i''_;~Ai~ 0.9193 0.8383 
~{}{".t ~;~ 1~~~}1;2 0.8700 0.7846 
f:.~,,~~.:~c).:'{~;~::;;1$ 0.7159 

Table G-3 Ex p.#3 Sample weights 

Exp. 10 3 ;:~t:)JSr.JJfi/rt~~~~l~J-:,',~~~-~j'ti~i:.°':~;JiZ!Jf-iS:~_'._;;,,~ i:;.99.àtfQ"ôj;;;f~~~~NbE2ffifild:~~It~i~~-;i-;":~;;::~izt~]i,èëi2~'; 
Sijri}ple~Jf,,zj_';;}'.\ f~)~~.J±::;~ ;~/4;.c[~:?:~;? 1-::~-tLLa~: ·c: :_i~}b'~~;0: )-/ U;5;;fr ~':~~l.:[6h-,,; '~.J(~:Y-±:r~~ J~2~;~'A;~{" ::_.:;~_ 1:;:~9]~ ~~;J:;;_i~;,;:,~ 

0.6973 0.6445 0.7165 0.7303 0.8850 0.7381 0.7175 0.7292 0.9945 
0.6187 0.7619 0.6752 0.9390 0.8937 0.8237 0.8436 0.8000 0.8069 
0.6648 0.6319 0.7650 0.8266 0.8158 0.7327 0.8802 
0.5811 0.6421 0.8850 0.8055 0.8371 0.8086 0.8328 

0.7903 0.7840 0.8032 0.8274 0.8517 0.7680 
0.8070 0.8059 0.7503 0.8369 0.8037 0.8687 
0.8623 0.8118 0.8047 0.8010 0.8266 0.7797 
0.8163 0.7995 0.7933 0.7656 0.7949 0.7750 
0.8393 0.7909 0.8045 0.6166 0.7729 0.8382 
0.8007 0.7427 0.8351 0.6995 

0.8086 0.9834 
0.8263 0.7963 
0.6753 0.7983 
O. 7142 0.6860 

0.7457 

Table G-4 Exp.#4 Sample weights 

$~~;,~~;~~ !~~l~:.üi~~ :~~~~;~~~&~~~i.'~::é~i~~~~~1-~-:~:~~~~~~i~~z~;;J1i~: ~;)~:~ ~~· 1-~l~;i ~~~~~~~'-
~j-"I~:;L;~: :('.~~iip~~::j 0.8373 0.9006 0.7753 0.8662 0.8703 0.8029 0.8920 0.8447 0.7757 0.7807 
~~"::?Y'~' c, o-~c - 0.8162 0.7577 0.6417 0.7769 0.7170 0.6574 0.8258 0.8300 0.7867 0.8280 
c~' .. i,,~-=- .~:: .;i,~_;; 3 0.6887 0.7227 0.7710 0.9050 0.9912 0.8585 0.8226 0.8238 0.8660 0.8454 
ir~, ;·~"~<:5~J- 0.1203 o.6360 o.8048 o.8159 o.7888 o.8584 o.8323 0.8040 o.8449 
/'S/tE ~~0-:~f';"f~~,5 0.6113 0.7157 0.7848 0.8326 0.7452 0.8071 0.6746 0.8047 0.8166 
~Jti{-;_;;;'';{{.=;ytp_ 0.6481 0.8545 0.8140 0.8374 0.8447 0.8059 0.8073 
:~'.:~=~;c~,:~:J;;:~-:~1_ 0.5931 0.8392 0.8102 0.7515 0.8522 0.8148 
&:îi-:-:ù~:tSJ'.t:--~~a 0.1110 o.7753 o.7322 o.7448 o.7955 o.8445 
f~~i(;_;,,:,~;~;i:1~0~g 0.8208 0.6290 0.9130 0.8077 
~~fi'-;~J!cÇ~;k~::{fü 0.7890 0.7837 
l:,;~::·=--"~~;:J~:Xi~î o .9094 
f:f,i;'y·~~~~;.l~t12 0 .8802 
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Table G-5 Exp .#5 Sample weights 

Exp. 1 D 5 :f di.JX;"!X;@:rE~ -~~'.'"'~.j_it;\-;~-;:~{;~·:, -,:,:~.'~-~~~:tt:~~:~-~·;;~ · __ 1iQÇ'aiiiin~::0z;N§.f~-;tf~~;<ëf;_:'i:?i'~_;f fl:~:;{i:~t~,~~:;:bD~~~ 
S?ArnJ~'E11(~}~;;;s \i.-~_~1~1;2 ~~'~J~;?-.:. -y_: 1ISili~~;,,:; j _;"-~~;t' ~ :~ i:;..L.i~:~# ;":i~~~.~~~ :tf11f:~~7~\'t :jc.i)J;:.~ -~;< ·:'·~~~·~l!41 ''kJ;;;j~Qs:: 

_, ;• , ,, 0.6677 0.6473 0.8543 0 .8611 0.8709 0.7354 0.8362 0.7813 0.8143 0.8454 
~'j_f:' :/ ~~i:;-':;r, 0.6042 0.7366 0 .7994 0 .6911 0.8739 0.7906 0.8604 0.8697 0.7587 0 .8139 

"" ,.'--c·:t··"'· è_-,,,. 0.6858 0 .7682 0 .8897 0.8231 0.6827 0.8452 0.8730 0.7680 0 .7760 
03('',::;:;t :~~:-~21~ 0.7667 0.8420 0.8371 0.8778 0.7326 0.7922 0.7078 

11~J~-~~fi:~i~;,:~'."i(t:o 0.8662 0.1515 o.8472 o.7874 o.8376 0.1101 
~0;'tC'.:;j>~~ : o.8858 o.8208 o.7867 0.1010 o.7780 o .8480 

<F-"°: ·· 0 .8500 0.8605 0.8302 0.8463 0.8390 0.7149 
1 ~ ;?n\ "'· & 0.8737 0.7781 0.8025 0.7720 0 .8674 
;, ~,- ::-~_ ·.;,, 0 .8855 0.6781 0.8245 0 .8897 
1- ;>: .. > .. " ~:«·: 0.7582 0.8309 0 .8487 
:(~!~t.,;:~:-}:\~'~i' .. fl; 0.8779 0.8091 0 .8966 
;~;;'''.5"',~·i~~i(\_1% 0.7695 0.8044 0 .8886 

1 1}Jt{;/:;:~~::s-~f@- 0.6524 0 .8280 
litt/!'~·:i,f.~;-{>&1.it 0 .7118 

Table G-6 Exp.#6 Sample weights 

Exp. 1D 6 :E0~iL1:;fJ?i.:i~,·::i:{{.;~E~~N~:~.0i;-t!1tnLJ:ciQ_~t•9-oit'f{:;~i~~i~~~=;~\tl~:.::;;:ê.~,~~~i{!~._"~~ 
~~m~ple~:#"27z~1 8:~;;;_1;;fü1t ~,:-:~b~4;:,~ 1 ~ '~,~{~~~ ;:~:t{ [:_~H~€ ~::·:J~-:~;;;~ ~~]t~~.t>tL ,,Ç~~tW-fali :.i,J::~ ài~ , ~:~·: ~:!!~/ : : ;g~jJ9~ _, 
!?5-: -:.:'.::~~y'.~5:;.:J; 0.8632 0.9219 0.9280 0.9201 0.8864 0.8648 0.9161 0.7880 0.7633 0.7184 

0.8960 0.8133 0.8234 0.8576 0.7228 0.8167 0.8677 0.8449 0.8215 
0.9385 0.8708 0.8071 0.7799 0.8132 0.8159 0.8630 0.7588 0.8726 
0.8945 0.8002 0.9051 0.9356 0.7033 0.8682 0.8327 0.8947 0.7642 

0.7177 0.7010 0.8084 0.7596 0.8069 0.8398 0.7164 0.7851 
0.8506 0.7842 0.8830 0.7930 0.8273 0.7373 
0.7693 0.7812 0.8228 0.8168 0.7782 0.7792 

0.6421 0.8608 0.9058 0.8283 0.8036 
0.7116 0.8291 0.8532 0.7003 0.7774 

0.8066 0.7584 
0.8283 0.8585 
0.8493 0.7500 

G.1.2 Inner ribbon 

Table G-7 Exp.#7 Sample weights 

Exp. ID 7 ~~i>1ù~~;t~;-:t_~~',d/.:,,~:::_@~'.-,:.,>:;~--~~':j~_-:_1;,.oèà,ti~9:ns;~~~:~:-~~/1~'1.:1fi?.~:~~:i:J~'?~-:,,,-:::' -~0:-'"'""'3''ê·~:, 
S.~mpl~~ tt:~\'..'.:.~ i~k-!'-i.1-f~i ~';;J~J2I~-=;_'< ~:::~~;~:~" ~~:~;;,.J.:'~~1Z t:>~i5 3:~ :!2J.::·$;~ë1'. -jt;g7:~~ .&~:_:._lj;:fü(}= _c:.:/JL9~:A :__~~11 Q;0_ 
:if,,k~· ;,,, _.,;:,?:::'.:' il 0.9449 0.8945 0.8885 0.7870 0.6578 0.8588 0.6874 0.7658 0.9095 0.7643 
~ti~-:~':<(~~~~t;:~1~ 0.8063 0.9322 0.6969 0.9430 0.9697 0.8372 0.7751 0.8963 0.7404 0.8771 
:~}t,:~,,:,;:-;_ -~Ui3 0.7350 0.7545 0.7861 0.6946 0.7682 0.7997 0.8450 0.8007 0.8771 0.7926 
:;.~:--;:':'~:·~:,~:fi±'·:{: 4 0.8036 0.8424 0.7686 0.6526 0.8404 0.8117 0.8521 0.8689 0.8570 1.0065 
:-:_.;·:>._> >''-'.:·i':fi.'!'fî 0.7724 0.8041 0.7609 0.8124 0.8988 0.8326 0.8273 0.8076 0.8294 0.9200 
1'.i(~;--::- ~X·f~_;.d 0.7906 0.8770 0.8591 0.7700 0.9077 0.8497 0.8506 0.8940 0.8476 0.8862 
-~ ~: ~~!}?\; ~~~;-:_i~~~ 0.8691 0.8360 0.7928 0.8729 0.8660 0.8061 0.8520 0.8025 0.9587 0.8760 
:;&):\~---; ;'° :'-~-- ·;:;_:;-~~~~ 0.7349 0.8187 0.8168 0.7495 0.8751 0.9348 0.8498 0.8610 0.9068 0.8093 
;;;~~-1~- t:~:~~~~:~~ 0.6618 0.8137 0.6612 0.8417 0.9201 0.8735 0.9085 0.9344 0.9216 0.8906 
II:~~: ·~:. n~S~ ~::~:() 0.8529 0.8128 0.6785 0.8908 0.8615 0.8991 0.8720 0.8115 z .. c~c·~ .;~~:-~~J~f 0.9052 0.9924 0.8925 0.9080 0.9321 0.8673 0.7991 
i~f:,_,,:~' ;:i:1Ci.:;-~~~ 0.9216 0.8847 0.9679 0.8736 0.8586 
t~~~t'.'~; }_~:"-%'?.:!$ 0.8323 0.8108 0.8349 0.9046 0.8935 

~}~~:; ':-u :..-~::::t:~J4 0.9405 0.9409 0.7815 
::~!'.k}~:::;.'!-jV~lff 0.9916 0.9422 0.8676 
~'fZ~::;.{;;f;;;4::;'rn 0.9685 0.9250 
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Table G-8 Exp.#8 Sample weights 

Exp. 1 D 8 1~~~:~%1~z::;~1''.~~:~~~:~.\ ~~-Îi~'.-:~~~iPi~':-:·~}ittê;::\ }b°q~1(il'ôni5?.BtlJf"6t~2,,:r;~1~1&:~;:j~:-~~r-;'~ :'tf§'.î::::tf.~t;;;i~R 
Safl}plgWk' .:-;, ~~;f ~;1i-~'-~ lt:~b~s~t ;::-Jk3':S,~ -' ~t"A,.,4Z~~ 1 .~ :~--tE~E< --::~J~~~;:;;;; 1:Jjl'_l}j1._;.~~~ ''Z:~Ç.-~Li-~ ,~- ~'.9::tH~&;tP:i; 
r~~ ,,n_ a., .·· t 0.9279 0.6858 0.8198 0.7092 0.8712 0.7612 0.6952 0.9213 0.6526 0.9723 

1 ;'t°";-~~-1·':- ~' ~: \, )2 0.8079 0.8071 0.8018 0.8119 0.8724 0.6844 0.8759 0.8608 0.7076 0.8224 
1 ~:;,>~-0,y t~ ·L_:~ 0.8534 0.8039 0.6981 0.8029 0.8011 0.7476 0.8661 0.8811 0.8306 0.8284 
~::;:j, }, <: r.ë~ _4 0.7050 - 0.8957 0.8091 0.7785 0.81 OO 0.7770 0.8497 0.8699 0.7926 0.8829 
i0';o• .-r: '"' ';$ J~ 0.7770 0.8349 0.9177 0.7224 0.8617 0.7851 0.8605 0.8752 0.8291 0.8919 
;-'---:"'"'.:- -- - fi 0.8267 0.8613 0.8329 0.7663 0.8734 0.8437 0.8627 0.9014 0.8282 0.8089 
';_~~-= >;} t;-;g_.: 7 0.8408 0.8735 0.8225 0.7937 0.9429 0.8756 0.8314 0.9174 0.8012 0.8217 
1\";jj"'"'' -c'~2ic- 8 0.7492 0.8468 0.7188 0.8239 0.8798 0.8600 0.8852 0.8678 0.8983 0.8156 
~çL~S~i)f-;:~r;,,9 o.7892 o.7403 o.8466 o.7862 o.8619 o.8948 o.9251 o.8664 o.8116 
~:-;t_ :~,cl~d0;,:to 0.8205 0.7286 0.7451 0.8830 0.9588 0.8425 0.8289 
~~=1>:"~$~t'.:~3(,11; 0.7835 0.8919 0.9121 0.9330 0.8584 0.7977 
'°_::-:: ~-A1::_1;~:~1 2 0.9298 0.9025 0.8697 0.8688 0.7247 
'-:-_,;,-~'-' -~--~~~}~;>: 1 3 0.8922 0.8418 0.8304 0.9089 0.9616 
~_:;_;~:J5°(?~k~:.Jj=-~c;,JA 0.8944 0.8608 0.7945 0.9495 0.8172 
t-5<-"c+i~I"--~~dS 0.8780 o.7142 0.9012 0.8560 
.,__~x ,:_-~;.>~t3:'~;t6 o.9086 o.7700 o.7159 
K~f:}l~!;~~;~lAZ o.6779 

