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ABSTRACT 

PhD Research - Robert Maxim 

Designing Granules for Abrasive Cleaning (using High-Shear 
Granulation) 

Abstract: 
This work investigates the granulation of fine calcium carbonate powder to form micro-

granules (less than lOOJ1Il1). The influence of formulation and operating conditions on 

granule properties was investigated. This work analyses experimental data using a 

database approach to relate granulation conditions to granule properties, to fmd property

to-property relationships and to investigate the influence on the abrasion of Perspex. It 

was found that the granulation was undertaken in an unstable regime dictated by tbe need 

to produce small granules. As a resul~ it was not possible to achieve reproducibility in 

making the granules. For the range of granules produced it was difficult to determine 

variation in abrasiveness within the experimental errors, a detailed error analysis was 

carried out. A theoretical relationship between strength and porosity is developed and the 

factors influencing abrasive wear are investigated. 

Two theoretical models are presented: 1) Impact Failure model and 2) Granule 

Consolidation model. The impact failure model relates dynamic impact strength to static 

strength, which enables the prediction of a failure distribution curve (how many particles 

will fail per hundred impacts as a function of velocity). This is done using a "critical 

normal impact velocity" detennined from the properties of the granule, properties of the 

impact surface and experimentally measured granule static strength. The granule 

consolidation model allows the qualitative prediction of the rate and extent of 

consolidation from granulation conditions. It models the compaction of a granule by 

descnl>ing the packing of its primary particles within an imaginary internal granule. 

Sphere packing is discussed with implications for determining the maximwn packing of a 

primary particle size distnbution. 
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Technical Terminology 

2-body abrasion 

Abrasion involving 2 surfaces, normally abrasive particles are held fixed in the 

counterbody 

3-body abrasion 

Abrasion involving a freely moving abrasive that is forced into contact with the 

abraded surface by the 3rd body 

Abrasion 

Removal of matter by scratching and grinding 

Abrasive 

A substance used for the removal of matter by abrasion 

Abrasive energy 

Energy input during an abrasive process: Applied load x Time x Abrasive speed . 
Abrasive strength 

Resistance of abrasive to failure during abrasion 

Abrasivity 

Amount of material removed relative to a standard abrasion test (similar to 

abrasive strength) 

Absorption 

Penetration (not scratching) of a substance (normally gas or liquid) into the body 

of another 

Adhesion 

Intermolecular forces which hold matter together, particularly closely contiguous 

surfaces of neighbouring media, eg Jiquid in contact with a solid. Also applies to 

intimate sticking of metal surfaces due to metal bonds formed as a function of 

stress, time and temperature. 

Adsorption 

The taking up of one substance at the surface of another 

Agglomerate 

(noun) Assemblage of particles rigidly held together, as by partial fusion, e.g. by 

sintering or by growing together. In the case of granules, held by binder bridges. 



(verb) To form an agglomerate 

Aggregate 

(noun) Assemblage of particles that are loosely held together, e.g. by electrostatic 

forces (as in clusters of fine primary particles) or by weak / temporary bonds (as 

in poorly formed granules or powder sticking to a wet surface) 

(verb) To form a weak assemblage 

Arithmetic Mean 

Sum of all values divided by the number of items 

Attrition 

Wear damage caused by repetition of an action singularly causes relatively little 

wear 

Binder 

Substance used to stick primary particle together in a granule (normally liquid 

during granulation process) 

Binder Content 

A general term referring to the actual amount of binder within a granule, sieve cut 

or whole batch, usually quoted as a mass when found experimentally by 

thermogravimetric analysis (or quoted as a volume if converted using appropriate 

density) 

Binder Ratio 

Bulky 

The ratio of the mass of binder added to the mass of primary particle powder 

within a batch of granules, a sieve fraction or an individual granule quoted as a 

percentage or fraction of the original mass of primary particles. NOT the 

percentage of the total mass which is binder. 

A particle is bulky if its length ~ Breadth ~ thickness 

Capillary (bonding) 



Characteristic Length 

The size (l) of particles on a sieve cut (with upper sieve size Su and lower sieve 

size Sf) weighted by the mass-based size distribution. Such that: 

I = S/I11/ + s" 111" 

111/ + 111" 

Where 111" and 111, are the weighted masses of the mass-based size distribution 

corresponding to s" and s, respectively 

Chipping 

Removal of small fragments of material from the mother body 

Coalesce 

Combining of2 bodies into I. e.g. 2 wet granules collide and agglomerate to form 

a single new granule in which the parent granules are indistinguishable. 

Coating 

Layer of a substance spread over a substrate (either desirable to provide protection 

or undesirable in the case of a stain) 

Compressive Strength 

The compressive force per unit area that a body can withstand before failure 

Consolidation 

Primary particles within a granule packing closer together squeezing out air and 

binder in the process 

Contact Angle 

The angle between the liquid and the solid at the solid-liquid-gas interface. It is 

acute for wetting and obtuse for non-wetting 

COllnterbody 

Crack 

A second body in abrasion tests that either contains the abrasive within itself or is 

used to push the abrasive particles into the substrate and coating 



A partial split or break in a substance, a fissure. Energy input generates new 

surface area (crack) 

Critical packing state 

Closest packing of solid particles forming a granule 

Cutting 

Ductile material removal characterised by material flowing up and forming a lip 

or separated chip in front of the impression site. 

Dislocation 

A lattice imperfection in a crystal resulting from the absence of an atom or atoms 

in one or more layers 

Droplet 

Ductile 

Elastic 

Capable of being reshaped and moulded whilst retaining strength and freedom 

from cracks 

Returning to or capable of returning to an initial form after deformation 

Elastic constants 

Quantities expressed in MN / m2 used to describe the behaviour of a material 

when subjected to stress in one of three modes: longitudinal (Young's modulus) , 

shear (rigidity modulus) and compression (bulk modulus) 

Elongation (shape descriptor) 

The ratio of length to breadth 

Equivalent Diameter 

The diameter of a sphere having the same volume as the particle 

Erosion 



Wearing away of a surface due to weathering, dissolution, abrasion, corrosion and 

transportation under the influence of gravity, wind and running water. (Usually 

applied to land) 

Failure Load 

Force required to produce failure 

Failure Stress 

The force per unit area required to produce failure 

Flakey 

A particle is flakey if length ~ breadth > thickness 

Flakiness (shape descriptor) 

Flaw 

The ratio of breadth to th ickness 

An imp'erfection; can be an air pocket, impurity, foreign body (inclusion) or a 

dislocation 

Formulation parameter 

Something that goes into a granulation process, e.g. the ingred ients: binder type, 

particle type and binder: solid ratio 

Free Energy 

The capacity of a system to perform work, a change in free energy being 

measured as the maximum work obtainable from a given process 

Funicular (bonding) 

GSD (Granule Size Distribution) 

Granule 

An agglomerate made up of primary particles and held together by binder 

Granule size distribution (GSD) 



A mass based or number based size distribution of a mass of granules, usually 

referring to the size distribution of all the granules produced in a granulation 

process 

Hardness 

Resistance to deformation. It is actually measured by determining the resistance to 

indentation as in Brinell, Rockwell, Vickers diamond pyramid and scleroscope 

hardness tests ... The values of hardness obtained by the different methods are of 

some extent related to each other, and to the ultimate tensile stress of non-brittle 

metals. 

Hardness (Mohs) 

The resistance which a mineral offers to abrasion (and indentation). The absolute 

hardness is measured with the aid of a sclerometer. The comparative hardness is 

expressed in terms ofMoh's scale, and is determined by testing against ten 

standard minerals: (1) talc, (2) gypsum, (3) calcite, (4) fluorite, (5) apatite, (6) 

orthoclase, (7) quartz, (8) topaz, (9) corundum, (10) diamond. Thus a mineral with 

'hardness 5' will scratch or abrade fluorite but will be scratched by orthoclase. 

Hardness (Vickers hardness number - Hv) 

A 1360 diamond pyramid is pushed with constant force into the surface of a 

specimen for a specified time. At the end of the indentation the diagonal length of 

the indentation is measured. The hardness is the force divided by the contact 

surface area of the indentation (kg force mm-2) 

Inelastic 

Relating to permanent deformation (normally of a brittle material) 

Inter-particle space 

Fraction of granule occupied by binder and air 

Limiting interparticle space 

The interparticle space at maximum compaction for a given PPSD and binder 

combination 



Mass based size distribution 

A size distribution where the mass of particles of a given size is used as the Y

axis (visually this emphasises larger particles) 

Median 

Mode 

Middle particle size, 50% of the particles are coarser and 50% are finer 

The particle size corresponding to the maximum frequency on a frequency

particle size plot 

Needle-like 

A particle is needle-like if length > breadth ~ thickness 

Nucleation 

The initial formation ofa granule start point from binder (liquid phase) arid 

primary particles (solid phase) in the early stages of granulation 

Number based size distribution 

A size distribution where the number of particles of a given size is used as the Y

axis (visually this emphasises smaller particles) 

PPSD (Primary Particle Size Distribution) 

PSD (Particle Size Distribution) 

Pendular (bonding) 

Plastic 

Relating to permanent deformation (in this thesis plastic deformation will be used 

to refer to inelastic deformation, such as in brittle material , and the more classical 

definition of plastic - the movement of dislocations) 



Ploughing 

Ductile material removal characterised by material flowing to the sides and front 

of the impression. 

Poissons ratio 

Elastic constant. Ratio of lateral contraction per unit breadth to the longitudinal 

extension per unit length, when a piece of material is stretched. For most 

substances its value lies between 0.2 and 0.4. The relationship between poissons 

ratio, v, Young's modulus, E, and rigidity, G, is given by: 

E 
v=--l 

2G 

Porosity 

The ratio (usually expressed as a percentage) of the volume of the pore space to 

the total volume. Porosity refers to air space only, whereas inter-particle space 

refers to fraction of granule occupied by binder and air. 

Primary Particle 

The small solid particles that are agglomerated to form granules 

Primary Particle size distribution (PPSD) 

The size distribution of the particles used as the feed stock for a granulation 

process or the size distribution of the actual particles within a granule 

Processing parameter 

The way a granulation process is operated, e.g. impellor speed, run time, addition 

method, chopper speed and temperature 

Projected Diameter 

Range 

The diameter of a sphere having the same projected area as the particle 

The simplest measure of dispersion. The difference between the largest and 

smallest value of the sample observations 

Shear Stress 

The intensity of shear force per unit area of cross-section 



Sphericity 

The ratio of the surface area ofa particle to the surface area ofa sphere having the 

same volume as the particle 

Standard Deviation 

Square root of the variance (root mean squared deviation from the mean) 

Strength 

Stress 

The maximum stress that a material can withstand before failure. For ductile 

material the strength is the stress at the onset of necking. For brittle material there 

is little or no necking and the strength ~ yield stress 

The force per unit area acting on a material and tending to change its dimensions, 

i.e. cause a strain 

Substrate 

The underlying base material onto which a stain or coating is attached 

Surface free energy 

Free energy per unit area. Surface tension multiplied by surface area 

Surface Pressure 

The 2-dimensional analogue of gas pressure. The difference between the surface 

tension of a pure liquid and that of a surface active solution, it represents the 

tendency of the adsorbed surfactant molecules to spread over the liquid surface 

Surface tension 

A property possessed by liquid surfaces whereby they appear to be covered in a 

thin elastic membrane in a state of tension, it is measured by the force acting 

normally across unit length in the surface. The phenomena is due to unbalanced 

molecular cohesive forces near the surface 

Toughness 

Defined as the work required to propagate unit area of crack within a material. 

KiloJoules per unit area. Glass is a very hard material but not very tough 

Variance 



The average of the squared deviations from the sample mean 

Viscosity 

The resistance of a fluid to shear forces - The shear stress per unit velocity 

gradient N s 1m2
, (Kinematic Viscosity is the coefficient of viscosity divided by 

density, m2 S·I.) 

Wettability 

The extent to which a solid is wetted by a liquid, measured by the force of 

adhesion between the solid and the liquid 

Yield Stress 

The stress at the onset of plastic deformation, the end of the linear region ofa 

stress-strain curve 

Youngs modulus 

Defined as the ratio of stress to strain over the linear region of a stress-strain curve 
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Predicting dynamic failure of 
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Abstract 

This paper shows how static fa ilure loads can be used to predict impact fai lure of granules . A theoretical model is presented that 
gives the maximum force experienced during impact and eq uates this to experimentally measured stat ic fa ilure load to define a 
critical impact velocity for impact fa ilure. A granule will fail if the predicted theoretica l max imum force during impact due to the 
impact velocity is /,'Teater than the real force required to produce fa ilure in that panicul ar granu le. 

The random nature of granules produces a spread of ve loci ties 31 which granules of a given size will fa il ; th is spread is the 
fa ilure distribution. In Ihis paper it is shown that the fa ilure distribution of a series of impact expet;men ts can be represented by a 2-
parameter Weibull eq uation. The important c-para meter is related to the impact angle and the criti ca l nonna l impact veloc ity that is 
found from static compression tests. Thus the number of granules fa iling by impact at each velocity can be fou nd by perfonning 
static fa ilure tests. 
<0 2006 Elsevier B. Y. All tights reserved. 

Keywords: fa ilure; granule; granu les; high·shear granulation; compression; static; impact failu re; dynomic failure; impact velocity; cri ti ca l nonnal 
impact velocity; Hertzian fai lure; dense granules: dense granule; static fai lure; granulation 

1. Introduction 

Granulation has been an important powder produc
tion process in industlY fo r the past few decades. There 
are many advantages to using granulated Illaterial , for 
example improved flow-ability and improved disso lu
tion characteristics. As granules are so il11pol1ant to so 
Illany industri es it is des irable to know as much as 
poss ible abo ut efficient processing and transp0l1ation of 
granular materi al. Granules can impact upon each other 
and process equipment, potenti ally leading to granul e 

• Corresponding autbor. 
E-II/ail address: a.d.sn lmun@sheffield.uc. uk (A .D. Salman). 

030 1-7516/$ . see front mauer to 2006 Elsevier B. V. All rights reserved. 
doi: I 0.1 OI6/j.minpro.200G.02 .003 

breakage. It wo ul d be of use ful if we co ul d predi ct 
whether gran ule breakage will occur and, if so, the rate 
of granule breakage. ran ul c brcakage on impact wi th a 
rigid surface depends upon malerial propeI1i es of thc 
granule and the surfacc as well as Ihe ve locity and anglc 
of impact. Despite thc long hi story of rcsearch into 
granulat ion. it has been difficul t 10 pred ict g ranulc 
breakage duri ng process ing wit.ho ut using a statist ica l 
app roach invo lving extcnsive impac t. experiments . This 
is largc ly due to the random nature of the number and 
position of flaws/pores within granul es. This leads to a 
spread of impact ve lociti es required to induce fai lure 
within a g iven sample of granu les. 

This random spread of fai lure ve locity is ind irect ly 
apparent when pat1i cles of iden ti ca l s ize and material arc 
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fired at a rigid surface and the number of undamaged 
granules is counted as shown by Salman et al. (200 I) in 
Fig. I. In real-life granule processing industries it would 
be extremely useful to be able to predict the impact 
failure distribution without the need for extensive 
impact failure experiments. If the relationship between 
a granule's material properties, impact velocity and the 
resulting failure distribution were known then industries 
could predict the effects that process changes, such as 
transportation velocity, and material changes have on 
the amount of granule breakage. The model presented in 
tills paper does just this: predicts the number of 
undamaged granules after impact from knowledge of 
impact velocity and angle, granule size and material 
properties of the granule and impact surface. 

It is sensible that for any given granule there is a 
specific force required to cause the granule to fail by 
impact loading and a different specific force required to 
cause the granule to fail under static compression. 
Further, if a granule 's properties are changed such that 
it becomes stronger and is more resistant to dynamic 
failure it is intuitive that it should become more 
resistant to static failure. It is well known that many 
granules fail by rupture of their interparticle bonds, 
Subero et al. (1999) , and it has long been held that 
dynamic failure forces are not equal in value to static 
failure forces. This belief in the inequality between 
static failure force and dynamic failure force is largely 
due to the acceptance of creep (permanent deformation 
caused when certain materials experience low static 
forces for long periods of time) and high strain rare 
effects (increased resistance to deformation in some 

80 
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Fig. I. Undamaged granules. N, as a function of impact velocity and 
nngle. 

materials when exposed to high forces over very short 
periods). However it is believed that static failure loads 
can (in certain cases) be used to represent dynamic 
failure loads. The model and experimental results 
presented in this paper supp0l1 this ; as does previous 
work by Schonert (1979), who compared measured 
impact strains to eva luated static strains. By conducting 
static failure tests with relatively high load ing rates 
(i ncrease in force per time) the effec ts of creep can be 
ignored. Strain rate effects general ly only have 
significance at high loading rates. ft is believed that 
in this work either; the strain rate is not high enough in 
the dynamic impact to produce a difference between 
dynamic failure loads and static fai lure loads, or the 
spread in failure distribution as impact velocity 
increases incorporates the effects of strain rate as well 
as velocity increase. In either case the assertion that 
static failure loads can be used to predict dynamic 
failure distributions holds. 

