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ABSTRACT
PhD Research - Robert Maxim

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

f'll'ﬁ‘i?:gik investigates the granulation of fine calcium carbonate powder to form micro-
granules (less than 100pm). 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 find 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 the need
to produce small granules. As a result, 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” determined 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
describing the packing of its primary particles within an imaginary internal granule.
Sphere packing is discussed with implications for determining the maximum packing of a

primary particle size distribution.
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Predicting dynamic failure of dense granules from static
compression tests (full version of Maxim [66])

Crushing tests graphs showing qualitative effects of the variables
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k factor.
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Binder Content Verification
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Experiments Table (from database)

Theoretical impact failure distribution of granules (Maxim [1])
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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 3™ 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 liquid 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
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.

Bulky
A particle is bulky if its length ~ Breadth ~ thickness

Capillary (bonding)



Characteristic Length
The size (/) of particles on a sieve cut (with upper sieve size s, and lower sieve

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

l _Sitmy + Su My
m + my,

Where m, and m, 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 of 2 bodies into 1. 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

Counterbody

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

Crack



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

Capable of being reshaped and moulded whilst retaining strength and freedom

from cracks

Elastic

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

Elastic constants
Quantities expressed in MN / m- 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)
The ratio of breadth to thickness
Flaw
An imperfection; can be an air pocket, impurity, foreign body (inclusion) or a
dislocation
Formulation parameter
Something that goes into a granulation process, e.g. the ingredients: 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 of Moh’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 ~ H,)
A 136° 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™)

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
Middle particle size, 50% of the particles are coarser and 50% are finer
Mode
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 of a granule start point from binder (liquid phase) and
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=—-1
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

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

Range
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 of a particle to the surface area of a sphere having the
same volume as the particle
Standard Deviation
Square root of the variance (root mean squared deviation from the mean)
Strength _
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
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 /m?, (Kinematic Viscosity is the coefficient of viscosity divided by

density, m*s™.)

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 of a
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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Abstract

This paper shows how static failure loads can be used to predict impact failure of granules. A theoretical model is presented that
gives the maximum force experienced during impact and equates this to experimentally measured static failure load to define a
critical impact velocity for impact failure. A granule will fail if the predicted theoretical maximum force during impact due to the
impact velocity is greater than the real force required to produce failure in that particular granule.

The random nature of granules produces a spread of velocities at which granules of a given size will fail; this spread is the
failure distribution. In this paper it is shown that the failure distribution of a series of impact experiments can be represented by a 2-
parameter Weibull equation. The important c-parameter is related to the impact angle and the critical normal impact velocity that is
found from static compression tests. Thus the number of granules failing by impact at each velocity can be found by performing
static failure tests.
© 2006 Elsevier B.V. All rights reserved.

Keywords: failure; granule; granules; high-shear granulation; compression; static; impact failure; dynamic failure; impact velocity; critical normal

impact velocity; Hertzian failure; dense granules; dense granule; static failure; granulation

breakage. It would be of useful if we could predict
whether granule breakage will occur and, if so, the rate
of granule breakage. Granule breakage on impact with a
rigid surface depends upon material properties of the
granule and the surface as well as the velocity and angle
of impact. Despite the long history of research into
granulation, it has been difficult to predict granule
breakage during processing without using a statistical
approach involving extensive impact experiments. This
is largely due to the random nature of the number and
position of flaws/pores within granules. This leads to a
spread of impact velocities required to induce failure
within a given sample of granules.

This random spread of failure velocity is indirectly

* Corresponding author.
E-mail address: a.d.salman@sheffield.ac.uk (A.D. Salman). apparent when particles of identical size and material are

1. Introduction

Granulation has been an important powder produc-
tion process in industry for the past few decades. There
are many advantages to using granulated material, for
example improved flow-ability and improved dissolu-
tion characteristics. As granules are so important to so
many industries it is desirable to know as much as
possible about efficient processing and transportation of
granular material. Granules can impact upon each other
and process equipment, potentially leading to granule

0301-7516/% - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:l().l()l6/j.n'linpro.:’_()()().()?..()()}
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fired at a rigid surface and the number of undamaged
granules is counted as shown by Salman et al. (2001) in
Fig. 1. 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
this 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 rate
effects (increased resistance to deformation in some
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Fig. 1. Undamaged granules, ¥, as a function of impact velocity and
angle.
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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 support this; as does previous
work by Schonert (1979), who compared measured
impact strains to evaluated static strains. By conducting
static failure tests with relatively high loading rates
(increase in force per time) the effects of creep can be
ignored. Strain rate effects generally only have
significance at high loading rates. It 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 failure 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.

Thomton 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 rupture 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 adopted 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 turn of the last century. Granules with porosity
greater than those used in the experiments by Salman
et al. (2001) 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 majority 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 conventionally measured yield
stresses in order to predict failure. Shipway and
Hutchings (1993) present a method to find the internal
and surface stress fields 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 al. (2002) gives some of the preliminary work to that
which is presented in this paper. Other similar work
includes that of Austin et al. (1992), who examined
impact of cylindrical pellets of Al,O3, and that of
Knight et al. (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

normal impact velocity by matching the yield stress of,

the material to the failure stress fields, a static failure
force is measured and then related directly to the
maximum force induced by normal impact velocity to
find the critical normal 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 al. (2001) have characterised the failure of
spherical fertilizer granules by firing them at a rigid
platen at various velocities, v, and incident angles,  (90°
being perpendicular). 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. 1 shows a typical set of data,
also shown is the Weibull distribution curve fits using
Eq. (1) below.

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

N = 100exp - ) ] (1)

The Weibull distribution can be fitted to existing
experimental impact data to find the values of ¢ and m
and then used to predict failure at other velocities of
interest.

The parameter, m, 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, further related to the critical normal
impact velocity, u, by:

&= uy 5
" sind (2)

More usefully, the Weibull equation can be used to
predict failure distributions of dense granules from static
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failure tests by finding the critical normal impact
velocity, up and subsequently the c-parameter (with
the m-parameter assumed constant at 4.50). The 2-
parameter Weibull distribution (Eq. (1)) should also be
applicable to porous granules, as this i just an equation
to describe the shape of the failure distributions. The c-
parameter, for porous granules, will have to be found
from impact experiments and cannot be derived from
static failure tests using the equation for critical normal
impact velocity (which is based on the Hertzian theory
and assumes the granules are dense and have brittle

elastic behaviour).
1.2. Critical normal impact velocity, uy,

The critical normal impact velocity, uy, developed in
the theory section later, is defined as ‘the velocity
causing 63.2% of granules impacting normally on a
surface to fail’. It is a function of material properties and
particle size; it is a process independent parameter. For
granules undergoing elastic failure with no plastic
deformation the theoretical derivation defines uy as a

function of:

Static critical load F,,

Density p
Young's modulus of the granule £

k-constant &
Radius of granule R

1/57°/6

Fu i
i = e 3
U= 18358 (;ﬂEl,ﬂ) (3)

The critical normal impact velocity can then be used
to find the c-parameter (Eq. (2)) for various angles of
impact. The Weibull equation (Eq. (1)) then gives the
impact failure distributions as a function of impact

velocity.
1.3. How it works

. To get the theoretical distributions of impact

failure:

1. Measure the critical static load.

Calculate the critical normal impact velocity, up

(Eq. (3))

3. Use the critical normal impact velocity and impact
angle to find the c-parameter (Eq. (2))

4. Use the Weibull equation (Eq. (1)) to find the failure
distribution.

o
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The static compression tests in step 1 need to be
performed on real granules of the same material that
will be used in the processes of interest. 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 compression 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 elastic
material. It is assumed that the dense granules in
question are spherical and thus Hertzian elastic 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 Hertzian theory to
give an expression, in terms of physical properties,
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 force.

A failure criterion is then applied that *“‘a granule
will fail if the theoretical maximum force is greater
than the real force required to produce failure in that
particular granule”. The real force required to induce
failure cannot be calculated and is difficult to
measure exactly by impact experiments, thus it is
suggested that the static critical load, F, should be
used as the equivalent real force inducing failure. The
static critical load is found from static loading
experiments and combined with the expression for
maximum force of impact to give a critical normal
impact velocity. The critical normal impact velocity is
interpreted as the normal velocity creating a maxi-
mum force on impact that just equals the static
failure load.
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Fig. 2. Schematic of collision.

2.1. Derivation

Consider a sphere of radius, R, travelling at velocity,
u, impacting on a rigid platen as shown in Fig. 2 below.