Table G-9 Exp.#9 Sample weights 

Exp. 10 9 t:~it'~ .. _,;:"~" :o· ~~.,.:--" .. ,,:~;-~ -:, ·'ê:~'<-{&Y·:è',~j;-~-~~:~-::Zti~~9:Cati1trs;~;~z-0I~:~~~L:~t:i:ifi·:_t:;-;i;;. ,:08>~~""~~~' ·- ~~:~~~~-,:~ 

§~filplè_~#k:--_,~: _:*t~~~-1t;,~ ji'.~Lf~}:': ~~6d~;~:~( :}tJ1;4% _ _t::;;;,~~~S:-_~? -~"~Jb:G~i;:~ ~~;~\t~,:}, _~;~~-e~a ~-~~ éc~~:~"l1~$~ f_J~~.-l]t-_: 
l ~'.J~' -f -~".= é}\,1 0.9683 0.9109 0.9277 0.9371 0.7399 0.7537 0.7580 0.6806 0.7483 0.8734 
1:-{~"~ it ~"~! f< -2 0.8055 0.7880 0.9662 0.6948 0.8639 0.8260 0.9067 0.8640 0.8954 0.6747 
f_fj;'.;;2Ç"' >(_, _ _a 0.8486 0.8457 0.7435 0.8426 0.8574 0.8225 0.8097 0.9012 0.9071 0.8129 

I :'?~~ '"' .:~ ;~ ~::-. ---4: 0.8024 0.8327 0.8067 0.7756 0.8564 0.8451 0.8400 0.8197 0.8199 0.8100 
l ~~/'c,, :}~·-·· 'cf~,_:5 0.9426 0.8452 0.8029 0.7853 0.8674 0.8178 0.8506 0.8935 0.9044 0.8133 

>,;:.,.:-~}f~' :•zr·:_€; 0.7931 0.8446 0.8321 0.8103 0.8449 0.8928 0.8642 0.9322 0.8808 0.7970 
:~E- --~,;;~,~-.:: c;.~,st 0.7133 0.8930 0.8347 0.8019 0.9384 0.9174 0.8214 0 .9231 0.9263 0.7697 
=~-"~. :5 "'·'i'{.:/ff:_;- ~-- -_8_ 0.7272 0.8458 0.8385 0.8714 0.9044 0.8873 0.9544 0.9266 0.9388 0.8463 
,;,~.~~-~~~:~~\:. "9 0 .8009 0.7574 0.8662 0.9244 0.8400 0.9553 0.9145 0.8419 

1::"~-:;~s~'::~~- --~~- =~ 1_Q 0.7352 0.6745 0.9279 0.9318 0.9834 0.9137 0.8064 
Jl~~-= · :"'~~;,f~__,~'.' M 0.8811 0.8477 0.9944 0.9608 0.8399 
~'.:!)< :~~~%~;~~·;1.â 0.8800 0.7239 0.9654 0.8186 

1'ti~-~~: ~-~:r:_~t{~'::~?l:é_ 0.6662 0.8803 0.8360 
~:'. :;éc: 2·~\~f~~ 14: 0.8058 

1gi[i;t2~I~~~g{~:J-5 0.8748 
~--".,:~i"'Â~li::~"'.7~ tè' 0.7998 
i<~''';, ~~ti~}-;--·{fl:. 0.6880 
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Appendix G Weights raw data 

Table G-10 Exp.#10 Sample weights 

Exp. 1 D 1 O !!;J}/ "~c"'·~~ g~,; -~,:-é')"," --.• ~:_J;ififiZ;~t )·'~\ ~~~'§{~ ---~~"J)Që~tlorrS..:"tttJ-:i~t;f t;f~;-~~~~~{~f:".:~if::' ~):'fi' --2"--'-''·"·""" 0 :~ :-t~~~i\~ 
$:anipte~ .tt~:z:~~ :11~µ::·1~<!k ·;::~:m:.:.2_:_/ <:::~~t;r3;;"c_ · ~~: .. ~W:~'.: ·~ -'ESi J.;(,~i~~ \"K~k~.§~~2f ;;0.:12.Jî.M~~= :_{J§: t;.·~.:.} /i · [~iJi~~ tJ;~-10.·,_~: 
~,." :,-,,{,~é~'.~~~ ~ 0.883 0.8074 0.8542 0.8342 0.7730 0.9697 0.8523 0.8274 0.8649 0.8530 

0.8192 0.8931 0.8754 0.7382 0.9538 0.7751 0.8904 0.8449 0.8347 0.8408 
: t:;:::, ·"-. -; 0.8245 0.8074 0.7618 0.7324 0.7349 0.8459 0.8661 0.8893 0.8838 0.8906 
.: ... :-,ô 0.8644 0.8446 0.8186 0.7643 0.8534 0.7880 0.7831 0.9194 0.8165 0.8664 
?;i{f{:f;.H 0.7736 0.8233 0.8211 0.7829 0.8621 0.8528 0.8647 0.8947 0.9175 0.8769 
-~· "-, 0.8965 0.8277 0.8232 0.8282 0.8961 0.8615 0.8243 0.9578 0.7946 0.8963 
''ti.1~}.; °'·"'" : '. 0.8246 0.8873 0.7948 0.8145 0.9058 0.8447 0.8517 0.8890 0.9098 0.8354 
~-:p; >~ "''· Q 0.7289 0.8567 0.8170 0.9420 0 .9176 0.8939 0.9120 0.8460 0.8782 
s:t?>E/~~-}~J~~$j. 0 .1082 o.8496 o.9093 o.8996 o.8877 o.9011 o.8966 o.8141 
~-Y1i7..;;·~::~~è1:~:k:Jo 0.1903 o.7236 o.9234 o.9413 0.8106 o.8513 o.9013 
'/;~· ,, ',.\,.1;~,;~ü 0.8950 0.8401 0.9319 0.8834 0.8727 
.;__~;~i..,_;_: ~.'-\:~J;:;~1~ 0.7507 0.9038 0.7214 0.8482 0.9268 
,7::;:;·.-/~,·è::.,,â}~~J.a 0 .1689 o.8463 o.8511 o.9045 o.8555 
::;_,;·~;/. t}:~~i.:·ùl tt 0. 7844 
sv~.;-;~J:tr?;!~5~~m o.9422 

Table G-11 Exp.#11 Sample weights 

0.8459 0.8995 0.9368 0.9890 0.8533 0.9577 0.8466 0.7654 0.8590 
0.8265 0.8130 0.8018 0.8417 0.9078 0.8748 0.9388 0.8057 0.8290 
0.8107 0.9027 0.8382 0.8671 0.7898 0.8775 0.9201 0.8812 0.9193 
0.8987 0.7654 0.8274 0.8376 0.8468 0.8928 0.8787 0.9487 0.8210 
0.8772 0.8093 0.8244 0.8686 0.8295 0.8858 0.8486 0.8716 0.9717 
0.8627 0.8557 0.8098 0.8990 0.9208 0.9693 0.9512 0.8665 0.7634 
0.8844 0 .8768 0.8868 0.9086 0.9154 0.7654 0.7952 0.9521 0.8048 
0.9044 0.7860 0.7450 0.8665 0.8771 0.8980 0.8604 0.8373 
0.8325 0.9384 0.9735 0.8938 0.9323 0.8932 0.8535 

0 .8824 0.8943 0.8669 0.9753 0.7579 
0 .9500 0.8799 0.9640 0.9877 0.9042 
0.7687 0.9148 0.9643 0.9672 0.8538 

0.9199 0.9856 0.7723 0.8835 
0.8629 0.8096 
0.8781 0.8184 

0.8644 
0.8727 
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Appendix G Weights raw data 

Table G-12 Exp.#12 Sample weights 

Exp. 1 o 12 7t.~f2L i~~ ~îi~:~i~-:::f~f:r~;~ :~:!f1i~:;':t~~,-~é'~~l."~c~-:--,;;~:tQaatït1ns $~·??.:~;;?$~~~1~~1;;_ {);h:;;,:;~~::~ ;1~~~5~1~~~~i:~: 
$. arrîp!~~#~~:.}::~ ~t~Tu{J; ~;~~~ .. g_c~g i~~;;;.J;;;_~~±~ :,.;: ~~t..~,4;{~ · .. ~~;g:~~c' :}f.1W~~t~ ;&{Ji:?Tt:t.'.:; ' 'f~Çt-,w~~P: 1,c::So-:t:~~~~\1i {~': l-~tt. Q;~\ 

0.8197 0.8669 0.9461 0.9506 0.8799 0.8978 0.9231 0.8054 0.9726 
0.8510 0.7819 0.8573 0.9153 0.8841 0.8708 0.9015 0.8803 0.8725 

' ~(;':"::• ···;o: 0.9172 0.8933 0.8722 0.8466 0.8589 0.8028 0.8513 0.9392 0.8491 0.8355 
0.8289 0.8941 0.8408 0.8980 0.8338 0.8600 0.8405 0.8664 0.9250 
0.9196 0.7864 0.8739 0.8565 0.9013 0.8956 0.9387 0.8598 0.8932 
0.8668 0.9188 0.8353 0.9573 0.8887 0.8935 0.8522 0.8320 0.9135 
0.8891 0.9652 0.8334 0.8601 0.8406 0.8531 0.9471 0.9296 0.9138 
0.9253 0.8564 0.8436 0.9745 0.8808 0.9030 0.9550 0.8964 0.8571 
0.7556 0.6823 0.9180 0.9229 0.8929 0.9503 0.9382 0.8686 

0.8520 0.8720 0.9817 0.9383 0.8791 
0.8954 0.9049 0.8535 0.8419 0.8655 
0.6757 0.9220 0.7941 0.8069 0.9017 

0.9300 0.7603 0.9312 
0.8254 
0.8928 
0.7850 

G.1.3 Outer ribbon 

Table G-13 Exp.#13 Sample weights 

:6~(,· ,;,).~;l~~-\{. ~A 0.6817 0.8640 0.9003 0.8909 0.7883 0.9518 0.6889 0.7706 0.7445 0.7472 
·:~:.:.-.,,-·: . .-.o:•: ë"'h .. . ~ 2 0.7967 0.8014 0.7713 0.8158 0.8272 0.8387 0.8341 0.7432 0.8739 0.9351 
::.~'>' >""J ?§;·:~_;~ 0.8032 0.7850 0.7962 0.8441 0.7858 0.8256 0.8636 0.8199 0.8984 0.7802 

l t·~t-7\\·~ 
c· 

'::':..4 0.8502 0.7733 0.8142 0.8233 0.8450 0.8106 0.8690 0.8486 0.8229 0.6883 
:7-:::;\i ··; [":;(< 0.8450 0.7933 0.7729 0.8762 0.8183 0.8617 0.9139 0.7728 0.8452 0.8523 
1,,-:,, ~'.-0:-, ,. ?--:'~ ~ 0.8190 0.8248 0.8306 0.7767 0.8592 0.8320 0.8015 0.8503 0.8652 0.8581 ,.. 

<ë-: ·.c •> •: ,:': .,. " 0.8382 0.8022 0.8254 0.8157 0.7920 0.8264 0.8911 0.7997 0.8064 0.7155 '''<· 
;"]'.}h.à:,.:.:?:~:1.-.-8 i"'": 0.8530 0.8698 0.8203 0.8013 0.8990 0.8374 0.8315 0.9150 0.7360 0.8422 

, ~~;;.:·:~<i~~~f)c-ii_·: . . -9 0.8415 0.8544 0.8324 0.9905 0.8499 0.8030 0.9152 0.8568 0.9208 0.8326 
1 ~:?:,~··, ~'~:ii·~,-~",10 0.8801 0.8424 0.8406 0.8765 0.8141 0.9266 0.8565 0.8560 0.8422 0.8740 
i.J&:0 : ·~fi1;#;;t~·'.·:· 1 l 0.7099 0.8586 0 .8617 0.8042 0.7603 0.8104 0.9159 0.8649 0.9200 0.8234 
")~\\if}:~~ 12 0.7147 0.7318 0.8408 0.9019 0.6893 0.8897 0.9010 0.8881 0.8328 0.8942 

1 ';:{1~-~ · /i;~\~~Lf@ 0.7654 0.8523 0.8394 0.9361 0.8537 0.9224 0.8548 
'J-;;_}f \,X"'YN<:1g 0.9123 0.9914 0.9032 0.8289 0.9430 
SA~,;/_ ::';;'ivt1~'"'· J5: 0 .9245 0.8947 0.7223 0.9229 
~ .... }\ ·:t'~~t(:~::c1 6" 0.9685 0.7881 0.9348 

' y~:c:j ·~jl;±-fr~~-:· j?;. 0.9065 0.9473 
• "::'.o[:~~.:; ;~·,/~='' Hl 0.9408 0.9043 
''.:\/.· f >l;;}f'~::. t9 0.9363 
tLD~~c3.)J':S:t;~;~ 1Q 0.8600 
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Appendix G Weights raw data 

Table G-14 Exp.#14 Sarnple weights 

Exp. 1 D 14 \i%~~: ,~?.z; 2"; /f'.-''ib'!i"~' /%~tlt:t~~j~1,@~;f:2~-- ·-~j~~(qèaJtôn'§;k:im~+~;:;t~>;fi~{if-i~t-:~~:f~;t~1.:':_~~~~lj~~ft·
$al]p!e)k <~~{i; ~;_ç::f1&~- ·~J;;:,,llJ~ù:, ~~_$ i;k3;;.i:~ ~- ~JM:i~ _ : ~~5.i~~::_ ) !:f.~;~;§~it;j :%~J~;~ç;,:: Q:_'.t' t;~~s;t\1~:: /;:'[j$_Ç~~ i,~g~tO \· 
~-)t' :-.,.,/;,r; ;_,) 0.8544 0.8127 0.7725 0.7708 0.9203 0.9153 0.9150 0.9803 0.7001 0.9532 
f:/(<- \ ~{;, :.:, -~ 0.8362 0.8896 0.7188 0.8008 0.8683 0.8574 0.7260 0.8628 0.8713 0.9448 

l ii'-~ - ~;.; .j -~ 0.8699 0.8966 0.7319 0.7934 0.8345 0.8594 0.7758 0.8377 0.7218 0.8160 
l;i:è' eéô c:: ;:~! h-:sJ;f. 0.8001 0.8401 0 .8506 0.8851 0.8582 0.8350 0.8094 0.9978 0.9180 0.7137 
I"-> "'·~ ;";;_, 0.8492 0.7485 0.8392 0.8343 0.8977 0.9052 0.8658 0.8506 0.7399 0.7831 
~:; :'' J - 0.9187 0.9164 0 .7550 0.8694 0.8756 0.8859 0.8129 0.8588 0.6735 0.8438 
1"'' '.'--' ~-~~l _/: 0.8999 0.8518 0 .8343 0.8951 0.8798 0.8700 0.8286 0.9440 0.8123 0.8971 
;s - ~}-~';;;::~: C:~ 0.8814 0.9008 0 .7939 0.8762 0.8803 0.9302 0.8599 0.8848 0.8999 0.8959 
~--";~~-::Yz,1~,;:~:'>J~ 0.9242 0.9050 0.8869 0.8697 0.9152 0.8987 0.8408 0.9299 0.8540 0.8713 
:-:?::-~--"~~:z:n Q o.8761 o.8665 o.8699 o.9297 o.9180 0.8100 o.9551 o.9589 o.9500 
_\i~-- :_,:fc_i'\;~f:;_. JJ 0.8249 0.8887 0.9055 0.9246 0.8903 0.6303 0.9351 0.8145 0.9595 
t-:·<?'.,J:~--~~~':#{: 1 ~ 0.8612 0.7396 0.6539 0.8194 0.9086 0.9127 0.9790 
"'.-:J.?6.-~ '~"~{'}/;j3 0.8940 0.7665 0.9883 0.8813 0.9523 
:\( s:=~~~;&;;.;·J4 0.9062 0.8397 0.9443 0.9648 
:.;i,'.5~Ii~-'i:,;;d5 0.9929 0.9247 0.7803 
~~-~~ ;:--;:-;_it::~-J .6: 0.9595 0.8236 
~::o:· -_ :~ '""'.;~~f:,>--tz o. 9567 