Thornton et al. ( 1996) have used numerical 
solutions to analyse the failure of granules. This is 
based on simulations of discrete particles within 
granules and uses models representing the interparticle 
bonds and the subsequent 11tpture of these bonds when 
forces are applied. Another approach, applicable to 
granules of low porosity and ceramics , is to consider 
them as brittle elastic material , Galvez et al. (1997) . 
This is the approach adop ted in this work, as the 
porosity of the granules is :::: 0.03 %. Brittle elastic 
material allows the use of predicted forces based on the 
'Hertzian elastic theory' work originally done by Hertz 
at the ntm of the last centuty. Granules with porosity 
greater than those used in the experiments by Salman 
et a!. (200 I) will tend to move away from ideal 
Hertzian Elastic behaviour as the number and size of 
pores increase. The derivation of the critical normal 
impact velocity given in this paper should be used with 
dense granules, and is not applicable to porous 
granules. 

The majo rity of work on brittle elastic failure 
assumes spherical particles and deals with elastic failure 
based on the original Hertzian theory, trying to relate 
induced stress fields to convent ionally measured yield 
stresses in order to predict failure. Shipway and 
,Hutchings (1993) present a method to find the internal 
and surface stress fi elds of a sphere as a function of 
applied load and contact area. The internal and surface 
stresses are different functions of the applied load and 
diameter of the sphere, and thus change at different rates 
as the load and diameter change. 

This paper takes a slightly different approach and 
uses the predictions by Laugier (1984), dealing with 
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the force of impact in the platen, to find the relation 
between impact velocity and the force acting on the 
sphere by Newton 's law. A previous paper by Maxim 
et a!. (2002) gives some of the preliminary work to that 
which is presented in this paper. Other similar work 
includes that of Austin et a!. (1992), who examined 
impact of cylindrical pellets of A1 20 3 , and that of 
Knight et a!. (1977), who examined the failure of the 
impact platen. The critical normal impact velocity is 
defined by equating the force due to impact to a critical 
static failure load . Rather than trying to find the critical 
nonnal impact velocity by matching the yield stress of, 
the material to the failure stress fi elds, a static failure 
force is measured and then related directly to the 
maximum force induced by nonnal impact velocity to 
find the critical nonnal impact velocity needed to 
induce failure. This method requires some simple static 
compression failure experiments to be conducted on 
granules of the material in question to find the static 
critical failure load. 

1.1. 2-Parameter Weibull distribution 

Salman et a!. (200 I ) have characterised the fa ilure of 
spherical feliilizer granules by firing them at a rigid 
platen at various ve locities, v, and incident angles, () (900 

being perpend icular). The experiments tested 5.3 mm 
granules with the number of undamaged granules, N, 
being counted and plotted against impact velocity for 
each incident angle. Fig. I shows a typica l set of data, 
also shown is the Weibull distribution curve fits using 
Eq. ( I) below. 

A 2-parameter Weibull distribution is used to relate 
the number of undamaged granules, N, to the impact 
velocity, v, as given below: 

[ (") III] N = 100exp - ~ ( I) 

The Weibull distribution can be fitted to existing 
experimental impact data to find the values of c and 111 

and then used to predict failure at other velocities of 
interest. 

The parameter, 111, does not vary with impact angle 
and has an average value of 4.50. The parameter, c, is 
interpreted as the critical impact velocity inducing 
63.2% failure, f'U rther related to the critica l normal 
impact ve locity, /.I r, by: 

Ll f 
C= --

sinO (2) 

More usef'Ully, the 'Weibull eq uation can be used to 
predict failure distributions of dense granules from static 

failure tests by finding the critical n01111al impact 
velocity, Uf, and subsequently the c-parameter (with 
the l11-parameter assumed constant at 4.50). The 2-
parameter Weibull distribution (Eq. (I» should also be 
app licable to porous granules, as this is just an equation 
to describe the shape of the fail ure disnibutions. The c
parameter, for porous granules, will have to be found 
from impact experiments and cannot be derived fro l11 
stati c fa ilurc tests using the equation for clitical nonnal 
impact ve locity (which is based on the Herizian theory 
and assumes the granules are dense and have bJittle 
elastic behaviour). 

l. 2. Critical normal impact velocity, 1.1/ 

The critical nOl1nal impact veloc ity, Ur, developed in 
the theory section later, is defined as 'the velocity 
causing 63.2% of granules impacting nonnall y on a 
surface to fail' . It is a function of material properties and 
particle size; it is a process independent parameter. For 
granu les undergoing elastic failure with no plastic 
deformation the theoretical derivation defines Ur as a 
function of: 

Static critical load Fcr 
Density p 
Young's modulus of the granule E 
k-consrant k 
Radius of gra nule R 

(3 ) 

The critical nOl1nal impact velocity can thcn be uscd 
to find the c-paramcter (Eq. (2)) for various angles of 
impact. The Weibull equati on (Eq. (I» then gives the 
impact fail ure distributions as a funct ion of impact 
vclocity. 

1.3. How il works 

, To get the theoreti cal di stributions of impact 
failure : 

I . Measure the crit ical static load. 
2. Ca lculate the critical n0l111al impacr velocity, " r 

(Eq . (3)) 
3. Use the critical normal impact ve loci ty and impact 

angle to find the c-parametcr (Eq. (2») 
4. Use the Weibull equation (Eq. ( I) to find the fail ure 

distribution. 
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The static compress ion tests in step I need to be 
performed on real granul es of the same material that 
will be used in the processes of in terest. To find the 
critical normal impact velocity in step 2 requires 
knowledge of the material properties of the granules as 
well as the impact surface. 

2. Theory 

The basic idea is that the failure distributions of 
granules impacting on a surface at various velocities 
can be represented by a 2-parameter Weibull distribu
tion, with the important c-parameter being predicted 
from static compress ion tests or fitted to experimental 
impact data. The distribution shape accounts for the 
randomness in the structure of the granules. The m

parameter describes the 'width ' or 'spread ' of the 
distribution whereas the c-parameter describes the 
critical impact velocity inducing 63.2% failure. 

As the granules are dense (porosity <0.03%) it 
can be assumed they behave like brittle elas tic 
material. It is assumed that the dense granules in 
question are spherical and thus Hertzian elas tic theory 
can be used to predict the forces felt within the 
granule based on the size of the impact contact area 
(Laugier, 1984). Newton's laws of motion and simple 
trigonometry are applied to the sphere and combined 
with the force predicted by the Henzian theory to 
give an expression, in terms of physical propenies, 
for the effective acceleration in size of the contact 
area. 

This acceleration expression is then manipulated and 
non-dimensionalised to give a dimensionless set of 
equations of motion for the impacting sphere. The 
numerical solution of which, for a non-failing sphere, 
yields real values for; total time of impact, maximum 
contact radius and maximum contact forc e. 

A failure criterion is then applied that "a granule 
will fa il if the theoreti cal maximum force is greater 
than the real force required to produce fa ilure in that 
particular granule". The real force requi red to induce 
failure cannot be calculated and is di ffi cult to 
measure exactly by impact experiments, thus it is 
suggested that the static critical load, Fe" should be 
used as the equiva lent real force inducing failure. The 
static criti cal load is found from static loading 
experiments and combined with the expression for 
max imum force of impact to give a critica l normal 
impact ve locity. The critical nOlmal impact velocity is 
interpreted as the normal velocity creating a maxi
mum force on impact that just equals the static 
failure load. 

Fig. 2. Schemati c of collis ion. 

2.1. Derivation 

Consider a sphere of rad ius, R, trave lling at velocity, 
II, impacting on a rigid platen as shown in Fig. 2 below. 

When the sphere impacts on the platen there is a 
fo rce, F, acting to slow it down. 

Assume the fo rce acting on the sphere is given by 
(based on Laugier, 1984) : 

F = ~r3~ 
4 kR 

where: 

(4) 

(5) 

k is simply a constant dependent on the material 
properties of the impacting sphere and the platen. E, 
EI and 1',1'1 are the Young's moduli and Poisson 's ratios 
of the sample and platen, respectively. R is the sphere 
radius and r is the contact radius. 

Denoting the height of the centre of mass of the 
sphere above the platen surface as, z, and making the 
assumption that the squashed material has a negligible 
effect on the sphere rad ius then by trigonometry: 

( 
,-2) 1/ 2 

7=R 1-- R2 

z (r) 2 if r «: R then - =:: I - 1/2 -
R R 

(6) 

The motion of the sphere must satisfy Newton's laws 
of motion where: 

Acceleration 

4 
Mass mass = 3' {JnR3 

(7) 

(8) 



192 R.E. Maxim el al. / 1111. 1. Mille!: Process. 79 (2006) 188- 197 

Using Eqs. (4) and (8) with Newton's law gives 

(9) 

Differentiation of Eq. (6): 

d2z I d2,.2 

dt 2 = - 2R dt2 
( 10) 

and substitution in Eq. (9) gives 

d2r2 9 £ _ = __ ,.3 __ 

dt 2 8 kpTT.R3 
( I I ) 

If we introduce an area, a, and a constant, M , such 
that 

0 = r 2 and 

9 E 
M = ---

88kpnR3 

then Eq. (ll) becomes 

ii = _ Ma 3/ 2 

( 12) 

(13 ) 

BoundalY conditions, with time, for Eq. ( 12) are 
given below. The contact area, a, at time (0) = 0. The rate 
of change in the height, z, of the centre of mass above 
the impact platen, at time (0) is equal to the impact 
velocity, u. 

a(O) = 0 (14 ) 

- z(O) = u ( 15 ) 

For small defonnation, differentiation of Eq. (6) and 
substitution into Eq. (14) gives 

ci(O) = 2uR ( 16) 

Non-d imensionalising the area, a, and time, t, using 

- a 
( 17) a = -

A 

( 

( 18) t =-
T 

we can non-d imensionalise Eqs. (13), (14) and (16) 
giving 

0(0) = 0 

( 19) 

(20) 

. T 
0(0) = 2uRA (21 ) 

wherc A and T are the dimensionless area constant and 
dimensionless time constant, respectively. These are 
effectively the dimensionless boundary conditions for 
the impact of the sphere on a platen. 

A convenient choice for Tand A is that which makes 

T 
2uR - = I 

A 

(22) 

(23 ) 

Solving Eqs. (22) and (23) simultaneously and 
substituting for Musing Eq. ( 12) gives 

? (u2 Pkn) 2/5 
A = 4R- --

9£ 

( 
pTT.k ) 2/5 

T = 2R 9E.fii 

Eqs. (19), (20) and (21) now become: 

a(O) = 0 

~(O ) = I 
Eq. (26) can be rewritten as: 

".:. do -3/2 a = a- =-0 
dii 

(24) 

(25 ) 

(26) 

(27) 

(28) 

(29) 

Integration ofEq. (28) using the boundary condi tions 
given by Eqs. (2 7) and (28) yields : 

4 - 5/2 
.. 1 a 
0- = 1 - --

5 

At Gmaxfi = 0 so that, from Eq. (30) 

OS/ 2 = 2 and 0 = 1.093 max 4 

(30) 

(3 I ) 

We can now define a dimensionless force , F , such 
that: 

(32) 
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From the definition of ii (Eq. (17» and lIsing a = r2 

gives: 

- ? 
F = A3/2 

and, from Eq. (4): 

r3 = ~kRF 
3E 

(33 ) 

(34 ) 

Substitution for r3 from Eq. (34) and for A from Eq. 
(24) leads to the dimensionless force: 

(35) 

The force reaches its maximum value when ii=iimax. 

It follows from Eqs. (31) and (32) that: 

_ (5) 3/ 5 
F max = 4" 1.143 (36) 

The maximum force is an especially important 
parameter as we can define the failure criterion as "a 
granule will fail if the theoretical maximum force is 
greater than the real force required to produce failure in 
that particular granule". 

The maximum force can be found by substituting the 
dimensionless maximum force, Eq. (36), into Eq. (37) 
thus: 

(37) 

The radius of maximum contact area can be found 
by: 

(

U2p ltk) 1/ 5 
rmax = V l.093A = 2.091R 9E (38) 

The total collision time without fa ilure can be 
obtained by numerical integration of Eq. (30) which 
gives the dimensionless time as 7 = 3.218 so that 

( 
k ) 2/5 

Time = 3.2 18T = 6.436R 9:;U (39) 

We now have an equation relating the maximum 
force, felt by a granule on impact, to: 

The radius of the granule R 
The material properties of the granule p, E, )' 

The matelial properties of the impact surface Eb 1'1 
The velocity of impact u 

A particular granule wi ll fail if this maximum force is 
greater than the static critical load, Fen required to 
induce fa ilure under static compression. 

Failure criterion is Fmox ";? F cr (40) 

For any granule impacting on a given surface the 
only variable that affects the failure force of that specific 
granule is the velocity of impact. It can clearly be seen 
from Eq. (37) that the maximum force felt on impact 
varies with velocity as U

615
, thus a critical normal impact 

velocity, Uf, must ex ist above which fai lure of the 
granule will occur. This critical normal impact velocity 
is a process independent parameter used for predicting 
granule failure. 

Eq. (37) and the failure criterion that the maximum 
force must equal or exceed the static critical load implies 
that the critical normal impact velocity can be written as 
Eq. (3). 

This is the important result that allows the prediction 
of the critical impact velocity (parameter c) and 
subsequently the failure distributions using the WeibuII 
distribution model. The static critical load can be found 
from static compression tests conducted on samples of 
granules. Steps (I) and (2) are shown clearly in Static 
compression experiments whilst steps (3) and (4) in 
Predicted impact failure distributions show how the 
predicted failure distribution using static compression 
tests matches the failure distribution obtained from 
impact experiments. 

3. Experimental results and discussion 

3.1. Weibull distribution- impact e.,'pcriments 

Salman et al. (200 I) have characterised the failure of 
5.3 mm (mean size) spherical granules of general 
purpose fertiliser (30% N, 20% P20 S, 20% K20). This 
is a weak material. The granules are roughly spherical 
with grain sizes ranging between 40 and I 20 ~lm . This 
characterisation was done by firing them at a rigid platen 
at various velocities, v, and incident angles, 0 (900 being 
perpendicular). The number of undamaged granules, N, 
were counted and plotted against impact velocity for 
each incident angle. A typ ical set of data and curve fits 
of the form given by the 2-parameter Weibull distribu
tio'} (Eq. ( I» is shown in Fig. 1. Each point represents 
the number of undamaged granules, N, from 100 fired at 
the platen for that given velocity and angle. 
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Thc single paz1icle impact experiments were can'ied 
out using a continuous flow gas gun as shown in Fig. 3. 
Initially a steady gas flow is established. Pat1icles are 
then introduced one by one into the open breech and 
accelerated along a 300-mm-long section of the 8-mm 
diameter acceleration tube with a driving pressure up to 
2 bars. The impact velocity was determined using two 
timing signals. The first timing signal was a photodiode 
switch at the end of the acceleration tube and the 
second was an electromagnetic vibration transducer 
attached to the target. The timer was connected to a 
computer, and the velocity was automatically measured 
for each impact from the measured timing interva l. . 

3.2. Weibull distribution- jitting 

For all angles used the curve fit parameters obtained 
are shown in Table 1. 

Parameter, m, shows no significant variation with 
impact angle and has an average value of 4.50. 

The c-parameter is interpreted as a measure of the 
velocity required to induce 63.2% fai lure. Further 
related to the critical normal impact velocity by: 

ur = csin 8 

In wh ich case we should fmd that c should be directly 
proportional to lIsin8. Fig. 4 shows that this is indeed 
the case. Parameter, c, declines as the incident angle 
approaches the perpendicular. 

As the c-parameter is proportional to J/sin8, it should 
be possible to represent all the data for a fixed granule 
size with N as a function of ur=cs in8 only. This is 
shown in Fig. 5 (symbols represent different ang les , 
same as in Fig. 1, b!lt the data has all bcen normal ised). 