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

Assume the force acting on the sphere is given by

(based on Laugier, 1984):

3,F
= -] — 4
F=1"w “)
where:
A=1—5[(1—v)+(1 ") g (5)

k is simply a constant dependent on the material
properties of the impacting sphere and the platen. E,
E and v,y, are the Young’s moduli and Poisson’s ratios
of the sample and platen, respectively. R is the sphere
radius and » 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 radius then by trigonometry:

5y 1/2
-~
Z=R<I _RTZ_)

- N 2

if r < l=1—12(—) 6

if ¥ <R then R / R (6)

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

9*

dt

|N
—
~
~

Acceleration z =

(S}

4
Mass mass = E/mR3 (8)
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Using Eqgs. (4) and (8) with Newton's law gives

33E 3 ; d°z

—r—=—pnRk’ — 9

3w e ®)
Differentiation of Eq. (6):

d’z 1 &7
= TwaE e
and substitution in Eq. (9) gives

2

dr? 8 kpnR3

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

a=r" and
9 E
= (12)
8 8kpnR3
then Eq. (11) becomes
i = —Ma*"? (13)

Boundary 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(0) =0 (14)

~30) = u (15)

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

a(0) = 2uR (16)

Non-dimensionalising the area, a, and time, ¢, using

- a

¢== (17)
e 18
=7 (18)

we can non-dimensionalise Egs. (13), (14) and (16)
giving

a=-MT4'25""? (19)

a(0) =0 (20)

d*r? 9 E
T (11)
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B T

a(0) = 2uR— (21)
A

where 4 and 7T 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 7and 4 is that which makes

MT?*4'? = | (22)

2uRZ = ] (23)

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

2pkn\
A=4r2 (%P 24
1 - (L 24)
N\ 2/5
pk i
T=2R|——= 25
(v27) 2%
Egs. (19), (20) and (21) now become:
a=-a’ (26)
a(0) =0 (27)
a(0) =1 (28)
Eq. (26) can be rewritten as:
a= u% = -a*" (29)

Integration of Eq. (28) using the boundary conditions
given by Egs. (27) and (28) yields:

.2 4a’’?
g=l-— (30)

« At @paxa = 0 so that, from Eq. (30)

max

P =§ and @ = 1.093 (31)

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

F=a" (32)
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From the definition of @ (Eq. (17)) and using a=r"
gives:

F=l_ (33)

4 kR
P =-—F (34)

Substitution for 7 from Eq. (34) and for 4 from Eg.
(24) leads to the dimensionless force:

_ ] 3\
F:W<n3p3E3u"> F (35)

The force reaches its maximum value when d=dnmay.
It follows from Egs. (31) and (32) that:

B 5\ 3/
Fooax = (Z) 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:

3 3 E2,6 /5
Tp u) (37)

Frnax = 1.835R° ( e

The radius of maximum contact area can be found
by:

5 ok IS
Fax = V1.0934 = 2.091R(“ "”") (38)

OF

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

. kpm i
i = 3.2187 = 6.436R 39
me <9Eﬁ> (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, y
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The material properties of the impact surface E), y,
The velocity of impact u

A particular granule will fail if this maximum force is
greater than the static critical load, Fi,, required to
induce failure under static compression.

Failure criterion is  Fiax=Fer (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 1% thus a critical normal impact
velocity, ug must exist above which failure 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 ¢) and
subsequently the failure distributions using the Weibull
distribution model. The static critical load can be found
from static compression tests conducted on samples of
granules. Steps (1) 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 experiments

Salman et al. (2001) have characterised the failure of
5.3mm (mean size) spherical granules of general
purpose fertiliser (30% N, 20% P,0s, 20% K,0). This
is a weak material. The granules are roughly spherical
with grain sizes ranging between 40 and 120 pm. This
characterisation was done by firing them at a rigid platen
at various velocities, v, and incident angles, 6 (90° being
perpendicular). The number of undamaged granules, N,
were counted and plotted against impact velocity for
each incident angle. A typical set of data and curve fits
of the form given by the 2-parameter Weibull distribu-
tion (Eq. (1)) 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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The single particle impact experiments were carried
out using a continuous flow gas gun as shown in Fig. 3.
Initially a steady gas flow is established. Particles 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
2bars. 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 interval.

3.2, Weibull distribution—fitting

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% failure. Further
related to the critical normal impact velocity by:
ug = csinfl

In which case we should find that ¢ should be directly
proportional to 1/sinf. Fig. 4 shows that this is indeed
the case. Parameter, ¢, declines as the incident angle
approaches the perpendicular.

As the c-parameter is proportional to 1/sind, it should
be possible to represent all the data for a fixed granule
size with N as a function of ug=csind only. This is
shown in Fig. 5 (symbols represent different angles,
same as in Fig. 1, but the data has all been normalised).

3.3. Static compression experiments

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

Pressure
gauge Open

breech  Acceleration
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Table 1
Curve fit parameters for Weibull distribution

0 e m

90° 12.9440.11 5.11£0.29
70° 14.18+0.2 4.03£0.29
50° 14.91+0.08 5.49+0.29
30° 222240.15 5.19£0.22
20° 37.14£0.56 3.66+0.17
10° 67.34+12.03 3.54+0.73

ing fertilizer granules and the theoretical model
suggests it is possible to predict the critical normal
impact velocity 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
failure loads were measured and Eq. (3) used to
calculate the critical normal impact velocity for the
granules using a density of 2000kg/m®, a Young’s
modulus of 2.48 x 10°N m™ and a & value of 0.5. The
results of individual tests are shown as points in Fig. 6.
Also shown as a dashed straight line is the average
critical normal 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 values from impact experiments. It can be
seen that the fitted u¢ value from impact experiments lies
close to the theoretically predicted values from static
compression experiments. Also, all ug values calculated
from static compression experiments lie within the range
of velocities causing failure from Fig. 1. The random
spread in static failure loads is due to the random nature
of the granules as discussed in Introduction.

Photodiode
switch Impact
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Fig. 3. Single-impact test apparatus and arrangement of measuring systems.
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3.4. Predicted impact failure distributions

The critical normal 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
normal impact velocity. The predicted failure distribu-
tions were plotted for impact velocities from 0 to 20m/s
using Eq. (1), 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

80

60

40

vsin® (ms™)

Fig. 5. All data for 5.3 mm granules plotting N as a function of normal
velocity.

distributions based on: the highest and lowest recorded
static failure load; the average failure load of all the
static compression tests; and the original experimental

impact data.
As can be seen the predicted failure distribution

based on the average value from the static compres-
sion tests fits fairly closely to the experimental impact
data.

4. Conclusion

It has been demonstrated that real experimental
impact failure distributions for dense granules can be
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Fig. 6. Critical normal impact velocity, uy, for 5.3mm granules, derived

from impact experiments compared to the average and individual
values derived from static compression loading.
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Fig. 7. Failure distributions of 5.3mm granules comparing the experimental impact data to predicted distribution from individual and average static

compression loading.

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 critical normal impact velocity. This
critical normal impact velocity can be found from
knowledge of the granule material properties and failure
loads found by experimental static compression tests. A
fairly good agreement between the theoretical critical
velocities calculated using these static critical loads and
the values obtained from impact experiments supports
the applicability of the theory. This is an important
point; this paper shows that it is possible to and how to
use static failure results to predict dynamic impact
failure.

Nomenclature

Area (mz)

da/dt (m* s )

d*a/df* (m* s72)

Dimensionless area

Dimensionless area constant (m’z)
Parameter in Weibull distribution—critical
impact velocity

Diameter of granule (m)

Young’s modulus of granule (N m-:)
Young’s modulus of platen (N m™)
Force (N)

Dimensionless force

Static critical load (N)
Constant—Laugier equation

O XN R R

Mo EG

=
ﬂqﬁj

L Dimension Sf Length (m)

M constant = g (m~'s” 2)

m Parameter in Weibull distribution

N Number of undamaged granules per 100
fired

r Radius of circle of contact (m)

R Radius of granule (m)

T Dimensionless time constant (s~ ")

id Dimension of time (s)

r Dimensionless time

u Normal velocity (m s_l)

ug Critical normal failure velocity (m s™)

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

v Velocity of granule (m s—')

0 Angle of impact with platen (90° being
perpendicular)

p Density (kg m”) )

o Normal stress (N m™ ")

Y Poisson’s ratio of granule

02 Poisson’s ratio 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-Centred-Cubic) packing of
spherical particles.

Stage |
Volume of a sphere:
T
:—d" (I)
6

A body-centred cubic packing arrangement will have a co-ordination number of 8. See
diagram | below:

Diagram 1 showing the body-centred
particle and the sections of 8 other
particles contained in the control volume

According to the notes from the 2-day “agglomeration of powders™ course by Prof. J.
Seville and Prof. P. Knight of Birmingham University this should equate to a porosity of
0.395
Porosity is defined as:

Volume of voids

Total Volume

Porosity =

For our cubic region let us assume that all the spherical particles at the corners are
touching the central sphere. Assume the sphere has a radius of 1. Therefore the diagonal
length across the sphere xyz will be length 4 (2 + 1 + 1). (2 radius’ from the central
sphere plus 1 radius from each sphere at the opposite corners.)
Let the length of 1 side of the cube be, /, then by trigonometry:

3]2 —_ 42

1=23094011

Thus the volume of the cube = 2.3094011°
12.316806



T
Volume of spheres = 2x gd3

= 8.3775804

Volume of voids = 12.316806 — 8.3775804
= 3.9392253

. 3,9392253
== Porosity = ;2.316806

= 0.3198252 (which is different from the quoted value
in the text by Seville and Knight)

Stage 2

Imagine the spheres touch at their points, such that 1-2-3 is an unbroken linc. (see
diagram 2)

Line 1-2-3 = w

Diameter of sphere = d

Diagram 2 - showing dimensions for
calculation of control volume in terms of
particle diameter *d’

Length of line w
w=x'+y+

but the CV (control volume) isa cube =>  x=y=1z

thus:
) b
wo =3y (2)
also
w=2d

(2) implies 4 = 3x°



volume of cube, V, = 3x°

- (5
A

Volume of spheres, Vg = %d" =
Porosity (or space filled with binder), B, (as fraction):
B.= ]
Ve

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

rd |64
T pm P
nei-(2Ee 2]

V37

Br: e
8

General. B, = 0.3198252

(3)

4)
=4 (5)
o

(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
aratio of the total volume is independent of the volume and independent of volume of
individual granules (diameter of sphere drops out of equation (7).