Table G-15 Exp.#15 Sarnple weights 

Exp. 1 o 1 s t~~~à~'.$tt~~'i.R}JJ(~~·~(:Ti:/tf3~::'~;12'~r=~~1~;~:ù9-~~t~ii~~s{~fi~~~~_r~~~t-i~~~~:J:>:/L/ii~1?t;it";~~~:t?{t 
-~a rti pJe .#~?,:;;5 J:::L'; f ;ct, :~~;J; ._Q__-ùff -~):'~~~t~~ :_ .;,::..t.;:4:---· .,.~--~js::::~ =.~;~~\6 t~ ~~;.~~~1~:t: ~,,.-;;~- ~~~ -\~ 1 ,'.:';;;J,;.:~1.ïi ~,~::_(;.:1n:::_ 
·'P:o.;;;;ng'~ ./·~, · 0.8945 0.9341 0.8159 0.6766 0.9504 0.5929 0.9221 0.7424 0.7286 0.7528 
.ff-_::\:5,H;èl /'''2 0.8346 0.8784 0 .7799 0.8029 0.8573 0.7988 0.8508 0.8889 0.8163 0.7763 
~l•-~i/i{T._;:{1 :- :·: 0.7839 0.8287 0.9025 0.8076 0.7845 0.7618 0.8125 0.7762 0.8719 0.9862 
~;5-";.-"'~'-~fr "·"'' , 0.8410 0.7706 0.7583 0.7989 0.8175 0.7770 0.7692 0.7446 0.8043 0.6805 
·:" .X'i~~·"": ":<: ' 0.7848 0.8652 0.8076 0.8177 0.8001 0.7593 0.8807 0.8280 0.8186 0.7559 
1;;/;_ ;~::.}~ .• /)d 0.8629 0.8305 0.8179 0.8069 0.8417 0 .7858 0.8530 0.7946 0.8342 0.9316 
1:~~i_ ~,~r,: 'f.çz 0.8240 o.8640 o.8468 o.7969 o.8473 o.8506 o.8361 o.8632 o.8283 o.6440 
+t·.·~-;.'.-;;t~if,"·.•""]3 0.8175 0.8420 0.8526 0.8644 0.8204 0.7844 0.8242 0.8737 0.8274 0.7949 
"Y~;t _._:;~~:t:i~.:;Lg 0.7906 0.8772 0.7916 0.8135 0.8485 0.7725 0.8346 0.8157 0.8439 0.8345 
;;:·:~~~:=:'.,-~.;;_ts'.'Jf~:~~lô. 0.8980 0.9074 0.8355 0.8428 0.8532 0.8675 0.8241 0.8886 0.8161 0.8000 
:~\.v< ;:~->~-~- -fi' 0.5722 0.8908 0 .8576 0.8538 0.8382 0.8350 0.8428 0.8529 0.7895 0.8736 

1t;l~:-~~;0,·~~~Z_J2_ 0.5965 0.8275 0 .8446 0.8205 0.5286 0.7964 0.8160 0.8694 0.8301 0.7098 
, :·~_;,.7·:';~t:~:''èJ~' tà 0.9740 0.7248 0.7678 0.8221 0.8466 0.9154 0.8234 0.8307 
;i_~<- =:~~::::-_ar:.;14 o.9884 o.6377 o .6966 o.8732 o.8436 o.8309 o.7904 
~:~ct-=::\~;.~.si-:Js· o.7004 o.7741 o.8914 0.8215 o.5120 

lt{.>·:~?-)!iD.:~;/J 6 0.8388 0.8678 0.8834 0.9945 0.7757 
;·~::\.:~~izt-..i:t o.7023 o.9046 0.8012 
:t:~*;=~~':&:~:i~~,:--~H~ 0.8936 0.8038 
..='::~~~-"'':~&,;;::J:r:-·19 0.8377 0.7931 
t;.C~ ::.~:;;~~~~fe:~~ {2Q 0.8018 
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Appendix G Weights raw data 

Table G-16 Exp.#16 Sample weights 

Exp. 1 o 151~~~~,;:.' "~;, '0
· '~--. ·'~~: . . ; ~,,;_\~~~;;;: , -~:s/''~f0J:~7~~··;,~ ':rô:riâttôits;~~~~'.iril~'{i~;i:YiM~? ~ ... ~ .. :·:·~~<~~~~1~~~~~f:~~f~:,:;• 

SànjpJe-..#:~~;;:Ji ~~~Ç:;~~~~. ~~J:~~~-~~ ; .. :~~r3>'.. ~:; -~; :414~;:~~~·: . ~:,~~J.i.1$::~~~ 1{fo\~:;§;;EG ~i:S:J+;'t't<; ~'.'I}~~8Jf: } -,;'::.µqi~~~ §Ll1'i'1 O.:-~--~ 
0.9830 
0.9007 
0.6913 
0.8232 
0.7815 
0.7569 
0.8389 
0.7854 
0.8375 
0.7650 
0.8515 
0.8506 
0.7393 
0.6551 

0.9026 
0.7693 
0.8804 
0.8084 
0.8566 
0.8602 
0.9192 
0.8064 

0.8338 
0.7944 
0.7820 
0.7896 
0.7369 
0.8547 
0.8022 
0.8197 
0.8169 
0.8512 
0.8576 
0.8134 
0.8344 
0.8277 
0.8598 

0.9658 
0.8384 
0.8046 
0.7747 
0.8113 
0.8232 
0.8154 
0.8430 
0.7973 
0.7985 
0.8722 
0.7865 
0.8828 
0.7516 
0.8251 

Table G-17 Exp.#17 Sample weights 

;,~~.t{~i/'""''·:' ~i<~:· l 0.7988 0.8740 0.8899 0.7694 
1 ::x·:'.·~ ;,;;·'~if~--r:2 0.8459 0.7823 0.7487 0.8472 
·:_c·~·· :-: -~ ~" ~:::~;:;;;':,3- 0.8574 0.8312 0.7048 0.8554 

l~~F' ·:~: ;,. :.)fi.':~~:',;&_ 0.8454 0.9275 0.7760 0.8295 
''~::} ~f. ·~/-':~~;:,:$ 0.8820 0.8213 0.8219 0.8942 
il".' ~--,{\ ~·y{:~;=~6 0.8683 0.8001 0.8624 0.8622 
~-~ .;f.;'~· -~:?}/;~·;:z 0.8766 0.9141 0.8675 0.9172 
ë~~t-'%, <··~::~;;;~a 0.8716 0.8225 0.8432 0.7751 
~z}0t: ,, :-.~;~;.Jï 0.9037 0.8619 0.8413 0.8529 

1 ·"~ ;:.~:-; •;;,, ~:";:;:t .. ::-~+o 0.8736 0.8868 0.7773 
1'f:c.;oF' ~-~'~~~§i·;.'.J]f: 0.8737 0.7516 0.8786 
;;y;~:~~"'" :::_-;;..,;~~'fQ 0.8160 0.8930 
1:-' .;,s:- -~~ ~~;{:~~t3' 0.8368 0.8509 
fif ct·': :-'~f::%Œ'.;14 
~t~\~.1":: •.. :~~:f:I1$ 
,}i ':i>':;);•-- 1;.::::c;16 
I ':~ ,,~:'J':-,_',':-&..,,~lZ. " i:'. ;'f;~'·;"~x0~M~~ili8 
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0.6901 
0.8422 
0.8243 
0.6740 
0.7877 
0.8609 
0.7899 
0.8050 
0.8174 
0.8688 
0.7938 
0.9138 
0.9129 

0.7355 
0.8364 
0.8409 
0.8782 
0.8392 
0.8548 
0.8251 
0.8371 
0.8408 
0.8757 
0.8751 
0.8646 
0.8684 

175 

0.8343 
0.8567 
0.6466 
0.8137 
0.7763 
0.8153 
0.8145 
0.8677 
0.7878 
0.8037 
0.8056 
0.8400 
0.7423 
0.8754 
0.7750 

0.7508 
0.8565 
0.8080 
0.7812 
0.8680 
0.8624 
0.8694 
0.8625 
0.8324 
0.9131 
0.8813 
0.8744 
0.8671 
0.8023 
0.8333 

0.9541 
0.8650 
0.8677 
0.7911 
0.8490 
0.7540 
0.8551 
0.8246 
0.7996 
0.8503 
0.7719 
0.8288 
0.8258 
0.8358 
0.8099 
0.8486 
0.9590 

0.8571 
0.8494 
0.8585 
0.8654 
0.8774 
0.8186 
0.8011 
0.8272 
0.8916 
0.9024 
0.8476 
0.9047 
0.8629 
0.8700 
0.8955 
0.8851 
0.5773 

0.8606 
0.8102 
0.8145 
0.7916 
0.8416 
0.8156 
0.9057 
0.9234 
0.8481 
0.8956 
0.9525 
0.9133 
0.9695 
0.9294 
0.8233 
0.8909 

0.8209 
0.8700 
0.8495 
0.8706 
0.8224 
0.8445 
0.8841 
0.8824 
0.7040 
0.8663 
0.8787 
0.7766 
0.8731 
0.8685 
0.8953 
0.7955 
0.8494 

0.8034 
0.8307 
0.8450 
0.8589 
0.8587 
0.8027 
0.7916 
0.8485 
0.8105 
0.8149 
0.8304 
0.8609 
0.8263 
0.8436 
0.8296 
0.8621 
0.9516 

0.8731 
0.8095 
0.8161 
0.8500 
0.8873 
0.8392 
0.8814 
0.8320 
0.8641 
0.8248 
0.8201 
0.8991 
0.8898 
0.8921 
0.8771 

0.9932 
0.9610 
0.7822 
0.8772 
0.8003 
0.8666 
0.8065 
0.8221 
0.8635 
0.7848 
0.8525 
0.8395 
0.8654 
0.8108 
0.8082 
0.7952 

0.8315 
0.8353 
0.7066 
0.8500 
0.8309 
0.8299 
0.8541 
0.8104 
0.8647 
0.7065 
0.7849 
0.8761 
0.8272 
0.8323 
0.8562 
0.8530 
0.8417 
0.8079 
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Appendix G Weights raw data 

Table G-18 Exp.#1 8 Sample weight 

G. 2 Weights compilation 

Table G-19 Total weights compilation 

~i~~~~iiî31~1~t~ ~~~,,~- --"'.~-: -- ·~:7-?: 

;fit~°l;J J0;~f. 
.--,·,, .. =· - ..".o ~·· 

~ .. -- ~~~· 
? '"·'· ,, .. 'if.':' .. ' ~ '" 

<:~~~??: ~~' 
,.._...--~~,,.· ·.;. '.'_··::. .~:"'->···;>": ~,0:0.;.•,''G' 

h~fct:.'. "' ·~ :,:;o 
1 55,50 6,48 14,37 12,19 22,46 18,68 36,83 
2 61, 11 12,62 14,23 13,72 20,55 26,34 34,78 
3 60,04 6,57 16,02 14,21 23,23 20,78 39,26 
4 59,59 14,38 13,49 13,56 18, 16 27,94 31,65 
5 60,06 8,97 16,43 12,96 21 ,69 21,93 38,12 
6 61,42 14,54 12,67 15, 18 19,02 29,72 31,69 

7 104,02 31, 15 20,52 26,96 25, 13 58, 11 45,64 
8 103,71 29,71 19,98 26,93 27,34 56,64 47,32 
9 93,81 29,65 18, 11 20,69 25,36 50,33 43,48 
10 94,30 27,77 19,65 22,60 24,29 50,37 43,93 
11 96,77 27,26 18,40 25,13 25,97 52,39 44,37 
12 95,18 28,97 18,45 22,42 25,34 51 ,39 43,78 

13 121 ,97 43,85 19,94 29,46 28,72 73,31 48,66 
14 112,11 39,01 22,64 28,67 27,91 67,68 50,55 
15 124,92 45,76 20,69 29,54 28,93 75,30 49,62 
16 121,44 42,73 22,64 28,28 27,80 71 ,00 50,43 
17 118,81 38,78 23,63 28,74 27,65 67,53 51,29 
18 125, 16 42,24 22,52 30,88 29,52 73, 12 52,04 

Values in Table G-19 are in grams. 
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APPENDIX H SAMPLE CONCENTRATIONS 

H.1 Samples concentration raw data 

There are 11 columns in concentration raw data tables. The first one represents the 
number of the sample (#). There are at the most 20 samples per core. The remaining ten 
columns represent the results from each of the ten locations numbered from L. l to L. l O. 
Sample # 1 is always the one taken at the bottom of the mixer and the last sample number 
on top of the mixed bed. Results in Tables H-1 to H-18 represent the blue MCC 
concentration. The targeted value blue MCC concentration 0.5000 means that the 
extracted sample would con tain, as initially loaded, 50% of blue MCC. 

