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ABSTRACT 

Most metal ore concentrates are fine particulates with a wide particle-size distribution. 

Industrially they are pelletized by tumbling in balling discs or dnuns into spheres, an opention 

which requires the addition of typically up to 10% by weight of water. Further processing of these 

agglomerates involves fint diying and then induration by heating up to 125m. 

The main objective of this thesis was the study of the interrelationship between the 

microstructure of the agglornerates with, on the one han& the mechanical and physical properties 

of the pellets and their behaviour during intensive drytng, on the other. 

The previously developed model of the drying process identified the loss of capillarity, 

resulting from the vapour lock, to be acritical component of the mechanism of intense as opposed 

to 'classical' drymg. It was show that the absence of the constant-rate drymg penod is a n a d  

consequence of this effect. 

Several significant shortcornings of the previous model have been identified. This mode1 

mats the period of transition between surface- and shrinking-con drying as an instantaneous 

event. The new extended model, which overcomes the original model limitations, was developed 

in this project. In its fomalism, the new mode1 includes the pore-size distribution and thus 

simulates a graduai surfacelshnnking-core transition. 

It was shown that the nature of the transition between the surface- and shrinking-core 

dryingregirnes during intensive drying is fundamentally different h m  that of classical drying, Le. 



canied out at mild temperatures. In the latter case, liquid is being delivered to the surface through 

the network of interconnected small pores reaching the surface. The transition occurs when the 

larger pores, dso reaching the surface, are being drained. On the other hand, under intense-drymg 

conditions, the rate-limiting factor is the vapour lock. The latter phenomenon will occur in the 

srnaller pores first, as they have smaller liquid pressure. Hence, they will be the first to become 

dry, while surface drymg continues through the system of interconnected larger pores reaching 

the surface. 

Experimental research to be descnbed validates the extended model for the drymg of 

agglomerates that have a wide range of particle size and have ken  dried under wide range of 

drying conditions. 

New insights have k e n  gained by applying this new drymg model. Critical aspects of 

microstructure of agglomerates were investigated more specificdly in the light of these new 

insights. They include pore-rnatrix expansion during drying due to the engulfinent of fine particles 

into the contacts between the larger, strucnire-creating ones. Experimental results vaiidate the 

rnatrixexpansion hypothesis developed in this snidy. 

Although this study focused on a specific industrial process. the peiletizing of iron-ore 

concentrates, the intenelationship between microstructure and drymg behaviour has important 

implications in understanding the nature of soils, rocks, ceramics and processed foods. 
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Chapter 1 

PROBLEM DEFINITION, PRO JECT SCOPE AND OBJECTIVES 

The main concem of this project was the study of the microstructure of porous 

agglornerates as it detemiines their mechanical and physical properties, and as it is affected by 

and reflected in their drying behaviour. One of the important challenges was to observe and 

interpret drying phenomenology as a practical method of investigation of the microstructure of 

the porous agglomerates. 

1.1. Extension of the Drying Mode1 

The model of the d y n g  process, developed by my predecessor D.J. Zaharchuk [l], 

proved to be a highly effective tool to predict the drying behaviour under intense drying 

conditions. It has been experimentally validated by the author [2]. One of the very significant 

contributions was the identification of the loss of capiilarity, resulting nom the vapour lock as 

a critical cornponent of the mechanism of intense, as opposed to 'classicai', drying. The absence 

of the constant rate drying period was show to be a naturd consequence of this effect 

At the same tirne, some shortcomings of the model have been identified. The Zaharchuk 

mode1 mats the transition between the surface and the shnnking core drying as an instantaneous 

event. It is known, however, that this transition occurs over a finite perîod of the .  Some of the 

1.1 



1.2 

experiments, described in the author's M.A.Sc. Thesis [2], showed that the model assumption of 

an instantaneous surfacelshrinking core transition, while being valid during drying of the fine 

agglomerates (avg. particle size 7.1 pm), causes the model to fail to predict the experimental 

results when corner agglomerates (avg. particle size >15 pm) are being dried. One of the 

objectives of this project, therefore, was to extend the model to incorporate a surfacelshrinking- 

core transition which is still caused by the vapour lock but is gradual, rather than instantaneous. 

Another objective of the model improvements was to elucidate the nature of the transition 

between the surface and shrinkingcore drying regimes during intensive dyng, and to show that 

it is fundamentally different from that during drying at mild temperatures. The latter is a well- 

studied phenomenon that occurs dunng the 'frst falling-rate period'. During such "normal" 

mng, liquid is being delivered to the surface through the small pores which are interconnected 

and reach the surface. This process drains the larger pores within the body, which may dso be 

interconnected, 

On the other hand, as mentioned above, the mechanistic cause of the transition between 

surface-drying to the shnnking-core drying regimes under rapid w n g  conditions is the vapour 

lock, or loss of capiuarity. The latter phenomenon occurs in the smder pores fmt. It is the latter 

pores that have the lower liquid pressure and, hence, they will be the fmt to become dry. Yet 

surface drying may continue through the interconnected system of the larger pores reaching the 

surface. More extensive modeiling and experimentd work have been undertaken in this thesis to 

quant@ and vaiidate this mechanism. 



1.2. Microstructural Aspects of Drying 

The following aspects of microstructure of agglomerate were investigated more 

specifically in the light of questions raised and the insights gained by the Zaharchuk model: 

-pore size distribution. The pore size distribution (rather than only a single average pore 

size in the Zaharchuk rnodel) was included in the model algorithm. The calculations emphasized 

the drying rate during the surfacelshrinking-core transition period. 

-densiry changes during drying. Expenmental results obtained in earlier studies in our 

research group have show that drying of the iron ore agglomerates causes a definite pore 

volume increase. (Note that this is not a generally ac know ledged e ffect. Agglomerate shnnkage 

is the more common phenornenon [37,45, 861. The starting assumption of our study, later 

confirrned, attributes such an increase to particle migration, or engulfment [46], caused by the 

receding water-gas-solid interface within the agglomerate pore stmcture. Relevant expenmental 

and theoretical studies were ciimed out in this project. Their objective was to establish the stage 

of drymg at which this pore expansion occurs, by what mechanism, and, finally, how the porosity 

evolution correlates with the drying rate. 

1.3. Drying-Rate and Temperaturehfile Experirnents 

The erperimentol investigation of the drying rates of pellets of various types, as weU as 

their wet-core temperature variations during cûying, was one of the tasks of this project. The 

primary objective of these studies was to provide two independent and mutuaiiy-complementaiy 



1.4 

sets of experimental data to validate the drymg model. In addition to the investigation of drying 

in its own right, a further objective was also to characierize the pellet microstructure. 

The experimental apparatus, originally designed by D. Zaharchuk [l], is capable of 

measunng the dependence of the weight Ioss on drymg time. A significant modification to the 

experimental setup was the introduction of an extra thermocouple immersed into the wet-core 

interior of the pellet. This provided a new and powerful tool to obtain data on the temperatures 

of the wet core during drying simultaneously with the drying-rate curve. Such data enables us to 

validate directly the model-calculated temperature profiles. 

1.4. Tumbüng and Drying 

Tumbling-and-drying of the iron ore pellets is potentially an attractive modification of the 

industrial process for the production of pellets. This operation densifies the green pellets while 

decreasing their water content. The result is an increase of dry strength of the pellets. Both 

effects are- important in industrial drymg and induration. 

At the same time, the mechanistic aspects of the densification process are of direct interest 

and dovetailed with the other parts of this study. Of interest in its own right is how the pore 

structure evolves during such densification. 

Addressed in this project was the effect of the tumbling-and-Wng operation on the 

decrease in porosity of the pellets and, consequently, higher dry strength, resulting in an inmase 

in their resistance to spalling during high-temperature-drying. 
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15. Comrnentary 

The scope of the work outlined above appears to be rather broad and rnultifaceted. As the 

titles of sections within this chapter indicate, these are drymg of porous materials (sections 1.1 

and 1.3), the study of pore microstructure of agglomerates (section 1.2) and, finally, the study 

of practical pellet manufactunng operations (section 1.4). Thus, in addition to comprising both 

expenmental and theoretical work (including mathematical modelling), this thesis brings together 

as integral parts of a single thesis program several ostensibly diverse andquasi-unrelated but well- 

established areas of engineering science. 

In the opinion of the author, however, there is a strong unimg theme forming a basis for 

the present thesis. Microstructure of agglomerates is the key property in understanding the 

practical aspects of dry and fired strength of iron ore pellets. It is one of the keys to successful 

drying and induration of agglomerates. In addition, microstructural development in agglomerates 

has important implications on understanding the nature of, for example, soils, rocks, ceramics, 

catalyst pellets and processed foods. 

Previous work in our group has established that pore microstructure of agglomerates 

evolves during drying. Conversely, it was show that measuring and defining characteristics of 

behaviour during drying cm be an important means for studying pore microstructure and its 

origin. 

Such an interrelationship between aggîomerate microstructure, signincant pellet properties 

and the behaviour of pellets during drying, it is asserted, creates a subject unity. The objective of 

ihis thesis work was to study these interrelationships quantitatively and to document them. 



Chapter 2 

LITERATURE REVIEW AND THEORETICAL BACKGROUND 

In this Chapter, the literature and theoretical background relevant to the present project 

are reviewed. In the first sections, the forces of adhesion between aggiomerated particles and 

resulting microstnictural characteristics of the agglomerates are docurnented (Sections 2.1 and 

2.2). 

Next, the phenomenology of dryng porous agglomerates and the established 'laws' of 

drying are reviewed (Section 2.3). This is followed by documenting the Zaharchuk drying mode1 

[Il, which has served as a theoretical basis, and a subject for hirther improvements, in the present 

thesis (Section 2.4). 

The final section is devoted to reviewing mechanical propeaies of iron-ore agglomerates 

produced by tumbling, and how these properties are affected by drying (Section 2.5). 

2.1. Forces of Adhesion between Particles 

Agglomeration is the unit operation where particles are combined to form larger entities- 

Distinct ways of doing this, in addition to tumbling, are operations of tableting and noduiizing 

[W. 

Adhesion forces or interparticle bond strengths affect the packing processes as well as 

growth kinetics and the resulting physical properties of the agglomerate. A classincation of 

attractive forces and bonding mechanisms has been originally proposed by Rumpf [29]. The 
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mechanisrns. relevant to Our study, are reviewed below. They may be divided into three major 

groups [9]: 

1. Attraction forces between solùi p d c l e s  

1 .  Intennolecular forces. Hammaker [62] showed that the adhesion of small particles to 

one another is due to Van der Waals forces. These forces &se from the atomic structure of the 

material and become important when the interparticle distances are a cl00 nm. 

For the spherdsphere model, Harnmaker postulated that the adhesion force A,, equals: 

w here x is the sphere diameter and H - the Harnmaker' s constant which depends on the material 

characteristics, and has values in the order of lvm to W19 1. As is evident from this equation, the 

inverse dependence of the adhesion force on the squared interparticle distance suggests that the 

adhesion dirninishes quickl y wi th increasing distance. Since the roughness peaks of smaller 

particles are, from an absolute point of view, smaller than those of larger ones, the adhesion 

probabiiity is much higher for fine powders. Such particles approach each other with larger 

surface areas to smaller distances whereby high adhesion forces are obtained 

Another point to be made with regard to srnall particles is that, according to eqn. 2.1.1, 

the interparticle adhesion is proportionai to the particle diameter r This irnplies that it is easier 

to overcome the adhesion of srnaller particles upon subjecting them to vibration or tapping. 

However, it should be noted, that the vibrational impact forces acting on individual particIes are 

themselves a function of particle weight. The latter, in him, is proportional to the volume of the 



3.3 

particle and (assurning its sphericity) - to the particle diameter cubed. This argument suggests 

that, if vibration is applied to a smaller and a larger particle both attached to the same surface, it 

will affect the latter one to a pa te r  degree, causing it io separate fkom the surface, even though 

the Van der Waals adhesion of this larger particle is stronger. 

The arguments above suggest an explanation of why the presence of smaller particles 

causes a particle mass of disperse sizes to pack less closely thm the larger ones. as will be 

discussed in Sections 2.2.1 and 2.2.2. Small particles are the major contributors to bridging and 

arching within the bulk 1301. For this reason, particles with a wide size distribution (which 

includes particles c1Opm) are less susceptible to densification by vibration or tapping. 

3. Electrostntic and magnetic forces. Rumpf [63] showed that electrostatic forces were 

an order of magnitude weaker than the Van der Waals forces. This was confinned by Turner and 

Balasubramanian [64]. The influence of magnetic andelectrostatic forces is less well understood, 

largely because the former depends on grain orientation, and the latter is dependent on prefatory 

factors [47]. 

II. Interfaiai forces and caplllmy pressure ut fieely movdlk liquid surfoces 

I .  Liquid bridges. The role of movable Liquid bridges as a source of binding strength 

between particles was first developed by Haines 159, 601 and subsequentiy by Newitt and 

Conway-Jones [6 11 in theù classical work on agglomeration. 

At low moisture levels (about 20% saturation), water is held between particdates as 

discrete lens-shaped rings: this is known as the pendular state 1361. As the moishue content 

increases the water forms a continuous network within the agglomerate pores and is 

interdispersed with the gas phase: this is known as the funicular state. When almost fully saturated 
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with liquid, the agglomerate is in the capillary state, so named for the multitude of capillaries at 

the surface, and the fully-established continuity of the Iiquid phase within the pore structure. 

2. Capillary forces at the surface of aggregates filled with liquid. When the volume 

between the particles is completel y filled with liquid and concave menisci form at the pore ends 

on the surface of the agglomerate, a negative pressure develops in the intenor, causing a net 

inward force responsible for holding the agglomerate together [6 11. 

Additional moisture will encapsulate the entire agglomerate in a liquid sphere. This is 

called the saturated state. At this point, the liquid surface becomes Bat or even convex and the 

capillary pressure forces are lost. In this condition, the agglomerate frequently flattens out andor 

"liquefies". 

m. Adhesion in not-froly movable binders 

1 .  Highly viscous binders, adhesives. Highl y viscous iiquids, suc h as glues, have a low 

liquid mobility and thus the liquid surface does not readily respond to extemai forces. The 

adhesional forces of the Liquid-solid bond and the cohesional forces within the liquid are therefore 

exploited to a grrater degree as the stresses on these bonds are not reduced via liquid mobility. 

In addition, viscous liquids are frequently used as binding agents because they may mate solid 

bridges upon hardening. 

2. Adsorption layers (thickness 4 - 5  nm). The absorption of water is caused by molecular 

attraction between the polar water molecule and the unsatisfied bonds of the solid surface 

molecules. If the adsorbed water between particles has a radius or thickness >5 m. it wiil mate 

a üquid meniscus and act as  a mobile liquid (see above). If the layer's thickness is smaller than 

3nm, the entire force of the molecula. attraction causing adsorption rnay bind two particles 



together when they share a cornmon adsorption layer [SE!]. 

2.2. Microst~cture of Particle Packings 

In this Section, the microstructural characteristics of particle packings are reviewed. 

Microstructural features of agglomerates produced by tumbling are of particular significance to 

the present work. The relevant literature review is in Section 2.2.3. To set the stage for this 

review furtherelaborations regarding characteristics of elementary packings of spherical particles 

(both single-size and multi-size) are documented (Sections 2.2.1 and 2.2.2). 

2.2.1. Packing C harackristics of SingleSize Particles 

The random-packing concept, in which the positions of the particles are randoxniy 

distributed, has been reviewed widely [S-81 and is part of text books [4,9, 121. In practice, the 

nearest approach to the formation of a random array occurs when the particles approach the 

packing from random directions and remain in position as soon as they corne into contact with 

the packing. 

During deposition particles fom a bed under the influence of several constraining forces 

including gravity. They take up positions of minimum potential energy. Their positions are 

related to the packing fomed at that stage and to the behaviour of other depositing particles. This 

reai packing, which sometimes may be ordered, is also referred to as haphazard packing [4]. 1t 

has ken  shown experimentally [8] that monosize particles will pack to 40% porosity on pouring 

and with the addition of a slight vibration or tapping wiiI further consolidate to 36.4% porosity. 

The latter porosity is typical of what is commonly refemd to as a random packing. 
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Basedon extensive experimental investigations, McGeary [SI proposed that three regular 

local particle arrangements should be considered in describing random packings: 

a) Orthorhombic, porosity 8 = 0.3954; 

b) Temgonal spheroidal or double nested, e= 0.3019; 

C) Rhombohedral or hexagonal close packed, e= 0.2595. 

He also found that the most commonly occurring ordered arrangement in a random packing of 

spheres was case (a). Case (b) occurred in approximately 20% of al1 random packings, while case 

(c) did not occur at ail. 

Other studies [6,7] analysed the properties associated with a aven packing anangement. 

When sphencal particulate material is poured into a container, the particles senle within the 

confines of the container walls in a random configuration which is generally of stable character. 

The closer the packing of the particles and smaller the voids, the more stable the packing 

obtained. Thus, for loose packed assemblies (r = 0.400) there exists a means by which the loose 

assembly cm be transfomed into a random close packed one (e = 0.363) by introducing small 

energy increments by tapping or vibration. As mentioned above, this random close paclcing is 

thought to be made up of ortho-rhornbic and tetragonai packing arrays within a loose packed 

geometrical network [SI. 

The practice of compaction of granular beds after deposition by subjecting them to some 

vibratory or tapping treatment is widespread and has been snidied extensively 15, 16-18]. It 

involves the supply of increments of energy to the bed of particles at a selected frequency for a 

selected tirne. The initial structure of the bed after deposition is such that, upon vibration, it can 

deform sufficiently. This dows the particles to slip into new positions with minimum pomtial 
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energies, compnsing a compact and mechanically stable structure. 

The effect of compaction of granular beds by vibration is shown in Table 2.2.1.1, in which 

results obtained in different studies have ken  sumrnarized, 

Table 2.2.1.1. Resule of the Packing Density Measurements 

Case 

Ultra loose 
random packing 

Very loose 
random packing 

Loose random 
pac king 

Poured random 
packing 

Dense random 
packing 

Example 

Flocculation 

Fluidization 

hdi vi dual 
particle pouring 

Poured hea~s 

Vibrated 

Average 
Porosity 

Mean 
Coordination 

Number 

Another important factor in particle packings is absolute partide size 

Reference 

. Richards [28] 

observed that very small particles pack less closely than larger ones. Aiso, s m d  particles were 

found to be major contributors to bndging and mhing wiihin the bulks. It has been found [28] 

that particles with diameters s 25 Pm, when subjected to a tapping action, form agglomerates 

within the bulk of the packing. At this particle size range, interparticle van der Waals forces 

become dominant (see argument in Section 2.1). In many such cases, the materid tends to be very 

cohesive. 

Berg et al. [30] snidied the influence of particle size on the compaction of fine powders 
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by tapping. Their results show that the relatively fine particles (400 pm) fail to be compacted 

in a manner cornmon to larger ones. A plot of their results showing the relationship between 

particle diameter and porosity of the agglomerate is show in Figure 2.2.1.1. The Mure to 

compact and decrease porosity is said to be due to bridging of the interstices between the 

particles. 

2e22 Parkings of Particles with a Size Distribution 

Much has been written concerning how smaller particles may fil1 the void space between 

the larger particles. The densest packing is obtained with the so-called 'Fuller distribution' [19]. 

Theoretically it consists of several monosized fractions of spherical particles, the sizes and 

amounts of which are just sufficient to fil1 the voids between close packed particles of the next 

larger fraction. Figure 2.2.2.1, taken from Pietsch [9], depicts an applicable two-dimensional 

mode1 of one such void. While the space filling and packing of such type is conceivable only 

theoretically, experimental observations found [IO] that the densest packing from size 

distributions of spherical particles is obtained if their polydisperse mixture c m  be descxibed by a 

geornetric series: 

where (UVM is a relative change in the particulate amount featuring size x, dux is the relative 

change of the particle size x, and q is a constant. Equation (2.2.2.2) represents the exponential 

distribution: 





Figure Z.Z.Z&hernatic arrangement of a denses packing of fkactions of monoshed spherical 
particles [9]. 
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According to Fuller [ L  11, the value of q must be between 1/3 and 2/3 to obtain the densest 

packing. It has been found useful to define a packing efficiency. For example. as mentioned 

previously, the random-packing porosity for a one component system is 36.44%. This makes the 

packing efficiency equal to 0.6366 by volume. 

For a twotomponent (binary) system 171. assuming the finer component will pack 

randomly and unhindered into the pore space left by the first coarse component, the packing 

efficiency is 

Here q, and q, are the values of packing efficiency for coarse and fine cornponents respectively. 

Using ~pû.6366 and q2=0.6366, i.e both sizes packing to the normal randomly achieved limit, 

then the optimal packing efficiency a, = 0.8680. 

Also, for maximum packing efficiency, the mass fractions of each component in a multi- 

component mixture can be calculated using the expression from Sherrington and Oliver 1121: 

= v, (1 - (2.2.2.4) 
1- (1- l , ) "  

where 

q is the normaily expected random packing density; 

n is total number of components; 

r is the component under investigation. 

Thus. for a binary system with a maximum packing efficiency (0.868) fractions of coarse 
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and fine components will be 0.7335 and 0.2665 respectively. 

Batterharn and Oliver [13] measured the maximum packing eficiency achievable by 

tapping for dry four- and five-component systems. They found that packing efficiencies of these 

systems were in the range 0.75-0.90, but often proved difficult to reproduce or maintain. At the 

sarne time, the measured packing efficiencies of simple binary systems were in the range 0.75-0.80 

and were easy to reproduce. 

Aberg [45] suggested a division of agglomerated granular materiais into two types: 

Type A - where ail the grains are fixed in their positions because each grain has a 

sufficiently large number of contacts with adjacent grains. Al1 grains form the skeleton of the 

granular material, and al1 the grains take part in the transmission of forces through the material. 

Type B - where only some of the grains (usually the larger ones) are immovably fixed in 

their positions and constitute the skeleton of the material. The smaller grains, called loose, have 

such a small number of contacts with adjacent grains that they can move to a certain extent within 

the voids of the skeleton. The type B structure normally occurs [45] in the matexials with a wide 

particle size distribution and with a significant amount of fine particles. 

22.3. Microstruchue of Agglomerates Produced by Tumbfing 

This is the agglomeration method of prixne concem presently and is known by the term 

peiletizing. The tumbling is done in peiletizing discs or dnmis and the product is spherical 

pellets, and hence the narne. To be peiletized in such equipment and to produce pellets of the 

indushiaiiy required wet (also caiied green) and dry strengths, the particdate must be 

relatively fine-sized and have a broad size distribution. This means, srpicdy, 100% minus 
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100 mesh or 150 Pm, and containing a significant fraction less than 4 Pm. Note that the 

latter size is well in the range where major increases in agglomerate porosity with decreasing 

particle size are typical, as shown in Figure2.2.1.1. The Griffiths concentrate, used for most of 

the measurements in the present project, consists of this size (see Section 5.1 of this thesis). 

The microstructure of pellets produced by tumbling has ken  investigated extensively 

over the years [4, 9, 12, 34, 851. More ment studies in Our group, partly reported by 

Wynnyckyj [34], have contributed to a reasonably complete and satisfactory definition of the 

microstructural features, as well as to understanding their mechanistic causes. 

nie key features of these microstmctures are as follows: 

(1) Most significant presently is the presence of large pores, of the order of the 

average particle size, i.e. much larger than the particles in the finer hction of the size 

distribution. Thus there is extensive failure of he fine-fraction particles in filling the pores 

created by the contact of the larger ones, in accordance with Figure 2.2.3.1 (a) [log] (see 

regions A in the Figure). 

(2) The large pores, as per (1) above, result from the existence of aUskeleîaI 

network" fonned by the largest and mid-shed particles coordinating each other. An 

additional and fiequent featrrre, however. is that particles belonging to the smdest 

fraction, locate at the contacts between the larger ones thus king part of the skeletal 

network (see regions B in Figure 2.2.3.1 (a)). 

(3) Part of the volume of the pores formed by the skeletal network m e d  by the 

finer-fiaction particles. They are, however, not part of the skeleton and are, therefore, 



=igure 2.2.3.1 a) - Microstructure of a Typical lron Ore Agglomerate with a Wide 
Particle Size Distribution [IO 1; b) - Photomicrograph of an Iron-ore Pellet 
interior Featuring a Trapped Air Bubble 110 1. 



loosel y pac ked (see Figure 2.2.3.1 (a)). 

Another property of the microstructure relevant presently is the 'ink-bottle' effect 

[34]. The large pores referred to above are interconnected with each other by much smaller 

pores. This feature is partly evident upon careful inspection of photomicrographs, but a more 

quantitative measure of it is provided by mercury porosimetry measurements. 

Mercury porosimetry is widely used to determine the pore size distribution of porous 

media [92, 104-1071. Here mercury is made to penetrate into a previously evacuated sample 

and the amount intruded at a given pressure is plotted as a function of the pressure. A given 

penetration pressure is uniquely related to the pore size by the Young-Laplace equation: 

An alternative plot, therefore, is the volume penetrated as a hinction of pore radius. In 

equation 2.2.3.1 r, is the radius of the cylinârical pore, 8 - the contact angle, and y- the 

surface tension of mercury. Since O,, > 90' for mercrrry on most solids, a positive pressure is 

required to force it into the pores. Conversely, once mercury has been made to penetrate a 

porous medium and the pressure is subsequently released, mercury withdraws or drains out 

from some of the pores and to the surface. The drainage would be complete for M y  

interco~ected pores of graduaüy decreasing size, Le. the curve of the volume of drainage 

versus pressure wodd be identicai to the volume penetrated curve. 

If the ink bottle eff't is present, however, such complete drainage will not occur. As 

just noteci, a positive pressure is required to force rnercury through a pore. Foiiowing pressure 
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release, there is no driving force for the mercury trapped in a large pore to drain through a 

smaller, an ink-bottle type, pore. The drainage versus pressure curve, therefore, will differ 

from the intrusion venus pressure curve, in that some of the intmded mercury will fail to 

drain. The degree of difference will be a measure of the ink-bottle effect. 

Many mercury porosimetry studies of iron ore pellets have ken  camed out in our 

group [47, 851. A typical cumulative pore size distribution curve, obtained by D. Zaharchuk 

[47], is reproduced in Figure2.2.3.2 (a). A charactenstic feature of the curve is the steep dope 

in the region of the mode value of the pore size, about 0.8 Fm. The range around this mode 

value, for 90 percent of the pores, is between about 0.3 and 2.0 Pm, i.e. surprisingly n m w ,  

given the evidence regarding the pore size distributions evident from microscopy. 

Figure 2.2.3.2 (b) shows two sets of results [47] (typical of many othen) of the 

measurement of both the mercury intrusion and drainage behaviour. It is evident that the 

drainage is limited to only about 10 % of the mercury intmded during the pressurization stage. 

The significant element of these results for the present is that they show that the ink bottle 

type pores account for as much as 90 to 95 percent of the total pore volume in iron ore 

peiiets. 

2.2.3.1. Signifkance for present research 

It is evident from the above that iron ore pellets belong to the Type B structure as 

defined by Aberg and referred to in Section 2.2.2. Also, as shown in Chapter 2.2.3, one of the 

important features of this microstructure is the existence of large and mid-shed particles in 

contact with each other and relatively large pores between them. Fine particles are rnostiy 
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located in the contacts of the skeletal network (see Figure 2.2.3.1 (a)). 

The latter effect is better seen in Figure 2.2.3.1 (b) [108], which represents a 

microstructure of an air bubble trapped within the pellet intenor. Evidently. the pellet 

structure consists of large particles, that constitute the skeletal network. Fine particles are 

completely withdrawn into the contact areas between the larger ones. 

It has been suggested by Omenyi, Smith and Neumann [46] that the reason for such 

withdrawal of fines into the skeletal-network contacts is the engulfrnent phenornenon. Duxing 

the latter processes, the liquidlsolid/gas interface recedes. dragging dong the fine Ioose 

particles. 

Further investigations of this particle-migration phenornenon and its effect on the 

resulting microstructural and physical charactenstics of the dned pellets became part of the 

present research and are included in Section 3.3 of the thesis. It is shown that the engulfÎnent 

effect is an important feature of rnild drying. The smaller particles are dragged into the 

pendular bridges at the contacts between the skeletal-network particles. 

2.3. Drying Phenomenology 

2.3.1. The 66Classicai99 Drying Cume 

There are two ways to represent the drying process graphically. One form is a plot of 

the weight loss vs. time [36]. The other is the dope of the former (or f i t  derivative) plot 

versus drying time or rnoisture content. The latter is known as a m g - r a t e  curve. This type 

of cuve has long served as the basis for describing the drying behaviour, identifymg Qying 

periods and the associated rate controlling factors [37-39,40,42]. An example of the second 

type of plot, taken from Treybal[36], is shown in Figure 2.3.1.1. 