Diagram 3 — showing binder layer ‘a’




Imagine a second case where there is a gap between the particles due to a binder {ilin of
thickness, a.. As shown in the diagram 3 above.

Again X=y=z
Length of line AD is given by:

AD' =y +x’+ 7

AD* =3%°

(2d+2a) =34

thus: i(al-%-a)= x (8)

NG

therefore volume of cube;:

"j’?; (d+a)3 %
3

V.=

Volume of sphere:

=Zr (5)
Vi=3d

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

B=1- rd*3\3
" 3x8(d+a)
34
== (10)
B T avay

This is the equation for the binder fraction of a cubic body-centred packing structure,



Analvsis of Binder Content of a tetrahedronal shaped unit cell (non-Bodv-Centred)
packing of spherical particles.

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

Diagram 4 — tetrahedronal
packing structure and dimensions

Volume of any cone is given by:

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

For our case:

Area of base

Il
"
=
1o
=



Therefore volume of tetrahedron:
143, 2
—_— X X
3 4 3

__\/Za (rn

Vle(rahcdron

Thus if we imagine the control volume for the packing is a tetrahedron of side. .x. and the
particles (spheres) are of diameter, d, then:

Il
.

X

vcv = —d3 (12)

Volume of a sphere is given by (5)

A single vertices of the control volume contains approximately 1/20" of a sphere (This is
an approximation as it-has not been possible to calculate or find the exact fraction of a
sphere that will be contained at the apex of a Tetrahedron — Tetrahedron pack
approximately to a regular 20 faced ICOSAHEDRON, however the internal axis ol'the
pyramids forming an icosahedron are shortened. When Tetrahedron are packed around a
central point you can fit 20 with a small amount of space let over = the actual volume of
a sphere contained at each vertice will be slightly less than 120" of a sphere). Using this
approximation the volume of particles in the control volume is approximately 4/20 = |/3"

of a sphere.

Volume of solid particles in the control volume:

/4
Vs = —d’ (13)
30d

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

rd «/EdJJ

30 12

(12) and (13) => B,.=l—[



0.1114234 (14)

Gieneral B,

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
binder film of thickness, a.

The length of side. x, of the control volume is now given by:
X = d+a (15)

Thus the control volume is now given by:

¥, = —‘g(dw)’ (16)

The volume of the particles stays the same (13).
[=quation (6) => Binder fraction:

B.=1 —[ld3.%(d+a)'3j

30
V27

g=1-Y2, d (17)
5 " (d+a)

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, £, relating to the way the particles pack together. Such that:

kd’ (18)

Where: for body-centred-cubic packing:

V3

k=—n
8

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

N

k=—nrm

5

It follows 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 particles 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-



values for tetrahedral packing (approximated as k= 0.88) and body-centred-cubic
(k=0.68).

Fraction non-solid for tetrahedron packing k =
0.88

binder
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Particle diameter
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Report: Abrasive testing of Granules (up to 12-08-03)

Report: Abrasive testing of Granules (Upto 12-08-03) .eeeireiiiercierreeieceesese e, 1
ILEOAUCTION ettt ettt e et e e vee s sare s e bbn e e s sssnsesesnebessannssentessanereeesnnn |
TESTING MENOAS..cuiiiiiriiieerereer ettt s s st e s st s b e e st ssbe s b e sbeensaesnanasnes 2

L1552j0us ABrasion Rig....ccvvveeriirincinininiiniineiiee e eseseae st esan s aesesssesenas 2
Hand-Held Abrasion Tester........ccovvivervvenecrcecenrernneraennnennnn SRR 2
Unilever Linear Motion Abrasion RIZ.....ccccvvcervieiieeinereinrrecireeseeesnssenesensresennn. 2
In-IHouse Linear Motion Abrasion Rig.....cccueoiiiirinierniieranneierineeeeeeeesessenns 3
Size analysis of granules before and after abrasion.......ccccecvvvevnvenienerneersenenennne, 3
RESUILS ettt ettt st s e e s b e e e s s s taaesessnessstnessseensnnens 4
Lissajous Abrasion Rig ...t et 4
Hand-Held Abrasion Tester ....c.uiieeieinieniiiiiienieesiiieseieesaeessasesessseesssesenns 4
Unilever Linear Motion Abrasion Rig......ceuiivmiiiiiiiiieniinnenenencneeeenienneene, 4
In-House Linear Motion Abrasion Rig......... e e e neas ettt aes 4

- Size analysis of granules before and after abrasion.........c.eceevevvvereeereecreveveesrennnn, 5
DISCUSSION 1evtreirtereiesreeesteeses e enesaeseseesesbests bt sbe e s e sas s hebe e aesba s e beasasseneerasscrsensensannes 6
CONCIUSTON 1ttt sttt a et e e s e b e et a e e asnasseessrsennseesnseenas 8
FULUTE WOTK coerictiieeetcecsese ettt et t s see et st e et s sn b e ebn e eanas 8

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 CaCO3 (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 Port 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 the 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 determine
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.



Testing Methods

This section describes the method used for the tests.

Lissajous Abrasion Rig -

Square PMMA sample plates were indented with 4 dlamond shaped Knoop indents
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 over
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 indents
measured. The depth of abrasion was calculated from the change in length of the
indent.

Hand-Held Abrasion Tester

Rectangular PMMA sample plates were 1ndented with 4 diamond shaped Knoop
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 dosc
indicated in the table below.

No. Granule Size Dose

1 <38 um 0.5g/5ml
2 <38 pm 1g/5ml

3 | <38 um 2g/5ml
4 > 300 um 0.5g/5ml
5 > 300 um lg/5ml

6 > 300 um 2g/5ml

The Hand-Held abrasion rig was run for 3 minutes with a total downward load of
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 Chemical
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. Separate
suspensions of < 38 um and > 212 pm granules in oil were made up 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.



In-House Linear Motion Abrasion Rig

Square PMMA sample plates were used without Knoop indents. A suspension of 106
— 300 um 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 w1thout granules and a total
downward load of 103.2 grams.

Size analysis of granules before and after abrasion

A suspension of 63 — 106 pm granules in oil was made up using 0.6 grams in 5 m] of
oil. This was stirred using a pipette to agitate the granules and keep them in
suspension. 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 ml cuvette.



Results ,
This section describes the results from each test.

Lissajous Abrasion Rig

Granules made from CaCOj; 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 from
Wessalith (Zeolite) and PEG. The control test using oil only without any abrasive
particles produced an average depth change of 0.1 pum compared to 1 pm for the
Wessalith granules. For granules made from CaCO;s; 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 by
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 indents
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 pum 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 um
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 spheroids.
There is no sign of small granules / particles present in the oil that are not attached 10
large granules. Images of the > 212 pum 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 of
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 of the lincar
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



increase with loading, a]though this was difficult to tell usmg 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 togethier close to the brushing region and small granules collecting together
near 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,
becoming 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 ml cuvette
used 2 readings and gives a (mass based) mode size of ~ 90 um, the second test used
6 readings and gives a (mass based) bi-modal size distribution with peaks at 90 — 100
pm and a higher peak at ~160 um. There were a lot of particles smaller than the 63
pm sieve size that was used to classify the granules, but the majority of the mass was
in the size region 60 ~ 112 pum. The test using the large 25 ml cuvette used 8 readings
and gives a (mass based) mode size of 85 pm.

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 3" 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 pum. 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 um, a few of the readings gave bi-modal distributions with a second smaller
peak at 160 um. The test using the large 25 ml cuvette used 8 readings and gives a
mode size of ~ 90 um. ' '

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



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 abrasion
than a single small particle. It follows that increasing the mass of the abrasive dosc
will increase the amount of surface area available for abrasion and thus the amount of
abrasion; the tests using the Hand-Held abrasion tester that appear to support this for
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 of
the Knoop indents was investigated and this gave standard deviation of 6.03 um for
the length of the indents, which when combined with the typical values of indent
lengths before and after abrasion gives calculated errors on the abrasion of £ 50 %.
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 water
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 surface
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 of 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 long
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 using 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 small
particles after abrasion using the Unilever linear abrasion rig supports this and could



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
with 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 1o 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 of increased damage to the granules with increased load. This is sensible as
if the bristles are filtering the large granules and the small granules are getting 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 granules 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. Particles being counted together due to overlap caused by:
o Too high concentration
o Stirrer speed too high



Conclusion

The Linear abrasion rigs are not suitable for analysing the quantitative abrasion ol
granules using a toothbrush as the second body. The material used 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.