H.1.1 Shaf t 

Table H-1 Sample concentrations of Exp. ID 1 

Exp. 1 D 1 ~~11~:~2f2~~Pi~;::J:~~~:::1~'?.:{~%'.~~,:;:_~ "::&~,;~liq_ëa.ttôn~ ;~0~~G:1~hH:i~~i\:'l~-ti~;{~?; ~}~i:~;~·~w~1~ 
$firnf51é:#_i:~:.· .. : !t:~ifut~,11.:1.t;.:~~~i dill.3.3) :;;;; t:"~l,.~·l:~~ zYJ,~s'"~~ :r;L.6~-~-f~d~.il ~~~ ~:~.b~~ i~~:: t:9 0: 1~"~1: :1q~i 
;Ht:>::;,;;;:\::~·t 1- 0.51298 0.4685 0.5093 0.3490 0.4888 0.5051 0.4916 0.5173 0.4909 0.5018 

0.4976 0.5345 0.4874 0.5191 0.4921 0.5252 0.4887 0.5194 
0.5135 0.4954 0.5209 0.5045 0.5189 0.4958 0.5061 

0.4958 0.5383 0.4927 0.5124 0.4913 0.5055 
0.4911 0.5185 0.4923 0.5143 0.5106 0.5096 
0.4946 0.5287 0.5109 0.4943 0.5085 0.5018 
0.4936 0.5220 0.4783 0.5079 0.4989 0.5101 

0.5242 0.5060 0.4983 0.5082 
0.5136 0.4914 0.5008 
0.5227 0.4852 0.5185 
0.5207 0.4923 0.5238 

0.4921 0.5147 
0.5169 
0.5150 

Table H- 2 Exp.#2 blue MCC concentrations 

Exp. 1 o 2 ~:f;~~ ,Af,;tf!{f-. -~~-+:~"°' -- · '3-~Üi~i:~:';:~zE;::_: .:1q:;wc:aud:o~i:._1l~J.~J±t1:Itri-i 2~.:::12~::c2· ·c§o'Œfg:f"J~_·N~Bf,' 
s~i:!1f:>J~#3::~~·''.ii; ~tti~-~er~~ ;~r--L,;4~~4 ·~;::_~~~;,;~': ~;::w?f~:~~ ~~-!~I~::~~- 1 2::~~§:~-~r ,~.,~~t~i~- ~~-::J:~~a :~~~: tf::~J:.~i~ ~i,~~11t:':· 

1 °5-.~<-- '_ ~~t'Œ~ 0~1:1 0.62732 0.6186 0.4329 0.4013 0.4311 0.4910 0.5287 0.5064 0.5389 0.5094 
I ~\'; ~~~,,r~{c:~ .. ';.~,, z 0.58005 0.4969 0.4718 0.4720 0.5229 0.4943 0.5431 0.4996 0.5275 0.4980 
l~~>< ~~::~.,:/~.::â 0.5590 0.5093 0.4826 0.5107 0.5304 0.4991 0.5442 0.4954 0.5390 0.5076 
:3cJ:"'·-~~=~~~:-::~f4: 0.5495 0.4912 0.4844 o.5045 o.5205 o.5018 o.5314 o.5049 o.5207 o.5011 

1 :;;,~/-fA~~~i1)31;;_5 0.5408 0.4939 0.5249 0.4976 0.5290 0.5126 
~jt~)-L-~;:~~t;;::n 0.5437 0.5001 0.5337 0.5142 0.5165 0.5079 
i;}t, ~-;~~~-Yi->~--Yt 0.5397 0.4959 0.5362 0.5092 0.5343 0.4979 
: :s:·~~"I.'}~~:-'"c.-~s o.5051 o.5401 o.5202 o.5386 o.4966 
,,,_,,__,--_~·f.';;1}f::.·:~·:'.:9 0.5025 0.5226 0.5176 0.5098 
~«:~;>.;_:,· ~~~:~_.;,_10. 0.4913 0.5292 0.4841 
z~;{;··-:~:;,,:;;r::/:':- 1:t 0.5290 o.4915 
·3~~~-.;/,~~~~~,.:;j 2 0.5409 0.4886 
,~/i:-.''.'0 ~;;~::)~~;-~}j-~- 0.4975 
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Table H-3 Exp.#3 blue MCC concentrations 

Exp. 1 D 3 ·~~~if\;/~~·~~~~~Î?~--~{~!~:~~~~?-/~~~Ù~~~~~/ .. ~~i.~~-f ~_-~1t}i;~~-r2t;~Ç~Ji.Q_Q~~·;~§~~J~~::~~:~:~;.~:~1~~~~~~~~~. f ~_(:.~~~fi;i~~~;·: ·~- , __ ~f --

§~-rti~l~}tf~Jt~' ~tJ.;~1}-@:i~~~l .,/L:~,i~~t~~-~:it :~;.f~:4}:.~ .faA.~·;9,~)t :.:Jtti~§f*_;; ~{f'-g_~JJ2~_;: a;t,i{Q):;-~ 0:·,}L~})~~~; ~;;:_~~19:~;i!: 
~~:~( :,-;·-,~-" "Vf::~~"·'' 0.66314 o. 1014 0.5022 0.4808 0.5261 0.5070 0.5205 0.5225 0.5001 0.4892 

0.4375 0.5424 0.5080 0.5094 0.5062 0.5035 0.5026 0.5292 
0.5636 0.5252 0.5129 0.5139 0.5215 0.5067 

'_{ .. ;, -~- 0.5360 0.5236 0.4997 0.5092 0.5109 0.5085 0.5199 
0.5065 0.5239 0.5133 0.5115 0.5104 0.5213 
0.5187 0.5150 0.5169 0.5089 0.5163 0.5020 
0.5136 0.5187 0.5062 0.5118 0.5119 0.5205 
0.5210 0.5147 0.5122 0.5122 0.5174 0.5202 
0.5180 0.5248 0.5090 0.5283 0.5113 0.5108 
0.5167 0.5210 0.5003 0.5343 

0.5105 0.4836 
0.5247 0.5129 
0.5284 0.5087 
0.5087 0.5253 

0.5013 

Table H-4 Ex p . #4 blue MCC concentrations 

0.6514 0.5507 0.5252 0.3978 0.5108 0.5100 0.5116 0.4927 0.5248 
0.7250 0.5396 0.6585 0.5107 0.5239 0.5207 0.5231 0.5219 0.5225 
0.5892 0.5086 0.5362 0.4927 0.5133 0.5194 0.5192 0.5099 0.5232 
0.5274 0.5282 0.5325 0.5194 0.5208 0.5147 0.5130 0.5173 0.5244 
0.5339 0.5166 0.5213 0.5113 0.5207 0.5202 0.5265 0.5276 0.5232 
0.5045 0.5126 0.5419 0.5169 0.5043 0.5250 0.5249 

0.5381 0.5070 0.5203 0.4924 0.5261 0.5073 
0.5083 0.5605 0.5198 0.4955 0.5230 0.5233 

0.4928 0.5059 0.5080 0.5175 
0.5277 0.5255 

0.5116 
0.5206 

Table H-5 Exp.#5 blue MCC concentrations 

Exp. 1 o s -:~~,53-/Jl21":JJ,!F!.,~i~:-~~Yif}2-:z~~~~ .i·L~~- ~rf~}i2~Y~ L,-Otatt6lis~i:1t:;~:~:.-t: ~;~~1~~~-:,;;~';:i::~~::fr·~~:1;~_~jf;;t{;~:_: 
S~JTiPle'.~~}~;;t :-:hJ~_~J~~:t ;;I;J~~.2: :-~~ ,;·~~,!.;-':~ ,_.;· ~~- ~t~;:~ ~~' _. :: ;~r::?~:::_ - ~:~'.'fCj:EJ~:,·; :~*;Tit ~ ,~:;~~~6 -~-/ -;~~~L:!~~~ !J~:~lQ~l: 

lf'.~~;:~:~v.::.,~;i~; -~1.t 0.64196 0.3850 0.6783 0.5005 0.4512 0.5342 0.5057 0.5191 0.5128 0.5219 
0.5736 0.5911 0.4592 0.5255 0.5039 0.5227 0.5149 0.5289 
0 .5360 0.6199 0.4734 0.5364 0.5079 0.5275 0.5105 0.5297 

0.4803 0.5230 0.5064 0.5344 0.5070 0.5355 
0.5026 0.5334 0.5089 0.5218 0.5049 0.5260 
0.5030 0.5248 0.5114 0.5254 0.5142 0.5226 
0.4993 0.5242 0.5067 0.5184 0.5118 0.5352 
0.5072 0.5368 0.5077 0.5145 0.5194 

0.5251 0.5140 0.5078 0.5241 
0.5367 0.5084 0.5268 
0.5229 0.5134 0.5210 
0.5337 0.5112 0.5268 

0.5233 0.5324 
0.5077 
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Table H-6 Ex p.#6 blue MCC c oncentrations 

Exp. ID 6 1f~~:~:~.-.C'k:~~~~~}iti,Z_:,:,;.~;~~Kti:.::ç:.~i~:-:dVJfik;~!~~~],i~Ça~ti.Qtrs ~;:{~~i1:f1c;: ~~XElt~ùfr:Y~k~:;=fg~iz:~~~8-~o~;·~: 
S?fli'.fRl~_-tf~.:~~'; ,j:m~/lzfii /Ç~~i ;:,. :~.J,;t~3:· '.\:[~~-.?:;,, ;,;;,:~~ ~-'~ ~ .. ?"~;~,~-~~; ,~:;~;µtr:s;; J.~~~Q);;; \,S~_L;~.~~ ~;~1~~~~ .Q:~~i 
~~.J~::·~~l.\U~~~~'Nl: 0.60046 o.7367 0.6963 0.3480 0.4332 0.5068 0.4983 0.5160 0.5270 0.5268 

0.6270 0.4642 0.4980 0.5257 0.5216 0.5111 0.5102 0.5056 
0.5237 0.5406 0.5337 0.5101 0.5148 0.5156 0 .5245 0.5096 
0.5184 0.5097 0.5211 0.5243 0.5200 0.5192 0.5059 0.5231 
0.5202 0.5274 0.5382 0.5141 0.5205 0.5194 0.5341 0.5154 

0.5200 0.5184 0.5132 0.5234 0.5078 0.5192 
0.5202 0.5168 0.5239 0.5148 0 .5230 0.5123 

0.5285 0.5186 0.5103 0.5142 0.5098 
0.5154 0.5157 0.5178 0 .5479 0.5145 

0 .5125 0.5170 
0 .5115 0.5055 
0 .5124 0.5182 

H.1.2 Inner ribbon 

Table H-7 Ex p.#7 blue MCC c oncentrations 

Exp. 1 D 7 lt~~i~~ ~:Cce•F ;,.~-~:, c;-··~J . .,;· y:c:~{/C:ô/"'. .~: -~~~~L;=~·~'.tft~_tLj)b3tiéi_ril~:jjf.~~:-lî~i-~~~~~;s2~:::.: <· ::;;g~-~-;~~:~i,;~~~yi 
P~arnp1fj· ~;,_~;J1; ~~:~~tE~ :iè.l/ Ç~~-\~~~ -~'-f~L-.~c:ç~ <::J~~ikf x--~g-5,~'t:'. -~•(.9~'5~ ~~~C}~:< }~~8._)J: ~:cl;~~~ ~-UJ~1,Q:\ 
"-;-Jt-,_:.-::-~:o~:_;~'i} 0.47553 0.4448 0.5304 0.4351 0.5261 0.5407 0.5005 0.5417 0.5051 0.5280 

l~:~,~;;:::~~.C;_~/~ii.?2 0.49901 0.5084 0.5538 0.5174 0.4858 0.5403 0.4948 0.5281 0.5110 0.5295 
l~Jt3~,.,,;::~-~~(iIB o.5087 o.5102 o.5288 o.5541 o.5070 o.5406 0.4919 o.5409 0.4893 o.5430 
1 3f<_:<':}<~ç::::~:.§ 0.4983 0.4920 0.5369 0.5400 0.4960 0.5281 0.4878 0.5243 0.4998 0.5239 
'7.?,~:t:;_y~Jfà5 0.5015 0.5004 0.5364 0.5220 0.5007 0.5329 0.4974 0.5366 0.5098 0.5262 
~t?< 0 _:~ 0.4931 0.4929 0.5267 0.5395 0.5045 0.5366 0.4988 0.5271 0.5076 0.5229 
;,;.k°f;,·;,L,'":-...:~ 0.4960 0.4995 o.5324 o.5233 o.5015 o.5315 o.5048 o.5412 o.5064 o.5233 
-;:{>"".·:~:~:'.: 0.5021 0.4992 0.5329 0.5462 0.4952 0.5227 0.5103 0.5270 0.5107 0.5062 
:;.,~/;.ù;-~~-:::~'é ;,.;,19 0.4992 0.4972 0.5435 0.5378 0.4998 0.5380 0.5085 0.5259 0.5189 0.4906 
t{'iS ~~ y-.{:$~l!J 0.4955 0.5300 0.5253 0.5411 0.5024 0.5174 0.5156 0.5248 

' :~i/:~"~-/~:,/:I!.1i~ü 0.5245 0.4962 0.5354 0.4913 0.5246 0.5074 0.5215 
::}·':·"; :_::~~,"J:t:~:f2 0.5324 0.4972 0.5278 0.4999 0.5234 
;-:;'ft .· \>·.A·:.,.~1~3 0.4828 o.5364 0.4926 o.5336 
~?Y:: ~:;_<y::~H:{l z( 0.4769 0.5135 0.5357 
ik·~-;~' .. ;;.:::ct1~--~:?;J:5 0.4789 0.5243 0.5193 

' ~~~;:;~'(j::~~t'.i~tfi 0.5257 0.5172 
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Table H-8 Exp.#8 blue MCC concentrations 

"9a·rr\ pJ~;j;t~~3;~ :t"~~:J;;:{t~ ,i?'l~tZ;i.::: :;_[~~;~::}'_ :~:\ tg4~~t: i~~4;~~~ ~/~J~}§:~~G ~;=;t;:Z~:'.J;_ - '.~r.;,g;~~ :'~;é _r;·~,·~-~t~ 'tJ;.:t<h-< 
l ~.r>~·;: : ,.. 0.64974 0.4408 0.4663 0.4284 0.5292 0.4738 0.5539 0.4789 0.5320 0.4678 
~,;;~~- )';~: :'· ,., 0.63788 0.4906 0.4760 0.5095 0.5494 0.4933 0.5358 0.4904 0.5245 0.4877 
l'CJ.: }; :;,"=:; ·l 0.5824 0.5188 0.4678 0.5142 0.5572 0.4859 0.5385 0.4782 0.5210 0.4821 
l±e• ;·:f_;., 0.5847 0.5251 0.4682 0.4931 0.5455 0.4930 0.5389 0.4770 0.5395 0.4819 

·;, ··'"'' •Y 0.5432 0.5428 0.4728 0.4849 0.5457 0.4933 0.5536 0.4849 0.5246 0.4855 
~~ ->'"' 0.5722 0.5242 0.4819 0.4817 0.5369 0.4985 0.5656 0.4962 0.5152 0.4986 