Figure 2.3.1.LDqhg rate vs. moistme content cmve [36$ 
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According to Figure 2.3.1.1, the drying of unconsolidated porous agglomerates 

proceeds in four distinct "periods". The four penods encompass two distinct mechanisms or 

stages; surface drymg and shrinking-core dryng. 

The drying periods are: 

-The initiation penod (portion A-B of the graph). Two possibilities are shown: a 

decreasing (A'B) and increasing (AB) drying rate. Conditions of rapid drymg are of interest 

presentl y; here the surface temperature and drymg rate rises, as in case AB. 

As long as drying is at the surface, the water vapour pressure at the surface is the 

equilibrium vapour pressure. The drymg rate is controlled by heat and mass hansfer across the 

boundary layer. The initiation penod continues until a certain temperature is reached (point B) 

at which the incorning heat flux is consumed by the thermal requirements to evaporate the 

water supplied to the surface. 

Starting at point B the drymg period known as the consrmit-rate period and shown as 

portion B-C at the graph, sets in. During this penod Dryii?g continues at the surface. Liquid is 

transported from the intenor of the porous body to the surface by Darcy flow relatively 

rapidl y; dnven b y capillary action. 

The surface maintains itself at a constant temperature, known as the wet-bulb 

temperature. AU heat reaching the surface is consumed by vaporizing the water there. The 

drying rate is constant and, as in case A-B, is stili controiied by the heat and mass transfer 

across the boundary layer 1371. The key part of the mechanism is the abiüty of the porous 

system to deliver the water to the surface rapidly, so that the rate of delivery is not rate 

Limiting. The driving force for the water flow to the surface is capillarity. 
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A cntical moisture content is reached at point C where the rate of the delivery of liquid 

to the surface by capillary action becomes less than the ability of the liquid to be vaporized 

and the vapour to be removed from there. As a result, the liquid flow to the surface becomes 

the rate-limiting factor. Starting at this point unsaturated surface d y n g  [36], otherwise 

known as the first falling-rate period [37], sets in (portion C-D on the graph). Evaporation 

continues at the pellet surface, but the equilibrium vapour pressure is no longer sustained 

uniformly at al1 pores connected to the surface. A simplified p i c m  of this process, taken 

from [38], is shown in Figure 2.3.1.2. Water is king delivered to the surface through the 

small pores reaching the surface (pore B in the Figure). This is because these srnail pores have 

the Iower liquid pressure (a higher capillary rise) (see eqn. 2.2.3.1). But water delivery to the 

surface through the small pores can proceed only by the larger pores (pore A in Figure 

2.3.1.2) king drained. Drymg at the surface continues as long as the capillaritydven Darcy 

flow through the interconnected small (type B) pores is able to supply enough water to 

balance the heat supply across the boundary layer. The overali rate is limited simultaneously 

by both the boundary layer transport and the water supply. 

According to TreybalE361. one of the distinctive feahires of the first falling-rate period 

is the appearance of dry patches as more and more large pores in the overail particle sue 

distribution are being drained Although this pictue &es it easier to visuaiize the transitional 

nature of this drying period, the concept of dry patches may be misleading. While seeming 

reasonable at the micro scale of the individual pores, the existence and growth of macro dry 

patches leads to the conclusion that there shodd be the adjacent populations of large and 

s m d  pores at the pellet surface. The latter conclusion seems unreasonable, given the 



Figure 2-3.1 pore migration for the müd drying 
conditions [38]. 
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probability of the random pore size distribution in the pellets' microstructure (see Section 

22.3). 

At point D in Figure 2.3.1.1, where the heat supply exceeds the heat demand for 

evaporating the water transported to the surface, a change in rnechanism occurs. Starting at 

this point the second falling-rare period sets in (portion D E  on the graph). During this period 

water evaporates in the intenor. A wet/dry interface is set up which recedes from the surface 

to the intemal regions of the porous body. The product vapour must now be transported 

through the dry porous shell to the pellet surface. This latter factor contributes to the control 

of the drying rate during the second falling rate period. 

Point D also marks the transition between the surface- and shrinking core drymg 

regimes as the wet/âry interface at this point moves entirely from the surface to the interior. 

Important here is that in 'conventional' or mild drymg this occurs at the late stage, when the 

moisture content had dropped aimost to the pendular level (saturation level - 20%)' where the 

water phase becomes discontinuous. 

In practice such a drying pattern prevails only under conditions of mild drying 

(- 100'~) of relatively coarse granular materials (particle size >1ûû pm). The 

surfacelshrinking-core transition, caused by the liquid phase discontinuity at Iow saturations, 

has been considered the dominant factor in rnost previous drying models [39,40]. 

Another condition which could cause water delivery to the surface to be intempted is 

when viscosity of the Iiquid phase increases during drying, e.g. when the Iiquid contains 

dissolved polymers. Then the capillarity-induced flow to the surface may not be rapid enough 

to consume the heat supplied to the surface [4l, 11. Research results to be described in 
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Sections 3.2 and 6.4 show that this condition may apply in the case of drying of iron ore 

pellets when they contain bentonite. 

2-32. Intense Drying and the Vapour Lock 

It is known in the literature [38, 42, 431 that if drying conditions become intense, 

typically at dryng gas temperatures of 200'~  and above, significant deviations from the 

'classical' dryng rate pattern may occur. This phenomenon is illustrated in Figure 2.3.2.1 

[42], which shows the drying rate vs. time curves of 14 mm-diameter iron ore pellets dned at 

100°C, 2W°C and 3ûû°C (cumes 1. 2 and 3 respectively). The most significant ciifference 

between curves 2 and 3, as opposed to curve I.is the complete absence of the horizontal 

portion, i.e of the constant rate drying period, and the sharp minima. 

Our search of the liteninire indicates that there is no quantitatively backed physical 

explanation in the open literature of why and how this phenomenon happens. The Zaharchuk 

modell 111, not yet published in the open fiteranire, seems to be the First to offer an 

explanation. 

Generally, the intemption of fluid flow due to gas phase nucleation within the liquid 

continuum is a recognized phenomenon [6l, 621. It occurs when the liquid pressure is less 

than the equilibnum vapour pressure for a given temperature: 

Zaharciink drying nmdeI [Il will be discussed in Section 24. 



Td, mln 

Figure 2.3.2.L Experimental drying rate curves at temperatures (1) - 100°C; (2) - 200'C; 
(3) - 300°C [42]. 



In the automotive industry this phenomenon is known to cause interruptions of h l  flow to an 

engine due to blockage of passages in the fuel system by fuel vapour and it is temed a vapour 

lock [62,63]. Another term for this physical phenomenon, which is widely encountered with 

in hydnulic machines such as turbines, pumps, propellers etc., is cavitation [62]. 

The loss of capillarity due to the interruption of liquid flow to the surface was 

tentatively suggested by Oliver and Newitt [59] as an explanation for the early termination, or 

compiete absence, of the constant rate drymg penod. 

From the results of the Zaharchuk mode1 calculations [I l  and the author's 

corroborating experiments [2] it follows that the reason for the absence of the constant-rate 

drying penod during rapid dryng of fine agglomerated spheres is that the transition to the 

shnnking core drymg regime shifts into what has hitherto been defined as the initiation period. 

This happens because the wet-bulb temperature, required for the constant-rate drying period, 

cannot be established at the sudidce. 

The cause of the early intemption of the Darcy flow to the surface is the vapour lock 

or cavitation. It occurs when p:, the equiiibrium vapour pressure near the surface (see eqn. 

2.3.2.1) becomes equal to or higher than the liquid pressure p, , generated under the water 

menisci in the capiiiaries reaching the peilet srirface. As a result, the gas phase nucleates under 

these menisci and the capiiiary effect becomes inoperative, causing the intemption of D m y  

flow to the surface. When the dnving force for iiquid delivery to the surface disappears, the 

gadwater interface moves into pellet intenor and the shrinking core Qying regime sets in. 
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2.4. The Zaharchuk Drying Model 

Extensive research has been conducted in our group conceming the drying behaviour of 

iron-ore pellets. It resulted in the development of a comprehensive mathematical dryng model 

[l]. The feature of this rnodel is that it describes the dryng process ngorously in ternis of the 

fundamental laws of heat, mass and momentum transfer. Al1 property parameters are defined 

mathematically, and experimentally measured values are used. There are no adjustable parameters 

in the model. 

The model algonthm is divided into two sections. The first section comsponds to drying 

on the surface, and the second -- to the shrinking core dryng regime. 

2.4.1. Surface Drying Regime 

For the surface drying conditions the heat balance is described in the model by the 

transient heat conduc tion equation [ 1 ] ': 

The k t  terrn of right hand side represents the Second Fourier law, while the second represents 

heat expenditure on water evaporation at the surface. The last term - the expenditure on heating 

the water moving towards the surface. 

One boundary condition, refiecting symmetry at the sphere centre, is : 

A derivation of the heat balance equation and a key aspect of its numerid solution are presented m Appendix A. 



The second boundary condition represents heat balance at the surface: 

The heat conducted inward From the surface is equated to the four terms on the right hand side. 

The latter represent respectively heat delivery by convection and radiation minus heat consumed 

by water evaporation at the surface and minus that consumed by heating of the water travelling 

towards the surface. 

Volume-averaged parameters [64] are used to characterize the pellet matrix. Thus: 

w here 

For the surface drying conditions the mode1 calculates the drymg rate using the boundary- 

Iayer transfer equation 1361: 
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where Tl represents the boundary film temperature, taken as the average between surface and 

arnbient gas temperature. The pressure terms in brackets represent the vapour pressure difference 

across the boundary layer. It is this pressure difference that controls the rate of surface dyng. 

The equilibrium vapour pressure pov is calculated in the model using the standard data [43]: 

pov = exp(60.448-6834.2 7/T-5. I 7 InT) (2.4.7) 

The heat and mass transfer coefficients, h and hm are calculated in the model using the 

Ranz and Marshall correlations [65,66]: 

where B is the dimensionless Spalding number w d  to adjust the heat transfer correlation [67]: 

The mas balance for the liquid water in the pellet is [39]: 
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where S represents fraction saturation and C( represents liquid viscosity. Boundary conditions are: 

again reflecting symmetry at the centre. The initial condition is: 

S(r)=l .O O r r s R ,  

The rate of water delivery to the surface by the capillatity-induced Darcy flow is [39]: 

Matnx permeability kp is given by the fmt terni of the Ergun equation [15]: 

where dp is the "characteristic" piilticle size. 

Relative penneability k, is given by [39]: 

where S is the d e p  of saturation and Sp - that in the pendular state. 
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The critical variable in equation (3.4.14) is pl, the liquid pressure. The latter is set by the 

capillary effect. It is defined by the Young-Laplace equation: 

This is the same formulation as equation 2.2.3.1, except that here it is assumed that 0 =oO, so the 

terni cos0 disappears. The assumption is consistent with experiment: the contact angle between 

water and the solids studied presently is indeed zero. 

In tum, the value of r, in equation 2.4.17 is given by [44]: 

The critical dependence of pl, therefore, is on the capiilary radius of the characteristic 

pores in the porous agglomerate of particles, forming the pellet microstructure. In the mode1 this 

is calculated by the following equation: 

B2(I-s)) + B3(1 - S) B4 + B,U- S) S,  5 S 11.0 
PT - Pi = (S - (S, - 0.015))~' (2.4.19) 

Zaharchuk constmcted this equation on the bais of the suction potential versus degree of 

saturation curves, extmding ideas of Chen and Whitaker [39]. The values for the panuneters B 

are selected empirically to fit suction potential versus degree of saturation curves for pomus 
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media of interest to us. The parameter B, in equation (3.4.19) is defined by the Young-Laplace 

equation (eqn. 2.4.17). Critical here is the inverse dependance of p, of the capillary radius r, 

The critical condition limiting capillarity-driven transport is p, = p:. The moment this 

condition is reached, it is assumed that the supply of water to the surface is intenupted and thus 

at that instant the drying front recedes into the pellet intenor. Mode1 calculations applicable to 

the shnnking core drying period are set in action at that instant (see the following Section). The 

original Zaharchuk model ignores the existence of any gradua1 surfacdshrinking-core transition 

period. Extension to the model to overcome this model limitation was a part of this project. It 

is presenied in Chapter 3 of this thesis. 
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2.42. Shrinking Core Drying Regime 

During this period, water evaporates at a receding interface between wet core and dry 

shell. Heat conducted through the shell is spent on heating up both the dry and the wet regions 

of the pellet, on evaporating the water at the receding interface and, finally, on heating up the 

vapour while it escapes through the dry porous shell. 

Existence of wet and dry regions during shrinking core dryng requires simultaneous 

solving of two heat balance equations: 

- for the dry shell region: 

--- - - [ ) ] -  A H ,  -G y ) l r = n - [ d * C  pJmm ) m  - 12.4g20i 
Pd, C p d r y  r%,C, Jr 

where Qt) represents radius of interface, and the last two terms on the right hand side represent 

heat losses due to evaporation and heating of the escaping vapour, respectively, 

- for the wet core region: 

Boundary conditions for this problem are: 

- at the surface: 



-at the interface: 

- at the centre: 

In the solution of the heat balances the thermal conductivities kNe and kcdW are 

required. To obtain their numerical values, the correlations of Krupiczka 1681 were used in a 

rnodified form [69] to accommodate both Knudsen and mixed gas effects in the pores. 

The thermal conductivity for the pellet matrix was calculated by [68]: 

where k, represents the conductivity of the native solid and represents the conductivity of 

water in the wet core or the gas mixture in the dry shell. In the model, correiations h m  &ta in 



standard handbooks [70,7 11 were used to calculate the thermal conductivities of air, liquid water 

and stearn. 

Knudsen effects were included in the model by calculating an equivalent gas conductivity 

when gas motion is Knudsen-dominated [69]: 

for monoatornic gases and 

for polyatornic gases. 

The model uses eqn. 2.4.27 to calculate the Knudsen ciiffision coefficient for both air and 

water vapour. The conductivity of a multisomponent gas is given by [72]: 

Once this is known, it is combined with the Knudsen conductivity of each gsseous species to give 

an overall gas conductivity: 

1 - 1 ---+[zk4]" k 80s Lx 
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The model also accounts for the fact that during drying the gas is not stagnant (as in Krupiczka's 

fomalism), but is moving against the direction of heat flow [73]. The equation is: 

k,,, = 0.5 Re- P r  (2.4.30) 

Finally, the radiation effect is included into the model by [73]: 

The radiative Nussult number is aven by [73]: 

where radiative heat transfer coefficient is caiculated by: 

Adding ail factors gives: 

Water evaporation rate at the interface is debed by the vapour pressure there, which is 
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equal to the equilibrium vapour pressure at specific temperature of the interface. At the same 

time, this pressure is the driving force for vapour diffusion through the dry shell. Equations from 

Hadley [74] were used in the mode1 to describe both totai and partial vapour pressure gradients 

across the dry porous region: 

and 

where Jrepresents the molar flux of water vapour. These hvo equations incorporate dI Knudsen, 

molecular difision and Darcy flow effects. The effective vapour diffusivity is given by [751: 

The molecular diffusion coefficient, D ,-, is given by an equation taken from [7q: 

H 2 0  -air 
= 1.2 -T'-" (2.4.38) 



The Knudsen diffusion coefficient is given by [77]: 

where r, is calculated according to equation (2.4.18). 

The mode1 starts cdculations for the shrinking core dryng regime when 

n(t) = 0.9995 R, 

is satisfied and continues until the receding interface reaches the location of 0.1 R,. 

2.43. Calcuiation of Matrix Stresses 

The mode1 (11 includes calculations of the effective stresses that are generated in the pellet 

tluoughout the drying process. These include thermal stresses that result fiom temperature 

gradients arising during the shrinking-core dryng period and the intemal pressure stresses 

induced by the stem formation. 

The total maximum stresses arising at the wet/dry interface during drymg are then 

compared to the values of dry strength, also calculated by the mode1 (see Section 2.5.1). In the 

process, the pellet susceptibility to spalling is detennined. 

2,43,1. Thermal Stresses 

Model calculations show II] that during the shrinking core drying period the wet core is 
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essentially at a unifonn temperature . There are. therefore, no thermal stresses therein. The dry 

shell, on the other hand, is subject to high temperature gradients and, consequently, will expand 

on the pellet surface differently than at the interface. Continuum considerations suggest that 

circumferential stresses will be compressive at the surface and will change lineariy with pellet 

radius to become highly tensile at the interface. The radial stresses will be tensile throughout the 

shell as there are no obstacles for radial expansion of the shell. 

The mode1 uses equations From Burgreen [29] for radial temperature gradients, to 

calculate circurnferential (ac) and radial (a,) stresses within the dry shell: 

2 E p ,  2 r 3  + i l -  
aii = 1 - V ,  [ r 3 ( R 3  n3' A T  + A - A T  (2.4.42) 

I 

The modulus of elasticity E is caiculated in the mode1 as a function of bentonite content, 

based on the experîmental data gathered in the diametcal compression study 1521: 

E = 29.66340~ +68.844643 
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The model treats the wet core and the dry shell regions of the pellet as two separate 

systems. To account for the continuity of the pellet the concept of interference pressure pi is 

introduced. The latter enables calculation of the impact of dry-shell expansion on the &formation 

of the wet core and vice versa. The interference pressure around the wet core is distributed 

uniformiy, acting in a manner sirnilar to a hydrostatic stress and pulling the core towards the shell. 

Within the dry shell the interference pressure acts in the opposite direction, i.e. pulling it towards 

the wet core. Interference pressure is distributed throughout the shell according to: 

and 

7 a,, = - 
R' P -n3 2 

The total stress level caused by thermal effects is calculated in the mode1 by adding the 

stresses within the wet core and dry shell (as if they were two separate bodies) to the respective 

interference pressures, accounting for interaction of two regions. 

It should be mentioned here that al1 the relations used in the model have originally been 

denved for homogeneous elastic solids. To make them relevant to porous agglomenites (where 

particdates will p d a i i y  expand into the pore space) the volume average approach suggested by 

Touloukian et al. [26] was used in the model: 



a,, = (1 -&)a, 

where a, represents the thermal expansion coefficient for solid magnetite. This formalism was 

designed originaily for loose granular packings where thermal expansion was negljgible. Since 

iron ore agglomerates are rather on the dense side of the 'porosity spectrum', this approximation 

will possibly overpredict themai stresses. 

2.43.2. Pressure Stresses 

The 'thermal analogy' proposed by Lubinski [58] to caiculate intemal vapour pressures 

within a porous agglomerate is used in the model. It considm the analogy between themal and 

pressure expansion effects on the behaviour of a packing. Temperature gradients, which aie the 

reason for uneven thermal expansion of the body have the sarne impact on its deformation as 

pressure gradients. The usef'ulness of this anaiogy is that the same assumptions and formalisms 

used for thermal stresses cm be applied for vapour pressures. The effective pressure stresses in 

the dry shell (which is of prime interest because of the higher stress level) are stated below: 



where p represents the ratio of the compressibility of the porous matenal over the compressibility 

of native materid and is defined as follows: 

where subscnpt O refea to magnetite. Interference pressures are distributed throughout the wet 

core and dry shell in the same manner as they are for thermal stresses. 

2.4.4. Sample Results of Zaharchuk Mode1 

In this Section selected results of the Zaharchuk model [l] are reproduced. Two groups 

of modelling results are included, both for a 'model pellet'- those predicting the dyng  behaviour 

and those calculating the matrix-stress buildup during drymg. 

Figures 2.4.4.1. to 2.4.4.3 [1] present the Zaharchuk model results for what wiI1 

henceforth be referred to as 'typical pellet' properties and drying conditions. These parameters 

have been used by Zaharchuk [l] in many mode1 calculations. Their values conespond to typical 

pellet properties and drying conditions in the sh& fumaces at the Griffith-Mine plants, RedLake, 

Ontario. Even though this mine is no longer functioning, much of the work done in this and 

previous studies by our group have used the Griffith concentrate. The values of the pellet 

parameters and Qying conditions used in the model simulations have beem N l y  justified in 

Zaharchuk's PhD Thesis [l]. They are itemized in Table 2.4.4-1. 
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Table 2.4.4.1. "Typical» Pellet Parameters and Drying Conditions [l] 

Pellet Radius 
Porosity 

Particle Diameter 
Magnetite Conductivity 
Cri tical Saturation 

Tortuosi ty 
Emissi vi ty 

Magnetite Density 
Parameters B, in eqn. 2.3.19 

Initial Pellet Temperature 
Drying Temperature 1 

Figure 2.4.4.1. represents a senes of model curves of saturation distribution within the 

pellet calculated at different times during the surface- and shrinking core drying periods- Driiing 

the fiat 3.7 sec of the drying process water evaporates on the surface and the saturation 

distri bution is uniform over the pellet radius. The surface drying regime, however, is intempted 

early in the drying process (saturation -98% in the Figure), and the shrînking-core drying period 

sets in. Starting at this point (t=3.7 sec) drying proceeds at a sharp receding interface (vertical 

lines in the Figure), while saturation distribution of the wet core remains unifom. 

Figure 2.4.4.2 is a model drying rate curve plotted versus tirne. Thm is an initialization 

period w here the Qying rate increases to a sharp local maximum. This period lasts approximately 

ten seconds. But, unlike in the 'classic' drying rate c w e  (see Section 2.3.1), the constantate 

period is not estabfished Instead, the shrinking core dryhg regime sets in early in the Qying 
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process (see also Figure 2.4.4.1). The dryng-rate curve is seen to continue rising following the 

onset of the shrinking-core regime, i.e. beyond the local maximum. The reason is as follows: the 

drying rate is at this time controlled by mass tra.nsfer across the boundary layer. At the same time 

the rate of heat transfer across this boundary layer is pa t e r  than the rate of consumption by the 

vapourization of water at the surface (the latter amount being limited by mass transfer). As a 

result, the pellet temperature, and thus the water-vapour pressure continues to rise. Since the 

latter controls the transport of water through the boundary layer, the rate continues to nse. 

Figure 2.4.4.3 depicts the temperatures ai the pellet surface, interface and centre plotted 

against time. As noted above, the mode1 predicts a rising surface temperature during the entire 

mng pmcess. The interior temperatures, however, are different. When the shrinking core period 

sets in (see point of separation between surface- and interface temperature curves in Figm 

2.4.4.3, which, in time, conesponds to the sharp local maximum in Figure 2.4.4.2) the surface 

temperature is appro~imately42~C. The pellet centre temperature is -2 l°C. As the shrinking COR 

period continues the pellet centre and interface temperanire both increase until they reach LOOOC. 

When the wet core has reached this temperature, which is 55 seconds into the drying, it stays ai 

or close to 100°C. 

Thus, the drying-characteristics curves, calculated by the Zaharchuk model, foliow a 

pattern that can be explained physically. Further model simulations, aimed at explainhg and 

justwog the drying patterns predicted by the Zaharchuk model, were canied out in this project. 

They are reported in Section 3.1. 

Figure 2.4.4.4 depicîs a series of model predictions of both themial and pressure stress 
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distri butions in both circurnferential and radial directions. The individual curves correspond to the 

sarne times as in Figure 2.4.4.1. Fiat, it is to be noted that pressure stresses are at least one order 

of magnitude smaller than the thermal stresses. They, cm, therefore, be considered a minor 

contributor to the overall stress level. Nevertheless, they are not disregarded in the subsequent 

calculations but are added to the thermal stresses. The resulting total stress distributions in the 

circumferential and radial directions, as predicted by the model, are shown in Figure 2.4.4.5. 

The graphs in both Figures show that stresses are the highest in the vicinity of the wet/dry 

interface. Also, circumferential stresses ( Figure 2.4.4.5 (a)) are about an order of magnitude 

higher than the respective radial ones (Figure 2.4.4.5 @)). The maximum total stresses that arise 

at the wetldry interface in circumferen tial direction are summarized graphically in Figure 2.4.4.6 

by plotting the tips of the curves in Figure 2.4.4.5 (a). Also plotted on the same graph is the total 

radid stress level at the interface, obtained sirnilarly from Figure 2.4.4.5 (b). 

2.5. Mechanid Properties of Iron-Ore Agglomerates 

2.5.1. Agglomerate Strength 

The two important issues addressed in this Section are: firstly, how is an agglomerate 

strength measured experimentally, and, secondly, how are the interparticle bonds resolved into 

an agglomerate strmgth. 

The overall strength of an agglomerate is dependent on the bond strength between 

particles. The generally accepted treatment of agglomerate strength is that of Rumpf For 

an agglomerate of particles which are held together by an average bond force F, given a particle 

diameter dp, porosity e, coordination nurnber p. the agglomerate strength is given by: 



Figure 24.4.4. S m  Distribution within Peuet (a) Thermal Circunferential; (b) Thermal Radiai; 
(c) Pressure circumferential; (d) Pressure ~adiai. ClI. 
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- .  

figure 2.bli.S.. Total Srress Distribution within Pellet: (a) Circumferential Stresses; (b) Radial 
stresses CI]. 
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In a dry agglomerate, where van der Waals forces dominate the bond strength, the bond force 

between two equal-sized spheres is given by equation (2.1.1) (see Section 2.1). Based on the 

experimental evidence Rumpf used the substitution d kD = e in equation (2.5. S. 1) to get: 

Other correlations between porosity and coordination number have been proposed [98] 

but the relationship by Rumpf remains the most commonly cited [9,48,5 1,72,88,98]. 

Newitt and Conway-Jones (991 introduced the concept of a strength factor for spheres. 

They defined it as the ratio: 

where L represents the failrue load and D is the sphere diameter. Haines [100] was the fVst to 

postdate that the origin of the tensile strength of a capillary state agglomerate is in the muititude 

of capiiiaries at the surface which cause a low Iiquid p m p ,  It is equd to the entry suction: 

0, = p, (2.5.1.4) 
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where P, is the entry suction of an agglornerate. Using this equality, Newitt and Conway-Jones 

argued that k should be directly proportional to the hue tensile failure stress. They found 

experimentall y that for wet, capillary-state, sphencal pellets made fiom mono-sized silica sand 

. The expenmental proportionality constant K was found [99] to have a value of 0.7 for silica 

sands. 

By combining eqns. 2.5.1.4 and 2.5.1.5 we get a relationship between the strength factor 

and the tensile strength of the capillary-state agglomerate: 

A standard practice has been to measure agglomerate dry strength [5 1, 97, 1011 by 

measuring the strength factor. The value of the proportionality constant was measured by 

different authors [5 1,97,102]. The value most relevant to our study was determined for Griffith 

iron-ore agglomerates [5 11 to be equal to 1.28. 

The Zaharchuk rnodel, presented in Chapter 2.4, includes calculation of the pellet dry 

strength. Mode1 calculation is based on equation 2.5.1.2 taken Rumpf [97]. In it the number- 

length mean particle diameter d,, is used as the characteristic particle size. 

Calculation of a value of interparticle bond force in the eqn. 2.5.1.2 uses a comlating 



2.54 

equation obtained by a non-linear regression on the experimental points. It is based on the 

experimental data, obtained previously in our group for Griffith iron-ore agglomerates and 

reported in [5 11. It includes the effect of the bentonite concentration B on the bond force F: 

F = 0 . 1 4 1 1 2 3 * 1 0 ~  + 0 . 1 0 1 1 9 5 * 1 0 " * ~  1.6295 1 (2.5.1.7) 

The resulting tensile strength of a dry Griffith agglomerate is caiculated in the Zaharchuk 

mode1 by: 

2.53. Rosistance to Spaliing during Drying 

When dned under intense drying conditions iron-ore agglomerates form concentnc cracks. 

When drying condi tions are excessively intense, the pellets disintegrate in a characteristic manner 

into shell-like fragments. The industrial term for such a disintegration is "spalling" [93,94,103]. 

The problem has been recognized in the early papa on iron-ore pelletization by Tigershiold and 

h o n i  [103]. They observed that pellet spalling was dependent on the size of the particulate, 

manix characteristics (microstructure), and drying temperature. Theù results using two 

concentrates are reproduced in Table 2.5.2.1. Drying experiments were done on peilets produced 

by two methods of pelletization: one was the 'usual' batch balling. In the other, dry concentrate 

and then water were added in an alternating fashion throughout the pelletizing operation. Pellets 

were dried by placîng twenty of hem in a fumace (hydrodynamic flow conditions w m  not 

reported). 



Table 2.5.2.1. Experhental Results of Tigerschiold and Ilmoni [IO31 

Concentrate 1 
(90% minus 325 mesh taconite ) 

2 
(54% minus 325 mesh 'crude') 

Pelletizing Mode Regular Regular Alternate 

Blaine [cm2/gJ 

Particle Size 
- % minus 250 mesh 

Green Pellets: 
- Average Pore Size 
[ P l  
- % water 
-Cnishing Strength [kg] 

Dry Pellet Strength 
BPI 
Drying Conditions: 
- 2O0C, then to 100°C 
- 100°C, 8 hrs. 
- 2oO0c, 2 hrs. 
- 3o0°c, 2 hrs. 