3.3. Static compression experiments 

It has already been shown that the Weibull equation 
accurately describes the failure distribution of impact-

Pressure 
gauge 

Table I 
C UIVC fit parameters for Weibull distribution 

u c 

900 12.94±0. 1 I 
700 14. 18± 0.2 
500 14.9 I ±0.08 

300 22.22 ± 0.1 5 

200 37. 14±0.S6 
100 67.34 ± 12 .03 

11/ 

5.11 ± 0.29 
4.03±0.29 
5.49±O.29 
S. 19±0.22 
3.66±0. 17 
3.S4 ±0.73 

ing fertili zer granules and the th eoretica l model 
suggests it is poss ible to predict the critical normal 
impact ve locity from material properties and static 
compression failure tests. The theory was verified 
using similar granules to those used in the original 
impact experiments and conducting static compression 
experiments on them. The measured static critical loads 
were then used to find the critical normal impact 
velocity and subsequently a theoretical failure distri
bution using the Weibull equation. 

The granules were placed between 2 rigid hard 
platens and a compressive load applied. The static 
fai lure loads were measured and Eq. (3) used to 
calculate the critical normal impact velocity for the 
granules using a density of 2000kg/mJ

, a Young's 
modulus of2.48 x 109N m- 2 and a k value of 0.5. The 
results of individual tests are shown as points in Fig. 6. 
Also shown as a dashed stra ight line is the average 
critical nOlmal impact velocity found from static failure 
tests and as a solid straight line the critical normal 
impact velocity found by fitting the Weibull equation to 
measured va lues from impact experiments. It can be 
seen that the fitted ufva lue from impact experiments li es 
close to the theoretically predicted values fi"Oln static 
compression experiments. Also, all Uf val ues ca lculated 
fro m static compression experiments lie within the range 
of velocities causing failure from Fig. J. The random 
spread in static fail ure loads is due to the random nature 
of the granules as discussed in Introduction. 

PhOlodiode 
sw itch Impact 

. r-~-- / 
\ 

Open 
breech 
\ \z

angle Cage 

I ----_ Targel 
Accelerati on I ~ 
tube \ I 8 i 

i-.-... Vibration 
: transducer 
I ___ .J 

L----------

/ 
Compressed 
air '" Electromagneti c 
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Fig. 3. Single-impact rest apparatus and arrangement of measuring systems. 
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Fig. 4. c-parameter as a fun ction of I/sine angle. 

3.4. Predicted impact f ailure distributions 

The critical nonnal impact velocities calculated from 
the static compression tests were used to find the c
parameter using Eq. (2), an impact angle of 90° was 
assumed so the c-parameter was equal to the critical 
nonnal impact velocity. The predicted failure distribu
tions were plotted for impact velocities iTom 0 to 20mls 
using Eq. (I), a constant m-parameter value of 4.50 was 
used and c-parameter values taken from the static 
compression tests . Fig. 7 shows predicted failure 

100.---HloIMIill/illi;h....-:-------------, 

80 

N 

60 

40 

20 

20 
vs in8 (m 5. 1) 

Fig. 5. All da ta for 5.3 111111 granu les plotting N as a fu ncti on of normal 
ve loc ity. 

distli butions based on: the highest and lowest recorded 
static fa ilure load; the average failure load of all the 
static compress ion tests; and the original experimental 
impact data. 

As can be seen the predicted failure distribution 
based on the average value from the stati c compres
sion tests fits fairly closely to the experimental impact 
data. 

4. Conclusion 

It has been demonstrated that real experimental 
impact fa ilure distributions for dense granul es can be 
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rig. 6. Cri tica l normal impnct velocity, /l r, fo r 5.3 mm grnnulcs, deri ved 
fro l11 il11pac t experiments compared to the average and individual 
valucs derived from static compression loading. 
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suitably represented by the 2-parameter Weibull equa
tion. It was further demonstrated that the important 
parameter, the c-parameter, is related to the angle of 
impact and the cIitical nonnal impact veloci ty. This 
critical nonnal impact velocity can be found fi'om 
knowledge of the granule material propeIties and fa ilure 
loads found by experimental static compression tests. A 
fa irly good agreement between the theoretical critical 
velocities calculated using these static critical loads and 
the va lues obtained from impact experiments supports 
the applicabili ty of the theory. This is an important 
point; this paper shows that it is possible to and how to 
use static failure J'esults to predict dynamic impact 
failure. 

Nomenclature 

a Area (m2
) 

a daldt (m2 s- I ) 

Ii d2 aldt2 (m2 s - 2) 

ii Dimensionless area 
A Dimensionless area constant (m _2) 
c Parameter in Weibull distribution- cri tica l 

impact veloci ty 
D Diameter of granule (m) 
E Young's modulus of granule (N m _2) 
EI Young's modulus of platen (N m-') 
F Force (N) 
F Dimensionl ess force 
Fer Static criti cal load (N) 
Ie Constant- Laugier equation 

L Dimension of Length (m) 
9 £ ( - I - 2) M constant = 8kprrR' m s 

111 Pa rameter in Weibull distribution 
N Number of undamaged granules per 100 

fi red 
r 
R 
T 
T' 
t 

U 

Uf 

Z 

v 
o 

p 
(j 

Radiu of circle of contact (m) 
Rad ius of granule (m) 
Dimensionl ess time constant (s - I) 
Dimension of time (s) 
Dimensionless time 
Nonnal velocity (m s-' ) 
Critical nO Imal fai lure velocity (m s- ') 
Elevation of the centroid of a granule above the 
pl::iten (m) 
Velocity of granule (m s- ') 
Angle of impact with platen (900 be ing 
perpendicular) 
Density (kg m - ' ) 
Nonnal stress (N m-') 
Poisson 's ra tio of granule 
Poisson's ra tio of platen 
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Crushing Test Graphs 
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Appendix C . 

Derivation of Analysis of 
Binder Content and Packing 

Structure 



Analysis of Binder Content of Orthorombic (Bodv-Centrcd-C ubic) packing of 
spherical par'ticles, 

Stage I 
Vo lume of a sphere: 

J[ 

=-dJ 

6 
( I ) 

A body-centred cubic packing arrangement will have a co-ordinat ion number of 8. ee 
diagra m I be low: 

7 

6 2 

8 
I 

5 .. --:- -

: - - ~... ! ... ,. .... ' 
" . ... - - -'- 3 : ...... 

4 

Diagram 1 showing the body-centr d 
particle and the sections of 8 other 
particles contained in the control volum 

According to the notes from the 2-day agglomerati n ofpowd I' 'oLlr b Prof. J. 
ev il Ie and Prof. P. Knight of Birmingham Univer it thi h uld equat t ap r ity f 

0. "95 
Poros ity is defined as : 

P 
. Volume of void 

orosrly = ---...::---
Total Volurn 

1' 0 1' oLlr cubic region let LI S assume that all the pherical parti Ie at th mer are 
touching the central sphere. Ass ume the spher ha a radiu f l . Th r 'G r th diag nul 
length across the sphere xyz will be length 4 (2 + I + I). (2 radiu . fr m th nLral 
sphere plus I radius from each sphere at the opposite co rn r .) 
Let tile length of I side of the cube be l, then by trigonometry: 

3Z2 = 42 

1= 2.30940 11 

Thus the vo lume of th e cube = 
= 

2.309401] 3 
12.316806 



oiL/me or phcrc = 

= 8.3775804 

ollllm: 0(' oiel. = 
= 

12."' 180 - .3 77~ O~ 

.9 _25 

=> P r . it) = 3.939_253 
1 2.~ 16806 

= 0."1 _-2 (\ hich i. dirr~rcnt rrol1ltile quotl'd \:lIIIL' 

in the tex t h) , c i ll e and Knight) 

' tagc 2 
Imagine th srhcrc . 1 u h at their p 
diagram _) 
Line 1-2- = lI' 

iam eLcr r ph rc = I 

Lcn~th (,lincll ' 

bu tLh ' 

Lilli ' : 

: ll ~() 

, , 2 
\I ' = x' + .I ' 

(c nlt' )1 ILlme 

II ' _d 
4f 

a lIb' => 

an unbr ken lill ' . ( .... l'l' 

or 

,= = z 



vo lum e of' cube, fie 3x3 

= (~dJ' 
= (~Jd' 

27r 3 
-d = 
6 

Volullle of' spheres, Vs = 

Poros ity (or space filled with binder), By (as fraction); 

B,.= I - V, 
Vc 

(4) and (5) into (6) => 

General. = 0.3198252 

(3 ) 

(4) 

7r 3 
-:;d (5) 
.) 

(6) 

(7) 

Therefore if there is no gap / space between the particles (spheres) at the points of contact 
(the point of closest approach between neighbouring particles) then the binder content as 
a ratio of the total volume is independent of the volume and independent of volume of 
indi vidual granules (diameter of sphere drops out of equation (7). 

D 

A c 

B 

Diagram 3 - showing binder layer 'a' 



Imagine a second case where there is a gap between the particles dLle to a binder film ur 
thickness, a,. As shown in the diagram 3 above. 

Again 

Length of line AD is given by: 

thus: 

AD2 =/+i+i 

2 -(d+a)=x 
13 

therefore volume of cube: 
8 

V" = 313 (d+a) 

Volume of sphere: 
Jr 3 

V" =3d 

(5) and (9) into (6) => 

Jr d 33.J3 
B = 1----:--= 

I' 3x8(d+a) 

.fj d3 

B" = 1 ~87Z" (d+a) 

x=y=z 

(8) 

(9) 

(5) 

(10) 

This is the equation for the binder fraction ofa cubic body-centred pal:king slrllt.:lun:, 



AllHlvsis of Binder Content of a tetrahedronal shaped unit cell (non-Bodv-Ccntrccl) 
pacldng of spherical particles. 

Packing state ofa tetrahedron (4 sided pyramid with equilateral triangles) see diagram 4. 
Fach vertices A, B, C and D represents the centre ofa spherical particle. 

c A 

1\ 
X B C 

X 
J) 

2 

HX=h .' 

Diagram 4 - tetrahedronal 
packing structure and dimensions 

Volume 0 f any cone is given by: 

For our case: 

Volume = 1/3 (area of base) x (height) 

Area of base 
.. .. ] Jr 

= -x -x 

= 

2 4 

.J3 2 -x 
4 



Therefore volume of tetrahedron: 

~. fj x2 • fIx 
3 4 ~3 

V tetrahedron = J2 3 

I2x (II ) 

Thus if we imagine the control volume for the packing is a tetrahedron of side . .Y. (lilli th l' 
particles (spheres) are of diameter, d, then: 

x 

= 

Volume ofa sphere is given by (5) 

d 

J2 3 12d ( 12) 

A single vertices of the control volume contains approximately 1I20th of a sphere (Til is is 
an approximation as it has not been possible to calculate or find the exact thlction or (l 
sphere that wi II be contained at the apex of a Tetrahedron - Tetrahedron pack 
approximately to a regular 20 faced ICOSAHEDRON, however the internal (lxis o"thc 
pyramids forming an icosahedron are shortened. When Tetrahedron are;: packed around ;1 

central point you can fit 20 with a small amount of space let over ~ the actual volulllc (d' 

a sphere contained at each vertice will be slightly less than 120th of a sphere). Usi ng th is 
approximation the volume of particles in the control volume is approximatel y 4120 = 1/ :;111 
of a sphere. 

Volume of solid particles in the control volume: 

Jr 3 

30
d 

The space filled by binder (binder fraction) is given by (6). 

(12) and (13) => B ' = I _ ( Jr d
3 

+ J2 d 3J 
I 30 12 

J2 
BI'=I--Jr 

5 

( I J ) 



= 0.1114234 ( 14) 

Imagine a further case where the control volume is still a tetrahedron and the primary 
particles are spheres of diameter, d, but there is a gap between the particles due to a 
bi nder film of th ickness, a. 

The length of' side. x, 'of the control volume is now given by: 
x = d +a 

Thlls the control volume is now given by: 

12 
Vc = -(d+a'j 

12 

The vol ume of the particles stays the same (13). 
Equation (6) => Binder fraction: 

( 
7r 3 12 ( )-3) 

B •. =I- 30 d '12 d+a 

(15) 

( 16) 

( 17) 

This is the equation for the binder fraction of a tetrahedronal packing structure. 

When comparing eqn (10) and (17) ·it can be seen that for a generic packing of identical 
spherical particles the fraction of the total packed volume (ignoring edge conditions) is 
dependent on the diameter of the particles, d, the binder thickness, a, and a packing 
factor , k, relating to the way the particles pack together. Such that: 

. kd3 

B .. = 1- ( \3 
d+a, 

Where: fa r body-centred-cubic packing: 

k=J3 7r 
8 

For packing based on a tetrahedronal close packing (approximation): 

k=12 7r 
5 

( 18) 

It f"ollows that the binder thickness, a, should be related to the flow properties of the 
binder. i.e. the viscosity, density and compressibility. 
The diameter of particles, d, is obviously related to the size of pa~ticles being used . 

In order visualize how the packing structure, particle diameter and binder thickness affect 
the interparticle space plots were produced of the generic packing equation using k-
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values fo r tet rahed ral pack ing (a pproximated as k= 0.88) and body-cent rcd -clihi c 
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Introduction 
The general aim of the research is to determine if it is possible to produce designer 
granules that have a specified abrasive strength. Granules have been made using a lab
scale high-shear mixer; the primary particles are CaC03 (Calcium Carbonate) and the 
binder is PEG (PolyEthyleneGlycol). The abrasive testing was done using 4 different 
toothbrush abrasion rigs: 

1) Lissajous (swirling) motion abrasion rig at POli Sunlight research labs 
2) Unilever Linear motion abrasion rig at Chemical Eng, Dept. Sheffield 
3) In-House Linear motion abrasion rig at Chemical Eng. Dept. Sheffield 
4) Random motion Hand-Held abrasion tester at Chemical Eng. Dept. 

Sheffield 

The initial testing was done on the Lissajous rig using the standard Knoop indent 
testing method devised by Unilever (measures the amount of abrasion based on the 
change in length of a diamond shaped indent). Variation in tl1e amount of abrasion 
generated by different granules and abrasion conditions was observed. Tests to 
determine the granule dose effect were carried out using the Hand-Held abrasion 
tester; these tests did not produce useful quantitative results for comparing the 
abrasive properties of the granules. Further tests were carried out on the Unilever 
Linear rig to compare it to the Lissajous rig; these tests produced visible scratching 
and grooving. Tests were then done using the In-House Linear rig to detemlirie 
whether the toothbrush heads, the granules or a combination of both, generated the 
scratches. Tests were carried out to analyse the damage caused to the granules 
themselves during the abrasion process. 
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Testing Methods 
This section describes the method used for the tests. 

Lissajous Abrasion Rig , 
Square PMMA sample plates were indented with 4 diamond shaped Knoop indcnts 
and left to stand for 24hrs (for the PMMA to relax) before the length of the indents 
were measured. The indents were produced using a load of 1000 grams applied uver 
12 seconds. A suspension of granules in oil was made up using 6 grams in 60 grams 
of oil; 10 ml of this suspension was then dosed onto each sample plate. The Lissajous 
abrasion rig was then run for 400 strokes at 150 strokes per minute with a total 
downward load of 375 grams. The samples were then removed and the indcnts 
measured. The depth of abrasion was calculated from the change in length of the 
indent. 

Hand-Held Abrasion Tester 
Rectangular PMMA sample plates were indented with 4 diamond shaped Knlll)p 
indents and left to stand for 24hrs (for the PMMA to relax) before the length of the 
indents were measured using a computer aided microscope in the Materials 
Engineering Department. The indents were produced using a load of 100 grams 
applied over 15 seconds. 6 tests were conducted using the granule size and d()sc 
indicated in the table below. 

No. Granule Size Dose 
1 < 38 ~lm 0.5 g /5 ml 
2 <38 ~m 1 g / 5 ml 
3 <38 ~m 2 g /5 ml 
4 > 300 ~m 0.5 g /5 ml 

5 > 300 ~m 1 g /5 ml 

6 > 300 ~m 2 g / 5 ml 

The Hand-Held abrasion rig was run for 3 minutes with a total downward load or 
between 4 and 10 grams. The samples were then removed and the indents measured 
using 2 separate computer aided microscopes; the same microscope that was used to 
measure the initial indents and a second microscope located in the Chemic'al 
Engineering Department. The depth of abrasion was calculated from the change in 
length of the indent. ' 

Unilever Linear Motion Abrasion Rig 
2 Square PMMA sample plates were used without Knoop indents. Scparutc 
suspensions of < 38 J.lm and> 212 ~m granules in oil were made lip using 0.6 grams 
in 5 ml of oil and dosed onto each sample plate. The abrasion rig was then run for 
1000 strokes at speed setting 5 with a total downward load of 15.5 grams. The 
samples were then removed and the damage to the granules and the sample plate 
observed under a microscope. 
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In-House Linear Motion Abrasion Rig 
Square PMMA sample plates were used without Knoop indents. A suspension of 106 
- 300 /-t111 granules in oil made up using 0.5 grams in 2 ml of oil was dosed onto each 
sample plate. The abrasion rig was then run for 10 minutes at 140 strokes per minute. 
Tests were run with a total downward load of: 103.2 grams, 153.2 grams, 203.2 grams 
and 303.2 grams. The samples were then removed and the damage observed under a 
microscope. A separate test was conducted using oil only without granules and a total 
downward load of 103.2 grams. 