Futdre 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 determined under
strict control, it is suggested that letting the large particles settle out for a given time
period and then decanting the top layer (including the smaller particles) for size
analysis 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 different
circumstances under which variables such as load become more or less dominant on
the amount of abrasion is necessary in order to conduct meaningful tests to assess the
relative abrasive strength of granules.



Appendix E

Original Drawings for Design
of Abrasion Rig
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Original Drawings for Design of Abrasion Rig O: Sy HS/T}'
Specifications: me‘?,qg /ELD

Brush Movement

Angle of Brush Head

Speed of Movement

Duration of Test

Toothbrush head size (original)
Metal Counterbo&y 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 mm X I1 mm x § mm (plus bristles)
28mmx Il mmx 11 mm

200N (Counterbody + Holder + added mass)
54 mm x 54 mm x S mm

5

10 mm

A diagram of the original counterbody (toothbrush head) and the sample plate are shown

on Page | 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
fit between the walls of the sample plate holder and the sample plate to ensure no oil and
granules 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 of 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 believed 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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Appendix F

Binder Content Verification



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
that it was indeed valid for Calcium Carbonate and PEG.

I ' was concerned about time constraints relating to the amount of experiments that needed
1o 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 |
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.

This 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 finally 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
would 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
900°C. More interesting is the fact that when the PEG and Calcium Carbonate are burnt
logether the mass loss is significantly greater and between 12% and 20% by mass is lost
from the Calcium 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 fine particles of the Calcium Carbonate. Alternatively it could mean that a
reaction is occurring with the hot PEG that results in Calcium Carbonate degradation.
This brings into question the validity of this testing method and the accuracy of the
results quoted in the sections of this 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°C 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 — (CaCO;
and PolyEthylene Glycol -PEG)

There is a need to determine the liquid binder to solid ratio of individual granules in order
to determine if there is an even distribution of binder in all sizes of granules or if there is
a change in the ratio of solid-liquid as the granule size changes.

For the analysis of the system CaCO3 and PEG an experimental protocol has been
suggested on the basis that PEG burns completely leaving no residue at 600°C whilst
CaCOj; remains unaffected.

Method:

The mass of an empty crucible is recorded Wg.

A scoop of granules is added to the crucible and weighed W5

The crucible and granules are placed in an oven at 600°C for Thr.

The. crucible and content are then re-weighed Wy — we can now find the mass of Calcium
Carbonate left in the crucible by difference, and the weight that has burnt oft'is the PEG
and moisture.

The moisture content of the granules needs to be determined:
The mass of an empty crucible is recorded Wi
A scoop of granules is added to the crucible and weighed W,
The crucible and granules are placed in an oven at 105°C for 1 hr.
The crucible and content are then re-weighed Wi,

The percentage moisture by mass is given by:

Wil e 1005
WII_WIU‘

The percentage binder by mass is given by:

Moisture =

Binder = (—W—i—% x| 00%] — moisture%

7 6
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 CaCOj; takes place at this temperature.
) All moisture is surface moisture and none is bound up granules
D) No volatilisation of PEG occurs at 105°C



To test the assumptions made and to find at what temperature and ti.me volatilisation pf
PEG takes place a series of short experiments are p]anned..These will test several of Flue
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:
105°C
600"C
750"C
925°C

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

Experiment | |
Samples of all types of PEG will be tested at all four temperatures. 13 samplf_:s of each
will be weighed into pre-weighed crucibles for each temperature. After 10 minutes and at
L0 minute intervals thereafter 2 crucibles will be removed and weighed to record thc?
weight Joss. The last sample will be left until to see if the contents completely volatiles at

that temperature if it has not done so already.

Experiment 2 s of
Samples of all sizes of DURCAL w1ll be tested at all four temperatures. 12 samples o

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 tecmd

the weight loss.

Experiment 3 . _ . . .
Samples of PEG will be weighed into pre-weighed crucibles and plac.ed In a dessicator
and the atmosphere evacuated using a vacuum pump. The sampleso will then be left to dry
for 24 hrs. The samples will then be transferred to the oven at 105°C. Aft.'er 1 hrthe
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 wn”

have been removed in the dessicator.



Appendix G

Database — electronic form
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Plots from queries from
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Plot 55 - Granule Size Distribution
(Camsizer) BN/04/14 (unrealistic
| distribution)
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Plot 54 - Granule Size Distribution
(Camsizer) BN/04/XB-2
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Plot 53 - Typical Abrasion wear Scar Profile (Perspex
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PLOT 52 - Binder Content V Binder Ratio (all
granules - showing standard deviation error

bars)
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Avg Abrasive wear (um ?)

PLOT 51 - Abrasion V Binder Ratio (106-212) -
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PLOT 50 - Avg Of Porosity V Binder Ratio (106-212) (showing

large precision error in Porosity)
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FCalc (N)

PLOT 48 - Avg Strength V Primary Particle Type (showing 95%
confidence limits - where applicable)
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Fcalc (N)

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 a
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PLOT 45 - Strength V Binder Ratio (106-212) -
(confounding / compounding data removed) showing
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PLOT 45b - Strength V Binder Ratio (106-212) -
(confounding / compounding data removed) -

showing standard deviations
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Fcalc (N)

PLOT 44 - Strength V Binder Ratio (106-212) (inc.
confounding / compounding batches)
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Abrasive Wear (umz)

PLOT 43 - Abrasive Wear V Run Time
(95% confidence limits)
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PLOT 41 - Abrasion V Impellor speed (106-

212)
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Abrasive wear

PLOT 40 - Abrasion V Impellor Speed (212-300
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Load Strength (Fcalc - N)
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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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Avg_Static Strength (Fcalc -

PLOT 24 - Static Strength V Size (all batches) -
showing 95% confidence limits if applicable
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Average static strength
(Fcalc - N)

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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Average Abrasion (um?)

PLOT 12 - Averages of Abrasion against Binder
| Content (all)
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PLOT 3 - Abrasive wear V Strength (212-300) - showing
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PLOT 2 - Abrasive wear V Strength (106-212um) -
showing estimated average error
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PLOT 1 - Abrasive Wear V Strength - showing estimated average
error (106-212 - PEG 1500 / Omyacarb 2av)
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Plots from Preliminary
Testing



micromeritics

Micromeritics Instrument Corporation

Demo AutoPore IV 9500 Serial: 128

V1.05

LP Analysis Time:
HP Analysis Time:
Report Time:

Pﬁ’ﬂetrometer
Pen. Constant:
Stem Volume:
Pen. Volume:

Adv. Contact Angle:

Hg Surface Tension:

Param 1-

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

Port: 11

Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMO9500\DATAWMCA\MCA-844.SMP

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

Sample Weight:

Correction Type:

Show Neg. Int:

Summary Report

Penetromete

#s/n - (14) 3 Bulb, 0.412 Stem,
10.790 uL/pF
0.4120 mL
3.2375 mL

140.000 degrees
480.000 dynes/cm

r parameters

Powder
Pen. Weight:

0.3000 g
Blank
No

Max. Head Pressure:
Assembly Weight:
Hg Parameters

Rec. Contact Angle:

Hg Density:

User Parameters

0.000 Param 2:

0.000

Low Pressure:

Evacuation Pressure:
Evacuation Time:

Mercury Filling Pressure:
Equilibration Time:
Maximum Intrusion Volume:

0

High Pressure:

Equilibration Time:
Maximum Intrusion Volume:

0

Param 3:

50 pmHg

5 mins
0.27 psia

10 secs
.005 mL/g

10 secs
.005 mL/g

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

Blank Correction ID:

Intrusion Data Summary

Total Intrusion Volume =

Total Pore Area =

Median Pore Diameter (Volume) =
Median Pore Diameter (Area) =
Average Pore Diameter (4V/A) =
Bulk Density at  0.27 psia =
Apparent (skeletal) Density =
Porosity =

Stem Volume Used =

0.5752
0.163
21.2081
12.8928
14.1027
1.0072
2.3972
57.9642
42

mL/g
m?/g
pm
pm
pm
g/mL
g/mL
%

%

Page 1

56.1912 g
4.6800 psia
96.2768 g

140.000 degrees
13.56335 g/mL

0.000



MMICroMmeritcs i,
Micromeritics Instrument Corporation

Demo AutoPore IV 9500 Serial: 128 Port: 1/1 Page 2
V1.05

Sample: 2AV(2000) 63-106 um
Operator: DL
Submitter; MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMO9500\DATA\MCA\MCA-844.SMP