1 S 8  
1.62 
5.35 

Al1 cracked 

2.03 
2.65 
7.35 

All cracked 

As noted in Table 2.5.2.1, pellets produced from the finer concentrate, concentmte 2. had 

the smaller pore size and higher strength. The dry strength of the pellets increased substantidly 

with drying temperature, especially in pellets dried at 300'~. There was no explanation why this 

occumd. Experimental results, obtained by the author as a part of the present study and reported 

in Sections 6.2 and 6.3, are consistent with the observed phenornenon. In the present thesis, 

higher dry strength of intensively-dried pellets is interpreted in ternis of micmstnicturai evo1ution 

during cirying (see Section 3.3). 

A more systematic study of pellet spalhg was done by Schultz, Lex andZetterstrorn [93]. 
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In the drymg operation, a single layer of pellets on a screen was exposed to hot furnace gases (see 

Fig. 2.5.2.1(a)). The concept of decrepitution resistmce was introduced to serve as a measure 

of the pellets' resistance to spalling under intense drying conditions. It was defined as the 

temperature at which 50% of the pellets in an assembly suffered spalling. 

Decrepitation resistance for different particle size, bentonite and starch additions were 

determined. They are shown in Figure 2.5.2.1 b), c), and d) respectively. Figure 2.5.2.1 (b) 

confirrns the phenornenon reported by Tigerschiold 1861 that decrepitation temperature is 

invenely proportional to particle size. The effect of bindea, shom in Figure 2.5.2.1 (c) and (d), 

indicates that the manner of bentonite addition - whether added on top of wet filter cake pnor 

to pelletization (poorly mixed) or mixed thoroughly with the filter cake pnor to pelletization (well 

mixed) - makes a difference. 

The important finding for the present purpose is that a maximum exists in the 

decrepitation temperature as a function of the amount of binder added (see Figure 2.5.2.1 (c)). 

A simi lar effect, although not as drastic as for bentonite, was observed for starch addition (see 

Figure 2.5.2.1 (d)). The optimal concentration of an additive in this case was -0.15 %. 

Another investigation of the effect of synthetic binders on the spalling resistance of 

agglomerates (in partîcular a cornparison between the polymer trademarked 'Pendur' and 

Wyoming bentonite) was undertaken by Roorda et al. 1941. They used the term shock 

temperamre as a mesure of the pellets' resiaance to spalling. The latter was defined as the 

temperature at which 108 of the pellets in a sample disintegrated due to spalling. Data on the 

concentrate properties, pellets and the measured shock temperatures are show in Table 252.2. 



'igure 2.5.2.1. Spalling Behaviour; Experimental Results of Schultz et al. [93]: 
a) - Drying Fumace; b) - Decrepitation Resistance as a Function of 
Particle Size;c) - Effect of Bentoniie Additions on Decrepitation 
Resistance; d) - Effect of Stach additions on Decrepitation Resistance. 



Table 2e5*2*2e Experimental Results of Roorda et al. [94] 

Material 
- Magnetite 
Concentrate 

Additive wt, % 

- Water wt. % 

- Green Strength [kg] 

- Dry Strength [kg] 

Noue 

0.0 

Blaine [cm2/@ 
20 10 

Bentonite 

0.5 1.0 

Peridur XC3 

0.1 0.2 0.3 

Peridur XC7 

0.1 0.2 0.3 

Peridur has the capability of producing higher dry strength than bentonite at a given 

concentration. Again, the shock temperature improved with binder addition: from the 400°C 

characteristic of binder-free pellets to 650°C, 57S°C, and 57S°C for additions of 0.1 % XC3, XC7, 

and 0.5% bentonite respectively. Significantly, a maximum was again observed for additions 

beyondthe optimum. The shock temperature of excessive additives was below that of binder-he 

pellets. This is similar to the trends observed by Schultz et al. 1931. 

No explanation for the existence of a maximum in the denepitation temperature versus 

additive concentration curve has yet been offered in the literature. A contribution of this thesis 

is a theoretical investigation of this phenornenon, and an explanation for it. Involved is the 

mathematicai modelling of the intemal stress buildup, and its cornparison to the dry sûmgth,  

using equations documented in Sections 2.4.3 and 2.5.1 .The results of these investigations are 

reported in Section 4.5. 



Chapter 3 
CONTRIBUTIONS TO TlEIlEORY 

This thesis work has made some original contributions to the fundamentals and theory of 

agglomerates. Also, additional theoretical contributions have ken  made to understanding the 

behaviour of agglomerates during intensive drying. These contributions are being documented in 

this Chapter. 

3.1. Limitations of the Zaharchuk Mode1 
The Zaharchuk model includes the vapour lock or the loss of capillarity, as the cause for 

the surfacelshnnking core transition during intense drying. 

The issues and the nature of the vapour lock are illustrated in Fig. 3.1.1 and Fig. 3.1.2. 

Shown are the results of calculations, carried out by the author, using the Zaharchuk model. The 

set of pellet parameters and drying conditions used in this simulation was that of the 'typical' 

pellet (see Chapter 2.4.4). The liquid pressure and vapour pressure are plotted versus pellet 

saturation for an example case agglomerate, one with the average particle diameter 7. lpm. Also 

plotted is the drying rate predicted by the model for this set of parameters. 

Accordin3 to earlier arguments and equation (Z.3.2.1), the loss of capillarity and thus the 

transition from the surface to the shrinking core regime shouldoccur at the intersection of the two 



AIR VELOCITY 
POROSITY 
PELLET RADIUS 
PARTICLE SlZE 

satu rat ion 

ïgure 3.1 -1. Model Predictions of : Drying Rate, Liquid Pressure 
and Vapour Pressure vs. Pellet Saturation (particle size 7.1 Dm). 



TEMPERATURE 300 '~  
AIR VELOCITY 1 mls 
POROSIT'Y 0.32 
PELLET RADIUS 6 mm 
PARTICLE SIZE 17pm 

I 
I drying 
I 
I 
I 
I 
l 
I 

liquid pressure 

-- 

-- 
vapour pressure 

qgure 3.1 -2. Model Predictions of : Drying Rate, Liquid Pressure - 
and Vapour Pressure vs. Pellet Saturation barticle size 171um). 
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pressure curves. For the drying conditions in Figure 3.1.1, the intersection and transition is seen 

to occur early in the initiation penod, when the degree of saturation is still above 9546, i.e. before 

the constant-rate period could be reached. 

For the agglomerates of coarser particle size, the vapour-lock condition (eqn. 2.3.2.1) will 

occur later in the drying process. This scenario is illustrated in Fig. 3.1.2, in which the model 

results for a pellet with the average particle size 17pm and drying conditions somewhat milder 

than in Fig. 3.1.1 are plotted. For this d, =17pm case, the model predicts a drying-rateturve 

pattern which is similar to the mild-drying case: first, the existence of a constant rate period, and 

second, the delay of the transition to the shrinking core regime well into the constant-rate drying 

penod. 

Figure 3.1.3 represents additional Zaharchuk-mode1 predictions for the same conditions 

as in Figure 3.1.1. Shown are the dryrng-rate curve and curves for the temperatures at the surface 

and the wetldry interface (curves 2 and 3 respectively) as a function of time. Simila. cuves have 

been presented in Figures 2.4.4.2 and 2.4.4.3. 

Ihyng begins with the initiation period (portion AB in Figure 3.1.3). As in the "classical" 

case, the rate here is cootrolled by the heat and mass transfer across the boundary layer. However, 

the rapid heat supply to the surface causes the temperature of the surface and the rest of the body 

to rise rapidly. Comspondingly, the equilibrium vapour pressure at the surface will rise 

exponentidly. The vapour-lock condition (eqn. 23.2.1) is reached at point B. For the set of 

conditions in Figure 3.1.3 the sudace temperature, at which the vapour lockcondition is reached, 

is only 43.5OC. 

The shrinking-core drying regime, thmfore, sets in starting at point B. In the Zaharchuk 



AMBl ENT TEMPERATURE: 4 0 0 ~ ~  
AIR VELOCITY: 5 m/s 
POROSITY: 0.32 
PELLET RADIUS : 6 mm 
PARTICLE SIZE: 7.1 p m  

time (sec) 

igure 3.1.3. Drying Rate Curve (1); Temperature at the Surface (2) 
- - 

and at the Interface (3). 
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model, the transition between the surface and shrinking core drying penods is incorporated by 

assuming it to be an instantaneous event. The liquid pressure in the average pore size is 

calculated and compared to p.4 When the two become equal (see Figure 3.1. l), the calculation 

proceeds on the bais that the shrinking core period has begun. The sharp drop of the calculated 

chytng-rate curve at point B in Figure 3.1.3 is to be noted. This is a direct result of the assumption 

that the surface/shnnking-core transition is instantaneous. Now, that the wet/dry interface has 

receded into the pellet intenor, vapour diffusion through the dry shell becomes a significant 

contributor to the rate-control of the drying rate. The rate, therefore, shows the sharp 

instantaneous drop. The same effect is to be noted also in Figure 3.1.2, where there is a nearly 

vertical drop in the drying rate, following the constant-rate period. Such sharp rate changes, and 

a minimum in the d y n g  rates, however, are simply unknown in practice. ClearIy, a fault is in the 

assumption of the surfacelshrinking-core transition k ing instantaneous. 

The next important mode1 prediction (see curves 2 and 3 in Figure 3.1.3) is that the 

temperature at the wet/dry interface continues to rise rapidly beyond the vapour-lock point. This 

results from the that the vapour pressure, the driving force for difision of the vapour through 

the dry shell, is increasing with temperature. Hence, the drying rate again begins to nse rapidly 

following the minimum near point B. 

As the wetldry interface temperature reaches lOm (point C in Figure 3.1.3), the water 

vapour pressure exceeds p, , the surrounding gas pressure. Now the mechanism of vapour 

transport changes from diffusion to Darcy flow. Much smalIer presstue ciifferences between the 

interface and the surface (compared to the diffusion regime) sufice to remove the water vapour. 

Consequendy, heat nansfer alone becomes the rate-limiting factor. Since the resistance to heat 



conduction through the dry shell increases with now rapidly increasing thickness of the latter, the 

dryng rate begins to decrease. This starts at point C and the gradua1 decrease continues until the 

drymg is complete (portion CD in Figure 3.1.3). 

Granular agglornerates have a range of pore sizes. It is inherent to dryng of these 

materials that the surfacelshrinking core transition will occur during an extended period of tirne. 

An extended drying model has been developed in this study and is presented in the next Section. 

It resolves satisfactorily this limitation of the original Zaharchuk model. 

3.2. Extended Drying Mode1 
As a starting point of model development it is herewith asserted that, phenomenologically, 

the surface/shrinking-core transitional pend for the intense dryng conditions is somewhat similar 

to the fint Ming rate period in the 'classical' model. The key f e a m  in both cases is that the 

liquid pressure is not maintained unifody acnws the dryng surface as more and more pores of 

certain sizes become drained. However, there is a crucial difference between the mechanism 

details in these two cases. In the first falling-rate period the liquid is king  delivered to the surface 

through the intercomected sys tem of the small pores (see Figure 2.3.1 2). This is so because the 

latter have the lower liquid pressures and thus provide a larger dnving force for liquid flow. This 

process drains larger pores within the body, which are aiso intercomected and reach the surface. 

A key proposition of the present model is that for intense drymg the oppoaite takes place. 

This is iilustrated in Figure 3.2.1, which is a replica of Figure 2.3.1.2. The sxnailer capillaries 

(capillary B in the Figure), having the lowest liquid pressure, will be the fust to be the subject to 

the vapour-lock effect. Consequently, these smailer pores wiii be the fïrst to become dry. While 

this occurs, the surfixe drying can continue, via the system of larger pores delivering water to the 



Tpor izat  ion 

Figure 3 i l .  Simplifeii pore structure showing moisme migration for the intense dqhg 
conditions. 
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surface (capillary A in Figure 3 2 . 1  ). 

This is the important, fundamental distinction between the rnild and the intense drymg 

mechanisms. It should also be the reason, andor the mechanistic cause for any microstructural 

and physical property differences in the resulting agglomerates produced by these two dyng  

techniques. Investigation of the latter point is one of the objectives of this research and will 

receive further elabontion in this thesis, 

The extended mathematical model allows for the fact that a dispersion of the pore sizes 

exists. Further, it incorporates empincal information conceming the pore size distribution. The 

effect of the pore size distribution on the dryng rate during the period of transition from the 

surface to the shnnking core regimes then becomes calculable. The operating assumptions are as 

follows. Fint, the vapour lock sets in when the local liquid pressure within a capillary becomes 

equal to the equilibrium vapour pressure in the gas phase above such a capillary. When the 

aggiomerate has a wide pore-size distribution the above will apply to the smallest r, at the pellet 

surface. Then, as this condition is reached, the liquid delivery through this capillary will terminate. 

As the surface temperature anci, therefore, the vapour pressure keeps nsing, more and more 

capillaries with a larger r, at the surface become inoperative. 

The &ta on pore size distribution in the peliet used in the model is based on the results 

of mercury porosimetry (see Chapter 2.2.3.1). An if statement is included in each time step of 

the algorithm. It asks 'Tor which size of fl, does the value of pl equd to the value of pp ?". 

Then this fraction of the pore sizes is eliminated from consideration as liquid suppüers to the 

surface. 

The physical pic- of the intense drying process during the transitional period is show 



Figure 3.22. Simplified physical p i e e  of the intense dryïng during the transitional penod. 
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in Fig. 3.2.2. The pellet is represented as a water reservoir whose exterior surface is a porous 

shell pierced by a series of radial cylindrical capillaries (Fig. 3.2.2 a). A fundamental assumption 

is made that the capillary-radius distribution at the surface is equal to the pore-size distribution 

within the bulk of the pellet. The latter is, in this work. taken as being represented by the results 

of mercury porosimetry measurements. 

Water from the inner reservoir is being continuously supplied to the surface through the 

capillaries by Darcy flow. During the early surface-drying period, the rate of water delivery to the 

surface (eqn. 2.4.14) is comparatively fast and, therefore, does not contribute to the dryng-rate 

limiting factors. The vapour transport across the gas-phase boundary layer is the rate-limiting 

factor, determining the drying rate. As drying proceeds, the fraction of 'inactive' pores increases, 

and the water delivery rate decreases rapidly. At some point it will become rate-iimiting. The 

mode1 includes the calculation of the net water delivery rate G,, (eqn. 2.4.14). This calcuiated 

GDF value is compared to that of the effective drying rate in each iteration. As soon as it becomes 

smaller than the ability to difise across the bounâary layer (G,,sGM), the shrinking con drymg 

regime is assumed to set in. 

The following mechanistic assumptions are made in the present moâel. The symbols are 

defined in Figure 3.2.2: 

1) The temperature gradients are always positive in the radiai direction, Le. for any RI>& 

we have T, >T2 ; 

2) There are no temperatine gradients in the circumferentiai direction at a given value of 

R, Le. dT/d 8 =O; 

3) The water vapour pressure at the Iiquid suface is equal to equilibrium vapour pressure 
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at the effective, circumferentiall y uni form surface temperature TI; 

4) There are no circumferential vapour pressure gradients at a given value of R, i.e. 

dpJd m. 

At td- oall capillaries are filled with water in the entry suction sense. As drying proceeds, 

the condition is reached such that the vapour pressure over the capillary (1) in Fig. 3.2.2, which 

is the smallest capillary of the shell, becomes equal topl under its meniscus. At that instant the 

liquid delivery through capillary (1) is terminated and its water meniscus recedes from the surface 

to some new "equilibrium" position. Ractically this will be to a larger radius in the same 

"channel" as show in Figure 3.2.2 (c). Due to the positive radial temperature gradient, the 

temperature T, at the new location of the meniscus will be lower than that at the "surface" Tl. 

Comspondingly, the vapour pressure over the meniscus @ ,), which is the equilibrium vapour 

pressure for temperature T,, will be also lower thanp,,. Hence, there will be no positive vapour 

pressure gradient in capillary (1) to enable the vapour transport to the surface. Thus no 

evaporation at al1 will take place in capillary (1). 

As drying proceeds, more and more capillaries reach the condition p a b  and becorne 

inactive. Evaporation continues over the surfaces of the remaining large capillaries in which the 

menisci are stili at the "surface". The process continues until the 'originally fast' rate of water 

âeiivery to the surface by Darcy flow (eqn. 2.4.14) through the smaüest "still active" capillary size 

becomes less than the effective drymg rate (GwsGd). At this instance the "surface'' temperature 

T, shifts to a new, inward location of a smalIer radius R,. Thus, in effect, a wetldry interface is 

generated within the matrix. Starting at this point, drying occurs in the shell interior, rather than 



at the surface. In other words, the shrinking-core penod technically sets in. 

3.2.1 Program Algo rit hm 
Based on the cumulative pore size distribution (see Figure 2.2.3.2 a), the value of w,  the 

percentage of the specific r*, in the overall pore size distribution, is determined This value 

defines the fraction of the pore-size spectrum deactivated in the capillary water transport at a 

particular dryng time. The remaining fraction (2-w), therefore, will represent the fraction of the 

pores through which water is still being delivered to the pellet surface. 

Next, the value of effective drymg rate is calculated from: 

The value of G,,thus includes a correction for the pores, which are inactive at the specific point 

in time. The fact that the drying rate has been effectively altered by this operation requires that 

the corresponding changes are made to the heat balance, equation 2.4.1. 

This is done using an iterative technique. Since the appraach of iterative calculation of the 

surface temperature and correspondingp~ is alnady within the model, the changes introduced 

merely extend the iteration cycle. The convergence is defined to be complete when the diffgence 

between values obtained for p: in two iteration steps is less than 0.01 kPa and the surface 

temperature ciifference is less than 0.01OC. 

The following numerical methoci, called FINALEOR, has bem developed to calculate the 

effective drying rate during the period of the surface-to-shrinking core transition. In each time 

step, the value G*is cornpared to the value of G,, determined for pores larger than the smallest 
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"still active" pore size r,*. The model FINALFOR mns until the point is reached where GDF 

becomes smaller than the GM. This point is the critenon for the onset of the shrinking core drying 

period and is consistent with the physicd considerations in the Section 3.2. Following this instant 

the calculations of the dryng rate proceed via the original Zaharchuk model algorithm for the 

shrinking core regime. 

The individual steps of the calculation procedure are given below. The steps are also 

itemized in the flow-chart in Figure 3.2.1.1. 

1. The following information is read from the data file. It includes pellet parameters, initial 

conditions, extemal conditions, and other pertinent information. 

- Pellet radius 

- Porosity 

- Cumulative pore size distribution function as described in Section 2.2.3.1. 

- Initial saturation 

- Initial pellet temperature 

- Extemal gas velocity 

- Extemai gas temperature 

- initial the  step r 

2. Wnte ail the pertinent data 

3. Initial time tW 

4. Calculate the moisture content (MC) @g H20] 



Figure 3.2.1.1. Program aigorithm ff ow chart (part 1 of 2). 



Figure 32.1.1. Program algorithm fiow chart (part 2 of 2). 

, 



5. Surface D e n g  

a) New time tinzed* + r 

b) The equilibrium vapour pressure pp,  corresponding to the surface temperature is 

calculated using eqn. 2.4.7. if this is the fint iteration in this time step, temperature from the last 

time step is used. 

c) The heat and mnss transfer coefficients are calculated using the procedure of the 

Zaharchuk model. 

d) Evaporation rate is calculated using the equation 2.4.6. 

e) The amount of moisture evaporated during the time step r is calculated using the 

equation: 

M C =  G- r (3.2.1 2) 

f) New saturation level is calculated subtracting dMC from the previous saturation level. 

g) A heat balance is written. At the pellet surface it is given by eqn. 3.2.1.3: 
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h) The new equilibrium vapour pressure, corresponding to the new surface temperature 

is calculated, using eqn. 2.4.7. 

i) Coefficient B, from equation 2.4.19, is calculated. withp, equal top: from the previous 

step. 

j) The pore radius r,* from eqn. 2.4.17 is deiermined by equating (p,- ph to the value 

of B, in previous step 

k) Volume fraction (I-w) of the pores larger than r,* is found from the cumulative pore 

size distxibution function, which is described numencally by the polynomial fit or by Fourier's 

series. 

1) Effective drying rate is calculated using eqn. 3.2.1.1. 

m) Effective vapour pressure is found from the equation 2.4.6. by substituting the value 

of G e ,  for GBL. 

n) A new surface temperature is caiculated using the eqn. 3.2.1.3, corresponding to the 

effective vapour pressure at the surface. If the difference between it and the previous temperatm 

is less than O.OIO°C and if the sum of the absolute value of the corrections ofp,,#is less than 0.0 1 

kPa, then convergence is assumed and iterations proceed for a new t h e  step (i.e. item 5 a). 

6. The pertinent data is recordeci. The value of G@is compared to the value of G,,, The 

latter is calculated from eqn. 2.4.14 using the final set of parameters fiom the cumat thne step. 

If G& smailer than Gm the iteratioos proceed to the new time step (Le. item Sa). If GMrGOF, 

F I N U O R  routine stops and the calcuiations switch to the shrinking core routine taken h m  

the Zaharchuk model. 



3.2.2. Modelling the Shrinking-Core Drying Period 
The new extended model, presented in the previous Section, deals with the non- 

instantaneous transition from the surface- to the shrinking core drymg regimes. As soon as the 

wetfdry interface has shifted entirely into the pellet intenor, the new model algorithrn switches 

to the shnnking-core calculations according to the original Zaharchuk model. A basic assumption 

of the latter is a sharp interface between the wet core and dry shell of the pellet (see Fig. 2.4.4.1). 

Clearly, this assurnption of the Zaharchuk model is unrealistic (see arguments in Sections 3.1 and 

3.2), and it may cause significant deviations from experiment. An analogous model problem is the 

case of the surface/shnnking core transition. The model validation results reported in Section 6.1 

showed that, in fact, such deviations can be quite substantial in certain cases. 

In the present study an attempt has ken made to extend the mathematical model of the 

shrinking-core drymg period by including a non-sharp, or 'imgular' interface. It turns out that 

to incorporate a tnie imgular interface into the model algorithm is too complex a numencal 

problem and is not likely to be realisticaily solved 1911. An approximate solution, described 

below. was attempted. But even that was not successfui. 

In the original model algorithrn, the saturation level is caiculated for the entire wet-core 

region, i.e., it is uniform for ali volume elements in this region (see Figure 2.4.4.1). The model 

modification attempted to decrease the saturation level of the volume element on the COR side 

of the wet/dry interface. As a first approximation, the ciegne of saturation of this interface- 

containing element was set to the average between the two neighbonng elements - the inner one 

fuiiy within the wet core, and the outer one fdly within the dry shell: 



However, when used in the algorithm, even this relatively simple model modification 

caused the numerical program to stall. This failure was attributed to the stifhess of the 

fundamentai set of second-order partial differentiai equations describing the mass-, heat- and 

momentun balances, which have to be solved simultaneously for both the wet core and the dry 

shell regions of the pellet. This stiffness of the equation set causes instability and crashing of the 

numerical algorithm. Given its complexity. together with the time limitations of the current 

project. further attempts to solve this problem were discontinued. 

3.3. Effeft of Bentonite on Drying Behaviour 
Upon dryng. bentonite precipitates in the contacts between particles in the al1 important 

capillary sizes r, [48]. By bridging these contacts, bentonite effectively alters the pore 

microstructure of the agglomerate. Such microstmctural changes would be expected to become 

significant during the shrinking core regime, ir., when local drying without liquid movement is 

taking place. The Zaharchuk model considers the effect of bentonite on drying behaviour ody in 

comection with iiquid irnmobilization. The latter results h m  the viscosity increase accompanying 

the concentration increase upon drying. The model does not include the consideration of the 

effect of bentonite precipitation on the microstructure of the pores. 

In the present study, it was assumed that, for the purposes of modeiling of the drying at 

the peilet surface (both during the initiation- and transitionai periods), the effect of precipitation 

of bentonite on the microstructure within the pellet core can be negiected and the formalism 
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described in sections 3.1 - 3.2 is sufficient. The extended model, therefore, uses the sarne 

calculation of the viscosity of water-bentonite suspension as the original Zaharchuk model 1491: 

where p and p, represent the viscosity of the pure solvent and the dispersion respectively, @, 

represents the volume fraction of the suspended solids in the dispersion, k,, represents the 

reciprocal of the maximum packing fraction at which flow cm occur and A, is an empirical 

constant. Equation 3.3.1 is used to calculate the viscosity of the water-bentonite dispersion up 

to a maximum limit of 55,718374 times the viscosity of water. The latter factor has been 

arbitrarily chosen in the Zaharchuk model as a lirnit to avoid the mathematical singularity that 

arises in equation 3.3.1 as the maximum viscosity level is appronched. 

In the extended model the result of the viscosity calculation in each time iteration is 

compared to the maximum viscosity value used in the Zaharchuk model. If it is still below the 

critical level, the calculated value is substituted into the mass balance equation (2.4.11) and the 

effective drying rate is cdculated using the equation (3.2.1.1). When the value of viscosity 

becomes equal or larger than the crîticai one, the water-bentonite dispersion is assumed immobile 

and the aigorithm switches to the shnnking core regime calculations at that instant. 

Such a procedure accounts for the combination of either or both effects: of the critical 

capiiiary radius to cause local loss of capillarit. AND of the effective irnmobilization ofthe water- 

bentonite suspension at this particulai moment. 

This thesis work has included parailel experimental research, conducted to study the 

character of the bentonite precipitation. The objective has been to establish the effect of bentonite 
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precipitation on ovedl drying behaviour, as well as to validate the values of the above mode1 

parameters. These results will be described in Section 6.4. 

3.4. Matrix Expansion and a Hypothesis of its Cause 
A hypothesis has been proposed in the course of this study to explain the volume increase 

in tumbled iron ore agglomerates during dryng. It interprets this increase in terms of engulhent 

of the loose particles with the receding wet/dry interface (see Chapter 2.2.3.1). 

The hypothesis is based on the findings of the volume measurements of Griffith iron ore 

agglomerates on the wet and dry basis, which have been conducted in our research group by D. 

Lisieczko [SOI. Wet pellets were produced by two different methods: by usual tumbling procedure 

described elsewhere [47,50,51] and by pressure compaction in a 314" diameter double action 

mold. The densities of the individual wet pellets were measured. These pellets were then dried 

in the laboratory oven under the rnild drying conditions (-80°C) and their densities were 

measured again, now on a dry basis. 

The results of these density measurements, which have not as yet been published, have 

been summarized by the author and are presented in the Table 3.4.1. 

The data show conclusively that in the pellets produced by turnbling there is a signincant 

(up to 15%) porosity increase upon drying. On the other hand, there is practically no such 

increase for the pressure-compacted tablets made of the samc material. 

We propose the hypothesis that the reason for the porosity increase in the tumbled pellets 

is associated with the skeletal network structwe (see Chapter 2.2.3) of these pellets. It is assumed 

that the pressure compacted tablets do not possess such a structure and, hence, are unable to 



exhi bit such porosity increases. 

Table 3-4.1. Volume Increase of Iron Ore Pellets upon Drying [SOI. 

1 I 

Pellet Description 

- - - 

1. Plant pellets (0.8% bentonite) 

2. Laboratory pellets (tumbled): 

- wet filter cake w/out bentonite - dried f/c with 0.8% bentonite 
- dried f/c with 1.2% bentonite 

3. Pressure compacted pellets: 

- direct compaction (1.21 bent.) - balling and recompaction 
(0.8% bentonite) 

wet basis 1 dry basis 1 
Porosity e 

I 

Next, we hypothesize that the reason for the volume increase in the tumbled pellets is the 

particle movement during drying, caused by the engulfment of the fine lwse particles with the 

receding liquid/solid/gas interface (see Chapter 2.2.3.1). The essence of this hypothesis is 

illustrated in Fig.3.4.1. As drymg proceeds, the smaller loose phcles, which onginally occupied 

positions in the voids of the pellet, i.e. which were not part of the skeletalaetwork structure, had 

low coordination numbers and were not anchored between others, are dragged into the interstices 

between the bigger, network-creating ones. As the pendular state of the agglomerate is 

approached, the amount of fines concentrated in the contact areas becomes large and the capiilary 

radius, therefore, smdl. The consequentiy low liquid pressure tends to pull in the "surface 

particles" and thus, to pry apari the skeletd network structure of the aggiomerate. The resuit is 

the observed increase in porosity. 

(AeleW&x 100% 
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The important thing to note is that the pore size increase was observed under mild drymg 

conditions (dryng in the oven at 80°C). The particle engulfment phenornenon should be expected 

during such mild or 'slow' drying, where the solid-liquid-gas interface is receding from the larger 

to the smailer pores. The picture might, however, be quite different during the intense drymg, 

based on the argument presented in Chapter 3.2. The contact areas between large particles, 

representing the nec ks in the ink-bottle structure, are li kely to be the prirnary si tes for the vapour 

lock. Creation of local gaslliquid interfaces in these areas will, consequently, hinder or prevent 

the engulfment process. It should be noted that the latter implication is a relatively new 

conceptual development. It was further studiedexperimentally and the results of this research are 

presented in Chapter 6.2. 