~.)'Oc,; ·(§!fk:~J;,7 0.5639 0.5232 0.4657 0.4861 0.5283 0.5081 0.5647 0.4933 0.5102 0.4815 
=~7:; \::;~)~ë~8: 0.5636 0.5471 0.4486 0.4838 0.5148 0.4996 0.5598 0.5029 0.5233 0.5069 

i :t"/~:~-;:-~,J\,~i&:r!!l o.5180 o.5512 0.4912 0.4064 0.4926 o.5772 o.5087 o.6025 o.5229 
~'1li'l~--?\\~S~d 0. 0.4406 0.3886 0.4883 0.5870 0.5069 0.7443 0.4953 

0.4887 0.6223 0.4847 
0.5055 0.5481 0.4926 
0.5121 0.4968 0.4770 
0.4885 0.5215 0.4895 
0.4777 0.5417 0.4747 

0.5331 0.4888 
0.4836 

Table H-9 Exp.#9 blue MCC concentrations 

!N~~1~:~~ ~i:~:~~ifI~~T:'it;;~!:t~~~~~~:~g~··:~~.;:;1 .~ 
;;:~;~""·~r::''.i~~:~0-,;1: o.52579 o.3457 o.3561 0.4320 o.5100 o.5119 0.5091 o.5253 o.5354 o.5128 
§'=fü,'c~::· ~f~!.S-~.::~),Q 0.52556 0.4863 0.4780 0.5217 0.5059 0.5036 0.5084 0.4850 0.5080 0.5284 
~-->'"~' ,~;;SE~f~: o.5092 o.5132 o.5129 o.5032 o.5094 o.5114 o.5286 o.5029 o.5145 o.5032 
t0-~'~·{Zt-~'.i='i;"::)~~ 0.5148 0.5098 0.5091 0.5179 0.5183 0.5139 0.5152 0.5125 0.5240 0.5139 
~-T11-';~i;;:;5::-"'::'ff& 0.5150 0.5081 0.5096 0.5057 0.5137 0.5084 0.5074 0.5063 0.5159 0.5144 
1'~,é~:.:~;r~:_:;,~':A~tt 0.5184 0.5099 0.5131 0.5021 0.5131 0.5041 0.5147 0.5124 0.5174 0.5140 
~·['·, __ :'"-~_}:::~ 0.5261 0.5064 0.5077 0.5043 0.5026 0.5108 0.5146 0.5194 0.5167 0.5169 

!1'1,7_.<--~~~,_;è#~::::~~ 0.5088 0.5091 0.5043 0.5003 0.5132 0.5091 0.5168 0.5060 0.5166 0.5143 
'"~(t.;_f~ ··~1J~{Ç~'&~ 0.5050 0.5172 0.5189 0.5095 0.5134 0.5107 0.5112 0.5179 
;0~~- ,~r:.;;:,:$}:3:0 o.5116 o.5098 o.5097 o.5095 o.5084 o.5129 o.5167 
t'.jc,:~.-- '-- ~~:,;~~.:~;1J 0.5066 0.5144 0.5134 0.5070 0.5085 
'Y~:~:'r~;:j'.~~~~~2, 0.5043 0.5248 0.5090 0.5178 
~:}i~_ .. :-. _:~:';~~{3 0.5141 0.5095 0.5096 
~w:~,~~;;:'-:p:~&:::t4: o.5212 
;~p,_:~; ~.1\(,;.,fJS. 0.5090 
:y:~:c l~ ·'-~ ~-,~~~-Jô. 0 .5197 
;,s c~::-,;~;:Ji<·,:_J}'. 0 .5156 
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Table H-10 Exp.#10 blue MCC concentrations 

Exp. 1 o 1 o :~,~~'i.:~_ ;;"C ; ;:~;:~ ·: f'.'~7t'.1\ '·:, · ;ii~Ir~:-J:.·=-~"~'t·'.~~~ <%'~oéii:ttôn~t:;11f!i~~ï:t:~~~>1::'. :~:: ~.t.~;~,)f7~~-k~t:à.~.~~fi;~''. 
$aniM~.;IJ~·:.,;5_~~ ';.o,;;,t;::~ii,*; J.:::~~~;J:t -::~é l;f3:.,~;.: ·":'.S .ll ~i1r.t': . :~~~'-.k~?~~:.! :{~*~i§;~.~ ~i~bSJ:Z\~ 'Œl:~~!J<!?: i"'[:.~i;~:., :i~~L;.'.:,p·_~ . · 
;.oJ;'t::·.q ~,. ·- ;: 0.5824 0.5077 0.4565 0.4583 0.4884 0.4763 0.5065 0.5168 0.5037 0.5120 
'.,_f-' , ... , 0.5284 0.5048 0.5106 0.5162 0.4939 0.5205 0.5170 0.5120 0.5077 0.5007 
:'fr{''.~·:; ~:;~ "'>f' 0.5079 0.5142 0.5317 0.5087 0.5235 0.5122 0.5176 0.5081 0.5118 0.5093 
~{ 0.5060 0.5028 0.5339 0.5115 0.5003 0.5147 0.5162 0.5030 0.5182 0.5177 
~'Q~ ... ~.:~;"" > •; 0.5154 0.5122 0.5308 0.5283 0.5046 0.5155 0.4994 0.5043 0.5007 0.5157 
'!;~1: :~-:', ~be- 0.5018 0.5062 0.5324 0.5134 0.5056 0.5078 0.5054 0.5066 0.5136 0.5052 
"'~".~ê~_:'j; "<·):", 0.5163 0.5071 0.5301 0.5145 0.5074 0.5173 0.5034 0.5189 0.5024 0.5101 
~S<L;:, ~;> 0.5147 0.5300 0.5118 0.4911 0.5120 0.5129 0.5133 0.5118 0.5057 
;;; ::;:,,,'t :_':f.;.'ê 0.5407 0.5084 0.4284 0.5180 0.5071 0.5154 0.5071 0.5197 

0.5116 0.2255 0.5120 0.5064 0.5201 0.5128 0.4979 
0.5133 0.5119 0.4959 0.5088 0.5132 
0.5216 0.4996 0.5267 0.5143 0.5082 
0.5112 0.5108 0.5073 0.5084 0.5145 

0.5145 
0.4996 

Table H-11 Exp.#11 blue MCC concentrations 

·<~;, .. : "'z~~~._ @>, / 'l 0.53465 0.5193 0.4971 0.5733 0.5036 0.4915 0.5002 0.5022 0.5202 0.4891 
:::<<. ~ "''.j~t't"":. !~72 0.48487 0.5248 0.4991 0.5498 0.5243 0.4958 0.5168 0.4911 0.5116 0.4910 
:: >h-· ::~ ~~,:~;~~: ~3 0.4549 0.5262 0.4835 0.4970 0.5216 0.5070 0.5158 0.4877 0.5199 0.4929 
l't:;.__,; ·x~~~1c"~;:~·~4. 0.4965 0.5169 0.5084 0.4941 0.5233 0.4924 0.5190 0.4937 0.5153 0.4937 
::-'.:èi:·""':·<T:XitS},,. __ 5: 0.5204 0.5273 0.4924 0.4996 0.5213 0.4899 0.5224 0.4784 0.5128 0.4994 

.ff'~~F~-1s~fi:~~:·•-:a 0.5193 0.5245 0.4990 0.4942 0.5153 0.4904 0.5153 0.4845 0.5067 0.5144 
;;!/ .st~ :;r:,~<1 ], 0.5101 0.5236 0.5009 0.4972 0.5065 0.4980 0.5293 0.5047 0.5058 0.5064 
~'f.ù-,;5ffi~<·-~: ·a 0.5180 0.5199 0.5088 0.5122 0.4976 0.5181 0.5025 0.5153 0.5119 
. ;;•' '~'·;:;?, _·:,.:1;':~~:; ··. :g 0.5206 0.4703 0.4850 0.5183 0.5004 0.5128 0.5099 
et~'"" :l~[i?fk'~ ·:.-to 0.4980 0.5212 0.5126 0.5136 0.5209 
:~.i:~:"Ii:~;t2~~::.· tf. 0.4872 0.5163 0.5072 0.5201 0.4944 
~~_};;.::c(i~~~:~:' · -~ f4 0.5042 0.5144 0.5114 0.5278 0.5030 
;;;, ;:: r.:o:" ~:-_Jf:' ~ 3 0.5137 0.4750 0.5303 0.4909 
~-{.:•i:','("'i;~s~t~ 0.4976 0.5000 
"'!< -~:'~ti,:O:J;;:J:$ 0.4893 0.4973 
~-~:c:·:\.C~~:};~::{.J 6 0.4978 
~:;::-'ù·-,_ {·h~S::~J] 0.4898 
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Appendix H Sample Concentrations 

Table H-12 Exp.#12 blue MCC concentrations 

0.5085 0.5172 0.4736 0.5222 0.5069 0.4975 0.5886 0.5120 0.4907 
0.5054 0.5266 0.5082 0.5168 0.5095 0.5059 0.5385 0.5051 0.5111 
0.5115 0.5719 0.5028 0.5181 0.5174 0.5135 0.5001 0.5063 0.5056 
0.5213 0.5724 0.5080 0.5052 0.5059 0.5118 0.5117 0.5061 0.5029 
0.5114 0.5617 0.5036 0.5171 0.4960 0.5052 0.5047 0.5109 0.5030 
0.5096 0.5061 0.5112 0.5079 0.5071 0.5183 0.5113 0.5153 0.5006 
0.5013 0.5052 0.5026 0.5143 0.5053 0.5133 0.5058 0 .5095 0.5091 
0.5058 0.5197 0.4989 0.4888 0.5005 0.5062 0.5020 0.5107 0.5036 
0.5106 0.5134 0.4983 0.4966 0.5135 0.5013 0.5173 0.5087 

0.5103 0.5157 0.5049 0.5194 0.5084 
0.5003 0.5055 0.5117 0.5152 0.5117 
0.5201 0.5087 0.5131 0 .5079 0.5072 

0.5030 0.5126 0.5070 
0.5098 
0.5046 
0.5085 

H.1.3 Outer ribbon 

Table H-13 Exp.#1 3 blue MCC concentrations 

Exp. 1 D 13 L'v''1':':•>"'-''~' ~c ~: '.·e'51iifi:}5f~;:~~ ~:.~::~;;-;flf;~:;~ ~~:'.·-U:eqati6ilS:~~~--'Z?;,igt'i-~;~iJ.~jt-:~r:-12ft~;$;f~0:~E.)_~;[:·2~
Sâfti pli:f#;i~!:i~ 1~;E'J:~ 1~~/~ 1 ~~~-Jf:2._:~ + 0:~2~~);,:-; fi:::lf;,~,~~ ·; ;;t.S?~/~_ ~~:~fi;~@~: ~c?li~it~~ ,~~~Z~J:!·&·;" ,;· . -~~~]µ~~-~~ ~'-~;~1J!~~" 
t.~~~.j{'i~~~-.-~:':i:':t 0.47889 0.4808 0.5110 0.5164 0.4864 0.5010 0.5132 0.5205 0.4936 0.5187 
~~~5-:> __ ;;:~,Ji'.iJy2. 0.46848 0.4949 0.5077 0.5037 0.4939 0.5206 0.5001 0.5267 0.4925 0.5120 
':~<~·fr. / ~;~ 0.,.,.-~ 0.4648 0.4887 0.5089 0.5022 0.4847 0.5149 0.5084 0.5170 0.4890 0.5196 

'·:·t-°S~'.>.~: ~,;-;·;;;:~ 0.4682 0.4824 0.5217 0.4799 0.4823 0.5140 0.5255 0.5276 0.4994 0.5223 
;:~·-;2:T~:" •. •'""t::, 0.5096 0.4801 0.5116 0.4902 0.4882 0.5182 0.5058 0.5330 0.4998 0.5242 

~.;·~{~\:,~--;~:J'd~ 0.5082 0.4867 0.5072 0.4979 0.4793 0.5066 0.4518 0.5246 0.5353 0.5422 
r?:-ç~~;.:b,~:-";..:i/'t'!l o.5039 o.4877 o.5097 o.4884 o.4965 o.5101 o.5484 o.5288 o.5627 o.5357 
~'é~,~~-;\<1?~.à8 0.4845 0.4793 0.5182 0.4837 0.4932 0.5110 0.5360 0.5320 0.5324 0.5009 

.. -. ~ ,-:,f~è-JJ~;9' 0.4749 0.4854 0.5182 0.4925 0.4901 0.5362 0.4892 0.5435 0.5186 0.4159 
~~ .. /' ~ '·~"'\;/t~Ll@ 0.4738 0.4849 o.5150 0.4980 0.4824 o.5389 o.5697 o.5468 o.5148 o.3361 
~0< ·s :~:-'~·-4fa f"j 0.4769 0.4832 0.5130 0.5065 0.4885 0.5236 0.5538 0.5888 0.5113 0.3719 
";;::~~-~,.,,-::.";,.~;;.12 0.4714 0.4967 0.5170 0.5043 0.4801 0.5068 0.5377 0.5384 0.5125 0.4426 
j'.:~'::'; if~::-,·:~~>f3 0.4842 0.5118 0.4902 0.5092 0.5315 0.4891 0.5501 
tiè:"'.~< ::\;[~i:tA 0.5114 0.5004 0.5353 0.4775 0.5560 
:r~:: ·~~~;::}~;J:5. o.4919 o.5310 0.4887 o.5365 
~.::J:~r~-; ·''f::c:~;ü6' o.5199 0.4780 o.5211 
i\'.~f~-s+:;;::C~%::::tt 0.5207 0.5204 
~~f~_,-,·;,.;,:::_~::::;;,-ta 0.5086 0.5054 
5y~:: ·i; ~;:,.:-~~<::~t9 0. 5219 
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Appendix H Sample Concentrations 

Table H-14 Exp.#14 blue MCC concentrations 

Exp. 1 o 14 ~ ;~~:~ · ~~~;:1e~~~:·:L· . ;,:1J;%~~},} :·.,:_:.;.s_;;:t::L ;~~ :~J;e.<fatto1fs:~{#~!~~}ïz::~~: · :~t~~{/~~~~:, f. ~~:iî:J;tt:l~,;,'-:.\f< 
$anip!~~#.?:-i'?Jt 5\:_l;.~];;;:~ ~~~:~~.S:; 0~~~i3~'.;:_. :~··; 14:_t;itk: ft'-4'~!):::::. J:'û];;;.§f;:f ~~l+i-1~:·}:~ ~'.'it ~!:a .~> ,;.f~·L]gj~\ :i.-U.J-j _()~:;_:~: 
l&,\fy::-;f '(~i.· ·· 0.53146 0.5190 0.4999 0.5006 0.5012 0.4992 0.4901 0.4948 0.4964 0.4972 
1

"·'. :· •• 0.52217 0.5083 0.5075 0.4909 0.5035 0.4973 0.5051 0.4933 0.4942 0.4971 
:;'',.}~~;,·, i""~ 0.5344 0.5174 0.5032 0.4960 0.5151 0.4933 0.4857 0.5052 0.5220 0.5025 
~~;-;;~':-:: 7 '.· 0.5410 0.5246 0.5010 0.4950 0.5070 0.4950 0.4983 0.5048 0.5061 0.5146 

1~~ i.t;;::· 0.5484 0.5097 0.5159 0.5029 0.4865 0.4997 0.5056 0.5153 0.5077 
s·. 0.5537 0.5078 0.4959 0.5080 0.5173 0.4851 0.4932 0.5026 0.5192 0.5259 

1'3 ./}',,. ::· "D 0.5377 0.5204 0.5013 0.5154 0.5033 0.5003 0.5006 0.5177 0.5244 0.5406 
lfi ,.::::~:~~ .,, l-J 0.5383 0.5072 0.4915 0.5146 0.5251 0.5100 0.5059 0.5186 0.5218 0.5316 
;rv:~.;~·:,_g.':l~':t;{~~B" o.5330 o.5251 o.5077 0.5293 o.5094 o.5024 o.5124 o.5078 o.5406 o.5349 
t-I~.~;~t'~::.:~~:·10 0.5139 0.5106 0.5829 0.4914 0.5051 0.4863 0.5107 0.5350 0.5272 
~,,,:;-: .. ,~; ·?t ... "::;~;itr o.5111 o.5181 o.5804 0.4048 o.4834 0.4921 o.5073 o.5347 o.5183 

l :"':'~;;t~·;;:<;~;t!;j~~J~ 0.5181 0.5666 0.1364 0.4894 0.4925 0.5267 0.4992 
ç:;,,:>>_,.~:;:::.;t,\~Jg 0.5075 0.4947 0.5188 0.5089 
~0·f.~~~ .. -~~::~:t~~;;.1·4 0.5113 0.4928 0.5210 0.4915 
:~~i·t~~:-~':~.'.::;:~;.;;J5 0.4821 0.5122 0.5029 