LP Analysis Time:  9/5/2003 10:28:26AM Sample Weight: 0.3000 g Y
HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank
Report Time. 9/6/2003 9:35:50AM Show Neg. Int: No

Tabular Report 1

Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (Hm) (mL/g) (mL/g) (m?/g) (m?g)
0.27 796.6745 -0.0005 0.0000 0.000 0.000
0.33 723.9775 0.0019 0.0023 0.000 0.000
0.51 535.8391 0.0091 0.0072 0.000 0.000
0.75 352.2126 0.0153 0.0062 0.000 0.000
1.00 248.5718 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 0.000
2.01 106.4930 0.0403 0.0002 0.001 0.000
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 0.001
4.00 53.3288 0.0593 0.0004 0.002 . 0.000
5.25 46.9927 0.0686 0.0094 0.003 0.001
5.49 39.7487 0.0706 0.0019 0.003 0.000
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
8.51 25.1696 0.1641 0.0090 0.016 0.001
8.75 24.7211 0.1856 0.0215 0.020 0.003
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 0.0176 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 0.003
10.41 20.7321 0.3086 0.0137 0.042 0.003
10.51 20.4015 0.3148 0.0062 0.043 0.001
10.74 20.0835 0.3272 0.0124 0.045 0.002
10.98 19.6492 0.3389 0.0117 0.048 « 0.002
“11.21 19.2338 0.3516 0.0127 0.050 0.003
11.44 18.8373 0.3620 0.0104 0.053 0.002
11.67 18.4595 0.3733 0.0112 0.055 0.002
11.91 18.0962 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 0002
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

Micromeritics Instrument Corporation

v

Demo AutoPore IV 9500 Serial: 128 Port: 1/1 Page 3
V1.05

Sample: 2AV(2000) 63-106 um
Operator: DL
Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMO9500\DATA\MCA\MCA-844. SMP

LP Analysis Time: 9/5/2003 10:28:26AM Sample Weight: 0.3000 g
HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank
Report Time: 9/6/2003 9:35:50AM Show Neg. Int: No

Tabular Report

Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (Hm) (mL/g) (mL/g) : (m?g) (m?g)
12.99 16.5180 0.4193 0.0040 0.066 0.001
13.22 16.2767 0.4258 0.0065 0.067 0.002
13.69 15.8584 0.4352 0.0094 0.070 0.002
14.17 15.3205 0.4453 0.0100 0.072 0.003
14 .64 14.8159 0.4534 0.0081 0.074 0.002
15.10 14.3479 0.4610 0.0076 0.076 0.002
15.58 13.9077 0.4674 0.0065 0.078 0.002
15.98 13.5203 0.4722 0.0048 0.080 0.001
16.69 13.0653 0.4797 0.0075 ) 0.082 0.002
17.40 12.5212 0.4861 0.0064 0.084 0.002
18.35 11.9429 0.4936 0.0075 0.087 0.003
19.55 11.2694 0.5009 0.0074 0.089 0.003
19.97 10.7968 0.5036 0.0026 0.090 0.001
21.40 10.3238 0.5104 0.0068 0.093 0.003
22.95 9.6314 0.5165 0.0061 0.095 0.003
23.00 9.2856 0.5168 0.0003 0.095 0.000
24.96 8.9116 0.5227 0.0059 0.098 0.003
25.00 8.5401 0.5230 0.0004 0.098 0.000
27.67 8.1212 0.5295 0.0065 0.101 0.003
29.98 7.4123 0.5339 0.0044 0.104 0.002
30.70 7.0322 - e 0.5401 0.0062 0.107 0.004
34.95 6.5266 0.5460 0.0059 0.111 0.004
36.31 5.9895 0.5472 0.0012 0.112 0.001
41.78 5.4908 0.5528 0.0056 0.116 0.004
46.49 4.8474 0.5556 0.0028 0.118 0.002
56.37 4.1863 0.5604 0.0049 0.123 0.005
71.80 3.3776 0.5645 0.0041 0.128 0.005
86.29 2.7216 0.5667 0.0022 0.131 0.003
111.39 2.1937 0.5696 0.0029 0.136 0.005
136.39 1.7396 0.5708 0.0012 ) 0.139 0.003
171.21 1.4050 _ 0.5722 0.0014 0.143 0.004
216.78 1.4480 0.5729 0.0007 0.146 0.003
266.91 0.8916 0.5733 0.0004 0.147 0.002
326.38 0.7264 0.5739 0.0006 0.150 0.003
41613 0.5831 0.5743 0.0004 0.153 0.003
516.65 0.4628 0.5748 0.0005 0.157 0.004
636.67 0.3740 0.5749 0.0002 0.159 0.002
697.12 0.3205 0.5750 0.0000 0.160 0.001
796.82 . 0.2869 0.5751 0.0001 0.162 0.002

986.99 0.2419 0.5752 0.0001 0.163 0.001



Micromeritics Instrument Corporation

Demo AutoPore IV 9500 Serial: 128 Port: 1/1 Page 4
V1.05

Sample: 2AV(2000) 63-106 um
Operator: DL
Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMO9500\DATAWCA\MCA-844 . SMP

LP Analysis Time: 9/5/2003 10:28:26AM Sample Weight: 0.3000 g
HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank
Report Time: 9/6/2003 9:35:50AM Show Neg. Int: No

Tabular Report

Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (Hm) (mL/g) (mL/g) (m?/g) (m?*g)
1198.28 0.1971 0.5752 0.0000 0.1€3 .. 0000
1297.20 0.1712 0.5752 -0.0000 0.163 . -0.000
1396.95 0.1586 0.5752 -0.0000 0.163 - -0.000
1498.04 0.1476 0.5752 -0.0000 0.163 -0 000
1596.66 0.1380 0.5752 -0.0000 0.163 -0.000
1696.72 0.1297 0.5752 -0.0000 0.163 -0.000
1897.04 0.1191 0.5752 -0.0000 0163 -0.000
2046.03 0.1084 0.5752 -0.0000 0.163 -0 000
2195.59 0.1007 0.5752 -0.0000 0.163 -0.000
2345.71 0.0941 0.5752 -0.0000 0.163 -0 000
2502.84 0.0881 0.5752 -0.0000 0.163 -0.000
2640.66 0.0830 0.5752 -0.0000 0.163 -0.000
2692.05 0.0800 0.5752 -0.0000 0.163 -0 000
2840.67 0.0772 0.5752 -0.0000 0.163 -0.000
2991.48 0.0732 0.5752 -0.0000 0.163 -0.000
3239.62 0.0686 » 0.5752 -0.0000 0.163 -0.000
3488.69 0.0635 0.5752 -0.0000 0.163 -0.000
3738.95 0.0591 0.5752 -0.0000 0.163 -0.000
3987.85 0.0553 0.5752 -0.0000 0.163 -0.000
4237.34 0.0519 0.5752 -0.0000 0.163 - -0.000
4486 25 0.0489 0.5752 -0.0000 0.163 -0.000
4725.15 0.0463 0.5752 -0.0000 0.163 -0.000
4985.08 0.0440 0.5752 -0.0000 0.163 . -0.000
5282.10 0.0416 0.5752 -0.0000 0.163 -0.000
5480.82 0.0397 0.5752 -0.0000 0.163 -0 000
5733.61 0.0381 0.5752 -0.0000 0.163 -0.000
5980.31 0.0364 0.5752 -0.0000 0.163 -0.000
6229.86 0.0350 0.5752 -0.0000 0.163 -0.000
6478 .48 0.0336 0.5752 -0.0000 0.163 -0.000
6727 .64 0.0323 0.5752 -0.0000 0.163 -0.000
6976.04 0.0311 0.5752 -0.0000 0.163 -0.000
7476.53 0.0296 0.5752 -0.0000 0.163 -0.000
7963.53 0.0277 0.5752 -0.0000 0.163 -0.000
8477.80 0.0260 0.5752 -0.0000 0.163 -0.000
8966.72 0.0245 0.5752 -0.0000 0.163 -0.000
9270.22 0.0234 0.5752 -0.0000 0.163 -0.000
9562.35 0.0227 0.5752 -0.0000 0.163 -0.000
10010.23 0.0218 0.5752 -0.0000 0.163 -0.000
10459.19 0.0209 0.5752 -0.0000 0.163 -0.000

10961.41 0.0199 0.5752 -0.0000 0.163 -0.000



micromeritics
Micromeritics Instrument Corporation

Demo AutoPore IV 9500 Serial: 128 Port: 1/1 - Page 5
V1.05

Sample: 2AV(2000) 63-106 um
Operator: DL
Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMO9500\DATAIMCA\MCA-844.SMP

LP Analysis Time: 9/5/2003 10:28:26AM Sample Weight: 0.3000g

HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank

Report Time: 9/6/2003 9:35:50AM Show Neg. Int: No

Tabular Report
Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (um) (mL/g) (mL/g) (m?/g) (m?g)