Size analysis of granules before and after abrasion 
A suspension of 63 - 106 I.UTI granules in oil was made up using 0.6 grams in 5 ml of 
oil.. This was stirred using a pipette to agitate the granules and keep them in 
slispension. 2 separate samples were taken and measured using the Sympatec (laser 
scattering particle size distribution device) in a 6 ml cuvette that was stirred by hand. 
A separate sample was taken and measured using the Sympatec in a 25 ml cuvette that 
was stirred mechanically. Roughly 3 ml of the granule suspension was then abraded 
for 3 minutes using the Hand-Held abrasion rig. The abraded particles were measured 
using the Sympatec, 2 samples using the 6 ml cuvette and 1 using the 25 m1 cuvette. 
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Results 
This section describes the results from each test. 

Lissajous Abrasion Rig 
Granules made from CaC03 and PEG all produced abrasion resulting in a calculated 
depth change of 3 to 4 times that produced by granules of the same size made fmm 
Wessalith (Zeolite) and PEG. The control test using oil only without any abrasive 
particles produced an average depth change of 0.1 J.lm compared to 1 ~lm for the' 
Wessalith granules. For granules made from CaC03 and PEG there was a small 
decrease in the average of depth change as the size of the granules increased 

Hand-Held Abrasion Tester 
During the test the granules moved towards the sides of the sample plate holder 
leaving a barren area in the middle of the sample plates. The depth change caused hy 
abrasion increases with increasing mass of dose and smaller granules produce more 
abrasion for a given mass of dose. This is based on measurements of the indcnts 
before and after abrasion using different microscopes. 
When the same microscope is used to measure the indents before and after abrasion 
the results are very scattered and there are no obvious trends. 

Unilever Linear Motion Abrasion Rig 
For the> 212 J.lm granules most of the granules were pushed to each end of the 
sample trough and were not taking part in the abrasion. The images of the> 212 ~ll11 

granules before abrasion show the presence of lots of relatively small particles on the 
surface of the granules, this makes the granules look like surface rough sphcl'l)ids. 
There is no sign of small granules / particles present in the oil that are not attached to 

large granules. Images of the> 212J.lm granules after abrasion show that the large 
granules are smooth spheroids. There are also lots of smaller particles present in the 
oil. 
For the small granules the images before abrasion show small sharp edged granules 
with some completely opaque granules and some with translucent sections. After 
abrasion the granules appear more rounded and there is a greater portion or 
translucent granules and sections of granules. There are also lots of smaller particles 
present floating in the oil. 
The surface of the sample plates moved over by the brush head had lots of straight 
scratches and gouges in the surface all running parallel to the direction o}' the linear 
brush motion. They had a pattern similar to a bar code, with some sections having lots 
of scratches and others with very few. On one sample there was also a single. un
broken abrasion line in an area with no other scratches. 

In-House Linear Motion Abrasion' Rig 
The PMMA sample plates were examined before abrasion and no scratches were 
present on any of the plates. After abrasion all the sample plates had scratches and 
grooves running parallel to the direction of the brush strokes. The sample plate that 
was brushed with oil only had grooves similar to those produced on the plate brushed 
with granules for the same loading. The thickness and depth of grooves appeared to 
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Il1crease with loading, although this was difficult to tell using the 2-dimensional 
mIcroscope. 
The dry granules, before oil was added, were a mixture of sizes and looked like large 
rough spheroid granules aggregated with smaller angular granules attached to their 
surfaces. After oil was added most of the smaller granules detached from the larger 
spheroid granules leaving the larger granules appearing smooth. 
In all tests granules were pushed to each end of the sample holder, with large granules 
collecting 10getl1er close to the brushing region and small granules collecting together 
ncar the edges of the sample holder. When the granules were examined under a 
microscope after abrasion it was not possible to tell if damage had occurred to the 
large granules. The smaller angular granules appeared to have reduced in size, 
beco11l ing smoother, rounder and more translucent. The images of granules in oil 
before and after abrasion show a similar number of floating small particles. 

Size analysis of granules before and after abrasion 
For granules measured before abrasion: The first test using the small 6 1111 cuvette 
lIsed 2 readings and gives a (mass based) mode size of -- 90 ].lill, the second test used 
6 readings and gives a (mass based) bi-modal size distribution with peaks at 90"':' 1 00 
~lm and a higher peak at --160 ].lm. There were a lot of particles smaller than the 63 
~ll11 sieve size that was used to classify the granules, but the majority of the mass was 
in the size region 60 - 112 ].lm. The test using the large 25 ml cuvette used 8 readings 
and gives a (mass based) mode size of 85 j.Lm. 
For granules measured after abrasion: The first test using the small 6 ml cuvette used 
7 readings. after the initial stirring the sample was left to settle and 2 further readings 
were taken. After the 3rd reading the sample was re-stirred and 4 further readings were 
taken. Based on the readings taken immediately after stirring the mode size was 90 -
100 ~ll11. The readings taken as the sample settles show a reducing mode size with 
time suggesting that larger particles are settling out faster than the smaller particles. 
The second test using the small 6 ml cuvette used 7 readings and gives a mode size of 
90 - 100 pm, a few of the readings gave bi-modal distributions with a second smaller 
peak at 160 ~m1. The test using the large 25 ml cuvette used 8 readings and gives a 
mode size of - 90 ].lm. 

When all the tests are taken together there is no obvious difference between the size 
distributions before and after abrasion. 
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Discussion 

The experiments done using the Lissajous abrasion rig show that the primary particle 
type within the granule affects the amount of abrasion. 
Smaller granules appear to produce more abrasion than larger granules, but this could 
be because the tests are being dosed by mass rather than surface area. Abrasion is 
relative to the area swept by the abrasive particles so a given mass of small particles 
will have a larger number of particles and a larger surface area to cause abrasion than 
the same mass of larger particles. A single large particle should cause more abrasilll1 
than a single small particle. It follows that increasing the mass of the abrasive dose 
will increase the amount of surface area available for abrasion and thus the amount nl' 
abrasion; the tests using the Hand-Held abrasion tester that appear to support this I~)\' 
the measurements taken before and after on different microscopes. However there is 
doubt as to the accuracy of these measurements, as when the indents are measured 
after abrasion using the same microscope that measured them at the start the results 
show no such relation. This is assumed to be because of either human error in 
measuring the ends of the indent or improper calibration of the computer aided 
microscopes. In a separate investigation the human error in measuring the length \)1' 

the Knoop indents was investigated and this gave standard deviation of 6.03 pm for 
the length of the indents, which when combined with the typical values of ind~!1( 
lengths before and after abrasion gives calculated errors on the abrasion of ± 50 °,'0. 

The scratches and gouges produced using the linear abrasion rigs will run 
perpendicular to any Knoop indents and may obscure the ends of the indents making 
accurate measurements of indent length and calculation of the depth change less 
accurate when using the linear abrasion rigs. The Hand-Held abrasion tester is not 
really a good test method as the granules being pushed to the sides will not be taking 
part in the abrasion test, it is difficult to clean the brush between each test as wnter 
cannot be used and the bristles on the brush are not all the same length (they are 
shorter in the centre). 

For the linear abrasion rigs: the bristles on the toothbrush head and not the granules 
must produce the scratches and gouges, as they are present with and without abrasive 
granules. The increasing width of the scratches with load indicates that they are 
deeper and is probably due to the bristles on the brush being pushed in to the surfac~ 
with a greater force, they could also be caused by granules becoming trapped under 
the bristle and dragged along the surface. The unevenness in the distribution oj' the 
scratches is probably due to bristles of different length on the toothbrush heads. The 
single, un-broken abrasion line could be caused by a single abrasive particle. a lung 
bristle sticking out proud of the rest or a groove that fills with fresh granules on each 
stroke. 
Some sort of segregation process is occurring during abrasion to produce the separate 
groups of large and small granules at the end. It is possible that the bristles are 
filtering out the large particles and the smaller particles get carried along with the oil. 
This segregation makes it impossible to analyse the size distribution before and after 
abrasion lIsing image analysis because the location of the image taken on the sample 
plate will affect the size distribution. The images of granules before and after abrasion 
suggest that some form of erosion is taking place, as all the granules (small and large) 
become rounded and surface smooth after abrasion. The presence of more very sl11all 
particles after abrasion using the Unilever linear abrasion rig supports this and could 
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be primary particles worn from the surface of larger granules. The presence of small 
particles before abrasion using the In-House abrasion rig could be caused by primary 
particles aggregated onto the larger granules that become dislodged when the oil is 
added. it is too difficult to tell whether the number of these small particles increases 
\",jlh abrasion indicating erosion or whether there is the same number. It is not clear 
what happens to the small angular granules that are present at the start of abrasion; 
these seem to become smaller, more rounded and more translucent. It is possible that 
the ,images of the granules before abrasion using the Unilever rig were taken dry and 
not in oil and that would explain the lack of presence of small particles before 
abrasion, as they would be aggregated onto the larger granules. 
Wider scratches and gouges indicates that the more abrasion is occurring, however it 
is not clear whether this is due to increased abrasion from the granules or the bristles 
on the toothbrush. It is likely that the increased damage is due to the bristles as the 
pattern of the damage remains consistent with that caused by bristles and there is no 
evidence or increased damage to the granules with increased load. This is sensible as 
i r the bristles are filtering the large granules and the small granules are gettirig swept 
along by the oil then they are not in a position to have the extra load transferred to 
them. Any granules that do get caught and dragged underneath a bristle tip will feel 
the increased load and possibly suffer greater damage and cauSe more abrasion in the 
PMMA surface (hence a possible explanation for the few deeper scratches), but the 
number of these granules will be small and any damage will be masked by the 
presence of many more un-damaged granules. 

The size analysis of the grariules before and after abrasion using the Sympatec was an 
attempt to quantify the damage to the granules, but this did not prove that the granules 
are breaking or being eroded during abrasion. It did show that larger granules settle 
quickly in oil, thus the sampling method and measuring method need to be strictly 
controlled in order to get reproducible and comparable results. The presence of bi
modal size distributions could be caused by 1 of 3 things: 

1. The presence of a few large particles 
2. Dust on the lens or the cuvette 
3. Patiicles being counted together due to overlap caused by: 

o Too high concentration 
o Stiner speed too high 
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Conclusion 

The Linear abrasion rigs are not suitable for analysing the quantitative abrasion or 
granules using a toothbrush as the second body. The material lh'~ed for the primary 
particles has a greater effect on the abrasion than the size and dose of the granules. 
Increasing the number of abrasive particles will increase the amount of abrasion. 
Increasing the load will increase the amount of damage to the substrate. The Knoop 
indent approach is not accurate due to the large variation in length measurements 
arising from human error, this should be unaffected by the total load used to produce 
the indent (and thus depth). However, it appears to be accurate enough to give trends 
when enough tests are performed. Granules used for abrasion have small particles 
stuck to the surface when dry, which dislodge when mixed with oil. These are 
probably primary particles held in place by electrostatic forces. The damage to the 
abrasive granules is by erosion with very little, if any, measurable size reduction. 

Future Work 
This section describes the work and experiments that need to be carried out to take, the 
knowledge in this area forward. 

An alternative approach to the linear abrasion rig, using a toothbrush head as the 
second body, needs to be found in order to produce quantitative abrasion data. 
Possible alternatives are to use a soft block with imbedded particles or a completely 
different device such as the pin-on-disk or the ball cratering method. 
The Knoop indent method needs to be assessed to determine it validity, an alternative 
would be to use a Vickers indent as this has 2 axes to measure rather than the one 
(both of which should be the same length if uniform surface wear is occurring). 
Size distributions of granules before and after abrasion need to be detcrm ined under 
strict control, it is suggested that letting the large particles settle out for a given lime 
period and then decanting the top layer (including the smaller particles) ('or si/.e 
analys·is will give more meaningful results. 
Once a satisfactory abrasion test has been found the affect of loading needs to be re
investigated. Knowledge of the mechanisms of abrasion and the ditlerent 
circumstances under which variables such as load become more or less dominant 011 

the amount of abrasion is necessary in order to conduct meaningful tests to assess the 
relative abrasive strength of granules. 

8 



Appendix E . 

Original Drawings for Design 
of Abrasion Rig 



Original Drawings for Design of Abrasion Rig 

Specifications: 

Brush Movement 

Angle of Brush I-lead 

Speed of Movement 

Duration of Test 

Toothbrush head size (original) 

Metal Counterbody size 

Applied Load 

Sample Plate size (PMMA) 

Samples per test 

Clearance in Sample plate holder 

38mm (reciprocating) 

5° (to direction of reciprocating motion)
(Changed to 10° or 25° on actual machine) 

150 cycles per minute 
(changed to 81 cycles per minute due to 
fixed speed on motor) 

5 minutes 

28 mmx 11 mm x 5 mm (plus bristles) 

28 mm x ] I mm x 11 mm 

200N (Counterbody + Holder + added mass) 

54 mm x 54 mm x 5 mm 

5 

]Omm 

A diagram of the original counterbody (toothbrush head) and the sample plate are shown 
on Page I of appendix F. 

The dimensions of the counterbody holder head attachment are shown on page 2, this 
shows the screw holes which allow the metal block (counterbody) to be removed and 
wrapped in cloth and subsequently refitted and held in place. 

The dimensions of the sample plate holders are shown on page 2, there are 5 of these 
used on each abrasion test run. The sample plate holders are mounted onto the base plate 
of the abrasion rig as shown on page 3, they are removable for cleaning. The sample plate 
holders have a square cavity into which the sample plates are pushed, there is a very close 
iit between the walls of the sample plate holder and the sample plate to ensure no oil and 
granu les leak out during the abrasion test. In order to remove the sample plate there is a 
hole in the bottom of the sample plate holder to allow the sample plate to be pushed out. 

The counterbody holder is shown on page 3. This includes the counterbody holder head 
attachment which is welded to a central rod, above this is a fixed circular plate with two 
retaining holes drilled into it. The retaining holes are such that when the counterbody 



holder is attached to the top plate the counterbody holder head is able to pass through the 
slots in the top plate and the mounting pegs locate into the retaining holes. The retaining 
holes and mounting pegs are aligned such that the angle of the counterbody is held at 5" 
to the direction of reciprocating motion. 

Page 4 shows the tope' plate with the dimensions of the slots and the location or the 
mounting pegs. The top plate is mounted on runners above the base plate and attached to 
a motor with a reciprocating motion. 

Page 5 shows the abrasion rig set-up from cross-section. The motor is attached to the top 
plate and has a reciprocating motion with 38mm of travel. Additional weight can be 
added to each of the counterbody holders to increase or decrease the applied load during 
abrasion. The top plate is fully removable to allow access to the sample plate holders 
mounted on the base plate. 

NOTES: 
An angle of 5° was used as this was based on the BS 5136: 1981 standard, it is bel ieved to 
be set at this angle to maximise the wear area and so that toothbrush bristles are slightly 
offset from those in front (the original tests use toothbrushes as a counterbody and the 
bristles are all aligned in straight rows so if the counterbody is not offset they would be 
scratching the same surface as those immediately in front and behind). 
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Binder Content Verification 
The test method outlined in the main body of the thesis was originally proposed by Peter 
Knight and adopted by the PPG group at Sheffield without any verification. It was just 
assumed that burning the granules at 600°C for 2 hours would burn off ALL the PEG and 
NONE of the Calcium Carbonate. It was not clear whether this test method was 
applicable to other primary particle types such as Zeolite (Wessalith and Wessalith P) or 
(hal it was indeed valid for Calcium Carbonate and PEG. 

I was concerned about time constraints relating to the amount of experiments that needed 
to be carried out and so set about verifying the test method and trying to accelerate the 
experimental method by using a higher temperature at shorter time periods. 

Initially PEG was burned at 750°C. This resulted in the entire PEG being burnt and no 
residue remaining in the crucibles. Calcium Carbonate samples were then burned for 1 
hour at 900"C and 1 hour at 750°C, the hope was that none of the Calcium Carbonate 
would disappear. Unfortunately when Calcium Carbonate is burned at these elevated 
temperatures it produces degradation and some mass is lost, this mass loss is not 
accounted for by trapped moisture alone (the test at 100°C was used to determine the 
percentage moisture in these samples). Thus the protocol could not be accelerated by 
elevating the temperature. 