~~~-:;:.::i;?~~~~ ~ :~~~~ 0.4850 

Table H-15 Exp.#15 blue MCC concentrations 

0.5153 0.5080 0.5046 0.5152 0.5025 0.5117 0.5102 0.5329 0.5107 
0.5392 0.5119 0.4914 0.5314 0.4977 0.5254 0.4974 0.5191 0.5081 
0.5380 0.4519 0.5042 0.5289 0.5103 0.5291 0.5111 0.5220 0.4977 
0.5410 0.5138 0.5056 0.5295 0.5055 0.5209 0.5066 0.5399 0.5179 
0.5319 0.5007 0.5038 0.5267 0.5068 0.5167 0.5010 0.5350 0.5024 
0.5346 0.5092 0.5052 0.5249 0.5014 0.5221 0.5044 0.5220 0.4977 
0.5349 0.5073 0.5049 0.5259 0.4975 0.5185 0.4969 0.5270 0.5302 
0.5351 0.5057 0.5007 0.5307 0.5097 0.5212 0.5066 0.5249 0.5020 
0.5365 0.5103 0.4977 0.5279 0.5074 0.5238 0.5169 0.5217 0.5074 
0.5340 0.5117 0.5021 0.5266 0.4964 0.5227 0.5072 0.5319 0.5167 
0.5350 0.5007 0.5233 0.5038 0.5197 0.5162 0.5272 0.5132 
0.5404 0.5200 0.5053 0.5434 0.5016 0.5235 0.5030 0.5303 0.5254 
0.5287 0.5459 0.5016 0.4980 0.5211 0.5080 0.5302 0.5061 
0.5303 0.5275 0.5077 0.5230 0.5153 0.5257 0.5047 
0 .5516 0.5308 0.5066 0.5273 0.5088 
0.5328 0.5192 0.5076 0.5059 0.5080 
0.5436 0.5006 0.5091 

0.5033 0.5064 
0.5094 0.5045 

0.5015 
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Appendix H Sarnple Concentrations 

Table H-16 Exp.#16 blue MCC concentrations 

Exp. 1 D 16 ~i:~U~':,: ·I'~_;,"'' ,.>.: :' <:cl'< '·Co.<_:,~.':~~~~:'..~: :.~:::~:-~tt§f 5' 5Lij<!~t{ôfr5~:;~{z'f~:tL~~i~~~~~~Et~~;,:~· ''.'.:';~/· ·~~-,,-.- .;: .~;'::à;:'.'~ 

Sanip!~'. it:,,;;-~ '.1.;.~JJ::~.b~~ 2~&·.,_i:,;i.'1 ''.0~~?.3~"·· ~.~d4f4é~~·· {j~ 4,~~J;: . :;,,:i~~sfüfi;~ ~~i+Jt~;i .:,[q~~~~: ,,:~=. -~~-~:G~$':;%1' .k.14'.jcQ:C:-
.i>;<f:! h ""' ~:,> 0.5207 0.4983 0.5259 0.6278 0.5118 0.5091 0.5103 0.5266 0.5270 0.5251 
~,;L:;~_ '' <'·· 0.52657 0.5253 0.5324 0.6154 0.5073 0.5261 0.5285 0.531 o 0.5269 0.5307 
;i.:J; ;·,:,, Ci, ,·,' 0.5023 0.5171 0.5338 0.5489 0.5205 0.5405 0.5248 0.5277 0.5243 0.5349 
;ty'-;:- ~: ., 0.4967 0.5271 0.5324 0.5382 0.5321 0.5166 0.5285 0.5221 0.5218 0.5271 
'.'-~;è ;; > 0.5078 0.5195 0.5284 0.5292 0.5170 0.5285 0.5218 0.5261 0.5220 0.5305 
;::; ·:;:,~:. è'. 0.5163 0.5169 0.5216 0.5302 0.5193 0.5242 0.5271 0.5265 0.5225 0.5254 
ii-'.! ;,,;':!_ "'" u 0.5124 0.5150 0.5300 0.5365 0.5214 0.5299 0.5173 0.5201 0.5246 0.5303 
~'.i; --~12 l'J 0.5179 0.5172 0.5275 0.5322 0.5249 0.5232 0.5236 0.5248 0.5227 0.5252 
~.}''i;'~;:,;-'"'.·-1~"{}"9' 0.5148 0.5249 0.5282 0.5371 0.5197 0.5273 0.5274 0.5258 0.5238 0.5242 
;;\~:=,-;~,}!~~i)S~;?~~O. 0.5214 0.5287 0.5266 0.5152 0.5310 0.5164 0.5221 0.5232 0.5288 
'!_],,/<'; _;;.:.;{~:;;IJJI ' 0.5133 0.5295 0.5165 0.5095 0.5234 0.5275 0.5256 0.5106 0.5213 
~Y·t \:-~·~,;}z~~~t~ 0.5169 0.5276 0.5246 0.5117 0.5186 0.5155 0.5270 0.5179 0.5228 

~,~,~-"~i.'"'·'0.~lB 0.5242 0.5241 0.5238 0.3017 0.5314 0.5188 0.5187 0.5176 0.5394 
, ,, -,~: <~fî:,;~:1·4 0.5201 0.5257 0.5242 0.5175 0.5184 0.5265 0.5197 0.5298 
:;_ o, '.!.'.'.'~--~~~;.?iJ:'j~ 0 .5158 0.5198 0.5256 0.5182 0.5281 0.5216 0.5245 
L/:· .~'·-~~~.t:J6 0.5175 0.5197 0.5188 0.5194 

ë;-fY,;·, ,,f:sf--·ht. o.5113 o.5109 

Table H-17 Exp.#17 blue MCC concentrations 

Exp. 1 o 11 fJth~:s;.~}t~'fü$f\~~;~5~~-~~}~~'~r:; .. ;:'~g1?-ù.t~~jJ~JtQ.'êatJ&'.ii§~;~~r-i~~~Ç0iE~~If-i: ~ ·';:-;;(~? ::.~·;;>':c "'' .-;:?_/-H&r~ 
$~ rtip!e}t;j;$. ;:L(.b~1~i1r :~if;~~ç~:~~~: L~~--~-;:~~{ ! t~,~~lJT': ~":,~c.,s.:~;, :{~i:;~6~~ :~~t~~~;~~~ ~:'i:~&~~~ ~ 2c; g~'lti 1'é't::tO~··':; 