11458.22 0.0190 0.5752 -0.0000 ' 0.163 -0.000
11960.49 0.0182 0.5752 -0.0000 0.163 -0.000
12560.33 0.0174 0.5752 -0.0000 0.163 -0.000
13061.94 0.0167 0.5752 -0.0000 0.163 -0.000
13607.83 0.0160 0.5752 -0.0000 0.163 -0.000
13958.00 0.0155 0.5752 -0.0000 0.163 -0.000
14297 .03 0.0151 ©0.5752 -0.0000 0.163 -0.000
14551 61 0.0148 0.5752 -0.0000 0.163 -0.000
14957 48 0.0145 0.5752 -0.0000 0.163 -0.000
16401.24 0.0141 0.5752 -0.0000 0.163 -0.000
16754 .40 0.0137 0.5752 -0.0000 y 0.163 -0.000
16155.23 0.0134 . . 0.5752 -0.0000 0.163 -0.000
16602.45 0.0130 0.5752 -0.0000 0.163 -0.000
16955.33 0.0127 0.5752 -0.0000 0.163 -0.000
17306.72 0.0125 0.5752 -0.0000 0.163 -0.000
17653.93 0.0122 0.5752 -0.0000 0.163 -0.000
18054 52 0.0119 0.5752 -0.0000 0.163 -0.000
18404.79 0.0117 0.5752 -0.0000 0.163 -0.000
18751.45 0.0115 0.5752 -0.0000 0.163 -0.000
19149.37 0.0113 0.5752 -0.0000 0.163 -0.000
19756 .40 0.0110 0.5752 -0.0000 0.163 . -0.000
20260.36 0.0107 0.5752 -0.0000 ' 0.163 -0.000
20769.51 0.0104 -~  0.5752 © 7 -0.0000 0.163 -0.000
21173.36 0.0102 0.5752 -0.0000 0.163 -0.000
21626.21 0.0100 0.5752 -0.0000 0.163 -0.000
22029.35 0.0098 0.5752 -0.0000 0.163 -0.000
22632.30 0.0096 0.5752 -0.0000 0.163 -0.000
23184.10 0.0093 0.5752 -0.0000 0.163 -0.000
23736.05 0.0091 0.5752 -0.0000 0.163 -0.000
24086.63 0.0089 0.5752 -0.0000 0.163 -0.000
24637.72 0.0088 0.5752 -0.0000 0.163 -0.000
25038.36 0.0086 0.5752 -0.0000 . 0.163 -0.000
25439.16 0.0085 -« - -~ 0.5752 - -0.0000 0.163 -0.000
25889.64 0.0083 0.5752 -0.0000 0.163 -0.000
26440.39 0.0082 0.5752 -0.0000 0.163 -0.000
26940.83 0.0080 0.5752 -0.0000 0.163 -0.000
27391.33 0.0079 0.5752 -0.0000 0.163 -0.000
27791.18 0.0077 0.5752 -0.0000 0.163 -0.000
28242.32 0.0076 0.5752 -0.0000 0.163 -0.000

28991.96 -0.0075 0.5752 -0.0000 0.163 -0.000



micromeritics

Micromeritics Instrument Corporation

Demo AutoPore IV 9500

Serial: 128 Port: 1/1 Page 8
V1.05
Sample: 2AV(2000) 63-106 um
Operator: DL
Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMOS500\DATA\MCAWMCA-844.SMP
LP Analysis Time: 9/5/2003 10:28:26AM Sample Weight: 0.3000g
HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank
Report Time: 9/6/2003 9:35:50AM Show Neg. Int: No
Tabular Report
Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (Hm) (mL/g) (mL/g) (m?/g) (m?g)
29492.76 0.0073 0.5752 -0.0000 0.163 -0.000
29992 .67 0.0072 0.5752 -0.0000 0.163 -0.000
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Micromeritics Instrument Corporation

Demo AutoPore IV 9500 Serial; 128 Port: 1/1 Page 7
V1.05
Sample: 2AV(2000) 63-106 um
Operator: DL !
Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C:\DEMO9500\DATAIMCAWMCA-844.SMP
LP Analysis Time: 9/5/2003 10:28:26AM Sample Weight: 0.3000g
HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank
Report Time: 9/6/2003 9:35:50AM Show Neg. Int: No
Cumulative Intrusion vs Pore size
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micromeritics
Micromeritics Instrument Corporation

Demo AutoPore IV 9500 Serial: 128 Port: 1/1 Page 8
V1.05

Sample: 2AV(2000) 63-106 um
Operator: DL
Submitter: MICROMERITICS FOR SHEFFIELD UNIVERSITY
File: C\DEMO9500\DATA\MCAWMCA-844.SMP

LP Analysis Time:  9/5/2003 10:28:26AM Sample Weight: 0.3000 g
HP Analysis Time:  9/5/2003 11:45:44AM Correction Type: Blank
Report Time: 9/6/2003 9:35:50AM Show Neg. Int: No

Incremental Intrusion vs Pofe size
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Appendix J

Experiment Table from
Database



Appendix J - Experiment table form database.xls

Experiment/ PP Type / Binder / Binder/ Mass / Mass Addition Impellor Chopper Temp. Run

No Type Ratio | PP (g) | Binder (g)/ Method / speed (rpm) ] speed (rpm) [ (°C) / Time
1 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 1400 60 lBOmin
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 Durcal 65 PEG 1500 15 2000 300 Spray 400 1400 60 30min
5 Omyacarb 2um PEG 1000 15 2000 300 Spray 400 1400 60 30min
6  |Omyacarb Zum 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
7§ 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 1hr
21 Omyacarb 2um PEG 1500 15 2000 300 Spray 400 1400 60 2hr
22 Durcal 65 PEG 1500 15 2000 300 Pour-on 400 1400 60 30min
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
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Theoretical impact failure
distribution of granules
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Theoretical impact failure distribution of granules

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

Y Particle Products Group, Department of Chemical and Process Engineering, University of

\ Sheffield, Sheffield SI 3JD, UK
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 (¢ 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 - R o 7 (m)
“E. Young’s modulus of granule R - - (N/m?

E; Youﬁg’s' modulus of platen o B I (N/m?)

F force - e o | N)
- F’  dimensionless foréé constant | T o
g critical load o o R N)
H parameterine_qﬁation (1) ' Lol IR

k constant in the Laugier eqlia_;tion -

m parameter in the Weibull distribution - |

*To whom conv'e"sponden.c.e should be addressed. E-mail: 4a.d".sélma.n@shef.ac.uk |



304 R. E. Maxim et al.

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)
Us normal failure velocity (m/s)
Y 'yield strength of granule | (N/m?)
z elevation of the centroid of a granule above the platen : (m)
Greek
Y Poissons ratio of granule
14 Poissons ratio of platen

b angle of i 1mpact with platen (90° being perpendlcular)
v velocity of granule , . (m/s)
p density | | | | - (kg/m?)
o normal stress | (N/m?)

1. INTRODUCTION

The transportatlon and processmg 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 ngld
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 sample of
granules due to the random nature of the number and posmon of flaws/pores and
their arrangement within granules.

This spread of failure velocity can be seen when particles of 1dent1cal size and
material are fired at a rigid surface and the number of undamaged granules is

counted, as shown by Salman ef al. [1]. Figure 1 shows a typical set of data and

the Weibull distribution curve fits for N, the number of undamaged granules per'
100 fired as a function of velocity, v, and impact angle, 6.

. If there was no random spread, there should be a single discreet velocity at wh1ch

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 propemes A model is used in this
Paper that does just this; predicts the number of undamaged granules after Jmpact' '
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 ez 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 this can be equated to the force acting on

the sphere by Newton’s law.
HF

O o= —, (Shipman and Hutchings) (1)
TR
4kFR ‘ c
3 - = .
r=—= (Laugier) )
where:
’ 9 E ,
1— 1—y3)—1.
k= 16[( )+ ( m)El] 3)

F is the applied load at a contact surface on a sphere of radius R. The radius of the
circle of contactis r. E, E; and y, y; 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 ~ 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 = 0.07).

2. THE MODEL

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

N=1oo¢xP[-,-(-c‘i’)m]._ @

The parameter, m, , will be shown not to vary with 1mpact angle and has a weighted

average value of 4.50 £ 0.08.
Parameter c is interpreted as a measure of the impact velomty required to mduce

63. 2% failure, further related to the normal fa11u1e velocity, us by:
€= ——. I )
Ma)um et al [8] define the normal failure veloc1ty, us, as a functlon of matenal

properties and particle size. For granules undergoing elastic failure with no plastic
- deformation, the elastic failure theory defines us as a function of static cntlcal load,

dens1ty, Young S modulus of the granule and constant, k

3. RESULTS/ EXPERIMENTAL FITTIN G

Salman et al. [l] have characterized the failure of sphencal granules of feruhzer
of _dlameter 5.3 mm, by firing them at a rigid platen at various velocities, v, and
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incident angles, 6 (90° 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 ¢ clearly declines as the incident angle approaches perpendicular. We
interpret ¢ as a measure of the impact velocity required to induce 63.2% failure;
- further related to normal failure velocity us by (5). Equation (5) implies that we

should find parameter c is directly proportional to 1/ sin6. Flgure 4 shows that this
is indeed the case.