Th is did not prove that the original protocol is acceptable so a series of tests were 
conducted. Burning PEG on its own at 600°C and Calcium Carbonate on its own at 600°C 
and Jinally by adding a known mass of pure PEG and putting a known mass of Calcium 
Carbonate on top and burning that at 600°C. The results are interesting. 
For burning Calcium Carbonate on its own at 600°C results in a greater mass loss than 
\·vould be the results of moisture loss alone, this indicates that some material degradation 
and mass loss of the Calcium Carbonate itself is occurring. However this mass loss is 
very small only about 1 % and is about 20 times less mass loss than occurs at 750 and 
9QQllc. More interesting is the fact that when the PEG and Calcium Carbonate are burnt 
together the mass loss is significantly greater and between 12% and 20% by mass is lost 
11'0111 the Calciulll Carbonate. This is indicative that carry out of the fines is occurring, in 
other words as the PEG burns and the vapours rise the momentum of the gases is carrying 
out the line particles of the Calcium Carbonate. Alternatively it could mean that a 
reaction is occurring with the hot PEG that results ill Calcium Carbonate degradation. 
This brings into question the validity of this testing method and the accuracy of the 
results quoted in the sections ofthi~ thesis relating to the Binder content. 

Another discovery was that Zeolite degrades significantly at 600°C. This test method is 
not appropriate for testing other primary particle types that were used in this study. 

As further evidence of the above, when complete granules were burned at 750°C and 
600 llC with the results analysed using the analytical method in this thesis it was found 
that they gave different values for the amount of binder content. Burning at 750°C 
indicated a far higher binder content. 



Experimental Protocol for Liquid-Binder content of Granules - (CaCOJ 

and PolyEthylene Glycol-PEG) 

There is a need to determine the liquid binder to solid ratio of in<jividual granules ill OI"dcr 
to determ ine if there is an even distribution of binder in all sizes of gran.ules or if there is 

a change in the ratio of solid-liquid as the granule size changes. 
. 

For the analysis of the system CaC03 and PEG an experimental protocol has been 
suggested on the basis that PEG bums completely leaving no residue at 600°C whilst 
CaC03 remains unaffected. 
Method: 
The mass of an empty-crucible is recorded W6. 

A scoop of granules is added to the crucible and weighed W7 

The crucible and granules are placed in an oven at 600°C for 1 hr. 
The crucible and content are then re-weighed W9- we can now tind the mass or Calciulll 
Carbonate left in the crucible by difference, and the weight that has burnt off is the PEG 
and moisture. 

The moisture content of the granules needs to be determined: 
The mass of an empty. crucible is recorded WIO 
A scoop of granules is added to the crucible and weighed WII 

The crucible and granules are placed in an oven at 105°C for 1 hr. 
The crucible and content are then re-weighed W12 

The percentage moisture by mass is given by: 

The percentage binder by mass is given by: 

Binder = (W 7 
- W 9 

X I OO%J - moisture% 
W,-W6 

The binder: solid ratio by mass is then given by: 

Binder% 
=------

100 - Binder% 

NOTE: This assumes that: 
A) The binder completely volatilises at 600°C 
B) No decomposition of CaC03 takes place at this temperature. 
C) All moisture is surface moisture and none is bound up granules 
D) No volatilisation of PEG occurs at lOSoC 



To test the assumptions made and to find at what temperature and time volatilisation of 
PEG takes place a series of short experiments are planned. These will test several of the 
solid PEG available in the department as well as the 2 liquid PEG. The moisture content 
of'the PEG will also be analysed using standard Thermogravimetric methods. 

The proposed oven temperatures are: 
losue 
60()Ue 
750"e 
0::!5uC 

These temperatures were chosen because they are readily available in the labs. 

Ex peri 111 ent I 
Samples of all types of PEG will be tested at all four temperatures. 13 samples of each . 
will be weighed into pre-weighed crucibles for each temperature. After 10 minutes and at 
10 minute intervals thereafter 2 crucibles will be removed and weighed to record the 
'''/eight loss. The last sample wilI be left until to see if the contents completely volatiles at 
that temperature if it has not done so already. 

Experiment 2 
Samples of all sizes of DURCAL will be tested at all four temperatures. 12 samples of 
each will be weighed into pre-weighed crucibles for each temperature. After 10 minutes 
and at 10 minute intervals thereafter 2 crucibles will be removed and weighed to record 
the weight loss. . 

Experiment 3 
Samples of PEG will be weighed into pre-weighed crucibles and placed in a dessicator 
and the atmosphere evacuated using a vacuum pump. The samples will then be left to dry 
/'01' 24 hI'S. The samples will then be transferred to the oven at 105°C. After 1 hr the 
samples will be removed and weighed to record the weight loss. Any weight loss should 
be due to decomposition of volatiles being released not moisture as all the moisture will 
have been removed in the dessicator. 
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Plot 55 - Granule Size Distribution 
(Camsizer) BN/04/14 (unrealistic 

distribution) 
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Plot 53 - Typical Abrasion wear Scar Profile (Perspex 
abrasion plate) 
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PLOT 52 - Binder Content V Binder Ratio (all 
granules - showing standard deviation error 
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PLOT 51 - Abrasion V Binder Ratio (106-212) -
showing estimated average error 
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PLOT 50 -AvgOf Porosity V Binder Ratio (106-212) (showing 
large precision error in Porosity) 
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1.E+11 

PLOT 47 - Modified Strength V Impellor speed 
(confounding factors removed) - showing standard 

deviation error bars 
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PLOT 46 - Strength V impellor speed (106-212 all) 
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PLOT 45 - Strength V Binder Ratio (106-212) -
(confounding I compounding data removed) showing 

standard deviations 
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PLOT 45b - Strength V Binder Ratio (106-212) -

(confounding I compounding data removed) -

showing standard deviations 
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PLOT 44 .. Strength V Binder Ratio (106-212) (inc. 
confounding I compounding batches) 
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PLOT 43 - Abrasive Wear V Run Time 
(95% confidence limits) 
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PLO~ 41 - Abrasion V Impellor speed (106-
212) 
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PLOT 23 - Load Strength V Binder Content (all) - showing 
estimated average error 
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PLOT 31 Avg Of Binder Content V Avg Porosity 
(106-212) - showing estimated average error 
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PLOT 24 - Static Strength V Size (all batches) -
showing 95% confidence lim its if applicable 
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PLOT 21 - Avg Strength V average binder content -
showing estimated average error 
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PLOT 13 - Avg of Abrasion V Binder content (106 .. 212) -
showing estimated average error 
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PLOT 12 - Averages of Abrasion against Binder 
Content (all) 
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PLOT 5 a Abrasivity against Size (BN/04/X3B) - showing 
95% confidence limits 
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PLOT 4 - Abrasivity against Size 
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PLOT 3 - Abrasive vvear V Strength ( 212-300) - showing 
estimated average error (strength) and 95% confidenc.e 

limits (~brasion) 
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PLOT 2 - Abrasive wear V Strength (106-212u~) -
showing estimated average error 
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PLOT 1 - Abrasive Wear V Strength - showing estimated average 
error (106-212 - PEG 1500 I Omyacarb 2av) 
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Appendix I 

Plots from Preliminary 
Testing 



·ro. 
Micromeritics Instrument Corporation 

Demo AutoPore IV 9500 
V1 .05 

Serial : 128 Port: 1/1 

Sample 2AV(2000) 63-106 um 
Operator: DL 

Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File C:\DEM09500\DATA\MCA\MCA-844.SMP 

LP Analysis Time : 9/5/2003 1 0:28:26AM Sample Weight: 0.3000 g 
Blank HP Analysis Time : 9/5/2003 11 :45:44AM Correction Type: 

Report Time : 9/6/20039:35:50AM Show Neg. Int: No 

Penetrometer: 
Pen . Constant: 
Stem VOlume : 
Pen. Volume : 

Adv . Contact Ang le 
Hg Surface Tension : 

Param 1: 0.000 

Summary Report 

Penetrometer parameters 

#s/n - (14) 3 Bulb , 0.412 Stem, Powder 
10.790 J.lLlpF Pen . Weight: 
0.4120 m L Max. Head Pressure: 
3.2375 m L Assembly Weig ht: 

Hg Parameters 

140.000 degrees Rec. Contact Angle : 
480 .000 dynes/cm Hg Density: 

Param 2: 

User Parameters 

0.000 
Low Pressure: 

Param 3: 

Evacuation Pressure : 50 J.lmH g 
5 mins 

0.27 psia 
10 secs 

0.005 mLlg 

Evacuation Time : 
Mercury Filling Pressure : 
Eq uilibration Time: 
Maximum Intrusion Volume : 

Equilibration Time: 
Maximum Intrusion Volume: 

High Pressure: 

10 secs 
0.005 mLlg 

Blank Correction Sample: C:\9500\DATA\BLANKS\MCA-237 .SMP 
Blank Correction 10: BLANK 14-0580 

Intrusion Data Summary 

Total Intrusion Volume = 0.5752 mLlg 
Total Pore Area = 0.163 m2/g 

Media n Pore Diameter (Volume) = 21.2081 J.lm 
Median Pore Diameter (Area) = 12.8928 J.lm 

Average Pore Diameter (4V/A) = 14.1027 J.lm 
Bulk Density at 0.27 psia = 1.0072 g/m L 
Apparent (skeletal) Density = 2.3972 g/m L 

Porosity = 57 .9642 % 
Stem Volume Used = 42 % 

Pag e 1 

56.1912 g 
4.6800 psia 

96 .2768 g 

140.000 degrees 
13.5335 g/mL 

0.000 



Micromeritics Instrument Corporation 

Demo AutoPore IV 9500 Serial : 128 Port: 1/1 Page 2 

\/1 .05 

Sample : 2AV(2000) 63-106 um 
Operator: DL 

Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File : C:\DEM09500\DATA\MCA\MCA-844.SMP 

LP Analysis Time : 9/5/2003 10:28:26AM Sample Weight: 0.3000 9 
HP Analysi s Time : 9/5/200.3 11 :45:44AM Correction Type : Blank 

Repo rt Time. 9/6/20039:35 :50AM Show Neg. Int: No . 
• .. \ 

Tabular Report 

Mean Cumulative Incremental Cumulative Inqementa l 

Pressu re Diameter Pore Volume Pore Volume Pore Area Pore Area 

(psia) (IJm) (mUg) (mUg) (m2/g) (m'/g) 

0.27 796 .6745 -0 .0005 0.0000 0.000 0000 

0.33 723 .9775 0.0019 0.0023 0.000 0000 

0.51 535 .8391 0.0091 0.0072 0.000 0.000 

0.75 352.2126 0.0153 0.0062 0.000 0000 

1.00 248.57 18 0.0235 0.0082 0.000 0.000 

1.50 177 .6890 0.0332 0.0097 0.000 0.000 

2.00 124.4650 0.0401 0.0068 0.001 0000 

2.01 106.4930 0.0403 0.0002 0.001 0000 

2.75 91 .9171 0.0481 0.0078 0.001 0.000 

3.00 74 .3105 0.0503 0.0022 0.001 0.000 

4.00 62 .2230 0.0589 0.0086 0.002 0001 

4.00 53 .3288 0.0593 0.0004 0.002 0.000 

5.25 46 .9927 0.0686 0.0094 0.003 0001 

5.49 39 .7487 0.0706 0.0019 0.003 0000 

6.48 35 .8797 0.0814 0.0108 0.004 0.001 

7. 00 31.7115 0.0880 0.0065 0.005 0.001 

7.48 29 .5030 0.0997 0.0117 0.006 0.002 

7.96 27 .6509 0.1174 0.0177 0.009 0.003 

8.20 26.3965 0.1339 0.0165 0.011 0.003 

8.44 25.6413 0.1552 0.0212 0.015 0.003 

8.5 1 25 .1696 0.1641 0.0090 0.016 0001 

8.75 24.7211 0.1856 0.0215 0.020 0003 

8.99 24 .0579 0.2058 0.0202 0.023 0003 

9.23 23.4295 0.2263 0.0204 0.026 0.003 
9:46 22 .8333 0.2448 0.0185 0.030 0003 

9.70 22 .2691 0.2624 0.01 76 0.033 0.003 
9.94 21 .7318 0.2794 0.0170 0.036 0.003 

10.17 21 .2178 0.2949 0.0154 0.039 0003 
10:41 20 .732 1 0.3086 0.0137 0.042 0003 

10.51 20.4015 0.3148 0.0062 0.043 0.001 

10.74 20 0835 0.3272 0.01 24 0.045 0.002 
10.98 19 .6492 0.3389 0.011 7 0.048 0002 
11 .2 1 19.2338 0.3516 0.01 27 0.050 0003 

11 :44 18 .8373 0.3620 0.0104 0.053 . 0002 

11 .67 18.4595 0.3733 0.0112 0.055 0.002 
11 .91 180962 0.3831 0.0099 0.057 0.002 
12 .14 17.7456 0.3924 0.0093 0.059 0.002 
12.37 17.4095 0.4006 0.0082 0.061 0.002 
12.61 17 .0841 0.4081 0.0074 0.063 0.002 
12 .84 16.7702 0.4153 0.0073 0.065 0.002 



Micromeritics Instrument Corporation 

Demo AutoPore IV 9500 
V1 .05 

Serial : 128 Port: 1/1 

LP Ana lysis Time: 
HP Analysis Time: 
Repo rt Time: 

Press ure 
(psia) 

12.99 
13.22 
13.69 
14 .17 
14.64 
15.10 
15.58 
15.98 
16.69 
17.40 
18.35 
19.55 
1 ~ . 97 

21.40 
22 .95 
23 .00 
24 .96 
25 .00 
27 .67 
2998 
30.70 
34.95 
36.3 1 
41 .78 
46.49 
56 .37 
71.80 
86 .29 

111 .39 
136. 39 
171.21 
216.78 
.266. 91 
326.38 
416 .'13 
516 .65 
536.67 
697 .12 
796 .82 
986 .99 

Sample : 2AV(2000) 63-106 um 
Operator: DL . 

Submitter MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File C \DEM09500lDATA\MCA\MCA-844.SMP 

9/5/2003 10:28 :26AM 
9/5/2003 11 :45:44AM 
9/6/20039:35:50AM 

Mean 
Diameter 

·(lJm ) 

16.5180 
16.2767 
15.8584 
15.3205 
14.8159 
14 .3479 
13.9077 
13. 5203 
13 0653 
12.5212 
11 .9429 
11 .2694 
10.7968 
10.3238 

9.6314 
9.2856 
8.9116 
8.5401 
8.1212 
7.4123 

Sample Weight : 
Correction Type : 
Show Neg. Int: 

Tabular Report 

Cumulative Incremental 
Pore Volume Pore Volume 

(mUg) (mUg) 

0.4193 0.0040 
0.4258 0.0065 
0.4352 0.0094 
0.4453 0.0100 
0.4534 0.0081 
0.4610 0.0076 
0.4674 0.0065 
0.4722 0.0048 
0.4797 0.0075 
0.4861 0.0064 
0.4936 0.0075 
0.5009 0.0074 
0.5036 0.0026 
0.5104 0.0068 
0.5165 0.0061 
0.5168 0.0003 
0.5227 0.0059 
0.5230 0.0004 
0.5295 0.0065 
0.5339 0.0044 

7.0322 •• u , _ ... ..... . 0.5401 0.0062 

6.5266 0.5460 0.0059 

5.9895 0.5472 0.0012 

5.4908 0.5528 0.0056 

4.8474 0.5556 0.0028 
4.1863 0.5604 0.0049 

3.3776 0.5645 0.0041 

2.7216 0.5667 0.0022 

2.1937 0.5696 0.0029 

1.7396 0.5708 0.0012 

1.4050 0.5722 0.0014 

1.1150 0.5729 0.0007 

0.8916 0.5733 0.0004 

0.7264 0.5739 0.0006 

0.5831 0.5743 0.0004 

0.4628 0.5748 0.0005 

0.3740 0.5749 0.0002 

0.3205 0.5750 0.0000 
0.2869 0.5751 0.0001 

0.2419 0.5752 0.0001 

0. 3000 g 
Blank 
No 

Cumulative 
Pore Area 

(m'/g) 

0.066 
0.067 
0.070 
0.072 
0.074 
0.076 
0.078 
0.080 
0.082 
0.084 
0.087 
0.089 
0.090 
0.093 
0.095 
0.095 
0.098 
0.098 
0.101 
0.104 
0.107 
0.111 
0.11 2 
0.116 
0.11 8 
0.123 
0.128 
0.131 
0.136 
0.139 
0.143 
0.146 
0.147 
0.150 
0.153 
0.157 
0.159 
0.160 
0.162 
0.163 

Page 3 

In cremental 
Pore Area 

(m '/g) 