Chapter 4 

RESULTS OF MODELLING INVESTIGATIONS 

In this Chapter a selected set of results of modelling of dryng of agglomerate pellets is 

documented. A preliminary section, Section 4.1, is devoted to defining the relationship between 

the pore size of the agglomerate and extemal diying conditions, so as to define the onset of the 

vapour lock. 

In the subsequent Sections, results of calculations using both the original Zaharchuk and 

the extended models are documented as follows: 

(1) the effect of pore size of the agglomerate on the *ng curve, and on the pattern of 

body temperatures reached under a 'typical' set of drying conditions. 

(2) a definition of the range of pellet properties and drymg conditions for the occumnce 

of the "intense" venus "mild" drying regimes. 

(3) results of a theoreticai investigation of the benefits achievable using 'hunbling-and- 

drymg". This is a potentially attractive modification of the industnai process of iron ore 

pelletizing, in that improvements in the spalling resistance under conditions of intensive drying - 

and thus process capacity and economy improvement - are possible. 

4.1 Conditions for the Occurrence of the Vapour Lock 

The theoretical analysis in Section 3.1 suggests that the occurrence of the vapour lock 

4.1 
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should be lirnited to agglomerates of fine granular materials dried at relatively intensive 

conditions. 

At issue is to quantify the range of pore size (r,) in combination with the local 

temperature (2') and pellet saturation (S)) at which the vapour-lock condition is likely to set in. 

The following computation has been performed to estabüsh the dependence of roc, the critical 

pore radius at the instant of vapour lock @ypoV) as a function of pellet's temperature T and pellet 

saturation S. 

Equations 2.4.19 and 2.4.17 cm be combined to obtain the following expression for r ~ :  

Recall that the parameters B are the constants in the capil lary-pressure versus saniration equation, 

eqn. 2.4.19. 

Next, in order to reflect the vapour-lock condition (eqn. 2.3.2.1), the expression for 

equiiîbrium vapour pressure (eqn. 2.47) was substituted for the liquid pressure in equation 4.1.1. 

Finally, the temperature dependence of the surface tension of the Liquid (yJ, takm from Perry 

and Chilton [72], was substituted for y,: 

y,, = 2 (-0.002 T + 0.1 2 15) (4.1.2) 

The resulting equation, giving the critical vapour-lock pore radius as a function of 

temperature and the degree of saturation, is: 



24-0.002T t 0 . 1 2 1 5 ) - ( 1 - e x p ( - B ,  a ( 1 - S ) )  
r * e  = 

O - B 3 ( l  - slB4 - B , ( l -  S) 
PT - P V  (S - (S, - 0.0 15))~' 

The vapour-Iock pore radius r*, in eqn. 4.1.3 was also connected to the particle diarneter 

d, by combining eqns. 2.4.15 and 2.4.18: 

The important feature of this exercise is that it uses fundamentai thermodynamical 

correlations among the parameten. Hence, the conclusions drawn from the results can be 

generalised to different drymg systems. 

The rrsults of the calculations using eqns. 4.1.3 and 4.1.4 are presented in the fonn of 

three-dimensional graphs in Figure 4.1.1. The local temperature T and body saturation S are 

plotted as x- and y-axis respectively and the corresponding "vapour lock" pore radius r*c is 

plotted as the z-axis. Also plotted dong a secondary z-axis are the corresponding values of 

particle diameter d,, calculated using eqn. 4.1.4 for the 'typical' value of pellet porosity of 0.32 

Fig. 4.1.1 (a) shows that, for the range of saturation between 0.2 (the pendular state) and 

1 (Ml saturation), and in the range of temperatures from O°C to 84OC, the "vapour lock" pore 

radius is in the range of 1.0 to 2.8 Pm. This corresponds to the range of mean particle diameters 

between 8 and 22 pm. 



?gwe 4.1 .l . Dependence of criücal pore radius and related particle diameter on surface 
temperature and saturation: a) over temperature range 0-80 deg.C; 

b) over temperoture range O -94 deg.C. 
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It is of interest to provide a more detailed picture of the relationships in the extreme 

corners of the graph. It cm be seen in Figure 4.1.1 (a) that, as saturation approaches the pendular 

state and surface temperature cornes close to LOO0C, the equivalent pore radius "shoots up" to 

relaùvely high values. A cornpressed-axis graph is shown in Figure 4.1.1 (b). At 94OC and 

saturation 0.22, i.e. the typical pendular-state value, r,* is equal to 18 p. This corresponds to 

a particle diameter of 165.6 Pm. For conditions involving high pellet temperatures, therefore, the 

vapour lock may occur in packings of quite coane particles. 

Practical inferences can now be drawn with respect to the specific interests in this thesis: 

the drying of porous agglomerates. The fint is that for agglomerates of fine particles the vapour 

lock sets in at relatively low body temperatures. For such aggiomerates. the characteristic drymg 

regime is likely to be the "intense" one (i.e. no constant-rate drymg period), even under relatively 

"mild" diying conditions. This accounts for the observations in the available literature [59,60] 

that, indeed the absence of the constant-rate drying period was confined to agglomerates with 

fine pores. 

The second is the behaviour of agglomerates of large particles (e.g. >20 pm mean particle 

diameter). For the vapour lock to occur here, a hi& local temperature, e.g. 80°C, is required. 

Thus, a set of conditions, which would produce an intense drying regime for most ore 

aggiomerates, wouid result in a typicaiiy mild regime in this case. However. another aspect of this 

evidence is that the constant-rate àrying period can be brought to an end by the nse of the body 

temperature during its latter part. Thus, the large-pore vapour lock is likely to be important in 

the mechanism of the breaking-up of the iiquid phase continuum in cases where the bodyreaches 

the pre-penduiar stage of drying. 
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Of interest is the "lower limit" of the occurrence of the vapour lock. Calculations show 

that the minimum pore size for the vapour lock to occur at conditions near zero temperature, e.g. 

at T ~ . O O L O C  and Sa.999, is 5.2 1 1- m (particle diarneter 0.4804 pm). Much attention has 

been devoted to the question of whether macroscopic thermodynarnic equations are still 

applicable at such low pore sizes [77-821. Fisher [82] reports that the force of adhesion for water, 

calculated f'om macroscopic therrnodynarnics, agrees with expenment for meniscus radii above 

5 nm. Thus, for water, a pore size of 10-15 molecular diameters is sufficient to establish its 

macroscopic properties. This is, still, an order of magnitude lower than the lower limit of the 

applicability of the vapour lock noted above. Consequently, our approach of applying the vapour 

lock effect to the drying of fine (e.g. pore size of 0.1-IOpm, or particle diarneter of - 1-100 pm) 

granular materials is valid. 

4.2. Modeiiing of Drying Behaviour 

The extension to the drying model was documented in Chapter 3.2. In this Section the 

modelling results are presented for two sets of pore-size parameters of the agglomerate. The 

purpose is to specifically demonstrate the Limitation of the Zaharchuk model and the ability of the 

extended mode1 to better deal with the onset of the vapour lock in general, but in particdar with 

the agglomerates featuring pore sizes in excess of about 2 Pm. 

Figures 4.2.1 and 4.2.2 present weight-loss curves and drying rate curves both plotted 

versus tirne. Figure 4.2.3 presents the calculated temperatures at the peilet surface, at the interface 

and the centerplotted vasus tirne. The 'typical pellet' parameters and drying conditions [l] were 



AMBlENT TEMPERATURE 400 C 
AIR VELOCrrY 5.0 mis 
PELLET RADIUS: 6.0 mm 
POROSITY: 0.32 
BENTONITE 0.0 % 
PARTICLE SlZE 7.1 um 

80 100 1 20 140 160 

time, sec a) 

O 20 40 60 80 1 O0 120 140 160 
time, sec b) 

igure 4.2.1 Drying Curve Predicted by: (a) - the Zaharchuk Mode1 ; 



AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 5.0 m/s 
PELLET RADIUS: 6.0 mm 
POROSITY: 0.32 
BENTONITE 0.0 % 
PARTICLE SIZE 7.1 um 

O 20 40 60 80 100 120 140 160 
time, sec a) 

O 20 40 60 80 1 O0 120 1 40 160 

time, sec b) 

igure 4.2.2 Drying Rate vs.Time Curve Predicted by: 
i )  - Zaharchuk Model; (b) - by the Extended Model: Particle Diarneter 7.1 um. 



AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 5.0 m/s 
PELLET RADIUS: 6.0 mm 
POROSIN: 0.32 
BENTONITE 0.0 % 
PARTELE SlZE 7.1 um 

350 - 

time, sec 

! 

7 
surface 

interface 

the, sec 

îgure 4.2.3.(a) - Surface- , Interface- and Centre Temperature vs. Time Curves 
Predicted by the Zaharchuk Model; (b) - Surface- and Interface Curves 
Predicted by the Extended Model: Particle Diameter 7.1 um. 
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used in these simulations (see Section 2.4.4). The upper p p h s  in the Figures correspond to the 

results using the 2aharchuk model and the lower ones - to those using the extended model. Note 

that the extended model algorithm does not incorporate the prediction of temperature at the pellet 

center. Hence, there are only two curves in Figure 4.2.3 b comsponding to temperatures at the 

pellet surface and at the interface. 

For an average particle size of 7.1 Fm there is practically no difference in the shape of 

drymg curves between the original and the extended model results(Figure 4.2.1 a and b 

respectively). The drying-rate curves calculated using the Zaharchuk mode1 show the odd 

"saddle-shape" portion in the initiation period. This is direct consequence of theassumption of an 

instantaneous-transition ( Section 3.1). This 'saddle' is absent in the extended-mode1 plot. This 

fact is an obvious improvement over the original model. For this set of pellet parameters however, 

the benefit achieved by the model extension is not that significant. This is because the transition 

between the surface- and shrinking core dryng regimes occus early in the drying process. 

Therefore, the transition period here is relatively short. 

The latter point is reflected dso in Figure 4.2.3, where practically no difference in the 

shape of the respective temperature curves is visible. The depamire of the interface temperature 

curve fiom the surface curve, signaling the onset of the shrinking core drying period, occurs at 

-42'~. 

In order to highhght the siprUncance of the improvements to the model, additional mode1 

simulations were canied out with the average particle size d, of 20 pm instead of 7.1 pm. For this 

case, the transition to the shrinking-core drying regime is delayed and the difference between two 
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models becomes appreciable. Weight loss curves, drymg rate curves and pellet temperature curves 

predicted by the two versions of the model are shown in Figures 4.2.4 to 4.2.6 respectively. As 

previously, the upper graphs in the Figures present the Zaharchuk model predictions and the 

lower ones -- those of the extended model. 

Both drymg curves in Figure 4.2.4 exhibit a discontinuity, a new feature absent in the fine- 

particle pellet modelling (see Figure 4.2.1). The significance of the discontinuities is better seen 

on the respective drymg-rate curves in Figure 4.2.5. For the coarser-particle agglomerate the 

Zaharchuk drymg model (Fig.4.2.5 a) predicts a distinct constant-rate drying period. The latter 

is terminated by an instantaneous drop of dryng rate at 5 1 sec drymg time. This drop reflects the 

instantaneous transition to the shnnking core regirne. The vertical drop con-esponds to the 

observed inflection on the drying curve in Fig. 4.2.4 a. After this rapid drop, the drying rate nses 

again to a maximum at 68 sec, and then, finally, decreases until the end of the â y n g  process. 

Significantly, the extended model predicts no constant-rate drying rate period. Instead, 

Fig.4.2.5 b exhibits a distinct maximum at a drymg time of 25 sec, followed by a gradua1 

decrease of the drying rate until a drying time of 65 sec. The minimum, characteristic of the 

Zaharchuk model, is eliminated. A sharp discontinuity of slope in Figure 4.2.5 b is introduced, 

which reflects the completion of the transition to the shrinking con drying regirne. In time, this 

inflection corresponds to the change in slope of the drying curve in Figure 4.2.4 6. Mer a very 

brief rise foilowing the inflection, the drying rate decreases until drying is complete. 

The temperature curves for the above set of pellet parameters are presented in Figure 

4.2.6. An extensive constant temperature period, at 63'C, is evident in Figure 4.2.6 a. This stage 



AMBlENT TEMPERATURE 400 C 
AIR VELOCITY 5.0 m/s 
PELLET RADIUS: 6.0 mm 
POROSITY: 0.32 
BENTONITE 0.0 % 
PARTICLE SlZE 20 um 

60 40 time, sac 

O 20 40 60 80 1 O0 1 20 

time, sec 

igure 4.2.4 Drying Curve Predicted by: (a) - the Zaharchuk Model ; 
(b) - by the Extended Model : Parücle Diameter 20um. 



AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 5.0 m/s 
PELLET RADIUS: 6.0 mm 
POROSITY: 0.32 
BENTONlTE - 0.0 % 
PARTICLE SlZE 20 um 

O 20 40 60 80 1 00 120 
time, sec a) 

O 20 40 60 80 1 O0 
tfme, sec b) I 2 O  

igure 4.2.5. Drying Rate vs.TÏme Cunre Predicted by: (a) - Zaharchuk Model: 
- - -  

(b) - by the Extended Model: Particle Diameter 20um. 



AMBlENf TEMPERATURE 400 C 
AIR VELOCITY 5.0 mls 
PELLET RADIUS: 6.0 mm 
POROSITY: 0.32 
BENTONITE 0.0 % 
PARTICLE SlZE 20 um 

60 80 
time, sec 

O 20 40 60 80 100 1 20 
time, sec b) 

ïgure 4.2.6.(a) - Surface- , Interface- and Centre Temperature vs. fime Curves 
Predicted by the Zaharchuk Model ; (b) - Surface- and Interface Curves 
Predicted by aie Extended Model: ~ a c l e  Diameter 20um. 
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corresponds to the constant rate drying in Figure 4.2.5 a. According to the Zaharchuk model, a 

surface dryng regime sets in following the temperature rise during initiation penod, and continues 

until5 1 sec. After the instantaneous transition to the shrinking core drymg regime at 5 1 sec (see 

the corresponding vertical drop in drying-rate curve in Fig. 4.2.5 a) the surface temperature nses 

rapidly. The interface temperature also increases, although at a slower pace. hportantly, this 

causes the driving force for the product vapour diffusion through the dry shell to increase. Vapour 

diffusion controls the drymg rate at this stage (see Section 3.1), and this fact explains the nsing 

drymg rate in Figure 4.2.5 a between the -55 and 68 sec marks. The interface temperature in 

Figure 4.2.6 a reaches the 100°C mark at 68 sec time. This corresponds to the 'lower' local 

maximum on the drying rate curve (see Fig. 4.2.5 a). At this point the rate-controlling mechanisrn 

changes from vapour diKusion to heat transfer through the dry shell (see Section 3.1). 

Afterwaràs, both interface- and center temperatures stay constant just above 10m for the 

remainder of the drying process. This stage corresponds to the final decline of the dryingrate 

curve in Figure 4.2.5 a , caused by the resistance to the heat conduction through the dry shell 

increasing with the receding wet/dry interface. 

According to the improved model (Fig. 4.2.6 b), surface temperature also nses during the 

initiation period. After reaching the value of around 60°C at 20 sec, the temperature rise slows 

down, as the srnailest pores at the surface start to experience the vapour lock. Contrary to the 

predictions of the Zaharchuk model, a constant temperature is never established at the surface. 

M e r  25 sec of drymg (which corresponds to the maximum on the drying rate curve in Figure 

4.2.5 b), the suface temperature continues to increase gradudy. The mason for this rise is that, 
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as a progressively larger fraction of the pores is becoming vapour-locked (and therefore 

inoperative as surface-drying sites). an increasing fraction of heat input is being used for heating 

up the pellet. 

The surface-temperature nse in Figure426 b continues until the value of W°C is reached 

at 65 sec drymg time. At this point the area of the remaining unlocked pores, and, thus, the rate 

of water delivery to the surface by Darcy flow (determined by eqn. 2.4.14 in Section 2.4.1) 

becomes too small to consume the heat input to the surface. Hence, after the 65 sec mark, the 

shrinking corn penod effectively sets in. The surface temperature thereforr, rises sharply, while 

the temperature of the interface, reaches the 100°C mark, and stays almost constant for the rest 

of the dryng process. This stage corresponds to the decline of drying rate in Figure 4.2.5 b 

beyond the second small maximum. As in the Zaharchuk rnodel, temperature behaviour is 

explained by the increasing resistance to heat transfer through the ever-thickening dry shell. 

4.3. The Concepts of Miid and Intense Drying and Transition Between hem 

As stated in the previous chapters the term "intense drymg" was chosen to describe a 

drying regime which deviates from the 'classical' or mild-drying regime, i.e., is characterized by 

a complete absence of the constant-rate drymg period. The basic postdate of this study is that, 

in the intense drying case, the vapour lock interrupts the surface drymg stage before conditions 

for the constant-rate drying period can be established. In nini, it was show in Sections 4.1 and 

4.2 that the pore size of the agglomerate plays a very significant d e .  The objective of this 

Section, therefore, is to identify the combinations of pellet parameters (those controlling the pore 
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size, i.e., particle size and porosity), and drymg conditions (e.g., temperature), so as to define the 

distinction between intense and mild or normal drymg regimes. Also to be identified are the issues 

in the transition between the two drymg regimes. 

Figure 4.3.1 shows a series of drymg-rate versus time curves calculated using the original 

Zaharchuk model. The pellet-property parameter in the figure is particle diameter of the 

constituent powder and, therefore. the pore size of the agglomerate. Othenvise, the pellet 

properties and drymg conditions were the 'typical' ones. (Note that the mode1 allows for the 

dependence on particle size of the relevant pellet properties, e.g., the diffusivity and thermal 

conductivity). 

The Zaharchuk model was used for the calculations, because it is best suited to 

demonstrate the phenornenon of concem presently, namely the existence of a pattern of the 

highest achievable surface-diying rates as distinct from the maximum overall, or absolute, drymg 

rates. 

In Figure 4.3.1 the absolute maximum drying rates are indicated by the Bi while the 

maximum surface-ds>ing rates are the sharp maxima, familiar from Figures 4.2.2(a) and 4.2.4 

(a), and indicated by the A,. The latter are the values of the drying rates at the instant when the 

dtyng front shifts from the surface to the receding interface (recall that in the Zaharchuk mode1 

this shift is instantaneous). One notes that there is a definite pattern to the relative magnitudes 

of these two inaximum drying rates. For the fine particle-size pellets ( c w e s  I and 2) the overall 

maximum rate is higher than the maximum surface rate. For the coaner-particle pellets, when 

the surface/shrinking-core transition shifts to later stages of drying (cuves 3 and 4), these two 

maximum rates approach each other andor become identical at high enough pore sizes (curves 



DRYING RATE CURVES 
AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 5.0 d s e c  
PELLET DIAMETER 12 mm 
PARTICLE DIAMETER variable 
POROSlTY 0.32 
BENTONITE 0.00% 

O 50 time (sec) 1 O0 

igure 4.3.1. Maximum Surface-Drying Rates and Absofute Maximum Drying Rates Predicted by 
th6 Zaharchuk Model for a 'Typical Pellet Paranieters with Variable Particte Sire. 
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4 and 5). This makes the dryng-rate during the constant-rate period also the absolute maximum 

drying rate for the particuliir drymg conditions. Clearly. when a constant-rate period exists, the 

drymg-rate is both the maximum absolute drying rate, and the maximum surface-drytng rate. 

What has so far been referred to as intense dryng is associated with the non-existence 

of a constant-rate period. Under these conditions, the heat and mass transfer rates within the 

porous body of agglomerate are slowed down by the vapour lock. The actual maximum drying 

rate under "intense" drying conditions therefore, tums out to be less than that potentially 

possible, e.g.. where the heat and mass transfer across the boundary layer are the only rate 

limitations. To further document and illustrate these generalizations the results of additional 

modelling have been plotted in Figures 4.3.2 and 4.3.3. 

The maximum surface- and maximum overall diying rates achievable for a 'typicai' pellet 

are plotted against the pore-size-controlling variables, the particle diameter d, and matrix 

porosity r, respectively. The plots are for three drymg temperatures which cover the range of 

dryng intensity of interest presentiy. 

Figure 4.3.2 now shows systematically the trends which are merely suggested in Figure 

4.3.1: for small particle sizes (including the 'typical' 7.1 pm) the maximum surface-drying rate 

(shown with dotted lines) increases rapidly with the particle size (and, therefore, pore size!), 

while the overaii-maximum drymg rates stay ~latively constant or increase slightly. At acritical 

particle size, e.g. 15 Fm, 18 pm and 22 pm respectively for the 200, 400 and 600°C 

temperatures, the two become equal (compare the trends of the curve for dp18 pm in Figure 

4.3.1 at point A, and beyond). Both maximum drying rates, now equal, nse rapidly with 

inmasing particle size. Again, these trends continue at ail drying temperatures until a horizontal 
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MAXJMUM DRYlNG RATES 
(varying particle size) 

AMBIENT TEMPERATURES 200,400 and 600 deg.C 
PARTICLE DIAMETER variable 
AIR VELOCïiY 5.0 mis 
PELLET RADIUS: 6.0 mm 
POROSIN: 0.32 
BENTONITE 0.0 % 

400 deg.C 

200 deg. C 

average particle diameter, um 

Figure 4.3.2. Dependence of Model-predicted Maximum Drying Rates on 
Particle Diameter and Drying Temperature. Maximum Surface-Drying 
Rates are Shown with Dotted Lines; Solid Lines are the Absolute 
Maximum Drying Rates. 
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condition, a lirniting maximum dryng rate, is reached. The latter portions of the curves, of 

course, correspond to the drymg rates of the constant-rate periods in each case. 

Similartrends are also observed in the series of mode1 simulations, plotted in Fig. 4.3.3, 

where pellet porosity is the variable. Similarly to Figure 4.3.2, the absolute maximumdrying rate 

first stays essentiall y unchanged, and then rises with increasing porosity. When the latter reaches 

the value of typically 0.5,0.54 and 0.62, the constant rate drymg period sets in, for the dryng 

temperatures 200°C, 400°C and 600°C, respectively. Such high values of porosity are unrealistic 

in agglomeration practice. In the literature [15] this range of porosity values is, however, 

reported in connection with the very loose random packing obtained by fluidization (see Table 

2.2.1.1 in Section 3.21). 

A general and important observation is that, by increasing the drying temperature, i.e., 

the intensity of the drying conditions, the maximum absolute drying rates do become signuicantly 

higher, so that their values even when there is failure to reach the constant rate mng regime, 

are still the highest values achievable. 

The other important observation from these results is that the values of maxUIlum 

absolute drying rates for the cases of the socalled intense drying regimes (left portions of the 

curves) are in fact smaller than those at the constant-rate drying level. Yet the latter is to be 

identified as a 'milci' drying regirne. This observation may be somewhat discomforting with 

respect to the chosen terminology. Yet, it is simply a fact that, under a given set of conditions, 

the drying rate at the pellet surface is always potentiaily faster than at the receding wet/dry 

interface. 



MAXIMUM DRYING RATES 
(varying pellet porosity) 

AMBIENT TEMPERATURE 200,400 and 600 deg.C 
PARTICLE DIAMETER 7.1 um 
AIR VELOCITY 5.0 m/s 
PELLET RADIUS: 6.0 mm 
PO ROSITY: variable 

=igue 4.3.3. Dependence of Modekpredicted Maximum Drying Rates on 
Porosity and Drying Temperature. Maximum Surface-Drying 
Rates are Shown with Dotted Lines; Solid Lines are the Absolute 
Maximum Dryinçl Rates. 



4.4. Tumbling-and-Drying Investigations 

Tumbling-and-drying is a term used to describe the operation of a balling d m  with 

simultaneous injection of heated air to dry the pellets while they 'tumble'. It has been show in 

earlier studies 186, 1031 that the pellet matrix densifies uniformly in the process. Le. the pellet 

porosi ty decreases. Tumbling-and-drying, therefore. is potentiall y a method to increase the dry 

strength and spalling resistance of the pellets and thus is an attractive operation in the industrial 

production of the hi@-grade iron ore agglomerates. Another task addressed in this project, 

therefore, was to generate both mode1 and experimental results to assess quantitatively the effect 

of the tumbling-and- drymg operation on the resulting dry strength of the pellets, on stresses 

built up in these pellets during intense drymg, and thus the increase in their shock temperature. 

The latter term will be defined further in this Chapter. 

44.1. Existing Experimental Data Base 

Six groups of pellets have been produced previously in our goup by tumbling-and- 

drying [50,92] using a laboratory pelletizing drum. The blowing of heated air over the pellet 

charge in the rotating pelletizing d m  was intemipted six times and pellet samples were 

collected for later analysis. The sample pellets from each group were dried completely in the 

laboratory oven at 8S°C, and their dry strengths were determined using the diametral 

compression test (see Section 5.5). The results of this investigation are surnmarized in Table 

4.4.1.1. 



Table 4 
Group 

# 

The presented results show that porosity of the dried pellets has decreased significantly 

with the degree of tumbling-and-dlng. Also, the values of dry strength in these pellets are 

3.1.1 Results of Tumbüng-and-Drying Experiment 1921. 

correspondingly higher. The initial degree of saturation shows a significant scatter, presumably 

related to erron during handling. 

The increase in dry strength can be seen better in Figure 4.4.1.1, where the experimental 

values are plotted as a function of porosity. A iinear regression fit is shown with a dashed line. 

Also shown is the trend line predicted by the Zaharchuk mode1 (see eqn. 2.5.1.8 in Section 

2.5.1). The latter underpredicts the observed in- in dry strength in -bled-and-dried pellets 

by as much as 50%. This fact implies that some other mechanism, not includedin the model, may 

be responsible for the observed increase of these pellets' dry strength. A possible ongin of such 

a mechanisrn is the additional streugthening, resulting h m  extensive particle rearrangements, 
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(15.3421) 
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(29.0784) 



Zaharchuk model 

Figure 4.4. 1.1. Experimental Results of Dependence of Dry Strength on Porosity in 
Tumbled-and-Dried Pellets. 

the destruction of the particle network structure (see Section 3.4) and of the ink-bottie effect and 

. thus an increase in the CO-ordination number. Also, interparticle contacts due to part..de 

migration during drymg (see Chapter 3.4) may be a factor. 

4.4.2. Modemg the Drying Behaviour of Tumbled-and-hied Pellets 

In the modeliing of the drying behaviour of tumbled-and-dried pellets during intense 

drying, properties of representattive pellets h m  groups 1,4 and 6 were used. These represent 

a sufficient range of degrees of tumbling-and-dcying exposm. Key properties of these pellets 

are listed in Table 4.4.2.1. 



Table 4.4.2.1. Parameters of Tumbled-and-Dried Pellets [52] 

Typical' rapid drying conditions, 400 '~  and air velocity 5 rn/sec, were used in the 

simulations. The resulting drymg-rate curves are shown in Figure 4.4.2.1. The densest Pellet 6 

can be dried much faster than the other two. Its total drymg time was 62 seconds, which is two 

times shorter than that of pellet 4. Gains in drymg time attained in pellet 6 overpellet 1 are even 

more pronounced - 1.25 times. 

Next is the evaluation of the resistance to spalling of the pellets densified by the tumbling- 

and-drymg operation. Results of the calculation of the maximum drymg stresses for the three 

pellets are shown in Figure 4.4.2.2. Plotted are the total circumferential stresses at the wetldry 

interface versus percent radius. The circumferen tial stresses are the highest (see argument in 

Section 2.4.4) and, hence, they are considered as the pnmary cause of pellet spalling [l]. 

The differences in stress levels built up in the pellets are relatively minor. The stress 

cuve for pellet 6 at fust exhibits a higher slope and then a Iower one cornpared to the curves 

forpellets I and 4. The horizontal lines in Figure 4.4.2.2 are the experimentally measmd values 

of dry strengths of the pellets, taken from Table 4.4.2.1. 

The susceptibility of peilet to spalling is indicated by the points of intersection of the 
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OF THE TUMBLED-AND-DRIED PELLETS 

MATERIAL GRIFFITH CONCENTRATE 
PARTICLE DIAMETER 7.1 um 
AMBIENT TEMPEFUTURE 400 deg. C 
AIR VELOCITY 5.0 m/s 
Pellet Parameters: Pellet 1 Pellet 4 Pellet 6 
PELLET RADIUS: 6.05 mm 6.18 mm 4.54 mm 
POROSITY: 0.3296 0.2986 0.2554 
SATURATION 0.875 0.862 0.829 

time, sec 

igure 4.4.2.1 .Mode1 Drying Rate Curves of Pellets Produced by Tumbling-and-Drying. 