, z'i~'L~~·:::.:Wr::-<'1 0.52706 0.5225 0.5035 0.5185 0.5312 0.4052 0.5255 0.5014 0.5257 0.5203 
I ;~~~: ~> :,,'-:~ i2'~ct:;2 0.52165 0.5285 0.5160 0.5382 0.5128 0.4997 0.5317 0.5110 0.5365 0.5150 
~~:~";: ~-: ;~~zLf{3 0.5246 0.5134 0.5119 0.5122 0.5203 0.5137 0.5275 0.5159 0.5323 0.5240 
i:&'$t<; ;::~~{:~\~A- 0.5259 0.5135 0.4987 0.5059 0.5176 0.5126 0.5275 0.5151 0.5298 0.5146 
: ~0/;~ ~.t ~-: \,~~~~~~:~$ 0.5197 0.5287 0.5035 0.5073 0.5138 0.5011 0.5226 0.5171 0.5333 0.5180 
,'\'i~~-t: ':~~;;i:::;:~J3 0.5287 0.5257 0.5030 0.5088 0.5174 0.5115 0.5268 0.5168 0.5341 0.5238 
~~"J>f-: _-'.'!_};.:::~L7; 0.5243 0.5148 0.5048 0.5039 0.5187 0.5134 0.5189 0.5184 0.5263 0.5218 
j/( _.~-{5:·;;;;,?;~;:-e 0.5254 0.5307 0.5076 0.5125 0.5195 0.5108 0.5182 0.5242 0.5322 0.5278 
·:~_:,~r::.~ ;:·!'.'E?'L9 0.5228 0.5030 0.5096 0.5114 0.5225 0.5134 0.5191 0.5419 0.5233 0.5239 
:K;f:;.·,:\~"i})ft;'.;~1.0 0.5196 0.5033 0.5208 0.5220 0.5085 0.5198 0.5143 0.5314 0.5345 
~~'~\ /;~J~\,'(1: 0.5238 0.5169 0.5139 0.4987 0.5105 0.5284 0.5224 0.5355 0.5216 
~:~~~" : >'i .s.~ ;~d2 0.5050 0.5182 0.5240 0.5101 0.5207 0.5229 0.5250 0.5168 
~~~~~~é~·t:{:,~-'~-~0olS 0.5101 0.5217 0.5224 0.5145 0.5210 0.5136 0.5223 
~<:~ ~~: _ 'i'.'"~:î<t~1~ 0.5173 0.5214 0.5111 0.5278 0.5144 
:"'''.~}~~-:.:-~:;~~:~:lt5 0.5115 0.5176 0.5105 0.5225 0.5116 
rT'§\ · ~!~~~~ù-~f6 0.5195 0.5192 0.5132 
;; ~?t, ,.l';:·:ti'd.:Z 0.5382 0.5067 0.5109 
i?1~,.,,.; ·-:· 'X:; ".~~û-:,n:.a 0.5109 
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Appendix H Sample Concentrations 

Table H-18 Exp.#18 blue MCC concentrations 

Exp. 1 o 1 s ~<~~it: ;~_f#J~: ~~~·;,t~:,- )l':i~i-"~~> ~~:_;-\!~\i~;-~·,~:kt:Q_câtitiri~:-~.9.tit&,~;~\t~: ,1;1~l~~·; ~,::~_ . ,:~ ., _,_, . ., c.- · ·''·- ':~0i--~
:$anfp!~:#~·:2~;t ;1~~P~t~~ si~~lj~ -;~·f~ ';;;~"$l;j_3~< ·~::-'._liJMi:':~: 'f):?::Jl~~;;~'~ ~~ . .,;:~;~;~;G :~~@2~~Z;~/ '_,};~~ If~~ __ ;:' A~2L_;~~~ ~=tel/. JO~: ... 

0.5215 0.5310 0.5840 0.4838 0.4943 0.4769 0.4807 0.4898 0.4926 
0.5191 0.5129 0.5861 0.4923 0.4962 0.4801 0.5189 0.4817 0.4927 
0.5233 0.5163 0.5078 0.4852 0.5036 0.4868 0.4994 0.4873 0.4887 
0.5186 0.5263 0.5000 0.4963 0.4945 0.4851 0.5049 0.4967 0.4966 
0.5274 0.5257 0.4945 0.4836 0.5001 0.4938 0.4921 0.4868 0.4912 

0.5230 0.5159 0.5212 0.4880 0.4780 0.4817 0.4951 0.4945 0.4869 0.4925 
0.5357 0.5244 0.4999 0.4904 0.4857 0.4771 0.4956 0.4801 0.4900 
0.5169 0.5294 0.4978 0.4825 0.4953 0.4823 0.4879 0.4986 0.4935 
0.5255 0.5283 0.4899 0.5018 0.4978 0.4935 0.4844 0.4939 0.4939 
0.5229 0.5267 0.4996 0.4964 0.4817 0.4895 0.4853 0.4804 0.4983 
0.5201 0.4978 0.4973 0.4804 0.4942 0.4871 0.4918 0.4921 0.4905 
0.5247 0.4919 0.4970 0.4820 0.4924 0.4896 0.4945 0.4826 0.4929 
0.5189 0.4948 0.4867 0.4972 0.4924 0.4937 0.4946 0.4948 

0.4956 0.4870 0.4887 0.4920 0.4918 
0.4954 0.4862 0.4797 0.4877 
0.4905 0.4847 0.4883 
0.4898 0.4809 0.4894 

0.4964 0.4932 
0.4876 0.5110 

0.4962 
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Appendix H Sample Concentrations 

H.2 Region definition examples within concentration table of 
samples for 2-D and 3-D analysis 

region a region b region c region d 

Ex o. ID 13~f.~~~~k~s@1~~T~.;:~~t1~~Nât~~~1~5ttc?:~~~9éâji96s~{~~fg~~if~;iJ~~~f~!~1~:gj;t%f~:;'fc}~&}Ç~~i: 
~:::;:tt.J}:~ 1fi~~~~"~?;' :J;JJ::a:r~ 1s u1~;,~;~ ?011'-~s;~'t~ 3~~:1i~6-,,\:; '~~tua~:: ~~tt-:a~l.· I:f·~t;s~Jf ';:}ViJ_o1':': 
.0,4789 0,4808 0,5110 0,5164 0,4864 0,5010 0,5132 0,5205 0,4936 0,518ï1 bottom samples 
Io 4685 O 4949 0 5077 O 5037 . O 4q39 o 5206 o 5001 O 5267 0 4925 O 512d 

~
~ Il 0 4648 0 4887 0 5089 0 5022 . 0 4847 0 5149 0 5084 0 5170 0 4890 0 5196 

0 4682 0 4824 0 5217 0 4799 . 0 4823 0 5140 0 5255 0 5276 0 4994 0 5223 
)i 0 5096 0 4801 0 5116 0 4902 . 0 4882 0 5182 0 5058 0 5330 0 4998 0 5242 

0 5082 0 4867 0 5072 0 4979 . 0 4793 0 5066 0 4518 0 5246 0,5353 0 5422 
0 5039 0 4877 0 5097 0 4884 0.4965 0 5101 0 5484 0 5288 0.5627 0 5357 

.~t·.:-""' 104845 04793 05182 04837 °04932 05110 0,5360 05320 0,5324 05009 
•·• 1r 0,4749 0,4854 0,5182 0,4925 · 0,4901 0,5362 0,4892 0,5435 0,5186 0,4159 remaining samples 

0 o 4718 0,4849 0,5150 0,4980 · 0,4824 0 5389 0,5697 0,5468 0,5148 0,3361 are middle ones 
0 47691 0 4832 0 5130 0 i:;rn::;i:; 104885110 5236 0 5538 0 5888 0,5113 0 3719 
04714 11 049671 05170 105043 1 04801 1105068 O!:i'.i77 05384 05125 04426 

-,:~· ; 10 48421 0 5118 10 4902 10.5092 0 5315 0,4891 0 5501 
~· ' 0 51141 I0.5004 0 5353 0 4775 0 5560 

,,_ o 49191 o 5310 I0.4887 o 5365 
0 5199 10 4780 () i:;?11 

0,5207 0,5204 top samples 
i 8t. () l:;(IQC: 0 5054 
:~ ";, " 0 5219 

>• oi:;o75 

region e region f region e region f ------------- ... ... . ... ... ... 
Ex :>. 1 o 13 ~~J~l}~t1ff{ï7'i~f~~5!Jf~~iéi&:f::~~J::~~=-:!~~~J=':{f~:t:~éi!i\IBéts~=:::~'tt~~~~z:tE7i~i®l-~J3f!ft~~~~~ii~~:~,,~}~ 

~'S~:Œ1!%:"~ '..:~?:.-~~2:d-; ~~-".(~3'::% ?f: fut~;;;: '~'\~E·s~1i ,~<-:.&:6.fs ,·}~·~::t.Jf~. ~~-6'~ "1Z' E9%Z:: 0'-·Jiftl'O@. 
~· c• ·~ 0 4789 0 4808 0 5110 0 5164 0 4864 0 5010 0 5132 0 5205 0,4936 0 5187 

0 4685 0 4949 0 5077 0 5037 0 4939 0 5206 0 5001 0 5267 0 4925 0 5120 
0 4648 0 4887 0 5089 0 5022 0 4847 0 5149 0 5084 0 5170 0,4890 0 5196 
0 4682 0 4824 0 5217 0 4799 0 4823 0 5140 0 5255 0 5276 0 4994 0 5223 
0 5096 0 4801 0 5116 0 4902 0 4882 0 5182 0,5058 0 5330 0 4998 0 5242 

.1 0 5082 0 4867 0 5072 0 4979 0 4793 0 5066 0 4518 0 5246 0 5353 0 5422 
0 5039 0 4877 0 5097 0 4884 0 4965 0 5101 0 5484 0 5288 0 5627 0 5357 

,._~ ;Z!; '.1'.,''J 0 4845 0 4793 0 5182 0 4837 0 4932 0 5110 0 5360 0 5320 0 5324 0 5009 
0 4749 0 4854 0 5182 0 4925 0 4901 0 5362 0 4892 0 5435 0,5186 0 4159 

Œ J -:.3 f 0 4738 0 4849 0 5150 0 4980 0 4824 0 5389 0 5697 0 5468 0 5148 0 3361 
0 4769 0 4832 0 5130 0 5065 0 4885 0 5236 0,5538 0 5888 0 5113 0 3719 

l "'-">;;";·:ô:.Jk'..Cë,>l'H.1 '7 1 0 4714 0 4967 0 5170 0 5043 0 4801 0 5068 0 5377 0 5384 0 5125 0 4426 
04842 0,5118 04902 05092 05315 04891 05501 

0 5114 0 5004 0 5353 0 4775 0 5560 
0 4919 0 5310 0 4887 0 5365 

0 5199 0 4780 0 5211 
0 5207 0 5204 
0 5086 0 5054 
0 5219 
0 5075 

Figure H-1 Region definition example within concentration table of 
samples 

Pascal Côté 186 Master thesis 



Appendix I Statistical protocol example 

APPENDIX I STATISTICAL PROTOCOL Ex.AMPLE 
Glossary of the tenns found in the ANOVA (Analysis of variance) 
Model: Terms estimating factor effects. For factorials: those that "fall off' the normal 
probability line of the effects plot. 
Sum of Squares: Total of the sum of squares for the tenns in the model, as reported in the 
Effects List for factorials. 
DF: Degrees of freedom for the model. It is the number of rnodel terms, including the 
intercept, minus one. 
Mean Square: Estimate of the model variance, calculated by the model surn of squares 
divided by model degrees of freedom. 
F Value: Test for comparing model variance with residual (error) variance. If the 
variances are close to the same, the ratio will be close to one and it is less likely that any 
of the factors have a significant effect on the response. Calculated by Model Mean 
Square divided by Residual Mean Square. 
Prob > F: Probability of seeing the observed F value if the null hypothesis is true (there is 
no factor effect). Small probability values call for rejection of the null hypothesis. The 
probability equals the proportion of the area under the curve of the F-dîstribution that lies 
beyond the observed F value. The F distribution itself is determined by the degrees of 
freedom associated with the variances being compared. 
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Analysis of 23 factorial design 

We want to know the effect of the different chosen parameters 
on the sample concentration RSD response over the shaft filling height for Exp. ID 1 to 6. 

Experiments gave the following results 

a 40 
b 40 20 
a 160 20 
b 160 20 
a 40 60 
b 40 60 
a 160 60 
b 160 60 
a 100 40 
b 100 40 
a 100 40 
b 100 40 

ln order to know the influence of each of the main effects and their related interactions on the mode!, 
the software Design-Expert Version 6.0.1 is used and the ANOVA (Analysis of variance) 
for the chosen mode! is calculated . The following results are obtained: 

0.0040 
0.1075 
0.6435 
0.1558 
0.3383 
0.3653 

1 0.3420 
4 
2 22,18 0.0431 
2 

11 

Since there is a significant Lack-of fit value, the Box-Cox diagnostic tool is used to determine 
whether or not a transformation could not be done on the response to better match a mode!. 
ln this case, the inverse of the square root (inv.sqrt) transformation is proposed. 

The mode! is re-calculated . The following results are obtained: 

significant 

significant 

'""""'-'=-'"'--===.;;.-------'-----+-----+---'-----+----'----+--------1significant 
t':'"":"~---~~~-+---:-"'-:-------r---:----r--:-'"--:---+---'---+---0-.0-0_0_7 __ --tsignificant 
~~'"""""~......,.; ........ -+----'-----+-----+---'-----+----'----+---0_.0_3_7_9 __ -1significant 

0.2353 
0.2633 
0.0850 
0.3374 

11 
Fo = MSModel = 6.64 

Pascal Côté 188 Master thesis 



Appendice 1 Statistical protocol example 

that allow to check the hypothesis that: 

Ho: 131=132=133=1312=1313= 1323= 13m=Ü 
H1 : 13 f O for at least one 13 

is high. This allows to conclude that at least one variable has an non-zero effect. Each factor is then 
tested in order to know the significant effects. Factor A and B are in this case the significative ones. 
A model is then redefined that considers only the significant factors. 

The relative effect of each of the factors is found below. 

The new ANOVA table is the following: 

The lack-of-fit value, representing the sum of squares of the interactions removed from the first model, is not 
significant. lt indicates that removing the non-significant terms allows to have a good model that properly 
represents the data. From this new model, the following regression model can be written: 

Final Equation in Terms of Coded Factors: 

1.0/Sqrt(shaft- RSD Region)= 0,313656096 
-0,025198352 

+0.083459216917719 
*B 

Before concluding that this model adequatly explain the effect of the operating parameters 
on the sample RSD response, the validity of the model has to be verified . 
ln order to do that, the analysis of the residuals will be done. 

Using the statistical design analysis software Design-Expert, 
the following data table and lots obtained: 

1 0,28 0,26 0,022 0,942 
2 0,44 0,42 0,015 0,666 
3 0,18 0,20 -0,029 -1,248 
4 0,41 0,37 0,034 1,458 
5 0,26 0,26 0,006 0,243 
6 0,38 0,42 -0,043 -1,851 
7 0,22 0,20 0,017 0,746 
8 0,35 0,37 -0,022 -0,956 
9 0,19 0,20 -0,004 -0,179 

10 0,35 0,36 -0,012 -0,527 
11 0,19 0,20 -0,012 -0,505 
12 0,39 0,36 0,028 1,210 
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~.ii(~~~~~!t~~~61~egion a&IJ.t-o_r_m_a_l _,_p_lo_t _o_f _r e_s_i_d_u_a_ls-, DESIGN-EXPERT Plot 
1.0/Sqrt(shaft- RSD Region Residuals vs . Predicted 

95 

90 

t 70 

(â 30 

~ 
z 10 

-1.SS 

a/ 
/ 

-1 .02 

(} 

-ù .20 

a 
a 

0.63 1.46 

3.00 

-

D 
a 

c:: a 
~ 0.00 a 

a 

(/) a 
-1.50 -

-3 .00 

1 1 1 
0.20 0.31 

Studentized Residuals Pre dicte d 

DESIGN-EXPERT Plot Res id u a ls vs. Run 
1.0/Sqrt(shaft- RSD Region a&f>t------------, 

3.00-l------------1 

1.50 -

c:: i ... 
(/) 

-1.50-

-3.00 -l------------: 

1 1 
1 3 

Dots of the first plot distributed along a line indicate that our 
conclusions stating that factors A et B are significant is satisfied. 

Run Num ber 

1 
11 

Graphs of the residuals versus the run number and the predicted values do not show any trend. 
Once again, it confirms the validity of our conclusions. 

From the next three graphs of the residuals versus the factors, there is no trend 
that would justify to put in doubt the mode! proposed by the statistical software. 
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DESIGN-EXPERT Plot 
1.0/Sqrt(shaft- RSD Region 

3.00 

'd Re.si 

-

a 
a 

"' a i ... 
(J) 

a 
a 

a 
-1.50 -

·3.00 

1 

uasvs . Ben er reg1on 

a 
a 

a 

a 
a 

a 

1 

Bl end er regio n s 

~-~;~~~~~:rt~~~6~~91j~ 
3.00 

1.50 

~ 
"' 0.00 

·-

(J) 
·1 .50 

.J .00 

DESIGN -EXPERT Plot R 'd 
1.0/Sqrt(shaft - RSD Region 

#' _es1 uasvs . 1mpe .-
3.00 

-
a 

a 
a 

"' a i 0.00 a 
0 

u; 
-1.50 -

a 

.J .00 

1 1 1 1 1 
40 60 100 120 

# im pe ll er turn s 

uals vs . lmpeller Rotation al 

- a 
a 

a 
a a 

a 
a 
u 

0 
a 

a 

1 1 1 1 1 1 1 
20 27 33 47 53 60 

lm pel ler Ro talio na l Sp ee d 

Since the valid ity of the mode! has been demonstrated, the effect of the parameters can now be studied. 
One factor and interaction plots of factors A and B are then studied. 
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DESIGN-EXPERT Plot 

1.0/Sqrt (shaft- RSD Reg(M,;~b) 

X = A Blender regions 

o Design Points 
"" "' 0.372 -

Aclual Factors c 
B: #impeller turns = 1!~ . 00 
C : lmpeller Rotalionah!>peed 1= 40.00 

~ 0 . 3 07 -

One Factor Plot 

/ 
/ 

/ 

/ 
/ 

/ 

°" I // ~ 0 . 2 4 2 - / 

0 .176-

DESIGN-EXPERT Plot 

1.0/Sqrt(shaft - RSD ReQ(M &b) 

X = B: #impeller turns :;;-

o Design Points ~ o.372 

Actual Factors ·:5, 
A: Blender regions = </:. 
C : lmpeller Rotalionat:?peed 40.00 

~ 0 . 3 0 7 

"' 
~ 0 . 24 2 

One Fac tor Plot 

1 40.00 70 .00 100 .00 130.00 

DESIGN-EXPERT Plot 

1.0/Sqrt(shaft- RSD ReQlpn 

X = B: #impeller lurns :;;-

o Design Points ~ o.37 9 

Actual Factors ·5, 
A: Blender regions = ~ 
C: lmpeller Rotationat:?peed 

~ 0 . 31 2 

"' 
~ 
~ 0 . 244 

0. 176 

A: Bl ende r regi ons 

One Factor Plot 

40.00 

40.00 70. 00 100.00 130 .00 160 .00 

B: #im peller turn s 

DESIGN -EXPERT Plot 

1.0/Sqrt (shaf t- RSD Ret.Jlpn 

X = B: #impe ller turns 
Y =A: Blender region~ 

• Des ign Points 

• A1 a 
b. A2 b 

"" "' 0 .379 
0 

·~ 
c:: 

Actual Fac tor 0 
C: lm pe ller Rotationa~l'f'F 

"' 
~ 
~ 0 .244 

0.176 

Based on the first graph, the inverse sqrt RSD response is higher in region b than a. 
Dealing now with the RSD response without transformation, the RSD response is 
higher in region a than b, meaning that the blend is more uniform is region b than a. 

B: # i m p e Il e r tu rn s 

Interaction Graph 
A: Bl end er reg ions 

40.00 

40.00 70 .00 100 .00 130 .00 160 .00 

B: #i mp ell erturn s 

From these results, as the impeller number of turns increase, the inv. Sqrt RSD response decreases. 
From that, the RSD response increases proportionally with the impeller number of turns. 

For the RSD response, the optimal conditions when targeting lowest RSD are in region b at short mixing time. 
The impeller rotational speed does not play a significant raie on the response. 

Pascal Côté 192 Master thesis 



Appendix J Statistical results of radial mixing experiments 

APPENDIX J STATISTICAL RESULTS OF RADIAL MIXING EXPERIMENTS 

J .1 Prob > F values 

In these statistical result tables, the cells are in colour blue when there is no significant Prob 
> F value. Values in black in the statistical tables do respect the 95% confidence level 
criteria whereas the ones in red do not. For this confidence level, Prob > F values are below 
0.05 when the model or effect is significant. 

J.1.1 Shaft filling height 

a 2 2 design 
Table J-1 below summarises the Prob > F values extracted from ANOVA (Analysis of 
Variance) of 29 independent statistical designs. 
(2*7) designs for the evaluation of the operational parameters effect on the total sample 