- According to Maxim et al. [8] the theory developed in the ‘elastic failure model’
- defines u; 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 Weibull distribution
with N as a function of the normal velocity component only.

Table 1.
Curv¢ fit parameters (D = 5.3 mm)
6 (deg) c m.
90 1294 £ 0.11 5.11+£0.29
70 14.18 £0.20 4.03£.0.29
50 1491£0.08 - 549+029
30 22.22 +0.15 5.194+0.22
20 37.14 £ 056 3.66+0.17
10 67.34 = 12.03 3.543-0.73
100.
80
C
ms?)}
( 60) i

40 .
20 . :
- [ ® [
O ..... | P i — 1
-0 30, _ 60 90
L]

~ Figure 2. Curve fit values: c.
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Figure 3. Curve fit values: m.
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Figure 4. Parameter c as a functlon of 1 /sin@.

4, THEORY ELASTIC FAILURE MODEL v

Max1m et al. [8] define the normal fallure velocny for granules undergomg elastic
failure with no plastic deformatxon as a functzon of critical static load, density,

Young’s modulus and Poisson ratio. | -
Consider a sphere approaching and colhdlng w1th 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 reananomg (2)
3 ,E B R '
F _ 3___ ) o . .
| “Td R ' ©)
, Dlmensmnless force, area and time, 1espect1ve]y, are deﬁned by the following non- -
dlmensmnahzmo constants:

- ;63 E2 ‘1’/5i g ‘
F1=2R2(%) . 7



Theoretical impact distribution 399

Figure 5. Schematic of collision.

uzpnk 2/5 .
A = 4R? :
| ( oF ) , | (3

_ ok \ Y5
() ©

‘The maXimum force (éssuming no failure) is found to be:

3 52,6\ 1/5 -
sz(f—’i—-—”f-) o

3k?

Substituting the static critical failure load for the theoretical maximum force in (10)
implies a normal velocity for failure, uz, for cases 1nvolv1ng elastic failure. This is

defined as:
: Fy '3k2 157376 -
U = 2R2 (J':Ezp3) . . (11)
The theoretical normal failure Ve1001ty, us determined from (1 1) is interpreted as the
normal impact velocity used in (5); used in conjunction with the angle of impact
the ¢ 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 ¢ parameter
theoretically removes the need to perform multiple 1mpact experlments in order to -
ﬁnd the c parameter graphlcally . f

5 CONCLUSION

Th1s paper presented a method for ﬁndmg 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 ¢ parameter can be found by fitting expenmental impact data or
‘theoretically from static compression tests using the equations given by Maxim
et al. [8]. To use a theoretically derived ¢ parameter, it must be determined if the
.gran‘ule 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 parameters on granule porosity

In high-shear granulation

Robert Maxim, Jin Sheng Fu, Matthew Pickles, Agba Salman, Mike Hounslow

Abstract When trying to meet final product specifi-
Cations for porosity of granules made using high-shear
Branulation there are many choices for the formulation
ecipe and processing conditions. This paper presents
the concept. of a Critical Packing State of the primary
Particles forming a granule and the associated Limiting
Binder Ratio, which allows granule consolidation to be
Modelled.

~ The effect on consolidation of varying the follow-
g processing parameters is explained: Mixing intensity,

ixing time and binder addition -method. The effects of

Varying the following aspects of the formulation recipe
are explained: Primary particle type, shape and size dis-
tribution, binder type and binder: solid ratio.

Consolidation,

Keywords High-Shear Granulation,

Particle Packing

Symbols

B,  Interparticle space (m*/m")

v, Volume of spheres in control volume (m*)

V. Volume of control volume (m?)

(! Diameter of mono-size sphere (m)

g Packing factor used in mono-size sphere analysis

a Thickness of binder layer at maximum packing of
mono-size spheres (m)

By, Limiting interparticle space (m®/m?®)
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Vi Volume of binder (m?*)

Volume of primary particles (m®)

d Characteristic length of PPSD (Primary
particle size distribution) (1)

ki Packing factor

7 Binder constant (m)

B,, Asymptotic interparticle space (m*/m?)

w Agitation rate constant (s7!)

B, Interparticle space at end of induction pe-
riod (m*/m?)

t Time defined by Eq. (5) (s)

1 Critical start time (s)

trear  Granulation run time (s)

a" Modified binder constant (m)

B! Internal granule interparticle space (m®/m?®)

Granule interparticle space at start of inter-
nal granule consolidation (m®/m?)
A Time defined by Eq. (8) (s)

" Time at onset of internal granule consolida-
tion (s)

B, Volume of binder on granule surface
(m®/m*)

1

Introduction

Granule porosity is an important end product specifica-
tion in many granulation processes as it aflects the density
and strength of the granule, Wikberg and Alderhorn [1],
as well as the dispersal properties of active ingredients.
There are a lot of experimental observations from a num-
her of sonrces [2-5] giving the eflect of varying processing
conditions and formulation recipes on the granule porosity
when using high-shear granulation.

This paper describes granule consolidation and how a
surface wet granule can be thought of as having a granule
core surrounded by excess binder. An analysis of the inter-
particle space between primary particles within a granule
is given followed by the concept of a critical packing state,
which is used to describe the interparticle space of the
granule core. A model is then presented to predict gran-
ule consolidation. This is followed by a description of the
ellect on the mode] of 'varying processing parameters and
the formulation recipe used. Similar work has been carried
out by Iveson et al. [6] and the section on Granule Con-
solidation in the review by Iveson et al. [7] gives a good
alternative interpretation of the processing parameter and
formulation recipe effects. X
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Fig. 2. Showing air, solid and binder components of a granule
before and after consolidation of whole granule

2

Granule Consolidation

Granules are generally made up of three phases, solid pri-
mary particles, liquid binder and air. As the granules col-
lide with other granules and the process equipment the
primary particles pack closer together squeezing out the
air and binder. The extent of granule consolidation allects
the surface wetness and interparticle space of the granule
product. The interparticle space is defined as the fraction
of the granule occupied by binder and air. Fig. 1 shows
how granule consolidation with time affects the interpar-
ticle space. Curve A represents the consolidation of the
whole granule, shown in Fig. 2. Curve B starts at the onset
of surface wetting and represents the continuing consoli-
dation of the primary particles. This can be imagined to
represent the granule core consolidating towards its limit-
ing interparticle space, squeezing out binder and making
the granule more surface wet; this is shown in Fig. 3.

3

Analysis of interparticle space

An analysis of the binder content associated with two
different. packing stimctures (body-centred eubic and a
tetrahedral control volume) of mono-disperse spheres
was done, shown in Fig. 4. This vields a general
equation, Eq. (2). for the interparticle space, avail-
able for binder and air. in terms of the packing struc-
ture, particle diameter and iuterparticle binder layer
thickness. The inter-particle space, B,. is defined as:

Whole Granule

Crranule Core

Tetrahedral

- d’

Fig. 4. Showing spherical particles and binder in the control
volumes for the analysis of the interparticle space
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where V, is the total volnme of the spheres within the con-
trol volume and V. is the volmme of the control volume.
The control volnme is found in terms of the diameter of
the spheres. d’. and the thickness of the bhinder layer, 4,
Al the minimun separation of the spheres. The general
equation for the imterparticle space of a packing strcture

WX
B,=1- _/_'i_‘. (2
(d' + a')

~—

where k' is a factor dependent on the packing structure of
the control volume; for body-centred cubic packing &’

m\/3/ 8 and for a tetrahedral control volume k' = m/2/ 5.

4
Critical Packing State
The critical packing state is defined as the closest pack-
ing of solid particles forming a granule. For any primary
particle size distribution (PPSD) there exists a theoret-
ical state (critical packing state) in which the primary
particles are packed as close as they will ever get. The
critical packing state has an associated minimum inter-
particle space. When DIinder is added the existence of a
minimum binder layer between particles will expand the
structure increasing the theoretical interparticle space.
For any given PPSD and binder combination there is a
corresponding interparticle space at maximum compac-
tion defined as the limiting interparticle space, By,.. If
this space is completely filled with binder then the limit-
ing binder ratio can be found from:
Limiting Binder ratio = Y = —Bu"— (3)
' "’]1 1= Bun
where, V,, is the volume of hinder and, V), is the volume
of primary particles forming a granule.

It can he expected that Eqg. (2) could be used to
describe the limiting interparticle space such that:

.(‘.'J
e (4)

where, d, is a characteristic length of the PPSD, k, is a
packing factor taking into account the shape of the parti-
cles and the spread of the PPSD and, a, is the binder con-
stant equivalent to the minimum binder layer thickness.
Surface roughness and solid-binder wetting properties are
accounted for in the binder constant.