0.001 
0.002 
0.002 
0.003 
0.002 
0.002 
0.002 
0.001 
0.002 
0.002 
0.003 
0.003 
0.001 
0.003 
0.003 
0.000 
0.003 
0.000 
0.003 
0.002 
0.004 
0.004 
0.001 
0.004 
0.002 
0.005 
0.005 
0.003 
0.005 
0.003 
0.004 
0.003 
0.002 
0.003 
0.003 
0.004 
0.002 
0.001 
0.002 
0.001 



Micromeritics Instrument Corporation 

Demo AutoPore IV 9500 
V1 .05 

Serial : 128 Port: i i i 

LP Analys is Time 
HP Analys is Time 
Repo rt Time: 

Pressure 
(psia) 

1198 .28 
1297 .20 
1396 .95 
149804 
1596.66 
1696 .72 
1897 .04 
2046 .03 
2195 .59 
2345 .71 
2502 .84 
2640 .66 
2692 .05 
2840 .67 
299148 
3239 .62 
3488.69 
3738 .95 
3987 .85 
4237 .34 
4486 .25 
4725.15 
4985 .08 
5282 .10 
5480 .82 
5733 .61 
5980 .31 
6229 .86 
647848 
6727 .64 
697604 
7476 .53 
7963 .53 
8477 .80 
8966 .72 
9270 .22 
9562 .35 

10010.23 
10459.19 
1096141 

Sample 2AV(2000) 63-106 um 
Operator: DL 

Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File C:\DEM09500lDATA\MCA\MCA-844.SMP 

9/5/2003 10:2826AM 
9/5/2003 11 :45:44AM 
9/6/20039:3550AM 

Mea n 
Diameter 

( ~m ) 

0.197 1 
0.1712 
01586 
0.1476 
0.1380 
0.1297 
0. 11 91 
0.1084 
0.1007 
0.0941 
0.0881 
0.0830 
0.0800 
0.0772 
0.0732 
0.0686 
0.0635 
0.0591 
0.0553 
0.051 9 
0.0489 
0.0463 
0.0440 
0.0416 
0.0397 
0.0381 
0.0364 
0.0350 
0.0336 
0.0323 
0.0311 
0.0296 
0.0277 
0.0260 
0.0245 
0.0234 
0.0227 
0.0218 
0.0209 
0.0199 

Sa mple Weight: 
Correction Type: 
Show Neg . In!: 

Tabular Report 

Cumulative Incremental 
Pore Volume Pore Volume 

(mUg) (mUg) 

0.5752 0.0000 
0.5752 -0 .0000 
0.5752 -0 .0000 
0.5752 -0 .0000 
0.5752 -0. 0000 
0.5752 -0.0000 
0.5752 -0. 0000 
0.5752 -0.0000 
0.5752 -0 .0000 
0.5752 -0 .0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0. 0000 
0. 5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0 .0000 
0.5752 -0.0000 
0.5752 -0. 0000 
0.5752 -0. 0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 
0.5752 -0.0000 

0.3000 9 
Blan" 
No 

Cumulative 
Pore Area 

(m2/g) 

0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0. 163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
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Incremental 
Pore Area 

(m2/g) 

0000 
-0 .000 
-0 .000 
-0000 
-0 .000 
-0 .000 
-0000 
-0000 
-0 .000 
-0000 
-0 .000 
-0000 
-0 000 
-0000 
-0.000 
-0 .000 
-0 .000 
-0 .000 
-0 .000 
-0 .000 
-0000 
-0 .000 
-0 .000 
-0 .000 
-0 000 
-0 .000 
-0.000 
-0 .000 
-0 .000 
-0 .000 
-0.000 
-0.000 
-0 .000 
-0 .000 
-0.000 
-0 .000 
-0 .000 
-0 .000 
-0 .000 
-0 .000 



Micromeritics Instrument Corporation 

Demo Au toPore IV 9500 
V1 .05 

Serial : 128 

Sample: 2AV(2000) 63-106 um 
Operator: DL 

Port: 1/1 

Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File C:IDEM09500IDATAIMCAIMCA-844.SMP 

LP Analys is Time : 9/5/2003 1 0:28 :26AM Sample Weigh t: 
HP Analysis Tim e 9/5/2003 11 :45:44AM Correction Type : 

Report Time : 9/6/20039:35 :50AM Show Neg . Int: 

Tabular Report 

Mean Cumulative Incremental 

Pressure Dia meter Pore Volume Pore Volume 

(ps ia ) (j.Jm) (mUg) (mUg) 

11458.22 0.0190 0.5752 -0.0000 

11960.49 0.0182 0.5752 -0.0000 

12560.33 0.0174 0.5752 -0.0000 

13061 .94 0.0167 0.5752 -0.0000 

13607 .83 0.0160 0.5752 -0.0000 

13958.00 0.0155 0.5752 -0 .0000 

14297.03 0.01 51 0.5752 -0.0000 

14551 .61 0.0148 0.5752 -0.0000 

1495748 0.0145 0.5752 -0.0000 

15401 .24 0.0141 0.5752 -0.0000 

15754.40 0.0137 0.5752 -0.0000 

16155.23 0.0134 - 0.5752 -0.0000 

16602.45 0.0130 0.5752 -0 .0000 

16955.33 0.0127 0.5752 -0.0000 

1730672 0.01 25 0.5752 -0.0000 

17653 .93 0.0122 0.5752 -0 .0000 

18054 .52 0.0119 0.5752 -0 .0000 

18404 .79 0.0117 0.5752 -0.0000 

1875 1.45 0.0115 0.5752 -0.0000 

19149.37 0.0113 0.5752 -0.0000 

19756.40 0.0110 0.5752 -0.0000 

20260.36 0.0107 0.5752 -0.0000 

20769 .51 0.0104 .... _." 0.5752 -0.0000 

21173.36 0.0102 0.5752 -0.0000 

21626.21 0.0 100 0.5752 -0.0000 

22029 .35 0.0098 0.5752 -0.0000 

2263230 0.0096 0.5752 -0.0000 

23 184 .10 0.0093 0.5752 -0.0000 

23736 .05 0.0091 0.5752 -0.0000 

24086 .63 0.0089 0.5752 -0.0000 

24637 .72 0.0088 0.5752 -0.0000 

25038. 36 0.0086 0.5752 -0 .0000 

25439.16 0.0085 ..... . . - 0.5752 -0.0000 

25889.64 0.0083 0.5752 -0.0000 

26440 .39 0.0082 0.5752 -0.0000 

2694.0 .83 0.0080 0.5752 -0.0000 

2739 1.33 0.0079 0.5752 -0.0000 

2779 1.18 0.0077 0.5752 -0.0000 

28242.32 . 0.0076 0.5752 -0.0000 

2899 1.96 . 0.0075 0.5752 -0.0000 

0.3000 g 
Blan k 
No 

Cumulative 
Pore Area 

(m 2/g) 

0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
0.163 
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Increme ntal 
Pore Area 

(m 2/g) 

-0 .000 
-0.000 
-0 .000 
-0 .000 
-0 .000 
-0 .000 
-0.000 
-0 .000 
-0 .000 
-0 .000 
-0. 000 
-0 .000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0.000 
-0 .000 
-0.000 
-0 .000 
-0.000 
-0.000 
-0.000 
-0.000 



Micromeritics Instrument Corporation 

Demo AutoPore IV 9500 
V1 .05 

Serial : 128 Port: 1/1 

LP Analysis Time : 
HP Analysis Tim e 
Repo rt Time: 

Pressure 
(psia) 

29492 .76 
29992 .67 

Samp le 2AV(2000) 63-106 um 
Operator: DL 

Submitter MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File: C:\DEM09500\DATA\MCA\MCA-844.SMP 

9/5/2003 10:28:26AM 
9/5/2003 114544AM 
9/6/2003 9:35 :50AM 

Mean 
Diam eter 

((.Jm ) 

0.0073 
0.0072 

Sample Weig ht: 
Correction Type : 
Show Neg. In!: 

Tabular Report 

Cumulative Incremental 
Pore Volume Pore Volume 

(mUg) (mUg) 

0.5752 -0.0000 
0.5752 -0.0000 

0.3000 g 
Blank 
No 

Cumu lative 
Pore Area 

(m2/g ) 

0.163 
0.163 

Page e 

Incremental 
Pore Area 

(m'lg) 

-0 .000 
-0 .000 



Micromeritics Ins trument Corporation 

Demo AutoPore IV 9500 
V1 .05 

Seria l: 128 

Sample : 2AV(2000) 63-106 um 
Operator: DL 

Port: 1/1 

Submitter MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File C:IDEM09500\DATAIMCAIMCA-844.SMP 

LP Analysis Time 9/5/20031 0:28:26AM 
Hp Analysis Time : 9/5/200311 :45:44AM 
Report Time : 9/6/20039:35:50AM 

Sample Weight : 
Correction Type : 
Show Neg. In!: 

Cumulative Intrusion vs Pore size 

C IDEM09500IDATA\MCA\MCA-844.SMP 
o. 6 
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C~\ ' : 
Micromeritics Instrument Corporation 

Demo AutoPo re IV 9500 
V1 .05 

Serial : 128 

Sample : 2AV(2000) 63-106 um 
Operato r: DL 

Port: 1/1 

Submitter MICROMERITICS FOR SHEFFIELD UNIVERSITY 
File: C:\DEM09500\DATA\MCA\MCA-844.SMP 

Pag e 8 

LP Analysis Time: 9/5/2003 10:28 26AM 
9/5/2003 11 :45:44AM 
9/6/20039 :35:50AM 

Sample Weight : 0.3000 g 
Blank HP Ana lys is Time 

Report Time: 
Correction Type : 
Show Neg . Int: No 

Incremental Intrusion vs Pore size 

---+-.. C\DEM09500\DATA\MCA\MCA-844.SMP -El'- C:\DEM:, ' 
00501-r-------------------------r------------------------,-----------------------~ 

0 .045- ... -----------.---------+----------------------~ .. - .. -.-.--.. --........................... -.......................................... . 

0 . 040-f----------·------·-·--·1---------------~·-·---·-·---... -.................... -....................................... . 

0.035-·-----·-- .-..,.,...--------+---------------~----.--.. -.-.-....... -.. -.... -.......... -............................. . 

~ 
.§. 0.030"':: ----.--.-----.,.------1'--------------+-.-.----.-........................... --.-.................. .................... . 
c: 
o 
·iii 
:J 
'-:s 0025- ---------------- -1--------------- _ .. -.... -......... -.-.-................................................... -......... . 
m 
c: 
<ll 

E '" [!! 0.020I-l--------..::..------'IIr---I-------------------l------·--····---····-· ........ -.................. - ....... . 

£ Iii III 
." III 

0.015- ----.--- --'----H-4--II--------------------I----------.-........ -.... - .. --.... -................................ . 

o 01 0- ---.-----;:,.,.....---~4+~'II--1-----------------I---.---.. --............................. -............................... . 

= / \ ~,' ~\ W 
0.005"':- __ ._lY ' -- I J ~: f Fkt=~+ 

-( 1 f I ~(~( ~~. 'r~: l~·~~: 
o . ooo··~+-.-____ ~~~~ ___ ~'~.-~_~~~~~~~r~.~l '~'--~'--___ ~_-. ____ .~ 

1.000 10 0 .1 000 I 

Pore size Diameter ( ~m ) 



Appendix J 

Experiment Table from 
Database 



Appendix J - Experiment table (onn database. xIs 

I Experimen t I PP Type Binder I Binder Mass I Mass I Addition I Impel/or I Chopper I Temp Run I 
No I Type 

I Ratio PP (g) I Binder (g) , Method speed (rpm) speed (rpm) t e) Time 

1 Omyac-arb 2um PEG 1500 15 2000 300 Spray 400 1400 60 30min 

2 Zeolite PEG 1500 15 2000 . 300 Spray 400 1400 60 30min 

3 PacalH PEG 1500 15 2000 300 Spray 400 1400 60 30min 

4 Durcal65 PEG 1500 15 2000 300 Spray 400 1400 60 30min 

5 Omyaca~b 2um PEG 1000 15 2000 300 Spray 400 1400 60 30min 

6 Omyacarb 2um PEG 6000 15 2000 300 Spray 400 1400 60 30min 
-

7 Omyacarb 2um PVP 15 2000 300 Spray 400 1400 60 30min 

8 Omyacarb 2um PEG 1500 12 2000 240 Spray 400 1400 60 30min 

9 Omyacarb 2um PEG 1500 13.5 2000 270 Spray 400 1400 60 30min 

10 Omyacarb 2um PEG 1500 18 2000 360 Spray 400 1400 60 30min 

11 Omyacarb 2um PEG 1500 15 2000 300 pour-on 400 1400 60 30min 

12 Omyacarb 2um PEG 1500 15 2000 300 melt-in 400 1400 60 30min 

13 Omyacarb 2um PEG 1500 15 2000 300 spray 400 1400 40 30min 

14 Omyacarb 2um PEG 1500 15 2000 300 Spray 200 1400 60 30min 

15 Omyacarb 2um PEG 1500 15 2000 300 Spray 600 1400 60 30min 

16 Omyacarb 2um PEG 1500 15 2000 300 Spray 800 1400 60 30min 

17 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 0 60 30min 

18 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 700 60 30min 

19 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 1400 60 20min 

20 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 1400 60 1 hr 

21 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 1400 60 2hr 

22 Durcal65 PEG 1500 15 2000 300 Pour-on 400 1400 60 30m in 

23 Omyacarb 2um PEG 400 15 2000 300 Pour-on 400 1400 60 30min 

24 . Omyacarb 2um PEG 1500 13.5 2000 270 Pour-on 400 1400 60 2hr 

Page 1 



Appendix K 

Theoretical impact failure 
distribution of granules 



Advanced Powder Techno!.. Vol. 14. No.4. pp. 393-400 (2003) 
© VSP and Society of Powder Technology, Japan 2003. 
Also available online - www.vsppub.com 

Theoretical impact failure distribution of granules 

R. E. MAXIM 1, A. D. SALMAN 1,*, M. PICKLES 2 and M. 1. HOUNSLOW 1 

1 Particle Products Group, Department of Chemical and Process Engineering, University of 
Sheffield, Sheffield Sf 3JD, UK 

2 Unilever R&D, Port Sunlight, UK 

Received 6 December 2002; accepted 17 February 2003 

Abstract-A two-parameter Weibull distribution is presented that predicts the number of undamaged 
granules after impact with a rigid surface (platen) as a function of the impact velocity. The Weibull 
distribution is fitted, using experimental results from the breakage of fertilizer granules, to find the two 
parameters. The number of undamaged granules can be found using the velocity and angle of impact. 
A theoretical model derived by Maxim et al. is used to define a failure velocity as the criterion for 
failure. This model allows the theoretical prediction of the impact velocity required to induce 63.2% 
failure (c parameter in the Weibull distribution) from knowledge of measurable granule and platen 
material properties .. 

Keywords: Impact; breakage; agglomerate; granule; failure .. 

NOMENCLATURE 

A dimensionless area constant 
c parameter in the Weibull distribution 
D diameter of granule (m) 

E Young's modulus of granule (N/m2) 

£} Young's modulus of platen (N/m2) 

F force (N) 
pi dimeIlsionless force constant 
Fer critical load (N) 
H parameter in equation (1) 
k constant in the Laugier equation . 
m parameter in the Weibull distribution· ' , 

. . . 

*To whom corresporidence should be addressed. E-mail: ·a.ci.s:iIman@shef.ac.uk 

• 
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N number of undamaged granules per 100 fired 
r radius of circle of contact (m) 

R radius of granule (m) 

T dimensionless time constant 

u normal velocity (m/s) 

Uf nOlmal failure velocity (m/s) 
y yield strength of granule (N/m2) 

z elevation of the centroid of a granule above the platen (m) 

Greek 

Y Poissons ratio of granule 

YI Poissons ratio of platen 
() angle of impact with platen (900 being perpendicular) 
\) velocity of granule (m/s) 

p density (kg/m3) 

(J' normal stress (N/m2) 

1. INTRODUCTION 

The transportation and processing of granular material is very important to many 
industries. Granules can impact upon each other and process equipment, which can 
lead to granule breakage. It is important to know the mechanisms of breakage and to 

. have a way of predicting the breakage: Granule breakage upon impact with a rigid 
surface depends upon material properties,size, and velocity and angle of impact. 
There will be a spread of velocity required to induce failure for a given s·ample of 
granules due to the random nature of the number and position of flaws/pores and 
their arrangement within granules. . 

This spread of failure velocity can be seen when particles of identical size and 
material are fired at a rigid surface and the number of undamaged granules is 
Counted, as shown by Salman et al. [1]. Figure 1 shows a typical set of data and 
the Weibull distribution curve fits forN, the number of undamaged granules per 
100 fired as a function of velocity, v, and impact angle, e. 