TOTAL CIRCUMFERENTIAL STRESSES AT INTERFACE 
Temperature 400C 
air velocity 5 d s e c  
pellet parameters: variable (see Table 4.4.2.1) 

O 20 40 60 80 100 
percent pellet radius 

qgure 4.4.2.2. Total Circumferential Stresses at Interface during Drying 
at 400 deg.C of the Tumbled- and-Drîed Pellets. 
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respective stress- and strength lines. According to Figure 4.4.2.2, pellet 1, being mechanically 

weaker, will likely experience spalling at the early stages of drymg at 400°C. Its wet/dry 

interface is still close to the pellet's surface. Pellet 4, andespeciallypellet 6 are not likely to spall 

at this drytng temperature. Their dry strengths are substantidly higher and intercepts of the 

strength lines with the respective stress curves occur when the wetldry interface is deep in the 

pellet's intenor, or, in case of pellet 6, does not occur at dl. 

The above results show clearly that there are significant prospective benefits of the 

tumbling-and-dryng operation. These advantages are two-fold: the fint is that part of the 

moisture is removed prior to the drymg operation, making the latter technological process 

easier. The second is a significant degree of strengthening of the pellets due to their 

densification. Even though the stress buildup in the pellets is not changed greatly, the improved 

tensile strength inmases resistance to spalling. This fact would allow the drying operation to 

be carried out under more intense conditions, thus irnproving the capacity of the indurating 

machines und reducing the operating cost. 

4.4.3 Modehg of the Spalhg Resistance during intense Drying 

A more systernatic mode1 simulation of the stress buildup in pellets produced by 

turnbling- and-drying was performed as described below. The purpose was to predict the 

limiting drying conditions at which spalling cm be avoided. 

The concept of a shock temperature is used in the literature [93-961 to provide a 

mesure of the pellet's spalling resistance (see Chapter 2.5.2). In our study we arbitrariry 

defined the shock temperature to be the drying temperature at a 'typical' air fl ow of 5 rn/sec, at 

which the level of total circumferentid stress at the wet/dry interface location of 50% of the 



pellet's radius exceeds the value of the pellet's dry strength. 

Simulations of drying at different drying temperatures were performed on a pellet with 

0.8% bentonite and varying porosity values but otherwise 'typical' parameten and dryng 

conditions (see Table 2.4.4.1). The strengths were calculated using eqn. 2.5.1.8. Results of these 

simulations are presented as a plot of the shock temperature against pellet's porosity in Figure 

4.4.3.1. 

Figue 4.4.3.1. Model Dependence of Shock Tempe rature on Pellet's Porosity. 

The graph shows clearly the beneficiai effect of pellet's densification that can be achieved 

by turnbling-and-drying. The densification would enable inmashg the drying temperature by 
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as much as 30%, typically from 600 to 800°C, while still avoiding the spalling problem. 

4.5 Modeiiing of the Effect of Bentonite on Spalling Resistance 

The conventional way of improving the spalling resistance of the pellets, which has been 

used extensively for decades, is by adding bentonite [93-96, 1031. 

The effect of bentonite additions on shock temperature was modelled in this study. The 

model simulation procedure used was analogous to that used previously (see Section 4.4.3), 

except here the bentonite content, instead of porosity, was the variable. Results of model 

simulations are given graphically in Figure 4.5.1, which presents the dependence of shock 

temperature on weight percent bentonite added. 

According to our resuits, there is significant increase in spailing resistance as bentonite 

is king added. However, &ter bentonite concentration reaches 0.8wt.% (which happens to be 

a standard amount used in industry), this effect reverses itself. Any M e r  additions of bentonite 

have a detrimental effect on the shock-temperature. This trend is consistent with the resuits of 

Schultz et al. 1931 and Roorda et ai. [94] (see Chapter 2.5.2). 

In order to investigate this peculiar phenornenon, m e r  mode1 simulations were 

performed. Their aim was to establish the dependence of maximum stress levels at different 

temperatures and pellet's strength on the amount of bentonite ad&d and thus the reason for the 

maximum in Figure 45.1. The results of these model simulations are summarUed graphically 

in Figure 4.5.2. The c w e s  reprisent the &pendence of maximum temile stresses arising at a 

wetldry interface located at 50% radius of a 'typical' Griffith pellet at three different drying 

temperatures - 600°c, 620'~ and 650'~ .  as a function of amount of bentonite acide6 These 



Drying Temperature variable 
Air Velocity 5 mlsec 

Pellet radius 6 mm 
Porosity 0.32 
Bentonite content: variable 

0.6 0.8 
bentonite 

Figure 4.5.1. Results of Modelling of the Shock Temperature as a Funcüon of 
Bentonite Content 



Drying Temperature variable 
Air velocity 5 mlsec 
Particle sire 7.1 pm 

Pellet radius 6 mm 
Porosity 0.32 
Bentonite content: variable 

O I 1 I 1 1 1 1 1 

O 0.2 0.4 0.6 0.8 1 1.2 1.4 

% bentonite 

=igure 4.5.2. Modelling of the Dependence of Tdal Circumferental Stresses 
at Interface and Dry strength as a Function of Bentonite Content. 
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temperatures were chosen because they are adjacent to the shock-temperature peak in Figure 

4.5.1. Also plotted in the sarne graph is the pellet's dry strength, also calculated by the mode1 

(eqn. 251.8)' as a function of bentonite content. 

At low bentonite concentrations the stress level is rising much slower than the pellets' 

strength. As the concentration of bentonite approaches 0.88, however, this trend inverts, with 

stress curves rising faster than the pellet strength. It is this inversion of slopes that is responsible 

for the leveling-off the shock temperature near 0.8% bentonite content. 

Lower drying temperature stress curves yield two intersection points with the strength 

curve: one below and one above the 0.8% bentonite content. These points signify the highest 

temperatures, at the corresponding bentonite concentrations, at which no spalling cm be 

expected. 

As noted in Figure 4.5.1, the maximum temperanire at which a pellet containing 0.8% 

bentonite cm be dried 'safely' is 65ooC. At this temperature and bentonite level stress and 

strength curves in Figure 4.5.2 are tangent. Any further increase in the drying temperature 

would result in the stress curve exceeding the strength curve at ail % bentonite and thus 

ultimately lead to pellet's spalling. 



Chapter 5 

EXPERIMENTAL JMATERIALS AND PROCEDURES 

5.1 Experirnental Materials 
Much of the previous experimental work in ourgroup has been done using the magnetite 

concentrate fiom the Griffith Mine at Red Lake, Ontario. Although the Griffith Mine was shut 

down, a sizeable sample of the concentrate has been available since 1982. 

At the Griffith Mine the raw concentrate was beneficiated by scnening, magnetic 

separation and floatation. The resulting wet filter cake contained -9% water on a wet basis. 

Grifîith bentonite was used as binder, added at the level of 0.8% by weight. It was mixed with the 

filtered concentrate in a pug-mil1 mixer pnor to feeding into a balling drum. Particle size analysis 

of a typical sample of the Griffith concentrate is presented in Figure 5.1.1 [5 11. The mean surface 

particle dimeter of these samples was determined to be 18 pm which corresponds to the number- 

mean diameter of 7.1 p m  [l]. 

Two kinds of samples were obtained from the Griffith pelletking plant and used in this 

projec t: 

- filter cake without bentonite; 

- b a n g  druxn feed containing 0.8 wt.% bentonite. 

ui order to produce pellets with the coarser average particle size the finer fraction of the 
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samples were removed by screening. The resulting samples had a number-mean particle size of 

17 -20 Fm. 

Other materials being used in this project included the monosized nickel beads (particle 

size 7.5 pm) supplied by Sherritt Gordon Mines Ltd. and monosized glass spheres (particle size 

200 pm) obtained from Sigma-Aldrich Ltd. 

Labontory pellets were produced using the 200 mm diameter and 250 mm deep 

laboratory pelletizing dmm, described previously [47]. 

5.2. Drying Apparatus 

The availabie thermogravimetric d y n g  apparatus has been originaily designed by 

Zaharchuk [l]  and was further improved by the author [2]. It is shown schematically in Figure 

5.2.1. The apparatus consists of three parts: 

- an air heaterldryer column to carry out the drying under weii-defined temperature and 

Reynolds nurnber conditions; 

- an air supply blower and air heating facility, equipped with instrumentation to measme 

and control the flow rate and temperature of the drying air; 

- a Cahn electrobalance, to continuously monitor the pellet weight driring drying. 

The source of the air is a blower (Spiral mode1 SL 2EA2, supplied by Roton 

Manufacturing Co.); air fiow is controlled by a rotameter (type 4-HCF-1827, supplied by S&K 

Co.; float type 404). The heaterldryer column is a 750mm hi& pyrex tube attached to two pairs 

of cylindrical guides travelling on vertical rods (not shown in the Figure). The whole column is 

lifted up towards a pellet suspended from the Cahn electrobalance, so as to enable the pellet to 
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be rapidly placed into the m n g  zone. 

The heater/dryer column, schematicall y show in Figure 5 2.1. consists of two functional 

zones: 

- the air heating column; 

- the m n g  zone column. 

The air heating column is constructed from an outer 250 mm high by 90 mm inside- 

diarneter pyrex tube, identified as (1) in Figure 5.2.1. Two electric heating elements (2) (type HG- 

75 1, supplied by Elecm>-Sonic Co.), connected in series are positioned in the lower part of the 

m e r  colurnn. The voltage impressed ont0 the heating coils is controlled manually by 210V 25A 

powentat (type 1256D from Superior Electric Co.). The heating elements are placed into a 38- 

mm diarneter quartz tube (3). The space between the tubes is filled with fibreglass wool(4) to 

minirnize heat losses to the exterior. This two-layer insulation insures that the temperature of the 

pyrex glass (1) does not rise above its annealing temperature (-590°C). A stainless steel grate 

with the 5Omm deep bed of ceramic beads, resting on top of it (S), is located at top of the tube 

(3). The purpose of this bed of beads is to ensure air mixing and to achieve temperature and flow 

uniforrnity across and dong the height of the drying zone. Another purpose is to eluninate 

radiation from the heating coils to the drying zone. 

The drying zone is a 500-mm high by 50-mm inside diameter pyrex tube, constructed as 

an annulus, $0 ciesigned to minimize temperature gradients throughout its height. The inner wdi  

A of the pyrex tube is joined to the top of the outer tube (1) of the air-heating zone. Tube A is 

surrounded by another pyrex tube B (75 mm imer diameter) forming an annulus. Air, heated to 

the sarne temperature as the air in the air-heating coIumn, enters near the top of the annulus and 
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exits near its bottom. The temperature of this air is controlled by a heater D located in a separate 

column C. The heater is connected to a rnanually controlled powerstat. The outside of the dryer 

and heater columns is insulated by a fibreglass wool blanket (not shown in Figure 5.2.1, but 

shown in the photos in Fig.5.2.3). 

The drying zone temperature is preset by setting the electrical potential of the powerstat 

for a particula. air flow desired. Chromel-alumel thermocouples (type K) are used for tempenihm 

control in the drying zone. Temperature calibration curves are shown in Figure 5.2.2. The 

thermocouple TC, is located at the bottom of the drymg zone and measures the temperature of 

the entering air. Two other thermocouples are placed 50 mm below (TCJ and above (TG) the 

level at which the pellet is positioned during drymg. The temperature of the air entering the 

annulus is controlled by thermocouple TC,. 

The hot air stream exits the cûier column at its top. In order to separate the Cahn 

electrobalance from this hot stream a stainless steel shield, shown in Figure 5.2.3, is instailed 

between them. Also an additional moving lid, also shown in Figure 5.2.3, to prevent excessive 

convective heating of the surroundings between the drying runs, is affiied closely to the top of 

the dryer column. 

Weight loss measurement results h m  the Cahn electrobalance were recorded by means 

of the data acquisition/control unit, supplied by Hewlett-Packard Co. (mode1 3421A). An average 

of 5 consecutive readings with a time step of 0.1 seconds was taken as a single data point. The 

prognunm "COL.LECT.ROB" (copyright Hew lett-Packard 1984.1985) was used to take readings 

fiom the data acquisition unit into the IBM ICT cornputer. AU data were saved on a hard disk 
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5 3  Direct Measurement of Pellet-Centre Temperature 

A series of experiments designed specifically to measure the intemal temperature profiles 

during dryng was canied out. For this purpose the experimental apparatus was modified to 

include an extra thermocouple, TC, (see Fig. 5.2.1 a) to measure the temperature of the pellet 

centre during dryng. Chromel-alumel (type K) themiocouples made from 0.005m.m diarneter 

wires were used. Such fine thermocouple wires allowed the size of the hole drilled into the pellet 

core to be less than lmm in diarneter, thus minimizing the darnage to the pellet matrix. After the 

hole was drilled and the thermocouple inserted in it, the residual concentrate (produced by the 

drilling) was packed carefully into the remaining space between the thermocouple and the walls 

of the hole. 

The procedure of recording the pelletcentre temperature was simila. to the simultaneous 

weight-loss measurements, as descnbed above. 

5.4 Scanning EIectron Microscopy 

This section details the procedures used for preparing samples for the study under the 

scanning electmn microscope (SEM). Also, the SEM-analysis instrumentation is described in this 

section. 

The samples were studied using the JEOL Corp. JSM 840 scanning electron microscope. 

The images obtained on the electron microscope were photographed using Kodak Panatomic-X 

35mm film of 32 ASA. This film produces a negative of very fine grain which allows highly 

detailed enlargements. 

An important requirement of the samples to be used in the SEM analysis is that they be 
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electrically conductive and resistant to damage under vacuum. The specimens were placed on 

standard SEM stubs covered with liquid graphite solution, and were coated with gold using the 

SPI sputter metal-coating technique. An issue is the heaviness of such coatings. Studies of 

Hodgkin and Mun 1841 indicate that gold coatings of between 100 and 200A are appropriate, but 

these results were obtained using flat surfaces. For the highly irregular surfaces of the 

agglomerated materials, it has been found by Markievicz [85] that thicker coatings were more 

appropriate. However, such coatings can cover up minute topographical features, thereby 

reducing the ability to resolve the very finest detail. The duration of the sputter deposition was 

chosen such as to produce a 400A-thick coating. 

In the quantitative study of bmtonite deposits the energy dispersive spectroscopy (EDS) 

technique was applied. Silicon was chosen as the characteristic element and component of the 

bentonite. The X-ray energy range was 0-20 keV. Quantitative analysis, using the QX20-XAN- 

O 190 software provided by Link Analytical Ltd., was applied. 

There were two tasks in these studies: 

1) to determine the amount of bentonite at particular points of the sample's 

microstructure, i.e. the deposits at contact points between particles. The point 

analysis (at x5ûûû magnification), was used here ailowing the amount of bentonite in 

a small area of a sample around a certain point to be determined; 

2) to determine quantitatively the distribution of bentonite deposits throughout a 

diarnetral cross section, in particular dong the pellet's radial direction. The beam- 

scanning analysis was used hem It enabled to detenaine the average amount of 

bentonite deposited over large areas of the agglomenite as seen on the monitor of the 



microscope. 

5 5  Porosity and Dry Strength Measurements 

Pellet porosi ty was determined from the measurements of volume and weight, using the 

formula: 

where p, represents the density of solid magnetite, and rn and V are the pellet mass and volume 

respecti vel y. 

The pellet dry strengths were determined using the procedure descri bed in Section 2.5.1. 

Since a precise diameter measurement was required for determining pellet porosity and strength, 

the pellets were shaped into spheres using the cuning tools, show in Figure 5.5.1 and cie&bed 

elsewhere 147'5 11. The shaping was performed in a plexigiass '@ove-box' enclosure - this was 

done to prevent rnoisture loss. A relative humidity close to 100% was maintained by passing an 

air strearn through wnter and discharging into the atmosphere of the box. Slight condensation on 

the plexiglass provided the basis for humidity control. Diameters of the spheroidized pellets were 

measured in six locations and an average was recorded. 

Breaking loads L were measured using an Instmn universal machine at a constant 

stressing rate of 2.0 d m i n .  The strength factor UD' was then calcdated. Findy, dry streugths 



of the individual pellets (o,) were evduated using eqn. 2.5.1.6 (see Section 2.5.1). 





Chapter 6 

EXPERIMENTAL RESULTS AND MODEL VALIDATION 

6.1 Drying Experiments to Validate the Mode1 

In this chapter the results of model-validation experiments are documented. Results of 

two independent series of validation experirnents are reported: 

1) drying experiments, aimed at validation of dryng rate curves predicted by the model 

(Section 6.1. l), obtained prior to introducing the temperature-measuring technique; 

2) immened-thermocouple experiments, coupled with drymg-rate measurements, 

aimed at validation of wet-core temperanire profiles predicted by the model (Section 6.1.2). 

6.1.1 Drying of Coarser-ParticleSize Pellets 

The Zaharchuk mode1 has been validated experimentally by this author as part of his 

M.A.Sc. work [2] for a limited number of specific conditions. The Gnffiths iron ore 

agglomerates with a number-average particle size of 7.1 pm were used An example case of 

the drying-rate curve of a pellet without bentonite has been reproduced in Fig.6.1.1.1. 

Evidentiy, the agreement between the mode1 and expriment is excellent., thus validating the 



PELLET PARAMETERS: DRYING CONDITIONS: 
radius 5.4mm 
porosity 0.3032 
bentonite 0.0 % 
saturation 0.98 

temperature 440 C 
air velocity 1.0dsec 

O 50 time (sec) 150 200 

O 20 40 60 80 100 
molsture content % 

Figure 6.1.1.1. Drying Rate Curves of a Sample PeUet without Bentonite 
Plotted versus:(a) - Drying T m e  ; (b) -Percemt Moisture 121. 
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former. These results, moreover, showed conclusively that under the intense-drying conditions 

there was no constant-rate penod. The transition from the surface to the shrinking cote regime 

occurred early in the initiation period. This occurred befon the conditions which are inherent 

to the onset of the constant-rate drying could be achieved. For these conditions the 

surface/shrinking-core transition period may be considered short or non-existent (see 

modelling results in Sections 4.2 and 4.3). As a result, the fact that the Zaharchuk model 

ignores this period does not detract from the quality of the overall drymg-rate curve. 

It was discovered in other expenmentation, as part of the pnsent program, that, 

when agglomerates of a coarser particle size, e.g. 17prn, are king dned rapidly, the 

assumption of instantaneous transition in the original model may cause substantial deviations 

of model predictions from experimental data. The experimental drying rate curves for this 

case are show in Figures 6.1.1.2 to 6.1.1.6. A guide to these graphs is presented in Table 

6.1.1.1. The pellets were prepared from the coarser-particles powder sample, a screening 

product of the original Griffith concentrate (see Section 5.1). in Figs. 6.1.1.2 to 6.1.1.6 the 

results obtained using the original Zaharchuk model are show in the upper graphs, and those 

using the extended mode1 are shown in the lower graphs in each case. 

The experimental curves show a steeply nsing curve and a clear maximum, which is 

then foilowed by a falling-rate pend  There is generally good agreement between experiment 

and both models during the initiation penod and in the prediction of the total drying the. 

The discrepancy between the Zaharchuk model and experiment is in the rniddle of the Qying 

rate curves. As noted in Section 4.2, the original mode1 predicts the beginning of a constant- 



DRYING RATE CURVES 
AMBIENT T EMPERATURE 3 0 0 ~ ~  
AIR VELOClTY 1.6 m/s 
PELLET RADIUS: 5.45 mm 
POROSITY: 0.3005 
BENTONITE 0.0 % 
PARTICLE SlZE 17pm 
SATU RATION 0.96 

-7 - 

50 1 00 200 
time (sec) 

'Oo time (sec) 150 

:igure 6.1.1.2. Model Predictions of Experimental Drying-Rate Curve: 
a) - Zaharchuk Model; b) - Extended Model. 
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DRYING RATE CURVES 
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Figure 6.1 -1.3. Model Predicti*ons of Experimental DryingoRate Cunre: 
a) - Zaharchuk Model; b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 4 0 0 " ~  
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.4 mm 
POROSITY: 0.31 6 
BENTONITE 0.0 % 
PARTICLE SlZE 17pm 
SATURATION 0.97 

-9 - 

O 20 40 60 80 100 120 140 160 
time, sec 

qgure 6.1.1.4. Model Predicüons of Experimental Drying-Rate Curve: 
a) - Zaharchuk Model; b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 400 '~  
AIR VELOClTY 1.6 m/s 
PELLET RADIUS: 5.9 mm 
POROSITY: 0.31 O 
BENTONITE 0.0 % 
PARTICLE SlZE 17pm 
SATU RATION 0.93 

50 tirne (sec) 1 00 

O 50 time (sec) 100 

Figure 6.1.1 .S. Model Predictions of Experimental DryingoRate Curve: 
a) - Zaharchuk Model; b) - Extended Model. 



DRYlNG RATE CURVES 

AMBIENT TEMPERATURE 400 '~  
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 6.1 mm 
POROSITY: 0.304 
BENTONITE 0.0 % 
PARTICLE SlZE 17pm 
SATURATION 0.90 

50 fime (sec) 1 O0 

50 Ime (sec) 100 

:igure 6.1.1.6. Model Predictions of Experimental Drying-Rate Curve: 
a) - Zaharchuk Model; b) - Extended Model. 
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rate period (a horizontal portion of the drytng-rate curves), which is then interrupied by the 

sharp, near-vertical drop, identical to that discussed in connection with Figure 4.2.5 a. This is 

shown in Figures 6.1.1.2 a to 6.1.1.6 a. 

Table 6.1.1.1. Guide to the Results of Drying Experiments 
Griffith Concentrate 
Pellet Radius: 5.4 - 6.1 mm 
Porosity: 0.298 - 0.316 
Average particle diameter: 17pm 
Bentonite content: 0.0 % 
Pellet Saturation: 0.90 - 0.97 

The extended model predicts the experimental drymg-rate patterns much more 

successfully. Evidently, the inclusion in the model of a gradua1 transition between the surface- 

and shrinkingcore drymg regimes is a key improvement of the Zaharchuk model. As was the 

case in Figure 4.2.5 6, the drying-rate curves predicted by the extended mode1 shown in 

Figures 6.1.1.2 b to 6.1.1.6 b exhibit a distinct maximum, immediately foilowed by the falling 

rate period That part of the curves is in excellent agreement with experiment. 

Temperature 
L 

Air Flow Rate 

Figures 

Next, one should note that the experimental drying-rate curves in Figures 6.1.1.2 - 

6.1.1.6 exhibit an inflection during the falling rate period According to theoretical 

considerations (see arguments in Section 42) this inflection should occur during the 

30O0C 

1.6 m/s 

Fig. 6.1.1.2 and 
Fin. 6.1.1.3 

4OO0C 

1.0 m/s 

Fig. 6.1.1.4 

1.6 m/s 

Fig.6.1.1.S and 
Fia. 6.1.1.6 a 
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transition from the transition period- to the shrinking core regime. The extended-mode1 

curves show a discontinuity which corresponds to this transition (sec also Figure 4.2.5 b in 

Section 4.2). To be noted is that in Figure 6.1.1.3 and, to some degree, - in Figure 6.1.1.2 

this inflection occun in the same period as an inflection in the experimental curve. In the 

other graphs, however, the inflections on the experimental and the extended-mode1 curves do 

not coincide in time. Modelling modificatiork to eliminate the discontinuity and this 

discrepancy with experiment was considered (see Section 3.2.2) but eventually left beyond 

the scope of this thesis. 

Generally, the agreement of the extended model with expriment is quite good and 

thus the extended mode1 cm be considered as vdidated. 

6.1.2 Center-Temperahw Measmement 

Drying investigations which comprised drying experiments with the thennocouple 

immersed in the interior of the pellets (see Section 5.3) were cmied out in the course of this 

srudy. Their objective was to provide an independent experimental validation of the model, in 

this case - the prediction by the latter of the temperature patterns at the pellets' center. 

Several groups of pellets were made of Griffith concentrate of two different average 

particle sizes (7.1 and 17pm). They were dried at two sets of drying temperatures and gas 

flow conditions. Their temperatureat-the-center data were recorded versus time and show in 

lower graphs in Figures 6.1.2.1 and 6.1.2.2. 

corresponding drying rate curves of the pellets 

presented in the Table 6.1.2.1. 

Also shown for easier comlation are the 

(upper graphs). The guide to these graphs is - 



CORRELATION BETWEEN MODEL AND EXPERIMENT 
f ELLET PARAMETERS DRYIlYG CONDITIONS 
radius 5.7 mm temperature 3OOC 
avg. part. Size 7.1 um air velocity l.dm/sec 
porosity 0.2921 
bentonite 0.0 % 

iime (sec) 
120 

- mode! predicüon 

i experirnent 

tirne, sec 

Figure 6.1 2.1 a. Mode1 Predictions of: (a) - Experimental Drying-Rate Curve; 
(b) - Temperature at the Pellet's Centre . 



PELLET PARAMETERS: DRYING CONDITIONS: 
radius 5.4mm temperature 400 C 
avg. particle size 7.1 um air veIocity l.Om/sec 
porosity 0.3032 
bentonite 0.0% 
saturation 0.98 

Figure 6.1.2.1 b. Mode1 Predictions of: (a) - Experimental Drying-Rate Curve; 
(b) - Temperature at the Pellet's Centre . 
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CORRELATION BEWEEN MODEL AND EXPERIMENT 
PELLET PROPERTIES DRYING CONDITIONS 
radius 5Smm 
avg. particle sue 7.1 um 
porosity 0.2985 
bentonite 0.0 9% 
saturation 0.96 

temperature 400C 
air velocity l.Om/sec 

Figure 6.1.2.1 c. Mode1 Predictions of: (a) - Experimental Drying-Rate C w e ;  
(b) - Tem~erature at the Pellet's Centre . 

O ? 1 i 1 1 1 1 1 

O 50 . . 150 200 

X experiment 
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CORRELATION BETWEEN MODEL AND WPERIMENT 
PELLET PROPERTES DRYING CONDITIONS 
radius 5365 mm temperature 400C 
average part. Size  7.1 um air velocity l.6m/sec 
porosity 0.3157 
bentonite 0.0 % 
saturation 0.97 

‘7 T / - experiment i 

O 20 40 60 80 100 1 20 140 
time (sec) a) 

O 
$100 
w 
@ 80 u c al - model prediction 
O - 6 0 -  experimer 
a 

O 20 40 60 80 tOO 120 140 
time, sec b) 

Figure 6.1.2.1 d Mode1 Predictions of: (a) - Experimental Drying-Rate Curve; 
fi) - Temwrature at the Pellet's Centre . 



CORRELATION BETWEEN EXTENDED ~ D E L  AND EXPERIMENT 
AMBIENT TEMPERATURE 300 C 
AIR VELOCIN 1.6 m/s 
PELLET RADIUS: 5.35 mm 
POROSITY: 0.283 
BENTONITE 0.0 % 
MATERIAL GR1 FFlTH MAGN ETlTE 
PARTICLE SlZE 17 um 
SATURATION 0.95 

m o d e 1  predictions: 
temperature Q centre 

I I 

50 time, sec 100 

Figure 6.1.22 a Extended-Mode1 Predictions of: (a) - Expgimental Drymg-Rate Cuve; 
(b) - Temperature at the PeUet's Centre and Surface . 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 
AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1.6 mis 
PELLET RADIUS: 5.4 mm 
POROSIN: 0.298 
BENTONITE 0.0 % 
SATU RATION 0.94 
MATERIAL: GRIFFITH MAGNETITE 
PARTICLE SlZE 17 um 

experirnentternperature O centre - model ternperatures: @ surface 
gnd. Ocentre 

I 

Figure 6.1.2.2 b Extended-Mode1 Preâictions of: (a) - Experimental Drying-Rate C m e ;  
(€11 - Tem~eranire at the Peuet's Centre and Surface . 



CORRELATJON BETWEEN EXTENDED MODEL AND EXPERIMENT 
AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.4 mm 
POROSJTY: 0.31 6 
BENTONITE 0.0 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 17 um 
SATU RATION 0.97 

O 50 tirne. sec 1 00 a) lsO 

-I 

+ expriment 

m o d e l  tempemies: -8cenbe 
and O surface 

O 50 time, sec 100 b) lso 

Figure 6.1.2.2 c Extended-Mode1 Predictions of: (a) - Experimental Dxying-Ratt Cume; 
(b) - Temperature at the Pellet's Centre and Surface . 



. 
CORRELATION BEWEEN EXTENDED MODEL AND EXPERIMENT 

AMBlENT TEMPERATURE 400 C 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 6.1 mm 
POROSITY: 0.304 
BENTONITE 0.0 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 17 um 
SATURATlON 0.90 

O 50 tirne (sec) 100 
a) 150 

I l I 
O 50 ti me, sec 1 O0 b) 150 

Figure 6.1.2.2 d Extended-Model Redictions of: (a) - Experirnental D~ying-Rate Cmve; 
(b) - Temperature at the PeWs Centre and Siirfkce . 