The limiting interparticle space can also be found by
splitting the PPSD into segments, converting the segments
into spheres and packing these into a 3D shape - the crit-
ical packing state, this is shown in Fig. 5. The limiting
interparticle space is the fraction of the total volume that
is not spheres. '’he eflect of the minimum binder layer
thickness is accounted for by increasing the diameter of
each sphere before packing.
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Segment A

Upper size
limit

lower size
Iimit

Mid size =
sphere size

Fig. 5. Showing a PPSD cut into segments. The segments are
converted into equivalent. spheres. The spheres are then packec
to find the limiting interparticle space

5

Predicting Granule Consolidation

Fu et al. [3] and Knight et al. [4] show that granule poros-
ity decreases to an asymptotic value as a batch granulation
progresses. The interparticle space decreases to an asymp-
totic value as shown in Fig. 1.. as the granule nears this value
the granule becomes more surface wet as the granule core
continues consolidating. The concept of the critical pack-
ing state and the analysis of the interparticle space allow the
prediction of the lmiting interparticle space of the granule
core, By,.. Thisis an imaginary end point that the granule is
trying to reach, squeezing out the air to reduce the porosity
then squeezing out excess hinder to form surface wet gran-
ules. In reality it is not possible for the primary particles
to reach the critical packing state because the random way
that particles move in the consolidation process means they
do not all orientate exactly as required.

Iveson et al. [6] give an exponential decay model for pre-
dicting the ellect of grannle consolidation on porosity based
on a consolidation rate constant and the number of drum
revolutions. A similar general rate equation is defined here
for the interparticle space, B,,, of the whole granule repre-
senting consolidation along curve A with time.

B-u . (Bv() e B'uu) C—wl + B1m (5)

where, B,,,, is the asymptotic interparticle space, w, is the
agitation intensity rate constant and, B, is the interpar-
ticle space at the end of the formation period, defining the
critical start time, ¢/, such that:

t= f-ruul ) {- (G)

where, 1,041, 18 the granulation run time.

By comparing the limiting binder ratio to the binder
ratio of the start system we can modify the binder con-
stant in Eq. (4) to a modified binder constant, o”, account-
ing for the extra thickness between primary particles. This

gives an expression for the asymptotic interparticle space:
Jed®
-B'uu. =1- o e R (7)
(d+a"y
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Once the granule has reached the asymptotic interparti-
cle space then further agitation will result in the primary
particles getting squeezed closer together in an attempt to
reach the maximum packing state, this can be thought of
as the primary particles forming an internal granule with
its own associated interparticle space, B)/. This results in
excess binder being squeezed out and producing a surface
binder layer. This phase of granule consolidation can be
modelled by an adapted version of E¢. (5) such that:

B,” = (B-:.,, = Bll)'r) €~ut' + Bl (8)
where B}

s 1s the point considered to be the start of
internal granule consolidation resulting in surface wetness
occurring at time, £, thus 7 is defined by:

= t'rr'ul -t (9)

The amount of binder on the surface. B.. is equivalent to
the difference between the asvinptotic interparticle space
and the consolidated internal granule interparticle space:

By = Byu — B:/ (10)

-

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

6
Qualitative effects of processing parameters and
formulation

In high-shear granulation formulation parameters and
processing parameters can be varied in an attempt to
alter the interparticle space of final granules. Many of
these parameters act interdependently, for example the
binder type and temperature act together to determine
the viscosity and surface tension of the binder, this in
turn combines with the primary particle material to give
the wetting characteristics of the binder.

6.1

Primary Particle Type

The primary particle type dictates the material, the shape
and the size distribution of the primary particles. If parti-
cles are very spherical in shape then the orientation during

By
A
Bv B
B,
Be N
g, | T :
t I Time

Fig. 6. Consolidation curves with fmportant parameters
marked on. A - general rate 2. (5), B - consolidation rate

Eq. (8)

packing will not atfect the final interparticle space. Flat
plate-like particles or needles will have a much greater
dependency on the orientation of the particles. If thev
align parallel to each other then the final interparticle
space will be very low and the value of, k. will he high.
If they align perpendicular or at angles then the final in-
terparticle space will increase and the value of. B, . will
increase. The size distribution will affect the final inter-
particle space. It is thought that a wide size distribution
will increase the value of. k. due to the smaller particles
fitting into the spaces between large particles. The particle
material dictates the chemistry of its surface and impor-
tantly the surface free energy, when this is combined with
the chemistry of the binder it determines the wettability
of liquid binder on the solid. Iveson et al. [1] report that a
non-wetting liquid will not spread or form a filui. but stay
as discrete bridges. This will have the ellect ol increasing
the value of the binder constant. a. in the general packing
equation, which in turn will increase the value of B,,,.

6.2
Binder Type

The binder type has several important properties, vis-
cosity, surface tension and wettability. The wettability
depends on the chemistry of the binder and primary par-
ticle material as already described. Changing the viscosity
of the system will change the magnitude of the agitation
rate constant, w. The viscosity varies as a function of teni-
perature and shearing forces. Generally the viscosity will
decrease with temperature. For Newtonian binders reduc-
ing the viscosity will reduce the consolidating effects of any
agitation and reduce, w. For shear-thinning binders the
effect is compounded with agitation intensity; increasing
agitation intensity will increase the value of, w, but will
also decrease the viscosity further increasing the magni-
tude of, w. For shear-thickening binders the effect is con-
founded. It is assumed thal binder type also allects the
thickness of the minimum binder layer between particles
at their maximum compaction, this is reflected in the value
of the binder constant, «. It can be visualised that this is
dependent on the molecular arrangement of the binder
when squeezed into very thin films hetween two surfaces.
It is assuined that surface tension will atfect the stability
of air pockets within the grannle and the net force felt by
binder bridges (as oppose to continuum) during compac-
tion, increasing the surface tension would reduce the net
force and reduce the value of the agitation intensity rate
constant, w.

6.3
Binder Ratio

We define binder ratio as volume of binder per unit vol-
ume of primary particles. For any given PPSD and binder
type there is a hinder ratio at maximum packing defined
as the limiting binder ratio. If the initial feed binder ratio
is the same as the limiting hinder ratio then theoretically
all the granules could consolidate to their maximun com-
paction and there would he no air phase within the grau-
ules. In reality this does not happen, if the initial binder
ratio is less then either granulation will not occir o a



portion of the internal space must be occupied by air. If

the initial binder ratio is greater than the limiting binder
ratio then the value of, a”, will increase and if it is assumed
that no air is present at the onset of internal granule com-
. then, a”. scales as:

paction, when 1 =

(1)

I air s present then the asymptotic interparticle space
st he inereased appropriately. When the hinder ratio is
greater than the limiting hinder ratio then as the granule
consolidates it will squeeze binder out to the surface and
produce surface wet. granules. The extent of surface wet-
ting is modelled by Eq.’s (8), (9) and (10). When a granule
is surface wet it will attract more fines and grow by layer-
ing, thus changing the volune of primary particles and the
eranule hinder ratio—this will continue until the binder
ratio has reached a stable value and the surface is no longer
wet. Growth and stabilisation can also occur by coales-
cence I with other surface dry granules, but coalescence of
2 surface wet granules will lead to a less stable state.

6.4
Run Time

The effect of granulation run time is accounted for by Eq.’s
(.)) and (8). increasing the run time increases the extent
of agitation and thus the extent of consolidation and pro-
duction of surface wet granules. It is important to note
that this model predicts a region hefore, #. when granules
will be highly porous. When high binder ratios are used
long run times will lead to formation of large surface wet
granules.

6.5

Agitation intensity

Increasing the mixer speed will increase the agitation
intensity and increase the value of the agitation rate con-
stant, w, leading to faster consolidation. However it must
be noted that there is a limit to this effect, al elevated
intensities breakage of granules occurs limiting the size of
granule growth. When surface wet granules collide with
other granules such that the combined size is greater
than the stable size it is thought the surface hinder will
be stripped away by the impacting granule rather than
absorbed hy the coalescence.

6.6

Binder Addition method

Work by Knight et al. [4] suggests that granule poros-
ity is independent of addition method at extended mixing
times, it is proposed that individual granule interparti-
cle space is independent of addition method after time
#". The addition method will affect time, ¢/, the modified
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binder constant, o”. and the initial interparticle space,
B, of individual granules. Spray addition will have a

', values compared to say pour-on addi-

large spread of.
1

tion, but might have a narrower spread of values for, a

and, Byg.

7
Conclusion
A model bas heen proposed to represent firstly the reduc-
tion in porosity of a granule with time and secondly the
subsequent. consolidation and squeezing out of hinder to
form surface wet. granules. The model allows the theo-
retical prediction of the amount of binder on surface wet
granules as a function of time, I5q. (10). This model allows
(ualitative predictions of how changes in the granulation
process and formulation will affect the consolidation rate
and final surface wetness. The practical value of the model
for gquantitative predictions is currently limited by the
determination of appropriate values in Eq. (4) and by the
absence of a computer code for the algorithm converting a
PPSD into a critical packing state. Experimental verifica-
tion will be difficult due to the heterogeneous nature of any
granulation system. realised m the model by the spread
of values for, B,g, 1", and a”, as a result of the addition
method. Further work combining this models prediction
of surface wetness with existing growth and breakage rate
models should make experimental verification possible.
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