. If there was no random spread, there should be a single discreet velocity at which 
failure occurs and the results from Salman et al. [1] would be drastically different. 
This spread is seen for other materials such as aluminum oxide [2] and it is assumed 
to apply to most dense granular material. In real-life granule-processing industries 
it would be extremely useful if this failure distribution, as a function of velocity, 
could be known and adapted to a material's properties ... A model is used.in this 
paper that does just this; predicts the number of undamaged granules after impact 
using a two-parameter Weibull distribution, and knowledge of the impact angle and 
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Figure 1. Number of undamaged fertilizer granules, N, per 100 fired as a function of impact velocity 
and angle. 

velocity, granule size, and material properties of the granule and impact surface. 
The only material properties required are the static critical load, Young's modulus, 
Poissons ratio and density of the granule, and the Young's modulus and Poissons 
ratio of the impact surface. 

It is well known that many granules fail by rupture of their interparticle bonds [3]. 
Thornton et al. [4] have used numerical solutions to analyze aspects of the impact 
failure of granules. Numerical simulations of systems of discrete particles as 
developed by Thornton et al. [4] are one approach to tackling this problem. Another 
approach, applicable to granules with low porosity, is to consider them as brittle 
elastic bodies. This is the approach adopted in this work, as the porosity of the 
granules is roughly 0.03 %. 

Most work on brittle particle failure assumes spherical particles and deals with 
elastic failure based on the original Hertzian theory developed by Hertz in 1886. 
Shipman and Hutchings [5] present a method to find the internal and surface stress 
fields in a sphere as a function of applied load and contact area. Observations 
for some brittle materials, known to have more surface flaws than internal flaws , 
indicate that failure occurs at internal stresses below the yield stress of the material 
and failure appears to propagate from the surface. Hutchings [6] argues that in these 
materials a surface failure stress exists that is lower than the internal failure stress 
and that the surface failure stress is exceeded before the internal stress is exceeded. 
For materials failing by internal stress, the maximum internal stress fields and yield 
stresses should be used to predict a load at failure. For materials failing by surface 
stress, the surface stress fields and surface failure stress should be used to predict 
the load at failure. 
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This paper deals with stresses based on Shipman and Hutchings's [5] estimates 
of peak stress and forces predicted by Laugier [7]. The predictions by Laugier deal 
with the force of impact in the platen, but tlns can be equated to the force acting on 
the sphere by Newton's law. 

HF 
a = 1[ R2' (Shipman and Hutchings) (1) 

3 4kFR 
r = 3E' (Laugier) (2) 

where: 

(3) 

F is the applied load at a contact surface on a sphere of radius R. The radius of the 
circle of contact is r. E, £1 and y, Yl are the Young's modulus and Poisson's ratios 
of the sphere and platen, respectively. The value of the parameter H depends on the 
type of deformation. For plastic deformation H '"V 0.4 and for elastic deformation 
the value depends on the relative size of the contact area (e.g. H = 1.24 for Y = 1/3 
and r I R = 0.07). 

2. THE MODEL 

A two-parameter Weibull distribution is used to relate the number of undamaged 
granules, N, to the impact velocity, v, as givenbelow: 

N = looexp[ ~G)] (4) 

The parameter, m, will be shown not to vary with impact angle and has a weighted 
average value of 4.50 ± 0.08. . 
. Parameter c is interpreted as a measure of the impact velocity required to induce 
63.2% failure, further related to the normal failure velocity, Uf by: 

Uf c-- ' 
- sine' 

(5) 

'Maxim et al. [8] define the normal failure velocity, Uf, as a function of material 
properties and particle size. For granules undergoing elastic failure with no plastic 
deformation, the elastic failure theory defines Uf as a function of static critical load, 
density, Young's modulus of the granule and constant, k. 

3. RESULTS/E~'PERIMENTAL FITTING 

Salman et al. [1], have characterized the failure of spherical granules' of fertilizer, 
of diameter 5.3 mm, by tiring them at a rigid platen at various velocities, v, and 
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incident angles, e (900 being perpendicular). Figure 1 shows a typical set of data 
and curve fits of the form given by the cumulative Weibull distribution (4). Each 
point represents the number of undamaged granules, N, from 100 fired at the platen 
for that given velocity and angle. 

For all angles used, the curve fit parameters obtained are shown in Table 1,and 
Figs 2 and 3. Values of m .show no systematic variation with angle; the weighted 
average value is 4.50 ± 0.08. 

Parameter c clearly declines as the incident angle approaches perpendicular. We 
interpret c as a measure of the impact velocity required to induce 63.2% failure; 
further related to normal failure velocity Uf by (5). Equation (5) implies that we 
should find parameter c is directly proportional to 1/ sin e. Figure 4 shows that this 
is indeed the case . 
. According to Maxim et al. [8] the theory developed in the 'elastic failure model ' 

. defines Uf as a function of granule physical properties. It follows that it should be 
possible to represent all data for a fixed granule size using the WeibulI distribution 
with N as a function of the normal velocity component only. 

Table 1. 
Curve fit parameters (D = 5.3 nun) 

(J (deg) 

90 
70 
50 
30 
20 
10 

c 

12.94 ± 0.11 
14.18 ± 0.20 
14.91 ± 0.08 
22.22 ± 0.15 
37.14 ± 0.56 
67.34 ± 12.03 

m 

5.11 ± 0.29 
4.03± .0.29 

. 5.49± 0.29 
5.19 ± 0.22 
3.66 ± 0.17 
3.54± 0.73 
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FigUre 2. Curve fit values: c. 
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Figure 3. Curve fit values: 1n. 
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Figure 4. Parameter c as a function of 1/ sin e: 

4. THEORY: ELASTIC FAILURE MODEL 

Maxim et al. [8] define the normal failure velocity· for granules undergoing elastic 
failure with no plastic deformation as a function of critical static load, density, 
Young's modulus and Poisson ratio. . . 

Consider a sphere approaching and colliding with a rigid planar surface (the 
platen) at a normal velocity u as shown in Fig. 5. . 

It is assumed that the force acting on the sphere is given by rean-anging (2): 

3£ F= _r3_. 
4 kR 

(6) 

. Dimensionless force, area and time, respectively, are defined by the following non
dimensionalizing constants:· 

(7) 



Figure 5. Schematic of collision. 
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The maximum force (assuming no failure) is found to be: 

2 (7rp3 E2
U

6
) 115 

2R 3k2 • 
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(8) 

(9) 

(10) 

Substituting the static critical failure load for the theoretical maximum force in (l0) 
implies a normal velocity for failure, Uf, for cases involving elastic failure. This is 
defined as: 

. Uf = [Fer·( 3k
2 

)1
1
5]5

1
6. 

. 2R2 'J( E2 p3 
(11) 

The theoretical normal failure velocity, Uf determined from (11) is interpreted as the 
normal impact velocity used in (5); used in conjunction with the angle of impact 
the c parameter is defined theoretically. The real impact velocity, v, then needs 
to be decided in order to use the Weibull distribution model to find the number of 
undamaged granules, N, at that velocity. Using (11) and (5) to find the c parameter 
theoretically removes the need to perform multiple impact experiments in order to 
find the c parameter graphically. 

5. CONCLUSION. 

This paper presented a method for finding the· number of undamaged granules 
involved in impact with a rigid surface. It was shown that a model using a two
parameter Weibull distribution could represent the failure distribution. It was further· 
. shown that the c parameter can be found by fitting experimental impact data or 
· theoretically from static compression tests using the equations given by Maxim . 
et al. [8]. To use a theoretically derived c parameter, it must be determined if the 
granule fails with or without plastic deformation taking place before failure. 
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If no plastic deformation takes place, then the 'elastic failure model' can be 
used - (11) is the important result. 
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Modelling effects of processing pararlleters on granule porosity 
in high-shear gr;anulation 
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Abstract 'VlJ e1l tryi ng 1.0 111(-:1'1. fim)l jl}'()cJuct sp ec: ili
C:fl.tion ::; ror porosit.y or gra,li11l es nmcl (-' using lligh-sll ear 
gl'f),ll lliation there are many c1JOi c:es for tl l (~ formula,tion 
J'(;ciI W nlld pl'Ocessing (:o1lclitiou;; , This Jlnp er presents 
t.he c01lcep1. or ,) Crit ical Packi1lg 8t,l,t e of t.h e prinl(l,l',l' 
jli\rti cles formIng a gra.nu le a nd t.h e associat.ed Limiting 
Binder Ratio, which allows granul e cOll solida.tion to be 
I1 locJ e lJ ed . 

T he: dl'nc1 on wnsol icJ at ion of vn.rving the: follow
ing processi1lg p~tram eters is explaill ed: ~1ixing intensit.y, 
JlJixilig tillle and billder mlditiolJ 'lII ctllod. The cfi'ects of 
varying tIl e following asp ect.s of the formulation reci pe 
are expla ined: Primary p arti cle ty p , sha pe and size dis
trihution , binder ty pe a nd binder: soli d ratio. 

Keywords High-Shear Grftllulatioll , Consolidation , 
Part icle P acki ng 
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Volllll1(, or prinl nry pa.rtieJos (m:J) 
Clmr1:1.cteristic leng tiJ or PPSD (Prinmry 
particle si;/'c' clis1.ri illltiOll ) (1lJ ) 
Pa.ckill g factor 
Billcler cOll sta.nt. (111 ) 
Asymptotic in1. rparti cle sp fl.ce (111 3/111:3) 

Agit.ation rate cons t a llt (S - I) 
Int.erparticle space at end or induction p e
ri od (m:J I m:J) 
Time defin ed by Eq. (5) (s) 
C rit.i cal start. time (s) 
Granula tion run t ime (s) 
Modifi ed binder consta nt (111) 
Int.ernal granule int.erparti cle ::;p ace (rn 3 / m3 ) 

Granule int erpa rti cle space a t. start of inter
n al granu le cOllsolidation (m:J I rn ,3) 
Time d efi ned by Eq. (8) (s) 
Tim e at. Ollset of int.erJI al granule consolida
tion (s) 
Volume of binder on granule surface 
(m3 / m3

) 

1 
Introduction 

Granu le porosity is a n important. end product sp ecifi ca
tion in m a ny granulFl.tion processes as it. nffects t he d ens ity 
'I.nd strengt.h of th e grallul e, Wikher g and Alderhorn [1], 
as well as the d isp ersal properti es of a.ct.ive ingreclients. 
Tli er e (l,r e a lot of experim enta l observations from a nU111 -

her of SOlJr(;(~s [2-Fi] ~iving 1.11<' (~Ilec1 of vn,ryin g processing 
conclitions allCl formul a tioll recipes on the granule porosit.y 
wlien us ing hi gh-shear gn'l.llulation. 

T hi l) ]Ja per describes granule c:ollsolid Fl,t ion ancl h ow a 
surfa.ce wet granule ca.n be thought of fl." having a granule 
core surrouncled hy exces~ binder. All an a lysis of the inter
particl e space h etween primary particl e~ within a granul e 
is givell followed hy the concept of a critical packin g state, 
which is u sed to cl escribe the interjlil.rti cle sp ace of th e 
granule core, A m odel is t hen present.ed to pred ict gTan
ule consolidation. Thjs is followed by a description of the 
r.[fec:l. on t.h r. moclr.l of 'vrtrying procr.ssin g- p Fl.J'ftm e t.ers a nd 
the formulation recipe u l->ed. Similar work h as b een carried 
out by Ivetion et a!. [G] and the section on Granule COll
solid ation in the revi ew by Iveson et al. [7J gives a. good 
alt.ernat.ive interpretation of t ile prot:essing p l'tramet.er and 
formulation recipe efl'ec1.s. _ .. 

I"~"~t:: . 
, .~ . - .... , .... 
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inter-particle 
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___ Granu le Nucleati on 

Onset of Surface wett ing 

Granulation Time ---. 

Fig. 1. Grallul e co n::;olicl at ion wit h time 

So lid 
Bi llder 

Air Pore 

Asymptoti c interparti cle 
space of granule --
"-

Final interpaliiclc 
space of gra nule 
core 

F ig . 2 . Showing a ir , solid and binder cornpoJl ents of a gra lllli e 
before and after consolidation of whole granul e 

2 Wh()ic Cirallllk 
Granule Consolidation 

( iranu !c Corl' 

Granu le::; are generally made up of t.hree ph rt:;es, solid pri
l1l ary par t.i cles . liquid hi nder ilml a il'. As t he gmllules col
lide with ot.her grall ul es a lld tIl E' process equipment the 
primary par t icles ]Jack c1o::;er togetl!er squeezing out the 
a.ir nnd binder . The exlenL of gra.nule consolidat ion affecLs 
the ::;urface wetne::;::; and interparti cle space of the granule 
product. The interparticle space is defin ed as the fr action 
of the gran ule occupied by bincJer a nd ail' . Fig. 1 shows 
how grRnnlc consoliri Fl.t. ion wit.h timc R.ffer.t s t hc in t.erpar
ticle space. Curve A represents the consolidatioll of the 
wllole granule, i:ihown in Fig. 2. Curve B starts at. th Oll:;et 
of :;urface we tt illg a nd repre:;ent::; the continuing cOllw li
dation of t he primary par t icles. Th ii:i can be imagined to 
reprei:ient t he gran ule COre cOll ::;olicl a ting toward ::; it::; limit
ing interparticle space , stjueezing out binder and making 
the gran ule more snrface wet; th is is :;hOWI1 in F ig. 3. 

F ig. 3 . Sho\Ving <:OlIso licln.tioll of t. he granni e co re 

3 
Analysis of interparticle space 

An analysis of the binder content Msocia ted with two 
d in·( ~ r (, l1t. pa.ek ill g; st. l'llct.m cs (hody-crmt.rccJ cllbi(' ;tll d 1\. 

tetrahedral cOlltwl VOlllll lC) uf IlIono-cJ isperse ::ipheres 
Was clone, shown ill Fig. 4. Tllis y ields a geneml 
equation , Eq. (2) . fur til t' in terpart icle spacc', avail
able for binder alit! air. ill t.enus of t. he packi llg st.rllC
tllre. part.icle diallld .er a lld illt.erpart.icle binder layer 
t.hi ckll ess . T Ill' i ll t.(~ r- p llrt. ic:l (' space , 8 ,., is defined as : 

F ig. 4. Show illg spheri cal part icles ami billder ill t. ll e tl)lIt.rul 
volm ll es fo r tlt e allalysis uf t he int.erpart icle space 
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where 11, is til P t.o t.al V()ltll'JJ(' of 1.1)(> spheres withi}1 t1l (' (;()1I 

t.rol voh.Jllw a.nr! 1~ . is t.1)(' voll1lJJ(' of t.h(-' control vo!tHlle . 
Th(, cOlltrol volll}I)(' is f()lllJd ilJ t.eI'lJH; of t.he di a.rJJ ct.er of 
t.]J(> splJ(!res . rl l aJJ(1 t.1)(' tJlic:kl)(ess of t.ll e hilld er layer , ri., 
nt. j,J)(' lIIilJilllUIII sepII.ratiolJ of th e> sphe}'(~s. Th c' gt'l wnd 
equati()1J for t.]1(' i)]t.~!rparti c l(-' spa,cc' of ,I pa,ckillg strll c1.urf' 
is: 

B" =] 'j 
(rl'+ OI )' 

(2) 

Wl)(~rp /.: ' is , I fa,ctar dep eJld ent. (lJ) til(' p ackill p; strl1ct.ure of 
t.he COli trol vol Ul1l e ; for I JOcly-celltred cu IJic p(l,ckillg 1,·1 = 
7T V3/ 8 and for a t.etmheclral control volume /;:' = 7Th/ 5. 

4 
Criti cal Packin g State 

Th E' criti cal packing st a t.e is defill ed a s th E' closest, pa,ck
ing of soli d particles fOl'lJlillg a grallule . For any primary 
part.i cle size dist.rihut.ion (PPSD) th ere exist s II th E'oret
ical sta te (crit.i cal pa.ckin g st.at.e) in w hich the prima.ry 
part.ic:les are packed as close as t.ll y will ever get. The 
criti cal packing st.a t.e has a n associa t.ed minimuJ1J int.er
particle space . \~Th en 15incler is added the existence of a 
minimum binder la.yer b etween parti cles will expa.nd the 
structure in crea.':ling t.h e t.h eoret.i cal int.erpart.i cle space. 
For any given PPSD a nd billder combinat.i on there is fl 

corresponding int.erparti cle space at. maximum compac
t.i on defin ed as t.he lilllit.irlg int,erpart.i c le space: BlIn· . If 
this space is compl etely fill ed with hinder then the limit
ing hinder rat.io can be fOllnd from: 

L imi tin.ll B inde?' "(j,I.'io = 1;, = 
1' 7) 

Bl,,,. 
] - Blin 

(3) 

where, Vi" is t.h e volume of hinder and : 11" , is t.he volume 
of primary pa.rt.i cles formin g .il granule . 