core weight and the concentration RSD of the whole batch and within each of the four 
regions (a, b, c & d) and combined regions e & f. 
7 designs for the evaluation of the operational parameters effect on the sample 

concentration RSD of the whole batch and within each of the four regions (a, b, c & d) and 
combined regions e & fat the bottom of the mixer 
(2*4) designs for the evaluation of the operational parameters effect on the sample 
concentration RSD within regions (b, c & d) and combined regions fat the middle and the 
top of the mixer. Global and regions a and e were incomplete, represented by cells in gray 
in the table1

• 

1 refer to Appendix 1 Statistical Protocol Example for detailed statistical approach 
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Table J-1 22 designs weight and RSD Prob > F values 

0 0114 
0,0114 

0,2792 0,3380 
0 1383 0 1381 

The operational parameters which are impeller rotational speed, impeller number of tums 
and their interaction are respectively represented within Table J-1 by A, Band AB. Then 
curv, L.of F. and Transf stand respectively for curvature, lack of fit and transformation. 
These abbreviations are detailed at the beginning of this work in the abbreviation section2

. 

When a transformation is indicated, it is applied to the response (such as weight or RSD) to 
better fit a model. 
There is not any significant model for: 
Either global weight or the radial regions over the shaft filling volume 

• Overall (considering the whole batch or region) and middle 
RSDs. 

In all significant models of regions b, d and fat the bottom of the mixer and f only at the 
top of the mixer, the only parameter affecting significantly the response was found to be the 
impeller rotational speed. All the lack of fit Prob > F values were not significant, as it is 
expected for good modelling. 

b 2 3 design 
Using values found in Table 8-1 , 23 statistical designs were also built over the shaft filling 
height. Statistical designs using Design-Expert software were built to determine the 
significance of the operational parameters and region comparison on the sample weight and 
concentration RSD responses. Compared regions are a&b together, c&d and e&f. Table J-2 
below summarises the Prob > F values extracted from ANOVA (Analysis of Variance) of 6 
independent statistical designs3

. 

2 refer to the beginning of Appendix 1 for complete definition 
3 refer to Appendix 1 Statistical Protocol Example for a detailed statistical approach 
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Table J-2 Region 23 design Prob > F value over the shaft filling height 

0 0047 

0 8299 0 9638 0 1712 0 5823 0 2129 
0 7886 0 6194 0 2316 0 2516 0 1553 

lnv.s rt lnv. S rt 

Based on the Prob > F value of the model and the factors being below 0.0001, when 
comparing regions a&b, c&d and e&f together, the region itself was the only factor having 
always a significant effect on the sample weight response (the sample height). In simple 
words, it means that the bed was not even from one side of the axis to the other. Over the 
sample total normalized region weights and concentration RSDs, other than in the 
comparison of regions c&d where the impeller rotational speed was also significant, the 
only significant parameter on the response was the region comparison categorical 
parameter. A transformation inverse square root (inv. sqrt) was applied to the RSD 
response in a&b and e&f region comparisons. 
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J.1.2 Inner ribbon filling height 

a 2 2 design 

Table J-3 Prob > F value of 22 designs over the inner ribbon filling 
height 

00296 00024 00342 

06901 00523 02153 
08176 0 f:RJ27 03195 

o oc.es 
o,oc.es 

00156 
0,2667 

00126 

00126 

00766 00177 
02246 01243 

0,0028 0,0344 
00371 

0,0028 0,0246 
00316 

00133 00362 
06843 

0,0359 0,0486 
0,0486 

0,0359 

00314 01380 
01792 01960 
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Table J-4 Weight effect surnmary for 22 experimental designs over the 
inner ribbon f illing height 

From results found in Table J-4, the normalized total weights decreased slightly (-)as the 
number of impeller tums (mixing time )increased for the whole (global) batches, within 
regions c, e and f. No explanation could be made for such a trend at this point and could be 
investigated in future works. 

b 

0,0073 <0.0001 
0,0012 <0.0001 
0,0041 <0.0001 o,cxxn 

0,0047 
0,0451 

o,cxœ 

0, 79&5 0,0313 O,<Xffi 0,05.52 
0, 7!i14 0,2371 0,3.539 0, 1500 

Pascal Côté 197 Master thesis 



Appendix J Statistical results of radial rnix ing experirnents 

J.1.3 Outer ribbon filling height 

a 2 2 design 

Table J-6 Prob > F value of 22 designs over the outer ribbon filling 
height 

0,0240 

00433 
0,8312 

0,6761 
0,0421 
0,0298 
0,0639 

0,0163 

01339 
0,1Œ6 
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Table J-7 Weight effect sumrnary for 22 experimental designs over the 
outer ribbon f illing height 

No clear trend can be observed from the results found in Table J-7. 

0,1098 
0,0142 0,0332 

0,006 

0,7128 0,0994 0,0756 
0,6361 0 6799 0,9083 

Lo 10 
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J. 2 Ef f ect diagrams 

J.2.1 Shaf t f illing height 

a 2 2 designs 

Extracted frorn ANOVA results taken from Table 8-7, a typical one factor effect plot is 
proposed as an exarnple of the irnpeller rotational speed on the RSD response within region 
b at the bottorn of the mixer. 

QESIGN.i.EXPERT Plot 

· R$D Régipri· o bottôm · 

X = A lmpeller rotational speea 

• Design Points 
E 

Actual Factor ~ 
,Ê) : Nu('hbèr;' of tutns, = 1,00:00 ~, 

e:· 
.:Q 
0) 

&. 
0 
(/) 
'a:'. 

12.637 

6.79 

3.8665 

0'.942996 

.-------One Factor Plot _ __ _ 

.···.· ~··.· ... ·· 

·.. . . 

• • • j 

/ · 

2Q.OO 30.00 40.00 !:ï0.00 60.00 

A: iri'ipeller fotàtional speed: 

Figure J-1 One-factor effect diagram of RSD 22 design region b bottom of 
the mixer over the shaft f illing height 

On Figure J-1, as the irnpeller rotational speed was increased, the RSD also increased 
proportionally. This interpretation and all those of one factor plot, interaction diagrarns and 
contour plots are surnrnarised within the Table 8-8. Only the significant Prob > F rows were 
kept to built the surnrnarising table, where interpretation of the effect diagrarns is found. 
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DES I GN~EXPERI Plot 

RSD Région d bottom 

X= À'. lmpell ~ r rot~tiona l spee,d 

Desjgn Points 
E 
.9 Actuàl Factor o 

8: Numbèr ofturtis = 100.ôo ..o 
"O 
c: 
.2 
Cl 

/P_ 
0 
(/) 

.· a:'. 

5.87999 

5.02999 

4:f8 

3.33001 

2.48001 

20.00 ·· ::io.ào 4o.oci ,50.00 60.00 

.·· A: lmpelfor roiational speed 

Figure J-2 RSD 22 design region d bottom of the mixer 

DESIGN-EXPERT Plot 
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)<, =A: lmpeller.rotafi 9nal speed 

Design Points E · o 

AÇtual F~cfor 15 ·.o 
B: Nuhibet'ofturns-= 100 .00 ~ 

8 
•. C: .. 
.'.O 
."fü 
--~ 

8.84 

7.07 

5.30 

3.53 . . 

1.76 

One Factor Pl'ot 
·~~~~~- -~~~~~ . . ·1 . . . ' 

. . . . 

....... · ............... · . .. ".. . . •• ,·.,. 

. · .. . .. ···. e , .. / 
. ~ · .. ··/ . 

. / ···' ... · .. . . 
. . . 

I· ... ·.· ... /_.····· .·.·. · .. _·. ·. / . . . . . : .. : . :; . 

. . . 
. .. . 

·.. ·. . . . . 
. . ~ . . .· . 
. . . . . . 
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A: lmpeller rotational speed 

Figure J-3 RSD 22 design region f bottom of the mixer 

Pascal Côté 201 Master thesis 



) 

Appendix J Statistical results of radial rnix ing e x perirnents 

DESIGf\J,.EXPERT Plot· 

RSD région (b,dj top 

X= A: lmpeller rotati onal speed 

De$ign Points 

Actual Factor 'Ô' B: NWhlber'O,f turr1s = 1 OO.OO è 

7.00 

5.93' 

. 4.86 

"3.79 

·2.72 

'2b:oo 30:0.0 40.00 

Figure J-4 RSD 22 design region f top of the mixer 

b 2 3 designs 
DESIGN-'EXPERT Plot One Factor Plot 
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Figure J-5 Normalised weight 2 3 design all region a&b of the mix er 

DÈSIGN-EXPERT Plot 

Shaft norm vvts regibn c&d . 

X .= A Blender re'gioris 

Design Points 
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Figure J-6 Normalised weight 2 3 design all region c&d of the mixer 
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Figure J-7 Normalised weight 23 design all region e&f of the mixer 

DESIGN-EXPERT Plot 

shâft- RSD Règiorl a&b 32.21 

· X = A Blender regions 

Design Points 
il. 24.6221 

Actual Faëtors c;g 
6: #.lmpelie(turns = 100.00. c:: 
c:". 1mpe11er Rotatlôriahspeed = -~ oo 

· ~ 17.0343 
0 
(/) ·a:: 

··~ 
(lJ 

-.C: 
Ill 9.44645 

1.8586 

One Factor Plot 
;---~~~~ ~~~~---'-, 

' ... ~ 

A:.âlènder regions 

Figure J-8 RSD 23 design all region a&b of the mixer 

Being the only exception in the table, an interaction plot of the sample concentration RSD 
response within region comparison c&d in shown below in Figure J-9. 

DËË>IGN-Ë:XPËRTPlot 

shaft- RSD Region c;d 

((.'= :c: lmpeller Rotâtional Speéd 
Y =A: Blei:ider regions · 

· ~ be.signPqints 464005 ·-oc 
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· •M c :5 
A2 d "i:n 

Actyal Fi;ictor . ~ 
a ;. #ihli'iellêrMns = 100:00 ·b 3·76375 

. (/) 
~ 

·'* (lJ 
.c: .. . 
111 ·2:BBE65 

2.00955. 

lnteractibn -Gra h 
A: 131ender regions 

2000_ 30:00 40.QO 50.oo. 60.00 

C: lmp,eller Rotatiohal Speécl 

Figure J-9 RSD 23 design all region c&d of the mixer interaction plot 
over the shaft f illing height 

From Figure J-9 shows a typical interaction diagram (with no interaction actually) where 
the RSD response was increased, as the impeller rotational speed also was, where RSD 
within region d was always higher than the one within region c. 
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DESIGN-EXPERT Plôt 

1 . 0/Sqrt(shaft~ RSD Regiori) 0.527 
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Figure J-10 RSD 23 design all region e&f of the mixer with transformation 
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Appendix J Statistical results of radial mixing experiments 
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Appendix J Statistical results of radial mix ing experiments 

Figure J - 13 Normalised weight 22 design all region c of the mixer 
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Figure J-14 Normalised weight 22 design all region e of the mixer 
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Appendix J Statistical results of radial mixing experiments 

Figure J-15 Normalised weight 22 design all region f of the mixer 
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Figure J-16 RSD global 22 design top of the mixer 
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Appendix J Statistical results of radial mixing experiments 

Figure J-17 RSD 22 design region b bottom of the mix er 
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Figure J-18 RSD 22 design region b middle of the mixer 
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Appendix J Statistical results of radial mix ing e x periments 
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Figure J- 20 RSD 22 design region f all the middle of the mixer 

Figure J-21 below shows a typical interaction plot of the RSD of the middle of region d. 
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Figure J-21 RSD 22 design region d middle of the mix er interaction plot 

From Figure J-21 after a lower number of impeller turns (B-), the impeller rotational speed 
seems to play a major role by proportionally increasing the sample RSD response. After a 
higher number of turns (B+ ), the impeller rotational speed seemed to do not have such an 
important effect on the RSD response. 
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Appendix J Statistical results of radial rnix ing experirnents 

Contour plots such as Figure J-22 taken from the same data as the interaction plot Figure 
J-21 is another way of expressing the effect of the factors over the RSD response. 
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Figure J- 22 RSD 22 design region d middle of the mix er contour plot over 
the inner ribbon f illing height 

DES I Gl\l~EXPERT Piot 

RSb regidri'(b:d) bottbm 

X .= 8: Number of turris 

Design Points 

N~~al .F?ctQr 
A Rotâti onàl speed ·::::'4o.oo 

Pascal Côté 

6.71. 

5.70 

4.68 

3.67 . 

2.66' 

One FactorPlot 

·~· 
ADcio 70.00. 'loO:OO 130.00 160:00 

B: Number of turris 

211 Master thesis 



Appendix_ J Statistical results of radial rnixing experirnents 

Figure J-23 RSD 22 design region f bottom of the mixer 
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Appendix J Statistical results of radial rnixing experirnents 

Figure J-25 Normalised weight 23 design all region a&b of the mixer 
interaction plot 
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Appendix J Statistical results of radial mixing experiments 

Figure J-27 Normalised weight 23 design all region e&f of the mixer 
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Figure J-28 RSD 23 design all region c&d of the mixer interaction plot 
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Appendix J Statistical results of radial mixing experiments 

Figure J-29 RSD 23 design all region c&d of the mixer contour plot 
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Figure J-30 RSD 23 design all region e&f of the mixer 
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Appendix J Statistical results of radial mixing experiments 

Figure J-31 Normalised weight 22 design all region b of the mixer 
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Figure J-32 RSD 22 design global bottom of the mixer interaction plot 
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Figure J-33 RSD 22 des ign global bottom of the mix er contour plot 
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Figure J-34 RSD 22 design region b top of the mixer 
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Appendix J Statistical results of radial mixing experiments 

Figure J-35 RSD 22 design region c bottom of the mixer interaction plot 
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Figure J-36 RSD 22 design region c bottom of the mixer contour plot 
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Appendix J Statistical results of radial rnixing experirnents 

b 2 3 designs 
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Figure J-38 Normalised weight 23 design all region e&f of the mixer 

D.ES I GN~EXPERT Plot 

Outer- RSD Regîàri a&b 16.'16 

X :::::- C: lmpèllèr Rotational ;$pèed 

Design Points 

{:'9tual F a~tô r~~~ . 
;>.,.; Blehder reg1ôns. :;a 
~: #impeller turn~ = 1 oo .oo 

Pascal Côté 

.0 i2 .7275 
c.:s 
Ill · 
s:: 
0 
ÏJ) 
.<P · 
0:: 
0 
Cf) 
0:: 

9.295 

~ 
:i 
o · 5as25 

2'. 43 

~ _ __ One Factor Prot ___ ~ 

20.00 30.00 40.00 50:00 60.00 

C:.lmpeller R9tC1tional Speed 

219 Master thesis 



' 

) 

Appendix J Statistical results of radial mixing experiments 

Figure J-39 RSD 23 design all region a&b of the mixer 
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Figure J-40 RSD 23 design all region c&d of the mixer interaction plot 
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