AIR VELOCITY 
PELLET RADIUS: 
POROSITY: 
BENTONITE 
MATERIAL 
PARTELE SlZE 
SATURATiON 

-g T 

ZORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 
AMBIENTTEMPERATURE 400 C 

1.6 m/s 
5.9 mm 
0.31 O 
0.0 % 
GRIFFITH MAGNETITE 

O 1 
1 I I 

O 50 time (sec) 1 00 a) 150 

250 

- 

3 

expefiment 

m a d e  temperab--@ 
~ n m  ~d @surface 

I 

I I 

50 tirne, sec 100 

Frgure 6.1.2.2 e Extended-Mode1 Redictions of: (a) - Experimental Drying-Rate Curve; 
(b) - Temperame at the Pellet's Centre and Surf8ce . 
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Table 6.1.2. 1. Guide to the Results of Center-Temperature Measurements 
Griffith Concentrate 
Pellet Radius:5.365 -6.1 mm 
Porosity:0.2773 - 0.316 

- -  - -  

When pellets made of fine particles (7.lpm) are being dried (Figs. 6.1.2.1 a-d), the 

temperature at the pellet center (lower graphs) rises steeply until it reaches 100'~ and then 

stays approximately at the constant level. Significantly, this point coincides in time with the 

maximum on the corresponding drying-rate curves in the upper graphs. This validates our 

theoretical considerations (sec Section 3.1) that, for these fine-particle-size agglomerates. the 

drymg-rate maximum is associated with the transition of the mechanism of vapour-transport 

through the dry shell from diffusion to Darcy flow. The latter occurs when the temperature at 

the wetldry interface reaches IOO'C, and the water-vapour pressure becomes super 

atmospheric. 

Also shown in the graphs are the Zaharchuk mode1 predictions of the peliet-center 

temperature cwes'. They are in remarkable agreement with the experimental data. 

For the pellets made of the coarser particIes (17p)(see Figs. 6.122 a-d) the shapes 

of the temperature curves and the corresponding drying-rate curves are quite different As in 

Pellet Saturation : 0.90 - 0.98 

As mentioncd previously (see Section 4.2) the extendcd &l algarithmdocs not include the calculatim of the tunpuannr 
at the pellet center. Hence, the temperaturt rcsults in this Section are corrclatcd with the oriw iraharrhuk modeL 

3OO0C 

1.0 m/s 

.Pellets with average particle size - 
7.1pm 

.Pellets with average particle size - 
17~m 

4OO0C 

1.6 m / s  

Fig.6.1.2.1 
a 

Figs.6.1.2.2 
~b 

1.0 m/s 

Figs.6.1.2.1 
b, c 

1.6 m/s 

Fig. 6.1.2.1 
d 

I 

Fig.6.1.2.2 
c 

Figs.6.1.2.2 
4 e 
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the previous case, temperature curves (lower graphs) and corresponding drying-rate curves 

(upper graphs) rise at fiat. However, the maximum drying rate in coarser agglomerates is 

reached at much Iower pellet temperatures compared to fine agglomerates - around 60°C as 

opposed to lOO0C. Aftewards, the drying rate declines gradually while temperature at the 

pellet center is still rising. Al1 dryingrate curves exhibit inflections during the falling rate 

period, which coincide with the temperature of the pellet center reaching 100'C. 

These observations are in remarkable agreement with our theoretical considerations 

(see Section 4.2) that the drymg-rate maximum in coarser agglomerates is associated with the 

surface/shrin king core transition period, w hereas the dryng-rate M e c  tion during the f a h g  

rate penod is associated with the wet/dry interface reaching l0O0C and the corresponding 

changeover of the vapour-transport mechanisms. 

The extended-mode1 predictions of the pellet-surface temperature curves and the 

corresponding prediction for the drying-rate curves are shown in the respective graphs. The 

pellet-center temperature curves predicted by the Zaharchuk model are also shown. In most 

experiments the modeUexperïment agreement is quite satisfactory. The experimental results 

and their good agreement with model predictions uitimately validate the extended-mode1 

formalism described in Sections 3.1 - 3.2. 

6.2 Matrix Expansion Shidies 

Investigations of pore structure evolution during drying have been initiated and a 

ma& expansion hypothesis has been suggested (see Section 3.4). The latter is based on the 

findings of the volume measurements of Griffith irm ore pellets (see Table 3.4.1) before and 
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after their drying in the oven (drying temperature 80 '~ ) .  The volume increase is seen as king 

caused by the engulfment of loose fine particles with the receding wet/dry interface. The 

smaller loose particles, which occupied positions in the voids of pellet porous matrix and are 

not part of the skeletal-network structure, are dragged during dryng into the interstices 

between the bigger, network-creating ones. As the pendular state of the agglomerate is 

approached, the amount of fines concentrated in the contact areas becomes large, and the 

capillary radius, therefore, srnall. The consequently large capillary pressure tends to pry apart 

the rigid particle network structure of the agglomerate. The result is the observed increase in 

porosi ty. 

This particle enguifinent phenornenon should be expected during mild Wng,  where the 

solid-liquid-gas interface is receding fkom the pore center to the contact areas. The picture is 

quite different during the intense drymg, as the contact areas between large particles, 

representing the necks in the ink-bottle structure, are the pnmary sites of the vapour Iock. 

Creation of such local gadiquid interfaces in these areas will, consequently, prevent the 

particle drag into the contact areas. 

In order to investigate the latter conjecture and, ultimately, to vaiidate experirnentally 

the rnatrix expansion hypothesis, two independent approaches were taken: 

- direct volume and porosity measurements of the pellets on both wet and dry basis, 

initiated in our previous work; 

- repetitive drying of the pellets at varying drying conditions and cornparhg their 

drying rate curves 
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62.1 Porosity Measurements 

Experimental measurements of volume change the pellets undergo upon drying were 

conducted. The objective was twofold. Firstly, to increase Our experimental data base for the 

mild â y n g  conditions in order to validate the matrix expansion hypothesis. Secondly, the 

volume measurements on the pellets were also conducted following their drying under 

intense conditions. The purpose was to confim that the vapour lock wouid prevent the 

porosity increase observed under mild drymg conditions. 

6.2.1.1 Griff~th Iron Ore Agglomerates 

Pellets under investigation were made from Griffith iron ore concentrate with the 

average particle size 7.1pm. They were prepared by tumbling in the laboratory pelletizing 

dmm. They were subsequently dried in the dryhg apparatus at lûO°C and W C .  The air flow 

rate was 1.0 m/s in both cases. Volume and mass rneasurernents were conducted on these 

pellets before and d e r  drying and their porosities on wet and dry basis were calculated (see 

Section 5.5). Resuits are summarized in Table 6.2.1.1.1. 

Table 6.2.1.1.1 Porosity Measurements of Iron Ore Peilets upon Dryhg 

Our resdts show a significant porosity increase for drying at l a .  The resuIts are in 

good agreement with those obtained in our group previously for oven-dried pilets (see Table 

3.4.1). 

Pellet 
Description 

-Griffith iron 
ore pellets (avg. 

Part* 
diam.7. 1 ~ r n  

No. of 
P e i h  
Tested 

D m g  
Temperature 

40 

36 

% increase Average Porosity 

100°C 

40O0C 

14.183 (k 2.776) 

0.441(*1.3052) 

wetbasis 

0.3181 

0.306 1 

drybasis 

0.363 1 

0.3074 
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For the rapidly dned pellets the picture is drastically different. There is practically no 

porosity increase upon dryng. Moreover, some individual pellets within this group exhibited a 

slight pomsity decrease upon drying. 

These results establish that the matrix expansion phenomenon is limited to the mild 

dryng conditions. This, in tum, provides the first step in the confirmation of our hypothesis 

that the expansion occun as a result of the engulfment drag. 

6.2.12 Porosity Measurement throughout a Drying Run 

In order to investigate the matrix expansion phenomenon during mild dryng in 

greater detail the following experiment was conducted. Drying of a pellet at 100°C was 

intempted every 25 sec to measure its volume and mas, followed by a resumption of drying 

at the sarne conditions. This procedure was repeated until there was no change in pellet's 

mas, meaning that drying was complete. Values of the porosities at different times and of the 

corresponding degrees of saturation were then calculated and analyzed. 

The results of the experiment are s hown in Figure 6.2.1.2.1. The percent increase in 

the pellet porosity is plotted against degree of saturation. From the beginning of the drying 

process, until about Sd.4, there is only a smdl increase in porosity of the pellet. However, 

porosity starts to increase drasticdly as the pendular saturation level is approached. These 

results show that the porosity increase coincides with the final stages of drying, consistent 

with the mechanism postulated in Section 3.4. 



Drying temperature 1 50°c 
Air velocity 1.6 mlsec 
Pellet Radius 6.1 mm 
Particle diameter 7.1 p m  
% bentonite 0.00% 
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Figure 8.2.1.2.1. Results of Porosity Measurement throughout Drying Run. 



6.2.2 Repetitive Drying 

The matrix expansion hypothesis implies (and our results f'rom the previous sections 

corroborate this) that pellets dried under rnild conditions should possess a microstructure 

significantly different from that of the wet pellets. This means that, if rewetted and redried 

again, the pellets dried mildly the fint time should exhibit a drymg rate pattern different fiom 

that observed during the fint-time drying. At the same time, when pellets are dried under 

conditions of intense drying, their rnicrostnicture does not experience any drastic dterations. 

This suggests that pellets dried rapidly dunng the original run, should exhibit similar drymg 

behaviour during repeated drymg. In addition, the other possible combinations of the fiat- 

time / second-time drying cm provide additional valuable information regarding the 

phenornenon of matrix expansion. 

A series of repetitive Qying experiments was conducted on Griffith iron ore 

agglomerates to further substantiate the pore expansion hypothesis. The guide for the 

resulting experimeritd drymg rate curves is presented in the Table 6.2.2.1. 

One set of pellets (see Figure 6.2.2.1 (a-c)) was originaliy dried at 150°C (no drymg- 

rate c w ~ s  were determined for ihis step), then rewetted and reciried again at 400°C. The 

latter drying-rate curves are shown with dotted lines. Also plotted in the Figures are drying- 

rate curves obtained for the kshly prepared pellets dried for the fint tune at 4ûû°C. The 

latter curves are shown with thick lines on the respective graphs. 



REPETITIVE DRYING RATE CURVES 
DRYlNG 1 EMPERATURE 4 0 0 ' ~  
AIR VELOCITY 1.6 m/s 
PELLET RADIUS 5.09 mm 
BENTONITE CONTENT 0.00% 
PARTICLE SlZE 7.1 )im 

1.- - -  rewetted pellet 1 
i- fresh pellet 

tirne, sec 

Figure 6.2.2.1 a. Cornparison of Drying Rate Curve of the Fresh Pellet without 
Bentonite Drîed aï 400'C to that of the Rewetted Pellet Originally Dried at 150c, 

then Rewetted and Re-Dried at 40&. 



REPETITIVE DRYING-RATE CURVES 
DRYING TEMPERATURE 4 0 0 " ~  
AIR VELOCITY i .6 m/s 
PELLET RADIUS 5.447 mm 
BENTONITE CONTENT 0.00% 
PARTICLE DIAMETER 7.1 p m  

1 -fresh pellet 1 
l - - - . - -  rewetted pellet 

O 4 1 , r I 

O 20 40 60 80 100 120 140 

time, sec 

=@re 6.2.2.1 b. Cornparison of Drying Rate Cuwe of a Fresh Pellet without 
3entonite Dried at 40dC to that of the Rewetted Pellet Originally Dried at 15d~, 

then Rewetted and Re-Dried at 400k 



REPETITIVE DRYING RATE CURVES 
DRYING TEMPERATURE 400 '~  
AIR VELOClTY 1.6 d s  REMARKS: "rewetted pelletu 
PELLET RADIUS 5.778 mm was originally dried at 1 SO'C, 

BENTONITE CONTENT 0.00% then rewetted and redried 
PARTICLE SlZE 7.1 pm again at 400'~ 

g 9 g o . o  rewetted pellet 

O 20 40 60 80 100 120 140 160 

time, sec 

Figure 6.3.2.1 c. Cornparison of Drying Rate Curve of the Fresh Pellet without 
3entonite Dried at 406~ to that of the qg~e&~el le t  Originaliy Dried at 15&, 

then Rewetted and Re-Dfied at 40&. 



Table 6.23.1. Guide to the Results of Repetitive Drying Experiments 
Griffith Concentrate 

FlRST-TlME DRYING 

15OoC 4OO0C 

Drying rate curves of al1 rewetted pellets exhibited a steeper initiation period, and 

SECOND-TIME 1 DRYING 

higher maximum drying rates than the k s h  ones. 

Second set of pellets was originally dried at 4W°C (thick line). These pellets were then 

400°C 

rewetted and redried again at the same drying conditions. Resulting drying-rate curves for the 

fint- and second-time drying are shown in Figure 6.2.2.2 with a solid and a dotted line 

Fig. 6.2.2.1 (a<) 

respective1 y. The two curves are practically identical. 

Fig. 6.2.2.2 

Yet another pellet was dried at lSO°C, then rewetted and redried at the same 

temperature. Results are shown in Figure 6.2.2.3 with a thick and a dotted h e s  respectively. 

The fresh and rewetted drying rate curves are practically identical. Characteristic feature of 

drying-rate patterns in this group is a wellcstablished constant-rate drymg period in both 

curves. 

The final series of repetitive-drying experiments was performed on freshly-prepared 

pellets Qied at 150°C. Their drying-rate c w e s  (shown with thick lines) were compared to 

those of the rewetted pellets dried under the same conditions (shown with dotted lines). The 

latter pellets, before king rewetted and tested in this experiment, have been origindy dried 

at 400°C. 



REPETITIVE DRYING RATE CURVES 
DRYING TEMPERATURE 400% 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS 6.933 mm 
BENTONITE CONTENT 0.00% 
PARTICLE SlZE 7.1 p m  

I . _ - _ - .  rewetted pellet / 
I 
1 f r e s h  pellet 

O 20 40 60 80 100 120 

time, sec 

=igure 6.2.2.2 . Cornparison of the Drying Rate Curves of a Pellet without 
Benonite Dried at 400k then Rewetted and Re-dried at the Same 
Temperature 



REPETITIVE DRYING RATE CURVES 
DRYING TEMPERATURE 1 5 0 ' ~  
AIR VELOCITY 1.6 m/s 
PELLET RADIUS 5.646 mm 
BENTONITE CONTENT 0.00% 
PARTICLE SlZE 7.1 p m  

1- fresh pellet 1 ----.. rewetted pellet 1 

time, sec 

Figure 6.2.2.3. Comparison of the Drying Rate Curves of a Pellet without 
Benonite Dried at 150k then Rewetted and Re-dried at the Same 
Tempe ratu re 



REPETITIVE DRYING RATE CURVES 
DRYING TEMPERATURE 1 5 8 ~  
AIR VELOCITY 1.6 m/s 
PELLET RADIUS 5.673 mm 
BENTONITE CONTENT 0.00% 
PARTICLE SlZE 7.1 pm 

tirne, sec 

Figure 6.2.2.4. Comparison of Drying Rate Curve of the Fresh Pellet without 
Bentonite Dried at 15d~ to that of the Rewetted Pellet Originally Dried at 4062, 

then Rewetted and Re-Dried at 1 
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Results are shown in Figure 6.2.2.4. It is strikingly similar to Figure 6.2.2.3. Not only are the 

fresh and rewetted %ng rate curves very close, but also relative duration of the constant- 

rate drying period proportionally to the total one is roughly the same in both cases. 

We interpreted the results of the repetitive drymg experiments in line with our previous 

considerations. When pellets are originally dried at mild d y n g  conditions, their 

microstructure is significantly modified due to matrix expansion phenornenon. That is why, 

when rewetted and redxied again at 4 m  (Fig. 6.2.2.1), these pellets exhibited drying 

behaviour different frorn the one obsemed in fresh pellets. 

Pellets, which were dned initially at 4w0C (Figs. 6.2.2.2 and 6.2.2.4). did not 

experience any significant structural modifications due to occurrence of vapour lock, which 

prevented liquid engulfment into the contact areas. Therefore, when dried for a second time, 

they exhibited drying-rate curves practically identical to those of the fresh pellet. 

In this respect results obtained in Figure 6.2.2.3 were somewhat problematic. Pellets in 

this series were origindy dxied at lSO°C. which, according to our hypothesis, implies that 

substantiai alteration of their microstructure had occumd. Yet, when reâried again at the 

same temperature, they exhibited the drying rate curve very similar to the one of the first-time 

drying* 

The reason for such behavioui c m  be found when rate controîiïng mechanisms during 

diying are analyzed. During the initiation p e n d  and later, during the constant-rate drying, 

the rate of üquid supply to the surface, which among other parameters depends on pellet 

porosity (see eqns. 2.4.14 and 2.4.15). is rapid, and thus does not conml the drying rate. The 
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latter is determined instead. by the 'slow' vapour transport across the boundary layer (eqn. 

2.4.6), which is independent of pellet's porosity. 

These considentions are validated in Figure 6.2.2.5. It represents the results of the 

Zaharchuk mode1 simulation of initiation and constant-rate drying periods performed for the 

same pellet dried at 15o0C but with two different porosities - 0.32 and 035. The latter values 

represent typical increase in porosity during mild dryng. Resulting drymg rate curves are 

identical. This validates our observation that apparent matrix expansion upon mild drymg 

does not afîect the drymg rate during repeated drying run. 

63 Dry Strength Measurement 

Expenmental nsults reported in previous sections imply that significant differences in 

microstructure arise between pellets dned rapidly as opposed to those dried under milder 

conditions. 

Measurement of dry strength was performed on these two groups of pellets. Its 

objective was to venQ if the microstrucniral differences among these two p u p s  would be 

reflected in their mechanical properties. 

Griffith concentrate laboratory pellets were spheroidized in the wet state to enable 

their accurate volume measurements (see Section 5.5). These pellets weE then àried on an 

individual bais in the drying apparatus under weii M n e d  dryhg conditions. Although more 

timeconsuming than drying in batches, this approach insured that all pellets within one group 

were dried under conditions which were exactly the same and that there was no interference 

between pellets as a result of physical contact or deviating drying conditions. The fint p u p  

of pellets was dned at 100°C and an air velocity 1.6 d s ,  while the second group was drîed at 



TEMPERATURE 150 deg.C 
AIR VELOCITY 1.6 d s e c  
PELLET RADIUS 6.00 mm 
BENTONITE CONTENT 0.00% 
PARTICLE S ~ Z E  30w' 

1 O0 200 

tirne, sec 

- - porosity 
0.35 - porosity 
0.32 

:igure 6.2.2.5. Drying-rate Curves Predicted by the Model for Two Different 
Porosities: 0.32 and 0.35 
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400°C and the same air velocity (compnsing mild- and intensive-drymg environrnents 

respective1 y). 

Dry strength was determined using the correlation between strength and UD' (see 

Section 5.5). Results of these measurements are summarized in Table 6.3.1. 

Table 63.1. Results €rom Drv Streneth Measurements 

Laboratory Pellets 
made of Griffith 

Pellet Description 

*Values in brac kets represent the standard deviations 

The dry strength of the mildly dried pellets are in good agreement with those found 

previously in our group for the oven-dried pellets 1481. The latter value was 21.6497 kPa. 

Also, porosity of the mildly-dned pellets was higher than in the intensively-dried ones, which 

is consistent with the results reported in Section 6.2.1.1. 

The important result of this investigation is that the mean value of dry strength for the 

pellets dried at 400°C is larger than for those dried at 100°C. In percentage te=, the 

difieremce between the two groups is 17.5%. These results are consistent with those of 

Tigerschiold and b o n i  [IO31 discussed in Section 2.5.2. 

These results can be explained ody by the micros~chiral Merences arnong these 

groups of pellets which originate in their respective drying regimes. Pellets which have been 

dried slowly, as our matrix expansion hypothesis suggests, experienced signincant 

rnimstructural evolution via the patticle engulfment at the late stages of the mild dryhg 

process. This resulted in larger values of porosity, and, consequently, in lower dry strength. 

No. of 
Pellets 

Concentrate (avg. 
part. diam. 7.1pm) 

D m W  
Temperature 

39 

Porosity 

0.3368 
(0.0283) 

40O0C 

Dry Strength 
(Eqn. 2.5.1.6) 

FPa3 

25.442 (6.523)* 
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In the group of pellets dned at 400°C, on the other hand, particle engulfinent in the 

contact areas dunng drymg has been hindered by the occurrence of vapour lock in these very 

sites. Consequently, no porosity increase in these pellets is observed, and the average value of 

dry strength of pellets in this group is higher. 

6.4. Binder-Additive Behaviour 

Objective of this Section is to document the results concerning the effect of a binder- 

additive, namely bentonite, on drymg behaviour of the agglomerates. This includes the results 

of microstructural investigations on bentonite precipitation during drying, porosity and dry- 

strength measurements of agglomerates with bentonite. 

Also included in this Section are the results of dryng experiments perfomed on pellets 

with bentonite, and their modelling using the extended drying model. 

6.4.1. Microstructural Investigation of Bentonite Recipitation 

In order to study effects of bentonite precipitation on the pore stmcture, SEM 

microstructural studies of synthetic agglornerates, prepared by tumbling of monosized 

spheres2 with bentonite and dried under different conditions, have been undertaken. Another 

objective was to study experimentaiiy the character and distribution of bentonite precipitates, 

throughout the pellet intenor, for the intense W n g  conditions as opposed to the mild ones. 

Previous studies of bmtonite precipitatts in the 'regular' iron ore pellets showcd that, because of the irrcguiar shape and widc 
size distribution of the constituent particles, drawing any consistent conclusions about the nature of chese precipitates is rathcr 
problemitic. At the s a m  tirne, using synthctic agglomratts with bentcmîce addtd maltts precipitates of the lacter nitlch amc 
visible. 
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The ultimate objective of this particular investigation was to establish the effect (if any) the 

vapour lock would have on precipitation of bentonite during intense dxyng. 

Particulates used were nickel beads (provided by Sheritt Gordon Ltd.) with a narrow 

particle size range of 5 -10pm. Pellets were produced using these beads with addition of 1.0 

wt.% bentonite (batch #6) [48] and dried at 1 0 m  (representing mild drymg environment) and 

400°C (the intensive one). 

Drying rate cuves of pellets NB21 (dried at 10O0C) and NB23 (400°C) are shown in 

Figure 6.4.1.1 and 6.4.1.2 respectively. While the former drying rate curve exhibits a distinct 

constant-rate drymg period (i.e. prolonged surface drymg), in the latter one this penod is 

completely absent. This feature of the latter diying-rate curve implies that the surface drymg 

has been intempted early and the reason for this early transition to shrinking core dryng 

regime was the vapour lock. 

In order to investigate the microstructure of the above samples their diametrical cross 

sections were prepared for SEM analysis. Also, a diametrical cross-sectional sample of a 

glass-bead pellet GBI with particle size 200pm, also containing 1.0 wt.% bentonite, was 

prepared. In the latter sample, which has been dned at 40Ooc, occurrence of vapour lock 

during drying is not expected due to its coarser particle size and, comspondingly larger pore 

structure (see Section 4.1). Hence, the glass-beads pellet was used as a reference point of 

what would be the character of bentonite deposits in a pellet with the foreknown absence of 

the vapour lock during drying. 

The sample microstructures of the glass-beads pellet GBI are shown in Figure 

6.4.1.3. Deposits of bentonite are concentrated mainly in the contacts between phcles. 



TEMPERATURE 
AIR VELOCiTY 
MATERIAL 
PELLET RADIUS 
PARTICLE SlZE 
POROSITY 
BENTONITE 

1 oouc 
1.6 m/s 
nickel beads 
5.504 mm 
5-1 Oym 

0.3547 
1.0 wt. % 

O 100 200 300 400 500 600 700 

time, sec 

Figure 6.4.1 -1. Experimental Drying-rate Curve of a Sample NickeI-beads Pellet 
Dned at Mild Conditions. 



TEMPERATURE 
AIR VELOCITY 
MATERIAL 
PELLET RADIUS 
PARTICLE DIAMETER 
POROSIN 
BENTONITE 

400 deg.C 
1.6 m/s 
nickel beads 
6.29 mm 
5-1 0 prn 

0.3692 
1.0wt. % 

O 50 100 150 200 250 

time (sec) 

7gure 6.4.1 2. Experimental Drying-rate Curve of a Sample Nickel-beads Pellet 
Dried under Intense Conditions. 
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Microstructures of the pellet NB21 agglomerated from nickel beads (particle size 5- 

IO pm) and dried at 100'~ are shown in Figure 6.4.1.4. Unlike in sample GBI, bentonite 

precipitates not only in the contact areas between the particles, but also across the particles' 

surface in the large pore spaces. 

Finally, Figure 6.4.1.5 depicts microstmctures typical of the nickel-beads pellet NB23 

dried at 400°C. Deposits of bentonite in this sample look quite similar to those in samples 

NBZI. It appears that bentonite is spread even more across the particles' surface instead of 

being concenmted exclusively in the contact areas. 

In order to investigate these qualitative observations in greater detail the SEM 

elemental analysis was perfonned at the characteristic points of samples NBZI and NB23. The 

point analysis technique, described in Section 5.4, was applied in this expenment. 

Table 6.4.1.1 surnmarizes the results of this analysis. It shows the wt.% of silicon ( the 

main and distinctive component of bentonite) at different locations on the surface of nickel 

particles. References to the specific micrographs at which the probes were taken are given in 

brac ke ts. 

Table 6.4.1.1 Results of Elementai Analysis of Bentonite Deposits on Nickei-Beads 
?eUets with Particle Size 5 -1Opm 

% Bentonite Peiiet ID 

NB2I 
(Fig.6.4.1.4 a) 

NB23 
(Fig.6.4.1.5 a) 

D W g  
Temperature 

100°C 

400°C 

Position of Probe 

1. at the peak of bentonite deposit 
2. to the nght of the peak 
3. to the left h m  the peak 
4. aside fiom bentonite deposit 

1. at the peak of deposit 'ring' 
2. inside the deposit 'ring' 
3. outside the deposit 'ring' 
4. aside the deposit 'ring' 



l~igure 6.4.1 .bPhotomicrographs of a Glass-beads Pellet wiVi the Particle 
Diameter 200um and 1 .O% bentonite Dried at 400 Degrees C: (a,b) - Pellet Interior; 

I (c, d) - Near-the-Surface Area . 



1 Figure 6.4.1 -4 Photornicrographs of a Nickel-beads Pellet with the Parüde 
Diameter 7.5 um and 1 .O% bentonite Dried at 100 Degrees C:(a-c) - Pellet Interior; 

(d) - Near the Surface Area. 



Figure 6.4.1.5. Photornicrographs of a Nickel-beads Pellet with the Parücle 
Diameter 7.5 um and 1 .O% bentonite Dned at 400 Degrees C:(a,b) - Pellet Interior; 

I (c,d) - Near-the-Surface Area . 
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It follows from these results that bentonite deposits in a pellet dried at 1Oû"C distribute 

evenly on both sides of a bentonite deposit 'peak' in Fig.6.4.1.4(a). Also, there is relatively 

little bentonite located aside from this peak. 

In a pellet dried at 400 '~  (Fig. 6.4.1.5(a)), on the other hand, the distribution of 

bentonite is more uneven, with more bentonite located on the outer side of a deposit 'ring' 

(probe 3) than on its inner side (probe 2). Most significantly, the amount of bentonite aside 

from the 'ring' (probe 4) is substantiaily higher than inside the deposit 'ring'. It is also much 

higher than analogous figure in pellet dried at 100°C. 

It seems that such ciifferences in character of bentonite depositions can be explained in 

tems of the occurrence of the vapour lock. Drying of the pellet NB21 proceeds dong the 

'classical path' with most of the drymg occurring at the pellet's surface (see Figure 6.4.1.1). In 

this case precipitation of bentonite occurs when the pendular stage is reached locdy or when 

Water-bentonite suspension becomes locally immobile. Deposition of bentonite, therefore, 

occurs mainly in the areas imrnediately adjacent to the contact points between the particles. 

When pellet is dried rapidly (pellet ArB23), the vapour lock condition is reached at hig! 

saturation level (see drying-rate curve in Figure 6.4.1.2); i.e., when pores are still filied with 

liquid. The vapour lock occurs within the liquid phase at the narrowest pore necks, i.e. at the 

contacts between particles. Hence, the possibility of bentonite precipitation in these contact 

points will be limited. Insteaâ, precipitation of bentonite wilî occur mostly dong the circular 

iiquid-gas-solid interface that forms around the contact between neighbonng spherical 

particles (see poinrl in Figure 6.4.1.5 (a)), as well as in the pore areas away b m  the contact 

points, w hereto the Iiquid-gas interface will eventualiy recede. 
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Another part of the microstructural investigation included analyzing the distribution of 

bentonite deposits in these pellets' radiai direction. The purpose of this investigation was 

twofold. Fint of al1 - to establish if there is efflorescence of bentonite during the surface 

drymg regime at mild drymg conditions. Secondly, if efflorescence of bentonite is taking place 

during mild dryng, then how it would be affected by the occurrence of the vapour lock under 

in tense-drying conditions. 