It. c~w be expect.ed tha.t Eq . (2) could be used t.o 
descrihe th e limiting interpa rt.icl e space such t.h a t : 

l.:rl:J 

B lI,,· = ] - '\ 
(d + uJ 

(4 ) 

where, d: is a characteristi c length of the PPSD , k , is a 
packin g factor t.aking int.o account. t.h e shape of t.h e parti
cles and the spread of t.he PPSD and , 0. , is the hinder con
stant. eql.1iva.lent. t.o the minimum bincler layer thi ckn ess. 
Surfa.ce )'(Jughness and solid-hinder wet.ting properti es are 
(1.ecounted for in th e bind er constant, 

The limit illg interparticle space can al so b e found by 
split.t.ing t.he PPSD into segment.s, convert.ing the segment.s 
int.o spheres and pad, ing t.h ese into a 3D shape - t.he crit.
ical pfl.cking sta t.e: thi s is shown in Fig. 5. The limit.ing 
illterparticle space is the fr act.ion of the t.otal volume t.hat 
is not spheres . Th e effect of Lll e miniJl)um biJlder Ia.yer 
thi ckn ess is a.ccount.ed for hy increfl.sing t.he diamet.er of 
each sphere hefore packing. 

Sc 11 Cl1t A 

lower size 
limi l 

Mid size = 
sphcre sizc 

Upper size 
limit 

Fig. 5. Showill g a PPSD (;1It. into seglll ents . T he segm ell ts a.re 
conver t.ed int.o (·!(jnivai ell t. spll eres. TIl e spll cres a re t.h en pa.cked 
t u fillci t.h t, lillli t. ing in t.erpart.i clc' spa.c:e 

5 
Predicting Granul e Consolid ation 

Fu et a!. 13J and Knight. ct. (1,1. 14J show that gra nule ])oros
it.y decrea.':ies t o all asymptoti c value as a ha t.ch gra nul ation 
progresses . The interparti cle space decrea.ses t.o an asymp
t.oti c va lue c1.'i shown in fi g. ] .. as the granule n ears t.hi s value 
the granule hecolJl es lIlore surface wet. as th e granule core 
continues consolida t.iJlg . Th e concept. of t.h e crit.i cal pack
ing st.a t.e a nd the a na lys is of t.h e int.erparti cle space allow th e 
predi ction of t.h e limiting iJlterpa rticl e space of the graJlule 
core : B lIn " This is a ll imaginary end point. that the granule is 
try in g t.o reach. squeezing out. the air t.o redu ce the porosity 
t.hen squeezing out. exc'ss llillder t.o form surface wet gran
ul es . In realit.y it is not possible for the primary ]1<1.rt.icles 
t,o reach the criti cal p acking st.a te b ecause the r a ndom way 
t.hat particles move iJJ t.h e consolidation process 111 a ns t.hey 
do not. a ll orient.at.e exact.ly a.s required . 

Tvesoll et. a!. IGJ give ;:l.JJ expollent,ia l decay llwd el for pre
dict in,!; I.h e eD·eel. or gra nnie> ('onsolidAl.ion on por()sity h r1.sed 
on a consolida tion r(1,t.e cons t.ant. a nd th num her of drum 
revolutions. A s imil ar general rat.e e.qu at.ioJl is d efin ed here 
foJ' t.he int.erpa rt.i cle spa,ce, B" , of the whole gra nul r epre
sent.ing colJsolid a t.ion along curve A wi t. h time, 

B .)) = (Bva - B.",, ) c-wL + B,,,, (5) 

where , B" II. ' is t.h e asympt.ot.i c int. ' rparti clc sp ace, w , is t.h e 
agita tion int.ensi ty ra t.e const.ant and , B"o , is t.h e int.erpar
t.icl e space a t the end of t.he form ation p eriod , definin g t.h e 
criti ca.l st.art time, t' , such t.h a t. : 

t = I" ·,, , .• l - £. (G ) 

where , 1:,.",,/ , is t h · gra.JJula.tio]J run time. 
By compariJl g t.he limiting hinder ratio t o the hinder 

ratio of the start syst.em we can modify t.he binder con
s t.ant. in Eq . (4) t.o a modifi ed hilld er consta Jlt. , n", account.
ing for t.h e extra t.hi ckness h etween prim ary particles. This 
gives an expression for the asymptot.ic int.erparticle space: 

J.:(j3 
B,,,, = 1 - 'J (7) 

(rl + II.")' 



Once the granule h3.!:i recl,ched the asymptotic interparti
cle space then further agitation will result in the primary 
particles getting squeezed closer t.ogether in an attempt. to 
reach the maximum packillg stat.e, t.his can be thought of 
as the pr illlill'~ ' particles forming an internal granu le with 
its own associated int.erpnrticle space , B::. This resul ts in 
excess binder heing squeezed out and produ cing a surface 
binder layer. This phase of grallu le cOllsol iclation can be 
modelled by an adapted ve rsion of Eq. (5) such that: 

(8) 

where B~" is the point cOllsiderecl t.o be the start of 
int.emal granule cOllsolidatioll resulting in smface wetness 
occurring a t. t.illl C. til. t.hus t " is rletillecl by: 

t * = t.,."".l - t il (9) 

The amount of billder Oil t.ile surfclce. E.,. is equivalent to 
the c1ifJ'erell ce uetlVeen the asv lIl pl·.otic ill tE:' l'p l1rric le s lla.ce 
a nd the consol id a ted interllal gmll ule in terpartic:le space: 

(10) 

Fig. 6 shows Eq. (5) as line A and Eq . (8) as line B with 
the important associated tilll es a lld interparticle spaces 
marked out. 

6 
Qualitative effects of processin g parameters and 
formulation 

In high-shear granulation formulatio n parameter::; and 
processing parameters can be varied in an attempt to 
a lter the interparticle space of final granules. Many of 
the::;e parameters act interdependelltly, for example the 
binder type and temperature act together to determine 
the viscosity and surface t.elll;;ioll of the binder , thi l;; in 
turn combines with the primary particle material t.o give 
the wetting characteri l;; t icl;; of the billder. 

6.1 
Primary Particle Type 

The primary particle type dictates tIle ma.terial: the shape 
and the size distribution of the primary particles. If pfI,rti
des are very spherical in shape then the orientation during 

Bvo 

Bv 
B 

Bvo- ==t==+=======~~~,.L~ 
Bvo 

B'Dr 
....... ..... . ...... . . . . .. . .. . ~~~.,.,.". ..... 

f " Time 
.F ig. 6. COllso lirl nt. ioll ClIrv(!s wit ll illlportalit panull e t.ers 
IImrked OIl. A - gUJleral rat(! 1';'1 . Ui), B - cOllsolidat ioll rllte 
Eq. (8) 

J,lc\.ckill g, will llO t. eLI-feet. the fill ClI illt.L'qmrt. iciv S\JClCC . [<,bl 
plate-like particles or needles will haw ,I Il lliCh great.er 
dependency Oil the orient.atiou of t.llt, par t.icles. If they 
align parallel to each other t.hen the till a l illt.erpart icle 
space wi ll he very Imv ;l1ld t.!J p value or. 1.:. will In' high. 
If they align perpendicular or at allgles t.!Jen t.11 E' filial in
terparti cle space will in cl'eas(' a ll el t.h e va luc or. R

"
". will 

innea.se. The si7.f' clistrihllti oll will aHc,ct. th(·! fill".1 ill \('J'
particle space. It. is thought. t.lmt. a wiele sizf' e1ist.rilJut.ioli 
will increase t.he value of, Ie. due to the smaller particles 
titting into the spaces bet.ween Imge particles . The jl(1l't.ic:l e 
mat.erial c1ictat.eti the cilClllistr:v of its surfacf' and illlj>()J'
ta,ntl y t he surface fret.' elll'rgy. wilen t.his is COll dliut'd witll 
the chelllis try of t.llt' hiuder it. clet.eI'lJlilil'S t.he wet.t.;J.hilit.y 
of liquid binder all the solid. Iveson et ill. [(jjnvort. t.lmt. ,I 
non-wet.ting liquid will not ::;preacl or 1'01'111 n filIlI. hilt st.ay 
[1S discreLe br idges. This will Ilc).V{' Lh e erred. 01' increasing 
the value of the binder c:on::;t.ant. f! . in the gell eml packillg 
equation. which ill turn wil l illc rease the val ue of B.III!' 

6.2 
Binder Type 

The binder type lias several important properties, vis
cosity, surface tension and wet.tability. The wettabilit.y 
depends 0 11 the chelllistry of the billtler allcl prilliary par
ticle mat.erial Ci.':i already described. Changing the viscosit.y 
of the system will change the magnit.ude of the agit.atioll 
rate constant , w. The viscosity varies Ci.':i a function of tem
perature and shearing forces. Generally the viscosity will 
decrease with temperature. For Newtonian binders recluc
ing the viscosity will red uce the consolidating effects of allY 
agitation and reduce , w. For shear-thinning binders til e 
efFect is compounded with a.gitat ion intensity; increasillg 
agitation inten::;ity will increase the value of: ""' , but will 
also c1ecrease the vi::;cosity further illcrectSing the magni
tude of, w . Fol' shea.r-thickellill g binders the effect is COII
fOllnder!. 11. is nssllIned I.ha.1. binder type fdso aJIecl,s 1.1](' 
thickness of the lninimmn hinder layer between part.icle::; 
at their ma.ximum compaction. this is refl ected in the val\le 
of the binder constant : (I, . It. can he visun\isecl that. this is 
clepenclent on tIle molecular arrangement of the biuder 
when squeezed into very thill fil lll s bet.weell two surfacE'S. 
It is (\.SS LlIIlCd t.hat. slll'fClce tClisioli ",ill i:IJkct t.ln: sta.l)ilit.y 
of air pockets within tlte grannie allcl the llet. force felt hI' 
bind er bridges (n::; oppose to c:onti lluUlll ) c1ming C()lllpcl~
tiOll : increasing the surface tension woulcl reduce the net 
force and reduce t.h e value of tlte clgi t.ation intensity rate 
constant, w . 

6.3 
Binder Ratio 

vVe c1efille binder ratio ns volume of binder per unit vol
ume of pril1lary pnrti c: les . For any given PPSD anel hillder 
type there is a hillder ratio a.t nmxillllllll packing defill ed 
as the lilliiting hilleler mba. If the initial feed hind er rat.iu 
is tlle sClllie a:j t.iIe lilllit.illg hillcler ra tio then theoreti c" lly 
all the granules could collsolidat.e to their lll(l.xilllUlll COllI
paction and there wOlilel il l' 110 ail' ph ctSe witiIin the 1,\1'<1.11-

ules. In reality this cloes IlO t. lmppell , if the initial Ilillder 
mtio is less t.hell either gntlluh,t.ion will not. OC(:lll' or a 



portiolJ or t,lJ(-' intemal space IJ1USt. lw occupied by ail'. If 
tlJ(' init.iiil llilJrJ("r ratio is greater tlJil,Jj tll(-' liTllitillg ll illder 
rat.i o 1'.1 1(-:11 the vahw of, 11./1 , will ilJ creas(' aJl(l ifit. is aSSllI llt:d 
that. 110 air is pJ'(~selJt. H,t. the onset (If illt.e l'lml granule' UJlII-
PiJ.c tiOll : wlJ(~ 11 1. = t'·, thell, II.". SC<11<"::: as: -

I.: -+l -rJ ( 11" ) 
1~) 

(1J ) 

H i1.ir is presellt. tlJf'll tlJ(-' !J.SYlJ1Pt.Ot-.jc: i Jl tr:rp fI.rt.i clc-' Spfl.C (~ 

I I Illst l){-' increns(~d approprin.t.ely. '\iV1 J(JI 1 tl w 1 IiI If leI' ratio is 
greater tJlill l tlH:' lilJliting llilJrJ er rHtio thelJ ;I.S th(J gralJule 
(:onsolida,tes it. will sq11ee7,e h inder out. to tlle su rface a nd 
produ ct-' s nrface' wet granules. T1H ' extelJt (If s llrfa,ce wet
ting is lllocJ elJ ecl hy Eq. 's (8), (D) a.lld (lO). 'W hen il. grallu le 
is s 11 rf;).c(' wet it will attract m ar c lines alJcl grow by la,yer
illg, tlJus clmllgilJ g the vo ll1llJ( ' of primary p(\.rt, ieles a]j(l the 
granule hillder ratio- this w ill continue until tl lE' lJilJ(ler 
ratio has reach ecl a stable value a ll d t he surface is no longer 
wet. Growtll a,nd stall ilisation call also occur hy cordes
celJce with otller surface dry granules: hut c:clI:11escence of 
2 smfac:e wet graJlUles will lea,cl t.o a. less stahle state. 

6.4 
Run Time 

The efrec:L of gran u lnti Oil run time is accounted for by Eq. :s 
(.5) a nd (8). increas in g tlle run time increases the extent 
of agitation a.nd thus t.ll e extent of consolicJation and pro
duction of surface wet granu les . It. is illlport.ant. t.o not.e 
that this m odel predicts (1 region b efore: t' : when granules 
w ill h e h ighly porous. 'When high bind er ratios are used 
lOllg run times will lead t o format iOll of large surfac:e wet 
gra.nules. 

6.5 
Agitation intensity 

Increasing the lnixer sp eed will increase the agitat. ion 
intensity aJJ cl increase the value of the agitat ion rnte con
st.allt , w, leadi ng to faster co nsoJidatiulJ. However it must 
h e n oted tha.t tllere is a limi (. to t.his effect , at. elevated 
intensities breakage of granules occurs limiting the size of 
granul e gJ'Owth . '~lh en surfac:e wet graJlul es coll ide w ith 
other granul es such that t he c:om hined size is greater 
than tll E' sta.hle size it is thought the l> urfac:e llind er will 
11(' stripped away by the impactin g gra.nule rather than 
(1,bsorlJed hy th e coalescen ce. 

6.6 
Binder Addition method 

,;Vork by Kni ght e t a 1. [4] suggests that granule poros
ity is indepelJ(lent of add ition metho d at extended mix ing 
tim es: it is proposed that iJl cl ividua.J granul e interparti 
cle space in illdep end ent of add ition Jll ethod after tim e 
til The additi on m ethod will n.ffcc:1. timc, t', the modifi ecl 

lJilJ( ler cOllst.a.nt. 11-". al ld tlw initial ill1.erp;1.rticle space: 
B.,,(j, of illdividllal gnJ.lJ1Jles. SpnlY additiolJ will have a 
1 (\,)' !,!;(' spn:;1.d of. t. ' , Wl.l!ws COlJ lpltJ'(J.cl to say p()Ur-Oll addi
tioJJ , 1m!. might lm,,(-' ;\. lHLlT(JWC)' spread of val1les fo r. 1/,/1. 

alJd : B."o. . . 

7 
Conclusion 

A n JIld (,1 lJ ; I .~ 1 lePI I ]lJ' [j]lOS(~rJ t o represP Tl 1. fi rstly tlJ f: J'(~ cluc

tiOli il l porosity of a gra.lJ1l1e with tinH:' and sr~(;OJ ldlv the 
su hs("qlJ(~ Jl1. cOlJsoliilaJ.iolJ alJ(l sq1l eezing (Jut of hin ci~r to 
forlll s1lrf~I,c:e wet. gran ul es. The nJ!ld el a llows the theo
ret ical prediction of the anlOunt of llincl er OJ) surface wet 
gn1.JJules fl.'; rl, fU JJ (:tilllJ of tillle , Eq. (J 0). This nJOdel a llows 
qualitative precJ ictioll s of llow changes in the granulation 
j'lrrJ(;(-!ss cl.neJ fonnlllB.1 irJll wi l l affect, tlw consoli da.tion r(l.l.e 
aJlCl final surface wetness. The pJ'(\,c:t ical value of the model 
for quantitativE' preclic:tiolJs is cUlTently linJitecJ by the 
d et errninntion of appropriate values in Eq . (4) a lJ d b y the 
"lJsenc:e of;1 con lputer code for thE' algorithm converting a 
PPSD into a critical pac:ki ng stat e. Experimental verificR
t.ion will be difricJJlL due 1.0 t.h e h e t.erogeneous naturE' of a ny 
granulation system. reali sed in t.he model hy the spreacl 
of values for , B.o(], 1:/1 , a.nd 0./1, a.s n resu lt of t.he acJdit ion 
m etJJOd. Further work c:olllbilJing this mode ls prediction 
of surface wetness witll existillg growth and breakage rate 
models s hould make exp erim ental verificFltion possih le. 
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