The beam-scanning elemental analysis, described in Section 5.4, was applied to 

determine silicon (and, therefore, bentonite) distribution in radial direction inside the pellets 

NB21 and NB23. 

The results of this analysis are presented graphically in Figure 6.4.1.6. Normalized 

content of silicon ( the arnount of silicon at a particular point divided by the average amount 

throughout the sample) is plotted against radial distance from the sample's surface. The dotted 

line represents the average normalized arnount of bentonite. 

The radial distribution of bentonite deposits in pellet NB21 is show in the upper 

graph. Evidently, the amount of bentonite in the vicinity of this peilet's surface is more than 

twice as high as its average amount in the interior, implying that efflorescence of bentonite 

during mild drying is quite significant. 

On the other hanci, pellet NB23, dned at 400°C, shows no signs of bentonite 

efflorescence with bentonite deposits distributed evenly in radial direction. 



MATERIAL 
PERTICLE SlZE 
TEMPERATURE 
O h  BENTONITE 

Nickel beads 
5 4 0 4 ~ r n  
100 d0g.C and 400 deg.C 
1 wLOh 

1 i I 1 L 1 1 1 1 
I I 

O 1 2 3 4 5 6 

distance from surface, mm a) 

O ! 1 1 1 1 l 1 1 1 l I 1 t 

O 1 2 3 4 5 6 7 

distance from surface, mm 
b) 

Figure 6.4.1.6. Distribution of Bentonite inside Nickel-beads Pellets Dried at: a) - 100 deg. C; 
b) - 400 deg. C. 
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6.4.2 Porosity and Dry Strength Measurements 

Measurements of pellet porosity on a wet and dry basis and measurement of these 

pellets' dry strength were performed on three groups of pellets contaning bentonite. The fint 

group of pellets was made from Griffith iron ore concentrate with the wide particle size 

distribution (avg. particle diameter 7.1pm) and an addition of 0.8 wt.% bentonite. Second and 

third groups comprised the synthetic agglomerates made from monosized spherical particles, 

both with addition of 1.0% bentonite. In the second group (GBI) pellets were made h m  

monosized glass beads, 200pm in diameter, and used in the experiments described in Section 

6.4.1 of the thesis. The third group of pellets (NB3) was made h m  monosized nickel beads, 

L6pm in diameter. 

Procedures were identical to those reported in Sections 6.2.1 and 6.3 for the bentonite- 

f'ree pellets. Each kind of pellets was divided into two groups: one was dried at lûû"C and an 

air velocity 1.6 m/s, while another group - at 400°C and the same air velocity (comprising 

rnild- and intense-drying environrnents, respectively). Results of these measurements are 

summarized in Table 6.4.2.1. 

Resented results show that there is a significant porosity increase in Griffith ironsre 

pellets dried at lûû"C, and practically no such effect for those dried at 400°C. This effect is 

similar to that reported in Section 6.2.1 for pellets without bentonite, although the absoIute 

value of porosity inmase in pellets with 0.8% bentonite is somewhat smaiier (14.183% and 

10.5846, respectively). 

Values of the dry strength of the mildly-dried iron ore pellets are in good agreement 

with those found previously in our group for the oven-dned pellets [48] - 176.005 kPa for 

the pellets with 0.8% bentonite. Another important observation is that the mean value of dry 
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strength for the pellets dned at 4 0 0 ' ~  is larger than for those dned at LOOOC. In percentage 

tems the ciifference between the two groups is 7%. 

Table 6.4.2.1. Porosity and Dry Strength Measurernents of Pellets with Bentonite 

Pellet Description 
( 

Average Porosity % Porosity 
Increase 

Dry Streogtb 
(eqn.2.5.1.6) 

Wal wet basisbry bash 

Griffith Iron-ore 
Pellets 

mg. dp=7.1pm 
+ 0.8% bentonite 

-Glas beads' 
pellets (GBI) 
d =200pm 

+ 1. d% bentonite 

1 -Nickel beads' 1 
pellets (NB3) 

d =16pm 
+l.&t bentonite 

I 
*Values in bnckets represent the standard deviations 

As in the case of bentonite-free pellets, these results can be explained by the 

microstructurai differences arnong these groups of pellets which originate in their respective 

drying regimes (see argument in Section and 6.3). 

Results of porosity measwments on synthetic agglomerates made from monosized 

spheres ( p u p s  2 and 3 in Table 6.4.2.1) show that there is only a slight porosity increase 

upon drying for pellets in either group regardlas of the drying conditions. 

The r-!suits of the porosity measurements reported in this Section, as well as in 

Sections 6.2.1 for the bentonite-fiee pellets, substantiate ou.  hypothesis that matrix expansion 
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occurs due to engulfment of loose fine particles into the contacts between the larger structure- 

creating ones. This migration occun at the late stages of the mild drying process as the liquid 

phase recedes into pendular bridges between the larger. structure-creating particles (see 

Sections 3.4 and 6.2.1.). In agglomerates that do not contain a substantial fraction of fine 

particles, matrix expansion upon drymg does not take place. 

6.4.3 Drying Experiments and Modelling 

in this Section the results of dryng experiments of Griffith iron-ore pellets with 

bentonite, as well as their modelling, are documented. Results of two independent series are 

reported: 

1) drymg experiments of both fine-particle-size and coarser-particle-size pellets 

containing bentonite; 

2) center-temperature measurements of these pellets. 

6.4.3.1 Drying of Fine-Particie-Size PeUets with Bentonite 

An important limitation of the Zaharchuk model, discovered by the author during his 

MASc studies [2], relates to intense drying of the fine-particle-size agglomerates (avg. part. 

size 7.1pm) containing bentonite. For such pellets the Zaharchuk mode1 overpredicts the 

maximum drying rate and then underpredicts the total drymg time by as much as 15% (see 

example in Figure 6.4.3.1.1), as opposed to an excellent modeYexperiment agreement for the 

bentonite-fixe pellets (see Fig. 6.1.1.1). Part of the present project, therefore, was a search 

for an explanation for this phenomenon. The working hypothesis is that bentonite 

precipitation during the shrinking core regime modifies both the pore microstructure and 



PELLET PARAMETERS DRYING CONDITIONS 
radius 5.7375 mm temperature 300C 
porosity 0.3029 air velocity 1.6 mlsec 
bentonite 0.8 % 
saturation 0.W 

-4.5 T 

mokture content (%) 

b) 

Figure 6.4.3.1.1. Drying Rate Cumes of a SampIe Pellet with 0.8% Bentonite 
Plotted versus:(a) - Drying Tme ; @) -Percent Moisnire [2]. 
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physical propetties (e.g., dry-shell thermal conductivity) of pellet's matrix, thus affecting the 

drymg rate. 

Several modelling prognms to incorporate more discriminating elements into the 

rnodel were part of these investigations. In the process some of the parameters such as pore 

tonuosity and temperature dependence of the equilibrium vapour pressure were shown to 

have a minimal effect on shape of the model-predicted drymg-rate curves. The only 

parameter that did rninirnize the deviations of model-predicted curve patterns was found to 

be the effective thermal conductivity of the dry shell. When the value of the latter is 

decreased from 0.5 WImK (as used for bentonite-free pellets) to 0.35 W/mK, the model- 

predicted drymg rates exhibited much better agreement with experiment. This is 

demonstrated in Figures 6.4.3.1.2 - 6.4.3.1.5, which show the experimental results, the 

original and the corrected rnodel predictions. in the upper graphs the drying rates are plotted 

against time and in the lower - against the decreasing total moisture content of the pellets (or 

saturation). The guide for these graphs is presented in Table 6.4.3.1.1. 

Clearly, the model-experiment agreement is much better when the corrected value of 

effective dry-sheU conductivity of 0.35 W/mK is king used in the rnodel. 

Table 6.43.1.1. Guide to the Results of Drying Experiments 
GrE~th Concentrate 
Pellet Diameter: 10.475 - 12.2 mm 
Porosity: 0.2773 - 0.3029 
Average particle diameter: 7.lpm 
Bentonite content: 0.8 % 
Peiiet Saturation: 0.94 - 0.98 

Temperature 

Air Flow Rate 
Figures 

3OO0C 

1.6 mlsec 
Fig.6.4.3.1.2 

4Oo0C 

l.Om/sec 
Figs. 6.4.3.1.3 and 

1.6 m/sec 
Fig. 6.4.3.1.5 



PELLET PARAMETERS DRYING CONDITIONS 
radius 5,7375 mm temperature 3OOC 
porosity 0.3029 air velocity 1.6 m/sec 
bentonite 0.8 % dry-sheii conductivity 
saturation 0.97 0.5 / 035 W/mK 

model prdctions: 
- conductMty 0.50 W/mK 
- conductMty 0.35 W/mK 
-- conductivity 0.25 W/mK 

O 50 100 150 200 250 300 
iîme (sec) 

O 20 40 60 80 100 
moisture content CK) 

Figure 6.4.3.1.2. Drykg Rate Curves of a Pellet with 0.8% Bentonite 
(avg. part. size 7.lum) Plotted versus:(a) - Drying Time ; (b) -Percent Mois-, 



PELLET PARAMETERS DRYING CONDITIONS 
radius 6.05 mm temperature 400C 
porosity 0.2773 air velocity 1.0mlsec 
bentonite 0.8% dry-sheii conductivity 
saturation 0.94 0.5 / 035 WImK 

-6 T model predictions: - conductivity 0.5 W/mK - conductivity 0.35 W/mK 

time (sec) 

0) 

model predicîions: 

O 20 40 60 80 100 
moisture content (%) 

Figure 6.4.3.1.3. Drying Rate Cumes of a Sample Pellet with 0.8% Bentonite 
(avg. part. Size 7.lum) Plotted versus: (a) - Drying T ï e  (a); (b) - Percent Moism.  



PELLET PARAMETERS: DRYING CONDITIONS: 
radius 6.lmm temperature 400 C 
porosity 0.2909 air velocity l.Om/sec 
bentonite 0.8 % dry-s heii conductivity 
saturation 038 0.5 / 035 W/mK 

mode1 predictions: - conductMty 0.50 W/mK 
- conductMty0.35 W/mK 

expefiment 

50 100 

time (sec) 

model predictions: 

1 I 1 I 1 1 1 
i i 

O 20 40 60 80 100 

moisture content (%) 

Figure 6.4.3.1.4. Drying Rate Curve of a Sample Pellet with 0.8% Bentonite 
(avg.  par^ Size 7.lu.m) Plotted venus: (a) - Drying TÎe; (b) - Percent Moisture. 



PELLET PARAMETERS DRYING CONDITIONS 
radius 5.975 mm temperature 400C 
porosity 0.291 air velocity 1.6 m/sec 
bentonite 0.8% dry-sheii conductivity 
saturation 0.96 0.5 / 035 W/mK 

model predictions: -' T 

O 50 100 150 200 
time (sec) 

model predictions: 

O 20 40 60 80 100 
mokture content 6) 

Figure 6.4.3.1.5. Drying Rate Curves of a Sample Pellet with 0.8% Bentonite 
Plotted versus : (a) - Drying Time; (b) -Percent Moisture. 
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The model prediction based on a decrease in the thermal conductivity in bentonite- 

containing pellets is somewhat unexpected and needs further experimental validation. Based 

on the very limited experimental data cited in the Zaharchuk thesis [Il, bentonite should 

increase, rather than decrease, the thermal conductivity of the dry shell. Fuither elaborations 

on how and why bentonite would have the effect observed in Figures 6.4.3.1.2 - 6.4.3.1.5 

will be left beyond the scope of this work. 

6.4.3.2 Drying of Coarser-Particle-Size Pellets with Bentonite 

The extended model in its present form uses the same calculation of the viscosity of 

water-bentonite suspension as the original Zaharchuk model (eqn. 3.3.1). However, the 

calculated value for each time iteration is then substituted into the mass balance equation 

(eqn. 2.4.1 1) and effective drying rate is calculated using eqn. 3.2.1.1. This accounts for the 

combined effect of either or both of the vapour lock AND of the effective immobilization of 

the water-bentonite suspension (see Section 3.3). 

The correlations of the original- and of the extended models with the experiments for 

pellets with the average particle size 19.9pm and 0.6 wt.% bentonite dried at various rapid 

drying conditions are shown in Figures 6.4.3.2.1 - 6.4.3.2.8. In the upper graphs the original 

model results are shown. The lower graphs show the modified-modei predictions. Figures 

6.4.3.2.9 - 6.4.3.2.15 represent analogous results but for pellets made of Gnffith concentrate 

with the average particle size 18.6pm and with 1.2% bentonite added The guide for these 

graphs is presented in Table 6.4.3.2.1. 



MATERIAL GRIFFITH CONCENTRATE 
AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 
PELLET RADIUS: 
POROSITY: 
BENTONITE 
PARTICLE SlZE 
SATU RATION 

1 50 200 
Ime (sec) 

:igure 6.4.3.2.1. ModeVexperiment Correlation for a Drying Rate Cuwe 
of a Pellet with 0.6% Bentonite. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.31 8 
BENTONITE 0.6 % 
PARTlCLE SlZE 19.9 um 
SATU RATION 0.82 

-5 T 

O 50 1 O0 150 tim8 (sec) 200 

O 50 100 150 time (sec) 200 

Qure 6.4.3.2.2. Model Predictions of Experimental Drying-Rate Curve for a Pellet 
with 0.6% Bentonite: (a) - Zaharchuk Model; (b) - Extendd Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1 .O d s  
PELLET RADIUS: 5.4 mm 
POROSITY: 0.304 
BENTONITE 0.6 % 
PARTICLE SlZE 19.9 um 
SATU RATION 0.84 

:igure 6.4.3.2.3. Model Predidions of Experimentai Dryîng-Rate Cuwe for a Pellet 
with 0.6% Bentonfie: (a) - Zaharchuk Model; (b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.292 
BENTONITE 0.6 % 
PARTICLE SlZE 19.9 um 
SATU RATION 0.85 

-6 r 

=igue 6.4.3.2.4. Model Predictions of Experimental DryingoRate Cuwe for a Pellet 
with 0.6% Bentonite: (a) - Zaharchuk Model: (b) - Extended Model. 



DRYlNG RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOCIN 1.6 m/s 
PELLET RADIUS: 5.5 mm 
POROSITY: 0.289 
BENTONITE 0.6 % 
PARTICLE SlZE 19.9 um 
SATU RATION 0.96 

'igure 6.4.3.2.5. Model Predictions of Experimental D rying-Rate Curve for a Pellet 
with 0.6% Bentonite: (a) - Zaharchuk Model; (b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERAWRE 400 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.31 5 
BENTONITE 0.6 % 
PARTICLE SlZE 19.9 um 
SATU RATION 0.91 

50 th0 (sec) 

qgure 6.4.39.6. Mode1 Predicüons of Experimentai Drying-Rate Cuwe for a Pellet 
with 0.6% Bentonite: (a) - Zaharchuk Model; (b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 400 C 
AIR VELOCJTY 1 .6 m/s 
PELLET RADIUS: 5.6 mm 
POROSITY: 0.302 
BENTONITE 0.6 % 
PARTICLE SlZE 19.9 um 
SATURATION 0.95 

T 

:igure 6.4.3.2.7. Model Ptedictions of Experîmental DryingoRate Curve for a Pellet 
with 0.6% Bentonite: (a) - Zaharchuk Model; (b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 5.4 mm 
POROSITY: 0.31 7 
BENTONITE 0.6 % 
PARTICLE SlZE 19.9 um 
SATURATION 0.98 

-9 T 

7gure 6.4.3.2.2. Model Predictions of Experimentaî D rying-Rate Cu rve for a 
'ellet with 0.6% Bentonite: (a) - Zaharchuk Model; (b) - Wended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.2 mm 
POROSITY: 0.301 
BENTONITE 1.2 % 
PARTICLE SlZE 18.6um 
SATURATION 0.82 

a) 250 

time (sec) 

Jgure 6.4.3.2.9. Model Predicüons of Experimentai Drying-Rate Cuwe for a Pellet 
with 1.2% Bentonite: (a) - Zaharchuk Model; (b) - Extended Model. 



DRY ING RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.1 mm 
PO ROSITY: 0.308 
BENTONITE 1.2 % 
PARTICLE SlZE 18.6um 
SATURATION 0.84 

a) 250 

time (sec) 

'igure 6.4.3.2.1 0. Model Predictions of Experimental Drying-Rate Curve for a Pellet 
with 1.2% Bentonite: (a} - Zaharchuk Model; (b) - Etended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 300 C 
AIR VELOClTY 1.6 mls 
PELLET RADIUS: 5.15 mm 
POROSITY: 0.31 8 
BENTONITE 1.2 % 
PARTICLE SlZE 18.6um 
SATURATION 0.86 

-= T 

qgure 6.4.3.2.1 1. Model Predicüons of Experïmental Drying-Rate Curve for a Pellet 
with 1.2% Benton Îte: (a) - Zaharchuk Model; (b) - Extended Moâel. 
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DRYlNG RATE CURVES 

AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1 .O rn/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.292 
BENTONITE 1.2 % 
PARTICLE SlZE 18.6urn 
SATURATION 0.88 

-8 T 

O 50 time (sec) 1 00 

O 50 time (sec) 100 

:igure 6.4.3.2.1 3. Model Predictions of Ekperimental DryingoRate Cunre for a Pellet 
with 1.2% Bentonite: (a) - Zaharchuk Model; (b) - Gctended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1.6 mis 
PELLET RADIUS: 4.9 mm 
POROSIN: 0.305 
BENTONITE 1.2 % 
PARTICLE SIZE 18.6um 
SATURATION 0.84 
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O 50 iime (sec) 100 

qgure 6.4.3.2.14. Model Predictions of Experimental DryingoRate Cuwe for a Pellet 
with 1.2% Bentonite: (a) - Zaharchuk Model; (b) - Extended Model. 



DRYING RATE CURVES 

AMBIENT TEMPERATURE 400 C 
AIR VELOClTV 1.6 mis 
PELLET RADIUS: 4.85 mm 
POROSITY: 0.308 
BENTONITE 1.2 % 
PARTICLE SlZE 18.6um 
SATURATION 0.88 
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:igure 6.4-3.2.1 5. Model Predictions of Experirnental Drying-Rate Curve for a Pellet 
with 1.2% Bentonite: (a) - Zaharchuk Model; @) - Extended Model. 



Air Flow Rate 1 1.0mls 1 1.6m/s 1 l.Om/s 1 1.6& 

Table 6.4.3.2.1. Guide to the Results of Drying Pellets with Bentonite 
Griffith Concentrate 
Pellet Radius: 4.65 - 6.1 mm 
Porosity: 0.288 - 0.332 
Average particle diameter: 18.6pm and 19.9pm 
Bentonite content: 0.6 wt. % and 1.2 wt.% 
Pellet Saturation: 0.82 - 0.98 

40O0C Temperature 

- -- - - - -- - - - - - 

-Pellets with 0.6% bentonite 
Average particle 19*9pm 

Similarly to the case of pellets without bentonite (see Figs. 6.1.1.2 -6.1.1.6 in Section 

6.1.1), the Zaharchuk rnodel predicts adequately the drying rate pattern during the initial and 

the late stages of drymg, but substantiaily overp~dicts the diying-rate maximum. Another 

observation was that, according to Zaharchuk rnodel, the interruption of surface drying 

regirne occurs earlier for pellets with 0.6% bentonite as opposed to those without bentonite. 

This effect is even more pronounced in pellets containing 1.2% bentonite. The reason for 

earlier termination of surface drymg is liquid-phase imrnobiiization effect in pellets 

containing bentonite. 

The extended model, on the other hand predicts the drying rate pattern during the 

entire drying process quite adequately. Unlike the Zaharchuk model, it predicts gradua1 

surface/shrinking core transition due to combination of two factors: the vapour lock and 

iiquid immobilization. It dso predicts an inflection during the f a h g  rate period observed on 

the experimental curves. In some cases 6.4.3.2.4 and 6.4.3.2.5 for pellets with 0.6% 

3OO0C 

-Pellets with 1.2% bentonite 
Average particle size 18.6pm 

Fig. 6.4.3.2.1 

~i~.6.4.3.2.3 

Fi S. 
6 . 4h .9  

and 
6.4.3.2.10 

Fig. 6.4.3.2.4 
and 

Fig.6.4.3.2.5 

Fig. 6.4.3.2.1 1 

Fig. 6.4.3.2.6 Fig. 6.4.3.2.7 
and 

Fig.6.4.3.2.8 

Figs. 
6.4.3.2.12 

and 
6.4.3.2.13 

Figs. 
6.4.3.2.14 

and 
6.4.3.2.15 



6.75 
bentonite, and Figs. 6.4.3.2.9 and 6.4.3.2.11 for pellets with 1.28 bentonite) the 

model/expenment agreement during the falling rate period is remarkable. In other cases the 

mode1 dyng-rate inflections do not coincide in time with the expenmental ones. 

Generdly, as in the case of the bentonite-free pellets (Figures 6.1.1.2 to 6.1.1.6), the 

agreement with the expenment for pellets with bentonite is much better when the extended 

mode1 in its present fom is king used. 

6.43.3 Center-Temperature Measurement 

Center-temperature measurements, similar to those reported in Section 6.1. 

the pellets containing bentonite, were carried out in the course of this study. 

2 but for 

Severai groups of pellets were made from the Griffith concentrate of three diffmnt 

average particle sizes (7.1, 18.6 and 19.9prn) and with three different bentonite contents (0.6, 

0.8 and 1.2%). They were dried at two drying temperatures and gas flow conditions. Their 

temperature-at-thetenter data were recorded versus time and shown in lower graphs in 

Figures 6.4.3.3.1 - 6.4.3.3.3. Also shown for easier correlation are the corresponding drymg 

rate curves of the pellets (upper graphs). The guide for these graphs is presented in the Table 

6.4.3.3.1. 

When pellets made of fine particles (7.1pm) with 0.8% bentonite are king dried 

(Figs. 6.4.3.3.1 a-d) there is no constant rate chying period (upper graphs). The temperature 

at the pellet center (lower graphs) is rising steeply until it reaches l00'C and then stays 

approximately at the constant level. Significantly, this point coincides in time with the 

maximum on the corresponding drying rate curves. 

Similarly to bentonite-free pellets (see Section 6.1.2), experimental temperature 



curves are in excellent agreement with those predicted by the model. 

Table 6.4.3.3.1. Guide to the Results of Center-Temperature Measurements 
Griffith Concentrate 
Pellet Diameter: 9.7 - 12.2 mm 
Porosity: 0.288 - 0.332 
Pellet Saturation : 0.82 - 0.99 

-Pellets with average particle 
size 19.9pm and 0.6% bentonite 

-Pellets with average particle 
size 7. lpm and 0.8% bentonite 

For the pellets made of coarser particles (18.6 - 19.9pm) with 0.6 and 1.2% bentonite 

(see Figs. 6.4.3.3.2 - 6.4.3.3.3), the shape of the temperature curves and the corresponding 

40O0C 

-Pellets with average particle 
size 18.6pm and 1.2% bentonite 

drying rate curves is quite similar to those reported in Section 6.1.2 for the bentonite-free 

3OO0C 

1.0 d s  

Figs.6.4.3.3.1 
b, c 

pellets. As in the previous case, temperature curve (lower graphs) and comsponding drying 

rate (upper graphs) nse at first. However, the maximum drying rate in coarser agglomerates 

is reached at much lower peliet temperatures compared to fine-particle agglomerates - 
around 60°C as opposed to 100°C. Afterwards, the dryng rate declines graduaMy while 

temperature at the pellet's center is still rising. Al1 drying rate curves exhibit inflections 

during the falling rate penod which coincide with the temperature of the peilet center 

reaching 1000C. 

These observations are in  marka able agreement with our theoretical considerations 

(see Section 4.2) and with the model predictions. 

1.0 d s  

- 
1.6 mis 

Fig. 6.4.3.3.1 
d 

Figs.6.4.3.3.3 
a, b 
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Fig.6.4.3.3.1 
a 

Figs.6.4.3.3.3 
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Figs.6.4.3.3.3 
e p  f 

Figs.6.4.3.3.3 
g p  h 



YORRELATION BETWEEN EXTENDED MODE1 AND EXPERIMENT 
PELLET PARAMETERS 
radius 5.7375 mm 
avg. part. Size 7.lum 
porosity 0.3029 
bentonite 0.8 % 
saturation 0.W 

-4 T 

DRYING CONDITIONS 
temperature 3WC 
air velocity 1.6 mlsec 

O 50 100 150 200 250 300 
time (sec) 

tirne, sec 

lgure 6.43.3.1 a. Mode1 Redictions of: (a) - Experimental DryingoRate Curve; 
(b) - Temperature at the Pellet's Center. 



PELLET PARAMETERS: DRYING CONDITIONS: 
radius 6 . l m  temperature 400 C 
avg. particle size 7.1 um air velocity l.Om/sec 
porosity 02909 
bentonite 0.8 % 
saturation 0.98 

V 1 1 I I 1 

O 50 1 00 1 50 200 

time, sec b) 

Ggure 6.4.3.3.1 b. Mode1 Predictions of: (a) - ExperÙnental Dryhg-Rate Curve; 
(b) - Temperature at the Pellet's Center. 
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EORRELATION BETWEEN MODE1 AND EXPERIMENT 
PELLET PARAMETERS DRYING CONDITIONS 
radius 6.05 mm temperature 400C 
avg. particle size 7.1 um air velocity l.Om/sec 
porosity 0.2773 
bentonite 0.8% 
saturation 0.94 

O I 1 I 1 1 I 1 
1 

O 50 100 150 flme (sec) 200 

1 1 I 1 I 1 1 I 1 

O 20 40 60 80 100 120 140 160 180 
tirne, sec 9 

iigure 6.4.33.1 c. Mode1 Redictions of: (a) - Experimental Drying-Rate Curve; 
(b) - Temperature at the Pellet's Center. 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 
PELLET PARAMETERS DRYING CONDITIONS 
radius 5.975 mm temperature 400C 
avg. particle size 7.1 um 
porosity 0391 
bentonite 0.8% 
saturation 0.96 

air velocity 1.6 &sec 

O 50 100 150 200 
time (sec) 

time, sec b) 

:igure 6.43.3.1 d. Mode1 Predictions of: (a) - Experimentai Drykg-Rate Curve; 
(b) - Tempaahrre at the Peuet's Centa. 



AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1 .O rn/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.31 8 
BENTONITE 0.6 % 
MATERIAL GRIFFITH MAGNETITE 
PARTiCLE SIZE 19.9 um 
SATURATION 0.82 

CORRLATlON BETWEEN EXTENDED MODEL AND EXPERlMENTt 

-5 - 

il -4 a- 
V) 

P 
E -3 -- 
\ m u 
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O 50 100 150 ff me (WC) 200 

200 I 

Figure 6.4.3.32 a Extended-Model Piedictions of: (a) - Experimental Drying-Rate 
Cunre; (b) - Temperature at the Pellet's Center and Surface 

Y 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.4 mm 
POROSITY: 0.304 
BENTONITE 0.6 % 
MATERIAL GRIFFITH MAGNETITE 
PARTlCLE SlZE 19.9 um 
SATURATION 0.84 

-5 T 

5gu re 6.4.3.3.2 b. Extended-Model P redictions of: (a) - Experimentai D rying-Rate 
Cuwe; (b) - Temperature at the Pellet's Center and Suiface 



CORRELATION BEfWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1.6 mis 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.292 
BENTONITE 0.6 % 
MATERIAL GRIFFITH MAGNETITE 
PARTiCLE SlZE 19.9 um 
SATU RATION 0.85 

jgure 6.4.3.3.2 c. Extended-Model Predictions of: (a) - Experimental Drying-Rate 
Cunre; (b) - Temperature at the Pellet% Center and Surface 



CORRELAllON BETWEEN UCTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 300 C 
AIR VELOClTY 1.6 m/s 
PELLET RADIUS: 5.5 mm 
POROSITY: 0.289 
BENTONITE 0.6 % 
MATERIAL Griffith magnetite 
PARTlCLE SIZE 19.9 um 
SATURATION 0.96 

\ - experiment 

Figure 6.4.3.3.2 d. Extended-Model Predicüons of: (a) - ExperÎmental Drying-Rate 
Curve; (b) - Temperature at aie Pellet's Center and Surface 



CORRELATlON BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 
AIR VELOCITY 
PELLET RADIUS: 
POROSITY: 
BENTONITE 
MATERIAL 
PARTICLE SlZE 
SATURATION 

400 C 
1 .O m/s 
5.3 mm 
0.31 5 
0.6 % 
GR1 FFITH MAGNETITE 

19.9 um 
0.91 

model 

. '. a) 
1 I t 

I I 

O 50 tirne, sec 100 b) 150 

qgure 6.4.3.3.2 e. Extended-Model Predicüons of: (a) - Experimentai DryingoRate 
Curve; (b) - Temperature at the Pellet's Center and Surface 



AMBIENT TEMPERATURE 400 C 
AIR VELOClTY .1.6 mis 
PELLET RADIUS: 5.6 mm 
POROSITY: 0.302 
BENTONITE 0.6 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 19.9 um 
SATURATION 0.95 

O 50 time, sec 100 b) 150 

qgure 6.4.3.3.2 f. Extended-Model Predictions of: (a) - Experimental Dryhg-Rate 
Curve; (b) - Temperature at the Pellet's Center and Surface 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 5.4 mm 
POROSITY: 0.31 7 
BENTONITE 0.6 % 
MATERIAL GlRFFlTH MAGNETITE 
PARTELE SlZE 19.9 um 
SATURATION 0.98 

-7 T 

6 80 
%me (sec) 

O 20 40 60 80 100 
time, sec 

:igure 6.4.3.3.2 g. Extended-Model Predicüons of: (a) - Experimental Drying-Rate 
Cuive; (b) - Temperature at the Pellet's Center and Surface 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENTTEMPERATURE 300 C 
AIR VELOCITY 1.0 mis 
PELLET RADIUS: 5.2 mm 
POROSITY: 0.301 
BENTONITE 1.2 % 
MATERIAL GR1 FFITH MAGNETITE 
PARTICLE SIZE 18.6um 
SATURATION 0.82 

time (sec) 

O 50 ioo time, sec 150 200 250 

7gure 6.4.3.3.3 a. Extended-Model Predicüons of: (a) - Experimental Drying-Rate 
Curve; (b) - Temperature at the Pellet's Center and Surface 



CORRELATION BElWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1.0 mis 
PELLET RADIUS: 5.1 mm 
POROSITY: 0.308 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE StZE 18.6um 
SATU RATION 0.84 

1 O0 tirne, sec 150 

l~igure 6.4.3.3.3 b. Extended-Model Predictions of: (a) - Experimentai DryingoRate 
I 

- - 

Curve; (b) - Temperature at the Pellet's Center and Surface 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBJENTTEMPERATURE 300 C 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.31 2 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 18.6um 
SATURATION 0.88 

-. 

m o d e l  temperabimxOcentre and 

' O0 time, sec 1 50 

lfigure 6.4.3.3.3 c. Extended-Model Predictions of: (a) - Experimental DryingoRate 
I 

- - 

Curve; (b) - Temperature at the Pellet's Center and Surface 



AMBIENT TEMPERATURE 300 C 
AIR VELOCITY 1.6 mis 
PELLET RADIUS: 5.15 mm 
POROSITY: 0.31 8 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTELE SlZE 18.6um 
SATURATION 0.86 

1 O0 
time, sec 

150 

3 80 
8 6 0  
al 40 
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a 2 0  

@ :: 
f 60 C1 

5 40 - 
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O expedmnt 

% 20 m o d e l  t m p e r a b r ~ 8 ~ t m  and - 
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Figure 6.4.3.3.3 d. Extended-Model Predictions of: (a) - Experimental Dryhg-Rate 
Curve; (b) - Temperature at the Pellet's Center and Surface 

b) 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERlMENT 

AMBIENT TEMPERATURE 400'~ 
AIR VELOCITY 1.0 mis 
PELLET RADIUS: 5.15 mm 
POROSITY: 0.288 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTîCLE SlZE 18.6pm 
SATURATION 0.88 
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A 
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O 1 1 1 I 1 
1 1 l 

O 50 1 O0 150 tim0 (sec) 200 

O 50 Io0 time, sec 150 b) 200 

=igure 6.4.3.3.3 e Drying Rate Curves for a Pellet with 1.2 % Bentonite (a); 
Temperature at the Pellet Centre and Surface (b). 



CORRELATION BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1 .O m/s 
PELLET RADIUS: 5.3 mm 
POROSITY: 0.292 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 18.6um 
SATURATION 0.88 

O 50 100 tkne (sec) rso 

50 1 O0 150 
time, sec b) 

3gwe 6.4.3.3.3 f. Extended-Model Predictions of: (a) - Experimental Drying-Rate 
Cunre; (b) - Tempe rature at the Pellet's Center and Surface 



CORRELATiON BETWEEN EXTENDED MODEL AND EXPERIMENT 

AMBIENT TEMPERATURE 400 C 
AIR VELOCITY 1.6 m/s 
PELLET RADIUS: 4.9 mm 
POROSITY: 0.305 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 18.6um 
SATURATION 0.84 

O 50 Ime (sec) 100 a) 150 

50 100 150 
tirne, sec b) 

Figure 6.4.3.3.3 g. Extended-Model Predictions of: (a) - Experimental DryingoRate 
Curve; (b) - Temperature ai the Pellet's Center and Surface 



AMBIENT TEMPERATURE 400 C 
AIR VELOClfV 1.6 m/s 
PELLET RADIUS: 4.85 mm 
POROSITY: 0.308 
BENTONITE 1.2 % 
MATERIAL GRIFFITH MAGNETITE 
PARTICLE SlZE 18.6um 
SATURATION 0.88 

50 time, sec 

Figure 6.4.3.3.3 h. Extended-Model Predictions of: (a) - Experimentai Drying-Rate 
Curve; (b) - Temperature at the Pellet's Center and Surface 



Chapter 7 

SUMMARIZING DISCUSSION 

The scope of this PhD project is evidently rather broad and multifaceted. There is a strong 

unifying theme, however, which has formed a basis for the present thesis. This is the 

interrelationship between the microstructure of the agglomerates with, on the one hand, the 

mechanical and physical properties of the pellets and their behaviour during drymg, on the other. 

The work has k e n  both theoretical and expenmental. The scope of these investigations 

will now be sumrnarized under the following headings: 

1) Modelling the dryng behaviour of the agglomerate spheres during their intensive 

drymg, and experimental validation of the extended drymg model; 

2) Investigations of the agglornerates' microstnicture and its modifications during drying 

under various drying conditions; 

3) Investigations of the binder-additive behaviour during drymg and its effect on pellet 

properties. 

7.1. Drying Investigations 

The comprehensive mathematical model, developed by D. Zahashuk, proved to be a 
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highly effective tool to predict drying behaviour under intense chying conditions. One of the very 

significant contributions in the development of this model was identification of the loss of 

capillarity, resulting from the vapour lock, as a cntical component of the rnechanism of drying. 

It showed that the absence of the constant-rate period under intense-drying conditions is a natural 

consequence of the onset of the vapour lock. 

One large part of the investigation within the present project was the experimental 

validation of the Zaharchuk model, on the one hand, and on the other - the definition of the 

limitations and inadequacies of this prelirninary model. Significant contributions were then made 

to improve the original model, so as to eliminate these inadequacies. 

The Zaharchuk model treats the transition between the surface- and the shrinking-core 

drymg regimes as an instantaneous event. This works adequately for the cases where the pore size 

is small and where the onset of the vapour lock occurs when the degree of saturation is still very 

high (even though there is the objectionable sharp maximum, e.g., Fig. 3.1.3). Major 

inadequacies become evident, however, when the pore size is in excess of about 2.Oprn. Also, the 

original model is inadequate w hen the agglomerate mauix features a wide pore-size distribution 

(see Figures 6.1.1.2 - 6.1.1.6). 

The extension to the model, developed in the present work, has overcome the major 

limitation of the original model. The extended mode1 is based on microstructural characteristics 

of the porous agglomerate, i.e. the pore-size distribution f'unction, as a key parameter of the 

surface/shrinking core transition. The model includes a penod of transition between the two 

drying regimes. 
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The fundamental difference in the mechanistic nature of the surfacelshrinking core 

transition during intense drying, as opposed to during drymg under mild conditions has been 

identified presently. In the rnild-drymg case, water is being delivered to the surface through the 

small pores reaching the surface. This is because these small pores have the lower Iiquid pressure, 

and thus a greater driving force for Darcy flow of the liquid. Water delivery through the small 

pores proceeds by the larger pores being drained. 

Under conditions of intense d y n g  the vapour lock occurs fint in the smallest capillaries 

reaching the surface. Consequently, these smaller capillaries are the first to become dry. Surface 

drymg cm, however, still continue via the system of interconnected Iarger pores delivenng water 

to the surface. This vapour-lock-driven mechanism is fundamentally different from the 

conventional, or mild drymg case. The mode1 modifications are based on this insight. 

When fine-particle pellets are being dried under intense conditions, their center 

temperature is rising steeply until it reaches lO0OC and then stays at this constant level. 

Significantly, this point coincides in time with the maximum on the drymg-rate curves, which, 

according to our theoretical considerations, is associated with the mechanism change: the vapour 

transport through the dry shell changes from difision to Darcy flow. For pellets made of coarser 

particles the maximum dryng rate is reached at much lower temperatures - e.g. around 60°C for 

the pore size investigated in detail presently. (This is similar to the constant-rate cases, e.g. Figure 

3.1.2). Afterwards, the drying rate declines w hile the temperature at the pellet's center continues 

to nse. Mechanisticaüy, the drying in this period is still at the surface, but the heat ckmand of the 

vaporization step there is insufficient to consume ali the heat transferred across the boundary 

layer. (The latter fact is due to the reduced rate of Darcy flow, the smder pores having been de- 
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activated). Part of the heat transferred is, therefore, consumed in raising the temperature of the 

matrix - which continues to rise, but relatively more slowly (see Figures 6.1.2.2 a-e). The process 

continues until the rate of liquid-water delivery to the surface by Darcy flow through the 'still 

active' capillaries becomes less than the potential rate at which water cm be evaporated there. 

At this instant the wet/dry interface shifts into the pellet intenor and the shrinking-core dyng  

regime sets in. 

The rigorous experimental validation of the improved drying mode1 has been another 

important contribution of the present work. Two independent and munially-complementing sets 

of model-validation experiments were undertaken: 

- experimental measurements of the tirne dependence of the dryhg rate; 

- measurements of the pellet-center temperature. 

Both these sets of expenments ultimately validated both the original and the extended mode1 for 

agglomerates with a wide range of particle size, and dried under wide range of drymg conditions. 

These investigations fuily validate the assumptions made in the work and thus establish the vapour 

lock as a physical 'effect' in Wng.  They also show that our understanding of the intense-drying 

process is satisfactory. 

7.2. Microstructural Investigations 

The microstructurai aspects of the agglomerates under study were investigated more 

specifically in the light of the insights gained h m  modelling. 

An important microstruc tural c haracteristic of the agglomerates produced b y tumbling is 
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the existence of large and mid-sized particles in contact with each other, forming the skeletal 

network structure. Another important characteristic of these agglomerates is the existence of a 

sizeable fraction of fine particles which are not part of the network structure, i.e. which are 

"loose" within the skeletal network. An important contribution of this study was the establishing 

that, depending on the intensity of drying regime, these loose particle can reposition themselves 

into new locations, thus modifying significantly the physical and mechanical properties of the 

pellets. 

Upon drymg under mild conditions there is a significant volume increase. Our research 

supports the idea that this is caused by the engulfment of loose fine particles with the receding 

wetldry interface. The latter occun at the late stage of mild drying; when the liquid phase recedes 

into pendular bridges between the skeletal-network particles, thus concentrating the fine particles 

into the contact areas. The capillary radius in these regions, therefore, is s m d  resulting in a high 

local capillary suction. The consequent large capillary pressure is, evidently, sufficient to pry apart 

the skeletal-network structure. The result is the observed increase in porosity. 

Next, our results establish firmly that there is no porosity increase in aggiomerates drîed 

under intense conditions. This is fully consistent with - and constitutes a confirmation of - the 

mechanistic picture proposed so far. Under intense drying conditions the contact areas between 

the network-forming particles are the primary sites of the vapour lock. Creation of gadliquid 

interfaces in these areas may still result in loose-particle movements by engulfment but any 

iikelihwd for engulfment into the network contact areas is eiiminated. These resuits, therefore, 

enlarge the scope of evidence regarding the interaction of the vapour lock and the engulfment 

effects. 
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Finally, agglomerates that do not contain a significant fraction of fine particles, do not 

expand. This, again, is consistent with the mechanistic picture: the stnictural features here do not 

include a network structure nor loose fine particles. 

The two groups of pellets, dried under the rnild venus intense conditions, feature 

significant deviations between their respective dry strengths. Microstrucfural ciifferences between 

them are, evidently, the cause. The mildly-dried pellets, possessing the higher porosity due to the 

matrix-expansion phenornenon, have dry strength as much as 17% lower than those dned under 

intense conditions. Refemng back to the Rumpf equation for dry strength (eqn. 2.5.1.1), the 

product (1-e)mk" in mildly-dried higher-porosi ty pellets is lower. 

Our tumbling-and-drymg investigations were theoretical and were lirnited to modelling. 

Relevant presentl y is that tumbling-and-drymg involves matBr densification and, therefore, 

evolution of the microstructure, and thus strengthening of the dned pellets. Here, densification 

takes place with simultaneous removal of a volume-equivalent amount of moisture. The pellet 

interior is continuously in the hlly saturated or capillary (more explicitly, the entry-suction) state. 

Hence, no particle engulfment processes can take place during this operation. But the significant 

densification of the pellets' microstructure by tumbling-and-drymg must be accompanied by an 

equivalently-significant reanangement of the particles within the ma&. This is reflected in iower 

porosity a Significant changes of the particle arrangements aimost certauily involve the 

destruction of the original network structure, of the filling of large pores and thus "adjustments" 

in the ink-bottie effect. The result must be an increase in the coordination nurnber of interparticle 

contacts kb. Both e and kO contribute to the higher dry smngth (see again eqn. 2.5.1.1). Future 
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investigations to more closely define this microstructure evolution are called for. 

The reason for inclusion of tumbling-and-drying in the scope of Our work were the 

significant prospective industrial benefits of this operation. The fint is, that part of moisture is 

removed pnor to the drying opention, making the latter technological process easier andor 

increasing the capacity of the moving-grate machines. The second is a significant degree of 

strengthening of the pellets due to their densification. The latter fact leads to a significant 

improvement of the spalling resistance of the pellets and thus again to easier and more flexible 

process control. 

7,3. Binder Additive Behaviour 

Pellets with bentonite, w hen dried under mild drying conditions, experience matrix 

expansion, sirnilady to bentonite-free pellets discussed in Section 7.2. The comsponding decrease 

in dry strength, however, is much less drastic (only 7% against 17% in bentonite-me pellets). 

Evidently, precipitation of bentonite, which under mild dryng conditions occun mostly in the 

contacts of skeletal-network structure, reduces the detrimental effect of porosity increase on the 

dry strength by reinforcing the interparticle bond in these critical contact areas. 

Our investigations of the microstructural aspects of bentonite deposits during drying 

involved different materiais and drying conditions. They have added significantly to the data base 

here. During mild drying, bentonite precipitates mostly in the pendular bridges between particles. 

Also, there is small but significant degree of efflorescence of bentonite to the surface, consistent 

wi th an extended surface-drying regime. This is consistent with literature evidence. 

Under intense drying conditions, on the other hanci, bentonite precipitates more evenly 
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throughout the pellet interior. There is no efflorescence. This is consistent with the absence of the 

constant-ratelsurface-drymg regime under these conditions. Also, precipitation in the iterparticle 

contacts is more lirnited. This is more evidence for the occurrence of the vapour lock and the 

effect it has on the creation of local gadliquid interfaces in the contact areas. 

On the subject of addition of bentonite to improve spalling resistance, an important 

contribution made as part of this work was identifymg the reason for the existence of an optimal 

amount of bentonite addition, to maximize the spalling resistance. Another was the quantitative 

explmation for the existence of this phenomenon. According to our modelling results, at low 

bentonite concentrations the stress level induced in the pellet matrix by drying is rising at a much 

slower rate than the pellets' strength. As the 'optimal' concentration of bentonite is approached 

(0.8% by weight, which happens to be a standard amount used in industry), this trend inverts. The 

induced-stress curves tise faster than the pellet strength. It is this inversion of dopes that is 

responsible for leveling-off the spalling resistance near 0.82 bentonite content and its acnial 

decrease at higher bentonite contents. 

In iron-ore pelletizing bentonite is added for several reasons (e.g.. drop test improvements 

and water immobilization) in addition to improving spalling resistance (see Section 2.5.2). 

Bentonite additions beyond the maximum of 0.88, for the sake of these other reasons, can 

actually enhance the highly objectionable spaiiîng phenomenon. This fact is not yet recognized 

widely in the pelletking industry. 
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CONCLUSIONS 

(1) The mechanistic mathematical mode1 of drying of porous spheres, developed by 

D.J. Zaharchuk, and which features the ability to describe d y n g  behaviour of 

porous spheres under "intense" drymg conditions, has been: 

a) extended to include the gradua1 transition from the surface- to the 

shrinking-core drying regime; 

b) validated -- and shown to be a powerful description of the physical 

process -- by a senes of experiments measuring the drymg rate and the 

temperature of the sphere center. 

(2) Significant additional evidence has been contributed as part of the present work, 

to establish that the vapour lock is an omnipresent physical effect, acting during 

intensive drymg. This evidence arises from: 

a) the success of the mode1 as per (1) above to predict drying-rate behaviour 

under a variety of combinations of porous-body properties and drying 

conditions; 
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b) ability to satisfactorily explain changes in the porosity of agglomerates 

resulting from drymg andor re-drying under various degrees of intensity. 

(3) Significant additional evidence, both modelling and experimental, has been 

generated to confirm that the reason for the absence of a constant-rate period 

under intense-dryng conditions is the vapour lock. The latter prevents the 

maximum drymg rate, potentially possible under the given conditions of heat and 

mass transfer across the boundary layer, from king achieved. 

(4) The combination of agglomerate-matrix properties (pore size and porosity) and 

heat convection/radiation conditions (temperature and Reynolds Number), which 

result in intense- versus rnild- drying behaviour (including the transition between 

the two) have been defined and are shown in Figures 4.3.2 and 4.3.3. 

(5) Aggiomerates may experience a si gni ficant microstructural evolution during 

drying. This can lead to different physical and mechanical properties in the dry 

state. ThRe findings, contributed in this respect presently, are: 

- Pellet matrix expansion occurs under mild drying conditions; leading 

to lower dry strength of the pellets; 

- No significant porosity changes occur during intense drying; leading 

to higher dry strength compared to the previous case; 

- Pellet densification achieved by a hunbling-and-drying operation; 
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leading to significant improvements in dry strength and spalling 

resistance. 

(6) A significant body of new data has k e n  contributed on the subject of drying 

behaviour and the pattern of drying-rate curves for iron-ore pellets containing 

bentonite. Satisfactory agreement between mode1 and expriment c m  be achieved 

by -- effectively -- using the viscosity and thermal conductivity of the wet matrix 

as adjustable parameters. This raises several issues regarding Darcy flow of 

bentonitecontaining water within a system of interconnected pores in a porous 

medium and defines interesting hiture work. 

(7) The character of bentonite precipitation within individual pores and the overall 

distribution of bentonite precipitates throughout the pellet intenor are both 

affected by the intensity of the dryng regime. This fact constitutes additional 

evidence of the vapour-lock mechanism in the intensive Wng. The significant 

effect on physical and mechanical properties of the dned aggiomerates (see Table 

6.4.2.1) can be, thus, better understood. 

Of signifcance for the understanding and control of industn*al processes: 

(8 )  Densification of pellets by tumbiing-and-dryïng increases significantly the dry 

strength of the pellets while, in addition, not affecting significantly the 

kumferential stresses built up during (intensive) drying. Tumbling-and-drying, 
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therefore, is a promising means to counteract spalling in industrial processes. 

(9) The existence of a maximum in the shock temperature vs. bentonite-added curve 

has been confirmed and its cause identified and explained. The reason is that 

bentonite increases both the strength of the agglomerate matrix as well as its 

Young's modulus (and thus the stress buildup upon heating). The maximum is a 

consequence of f ia t  a favorable and then an unfavorable balance in the rates of 

increase with bentonite content of the stress and the strength (Figure 4.5.2). 

Of signijicance beyond iron-ore pelletizing: 

( 10) Although this study was focused on a specific industrial process, the pelletizing 

of iron-ore concentrates, the interrelationship between microstructure and drying 

behaviour has important implications in understanding the nahm of soils, rocks, 

ceramics, catalyst pellets and processed foods. 
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Chapter 10 

NOMENCLATURE 

interparticle distance in eqn. 2.1.1 [ml 

Area [m'] 

Adhesion force in eqn. 2.1.1. [NI 

Coefficients in Capillary Pressure Curve [Pa] or [ - ] 

Concentration of bentonite in agglomerate [wt. %] 

Lattice spacing [pm] 

Cohesion [Pa] 

Heat capacity [ JK kg ] 

Heat capacity [ Pa m3/mol K ] 

Diffusion Coefficient for species A in B [&/SI 

Particle diameter [ m ] 

Pellet diameter [ m ] 

Knudsen diffusion coefficient [ m2/sec ] 

Modulus of elasticity [ Pa ] 

Bond force [ N 1 

Evaporation rate [kgkc] 



Gravitational constant [ 9.8m/s2 ] 

Harnmaker's constant [JI 

Convective heat transfer coefficient [ ~ / m %  J 

Mass transfer coefficient [ d s  ] 

Radiative heat transfer coefficient [ Wlm2K ] 

Heat of vaporization [ Jlkg H20 ] 

Evaporation rate [ mol H201 sec 1 

Themial conductivity of gas species [ Wlm K ] 

Thermal conductivity of dry media [ Wlm K ] 

Effective conductivity of porous matrix for gas or liquid without flow or 

radiation effects [ wlm% J 

Contribution of a porous matrix to the thermal conductivity caused by fluid 

motion [ W1m2K ] 

Thermal conductivity of solid [ Wlm K ] 

Knudsen gas thermal conductivity [ Wlm K ] 

Permeability [ m2 ] 

Relative permeability [ - ] 
Themal conductivity of wet porous media [ Wlm K ] 

Size distribution function in eqn. 22-23. 

Moisture content Bg H20] 

Pressure [ Pa ] 

Interference pressure between wet core and Qy shell[ Pa ] 



Capillary pressure [ Pa ] 

Entry suction [ Pa ] 

Liquid pressure [ Pa ] 

Total pressure of gas phase [ Pa ] 

Equilibrium vapour pressure [ Pa ] 

Radius [ rn ] 

Capi 1 lary radius [ml 

Gas constant [ 8.3 147 Pa m31mol K ] 

Pellet radius [ m ] 

Particle radius [ m ] 

Pellet saturation [ - ] 

Measured particle surface area [m2] 

Theoretical specific external surface area of particle [m'] 

time [ sec ] 

Temperature [ K ] 

superficiai velocity through a porous medium [rn/s] 

Velocity of gas [ d s  ] 

Volume [ m3 ] 

Pore size hction [-J 

Particle size in eqns. 2.1.1,22.2.1 and 2.2.2.2 

distance [ m ] 



Greek Letters 

Thermal diffusivity [ m'ls ] 

Coefficient of thermal expansion [ K" ] 

Surface tension [ I/m2 ] 

packing density in eqns. 2.2.2.3 and 2.2.2.4. 

Pomsi ty [ - ] 

Emissi vi ty 

Angle [rad1 

Viscosity [ Pa s } 

Poisson ratio 

Location of interfa 

centre [ m ] 

etween wet c ore and dry shell as rneasured from pellet 

time step [SI, or tortuosity [-] 

Density [ kg/m3 ] 

Stephen-Boltzman constant [ 6.99 10d W / K4m2 ] 

Stress [ Pa ] 

Circumferential stress [ Pa ] 

Interference stress [ Pa ] 

Thermal stress [ Pa ] 

Ressure stress [ Pa ] 

Radial stress [ Pa ] 



a, Tensile strength of agglomerate [ Pa ] 

@ Volume fraction of suspended solids in a dispersion 

Packing efficiency of binary system in eqn. 2.2.2.3. 

bin 

C 

d 

ea 
f 

i 

I 

m a .  

min 

* 

O 

Subscripts and Superscripts 

ambient value 

binary (mixture) 

cri ticd 

capillary 

dispersion 

effective value - used for porous properties 

failure (stress); also film value 

initial; aiso interferense (stress) 

liquid phase 

maximum 

minimum 

critical (pore size) 

equilibrium (vapour pressure ) 

pellet, particle (size) 

surface; aiso shell 

thenna1 



Y vapour phase 

wel wet region 

Dimensiodess Variables 

c, *v, - L) 
B Spalding number 

Nu Nussult number 

Pt PrandtI number [y] 

Re Reynolds number [u] 

Sc Schmidt number 

Sh Sherwood number [y 



Appendix A 

DERIVATION AND NUMERICAL SOLUTION OF THE HEbT 

BALANCE EQUATION 

The heat balance equation, equation 3.4.1 : 

has been taken directly from the PhD Thesis of D.J. Zarachuk [l]. This equation has formed the 

basis of the intense-drying mode1 calculations forming part of the Zaharchuk, as well as of the 

present thesis. An explicit derivation of the above heat balance equation has not, however, been 

documented in the Zaharchuk's thesis. 

The form of the heat balance in equation 2.4.1 is, moreover, somewhat "unorthodox" in 

that, being an equation which describes the heat balance on an element inside the porous body 

being heated it also contains a term restricted to the surface of the body, i.e. the second tenu on 

the right-hand side. 

The purpose of this Appendix, therefore, is to justm the basis for equation 2.4.1, i.e. 

derive the equation. The approach taken is essentially that of Whitaker [39,64, 110-1 121, but 

adapted to spherical coordinates. 



In deriving an overall or comprehensive drying model, the challenge is to suitably describe 

al1 of the momenturn and mass transport of the water, and of the heat transfer. required to enable 

the former. The above references offer a thorough quantitative definition of the issues involved. 

and provide a derivation for a one-dimensionai system. me intense-drying or vapour-lock aspect 

is, of course, not provided for). 

The complexity of the problem. moreover, necessitates that the mode1 consist of closely 

coupled cornplex second-order differential equations (two for the surface drymg stage; i.e. 

equations 2.4.1 and 2.4.1 1, and three for the receding-interface stage, i.e. equations 2.4.2Q2.4.2 1 

and 2.4.36). These balance equations contain heat and mass flux terms as well as property 

parameters, al1 of which are time, position and temperature dependent. An " unorthodox" 

equation system is, therefore, unavoidable; the complexity of the system precludes description by 

an anal yticall y so Iuble equation s ystem. "S pecial tricks" are, moreover, required - and have been 

used presently - in the numerical solution of the equation system. Needless to Say, the equation 

system is very stiff and requires time and volume elements or modes which are of variable 

thickness. 

The basis for the denvation of the heat balance equation for the surface Qying regime is 

shown in Figure A. 1. The basis is the volume element at the surface. 

Complete heat balance, written for the surface volume element, is: 

Heut conducted - Heat - Heat = Heataccumulaliion + Eleat conducted 
into the vol, consumed consumed within the out of the vol, 
element by water by water element element 

vupo&atbn heatïng 
4in - - qvop. - 

4 w h  - qacc + 



Figure A. 1. Schematic Representation of the Surface Volume Element. 

In analytical fonn the above terms cm be presented as: 

The fint term on the left-hand si& represents heat conducted h m  the peilet surface towards the 

A 3  
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intenor of the surface volume element. This term can be otherwise presented as a heat infîwc at 

the surface due to convection and radiation. The second term on the left-hand side represents the 

heat requirernent for water vaporization at the surface, and the third term - the heat expendinire 

on raising the temperature of the water traveling to the surface. Solving for aT/& after 

simplifying (v, -fi-A=G), the heat balance equation for the surface-drymg regime is: 

Further simplification (u,=k/(pWer C , wer)) yields equation 2.4.1. It is to be noted that the water 

evaporation term applies only for the surface volume element. For the volume elements inside the 

pellet this term is equd to zero, and that requirement is satisfied in the numerical-solution 

algorithm (see below). 

To solve heat balance equation 2.4.1 in our mode1 (given in Appendix C of Reference [ 11) 

the numencal method must include appropriate steps. In the numaical code subscript j refers to 

the volume element, subscript n refers to the time step. In generd, equation A.2 is represented 

b y: 



where MCj represents the moistwe content of a volume element in kg liquid, MCIN represents 

the mass of water traveling across the volume element boundary. 

If the volume element is at the surface, an additional heat sink is included to represent 

evaporation at the surface. Also, the appropnate boundary condition (eqn. 2.4.3) representing 

heat flux by convection and radiation is used. Further details are given in Appendix C of 

Reference [l]. 




